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[11 The International Photolysis Frequency Measurement and Modeling Intercomparison
(IPMMI) took place at Boulder, Colorado, from 15 to 19 June 1998 and offered the
opportunity to test how well experlmental techmques and theoretical models can determine
the photolysis frequency of O3 — O('D) i in the troposphere. Different techniques measured
the downwelling 27 sr component o T/(O D) at the ground and were blindly compared to
each other. Moreover, theoretical j(O D) model results were blindly compared to data
measured under clear sky at relatively low aerosol optical density. Six experimental groups
operated one chemical actinometer (CA), six spectroradiometers (SR), and four filter
radiometers (FR). General good agreement with deviations less than 10% among the
radiometers (SR and FR) was found for solar zenith angles (SZA) less than 60°, provided
that the instruments used s1m11ar absorption cross sections, quantum yields, and
temperatures for deriving j(O'D). The deviations were generally larger at high solar zenith
angles and reached a factor of 2 in some cases. Two spectroradiometers and one filter
radiometer showed excellent agreement with each other and with the chemical actinometer
at all solar zenith angles up to at least 80° within typically 5%. These radiometers used
recently published O( D) quantum yield data and explicitly considered the temperature
dependence of j(O'D). This good agreement shows that each of the different categorles of
instruments (CA, SR, and FR) is in principle capable of accurate determinations of j(O'D).
A large sensitivity was found to the choice of data for the O('D) quantum yield. The best

agreement between spectroradiometry and chemical actinometry was obtained when
recently published quantum yield data were used. The IPMMI study thus supports the
quantum yield recommendation by National Aeronautics and Space Administration-Jet
Propulsion Laboratory [Sander et al., 2003] and International Union of Pure and
Applied Chemistry (IUPAC) (http://www.iupac-kinetic.ch.cam.ac.uk; data sheet POx2
from 2001) Fifteen models that were operated by 12 model groups participated in the
comparison of modeled j(O'D) with measured data. Most models agreed within 15%
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with the spectroradiometer-derived j(O'D) values under clear sky at SZA < 75°, provided
that they used similar absorption cross sections, quantum yields, and temperatures. While
most models simulated the measured actinic flux quite well, significant deviations in

j(0O'D) were observed in cases when outdated O('D) quantum yield data or inappropriate

temperature data were used.
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1. Introduction

[2] Photodissociation of atmospheric molecules by solar
radiation plays a fundamental role in atmospheric chem-
istry. The photodissociation of trace species such as
ozone and formaldehyde contributes to their removal
from the atmosphere, but probably the most important
role played by these photoprocesses is the generation of
highly reactive atoms and radicals. Photodissociation of
trace species and the subsequent reaction of the photo-
products with other molecules is the prime initiator and
driver for the bulk of tropospheric chemistry. Of the
range of photodissociation processes of importance in
atmospheric chemistry, one of the most fundamental is
the photolysis of ozone (O;) yielding electronically ex-
cited O('D) atoms [Levy, 1972]. Photolysis of ozone by
ultraviolet light in the presence of water vapor is the
main source of hydroxyl radicals in the troposphere, the
primary tropospheric oxidant [Ehhalt et al., 1991; Levy,
1974]:

(R1) 05 +hv — 0O('D) + 058’5, ).

(R2) O('D) + H,0 — OH + OH.

The fate of the bulk of the O('D) atoms produced via
reaction (R1) is collisional quenching back to ground state
oxygen atoms viz

(R3) O('D) +N; — O(’P) + Ny,

(R4) 0('D) +0, — O(’P) + 0».

The fraction of O('D) atoms that form OH is dependent on
the concentrations of H,O, for example in the marine
boundary layer about 10% of O('D) formed go onto
generate OH. The rate at which process (1) occurs is often
expressed by analogy with a first-order rate coefficient,
ie.,

Jiotp) = LoDy

[05] at M

where j(O'D) is the photolysis frequency (s™'), also
referred to as j value. In order to calculate a photolysis

frequency, the following equation can be evaluated for a
molecule

j= /cr(>\7 T)oN, T)F(N)dX, (2)

where o is the absorption cross section of the molecule
and ¢ is the quantum yield for the photoprocess. It is
important to note that both ¢ and ¢ are temperature (7)
dependent in case of reaction (R1). The final term in
equation (2) is F(\), the so-called spectral actinic flux,
which quantifies the in situ radiation available to a
molecule from all directions for the initiation of a
photodissociation process [e.g., see Madronich, 1987].
Typical spectral photolysis frequencies (odF) calculated
using equation (2) for j(O'D) are shown in Figure 1
(bottom) at two different solar zenith angles (SZA)
representing high- (SZA = 16°) and low-Sun (SZA =
75°) conditions. The spectral distributions of j(OlD) are
limited at short wavelengths by the available ultraviolet
radiation and at long wavelengths by the decreases of o
and o. It is evident that at low Sun the spectral photolysis
frequency is smaller in magnitude and its distribution is
shifted toward longer wavelengths. The attenuation and
shift are mainly consequences of the UV-absorption by the
overhead atmospheric ozone, which has a stronger effect at
high SZA when the path of the photons is longer through
the atmosphere.

[3] There are two main groups of experimental methods
used for the determination of j(OlD). The first is chemical
actinometry (CA), a method of detecting actinic flux using
the chemical species of interest. Chemical actinometry is a
direct measure of a photolysis frequency [e.g., Shetter et
al. 1996], as the molecule of interest is exposed to the
incident solar radiation and the build-up rate of the
photodissociation product (or some proxy) is measured
by a suitable detection method. An advantage of actino-
metry is that it does not depend on the knowledge of o
and ¢, but it does depend on a chemical calibration for the
concentration of a reactant and a photoproduct (or proxy).
Experimentally, chemical actinometers involve measuring
the photolysis frequency in a flowing or static system.
There is a requirement for properly characterized fields of
view for these techniques in order to acquire incident
actinic flux exposures.

[4] The second group of techniques used to measure
j(O'D) are radiometers. In this case the photolysis fre-
quency is derived from the intensity of the incident
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Figure 1. (top) Wavelength dependencies of the absorp-

tion cross section of O3 (o) and O('D) quantum yield
from the photolysis of O3 (¢) at 298 K, and the actinic
flux F(\) at two different solar zenith angles (SZA). The
o (in units of 42 x 107" cm?) is from Malicet et al.
[1995], ¢ is from Talukdar et al. [1998], and F(\) (in
units of 1.67 x 10" cm™2 s7!' nm™') was measured by
Forschungszentrum Jiilich during IPMMI on 19 June.
(bottom) Spectral distribution of j(O'D) at SZA = 16°
(solid line; median at 307 nm) and SZA = 75° (dashed
line; median at 315 nm). The odF is given in units of
3% 107° s nm™

radiation detected by a photoelectric device. The methods
of optical collection vary from flat plate devices having a
cosine-dependent angular response to hemispherical input
optics with an isotropic angular response. Flat plate
devices are sensitive to irradiance and require a number
of complex corrections in order to determine actinic flux
[e.g., McKenzie et al., 2002], whereas the isotropic hemi-
spherical optics monitor 2w sr actinic flux directly [e.g.,
Junkermann et al., 1989]. The two main subsets of
radiometry instrumentation are spectroradiometry (SR)
and so called fixed-bandwidth or filter radiometry (FR).
Spectroradiometry measures the relevant spectrally
resolved absolute intensity of the actinic flux and uses
equation (2) to determine the photolysis frequency [e.g.,
Hofzumahaus et al., 1999]. This method requires an
absolute calibration of the intensity of the radiation and
knowledge of the relevant molecular parameters o and o.
In filter radiometry, an appropriate optical wavelength
selection is chosen to mimic the spectral function (ocd)
of the relevant photolysis frequency by means of an
optical filter and a photodetector [e.g., Junkermann et
al., 1989]. Ideally, the signal of a filter radiometer would
be directly proportional to the photolysis frequency.
However, in all practical cases the spectral response of
the radiometer does not match exactly the shape of
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o(\O(N). As a result the relationship between j(O'D)
and the radiometer signal exhibits nonlinearities as the
spectral distribution of the ultraviolet flux changes with
overhead ozone column and solar zenith angle [e.g., Bohn
et al., 2004]. The use of fixed-bandwidth methods further
complicates the determination of j(O'D) owing to the
temperature dependence of o and ¢, which is not
accounted for by the filter radiometer. The filter radiomet-
ric method requires an absolute calibration versus another
absolute measurement technique (e.g., chemical actinome-
ter) or of the intensity of the radiation. Moreover, it is
important to measure the spectral response of a j(O'D)
filter radiometer and to know the relevant molecular
parameters (compare equation (2)).

[5] In the troposphere, j(OlD) is highly variable in space
and time owing to the influences of many varying atmo-
spheric parameters. So far, in situ measurement methods
(Table 1) have yielded data only in a few places and times.
For this reason, atmospheric chemistry models usually rely
on photolysis frequency coefficients that are derived from
modeled radiation fields. These are determined by means of
radiative transfer models (for an overview, see Bais et al.
[2003]) that use the extraterrestrial solar spectrum as input,
as well as vertical distributions of atmospheric parameters
(pressure, temperature, aerosol, ozone, clouds) and the
Earth’s surface albedo. The models also require the absorp-
tion and scattering cross sections for the interaction of solar
radiation with atmospheric gases and aerosols. In a second
step, j(O'D) is determined according to equation (2),
requiring the knowledge of the photodissociation parame-
ters o and ¢ of reaction (R1).

[6] Despite the important role of j(O'D) in atmospheric
chemistry, only a few studies have been performed to date
on how well j(O'D) can be measured or modeled. In the

Table 1. Experimental Methods and Their Application for the
Measurement of j(O'D) to Date

Reference Methods® Platform
Bahe and Schurath [1978] CA ground and balloon
Bahe et al. [1979] CA ground
Dickerson et al. [1979] CA ground
Dickerson et al. [1982] CA ground and aircraft
Junkermann et al. [1989] FR and CA ground
Bairai and Stedman [1992] CA ground
Blackburn et al. [1992] CA ground
Hofzumahaus et al. [1992] FR ground, ship
Junkermann [1994] FR hang glider
Miiller et al. [1995] SR and CA ground
McElroy et al. [1995] SR aircraft
Shetter et al. [1996] CA ground
Kraus and Hofzumahaus [1998] SR ground
Brauers et al. [1998] FR ground
Monks et al. [1998] FR ground
Hofzumahaus et al. [1999] SR ground
Shetter and Miiller [1999] SR aircraft
Crawford et al. [1999] SR aircraft
Pfister et al. [2000] FR aircraft
Junkermann [2001] FR ultralight aircraft
Lefer et al. [2001] SR ground
Hofzumahaus et al. [2002] SR aircraft
Shetter et al. [2002] SR aircraft
Eckstein et al. [2002] SR ground
Kanaya et al. [2003] SR ground

ICA, chemical actinometry; SR, spectroradiometry; FR, filter radiometry.
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first direct intercomparison of j(O'D) measurement techni-
ques, Miiller et al. [1995] compared independent measure-
ments obtained by a spectroradiometer and a chemical
actinometer and found agreement within the combined
experimental errors (14%). Shetter et al. [1996] compared
results from their chemical actinometer with concurrent
measurements by an actinic flux filter radiometer. They
reported agreement within 10% at noon but found increas-
ing deviations toward higher SZA of more than 40%, which
they attributed to the fixed bandwidth problem of the filter
radiometer. Kraus and Hofzumahaus [1998] compared
spectroradiometer measurements of j(O'D) with results
from a calibrated actinic flux filter radiometer that had been
corrected for the fixed bandwidth problem. They found
good agreement (within 5%) that persisted even at high
SZA [Brauers et al., 1998].

[7] Models have been tested against j(O'D) measure-
ments on relatively few occasions. In their pioneering
work, Bahe et al. [1979] and Dickerson et al. [1979]
applied chemical actinometry and confirmed the general
theoretically predicted dependence of j(OlD) on the ver-
tical ozone column and SZA. Shetter et al. [1996]
compared model predictions of j(O'D) with measurements
by a chemical actinometer operated on Mauna Loa
(Hawaii). They obtained quantitative agreement within
15% for clear-sky conditions. Cloud effects on j(O'D)
were studied by Crawford et al. [1999], Pfister et al.
[2000], and Junkermann [2001]. They compared model
results with airborne spectroradiometer and filter radiom-
eter measurements.

[s] One model-model comparison for j(O'D) has been
reported by the Intergovernmental Panel on Climate Change
(IPCC), which evaluated model differences within the
tropospheric photochemical model intercomparison (Photo-
Comp) in 1994 [Olson et al., 1997]. The j(O'D) predictions
of 21 models were found to scatter around the mean of the
model results by 6—9% (root-mean-square) after discarding
one obvious outlier. This result was obtained for clear sky
and refers to noon values as well as diurnal averages. One
suggestion for future work was to perform a closer exam-
ination of model-generated diurnal profiles of j values and
compare them with measurements.

[¥] An important aspect in the determination of j(O'D)
from modeled or measured actinic flux is the accuracy of
the photochemical data (o, ¢) used for the evaluation of
equation (2). Two experimental field studies have been
reported to date that investigated the appropriateness of
recommended molecular data for the description of
J(O'D) in the atmosphere. In their j(O'D) comparison
between a chemical actinometer and a spectroradiometer,
Miiller et al. [1995] investigated the contribution of
O('D) formation to j(O'D) at wavelength above 315 nm,
for which controversial quantum yield data existed in the
literature. They obtained general agreement when they
applied published quantum yield data that exhibited a
long-wavelength tail above 315 nm, whereas quantum
yield data without such a tail produced significant dis-
crepancies reaching more than 50% at high SZA. This
observation supported the existence of the tail, a spectral
feature observed in some laboratory studies [Brock and
Watson, 1980; Trolier and Wiesenfeld, 1988; Ball et al.,
1993] that were not generally accepted at that time
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[DeMore et al., 1994]. Further experimental support
came from the field study by Shetter et al. [1996],
who could resolve discrepancies between their chemical
actinometer data and modeling results only when they
used O('D) quantum yields with a tail in their model.
Major progress in the understanding of the molecular
photodissociation processes of O3 has been made through
theoretical work [Michelsen et al., 1994] and since 1995
through a series of new laboratory studies (for an
overview, see Matsumi et al. [2002]). The experimental
and theoretical efforts have led to a sequence of revisions
of the recommendation of the O('D) quantum yield
[DeMore et al., 1997; Sander et al., 2000, 2003; Matsumi
et al., 2002], which have not been tested against field data
so far.

[10] In summer 1998, the International Photolysis
Measurement and Modeling Intercomparison (IPMMI)
Study took place at the Marshall field site near Boulder,
Colorado, and offered an outstanding opportunity to test
how well current-state experimental techniques and
models can determine the solar spectral actinic flux
and the photolysis frequencies of ozone (j(O'D)) and
nitrogen dioxide (j(NO,)). Eight different research groups
participated in a blind intercomparison of measurements
using chemical actinometers and radiometers during an
intensive of 4 days (15, 16, 18, and 19 June). In a
separate but related study, 16 theoretical models by 14
different research groups were compared. The blindly
submitted data of the experimental and theoretical studies
were first evaluated separately by independent referees
before the experimental and theoretical data were ex-
changed and made available to the participants of
IPMMI. An overview of IPMMI and ancillary measure-
ments are given by Cantrell et al. [2003]. Related papers
present the results of the intercomparisons of the mea-
sured and modeled actinic flux [Bais et al., 2003],
J(NO,) [Shetter et al., 2003], and j(O'D) (this paper).
The specific goals of the present paper are to compare
the different measurement techniques for j(O'D) against
each other and the theoretical modeling of j(O'D)
against measurements. The comparisons will be made
for diurnal profiles including high and low Sun, as well
as clear-sky and cloudy conditions. Further, there is a
quantitative assessment of the use of different molecular
parameters for the derivation of j(O'D) and an assess-
ment of the role of the temperature dependence of the
molecular parameters on the experimental determination of
J(O'D). The paper concludes with an assessment of the issues
arising and implications of the work for determination of
j(O'D) by both models and measurements.

2. Experiment

[11] Eleven different instruments were used by six
different groups to measure j(O'D). The instruments in-
cluded one chemical actinometer, six spectroradiometers,
and four filter radiometers. The names of the institutes that
operated the instruments are given in Table 2. The techni-
ques, their calibrations, and estimated measurement errors
are summarized in Table 3. A short overview of the
applied techniques is included below, and brief technical
descriptions of individual instruments are given in Appen-
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Institute Short Name
Measurement Groups
Forschungszentrum Jiilich FzZJ
Institut fiir Meteorologie und Klimaforschung IFU
(former Fraunhofer Institut fiir Atmosphérische Umweltforschung)
Meteorologie Consult GmbH MET
National Center for Atmospheric Research NCAR
National Institute of Water and Atmospheric Research NIWA
University of Leicester ULIL
Modeling Groups
National Center for Atmospheric Research ACD
Meteorological Service of Canada AES
British Antarctic Survey BAS
Institut fiir Physik der Atmosphére, DLR BM1, BM2, BM3
Johns Hopkins University, Applied Physics Laboratory JHU
Forschungszentrum Jiilich KFA
Karl-Franzens Universitit KFU
Royal Netherlands Meteorological Institute KNM
Institute for Marine and Atmospheric Research MAR
Norwegian Institute for Air Research NIL, NI2
NOAA Aeronomy Laboratory NOA
Meteorologisches Institut Universitét Miinchen UMU

dix A. Additional information is found in the IPMMI
introductory paper [Cantrell et al., 2003].

2.1. Instrumental Overview
2.1.1. Chemical Actinometer

[12] This category of instrumentation was represented by
one instrument used by NCAR during the IPMMI cam-
paign. The chemical actinometer (CA-NCAR) was similar
to the one described in detail by Shetter et al. [1996] and is

based on the following series of reactions utilized by
Blackburn et al. [1992] in a similar instrument:

(RS) 05 +hv — 0O('D) +02<1Ag,3 z;),

(R6) O('D) +N,0 — NO +NO,

Table 3. Instruments and Calibration Data Used for the Comparison of Experimental j(O'D) Data®

Error, %

Method® Technique® Instrument? ol of T® Calibration Reference Instrument Other Total
CA flow tube CA-NCAR - - Act NO standard 5 10" 11.2
SR DM/PMT SR-FZJ MM TAL Act lamp (FZJ) 6' 10.4 12
SR DM/PMT SR-METI MM JPL97 298 K lamp (NCAR) J‘_ 104 _k
SR DM/PMT SR-NCAR MM TAL Act lamp (NCAR) 6.6' 10.4 12.3
SR SM/PDA SR-MET2 MM JPL97 298 K SR-MET]1 —'f 104 _k
SR SM/PDA SR-ULI MM TAL Act lamp (NCAR) 6.5"" 10.4 12.3'
SR SM/PDA SR-ULI* MM TAL Act lamp (NCAR) _ »

SR (Irrad.) DM/PMT SR-NIWA MM TAL Act lamp (NIWA) 6' 104 _k
FR filter/PMT FR-FZJ MAL TAL 298 K lamp (FZJ) 6™ 11.7" 13.2
FR filter/PMT FR-FZJ* MAL TAL Act lamp (FZJ) )

FR filter/PMT FR-IFU MM JPLY94 298 K CA-IFU 2" 9n 15
FR filter/PMT FR-IFU* MM JPLY94 298 K CA-IFU

FR filter/PMT FR-MET MAL BW 298 K SR-MET! -k —* 20
FR filter/PMT FR-ULI MM JPL97 298 K CA-FZJ _k 10.4 12

“The specified errors are associated with the originally submitted j values.
°CA, chemical actinometry; SR, spectroradiometry; FR, filter radiometry.

°SM, single monochromator; DM, double monochromator; PMT, photomultiplier tube; PDA, photodiode array.
9Identifier of the instrument and the operating group. An asterisk denotes that the respective j(O'D) data set was revised after the blind phase of the

intercomparison (see text).

°Ozone absorption spectrum: MM, Molina and Molina [1986]; MAL, Malicet et al. [1995].

f0('D) quantum yield: TAL, Talukdar et al. [1998]; BW, Brock and Watson [1980]; IPL94, DeMore et al. [1994]; JPL97, DeMore et al. [1997].
€Temperature for which j(OlD)(T) was evaluated; Act denotes the temperature of the instrument CA-NCAR.

]A’Associated with the branching ratio of the N,O + O('D) reactions in the chemical actinometer.

"Associated with the radiation calibration, wavelength accuracy, spectral bandwidth, and stray light rejection.

iAssociated with O3 absorption cross section (3%) and O('D) quantum yield (10%).

XNot specified.
'Errors due to stray light not included.
MAssociated with the absolute calibration.

"Associated with 7, SZA, and O; column corrections to filter radiometer signals.
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(R7) O('D) + N0 — Ny + 0,
(R8) NO + 03 — NO;, + Oy,
(R9) NO, + 03 — NO; + 05,
(R10) NO; +NO, + M — N,05 + M,

(R11) N>2Os + H,0(1) — 2 HNO;(1).
The primary reaction of O('D) is the reaction with N,O
yielding either N, or O, via reaction (R6) or NO via reaction
(R5). In the ozone-rich environment in the instrument, the
NO produced by reaction (R5) produces NO,, the NO, is
then converted to NOj, and further on to gas phase N,Os,
which is readily converted to HNO; upon contact with liquid
water. The NOj3 is then detected by conductivity.
2.1.2. Spectroradiometers

[13] This category of instrumentation was represented by
six radiometers, for which short descriptions can be found in
Appendix Al. Five of the instruments were used to measure
the downwelling actinic flux from which j(O'D) values were
calculated. Each instrument independently collected the
radiation through tower mounted (~5 m) 27 steradian (sr)
light collecting optics. Three of the systems (SR-FZJ,
SR-MET1, SR-NCAR) used serially scanning double-mono-
chromators and photomultipliers for the actinic flux measure-
ments. Two other instruments (SR-MET2, SR-ULI)
employed a single-monochromator photodiode-array assem-
bly to measure in parallel the full wavelength range. Photol-
ysis frequencies were then directly calculated from each of
the measured actinic fluxes. Another sequentially scanning
double-monochromator system (SR-NIWA) used a cosine-
weighting entrance optic to measure the solar irradiance. The
irradiance spectra were used instead of actinic flux spectra to
calculate pseudo j(OlD) values [McKenzie et al., 2002].
2.1.3. Filter Radiometers

[14] This category of instrumentation was represented by
four radiometers (FR-FZJ, FR-MET, FR-IFU, and FR-ULI)
for which brief descriptions are given in Appendix A2. The
instruments originate from the concept of Junkermann et al.
[1989] and included technical modifications that improve
the performance of the instruments. Two instruments
(FR-FZJ and FR-MET) were from the same commercial
manufacturer, whereas the two other radiometers (FR-IFU,
FR-ULI) were homemade. The four filter radiometers
collected the downwelling 2w sr actinic flux at 5 m
height. They used fixed combinations of optical filters
and electrical photodetectors to measure the broad-band
integrated radiation responsible for O('D) formation from
ozone photolysis. The raw signals were then converted
into j(O'D) by means of individual calibration functions.

2.2. Calibrations of j(OlD) Measurements

[15] The most relevant calibration parameters of the
individual instruments are summarized in Table 3. It should
be noted that some instruments used identical calibration
references. This procedure removes bias that otherwise
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could possibly result from the use of different calibration
standards. On the other hand not all radiometer evaluations
used the same molecular data (o, ¢). As discussed later, this
introduces a priori differences in the calculated j(O'D)
values, even if the instruments agree in their radiation
measurements. Some more comments specific to the differ-
ent measurement methods are given in the following.
2.2.1. Chemical Actinometer

[16] Chemical actinometry has the inherent advantage
that its calibration is independent of the knowledge of o
and ¢ and accounts naturally for the temperature depen-
dence of j(O'D). For these reasons it is a very useful
reference for comparisons with radiometers that rely on
the correct data for o(\, 7) and (A, 7). It must be noted,
however, that during IPMMI the gas temperature (7-Act)
inside the chemical actinometer (CA-NCAR) was often
above ambient air temperature. The elevated temperature
was due to insolation that heated the black surface installed
beneath the actinometer flow tube. The reason for the black
surface was to shield the actinometer against upwelling
actinic radiation reflected from the ground and from the
sea container on which the actinometer had been mounted.
2.2.2. Spectroradiometers

[17] All spectroradiometers were calibrated against irra-
diance standards of the same type (FEL 1000 W quartz-
tungsten-halogen lamps), but were traceable to different
national standards (FZJ lamp: PTB; NCAR and NIWA
lamps: NIST). Note that SR-MET1 and SR-ULI used the
NCAR lamp for calibration and are therefore not indepen-
dent in their absolute calibrations of radiation. Also note
that the absolute calibration of SR-MET2 was obtained by
comparison with SR-MET]I.

[18] Each spectroradiometer was expected to provide
J(O'D) values for different combinations of molecular
parameters and temperatures that were prescribed by the
IPMMI data protocol for the measurements [Cantrell et al.,
2003]. For the absorption cross section o(\, 7) the data by
Molina and Molina [1986] were to be used, while two sets
of data were prescribed for the quantum yield &\, 7): the
recommendation by DeMore et al. [1997] (hereinafter
referred to as JPL97) and the measurements by Talukdar
et al. [1998] (hereinafter referred to as TAL) that had been
published shortly before the IPMMI campaign. Furthermore
the measured temperatures of the ambient air and of the
chemical actinometer were made available by the referee
after the campaign. Note that the SR-MET1 and SR-MET2
data were submitted for only one quantum yield (JPL97 at
298 K).

2.2.3. Filter Radiometers

[19] For the absolute calibration of the filter radiometers
each group used a different reference. The calibrations of
FR-IFU and FR-ULI are traceable to previous comparisons
with chemical actinometers. The FZJ filter radiometer was
calibrated against the irradiance standard which was also
used for the FZJ spectroradiometer. The FR-MET calibra-
tion was obtained by scaling the j(O'D) data against the
corresponding SR-MET1 measurements.

[20] Furthermore, each group used its own evaluation
procedure to account for nonlinearities in the relationship
between j(O'D) and the measurement signals. The non-
linearities depend mainly on SZA, overhead O; column, and
the temperature that directly affects j(O'D). SZA values
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were calculated by each group from the known geographical
position and the time of measurements, and measurements
of the overhead Oz column and the diurnal temperatures
were provided by the referee. Moreover, the j(O'D) evalu-
ation requires molecular data for ¢ and ¢ for which the
groups used different data sets (Table 3).

[21] The FR data blindly submitted by each group apply
to a constant temperature of 298 K and thus, neglect the
natural temperature dependence of j(O'D). Only in a revised
version of the FR-FZJ data is the j(O'D) temperature effect
taken into account (see below).

2.3. Estimated j(O'D) Measurement Errors

[22] It is important to appreciate the errors (Table 3)
associated with the different j(O'D) measurements when
comparing the reported IPMMI results. The overall error is
a combination of the instrument error (e.g., calibration, light
collection, etc.) and other errors not related to the operation
of the instrument but included in the final reported j(O'D)
value. The overall error for all of the measurements is on the
order of 12—20%. The uncertainty in the N,O branching
ratio (10%) is the largest source of uncertainty for the
chemical actinometer. For the spectroradiometers the 12%
error is primarily due to the estimated 10% uncertainty in
the quantum yield data. No total j(O'D) error is specified for
the NIWA instrument, because it calculated pseudo j(O'D)
values from irradiances rather than j values from actinic
fluxes. The filter radiometer errors are more evenly distrib-
uted between calibration errors and the uncertainty due to
the conversion equation, which incorporates temperature,
solar zenith angle, and overhead Oz column.

[23] In two cases, data submitted to the referee were
tagged as “may be a problem.” One case was the FR-ULI
data for 19 June between 1637 and 1659 MDT. During this
time period the temperature stabilization of the filter radi-
ometer lost control because of high ambient temperatures,
which possibly affected the calibration of the instrument.
The second case was the FZJ spectroradiometer data sub-
mitted for 16 June as some condensation of water was
observed in the entrance optic. On the evening of 16 June
the head was removed, dried, and a new field calibration of
the spectroradiometer was made on 17 June. Study of this
potential problem after data submission suggested that
moisture may have entered during the evening of 14 June
and been present during measurements on 15 and 16 June;
hence data for these days is considered to be of uncertain
accuracy. After drying and reassembly of the collector head,
stable calibrations were obtained on the following days:
17-20 June.

3. Comparison of Experimental Data

[24] Allj(O'D) instruments were operated simultaneously
on four measurement days (15, 16, 18, and 19 June 1998)
on the Marshall field site near Boulder, Colorado. The
general measurement conditions are summarized in Table 4,
and details can be found in the IPMMI overview paper by
Cantrell et al. [2003]. Each instrument measured j(O'D)
contributed by the downwelling actinic flux (2w sr) at a
height of ~5 m above ground which had a small albedo of
2—3%. The measurements were carried out continuously
from 0500 to 2100 MDT each day. Each group averaged
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Table 4. General Conditions of the j(O'D) Intercomparison
During IPMMI*

Value

Marshall field, Boulder, Colorado
39°57'N, 105°12'W, 1800 m ASL
~5m

27 steradian (upper hemisphere)
15, 16, 18, and 19 June 1998
0500—2100 MDT®

16.5°

see Figure 2

15 June: broken clouds/349 DU
16 June: broken clouds/335 DU
18 June: broken clouds/335 DU¢
19 June: clear sky/307 DU
Aerosol optical depth 19 June: 0.03 + 0.02 at 550 nm
Albedo 0.026—0.029

*For details, see Cantrell et al. [2003].

®Mountain Daylight Time.

“Total vertical ozone columns at noontime, measured by the NOAA
Dobson spectrometer about 8 km northwest of the IPMMI site.

9Mean value of 327 DU at 1000 MDT and 343 DU at 1400 MDT.

Parameter

Field site

Geographic position
Measurement height
Viewing angle
Measurement days
Measurement times
Minimum solar zenith angle
Temperatures

Clouds/total ozone®

and assigned their j(O'D) measurements to prescribed time
grids of 1-, 10-, and 30-min time resolution, of which the
I-min-averaged data will be reported in this paper. On the
first three measurement days (15, 16, and 18 June) the sky
was cloudy, whereas the 19 June was a day with clear sky.
The ambient temperatures ranged from a minimum of 5°C
(15 June, 0535 MDT) to a maximum of 33°C (19 June,
1735 MDT). The temperature of the j(O'D) actinometer was
the same as of ambient air at night, but was higher because
of insolation during the day and reached a maximum of
45°C (19 June, 1545 MDT). The minimum solar zenith
angle was 16.5° (1304 MDT, local noon) and total Oj
columns were between 307 and 349 Dobson Units (DU).

3.1. Diurnal Profiles

[25] The blind j(O'D) data measured by the actinic flux
spectroradiometers and filter radiometers are presented in
Figure 2 for an overview. The plots of the diurnal profiles
are arranged in a matrix where each column represents one
measurement day and each row displays the measurements
of one instrument. In each j(O'D) plot the corresponding
diurnal variations of the chemical actinometer (CA-NCAR)
are shown for comparison. The temperatures of the chem-
ical actinometer and of ambient air are displayed in the
lowest panels of Figure 2a.

3.1.1. SR Versus CA

[26] For a meaningful comparison, the spectroradiometer
data (Figure 2a) were chosen, where possible, for the same
set of input parameters, namely the absorption cross sec-
tions by Molina and Molina [1986] and the quantum yield
by Talukdar et al. [1998]. Moreover, the temperature (7-act)
measured inside the chemical actinometer was chosen to
enable a direct comparison to the CA instrument. An
exception are the j(O'D) data by SR-MET1 and SR-
MET2 which were submitted only for the quantum yield
JPL97 [DeMore et al., 1997] at 298 K.

[27] In general, all instruments measured similar diurnal
profiles. On the cloud-free day, 19 June, the profiles look
smooth as is expected for such conditions. On the days 15,
16, and 18 June, fast fluctuations can be seen due to varying
broken clouds. A closer look reveals some differences
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Figure 2. Diurnal profiles of 1-min data of j(O'D) and temperatures during IPMMIL. (a) Comparison of
actinic flux spectroradiometers with the chemical actinometer (CA-NCAR). The spectroradiometer data
use the ozone absorption cross section o(X\, 7) from Molina and Molina [1986], the quantum yield o(\, 7)
by Talukdar et al. [1998], and the temperature of the chemical actinometer. SR-MET1 and SR-MET?2 use
the quantum yield by DeMore et al. [1997] and assume a fixed temperature (298 K) for ¢ and ¢. The
lowest panel shows measured temperatures of the chemical actinometer and of ambient air. The dashed
horizontal line denotes 298 K. (b) Comparison of filter radiometers with the CA-NCAR instrument. All
FR data apply to 298 K. Other parameters used for the evaluation of the FR data are given in Table 3. See
color version of this figure at back of this issue.
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Figure 2.

between the data of different instruments, like the noontime
data on 19 June. The smoothness of the curves on this day
indicates that all instruments had a very high measurement
precision and most of the differences seen between two
instruments are due to systematic measurement errors of one
or the other instrument. The most notable features in the
comparison of the diurnal j(O'D) profiles in Figure 2a can
be summarized as follows.

[28] For SR-FZJ and SR-NCAR the measurements of
these two instruments show a similar behavior and agree
excellently with the CA-NCAR data for most of the time,
although some systematic temporary deviations can be
recognized. For example, both spectroradiometers show
the same systematic deviation of +4% relative the CA read-
ings on 19 June at 1230 MDT. Another significant difference
is apparent at sunrise on the same day when the CA signal
starts to rise earlier than the spectroradiometers readings.

[29] For SR-METI1 and SR-MET2 the diurnal j(O'D)
profiles by these instruments show very similar features.
For example, they agree well with the chemical actinometer
on the days 15 and 16 June, whereas they show noontime
maxima that are 10—15% lower than the data of the CA-
NCAR, SR-FZJ, and SR-NCAR instruments on the days 18

(continued)

and 19 June. The similarity between the SR-MET1 and SR-
MET2 data is consistent with their common calibration.
Both instruments used the same molecular input data
(0(298 K), ©(298 K)), and the absolute calibration of
SR-MET2 was obtained by scaling its readings to the
absolutely calibrated SR-MET1 data.

[30] For SR-ULI the measurements of this instrument
show some pronounced systematic deviations from
the chemical actinometer data as is evident in the shape
of the diurnal profiles. At noon of the days 15, 18, and
19 June the SR-ULI data are roughly 10% lower than the
measurements of the chemical actinometer. In contrast,
the SR-ULI data are systematically higher than the CA-NCAR
measurements in the early morning and late afternoon on all
days, with increasing overpredictions at higher solar zenith
angles. The reason for this behavior has been identified by
the ULI group as an insufficiently corrected background
signal that was caused by internal monochromator straylight
(see revised data section below and Edwards and Monks
[2003]).

3.1.2. FR Versus CA

[31] The measurements by the actinic flux filter radio-

meters are compared to the chemical actinometer data in
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Figure 3. Revised 1-min data of j(O'D) measured

by the instruments FR-FZJ, FR-IFU, and SR-ULL

The revised data, marked with an asterisk, are explained in the text. FR-FZJ* and SR-ULI* use the
temperature of the chemical actinometer, whereas FR-IFU* uses 298 K for the evaluation of j(O'D). The
CA-NCAR data are the same as in Figure 2. See color version of this figure at back of this issue.

Figure 2b. Note that all FR data were provided for a
constant temperature of 298 K only, whereas the j values
by the CA-NCAR instrument are temperature dependent.
The main features of the comparison can be described as
follows.

[32] The FR-FZJ, FR-MET, and FR-ULI instruments
recorded diurnal profiles of j(O'D) that look very similar.
The FR data show quite good agreement with the chemical
actinometer results on the first two measurement days
(15 and 16 June), but are about 5—10% lower than the
CA-NCAR measurements during the noon of 18 and
19 June. A similar behavior is found in the diurnal profiles
of SR-MET1 and SR-MET2 in Figure 2a. The j(O'D)
values of the instruments FR-FZJ, FR-MET, FR-ULI,
SR-MET1, and SR-MET2 have in common that they were
evaluated for a fixed temperature of 298 K. The missing
temperature dependence can explain much of the deviations
from the chemical actinometer measurements as will be
shown below. The temporary enhancement of the FR-ULI
data on 19 June between 1637 and 1659 MDT can be
explained by the malfunction of the temperature stabiliza-
tion of the instrument as was tagged in the submitted data
for this time interval.

[33] The photolysis frequencies of the FR-IFU radiometer
deviate strongly from the results of all other instruments.
The most pronounced discrepancy is seen in the width of
the diurnal profiles which are much narrower than observed
by the chemical actinometer. The reason for this behavior

has been identified by the IFU group as a faulty conversion
of the radiometer signals into j(O'D) values (see revised
data in the next section).

3.2. Revised Diurnal Profiles

[34] The blindly submitted data were first analyzed by
the referee before they were made available to all exper-
imental groups. Thereafter, deviations observed between
measurements of different instruments were investigated
by the participants. In some cases, systematic errors were
identified and corrected. Three groups resubmitted new
data after the blind phase. The revised data are presented
in Figure 3 and are marked by the asterisk symbol
appended to the instrument’s name (e.g., FR-FZJ*) to
distinguish them from blindly submitted data. The groups
gave the following explanations of the changes made to
their data.

[35] For FR-FZJ a parametrization of the temperature
dependence of j(O'D) has been developed [Bohn et al.,
2004] and was applied to convert the originally submitted
data valid for 298 K into temperature-dependent ; data.
The parametrization represents the ratio j(OlD)(T)/
J(0'D)(298K), where j(O'D) is simulated by modeled
actinic flux spectra for a range of solar zenith angles
(0°-80°) and total O3 columns (240-460 DU). The
simulation uses the temperature-dependent ozone absorp-
tion cross section by Malicet et al. [1995] and the quantum
yield by Talukdar et al. [1998]. The modeled ratio
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Figure 4. Ratios of 1-min data of j(O'D) measured by the various radiometers relative to the SR-NCAR
instrument. The data of the radiometers were evaluated using the parameters o(\, 7) and &(\, 7) as
explained in the captions of Figures 2 and 3. In the case of SR-ULI and FR-IFU only the revised data are
considered. Solid horizontal lines indicate a ratio of 1.

JO'D)T)/j(0'D)(298 K) was then parameterized as a
function of solar zenith angle and overhead O; column
and applied to the original j(O'D)(298 K) filter radiometer
measurements for the conditions of IPMMI in order to
generate revised FR data.

[36] For FR-IFU the IPMMI data files for j(O'D) were
revised after a calculation error was found in the original
files. The original files were generated using a correction
data set for the overhead O; column density based on a
STAR model calculation with improper spacing of wave-
length intervals. Additionally the correction applied was
done with a division instead of a multiplication with the
effective Oz column correction function. Thus the diurnal
curve gets narrower instead of broader compared to the
original filter radiometer raw data. The revised data set was
calculated with a new correction curve based on a revised
calculation using the latest version of the STAR model and a
proper wavelength spacing and with the correction function
applied in the right way.

[37] For SR-ULI the problem of poor instrument stray
light rejection in the single-monochromator photodiode-
array spectroradiometer deployed by the University of
Leicester at IPMMI has implications for the accuracy of
the derived photolysis frequencies. The original j(O'D) data
were evaluated from actinic flux spectra that were in situ
corrected for stray light by subtracting a wavelength-inde-
pendent offset calculated as the average of the spectroradi-
ometer signals between 285 nm and 290 nm. In order to
improve the data further following the conclusion of the
IPMMI experiment an actual stray-light spectrum with
respect to wavelength was measured on a cloud-free day
at the University of Leicester [Edwards and Monks, 2003].
The revised j(O'D) data were obtained after application of
the wavelength-dependent stray-light spectrum in the cor-
rection of the spectral data recorded at IPMMI.

3.2.1. Revised Radiometers Versus CA

[38] For FR-FZJ the revised filter radiometer data FR-

FZJ* agree much better with the measurements of the
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Figure 4. (

chemical actinometer (Figure 3) than is the case for the
uncorrected data (compare Figure 2b). In particular, the
underprediction of j(O'D) by the uncorrected filter radiom-
eter data found during noon of 18 and 19 June is mostly
removed. This leads to the same excellent agreement with
the chemical actinometer as is observed for the spectroradi-
ometers SR-FZJ and SR-NCAR (Figure 2a) which explic-
itly consider the temperature influence on the ozone
photolysis.

[39] For FR-IFU the revised FR-IFU* data (Figure 3)
are in much better agreement with the j values of the
chemical actinometer than the original data. In particular,
the width of the diurnal profiles is now in good agreement
with the observations by the other instruments. However,
some deviations relative to the CA-NCAR profiles remain,
some of which can be explained by the fixed temperature

continued)

(298 K) used in the reevaluation of the filter radiometer
data.

[40] For SR-ULI the new stray light correction of the
SR-ULI* data improves significantly the agreement with
the CA-NCAR measurements. The overprediction of
j(O'D) at sunrise and sunset has greatly diminished and
the noon time values are now in good agreement with the
CA-NCAR data on the days 15, 16, and 18 June. The
systematic deviation around noon of 19 June, however, has
not notably changed.

3.3. Ratios of Diurnal Profiles

[41] A more detailed comparison of the radiometer data
(Figure 4 and Table 5) is achieved by examining the ratios
of the diurnal j(OlD) profiles versus the measurements by
the NCAR spectroradiometer (SR-NCAR). Here, the NCAR
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Table 5. Mean Ratios of 1-min Data of j(O'D) Measured by the Various Radiometers Relative to the SR-NCAR Instrument for Two

Ranges of Solar Zenith Angle on the Four Measurement Days®

SZA < 60° 60° < SZA < 85°
Group 15 16 18 15 16 18 19
SR-FZJ 1.08(0.06) 1.13(0.07) 1.00(0.05) 1.00(0.02) 1.08(0.08) 1.12(0.05) 1.01(0.23) 0.99(0.04)
SR-MET! 0.98(0.15) 0.99(0.16) 0.92(0.12) 0.86(0.03) 0.80(0.30) 0.83(0.22) 0.73(0.19) 0.76(0.11)
SR-MET2 1.00(0.08) 1.01(0.11) 0.93(0.08) 0.90(0.03) 1.09(0.37) 1.05(0.25) 0.97(0.28) 0.97(0.21)
SR-ULI* 1.05(0.05) 1.06(0.06) 1.02(0.07) 0.95(0.03) 1.40(0.35) 1.24(0.21) 1.47(0.89) 1.16(0.17)
FR-FZJ 0.97(0.03) 0.97(0.03) 0.95(0.03) 0.91(0.02) 1.06(0.14) 1.01(0.06) 0.98(0.23) 0.93(0.05)
FR-FZJ* 1.00(0.03) 0.98(0.03) 0.97(0.02) 1.01(0.03) 0.98(0.08) 0.97(0.06) 0.95(0.21) 1.00(0.07)
FR-IFU* 0.84(0.14) 0.92(0.07) 0.88(0.13) 0.96(0.03) 0.92(0.55) 0.89(0.22) 0.71(0.12) 0.81(0.08)
FR-MET 0.96(0.09) 0.98(0.09) 0.93(0.08) 0.89(0.03) 1.37(0.38) 1.29(0.30) 1.24(0.38) 1.04(0.21)
FR-ULI 0.98(0.11) 0.98(0.12) 0.94(0.10) 0.93(0.05) 0.85(0.18) 0.83(0.11) 0.81(0.24) 0.80(0.11)

*The data in parentheses are the standard deviations of the ratios in the range of corresponding solar zenith angles.

instrument serves as a reference representing the group of
data (SR-FZJ, SR-NCAR, FR-FZJ*) which explicitly con-
sider the temperature dependence of j(O'D) and show
excellent agreement with the measurements of the chemical
actinometer (see previous section). It is assumed that the
good agreement in this group of instruments, which rely on
three different methods (CA, SR, FR), is not by chance but
demonstrates approximate correctness of the measured
j(O'D) values. Here, unlike in Figure 2, the chemical
actinometer is not selected as the reference for two reasons.
First, the radiometers have a lower limit of detection than
the chemical actinometer. Thus ratioing versus a radiometer
yields a better precision at high solar zenith angles (>75°).
Second, the comparison of the radiometers among each
other is useful in order to examine first how well the
instruments agree in their actinic flux calibrations, provided
that they use similar data for o and ¢. In a second step
(section 4) the absolute nature of the radiometer data and
their dependence on o and ¢ is investigated by comparison
against the chemical actinometer.

[42] The ratios of the radiometer data versus daytime are
shown in Figure 4, where the SR-NCAR data are used as a
reference in all cases. An additional scale of solar zenith
angles is given at the top of the upper panels. The following
discussion will be restricted to the time interval from
0600 MDT to 2000 MDT at SZA < 86° where the detection
noise of the radiometers is very small. Only in the case
of the single-monochromator diode-array instruments
(SR-MET2, SR-ULI) the signal to noise ratio becomes
appreciable when the solar zenith angle exceeds 75°.

[43] In the course of the days irregular spikes are apparent
in the ratio plots. These spikes are caused by the differing
instrumental time response to fast cloud driven modulations
in j(O'D), which occur mostly on days 15, 16, and 18 June.
Relatively small spikes (<15%) are observed for the instru-
ments SR-NCAR, SR-ULI*, and FR-FZJ* which measure
the actinic radiation evenly during the prescribed 1-min
averaging intervals and are synchronized to GPS-time.
Slightly larger spikes (<35%) are found for SR-FZJ. This
instrument was synchronized to the same time base, but
collected the radiation only in a relative short time window
(12 s) within the 1-min time interval. The other instruments
(SR-MET1, SR-MET2, FR-MET, FR-IFU*, FR-ULI) show
even larger spikes up to 50%, which are presumably due to
a poor time synchronization.

[44] The two spectroradiometers by FZJ and NCAR and
the filter radiometer FR-FZJ* show almost constant ratios
(SR-FZJ/SR-NCAR, FR-FZJ*/SR-NCAR) throughout the

entire study, indicating that the radiometers measured very
similar diurnal variations. The ratios are close to one, which
means also good absolute agreement. The deviations from
unity are mostly less than 5% (Table 5) which is smaller
than the combined calibration errors of the actinic flux
measurements. Slightly larger discrepancies of 8% and
12—13% exist between SR-FZJ and SR-NCAR on 15 and
16 June, respectively. While the value of 8% is still
consistent with the specified instrumental errors (6% for
each instrument), 12—13% is regarded to be a significant
deviation. The comparison with the measurements made by
the filter radiometer FR-FZJ* suggests that the FZJ spec-
troradiometer is responsible for the elevated ratios on
15 and 16 June. In fact, the FZJ spectroradiometer data
submitted for 16 June were tagged with a “may be a
problem” flag, as some condensation of water was observed
in the 2w sr hemispheric collector head. Liquid droplets in
contact with the frosted quartz surfaces inside the collection
head increase the optical transmissivity, which can explain
the enhanced signals of the FZJ spectroradiometer. It is
likely that this problem already existed on 15 June. On the
evening of 16 June the head was removed and dried
overnight. The following field calibrations (17—20 June)
were found to be reproducible within 2%.

[45] Most other instruments show an approximately con-
stant ratio only for solar zenith angles below 60°. Under
these conditions very good agreement is observed between
the ULI spectroradiometer and the reference instrument.
The deviations are in the range of 5% and can be explained
by the instrumental calibration errors. In case of the radio-
meters SR-MET1, SR-MET2, FR-FZJ, FR-MET, and
FR-ULI, a particular behavioral pattern is apparent at
SZA < 60°. On 15 and 16 June the measurements agree
very well, mostly within 1-2%, with the reference (compare
Table 5). On 18 June the measurements are slightly lower
than the reference by 5—8% and are significantly lower on
the warmest day (19 June) by 9—14%. The observed pattern
can be explained quantitatively by the temperature depen-
dence of j(O'D), which is taken into account by SR-NCAR,
but is missing in the data evaluation of the mentioned group
of instruments. The effect of the temperature on j(O'D) is on
the order of 1% K ! and is directly visible as the difference
between the ratio plots of the corrected and uncorrected FZJ
filter radiometer data, FR-FZJ*(T) and FR-FZJ(298 K),
respectively. If the temperature corrections were applied to
SR-MET1, SR-MET2, FR-MET, and FR-ULI, the data of
these instruments would also be in excellent agreement with
the reference instrument on all four measurement days at
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SZA < 60°. This means that aside of the temperature effect
the absolute calibrations of these instruments agree with the
reference within the specified errors given in Table 3.

[46] In case of the filter radiometer FR-IFU*, the ratio
plots show irregular deviations even at SZA < 60°. The
behavior is not well represented by the constant calibration
error of 12% and cannot be explained by the missing
temperature dependence of j(O'D). The irregular deviations
are not observed for any other instrument and point to an
unstable sensitivity of the IFU filter radiometer.

[47] Besides calibration errors, j(O'D) measurements can
be subject to systematic errors that correlate with daytime or
solar zenith angle. Such errors become apparent as trends in
the ratio plots in Figure 4. Possible reasons are potentially
manifold, e.g., (1) anisotropic response of the 27 sr hemi-
spheric collector head. (2) nonlinearity of the radiation
detection. (3) temperature dependence of optical or elec-
tronic components influencing the detection sensitivity of
the instrument. (4) internal stray light in monochromators
[cf. Edwards and Monks, 2003]. (5) imperfect match of the
spectral filter-radiometer response to the O3 — O('D)
photodissociation spectrum oo [cf. Bohn et al., 2004].

[48] In case of the spectroradiometers by FZJ and NCAR a
weak trend can be seen in the ratio which steadily increases
by 4-8% from 0600 to 2000 MDT. The trend is not
correlated with solar zenith angle, spectroradiometer signal
intensity, or ambient temperature. Moreover, both spectror-
adiometers were temperature stabilized. Thus most of the
above reasons can be excluded. It is conceivable that one or
both instruments suffered from some anisotropic azimuthal
dependence of the collector head which may explain some of
the diurnal trend in the FZJ/NCAR ratio [Bais et al., 2003].

[49] In the range of medium to high solar zenith angles
(60° < SZA < 85°) most other radiometers exhibit signif-
icant trends in their ratio plots which vary between 0.5
and 2. For example, SR-MET1 shows a strong downward
trend at high solar zenith angles that is nearly symmetric
with respect to local noon. This significant feature is much
larger than the effect of the missing j(O'D) temperature
dependence. Possible reasons could be problems with the
solar zenith angle dependence of the collector head or a
nonlinearity of the radiation detection system. SR-MET2
exhibits relatively small systematic deviations at high solar
zenith angles. The deviations can be partly explained by the
missing j(O'D) temperature dependence. In case of the ULI
spectroradiometer SR-ULI* the data show a strong upward
trend at SZA > 60°. The reason is most likely an incomplete
correction of the signal contribution that is due to internal
stray light in the single-monochromator [Edwards and
Monks, 2003].

[s0] The filter radiometers show very different behaviors
at solar zenith angles between 60° and 85°. While the filter
radiometer FR-FZJ* deviates very little from the reference,
other instruments (FR-IFU*, FR-MET, FR-ULI) show sig-
nificant upward or downward trends. FR-MET and FR-FZJ*
have the same technical design, but used different home
made calibration functions that convert the voltage signals
into j(O'D) data and correct for the imperfect spectral match
of the radiometer response. It is likely that the instrument-
specific corrections, which can typically reach a factor of
two at high solar zenith angles, were not sufficiently
accurate for the FR-MET instrument. In case of FR-IFU*
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and FR-ULI the deviations from the reference are asymmet-
ric with respect to noon. This behavior cannot be explained
by a spectral mismatch of the filter radiometer or by the
missing j(O'D) temperature dependence. Interestingly, the
deviations show some resemblance with the diurnal profiles
of the ambient temperature. This is, however, difficult to
understand, because both filter radiometers were tempera-
ture stabilized. Another possible explanation for the asym-
metries would be strong azimuthal anisotropies of the
entrance optic sensitivities.

3.4. Irradiance- Versus Actinic-Flux-Based
j(O'D) Values

[51] During the IPMMI campaign the NIWA spectroradi-
ometer measured spectral UV irradiances, which were used
instead of actinic fluxes to calculate pseudo j(O'D) values.
The comparison of this data with the measurements by
SR-FZJ and SR-NCAR has been presented in detail by
McKenzie et al. [2002] and will not be repeated here. The
authors report j(O'D) ratios for FZJ/NIWA and NCAR/
NIWA that vary from 1.25 at local noon to an approximate
value of 3 at sunrise and sunset. This kind of variability is to
be expected since the cosine weighting inlet optic of an
irradiance spectroradiometer receives less radiation than
actinic flux sensors. McKenzie et al. [2002] find that the
calibration of the NIWA spectroradiometer is in good
quantitative agreement (~10%) with the calibrations of the
FZJ and NCAR spectroradiometers, when the fundamental
differences in the viewing geometries are considered. This
agreement is consistent with the specified calibration errors.

4. Molecular Data Recommendations for the
Determination of j(O'D)
4.1. Sensitivity of j(O'D) to the Choice of o and & Data

[52] In order to derive values of j(O'D) from actinic flux
measurements, ozone molecular parameter data must be
used. An overview of the available laboratory ozone cross
sections and quantum yields and the general uncertainties
are given by Cantrell et al. [2003]. In general, there appears
to be very good agreement in the reported absorption cross
sections of ozone [e.g., Bass and Paur, 1985; Molina and
Molina, 1986; Malicet et al., 1995]. This is reflected in the
J(O'D) values which have been calculated for the different
cross sections using the same quantum yield [Talukdar et
al., 1998] in each case. In Figure 5 (top) the j values are
plotted as ratios to the data derived for the cross sections by
Molina and Molina [1986] and show overall agreement
within about 1-3% under the conditions of [IPMMI.

[53] In case of the O('D) quantum yield the situation is
more complicated. Several groups [e.g., Brock and Watson,
1980; Trolier and Wiesenfeld, 1988; Ball et al., 1993, 1997,
Michelsen et al., 1994; Takahashi et al., 1996, 1998;
Talukdar et al., 1997, 1998; Bauer et al., 2000; Smith et al.,
2000] have reported significant, i.e., nonzero, quantum yields
for O('D) formation at progressively longer wavelengths, in
contrast to the general recommendations that were valid until
1997 [e.g., DeMore et al., 1994]. The more recent laboratory
studies agree well and give clear evidence that at wavelengths
greater than the threshold of 310 nm, there is significant
formation of O('D) owing to two processes. One is the
photodissociation of vibrationally excited ozone molecules
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Figure 5. Ratio of j(O'D) calculated for different ozone
molecular parameter data relative to the case with o by
Molina and Molina [1986] and ® by Talukdar et al. [1998].
(top) Sensitivity to different published cross section data,
using in each case the same quantum yield. (bottom)
Sensitivity to different NASA-JPL recommendations for the
O('D) quantum yield, using in each case the same ozone
absorption cross sections. The ;j values have been
determined from solar actinic flux spectra measured on
19 June (upper panel: SR-NCAR; lower panel: SR-NCAR
in grey; SR-FZJ in black).

up to a cut-off near 325 nm, the other is the spin-forbidden
dissociation beyond 325 nm (see review by Matsumi et al.
[2002]). Recent work by Bauer et al. [2000] suggests that the
threshold for production of O(' D) may even extend to 375 nm
or beyond. In consequence, derived values of j(O'D) can be
significantly higher than previously thought. Although
the ozone absorption cross section decreases rapidly at
X > 320 nm, a small quantum yield at long wavelengths
can contribute significantly to the overall photolysis
frequency as a result of the increasing spectral actinic flux,
particularly at high solar zenith angles (Figure 1).

[54] The progress in understanding the O('D) formation
in O3 photolysis is reflected in several revisions of the
quantum yield recommendation published by National
Aeronautics and Space Administration (NASA)-Jet Propul-
sion Laboratory (JPL). The effect of the changes on the
derived j values is considerable as can be seen in Figure 5.
The lower panel shows the ratios of j(O'D) for the different
quantum yields relative to j(O'D) determined for the data by
Talukdar et al. [1998], using the same Oj cross section
[Molina and Molina, 1986] in each case. Clearly, the
revisions since 1994 have led to significantly higher
j values, in particular at high solar zenith angles. The
JPL97 data [DeMore et al., 1994] differ from the JPL94
data [DeMore et al., 1997] by including the contribution
from the photolysis of vibrationally excited O;. The JPLOO
[Sander et al., 2000] and JPLO3 data [Sander et al., 2003]
furthermore contain the contribution of spin-forbidden
O('D) formation in the O photolysis. The JPL03 data are
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identical with the current International Union of Pure and
Applied Chemistry (IUPAC) recommendation (http://
www.iupac-kinetic.ch.cam.ac.uk; data sheet POx2 from
2001) as both have adopted their data from the recommen-
dation by Matsumi et al. [2002].

4.2. Comparison of j(O'D) Derived From Actinic
Flux Measurements to Absolute Chemical Actinometer
Measurements

[55] One of the aims of IPMMI was to ascertain which of
the recently revised molecular data provide the most accu-
rate description of O('D) formation in the photolysis of
tropospheric ozone for the conditions of IPMMI. Within
experimental uncertainty it is clear that the derived values of
J(O'D) are not very sensitive to the choice of literature
ozone absorption cross sections. It is also clear from the
previous analysis that the derived value of j(O'D) is quite
sensitive to the choice of the O('D) quantum yield. The
comparison of an absolute technique for the determination
of j(O'D) such as chemical actinometry against actinic flux
derived measurements of the photolysis frequency has the
potential, within experimental uncertainty, to aid in the
choice of molecular parameters. The actinic flux data
measured by the NCAR spectroradiometer have been com-
bined with the quantum yield data of Talukdar et al. [1998],
JPL94, JPL97, and JPLOO. In all cases, the cross sections of
Molina and Molina [1986] were used and temperature was
applied as measured inside the chemical actinometer.

[s6] The data in Figure 6 show the change in the ratio of
j(O'D) of the chemical actinometer to the NCAR spectror-
adiometer versus the slant atmospheric ozone column for
the four chosen quantum yield data. The slant ozone column
has been calculated as the product of measured total ozone
(compare Table 4) and the air mass factor estimated as the
reciprocal cosine of the solar zenith angle. Here, the slant
ozone column serves as a qualitative measure for the red
shift of the spectral distribution of j(O'D) as the absorption
of solar ultraviolet radiation increases with total ozone or
increasing path length through the atmosphere [cf. Miiller et
al., 1995; Shetter et al., 1996]. Note that the slant ozone
columns in Figure 6 correspond to solar zenith angles from
about 16° to approximately 78°.

[s7] Figure 6 shows that in general, the ratio of spectror-
adiometer to chemical actinometer j(O'D) data is consistent
for all four days with and without clouds. In order to reduce
the noise, the data points from all days were averaged in bins
of slant ozone columns (100 DU width). The corresponding
mean values and their standard deviations are displayed as
open circles with 1o error bars. It can be noted that on the
days 18 and 19 June (green and red symbols, respectively)
the plotted data points separate into two diverging branches
at slant ozone columns above 1100 DU. The up- and
downward bending branches correspond to measurements
at sunrise and sunset, respectively, and are due to a baseline
drift of the actinometer readings. This problem is related to
the rather indirect determination of O('D) in the actinometer.
The NCAR instrument uses the reaction of O('D) radicals
with N,O to produce NO molecules which are finally
oxidized to N»Os (see section 2.1.1). The N,Os then reacts
with water on the surface of a semi-permeable membrane to
form NOj ions which are detected by a total conductivity
measurement. The total conductivity includes any residual
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Figure 6. Ratio of j(O'D) measured by the chemical
actinometer and the NCAR spectroradiometer versus the
slant ozone column for the days 15-19 June. The
spectroradiometer data were evaluated for o by Molina
and Molina [1986], different quantum yields (JPL94,
JPL97, JPLOO, and Talukdar et al. [1998]), and the
temperature of the actinometer. The open circles represent
binned averages over all days for bin widths of 100 DU.
The grey symbols in the upper panel have been excluded
from the averaging (see text) and are not shown in the other
panels. See color version of this figure at back of this issue.

conductivity of the deionized water, conductivity added to
the water flow from ozone/wall or ozone/impurities reac-
tions. In this case the determination of O(' D) depends on the
measurement of a small signal difference superimposed on a
large conductivity background signal. Baseline drifts can
thus produce significant systematic errors in the j(O'D)
measurements when the photolytic O('D) production is
low as during sunrise and sunset.

[s8] In the upper panel of Figure 6 some data points
(marked as grey symbols) show large irregular systematic
deviations from the bulk of the other data that exhibit a
relative coherent trend versus the slant ozone column. The
grey marked data were measured on 16 June after 1817 MDT
(slant ozone column >850 DU) and on 18 June at 0756—
0841 MDT (589—788 DU). In these instances no unusual
meteorological conditions were observed that affect j(O'D)
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and could explain a different response of the chemical
actinometer and spectroradiometer. The irregular devia-
tions are more likely caused by an instrumental measure-
ment problem. When the actinometer signals are compared
with the measurements of any of the other radiometers,
essentially the same deviation pattern is observed. Thus
the unusual behavior must be due to the chemical acti-
nometer and was presumably caused by an unstable
baseline as outlined before. For this reason, the grey
marked data are treated as outliers. Accordingly, they were
excluded from the averaging and are not shown in the
other panels.

[s9] In the upper panel (case JPL94) an increasing trend is
seen for the averaged j(O'D) ratio as the slant ozone column
increases, starting from a ratio of 1.25 at 350 DU and
exceeding a factor 2.5 beyond 1100 DU. This observation
points to an increasing underestimation of the O('D) pro-
duction in the JPL94 quantum yield at long wavelengths
and agrees with previous observations by Miiller et al.
[1995] and Shetter et al. [1996]. In case of JPL97 the
situation is much improved. The trend is smaller and goes
from a mean ratio of 1.04 at 350 DU to as much as a factor
1.4 at 1350 DU, indicative of missing O('D) production
from the quantum yield data.

[60] In case of JPLOO and Talukdar et al. [1998] there is
excellent agreement between the chemical actinometer
measurements and the actinic flux derived j values. The
mean j(O'D) ratios deviate no more than 5% from unity
over the whole range of slant ozone columns, which is
much better than what can be expected from the experi-
mental uncertainty of the chemical actinometer (11%) and
the actinic flux calibration of the spectroradiometer (6.6%).
Strictly, no preference can be given to either of the two
quantum yield data within experimental uncertainties.
Nevertheless, it appears that JPLOO binned ratios show a
slight trend with the total ozone column (0.95 at 300—
700 DU, 1.00 at 700—1100 DU, 1.02 at 1100—1500 DU)
which is not present in the case of the Talukdar et al. data
(1.00 at 300-700 DU, 1.02 at 700-1100 DU, 1.01 at
1100-1500 DU). At small ozone columns the JPLOO
binned ratios are a bit smaller than in the Talukdar et al.
case, which can be explained by the different short
wavelength quantum yields (0.95 versus 0.89). The fact
that the use of the quantum vyields by Talukdar et al.
[1998] produces no trend in the j(O'D) ratio versus slant
ozone column is an important criterion in favor of their
data. It suggests that the relative wavelength- and temper-
ature-dependence of the quantum yields is sufficiently
correct to reproduce the variations of the chemical
j(O'D) measurements encountered under the conditions
during IPMMI. Noting that the data for Talukdar et al.
[1998] agree very well with the JPLO3 case (compare
Figure 5), this analysis gives support that the most recently
recommended O('D) quantum yield data are indeed most
suitable to determine tropospheric j(O'D) from measured
actinic flux spectra.

5. Comparison of Modeled and Measured Data

[61] As part of IPMMI twelve different groups (Table 2)
contributed fifteen model simulations of j(O!'D) for the
clear day (19 June) by running various radiative transfer
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Table 6. Models and Input Parameters Used for the Calculation of Actinic Flux and Derived j(O'D) Data®

Cross Section” Quantum Yield® Temperature®
Group Model Name Actinic Flux J Value J Value Actinic Flux J Value
ACD TUV 4.0 MM MM JPL97 sonde ambient
AES IMAM MM WMO JPL97 US 1976 297.8 K
BAS BASRTM MAL JPL97 JPL97 US 1976 ambient
BM1 LibRadtran MM MM TAL US 1976 ambient
BM2 LibRadtran MM MM TAL US 1976 ambient
BM3 LibRadtran MM MM TAL UsS 1976 ambient
JHU JHU/APL MM MM JPL97 US 1976 ambient
KFA ART WMO MAL MIC sonde ambient
KFU TUV 3.9 WMO MM JPL97 sonde 288.3 K
KNM DAK BP BP SHE sonde 288.15 K
MAR Parametric MM MM SHE — -
NIL LibRadtran BP BP TAL sonde ambient
NI2 Phodis MM MM JPL97 sonde 297.8 K
NOA TUV 3.8 MM MM JPL97 Us 1976 ambient
UMU STAR BUR BUR STO US 1976 ambient

“Further model information can be found in the paper by Bais et al. [2003].
BP, Bass and Paur [1985]; BUR, Burrows et al. [1999]; JPL97, DeMore et al. [1997]; MAL, Malicet et al. [1995]; MIC, Michelsen et al. [1994]; MM,
Molina and Molina [1986]; SHE, Shetter et al. [1996]; STO, Stockwell et al. [1990]; TAL, Talukdar et al. [1998]; and WMO, WMO Global Ozone

Research and Monitoring Project [1985].

“Ambient, see Figure 2a, lowest panel; sonde, daily ozonesonde measurement (19 June: 297.75 K at ground level); US 1976, temperature of the U.S.

Standard Atmosphere (1976) (276.9 K at the altitude of the site).

equation solvers. Input data were handled in different
ways and different cross sections, quantum yields, and
temperatures were used for the calculation of j(O'D)
(Table 6). The various models (except NI2) and treatment
of input data have been described and discussed in detail
by Bais et al. [2003]. The NI2 model has been described
elsewhere by Kylling et al. [1995]. The version used here
is based on the pseudospherical version of the DISORT
algorithm [Stamnes et al., 1988; Dahlback and Stamnes,
1991].

[62] Bais et al. [2003] compared the actinic flux spectra
obtained by these models with model reference spectra
and measured spectra. In this paper, the modeled j(O'D)
results are compared with j(O'D) data derived from the
measured actinic flux spectra from the FZJ spectroradi-
ometer. It should be noted that this is a blind intercom-
parison. The modelers did not have access to the measured
results prior to submitting their results. However, some
groups resubmitted results after obvious misinterpretations
of what data was to be submitted or to correct errors that
had been discovered after first data submission (for more
information, see Bais et al. [2003]).

[63] Figure 7 shows ratios of the 10-min data of modeled
to experimental j(O'D) values. In this comparison the
experimental spectroradiometer data make use of the same
or similar molecular parameters and temperatures as were
used by the models. This procedure allows to investigate
how well the models simulate the ultraviolet part of solar
radiation that drives O('D) formation in the troposphere.
The different quantum yields, cross sections and temper-
atures used by the models are given in Table 6. The
spectroradiometer evaluation uses absorption cross sections
by Molina and Molina [1986] and ambient temperatures.
Those models using quantum yields by Shetter et al.
[1996], JPL97 [DeMore et al., 1997], Michelsen et al.
[1994], and Stockwell et al. [1990] are compared with
spectroradiometer results using the JPL97 quantum yields.
The models using data by Talukdar et al. [1998] are
compared with FZJ spectroradiometer data using the same
quantum yield.

[64] Discrepancies between the various models and the
experimental results may be due to one or more of several
reasons.

5.1. Uncertainties in the Radiative Transfer
Equation (RTE) Solver

[65] Various methods to solve the equation of radiative
transfer were used by different participants. Many of the
methods may be called exact in the sense that they are
capable of solving the plane-parallel RTE exactly for the
given input conditions. In other words, the uncertainty of
the model result is only determined by the uncertainty of the
input parameters, including absorption cross sections, quan-
tum yields and the extraterrestrial flux. This is the case, for
example, for the Discrete Ordinate method, the Monte Carlo
method and the Matrix Operator method. None of the
models, however, used a fully spherical solver, for which
reason the differences increase with increasing solar zenith
angle. In some cases (BM1, BM3, KNM, MAR) no cor-
rection for spherical geometry was used, while in most cases
the so-called pseudo-spherical approximation was
employed. The BM2 and BM3 models are identical except
that BM3 used plane-parallel and BM2 pseudospherical
geometry. The ratio of BM3 over BM2 has a value of
approximately one for solar zenith angles up to 65°. At
larger zenith angles the plane-parallel approximation in-
creasingly underestimates the j(O'D) values, for example,
by 10% at SZA = 80° and ~80% at SZA = 90°.

5.2. Differences in the Extraterrestrial Flux

[66] The different extraterrestrial fluxes used by the mod-
elers cause differences of up to 7%. The majority of modelers
have used the ATLAS-3 extraterrestrial spectrum, which is
one of the most recent and most widely accepted. Among the
solar spectra used by the other models, MODTRAN 3 (used
by the JHU model) produces the largest difference (approx-
imately +7%) in j(O'D) relative to ATLAS-3. Buais et al.
[2003] discusses the spectral differences between the extra-
terrestrial spectra in some detail. A discussion of various
extraterrestrial spectra is provided by Woods et al. [1996].
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Figure 7. Ratios of 10-min data of j(O'D) calculated with the various models and as derived from the
FZJ spectroradiometer measurements. The models use cross sections, quantum yields, and temperatures
that are listed in Table 6. The spectroradiometer data are evaluated using ozone cross sections by Molina
and Molina [1986] and ambient temperatures. Models that use quantum yields from JPL97, Shetter et al.
[1996], Michelsen et al. [1994] and Stockwell et al. [1990] are compared with spectroradiometer data
using JPL97. Models using quantum yields by Talukdar et al. [1998] are compared with
spectroradiometer data using the same quantum yield. Note that the ordinate scale begins at 0.4.

[67] Extraterrestrial solar spectra are usually published for
vacuum wavelengths. For the calculation of j(O'D) in air at
the Earth’s surface, the wavelength scale must be shifted by
~0.1 nm toward shorter wavelengths. The model ACD did
not apply this correction which leads to an overestimation of
j(0'D) by about 2—3%. Another source of systematic error
related to the extraterrestrial solar flux is the Earth-Sun
distance, which varies throughout the year because of the
eccentricity of the Earth’s orbit. The extraterrestrial fluxes
are usually specified for Earth-Sun distance of 1 AU

(Astronomical Unit) which occurs at the equinoxes. During
the IPMMI campaign the Earth was further away from the
Sun, reducing the radiation by 3% compared with equinox.
All model results except for AES were corrected for the
Earth-Sun distance.

5.3. Differences in Atmospheric Parameters

[8] The vertical profiles of air pressure, temperature,
ozone concentration, aerosol number density and aerosol
optical properties are important input parameters for the
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modeling of j(O'D). At high Sun, j(O'D) at the surface is
mainly determined by the vertically integrated columns of
air, ozone and aerosols, and only to a smaller degree by their
vertical distributions. With increasing solar zenith angle,
however, the influence of the profiles becomes more im-
portant, for which reason differences in the profiles can lead
to significant differences in the photolysis frequencies at
ground.

[69] In the IPMMI case, vertical profiles of pressure,
temperature, and ozone were provided as measured sonde
data up to a height of 35 km. In addition, measurements
of vertically integrated columns of air, ozone, and aerosol
optical depth (AOD) were made available. Aerosol optical
properties were available only as measurements at 5 m
above ground. Details about handling these model input
parameters are given by Bais et al. [2003]. It should be
noted that on the basis of preliminary ozone data, a total
ozone column value of 300 DU was given to the
modelers for the day of 19 June, whereas the actual
value was 306 DU. Because of this systematic error all
modeled j(OlD) values are increased by about 3—4% at
SZA < 75°.

[70] Despite the relatively low AOD value (0.03 + 0.02)
on the day of 19 June, the use of different aerosol profiles
and aerosol optical properties has a significant influence on
the calculated j(O'D) values. An example is the NI2 model
which did not include aerosols, leading to an overestimation
of j(0'D) by about 5% at noon. While most models used the
prescribed time-independent values of AOD and aerosol
optical properties, JHU model calculations used aerosol
optical-depth values which were scaled to the variable
AOD at 1020 nm measured during IPMMI. This different
data handling explains the different diurnal variability of the
JHU results [Swartz, 2002].

5.4. Differences in Molecular Parameters

[71] Six different ozone absorption spectra were in use by
the various participants (see Table 6). The ozone cross
section is used both to calculate the actinic flux and to
calculate the j(O'D) photolysis frequency. Most participants
(except AES, BAS, KFA, and KFU) used the same cross
section for both calculations. The ozone cross section is
temperature dependent. This dependence was accounted for
using either the US standard atmosphere or the ozone sonde
measurements (Table 6). It is noted that KNM used cross-
section data by Bass and Paur [1985] at vacuum wave-
lengths for the actinic flux calculations with temperature
dependence included, and used air wavelengths at a fixed
temperature of 288.15 K for the j(O'D) rate. The effect of
using different ozone cross sections was investigated by
running one of the models, NIL, with either the Molina
and Molina [1986] or the Bass and Paur [1985] cross
sections and keeping everything else constant. The results
indicate that the use of different cross sections at most
caused a difference of 3% in j(O'D) at solar zenith angles
less than 75°.

[72] Quantum yields from five sources were used by the
various models. The differences in j(O'D) expected from
the use of the different quantum yields are shown in
Figure 5. Note that the use of the quantum yields by
Michelsen et al. [1994] and Shetter et al. [1996] produce
similar results compared to the use of JPL97 data, while

HOFZUMAHAUS ET AL.: IPMMI PHOTOLYSIS FREQUENCY OF O; — O('D)

D08S90

the quantum yields by Stockwell et al. [1990] are similar
to the JPL94 case. It should be noted that the differences
in Figure 5 do not show up in Figure 7, as the model
results are compared to experimental data derived for
similar quantum yields.

[73] The quantum yield depends on temperature. This
dependence was accounted for using the ambient tempera-
ture measurements which varied between 287.19-306.55 K
and had a value of 299.3 K at noon. Two groups (AES and
NI2) calculated j(O'D) for a fixed temperature of 297.8 K
which is an appropriate value for the noontime of 19 June,
but leads to an over- or underestimation of j(O'D) by up to
10% in the morning and afternoon, respectively. In case of
KFU and KNM even larger deviations result from using a
fixed temperature of 288.3 K. The relatively low tempera-
ture fits the conditions at sunrise of 19 June, but results in
j(O'D) values which are too low by 10-20% in the
afternoon.

5.5. General Discussion

[74] Eight of the models (ACD, AES, BAS, BM2, KFA,
KFU, NIL, NOA) agree with the measurements within 15%
for solar zenith angles smaller than 75°. Two of these
models (AES, KFU) have used a fixed temperature for the
calculation of the photolysis frequencies. If corrected for
this effect, the AES model results would be slightly lower in
the morning and slightly higher in the afternoon by as much
as 10%. In case of KFU the corrected j(O'D) values would
be generally higher during the day, reaching about +20% in
the afternoon.

[75] Two other models (MAR, NI2) show relatively high
ratios, which can be explained partly (~5%) by the aerosols
missing in the two models. The JHU ratio is relatively high
between 10:00 and 18:00 MST and shows a diurnal struc-
ture which is not found in the results of other models. This
behavior can be explained by the use of different model
input parameters for the extraterrestrial spectrum and for
aerosol. Recalculations by JHU, using the ATLAS-3 extra-
terrestrial spectrum instead of Modtran-3 and the prescribed
IPMMI aerosol specifications, show similar good agreement
with the measurements like other models, e.g., ACD
[Swartz, 2002].

[76] For larger solar zenith angles the differences gen-
erally increase with the model values being smaller than
the measured values. In case of the BM1, BM3, KNM,
and MAR models this may be partly explained by the
plane-parallel assumption applied in the radiative transfer
equation solvers as discussed before. More generally, part
of the deviations at high solar zenith angles can be
explained by the prescribed ozone column, which was
2% higher than the actual value, and in some cases by the
use of the Molina and Molina [1986] cross sections, while
the ozone column was derived using the absorption data
by Bass and Paur [1985]. Bais et al. [2003] discuss this
issue in some detail with respect to the actinic flux. They
show that the spectral deviations become larger at shorter
wavelengths below 320 nm and increase furthermore with
solar zenith angle.

[77] The models KNM and UMU deviate from the
j(0'D) measurements with a relatively strong solar zenith
dependence, whereas the corresponding comparison of
modeled and measured actinic flux spectra shows good
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agreement [Bais et al., 2003]. Besides the plane-parallel
assumption applied in the KNM model, the trends are
most likely related to the O('D) quantum yield and its
temperature dependence. KNM used a similar quantum-
yield [Shetter et al., 1996], but used a temperature that is
too low, while the deviations of the UMU model are likely
explained by the choice of outdated quantum yields
[Stockwell et al., 1990], which are similar to the JPL94
case.

6. Conclusions

[73] Different measurement techniques for j(O'D) were
blindly compared to each other in the framework of IPMMI.
The comparison was made for the downwelling 2w sr
component of j(O'D) at the ground over four days at high-
to low-Sun conditions (SZA = 16.5°-90°). Moreover,
theoretical j(O'D) model results were blindly compared to
the data measured on one day with clear sky and relatively
low aerosol optical density.

[79] Eleven instruments, operated by six groups, partici-
pated in the experimental comparison for j(O'D). The
instruments included one chemical actinometer, six spec-
troradiometers, and four filter radiometers. General good
agreement with deviations less than 10% among all radio-
meters (SR, FR) was found for solar zenith angles less than
60°, provided that the instruments used similar absorption
cross sections, quantum yields, and temperatures for deriv-
ing the j(O'D) values. This result is consistent with the
specified errors given for the instrumental calibrations.
Deviations up to 14% were observed when j(O'D) was
derived for a fixed temperature (25°) rather than for the
actual temperature variations. In one case, temporary con-
densation of humidity in the inlet optic caused slightly
elevated radiometer signals up to 12%.

[80] At solar zenith angles between 60° and 85° some
radiometers showed deviations which were as high as a
factor of 2. Possible reasons are nonlinearities of the
radiation detectors or anisotropic behavior of the radia-
tion collector optics. In case of one spectroradiometer,
which used a single-monochromator rather than a double-
monochromator, internal stray-light was found to be a
problem. Insufficient correction for the monochromator
stray-light signal caused disagreements that significantly
increased at solar zenith angles greater than 60°. In the
same range of zenith angles some of the filter radio-
meters showed significant deviations because of insuffi-
cient correction for the imperfect match of the spectral
radiometer response to the photodissociation spectrum of
0; — O('D).

[81] Three of the radiometers (SR-NCAR, SR-FZJ, and
FR-FZJ*) showed excellent agreement with each other and
with the chemical actinometer at all solar zenith angles up to
at least 80° within typically 5%. These radiometers used the
0o('D) quantum yield data by Talukdar et al. [1998] and
explicitly considered the temperature dependence of j(O'D).
This good agreement demonstrates that each of the different
categories of instruments (CA, SR, FR) is capable of
accurate determinations of j(O'D).

[s2] The comparison of one reference radiometer (SR-
NCAR) with the chemical actinometer was used to inves-
tigate the sensitivity of derived j(O'D) values to the choice
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of published data for o and ¢. It was also used to determine
which of the different O('D) quantum yield recommenda-
tions (JPL-94, JPL-97, JPL-00, JPL0O3) provides the best
description for j(O'D) in the troposphere. Within experi-
mental uncertainty the derived values of j(O'D) are not very
sensitive to the choice of literature ozone absorption cross
sections. A large sensitivity, however, was found to the
choice of data for the O('D) quantum yield. The significant
improvement in understanding the ozone photodissociation
processes obtained in recent laboratory studies [Matsumi et
al., 2002] is confirmed by the excellent agreement between
j(0O'D) values measured by the chemical actinometer and
the spectroradiometer using recently published quantum
yields. At SZA < 80° the mean deviations are smaller than
5% which is less than what is expected from the instru-
mental uncertainty (11%) of the chemical actinometer. The
IPMMI study thus gives support to the most recent quantum
yield recommendation by JPLO3 [Sander et al., 2003] and
IUPAC (http://www.iupac-kinetic.ch.cam.ac.uk; data sheet
POx2 from 2001).

[83] It should be noted that the good agreement in the
IPMMI comparison between chemical actinometry and
actinic flux spectroradiometry implicitly includes the effect
of temperature on j(O'D) between 5°C and 45°C. This does
not cover the range of temperatures encountered in the free
troposphere, for which a further intercomparison would be
desirable. The estimated effect of temperature at ground is
on the order of 1% K~! and depends on the solar zenith
angle and vertically integrated ozone column as is discussed
by Bohn et al. [2004].

[s4] Twelve model groups participated in the comparison
of theoretically modeled j(O'D) with measured data. Fifteen
different models were operated that included relatively
simple parametric methods to more sophisticated radiative
transfer solvers like the DISORT method. For the chosen
conditions (clear sky with relatively low aerosol optical
density) most models agreed within 15% with the spectror-
adiometer derived j(O'D) values at SZA < 75°, provided
that they used similar absorption cross sections, quantum
yields, and temperatures as the experimental method. Devi-
ations can be attributed to uncertainties in the radiative
transfer solvers (e.g., plane-parallel atmosphere assump-
tion), differences in the extraterrestrial solar fluxes, treat-
ment of atmospheric parameters (e.g., vertical profiles of
ozone, aerosols etc.) and molecular parameters. As in the
case of spectroradiometry, the proper choice of the O('D)
quantum yields and temperature was found to be very
important to obtain accurate photolysis frequencies. Note
that IPMMI has not performed a model to measurement
comparison for cloudy conditions. This needs to be done in
future work that addresses the complex influence of clouds
on the solar actinic flux.

Appendix A:

Al. Descriptions of the Spectroradiometers

Al.l. SR-FZJ

[s5] The scanning actinic flux spectroradiometer of For-
schungszentrum Jiilich has been described in detail by
Hofzumahaus et al. [1999]. During IPMMI, the instrument
consisted of a 2w sr entrance optic (METCON/FZJ), a
scanning double monochromator (Bentham DTM 300), a

Instrumental Descriptions
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10 m quartz fiber-optic bundle (Gigahertz Optik GmbH), a
photoelectric detection system (EMI 9250 photomulti-
plier), and a computer for data acquisition and system
control. Spectra from 280 nm to 420 nm were typically
scanned every 80 s (68 s to scan the spectra), with a step
size of 1.0 nm and a spectral band pass (full width at half
maximum (FWHM)) of 1.1 nm. Absolute spectral calibra-
tions were performed with a PTB-traceable irradiance
standard (FEL 1000 W quartz lamp, Gigahertz Optik
GmbH) on the field site on the days 14, 17, and 20 June.
Additional field calibrations were performed with second-
ary standards (200 W and 45 W quartz lamps) to monitor
the relative stability of the instrumental sensitivity on each
day of the campaign. Wavelength calibrations of the
monochromator were performed using emission lines of
a mercury lamp and by examination of the Fraunhofer
structure in the solar spectrum.

Al.2. SR-METI1 and SR-MET2

[s6] Meteorologie Consult GmbH, Glashiitten (MET-
CON) deployed two commercially available spectroradiom-
eters for IPMMI. The double-monochromator spectrometer
instrument (SR-MET1) consisted of a 2w sr entrance optic
(METCON), a double monochromator (CVI-Digikrom CM
112), a photomultiplier tube (Hamamatsu R759), and a
computer for data acquisition. Spectra from 280 nm to
420 nm with 1 nm increments were scanned in under 90 s
with a spectral band pass (FWHM) of 1 nm. Calibrations
of the absolute and relative spectral sensitivity were
performed prior to the intercomparison using the
1000 W NIST-traceable irradiance-standard lamp in the
NCAR laboratory calibration facility. Wavelength calibra-
tions for the SR-METI instrument were performed once
per day with a mercury lamp. In addition, high-resolution
(0.1 nm) scans of the Fraunhofer lines were performed
every 100 data scans.

[87] The photodiode-array spectrometer instrument
(SR-MET2) consisted of a 2w sr entrance optic (METCON),
ceramic single monochromator (METCON/Carl Zeiss), a
photodiode-array detector (Hamamatsu S3904-512Q), and a
computer for data acquisition. Spectra from 280 nm to
650 nm were measured in under 5 s for j(O'D) with a
spectral band pass (FWHM) of 2.1 nm and a pixel resolu-
tion of 0.83 nm. For the photodiode-array spectrometer,
only relative spectral calibrations were performed versus the
1000 W NCAR lamp. Accordingly, field data were evalu-
ated as relative j values in arbitrary units, which were then
scaled to the calibrated data of the SR-MET1 instrument.
Wavelength calibrations were performed once before the
experiment and then by a permanent crosscheck with
Fraunhofer lines in the solar spectrum during conversion
from raw data to j data.

Al1.3. SR-NCAR

[s8] The NCAR scanning actinic flux spectroradiometer
has been described in detail by Shetter and Miiller [1999].
As installed during IPMMLI, the instrument consisted of a 2w
sr entrance optic (METCON/NCAR), a 12 m custom fiber-
optic bundle with high UV throughput (CeramOptec), a
double monochromator (CVI Digikrom CM 112), photo-
multiplier tube (Electron Tubes, Ltd.), a custom-designed
four-stage current-to-voltage amplifier, and a computer for
fully automated data acquisition and system control. Spectra
from 280 nm to 420 nm were scanned every 15 s (11 s to
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scan the spectra) by stepping in 1.0 nm increments in the
range of 280—330 nm and 2.0 nm increments in the range of
330—420 nm. The spectral band pass (FWHM) was 1.0 nm.
Absolute spectral calibrations were performed with a NIST-
traceable irradiance standard (1000 W quartz-tungsten-hal-
ogen (QTH) lamp, Oriel Instruments, 63350) in the NCAR
laboratory before and after the intercomparison. Field cal-
ibrations were performed with secondary lamps (250 W,
QTH) for several weeks before, during (17 June), and after
the project to assess the relative stability of the instrument
sensitivity. Wavelength calibrations of the monochromator
were performed in conjunction with each spectral calibra-
tion using the emission lines from a mercury lamp.
Al4. SR-ULI

[s90] The University of Leicester deployed a new photo-
diode-array spectroradiometer that had been manufactured
by METCON and is described in detail by Edwards and
Monks [2003]. The instrument consisted of a 27 sr entrance
optic (METCON), a single monochromator (Carl Zeiss), a
512 pixel photodiode-array detection system (Carl Zeiss)
and a computer for data acquisition. The photodiode array
measured wavelengths from 285 nm to 450 nm in consec-
utive 0.5, 1, 3 and 5 s integration times with a spectral band
pass of 2.2 nm (FWHM) and a pixel resolution of 0.83 nm.
An absolute spectral calibration was performed during
IPMMI using the 1000 W NIST-traceable irradiance stan-
dard in the NCAR laboratory calibration facility. After the
intercomparison, the instrument was again calibrated using
a 200 W NIST-traceable QTH lamp (Oriel) at the University
of Leicester. Wavelength calibrations of the photodiode
array were performed using the emission lines from mercury
and sodium lamps. During the intercomparison the signif-
icant stray-light background of the single monochromator
was determined as the average in the range of 285-290 nm
and subtracted from the whole spectrum before calculating
J(O'D).
Al.5. SR-NIWA

[90] The irradiance spectroradiometer of the National
Institute of Water and Atmospheric Research has been
described in detail by McKenzie et al. [1992, 2002]. The
instrument is based on a Jobin-Yvon double monochromator
(JYDH10), configured for a spectral resolution of 1.3 nm. A
shaped PTFE diffuser which was designed in-house results
in an excellent cosine response. The diffuser is coupled to
the spectrometer through a multi-stranded quartz fibre-optic
cable. The detector is a photomultiplier (EMI 9804 QA)
operated in analogue mode. A diode at the entrance slit
monitors intensity changes during the scan. The scan range
is 290 nm to 450 nm, with a sampling interval of 0.2 nm and
a total scan time of 190 s. During the IPMMI campaign,
scans were acquired at 5-min intervals. Irradiance calibration
is with reference to NIST scale through 1000 W FEL lamps.
Wavelength registration (including corrections for nonlinear-
ities in the wavelength drive) is achieved through correlation
alignment against Fraunhofer features as in the LOWTRAN
spectrum, degraded to the instrument resolution.

A2. Descriptions of the Filter Radiometers
A2.1. FR-MET

[o1] The METCON filter radiometer originates from the
concept of Junkermann et al. [1989] and includes technical
modifications (e.g., different inlet optic design, temperature
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stabilization) that improve the measurement stability of the
instrument. The entrance optic of the radiometer consists of
diffusively transmitting quartz domes and has a nearly
uniform angular response to radiation incident from the
upper hemisphere (27 sr). The collected radiation is trans-
mitted through an optical interference filter (center wave-
length ~300 nm, band pass ~10 nm) and is detected by a
solar-blind photomultiplier having a CsTe photocathode. A
single-stage current-to-voltage amplifier converts the pho-
tocurrent into a voltage signal. Nonlinearities in the rela-
tionship between the signal and j(O'D) are corrected for the
SZA and overhead O3 column using the method described
by Miiller [1994]. The spectral characteristics of the
FR-MET filter radiometer as well as the measurements of
the overhead O3 column are used for this correction. The
absolute value of the reported j(O'D) filter radiometer is
related to that of the SR-MET1 spectroradiometer.
A2.2. FR-FZJ

[92] The filter radiometer of Forschungszentrum Jilich
used during [IPMMI was a commercial instrument manu-
factured by METCON. During IPMMI the filter radiometer
signal was recorded by a data logging system with an
integration time of 60 s. The filter radiometer was temper-
ature stabilized at (35 £ 1) °C and has been characterized at
Forschungszentrum Jiilich with respect to its angular and
spectral response. The absolute spectral sensitivity was
measured in two steps: first the relative response was
measured against a tunable radiation source (Xe arc lamp
and monochromator, 270—400 nm tuning range, 1 nm
bandwidth), using a PTB-calibrated silicon photodiode as
a reference. In a second step, the absolute response of the
filter radiometer was determined against the irradiance
standard (FEL 1000-W quartz lamp, Gigahertz Optik
GmbH, PTB-traceable) that was also used for the calibration
of the FZJ spectroradiometer during IPMMI. The signal of
the filter radiometer is converted into j(O'D) values apply-
ing a nonlinear calibration function that takes into account
the angular and spectral characteristics of the radiometer
and the temperature-dependent molecular data (o, ¢) of
reaction (R1) [Miiller, 1994]. The calibration applied during
IPMMI depends on the SZA, overhead O5 column, and air
temperature and is described in detail by Bohn et al. [2004].
A2.3. FR-IFU

[93] The filter radiometer of the Institut fiir Meteorologie
und Klimaforschung (former Fraunhofer Institut fiir Atmos-
phérische Umweltforschung) uses the METCON inlet sys-
tem, but the solar-blind photomultiplier of previous designs
[Junkermann et al., 1989] has been replaced by a temper-
ature-stabilized combination of a multialkali-UV photodi-
ode (Hamamatsu R448-2), two solar-blind filters (Corion
SB-300, center wavelength 300 nm, band pass 85 nm
FWHM), and a narrow bandwidth interference filter (Schott
UV-MIL, center wavelength 301 nm, band pass 6 nm
FWHM). Since the spectral response of the instrument does
not match o¢ of reaction (R1) perfectly, a numerical
correction is apPlied to the conversion of the radiometer
signals into j(O D). The correction algorithm depends on
SZA and total O3 column density and was derived from the
comparison of actual instrument spectral sensitivity to the
J(O'D) quantum yield and cross section using a radiative
transfer model. Absolute calibration of the IFU filter radi-
ometer was achieved by comparison with a j(O'D) chemical
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actinometer at IFU. The actinometer utilizes the chemical
reactions (R1), (R5), and (R6) and measures N, by gas
chromatography, a concept that was first used by Bahe et al.
[1979].
A2.4. FR-ULI

[94] The j(O'D) filter radiometer was constructed at
University of Leicester and is based on the original concepts
by Junkermann et al. [1989]. It includes a 27 sr entrance
optics that was supplied commercially by METCON. The
collected radiation is transmitted via a collimator assembly
to an optical interference filter (center wavelength
~300 nm, band pass ~10 nm (FWHM)) and the resultant
signal is detected by a solar-blind photomultiplier tube
(Hamamatsu, R431S). The photocurrent is converted into
a voltage signal via a current-to-voltage amplifier and
recorded by a data logging system with an integration time
of 60 s. The optical train was temperature stabilized to
(30 = 1) °C. The absolute calibration of the ULI filter
radiometer is traceable to a chemical actinometer of For-
schungszentrum Jiilich [cf. Miiller et al., 1995] which uses
the same concept as the IFU actinometer. Since the first
calibration the absolute and relative spectral sensitivity of
the FR-ULI instrument has been controlled for possible
drifts against calibrated lamps (200 W, QTH). Drifts were
found to be smaller than 1%. For the conditions of IPMMI
nonlinearities between the radiometer signal and j(O'D)
have been corrected for the solar zenith angle dependence
assuming a constant overhead O; column of 350 Dobson
Units (DU). Dark current offset was determined daily from
radiometer dark current measurements.
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Figure 2. Diurnal profiles of 1-min data of j(O'D) and temperatures during IPMMIL. (a) Comparison of
actinic flux spectroradiometers with the chemical actinometer (CA-NCAR). The spectroradiometer data
use the ozone absorption cross section o(X\, 7) from Molina and Molina [1986], the quantum yield o(\, 7)
by Talukdar et al. [1998], and the temperature of the chemical actinometer. SR-MET1 and SR-MET?2 use
the quantum yield by DeMore et al. [1997] and assume a fixed temperature (298 K) for ¢ and ¢. The
lowest panel shows measured temperatures of the chemical actinometer and of ambient air. The dashed
horizontal line denotes 298 K. (b) Comparison of filter radiometers with the CA-NCAR instrument. All
FR data apply to 298 K. Other parameters used for the evaluation of the FR data are given in Table 3.
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Figure 3. Revised 1-min data of j(O'D) measured by the instruments FR-FZJ, FR-IFU, and SR-ULI.
The revised data, marked with an asterisk, are explained in the text. FR-FZJ* and SR-ULI* use the
temperature of the chemical actinometer, whereas FR-IFU* uses 298 K for the evaluation of j(O'D). The
CA-NCAR data are the same as in Figure 2.
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Figure 6. Ratio of j(O'D) measured by the chemical actinometer and the NCAR spectroradiometer
versus the slant ozone column for the days 15—19 June. The spectroradiometer data were evaluated for o
by Molina and Molina [1986], different quantum yields (JPL94, JPL97, JPLOO, and Talukdar et al.
[1998]), and the temperature of the actinometer. The open circles represent binned averages over all days
for bin widths of 100 DU. The grey symbols in the upper panel have been excluded from the averaging
(see text) and are not shown in the other panels.
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