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[1] In this work the instrumentation and characterization of a filterradiometer suitable for
field measurements of O3 — O('D) photolysis frequencies, j(O'D), is described. A
nonlinear calibration function considering ozone column and solar zenith angle is derived
as well as a procedure utilizing an irradiance standard as an absolute reference. The
measurement concept is tested by a field comparison with a spectroradiometer. Based
solely on laboratory characterizations and simulated solar actinic flux spectra, a systematic
deviation of 4% is obtained with a standard deviation of 3% at solar zenith angles below
70°. The standard deviation rises to 8% at solar zenith angles in the range 70°—85°.
The systematic difference is within the accuracy of the applied radiometric calibrations
while the standard deviation is mainly caused by insufficient synchronization of the
different measurement techniques under variable field conditions. In addition, the relative
temperature dependence of j(O'D) as a function of solar zenith angle and ozone column is
derived which is applicable to any ground-based j(O'D) measurement.  INDEX TERMS:
0360 Atmospheric Composition and Structure: Transmission and scattering of radiation; 0365 Atmospheric
Composition and Structure: Troposphere—composition and chemistry; 0394 Atmospheric Composition and

Structure: Instruments and techniques; KEYWORDS: Radiometry, photolysis frequency, ozone
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1. Introduction

[2] Tropospheric chemistry is driven by the production of
reactive radicals from photolysis of trace gases (ozone,
nitrogen dioxide etc.) mainly by solar UV radiation (\ ~
300—-400 nm). Moreover, for many trace gases photolysis is
a significant loss process competing with degradation by
chemical reactions. Thus for an understanding of atmo-
spheric photochemistry, important photolysis processes
must be taken into account quantitatively and suitable
measurements techniques are required.

[3] Ozone photolysis in the troposphere forming elec-
tronically excited O('D) atoms,

03 +hv — O('D) + 01(a,X) (1)

is of particular importance because the reaction of O('D)
with water vapor leads to OH radicals which are key
reactive intermediates in tropospheric chemistry:

Oo('D) +H,0 — 20H (2)

The photolysis process (1) is quantified by a first-order
rate coefficient j(O'D) usually referred to as photolysis
frequency:

(o'p) — L d[0'D]
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Under tropospheric conditions, this rate coefficient is
highly variable at a given location due to diurnal and
seasonal variations and is sometimes subject to momentary
variations (clouds). Thus for a field-measurement of
j(O'D) a wide dynamic range and sufficient time-
resolution (=1 min) are crucial.

[4] There are two absolute techniques to measure local
photolysis frequencies: chemical actinometry (CA) [Bahe
et al., 1979, 1980; Dickerson et al., 1982] and spec-
troradiometry (SR) [Miiller et al., 1995; Kraus and
Hofzumahaus, 1998; Hofzumahaus et al., 1999; Shetter
and Miiller, 1999]. Chemical actinometry is a direct
method where the photo-fragments (or secondary prod-
ucts) are monitored in a suitable reactor (e.g., a quartz
flow-tube). The reactor contains a known concentration
of the precursor molecule and is exposed to sunlight.
For example, in the case of O('D) an O3/N,O mixture
can be used where O('D) reacts with N,O to form N,
which is then detected [Miiller et al., 1995]. Thus
chemical actinometry is a process-specific method. The
major drawback of this technique is that a complex
instrument including a gas-handling system is needed to
monitor a single photolysis process. As a consequence,
chemical actinometry has not been widely used for field
measurements.

[s] Spectroradiometry is using a different approach.
Spectra of the absolute solar actinic photon flux F are
recorded in the UV-range and photolysis frequencies are
calculated using literature data of the wavelength-dependent
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absorption cross section o of the precursor molecule and the
quantum yield ¢ of the photofragments:

j= /mmx) a\ (4)

While equation (4) has naturally been used for some time to
calculate j-values from simulated solar actinic flux spectra
based on radiation transfer models, this approach is
relatively new for measured spectra. The reason is that on
an absolute scale, spectroradiometry was, until recently,
confined to the measurement of spectral irradiance E rather
than actinic flux F. Although these two variables have
identical units (cm 2 s~!' nm™") they refer to different
physical quantities: irradiance is a spectral photon flux
normalized to a flat plane of acceptance while actinic flux is
referring to the projection area of a spherical plane of
acceptance [Madronich, 1987]. Unfortunately, there is no
universally valid conversion between these quantities
except for idealized conditions. However, recent work
shows that conversions are feasible under field conditions
(e.g., McKenzie et al. [2002]; Webb et al. [2002]; Kylling et
al. [2003]).

[6] The main advantage of spectroradiometry is that from
an actinic flux spectrum Fy(\) the photolysis frequency of
any photolysis process can be calculated provided the
molecular data o and ¢ are available. Recent comparisons
of chemical actinometers and spectroradiometers show that
for j(O'D) and j(NO,) there is good agreement of the
techniques indicating that both the molecular data and the
actinic flux measurement are reliable [Kraus et al., 2000;
Hofzumahaus et al., 2004; Shetter et al., 2003]. However,
since scanning double-monochromators are used to record
the spectra, the time-resolution is limited to about 1 min.
Non-scanning combinations of a single-monochromator and
a diode array presently seem not well suited for the
measurement of j(O'D) due to an insufficient suppression
of stray-light, at least at high solar zenith angles [Eckstein et
al., 2002; Edwards and Monks, 2003].

[7] Filterradiometry (FR) is a simplified radiometric tech-
nique where the integrated solar actinic flux is monitored
in a confined spectral interval [Junkermann et al., 1989;
Volz-Thomas et al., 1996]. The idea is that if the relative
spectral sensitivity of the instrument matches that of the
product o¢ in equation (4), the output signal is proportional
to j. Accordingly, also a filterradiometer can only refer to a
single photolysis process. The main advantage is that such a
device is a relatively inexpensive, light weight instrument
which can be operated automatically providing continuous
data sets with high time-resolution.

[s] However, while operation of a filterradiometer is
easy (recording a radiation-dependent analog signal) cali-
bration is more costly and resource intensive because the
instrument must be calibrated against an absolute method
(SR, CA) which requires the availability of such a reference
[Junkermann et al., 1989; Volz-Thomas et al., 1996].
Moreover, in the case of j(O'D) data processing is complex
because even small deviations from an ideal matching of the
spectral sensitivity and the product o¢ produce significant
nonlinearities in the relationship between j(O'D) and the
radiometer signal. Earlier studies using j(O'D)-filterradiom-
etry have dealt differently with this problem. On the basis of
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a comparison with a chemical actionometer Junkermann et
al. [1989] have estimated the uncertainties to be below 10%
at solar zenith angles (%) below 50° and about a factor of
two at X = 70°. Consequently, a constant calibration factor
was applied only in a limited range of solar zenith angles.
Also Shetter et al. [1996] made a comparison with a
chemical actinometer and report deviations of the same
magnitude.

[o] Hofzumahaus et al. [1992], Miiller [1994] and Brauers
et al. [1998] found similar deviations and applied a correc-
tion procedure taking into account solar zenith angle and
ozone column. A related problem arises with measure-
ments of erythemally weighted irradiances using broad-
band UV-B radiometers and corresponding corrections
were developed for this purpose (e.g., Lantz et al
[1998]). In this paper the j(O'D) correction procedure is
described in more detail. We will show that an accurate
knowledge of both the molecular parameters (o(O3),
®(0'D)) and the spectral sensitivity of the filterradiometer
can be utilized to derive a zenith angle and ozone column
dependent correction function by considering typical
changes in the shape of the solar spectrum. This is
attained by using simulated solar actinic flux spectra from
a radiation transfer model. The concept is tested experi-
mentally by a field-measurement comparison with a spec-
troradiometer. Moreover, on the same basis we will derive
and test a correction for the effect of ambient temperature
on j(O'D). Finally, we will show that an absolute calibra-
tion of a filterradiometer is also possible by using an
irradiance standard, i.e., no chemical actinometer or spec-
troradiometer are essentially needed for calibration. How-
ever, it should be noted that the zenith angle and ozone
column dependent correction is necessary in any case,
regardless of the reference actually used.

2. Instrumentation and Characterizations
2.1. Instrumental Set-Up

[10] The set-up of a filterradiometer is illustrated in
Figure 1. The inlet optic is designed for a nearly uniform
angular response to solar radiation incident from one
hemisphere. This is accomplished by a sandblasted quartz-
dome (outer @ 32 mm) and a shadow ring (@ 140 mm,
limiting the field of view to one hemisphere). Transmitted
light is directed by a quartz light guide to a collimator in
front of an interference filter (300 nm, FWHM 10 nm) and
a head-on photomultiplier (Hamamatsu, R-759). Also inte-
grated in the housing is a current amplifier producing a
signal which is fed into an external current-to-voltage
amplifier. The housing is water-tight and thermostated by
a heating device keeping the temperature constant at (35 +
1)°C. A combined high-voltage/power supply is connected
with the radiometer by 25 m-cables. An amplified DC
output voltage is finally produced which can be recorded
by any data logging system. The whole set-up is available
commercially (Meteorologie Consult, Glashiitten, Ger-
many) with selected filter-detector combinations and
adjusted quartz dome. However, these instruments are only
monitoring one hemisphere, i.e., to cover the full sphere,
two filterradiometers are needed or a single instrument can
be rotated periodically. At field sites with high ground
albedo (e.g., snow) care should be taken that a crosstalk
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Figure 1. Instrumental set-up of a filterradiometer (ver-
tical cut). a, sandblasted quartz dome (diffuser); b, quartz
light-guide; c, collimator; d, interference filter; e, photo-
multiplier; f, shadow ring.

to the other hemisphere is avoided for example by using a
larger shadow ring.

[11] In the following the properties of a single, typical,
radiometer will be described and the procedure of convert-
ing output signals to photolysis frequencies is explained for
this particular instrument. Qualitatively, the situation is
similar for any other filterradiometer.

2.2. Output Signal of a Filterradiometer

[12] The spectral signal output (V nm™") of a filterradi-
ometer is given by the following equation:

2n /2

Uy = DO\, ) Ly(\, 9, ) sin (9) d9 dop (5)
[

The integration limits cover the 2 sr solid angle field of
view of the device. Ly is the solar spectral photon radiance
(em™? s~ st nm™"). DO\, 9) is the absolute, spectral and
angular sensitivity of the device which, due to its rotational
symmetry, is usually independent of the azimuth angle .
The relative polar angle and wavelength dependencies of
D(\, %) can be described by separate, dimensionless
functions D, and Z,:

D()\, ﬂ) = Dgps Drel(>\) Zp(l()) (6)

If this is inserted into equation (5) the ¥-independent terms
can be taken out of the integral:

2n /2

Ux = Dabs Drel(>\) / . Zp(’ﬁ) Lx(>\7 1(), ap) sin (’3) dy dk.p (7)
0

o\

BOHN ET AL.: J(O'D) FILTERRADIOMETRY

D10S90

For atmospheric conditions the remaining integral can be
expressed in terms of a product ZyFy where Zy is a
dimensionless factor (dependent on the shape of Z,
[Hofzumahaus et al., 1999]) and F, is the 27 sr solar spectral
actinic flux:

U>\ = Dabs Drel(>\) ZH FX(>\) (8)

The output voltage U of the filterradiometer is finally
obtained by integration:

U = D Zn / Dra(N) Fr (M) dx )

This equation describes the relationship between the actinic
flux spectrum and the output signal of the filterradiometer.
The terms related with the instrumental properties are
described in more detail in the following. The product
D,,sZy can be obtained by laboratory characterizations
(section 2.4 and 2.5) or by a field comparison with a
spectroradiometer or chemical actinometer (section 3.4). In
any case the relative sensitivity spectrum D, is a crucial
property of any filterradiometer which has to be determined
in the laboratory.

2.3. Sensitivity Spectrum: D,

[13] A combination of a xenon arc lamp (R 300, IRC-
Technologies) and a double-monochromator (Bentham,
DTM 300) is utilized as a tunable light source for the spectral
characterization of the filterradiometer in the laboratory. A
calibrated silicon photodiode (Hamamatsu, S 1220-1010 BQ)
is used as a reference detector with known spectral sensitivity
(2%, PTB traceable). Lamp spectra with 1.0 nm FWHM are
recorded with both the filterradiometer and the photodiode.
The ratio of these spectra is multiplied by the sensitivity
spectrum of the diode. Normalization to the maximum
then leads to the relative sensitivity spectrum D, (\) of the
filterradiometer. It should be noted that due to the strongly
increasing solar actinic flux toward longer wavelengths
D,y must be determined with high precision (1072 or better)
in that range which is most important for the following
considerations. It was therefore necessary to bypass the
regular in-built amplification and to read out the PMT
photocurrent directly with a current-to-voltage amplifier
with sufficient dynamic range (Bentham, 228A).

[14] Figure 2 shows D, of the filterradiometer under
consideration. Also shown in Figure 2 is the wavelength
dependence of the product 0(03) $(0'D) at a temperature of
295 K [Malicet et al., 1995; Talukdar et al., 1998], which, on
arelative basis, resembles that of D, quite well, at least from
the instrumental point of view and in the wavelength range
relevant for tropospheric conditions (A > 300 nm). However,
the matching is not ideal as will be shown in section 3.1.

2.4. Angular Response Function: Z,, Zy

[15] As intimated above, the inlet optic is designed to
receive radiation with a detection sensitivity as isotropic as
possible [Hofzumahaus et al., 1999]. In contrast, a flat
detector for the measurement of irradiances, is weighting
the incident light by the cosine of the polar angle 9. The
relative angular response function Z, of the filterradiometer
as a function of ¥ is determined in the laboratory by a
rotatable lamp with the rotation axis leading through the
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Figure 2. Relative spectral sensitivity D, of the j(O'D)-
filterradiometer (dashed line, left axis) and product o(O3)
&(O'D) at a temperature of 295 K (full line, right axis)
[Malicet et al., 1995; Talukdar et al., 1998]. The plot-ranges
were chosen to demonstrate the good relative agreement in
the relevant wavelength range above 300 nm (tropospheric
conditions).

detector head. By carefully adjusting the relative position of
the quartz dome and the shadow ring an almost constant
response can be obtained as a function of the polar angle in
the range 0 < O < w/2. The resulting angular response
function Z,(1) is normalized to the value obtained at ¥ = 0
(perpendicular incidence). A similar inlet optic is used with
the spectroradiometer operated at Forschungszentrum Jiilich
and more details concerning the determination of the Z,
function are given elsewhere [Hofzumahaus et al., 1999].
Deviations from an ideal behavior of Z,,, i.e., Z, = 1.0 at 0 <
¥ < /2, are considered quantitatively by the factor Zy in
equations (8) and (9). The factor Zy; is usually close to unity
within +5-10% and only weakly dependent on solar zenith
angle especially in the UV-B. More details concerning this
factor are given by Hofzumahaus et al. [1999]. In the
present case Zy = 0.92 + 0.02 was derived for the filter-
radiometer under consideration with a negligible zenith
angle dependence (<1%).

2.5. Absolute Sensitivity Factor: D,

[16] An absolute radiometric calibration of the filterradi-
ometer was made in the laboratory with a standard tungsten
quartz-halogen lamp (Gigahertz Optik, FEL 1000, PTB-
traceable) with known absolute irradiance spectrum E3'(\) at
a certain reference distance (700 mm). Actinic flux and
irradiance are identical upon irradiation with a point light
source at % = 0 but with a spherical detector the correct
distance between light source and detector is not as easily
defined as with a flat detector. However, as was shown
elsewhere [Hofzumahaus et al., 1999] a spherical detector
also has a plane of reference which can be determined
experimentally at O = 0. It typically lies roughly in the
middle between the top of the quartz dome and the front
plate of the filterradiometer. With the irradiance standard
mounted in the correct distance, an output voltage U™ is
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measured from which the absolute sensitivity factor D,y is
calculated according to the following equation:

Ust
/ Dra(N) EX(N) dn

The output voltage was (116.4 = 0.5) mV for the 1000 W
standard mounted in a distance of 700 mm (under field
conditions signal levels typically reach 1-5 V?. For this
particular instrument Dy = (6.65 £ 0.40) - 107" V cm? s
was obtained where the 6% error limit is estimated from the
uncertainties of the irradiance standard (4%) and the correct
reference distance (2%).

Daps = (10)

3. Determination of Photolysis Frequencies
3.1. General Considerations
[17] If equation 4 is divided by equation 9 a calibration
factor 4 is obtained which converts the filterradiometer
signal to j(OlD):
j(0'D)

U

1 / o & Fy(\) dX
) (11)
Daps Z / Drat(N) Fy(\) dX

Here 0 = 0(O3) and & = &(O'D). As explained in the
Introduction, the general idea of filterradiometry is to select
a combination of filter and detector so that D, < ad. If this
were achieved, 4 would be a simple factor and would not
depend on the shape of the actinic flux spectrum Fy\(\).
However, there are two problems with this approach.

[18] Firstly, an exact matching cannot be achieved tech-
nically as is shown in Figure 3a. That would pose no
problem if the wavelength-dependence of F\ would always
be the same except from a scaling factor. In this case also an
imperfect matching of od and D,y results in a constant
factor A (approximately fulfilled in the UV-A range, e.g., for
a j(NO,) filterradiometer). However, ozone photolysis takes
place in the UV-B range limited by absorption by strato-
spheric ozone, i.e., the spectrum in this region is strongly
dependent on solar zenith angle and ozone column (7o)
exemplified in Figure 3b. This affects j(O'D) and the output
of the filterradiometer differently as is shown in Figures 3¢
and 3d. As an example Figures 3e and 3f summarize the
resulting nonlinearities within a two-week field campaign.

[19] Secondly, the wavelength dependence of the product
od changes with temperature (7) making the proportionality
factor dependent on ambient conditions. Again, in the case
of NO, photolysis this effect is minor and can be neglected
in good approximation. However, in the case of ozone
photolysis the quantum yield of O('D) is strongly temper-
ature dependent in the long-wavelength tail (\ > 310 nm) of
the ozone absorption spectrum marking the energetic thresh-
old range of spin-allowed O('D) formation. This range is
very important for tropospheric ozone photolysis.

[20] Thus the proportionality factor is generally consid-
ered a function of solar zenith angle, ozone column and
ambient temperature:

A= A(x,to,,T) (12)
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Figure 3. Demonstration of the effects caused by an imperfect matching of D, and the product
5(03)d(0'D). (a) Semi- logarithmic plot of the data of Figure 2 revealing small absolute, but significant
relative differences at wavelengths above 315 nm. (b) Simulated solar actinic flux spectra F at two
distinct solar zenith angles x = 30° and x = 80° at an ozone column 5, = 360 DU. (c, d) The products
DyiF' and o F)y, for the different zenith angles. ](O D) corresponds to the integrals underneath the oFy
curves (equation (4)). The FR output 51gna1 U is proportlonal to the integrals underneath the D, F'\
curves (equation (9)). Obviously, the ratio j(O'D)sr/U, i.e., the desired propomonahty factor, is strongly
x-dependent. Nevertheless, a correlation (e) of field campaign data of j(O'D)sg (measured with a
spectroradiometer) and U looks reasonable because both quantities decrease strongly with x. However, a
plot (f) of the ratio j(O'D)sr/U as a function of  reveals the expected strong dependence. More details

concerning the field campaign data are given in section 4.1.
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For practical reasons A4 is separated into a fixed factor 4, at
selected reference conditions (x°, #5,, 7°) and a dimension-
less function f; describing the relative dependence on zenith
angle, ozone column and ambient temperature:

A:AOf(thOwT) (13)
with

Ao :A(X°,t§)3,T°> (14)

and
(15)

Moreover, because the temperature dependence of f (X, to,, T)
has nothing to do with any instrumental property it can be
described by a separate factor b(x, to,, T) of general
applicability corresponding to the relative temperature
dependence of j(O'D):

_ j(olD)(thOw T)
J(OID) (X> t037 TO)

Thus j(O'D) is calculated from the measured voltage U by
applying three factors:

(x5, 77) = 1.0

(16)

j(OlD) :AO f(X7t03>TO) b(X>t03>T) U (17)

Multiplication with 4, provides a quick conversion into an
approximate j(O'D) value where 4, can be obtained from
an intercomparison with a spectroradiometer (or chemical
actinometer) or from a laboratory calibration with an
irradiance standard (section 3.4). In a more thorough
analysis of the data the factors f(X, #o,, 7°) and b(x, to,, T)
are then applied by taking into account actual solar zenith
angles, ozone columns and ambient temperatures. The
factors f(X, to,, T°) and b(x, to,, T) are derived on the basis
of simulated actinic flux spectra as described in the next
sections.

3.2. Calculation of f(x, to, T°)
[21] The factor f(x, to,, T°) is defined by:

Fudh | DFodx
A(thOsvTo):ZH(XO)/Gd) s / T
Ao Zi(x) / GOFS AN / DaFrdX

(18)

As mentioned above, the ratio Zy(x°)/Zy(x) is close to
unity and will be neglected in the following. Taking x° =
30° and 75, = 350 DU, f(x,, to,, T°) has been calculated with
the experimentally obtained spectral sensitivity D, and 120
simulated solar actinic flux spectra from a radiation transfer
model (E.-P. Roth, private communication, 1998). The
spectra were calculated for 12 ozone columns in the range
fo, = 240—460 DU and 10 solar zenith angles each in the
range x = 0-87° at ground level (clear sky conditions,
albedo = 0.1). The model uses a pseudo-spherical radiative
transfer algorithm with 11 beams and assumes a continental
standard aerosol profile (WCP-112, WMO/TD-24, 1996)
corresponding to aerosol optical depths of 0.47 and 0.44 at
300 nm and 330 nm, respectively. More details concerning
the applied model can be found in the IPMMI model
intercomparison paper by Bais et al. [2003].

f(X>t037TO) =
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Figure 4. Factors f(X, fo,, T°) according to equation (18)
(solid circles) at a temperature of 295 K. The data are
normalized to reference conditions 7o, = 350 DU and X =
30°. The full lines show a parametrization of the data. The
results of calculations for 3 out of 12 ozone columns in the
range 240-460 DU are shown.

[22] For o(O3) and &(O'D) in equation (18) data by
Malicet et al. [1995] and Talukdar et al. [1998] were used,
respectively. A reference temperature of 7° = 295 K was
selected as this was the highest temperature employed by
Malicet et al. [1995]. The reason for choosing this combi-
nation of molecular data is not self-evident. The studies by
Malicet et al. [1995] and Talukdar et al. [1998] represent the
most extensive temperature dependent work on both mo-
lecular parameters while at room temperature the agreement
with other recent studies is excellent. Thus as temperature
dependent data are needed in the next section, the data by
Malicet et al. [1995] and Talukdar et al. [1998] are used for
consistency reasons.

[23] The integrals in equation 18 were numerically gained
by summations at a wavelength resolution of 0.1 nm. For
this the original resolution of o(O3) [Malicet et al., 1995]
was reduced by a factor of 10 by averaging while the
resolution of &(0'D) [Talukdar et al., 1998] and F were
artificially increased by interpolations by a factor of 10 and
10—-50(x > 315 nm), respectively. Some of the resulting
discrete values of f{x, to,, T°) are plotted in Figure 4 where
a marked dependence on both zenith angle and ozone
column is recognizable. A suitable parametrization was
derived allowing a calculation for any combination of solar
zenith angle and ozone column in the ranges considered.

3.3. Calculation of b(X, to,, T) - Temperature
Dependence of j(O'D)

[24] From equation (16) follows:

/ o (T)b(T)FydX
b(X7t037T) = /

(19)
o(T°)o(T°) FrdX
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Flgure 5. Relative temperature dependence b(¥, fo,, T) of
J(O'D) at the lowest and highest ozone columns c0n51dered
combined with low and high zenith angles, respectively,
marking the weakest and strongest dependence within the
ranges covered. (open symbols) 75, = 240 DU, x = 0%
(solid symbols) 75, = 460 DU, x = 85°. Here 6 out of
51 calculated values are shown for each combination. The
full lines show a parametrization as a function of solar
zenith angle and ozone column.

The calculation was made according to equation 19 from
the same set of simulated actinic flux spectra as used in
the previous section in a temperature range 270-320 K
with a step-size of 1 K. Since absorption cross sections of
ozone are not available in literature for temperatures above
room temperature, the data by Malicet et al. [1995] (a total
of five spectra at 218, 228, 243, 273 and 295 K) were
fitted by second-order polynomials for each wavelength
position. This procedure has been recommended by
Malicet et al. [1995] for interpolation and is used here
also for extrapolation up to 7 = 320 K. Because of the
smooth change of absorption cross sections with tempera-
ture, this procedure appears to be justified. Talukdar et al.
[1998] measured O('D) quantum yields at six temperatures
in the range 209-320 K. A parametrization given by
Talukdar et al. [1998] is used to calculate the quantum
yields in the temperature range considered here. Again the
integrals in equation 19 were approximated by summations
as in the previous section. In Figure 5, b(x, fo,, T) is
displayed as a function of temperature at the maximum
and minimum values of ozone column and solar zenith
angles covered by the simulated spectra. For all other
zenith angles and ozone columns the relative temperature
changes are within these extremes. As is evident from
Figure 5, at high zenith angles and high ozone columns
J(O'D) can vary by a factor of two in the range of
temperatures considered here (270-320 K). A parame-
trization for b(X, fo,, T) has been derived which is shown
in Figure 5 and given in the Appendix.

3.4. Determination of A,

[25] There are two general methods to determine the factor
Ay. The first method requires the availability of an absolute
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reference method, i.e., a spectroradiometer or a chemical
actinometer recording data simultaneously with the filter-
radiometer. 4, can then be calculated using equation 17, by
plottlng the product Uf (. to,, T°) b(X. to,,T ) as a function of
J(O'D)ger and performing a linear regression. In the case
where a spectroradiometer is used as a reference the factor
b(x, o, T) can be neglected in the determination of 4, if
J(O'D)gr is calculated for 7= T°. However, if a chemical
actinometer is used as a reference, the temperature inside the
actionometer must be considered (section 4.2). Both refer-
ence methods have been applied for calibration in previous
work [Hofzumahaus et al., 1992; Brauers et al., 1998].

[26] In this work a different approach is tested by utilizing
the laboratory calibration with an irradiance standard. From
equations (10) and (17) the following expression is derived
for Ay:

| / GOFAX

Ay = (20)

Dot [ oo

j(O'D)gg /107%™

14-B —

SOtosT°) / fsr

0.6 — —

1.4-C -

J(O'D)er /j(O'D)sr

0.6 — ‘*
40 50 60 70 80 90

x / deg

Figure 6. (a) Dependence of j(OlD)SR on solar zenith
angle during the JCOM97 field campaign illustrating the
strong variability of external conditions (clouds). (b) Ratios
of f(X, to,, T°) (based on simulated actinic flux spectra)
and fsr (calculated from measured actinic flux spectra).
(c) Ratios j(O'D)pr/j(O'D)sg where j(O'D)pr was calcu-
lated according to equation 17. In both cases a constant
ambient temperature of 295 K was assumed.
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Figure 7. Zenith angle dependencies of ratios of photol-
ysis frequencies calculated from JCOMO97 spectroradi-
ometer data assuming different, constant temperatures. For
line a, j(O'D)sr(7)/j(0'D)sr(295 K) at T= 320 and 270 K
(top and bottom panel, respectively). For line b,

JOD)sp(TV(J(O'D)sr(295 K) b(X; to,, T))-

Thus 4, is accessible from the quantities obtained in the
laboratory (Daps, Zu(X ), Dre1) and the actinic flux spectrum
simulated for the selected standard COIldlthnS In the present
example a factor 4y = (7.6 £ 0.6) - 10 %~ 'V~ was derived.
The error limit contains those of the parameters D,,, and
Zu(x°) as well as an estimated additional 2% error
introduced by the uncertainties of the experimentally
obtained D, in the above integration.

4. Results and Discussion
4.1. Comparison With a Spectroradiometer

[27] In order to test the factors 4y and f(X, o, T°),
experimental data obtained in the course of a field campaign
at Jiilich, Germany (50.9° N, 6.4° E) from 10—27 June 1997
were analyzed. During th1s campaign (JCOM97) a spec-
troradiometer and the j(O'D)-filterradiometer were operated
simultaneously. However, the main aim of JCOM97 was an
intercomparison of the spectroradiometer with a chemical
actinometer measuring j(NO,) [Kraus et al., 2000].

[28] For comparison with the j(O'D)-filterradiometer the
actinic flux spectra Fy recorded by the spectroradlometer
were analyzed according to equation 4 to obtain j(O'D)sg. In
this calculation a constant ambient temperature of 295 K was
assumed and the molecular data by Malicet et al. [1995] and
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Talukdar et al. [1998] were used. More details concerning the
spectroradiometer and the accuracy of the actinic flux spectra
measurements are given elsewhere [Hofzumahaus et al.,
1999]. In Figure 6a the j(O' D)SR are plotted against solar
zenith angle. The dependence is strongly variable because
during JCOM97 cloudy conditions prevailed.

[29] The factors f(X, to,, T°) were calculated for the
JCOMO7 conditions using the parametrization derived in
section 3.2. The input data needed for this calculation,
namely solar zenith angle and ozone column, were obtained
by calculation (dependent on time of day and geographical
position) and from satellites (NASA-Earth Probe, Total
Ozone Mapping Spectrometer (TOMS)), respectively.
Moreover, the corresponding factors fsr were calculated
according to equation 18 from the spectra measured by the
spectroradiometer. In Figure 6b the ratios f(X, fo,, T°)/fsr
are shown as a function of solar zenith angle. Although f(¥,
to,, T°) is based on simulated spectra for clear sky con-
ditions the ratios are close to unity also under cloudy
conditions. This can be explained by the small influence
of clouds on the shape of the solar actinic flux spectrum in
the narrow wavelength range monitored by the filterradi-
ometer. Thus the simulated actinic flux spectra are suitable
for the calculation of f(X, to,, T°), for the conditions during
JCOMI7 (x > 28° o, = 315-380 DU). However, there
remains a slight increase of the ratios toward higher solar
zenith angles. The mean is 1.007 with a standard deviation
of 1.5% at x < 70°. In the range X = 70—85° the ratio rises
to an averaged value of 1.025 with a standard deviation of
5.1%. The reason for this deviation could be the limited
spectral resolution of the simulated spectra in the range
above 315 nm or more general problems of accurately
modeling the actinic flux at high solar zenith angles.

T T T T T T T T T T T T
4k x x x ]
e
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r 2 ,/ —
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S I b '
™~ 1* // —
O 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1
0 1 2 3 4

j(O'D)gr/ 107%™

Figure 8. Correlation of j(O'D)sg and ](O D)rr on
19 June 1998 during the IPMMI campaign. ](O D)sr was
calculated con51der1ng actual temperatures in a simulta-
neously measuring chemical actinometer. Temperatures
were ranging from 287 K in the morning to 318 K in the
afternoon. For line a, j(O'D)gg taking into account the same
temperatures by applymg the factor b(x, to,, T'). For line b,
J(O'D)gr assumlng constant temperature. Dashed lines
show linear regressions to the data sets.
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Table 1. Relative Error Contributions to j(O'D) Measured With a
Filterradiometer®

Quantity x-Range Error/%
Ao X < 85 6
A to, T°) X <70 3

70 < x < 85 7
bX: fop T) X <70 1
70 < x <85 2
J(O'D) x <70 10
70 < x < 85 15

*Uncertainties concerned with molecular data of ozone (o, @) are not
considered (see text).

[30] In Figure 6¢ the ratio j(O'D)pr/f(O'D)sr is shown
after the filterradiometer signals U were converted to
J(O'D)gr by applying 4, and f(x, to,, T°). Compared to
Figure 3f there are two major improvements recognizable.
Firstly, the zenith angle dependence has virtually vanished.
Secondly, the ratio is close to unity. A linear regression of
the data yields a slope of 0.960 and a negligible intercept of
—8 - 10~ %s~'. The systematic 4% difference is within the
estimated uncertainty of the absolute radiometric calibration
of both instruments. This demonstrates the applicability of
both the proportionality factor 4y derived from the labora-
tory calibration as well as the correction function (X, fo,,
T°). Note that the ratios in Figure 6¢ would reveal an
incorrect D, which is not the case in Figure 6b.

[31] The remaining scatter in Figure 6¢ is mainly caused
by an imperfect synchronization of the measurement tech-
niques. While the FR output was recorded by averaging
over 60 s time-intervals, the spectroradiometer measures
more momentary values approximately every 70 s during
the scans. Under cloudy conditions with sometimes fast
changing cloud cover this results in increased scatter.
However, although these unfavorable conditions prevailed
during JCOM97 the standard deviation of the ratio is no
more than 3% for x < 70° and 8% in the range x = 70—85°.

4.2. Temperature Dependence of j(O'D)

[32] The verification of the factor b(x, fo,, T) was not
tested by considering actual ambient temperatures during
JCOM97. A different approach was used for two reasons.
Firstly, ambient temperature changes were relatively small
for seasonal reasons (<10 K), i.e., compared with Figure 6,
negligible changes are expected. Secondly, as mentioned
above, the b(x, fo,, T) are applicable to any instrument.
Thus they were tested with the spectroradiometer data
which removes any underlying scatter caused by imperfect
synchronization of instruments.

[33] j(OlD)SR was calculated from the measured actinic
flux spectra for hypothetical, constant temperatures of 270 K
and 320 K. In Figure 7 the ratios with the j(O'D)sg obtained
for 295 K are plotted (Figure 7a). As expected from the
results in section 3.3, these ratios show a dependence on
solar zenith angle as well as a systematic deviation from
unity. For comparison the same ratios were calculated after
the j(0'D) at 295 K were multiplied by b(X, to,, T) with 7=
270 K and 320 K, respectively (Figure 7b). As is evident
from Figure 7 these ratios are very close unity, i.e., within
0.3% and a standard deviation of 0.4% for x < 70° and
2.0% in the range x = 70—85°. This shows the validity of
the factor b(x, to,, T') for the conditions at JCOM97 (x >
28°, 1o, = 315-380 DU), i.e., the use of the temperature
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correction factors has virtually the same effect as consider-
ing the temperatures directly. This confirms the results in
Figure 6b where the applicability of the simulated solar
actinic flux spectra has already been shown.

[34] In order to demonstrate the effects of neglecting the
temperature dependence of j(O'D), results of the IPMMI
campaign [Cantrell et al., 2003] are utilized as an exam-
ple. During that campaign measurements of j(O'D) by a
chemical actinometer, spectroradiometers and filterradiom-
eters were compared under field conditions [Hofzumahaus
et al., 2004]. For a meaningful comparison the radiometer
data were derived for temperatures measured inside the
chemical actinometer. In Figure 8 correlations between
filterradiometer and spectroradiometer data are shown for
a clear sky day (19 June 1998). On this day the actinometer
temperature varied from 287 K in the morning to a maximum
of 318 K in the afternoon. In Figure 8 j(O'D)gr(7) is plotted
against j(O'D)pg with the factor b(x, to,, T) being applied
and neglected, respectively. The effect of neglecting the
diurnal temperature change is twofold. Firstly, since temper-
ature and j(O'D) are correlated also the slopes of linear
regressions of the correlations j(O'D)sg versus j(O'D)eg
differ by about 10%. Secondly, there is a hysteresis because
in the afternoon temperatures were higher than in the
morning. It should be noted that the spectroradiometer rather
than the actinometer was chosen as a reference in Figure 8
because the precisions of the radiometric measurements are
comparable. Moreover, absolute agreement between the
filterradiometer and the chemical actinometer also depends
on the correctness of the molecular data used in the analysis
(6(053), &(0'D)). This aspect is beyond the scope of this
work and is addressed in the IPMMI campaign j(O'D)
paper by Hofzumahaus et al. [2004] as well as in previous
work [Miiller et al., 1995]. Using the recent quantum
yield data on O('D) formation by Talukdar et al. [1998]
generally good agreement is obtained within the experi-
mental uncertainties.

5. Conclusion

[35] Tropospheric j(O'D) values can be determined with
high precision and time-resolution using filterradiometers.
The accuracy of the conversion of the output signals to
photolysis frequencies depends on (1) a thorough spectral
and optical characterization of the device, (2) a theoretical
consideration of the effects of the individual properties
using simulated solar actinic flux spectra, and (3) the
availability of additional data concerning the field site,
namely total ozone column and solar zenith angle. Absolute
calibration can be achieved by comparison with a reference
method or by a laboratory calibration with an irradiance
standard. Moreover, temperature must be considered in any
field measurement, as well as in a calibration utilizing a
chemical actinometer. Generally the accuracy of j(O'!D)
values determined with filterradiometers will depend on
solar zenith angle due to the nonlinear character of the
correction function. In the present example relative errors of
10% and 15% are finally estimated for solar zenith angle
ranges x < 70° and 70 < x < 85°, respectively. Table 1
shows the contributions of different error sources.

[36] It should be noted that the calibration function
derived in this work is valid at ground level and, except
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Table Al. Polynomial Coefficients®
n 0 1 2 3 4 5 6 7 8

aon  1.083(~2) 1.625(~-2)  —2.562(~2)  —1393(—1)  3.922(—1)  —3.660(—1)  1.187(~1)

agn  A4341(=6)  —4971(=5)  3.625(—4)  9.878(—4)  —9.647(—3)  2.460(~2)  —3.011(=2) 1.832(—2)  —4.455(—3)
dosn  —1.981(—8)  1454(—7)  —4010(—6)  2.342(—5)  —6202(—5)  8899(—5)  —7.145(=5)  3.004(—5)  —5.099(—6)
ann  8.675(=5) 2.178(—4)  —T.047(—4)  —9.652(=5)  2.190(—3)  —2537(-3)  9.021(—4)

ayop 5.079(—8) —7.948(=7) 9.386(—6) —2.485(-5) 5.069(—6) 7.942(-5) —1.438(—4) 1.032(—4) —2.752(-5)
aysy  —5451(=11)  —2727(=9)  —7.712(~9)  1233(—7)  —4085(—7)  6376(~7)  —5.170(~7) 2.039(—7)  —2.890(—8)

“Numbers in brackets are exponents to base 10.

from the relative temperature dependence, only for the
particular instrument described here. Other instruments
must be characterized accordingly prior to use and special
field conditions (e.g., high altitudes or extreme pollution),
should be considered in the simulated solar actinic flux
spectra to derive the correction function. However, due to
the low impact of cloud cover as demonstrated in this paper
we expect the correction function to be insensitive toward
changes in albedo (e.g., snow cover) and altitude in a
moderate range. Nevertheless, regular radiometric calibra-
tions or intercomparisons with other reference methods are
recommended to check the long-term stability of a filter-
radiometer especially under continuous field measurement
conditions.

Appendix A: Parametrization of the
Temperature Correction Factor

Al. Equations
b(x,10,, T) = 1 + ao(T/K — 295) + a, (T /K — 295)*

ap = a1 + a2 (to, /DU — 350) + a3 (to3 /DU
—350)*

a; = ay + aiz(to, /DU — 350) + a153(to, /DU
—350)*

a1 = a0 + ao11 cos(X) + aoi2 cos(x )
+ -+ ap1, cos(x)"

apy = - -

a3 = aoso + ao31 cos(X) + aozz cos(x )+ - - -
+ ap3, cos(x)"

an = ao + aig cos(x) + ain cos(x)’+ -+
+a11n COS(X)”
ap = -

ars = iz + aiz; cos(x) + arz cos(x) + -
+ a3, cos(x)"

The polynomial coefficients are given in Table Al.
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