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[1] The photolysis frequencies of ozone (Os; to singlet oxygen, JO'D) and nitrogen dioxide
(NO,; JNO,) were recorded at the remote coastal site Finokalia (35°20'N, 25°40'E), on the
island of Crete, Greece, during the period 2002-2006. We present a study of their main
climatological aspects and a quantification of the effect of aerosol and total ozone column
on these frequencies. The 5-yr mean Aerosol Optical Depth (AOD) at 380 nm in the
area is equal to 0.27 4 0.13 and reduces JNO, by 5%—14% at a solar zenith angle
(sza) of 60°, compared to an aerosol-free atmosphere. It also leads to a similar
reduction of JO'D by 5%—15% at the 60° sza, for an average total ozone column (300320
Dobson units (DU)). The effect of regional background AOD (~0.1) is a reduction of INO,
and JO'D by up to 6% for sza in the range 15° to75°, respectively. During high aerosol
loads (AOD 0.5-0.7) the percentage reduction of Js was found to be as much as 30%—40%

at high sza. The day-to-day variability of total ozone column over the area, of the
order of 20 DU, was found to result in a 12% change in JO'D at 60° sza as
compared with zero AOD conditions. A reduction of Js corresponding to a 24%
decrease in the local noon JO'D value and a 5% decrease in local noon JNO, were
found to result in a 12% reduction in the 24 h mean net chemical production of O;,

using a chemical box model.

Citation: Gerasopoulos, E., S. Kazadzis, M. Vrekoussis, G. Kouvarakis, E. Liakakou, N. Kouremeti, D. Giannadaki,
M. Kanakidou, B. Bohn, and N. Mihalopoulos (2012), Factors affecting O3 and NO, photolysis frequencies measured
in the eastern Mediterranean during the five-year period 2002-2006, J. Geophys. Res., 117, D22305, doi:10.1029/2012JD017622.

1. Introduction

[2] Atmospheric chemistry of importance for climate
change, visibility, human’s and ecosystem’s health, is partly
controlled by the photolysis of atmospheric trace gases. This
process initiates the degradation of several atmospheric tra-
cers and is at the origin of oxidant formation which deter-
mines the cleaning capacity of the atmosphere [Crutzen,
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1995]. In particular, UV radiation drives the photolysis of
several critical species, such as O3 and NO,, controlling their
decomposition and removal from the atmosphere. The pho-
tolysis of Os to singlet oxygen atoms O'D (JO'D), deter-
mines the formation of highly reactive radicals such as
hydroxyl-OH and hydroperoxyl-HO, radicals [Rohrer and
Berresheim, 2006; Kraus and Hofzumahaus, 1998], which
in turn are essential for tropospheric ozone concentrations
[Dickerson et al., 1997; He and Carmichael, 1999; Zanis
et al., 2002; Li et al., 2011].

[3] Indeed, the photolysis of tropospheric O; to O'D and
the subsequent reaction of O'D with water vapor is the
principal global source of OH radicals. The oxidation of
carbon monoxide (CO) and volatile organic compounds
(VOC) mainly initiated by OH radicals produces HO, and
organic peroxy (RO,) radicals [Kanakidou and Crutzen,
1999]. These radicals convert nitric oxide (NO) to nitrogen
dioxide (NO,) thus binding oxygen (O’P) atoms to NO,
which are then released upon NO, photodissociation and
recombination with molecular O, to form O;. At very high
levels of NO, (NO + NO,), NO reacts with O3 to produce
NO, that acts as a sink for OH, limiting VOC and CO oxi-
dation and hence O; formation [Crutzen, 1995; Finlayson-
Pitts and Pitts, 2000]. Similarly, at low levels of NO,, O5 is
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not produced in the troposphere, and reactions of O3 with OH
and HO, radicals and the formation of organic peroxides are
important. To account for these nonlinear dependences of
OH on NO,, Ehhalt and Rohrer [2000] have proposed a
parameterization that links OH radical concentration with the
two most important photolysis frequencies JO'D and JNO,
in conjunction with NO, concentration.

[4] The important role of photolysis and the need for
accurate photolysis frequencies measurements has been
early recognized [Bahe et al., 1979; Dickerson et al., 1979].
Since the 1990s, calculations of photolysis frequencies have
been based on direct measurements of spectral actinic flux
[e.g., Miiller et al., 1995]. This led to numerous campaigns
that were totally or partly devoted to methodologies, moni-
toring and the investigation of those factors that affect
the variability of photolysis frequencies (e.g., POPCORN
[Plass-Diilmer et al., 1998], PAUR [Zerefos et al., 1998],
FREETEX’96 [Zanis et al., 1999], FREETEX’98 [Zanis
et al., 2000], ATOP [Hofzumahaus et al., 2002], PAUR 1I
[Zerefos et al., 2002], ADMIRA [Webb et al., 2002], BERLIOZ
[Holland et al., 2003], IPMMI [Bais et al., 2003], TRACE-P
[Jacob et al., 2003], MILAGRO [Molina et al., 2010]). The
most important parameters controlling photolysis frequencies
are: solar zenith angle (sza), clouds, aerosols (optical depth,
single scattering albedo), species column content, surface
albedo and the altitude. Ruggaber et al. [1994] provide a
model-based quantification of the influence of the above
parameters on photolysis frequencies.

[5s] The photolysis (or photodissociation) frequency J of a
species is the first-order rate constant of a photodissociation
process in a given radiation field. It is described by the fol-
lowing equation [e.g., Madronich, 1987]:

A2
J= / FO\o(\, T)B(\, T)dA (1)
Al

where o()\, T) (cm?) is the absorption cross section of the
species that absorbs in the wavelength range A; — M\,
®(\, T) is the quantum yield of the photodissociation
reaction product, and F()\) is the spectral actinic flux
density. In particular, JO'D is proportional to F())
(equation (1)) at wavelengths smaller than 340 nm, mainly
from 305 to 325 nm where ozone absorbs, and ®(\, T) is
high (between 0.9 and 0.1 at 298 K) [e.g., Atkinson et al.,
2004]. For the photolysis frequency of NO, to O’P that
leads to O; formation (JNO,), wavelengths shorter than
420 nm and mainly from 365 to 390 nm are important,
where there is practically no ozone absorption band and
quantum yields are unity at 298 K [e.g., Atkinson et al.,
2004; Topaloglou et al., 2005].

[6] The spectral actinic flux density is the total number of
photons per wavelength unit incident on the molecules of the
species in the atmosphere:

FON = Fy(\) + Fo(\) = /0 7 /0 1000, ) sin(0) dodg  (2)

where F, is the direct and F, the diffuse spectral actinic flux
density incident on the molecule of the atmospheric species
in question, I is the spectral sky radiance (including the
direct Sun component), 8 is the zenith angle and ¢ is the
azimuth angle. For measurements of the spectral actinic flux
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density only for the upper hemisphere, the upper limit of the
integral over 6 is /2 (equation (2)).

[7] The Mediterranean, and especially its eastern basin, is
a photochemically very active region. It experiences a high
background of tropospheric ozone [e.g., Gerasopoulos et al.,
2005, 2006] and a mixing of high aerosol concentrations of
various origin and characteristics [e.g., Querol et al., 2009].
It also experiences significant changes in total ozone column
since it is located at the edge of the subtropics. Thus tropical
and polar ozone regimes are succeeded over the region
[Hudson et al., 2003]. The combined effect of aerosols and
total ozone column over the eastern Mediterranean can be
quite complex since, even under conditions of reduced total
ozone column, the high levels of tropospheric ozone and
absorbing dust aerosols, can still cause a substantial decrease
in the photolysis frequencies of ozone [Zerefos et al., 2002].

[8] Apart from devoted campaigns, long-term measure-
ments of photolysis frequencies in the central/eastern Med-
iterranean do not exist. Most have been limited to shorter
periods of time, of the order of a few months, or have been
confined to several nonconsecutive periods taken from dif-
ferent years, or have been based on empirical/indirect
retrieval approaches [KazadZzis et al., 2004; Topaloglou et al.,
2005; Casasanta et al., 2011].

[9] Some basic characteristics of a small part of these
photolysis frequencies data series used in the present work
have been reported by Gerasopoulos et al. [2006], for the
investigation of photochemical ozone production in the area.
The first long-term (2002—2006) measurements in the east-
ern Mediterranean of JO'D and JNO, are presented here,
together with a climatological analysis of the photolysis
frequencies record and investigation of the role of aerosols
and total ozone column on the Js variability.

2. Measurements and Methods

2.1.

[10] The total solar radiation and photolysis frequencies
(JO'D, INO,) were measured at Finokalia (35°20'N, 25°40'E;
http://finokalia.chemistry.uoc.gr), a remote coastal site in the
northeast part of the island of Crete, Greece, in the eastern
Mediterranean (an operational site of Aerosols, Clouds, and
Trace gases Research Infrastructure Network (ACTRIS)).
The Finokalia station is situated 70 km east of Heraklion, the
island’s biggest city with a population of about 140 k inha-
bitants. The site and its prevailing meteorology have been
previously described by Mihalopoulos et al. [1997]. The
Finokalia data are analyzed here together with aerosol optical
properties data taken from the FORTH-CRETE AERONET
station which is located on the roof of the Cretan National
Center for Marine Research, 20 m above sea level, 100 m
inland from the coast, and 50 km to the west of Finokalia.

2.2.

[11] Measurements of INO, and JO'D were performed by
27 commercially available filter radiometers (Meteorologie
Consult, Metcon, Germany) during the period 2002-2006.
In brief, quartz receivers were used for the collection of the
27 radiation (only upper hemisphere); optical filters for
wavelength separation, and phototubes or photomultipliers
for detection [e.g., Junkermann et al., 1989; Volz-Thomas
et al., 1996]. Both instruments provided an output analog
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voltage signal, which was averaged and recorded on a data
logger with a time resolution of 5 min. The detected signal
was converted to photolysis frequency using the response
function of each instrument. The sensors were calibrated
four times during the study period (2002, 2003, 2005 and
2006) against a spectral radiometer at Forschungszentrum
Jillich, Germany. The calibration of the JNO, instrument
follows a straightforward procedure whereby a calibration
factor is used to convert the output voltages to photolysis
frequencies after subtracting the background EBOhn et al.,
2008]. Conversely, the calibration of the JO'D output is
more complicated because the solar spectrum variability in
the UV-B spectral region depends on the ozone column
content and the sza [Hofzumahaus et al., 2004]. A com-
putational routine provided by the manufacturer using an
updated correction function together with the calibration
factors has been applied. This routine accounts for the
solar zenith angle as well as the total ozone column [Bohn
et al., 2004]. The updated correction function is based on
a spectral characterization of the instrument in 2006 that
led to a retroactive improvement compared to the 2005
status documented previously [Bohn et al., 2008]. Both Js
were corrected for the Sun-Earth distance and a correction
for the effect of the ambient temperature on JO'D was
applied according to Bohn et al. [2004]. The total ozone
column was obtained by TOMS (Total Ozone Mapping
Spectrometer) in the period up to 2005 and OMI (Ozone
Monitoring Instrument) for the year 2006, using overpass
data. Overall, the accuracy of Js measurements is esti-
mated to be 15% (1 sigma), at sza < 75° [see Bohn et al.,
2008]. Total solar radiation measurements were also per-
formed at Finokalia using a pyranometer CM3 (Campbell
Scientific, Inc.).

[12] Aerosol optical properties measured with a CIMEL
Sun photometer (AERONET level 2 data collection, http://
aeronet.gsfc.nasa.gov/) at FORTH-CRETE AERONET sta-
tion, have also been used. The CIMEL Sun photometer is an
automatic Sun-sky scanning radiometer using selected
spectral channels. The instrumentation, data acquisition,
retrieval algorithms and calibration procedure conform to the
standards of the AERONET global network, and are
described in detail by Fotiadi et al. [2006]. The overall
uncertainty in AOD data, under cloud-free conditions, is
0.02 at a wavelength of 380 nm [Dubovik and King, 2000].

2.3. Methodology for Cloud Screening

[13] For the detection of periods where clouds were not
present in front or around the solar disk, the shape of the
diurnal course of total solar radiation, recorded by the pyr-
anometer every 5 min, is examined. To eliminate cases of
overcast skies or the presence of broken clouds that lead to
enhancement of solar radiation, radiation values were
selected that fell within the limits obtained from clear-sky
solar irradiance calculations with the LibRadTran Radiation
Transfer code [Mayer and Kylling, 2005]. The limits repre-
sent cloudless cases of high and no aerosol load, based on
aerosol optical depth measurements. For the remainder of
the data, a comparison of measured and modeled solar irra-
diances with respect to sza at 1° intervals, was performed.
This procedure examines each 5 min measurement within a
time window of 30 min centered on the time of each
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measurement. For each time window the criteria that were
examined are: the absolute difference between measured and
modeled radiation, and the relative change of measured solar
radiation. The latter includes a quantification of the sza
change and the effect of the presence of cirrus clouds. When
all the above criteria pass predefined empirical thresholds,
then the minute examined is flagged as a clear-sky Sun
measurement.

2.4. Box Model Description

[14] The box model used in this study has been previously
described by Poisson et al. [2001], Tsigaridis and Kanakidou
[2002], Vrekoussis et al. [2004] and Gerasopoulos et al.
[2006]. For the present study, observed 5 min values of O3,
CO, NO, INO,, JOID, temperature, relative humidity (RH)
and wind speed are used as input to the chemical box model.
NO; nighttime values measured by DOAS [Vrekoussis et al.,
2006] are also used as input to the model. Isoprene, ethene,
propene, ethane, propane and butane mixing ratios were
based on measurements performed in the area (February—
October 2004 [Liakakou et al. [2007, 2009]) and in the
western Mediterranean [Plass-Diilmer et al., 1992]. No direct
heterogeneous ozone losses are included in the model
whereas NO, N,Os HO, and RO, heterogeneous losses are
parameterized as described by Tsigaridis and Kanakidou
[2002] and Vrekoussis et al. [2004]. As described by
Gerasopoulos et al. [2006, and references therein], the net
chemical production of O3 was computed as the difference
between the chemical production (Pp3) and the chemical
destruction (Lo3) of O3. Pp3 was derived as the sum:

Po, = ZRR02N0 [RO,][NO] (3)

for all peroxy radicals (RO,), including hydrogen peroxide
(HO,) and reactions with NO to form NO,, whereas Loz was
computed as the sum of the losses of O3 from (1) photolysis
to O'D and reaction with water vapor to form OH radical, (2)
reactions of O3 with HO, (OH and HO,), and (3) reactions
with unsaturated volatile organics and sulfur compounds.

2.5. Radiative Transfer Model Description

[15] The radiative transfer model LibRadTran [Mayer and
Kylling, 2005] was used to calculate the spectral solar actinic
flux in the wavelength range 290450 nm with a spectral
resolution of 0.5 nm. For the parameterization of the atmo-
sphere we used the following: synchronous (15 min from
each photolysis frequency measurement) aerosol properties
taken from the AERONET Level 2 (CIMEL Sun photome-
ter), the atlas plus modtran [Mayer and Kylling, 2005]
extraterrestrial spectrum, rural type aerosols according to
Shettle [1989], the standard atmosphere profile from U.S.
atmosphere [Anderson et al., 1986], total columnar ozone
from the OMI satellite and the sza for each photolysis
measurement. For the calculation of the O'D and NO,
photolysis frequencies the quantum yields from Matsumi
et al. [2002] and Troe [2000] were used, respectively. In
addition, ozone cross sections from Malicet et al. [1995]
and NO, cross sections from Vandaele et al. [2003]
were used. The radiative transfer model outputs allowed
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Figure 1. Time series of the photolysis frequencies of (a) O; (JO'D) and (b) NO, (JNO,) and (c) total
solar radiation. Daily values refer to local noon for the period 2002—2006. Red and green triangles corre-
spond to all-sky and clear-sky conditions and are calculated as monthly means from daily local noon values.

a photolysis frequency for the time of each measurement
to be calculated.

3. Results

3.1.

3.1.1. Data Presentation: Local Noon Values

[16] The photolysis frequencies of O; and NO, as well as
the total radiation at local noon, for a time span of 5 yrs
covering the period 2002-2006, are presented in Figure 1.
The complete series is denoted as “all sky” while the subset
“clear sky” includes all those values not affected by clouds.
Basic statistics on all-sky, daily values of both Js and the
total radiation are provided in Table 1. Gaps in the data
series are related to instrument calibration, participation in
campaigns elsewhere or malfunction. They account mostly

Climatological Aspects of Photolysis Frequencies

for winter time data and they result to an overestimation of
the whole period means by 4% for JNO, and 8% for JO'D,
which is well within the standard deviation of the mean
values.

Table 1. Basic Statistical Quantities for JO'D, JNO,, and the
Total Solar Radiation

All Sky Local Noon Values

JO'D INO, Total Radiation
1073 s7h 1073 s7h (Wm™?)
Avg £ SD 2.1+ 1.0 7+24 668 + 300
Max 39 10.2 1096
75th percentile 2.9 8.7 942
Median 2.3 8.0 738
25th percentile 1.2 6.1 437
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Figure 2. Whole period local noon averaged seasonal cycles of the photolysis frequencies of O3 (JO'D)
and NO, (JNO,). The upper and lower limits of the shaded areas correspond to clear-sky and all-sky data.

[17] For both photolysis frequencies, the interannual var-
iability of their maximum, clear-sky monthly means is of the
order of 7%—-8%, while for the total radiation it is 4%. No
particular trends are observed in the time series.

3.1.2. Seasonal Variability

[18] The seasonal variability of the local noon values of
photolysis frequencies is presented in Figure 2. A much
broader pattern is revealed for INO, than for JO'D. Higher
JNO, values (8.9 - 107> s~ ') are observed during May—June.
In contrast, JO'D presents an abrupt maximum of 3.2 - 107>
s~ in July. The seasonality is mainly driven by the change
of the incident angle of solar radiation. In addition, both
photolysis frequencies levels depend on clouds and aerosols,
while in the case of JO'D, the total ozone column plays a
significant role. This is due to the dependence of JO'D on
(mainly stratospheric) ozone absorption, while JNO, is
negligibly affected by total ozone column. The effect of total
ozone column on JO'D and of aerosols on both Js, depends
not only on the columnar content, but also on the length of
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the atmospheric path of the incident actinic flux which is
proportional to 1/cos(sza).

[19] Thus, the higher rate of change of JO'D compared to
that of JNO, (Figure 2) is related to more efficient absorp-
tion by total ozone and stronger Rayleigh scattering at high
sza’s (longer atmospheric paths). A JNO, maximum is
observed as June approaches, as expected due to dependence
on sza. The JO'D annual maximum is shifted to July due to
the reduction of total O; column from June to July. Due to
the strong dependence of JO'D on both total O3 column and
sza, the seasonal variability of JO'D is denoted with a max/
min ratio of 3.8, whereas JNO, shows a weaker seasonal
variability with a max/min ratio of 1.5.

3.1.3. Diurnal Variability

[20] The diurnal cycles of the photolysis frequencies per
season are presented in Figure 3. JO'D and JNO, follow
different diurnal courses. For the particular analysis we
selected to use the calendar instead of the astronomical
seasons, as the discussion about the sza dependence of
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Figure 3. Whole period averaged diurnal cycles of the photolysis frequencies of O; (JO'D) and NO,
(JNO,). Diurnal cycles are provided per season, solid lines (with symbol) correspond to clear-sky, and

dashed lines correspond to all-sky data.
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Figure 4. Whole period averaged photolysis frequencies of (a) NO, (JNO,) and (b) O3 (JO'D), versus
the solar zenith angle (sza), for all-sky, clear-sky and cloudy (defined just subtracting cloudless from
all-sky) conditions. Mean values of Js are calculated every 5 degrees of sza (£0.5 degrees). (c, d) Js var-
iability expressed as the ratio of the standard deviation of Js to their mean value, per 5 degree sza bin.
Modeled values were derived from the radiative transfer model LibRadTran.

photolysis frequencies is provided in section 3.2.3. During
the first hours after sunrise and before sunset (high sza’s) the
JO'D rate of change is higher than that of INO,. This is
again due to a rapid increase in the length of the optical path
covered by the incident solar actinic flux in the atmosphere
as sza increases and thus in the absorption of this flux by
total ozone. Concerning the diurnal maximum of JO'D, it is
encountered in summer due to sza effects and columnar
ozone concentrations, which are both lower in summer
compared to spring. For JNO,, the two parameters that
control its diurnal course are the sza and aerosols. Since the
effect of aerosols in the area is maximized in summer (see
also Figure 5), the difference of the diurnal maximum
between summer and spring is less profound than for JO'D
clear-sky cases. The similarity of clear-sky and all-sky data
during summer is characteristic for the area since cloudless
conditions dominate. Conversely, there is a more significant
difference in the wintertime when the effect of clouds is at a
maximum.

3.2. Factors Controlling the Variability of Photolysis
Frequencies

[21] The dependence of photolysis frequencies on the sza
is shown in Figures 4a and 4b, for all-sky, clear-sky and
cloudy (determined by subtracting cloudless from all-sky)
conditions. Mean values of Js per 5 degrees of sza (+0.5
degrees) are presented. Once more it is evident that the rate
of change of photolysis frequencies with sza is higher for
JO'D than for JNO,. It should be noted that the data pre-
sented here for lower sza are biased by summer time values,
while as sza increases, the representation of all seasons is
gradually enhanced. It is also worth noting that at higher
sza, the three JO'D lines converge to values close to zero.
Overall, the comparison between clear-sky and cloudy-sky
cases shows that the mean J’s attenuation by clouds ranges
from 10% to 35%.

[22] In order to evaluate how such a long-term series of
observations scales with respect to clear-sky values from a
radiative transfer model, we have included in Figures 4a and
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4b the LibRadTran model calculations for the same sza bins.
The mean difference between model and measured values is
of the order of 3% for JO'D and 5% for INO, (up to 8% for
sza < 30°). Given the absolute calibration, measurement
uncertainty and the uncertainties in input model parameters,
it is concluded that there exists a good agreement between
observations and model calculations.

[23] In order to investigate the variability of the photolysis
frequencies and its dependence on various factors, we cal-
culated and present in Figures 4c and 4d, the ratio of the
standard deviation of the photolysis frequencies to their
mean value, for each 5 degree sza bin. In the case of clear-
sky data, the variability of JNO, for a given sza is mainly
controlled by aerosols. For sza between 15° and 75°, this
variability changes slightly, ranging from 10% to 25%
(Figure 4c). The effect of a total column ozone increase of
200 DU on JNO, has been simulated and found to be less
than 2% [Ruggaber et al., 1994]. On the contrary, for JO'D,
there is a steady increase in variability with sza. By assum-
ing that aerosols had a similar effect on both photolysis
frequencies, then for JO'D the additive effect of O;
absorption is of the order of 20% at sza 55°—65° (Figure 4d).
We attribute this steady increase to the combined effect of
higher representation of all seasons at high sza’s and the
natural annual variability of total ozone column.

[24] JNO, cloudy cases vary from about 20%—-30% at
lower sza up to 55% at higher sza, while for JO'D the range
is between 35% and 55%. The higher variability in the Js
under cloudy conditions compared to clear-sky cases results
from the impact of various cloud fractions and types on the
incident solar radiation. The increase with sza is linked to the
different representation of seasons to each sza bin (lower
sza’s represent only summertime meaning fewer cloudy
cases). The falling branch in the JO'D change in variability
with sza, seen at high sza (Figure 4d), cannot be interpreted
because J values measured at such sza’s are close to the

instrument’s detection limit due to the effect of high ozone
absorption.
3.2.1. Aecrosol Effects

[25] Many international studies have focused on the effects
of various aerosol types on photolysis frequencies [e.g.,
Jacobson, 1998; Liao et al., 1999; Bian and Zender, 2003;
Liao et al., 2003; Li et al., 2011]. They indicate the different
impact between absorbing and nonabsorbing aerosols on J’s
levels. The eastern Mediterranean atmosphere, receiving
intensive solar radiation all year-around, is also characterized
by a high concentration of aerosols of different origin and
properties. Aerosol characteristics depend on long-range
transport and on local sources that both show strong seasonal
behavior. During summer, transport is driven by northerly
winds and results in high loadings of anthropogenic particles.
In spring the contribution of Saharan dust dominates
although it happens on an “episodic” basis when dust out-
breaks from Africa occur [e.g., Gerasopoulos et al., 2011].
Thus, the eastern Mediterranean is an ideal place to investi-
gate the role of various factors and, in particular, various
types of aerosols, on photolysis frequencies.

[26] For this study, the AOD at 380 nm (provided by
AERONET) was used as a proxy for aerosol loading over
the region. This wavelength was selected as it is more rep-
resentative of INO,. To eliminate the sza effect on Js so as to
focus solely on aerosol effects during the entire 5-yr period,
the following analysis focuses on a specific sza bin, 60° £
1°. This sza equals the latitude of the measurement site plus
the winter solstice declination of the Sun, accounts for the
minimum sza encountered year-round, and has been chosen
to eliminate biases on the results that arise from the strong
seasonal variation of aerosols in the area [e.g., Fotiadi et al.,
2006].

[27] Figure 5 presents the annual cycle of clear-sky JNO,
at 60° sza and that of AOD at 380 nm. Observation of the
monthly mean or median values of the two parameters
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Figure 6. Photolysis frequency of NO, (JNO,) at sza 60°
(clear-sky data) versus the AOD (380 nm) are indicated by
crosses. Dust episodes (red circles) selected by the AOD >
0.2 and Angstrom Exponent (AE349/440) < | criteria are sep-
arately shown. Linear regression analysis information is
included for both cases.

reveals a clear anticorrelation. Maximum aerosol loading
occurs during summer inducing the lowest annual JNO,
values at 60°. The widths of the shaded areas represent
episodes of high aerosols of anthropogenic origin during
summer. During spring and winter, they correspond to either
frequent or intense Saharan dust outbreaks, respectively.

[28] To quantify the impact of aerosols on JNO,, we plot-
ted JINO, at 60° sza versus the AOD at 380 nm (Figure 6). In
addition, we distinguished between dust episodes from
other (non-Saharan dust) aerosol particles. The criteria used
to mark the presence of dust were: an AOD > 0.2 and an
Angstrom Exponent between 340 and 440 nm (AE340/440) < 1.
Under aerosol-free conditions (AOD = 0) the JNO, value at
60° is estimated to be 6.3 - 107> s~' and we found that
24% of JNO, variability can be explained by aerosol
variability alone (it should be noted that part of the scat-
tering of the points might be due to the 50 km distance
between the Js and AOD measuring sites). The respective
slope of the linear regression indicates a reduction of
JNO, by 2.2 - 107 5" per AOD unit. This translates to a
percentage reduction of about 10% at 60° sza, under typ-
ical urban conditions (mean AODsgg = 0.3 extrapolated
from Gerasopoulos et al. [2011]), and about 5% under
regional background conditions (mean AODjgy = 0.13
extrapolated from Fotiadi et al. [2006]).

[29] Dust aerosols appear to contribute to JNO, variability
(46%) significantly more than the nondust aerosols. The
respective slope is 1.5 times higher than that of nondust
aerosols, indicating a reduction of JNO, by 3.1 - 107> 5!
per dust AOD unit. This translates to a percentage reduction
of about 20% at 60° sza, under average dust loadings over
the area (mean AODsgy quse = 0.4 extrapolated from
Gerasopoulos et al. [2011]). The higher slope for dust par-
ticles is due to the absorbing character (relatively low single
scattering albedo) of dust [e.g., Balis et al., 2004]. He and
Carmichael [1999] found that desert aerosols cause the
largest decrease in photolysis frequencies, due to their
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backscattering and strongly absorbing properties. Similarly,
Liao et al. [1999] calculated that desert dust reduces pho-
tolysis frequencies at all altitudes below the dust layer, with
the largest reduction occurring inside the dust layer. How-
ever, despite the fact that the statistical errors of the slopes
presented in Figure 6 provide evidence of enhanced
absorption due to dust, the measurement uncertainties make
this conclusion mainly qualitative.

[30] To investigate the impact of aerosols on JO'D, we
have plotted JO'D at 60° sza versus the AOD (dust and
nondust cases) at 380 nm (Figure 7), for different total
columnar ozone bins of width 20 DU. For total columnar
ozone 300-320 DU, the slope is —2.44 - 10~®s™" per AOD
unit. This translates to a percentage reduction of about 10%
at 60° sza under typical urban conditions, and about a 4%
reduction under regional background conditions. For the
overall range of total ozone columns over the region (260—
400 DU), the changes in JO'D per AOD unit were found to
lie in the range —1.4 - 107° to —3.8 - 107°. At Lambedusa
Island in the central Mediterranean [Casasanta et al., 2011],
the respective slopes (for AODs at 416 nm) at 60° sza ranged
from —2.6 - 107° to —5.8 - 107°. Taking into account the
different AOD wavelength in the two studies, the results are
in relatively good agreement (within 30% in the range 280—
310 DU and within 10% in the range 310-340 DU).

[31] Despite the scatter of the data points for each ozone
bin presented in Figure 7, it is worth noting that the change
of JO'D per AOD unit (dust and nondust cases) linearly
decreases with increasing total ozone column. This is an
expected scaling effect. Absorption in the ozone layer will
reduce the radiation incident at the top of the aerosol layer
(intercept values for AOD = 0). Then, the same relative
attenuation by aerosols is encountered within all ozone bins,
assuming a standard mixture of aerosols. The ratios of the
calculated slopes to the respective intercept values range
between 30% and 40%. There still remains a linear decrease
of these ratios with increasing total ozone column, even
though the trend is not statistically significant due to large
associated errors. This could be probably linked to synoptic
meteorological patterns that result to dominance of different
types of aerosols over others. As analyzed by Hudson et al.
[2003], when total ozone column is low, tropical O; regime
affects the area. This is expected to be associated with
transport of dust aerosol to the region from Africa. Balis
et al. [2002] showed that highly absorbing aerosol loads
associated with dust transport from the south can counter-
balance the expected increase in UV radiation due the total
ozone decrease or can even lead to a decrease in UV radia-
tion. The reported values at Lambedusa [Casasanta et al.,
2011] show steeper trend of the ratios (slope/intercept) pos-
sibly reflecting a higher dust impact at this site. Such a pat-
tern is not seen at 30° sza since the effects of aerosols and
total ozone are lower, and thus they might be masked by the
uncertainty in the slope’s estimation.

3.2.2. Total Ozone Effects

[32] Figure 8 presents the annual cycle of clear-sky JO'D
at 60° sza together with that of total ozone column. A dis-
tinct anticorrelation is revealed, with the narrow total ozone
maximum in spring being reflected as a broader minimum
on JO'D due to the additive effect of aerosols. JO'D corre-
lates with the change in total ozone column during fall-
winter as aerosol levels at this time are at their minimum.
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Figure 7. Photolysis frequency of O5 (JO'D) at 60° sza (clear-sky data) versus the AOD (380 nm), for
different total ozone bins. Slopes per each total ozone bin are provided in the embedded table (regression
analyses significant at the 95% confidence level in all cases except the 360-400 ozone bin).

[33] In Figure 8 the mean monthly ambient temperature
correction on JO'D is also included. The correction
throughout the year has a maximum in the summer (3%) and
minimum in the winter season (—7%). We have decided to
apply the temperature correction in the analysis, as one of
the main aspects of this work is to provide a data set ready to
be used for any chemical model, for the specific area.

[34] To quantify the imPact of total ozone column on
JO'D, we have plotted JO'D at 60° sza versus total ozone

(Figure 9), for low aerosol optical depth (AOD < 0.2) and
weakly absorbing (non dust, AE34¢/440 > 1) conditions. This
linear regression shows that 41% of JO'D variability at 60° sza
is explained by total ozone variability. The slope indicates a
reduction of JO'D by 4.2 - 10~® s™! per total O5 column DU.
This translates to a reduction of about 30% at 60° sza, under
typical spring conditions (340 DU), as compared with mini-
mum total ozone fall conditions %280 DU). The respective
slope at Lambedusa, is 3.38 - 10~* s~ per total O3 column

09 1 1 1 1 1 1

JO'D (10° s™) at 60°sza (clear sky)
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S
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Figure 8. Seasonal cycles of the clear-sky photolysis frequency of O3 (JO'D) at 60° sza and total ozone
column. The thick line limit of the shaded areas corresponds to median values, and the dotted line corre-

sponds to mean values.

9 of 14



D22305
154 AOD<0.2, Angstroms1
z
) slope = -4210°+ 0.210°
s . intcpt = 1.9910° + 0.07 10°
S T, b R?=0.41, N=441
1.0 +
« S
B B it
o
o
©
©
"o 05-
0
o
o
(@]
]
0.0 . . ]
250 300 350 400

Total Ozone (DU)
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Angstrom Exponent (AE340/440) > 1. Linear regression anal-
ysis information is included.

DU, also at 60° sza, in the AOD (416 nm) range 0.1-0.2
[Casasanta et al., 2011]. The latter authors, when calculating
the respective slopes for higher aerosol AOD bins, found an
absence of trend, indicating that the ozone effect is essentially
decoupled from the influence of aerosols.

3.2.3. Percentage Impacts of Aerosols and Ozone

on Photolysis Frequencies

[35] The impact of both aerosols and total columnar ozone
on JO'D and JNO, was carefully studied for the case of sza
of 60° encountered all year-round. In order to address
aerosol and total ozone effects at all values of sza, we
extended the aforementioned linear regression analysis to
sza spanning the range 15° to 75° (for clear-sky conditions)
in steps of 5°. We thus calculated INO, and JO'D reference
values that correspond to the case AOD = 0 (the intercept of
the correlation plot of Js versus AOD) for all sza. For the
JO'D reference value, the regression analyses were confined
to total Oz column of 300-320 DU since this is the most
frequent distribution bin observed over the area. Note that,
as mentioned earlier, the total O3 column affects only JO'D.
We then computed the percentage difference of Js from
these reference J values per sza (Figure 10). Finally, the
impact of total ozone on JO'D was confined to cases of
AOD < 0.2 and AEz40/440 > 1 (relatively clear aerosol con-
ditions with little or no dust presence) and the reference
value for JO'D having used the intercept for AOD = 0 and
total ozone of 300-320 DU (Figure 10c).

[36] In Figure 10a the percentage difference of JNO,
from the INO5°P™ reference value is presented for four
characteristic AOD levels. At regional AOD background
levels (~0.1) the percentage reduction of JNO, ranges
between 0.3% and 6% for sza between 15° and 75°. Under
typical urban conditions (AOD ~ 0.3) the reduction is 10%
at 60° sza and approaches 20% for higher sza. When con-
sidering specific high aerosol loads such as during dust
events (AOD ~ 0.5 and AOD ~ 0.7), then the reduction
at 60° sza is 17% and 24%, respectively, rising to values as
high as 30%—40% for higher sza. Ruggaber et al. [1994]
using AOD = 0.1 as a reference value, simulated that INO,
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at 60° sza is reduced by 11%, 18% and 30% for AODs 0.3,
0.5 and 0.7, respectively (noting extrapolated values from
their Figure 5b). These results are in good agreement with the
observation-derived values of the present study, given the
different reference value used. A similar range of JNO,
reduction by aerosols (of the order of 10%-30%) has been
calculated by Castro et al. [2001] using a simple zero-
dimensional photochemical model. Li et al. [2011] also
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Figure 10. Percentage difference of photolysis frequencies
(a) INO, and (b) JO'D, from a reference J value, per sza, for
characteristic AOD (380 nm). (c) Percentage difference of
JO'D from the reference value, per sza, for typical total
ozone column content. The JNO, reference value corre-
sponds to AOD = 0, for each sza, while the JO'D reference
value corresponds to AOD = 0 and total ozone column in the
range 300-320 DU.
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Table 2. Daily Mean Values and Standard Deviations of 5 min Data Used as Input to the Chemical Box Model for

Simulations A and B*

Data Input to the Model

Simulation A: 14 May 2004

Simulation B: 27 May 2004

Temperature (°C) 16.9 + 0.7 16.1 £ 0.8
Relative humidity (%) 67.9 0.7 68.1 +3.9

JO'D (s7h 090-10°+1.16-107° 0.70 - 107>+ 0.88 - 10~°
INO, (s 3751072 +£3.92.1073 3521072 £3.69-107°
05 (ppb) 450 £2.1 452 +24

NO, (ppb) 0.63 + 0.33 0.51 +0.12

CO (ppb) 212.6 £ 3.0 212.6 £ 3.0

VOC reactivity against OH (s ') 0.22 0.22

See text. CO hourly observations have been used, while VOC reactivity against OH was kept constant throughout the simulations.

reported that in urban areas aerosols reduce JNO, by 1%—5%
around noontime when both aerosol growth and sza decrease
take place.

[37] The effect of aerosols on JO'D is similarly shown in
Figure 10b. The percentage reduction of JO'D at 60° sza
(compared to JO' D40 550 pu) for AOD 0.1, 0.3, 0.5 and 0.7
is 4%, 11%, 18% and 25%, respectively. The JO'D changes
extrapolated from Ruggaber et al. [1994, Figure 5a], for
AOD 0.3, 0.5 and 0.7, at 60° sza (using AOD = 0.1 as a
reference value), and for a total ozone column content of
300 DU, are 10%, 20% and 30%, respectively, again in
good agreement with the values obtained in this study,
given the different AOD and total ozone reference values
used. In the central Mediterranean, Casasanta et al. [2011]
calculated a 62% and 47% reduction in JO'D per AOD
(416 nm) unit at 60° and 30° sza, respectively, whereas
the values from this study are much lower in both cases
(35% and 10%) . Part of the latter discrepancy might again
be due to the fact that higher dust impact is expected at
Lambedusa (due to its proximity to dust sources). Li et al.
[2011] reported that in an urban area aerosols reduce JO'D
by 7%-10% around noontime. Finally, Martin et al.
[2003], using a global three-dimensional chemical trans-
port model (CTM), calculated a 5%—15% JO'D reduction
by aerosols at the surface, throughout most of the North-
ern Hemisphere. Both studies are in good agreement with
the range of values provided in Figure 10b.

[38] Comparing Figures 10a and 10D it is deduced that the
effect of AOD on both photolysis frequencies is similar for
sza up to 65°. Figure 10b also reveals that at sza > 65°, the
difference from the reference value of JO'D decrease
reflecting the fact that more photons are making it down to
the Earth’s surface. This is possibly due to multiple scatter-
ing that results in enhanced diffusion (especially at UV-B
wavelengths) from lower sza. The same effect is at work in
the work by Ruggaber et al. [1994] who simulated that for
sza > 80°, JO'D increases with increasing AOD. However,
large errors can occur in simulations at such high sza, in
particular if a plain atmosphere is assumed in the model.

[39] Finally, the effect of O5 absorption on JO'D is shown
in Figure 10c, with respect to the absorption by a total ozone
column of 300-320 DU and when AOD = 0. A general
increasing trend is observed throughout the sza range. The
percentage difference from the reference value increases for
total ozone column <300-320 DU and decreases for total
ozone column >300-320 DU. A step of 20 DU was chosen
as it corresponds to typical daily variability in the amount of
total ozone over the region. This is calculated as the average
of the absolute difference between successive days. The

percentage change in JO'D for a deviation by 20 DU is 12%
at 60° sza, while for sza < 35° it is lower (around 7.5%).

3.3. Impact of Photolysis Frequencies
on Photochemistry: A Case Study

[40] In order to illustrate the impact of observed changes
in photolysis frequencies on photochemistry and, in partic-
ular, on the ozone budget, we employed the chemical box
model described in section 2. We chose 2 nearby days (small
sza effect) having significantly different AOD values: one
relatively clean (day A, 14 May 2004, AOD3go = 0.2, and air
mass back trajectories indicating westerlies crossing the
Mediterranean Sea), and the other having high aerosol
loading (day B, 27 May 2004, AODsgo = 0.41, with air
masses coming from Northern Europe and the Balkans).
Total ozone columns for these 2 days is 306 and 338 DU,
respectively. Under these conditions, local noon JO'D
values decreased from 3.23 - 107> s7' t0 2.46 - 107> 5!
(i.e., by 24%) and JNO, values decreased from 9.5 - 10> s~
to 8.98 - 10> s (i.e., by 5%). Observed 5 min interval
values of Oz, NO,, JNO,, JO'D, temperature, relative
humidity (RH) and wind speed (from the routine measure-
ments at Finokalia station) were used as input to the chemical
box model. Hourly observations of CO for spring have also
been used as input to the model. The reactivity of VOC
against OH has been kept constant for both simulations.
Table 2 provides the 24 h mean values of inputs to the box
model. For the present study, three simulations were per-
formed: one having Day A input data taken as the base case
simulation (simulation A), a second one for which the Js of
day A were replaced by the Js observed during day B (sim-
ulation AB), and the third simulation for which all 5 min
averaged data inputs were replaced by those observed during
day B (simulation B). The net chemical ozone production Net
[O5] (in ppbv 5min~") was then calculated using the chemi-
cal box model as explained in section 2.4.

[41] Tropospheric ozone production is fueled by peroxy
radicals and requires NO, photodissociation as well as the
availability of sufficient NO, as shown in the cases studied
(Table 2). Therefore the reduction of JNO, leads to lower
ozone chemical production. However, in parallel to this, a
reduction of the photolysis frequency of Os itself (JO'D)
results in weaker O3 loss during OH formation and subse-
quently an even weaker loss by reactions with HO,.
Overall, the simulations calculated a 12% reduction in the
diurnal value of Net[O3] due to the weakening of the
photolysis frequencies (simulation AB compared to simu-
lation A) and a 29% overall reduction due to changes in
meteorological and chemical conditions (simulation B
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compared to simulation A). In particular, it is found that
the reduction of Js (simulation AB versus simulation A)
results to a 13% reduction in the diurnal Po; and a
higher (19%) reduction in the O; loss term due to the
greater weakening of JO'D compared to JNO,. Similarly,
the reduction of Js results in ~10% lower HO, and
~11% lower OH daytime concentrations. The latter is
calculated bg/ the chemical box model to be of the order
of 7.5 - 10 1.2 - 10° molecules cm > (daily mean),
which compares well with other measurements in the
region (8.2 - 10° + 1.6 - 10° molecule cm ™2 [Berresheim
et al., 2003]). NOj radical concentrations are not affected
since they are mainly observed during nighttime, in the
absence of photochemistry, depending only on NO, levels.

4. Summary

[42] The results highlight the need for reliable values of
photolysis frequencies as drivers of (photo)chemical pro-
cesses in the atmosphere, and for their evaluation with
chemical transport models (CTMs). Furthermore, long-term,
continuous measurements of the photolysis frequencies are
scarce, especially in the eastern Mediterranean which con-
stitutes a well recognized photochemical natural laboratory
[Kanakidou et al., 2011]. In this work we have presented a
long-term (5-yr) study of the photolysis frequency of NO,
(JNO») and ozone (JO'D) in the eastern Mediterranean,
providing explicit and detailed information on seasonal and
diurnal patterns, as well as quantitative estimates of the
effects of total ozone and aerosols.

[43] The key findings of this work are as follows.

[44] 1. The maximum JNO, occurs in May—June due to its
dependence on sza, while the JO'D seasonal maximum is
shifted forward one month to July due to the reduction of
total ozone from June to July that is masking the dependence
of the solar actinic flux on sza.

[45] 2. The diurnal maximum of JO'D is encountered in
summer due to sza effects and columnar ozone concentra-
tions, which are both lower in summer compared to spring.
For JNO, maximum effect of aerosol in summer result in
less profound difference of the diurnal maximum between
summer and spring, under clear skies.

[46] 3. At regional aerosol background levels (AOD ~
0.1) and average values for the content of the total ozone
column, the percentage reduction of both INO, and JO'D,
compared to INO5°P~° and JO' D5Q55% pus» respectively, is
<6% for sza between 15° and 75°. Under typical urban
conditions (AOD ~ 0.3) and average total ozone column
(300-320 DU), the respective percentage reduction of JNO,
is 10% at 60° sza, approaching 20% for higher sza, while for
JO'D the percentage reduction has a maximum of 11% at
60° sza.

[47] 4. Absorption by dust is generally higher than
absorption due to other prevailing aerosols in the region.
During episodes of high aerosol loads, e.g., during dust
events, at 60° sza the percentage reduction of JNO,, com-
pared to the reference value, is 17% and 24%, for AOD ~
0.5 and AOD ~ 0.7, respectively, reaching as much as 30%—
40% for higher sza. The reductions in JO'D at 60° sza are
18% and 25%, respectively.

[48] 5. For the whole 5-yr period, and for an average AOD
(380 nm) value of 0.27 + 0.13 (1-sigma standard deviation)
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over Island of Crete, we obtained a reduction in JNO,
ranging between 5% and 14%, at 60° sza, compared to
aerosol-free conditions. Furthermore, for the average total
ozone column (300-320 DU), the respective range of JO'D
reduction was found to be 5%—15%. A daily variability of
20 DU in total ozone column over the region, resulted in a
change in JO'D of 12% at 60° sza, while for sza < 35° it
was found to be lower (around 7.5%).

[49] 6. Finally, a reduction of Js corresponding to a 24%
decrease in the local noon JO'D value and a 5% decrease in
the local noon JNO, value, was found to result in a 12%
reduction in the 24 h mean Net[Os] due only to the weak-
ening of the photolysis frequencies and a 29% overall
reduction due to changes in both meteorological and chem-
ical conditions.
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