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Abstract. An empirical approach for the retrieval of ni- important species, such as N@nd HCHO, contributing
trogen dioxide (N@) and formaldehyde (HCHO) photoly- to their decomposition and removal from the atmosphere as
sis frequencies from measurements of global irradiance isvell as the formation of highly reactive radicals. Photodisso-
presented in this work. Four months of synchronous mea<iation is the dominant loss process for N(&qg. 1), produc-
surements of actinic flux and global irradiance performed ining OGP) atoms which enable tropospheric ozone formation
Thessaloniki, Greece by a Bentham spectroradiometer weréEq. 2). However, NO produced from Reaction (1) is oxi-
used to extract polynomials for the conversion of global ir- dized back to N@, consuming ozone in this case (3) (e.g.
radiance to photolysis frequencies [J(NGnd J(HCHO)]. He and Charmichael, 1999):

The compa_rison of these photolysis frequency _values to thef\lo2 + hv(h < 420nm) —> OCP) + NO )
corresponding values calculated by spectral actinic flux mea-
surements, showed a ratio very close to unity for all J’'s withO(®P) + O, + M —> Oz + M (2)
a standard deviation of 12%d2 for J(NO,) and 6% (2)

for J(HCHO). Additional sets of polynomials were also ex- O3 +NO — Oz + NO; ®)
tracted to allow determination of J(NOby spectroradiome- The NGO photodissociation process itself as well as the
ters with lower upper wavelength limits such as single andNO-NO, equilibrium in the NQ, (also influenced by N©
double Brewer spectroradiometers within acceptable uncerphotolysis) are closely related to the radical cycles of OH
tainty (corresponding ratio was 1 and standard deviation wagind HQ (Kraus et al., 2000) and are an important parameter
12% (2) for the method that can be used with double Brew- for tropospheric ozone concentrations.

ers and 20% for the method that can be used for single Brew- Formaldehyde is one of the most important and abundant
ers). The validity of the method under different atmosphericorganic carbonyl compounds in the atmosphere, observed in
conditions was also examined by applying the polynomialshoth polluted urban and rural environments. It is mainly pro-
to another set of actinic flux and global irradiance measureduced from fossil fuel combustion and is also a Secondary
ments performed in May 2004, in Buchhofen, Germany. Inproduct of photochemical oxidation of methane and other hy-
this case, comparing J values extracted from the polynomidrocarbons (Meller and Moortgat, 2000). The processes R1

als to those calculated from actinic flux, showed equivalentand R2 presented below achieve the photolysis of formalde-
results, demonstrating that the method can also be applied tayde:

other measurement sites.

HCHO + hv —> H + HCO(A < 330nm) (4)
HCHO+ hv —> Hy 4+ CO(. < 361nm) (5)
1 Introduction The photolysis of formaldehyde plays a significant role in

the formation of photochemical smog, through the genera-

The photodissoci_ation of trace gases in thg atmosphere iS Bon of HO, radicals which participate in £catalytic pro-
process of great importance for atmospheric chemistry. Sogction (Smith et al., 2002). Both H and HCO produced

lar ultraviolet radiation drives the photolysis of numerous fom Eq. (4), yield HQ radicals as shown in chemical reac-
tions presented in Eq. (6) and (7):
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HCO+ O — HO2 + CO (7 method is presented in detail and is implemented on global
] . ) _irradiance data. The photolysis frequency values produced
It is therefore of conS|derablg importance for_ atmospherlcby the method are compared to corresponding values derived
chemistry to accurately determine the photolysis rates of ke\from measured actinic flux. Additional polynomials are ex-
atmospheric compounds such as N&nd HCHO. In the  y4cted using global irradiance at wavelengths suitable for the
past, chemical actinometers and filter radiometers have beefse of Brewer spectroradiometer measurements. The results
used to measure J(ND(e.g. chke.rson.et al., 1982; Shet— comparing J values derived from this method to those calcu-
ter et al., 1992; Lantz et al., 1996; Balis et al., 2002; Shet-51ed from actinic flux are presented for all cases. Finally, the
ter at al., 2003). Similar measurements for other phomlys'sperformance of the method applied to measurements from a

rates such as J(HCHO), were not as common as in the case gftferent measurement site is examined, showing satisfactory
NO: or O3, due to considerable requirements concerning theggjts.

development and maintenance of these instruments, so those

rates were either estimated or modeled (Kraus and Hofzuma-

haus, 1998). In the last decade, spectroradiometric measur@- Data and instrumentation
ments of actinic flux have developed enabling the determina-

tion of photolysis rates for several atmosperic species as théhe UV global irradiance and actinic flux spectra used
integral: in this study to extract the polynomials for the empirical

method were measured by a Bentham DTM 300 (Division

"2 for Biomedical Physics, Innsbruck Medical University), in-
J=/ FM)o(, e, T)dr (8)  stalled at the roof of the Physics Department in Thessaloniki,
e at the Laboratory of Atmospheric Physics (LAP) from March

to July 2003. The instrument performed synchronous mea-
surements of actinic flux and global irradiance from 290

to 500 nm, in the framework of the INSPECTRO project

(Influence of clouds on th8pedral actinic flux in the lower

whereo (1, T) is the absorption cross section of the molecule,
¢ (1, T) the photodissociation quantum yield, (both depen-
dant on wavelength and temperature) anl)Efie spectral

inic flux.
actinic flux Tropospherehttp://imk-ifu.fzk.de/inspectro/index.html In

The actinic flux is defined as the total number of photons """
(e.g. Madronich, 1987) incident on a spherical surface. Theaddltlon, a double-monochromator Brewer MKIII spectrora-

actinic flux describes the radiation incident on a sphericald'omtet?rt'?]rov'ded U}/nggecgfg glob'a:I' |rrﬁld|<:[:1ntu|a'me§sure-
surface such as the molecules of the atmospheric species a nis in the range o N hm. Finatly, total irradiance

; : - ; - - Kipp and Zonnen CM21 pyranometer was used to en-

is the suitable radiation quantity for photolysis frequencies roma _ .

determination. On the other hand, the global irradiance def”lbl(.a cloud flagging of_the spectra. During the INPSE_C.TRO
roject the Bentham instrument also measured actinic and

scribes the radiance on a horizontal surface integrated ovel

the whole upper hemisphere, weighted with the cosine of theqIObaI |rrad|§1nce at Buchhofen, Germgny, in May 2004.
incidence angle. Detailed information on both the instrument character-

Photolysis rate determination by means of spectroradiom-iStiCS and calibration details can be found at Kazadzis et

etry has been reported in the last decade for both (WZEI- al. (2004). A summary of the information on the instruments,

roy et al., 1995; Kraus and Hofzumahaus, 1998; Shetterthe Io_catlons and the periods of the measurements that are

and Miller, 1999: Edwards and Monks, 2003: Shetter etused in both methods presented in this paper are shown in

al., 2003) and formaldehyde (Kraus and Hofzumahaus, 1998Table 1

Shetter and Mller, 1999). However, since actinic flux mea-

surements are not trivial, several approaches have bpen de- Empirical method for J(NO ) retrieval

veloped in order to enable the use of global irradiance instead

of actinic flux for photolysis rate determination. Previous 3.1 Variability of the ratio of actinic flux to global irradi-

work includes the transformation of global irradiance to ac- ance

tinic flux (Cott et al., 1997; Kazadzis et al., 2000; Webb

et al., 2002; Kylling et al., 2003; Schallhart et al., 2004) The basic idea of this method is the determination of XNO

which can then be used for photolysis rate determinationas a function of solar zenith angle, by the use of global irra-

as well as empirical methods to derive photolysis rates di-diance and empirical relationships, instead of the direct way

rectly from global irradiance measurements (McKenzie etusing actinic flux and Eq. (8). For all J(N®calculations in

al., 2002; Kazadzis et al., 2004; Seroji et al., 2004). this work, the absorption cross-section and quantum yield of
This work presents an empirical method to determine pho-DeMore et al. (1997) were used at the temperature ofi98

tolysis rate values for Ngand HCHO from measurements of Examining the wavelength dependence of the J{N@te us-

global irradiance from a Bentham spectroradiometer. Firsting the molecule functions mentioned above, it appears that

the variability of actinic flux to global ratio as a function the spectral weighting of the solar radiation spectrum by this

of solar zenith angle (sza) is discussed. Then the empiricaprocess is largest in the region between 375 and 400 nm. The

Atmos. Chem. Phys., 5, 1645653 2005 www.atmos-chem-phys.org/acp/5/1645/
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Table 1. Description of instruments details, location and periods of measurements.

Instrument Measurement Quantity Location Period

Brewer MKIII spectroradiometer  Global irradiance 287-366 nm  Thessaloniki, Greece 2003
Pyranometer Total irradiance (305-800nm)  Thessaloniki, Greece 2003

Bentham DTM300 Actinic flux 290-550 nm Thessaloniki, Greece  March—July 2003
spectroradiometer Global irradiance 290-550 nm

Buchhofen, Germany 13-22 May 2004
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Fig. 1. Relative contribution of each actinic flux wavelength o 0 % w© s o0 o a0 o
(F(A).0 (A).¢(A)) to I(NO) (right axis) and J(HCHO) (left axis) cal- solar zenith angle [deg]
culation, for sza=2%, on 12 May 2004.
Fig. 2. Ratio of actinic flux/global irradiance at 390 nfa) and at
325nm(b) as a function of sza. All data are from Bentham mea-

. oo inTh loniki.
relative contribution of each wavelength to the J@©al- surements in Thessaloni

culation for 12 May 2003, sza=24is shown in Fig. 1. The

contribution of the 375-400 region is around 40%. As a re-an aimost constant value of actinic/global ratio for all sza,
sult, the integral of global irradiance in this spectral region groynd 1.75, it is apparent that the larger variability of this
was selected as the global irradiance quantity to be used fofagig is to be found at solar zenith angles around 70-75 de-
the J(NQ) determination. grees. The variabily due to different cloud cover conditions
Since the method aims to use global irradiance insteads well as various AOD loads, account for the vertical distri-
of actinic flux, the variability of downwelling actinic flux bution of the data in Fig. 2a, for a single solar zenith angle.
to global irradiance is discussed briefly. The ratio actinic
flux/global irradiance as a function of solar zenith angle for 3.2 Description of the method
wavelength of 390 nm is shown in Fig. 2a. All ratio values
are above unity since actinic flux is a quantity measured by aJ(NO;) values were determined by Eq.8 using spectral ac-
spherical detector while global irradiance by a flat one. Low-tinic flux measurements and the [375-400 nm] global irradi-
est values of the ratio (around 1.35) represent small solaance integral (E7s-400) calculated from simultaneous global
zenith angles and low aerosol load, where the highest valirradiance spectra. The two quantities are shown in Fig. 3. As
ues (around 2.6) appear around 75 degrees of sza and ré-can be observed, J(NQ@is closely correlated to 4z5-400
fer to cloudless conditions with small aerosol optical depthand its variability for a given irradiance value is rather small.
(AOD) as well. The overall shape of the ratio distributionis The dataset was divided into groups of 5 degree sza
a result of the diminished contribution of the direct compo- and 2nd degree polynomials were calculated from least
nent to the global irradiance as solar zenith angle increasesquares fits between the J(B)Cand (E75-400). The poly-
Consequently, high values of this ratio around 75 degreesnomial coefficients are shown in Table C1 (see Appendix).
characterize this spectral region because of the more signif3(NOy) values were then recalculated using these polynomi-
icant contribution of the direct component in comparison toals (¢aic) and were compared to J(NDvalues from actinic

the diffuse in these wavelengths. Since overcast spectra givBux spectra using Eq. (8). Their average raﬂﬁ%‘—g) was

www.atmos-chem-phys.org/acp/5/1645/ Atmos. Chem. Phys., 5, 16532005
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Fig. 3. J(NG,) photolysis rates as a function of global irradiance in

the region of 375-400 nm. Fig. 4. Ratio of J(NQ) calculated by B75_400 and polynomials
(Jealo) over J(NQ) estimated by actinic flux versus solar zenith an-
gle. The mean value of the ratio is 1.001 and the standard deviation

1.00H0.124 (&) including all solar zenith angles, cloud 0.124 (2).
cover and aerosol load conditions (Fig. 4).
The variability of the ratio shown in Fig. 4 is related to

the representativeness of the polynomials. The scatter fop(NC2) derived from Flag 1 spectra is improved by approx-
a constant sza is smaller in the region of 40-50 degreedmately 1.5%, using the cloud dependent polynomials. The

(20=0.12), is consistent with the limited variation of the remaining flag cases have significantly smaller deviations.
actinic to global ratio as demonstrated in Fig. 2a. This Alternatively, using global irradiance instead of ac-
means that the polynomials can more accurately reproductinic flux in formula (8), a series of pseudo N(ho-
the J(NQ) values from the global irradiance value for these tolysis frequencies fdeudd Were produced and the ratio
solar zenith angles. On the other hand, the increase of thé(NQ2)/Jpseudo @s @ function of the global irradiance in-
ratio variability for solar zenith angles larger than 55 degreestegral (E7s-400) Was examined. 3rd degree polynomials
reflects the greater variability of the actinic flux to global ir- J(NO2)/Jpseuds=f (E375-400) Were retrieved, and their ap-
radiance ratio at these anglesr&0.44 for 70-75 degrees plication showed similar results to those derived from the
sza) also shown in Fig. 2a. first method described. (Their average ra% was
In order to decrease the method uncertainty, a parameterit-002£0.100 (Z) including all solar zenith angles). This
zation with cloud conditions was examined. The spectra used€chnique is similar to the J{D) analysis presented in
in this work were characterized according to cloud coverKazadzis et al. (2004), (using JJ(D)/JPS_eudor""t'o_ and irra-
from a methodology proposed by Vasaras et al. (2000). pyragllance at 325 n_m) SO the |mplementat_|on qf this method for
nometer data were used to determine the variability of the raJ(NGz) data using the integral of the irradiancesf& 400
diation field due to clouds for each scan, which was flagged®nd solar zenith angle is also described. The advantage of us-
as 0 (sun not occluded, stable radiation field), 1 (sun oci"d the initial method, directly retrieving J(N@from global
cluded, stable radiation field), or 2 (broken clouds, unstabldadiance, is that input optic spectroradiometers having up-
radiation field). For scans flagged as 0 and 2, data were agaif€r wavelength limits lower than 420 nm, (e.g. Brewer single
divided into groups of 5sza and new polynomials were ex- fand double spectroradiometers) can be used, as itis described
tracted for each group to produce J(N@om Es7s_sgq For 1N Sect. 3.3.
scans flagged as 1, J(MOand Ez75_400 Were very success-
fully correlated by a linear approximation, wheré=R.99, 3.3 Alternative polynomials for Brewer spectroradiometers
so this linear expression was used in this case for all solar
zenith angles. To enable the use of the method described above by spectro-
The application of the new — cloud dependent — polynomi-radiometers that do not reach 400 nm, such as double or sin-
als on the Bentham data, produced an overall mean value afle Brewer monochromators (upper wavelength limit 365 nm
0.999 for the—X2e ratio, with a standard deviation of 0.12 and 325nm respectively), similar approaches were devel-

. JNO2) . . . . . .
(20). ltis appareZnt that no significant change is evident foroped by using global irradiance at 360 nmyég for double
the entire data set. Small differences betwee ratio Brewer spectrometer and 325 nmzfE) for single Brewer

from the original method to the one with cloud flagging have spectrometer, as an independent variable insteagdgf kno.
been observed, when examining each set of data (Flag 0, A new set of polynomials was extracted for each case, us-
and 2) individually, as seen in Table 2. The absolute value ofing once more Bentham simultaneous actinic flux and global

Atmos. Chem. Phys., 5, 1645653 2005 www.atmos-chem-phys.org/acp/5/1645/
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Table 2. Mean values ofJ(JNC%Z) ratio for each group of spectra, using the original polynomials and the cloud dependent polynomials.

Type of spectra  Polynomials without cloud flagging  Polynomials with cloud flagging

Mean ratiak20 Mean ratiak20
Flag 0 0.996:-0.076 1.00%0.074
Flag 1 1.029:0.160 1.012-0.112
Flag 2 1.005-0.144 1.005-0.138

Photolysis rates calculated from irradiance at 360nm

/NO,)
/(NO, )

calc
Brewer

J

J

10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80 90
solar zenith angle [deg] solar zenith angle [deg]

Photolysis rates calculated from irradiance at 325nm . _| Photolysis rates calculated by irradiance at325nm_ _, _ _ _ _ _ _ _ _ _ _ _ _ |
mean = 1.019, 26 = 0.326 .
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J‘
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Fig. 5. Ratio of calculated J(N& from polynomials by the use Fig. 6. Ratio of calculated J(N® from polynomials by the use of
of global irradiance at 360 nm to J(NOfrom actinic flux (upper ~ global irradiance from a double Brewer MKl at 360 nm to JGO
graph). All data are from the Bentham spectroradiometer. Samdrom actinic flux (upper graph). Same ratio for J(Nalculated

ratio for JING) calculated from global irradiance at 325 nm (lower from global irradiance at 325 nm (lower graph).

graph).

LAP were used to produce J(NDvalues. The data were cor-
irradiance measurements. The corresponding ratig%% rected for calibration standard differences between the two
for these two cases are shown in Fig. 5. instruments and for possible wavelength shifts, using SHI-

The use of global irradiance at 360 nm as the independenERIVM (Slaper et al., 1995), an algorithm that also deconvo-
variable does not significantly change the results of the aplutes the measured spectra to a standard slit with 1nm FWHM
plication of this method. The ratio oj(‘],@% is 0.999 with  (the methodology is discussed in Kazadzis et al., 2004).
as standard deviation of 0.1340(2 In the case of 325nm, The photolysis frequencies produced by Brewer irradiance
this ratio continues to be very close to unity, namely 1.003,from global spectra and the polynomialsrgwer were
however the 2 standard deviation increases considerably,then compared to J(NQ values from Bentham'’s actinic flux
especially as mentioned before for large solar zenith anglespectra, for measurements that deviated from each other less
and reaches 0.214. This means that the average values tifan 5min. The results for the use of both wavelengths
J(NQ,) can still be reproduced, but greater uncertainty is in- (360 nm and 325 nm) from the Brewer double monochroma-
troduced by the fact that in the course of the spectral scartor data are presented in Fig. 6.
the 325 nm wavelength is measured several minutes before The results showed a mean ratio of 1.8@4274 (2) for
the 375-400 nm region, which is highly representative of thethe use of Bgg and 1.0190.326 (2 ) for the use of Bos as
J(NO,) value. Rapid changes of the radiation field causedindependent parameters. The same pattern with the increase
by moving clouds in front of the sun, could result to a non of the ratio variability for large solar zenith angles also ap-
representative irradiance value at 325 nm, for this photolysisears in these results. The total uncertainty is greater in this
frequency calculation. case, because of additional factors affecting the quality of

To test the validity of this method, global irradiance spec-the results, such as measuring differences between the in-
tra from a double Brewer MKIII spectrometer working in struments. Another reason for the dispersion of the ratios

www.atmos-chem-phys.org/acp/5/1645/ Atmos. Chem. Phys., 5, 16532005
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Photolysis rated calculated from irradiance at 375-400nm 220
mean = 1.001, 26 = 0.126 (sza<85 deg) solar zenith angle
1.50 —Data from Bentham, Buchhofen, Germany, 13-22 May 2004 | . ) 1520 ¢
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Fig. 7. Ratio of calculated J(N& from polynomials by the use

of E375-400 and Thessaloniki polynomials, to J(from actinic  for the two reactions of HCHO (Fig. 1) the variability of the

flux. All data are_ provided from a Be_ntham spectroradiometer from actinic to global ratio versus the solar zenith angle is smaller

measurements in 13-22 May 2004 in Buchhofen, Germany. than the one at 390 nm as it is shown in Fig. 2b. However,
since the spectral region of interest of the HCHO photolysis

. : . is between 280 and 360 nm, special consideration has to be
around unity could be the time difference (the order of a few _. TR Lo
iven to the fact that radiation in this spectral region is af-

minutes) between the Brewer and Bentham scans, a poter?— . . .
. o . o . ected by ozone in the atmosphere. For this reason, instead
tially significant factor leading to large deviations in cases

with variable cloud cover of directly associating the HCHO photolysis rates to global
’ irradiance, the ratio Jdeudois used where J is the photol-
ysis frequency value calculated from Eq. (8) using actinic
flux and $seudois the corresponding value when global irra-
diance is integrated instead of actinic flux . This ratio is as-
Finally, in order to investigate the extent to which the methodSO(_:Iated with Q'Ob?" |rrad|ance_ at 325_nm (Fig. 8). Both the
is valid for other measurement sites, global irradiance and acratio and the |r_rad|ance quantity are independent of 0ZOne,
tinic flux data from the Bentham instrument from a field cam- S° the method is to be use_d for all total ozone column condi-
paign of INSPECTRO in May 2004 were used. The Bentham!!°"S: 3rd degree polynomials are extrgcteq fosZa groups. .
performed measurements in Buchhofen, Germany (48.7 NTO calculate the ‘?(HCHO)' the global |rrad|§1nce at 32_5 nmis
12.9E, 340 m) from 13-22 May 2004. J(NOvalues were used toget_he_r with the extracted _po_lynom|als a_no! fmal_ly a
calculated from the &5 400 integral and the polynomials J/dseudoratio is calculated. The ratio is then multiplied with

retrieved from Thessaloniki's dataset. The results were thenlpse“doimegrat(Ed from spectral global irradiance measure-
compared to J(N@ directly from actinic flux and Eq. (8). ments, to produce the J(HCHO) value. The molecular data

The results are shown in Fig. 7. The m 6;) ratio for for J_(HC}HO) detﬁrminactjtion used in2this worlzi a;le the cross
sza<85° is 1.001 and the @ standard deviation is 0.126, Section from Meller and Moortgat (2000) and the quantum

showing that the polynomials seem to reproduce the 3fNO yield from DeMor_e et al. (.1997)' The extract_ed polynomi-
values satisfactorily. The observation site in Buchhofen is ry-21s for both chemical reactions are presented in Table C2 and
ral, therefore the amount and type of aerosols is expected t 3. .

be different compared to the measurements in Thessaloniki. The metho‘?‘ was applled. to the measurements performed
The atmospheric pattern for this period was dominated b)/n Thessaloqlkl from April to July 2003, to produce
partly cloudy and overcast sky conditions, with occasional‘](HCHO_) _Wh'Ch were then compared to t_hose calculated
clear sky intervals. The application of the method to this O™ actinic flux. The results are shown in Fig. 9.

. JC | . . .
data set showed generally good agreement among measurt(ede.he. rat'?XHbSlflﬁ) 'f] prgct|lcally “T"W qndfthecg standa:jrd(ao/
and calculated photolysis frequencies. eviation for both chemical reactions is found aroun 0.

The decrease in the standard deviation value compared to that
of the J(NQ) determination, derives from the fact that the
4 Empirical method for J(HCHO) retrieval variation of the actinic flux to global irradiance ratio is con-
siderably smaller in the wavelength region of the formalde-
A similar empirical method could be used for calculating NYde photolysis, especially for larger solar zenith angles.

HCHO photolysis rates. In the wavelength range of interest

3.4 Implementation of the method on data from different
locations

Atmos. Chem. Phys., 5, 1645653 2005 www.atmos-chem-phys.org/acp/5/1645/
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_|mean = 0.989, 26 = 0.076 (sza<85 deg)

1.40 —|Data from Bentham, Buchhofen, Germany, 13-22 May 2004
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Fig. 9. Ratio of calculated J(HCHO) from polynomials by the use Fig. 10. Ratio of calculated J(HCHO) for both chemical reactions

of global irradiance at 325 nm to J(HCHO) from actinic flux for the from polynomials by the use of irradiance at 325 nm and Thessa-

two chemical reactions of formaldehyde photolysis. All data are |oniki polynomials, to J(HCHO) from actinic flux. All data are

provided from the Bentham spectroradiometer. provided from a Bentham spectroradiometer from measurements in
13-22 May 2004 in Buchhofen, Germany.

When applying this method to Brewer global irradiance

d_ata in_ order to produce ‘](HCHO.) valu_es, taking _into CONived from these methods to those calculated directly by ac-
sideration all factors already mentioned in the previous Pardinic flux spectra is 1.001 with a standard deviation of around
graph, the mean value GfEHE equals 0.987 and @02 150 3.1 for JINOy), and for J(HCHO) 1.0040.06 (2)
standard deviation of 0.194 for chemical reaction 1 andfor chemical reaction R1 and 1.080.06 (2r) for chemi-
0.98h%d0.18?1 fOE; Reilactlocr; 2. . Fénalm’] v]:/he? appl\lz'ngzghoe‘l cal reaction R2, showing that nitrogen dioxide and formalde-
met o to the Bentham data in Buchhofen from ay 'hyde photolysis frequencies can satisfactorily be reproduced
the_rgtlo of the calculated J(HCHO) to those determined fromby this method within acceptable uncertainty depending on
gcgg]éiéllgéf zfroufnd éoz ]E)e 0.9&980.0016' (212) fo{_th and” the data user demands. The method could be best used by
d. L f h( ) for 'orfsza< 5 (. '9. ).I flshsma | scientists studying longer time scale datasets and looking at
eviation o :c imealn ratio rlom unity |sda_re§rL:1to t Ie Ir_r(_p e climatological conditions and changes. For individual cases
mentation of the polynomials extracted in Thessaloniki, ang e pag 1o take into consideration the statistical analysis and

urban site with several clear sky days dgrlng the year, to datz?esults that are presented and also the uncertainties resulting
from a rural and mostly cloudy (at the time of the measure-. o instrumental errors

ments) site. It should also be noted thatallalues presented , .

in this study using the Bentham instrument data, are related Alt€rnative polynomials were extracted to enable the use
to the uncertainty of the method itself and not with uncer- O,f this method by Brewer spectrolradlometers (double and
tainties of the cross section and quantum yield functions osingle) and the ratio of photolysis rates from a Brewer

instrumental (measurement) uncertainties. Finally, regardingPectroradiometer to those retrieved from actinic flux mea-

the analysis presented including Brewer to Bentham instruSUréments from a Bentham spectroradiometer show a ra-

. JBREWER -
ment ratios, one has to take into account the two instruments© Of ~iyoz) equal to 1.0040.274 (2) using 360 nm,
differences. The global spectral irradiance data comparisor}‘mﬁgv'v‘z’sq(z’) using 325nm, and for HCHO the ra-
from the two instruments in the UVB and UVA, showed a ra- 10 JHcHO) 'S 0.989£0.186 (2) for reaction R1 and

tio of 0.9710.086 (2) and 0.973-0.084 respectively (Ben- 0-987:0.194 (2) for reaction R2 respectively. The level
tham measuring higher) for the reported period. of agreement for J(HCHO) is similar to that of the global
irradiance spectra measured by the two instruments for that

spectral region.

5 Conclusions Finally the method was applied also to measurements of
the Bentham spectroradiometer, performed in Buchhofen,
Two approaches of an empirical method for calculating Germany, in May 2004 in order to examine whether it
J(NOp) and J(HCHO) are presented, based on spectral meazould be implemented to data from another measuring site.
surements of global irradiance and the use of polynomialsThe results from comparing the rates calculated by these
as a function of solar zenith angle. The ratio of J values de-methods to those determined from Bentham’s actinic flux
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o . Table A2. Polynomial coefficients for the calcula-
spectra for sza85°, show a ratio of 1.00£0.126 (2 ) for ion of J(MCHO)seudsf(Esps) for chemical reaction

JING,) and for J(HCHO), 0'9330'076 () reactiqn R1 HCHO—H+HCO. G represents thedegree coefficient.
and 0.996-0.084 (&) for reaction R2, demonstrating that

the method can be applied to other measurement sites as welk

In the absence of routine actinic flux measurements due to S°lar zenith angle & C2 C1 Co
the special configured optics required, the development of al- _ (d4e9rees)
ternative methods to retrieve photolysis frequency values for 15-20 4.283 —4.404 0.193 1.899
NO2 and HCHO can be very useful for atmospheric chem- 20-25 6.552 —7.803 1.885  1.639
istry studies, since photolysis rates are an important input pa- 25-30 5825  —-6.070 0.949  1.778
rameter for tropospheric chemistry models. Ultraviolet (UV) 30-35 —2.415 0.365  -0.396  1.829
global irradiance measurements are very common in mon- 35-40 —1.747 4491 1241 1876
itoring stations worldwide and a global network has devel- jg:gg __351'29207 1 1168(%0 :ggég i;gg
oped in the last 20 years, providing a long history of quality 50-55 _92:722 41:708 —4:662 1:889
assured _|rrad|ance measurements.. Thgrefore, the retrieval of 5560 _255563 95966 —9.138 1.990
photolysis rate values from global irradiance measurements 60—65 _682.879 202.947 —15.857 2.120
allows the reproduction of extensive time series of photolysis 65-70 ~1029.41 232.180 —12.427 1.945
rates for nitrogen dioxide and formaldehyde, within reason- 70-75 —863.652 166.211 -5.395 1.815
able uncertainty. 75-80 —5.177.15 626.845 —-18.422 1.941
80-85 —10842.9 630.335 —-6.472 1.794
85-90 —76310 1924930 —-7.929 1.790

Appendix A

Table A3. Polynomial coefficients for the calculation of
Table Al. Polynomial coefficients for the calculation of J(HCHO)/$seudcf(Ez2s) for chemical reaction HCHO-Hp+CO.
J(NO)=F(E375-400chemnm)- Ci represents the i degree coefficient. C; represents thedegree coefficient.

Solar zenith angle  £(x107% C; (x107%)  Cy(x1075) Solar zenith angle € Co C1 Co
(degrees) (degrees)
15-20 —-9.09 5.53 9.246 15-20 5.202 —5.229 0.366 1.892
20-25 —-9.64 5.79 —14.548 20-25 6.905 —8.116 1.890 1.649
25-30 —7.95 5.37 4.370 25-30 6.029 —6.383 1.021 1.776
30-35 —-8.34 5.62 —19.156 30-35 —2.016 —-0.160 —-0.257 1.822
35-40 —7.28 5.47 —-10.541 35-40 —7.143 3.741 —1.050 1.868
40-45 —6.68 5.49 —14.003 40-45 —6.598 2.211 —-0.234 1.787
45-50 -3.97 5.25 —10.263 45-50 —32.717 16.183 —-2.034 1.833
50-55 0.012 5.02 —-9.151 50-55 —100.082 44,429 —4.867 1.895
55-60 3.22 5.02 —10.216 55-60 —295.819 109.447 —-10.297 2.022
60-65 6.32 5.11 —12.000 60-65 —797.964 233.588 —17.891 2.159
65-70 9.31 5.22 —11.906 65-70 —1228.350 272.479 —14.237 1.970
70-75 24.2 4.66 —4.895 70-75 —991.823 186.025 -5.420 1.813
75-80 535 3.79 3.422 75-80 —5318.360 650.78 —18.192 1.941
80-85 40.8 4.35 0.578 80-85 —8042.850 458.765 —1.792 1.775
85-90 43.6 4.35 0.374 85-90 —135796 3079.43 —11.693 1.799
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