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Summary

Solar ultraviolet radiation (A < 400 nm) affects the biosphere, some materials and the
chemistry of atmospheric trace species. A change in atmospheric ozone, which absorbs part
of the solar UV radiation, can influence UV radiation effects to man (e.g. erythema,
carcinogenesis, eye damage) and plant life, and it also changes the photolysis rates of a
number of atmospheric trace gases. The model used to simulate solar global UV radiation
was compared with results of other model calculations and with measurements of spectral
and broad-band UV irradiance. The differences are discussed in terms of the uncertainties
in the input parameters to the model as well as to the uncertainties in the model and in the
measurements.

Using this radiation model to simulate the spectral radiation reaching the lower atmosphere,
Radiation Amplification Factors (RAF) were determined that describe the percentage
increase in biologically and chemically effective radiation for a number of effects, when the
total ozone amount is reduced by 1 %. The dependences of RAFs on the ozone amount and
on solar zenith angle are shown to vary according to the shapes of their action spectra. A
"saturation effect" is observed in some RAF values, i.e. with further increases in ozone
mass the RAF can remain constant or even decrease. High values of RAF in the photolysis
frequencies occur for the photodissociation of tropospheric ozone. The RAF of ozone
photolysis is found to be 1.5 to 2.0 with zenith angles from 0° to 60°, i.e. a reduction of
total ozone by 1 % enhances the photolysis of ozone and the subsequent OH production by
1.5t02 %.

The latitudinal and seasonal variation of the effective radiation for average conditions of total
ozone and cloudiness was calculated. Ratios between effective UV radiation and total UV
radiation, which are similar in their variations with zenith angle to the ratios between
effective UV radiation and visible or photosynthetically active radiation (PAR), are almost
constant in the seasonal course at low latitudes, while at higher latitudes these ratios show
seasonal changes by 1 to 2 orders of magnitude. As ecosystems are adapted to the natural
levels of those ratios, such as, for example, the ratio between plant damage in the UVB
region and photosynthetic radiation in the visible region, consideration of the whole
spectrum of radiation, not only the UVB region, should be a reasonable approach.

Ozone measurements at Potsdam had shown extremely low values in 1992 and 1993 with
annual means of about 10 % below the long-term mean. Using the monthly mean ozone
values monthly values of the biologically effective UV irradiation for clear sky conditions
were modelled. It turned out that the biologically effective UV radiation must have been by
10 to 30 % above the long-term mean, with enhancements in the individual summer months
of up to 40 %. Measurements of global radiation in the whole spectrum as well as in the UV
region were used to estimate the effect of cloudiness on the biologically effective UV
radiation for each month. The combined effect of ozone and cloudiness resulted in
enhancements of the annual totals of biologically effective radiation at Potsdam by 10 to 30
% in 1992 and by 5 to 20 % in 1993.



Zusammenfassung

Die solare UV-Strahlung (A < 400 nm) beeinfluBt die Biosphire, einige Materialien und die
Chemie atmosphirischer Spurengase. Eine Mengeninderung des atmospérischen Ozons, das
einen Teil der solaren UV-Strahlung absorbiert, kann zur Anderung der Wirkung der UV-
Strahlung auf den Menschen (z.B. Erythem, Karzinogenese, Augenschiaden) und auf
Pflanzen fiihren und die Photolyseraten einer Reihe von atmosphirischen Spurengasen
beeinflussen. Das hier benutzte Modell zur Simulation der solaren UV-Globalstrahlung
wurde mit Ergebnissen anderer Modellrechnungen und mit spektralen sowie Breitband-
Messungen der UV-Strahlung verglichen. Die Differenzen zwischen den verschiedenen
Modellrechnungen und den Messungen werden im Hinblick auf Unsicherheiten der
Eingansparameter des Modells, des Modells selbst sowie der Messungen diskutiert.

Durch Anwendung des Modells zur Berechnung der die untere Atmosphire erreichenden
spektralen Strahlung wurden Strahlungsvervielfachungsfaktoren (RAF) bestimmt, die die
prozentuale Zunahme der biologisch und chemisch wirksamen Strahlung fiir verschiedene
Wirkungen bei Abnahme des Gesamtozongehalts um 1 % beschreiben. Die Abhingigkeit der
RAF vom Ozongehalt und vom solaren Zenitwinkel wird durch die Form des jeweiligen
Wirkungsspektrums bestimmt. In den Werten einiger RAF zeigt sich ein "Sattigungseffekt”,
d.h. bei zunehmender Ozonmasse bleibt der RAF konstant oder nimmt sogar ab. Grofie
RAF-Werte der Photolysefrequenzen ergeben sich fir die Photodissoziation des
troposphirischen Ozons. Der RAF der Ozon-Photolyse betragt 1.5 bis 2.0 fiir Zenitwinkel
von 0° bis 60°, d.h. die Verringerung des Gesamtozons um 1 % erhoht die Ozonphotolyse
und die nachfolgende OH-Produktion um 1.5 bis 2 %.

Es wurden die Variationen der wirksamen Strahlung mit der geographischen Breite und mit
der Jahreszeit fiir mittlere Bedingungen der Bewdlkung und des Gesamtozons berechnet. Die
Verhiltnisse zwischen wirksamer UV-Strahlung und UV-Gesamtstrahlung, deren Variationen
mit dem Zenitinkel den Verhiltnissen zwischen wirksamer UV-Strahlung und sichtbarer oder
photosynthetisch aktiver Strahlung (PAR) sehr dhnlich sind, erweisen sich in niederen
Breiten als nahezu konstant im jahreszeitlichen Verlauf, wiahrend sie in héheren Breiten
jahreszeitliche Anderungen um 1 bis 2 GroBenordnungen zeigen. Da Okosysteme an das
natiirliche Niveau dieser Verhiltnisse angepaBt sind, sollte nicht nur der UVB-Bereich
sondern das gesamte Spektrum in die Messungen und Modellierungen einbezogen werden.

Ozonmessungen in Potsdam hatten extrem niedrige Werte in den Jahren 1992 und 1993
gezeigt, wobei die Jahresmittelwerte um 10 % unter dem Langzeitmittelwert lagen. Mit den
Monatsmittelwerten des Ozons wurden monatliche Werte der biologisch wirksamen
Strahlung fiir wolkenlose Bedingungen berechnet. Es zeigte sich, daB die wirksame UV-
Strahlung im Jahresmittel um 10 bis 30 %, in einzelnen Sommermonaten sogar um 40 %
iiber den Langzeitmittelwerten gelegen haben muB. Anhand der Messungen der
Globalstrahlung im gesamten Spektralbereich und im UV-Bereich wurde der Effekt der
Bewdlkung auf die biologisch wirksame UV-Strahlung abgeschatzt. Der kombinierte Effekt
von Ozongehalt und Bewdlkung diirfte zu einer Erhohung der biologisch wirksamen UV-
Strahlung in Potsdam um 10 bis 30 % im Jahre 1992 und um 5 bis 20 % im Jahre 1993
gefiihrt haben.



1 Introduction

Solar UV radiation, which is defined as the radiation in the wavelength range 100 to 400
nm, affects the biosphere, damages materials and triggers the photodissociation of many
atmospheric trace gases. Due to absorption by stratospheric ozone, solar UV radiation with
wavelengths A < 290 nm does not reach the lower atmosphere and the earth’s surface, and
radiation in the wavelength region from 290 to 340...350 nm is reduced depending on the
absorbing ozone mass. Nevertheless, the remaining energy of solar radiation with A > 290
nm is powerful enough to trigger biological processes and chemical reactions. The influence
of UV radiation on human health manifests as immunosuppression reactions, erythema and
carcinogenesis of the skin, and ocular damage. Growth and yield of many plants are reduced
by UV radiation, and aquatic ecosystems such as phytoplankton, zooplankton and juvenile
fish can be damaged as well by UV radiation (e.g. TITUS 1986, UNEP 1989, 1991,
FREDERICK 1990, WHO 1994). Photochemical reactions of trace gases in the lower
atmosphere are also driven by solar UV radiation. As an example, photolysis of ozone in the
troposphere triggered by UV radiation with wavelengths A < 310 nm is an important ozone
loss mechanism, which accounts for more than half of the hydroxyl radical production in the
troposphere. The subsequent attack of many atmospheric source gases by OH radicals
triggers reaction chains for the destruction of those trace gases. On the other hand, the
photochemical production of photooxidants such as ozone from nitrogen dioxide depends on
UV radiation. In this way, chemical processes in the middle atmosphere such as
stratospheric ozone loss due to chlorofluorocarbon release can affect the oxidizing capacity
of the troposphere (e.g. LIU and TRAINER 1988, MADRONICH and GRANIER 1992).
A variety of models has been developed to solve the radiative transfer equation or to
parameterize the processes of absorption and scattering of radiation, and they have been
applied to simulate the spectral UV radiation reaching the lower atmosphere (e.g.
HINZPETER 1955, 1956, 1957, CHANDRASEKHAR 1960, DAVE and FURUKUWA
1966, DEIRMENDIJIAN 1969, McCULLOUGH 1970, LIOU 1973, BRASLAU and DAVE
1973a, b, SHETTLE and GREEN 1974, GREEN et al. 1974a, b, HALPERN and DAVE
1974, COAKLEY and CHYLEK 1975, MO et al. 1975, KERSHGENS et al. 1976, JOSEPH
et al. 1976, PALTRIDGE and BARTON 1978, DOZIER 1980, ELANSKIJ et al. 1980,
GREEN et al. 1980, ZDUNKOWSKI et al. 1980, GERSTL et al. 1981, 1983, HENSE et
al. 1982, SCHIPPNICK and GREEN 1982, BJORN and MURPHY 1986, BIRD and
RIORDAN 1986, MADRONICH 1987, NAKAJIMA and TANAKA 1986, SMITH et al.
1992, TSAY and STAMNES 1992, RUGGABER et al. 1993). Model simulations of solar
UV radiation can be used to evaluate possible consequences that changes in atmospheric
ozone, cloudiness and turbidity can have on the radiation and its effects to the biosphere and
air chemistry. In this paper we focus on the results of model calculations that simulate
biological and chemical effects of UV radiation and their changes. The model version is
compared to irradiance measurements, and the differences between model calculations and
measurements are discussed.



2 Model description

The model developed by GREEN et al. (1974 a, b, 1980) and SCHIPPNICK and GREEN
(1982) including the modifications applied by RUNDEL (1986) was selected as the basic
approach, because it has proven to be a good compromise between computer time and
accuracy. The model was originally fitted to measurements of UV radiation by BENER
(1972) and radiative transfer calculations using the discrete ordinate method by SHETTLE
and GREEN (1974), and it was later improved by applying model calculations of BRASLAU
and DAVE (1973 a, b), DAVE and HALPERN (1976), PETERSON (1976, 1977) and
DEIRMENDIIAN et al. (1980).

In the present version, the spectral range of the model is extended to the wavelength region
250 to 400 nm with a stepwidth of 1 nm. In addition to the parameterized extraterrestrial
radiation used in the original version
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where R is the distance sun-earth in astronomical units and a;, b;, c; are coefficients,
measurements of extraterrestrial radiation as given by the WMO Commision for Instruments
and Methods of Observation (CIMO 1981, FROHLICH and LONDON 1986) have been
used that correspond to a solar constant of 1367 W m™. Variations of the extraterrestrial
radiation for wavelengths A > 300 nm are smaller than 0.5 % within the 27 day solar
rotation and less than 1 % within the 11 year solar cycle, but can extend to 6 % in a strong
Fraunhofer absorption line (MO 1985, LEAN 1987). It can be assumed that the absolute
uncertainty of measured values of extraterrestrial radiation is at least (5 ... 10) %
(BRUCKNER et al. 1976, WHITE 1977, MOUNT et al. 1980, THEKAEKARA and
DRUMMOND 1981, NICOLET 1980, 1989, MENTALL and WILLIAMS 1988). Another
difference between the model version used here and the original one is the ozone absorption
that can be calculated in our approach from measured ozone absorption coefficients taken
from BASS and PAUR (1985) for stratospheric temperatures instead of the parameterization
of ozone optical thickness (absorption coefficient times absorber amount) in the basic version
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with O, the total ozone amount, A\, = 300 nm and a, b, ¢ being constants (cf. RUNDEL
1986). We chose a = 9.788 atm-cm™, b = 0.0556 and ¢ = 6.798 nm. The absolute
uncertainty of the measured ozone absorption coefficients is estimated to be about (1 ... 2)
% (DAUMONT et al. 1992). Note that the ozone absorption coefficients by BASS and
PAUR (1985) applied in the model calculations described here are compatible with those
used for regular measurements of total ozone in the stations network since 1992. The
absorption coefficients, which have been in use in the Global Ozone Observing System since



January 1, 1992, provide ozone values being 2.7 % lower for ozone measurements derived
from direct sun observations of the AD double wavelength pair than those derived before
that date (HUDSON et al. 1991, KOMHYR 1991).

The optical thickness of molecular Rayleigh scattering

e (M) = 1.221 (%)4-” (K))

was not changed, but the optical thicknesses of scattering and absorption by aerosols were
changed according to the parameterization

A - A
Tugrs (A) = f - 0.0804 - (1 + 0.256 - % @)

A
Tagra (B) = f 1 0.0136 (1 - 0441 — %) (5)
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(A = 300 nm). The constant f has been introduced to account for variable scaling of aerosol
optical depths that have been observed to reach values between 7 = 0.1 and 7 = 1 at A =
380 nm (GUSCIN 1986, GABM 1989). Table 1 shows some examples of typical f values
and the resulting optical thicknesses 7,gz.

Ratios between absorption by aerosols and scattering are held constant at 15 %. Model
results obtained for a solar zenith angle of © = 0° and weak, strong and very strong aerosol
extinction show global UV radiation to be lower by 3 %, 11 % and 25 %, respectively, than
in an aerosol-free atmosphere. The corresponding reductions for zenith angles © = 60° are
5 %, 18 % and 39 %.

A generalized cosine function is used instead of the cosine of solar zenith angle to account
for the curvature of the earth. Vertical profiles of optical depths for air, aerosols and ozone
are parameterized as standard curves according to the formula given by GREEN et al.
(1980).

Table 1 Aerosol optical depths for aerosol scattering and absorption (7,gg gy TAgr,4) and
selected constants f; for illustration, optical depths at the wavelength 550 nm
were calculated with Angstrom’s turbidity formula 7 (A\) = 8 XY (A in pm)
assuming the frequently used value y = 1.3

aerosol f A = 350 nm A = 550 nm
load TAER,S TAERA TAER,S TAER,A

weak 1.00 | 0.084 0.013 0.047 0.007
strong 4.18 | 0.350 0.053 0.194 0.029

8.36 0.701 0.105 0.390 0.058

very strong




It must be mentioned that variations of the vertical ozone profile, particularly in the lower
troposphere, can affect the model results, because scattering of radiation and thus absorption
is stronger with higher air density in the lower atmosphere than with lower pressure in the
higher atmosphere (BRUHL and CRUTZEN 1989). This effect, which can not be accounted
for in the model, may have contributed to the uncertainty of the model and the differences
observed between model calculations and measurements. On the other hand, the calculations
discussed here do not refer to long-term ozone variations that are of opposite direction in the
troposphere and stratosphere. Therefore, for the present purpose, the vertical ozone
distribution need not be changed. Table 2 shows some examples how the use of
measurements of extraterrestrial radiation and ozone absorption coefficients instead of the
original parameterizations affect the modelled UV radiation. We will designate the
wavelength regions UVas N < 400 nm, UVB as 280 < N\ < 315 nm and UVA as 315 <
A < 400 nm.

It can be seen that the measured values of extraterrestrial radiation provide about (2 ... 4)
% in the UVB and 7 % in the UVA region lower values of global UV radiation than the
parameterization of eq. (1). The measured ozone absorption coefficients produce UVB
radiation values being by (1 ... 11) % higher than those determined with the
parameterization of eq. (2). If both measured values of extraterrestrial radiation and ozone
absorption coefficients are used in combination, the differences in global UV radiation
compared to the original parameterized version of the model are - 5 % in the UVA and +(5
... 10) % in the UVB region.

Table 2 Percentage differences P in global UV radiation calculated for different ozone
values and solar zenith angles
a) between UV radiation determined with measured values of extraterrestrial
radiation (CIMO 1981) and UV radiation determined with the parameterization
of eq. (1)
b) between UV radiation determined with ozone absorption coefficients by BASS
and PAUR (1985) and UV radiation determined with eq. (2)

P [%] P [%]
0=0° 0=60°
0,=320D | 0,=320D
“ a) UV (A < 400 nm) 6.6 6.9
a) UVA (315 < \ < 400 nm) - 6.7 -6.9
a) UVB (\ < 315 nm) - 4.0 -3.3 1.8 3.6
b) UV 0.4 0.5 0.8 0.2
0.1

| b) UVA 0.3 0.5 0.8 .
~| b) UVB 3.1 6.1 10.8 1.0
——
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3 Comparison between model calculations and measurements
3.1 Calibration of instruments

Comparisons between the modelled irradiance and measurements of solar radiation can help
to determine the range of uncertainty of the model results. In that case, one has to keep in
mind that measurements do not provide the "true" value, but can also contain systematic and
random errors. Measurements from two types of instruments have been available for
comparison with the model. One of the instruments used is a spectroradiometer OL 752/10
by Optronic Laboratories. This instrument was calibrated with a 200 W tungsten halogen
lamp operated at a constant current of 6.500 A. The lamp was calibrated at the National
Institute of Standards and Technology (NIST) against an Eppley standard cell (SCHNEIDER
and GOEBEL 1984). The uncertainties in the calibration level of the standard and its
transfer result in a quoted spectroradiometric accuracy of the OL 752 instrument relative to
the NIST standard source of + (2 ... 4) % with an absolute wavelength accuracy of + (0.2
... 0.3) nm over the whole operating spectral range 250 nm to 800 nm. Frequent checks of
the spectrometer’s calibration level and wavelength stability can be made with a dual
calibration and gain check source module consisting of a tungsten halogen source of 5 W
and a mercury line source of 4 W. The spectrometer was used in such a configuration of
entrance, middle and exit slits that a spectral half-band width (full width at half-maximum)
of 1.5 nm was reached. A step width of 2 nm in the range 290 nm to 430 nm was selected
for our measurements. Comparisons between the NIST 200 W standard lamp and a 1000 W
quartz halogen lamp, which had been calibrated at the Physikalisch-Technische Bundesanstalt
(PTB), showed that using the latter calibration level would have lowered the measured
irradiance by 3 % at 400 nm to 7 % at 300 nm. It should be noted that the calibration level
of the 1000 W source was confirmed within uncertainties of + (1 ... 2) % by measurements
with a 800 W lamp, which had been calibrated at the PTB and which was made available by
KAASE (1993) from the Lichttechnisches Institut of the Technical University Berlin. The
remaining overall uncertainty in the absolute calibration scale of the OL 752 instrument is
estimated to be on the order of ~ 5 %.

The instrument’s cosine error, which was determined in our laboratory (Fig. 1), is
eliminated from the measured spectra in the process of analysing the data. For that purpose,
global and diffuse irradiance components are measured subsequently, the latter by using a
shade disc, to determine direct irradiance. The direct irradiance is then cosine corrected and
used to calculate a cosine corrected global irradiance (FEISTER 1994). Internal stray light
in the spectrometer at the shortest wavelengths was reduced by extrapolating the irradiance
for A < 295 nm using the spectral irradiance in the region 295 nm < A < 300 nm instead
of using the measured irradiances.

The second type of instruments used in the comparsion with model calculations is a filter
instrument (FEISTER et al. 1992). Two spectral ranges with halfwidths corresponding to the
wavelengths A, = 310 nm and A, = 320 nm (UV-S), and A, = 295 nm and A, = 387 nm
(UV-L) were selected from the records. The nominal sensitivities shown in Fig. 2 refer to
the whole filter sets and foreoptics including the spectral response of the photocell receiver.
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The overall uncertainty of the instruments was estimated to be + (5 ... 10) %. Their
calibration procedure, which was carried out with a 200 W halogen lamp, was based on the
effective half-width of the filter sets, i.e. the recorded irradiance data are considered to
represent solar irradiance in the wavelength region of the filter halfwidth (FEISTER et al.
1992). To make the filter measurements comparable to the measurements taken with the
spectrometer another approach was taken. For that purpose, the irradiance spectra taken with
the OL 752 spectrometer on a cloudless day were weighted with the response curves of the
filter instruments shown in Fig. 2. Those simulated filter measurements were used to
determine scaling factors to the concurrent measurements taken with the filter instruments.
The scaling factors turned out to be 2.25 for the UV-S instrument and 1.05 for the UV-L
instrument. The high scaling factor for the UV-S instrument is due to the long-wave tail in
the filter characteristics (Fig. 2). An approach other than described for the spectrometer was
applied to eliminate the cosine error of measurements taken with the filter instruments. As
only global irradiance of UV-S and UV-L and not the radiation components were recorded,
the global irradiance was multiplied by constants F to eliminate the cosine error in the global
irradiance

Fe) - .5 E (6)
X® E E

(X (©): cosine error of UV-S or UV-L, E: direct irradiance, E{: diffuse irradiance, E:
global irradiance). The ratios between direct and global irradiance E;/E and between diffuse
and global irradiance E ¢ /E were taken from model calculations for classes of zenith angles
0° < © < 85°. The resulting F values are in the range 0.99 < F < 1.06. It is mentioned
that equation (6) is applicable for cloudless conditions only.

3.2 Input values to the model and results of the comparison

If the model is to be compared to measurements of spectral irradiance, the uncertainties in
the input parameters to the model calculations need to be known. Atmospheric total ozone
was determined from measurements taken with the Potsdam Dobson spectrophotometer #71
on the AD double wavelength pairs. Concurrent measurements with the Brewer
spectrophotometer #30 were used to confirm the ozone observations taken with the Dobson
instrument. Daily mean values of ozone derived from direct sun observations with Dobson
instrument #71 and with Brewer instrument #30 at Potsdam were shown to be generally
within + (1 ... 2) % (FEISTER 1992), while the absolute uncertainty of direct sun ozone
observations using a Dobson instrument is estimated to be + (1 ... 3) % (BASHER 1982).

The total ozone value on the day of the comparison (May 15, 1992) was determined from
those measurements to be (336 + 3) D', which is near to the overall long-term average of

'1 D = 1 Dobson = 1 matm-cm = 2.1414 pg cm? = 2.6868 . 10" cm? is defined as
the length of a column of pure ozone at STP (0 °C, 101325 Pa).
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ozone of 348 D at Potsdam. The surface albedo (dry grass) was determined from
spectroradiometric measurements to increase from 2 % at 300 nm to 6 % at 430 nm.
Therefore, the model calculations were carried out for a surface albedo of 5 %. The
Angstrom turbidity coefficient for A < 625 nm determined from 15 pyrheliometric
measurements was § = 0.179 + 0.025. Using the Angstrom turbidity formula 7 = 8. A7
with the usual assumption of v = 1.3 provides an optical thickness at the wavelength of 350
nm of 735, = 0.70, which was taken as input to the model calculations.

As an example of the comparison, Fig. 3 shows the ratios between a measured spectrum and
the corresponding model calculation for May 15, 1992. Due to the greater stepwidth of 2 nm
in the measurements as compared to the stepwidth of 1 nm in the model calculations the
ratios show some scatter, but except at the shortest wavelengths (A < 310 nm), where the
measured irradiance is up to 10 % lower than the model result, there is no remarkable
systematic difference between measured and modelled irradiance at longer wavelengths.
Similar results have been found for the other spectra. It is noted that the original
parameterization of the ozone absorption coefficients (see equation (2) for the optical
thickness) instead of using measured ozone absoprtion coefficients by BASS and PAUR
(1985) would have produced by (6 ... 8) % lower modelled irradiance values in the UVB
region and thus much smaller differences between the measurements and model calculations
in that spectral region. On the other hand, it might be speculated that part of the differences
between the model and the measurements at the shortest wavelengths might be caused by
tropospheric ozone that had a higher actual percentage on May 15, 1992 than is assumed in
the model. Due to the stronger scattering of radiation, ozone molecules in the troposphere
act as stronger absorbers of UV radiation than ozone molecules in the stratosphere,
particularly at small solar zenith angles (BRUHL and CRUTZEN 1989). This possible cause
remains to be uncertain to explain the discrepancies between the model and the
measurements, as ozone soundings at the nearby Observatory Lindenberg are not available
on that day.

Figure 4 shows the percentage ratios of diffuse/global and direct/global irradiance
components both from a measured and a modelled spectrum. The high percentage of
scattered radiation (60 ... 80) % to global radiation is approximately reproduced by the
model, except at the shortest wavelengths, where the modelled diffuse irradiance is
somewhat higher than the measured irradiance. This discrepancy may at least partly be
caused by instrumental stray light that becomes more relevant in the diffuse component,
which has a lower intensity than the global irradiance. It should also be noted that the high
percentage of diffuse radiation to global radiation in the UV region appreciably reduces the
effect of the cosine error on global irradiance.

Figures 5 and 6 show a comparison between filter measurements of May 15, 1992,
spectrometric measurements weighted for the filter response curves as well as model
calculations. The short-time step increase in both types of measurements around noon time
is due to a small cloud that moved over the observing site and led first to a decrease and
later to an increase in irradiance probably by additional forward scattering of radiation. It is
noted here that the measurements of the filter instruments were determined from hourly
totals, while the irradiance spectra taken with the OL 752 instrument as well as the model
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calculations refer to a shorter period of time. It can be seen in the Figures 5 and 6 that the
model calculations reflect the measurements of UV-S with only small deviations, while they
are about 5 % smaller than the values measured with the UV-L instrument. The cause of
that discrepancy can be ascribed to the combined effect of uncertainties in the model and in
the measurements.

4 Effective solar radiation
4.1 Biologically effective radiation

Effects of radiation are usually described by action spectra ¢ (\) that define the normalized
spectral response X of biological organisms (man, animal, plants etc.) or materials

E, (®, 74,1 = f e (A) E(A O,z A t) dA W m™, ™
0

where E (\, O, z, A, 7) is the spectral irradiance incident on a horizontal plane at the height
z for the solar zenith angle ©, the surface albedo A and the optical depth 7. The index X
used in Ey and the unit [W m?]y is to indicate the effective (weighted with the action
spectrum) quantity.

Photodissociation of atmospheric trace gases is analogously described by eq. (7). In that
case, ] = E,. is the photolysis frequency in [s'], E" (A, ©, z, A, 7) is the spectral
radiation falling on a sphere, i.e. the "actinic flux" in photons cm? s nm™, and

pA) =0 @) @@ @®)

with ¢ (\) being the absorption cross section of the photolyzed gas in cm® and & (A) the
dimensionless quantum yield of the photodissociation reaction. The product of photolysis
frequency J and the number density of the photolyzed gas is called the photolysis rate or rate
constant given in cm® s

Hourly totals of effective irradiance, i.e. effective irradiation in [J. /m?]y, were determined as
sums of 6 values calculated for every 10 minutes and multiplied by 600. Daily totals were
summed from the values of irradiation calculated between sunrise and sunset. Solar zenith
angles, time equation and distance between sun and earth for each time and location were
calculated from algorithms given by SONNTAG (1989). The uncertainty of the zenith angle
calculated from that algorithm is estimated to be + 55°’ equalling + 0.0153° for zenith
angles © < 85° and thus much smaller than that of the most commonly used algorithms. A
summary of that algorithm is given in Annex 1.

As an example of the ozone effect to global UV irradiance, Fig. 7 shows the spectral
irradiance calculated at steps of 1 nm for a zenith angle of 0° and for different values of
total ozone. The shift of the cut-off irradiance to smaller wavelengths with decreasing ozone
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values can be readily seen. If total ozone becomes smaller than 100 D, the atmosphere
becomes more and more transparent in the UVC region (A < 280 nm) with decreasing
ozone amount. Therefore, tropical and subtropical regions with both high noon time solar
zenith angles and small natural amounts of stratospheric ozone would be particularly
endangered, if atmospheric ozone decreased as a result of anthropogenic activities.

4.2 Comparison of the modelled effective radiation with results of other models

To assess the uncertainty and the ranges of the modelled values of effective irradiance, the
model results were compared with results of model calculations taken from the literature.
Fig. 8 shows the global UV radiation modelled for a total ozone value of 280 D and two
different values of surface albedo and aerosol load (A = 5 %, 7350 = 0.4 and A = 25 %,
7350 = 0.1). The corresponding results taken from the literature are for the same ozone
amount, but part of them is for slightly differing values of surface albedo and aerosol load.
It can be seen in Figure 8 that, except at very high zenith angles, most of the results of other
models are within the two curves provided by the model version applied in our study.
Another comparison of the model with additional model results is given in Table 3 for global
UVB irradiance and for erythemal irradiance. Part of the differences in erythemal irradiance
can be ascribed to different erythemal action spectra used by different authors. In the range
of ozone values from 250 to 400 D and within the zenith angle region 30° to 75°, the
present model produces irradiances that are by (5 ... 15) % higher than the values by DAVE
and HALPERN (1976) as well as ZAVODSKA (1981), but by (20 ... 70) % lower than the
model results of BELINSKIJ et al. (1968).

Another comparison of the model used in this study with results obtained by SMITH et al.
(1992), who used an adding-doubling method in a multi-layer atmosphere, is shown in Table
4. Table 4 shows that the ratios UVB,/UVA, are by 4 % for low albedo and by up to 11 %
for high albedo higher than the results obtained by SMITH et al. (1992). In the wavelength
region A < 308 nm the differences between both models are still higher with values up to
20 %. A substantial part of these differences may be explained by the different ozone
absorption coefficients used in both models and possibly the different values of
extraterrestrial radiation. Looking back to Table 2 we recall that the ozone absorption
coefficients used in our model provide values of UVB (A < 315 nm) radiation being (3 ...
11) % higher than in the original version with the result that the ratios UVB/UVA are higher
by that amount, in compliance with the results shown for UVB,/UVA, in Table 4.

’In contrast to the UVB region from 280 nm to 315 nm, UVB, is defined here as the
wavelength region 280 - 320 nm, while UVA, is the region 320 - 400 nm.
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Table 3 Model calculated global irradiance (UVB and erythemal) compared to values
taken from the literature (DH: DAVE and HALPERN (1976), ZA: ZAVODSKA
(1981), BE: BELINSKIJ et al. (1968), all cited by SLOMKA and SLOMKA
(1985), TS: this study with A=5 %, clear sky and aerosol optical depth 7,5, =

0.9)
|| 0, (D) | Ref. Eyvs [W m?) Egny W m gy
0=30° | ©0=60° | 0=75° | @=30° | @=60° | ©=75° |\
250 DH 1.730 0.451 0.074 0.185 0.035 0.005
7A | - ; 0179 | 0037 | 0.006

BE | 2.250 0.630 0.120 0.360 0.070 0.010
TS 1.879 0.497 0.079 0.213 0.040 0.005

300 DH | 1.450 0.352 0.052 0.136 0.025 0.004
ZA - - - 0.139 0.027 0.003
BE 1.920 0.510 0.080 0.272 0.051 0.007
TS 1.617 0.406 0.059 0.161 0.029 0.004

350 DH | 1.230 0.279 0.038 0.105 0.019 0.003

ZA - - - 0.111 0.021 0.003
BE | 1.660 0.420 0.060 0.212 0.039 0.003
TS 1.406 0.335 0.045 0.126 0.023 0.003
400 DH | 1.050 0.224 0.028 0.083 0.015 0.002

ZA - - 0.090 0.017 0.002

BE | 1.460 0.360 0.050 0.170 0.030 0.004
TS 1.232 0.279 0.035 0.101 0.018 0.002

The effects of changing ozone amounts on the biologically effective radiation strongly depend
on the shape of the action spectrum, particularly its fall-off at the long-wavelength side.
Some effects of UV radiation are shown in Table 5. Their action spectra such as erythema
and pigmentation of human skin, photocarcinogenesis ("skin cancer”), photoconjunctivitis
and photokeratitis of the eyes (CIE 1986 a, b), bactericide response, suppression of
photosynthesis of plants and plant damage, DNA absorption and yellowing of plastics are
shown in Fig. 9. It should be noted that for one and the same action action there are
differences in the action spectra obtained by different authors. They reflect the experimental
uncertainties, variations in living organisms as well as the historical progress of knowledge.

16



Table 4 Ratios between UVB, (defined here as the region 280 - 320 nm) and UVA, (320
- 400 nm) for a total ozone value of 360 D (left-hand columns) and ratios
UVB,/UVA, for two ozone values 180 D and 360 D (right-hand columns) in
dependence of solar zenith angle © and surface albedo
(1) SMITH et al. (1992)

(2) this study

© | Albedo | UVB/UVA, for 0,=360 D | (UVB:UVA),, / (UVB:UVA,).
| n @ we [0 /@)
|| 45° 0.0 0.0454 0.0474 0.96 1.56 1.53 1.02
45° 0.5 0.0475 0.0475 0.92 1.58 1.52 1.04
" 45° 1.0 0.0511 0.0515 0.89 1.60 1.52 1.05
60° 0.0 0.0331 0.0346 0.96 .71 1.62 1.06 |
60° 0.5 0.0347 0.0376 0.92 1.73  1.62 1.07
60° 1.0 0.0374 0.0422 0.89 1.75 1.63 1.07
[C——— m%—_ —— — |

As an example, Fig. 10 shows some erythemal action spectra taken from different
references. The differences in the action spectra for one and the same effect result in
different amounts of calculated erythemal irradiance. They become greater for higher ozone
values and increasing solar zenith angle. Table 6 illustrates that the values of erythemal
irradiance using different action spectra can be a factor of more than 2 different from each
other, particularly with higher ozone values and greater zenith angles. It should be noted
here that two general types of erythemal action spectra exist. While the older erythemal
action spectra only refer to the UVB region with delayed tanning of the skin, the more
recent action spectra such as those of BGBI (1987) and CIE (1987) have a long tail, which
extends into the UVA and visible region, thus the latter include the effect of both immediate
and delayed tanning (e.g. AMBACH and BLUMTHALER 1993).

Some of the effects summarized in Table 5 depend much more on the ozone amount than the
erythemal radiation. Fig. 11 shows the percentage ratios between effective radiation
calculated for total ozone amounts between 0 D and 600 D and referred to the irradiance for
the ozone value of 300 D. While radiation in the whole UV region reaching the ground (UV
= UVA + UVB) does not show any substantial change with changing ozone amount, the
dependence of UVB radiation on ozone is remarkable. The latter is similar to that of
photokeratitis. Photoconjunctivitis shows the most pronounced dependence on ozone. For
example, an ozone decrease from 300 D to 100 D would enhance the radiation causing
photoconjunctivitis by more than 17 times, and if there were no ozone in the atmosphere, the
photoconjunctivitic radiation would be higher by a factor of 6280. Due to the non-linearity
of the dependence between ozone column and effective UV radiation the same absolute
ozone increase by 300 D from 300 D to 600 D results in a decrease of photoconjunctivitic
radiation by a factor of only 0.086.
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Table 5 Some effects of UV radiation to the biosphere and materials

Action Abbr. Comment |

Erythema ERY | inflammation, reddening and burning of human
|| skin
Photocarcinogenesis PHC | mutation of tissue resulting in skin cancer
documented for hairless mice
Pigmentation PIG | pigmentation of human skin
\ Photoconjunctivitis CON | painful inflammation of the conjunctiva, the tissue
coating the eyelid and part of the human eyeball
I
Photokeratitis KER | painful inflammation of the cornea of the eye in
primates
Bactericide response BAC | killing bacteria and viruses
Plant response PLR | damaging effect to proteins and DNA in plants
“ Suppression of photo- SPH | suppression of photosynthesis in plants
synthesis
DNA absorption DNA | absorption spectrum of desoxyribonucleic acid

Yellowing of plastics

YEL | yellowing of polyvinylchloride and polycarbonate ||

Table 6 Ratios between the values of erythemal global radiation calculated from action
spectra by different authors to erythemal radiation from BGBI (1987); for
comparison, photocarcinogenesis is also shown

Action spectrum 0,=250D 0, =400D
0 = 30° 0 = 60°

l ERY (BGBI 1987) (0.2688 W m?) | (0.03241 W m?)

ERY (COBLENTZ and STAIR 1934) 0.87 0.54 |
“ ERY (BERGER et al. 1968) 0.73 0.49

ERY (CRIPPS and RAMSAY 1970) 0.74 1.13 “

ERY (KOMHYR and MACHTA 1973) 0.70 0.47 ||
| ERY (DIN 1979) 0.79 0.56

PHC (CIE 1986) 0.95 0.93
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It is obvious that both components of global irradiance, the diffuse and direct radiation,
contribute to global irradiance in a different manner that is mainly affected by varying solar
zenith angle and wavelength. As wavelength decreases, the contribution of diffuse radiation
to global radiation increases due to increasing scattering of radiation by air molecules and
aerosol particles, while the contribution of direct solar radiation decreases at the same time
due to that scattering and due to stronger absorption by atmospheric ozone. That effect,
which is illustrated in Fig. 12, becomes more pronounced with higher zenith angles. When
we consider the effective radiation, the contribution of effective diffuse radiation to global
radiation is the greater, the more the spectral peak of the effective global radiation is shifted
to shorter wavelengths. This effect is caused by the increase in scattering of radiation with
decreasing wavelength. Fig. 13 illustrates the effect by showing the ratios of diffuse/global
radiation at different solar height angles h, = 90° - © for an average ozone amount of 300
D. Even if the sun is near the zenith, the diffuse solar radiation contributes (60 ... 70) % to
global radiation for clear sky. With increasing zenith angles the contribution of diffuse
radiation to global radiation further increases, until it reaches 100 % at zenith angles © >
80°.

4.3 Radiation Amplification Factors

A parameter used to describe the dependence of effective UV radiation on ozone column
amount is the Radiation Amplification Factor (RAF). We define the RAF as the percentage
increase in effective UV radiation Ey for a decrease of total ozone by 1 %. Fig. 14 shows
some RAF values for different values of total ozone. UVB and the effective irradiance for
all action spectra show RAF values between 0.5 and 4 %. It can also be seen that the RAF
values are not constant, but change with increasing ozone amount. For lower ozone values,
they increase with increasing ozone values, while the rate of increase becomes smaller with
higher total ozone values. Particularly those effects, whose action spectra fall off more
gradually at higher wavelengths, show a "saturation" effect with high total ozone, i.e. there
is no further increase or even a decrease of the RAF with a further increase in total ozone.
Fig. 15 demonstrates the changes in the RAF for different solar zenith angles. If the
dependence of effective UV radiation on ozone becomes small at high zenith angles and/or
high ozone values, because the action spectrum has a longwave tail, a further increase of the
effective absorber mass produces a lesser increase in the effective UV radiation than it
would produce for smaller absorber masses. While the changes in RAF with changing zenith
angles are small for zenith angles between 0° and 60°, they can change appreciably for ©
> 60°. Digital values of the RAF for two zenith angles are shown in Table 7. They were
determined for average conditions of ozone, strong aerosol load, clear sky and a surface
albedo of 5 %.
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Table 7 RAF values for O; = 300 D, A = 5 %, strong aerosol load, clear sky and two
solar zenith angles 6

'—Action si?ctmm RAF (6 =0°) | RAF (6 = 60°)
UVB (280 nm - 315 nm) 0.80 1.19
ERY (COBLENTZ and STAIR 1934) 1.63 1.83
ERY (BERGER et al. 1968) 1.52 1.77
ERY (CRIPPS and RAMSEY 1970) 1.12 0.72
ERY (KOMHYR and MACHTA 1973) 1.64 1.73
ERY (DIN 1979) 1.54 1.68
ERY (BGBI 1987) 1.32 1.28
| ERY (CIE 1987) 1.23 1.08
PHC (CIE 1986) 1.32 1.30
PIG (DIN 1979) 0.03 0.00 '
PIG (CIE 1986) 0.05 0.00
CON (DIN 1979) 2.54 3.12
KER (DIN 1979) 0.87 1.12
| BAC (DIN 1979) 2.33 2.48
| BAC (BELINSKU et al. 1968) 0.62 0.44 “
DNA (SUTHERLAND and GRIFFIN 1981) 1.58 1.60
DNA (SETLOW 1974) 2.27 2.30
PLR (CALDWELL 1971) 1.54 2.09
l| SPH (SMITH et al. 1980) 0.12 0.12 |
YEL PVC (ANDRADY et al. 1989) 0.22 0.22
UVS instrument (FEISTER et al. 1992) 0.38 0.47
UVB instrument (FEISTER et al. 1992) 0.79 1.11 I‘

In an attempt to calculate the photochemically active radiation, a number of photolytic
reactions have been selected that affect the photochemistry of the lower atmosphere. As solar
UV radiation in the troposphere depends on the ozone mass in the stratosphere, a decrease
of stratospheric ozone leads to higher photolysis frequencies, thereby accelerating the
chemical decomposition of a number of atmospheric trace gases in the troposphere. The
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RAF is defined anologously to the definition used for biological effects as the percentage
increase of the photolysis frequency resulting from an ozone decrease by 1 %, which starts
at 300 D. The absorption cross sections of gases and quantum yields of photolysis reactions
were taken from FINLAYSON-PITTS and PITTS (1986), except the temperature dependent
absorption cross sections of ozone, which are taken from BASS and PAUR (1985). The
temperature dependent quantum yield of ozone photolysis is based on the parameterizations
by DE MORE et al. (1983, 1985).

The calculations were carried out for a temperature of 20 °C. It should be noted, however,
that quantum yields of a few reactions are still uncertain or even not known. In the latter
cases, & = 1 was assumed. Whether this assumption is justified or not, would not affect the
RAF values, as long as & is not wavelength dependent. Table 8 shows the RAF values
determined for a number of photolysis reactions and two solar zenith angles (6 = 0° and ©
= 60°).

The greatest RAF values of 1.50 ... 1.96 within the range of zenith angles 0° < 6 < 60°
occur for the ozone photodissociation by UVB radiation

O, + hv -==~ 0 (D) + 0, ('A) A < 310 nm . 9

A reduction of stratospheric ozone by 1 % should thus lead to an increase of ozone
photolysis near the surface by 1.5 % to 2 %. This reaction with the subsequent reaction of
singlet O atoms and water

O ('D) + H,0 --- 2 OH (10)

accounts for about 40 % of the production of hydroxyl radicals in the free troposphere
(RIDLEY et al. 1992). Another 17 % and 3 % of tropospheric OH radicals are produced by
the photolysis of hydrogen peroxide (H,O,) and methyl hydroperoxide (CH,OO0H),
respectively. Both latter reactions are dependent on the overhead ozone column to a lesser
degree than the O, photolysis (Table 8).

Second greatest values of RAF = 1 can be seen for the photolysis of nitric acid (HNO,),
methyl nitrate (CH,ONO,) and acetaldehyde (CH,CHO). Some reactions such as the
photolysis of nitrogen dioxide (NO,), which is an important chain link in the tropospheric
ozone production in NOy rich environments,

0 (CP) + 0, - 0, ay

hardly depend on column ozone (RAF,,, = 0.02 ... 0.03).
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Table 8 Radiation Amplification Factors for photolytic reactions of trace gases as
determined from model calculations with O, = 300 ---> 297 D, A = 5 %, very
strong aerosol load and a temperature of 20 °C

- —

PHOTOLYTIC REACTION RAF RAF
6=0° 0=60"

0; + hy —> O('D) + 0,('A) ozone 1.50 1.96
| NO, + hy > NO + OCP) nitrogen dioxide 0.02 0.03

N,O; + hy ---> NO, + NO, dinitrogen pentoxide 0.31 0.32 —I
HONO + h» ---> OH + NO nitrous acid 0.00 0.02
| HNO, + hy —> OH + NO, nitric acid 0.93 1.00
I CH,;NO, + hv -—-> CH; + NO, nitromethane 0.29 0.32
C,H,NO, + hy —> CH; + NO, nitroethane 0.32 0.34

CH,ONO; + hy ---> CH,0 + NO, methyl nitrate 0.77 1.01 |
C,H,ONO, + h» > C;H,0 + NO, ethyl nitrate 0.4 0.55
H,0, + hy ---> OH + OH hydrogen peroxide 0.33 0.31
|| CH,00H + hy —> CH,;0 + OH methyl hydroperoxide 0.31 0.31
CH,00CH, + hy ---> CH,0 + CH,0 dimethy] peroxide 0.31 0.37
(CHp),COOC(CH,); + hy > 2 (CH,),CO di-tert-butyl peroxide 0.42 0.45
IJTICHO + h# -—-> H + HCO formaldehyde 0.36 0.43
HCHO + hy —> H, + CO formaldehyde 0.11 0.13
CH,CHO + hy -—-> CH, + HCO acetaldehyde 0.83 1.06
C;H,CHO + hv —> C;H; + CHO propionaldehyde 0.47 0.53

| n-CH,CHO + by —> n-CjH, + CHO n-butyr-aldehyde 0.41 0.49 |
|| iso-C,H,CHO + h» —>iso-C;H; + CHO isobutyraldehyde 0.38 0.42
| CH,COCH, + hy —-> CH, + CH,CO acetone 0.64 0.76
I_CiH,COC,H, + hy —> 2 CHs + CO diethyl ketone 0.78 0.92
| CH,COCH, + hy —> CH;CO + C,H, methyl ethyl ketone 0.67 0.74
CH,CO(CH,);CH; + hy —> 7 methyl-n-butyl-ketone 0.61 0.76
H,0, + hy ---> OH + OH (liq.phase) hydrogen peroxide 0.38 0.37

HONO + hy —-> OH + NO (lig.phase) nitrous acid 0.05 0.02 —’I
HNO; + hy —> OH + NO, (lig. phase) nitric acid 0.93 1.00
NO, + h# —> (NO;)'—-> NO + OH + OH nitrite ion 0.02 0.06
NOy; + hy > NO; + O nitrate ion 0.46 0.60

—> NO, + O 1
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4.4 Photolysis of ozone

Photolysis frequencies of the ozone photolysis according to eq. (9) were compared with
modelled and measured values taken from other authors. A comparison of the dependence
of the calculated ozone photolysis frequencies on column ozone is shown in Fig. 16. The
calculated photolysis frequencies, even those with a high albedo of 80 % and weak aerosol
absorption, decrease with increasing total ozone in a very similar way as do the results
obtained by BLACKBURN et al. (1992), but the absolute level of photolysis frequencies in
this study is somewhat lower than that shown by the results of BLACKBURN et al. (1992),
even if we assume a high surface albedo of 80 % and weak aerosol load in our calculations.
On the other hand, filter radiometer measurements of ozone photolysis carried out by
HOFZUMAHAUS et al. (1992) during a ship’s expedition over the Atlantic Ocean in 1988
provide results that are similar to the results of our model calculations, but show a slightly
different dependence on total ozone than the model calculations. At least part of the
observed differences can be explained by the approximation of the effective absorbing ozone
mass, i.e. the product between total ozone (in Dobson) and the relative slant path through
the ozone layer. To a rather crude approximation the latter is sometimes replaced by sec ©.
Such an approach of an effective ozone mass would be justified for direct sun radiation,
because in that case the Lambert Bouger law is valid. However, for global radiation it is not
necessarily applicable. As an illustration, Fig. 17 shows results of a model run, in which
only the solar zenith angle was varied and total ozone was held at a constant value of O; =
300 D. The model results compare much better with the measurements of Jo,, which reflect
to a greater extent the variation in © than the variation in column O,. Comparisons between
model calculations and measurements should, therefore, preferably be made separately for
definite total ozone values and zenith angles. Despite the uncertainties inherent in the
measurements and the model as well as the uncertainties of input parameters to the model
calculation, the differences between model simulation of Jo,p, and the results of
measurements given in two different polynomial parameterizations by HOFZUMAHAUS
and BRAUERS (1991) and HOFZUMAHAUS et al. (1992) are small (Fig. 11).

Using the described model, the dependence between O, photolysis frequency and
temperature turns out to be approximately linear in the temperature range -30 °C ... +30
°C. A temperature increase of 1 °C results in an increase of Jo,p of 0.95 %. Fig. 18
compares the ratios of J,,, determined at the temperature t and the corresponding value for
t = 0 °C with results obtained by DICKERSON et al. (1982) and BLACKBURN et al.
(1992). It can be seen that the results of the model described here are between the results of
the temperature dependence of J,;, from both groups of authors.

The dependences of Jo,5 on total ozone and on height are shown in Fig. 19. A temperature
decrease from 20 °C at ground level to -10 °C at a height of 5 km is chosen in the
calculations. It can readily be seen that J,,, depends much stronger on ozone than on height.
The change of Jo,, with height is most pronounced in the lowest height layer from 0 km to
1 km, where the photolysis frequency almost doubles, and the increase of Jyp, is reduced to
(3 ... 7) % in the layer 4 to 5 km.
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5 Latitudinal and seasonal variation of effective solar radiation

The model was used to determine the latitudinal and seasonal distribution of the biologically
effective global UV radiation reaching the ground at sea level. The calculations were made
for the 15th day of each month in time steps of 10 minutes from sunrise to sunset.
Monthly and zonal averages of cloudiness were taken from MATVEEV and MATVEEV
(1984), and total ozone values were taken from PEROV and KHRGIAN (1985) as input
values to the model calculation (see Fig. 20). It should be noted that the parameterization of
cloud cover by a cloudiness factor

F=1-056"C, 12)

with C, being the cloud cover in tenths (0 ... 1) in the original model version is an average
curve of UV radiation measurements published by BUTTNER (1934). While AMBACH et
al. (1991) determined a smaller reduction of UV radiation due to clouds by a similar relation

F=1-04-C, (13)

from UV radiation measurements taken on the mountain Jungfraujoch, BAIS et al. (1993)
found a non-linear relation of the cloud factor from Brewer spectrometer measurements (290
- 325 nm) taken at Thessaloniki in Greece for 6 = 50°

F=1+006C, - 002 Cj 14

with the cloud cover 3 < C; < 8, and F = 1 for C; < 2. Fig. 21 compares the three
curves of cloudiness factors. It should be noted that the three parameterizations can only
reflect average conditions, while in individual cases deviations from these curves occur due
to different optical thicknesses of the clouds (DEHNE 1988). For example, opaque
cloudiness can reduce global UV irradiance down to ~ 10 % of its clear sky value
(FEISTER 1991). In addition to that, it is important for global UV radiation, whether the
sun is obscured by clouds, or whether it is not. In the calculations described here the cloud
factor by BUTTNER (1934) was used.

The results of the calculations for erythemal irradiation on the 15th day of each month (daily
totals) at 4 latitudes (75°, 55°, 35°, 15° N) are shown in Fig. 22 for clear sky and for
latitudinal and seasonal averages of cloud cover. Due to the increasing absorption of
erythemal radiation with increasing solar zenith angles, its seasonal variation is much higher
at high latitudes than at lower latitudes. The Minimal Erythemal Dose (MED) needed to
produce a faint reddening of the skin is between 210 and 750 (J m?)gry depending on the
skin type (BGBI, 1987). Fig. 22 shows that even for average cloudiness the MED is
exceeded several times per day in the tropics and subtropics during the whole year, and to
a lesser degree at mid- to high latitudes during the summer months. As the seasonal
variation of total UV radiation (A < 400 nm) and also of visible radiation is smaller than the
variation of the effective radiation, the ratios between effective radiation affected by
atmospheric ozone, and total UV radiation, which is nearly independent of ozone, should
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hardly vary at low latitudes, but should show substantial seasonal changes at higher latitudes.
Figures 23 a and b show the seasonal variations of the ratios between erythemal radiation
and UV radiation as well as between plant damaging radiation and UV radiation. Similar
seasonal changes can be expected to occur for the ratios between plant damaging radiation
and photosynthetic active radiation (PAR).

It is interesting to look at the effects that occur in the effective radiation due to the pattern
of the natural global ozone distribution and the distribution of cloudiness. As an example of
those effects, Fig. 24 shows the global distribution of UV radiation effective for plant
response (PLR) modelled for average conditions. It is noted that the ozone distribution is
based on ozone observations carried out before 1980, so the Antarctic ozone "hole" is not
included in the observations. Despite that anthropogenic effect, which became obvious
during the eighties, the natural conditions of ozone and cloudiness lead to somewhat higher
levels of calculated UV radiation in the Southern hemisphere as compared to the Northern
hemisphere. The effect of ozone and cloudiness can be seen in Table 9, which shows the
zonal average ratios of UV radiation between the Northern and Southern hemisphere. The
ratios for UVA and clear sky conditions between Northern and Southern latitudes are equal
to 1, except for the latitude belt of 60° to 70°, where it was assumed in the calculations that
the surface is covered with snow or ice, while it was assumed to be ice free in the Northern
hemisphere in summer. The cloud cover being smaller in the Northern than in the Southern
hemisphere, except over the Antarctic continent, leads to (10 ... 15) % higher values of
UVA in the Northern as compared to the Southern hemisphere. Tropical regions are an
exception, because the ozone values in the tropical belt of the Northern and Southern
hemisphere are very similar. When we look at the UVB region, the results are quite
different. The average ozone values are greater in the Northern than in the Southern
hemisphere leading to higher values of UVB radiation for clear sky in the Southern
hemisphere as compared to the Northern hemisphere. It is noted again that latitudinal
differences in the vertical ozone distribution are not taken into account in our calculations.
The combined effect of cloudiness and ozone results in average values of UVB radiation that
are around 10 % higher in the Northern hemisphere. An exception are high latitudes where
the Southern hemisphere should receive more UVB radiation even for "undisturbed"
conditions due to a lesser ozone amount. The photoconjunctivitic radiation also shown in
Table 9 is more affected by ozone variations than the UVB radiation, but it is affected by
clouds to the same extent. Therefore, even for cloudy conditions the ratios of CON radiation
between Northern and Southern hemisphere are stronger influenced by the ratios of ozone
than those of clouds.

Fig. 25 shows the percentage increase in plant response that can be expected for an ozone
decrease by 10 %. The irradiaton effective for plant response would increase by 18 to 20 %
in the tropics and up to 40 % at high latitudes in winter. The greatest absolute increase can
be expected to occur at low latitudes, where the natural radiation level is highest.
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Table 9 Ratios between global radiation at x degrees northern latitude and y degrees
southern latitude for clear sky and for average cloudiness

UVA UVA UVB UVB CON CON
clear sky

85°N/85°S
75°N/75°S

65°N/65°S | 1.00 1.18 0.96 1.11 0.96 1.10

55°N/55°S 1.00 1.17 0.95 1.10 0.88 1.01
| 45°N/45°S 1.00 1.17 0.97 1.14 0.93 1.09
l 35°N/35°S | 1.00 1.14 0.95 1.09 0.85 0.98
25°N/25°S | 1.00 1.10 1.01 1.11 1.01 1.11
15°N/15°S
| 5°N/ 5°S

Latitudinal and seasonal changes were also calculated for other effects. While the erythemal
and photocarcinogenic radiation show increases by 18 % at low latitudes throughout the year
and 20 % at high latitudes in winter, when ozone is decreased by 10 %, the
photoconjunctivitic radiation reveals the highest increase by 30 % in the tropics and
subtropics, and up to about 60 % at high latitudes in winter.

The results of calculations for all biological effects considered cannot be shown here. Table
10 shows a summary of the percentage increases in the average daily totals of effective UV
radiation determined by model calculations for an ozone decrease by -(3 ... 5) % , which has
occurred at mid-latitudes of the Northern hemisphere from 1970 to the present (WMO
1992). Increases in biologically effective irradiation are between 4 and 25 % . A decrease of
ozone by 50 %, which has occurred in the months September and October over the Antarctic
continent since the mid-seventies (STOLARSKI et al. 1992) should have resulted in an
increase of irradiation by 120 % and 880 %. The non-linearity in the changes of effective
UV radiation can be recognized in Table 10.

A comparison between the Tables 7 and 10 clearly shows that the results of the model
calculations are different from those that would have been obtained by using only RAF
values to estimate the effects of ozone decreases for the effective irradiance.
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Table 10 Percentage increase of effective UV radiation for a change of total ozone by
- (3 ... 5) % at mid-latitudes in individual months and -50 % in the Antarctic in

September/October
0; = -3 ... 5) % at mid-latitudes | O, = - 50 % in the Antarctic =
UVB 4..10 120 ... 280
" ERY 5...10 190 ... 220
| PHC 6..10 210 ... 230
CON 11...25 710 ... 880
KER 4..8 120 ... 170
BAC 8..20 460 ... 510
PLR 7...20 320 ... 470
YEL PVC 1...2 30 ... 45

6 Higher effective irradiation at mid-latitudes in 1992 and 1993
6.1 Effect of low ozone values

Total ozone measurements in large regions of the Northern hemisphere showed extremely
low values in 1992 and in 1993. We will not discuss the possible causes such as the eruption
of Mt. Pinatubo on Northern Luzon in the Philippines in 1991 and the abnormal atmospheric
circulation in 1992 and 1993 (e.g. PITARI and RIZI 1993), but only try to estimate the
enhancements of effective UV radiation as a consequence of the low ozone values. Figures
26 and 27 show the daily ozone values measured at the Potsdam Observatory in 1992 and
in 1993. Long-term averages of ozone and its standard deviations ¢ are also shown. They
were determined from TOMS satellite data for Potsdam, because the long-term record of
ground-based ozone observations using Dobson spectrophotometers at Potsdam for the period
1964 to 1990 is being re-evaluated and can, therefore, not yet be used for that purpose. It
can be seen that total ozone values at Potsdam are below the long-term average minus 1 ¢
for most of the time in 1992 and 1993, and even below the average minus 2 ¢ in shorter
time periods. Extremely low ozone values were observed in January 1992 and February
1993. The monthly mean ozone value in January 1992 was 20 % below the long-term
average, and the monthly mean ozone value in February 1993 was almost 30 % below the
long-term average.

Two model runs were performed using in the first run the long-term monthly mean values
of total ozone and in the second run the monthly mean values of total ozone for the
individual months in 1992 and 1993. Under the assumption that only the ozone values have
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changed and the other atmospheric conditions, particularly cloudiness and turbidity, have
remained the same, the ratios between the values of UV irradiation calculated for actual and
average conditions provide estimates of the changes in the UV irradiation. Figure 28 shows
the calculated ratios of UV irradiance for 1992 and 1993 as compared to the radiation for
long-term averages of ozone and clear sky. Greatest increases in the effective UV radiation
can be seen in the winter months of January and February, but the summer months also
show values of the effective irradiation higher than the long-term mean by 10 to 30 %. It is
obvious that the summer months are of particular importance to the annual total UV
irradiation at mid-latitudes, because they contribute the greatest portion to the annual total.
To quantify this well-known observation the percentage contribution of the effective
irradiation in individual months to their annual totals was calculated. Fig. 29 shows that the
effective UV irradiation at 50° N during the half-year period from April to September
contributes (89 ... 94) % to the annual total irradiation, while the irradiation for the whole
UV region (A < 400 nm) during the summer period contributes only 76 %. At higher
latitudes the contribution of effective UV irradiation during the summer period is still
higher. At 75° N the contribution of clear sky irradiation to the annual total in the period
April to September is (98.8 ... 99.8) % for the effective irradiation and 94 % for total UV
irradiation (Fig. 30).

6.2 Combined effect of ozone and cloudiness

It is obvious that the ratios between the actual UV irradiation in 1992 and 1993 on the one
hand, and their long-term averages on the other hand can have been affected not only by
ozone, but also other atmospheric conditions, in particular cloudiness and aerosols, in both
years. To assess the effect that cloudiness did exert on UV irradiation in 1992 and 1993 we
did not use one of the cloud parameterizations (12) to (14), but applied another approach.
This approach, which accounts for possible changes of aerosols, takes advantage of the
records of measurements of global UVA® irradiance (315 ... 391) nm) (FEISTER et al.
1992, FEISTER and GRASNICK 1992) taken at Potsdam. It is mentioned that UVA is
almost independent of atmospheric ozone, but is affected by clouds and aerosols in a similar
way as the biologically and chemically effective UV radiation, because scattering and
absorption of radiation by aerosols and clouds are only weakly dependent on wavelength.

Ratios between monthly averages of UVA measured in 1992 or 1993 and their long-term
averages should reflect the effect of cloudiness and aerosols on global UV irradiance, e. g.

UVionn

C = (15)

UVIWB—IQ‘}I

that can be used as correction factors to the effective UV radiation simulated with the model

3n this case, UVA means the wavelength region of filter instruments with the effective
halfwidth of 315 to 391 nm.
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for clear sky conditions. As the UV irradiance measurements at Potsdam do not date back
to 1978, 1.e. UV g5 109, does not exist, we used the ratios between measured UV radiation
and total global radiation G (380 - 2800 nm), which has been recorded at Potsdam for more
than six decades, to determine the cloud correction factors

C = UVIWZ . GI%S—IWZ ) (16)
UV[%B—IM G19':-'s-199|

Equations (15) and (16) can analogously be applied to 1993. The ratios between total global
irradiation in 1992 and 1993, respectively, and the long-term average (1978 - 1991) are
shown in Fig. 31. It can be recognized that the values of total global irradiation during the
first three months of 1992 were by 10 to 20 % lower than their averages, while they were
higher than the average up to 30 % from May to July 1992,

The modelled ratios of UV irradiation including the cloud effect are shown in Fig. 32. It can
be seen that the anomalies in cloud cover enhanced or diminished the UV irradiation
depending on the time period. For example, in the spring and early summer of 1992 the
cloud cover, which was lower than normal, led to further enhancement of the global UV
irradiation, which was already above normal, with the result that UV irradiation from May
to July 1992 and in September 1992 was by (30 ... 50) % higher, and in March and April
1993 it was by even (40 ... 80) % higher than the long-term average. In the winter months
January to March of 1992 and in February 1993, clouds with amounts higher than normal
reduced the effect of low ozone values on UV irradiation at the ground.

Estimates of the annual totals of effective UV irradiation are given in Fig. 33. Due to the
much higher contribution of irradiation received in the summer months to the annual totals,
the ratios between annual totals in both years to the long-term averages are very similar to
the results obtained for the summer months. For clear sky conditions the annual totals of
effective UV irradiation are by (8 ... 26) % and by (12 ... 32) % higher than the long-term
average in 1992 and in 1993, respectively, due to lower than normal ozone values. The
cloud cover modulated the ozone effect to UV radiation. While in 1992 lower than normal
cloud cover further enhanced the UV irradiation to (11 ... 32) % above the average, the
greater than normal cloud cover in 1993 reduced the ozone effect with values of effective
UV irradiation being only (4 ... 22) % higher than the average.

For those biological actions that depend on ratios of irradiance in different spectral regions
the effect of ozone (without the cloud effect) can also be important. An example for that is
the UV radiation causing plant damage (PLR). It is enhanced, when atmospheric ozone
decreases. If cloud cover decreases at the same time, UV radiation is further increased.
Photosynthetic active radiation in the visible region is increased due to a diminished cloud
cover. These changes in the irradiation levels of both spectral regions create conditions for
the plants different to those, when only the irradiance responsible for plant damage would
shift. An increase in cloudiness might thus more than balance the adverse effect of
decreasing ozone values to the plant, even if the UVB radiation is increased due to
diminished ozone values.

The model can also be applied to determine predictions of the expected effective UV
irradiance, if forecasts of the atmospheric ozone value, cloud cover and turbidity are
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available, To show the expected variability due to ozone variations we consider the
erythemal irradiation at one site on a cloudless mid-summer day at 52° N. Fig. 34 shows the
erythemal irradiation expressed in MED per hour (1 MED = 250 (J m?)gry) calculated for
the station Potsdam for three different ozone values that are 1 ¢ and 2 o apart from the long-
term average ozone value of 372 D for June. The daily totals of "accumulated" MED are
between 12.6 MED for the ozone average value of 372 D and 15.2 MED for the extremely
low ozone value 316 D. If we consider only the four noon hours from 10.00 to 14.00 local
time, the corresponding figures are 6.9 MED for the ozone average, 7.6 MED for the
average minus 1 ¢ and 8.4 MED for the average minus 2 ¢ ozone value, i.e. 1.5 MED more
than the average number of MED on cloudless days can be expected to be incident on a
horizontal surface during the four hours around noon time in cases with extremely low ozone
amounts. It is mentioned that the calculated hourly values of the MED refer to skin, which
is not pre-radiated, i.e. they do not include an adaptation effect, which can occur by
thickening of the epidermis as a result of UVB radiation.

The relative enhancement in erythemal irradiation due to diminished ozone values is shown
in Fig. 35. It can be readily seen that the relative enhancement is greatest around noon time
and decreases in the morning and afternoon hours. The maximum relative enhancement of
erythemal UV irradiation is 10 % for ozone values, which are lower by 1 o than the average
ozone, and it is 22 % for ozone values, which are lower by 2 o than the average ozone.
These numbers correspond to a RAF value of about 1.2, in close correspondence to the
result given in Table 7 for small zenith angles.

An impression of the spatial differences, which can be expected on a sunny day in June
within Germany for erythemal irradiation, can be gained from Fig. 36. This Figure shows
the number of MED per hour at the three sites Westerland on the island of Sylt in the North
Sea, Potsdam near Berlin in the central part and Hohenpeissenberg south of Munich in the
southern part of Germany. The sites are at the latitudes of 54.9° N, 52.4° N and 47.8° N.
The distance between Potsdam and Westerland is 422 km, and between Potsdam and
Hohenpeissenberg it is 813 km. While the stations Westerland and Potsdam are almost at sea
level, the height of the site Hohenpeissenberg is 975 m asl. Average ozone values in June
for Hohenpeissenberg (346 D) and Potsdam (372 D) were taken from the records of
observations, while for Westerland the average ozone value from TOMS ozone data for
Copenhagen (373 D) was applied (ERICKSEN 1993). The higher irradiation at Westerland
as compared to Potsdam is due to the lower aerosol optical thickness, which was used as
input to the model calculation to account for the cleaner air there. If we had used the same
optical thickness for both sites, the UV irradiation at Westerland would have been slightly
smaller than at Potsdam due to the greater solar zenith angles at Westerland. The resulting
difference in erythemal irradiation between Potsdam and Westerland amounts to about 2
MED, i.e. 17 %. A bigger difference of more than 5 MED can be seen between the
irradiation calculated for Potsdam and the one calculated for Hohenpeissenberg. This
difference is due to the lower latitude and the higher elevation of the latter site.

In the preceding chapter, examples of the latitudinal and seasonal variations of the
biologically effective irradiation were given, while variations of atmospheric ozone in time
at one site have been the focus of this chapter. As an example of the spatial variations, Fig.
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37 shows the erythemal irradiation that travellers from Germany to other regions of the
globe can expect to receive. The hourly totals of UV irradiation for Potsdam on a cloudless
day are compared to the results obtained for a site at 40° N, which should reflect the
conditions in the Mediterranean region (Spain, Italy, Greece etc.) in the middle of June and
for the latitude of 15° N (South East Asia, Africa, Carribean etc.) on January 1. It can be
seen that travelling from 52° N to 40° N in June results in an increase of the daily
erythemal dose by more than 5 MED (41 %). Due to the higher sun angle at noon at 40°
as compared to 52° N, the values of erythemal irradiation in the four hours around noon are
even 51 % higher at 40° N (10.6 MED from 10 to 14 local time) than at 52° N (7.0 MED
from 10 to 14 local time). A similar daily variation of erythemal UV irradiation, though
with a lower amplitude, as at the latitude of 40° N in the middle of June occurs at 15° N in
the beginning of January. The daily total erythemal irradiation with 12.4 MED at 15° N in
January is similar to the erythemal dose at 52° N in June, but during the 4 hours around
noon time 27 % more erythemal irradiation is received at 15° N as compared to 52° N (8.9
MED at 15° and 7.0 MED at 52°). Calculations of this kind are considered to be useful to
provide advice to travellers, who plan to visit places at other latitudes. Combined with
additional recommendations about the reasonable behaviour of people, the values of
biologically effective radiation, or parameters derived from them such as a UV index (e.g.
WEATHERHEAD and McNEELY 1994), can help to reduce the risk of adverse effects to
the skin and the eyes. This is of particular importance for people who live outside the
tropics, if they travel to low latitudes in the winter and spring months, when their skin is not
adapted to high levels of UVB radiation.

7 Measurements of spectral UV irradiation

Measurements of spectral UV irradiance with MKII Brewer spectrophotometer #30 were
used to determine effective irradiances at Potsdam. The Brewer instrument has been used for
regular global UV irradiance measurements at Potsdam since August 31, 1993. Spectral
scans in the region 290 to 325 nm are made at fixed solar zenith angles, which correspond
to time differences between consecutive individual spectral scans of about half hourly
intervals from sunrise to sunset. The spectral stepwidth is 0.5 nm with a spectral resolution
(full width at half maximum) of 0.5 nm. The calibration of the instrument as well as results
of comparisons with other Brewer spectrophotometers and with different types of
spectroradiometers as well as with model calculations are described in detail by FEISTER
and DEHNE (1994).

Daily totals of the erythemally effective irradiation derived from the Brewer measurements
with the erythemal action spectrum by CIE (1987) for the period 31 August 1993 to 16 April
1994 are shown in Fig. 38. As the spectral range of the Brewer instrument ends at 325 nm,
the remaining part of erythemal radiation contributed by UVA radiation, which is on the
order of about 8 % for low ozone values and small zenith angles and 30 % for high ozone
values and greater zenith angles, is extrapolated from the spectral irradiances measured in
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each scan at wavelengths A < 325 nm. This drawback of the instrument does not apply to
effects with action spectra such as photoconjunctivitis that do not have long-wave tails. The
irradiation is given here in daily numbers of MED for a threshold value of 1 MED = 230
(J m?)ggy. In addition to the measured irradiation, Fig. 38 also shows the results of model
calculations, which were carried out for the 15th day of each month, for clear sky conditions
and the long-term monthly mean values of ozone. The resulting modelled values of
erythemal irradiation were interpolated for each day of the month (dashed curve). Both the
seasonal variation due to solar zenith angle and the high day to day variability due to
cloudiness, atmospheric ozone and aerosol load can be recognized in the erythemal
irradiation. Triangles designate those days with ratios between diffuse and global total
irradiation less than 0.3, i.e. days with a high percentage of direct solar radiation. Peak
values in the measured erythemal irradiation are mainly caused by small amounts of
cloudiness and/or low ozone values. For illustration, the curve on top of Fig. 38 shows the
ratios between daily mean values of atmospheric ozone as measured by Dobson
spectrophotometer #71, and long-term mean values of ozone at Potsdam. Triangles are used
again to designate days with ratios of diffuse/global total irradiation of less than 0.3. It can
be seen that the majority of peaks in the erythemal irradiation occur on days with low ratios
diffuse/global irradiation and/or low ozone values, but that there are also a few occasions
when this is not the case. The ozone effect on the effective UV irradiation can be recognized
somewhat more pronounced in the photoconjunctivitic irradiation, which is shown in Fig.
39, because this effective UV radiation is more weighted by the irradiances of shorter
wavelengths than the erythemal radiation.

It is important to note that the model calculations are in some way idealised, because they
were made for only one average turbidity and for the monthly mean ozone values.
Furthermore, it must be taken into account that cloudiness affects UV irradiance in a
different way than it affects total global irradiance. Even if two days show the same ratio of
diffuse to global total irradiation, differences in the diurnal variations of the clouds on both
days can affect the hourly values of UV irradiance in a different manner with the result that
differences in the daily sums of UV irradiation occur. Finally, the total ozone amount can
change over the day, and daily mean ozone values are determined from measurements,
which need not be evenly distributed over the day. All these factors contribute to the
uncertainty of the model results. Nevertheless, despite these uncertainties, which have to be
considered, the calculations are thought to provide useful approximate estimates for the
biologically effective UV irradiation for average atmospheric conditions with clear sky.
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8 Conclusions

A modified version of the basic UV radiation model by SCHIPPNICK and GREEN (1982)
was applied to calculate effective irradiances for a number of biological actions and the
photolysis frequencies of some chemical reactions. Measured values of extraterrestrial
radiation and ozone absorption coefficients instead of the parameterizations in the original
model were used. Differences between the results of the model calculations presented here
and other models can, at least in part, be traced back to these modifications in the model.
A comparison between model calculations and spectral measurements as well as broad-band
filler measurements shows differences on the order of ~ 10 %. They are due to
uncertainties in the input values as well as parameterizations applied in the model, and
uncertainties in the measurements including the calibration of instruments.

Radiation Amplification Factors for some biological effects and chemical reaction rates were
determined. Their non-linear changes with atmospheric total ozone and solar zenith angle
illustrate the ranges in which they can be assumed to be approximately constant.

RAF values, which were calculated for a number of photolysis reactions, show the greatest
values for the photolysis of ozone, nitric acid, acetaldehyde and methyl nitrate. The RAF
values for a specific action mainly depend on the ozone amount and solar zenith angle.
Though there are certain ranges in total ozone and zenith angles, for which the RAF values
of biological and chemical actions can be assumed to be nearly constant, the consequences
of ozone changes to the effective radiation can better be determined by direct model
calculations.

The differences between modelled values of the O, photolysis frequency and measurements
taken from the literature are small, as soon as the total ozone value and the zenith angle are
used separately instead of using the effective ozone mass (O, . sec ). It is also shown that
total ozone affects the photolysis rate of O, and other gases having similar RAFs much more
than their variation with height.

Model calculations carried out to estimate the consequences of the extremely low ozone
values observed at mid-latitudes in 1992 and 1993 on the effective UV irradiance showed
enhancements of about 10 to 30 % in the annual totals referred to the long-term mean values
for clear sky conditions. If the cloud effect is taken into account, the enhancement in
effective UV irradiance is even slightly higher in 1992 than the enhancement calculated for
cloudless conditions, but it is reduced by the clouds to 5 to 20 % above normal in 1993,
A combination of model calculations and broad-band UV measurements can thus be helpful
in providing estimates of the actual levels of global UV irradiance. It will be interesting to
see, whether future measurements of spectral solar UV radiation will reflect the changes that
are predicted by the model simulations. First results of measurements of the spectral UV
irradiance at Potsdam are encourageing in that respect.
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Annex

Algorithm to determine solar zenith angle § and excentricity factor 1/ R? sun/earth
(after Sonntag 1989)

B latitude (°) TEH: time equation (h)

L longitude (°) ZT: zonal time (h)

L, longitude of time zone (°) TST: true solar time (h)

Y, M, I year, month, day UTC = ZT - L;/15 (h)

UTC universal time coordinated (L, = 0°) ZT = TST-TEH - L/15 + L,/15
TEH = TE/15 (+ 359)

1. Day number from January 1, 2000, 12 h

n = INT365252000-1) + INNCZEM) - vp® > M) o 1 - vn® ”"‘Jum'ml“2 -“m%a +1-315 + YT€
’ 9 12 12 3 ' 24
2. Geometric, geocentric average longitude of the sun including aberration (°)
L. = 280.458532° + 0.985647323 n + 0.79”
3. Average anomaly of the sun (°)
My = 357.5277233 + 0.985600279 n + 0.10”
4. Numerical excentricity of the earth’s path (rad)
e = 0.016709114 - 1.1473 . 10° n +2.10°
5. Average curtosis of the ecliptic (°)
€, = 23.4392811 - 3.56035 . 107 n + 0.001”
6. Geocentric, ecliptical longitude of the sun (°)
l _ 180 - 5 2 - 60 455‘1!
O'LOJ'T&ES’-“MO*E& sin 2M) + 60.
7. Geocentric rectascension of the sun (°)
cos €, sin Ag + 655"




8. Geocentric declination of the sun (°)

sin & = sin €, sinle

9. Time equation (°)
m = LO - ao

10. Hour angle of true sun (°)

ro=15(m+1—1;5+m¢12)
11. Azimuth of the sun (°)
- sin ¢
tan ag, = ©
cos B tan & - sin B cos #;

12. Zenith angle of the sun (°) 6 = 90° - hq

sinho=sinB sin 8 + cos B cos & cos t,

13. Radiusvector Earth/Sun in Astronomical Units (Excentricity 1/R?)

1 3 e?

4
3
R=1+—-e>-(e-2e*cos M, - (5= - £) cos 2M~ - = 3 cos 3M. - &
2 ( 8 ) © (2 3) © 3 © 73

j: 3579

+ 45”7

+ 45"

+ 77"

:I: 55”

84
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Fig. 1 Cosine error of the spectrometer OL 752/10
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Fig. 2 Nominal sensitivities of the filter instruments UV-S (solid line), UV-L (dashed line)
and UV-B (dotted line). The latter instrument was not used in the intercomparison.
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Fig. 3 Ratio between a measured spectrum and the corresponding model calculation for May
15, 1992 (6 = 33.410°, 0, = 336 D, 7350 = 0.7, A = 5 %)
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Fig. 5 Measured and modelled irradiance for UV-S on May 15, 1992
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Fig. 8 Modelled clear sky global UVB radiation (280 < N < 315 nm) as compared to
calculated irradiances from other models
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GERSTL et al. (1983), O, =278 D, A = 0 %, Ti5, = 0.0
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DAVE and HALPERN (1976), O,= 280 D
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Fig. 11 Ratios between effective UV radiation for changing total ozone values referred to the
radiation at O; = 300 D (© = 60°, A = 5 %, strong aerosol load, clear sky)
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Fig. 12 Ratios between diffuse and direct solar irradiance for different solar zenith angles
(from top to bottom) © = 75°, 60°, 45° and 30° (O; = 300 D, very strong aerosol

load, clear sky)
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Fig. 13 Percentage ratios between diffuse and global radiation for some effects in
dependence on solar zenith angle (O, = 300 D, A = 5 %, very strong aerosol load);
for comparison, spectral characteristics of UV radiation instruments are shown
000 photoconjunctivitic radiation (DIN 1979)
aaa plant response (CALDWELL (1971)

000 erythema (CIE 1987)

®e®e sensitivity of the UV-S instrument (FEISTER et al. 1992)
A a a suppression of photosynthesis (SMITH et al. 1980)

* * *  gensitivity of the UV-L instrument (FEISTER et al. 1992)
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Fig. 14 Radiation Amplification Factors (RAF) for some biological effects of UV
radiation (6 = 0°, strong aerosol load, clear sky) in dependence on ozone
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Fig. 15 Radiation Amplification Factors for some biological effects at different zenith angles
(O, = 300D, A =5 %, strong aerosol load, clear sky)
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Fig. 16 Ozone photolysis frequencies in dependence on overhead column ozone for a zenith
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angle of © = 60° and a temperature of t = 20 °C
000 1 this study, A = 5 %, very strong aerosol load: J,,, = 0.12061 . O, 55

A4 A 2 this study, A = 5 %, weak aerosol load: Joip = 0.16164 ., O, 81872
mmm 3 this study, A = 80 %, very strong aerosol load:Jy,p, = 0.21476 . O, 8136
® e e 4 this study, A = 80 %, weak aerosol load: Joip = 0.48515 . O, 18570

000 5 BLACKBURN et al. (1992)

*x% 6 measurements by HOFZUMAHAUS et al. (1992) according to their relation
Joip = exp {-8.02-8.8. 107 . O;sec © + 3.4 . 10% . (O, sec )}
(given for t = 22 °C and 28° < © < 60°, calculated at © = 60°)
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Fig. 17 O, photolysis frequencies in dependence on the effective ozone mass O, . sec ©
000 this model calculated for constant O; = 300 D and varying zenith angle ©
(A = 5 %, strong aerosol load, temperature t = 20 °C)
ooo  results of measurements by HOFZUMAHAUS and BRAUERS (1991):
Jop = 1.74 . 10* exp {-5.87 . 10° . O, . sec B}
*%%x results of measurements by HOFZUMAHAUS et al. (1992) according to the
parameterization given in Fig. 16
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Fig. 19 Modelled photolysis frequencies of ozone Jo,p, in s for a solar zenith angle of

© = 30°, heights between 0 and 5 km, and total ozone values from 100 to 600 D

(A =5 %, clear sky, strong aerosol load)
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Fig. 26 Total ozone values from Dobson and Brewer measurements taken at Potsdam in
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are shown for comparison.
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LATITUDE

Fig. 24 Zonal and seasonal distribution of the effective global irradiation (J m?)p,

producing plant response (CALDWELL 1971) modelled for average conditions of
total ozone (natural levels) and cloudiness (see Fig. 20)
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Fig. 25 Zonal and seasonal distribution of percentage changes in plant response for a
reduction of total ozone by 10 %
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Fig. 27 As Fig. 26, but for 1993
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Fig. 28 Ratios between daily totals of effective UV irradiation (clear sky) modelled for
monthly averages of total ozone at Potsdam in 1992/93 to the UV irradiation
modelled for long-term averages of ozone (left-hand scale) and ratios of monthly
averages of ozone measured in 1992/93 to the long-term averages of monthly means
(determined from TOMS satellite data for Potsdam, version 6, 1978 - 1991,
MCcPETERS 1992) (right-hand scale)
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Fig. 29 Percentage contribution of monthly totals to the annual total UV irradiation
modelled for 50° N, average ozone and clear sky
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Fig. 30 As in Fig. 29, but for 75° N
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TOTAL GLOBAL IRRADIATION POTSDAM
RATIOS 1992, 1993 to 1978-1991
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Fig. 31 Ratios between measured monthly totals of global irradiation (380 - 2800 nm) in
1992, 1993 and long-term mean values (1978 - 1991)
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Fig. 32 Ratios between modelled effective irradiation for 1992, 1993 and the long-term
averages of effective UV irradiation including the effects of changing ozone, cloud
cover and aerosol load
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Fig. 33 Ratios between annual totals of effective UV irradiance in 1992 and 1993 referred

to the long-term average 1978-1991
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Fig. 34 Erythemal irradiation (action spectrum from CIE 1987) calculated for three
different ozone values at Potsdam on June 15
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Fig. 35 Percentage ratios between irradiation modelled for ozone values diminished by 1 ¢
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(344 D) and 2 ¢ (316 D) standard deviation of ozone, respectively, and irradiation
modelled for the average ozone of 372 D in June at Potsdam
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Fig. 36 Hourly totals of erythemal irradiation (action spectrum from CIE 1987) determined
for Westerland (55° N), Potsdam (52° N) and Hohenpeissenberg (48° N) on June 15
for clear sky (1 MED = 250 (J m?)ggy)

ERYTHEMAL UV RADIATION (ERY CIE 1987)
52°:3171 J/m? (12.7 MED), 03=372 D
40°: 4484 J/m? (17.9 MED), 03=320 D
15°:3090 J/m? (12.4 MED), 03=240 D

MED hou
3.0! _ per L
2_5j LI
20(
151 —— LAT=15"
N 1 JANUARY
i E e LAT = 40°
0‘5: 15 JUNE
. — LAT=52°
ot catlii ‘ | _ ‘ e . 15 JUNE
4-5 6-7 8-9 10-11 12-13 14-15 16-17 18-19
L TRUE SOLAR TIME
J

Fig. 37 Hourly totals of erythemal irradiation at three latitudes and dates
15 June, 52° N
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Fig. 38 Daily MED as determined from spectral measurements with the Potsdam Brewer
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spectrometer from 31 August 1993 to 16 April 1994. Spectra were folded with the
erythemal action spectrum of CIE (1987). Multiplication with the erythemal threshold
value of 250 (J m?)gy provides the erythemal irradiation. Days with ratios between
diffuse and global total irradiation (380 - 2800 nm) less than 0.3 are designated by
triangles. Ratios between daily mean ozone values as derived from observations with
Dobson spectrophotometer #71, and long-term mean ozone values are shown on top
(right-hand ordinate scale).
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Fig. 39 Daily photoconjunctivitic irradiation as derived from spectral measurements with
Brewer spectrophotometer #30 at Potsdam. Spectfa were folded with the action
spectrum of photoconjunctivitis of the eye (DIN 1979). Days with ratios between
daily sums of diffuse and global total irradiation (380 - 2800 nm) less than 0.3 are
designated by triangles. Ratios between daily mean ozone values as derived from
observations with Dobson spectrophotometer #71, and long-term mean ozone values
are shown on top (right-hand ordinate scale).
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