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[11 Multiple scattering radiative transfer results are used to calculate action spectrum

weighted irradiances and fractional irradiance changes in terms of a power law in ozone {2,
U(€©/200) ¥ where the new radiation amplification factor (RAF) is just a function of
solar zenith angle. Including Rayleigh scattering caused small differences in the estimated

30 year changes in action spectrum-weighted irradiances compared to estimates that
neglect multiple scattering. The radiative transfer results are applied to several action
spectra and to an instrument response function corresponding to the Solar Light 501 meter.
The effect of changing ozone on two plant damage action spectra are shown for plants
with high sensitivity to UVB (280-315 nm) and those with lower sensitivity, showing that
the probability for plant damage for the latter has increased since 1979, especially at
middle to high latitudes in the Southern Hemisphere. Similarly, there has been an increase
in rates of erythemal skin damage and pre-vitamin D5 production corresponding to
measured ozone decreases. An example conversion function is derived to obtain erythemal
irradiances and the UV index from measurements with the Solar Light 501 instrument
response function. An analytic expressions is given to convert changes in erythemal
irradiances to changes in CIE vitamin-D action spectrum weighted irradiances.
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1. Introduction

[2] All biological processes and most materials exposed to
sunlight on the Earth’s surface are affected by changes in the
amount of solar ultraviolet radiation (280—400 nm) caused
by changing ozone amounts, cloud-aerosol transmission,
and scattering back to space. Laboratory measurements have
been made to quantify these effects, both for absolute effect
in terms of the incident irradiance and for the relative effect
of each wavelength in a specified range \;—)\,. The relative
effect is usually specified in terms of a normalized weight-
ing function, or action spectrum A(J\), for the incident
irradiance F(}, 6, €, ¢, Cr) as a function of wavelength A,
solar zenith angle 6, ozone €2, time ¢, and cloud transmission
Cr. Although not giving an absolute rate of biological
change or materials damage, the action spectrum approach
to determine a production-effect P(0, €2, ¢, Ct) (equation
(1)), can be used to estimate relative change from a refer-
ence state of irradiance F»(\, 6, €, ¢, Ct) caused by changes
in ozone amount and cloud plus aerosol transmission
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[Herman, 2010; Madronich et al., 1998; McKinlay and
Diffey, 1987; Setlow, 1974; Setlow et al., 1993]. Long-
term trends can be estimated for time-dependent processes
related to A(\) under the assumption that the effect is linear
with the amount of irradiance, or that the nonlinearity is
known. An example of the latter is for some biological
processes where a saturation level is reached and further
exposure to UVB irradiance does not proportionately pro-
duce the same effect [Hollis et al., 2007; Bogh et al., 2010;
Camacho et al., 2010]. This study will only consider the
linear regime.

A
/ F(\0,9,1,Cr)A(N)dA (1)

A

P(Q7 07 t, CT) =

The units of P(0, €2, ¢, Ct) are taken to be the same as F(, 6,
Q, t, Cy) d), since A()) is dimensionless and normalized to
1 at some wavelength Mo, usually near 300 nm. In this study
the units of P are watts/m>. However, the normalizations of
A() are not standard, which can cause the magnitude of
P, 2, t, Cr) to vary with the assumed normalization.
Exceptions are the standardized normalization of CIE
erythemal Agry()\), CIE pre-vitamin D3 Ay, and the UV
index derived from Pgrvy (0, €2, ¢, Ct) as 40 Pgry when FdA
is in W/m?. Although the nonstandard normalizations of
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A() do not affect the estimations of percent change of the
various P(0, €2, t, Ct) over time ¢, the wavelength range over
which each A()\) is defined does affect the percent change.

[3] Understanding, modeling, and measuring the factors
that affect the amount of UV and visible radiation reaching
the Earth’s surface are important because changes in radia-
tion amounts impact agricultural and ocean productivity,
global energy balance, and human health. Increases in UV
dose affect human health adversely through skin cancer
[Diffey, 1991], eye cataracts [Taylor, 1990], and suppression
of the immune system [Vermeer et al., 1991], yet positively,
for the same typical exposure time, through the increased
rate of vitamin D production [Grant, 2002; Holick, 2004].
Changes in UV radiation also significantly affect ecosystem
biology [Smith et al., 1992; Ghetti et al., 2006] and the rate
of damage to various materials exposed to sunlight.

[4] For wavelengths shorter than 280 nm (UVC), almost no
solar photons reach the Earth’s surface because of ozone
(Hartley and Huggins bands) and molecular oxygen absorp-
tion (Schumann-Runge bands and continuum absorption).
Photons with wavelengths in the UVB (280-315 nm) and
UVA (315-400 nm) ranges do reach the Earth’s surface as a
fraction of the incident solar irradiance at the top of the
atmosphere Io(, #). Aside from clouds and aerosols, there is
significant attenuation of I, by ozone in the wavelength
range A <330 nm. For example, there is strong absorption at
310 nm, where a 1% change in ozone leads to an approxi-
mate 1% change in irradiance for § = 45°. At wavelengths
less than 310 nm, the increasingly large ozone absorption
coefficient leads to a proportionally larger percent increase
in irradiance for a small percent decrease in ozone (e.g., at
0 = 45°, a 1% decrease in ozone can produce a 2.2%
increase in 305 nm irradiance). This scaling function is
frequently described as a “radiation amplification factor
RAF(6,2) that can take different functional forms depending
on the specific process and whether the process considered
depends on a range of wavelengths or is approximately
monochromatic.

[5] The inverse relation between ozone changes and UVB
irradiance changes is well established by both theory and
measurements [Latarjet, 1935; Bener, 1972; Madronich,
1993a; Bodhaine et al., 1997, Micheletti et al., 2003]
based on the laboratory measured ozone absorption coeffi-
cients and radiative transfer calculations through a Rayleigh
scattering atmosphere with ozone absorption. In the approx-
imation where scattering is represented by an extinction
optical depth Tg(\,p) = Tr + Ta, for Rayleigh and aerosol
extinction, the amount of solar radiation F' reaching the
Earth’s surface for a solar zenith angle 6 and column ozone
amount {2 (milli-atm-cm) can be estimated from Beer’s law,
F =1, exp(—aflsec() — 7§ sec(d) ), where « is the ozone
absorption coefficient (cm '). Changes in F caused by
changes in {2 can be estimated from equation (2) with RAF
(0,£25) = —af), sec(f), where (), is a reference value of ozone
amount, and 2 is a time varying amount. For the sec(f)
approximation, € should be less than 70°.

(Fl —Fz)/Fz = exp(—aQ2 sec(&)(Ql — Qz)/Qz) —1. (2)

For processes that are affected by exposure to solar ultraviolet
irradiance, the daily amount of UV radiation (290-330 nm)
changes with the seasons and latitude (solar zenith angle or
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airmass effect), the amount of aerosols in the atmosphere, the
amount of cloud plus aerosol transmission Cr, the amount of
ozone, and the Sun-Earth distance. The changes in P(2,0, (2)
have been discussed for long-term zonal average changes in
Q and Ct [Herman, 2010] for four common action spectra
but neglecting scattering. These four action spectra are
erythemally weighted irradiances Agry [McKinlay and Diffey,
1987], CIE pre-vitamin D3 production Avyr [Bouillon
et al., 2006], plant growth response Appa [Flint and
Caldwell, 2003], and the DNA damage function Apna
[Setlow, 1974]. An equation for estimating action spectrum
weighted changes in P(£,0,()) for changes in €2 is given by
equation (3), which can be numerically obtained from
equation (2) for each action spectrum (Figure 1) or from
multiple scattering radiative transfer solutions, for 200 < ) <
600 DU. Equation (3) provides a new definition of the RAF
that is not dependent on the amount of ozone (Figure 2 and
Appendix Figures A1-A3).

P(6,9) = U(6)(22/200) R or Py, /P,
= (Qp/Q + 1) RO _1, 3)

The calculated weighted irradiances P(6, (2) are obtained
from relatively fast scalar radiative transfer calculations of
irradiance (e.g., the TUV model [Madronich, 1993b;
Madronich and Flocke, 1997] or the SBDART model
[Ricchiazzi et al., 2004]), with both including the effects of
Rayleigh scattering and spherical geometry corrections for
6 > 60°. For erythemal irradiance RAFgry(6 < 10°) = 1.25
from Beer’s Law without scattering and 1.20 with scat-
tering from the TUV model, with mid-latitude Os-profile
shape, and 0.05 surface reflectivity.where Py = P(¢, 6, €;),
P2 = P(t, 0, Qz), PlZ = Pl - Pz, and le = Ql - Qz. For
the action spectra in Table 1, the scaling coefficient U(6)
(watts/m”) and radiation amplification factor RAF(6) are
determined as fitting parameters to the TUV radiative
transfer calculations of the variation in P(¢, 6, 2;) and the
solar zenith angle SZA = . Nine A()\) functions are shown
in Figure 1. The tabulated solutions are expressed as func-
tional fits that are uniform with an 2 > 0.9999 for U() and
RAF(#). All calculations in this paper are done with TUV
radiative transfer model estimated irradiances as a function
of © and 6 for cloud-free and aerosol-free conditions.

[6] This study extends the analysis of Herman [2010] for
additional action spectra A(\) and effect-production func-
tions P(6, €2) that are sensitive to changes in ozone amount
(Table 1) over the ozone range 200 < €2 < 600 DU. All of
the calculations and functional fits are given in terms of
irradiances instead of irradiance ratios. RAF(#) values and
associated 30 year irradiance changes are estimated
including Rayleigh scattering. UV trend estimates assume
local noon conditions, where 2 and 6 vary with latitude and
day of the year for the period 1979—2008. One of the action
spectra, Apna(A) has been modified from that previously
used to match the data used in the TUV radiative transfer
program. The changes are in the UVA (320-400 nm) por-
tion of the spectrum, which are not significantly affected by
ozone changes.

[7] The UVB-dominated plant action spectrum Apjc
[Caldwell, 1971] is discussed separately and compared with
the more recent UVB and UV A plant action spectrum Apy
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Figure 1. Six action spectra corresponding to Table 1. The functional fits to these spectra are given in

the Appendix Table Al.

given by Flint and Caldwell [2003]. Finally, the RAF power
law form is obtained for a manufacturer supplied instrument
response function Rgp (). This permits the conversion of
irradiances and irradiance changes measured by a typical
Solar Light 501 broadband instrument to irradiances
weighted by the standard CIE erythemal action spectrum or
to the UV index. Additionally, an expression is given for the
conversion of measured erythemal irradiance to irradiance
weighted by the CIE vitamin D action spectrum.

2. Parameterization of RAF(#) and U(0)

[8] Equation (1) is used to integrate each fitted action
spectra A(A) (Appendix Table Al) times the calculated
irradiances F()\,£2,0) over the specified wavelength range
(Table 2) for each ozone value and solar zenith angle in the
ranges 200 < 2 < 600 DU and 0° < # < 80°. The TUV
radiative transfer results are summarized in the functional
form given by equation (3) in terms of U(f) and RAF(#).
The fitting coefficients are given in Table 2 and the corre-
sponding graphs for nine of the U(f) and RAF(6) shown in
Figure 2. The small error bars in Figure 2 represent the
nonlinear least squares fitting error to the tabulated values of
RAF(0) and U(A). Of more interest is an estimate of the

residuals from using equation 3 compared to the calculated
weighted irradiance values.

[v] An example of the TUV erythemal irradiance calcu-
lation is shown in the Appendix (Figure Al) for the range
200 < €2 <600 DU and 0° < 6 < 80°. Figure A2 shows the
residuals obtained using equation (3) compared to the TUV
erythemal irradiance calculation. For all of the spectra
considered in this study, the residuals are less than 1%. The
maximum to minimum residuals R overall 6, {2 values are
given in Table 2 column 1. The residuals at any specific {2
are R/4 as a function of 0. Although the RAF calculated
from equation (3) is independent of the ozone amount,
Figure A3 shows that the common definition RAF*(0,Q2) =
log(1,/1,)/10g(£2,/€2;) is dependent on the ozone amount. The
new RAF is harder to calculate but easier to use for esti-
mation of irradiances or change in irradiances.

[10] All of the U(f) and RAF(#) fitting functions have
been checked to have continuity of values and slope to
where TUV spherical geometry corrected solutions are valid
(6 = 83°). The scaling coefficients U(f) represent the irra-
diance values at 2 = 200 DU. The RAF({2?) coefficients for
four of the action spectra (ERY, VIT, PLA, DNA) are
slightly different than those given previously [Herman,
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Figure 2. RAF(0) and U(6) fitting functions corresponding to weighted irradiances P for 9 action spectra
(Table 12 and equation (3) using the TUV radiative transfer calculation with U(#) having dimensions of

Watts/m~.

2010] based on Beer’s law calculations without Rayleigh
scattering.

[11] The functional fit to erythemal Pgry(6,£2) has been
compared to measurements in terms of the RAF(6) associ-
ated with the power law function. Comparisons show that
the power law form (equation (3)) approximately matches
measured broadband erythemal irradiance data [Booth and

Table 1. Action Spectra for Various Processes

Madronich, 1994; Blumthaler et al., 1995; Bodhaine
et al., 1997; Herman, 2010].

3. Plant Action Spectra Apy o and Apyc

[12] Two different plant action spectra have been
described that are similar in the UVB portion of the spec-

Symbol Process Reference

ApiB 1. Inactivation of human fibroblasts Tyrrell and Pidoux [1987]

Apnc 2. Inhibition of phytoplankton carbon fixation Boucher et al. [1994]

Apnp 3. Inhibition of photosynthesis in Antarctic phytoplankton Cullen and Neale [1997]; Neale and Kieber [2000]
Amoc 4. Skin cancer in albino hairless mice corrected for human skin Gruijl et al. [1993]

Anac 5. Damage to eggs and larvae of northern anchovy Hunter et al. [1979]; Smith and Baker [1982]
Acat 6. In vitro UV-induced cataract using whole lenses Oriowo et al. [2001, 2002]

ApLc 7. Plant growth function in the UVB range Caldwell [1971]

Apra 8. Plant growth function (UVB and UVA) Flint and Caldwell [2003]

Avit 9. CIE pre-vitamin D3 production Bouillon et al. [2006]

AgRry 10. CIE erythemal McKinlay and Diffey [1987]

Apna 11. UV DNA damage (TUV fit) Setlow

Rspr 12. Solar Light 501 response function Solar Light Corporation
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trum (Figure 3): one with no UVA response [Apic

HERMAN: OZONE CHANGES AND ACTION SPECTRA

Table 2. Radiation Amplification Factors RAF() and Scaling Coefficient U(6)*

Action Spectra

U(0) (W/m?)

RAF(6)

DNA damage
UDNA & l{lAFDNA
R <+0.0015

Fibroblasts
Uris & RAFg3
R < £0.0008

CIE pre-vitamin D
Uvit & RAFyir
R <+0.02

CIE erythemal
Urry & RAFgry
R < +0.001

Cataracts
Ucat & RAFcar
R <+0.015

Inhibition of phytoplankton carbon fixation
Upnc & RAFpyc
R <+0.001

Flint and Caldwell plant damage
Upra & RAFpL4
R <+£0.03

Caldwell plant damage
UpLc & RAFp ¢
R <+0.015

Solar Light 501 meter
Ustt & RAFsir
R <+0.009

a = 0.4808619129703342

b =0.0002581388722413753
¢ =—0.00013015618956397

d = 3.363099051664871E-08
e = 9.038404614651682E-09
f=9.879488073283888E-12
a = 0.07800680713750653

b = 0.0002071976414471761
¢ =—1.979645705714768E-05
d = 2.846880662657818E-08
e = 1.290375602439486E-09
f=2.553133582980263E-12
a=0.9659616883022778

b =0.0001089314449687077
¢ =—0.0002681987275053843
d =1.410783665933483E-08
e = 1.894213900598701E-08
f=1.695104643516458E-12
a=0.4703918683355716

b =0.0001485533527344676
¢ =-0.0001188976502179551
d =1.915618238117361E-08
e = 7.693069873238405E-09
f=1.633190561844982E-12
a = 1.389543317864509

b =0.0001111136998782643
¢ =—0.0003539100981229902
d = 1.068457231439126E-08
e =2.29621042619638E-08
f=1.575202883621628E-12
a=0.2312193698282898

b =0.0001028838438585395
¢ =—5.733376829791965E-05
d = 8.64812321062776E-09

e = 3.623419099041137E-09
f=1.210627299169194E-13
a = 1.438980254099905

b =0.0001005808369726184
¢ =—0.0002894199664477857
d =5.643194851731751E-09
e = 1.410638475278906E-08
f=4.226223146491366E-13
a = 0.6929604575774898

b =0.0001501495712857719
¢ =—0.0001942686727612605
d = 1.552691797694485E-08
e = 1.385331244399262E-08
f=4.373135769713131E-12
a=0.7789413669516511

b =9.999108483918942E-05
¢ =—0.0002040763375327788
d = 1.132773753129348E-08
e = 1.363109731632696E-08
f=8.74102272069114E-13

a = 2.081686042925178

b = —0.0002564844392747189
¢ =—0.0005162843529327841
d = 1.96876012322816E-08

e = 3.556832243378462E-08
f=-1.129759402996411E-13
a = 1.467889155998693

b = —0.0002064058786479314
¢ =—0.0003550824599259368
d=1.169161007843218E-08
e = 2.232625244026806E-08
f=-6.052119118575507E-14
a = 1.349378286522954

b = —0.0002926808443875372
¢ =—0.0003059282407232034
d = 2.879164470755759E-08
e = 1.920553492457117E-08
f=—8.580442654658103E-13
a = 1.203020609002682

b =—-0.0001035585455444773
¢ =-0.00013250509260352

d =4.953161533805639E-09
e = 1.897253186594168E-09
f=0.0

a = 1.11438721946406

b =-0.0002058168034144146
¢ =-0.0001923468030173855
d = 1.356704548496917E-08
e = 1.028553859915792E-08
f=-3.874776677975742E-14
a = 0.8401845037386215

b = 0.0002655900976547904
¢ = 0.0002054127624271793
d = —1.152481680543294E-08
e = —1.309398235637854E-08
f=1.330268056308169E-14
a = 0.4420411644303329

b =-9.318666734881831E-05
¢ =-9.585567686290419E-05
d =6.07232152503975E-09

e = 7.54644705023143E-09
f=15.967599892201557E-13
a = 1.690988020287883

b =—0.0002228727044010645
¢ =-0.0002664325743080134
d = 1.180456040656832E-08
e = 6.748005699490438E-09
f=1.129962809191574E-13
a=1.062677180507659

b = —0.0002244228821673299
¢ =-0.0002019877480424064
d = 1.6418056756421E-08

e = 1.062982390141093E-08
f=-2.665322212237153E-13

For 0 < § < 80° and 200 < 2 < 600 DU for P(Q2,0) = U(0) (€2/200) *AF@ () or RAF(H) = (a + cx* + ex*)/(1 + bx® + dx* + £x°) 1% >

0.9999. x = 6 and 1.0E10 = 1.0 x 10'°.
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Refat, 1999], where, in general, increased exposure to UVB

Caldwell, 1971] and the other with UVA response [Appa
Flint and Caldwell, 2003].

[13] The processes represented by Appa and Appc have
very different responses to change in ozone amount. This
can be seen by comparing the derived RAF(0) for the two
cases (Figure 4). The distinction is important for plants with
extreme sensitivity to the UVB portion of the spectrum,
such as certain strains of wheat or tobacco plants [Bader and

decreases yields of the crop plant. Some cultivars of soy-
beans have also been found to be more responsive to the
UVB portion of the spectrum with almost no response to
UVA.

[14] According to Mazza et al. [2000], “the activity
spectrum for the induction of UV absorbing sunscreens in
soybean appears to have a sharp increase in quantum effi-
ciency below 325 nm, resembling the generalized plant
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Figure 3. Ap;c [Caldwell, 1971] and Apy s [Flint and
Caldwell, 2003].

action spectrum [Caldwell, 1971], which assumes very little
activity in the UV-A region.” Rousseaux et al. [1999]
showed that a common native species in the southern por-
tions of South America suffered increased DNA damage
during the periodic episodes of ozone reduction associated
with the overpass of the Antarctic ozone hole. The observed
damage was well correlated with the Caldwell [1971] type
action spectrum Ap ¢ instead of App o. Although this effect
was recognized [Searles et al., 2001], it was concluded that
“only a few subtle plant responses to enhanced UV-B
simulating stratospheric ozone depletion were seen in this
meta-analysis of 62 field-based research papers published
over 20 years.” However, on the basis of the studies of
Mazza et al. [2000] and Rousseaux et al. [1999], which
showed plant changes for larger changes in ozone, it is of
interest to compare the 30 year increases in UV irradiance
weighted by App o and Apyc.

[15] Because of its sharp cutoff at 313 nm and narrow
wavelength range, the RAF(6) derived from Appc(£2,0)
increases strongly with 6 in a manner similar to the mono-
chromatic 305 nm RAF(6,(2), which is proportional to the
airmass factor sec(6) for 8 < 60° (equation (2)). For 6 > 60°,
the increase in the spherical geometry airmass factor is
slower than sec(f). This contrasts with the RAFppA(0)
derived from App o(A), which shows low sensitivity to UVB
irradiance changes (Figure 5) over a wider SZA range.
Plants that have response functions similar to that given by
Apra [Flint and Caldwell, 2003] should show little effect
for ozone changes compared to those with response func-
tions similar to Apyc.

[16] The 30 year change with ozone (1979-2008) is cal-
culated from the change in zonal average ozone as a func-
tion of month and latitude in the same manner as that of
Herman [2010]. The results (Figure 5) show that plants
that are very sensitive to UVB should have experienced
considerable more damage in recent years compared to
30 years ago, especially for those that grow at higher lati-
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tudes. The effect is much more pronounced in the Southern
Hemisphere where the ozone decreases have been larger.

4. Broadband Instrument Estimation
of Erythemal Irradiances and Irradiance Change

[17] Biological processes, or broadband instrument mea-
surements, that are sensitive to UVB radiation have a similar
functional sensitivity to ozone changes that can be derived
through radiative transfer studies [McKenzie et al., 2004].
They showed that the erythemal irradiance (or UV index)
measured at the Earth’s surface could be related to
UVB1s0-315 nm and to measurements by various instruments
to within 10% using low-order polynomial fitting functions,
if the sensitivity to ozone amount (i.e., 2 **F) is close to
that for erythemal irradiance. For other processes (e.g.,
Vitamin D production, UVBgo_320 nm» DNA damage), they
derived correction tables as a function of ozone and solar
zenith angle.

[18] The U(#), RAF(#) approach is useful for determining
long-term trends in erythemal irradiance from broadband
instruments or relating the change in vitamin D production
or DNA damage from the widely archived UV index. The
method is described by relating the irradiance or change in
irradiance measured with an instrument’s response function
to the erythemal irradiance or change in terms of the RAF(6)
and U(A) functions. The method can be applied to any
process where the irradiance or change in irradiance can be
described by equations (2) or (3) (e.g., the CIE pre-vitamin
Dj; action spectrum Ay;t). An alternate approach to deriving
correction factors for broadband instrument irradiance
measurements relative to the erythemal irradiance is given
by Seckmeyer et al. [2005] as part of a general discussion of
these instruments. Their results are given as graphical
functions of solar elevation angle and €.

[19] There are a number of broadband instruments
designed to measure irradiances that have a response func-
tion that approximates the erythemal action spectrum as a

3.0 Two Plant Damage RAF Functions

25|
RAF;, ¢(6)
20 caldwell, 1971

15+ -

RAF

1.0} B
- RAF;,(0)
0.5 Flint and Caldwell, 2003

\

0 20 30 40 50 60 70 80 90
0 =SZA

Figure 4. A comparison of the sensitivity to ozone change
in terms of the RAF(0) factors corresponding to App, and
APLC of Figure 3.

0.0 ——1—
10 0 1
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From Apla [Flint and Caldwell 2003]

[ S = Y
o =N

Month

= N W b~ OO N 0 ©

— T T
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Figure 5. Thirty year change in plant effect Pp ¢ (left) and Ppp 4 (right) as a function of latitude and
month for the ozone time series used in the study by Herman [2010] from 1979 to 2008 calculated

using TUV radiative transfer.

function of wavelength. One of these is the Solar Light
501 meter, which has a manufacturer-supplied response
function Rgy 1 shown in Figure 6, with its fitting equation and
coefficients given in Table 2, and corresponding RAFg; + and
Uspt given in Table 3. Because Rg; 1(\) is only an approx-
imation to the erythemal action spectrum (Figure 6), the
instrument might have a different response to irradiance
changes caused by changes in atmospheric ozone amounts
than it would if its response function were exactly the
erythemal action spectrum Aggry()).

[20] Equation 3 applies equally well to wavelength
dependent action functions or instrumental response func-
tions. If Pg = Pgry(6,(2) is the effect function (equation (1))
for erythemal irradiance and Py = Pg1(60,(2), the effect
function for an action spectra identical to the Solar Light
501 response function Rg; T, then

] (RAFs—RAFz)

P;/Ps = Ug/Us [©2/200 (4a)

Pig/Pak/(Pis/Pas) = (Q1/Qy) A (4b)

(AP/Py + Dy = (AP/Py + D) (AQ/Q)™ (4e)
where
Pig = Prry (6, Q1) and Pog = Pery (6, (1)
Pis = Psrr(6, 1) and Pas = Pspr(6, )
RAFsg = RAFsit — RAFgry
Ugs = Ug/Us
AP/P; = (P, — P,)/P;
AQ/D = (U — )/

Equation (4a) gives the direct conversion of Solar Light 501
measured irradiances to erythemal irradiances, if the values

of 0,Q) are known. If the SLT irradiance time series P;gp 1(¢)
is known and a reference value is selected P,g; 1 from this
time series, then the equivalent time series for ERY can be
formed from equation (4b) or (4c), Pigry(¢)/Prrry. The
change in erythemal irradiance caused by ozone changes can
now be estimated from the SLT time series. The value Pygy 1
and P,gry can be any meaningful, but related, quantity. In a
multiyear time series, it might be selected as the value
computed from average ozone using the first year’s data.

[21] The dimensionless functions Ugg(f) and RAFgg(6)
are shown in Figure 7a with fitting functions given in Table
3, or they can be obtained directly from Table 2. Similar
conversion functions can be derived for any instrument
response function or action spectrum that significantly
overlap (e.g., Uyg(#) and RAFgy(0) for erythemal and pre-
vitamin D3).

Solar Light 501 Response Function Ry (1) ]

and R . (1)
o
=4

1E3 |

AERY

1E-4 |

" 1 " 1 " 1 " 1 " 1 " 1
280 300 320 340 360 380 400
Wavelength (nm)

Figure 6. The response function Rgy1(\) give by Solar
Light Inc. for the 501 m compared to the erythemal action
spectrum Agry(M).
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Table 3. Effective Radiation Amplification Factors RAF,,(6) and Scaling Coefficient®

D23119

Action Spectra

u)

RAF(6)

Solar Light to erythemal
Ugs & RAFgg
Solar Light to erythemal

Erythemal to vitamin-D
Uve & RAFgy

Ugs = (a + cx + ex?)/(1 + bx + dx* + fx%)
a = 0.603917044048268

b = —0.01672027539360061

¢ = —0.01012833503237699

d = 0.0001084602755626854

e = 4.530445856312848E-05
f=—4.150188333357393E-07

Uyg = (a + ex? + ex*)/(1 + bx? + dx*)
a=1.240188751483111

b = —0.0001809408437773429

¢ = —0.0002555096930008766

RAFgg = (a + cx® + ex*)/(1 + bx> + dx*)
a = —0.1403825493062795

b =—0.0001719518706435208

¢ = 6.888444890305315E-05

d = 1.162406670651049E-08

e = —3.359090891961678E-09

RAFev = (a + cx? + ex*)/(1 + bx* + dx*)
a=-0.146311229501849

b =-0.0001980709971345768

c = —6.836827401663642E-05

d =1.067372208198107E-08
e = 1.439750611757012E-08

d =1.202792672184166E-08
e = 6.609409195614681E-09

*For Uyy(9) for 0 < @ < 80° and 200 < Q < 600 DU for P,, = Uy,(6) (/200)**™*® (equations (4a) and (52)) (x =0 1.0 E 10 = 1.0 x 10'%).

[22] The RAF(0) values for the Solar Light 501, erythemal
action spectrum, and CIE pre-vitamin D3 RAF(6) functions
are compared in Figure 8 showing the different sensitivities
to ozone change as a function of SZA. Although the SLT
response spectrum is an approximation to the ERY action
spectrum, the sensitivities to ozone change are significantly
different, especially at large 6. That is, the erythemal radi-
ation amplification factor indicates a value of 1.2 compared
to 1.06 for RAFg; 1(0) for § < 20°, which means that for an
increase in ozone the SLT instrument would measure a
smaller decrease in irradiance than the actual change in
erythemal irradiance or the UV index (proportional to the
erythemal irradiance). If there had been significant ozone
changes at low to midlatitudes (between 0° and 35°), the
SLT instrument would underestimate those changes by
about 14%, especially in the late spring and summer months.
The reverse would occur at high latitudes, with the SLT
instrument overestimating changes. At latitudes between 40°
and 60°, the overestimate would occur mostly in the winter
months. The error can be corrected using equation (4).
When the measured zonal average 30 year ozone change is
used to estimate the change in Pgry and Pgpr from Agry

0.6 - \/ T
0.5 — UES(O) = UEIUS _
0.4 — _
% L
E 031 P/ Pg= U,/ Ug (€/200) RA7s-RAFe -
- 0.2 - i
c L
“’30-1 - RAF_(6) = RAF, - RAF, .
> 0.0 - i
-0.1 — i
o2l 1  Solar Light 501 to Erythemal

0 0 10 20 30 40 50 60 70 80 90
0 =SZA

Figure 7a. The effective scaling coefficient Ugg and radi-
ation amplification factor RAFgg for converting measured
irradiance values from the Solar light 501 meter into those
that would result from the CIE erythemal action spectrum.

and Rgyr, the results are almost identical because of the
specific latitude distribution of the observed ozone change.

[23] A similar calculation based on equation (3) can be
applied to any broadband instrument response function or
process action function encompassing UVB and UVA such
as those given in a review of nine broadband instruments
[Vuilleumier and Gréobner, 2005], which show similar
response functions to those instruments produced by Solar
Light. A larger analysis of instrument response functions is
given in a report by Vilaplana et al. [2009] and in an article
by Hiilsen and Grébner [2007]. In practice, the instrument
response function must be measured for each individual
instrument, which will likely differ from the manufacturer
supplied average response function for a particular instru-
ment model.

[24] An analysis [Fioletov et al., 2009] relating measured
erythemal to CIE pre-vitamin D; irradiances has been
developed based on measured Brewer spectrometer data.
This analysis gives an empirical relationship between the
ratio R of erythemal action spectrum weighted irradiance
and vitamin D action spectrum-weighted irradiance as a

L e e A B e e e e LB m
op Ue@=UMU T
505+ E
I.I-I.IJ
& _
& oof RAF_ (6) = RAF_- RAF, .
: <4
©
w-0.5 | E
>
2 L
4.0 Py/Pg=U, / UgQ/200) RAFe-RAFY i
4.5 LErythemal to Pre-Vitamin;D3 L

0 0 10 20 30 40 50 60 70 80 90
6 =SZA

Figure 7b. The effective scaling coefficient Uy and radi-
ation amplification factor RAFgy for converting measured
values of erythemal irradiance change into those that would
result from the CIE vitamin D5 action spectrum weighting.
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22y P = U(6)(€/200) ™4 |

RAF

1.2 -_ ERY(e) _.

1or RAFSLT(e) i
0.8} , , y

0 20 40 60 80
0 = SZA

Figure 8. A comparison of RAFg;1(#) and to the corre-
sponding functions for erythemal and CIE vitamin D;-
weighted irradiances.

function of ozone amount and solar zenith angle [Fioletov
et al., 2009, Figures 5b and 6].

[25] Similarly, the RAF method, using equation (4b) or
(4c), can be applied to converting measurements of the
erythemal spectrum into a process represented by a different
action spectrum. Equation (5a) permits the vitamin D3-
weighted irradiance to be determined from measurements of
erythemal irradiance. In the example below, estimates of
erythemal irradiance change caused by changes in ozone are
related to changes represented by the CIE pre-vitamin Dj
action spectrum-weighted irradiances. The calculated change
in Ayir-weighted irradiances from measured changes in
erythemal irradiance can be estimated in terms of RAFgy
fitting function given in Table 3 and Figure 7b. The change
(AP/P; + 1)yt can be estimated using equation (5b).

Py /Pg = Uy /Ug[/200] RAFERAFY) (5a)

CIE Pre-Vitamin-D3

10

Month

= N W » 0 O N 00 ©

50 -40 -30 -20 10 0 10 20 30 40 50

Latitude
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(AP/Py + 1)y = (AP/Py + D)y (AQ/Q + 1), (5b)

where, similar to equation (4),

R_AFEV = RAFERY — RAFVIT and

Uvge = Uyir/Ugry.-

The effect of the larger RAFy 1 (Figure 8) can be seen when
comparing the 30 year change caused by ozone changes
(Figure 9). The changes in Pyt and Pgry are similar in form
because both corresponding action spectra Ayt and Agry
have strong UVB sensitivity to ozone change. However, the
magnitude is quite different, especially at higher latitudes
where RAFgry is much less than RAFvyyqr.

5. Summary

[26] Calculated irradiances have been obtained corre-
sponding to nine action spectra as a function of ozone
amount and solar zenith angle using the TUV radiative
transfer program. The calculated action spectrum-weighted
irradiances are approximated with a power law given by
equation (3). The new radiation amplification factors RAF
(0), and corresponding scaling coefficients U(f), have been
derived for each action spectrum weighed irradiance.
Including scattering, a standard midlatitude ozone profile
shape, and a surface reflectivity of 0.05 caused small
changes in the RAF(0) functions (e.g., from 1.25 to 1.20 for
erythemal irradiance 0 < 6 < 20°). Changes in the RAF
functions also caused small differences in the estimated
30 year change in erythemal and pre-vitamin Ds-weighted
irradiances.

[27] Long-term (1979-2008) irradiance changes were
compared for two versions of the plant growth inhibition
action spectra (Apyc [Caldwell, 1971], Appa [Flint and
Caldwell, 2003]), the first having sensitivity only in the
UVB range (280-315 nm) and the second having sensitivity
in both UVA (315400 nm) and UVB ranges. The results
are given in terms of the RAF(A) functions, which show

12 Erythemal

-—
o -

Month

9
8
7
6
5
4
3
2
1

50 40 30 20 10 O 10 20 30 40 50
Latitude

Figure 9. The 30 year change in irradiance weighted (left) by the CIE pre-vitamin D3 action spectrum
and (right) by the erythemal action spectrum based on TUV radiative transfer calculations.

9 of 14

85UB017 SUOLIWOD dA 81D 9|ceal|dde aup Ag peusenob aJe SajoiLe YO ‘88N JO Sa|nJ Joj AeiqiauluQ 8|1 UO (SUOHIPUOD-PUR-SWLB)WOD A3 | 1M Alelq 1 jBul juo//Sdny) SUONIpUOD pue swis 18U 8es *[£202/70/82] Uo Akiqieulluo (1M ‘2TEFTOAr0T0Z/620T 0T/1I0pwod Ao Arelqipuliuo sgndnbe//sdny wouy pepeojumod ‘€2d ‘0TOZ ‘P202Z9STZ



D23119

larger values for RAFp c(f) than for RAFp;A(f). This
causes the estimated ozone-related changes in weighted
irradiances to be much larger for Pp; ¢ than for Ppp o, which
implies that certain species of plants (e.g., some UVB-
sensitive wheat crops, some cultivars of soybean, and espe-
cially tobacco) will suffer a larger ozone-related increase in
damage or growth inhibition than plants with a strong UVA
response in addition to the UVB response.

[28] The RAF(#) and U(f) formulation was used to assess
the effect of estimating long-term erythemal irradiance
trends using a broadband instrument response function that
only approximates the erythemal action spectrum. The Solar
Light 501 is shown to estimate a smaller irradiance change
for a given ozone change than the actual erythemal irradi-
ance change. For the 30 year ozone change observed by
satellites [Stolarski and Frith, 2006], the broadband instru-
ment response function Rgy r underestimates by 5% at high
Southern Hemisphere latitudes and by 2%-3% at midlati-
tudes. Correction functions Ugg(#) and RAFgg(f) have been
derived for Rgp 1 and could easily be derived for any other
response functions with sensitivity in both UVB and UVP

HERMAN: OZONE CHANGES AND ACTION SPECTRA
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plus UVA ranges. As an example, the same method was
applied for the conversion of measured erythemal irradiance
change into the change in CIE vitamin D-weighted action
spectrum irradiance caused by changes in ozone amount
using the 30 year ozone time series.

Appendix A

[20] Table Al gives the fitting functions for action and
response spectra listed in Table 1 and used in equation (1).
The TUV radiative transfer model was used to calculate the
erythemal irradiance reaching the Earth’s surface as a
function of 2 and 6 (see Figures Al). The resulting irra-
diances P(£2,0) were fit using a power law, P(€2,0) = U(0)(V/
200) RAFO where U(6) has the dimensions of W/m?”. The
fitting residual is =0.001 W/m? in the worst case, P(6 = 50°,
Q = 200) = 0.15 W/m®. The residuals are shown for er-
ythemal irradiance (Figure A2). Other SZA cases have
similar but smaller residuals.

[30] As shown in Figure A3, RAF*(0,Q2) = log(l,/1,)/
Log(€2,/€2;) shows a dependence on ozone and solar zenith

Table Al. Fitting Functions for Action and Response Spectra Listed in Table 1

Action Spectrum

Notation: 5E-05 =5 x 107> x = X (nm)

Log(Apna)
DNA Damage
256 < x < 364 nm

=(a+cx?+ex* + gx® + ix®)/(1 + bx? + dx* + &x° + hx®)
a =—0.02641223385787823

b = —3.72446976084568 1E-05
¢ = 1.650914148765947E-05
d =5.299362685316457E-10

f=-3.416197445630558E-15
g =4.675691096965972E-15
h = 8.429525867187894E-21
i=-1.550047210015691E-20

e = —4.754222192303955E-10

Log(Arms)
Fibroblasts
290 < x <400 nm

Log(Avir)
CIE pre-vitamin D3
250 < x <330 nm

Agry 1 x <298 nm

CIE Erythemal

298 < x <400 nm
0 > x > 400 nm

Log(AcaT)

Cataracts

250 < x < 330 nm

=(a+cx +ex?)/(1 + bx + dx* + fx%)
a = —0.6743605747504754

b = —0.008179149107201934

¢ = 0.005200102068945352
=(a+cx? +ex’ + gx®+ ix®(1 + bx? + dx* + &° + hx® + jx'0)
a = —2.206561655915826

b = —4.920810458194582E-05
¢ =9.913601195747653E-05
d =9.798814014662167E-10
e = —1.673792457228989E-09

d =2.174578156447749E-05
e =—1.002667143482033E-05
f=-1.831722649385483E-08

f=-9.823081504492026E-15
g = 1.258709968255984E-14
h = 4.929270593670856E-20
i =-3.557334134380907E-20
j =-9.835295140251223E-26

10(0,094E0*(29s,—x)) 208 < x < 328 nm
10(-013E07(13929) 398 < x < 400 nm

=(a+ cx® + ex)/(1 + bx"° + dx)
a=-2.907765524151222
b =-0.1136450635225155

d = 0.003239849768263829
e =—0.01006931775553438

¢ =0.3422166680190406

Log(Apnc)
Phytoplankton Carbon Fixation

290 < x < 368 nm

= (a+cx®’ + ex)/(1 + bx** + dx)
a = —21.62765029748863
b = —0.1384882915848433

d = 0.004496947123947301
e =—0.06594594302039233

¢ =2.393012441617194

Log(ApLa)
Plant Growth
285 < x <390 nm

=(a+cx™® +ex + gx")(1 + bx*® + dx + £x')
a=—2.747345187913439E0

b =-0.1791837870949891E0

¢ =0.4771127256925517E0

e =—0.0276281414383589E0
f=-0.000211935199455902E0
g = 0.0005334622998741222E0

d = 0.01068245009604864E0

Log(ApLc)
Plant Growth
290 <x <313 nm

= (atextex’+gx’)/(1+bx+dx*+x>)
a = 3.575797064847171

b = -0.008235859905070269

c =—0.03404813752625744

e = 0.0001079715734682457
f=-1.915810086119585E-08
g = —1.140295361160647E-07

d =2.210204319173256E-05

Log(Asct)
Solar Light 501
275 <x <375 nm

=(a+cx™ +ex + gx')/(1 + bx"° + dx + x'° + hx?)
a=0.0417103636337212

b = —0.2219180239342533

¢ =-0.006561111341913155
d =0.01844120116219344

e = 0.000338737539908666
f=-0.0006801066573862663
g = —5.712754413689448E-06
h = 9.392020090729325E-06
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Figure Al. Erythemal irradiance Prry(€2,6) (W/m?) calcu- Q/200

lated from the TUV radiative transfer model for a range of

ozone and SZA, 200 < 2 < 600 DU and 0° < 6 < 80°.
The inset graph contains the RAF(6) and U(#) needed for

the fit P(£2,0). At noontime summer solstice at 40° latitude tion of # and €.
with 350 DU of ozone P(U,RAF, () is approximately
0.22 + 0.001 W/m?. For clear skies, this corresponds to a
UV index of 8.8 + 0.04. Ugry(#) has the units of W/m?>.
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Figure A2. Residuals between the TUV erythemal irradi-
ance calculation and the power law approximation as a func-
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angle (Figure A3) and is similar to the results given by
Seckmeyer et al. [2005]. This shows the advantage of using
U0)[€/200] *AF@ to define the RAF(#) functions with
no dependence on €.
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