Wei Gao

Daniel L. Schmoldt
James R. Slusser
Editors

UV Radiation
in Global
(limate Change

Measurements, Modeling
and Effects on Ecosystems

ORI 2 Springer




Wei Gao
Daniel L. Schmoldt
James R. Slusser

UV Radiation in Global Climate Change

Measurements, Modeling and Effects on Ecosystems



Wei Gao
Daniel L. Schmoldt
James R. Slusser

UV Radiation in Global
Climate Change

Measurements, Modeling and Effects on
Ecosystems

With 176 figures

(B) TSINGHUA | @ Springer




Editors

Wei Gao

Natural Resource Ecology Laboratory
Colorado State University, USA
E-mail: wgao@uvb.nrel.colostate.edu

James R.Slusser

Natural Resource Ecology Laboratory
Colorado State University, USA
E-mail: sluss@uvb.nrel.colostate.edu

ISBN 978-7-302-20360-5
Tsinghua University Press, Beijing

ISBN 978-3-642-03312-4

Daniel L. Schmoldt

Cooperative State Research
Education & Extension Service
Waterfront Centre, Ste.3422

800 9th Street SW

Washington DC 20024, USA
E-mail: dschmoldt@csrees.usda.gov

e-ISBN 978-3-642-03313-1

Springer Heidelberg Dordrecht London New York

Library of Congress Control Number: 2009931054

© Tsinghua University Press, Beijing and Springer-Verlag Berlin Heidelberg 2010

This work is subject to copyright. All rights are reserved, whether the whole or part of the material
is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilm or in any other way, and storage in data banks. Duplication of
this publication or parts thereof is permitted only under the provisions of the German Copyright
Law of September 9, 1965, in its current version, and permission for use must always be obtained

from Springer-Verlag. Violations are liable to prosecution under the German Copyright Law.

The use of general descriptive names, registered names, trademarks, etc. in this publication does not
imply, even in the absence of a specific statement, that such names are exempt from the relevant

protective laws and regulations and therefore free for general use.

Cover design: Frido Steinen-Broo, EStudio Calamar, Spain

Printed on acid-free paper

Springer is a part of Springer Science+Business Media (www.springer.com)



Wei Gao
Daniel L. Schmoldt
James R. Slusser

A ER AU Y SR A
PG M. BB HO
él_:‘au\/%éﬁﬂ,]}?/ [LJ

UV Radiation in Global
Climate Change

Measurements, Modeling and Effects on

Ecosystems

With 176 figures

@ Springer




o

N A &N

KEWFFHR RN (UVD AEXEVA A T, JIF HAEH AR . XHR
UV-B F 5 95 S G N AT 7 R e 1t 1 s A0 23 FEAH SO I H 1) e s NAN T3 5 3
X UV BRSO BRI TR AT . AP R A T2 30 RS
HIA L UV SESHHSC IR T A, W AT : O UV RS 2 5 - K o
EARRG. NRERE. 2T S5 5Em; @ UV ARSI 1 ol A g, LA
SELIAX A 5 bR HE R DL A SR 7, SRS AT RN @) AR UK AN R bt
U AT

X KRR AR U IR A AR MR A R L B
RRAEYARE . BESCERBIE, AR ARG M EN S H A5 AR A
P AT 2 ARIRRESZ 70 T 045

FARE, B, 2IEEREIE: 010-62782989 13701121933

FIERRS B (CIP) &z

AERURARA P KRR W B O R A R G = UV Radiation in
Global Climate Change: Measurements, Modeling and Effects on Ecosystems: &3 / 54,
(38) Jiti Bk /R 45 (Schmoldt, D. L), (3%) #rhi738 (Slusser, J. R.) Edi. —Jbat: 54 K2E AL,
2009.11

ISBN 978-7-302-20360-5

LA L. Qi @i ILEIL - Jai — - LSRG - - T3
VX122 X171

Hp I RRAS B PSP CIP U % 2 (2009) 25 153863 5

RiERIE: BIEH

R

HATENH:

HARAZAT: R Ho bk JERUEHEKEETIRE A B
http://www.tup.com.cn BB Z%: 100084
# & #l: 010-62770175 BB W: 010-62786544
BIESIEERS: 010-62776969, c-service@tup.tsinghua.edu.cn
RERI&E: 010-62772015, zhiliang@tup.tsinghua.edu.cn

BN £ &

% HH: AEPEE

F o OAR: 153x235 EM3k: 3525 FH: 797 TF

FR - R: 2009 4F 11 HEE 1R ERR: 2009 4F 11 HES 1 kB

B . 1~0000

£ e 00.00 T

APUWAFAESCEAGG  IWED . B, B0, A EIR R R, B ST R
JRAE H R G R e . BEARHLIE: 010-62770177 % 3103 7=/ S 025568-01



Preface

Over the past three decades, the scientific community has realized the urgency of
obtaining a better understanding of the interaction between the earth’s atmosphere/
biosphere and the sun’s radiant energy. Most of the research has focused on the
radiant energy balances in the solar and infrared regions of the spectrum, and the
way these energy flows affect the climate. During this same time frame, in a
related arena, a smaller group of dedicated individuals has concentrated on the
role of ultraviolet (UV) radiation as it affects the overall welfare of the planet.
Although comprising only a small fraction of the radiation balance that may play
a role in global climate change over the next centuries, UV radiation has the
capacity to cause direct and more immediate harm to virtually all living organisms
and especially to human health. Cumulative high doses of UV radiation are
considered a major causal factor in the development of skin cancer and cataracts.
Ultraviolet radiation can weaken the human immune system, and can also affect
crop production and ocean bio-productivity.

Concerns about the increased levels of UV-B radiation reaching the earth’s
surface have led to the development of ground- and space-based measurement
programs to provide long-term records of its levels. Accurate long-term
measurements are difficult to obtain, especially when limited to the bandwidth
regions that contain the most harmful solar photons. A core of concerned
scientists from across the globe realizes that much work is needed in quantifying
the harmful radiation levels and defining their adverse effects. In assessing the
effects of UV-B radiation, it is important to realize the complexity of the
interactions of living organisms that cause adverse responses with radiant energy
directly, as well as in combination with other climate stressors, such as drought,
increased temperatures, and CO,.

This book addresses work that has been conducted throughout the world over
the past three decades, such as: (1) current efforts for establishing a climatology of
UV radiation; (2) modeling the UV component and its impact on ecosystems, human
health, and related economic and social implications; (3) new developments in



UV instrumentation, advances in calibration (ground-based and satellite-based)
measurement methods; and (4) the effects of global climate change on UV
radiation. All chapters, including the review chapters, have been solicited from
renowned scientists in their research fields of UV radiation, meteorology, the
environment, and ecosystems. They have presented their work based on research
at the global scale, taking into consideration possible future developments. Many
new techniques and methods developed from space-ground measurements,
mathematical modeling, and remote sensing have recently become available, yet
have not previously been presented. This book will be a useful source of reference
for undergraduate and graduate students who are involved in the study of global
change, environmental science, meteorology, climatology, biology, and agricultural
and forest sciences. It will also benefit scientists in related research fields, as well
as professors, policy makers, and the general public.

As editors of this book, we wish to express our great appreciation for the
contributions of many individuals. We are indebted to the over 50 authors and
co-authors within the scientific community who have shared their expertise and
contributed much time and effort in the preparation of the book chapters. We also
wish to give credit to the numerous funding sources promoting the scientific
research performed, and thus the valuable findings shared by the authors. We
express our appreciation to the many reviewers and expert scientists who took
the time to offer valuable comments and suggestions for the improvement of the
book chapters. We acknowledge the management and editorial assistance of Laurie
Richards and the technical support of Jonathan Straube of the Natural Resource
Ecology Laboratory, Colorado State University and Tsinghua University Press and
Springer-Verlag. We especially want to express our appreciation for the support of
the Cooperative State Research, Education and Extension Service (CSREES) of
the U.S. Department of Agriculture, and the USDA UV-B Monitoring and
Research Program at Colorado State University. The efforts of many individuals
including Drs. John Moore, John Davis, Steve Liu, Ni-Bin Chang, Mr. George
Janson, and Ms. Rita Deike are appreciated.

Dr. Wei Gao

Colorado State University

Fort Collins, CO

Dr. Daniel Schmoldt

U.S. Department of Agriculture
Washington, D.C.

May 2009
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1 A Climatology of UV Radiation, 1979-2000,
65S—-65N

Julia Lee-Taylorl, Sasha Madronich', Christopher Fischer',
and Bernhard Mayer’

! National Center for Atmospheric Research, Boulder, Colorado, USA
2 Deutsches Zentrum fiir Luft- und Raumfahrt, Oberpfaffenhofen, Germany

Abstract Solar ultraviolet (UV) radiation reaching earth’s surface is of
interest because of its role in the induction of various biological and chemical
processes, including skin cancer. We present climatological distributions of
monthly mean surface-level UV radiation, calculated using the Tropospheric
Ultraviolet-Visible (TUV) radiative transfer model with inputs of ozone
column amounts and cloud reflectivities (at 380 nm) measured by satellite
instruments (Total Ozone Mapping Spectrometers (TOMS), aboard Nimbus-7,
Meteor-3, and Earth Probe). The climatology is averaged over the years
1979-2000 for UV-A (315 nm— 400 nm), UV-B (280 nm— 315 nm), and
radiation weighted by the action spectra for the induction of erythema
(skin-reddening), pre-vitamin D5 synthesis, and non-melanoma carcinogenesis.
Coverage is global, excluding the poles.

Comparisons with concurrent ground-based UV radiation measurements
archived at the World Ozone and Ultraviolet Data Center show agreement at
the 10% — 20% level, except at high latitudes where the large surface albedo
of snow and ice invalidates the use of satellite-observed reflectivity in
estimating cloud cover. The climatology may be useful in epidemiological
studies that assess the role of long-term environmental exposure to UV
radiation.

Keywords UV climatology, erythema, vitamin D synthesis, TUV model

1.1 Introduction

Solar ultraviolet radiation transmitted through the atmosphere to earth’s surface
is known to induce various biological and chemical processes, many of which are
harmful to living tissues and some materials (see UNEP, 20006, for a review).
Examples of processes relevant to human health include skin-reddening (erythema),
synthesis of vitamin D within skin, and induction of various skin cancers. The
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long-term geographical distribution of surface UV radiation is of considerable
interest towards understanding these effects. However, environmental UV levels
are highly variable due to daily and seasonal cycles at different latitudes, and to
variations in atmospheric transmission (mainly attributable to variations in ozone,
clouds, and aerosols) and surface reflections. Ultraviolet radiation measurements
by ground-based instruments are too few, and their record relatively short, to
construct a unified picture of its average global distribution.

An alternative method of estimating surface UV levels with long-term global
coverage relies on satellite-based observations of earth’s atmosphere and surface,
combined with a computer model of the propagation of UV radiation through
the atmosphere. This methodology is already in use on a NASA website
(http://jwocky.gsfc.nasa.gov/ery uv/ery uvl.html, which uses data from the
TOMS ozone-monitoring satellite instruments to generate maps of erythemal UV
for specific days. Other applications of the technique have illuminated interesting
aspects of the problem, i.e., estimation of zonal mean irradiances at different
UV wavelengths, of trends due to ozone changes, of cloud effects, and of
geographical distributions based on monthly averaged ozone and clouds (e.g.,
Frederick and Lubin, 1988; Madronich, 1992; Eck et al., 1995; Frederick and Erlick,
1995; Herman et al., 1996a; Lubin et al., 1998; Herman et al., 1999; Sabziparvar
et al., 1999; Herman et al., 2000; McKenzie et al., 2001). Here we use satellite-
based observations of atmospheric ozone and clouds to derive a climatology of
erythemal UV radiation with nearly global coverage (excluding the polar regions),
averaged over the years 1979 —2000. We developed a fast method for the explicit
calculation of UV daily doses for each day of the whole time period. Averaging
daily UV doses, rather than calculating monthly doses on the bases of monthly-
averaged cloudiness and ozone, reduces possible uncertainties connected with the
non-linear relationship between atmospheric parameters (e.g., total ozone and clouds)
and surface UV radiation. Comparisons with long-term measurements at 22 UV
monitoring stations allow some assessment of the reliability of this technique.
Climatologies such as those presented here can be useful in epidemiological
studies that assess the role of long-term environmental exposure to ultraviolet
radiation, such as those discussed in Chapter 2 (McKenzie and Liley).

1.2 Method

UV broadband irradiances (W m ?) are computed as integrals over wavelength 1
(nm) of spectral irradiances £(4) (W m ™~ nm ') weighted by appropriate spectral
functions S(1) (typically unit-less):

Trradiance = jS(/I) E(A) dA
E(X) is a function of solar zenith angle (SZA) and surface elevation, as well as

2
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optical depth profiles of atmospheric absorbers and scatterers (e.g., ozone and
clouds). The values of S(A) are unity for UV-A and UV-B in the respective
wavelength ranges of 315 nm— 400 nm and 280 nm— 315 nm, and zero outside
these ranges. Figure 1.1 shows the wavelength dependence for three action spectra
with relevance to human health: (1) erythema (McKinlay and Diffey, 1987),
(2) pre-vitamin D3 production in human skin (Holick et al., 2006, after MacLaughlin
et al., 1982), and (3) photocarcinogenesis of non-melanoma skin cancers (CIE,
2006). The erythema action spectrum has been accepted for the calculation of the
instantaneous UV index (defined as the UV, irradiance multiplied by 40
(ICNIRP, 1995; WMO, 1997)), and the time-integrated standard erythemal dose
(SED =100 J m* (CIE, 1998)). In practice, use of this CIE spectrum emphasizes
the ozone-sensitive region of 295 nm — 320 nm, peaking near 305 nm with minor
contributions from longer wavelengths (Madronich et al., 1998; Micheletti et al.,
2003). The other two functions are somewhat similar, in that they maximize at
around 305 nm wavelength, and decrease by several orders of magnitude by 330 nm.

0
10°F 0
7 4 N
R — Erythema
‘"\ - = Vitamin D
2 107F i
z
2 102
2
=
&
1073
1
_ ]
10 4‘1 ......... [T Lo [T Lovuinnnns [T L
280 30 320 340 360 380 40

Wavelength (nm)

Figure 1.1 Spectral functions for erythema: solid line (McKinlay and Diffey, 1987);
synthesis of pre-vitamin D3: dashed line (MacLaughlin et al., 1982; Holick et al., 2006);
and non-melanoma carcinogenesis: dotted line (CIE, 2006)

Compilation of a global UV climatology is computationally intensive, requiring
the calculation of E(A) at all relevant wavelengths, at each geographical location,
and over diurnal cycles for each day of each year. To reduce computational time,
we used the TUV model (Madronich and Flocke, 1997) to pre-tabulate values of
weighted UV irradiances as a function of SZA (0° to 96° in 1° steps), ozone
column (43 DU - 643 DU in steps of 10 DU), and surface elevation (0, 3, and 8
km above sea level), for cloud-free and aerosol-free conditions. The omission of
UV absorption by aerosols can lead to overestimates of irradiance for polluted
locations; this limitation will be discussed in more detail later. E(1) at earth’s
surface was computed at 1 nm steps from 280 nm — 400 nm. The spectral irradiance

3
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incident at the top of the atmosphere was taken from the Atlas3/SUSIM
measurements (D. Prinz, pers. comm., 1998). Vertical profiles (appropriate for
mid-latitude, annual average conditions) for air density, temperature, and ozone
were taken from the U.S. Standard Atmosphere (USSA, 1976) with, however, the
ozone profile re-scaled to the actual ozone column (see below). The propagation
of solar radiation through the atmosphere was computed with a 4-stream discrete
ordinates method (Stamnes et al., 1988), with pseudo-spherical correction for
improved accuracy at low sun conditions (Petropavlovskikh, 1995). A Lambertian
surface albedo of 5% was assumed at all wavelengths.

The atmospheric ozone column and cloud reflectivity at 380 nm (R) were taken
from the TOMS data from three satellites: (1) Nimbus-7, Level 3/Version 8
(McPeters et al., 1996), Nov. 1, 1978 to Dec. 31, 1992; (2) Meteor-3, Level
3/Version 8 (Herman et al., 1996b), Aug. 22, 1991 to Dec. 11, 1994; and
(3) Earth Probe, Level 3/Version 8 (McPeters et al., 1998), July 7, 1996 to June
30, 2000. The geographical resolution of the measurements was 1.25° longitude by
1.00° latitude. For each grid point, only one satellite overpass per day occurred
(ca. local noon). We therefore assumed constant ozone and reflectivity values for
the entire day. Local values of the ozone column, SZA and surface elevation were
used to compute the clear-sky irradiances at 30-minute intervals over half days by
interpolation of the pre-tabulated values. Assuming symmetry about local noon,
these data were integrated over 24 hours to obtain the daily UV-A, UV-B, and
erythemal doses. A correction for variations in the earth-sun distance was applied
as a function of date. A reduction factor F for cloud cover, identical to that used
by Eck et al. (1995), was then applied:

1/F=

1-(R-0.05)/0.9, R<50%
1-R, R>50%

For cloud-free and aerosol-free conditions, total reflectivity at 380 nm is
dominated by Rayleigh scattering and surface reflections, the latter being rather
small at UV wavelengths unless snow or ice is present. The TOMS algorithm
attributes excess reflectivity to clouds or scattering aerosols, without distinguishing
between the two. When high surface albedo is encountered (e.g., snow or ice),
this method erroneously interprets the high surface reflectivity as cloud cover,
thus artificially reducing surface UV irradiance. Polar regions are therefore
excluded from our analysis. For non-polar regions, including mountainous
regions, we did not attempt to correct for snow cover. The calculated UV doses
for such areas should therefore be considered as lower limits.

The calculation of UV doses should in principle be carried out for each location
and each day over the satellite record (ca. 1979 — 2000). However, gaps in the
satellite record exist, so that for some days and/or locations, no doses could be
computed. These missing days require some consideration to avoid biases in any

4
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long term averages and trends. For each location, monthly averaged doses were
calculated for each of the 247 months in the combined dataset, but were considered
valid only if at least half of the days in that month had data. No attempt was
made to discriminate between the months in which data gaps typically occurred
during the early part of the month and when they typically occurred during the
latter part of the month. In some cases, measurements for the same location and
days were available from two different satellites; in such cases, monthly means
for each satellite were computed, then averaged together to obtain a single mean
for that month.

Climatological monthly values were computed for each location by averaging
all valid values for that month over multiple years (e.g., climatological January is
the mean of all valid January values over 1979 — 2000, etc.). For most of this chapter,
we consider averages over the full 22 years (1979 —2000), but for some of the
discussion below, we also considered the time periods 1979 — 1989 and 1990 —
2000 separately. Climatological annual values were computed as the mean of all
valid climatological monthly values, specifically (mean of all Jans. + mean of all
Febs. +---+ mean of all Decs.)/12.

The second period (1990 — 2000) is missing some data (all of 1995, Jan— Jun
1996, Jul — Dec 2000). We tested the effects of these missing data on the calculated
changes by temporarily removing the analogous months from the 1979 — 1989
record and comparing the resulting climatology to that of the complete
1979 — 1989 period. Differences of <+ 0.2% were obtained. This is on the order
of ~1/10 of the clear sky changes between the two periods 1979 — 1989 and
1990 —- 2000, and on the order of <1/10 of the changes in the “all sky” values
between these two periods.

For a comparison with the satellite-derived estimates, we used measurements
of UV irradiances by ground-based spectroradiometers, obtained from the World
Ozone and UV Data Center archive (WOUDC; data downloaded June 2002).
Measured UV, doses are reported as daily integrals of spectral observations
integrated over wavelength with the McKinlay and Diffey (1987) erythemal action
spectrum weighting. The archives include 22 non-polar stations; 10 in Canada
(Meteorological Service of Canada, MSC); 4 in Japan (Japan Meteorological
Agency, JMA); 2 in the Taiwan region (“Central Weather Bureau of Taiwan,
CWBT?”), and 1 each in Obninsk, Russia (Institute of Experimental Meteorology-
Scientific Production Association (IEM-SPA)), Poprad-Ganovce, Slovakia (Slovak
HydroMeteorological Institute (SHMI)); Mauna Loa, HI (MSC); San Diego, CA;
Ushuaia, Argentina; and Palmer Station, Antarctica (all US National Science
Foundation (NSF) sites). The NSF sites operated double monochromators
(Biospherical Instruments, Inc), while all other sites operated Brewer single
monochromators. Our satellite-based irradiance values for station locations were
derived for the locations and altitudes of the ground-based stations.
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1.3 Results

1.3.1 Satellite-Derived UV Climatologies

The geographical distributions of daily UV radiation doses at earth’s surface,
averaged over the entire time period of (Nov. 1, 1978 —June 30, 2000) are shown
in Figs. 1.2—-1.6. The upper panel in each figure shows values calculated by
considering the effects of both ozone and clouds, as estimated from TOMS data,
and are thus assessed to be nearest to the actual values experienced over this time
period. The lower panels show climatological distributions estimated for hypothetical
cloud-free skies (i.e., estimated from the ozone distributions without correcting
for the presence of clouds).
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Figure 1.2 Climatological daily doses of UV-A at earth’s surface, derived from
satellite (TOMS) observations of the atmospheric ozone column and cloud
reflectivity at 380 nm and averaged annually over Nov 1, 1978 — June 30, 2000,
with (upper) and without (lower) correcting for the presence of clouds
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Figure 1.3 Climatological daily doses of UV-B at earth’s surface, as Fig. 1.2
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Figure 1.4 Climatological daily doses of erythemal UV at earth’s surface, as Fig
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VtD: annual mean: kJ/m?/day:ozone + clouds case

Figure 1.5 Climatological daily doses of UV weighted for pre-vitamin D5 synthesis
at earth’s surface, as Fig. 1.2

The zonally homogeneous distribution of UV-A calculated for cloud-free
conditions shows almost exclusive dependence on solar position, with only small
variations due to surface topography. Ozone column variations induce additional
zonal variations in the distributions of cloud-free UV-B and UV weighted for
either erythema or other biological response functions. However, the strongest
longitudinal variations in the surface UV dose rate distributions are caused by
climatological cloud distributions.

As expected, the highest doses are generally seen in the tropics, up to ca.
6 kJ m > day ' (60 SED day ") for erythemal UV in the eastern Pacific and eastern
Africa, but with substantial cloud-related reductions over western South America,
parts of West Africa, and just north of the equator in the eastern and central
Pacific. Middle latitudes of both hemispheres show a general pole-ward decrease
from about 5 to 1 kJ m ™ day ', with some regional highs associated with higher
elevations, smaller ozone columns, and infrequent cloudiness (e.g., the Andes

8
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Figure 1.6 Climatological daily doses of UV weighted for non-melanoma
carcinogenesis at earth’s surface, as Fig. 1.2
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Figure 1.7 Climatological annual mean cloud-related UV reduction factors for
daily doses of UV-A derived from satellite (TOMS) observations of the atmospheric
ozone column and cloud reflectivity at 380 nm for Nov 1, 1978 — June 30, 2000.
Cloud-related UV reduction factors for the other UV functions discussed in this
chapter are similar
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Mountains, the Tibetan Plateau, central Mexico, and the southwestern U.S.).
Lower values for those latitudes are noted for East Asia and the coastal eastern
Pacific, associated with more frequent cloud cover. Figure 1.7 shows the cloud-
related UV reduction factor, calculated as the ratio of the cloud-corrected
climatological daily UV dose (upper panels of Figs. 1.2 — 1.6) to the climatological
daily dose before cloud-correction (lower panels of Figs. 1.2 —1.6).

The seasonal variations of the 22-year UV dose climatologies are shown in
Figs. 1.8 —1.11. (The seasonal variability of UV weighted for non-melanoma
carcinogenesis is similar in magnitude and distribution to that of UV weighted
for pre-vitamin D3 synthesis, so it is not shown.) The latitudinal distributions are
generally consistent with the annual variation of the subsolar point in the tropics,
giving strong seasonal variations at temperate latitudes (out of phase by six
months between the two hemispheres).
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Figure 1.8 Seasonal variability of daily doses of UV-A. The figure shows the
daily doses averaged over the period Dec. 1, 1978 — June 30, 2000 for the months
of June (upper) and December (lower)
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Figure 1.9 Seasonal variability of daily doses of UV-B, as Fig. 1.8
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Figure 1.10 Seasonal variability of daily doses of erythemal UV, as Fig. 1.8
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Figure 1.11 Seasonal variability of daily doses of UV weighted for pre-vitamin
D; synthesis, as Fig. 1.8

Detailed analysis of temporal trends is beyond the scope of this work, but
some indications may be obtained by comparing the climatological values averaged
over 1990 — 2000 with those averaged over 1979 — 1989. Figure 1.12 shows the
changes in erythemal doses between these two 11-year periods. The total dose
rate changes combine the effects of changes in the ozone column (Fig. 1.12, top
panel) and changes in cloudiness (Fig. 1.12, center panel). The upper panel clearly
shows the increase in surface UV resulting from stratospheric ozone reductions,
not only in the Antarctic region, but also at mid-latitudes. The center panel shows
a reduction in cloudiness, maximizing over north-central Europe, possibly as a
result of the introduction of cleaner fuel-burning technologies in the west,
combined with a contraction of heavy industry in the east. Increases in cloudiness
are seen over the Bay of Bengal and over the Humboldt Current off the west coast
of South America, possibly owing to the enhanced El Nifio conditions prevalent
during the 1990s. The apparent reductions in cloudiness around the coasts of

12
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southern Alaska and Hudson Bay may partly be artifacts related to decadal-scale
changes in snow and ice cover. The lower panel shows the net change in the
annual mean global distribution of erythemal UV dose rates. Significant changes
are seen to have occurred, with annual mean dose rate increases of 8% or more in
some regions, including north-central Europe, the eastern seaboard of the US,
Siberia, and the Antarctic Ocean. Other regions experienced annual mean dose
rate reductions of up to 6%.
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Figure 1.12 Changes in average daily doses of erythemal UV between the periods
of 1979 — 1989 and 1990 — 2000. Change in values calculated from the TOMS ozone
data only (upper); change in cloud reduction factor (center); change in annual mean
net daily erythemal UV dose (lower)
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1.3.2 Comparison with Ground-Based Measurements

Comparisons with ground-based measurements are shown in Fig. 1.13 for annual
averages of the daily UV, dose. Temporal overlap between the satellite observations
and the ground-based observations is only available at some stations (see
Table 1.1), and then only for a few years. The satellite-derived estimates show a
long-term trend due to stratospheric ozone depletion, as has been reported previously
(Herman et al., 1996a), whether or not cloud cover is considered. Note that
the satellite-derived values apply to an extended region of typically 10* km?,
while the ground-based observations pertain to a single, often urban, location.
Figure 1.13 shows that the satellite-derived annual averages tend to overestimate
measurements by averages of 5% for remote northern locations, 11% for Canadian
cities, and 30% for polluted mid-latitude urban regions (San Diego and cities in
Japan and cities in the Taiwan region). Herman et al. (1999) found similar differences
for the measurements at Toronto, showing also that these were not seasonally
dependent, except for snow-covered periods. These discrepancies remain under
investigation and may stem from both measurements and satellite-derived values.
Because of the imperfect cosine response of the entrance optics, Brewer
instruments may underestimate true irradiances by 2% — 7% according to Bais et
al. (1998), or by 6% £ 2% according to Herman et al. (1999). Network for the
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Figure 1.13 Differences between ground-based and satellite-derived annual mean
daily erythemal UV doses. Points show the mean of differences for all years where
both ground-based and satellite-derived values are available. Lines show the standard
deviations at each station. Filled diamonds = satellite-derived UV values including
adjustment for the presence of clouds, and mean ground-based values; open circles
= satellite-derived UV values without cloud adjustment and maximum ground-based
values. Stations are listed in order of decreasing latitude. See Table 1.1 for station
details
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Table 1.1 Details of ground-based Brewer spectrophotometer stations referenced

in Fig. 1.13
Station Agency’  Station LD. Latitude (°) Longitude (°) Altitude (m)
Churchill MSC 77 58.8 -94.1 35
Obninsk IEM-SPA 307 55.1 36.6 0
Edmonton MSC 21 53.6 —114.1 766
Saskatoon MSC 241 52.1 —-106.7 550
Regina MSC 338 50.2 -104.7 592
Winnipeg MSC 320 49.9 -97.2 239
Poprad-Ganovce SHMI 331 49.0 20.3 706
Saturna MSC 290 48.8 -123.1 178
Montreal MSC 319 45.5 -73.8 24
Halifax MSC 321 447 —-63.6 31
Toronto MSC 65 43.8 -79.5 198
Sapporo IMA 12 43.1 141.3 19
Tateno IMA 14 36.1 140.1 31
San Diego NSF 239 32.8 -117.1 0
Kagoshima IMA 7 31.6 130.6 283
Naha IMA 190 26.2 127.7 29
Taipei “CWBT” 95 25.0 121.5 30
Chenkung “CWBT” 306 23.1 1214 10
Mauna Loa MSC 31 19.5 —-155.6 3397
Ushuaia NSF 339 -54.5 —68.2 7
Palmer NSF 292 —64.5 —64.0 0

* Agency abbreviations: Meteorological Service, Canada (MSC); Institute of Experimental Meteorology-Scientific
Production Association (IEM-SPA), Russia; Swedish Meteorological and Hydrological Institute (SHMI); Japan
Meteorological Agency (JMA); National Science Foundation (NSF), USA; “Central Weather Bureau of Taiwan
(CWBT).” The World Ultraviolet Radiation Data Centre (WOUDC), where the data is archived, has a stated goal
of annually intercalibrating the instruments.

Detection of Atmospheric Composition Change (NDACC) quality ground based
instruments, which have superior cosine responses and include corrections for
these errors, also show much lower UV irradiances than satellite derived values
in polluted locations, but good agreement in pristine locations (McKenzie et al.,
2001). The TOMS-based method does not account for UV-absorbing aerosols,
which according to Herman et al. (1999) lead to a systematic overestimate of ca.
8% * 2% at Toronto. Aerosols are likely to be significant at other locations during
pollution episodes (e.g., Wenny et al., 1998), or if an area suffers routinely from
pollution (e.g., the Southeast Asian sites). Smaller errors (e.g., 5% or less) are
associated with several other factors (e.g., instrument calibrations, extraterrestrial
irradiances used in the model), but at present there is no basis for estimating the
sign of any resulting bias. The strong disagreement at Palmer Station, where we
underestimate the irradiance by 50%, illustrates the consequence of using
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TOMS-observed reflectivity to infer cloudiness at high-latitude locations. The
high reflectivity recorded by the satellite may be due to snow and ice rather than
to clouds, thus leading to a significant underestimate of the UV, reaching the
surface.

Using a similar TOMS-based technique, Frederick and Erlick (1995) computed
noon-time erythemal irradiances, as well as their trends and interannual variability,
for regions of 6° latitude by 10° longitude centered over New Zealand, Malaysia,
Sweden and the eastern U.S. Lubin et al. (1998) used monthly mean ozone from
TOMS and monthly mean cloud cover data derived from the Earth Radiation Budget
Experiment (ERBE) to compute global UV, distributions for several months
during 1988 and 1989. Sabziparvar et al. (1999) presented a global climatology
of daily doses for January, April, July, and October, computed from monthly-
averaged climatological ozone (TOMS, 1985 — 1989) and cloud data (International
Satellite Cloud Climatology Project (ISCCP), 1983 — 1991). Global distributions
of UV for 1988 (January, March, July, and September) are presented by Herman
et al. (1999), who also carried out detailed comparisons to observations obtained
with the Toronto Brewer instrument. Our results are generally consistent with these
studies, for example, predicting the strong latitudinal gradients as well as most of
the regional anomalies. However, detailed values are not directly comparable
because of our use of daily rather than monthly ozone and cloud data, and our
integration over an extended time period (1978 — 2000).

1.3.3 Discussion of Uncertanties

We recognize a number of limitations in our study that can hopefully be addressed
by future work. The parameterization of cloud effects via the 380 nm reflectivity
is obviously crude compared to the complexity of real cloudiness, and its failure
in the presence of high albedo surfaces has been discussed. Other sources of
cloud information exist and show promise in extending the climatology to higher
latitudes (e.g., Mayer and Madronich, 1998). Additionally, pollutants present in
the lower atmosphere can attenuate surface UV irradiances. Regional-scale absorbing
aerosols, probably associated with plumes of biomass burning, have been detected
by the TOMS instrument (Krotkov et al., 1998), although quantification remains
a challenging area of research. On smaller scales, such as highly polluted urban
areas, substantial absorption of UV radiation is possible from smog-generated
ozone, SO,, NO,, and absorbing aerosols (e.g., soot) in the lower atmosphere. These
absorbers are not easily detected from satellite platforms, so that a climatology
based on direct ground-based UV radiation measurements, if available, is preferable
for such locations.

The presence of snow, whether seasonal or year-round, creates another challenge.
The misinterpretation of snow cover as cloud in the satellite data leads to
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underestimates of ambient UV. This underestimate stems not only from the
inappropriate application of the cloud-related UV reduction factor, but also from
the use of a surface albedo of 5%, whereas the reflectivity of snow is usually
much higher and causes stronger surface-atmosphere radiative coupling. Hence,
even our “cloud-free” climatology may be an underestimate for UV dose in
snowy regions. If snow cover is interspersed with lower albedo surfaces such as
forest, the bias will be reduced, but not eliminated. Another factor is the increase
in effective UV dose received just above a snow surface by reflection from that
surface. At higher latitudes and low altitudes, persistent widespread snow is
likely to be present only during winter when UV irradiance is already low due to
large SZAs. In mountainous regions, snow cover may also persist at lower
latitudes, and for longer seasons. In each case, the climatologies presented here
underestimate the actual ambient UV dose.

The results shown here do not give the short-term variations in erythemal UV,
although some of the inter-annual variability may be inferred from Fig. 1.12.
Daily data (1979 — 1994 and 1996 — 2000) are available and were used to compute
the long-term averages; however, space limitations preclude their presentation
here.

1.4 Conclusions

By using satellite ozone and reflectivity measurements as input to a column
radiative transfer model, we have derived near-global climatologies of UV radiation
at earth’s surface, weighted for UV-A, UV-B, human erythema induction,
pre-vitamin Ds synthesis, and non-melanoma carcinogenesis. These climatologies
are potentially of direct utility to epidemiological studies of the effects of UV
exposure, especially if geographical gradients are of interest. For example, the
induction of non-melanoma skin cancers is thought to be associated with long-term
cumulative exposure to UV radiation, while melanoma mutational subtypes are
associated with UV radiation exposure at different life stages (e.g., Thomas et al.,
2007). The weighted UV distributions described in this chapter are available for
free download from the NCAR Community Data Portal (http://cdp.ucar.edu). To
find the datasets, navigate the “browse” menu through the directory structure:
ACD> ACD Models>TUV > Erythemal UV. A technical note (Lee-Taylor and
Madronich, 2007) that includes color versions of the figures in this chapter is
also available.
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Abstract The relatively small long-term change in ultraviolet (UV) radiation
is compared with its substantial geographical variability. Action spectra
published by the International Commission on Illumination (CIE) are then
used to examine diurnal, seasonal, and latitudinal variations in erythemally-
weighted (sunburning) UV —a health risk, and vitamin D-weighted UV—a
health benefit. Vitamin D weighted UV is more strongly dependent on ozone
and solar zenith angle (SZA). Consequently, its diurnal, seasonal, and
geographic variability is more pronounced than for erythemally weighted
UV. An algorithm is developed and used to relate vitamin D production to
the widely-used UV Index. The exposure times needed to produce erythema,
or sufficient vitamin D, are calculated as a function of UV Index' (UVI),
using published physiological criteria. In the summer at noon, there should
be sufficient UV at mid-latitudes to photosynthesize optimal vitamin D in
~1 minute for full body exposure, whereas skin damage occurs after ~15
minutes. Further, while it should be possible to photosynthesize vitamin D
in the winter at mid latitudes, the amount of skin that must be exposed is
larger than on the hands and face alone. This raises the question of whether
the action spectrum for vitamin D production is correct, since it has been
reported that production of vitamin D is not possible in the winter at
mid-latitudes. Because the benefits of UV depend on the area of skin
exposed, it is preferable to expose large skin areas to sunlight for shorter
times than to expose small areas for correspondingly larger times.

Keywords solar UV irradiance, ozone, erythema, vitamin D

1 UVI =40 x UVg,y, where the latter is in units of W m 2,



UV Radiation in Global Climate Change: Measurements, Modeling and Effects on Ecosystems

2.1 Introduction

There has been increased interest in understanding the variability and trends in
ultraviolet (UV) radiation since it was realized that the world’s protective ozone
layer was at risk from a build-up of anthropogenic trace gases in the atmosphere.
Good progress has been made through improvements in instrumentation, calibration
procedures, and data quality assurance. The widespread adoption of a standardized
metric for reporting UV radiation risk—namely erythemally weighted UV
(UVgy', in W m™), or the UV Index (WHO, 2002) (UVI=40x UVg,), has also
facilitated meaningful comparisons.

Assessments of our understanding of UV radiation and its effects on the
environment are updated regularly. The most recent of these assessments predicts
that although the ozone layer will gradually recover over the next few decades,
the outlook for future UV is less certain (UNEP, 2006; 2007, WMO, 2007).
Despite the progress in instrumentation, any changes in UV, attributable to
ozone depletion have been difficult to detect, because of: (1) uncertainties in UV
measurement, (2) a relatively low sensitivity of UV to changes in ozone, and
(3) the effects of other changes in atmospheric composition (e.g., changes in
aerosols and clouds).

2.2 Long Term Changes in UVg,y

While the effects of ozone depletion on UVg,y, have been large in the Antarctic
region (Kerr et al., 2003), the effects have been relatively small in populated
areas at lower latitudes. At mid-southern latitudes, summertime ozone, and
therefore UVgy, is influenced by the export of ozone-poor air from the Antarctic
ozone hole (Roy et al., 1990). Long term measurements at Lauder, New Zealand
(45°S, 170°E, altitude 370 m) provide some of the strongest evidence outside the
Antarctic region for increases in UV, attributable to ozone depletion. Results
are shown in Fig. 2.1. The increases in peak UVg,, due to ozone depletion were
relatively modest, ~10% — 15%, with a peak in late 1990s, and a decrease since
that time. Other measurement sites, which are generally more polluted, show
larger variabilities from sources other than ozone (WMO, 2007). These findings
demonstrate that, outside the region affected by the Antarctic ozone hole,
changes in UVI due to changes in ozone are rather small and are within the range
of variability from other causes. Outside polar regions, ozone levels are expected
to return to pre-1980 levels around the middle of the 21st century. Inside polar
regions, the recovery is expected to be delayed by a further 10 to 20 years due to
an interaction with global warming whereby the expected cooler stratospheric

1 Erythemally weighted UV irradiance. UV radiation weighted by the erythema action spectrum.
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temperatures will tend to favor the more widespread development of polar
stratospheric clouds. Reactions on the surface of these clouds can greatly accelerate
ozone depletions, as currently happens each spring in Antarctica (WMO, 2007).
The relatively small magnitude of changes in ozone and UV, and the optimistic
outlook for the future, are attributable to the success of the Montreal Protocol and
its subsequent amendments and adjustments.

Ozone (DU)

UV Index (at noon)

2004 1~

2006 1

|
1
[=
=]
=]
[}

Summer year ( December - February)

Figure 2.1 Upper panel: Mean ozone (Dobson Units, 1 DU = 2.69 x 10'® molecule
cm?) at Lauder, New Zealand for the summers of 1978 — 1979 through 2007 — 2008.
Lower panel: Corresponding estimates of UV Index. Summer is defined as the period
from December through February. The solid lines show the changes in summertime
ozone that have occurred since the 1970s and the deduced changes in clear-sky UV
expected from these changes in ozone. The symbols (from 1989 — 1990 on) show
measured values of ozone and the summertime peak UV Index, both derived from
the UV spectroradiometer (McKenzie et al., 2000)

2.3 Geographical Variability in UVg,,

In contrast to these ozone-induced changes in UV, the geographical and seasonal
changes (as well as diurnal changes) are large. These geographical variabilities
are usually derived from satellite-borne sensors that monitor solar UV radiation
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that is backscattered from the earth. It should be noted that estimates of UVg,y,
from a satellite are sometimes too large in polluted locations because extinctions
within the atmospheric boundary layer are not well probed by these sensors
(McKenzie et al., 2001; 2003). Thus, extinctions by tropospheric clouds and
aerosols, as well as variations in the profiles of ozone and temperature, can lead
to errors in the retrieved surface UV irradiances.

Compared with noon intensities, the corresponding daily total doses of available
UV radiation show much larger seasonal variabilities because of the longer hours
of daylight in summer. Daily doses for the solstice months, as derived from the
Ozone Monitoring Instrument (OMI) on the UARS satellite, are shown in
Fig. 2.2. Generally, the daily doses of UV are a maximum at locations where the
noon solar zenith angle (SZA) approaches zero, and tend to decrease rapidly in
moving to locations where the noon SZA is larger. Thus, the highest daily doses
of UV tend to occur in the tropics, and the lowest doses occur in polar regions
where they fall to zero in mid winter for all latitudes within the Arctic or
Antarctic circles (latitudes> 68°). There are two notable departures from this
overall pattern, caused by the springtime Antarctic ozone hole and the effects of
high altitudes, as discussed later.

At mid-latitudes (~40°—50° in both hemispheres), the daily UV, dose in
summer is comparable with that in the tropics. However, in the winter, it is less
than 10% of the summer dose. As the latitude increases, the seasonal swing becomes
more and more marked.

2.4 Peak UV

For some biological processes, peak UV intensity may be more important than
the mean value, and while we cannot be sure about evolutionary pressures, it is
possible that UV intensities were much greater during the earlier history of the
planet than at present (Bjérn and McKenzie, 2007). However, from our current
perspective, changes in UV over the past, and future, few decades are more
relevant. It is likely that peak UV over these time scales has already occurred,
since it is expected that ozone will continue to recover throughout the 21st
century (WMO, 2007).

2.4.1 Peak UV Index

Here we examine the geographical distribution of peak UV. There is considerable
geographic variability, as illustrated in Fig. 2.3 (Liley and McKenzie, 2006),
which shows calculated peak values of the UVI based on over 20 years of
measurements from the NASA Total Ozone Monitoring Spectrometer (TOMS)
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Figure 2.2 Global distribution of the average cloud corrected erythemal daily
dose (in kJ m™ per day) for June 2005 (upper panel) and December 2005 (lower
panel) derived from OMI measurements. These surface UV irradiance images were
supplied by Aapo Tanskanen of the Meteorological Institute. OMI is a joint effort of
KNMI, NASA, and FMI, and is managed by NIVR/Netherlands. The unshaded
(white) areas are those with no UV data coverage

satellite-borne instruments. Generally, the peak UVI values decrease from equator
to pole. However, at mid-latitudes, and even at high latitudes, peak values can
approach those in the tropics. UV doses can also be exceptionally high in the
high-altitude Altiplano region of South America, where the UVI can reach values
of 25 during the month of February when the noon sun is approximately
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Figure 2.3 Global values of the peak UVI derived from 20 years of TOMS
satellite data

overhead (Liley and McKenzie, 2006). Fittingly, the location of this peak is near
Cuzco, Peru (13.5°S, 72°W, alt: ~3300 m a.s.l), which was the capital of the
ancient sun-worshipping Inca civilization. In locations including the city of La
Paz (population ~1 million), so called “extreme” UVI values (UVI>10) are
reached on two out of three days every year (F. Zaratti, Personal communication,
2000).

These global peak UVI values are nearly a factor of two greater than at
unpolluted mid-latitude, lower-altitude sites, such as Lauder, New Zealand (45°S).
Although the intensities there are not extreme in a global sense, they are
approximately 40% higher than at corresponding latitudes in the Northern
Hemisphere, and are more reminiscent of those at latitude 5° closer to the equator
and 2000 m higher in altitude (Fig. 2.4). These differences are caused by: (1) the
phasing of the Earth’s orbit about the sun (closest in January and furthest in July),
(2) lower ozone amounts in the Southern Hemisphere summer, and (3) the generally
lower pollution in the Southern Hemisphere.

Overall differences are much smaller in the winter, so in the Southern Hemisphere
the summer-winter contrast in UV, is also more marked. These huge seasonal
changes in UV radiation have important implications for human health. High UV
irradiance in summer contributes to skin cancer, while low irradiance in winter
results in ailments associated with vitamin D deficiency. In New Zealand, for
example, the skin cancer rates are among the highest in the world, yet a
significant fraction of the population has insufficient vitamin D in the winter
(Livesey et al., 2007). Tanning of the skin, induced by the high summertime UV
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Figure 2.4 Upper panel: Peak UV at 45°S (Lauder, NZ—labeled NZ01) compared
with sites in North America of comparable latitude. The high-altitude sites in North
America, which tend to be at lower latitudes, are labeled (CO11, CO01, UTO1).
Lower panel: The sites selected, which are a subset of the USDA UV network sites
maintained by the University of Colorado. The Lauder site is shown on the
inverted map of New Zealand, which is superimposed over its corresponding range
of latitudes in North America

irradiance, may further exacerbate the winter problem since the increased
pigmentation in response to sun exposure blocks UV penetration into the skin
and so inhibits the production of vitamin D. Other factors, such as skin type, and
lifestyle choices, which in turn are influenced by parameters, such as ambient
temperature, also contribute to the high rates of skin cancer in New Zealand.
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2.4.2 Peak UV Daily Dose

Unlike the peak UVI values, the peak daily UV doses derived from satellite data
also depend on the length-of-day and on cloud patterns. The precise geographic
location for these peak UV doses depends on the temporal averaging period and
the spectral weighting function in question. Table 2.1 shows peak values of
monthly mean daily UV doses and their locations for several different weighting
functions. In all cases, the peak values occur in the Altiplano region, although for
these monthly means, the peak occurs at a slightly higher latitude—where the
summer day-length is longer than for the peak instantaneous UVI shown in Fig. 2.3.
Whereas the peak UVI occurred in the February/March period (close to the
period when the sun moves directly overhead), the peak monthly means occur
closer to the summer solstice. The daily dose of erythemally weighted UV can
exceed 12 kJ m~ (or 120 SED (standard erythemal dose)) on cloudless days
(Lee-Taylor and Madronich, 2007), which corresponds to ~50 MED (minimum
erythemal dose) for fair skinned individuals. For all of the weightings listed, the
peak occurs in January, generally at latitude 22.5°S. In the case of UVA radiation,
which is independent of ozone, the peak value occurs at higher latitude. The peak
values for the month of December are only slightly less than those for January
and all occur near latitude 5°S.

Table 2.1 Global peak in UV doses, calculated from monthly values, including
the effects of clouds, which in each case reduce the clear-sky values by 10% % 1%.
All peak sites are in the Atacama Desert of the Andes (up to ~5,000 m) near the
border of Chile, Bolivia, and Argentina. All are south of Cuzco, where the peak
UVI occurred in February. For snow-covered surfaces, doses are about 35% greater.
With the alternative definition of UVB (280 nm — 320 nm), the peak doses are
approximately a factor of 2 greater (137 kJm” per day). Data extracted from a
20-year climatology (Lee-Taylor and Madronich, 2007)

Max Value Latitude Longitude

Weighting Month (Jm 2day ) ) W)
01 11.8 22.5 66.9
Erythema
12 10.5 25.5 68.1
1 21. . .
Vitamin D 0 3 225 66.9
12 19.0 25.5 68.1
01 234 22.5 66.9
Non Melanoma Skin Cancer (NMSC)
12 21.0 25.5 68.1
01 2220 26.5 68.1
UVA (315 nm — 400 nm)
12 2060 25.5 69.4
01 74.0 22.5 66.9
UVB (280 nm — 315 nm)
12 67.2 25.5 68.1
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During the latter period of the springtime Antarctic ozone hole, when solar
elevations are higher and day length is longer, daily UV doses at high southern
latitudes can reach values comparable with mid to low latitudes, such as San
Diego (Kerr et al., 2003; Bernhard et al., 2008).

2.5 Comparing Weighting Functions for Erythema and
Vitamin D

The weighting functions for erythema (McKinlay and Diffey, 1987) and for vitamin
D production (Bouillon et al., 2006), as published by the International Commission
on [llumination (CIE), are compared in Fig. 2.5 (upper panel). Each of these is
arbitrarily normalized to unity at its maximum value. The figure also includes
typical global solar irradiance spectra measured at a mid-latitude site at local
noon on cloudless days close to the summer and winter solstices. The resolution
of the spectra is approximately 0.9 nm at full-width half-maximum (fwhm), and
the detailed structure is mainly due to absorption in the sun’s atmosphere. The
sharp decrease at wavelengths shorter than 315 nm is due to absorption by
atmospheric ozone. All of these curves are plotted on a logarithmic vertical scale.
Although the erythemal weighting function extends to longer wavelengths, the
vitamin D weighted irradiance for the summer spectrum is about twice as large as
for erythema because of its increased contribution between 300 nm and 315 nm.
The weighted integrals for erythema (UVg,y) and vitamin D (UVWDI) are compared
in the middle panel of Fig. 2.5, with a linear vertical scale. In all cases, the
contribution from UVA is small, especially in the case of vitamin D-weighted UV.
For the summer spectrum shown, the weighted irradiances, which are given by
the integrated areas under these curves, are: UVgy=0.28 W m~ and UVvin=
0.54 W m > (UVyip is reduced by ~5% if the weighting function is cut at 315 nm,
see discussion below). For the winter spectrum, the weighted irradiances are:
UVEy=0.026 W m > and UVyyp=0.027 W m~> (UVyp is reduced by ~10% if
the weighting function is cut at 315 nm). The lower panel of Fig. 2.5 shows the
same weighted irradiances, but focuses on the wavelength region from 290 nm to
330 nm only. There are substantial differences in the spectral shape of these
weighted irradiances between summer and winter. In the winter, the contribution
from longer wavelength components has a greater relative importance.

1 UV radiation weighted by the action spectrum for production of pre-vitamin D.
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Figure 2.5 Upper panel: Weighting functions for erythema and vitamin D production,
along with sample spectra measured at Lauder New Zealand at noon in the summer
and winter. Middle panel: Weighted irradiances for the spectra shown in the upper
panel. Lower panel: Detail of the weighted irradiances between 290 nm and 330 nm,
with winter values (dashed curves) scaled up by a factor of 10
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2.6 Seasonal and Diurnal Variation of UVg,y and UVy;p

Spectral measurements of solar UV irradiances, which have been undertaken over
several years by NIWA (National Institute of Water and Atmospheric Research)
at Lauder, New Zealand, have been used to demonstrate the seasonal and diurnal
variability of vitamin D weighted UV and erythemally weighted UV irradiances
at this mid-latitude site. Results for these weighted irradiances for a wide range
of observing conditions at Lauder are shown in Figs. 2.6 and 2.7. The changes
over one year of observations (Fig. 2.6) are due to the combined effects of changes
in SZA, clouds, ozone, and earth-sun separation. While the mean of daily values,
including cloud effects, is about 70% of the clear sky mean, on some days clouds
attenuate the irradiances to less than 30% of the clear sky values. The upper
envelopes approximately correspond to clear sky conditions (though there are
occasional higher values attributable to cloud enhancements), and represent the
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Figure 2.6 Seasonal variation in weighted irradiances at Lauder, New Zealand—
45°S. Upper panel: UVg,,. Lower panel: UVy;p
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Figure 2.7 Upper panel: Diurnal variations in vitamin D-weighted and erythemally-
weighted UV irradiances on clear days near the summer and winter solstice periods
at Lauder, New Zealand, 45°S, in 2003. Lower panel: Corresponding ratios of
UVyin/UVgy. On the summer day, the total ozone was 300 DU and the minimum
SZA was 21.6°. On the winter day, the total ozone was 310 DU and the minimum
SZA was 68.5°

seasonal variability in noon-time UV irradiances. The seasonal variation in vitamin
D weighted UV (Fig. 2.6) is very large at this site, with noon values at mid
winter being only 5% of those in summer. This seasonal swing is significantly
larger than for UVg,,, where the winter values are about 10% of those in summer.
The large swings are in contrast to the situation found for noon-time UV;p at
several sites in the USA over several months (Kimlin et al., 2007), where UVy;p
remained relatively constant over the summer months. However, those were
based on measurements at lower latitudes where seasonal changes are smaller.
Furthermore, in the northern hemisphere, the seasonal changes in sun-earth
separation tend to cancel some of the effects due to seasonal changes in SZA.
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Figure 2.7 shows the diurnal variability of UVg,, and UVy;p and their ratios
on a summer day and a winter day at Lauder. The total column amount of ozone
was stable through both of these days, and was quite similar: 300 DU for the
summer day, and 310 DU for the winter day. Most of the disparity is therefore
attributable to differences in SZA and earth-sun separation. The peak UVg,y is a
factor of 10 less than for the summer day, and the peak UVy;p is nearly a factor
of 20 less than the summer peak. At larger SZAs, the UVyin/UVg,y ratio is
greatly reduced compared with that for high sun, resulting in lower ratios in the
winter compared with the summer, and lower ratios at twilight compared with
midday. The decrease in this ratio with increasing SZA arises because UVg,y,
includes a contribution from the UVA region, which is less attenuated. At the
largest SZA (SZA > 85°), there is a reversal in this trend which arises because at
these SZAs, the direct beam contribution is negligible, and most of the radiation
is from Rayleigh scattering from the zenith sky for which the scattering efficiency
reduces with wavelength.

2.7 Global Climatologies of UVg,y and UVy;p

Global UV climatologies (Lee-Taylor and Madronich, 2007), which were calculated
with the TUV1 radiative transfer model (Madronich and Flocke, 1995), were
used to directly compare vitamin D weighted UV and erythemally weighted UV.
In both cases, the weighting functions are as adopted by the CIE, extending to
400 nm in the case of UVg,y, (McKinlay and Diffey, 1987), and to 330 nm in the
case of UVyyp (Bouillon et al., 2006). If the truncated version of the vitamin D
action spectrum had been used, the peak value would be reduced by approximately
5%, with larger percentage reductions for smaller doses (see discussion of
Fig. 2.5). The climatologies are based on over 20 years (1979 — 2000) of satellite-
derived data from the NASA TOMS instruments. Since temporal changes in
ozone have been relatively small over most of the globe, these climatologies still
apply for present-day ozone fields, and for those expected in the future. In the
Antarctic region, ozone amounts have been lower in spring, but the summer and
winter conditions illustrated have been less affected by the springtime ozone hole.
Furthermore, as ozone is expected to recover in the future, the mean UV
intensities, over the period the satellite data is used, are likely to be similar to the
means over the next few years.

Zonal means of these UV climatologies are shown for solstice months in Fig. 2.8.
The UV doses are largest at the sub-solar latitudes, and decrease rapidly as the
latitude diverges from the sub-solar point. At the summer solstice, the clear-sky
doses in the southern hemisphere summer are significantly larger than in the
northern hemisphere. The winter values in the southern hemisphere are much

1 Tropospheric UV radiative transfer model developed at NCAR, USA.
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more comparable with those in the northern hemisphere. The UVyyp doses show
a stronger latitudinal gradient than the UVg,y doses. When cloud effects are
included, these tend to reduce the doses of both UVy;p and UVg,y in the southern
hemisphere more than in the northern hemisphere, especially at latitudes pole-ward
of about 60°S.

The upper panel of Fig. 2.9 shows the cloud effect expressed as a ratio of the
clear sky values to cloudy sky values. For cloudless skies, this ratio is unity, and
decreases as clouds increase. These cloud transmissions tend to reduce towards
higher latitudes. In the southern hemisphere summer, there is a rapid reduction in
cloud transmission between latitudes 60°S and 70°S, indicating that cloud cover
in this region is quite persistent in the summer, as has been previously noted
(Herman et al., 2001). The lower panel of Fig. 2.9 shows the ratio UVyimn/UVEy
for these daily doses. Near the latitudes with peak UV, the daily doses of vitamin
D-weighted UV are approximately twice those of erythemally weighted UV. This
shows that the daily doses are dominated by the contributions from near noon
when the SZA is smallest. The decrease is more rapid in the case of vitamin
D-weighted UV, and the ratios reduce to below unity at latitudes where the UV is
low (e.g., approaching the poles).

The equinox months are compared in Fig. 2.10. Note that the peak values,
which occur near the equator at these times, are less than the peak values in the
southern hemisphere summer near 20°S. The effects of the springtime Antarctic

88—

Jun - clear |
===-Jun-cloud

Dec - clear
===-Dec -cloud

UV, (kIm ™ %/day)
£ (=]
\

- e
i S A T TN TRT N T (T T T T Y

-90 —45 0 45 90
Latitude
L6 1 v s T [
E\
2
2:5
1 \”l|||||||-||||||“r L =
=90 —45 0 45 90
Latitude

Figure 2.8 Latitudinal distribution of the UV, and UVy;y, daily dose, calculated
for the two solstice months. Solid curves are for clear skies, and broken curves
include cloud effects. In this figure and Figs. 2.9 — 2.11, north latitudes are positive
and south altitudes are negative
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Figure 2.9 Upper panel: Latitudinal distribution of the cloud transmission ratios.
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Figure 2.10 Latitudinal distribution of the UV, and UVy;yp, daily dose, calculated
for the two equinox months. Solid curves are for clear skies and broken curves
include cloud effects

ozone hole are just detectable poleward of about 60°S. Note that contrary to
public concern in New Zealand and Australia about high levels of UV radiation
during this period, the doses, even as far south as 45°S, are in fact smaller than at
45°N. This is because, despite the presence of the ozone hole over Antarctica, the
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ozone amounts at mid-latitudes in both hemispheres are much larger in spring
than in autumn. However, at the higher latitudes of the southern tip of South
America (50°S — 55°S), the ozone hole does lead to significant UV increases in
populated regions during spring and early summer (Bernhard et al., 2008).

The annual doses are compared in Fig. 2.11. In this case, the maxima occur in
the tropics and tend to be slightly larger in the southern hemisphere, with the
exception of the Antarctic region, where they are lower than at corresponding
Arctic latitudes. This shows that in an annually averaged sense, the effect of
increased cloud cover in that region dominates over any effects due to the ozone
hole.

In the following section, we use the spectral measurements at Lauder to develop
relationships between UVvyip and UVg,y. These are tested against calculations
with a radiative transfer model and then applied to calculating the optimal times
for exposure to sunlight to maintain adequate levels of vitamin D without incurring
sunburn.
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Figure 2.11 Latitudinal distribution of the UV, and UVy;p mean daily dose
averaged over all months. Solid curves are for clear skies and broken curves include
cloud effects

2.8 Relationship Between UVy;p and UVg,y

The relationship between UVyip and UVg,y, as deduced from several years of
spectral UV data from Lauder, New Zealand, is shown in Fig. 2.12. At first
impression, the plot in the upper panel seems to indicate a close proportionality
between the two quantities, with UVyyp being approximately 2x UVg,., (for

36



2 Balancing the Risks and Benefits of Ultraviolet Radiation

standard normalization). However, at lower values, which are characteristic of
the situation throughout winter months, this proportionality breaks down. For the
truncated version of the action spectrum, the plot is very similar (not shown), but
the slope is reduced by approximately 3%.

The relationship is examined in more detail in the lower panel of Fig. 2.12,
where the ratio UVvip/UVE,y is plotted as a function of SZA. The ratio is ~2
when the SZA is small, and reduces to a value close to unity at SZA ~70°. The
ratio reaches a minimum for SZA ~85° and increases thereafter. As expected, the
departures from proportionality with UVg,, are more marked, and the ratios are
slightly lower, with a truncated version of the action spectrum (not shown). There
are groupings of the data at 5-degree steps in SZA, which occur because these
are the preferred sampling intervals in the spectral measurements. Several spectra
are also taken at 15-minute intervals over a 2-hour period around the solar noon.
The largest vertical separation in points occurs at intermediate SZAs, where there
is a distinct bimodal distribution of data at each SZA. This is a consequence of
the seasonal variations in ozone. In the spring, when ozone amounts are larger,
the ratio is smaller than in autumn when ozone amounts are smaller.

Although UVv;p is not directly proportional to UVg,y, it is possible to estimate
UVyip from UV, using a radiative transfer model if ozone and SZA are known
(McKenzie et al., 2008). The measured ratios in Fig. 2.12 are consistent with
those calculated with the TUV radiative transfer model.

In summary,

UVvip = R(ozone, SZA) UVgy 2.1)

where the values of their ratio (R) are given as a function of ozone and SZA (see
Fig. 2.12, and the appendix in (McKenzie et al., 2008)).
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Figure 2.12  Left panel: Relationship between UVy;p and UV, based on 100,000
spectra measured at Lauder, New Zealand over the period 1998 to 2007. Right
panel: Ratio UVy;p/ UV, as a function of SZA
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2.9 Production of Vitamin D from Sunlight

While there is considerable uncertainty regarding the wavelength dependence for
vitamin D production, it has been suggested that there is insufficient vitamin D
produced in the winter poleward of about 40° (Webb et al., 1988).1 Based on that
work, we may take an upper limit threshold for insufficient vitamin D production
as the daily available dose at the latitude of Boston, 42°N. This threshold is about
0.7 kJ m™* per day (see Fig. 2.8). Under the same conditions, erythemally weighted
UV dose is approximately 0.55kJm™~ per day, with a corresponding peak
UVI=1.3 at noon. Yet at the same location in summer, the erythemally weighted
UV dose can exceed 5 kJ m™, with corresponding peak UVI ~9. It is apparent
that the only places where the minimum required vitamin D-weighted UV
radiation is exceeded throughout the winter months are at latitudes between 40°S
and 40°N. On the other hand, the peak UVI at all of these latitudes can often
exceed 10 (i.e., “extreme” UV) during the summer months, so at some times of
the year, there is a risk of skin damage in as short a time as 15— 20 minutes.
Surprisingly, therefore, it appears that there is no region on the planet which is
“just right;” where there is no risk of sunburn in summer, yet ample UV for
vitamin D production in the winter. Public advice regarding personal behavior in
response to UV variability needs further development, and should recognize both
the benefits and the risks of UV exposure.

2.10 Calculation of Optimal Times for Exposure to Sunlight

The optimal time for exposure to sunlight that is needed to receive adequate UV
for vitamin D production, but without inducing erythema, depends strongly on
latitude and season. Here we develop algorithms for calculating the time in terms
of the widely used UVL

We can calculate the time taken (g in minutes) to induce skin damage (one
minimum erythemal dose) using

. _ 4000 MEDF-SPF
60 UVI

where the factor 4000/60 accounts for the conversions from UVg,, to UVI and
seconds to minutes; UVI is the UV Index (=40x UVg,y, where UVg,, has units
of W mfz); and MEDF is a factor to take into account the differences in skin
color. It is expressed as the number of SED (1 SED=100J m* of erythemally-

(2.2)

1 However, higher vitamin D levels have been associated with winter UV exposures among Tasmanian
school children (Jones et al., 1999) suggesting that vitamin D synthesis can occur in winter at latitudes
higher than 40°S.
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weighted UV) required to induce erythema (Diffey et al., 1997) according to the
Fitzpatrick skin classification (Fitzpatrick, 1988), (see Table 2.2), and SPF is the
sun protection factor of any sun block applied.

Table 2.2  Skin type classifications according the Fitzpatrick scale (Fitzpatrick, 1988)

Skin Type Description SED to Burn (MEDF)
I Celtic (always burns) 2-3
II Pale (burns easily) 25-3
m Caucasian (may burn) 3-5
v Mediterranean (burns rarely) 45-6
\4 S. American (rarely burns) 6-20
VI Negroid (rarely burns) 6-20

For example, for unprotected type II skin (SPF=1), assuming | MED=2.5
SED, the time taken to receive an erythemal dose at UVI=12 would be 13.9
minutes. Under the same conditions, with a correctly-applied sun block of SPF =
20, it would take approximately 278 minutes (> 4.5 hours) for damage to occur.
Two caveats should be mentioned here. Firstly, over such a large period, there
will be changes in the UVI, so the mean UVI value should be applied. Second, it
is implicitly assumed that reciprocity between time and UVI applies; meaning
that a constant UVI dose of 10 for one hour, say, would give the same erythemal
effect as a constant UVI value of 1 for 10 hours. This reciprocity has not been
demonstrated for sunlight, although it does seem to apply for a range of UVI
values greater than ~5 using artificial lamps that emit much higher proportions of
UV-B (UV radiation in the range 280 nm— 315 nm) and UV-C (UV radiation in
the range 100 nm — 280 nm) radiation (Meanwell and Diffey, 1989). According to
the current WHO guidelines, some protection to avoid sunburn is advised
whenever the UVI exceeds 3. At this UV level, for a fair skinned person, that
corresponds to a period of approximately one hour before skin damage is
detectable as mild erythema (skin reddening). On the other hand, our dietary
intake of vitamin D is generally far below the level required to maintain optimal
levels of blood serum vitamin 25(OH)D, so some UV exposure is desirable to
maintain healthy vitamin D levels. Unlike the risk of erythema, the beneficial
effects of UV radiation depend on the area of skin exposed. If twice the area is
exposed, then twice the benefit is received (assuming all skin areas have a similar
capacity for producing vitamin D). We use relationships derived from published
physiological considerations to estimate the range of optimal exposures for
various skin types as a function of UVI. We could also develop a similar
relationship as a function of SZA, but that would ignore the effect of ozone,
which can be appreciable.
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Following the procedure described in more detail elsewhere (McKenzie et al.,
2008), the time (#p) required to photosynthesize sufficient vitamin D for a given
value of UVI]; can be expressed in terms of the corresponding time (7po) at some
reference condition (UVIy), as follows:

ty =ty ——2. X0 T 2.3
" ™ UVI R 4 MEDF, SPF, 3

where R (SZA, TOZI) is the ratio of UVgy/UVyip for that value of UVI, as
discussed above; 4 is the area of skin surface exposed; and the remaining terms
are as defined above.

We assume that optimal vitamin D levels are easily maintained by a daily
intake of 1,000 IU of vitamin D3. If an intake of 400 IU is sufficient, as some have
suggested, then the times to achieve the desired UV dose would be decreased by
a factor of 2.5 over those that we calculate. From the figures provided earlier
(Holick, 2002; 2007), a full body exposure of type II skin under high sun conditions
(UVI=10) produces 1,000 IU in less than one minute.

In that case, the reference conditions are as follows:

UVIp= 10 (peak UV for mid latitudes in the NH)
Ro=2

TDO =1

Ao=1 (full body exposure)

MED, = 2.5 (skin type II)

SPFy =1 (no sunscreen applied).

With these substitutions, Eq. (2.3) simplifies to:

_ g MEDE -SPF

t = 2.4
b UVI-R- 4 24)

which should be compared with Eq. (2.2) for erythema.

The resulting times are shown graphically in Fig. 2.13 (McKenzie et al., 2008).
The shaded area at top right gives times when erythema occurs on exposed skin
for each UVI value. The shaded area at bottom left gives the times when there is
insufficient UV to maintain optimal levels of vitamin D, even for full body
exposures. The other three curves give the approximate exposure times needed to
maintain vitamin D for different areas of the exposed body. For full body
exposures, there is a wide window between the time for sufficient UV and the
time for too much UV. As the fraction of body that is exposed decreases, the
window of optimum UV exposure times also decreases. If only hands and face are
exposed, there is generally only a small window between receiving insufficient
UV for vitamin D production and too much UV for skin damage (erythema).

1 Total ozone column (in Dobson Units, where 1 DU =2.69 x 10'® molecule cm™ in a vertical column).
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Figure 2.13 Range of exposure times required for optimal UV (white region),
plotted as a function of UVI. The area labeled “UV damage” represents times when
too much UV is received, leading to erythema (skin-reddening). The region marked
“Insufficient UV” represents the time when insufficient amounts of UV are received
to maintain an intake of 1,000 IU for full body exposure. For skin type [V, these
exposure times should be multiplied by 2, and for skin type VI they should be
multiplied by approximately 5

For SZA =63°, which corresponds to noon on a mid-winter day at latitude
~41°, the UVI is typically between 2 and 3 (i.e., UVI “low”), and the ratio of
UVvin/UVEgy is about 1.6. The time to produce a minimum erythemal dose for
skin type II is between one and two hours. The time to achieve 1,000 IU of
vitamin D is about six minutes for full body exposure (4 = 1.0), and about one
hour if only the hands and face are exposed (4 =0.1).

These optimal exposure times calculated above should be considered as very
approximate. In particular, there is some uncertainty regarding the applicability
of the action spectrum for vitamin D, and the possible role of temperature in
converting pre-vitamin D to vitamin D3 (Matsuoka et al., 1989). If the action
spectrum were confined to shorter wavelengths, then the R values would be
reduced commensurately. For example, if the upper limit were reduced from 330
nm to 315 nm, the R values would typically be 5% — 10% lower, so the required
exposure time would be increased by a similar factor. There is also the question
of how well the radiation received by the skin relates to that incident on a
horizontal surface. We also note that the relationships derived here are from high
quality spectral measurements and they are specific to a single location with its
own particular conditions. Although we consider the results should be generally
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applicable elsewhere, the minimum R values do depend on the range of ozone
variability. At locations where ozone amounts are higher (such as at high northern
latitudes), the minimum R values would be smaller, and at locations with lower
ozone amounts (such as within the tropics), the minimum R values would be larger.

As the UVI becomes smaller, it becomes more difficult to produce sufficient
vitamin D without inducing erythema. For low sun conditions typical of midday
in the mid-latitude winter (SZA ~65°), where R;~1, the skin area exposed must
be more than 12%. This means that for these low sun conditions, it is difficult to
receive sufficient vitamin D from exposing the hands and face alone since that area
is less than 12% of the full body—though the radiation received may significantly
exceed that on a horizontal surface assumed here (Moan et al., 2008). For still
larger SZA, larger fractions of the body would have to be exposed to produce
sufficient vitamin D without erythema. However, that is of academic interest only,
because at those low UVI values, there is insufficient time in a day to produce
either of those outcomes.

During the winter, when cold temperatures may preclude exposures of large
areas of skin, it may not be possible to receive adequate UV for optimal vitamin
D synthesis. When exposures are limited to the hands and face, there is a relatively
small margin of error between getting sufficient UV for vitamin D production
and not getting too much for sunburn. The calculations show that the best advice
would be to expose as much area as possible for the minimum time necessary.
For high sun conditions, the time for skin damage is about twice the time for
sufficient vitamin D production if only the hands and face are exposed. And
when the UVI is 1 or less, it is not possible to get sufficient UV for vitamin D
without acquiring a mild erythemal dose. Under such conditions, of course, there
will generally be substantial changes in UVI over the long periods of exposure
needed.

Finally, we note that this margin between UV sufficiency (for vitamin D) and
UV excess (for sunburn) depends critically on the assumption that sufficient
vitamin D is made in one minute. In Fig. 2.13, we assumed that one minute of
exposure to UVI=10 provided sufficient UV to maintain vitamin D levels. In
that case, whenever the UVI is less than 2, one cannot manufacture sufficient
vitamin D from exposure to hands and face alone without inducing erythema. If,
for example, the time was 1.5 minutes, then the vitamin D curves in Fig. 2.13 all
move up, and the curve for exposure to hands and face intersects the curve for
erythema when UVI= 6. Conversely, if lower doses of vitamin D are sufficient,
then those curves move downward.

2.11 An Inconsistency

The above discussion points to an inconsistency between the CIE spectrum for
vitamin D (Bouillon et al., 2006) and the statements made in the literature about
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our ability to photosynthesize vitamin D in summer and winter, namely:

« that a few minutes daily exposure to sunlight in summer is sufficient at mid-

latitudes (Holick, 2002; 2007), and

o that no vitamin D is produced in Boston in winter (Webb et al., 1988).

The first statement above is based on the supposition that 1 MED full body
exposure corresponds to an oral dose of 10,000 IU to 25,000 IU of vitamin D. For
a fair skinned person, 1 MED (i.e., 2.5 SED) is accumulated in approximately 14
minutes when UVI=12 (UVgy=03 W m ?). The vitamin D produced from this
is more than 10 times the recommended daily dose of up to ~1,000 IU (Chel et al.,
1998; Bischoff-Ferrari et al., 2006; Holick, 2007; Vieth et al., 2007), so that a full
body exposure for less than one minute should suffice to meet daily requirements
in the summer (see Fig.2.13). This exposure time is consistent with that
recommended in Holick’s popular book, “The UV Advantage” (2003), where it is
stated (p164) that to maintain adequate vitamin D, one should “expose 25% of
your body surface to 25% of 1 MED two to three times per week.” Since 1 MED
is received in about 15 minutes at noon in summer, that corresponds to less that
one minute of full body exposure per day at noon in summer. In the winter, the
vitamin D weighted UV incident on a horizontal surface is approximately 1/20th
of the summer value at mid-latitudes, but since the sun is lower in the sky in winter,
a larger fraction would be incident on vertically oriented cylindrical surfaces that
better approximate the exposed surface of our body (Moan et al., 2008). Therefore,
sufficient vitamin D should easily be produced in less than 20 minutes of full
body exposure. For darker skinned individuals, the exposure time required would
be longer, but the amount of vitamin D produced should not be zero. This
inconsistency remains, regardless of whether the long wavelength limit of the
action spectrum for vitamin D extends to 315 nm or 330 nm.

There is, of course, the question of whether individuals would be prepared to
expose a large enough area of their bodies at the temperatures in winter. They
probably would not. However, even for more limited exposures, the vitamin D
produced would be non-zero. The experiments to determine the action spectrum
of pre-vitamin D did not use live subjects. Instead they used samples of skin
tissue exposed in a petri dish (Webb et al., 1988). It is surprising that these did
not yield any vitamin D since these exposure periods were for three hours over
the midday period. This raises the question of whether the action spectrum has
been specified sufficiently. For example, it is known that the conversion from pre
vitamin D to vitamin D is temperature dependent (Holick, 2007), so it is reasonable
to assume some temperature dependence in the overall conversion from sunlight
to blood serum vitamin 25(OH)D. Although the temperature-dependent reaction
takes place in the skin, the temperature can vary significantly from normal body
temperature of 37°C. Some have suggested that there is a threshold below which
vitamin D is not produced (Hollis, 2005), but the evidence for this is not strong.
More likely, any perceived threshold is actually caused by an inability to detect
the smaller amounts produced.
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Notwithstanding the above arguments, there is ample evidence that individuals
do not receive sufficient UV to maintain optimal vitamin D during the winter
(Livesey et al., 2007). This may be in part because of our modern lifestyles,
where outdoor exposure is not the norm, even in the summer months. A recent
study in New Zealand found that schoolchildren typically received less than 5% of
the local ambient daily UV dose, even in the summer (Wright et al., 2007). Another
study in Germany found that even outdoor workers receive only 5% — 10% of
the ambient daily dose, which is a factor of five more than indoor workers
(Knuschke et al., 2007).

2.12 Conclusions

Past increases in the UV that humans are exposed to have been small. In contrast,
there are huge geographical and seasonal differences in UV, which have more
important implications for health than the small trends. Highest UV intensities
occur in the tropics, but latitude for latitude, the peak UV intensities are
relatively much higher in the Southern Hemisphere.

There are even larger geographical and seasonal variabilities for beneficial
UV. In the summer, the UVvip is approximately twice UVg,y, but the two are
approximately equal for mid-latitude winter conditions. At high latitudes in the
winter hemisphere, UV, becomes larger than UVy;p. The results are similar for
both clear-sky calculations and for all sky conditions.

Despite these departures from proportionality at larger SZA, vitamin D weighted
UV can still be estimated from knowledge of erythemally weighted UV (or UVI).
An algorithm to estimate vitamin D production from UVI shows that the production
of vitamin D from sunlight is dominated by the midday period when UV
intensities are at a maximum. When the sun is high in the sky, such as near noon
at mid to low latitudes in the summer, sufficient vitamin D can be produced from
a few minutes of sun exposure to the face and hands. But the exposure time
should be limited to less than approximately 15 minutes to avoid erythema. A
better strategy would be to expose a larger fraction of the body for a shorter time
period, preferably when the sun is lower in the sky. When the UVI is 3, skin
damage occurs after approximately one hour, but sufficient vitamin D can still be
produced in a few minutes.

There should be sufficient UV radiation available in the mid latitude winter to
produce vitamin D. However, under those conditions it is necessary to expose
larger areas than hands and face alone. Because of the low temperatures, this
proviso sets a practical limit on our ability to maintain adequate levels of vitamin
D in the winter; a situation which is exacerbated by our modern lifestyle in which
periods spent outdoors are greatly diminished. The situation could be improved
by promoting physical outdoor activities, such as jogging, during the midday
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period in winter when the peak UVI is low. During the winter at mid latitudes,
most people will probably require supplementation of vitamin D from other sources.
These could be dietary (e.g., increased consumption of oily fish, fortification of
foods, or from vitamin D supplements), or from exposure to higher UV intensities
from holidays abroad, or from artificial sources. The latter options carry risk of
overexposure.

Further work is needed to resolve the inconsistency in the literature between
the action spectrum of vitamin D and statements that have been made about the
production of vitamin D in summer and winter. In particular, if the rate of
production stated for the summer is correct, then it should be possible to produce
vitamin D at mid latitudes in the winter, contrary to the current advice.
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Abstract Solar ultraviolet (UV) radiation has been measured at seven sites
of the National Science Foundation’s UV Spectral Irradiance Monitoring
Network (UVSIMN) for up to 20 years. Data are used to establish a UV
climatology for each site and to quantify differences between sites. Most
locations are at high latitudes and include the South Pole; two research
stations at the Antarctic coast (McMurdo and Palmer); the city of Ushuaia at
the tip of South America; the Arctic village of Barrow; and Summit, a
research camp established at the top of Greenland’s ice sheet. UV levels at
San Diego, California were also analyzed as an example of a lower-latitude
location. The climatologies focus on the UV Index, which was derived from
measured solar spectra of global irradiance. For each site and day of year,
the average, median, and maximum UV Index at solar noon, as well as 10™
and 90™ percentile values, were calculated. Measurements were also compared
with pre-ozone-hole UV levels estimated from historical measurements of
total ozone. The analysis indicates a large effect of the ozone hole on the
UV Index at the three Antarctic sites, and to a lesser extent at Ushuaia. UV
Indices measured at South Pole during the ozone hole period (October and
November) are 20% — 80% larger than measurements at comparable solar
elevations during summer months. During October and November, the
average UV Index between 1991 and 2006 was 55% — 85% larger than the
estimate for the years 1963 — 1980. The UV Index at McMurdo shows a
similar asymmetry about the solstice. In October and November, the
average UV Index is about 30% — 60% higher now than it was historically.
The largest UV Index ever measured at Palmer was 14.8. This value exceeds
the maximum UV Index of 12.0 observed at San Diego. While the average
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UV Index at Ushuaia is fairly symmetrical about the solstice, maximum UV
Indices as high as 11.5 have occurred in October at times when the ozone
hole passed over the city. The annual cycle of UV radiation at Barrow is
governed by large seasonal changes of total ozone, albedo, and cloud cover.
The UV Index does not exceed 5 due to less severe ozone depletion over the
Arctic: changes in UV over the last 30 years are on average less than £8%.
A comparison of UV levels at network locations reveals that differences
between sites greatly depend upon the selection of the quantity used for the
comparison. Average noontime UV Indices at San Diego during summer are
considerably larger than noontime UV levels under the ozone hole at all
Antarctic sites. The difference diminishes, however, when daily doses are
compared because of the effect of 24 hours of sunlight during Antarctic
summers. Data analysis further revealed that broken clouds at the South
Pole can enhance spectral UV irradiance at 400 nm by up to 30% above the
clear-sky value due to multiple reflections between the snow-covered
surface and the cloud ceiling.

Keywords solar ultraviolet radiation, Antarctica, Arctic

3.1 Introduction

When the ozone hole was discovered in 1984 (Chubachi, 1984; Farman et al., 1985),
there was concern about increased levels of ultraviolet radiation in Antarctica.
UV radiation was not measured in Antarctica at that time, prompting the U.S.
National Science Foundation (NSF) to establish a UV monitoring program,
which is now known as the “NSF Ultraviolet Spectral Irradiance Monitoring
Network (UVSIMN)” (Booth et al., 1994). Similar monitoring activities also
commenced in the 1980s and 1990s in Canada (Fioletov et al., 2001), Europe
(e.g., Grobner et al., 2006), New Zealand (McKenzie et al., 1999), the United
States (Kaye et al., 1999), and other regions. The UVSIMN network currently
consists of six sites at high latitudes and a system at San Diego, California. It has
been operated by Biospherical Instruments Inc. (BSI) since 1988. An overview of
network sites is provided in Table 3.1 and Fig. 3.1. The program employs SUV-100
and SUV-150B spectroradiometers, which measure global spectral irradiance
between 280 nm and 600 nm with a bandpass of about 1.0 nm (SUV-100) or
0.63 nm (SUV-150B) full width at half maximum (FWHM). Results have been used
in about 100 peer-reviewed publications as well as for scientific assessments of
ozone depletion published by the World Meteorological Organization (e.g., WMO,
2007). A complete list of references and additional information about the network
can be found in Operations Reports (e.g., Bernhard et al., 2006a) and at the
project’s website http://www.biospherical.com/NSF.
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Table 3.1 Network sites

Site Latitude Longitude Elevation Established Used in Study

South Pole, Antarctica 90°00'S — 2841 m  Feb 1988 Jan 1991 — Jan 2007
McMurdo, Antarctica 77°50'S  166°40'E 183 m  Mar 1988 Dec 1989 — Jan 2007
Palmer, Antarctica 64°46'S  64°03'W 21m  May 1988 Mar 1990 — Apr 2006
Ushuaia, Argentina 54°49'S  68°19'W 25m  Nov 1988 Nov 1988 — Jun 2005
San Diego, California 32°46'N  117°12'W 22m  Oct 1992 Oct 1992 — Aug 2006
Barrow, Alaska TI°I9N  156°41'W 8m  Dec 1990 Jan 1991 — Apr 2007
Summit, Greenland 72°35N  38727'W 3200m  Aug 2004 Aug 2004 —Nov 2006

g > Ushuaia
Summit L]
Palmer Station
South Pole Statiof}
Earmw

- . |
San Diego McMurdo Station

Figure 3.1 Map of UVSIMN sites (created by Eric Gaba based on a Fuller map).
Vertical lines indicate latitudes of 0°, £20°, £40°, and +60°. (The Fuller Projection
Map design is a trademark of the Buckminster Fuller Institute © 1938, 1967 and 1992.
All rights reserved, http://www.bfi.org)

In this chapter, a climatology of UV radiation at UVSIMN sites is presented.
UV radiation at high latitude sites is distinct from conditions at lower latitudes due
to small solar elevations; up to 24 hours of sunlight during spring and summer;
extended periods of darkness during winter; the annually occurring ozone hole
over Antarctica and recent episodes of severe ozone depletion over the Arctic; high
surface albedo from seasonal or year-round snow and ice cover; small influence
of clouds in the interior of Antarctica and Greenland due to low atmospheric
water content; and small aerosol optical depth. Large changes in UV radiation
due to the ozone hole can be expected, although other factors are also important.
However, a confirmation of trends in UV based on measurements of the UVSIMN
remains elusive. By analyzing measurements from South Pole, Palmer, and
McMurdo, Bernhard et al. (2004; 2005; 2006b) concluded that linear trend
estimates are by and large not significant at the 95.5% confidence level. Significant
linear trends were observed only for the months of February and March at
McMurdo (owing to changes in cloudiness and/or albedo), and for February at
Palmer. Several factors contribute to this finding: (1) the network’s operation
started only in the late 1980s after the ozone hole had already been observed;
(2) time-series of about 15— 18 years are still considered short for reliable trend
detection (Weatherhead et al., 1998); (3) there is a large year-to-year variability
in total ozone, cloudiness, and albedo at most network sites, which obstructs the
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detection of possible long-term changes; (4) measurement uncertainties affect the
detection of trends; and (5) the stratospheric chlorine loading (and the potential
for ozone depletion) was highest at the turn of the century (WMO, 2007),
approximately in the middle of UVSIMN time-series. The last factor suggests
that changes in UV radiation over the period of UVSIMN operations should be
described with a second-order rather than a linear function. In addition to the
availability of ozone-depleting chemicals, the depth and extent of the ozone hole
is also largely controlled by meteorology, planetary wave activity, and stratospheric
temperatures (Rex et al., 2004; WMO, 2007). These factors show large changes
from year to year. Despite these variabilities, the largest UV intensities at austral
UVSIMN sites were observed in 1997 and 1998 when stratospheric chlorine
concentrations were at their maximum (Bernhard et al., 2004, 2005, 2006b). While
we do not attempt trend estimates in this study, we do estimate past UV levels at
five network sites from historical measurements of total ozone, and contrast these
estimates with the climatology established from recent measurements of the
UVSIMN. This analysis documents large changes in the Antarctic UV climate that
have occurred during the last 40 years.

3.2 Data Analysis

3.2.1 Data

Measurements from all sites with the exception of San Diego are based on
“Version 2 NSF Network Data” (Bernhard et al., 2004), available at
http://www.biospherical.com/NSF/Version2. Version 2 data have been corrected
for the cosine error of the instruments, have a wavelength uncertainty of less than
+.04 nm (£ 10), and were normalized to a uniform bandwidth of 1 nm FWHM.
The expanded standard uncertainty of erythemal irradiance (CIE action spectrum
by McKinlay and Diffey, 1987) and spectral irradiance at 400 nm varies between
4.2% and 6.8% (coverage factor 2, equivalent to a confidence level of 95.5%, or
2c-level). Measurements are complemented with calculations of the radiative
transfer model UVSPEC/libRadtran (Mayer and Kylling, 2005). Measurements
during clear skies agree with model calculations to within £5% on average.
More details on Version 2 data and model spectra from South Pole, McMurdo,
Palmer, Barrow, and Summit can be found in publications by Bernhard et al.
(2004, 2005, 2006b, 2007, 2008).

Version 2 data for San Diego, including model spectra, are not available as of
this writing. Measurements from San Diego are based on the original “Version 0”
data release (Booth et al., 1994; Bernhard et al., 2006a). Data were scaled up by 5%,
which is the typical difference between Version 0 and 2 for erythemal irradiance
observed at the other sites. Version 2 corrections are of less importance for San
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Diego because of the smaller solar zenith angles (SZAs) occurring at this site.
Nevertheless, San Diego data have an additional uncertainty of about 3%.

3.2.2 Establishment of Climatologies

Climatologies discussed in this study are based on measurements near local solar
noon and daily doses. The latter were derived by integrating measurements over
24-hour periods. Spectra were measured hourly until 1997 and quarter-hourly
thereafter. The following times (provided in Universal Time) were associated
with noon: McMurdo: 01:00; Palmer: 16:00; South Pole: 00:00; Ushuaia: 17:00;
San Diego: 20:00; Barrow: 22:00; and Summit: 15:00. To set up a climatology
for noontime irradiance, we calculated for every site and every day of year the
average, median, and maximum, as well as the 10™ and 90™ percentiles, using
data from the periods indicated in the last column of Table 3.1. As the maximum
may not always occur at noon due to changing clouds and total ozone, we also
calculated the maximum within +2 hours (+12 hours for South Pole) of the
times indicated above. This value is denoted “daily maximum.”

Figure 3.2(a) shows the resulting climatology for the UV Index (i.e., erythemal
irradiance multiplied with 0.4 cm®/uW (WHO, 2002)) at the South Pole. The time-
axis of the plot starts at winter solstice (22 December). Individual measurements
are indicated by small dots. Average and median are plotted as red and green
lines, respectively. Ten percent of the measurements are below (above) the lower
(upper) blue line. The daily maximum is indicated by a thin grey line. All lines
exhibit a large day-to-day variability. To facilitate interpretation, an 11-day running-
average filter was applied to the average, median, and 10™ and 90" percentiles.
The resulting graph is plotted in Fig. 3.2(b) and will be discussed further below.

3.2.3 Estimates of Historical UV Indices

Based on historical ozone data and model calculation, the climatology of the UV
Index for years preceding the development of the ozone hole was estimated for
all sites with the exception of San Diego and Summit. The procedure is explained
using South Pole as an example. Historical total ozone data at South Pole are
available from observations of Dobson spectrophotometers performed by the
Global Monitoring Division (GMD) of NOAA’s Earth System Research Laboratory
(ESRL) (Climate Monitoring and Diagnostics Laboratory, 2004). Measurements
started in 1963. Data from 1963 — 1980 were used for estimating past UV levels.
Year-to-year variability of UV at South Pole is mainly influenced by total
ozone. Variations of surface albedo in the UV and visible wavelength range are
smaller than *£1% (Grenfell et al., 1994). Except at times following volcanic
eruptions, the aerosol optical depth at 500 nm is typically only 0.012 (Shaw,
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Figure 3.2 Climatology of UV Index at South Pole. Measurements at 00:00 UT
of the years 1991 — 2007 are indicated by black dots. Average and median are plotted
as red and green lines. 10% of the measurements are below (above) the lower (upper)
blue line. The daily maximum is indicated by a thin grey line. The plot starts at the
winter solstice. Summer solstice, and vernal and autumnal equinoxes are indicated
by broken lines. Panel (a): Unsmoothed data. Panel (b): Same data as in (a), but with
an 11-day running-average applied to the average, median, 10% and 90% lines

1982). Attenuation by clouds is small due to the low atmospheric water vapor
content and the moderation of cloud effects by the high (>0.96) albedo (Nichol
et al., 2003). By comparing measurements with the clear-sky model, it was
determined that the average attenuation of spectral irradiance at 345 nm is only
6%. Cloud transmission at South Pole has also been determined from measurements
of total irradiance (0.3 um—3.0 um) using pyranometers (Dutton et al., 2004).
Although this study did not indicate a significant linear trend of cloud
transmission between 1976 and 2001, an oscillation on a decadal timescale was
observed with a small downward trend in the late 1970s, followed by an upward
trend between 1982 and 1995, and a downward trend thereafter. The small
relative changes in cloud transmission of about +2% reported by Dutton et al.,
(2004) have a very small effect (< +£1%) on the UV Index due to the diminished
cloud influence at shorter wavelengths (Bernhard et al., 2004). Based on these
considerations we assumed that all parameters affecting the radiative transfer did
not change during the last 40 years, with the exception of atmospheric ozone
concentrations. The historical clear-sky UV Index for the years 1963 —1980 was
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consequently modeled based on the average parameters used for processing
South Pole Version 2 data of the years 1991 —-2007, with the exception of total
ozone which was taken from the GMD Dobson data set.

The range of historical UV levels for a given day is mostly controlled by
year-to-year changes in total ozone and cloudiness. To account for the variability
introduced by clouds, we integrated measured and modeled spectra from the
years 1991 —2007 over the wavelength interval 337.5 nm—342.5 nm, calculated
the ratio of measurement to model, and used the results for estimating cloud-
induced variability in UV intensities. This result was also applied to historical
measurements. This approach assumes that year-to-year cloud-variability did not
change during the last four decades, which is justified considering the small
effect of clouds on UV discussed earlier. We also note that the wavelength interval
of 337.5 nm —342.5 nm is virtually unaffected by atmospheric ozone concentrations,
and attenuation by clouds has only a weak wavelength dependence between 300 nm
and 340 nm (Seckmeyer et al., 1996). The ratio of measurement to model for the
337.5 nm—342.5 nm interval is therefore also appropriate for quantifying the
effect of clouds on the UV Index. We estimate that the overall uncertainty in
calculated historical UV Indices due to cloud effects is £2%.

Results of these calculations are shown in Fig. 3.3. The red line is the historical
average UV Index estimated from the average total ozone column of the years
1963 — 1980 measured with the Dobson, and the average attenuation by clouds of
about 6% derived from Version 2 data. Figure 3.3 also includes the estimated 10™
and 90" percentiles from the historical variability of total ozone (thin black lines
in Fig. 3.3) and year-to-year differences in cloud transmission estimated from
recent measurements (broken black lines). The two ranges were combined in
quadrature to estimate the 10™ and 90" percentiles for both effects (blue lines).
During summer, variations induced by ozone and clouds are of similar magnitude.
Variations during spring are dominated by ozone.
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Figure 3.3 Estimate of the historical UV Index at South Pole. The red line is the
average. The ranges defined by the 10™ and 90" percentiles caused by variability
of total ozone and cloud transmission are indicated by thin black and broken black
lines respectively. The two ranges were combined in quadrature resulting in the
span indicated by blue lines
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A comparison of UV Indices measured during the years 1991 —-2007 and UV
Indices modeled for the years 1963 —1980 is shown in Fig. 3.4(a). An 11-day
moving average was applied to all lines, except the line of the daily maximum.
To better emphasize differences between the two periods, the average, and 10"
and 90™ percentiles from the current measurements were ratioed against the
respective data from the historical period. The results are shown in Fig. 3.4(b).
The difference of measurements performed before and after the solstice (22
December) is further highlighted in Fig. 3.5. Data from 21 December were ratioed
against data from 23 December, data from 20 December were ratioed against
data from 24 December, and so forth. If atmospheric conditions had been the same
before and after the solstice, the ratio would be close to unity and only slightly
(< £1%) affected by the different earth-sun distance before and after the mid-
summer mark. Figure 3.5 shows that the actual situation is very different. Results
shown in Figs. 3.4 and 3.5 are further discussed below.
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Figure 3.4 Comparison of UV Index measured during the last 17 years with
historical estimate for South Pole. Panel (a): Individual measurements, average,
median, range of 10™ —90™ percentiles, and daily maximum. Recent measurements
are indicated by thick lines; historical data are indicated by thin lines and grey-
shading. Panel (b): Ratio of recent-to-historical data for average, and 10™ and 90"
percentiles
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Figure 3.5 Comparison of the UV Index at the South Pole for periods before and
after the summer solstice (22 December). Data from 21 December were ratioed
against data from 23 December, data from 20 December were ratioed against data
from 24 December, and so forth. Ratios of recent measurements are indicated by
thick lines; historical data are indicated by thin lines and grey-shading. Red lines
refer to the average noontime UV Index, broken and solid blue lines to the 10" and
90™ percentiles, respectively. The thin grey line is the ratio for the daily maximum
of recent data. The broken vertical line indicates the equinox

3.3 UV Index Climatology

A similar analysis as described previously for the South Pole was also performed
for McMurdo, Palmer, Ushuaia, San Diego, and Barrow. The data record for Summit
is still too brief for meaningful interpretation. A description of results for each
site is provided below.

3.3.1 South Pole

The effect of the ozone hole is quite pronounced in measurements from the South
Pole (Figs. 3.4 and 3.5). There is a strong asymmetry between spring and summer.
The daily maximum and 90™ percentile peak at the end of November, shortly before
the time when the annual ozone hole typically starts to disintegrate (Fig 3.4(a)).
The maximum UV Index ever observed was 4.0 and was measured on 30
November 1998.

There is a striking difference between recent measurements and the estimate
for historical data. During October and November, recent measurements from the
years 1991 —2007 are on average 55% —85% larger than in the past (red line in
Fig. 3.4(b)). The difference for the 90" percentile is about 95%. Recent data peak
at the end of November, but the peak is absent in the historical estimate. Past UV
Indices for January and February are 10% —20% lower than contemporary data.
By comparing GMD Dobson total ozone data of the years 1963 — 1980 with data
of the years 1991 —2005, we found that the increase in UV radiation for these two
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months can also be attributed to changes in total ozone. Compared to the earlier
period, monthly average total ozone for the years 1991 —2005 are lower by the
following percentages: January: 12%; February: 7%; October: 48%; November: 35%;
and December: 19%. Differences for all months are statistically significant.

Figure 3.5 indicates that contemporary measurements taken before the solstice
are larger than UV Indices measured after the mid-summer mark (i.e., ratios are
larger than one). Not surprisingly, the difference increases with the time from the
solstice. On 13 October (70-day mark), the average and 90™ percentile are larger
by 82% and 102% respectively, than on the conjugate day of 2 March. Maximum
UV Indices measured on the two days differ by 140% (grey line in Fig. 3.5). This
pattern is very different from the situation prevalent before the development of
the ozone hole. Prior to the 1980s, the reconstructed UV Index was smaller before
the solstice: the thin red line in Fig. 3.5 is smaller than one up to day 50 from the
solstice, and close to one thereafter.

Figures 3.4(a) and 3.5 also indicate that the 10™ percentile is lower in spring
than summer, both for recent and historical data. This characteristic is a consequence
of the natural annual cycle of ozone concentrations caused by the Brewer-
Dobson circulation (Holton et al., 1995). This phenomenon leads to a poleward
transport of ozone from the tropics during the winter and early spring, resulting
in an ozone maximum in spring and a minimum in autumn. During times in the
spring when either the South Pole is outside the perimeter of the ozone hole or
the ozone hole has already closed for the year, total ozone tends to be larger than
in summer. Such situations lead to lower UV Indices in spring relative to summer.
In contrast, when the ozone hole is over the South Pole, ozone concentrations are
smaller than during the summer, explaining the annual cycle of the 90" percentile.

3.3.2 McMurdo Station

McMurdo is affected by the ozone hole from September until early December
(Fig. 3.6(a)). The maximum UV Index was 7.6 and occurred in November; UV
Indices measured after the solstice were below 5.5. The 90™ percentile also exhibits
a distinct maximum in late November. The average UV Index is fairly symmetric
within +40 days about the solstice, but the 10™ percentile is lower in the spring
than in the summer. This feature is again a consequence of the Brewer- Dobson
circulation. Historical UV Indices for McMurdo were estimated from total ozone
measured by TOMS on NASA’s Nimbus-7 satellite (McPeters and Labow, 1996).
Measurements began in 1978, when the ozone hole had already started to develop.
Model calculations were based on the average ozone column measured between
1978 and 1981. The UV irradiance derived from this calculation is therefore likely
already larger than UV intensities prevailing in the 1960s. Due to the short
reference period, it was not possible to calculate a range of historical UV Indices
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caused by variations in ozone during the pre-ozone-hole period. The grey range
in Fig. 3.6(a) reflects variation by cloudiness only. Cloud effects are considerably
larger compared to the South Pole due to optically thicker clouds at the Antarctic
coast and lower surface albedo, ranging from 0.84 during winter and early spring
to about 0.74 in summer (Bernhard et al., 2006b). Contemporary measurements
are significantly above the historical estimate for all months. Figure 3.7(a) shows
that the average UV Index for October and November is 30% —60% larger now
than it was historically. The 90™ percentile is higher by 70% — 110%. The increase
in the ratio of contemporary to historical data during September reflects the
gradual photochemical loss in stratospheric ozone concentrations as the ozone
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Figure 3.6 Same as Fig. 3.4(a), but for McMurdo (Panel (a)), Palmer (Panel (b)),
and Ushuaia (Panel (c))

58



3 Climatology of Ultraviolet Radiation at High Latitudes Derived from Measurements of
the National Science Foundation’s Ultraviolet Spectral Irradiance Monitoring Network

2.2} Spring ! Summer ]
» ol McMurdo H : 1
2.0 1
1.8 ]
2
=
=
nx-
2.2¢ 1
, Ushuaia 1
2.0r i ! —— Average ]
1.8F : o= 10" percentile g
o : — 90" percentile 1
= 1.6F ]
3

Figure 3.7 Same as Fig. 3.4(b), but for McMurdo (Panel (a)), Palmer (Panel (b)),
and Ushuaia (Panel (c))

hole forms at the end of winter. For January through March, differences are on
the order of 8% —15%. Increased UV levels for these months are a consequence
of lower total ozone values during the 1980s and 1990s, also observed for months
not directly affected by the ozone hole (WMO, 2007). Approximately the same
increase in the UV Index of 5% —15% was observed at all austral network sites
during summer months (compare Figs. 3.4(b) and 3.7(a), (b), (c)).

3.3.3 Palmer Station

The patterns of measured and historical UV Indices at Palmer are similar to those
at McMurdo, but the magnitudes are different. The highest UV Index occurs in
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spring, reaching a maximum of 14.8. The 90™ percentile is considerably enhanced
during spring. Particularly large UV-B levels were observed in November and
early December during years when the polar vortex became unstable and air
masses with low ozone concentration moved toward the Antarctic Peninsula. In
combination with the relatively high solar elevations in those months, it led to
UV intensities exceeding San Diego’s summer levels. UV Indices at Palmer during
summer were always lower than 8. Historical measurements were estimated based
on the average ozone column calculated from TOMS/Nimbus-7 measurements of
the years 1978 —1980. The grey range in Fig. 3.6(b) indicates variability by clouds
only. This variability is much larger than the effect of ozone variations on historical
UV Indices at South Pole (Fig. 3.3). The range indicated in Fig. 3.6(b) should be
a good estimate for the actual variability at Palmer if past year-to-year changes in
total ozone were similar at South Pole and Palmer. We believe that this assumption
is justified. Recent measurements for mid-September to mid-November are on
average 30% —60% larger than the historical average (Fig. 3.7(b)). The differences
for the 90™ percentile are between 60% — 100%.

3.3.4 Ushuaia

Ushuaia is less affected by the ozone hole than the three Antarctic sites due to its
lower latitude (Fig. 3.6(c)). The average and 10™ and 90™ percentiles tend to be
lower in spring than summer, as is expected from the natural annual cycle of ozone.
Large UV levels may occur between September and December when the edge of
the ozone hole moves over Ushuaia. During those events, the daily maximum
UV Index measured in October was as high as 11.5. Historical measurements are
based on the average TOMS/Nimbus-7 ozone column of the years 1978 —1981.
The grey range in Fig. 3.6(c) indicates variability by clouds only. The discrepancy
between recent and historical data is much smaller than for Antarctic sites. The
difference for October is about 18% for the average and 25% —30% for the 90™
percentile (Fig. 3.7(c)). Some increases in the UV Index are also evident for January
and February, but little change has been observed for the months March — July.

3.3.5 San Diego

San Diego is located at 32°N where the depletion of stratospheric ozone has been
small: total ozone averaged over the latitude band 35°N—60°N was about 3%
lower during the period 2002 —2005 than during 1964 — 1980 (WMO, 2007). The
maximum summer-time UV Index is 12.0 (Fig. 3.8(a)). The average and 90"
percentile for July are about 9.5 and 11, respectively. UV levels are generally
lower during the months preceding the summer solstice due to a combination of
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larger ozone columns in spring compared to summer (the average ozone column
for May is 320 DU; that for July is 295 DU), and frequent coastal fog during the
months of May and June, also known as “June gloom”. This is particularly evident
in the dip of the 10™ percentile around 1 June. Model calculations and historical
data are not available for San Diego.

3.3.6 Barrow

Barrow is located at the Arctic coast. Land and ocean adjacent to the instrument
are typically covered by snow between October and June. The UV albedo is
0.83£0.08 (+10) between November and May and smaller than 0.1 during the
summer months (Bernhard et al., 2007). Clouds are more frequent in summer
than in spring. The small differences between the 10™ and 90™ percentiles in March
and April (Fig. 3.8(b)) are attributable to high albedo and low cloudiness during
these months. Barrow is affected by ozone depletion between February and April,
but the magnitude is much smaller than at Antarctic sites. Depletion events are
typically short and lead to spikes in the UV Index of up to one UV Index unit
only. The largest daily maximum UV Indices of 4.5 -5 are observed in May and
June when low ozone episodes coincide with high albedo conditions.

UV Index

(]

UV Index

Boreal month
(b)

Figure 3.8 Same as Fig. 3.4(a), but for San Diego (Panel (a)) and Barrow (Panel (b)).
Historical data were not calculated for San Diego
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Total ozone at Barrow has been measured by GMD/ESRL with Dobson
photometers since 1973. Historical UV intensities for Barrow were calculated in
a similar way as UV levels were at South Pole using Dobson measurements from
the years 1973 —1980. Dutton et al. (2004) have reported a statistically significant
decrease of effective cloud transmission from 0.64 in 1976 to 0.61 in 2001 based
on their analysis of pyranometer data. When estimating past UV Indices, we did
not consider this change. First, it is unknown whether the downward trend was
already present during the 1960s, and second, changes in cloud transmission
were likely smaller in the UV, particularly in spring when attenuation by clouds
is reduced by high albedo.

To estimate the range of historical UV, we also considered year-to-year changes
in surface albedo. The grey area in Fig. 3.8(b) includes changes in total ozone
estimated from the years 1973 —1980, as well as variations due to clouds and
albedo estimated from the years 1991 —-2006. UV Indices measured since 1991
are very similar to the historical estimate. For the months February through April,
the average increase is 4% —7% only, and the increase for the 90™ percentile is
7% —13%. Differences for summer months are smaller and may even be negative:
recent measurements for August are about 5% below the historical estimate.
Differences of this magnitude are within the uncertainty of the data. This shows
that there was little change in UV levels during the last 30 years at Barrow, with
the exception of several spikes observed during recent low-ozone episodes.

3.4 Climatology of UV-A Irradiance

Figure 3.9 shows the climatology of UV-A irradiance (spectral irradiance integrated
between 315 nm and 400 nm) for all UVSIMN sites but Summit. All plots show
individual measurements, as well as the average, median, and 10" and 90"
percentiles, and overall daily maximum. Since long-term changes in cloud cover
and albedo are not considered in this study, historical estimates are virtually
identical with recent measurements and are therefore not included in Fig. 3.9.
Changes in total ozone have practically no influence on UV-A irradiance. Patterns
in Fig. 3.9 show mostly seasonal variations in cloudiness, surface albedo, and to
a lesser extent, atmospheric aerosol loading.

UV-A irradiance at the South Pole is very symmetric about the solstice due to
constant high albedo year-round, and little influence by clouds. Daily maximum
UV-levels are considerably above the 90" percentile, indicating that enhancement
of UV radiation by scattered clouds—which is a well-known effect at mid-latitude
sites (Mims and Frederick, 1994)—can also occur at the South Pole. The maximum
enhancement is about 30%. Enhancement of the spectral integral 400 nm — 600 nm
can be as high as 70%. An extreme example is shown in Fig. 3.10, which displays
three spectra measured at 19:00 UT, 19:15 UT, and 19:30 UT on 17 December
2000 at South Pole. During the first spectrum starting at 19:00 UT, the sun was
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Figure 3.9 UV-A irradiance measured at South Pole (Panel (a)), McMurdo (Panel (b)),
Palmer (Panel (c)), Ushuaia (Panel (d)), San Diego (Panel (e)), and Barrow (Panel (f)).
Individual measurements, average, median, and 10" and 90" percentiles, as well as
daily maximum, are shown as in Fig. 3.2(b)

hidden by a stable cloud, leading to a reduction of UV and visible irradiance
of about 10% —20% compared to the clear-sky model (Fig. 3.10(b), red line).
Measurements were also compared against a second model spectrum where a
wavelength-independent cloud optical depth of 1.83 was used as an additional
model input parameter. The ratio of the measured spectrum with this model
spectrum (Fig. 3.10(b), orange line) is close to one and virtually independent of
wavelength, confirming that the radiation field during the period of the scan
(approximately 13 minutes) was very stable. Measurements of total irradiance
with a pyranometer also indicate constant conditions (Fig. 3.10(c)). During the
second spectrum, starting at 19:15 UT (Fig. 3.10, green lines), total irradiance
increased sharply during the first part of the scan; spectral irradiance increased
up to 60% relative to the clear-sky model. Total irradiance increased by up to 72%.
As reflections from nearby obstacles can be excluded, this pattern can only be
explained by enhancement due to scattered clouds surrounding the (unoccluded)
disk of the sun. Photons passing through a hole in the cloud are scattered multiple
times between the snow-covered surface and the cloud-ceiling. This effect leads to
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a large enhancement of downwelling radiation and cannot be observed at locations
with small surface albedo. The third spectrum starting at 19:30 UT (Fig. 3.10,
blue lines) agrees well with the clear-sky model. Pyranometer measurements were
close to the value expected for clear-sky.

UV-A irradiance at McMurdo (Fig. 3.9(b)) is generally symmetric about the

solstice. Radiation levels are somewhat smaller in January than December, probably
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due to smaller albedo in summer when compared with spring. UV-A irradiance at
Palmer (Fig. 3.9(c)) shows a much larger variability than observed at South Pole
and McMurdo due to frequent cloud cover with optical depths typically ranging
between 20 and 50 (Ricchiazzi et al., 1995). The ocean surrounding Palmer freezes
over during the winter. Terrain and glaciers at Palmer are typically covered by snow
up to mid-December. Surface albedo is therefore larger in winter and spring than
in summer. This leads to the small asymmetry in the annual cycle UV-A irradiance
discernable in Fig. 3.9(c). Ushuaia, like Palmer, is affected by persistent cloudiness,
leading to a large difference of the 10™ and 90" percentiles (Fig. 3.9(d)). The
Beagle Channel adjacent to Ushuaia does not freeze, but snow typically enhances
the effective surface albedo to approximately 0.2 to 0.3 between June and October,
leading to some enhancement of UV-A during the winter. UV-A irradiance during
spring and summer is almost symmetric about the solstice. The clear-sky limit of
UV-A irradiance at San Diego (Fig. 3.9(e)) is symmetric about the solstice, but the
average and 10" percentile are affected by seasonal patterns in cloudiness. Cloud
attenuation is largest during May and June, whereas most days in August are
cloud-free at solar noon. Enhancement of UV-A irradiance by scattered clouds
beyond the clear-sky limit is remarkably small, and less pronounced than at the
South Pole. This is attributable to low surface albedo (<0.05) and the near absence
of broken cumulus clouds, which can enhance UV radiation at other mid-latitude
locations by up to 25% (WMO, 2007). UV-A irradiance at Barrow displays a
strong annual cycle due to seasonal differences in cloudiness (more prevalent in
summer) and surface albedo (0.83+£0.08 between November and May; smaller
than 0.1 during summer). The effect of the two factors has been quantitatively
described by Bernhard et al. (2007).

3.5 Comparison of Radiation Levels at Network Sites

There are substantial differences in the UV climatology between the various
UVSIMN sites. A large portion of the differences can be traced to their geographical
locations as lower latitudes experience higher sun elevations and more UV, all
other factors being equal. However, the contention that low levels of UV will
occur in Polar Regions because of the high latitude is shown here to not be true.
Measurements from the seven network sites are presented below. The comparison
is based on the average and maximum UV Index, as well as average and maximum
erythemal daily dose. The results reveal that differences between the sites depend
very much on the selection of the physical quantity used for the comparison.
High levels of UV radiation absorbed during short time-periods, ranging from
minutes to hours, can be most detrimental for some organisms. This includes humans
who may receive a “sunburn” after an exposure time of less than 20 minutes for
UV Indices above 7 (Vanicek et al., 2000). The average noontime and daily
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maximum UV Index are therefore useful for quantifying the risk of getting
sunburned. UV-B radiation is a risk factor for developing basal and squamous
cell carcinoma (Moan and Dahlback, 1992), and the UV Index also provides
guidance in avoiding overexposure with regard to cancer prevention. The “daily
dose” is an appropriate quantity for investigating cumulative UV exposures over
an extended time-period. This is relevant for plants and animals that cannot avoid
the sun. This quantity, however, does not capture the impact of transient high levels
of UV-B that may occur during episodic combinations of clear skies (or partly
cloudy skies and high albedo) and severe ozone depletion. Such incidents may
have biological significance in systems that do not obey reciprocity in terms of
exposure intensity versus duration. This is particularly relevant for microorganisms,
which have only a short life cycle, such as plankton (Moline et al., 1997). The
maximum daily dose may be the best measure for quantifying the effect on these
organisms.

Figure 3.11 shows a comparison of the noontime UV Index from the seven
sites. The data are identical to those indicated by red lines in Figs. 3.4(a), 3.6, and
3.8. Measurements at San Diego exceed those at the other sites due to its lower
latitude, and range between 2.5 during winter and 9.5 during summer.
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Figure 3.11 Comparison of average noontime UV Index from all sites

The average noontime UV Index at Palmer, Ushuaia, and Summit, observed close
to the summer solstice, is about 5, or about 55% of the typical summer UV Index
at San Diego. Average UV Indices for South Pole, Barrow and McMurdo extend
up to 2, 3, and 4, respectively. The divergence relative to San Diego is even
larger during autumn and winter when some sites experience extended periods of
darkness.

The differences between sites show completely different patterns when maxima,
rather than average values, are compared. Figure 3.12 shows the maximum daily
UV Index, which was indicated by thin grey lines in Figs. 3.6 and 3.8. At Palmer
Station, the maximum observed UV Index was 14.8. This value is 23% larger than
the highest UV Index of 12.0 measured at San Diego. The maximum UV Index at
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Ushuaia was 11.5, which is comparable to summer-time values at San Diego.
Maximum UV Indices at McMurdo, South Pole and Barrow are considerably
smaller than at San Diego; however, the differences are considerably smaller
when compared to average noontime values.
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Figure 3.12 Comparison of daily maximum UV Index from all sites, but Summit

The picture changes again when comparing average daily erythemal doses
(Fig. 3.13). The effect of 24 hours of sunlight during Arctic and Antarctic summers
reduces the consequence of latitude differences. Although average summer doses
at San Diego are still highest, average December UV doses at McMurdo, Palmer
Station, South Pole, and Ushuaia, as well as June doses at Summit, amount to
65% —95% of typical mid-summer San Diego conditions. Note that average daily
doses at McMurdo and South Pole are very similar between mid-January and
March but differ significantly in mid-November when doses at South Pole exceed
those at McMurdo by up to 35%. The reasons are threefold: first, the influence of
the ozone hole on UV levels is more pronounced at South Pole than at the
Antarctic coast; second, the solar elevation at South Pole is constant for 24 hours;
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Figure 3.13 Comparison of average daily erythemal dose from all sites
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and third, albedo at McMurdo is at its annual minimum during January and
February. Average daily erythemal dose at Barrow is the lowest of all network
sites mostly because ozone depletion in the northern hemisphere is much less
severe than over Antarctica.

The importance of UV radiation for high latitudes becomes most obvious when
comparing maximum daily doses. Figure 3.14 shows that the largest daily erythemal
doses ever measured at South Pole and Palmer are 18% and 32%, respectively,
higher than the San Diego record. Maximum doses at McMurdo and Ushuaia are
comparable to San Diego levels. Note that the difference between McMurdo and
South Pole is much smaller when maximum daily doses rather than maximum
noontime UV Indices (Fig. 3.11) are compared. We attribute this to the difference
in the diurnal cycle of the sun at these sites: at McMurdo, radiation levels peak at
local solar noon whereas at the South Pole, there is virtually no change in solar
elevation during a given 24-hour period.
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Figure 3.14 Comparison of maximum daily erythemal dose from all sites, but Summit
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Figure 3.15 Comparison of average daily UV-A dose from all sites

The effect of 24 hours of sunlight is best shown when comparing the average daily
UV-A dose (Fig. 3.15). Since UV-A spectral irradiance is practically independent
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of atmospheric ozone concentrations, there are no ozone-related features in this
figure. UV-A doses at the summer solstice at McMurdo, Summit, and South Pole
exceed San Diego doses by 71% —88%. In addition to 24 hours of sunlight, this
difference can be explained by high surface albedo, and in the cases of South
Pole and Summit, high altitude.

3.6 Conclusions and Outlook

Measurements of solar UV irradiance performed during the last 18 years at six
high-latitude locations and San Diego have revealed large differences of the sites’
UV climates. The ozone hole has a large effect on the UV Index at the three Antarctic
sites, and to a lesser extent at Ushuaia. UV Indices measured at South Pole during
the ozone hole period are on average 20% —80% larger than measurements at
comparable solar elevations during summer months. When the ozone hole passed
over Palmer Station late in the year, the UV Index was as high as 14.8 and exceeded
the maximum UV Index of 12.0 observed at San Diego. The maximum UV Index
at Ushuaia was 11.5, which is comparable with summer-time measurements at
San Diego. UV Indices at the two Arctic sites Barrow and Summit are lower than
at southern-hemisphere sites as ozone columns are generally larger in the northern
hemisphere, and ozone depletion is less severe.

A comparison of UV levels at the network sites revealed that differences
between sites depend greatly on the data product used. Average noontime UV
Indices at San Diego during summer are considerably larger than at Antarctic
sites under ozone-hole conditions, but the difference disappears when daily doses
are compared. This contradicts the common notion that UV levels at high
latitudes are small because of small solar elevations.

Reconstructions of historical UV Indices based on long-term ozone records
and climatological cloud and aerosol patterns indicate that contemporary UV
Indices measured during the ozone hole period at Antarctic sites are on average
30% —85% larger than estimates for the past. These reconstructions were based
on the assumption that cloud, albedo, and aerosol conditions have not changed
over the last 40 years. Analysis of pyranometer data from South Pole and Barrow
indicated that this assumption is justified. Similar long-term observations are not
available from other UVSIMN locations, and estimates of historical UV irradiance
at those sites are therefore more uncertain. Clearly, the reconstruction of UV levels
from proxy data has a larger uncertainty than actual measurements. Operation of
the UVSIMN is expected to continue, providing the opportunity to assess future
developments of high-latitude UV climate more accurately than in the past. These
measurements will help document changes in UV levels due to the expected
recovery of the ozone layer (WMO, 2007) and the impact of climate change, which
will likely modify stratospheric temperatures; ozone (column and profile); surface

69



UV Radiation in Global Climate Change: Measurements, Modeling and Effects on Ecosystems

albedo (e.g., due to changes in the timing of snow melt (Stone et al., 2002));
clouds (frequency and optical properties), aerosols (e.g., changes in Arctic haze
(Bodhaine and Dutton, 1993)), and atmospheric circulation patterns (Knudsen
and Anderson, 2001).
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Abstract Over the past few years, some preventive measures have been
adopted for restricting the growth of human impact on the terrestrial
environment and to limit gaseous emissions into the atmosphere, (e.g., the
Vienna Convention for the Protection of the Ozone Layer, 1985, and the
Montreal Protocol, 1987). The monitoring of minor atmospheric gases presently
assumes a double significance: (1) to better understand the photochemistry
process involved and the environmental problems they produce; and (2) to
test the effectiveness of adopted mitigation techniques. Studies on stratospheric
ozone are particularly relevant because it is a filter for ultraviolet (UV) and
has a high sensitivity to chlorofluorocarbon (CFC) presence. During the past
20 years, the trend of ozone depletion has been strongly negative. Some
signals have recently been observed that seem to indicate there has been a
slight recovery, even if the evidence for this tendency is disguised by the
difficulty in separating the anthropogenic impact from the natural variability.
Human impact is much more discernible in polar regions making them
privileged areas for carrying out this type of research.

In light of these considerations, studies on solar radiation flux have
become important for investigating the properties of the atmosphere and its
minor components, and also for evaluating the available radiant energy for
technical applications. Moreover, the ever-increasing interest in regard to
the consequences of human activity on the biosphere has further contributed
to the development of these studies, especially in the UV spectral region. As
a result, there has been an increase in the number of instrument sites and
radiometric networks. Many decisions affecting civil society are made using
data from these networks and consequently, it is essential that the effects of
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environmental factors are well understood.

Few fields of research involve such a mixture of measurement techniques,
instrumental characteristics, and physical atmospheric properties. The major
environmental factors include radiative transfer of solar UV through the
atmosphere, atmospheric physics, and aerosol composition and content. The
management of international networks and the development of instruments
are the main limiting factors for good data acquisition.

This work gives a concise review and provides guidance regarding the
consequences and risks of solar UV radiation on environmental and human
health.

Keywords ozone, ozone hole, personal dosimeter, polar regions, radiometer,
skin cancer, UV radiation

4.1 Introduction

The North and South Poles are the best areas on earth for the evaluation of global
effects and the study of climatic change. The majority of developed countries have
established their scientific bases in one of these areas to perform their research
because the local atmospheric circulation highlights modifications to planetary
background values. Moreover, the Poles are privileged zones for studying solar
electromagnetic flux that reaches the ground, e.g. within the ultraviolet region,
because due to the ozone hole event, it is possible to investigate the large
variability of the UV radiation, particularly during the spring season.

Ultraviolet radiation is defined as the portion of the electromagnetic spectrum
between X-rays and visible light, which is between wavelengths of 40 nm and
400 nm (energy comprised between 30 eV and 3 eV). The UV spectrum can be
divided into broad bands: vacuum UV (40 nm — 190 nm), far UV (190 nm —220 nm),
UV-C (220 nm —290 nm), UV-B (290 nm —320 nm), and UV-A (320 nm —400 nm)
(Zeman, 2008). Solar UV-C, UV-B, and UV-A enter the earth’s atmosphere, but
only UV-B and UV-A reach the ground because UV-C is blocked in the stratosphere
by the ozone layer (Chapman, 1930). Thus, the discovery of stratospheric ozone
(O3) depletion due to disposal of CFCs in the atmosphere (Molina and Rowland,
1973; Farman et al., 1985; Bojkov et al., 1995) is very evident in the polar
regions, and the consequent rise of UV levels in the troposphere has underlined
two of the most important effects of human activity on the environment
(Solomon, 1999) and on global change (IPCC, 2007). Additionally, increased UV
due to a decline in O; has affected the biosphere with implications for human
health, as well as for fauna and flora (Caldwell et al., 1986; Worrest et al., 1989;
Bigelow et al., 1998; Chaney and Sliney, 2005; UNEP, 2002). Additionally, UV
radiation interacts with the DNA chain, which can produce cellular changes. This
hazard can be responsible for the development of skin cancers and eye disease in
humans (Slaper et al., 1996; WHO, 1999; 2006).
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Ozone depletion was so evident that, shortly after its discovery, an international
agreement, the “Vienna Convention for the Protection of the Ozone Layer”, was
signed in 1985 in an attempt to preserve the ozone layer. Two years later, the
well-known “Montreal Protocol on Substances that Deplete the Ozone Layer,”
with its subsequent adjustments and amendments, was also designed. Thus,
“Ozone Hole Protection” became a flag for environmental protection.

A strong widening of the ozone hole in the austral hemisphere, and a less
intense ozone hole developing in the northern hemisphere, were recently observed
(Bojkov et al., 1998; Uchino et al., 1999). In the Arctic, the consequences of
depletion phenomena can be more serious due to the high density of human
presence subjected to increased UV radiation. In September 2003, the surface of
the austral polar vortex reached a new maximum (an extension of more than 12%
compared with the previous maximum in 2000). Inside the ozone hole, the region
with a very low Os concentration also grew. Furthermore, on Sept. 27, 2002, the
vortex split into two parts (Fig. 4.1, Orsolini et al., 2005). These could be signs
of an evolution in the dynamics of the polar vortex and consequently, of the
ozone hole (Alvarez-Madrigal and Pérez-Peraza, 2005).
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Figure 4.1 Ozone hole during splitting event in September 2002

The development of numerous measurement sites and long-term monitoring
programs is necessary to understand these processes, to model the trends, and to
study the ground effects. To this end, the international community is forming
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collaborations for monitoring minor atmospheric gases, particularly the ozone
levels at ground level (Roscoe et al., 2005a), using data taken by airborne instruments
(Giovanelli et al., 2005) and from satellites (Banks et al., 1978; Russell III et al.,
1993; Krueger, 2001; Schoeberl et al., 2006; Waters et al., 2006). After more than
25 years of application, these studies allow for an evaluation of the effects of
environmental protection treaties.

Polar vortices develop a confining action for chemical substances that exist at
those latitudes, and the low temperatures promote Polar Stratospheric Cloud (PSC)
development. During the polar night, photolysis processes do not occur. During
the following spring, UV solar radiation activates the catalytic cycles of Cl and
Br on the PSC surface, and the destruction of ozone begins. Therefore, studies on
the precursors of depletion in the high atmosphere during the polar nights (Orsolini
and Jackson, 2008) are necessary to understand the chemistry that generates
ozone reduction (Strawa et al., 2002; Voigt et al., 2003; Tilmes et al., 2004).

4.2 Networks and Databanks

An increased distribution of Arctic stations has been encouraged since the
Arctic Conference met in Stockholm, Sweden in 1956, in preparation for the
International Geophysical Year (IGY) of 1957. Moreover “... the sensitivity of
instruments should be increased so that measurements could be made using
moonlight, a standard method of measuring the ozone content of surface air
should be developed..., ...the establishment of an aerological and actinometric
station on the Greenland ice cap was strongly recommended ...” (WMO, 2006a).

An increased interest regarding the impact of human activity on the global
ecosystems has contributed to the development of measurements of solar UV
radiation, particularly in the UV spectral region. As a result, there has been a
growing number of instrument sites, radiometric networks, and apparatus
improvements; many of which are managed by either national or international
organizations. One of the most noted is the World Meteorological Organization
(WMO) the United Nations official authoritative voice on weather, climate, and
water where its involvement influenced policy for ozone, UV, and climate change.
The WMO Global Atmospheric Watch (WMO-GAW) (Volker and Barrie, 2006)
forecasts the ozone hole trend, and issues the Antarctic Ozone Bulletin and the
Arctic Ozone Bulletin.

The World Ozone and Ultraviolet Radiation Data Centre (WOUDC,
http://www.msc-smc.ec.gc.ca/woudc/), part of the Global Atmosphere Watch
(GAW) Program, consists of two component parts: the World Ultraviolet
Radiation Data Centre (WUDC) and the World Ozone Data Centre (WODC). It
produced its first data publication, Ozone Data for the World, in 1964.

There are presently six ozone data categories (types) and three UV data types

76



4 UV Solar Radiation in Polar Regions: Consequences for the Environment and
Human Health

registered at the WOUDC. The ozone data archive contains the following data
categories: Lidar vertical profiles, Ozonesonde vertical profiles, total column ozone
(daily and monthly values), and Umkehr N-value and C-Umkehr vertical profiles.
The UV data archive contains the following data categories: Broadband, Multi-band
and Spectral.

The authors of this chapter, members of the Italian National Antarctic Program
(PNRA), participate in the measuring of greenhouse gases (GHG), ozone, and
UV radiation at stations in the Arctic and Antarctic regions, in cooperation with
Direccion Nacional del Antartico/Istituto Antartico Argentino (DNA/IAA, Buenos
Aires), the Norwegian Institute for Air Research (NILU, Kieler), and the Norwegian
Polar Institute (NP, Tromsg). They manage a sampling site in Jubany Base (King
George Island, Antarctic Peninsula) to monitor background levels of carbon dioxide
(COy). They also contribute to ozone and UV monitoring by using Brewer
spectrophotometers at the Belgrano II Base (Antarctica), in Ushuaia (Tierra del
Fuego, Argentina), and in the Arctic region, at the Italian base of CNR Dirigibile
Italia in Ny Alesund (Svalbard Island, Norway).

The Network for the Detection of Atmospheric Composition Change (NDACC),
composed of more than 70 high-quality, remote-sensing research stations, is
currently involved in the observation of the physical and chemical state of the
stratosphere and upper troposphere to better assess the impact of stratospheric
changes on the underlying troposphere and also on global climate. The various
sites in the network are shown in Fig. 4.2. The Network for the Detection of
Stratospheric Change (NDSC) is a part of this network.
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Figure 4.2 The NDACC network
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The NSF Polar UV Monitoring Network, based on the SUV-100 spectroradiometer
(Biospherical Instrument Inc., Bernhard et al., 2007) is a good reference source for
UV measurements at ground level. The map of the network is displayed in Fig. 4.3.
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Figure 4.3 Map of the NSF Polar UV monitoring network

The Global Climate Observing System (GCOS) is intended to be a long-term,
user-driven operational system for monitoring the climate system, detecting and
evaluating climate change, assessing the impact of climate variability and change,
and is viewed as an application for national economic development. It is capable
of providing the comprehensive observations required for research to improve
the understanding, modeling, and prediction of the climate system. GCOS
addresses the total climate system including physical, chemical, and biological
properties, and atmospheric, oceanic, terrestrial, hydrologic, and cryospheric
components. The map of the GCOS network is shown in Fig. 4.4.
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Figure 4.4 The GCOS network
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Several projects promoted by the Scientific Committee on Antarctic Research
(SCAR) manage sampling campaigns, networks, and data-banks to study the
effects on the environment and biosphere in polar regions. The Evolution and
Biodiversity in the Antarctic: the Response of Life to Change (EBA) (see SCAR-
EBA, 2008) describes the past, explains the present, and predicts the future, with
an international, multidisciplinary program. This program combines the research
communities and aims of the past SCAR programs of RiSCC, EVOLANTA, and
EASIZ (see http://www.scar.org/researchgroups/lifescience/). In particular, EBA
studies the evolution and diversity of life in the Antarctic, and their influence on
the properties and dynamics that currently exist in the Antarctic ecosystems and
the Southern Ocean system. It attempts to make predictions on how organisms
and communities respond to environmental change, both currently and in the
future. By integrating research in marine, terrestrial, and freshwater ecosystems
in a new manner, EBA hopes to advance evolutionary and ecological science
globally, using model systems and organisms from the Antarctic.

Through a single web-portal, the SCAR Action Group on Marine Biodiversity
Information (SCAR-MarBIN), mainly funded by the Belgian Science Policy,
aims to offer free and open access to Antarctic Marine Biodiversity Data (see
http://www.scarmarbin.be) which also includes a variety of scientific and technical
services. SCAR-MarBIN is a core of the International Polar Year (IPY, 2007—
2008) initiative, and acts as the information component of the Census of Antarctic
Marine Life (CAML). For the atmosphere, databank web sites exist for each National
Program, e.g., in Europe, Pangea of AWI, Germany, http://www.pangaea.de;
NILU, Norway, http://polarportal.nilu.no/; British Antarctic Survey (BAS) (2008),
UK, http://www.antarctica.ac.uk/bas_research/data/index.php; etc.

The management of this vast number of networks and databanks from across
the globe, incorporating varying research strategies and types of instrumentation,
requires a sizeable organization to efficiently install, maintain, and calibrate these
instruments, ensuring quality assurance and quality control (QA/QC), for data
collected from international databanks (see WMO, 2006b; WMO, 2007 and its
references; Tiig et al., 2003; Diaz et al., 2005; Lakkala et al., 2005; Bernhard,
2008). This is, however, beyond the limits of the present work.

4.3 Impact of Solar UV on the Environment

The most important effect of solar UV on the environment is its photochemical
interaction with oxygen, producing ozone, a GHG (greenhouse gas). The
photochemistry of ozone behaves in different ways on the biosphere, depending
on its height from the ground. The behavior of ozone at ground level demonstrates
itself by its damaging effects on both human health (through inhaled air), and on
vegetation. Because it is a major source of atmospheric oxidants, it regulates
atmospheric composition and maintains a habitable atmosphere (IPCC, 2007). At

79



UV Radiation in Global Climate Change: Measurements, Modeling and Effects on Ecosystems

ground level, ozone is formed when nitrogen oxides (NO,) and volatile organic
compounds (VOC) react with sunlight. Nitrogen oxide is a by-product of
high-temperature combustion created by fire, automobile emissions, and power
plants. Volatile organic compounds include organic chemicals that vaporize easily,
such as gasoline. Therefore, ozone is found in higher concentrations in urban
areas resulting in dangerous effects on health.

The second behavior we discuss here is in the stratosphere (Chapman, 1930).
About 90% of the ozone in the earth’s atmosphere resides in the stratosphere,
forming the “ozone layer” which shields life on earth from harmful UV radiation.
In the mid-1970s, it was recognized that anthropogenic chlorofluorocarbons (CFCs)
could deplete the ozone layer. Observation of the ozone layer indicated that depletion
was occurring due to the buildup of CFCs and Halons in the stratosphere.

The discovery in the mid 1980s of dramatic stratospheric ozone depletion in
Antarctica, which is commonly referred to as the ozone hole, and the consequent
rising of UV levels in the troposphere, resulted in increased studies into the
possibility of damaging effects on human health and biosphere.

The O; concentration, as Total Ozone Content (TOC) in Dobson Units (DU;
1 DU=2.7-10" 04 molecules‘cmfz) has fallen from about 350 DU in 1978, to
less than 100 during the ozone hole season (approximately from the end of
August to the end of November). The historical pictures elaborated by NASA for
the ozone depletion in polar regions, October 1980 through 2004 and March 1979
through 1998, respectively, are shown in Figs. 4.5 and 4.6. The more recent
conditions of Antarctic are shown in Fig. 4.6(b).

h 1997 Mar

Figure 4.5 Historical picture of NASA with Arctic ozone depletion trend in March
(monthly averages)
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Figure 4.6 (a) Historical picture of NASA with Antarctic ozone depletion trend
in October (monthly averages); (b) Antarctic ozone depletion trend, since 1980 to
2004 (October averages)

The O; trends registered between 1975 and 2005 are shown in Fig. 4.7(a), for
Belgrano, and Fig. 4.7(b) for Ushuaia. In Fig. 4.7(a), Belgrano, the O; is displayed
as October mean values measured at ground level by the Brewer spectrophotometer
and the Total Ozone Mapping Spectrometer (TOMS), the sensors installed on
several satellites during their flying period (1979 —2005). Comparisons are made
with the absolute minimum values registered inside the ozone hole. A negative
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trend is clearly evident since the 1970s, with a sharp depletion since 1980. However,
a stable tendency seems to have begun since the end of the 1990s (Knudsen et al.,
2004; Velders, 2008). The day of the year during 1980 to 2005 when the ozone
hole opens and closes (internationally defined as ozone concentration less or
greater than 220 DU) is shown in Fig. 4.8(a). The opening period increases from
approximately 270 DU to 210 DU. The period of closure moves from 300 DU to
350 DU. During the final part of the period, stabilization appears in the trend.
Therefore, as shown in Fig. 4.8(b), the length of the ozone hole period increases
from 20 days to 120 days, showing a constant trend after 1997. Is this an effect of
the Montreal Protocol enforcement or a consequence of a constraining of the
vortex? The answer to this question will be a future goal of research (Egorova et
al., 2001; Tabazadeh and Cordero, 2004).

The Arctic polar vortex is not as stable as the Antarctic vortex, and abrupt
ingress of warm air phenomena can occur (Salby and Garcia, 1990). These sudden
warmings are due to streams of air from the southern latitudes aided by very
active planetary waves (Stowasser et al., 2002; Latysheva et al., 2007; Manney et
al., 2008). Antarctica had higher Oz values during 1998 and 2002 when the vortex
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Figure 4.7 The O; trends registered between the years of 1975-2005: (a)in
Belgrano-mean values during October by Brewer (dots) and TOMS (solid line)
compared with the absolute minima (dotted line) registered inside the ozone hole;
and (b) over Ushuaia-monthly mean values by Total Ozone Mapping Spectrometer
(TOMS); the line is a generic fit to highlight the trend
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Figure 4.8 (a) Ozone hole in Antarctica, days of the year of opening and closing.
Satellite data from TOMS; and (b) ozone hole in Antarctica, length ozone hole season.
Satellite data from TOMS

area was not as wide and the temperatures were warmer. In particular, a major
warming in September 2002 produced an early closing of the hole as a consequence
of the splitting event (Groof et al., 2005).

These studies are necessary to understand the dynamic inside the vortex and to
distinguish natural trends from anthropogenic ones (Roscoe et al., 2005b). In fact,

83



UV Radiation in Global Climate Change: Measurements, Modeling and Effects on Ecosystems

ozone concentration is not only influenced by man-made CFCs, but also by
natural phenomena connected to volcanic eruptions (Tie and Brasseur, 1995;
Grainger and Highwood, 2003), Quasi Biennial Oscillation (QBO) (Garcia and
Solomon, 1987; Baldwin and Dunkerton, 1998; Han et al., 2000; Sitnov, 2004),
and solar activity (Labitzke and van Loon, 1997; Shindell et al., 1999; Todorovich
and Vujovic, 2008). This is well depicted in Fig. 4.7(b), where the ozone trend
over Ushuaia is shown. Even when dealing with a short record, the 11-year solar
cycle trend appears in the data superimposed on the depletion due to CFC
presence in the atmosphere. This is due to major increases of extreme UV radiation,
responsible for ozone creation, compared with the larger UV wavelengths during
the maximum amount of solar activity.

Moreover, the sun also influences the terrestrial atmosphere by sporadic activity
(e.g., flares). After large explosions on the sun’s surface, Solar Energetic Particles
(SEPs) are able to enter the terrestrial magnetosphere and produce additional
ionization at polar latitudes (Storini et al., 2005). During and after these events,
the chemistry in the mesosphere and stratosphere changes, and the ozone
concentration undergoes a large degree of variability (Damiani et al., 2006; Damiani
et al., 2008) since the HO, and NO, that is produced trigger catalytic cycles of O;
destruction. Depending on the seasonal conditions, these effects can be long
lasting and could alter the background values. The absence of solar radiation
during the winter does not allow NO production from the chemical reactions
between N,O and atomic oxygen. Moreover, the transport from the low latitudes
of air masses that have a high concentration of NO is blocked by the vortex. In
these conditions, caused by the descending air masses from the mesosphere to
the stratosphere (Engel et al., 2005; Miiller et al., 2007), the NO, produced at
elevated altitudes by SEPs assumes high relevance (Randall et al., 2006; Seppild
et al., 2007). However, a low percentage of TOC variability can be attributed to
these phenomena since the effects are concentrated on the middle atmosphere.

These phenomena obviously happen throughout the year, but due to the dark
winters in the polar regions, the absence of solar radiation limits continuous
sampling by ground-based measurements or by satellite instruments. For this
reason, the stratospheric ozone is occasionally sampled at ground level by
spectrophotometers using the solar UV reflected by the moon disk. Of course this
possibility is only viable during limited periods of the polar night, depending on
both the phase of the moon disk and the air mass factor (the optical path length in
the atmosphere). In other periods, the UV fluxes are too dim for the sensitivity of
the instruments. The winter surface air temperatures are not as cold as in the
Arctic. The minimum air temperature at ground level is higher than —26°C;
therefore, it is possible to leave instruments outdoors and to carry out ozone and
sulfur dioxide measurements (Rafanelli et al., 2008). Unfortunately, the very low
winter surface temperatures and the frequent presence of katabatic winds in the
Antarctic make open-air measurement in the polar night a sporadic event, which
can only be accomplished with ozone-sondes on balloons.
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4.3.1 Effect of the Environment on Solar UV

As described above, environmental effects resulting from UV radiation exposure do
exist; however, several effects are also produced by the environmental components
on the solar UV flux during its passage through the atmosphere. The presence of
numerous substances, components (e.g., NO,, SO,), and aerosol particles due to
fire, air pollution, dust, etc. (Fig. 4.9), modifies UV diffusion and scattering, creating
measurement, sampling, and modeling problems.
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Figure 4.9 Atmospheric component affecting the radiative forcing in the atmosphere

The presence of clouds in the sky is one of the very important factors (Rafanelli
et al., 2002) that affect radiation measurements at ground level (Rafanelli, 2001).
Clear sky conditions are essential for the calibration of broadband or multi-filter
radiometers (those with moderately wide, pass-band filters). The calibration is
performed with clear sky conditions to obtain isotropic diffusion of radiation in
the atmosphere. The same conditions are repeatable at every calibration. With the
presence of clouds, the isotropic condition fails because the transmission through
the layers is no longer isotropic, and selective wavelength absorption is produced.
Therefore, different positions of clouds produce different effects on the global
dose measured. The shape of the spectral window of the pass-band filters used in
the instruments does not have a box contour as is theoretically required. As a result,
the clouds modify the response of the instrument, make radiometer calibration
unreliable, and thus, their data is not completely reliable. Alternatively, with the
use of spectral instruments, the clouds are not influential due to the narrow
window in each wavelength.
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Furthermore, many models and algorithms are developed for clear sky conditions
and are not valid in cloudy conditions. The vertical profiles from the evaluations
of the Brewer measurements (Umkehr model) are shown in Fig. 4.10 (a), (b), (¢);
panel (a) shows the profile of the clear sky under normal conditions, and panel (b)
shows the profile where the edge of the ozone hole is positioned over Ushuaia. In
panel (c), the cloudy conditions produce negative model results. Indeed, the cloudy
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Figure 4.10 Ozone vertical profiles by Umkehr model: (a) normal situation;
(b) under ozone hole; (¢) in cloudy conditions. Source: Rafanelli et al., 1998
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weather conditions, often present at high latitudes, does not allow for frequent
use of this technique. This is unfortunate since it would be very beneficial to
have such a simple and inexpensive method in place for measuring vertical
profiles in remote regions (Rafanelli et al., 1998).

Currently, cloud cover is only studied for meteorological reasons, yet its linkage
with solar radiation is also important (Moriconi et al., 1998; Simic et al., 2007).

A prototype of a Total Sky Camera (TSC) is shown in Fig. 4.11 (Rafanelli et
al., 2001). The pictures of the sky and the digitized output are depicted in Fig. 4.12
(Rafanelli et al., 2005). This system, in conjunction with hardware and software,
can evaluate the coverage and localization of clouds related to the sun’s position.

Figure 4.11 Total Sky Camera (TSC); inside view and outdoor location

Figure 4.12  Pictures of the sky by TSC (left) and software output (right). Source:
Rafanelli et al., 2005. The black band is to shadow the sun
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Studies of cloud effects on UV are possible by synchronizing the shooting with the
solar UV spectra. For example, the ratio 305/380 nm vs. PAR (Photosynthetically
Active Radiation), sampled with a multi-channel radiometer, is shown in Fig. 4.13.
In clear sky conditions, the trend follows the solar zenith angle (SZA), while in
cloudy conditions, there is no pattern (Rafanelli et al., 2006). It is possible to model
the cloud effect, producing a long time series of spectra and corresponding images.
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Figure 4.13  Scatter plot of ratio 305/380 nm vs. PAR. Data gathered by multichannel
radiometer. Black line in clear sky conditions, grey dots for cloudy sky. Source:
Rafanelli et al., 2006

4.4 TImpact of Solar UV on Human Health

The potential consequences of global climatic change (GCC) with regard to human
health have recently been the subject of numerous reviews (e.g., Leaf, 1989;
Longstreth, 1991; Epstein, 1998; Longstreth, 1999). For the most part, the possibility
of increased negative effects could only occur when the incidence of disease is
linked to the tropics or other warm weather regions. However, it is also clear that
in most locations, GCC will only affect the risk of disease if the disease already
exists at that location or in a location that is geographically contiguous. There is
great concern that the risk of malaria may increase with GCC in developed as
well as developing nations, and it has also been contended that most developed
nations that conquered the disease in the past may experience a serious resurgence.
Solar UV radiation changes are considered as contributing factors to GCC.
Solar UV radiation can affect human health both positively and negatively. Small
amounts of exposure can be beneficial to humans and is essential for the
production of vitamin D. Ultraviolet radiation is also useful for the treatment of
several diseases, including rickets, psoriasis, eczema, and jaundice, under medical
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supervision. The benefits of treatment versus the risks of exposure are a matter of
clinical judgment.

Prolonged human exposure to solar UV radiation may result in acute and
chronic health effects on the skin, in the eyes, and on the immune system.
Sunburn (erythema) is the best-known acute effect of excessive UV radiation
exposure (Lindfors and Vuilleumier, 2005). Over the longer term, UV radiation
induces degenerative changes in skin cells, fibrous tissue, and blood vessels
leading to premature skin aging, photodermatoses, and actinic keratoses. Another
long-term effect is an inflammatory reaction of the eye. In the most serious cases,
skin cancer and cataracts can occur (De Gruijl et al., 2003). The relationship
between the exposure to UV radiation and the level of disease is shown in
Figs. 4.14 and 4.15.
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Figure 4.14 Relationship of exposure to UV-R and burden of disease. Source:
WHO, Ultraviolet radiation and the INTERSUN Programme
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These effects are evident in laboratory experiments. DNA damage induced by
UV radiation is wavelength dependent, whereas UV-A only causes indirect damage
to DNA, proteins, and lipids through reactive oxygen intermediates. On the other
hand, UV-B causes both indirect and direct damage because of the strong absorption
by the DNA molecule at wavelengths below 320 nm. The most abundant products
formed by irradiation with UV-B are cyclobutane pyrimidine dimmers (CPD).
Experiments on bacteria have highlighted several repair mechanisms in response
to UV-induced damage. These mechanisms are usually classified into dark repair
(DR) and photoreactivation (Zenoff et al., 2006).

On the other hand, quantifying risks for humans is difficult because the risk
depends on styles of human life which evolve in the time. Nevertheless,
epidemiological and experimental studies have confirmed that UV radiation is a
definite risk factor for certain types of cataracts, with peak efficacy in the UV-B
waveband. The causal link between squamous cell carcinoma and cumulative
solar UV exposure has been well-established. New findings regarding the genetic
basis of skin cancer, including studies on genetically modified mice, have confirmed
the epidemiological evidence that UV radiation contributes to the formation of
basal cell carcinomas and cutaneous melanomas. The animal models, for the latter,
have demonstrated that UV exposure at a very young age is more detrimental
than exposure in adulthood. Although suppression of certain immune responses
following UV exposure has been recognized, the impact of this suppression on
the control of infectious and autoimmune diseases is largely unknown. However,
studies on several microbial infections have indicated significant consequences
in terms of symptoms or reactivation of disease. The possibility that the immune
response to vaccination could be depressed by UV-B exposure is of considerable
concern (De Gruijl et al., 2003).

Studies conducted world-wide have shown that excessive solar UV exposure
was the cause for the loss of approximately 1.5 million days of work (0.1% of the
total global burden of disease) and 60,000 premature deaths in the year 2000. The
greatest damage resulting from excessive exposure to UV radiation is cortical
cataracts, cutaneous malignant melanoma, and sunburn (although the latter estimates
are highly uncertain due to paucity of data). Notably, a zero UV exposure would
not result in a minimum disease burden, but rather a high disease burden due to
diseases caused by vitamin D deficiency (McMichael et al., 2006).

A very low percentage of the Antarctica population has been exposed to UV,
attributed in part to the fact that the majority of its residents consist of scientific
and logistic personnel, well-educated in health risks. In the recent past, however,
approximately more than 30,000 tourists per year have ventured into these
latitudes (Fig. 4.16; BAS, 2008; IAATO, 2008). Additionally, the number of tourists
in the Arctic region continues to increase (e.g., 1.2 million in Alaska in 1999; Fay,
2000). Low Arctic temperatures force residents to wear warmer clothing suitable
for the climate, even during the full summer season. A real health risk that exists
during the summer is possible damage to the eyes due to a relatively high SZA
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due to direct sun. The high albedo, for ice and snow presence, is an additional
issue. Unfortunately, both residents and tourists are ill-informed in regard to the
UV risks present in the polar regions.

1992 — 2007 Antarctic tourist trends— landed (includes ship and land-based passenger
numbers. 1997 — 1998 onwards includes some commercial yacht activity)
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Figure 4.16 Tourist presence in Antarctica. Source: International Association of
Antarctica Tour Operators (IAATO)

Thus, the study of solar UV in Antarctic latitudes is beneficial because the reduced
thickness of the atmosphere, the clear air, and the absence of local sources of
ozone at those latitudes allow one to measure the background levels with high
accuracy (Pazmifio et al., 2005). Moreover, the deep and rapid variations in TOC,
into the vortex, promote the study of the model’s response and the ability to carry out
experimental campaigns on fauna and flora with varying environmental conditions
useful to translate the results in countries at lower latitudes.

Cataracts are a major cause of blindness. This condition can be adequately treated
by surgery, but when not treated, it often leads to permanent blindness with grave
social/economic consequences. For example, in 1998 an estimated 135 million
people worldwide were visually impaired and 45 million people developed blindness
with cataracts as the leading cause (Mariutti et al., 2003; WHO, 2008a).

Epidemiological studies show that the etiology of cataracts is complicated and
involves many risk factors. Taking into consideration all the risk factors, the only
effective preventive interventions are to stop smoking and to reduce ocular UV-B
exposure (Taylor, 1999).

The dependence of cataract formation on the wavelength of the UV radiation
is important in establishing whether increases in ambient UV-B exposure due to
ozone depletion will have an impact. Cataracts in humans develop slowly with
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age, and the process is difficult to investigate experimentally, especially in
human subjects, but can be done with the use of isolated lenses and in animals.
The problem with these experiments is that the cataracts are induced in a matter
of hours, days, or weeks. Careful comparisons show that the commonly UV-induced
anterior subcapsular opacification in animals is not adequate for modeling the
age-related cataracts observed in humans. The wavelength dependence of cataract
formation can be inferred from the basic mechanism; however, the knowledge
currently available on this subject is still inadequate. It is essential, therefore, that
the study of dosimetry is utilized, particularly personal dosimetry, thus facilitating
an increased knowledge of the damaging effects of UV.

4.4.1 Information and Protection Programs

The most important, effective, and rapid action for the reduction of the health
risks caused by UV exposure is to provide people, across the globe, with accurate
information. Possession of adequate knowledge of the cause and effect of
sunburn, tanning methodology, and the best known practices for sun exposure, is
the only way to reduce UV radiation induced health risks. Thus, over the last 20
years, many international, national, governmental, and private institutions have
published numerous articles, and produced web-portals and web-sites to explain,
inform, and display the most effective preventative practices and solutions. The
knowledge of ozone depletion over Antarctica, the ozone hole, and the risks of
sun exposure, is not only confined to specialists, but is now diffused worldwide
among the general population, even if to varying degrees.

The World Health Organization (WHO), United Nations Environment Programme
(UNEP), World Meteorological Organization (WMO), and International Commission
on Non-ionizing Radiation Protection (ICNIRP) are the most influential international
institutions in this field of research. A visit to their web-portal is an educational
experience. Other national portals are also available as additional sources of
valuable information. Another very informative source is the WHO INTERSUN
Programme (WHO, 2008b), created as a result of Agenda 21 actions (UN
Conference on Environment and Development, Rio de Janeiro, Brazil, June 3 — 14,
1992). Agenda 21 is a comprehensive plan of action to be taken globally, nationally,
and locally by various organizations within the United Nations system, governments,
and major groups involved in every area of human impacts on the environment.
In addition, there are numerous publications available as relevant sources of
information (e.g., Global Solar UV Index: A Practical Guide of WHO, 2002).

All of these instruments of information are based on the Global Solar UV
Index (GSUVI), the official tool used to evaluate the risks of sun exposure. The
purpose of the GSUVI is to provide uniform information to the public about
daily UV exposure levels and protective measures that should be taken, with
various index values.
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Ultraviolet index values can range from zero upward. Summertime UV-I values
can range up to 20 in many countries located close to the equator. Summer maxima
in Europe are generally not more than 8, but can be higher, especially at beach
resorts. While not yet standardized worldwide, the GSUVI values can generally
be described as low (1 and 2), moderate (3 and 4), high (5 and 6), very high (7
and 8), and extreme (greater than 9).

Other UV indices also exist; therefore, it is necessary to be aware of the correct
usage of the information obtained from them. In particular, the WHO warns that
there is a real danger for public confusion over the use of multiple UV indices,
together with a universal GUVI recommended by international organizations
since 1995 (WHO, 1998).

Some of these multiple indices are promoted by sunscreen or cosmetic
manufacturers for commercial purposes and used by local authorities who are
unaware of the standardized and internationally accepted GSUVI. The GSUVI
estimates the maximum skin damaging UV measured over a period of 10 to 30
minutes at solar noon on a given day. The higher the UV-I, the greater the
exposure to skin and eye damaging UV, and the less time it takes for this damage
to occur (WHO, 1998). The WHO emphasizes that a real danger currently exists
that the use of standardized GSUVI in conjunction with many other UV indices
currently in existence could lead to public confusion regarding critical messages
on health.

4.4.2 Dosimetry, UV Modeling, and Instruments

Every wavelength causes differing biological effects. Four Action Spectra for
different biological targets are shown in Fig. 4.17. It is evident that UV-B is the
main culprit for harmful UV consequences, in particular erythema. Convolving a
solar UV irradiance spectrum with the specific action spectrum and then integrating
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Figure 4.17 Action spectra for several biological targets. Source: Di Menno et al., 2007
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it (effective spectrum) over time, the effective dose (ED) is obtained; this is the
link to evaluating solar UV risk. The ED integrated over time provides the available
environmental dose (AED), i.e., the dose available outdoors during the time
considered. Measurements are often expressed in terms of exposure ratios (ER)
or fraction of environmental dose falling on a horizontal surface (maximum
available dose).

To evaluate the individual dose (ID), (i.e., the dose absorbed by a target exposed
outside without considering the time spent indoors), it is necessary know the
effective time of exposure. Measurements carried out by ground-based radiometric
instruments give the AED, but no information on ID. Moreover, for a human body,
not all the parts are exposed to the sun in the same manner, depending on the
solar angle view for the surface exposed (i.e., skin or eyes). Therefore a personal
dosimeter is an essential requirement for evaluating the ID (Fig. 4.18(a), (b), (¢)).

Figure 4.18 (a) Commercial electronic dosimeters; Examples of personal dosimeters;
(b) Rafanelli et al. 2002; (c¢) Kimlin and Parisi, 1999; (d) Electronic dosimeter and
dosimeter badge by polysulphone film

To describe in detail the real individual habits of sun exposure, long-term studies
using personal dosimetry are needed. Furthermore, the dosimeter can be placed
on different parts of the body to measure the solar angle view. The dosimetric
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science for the AED utilizes broadband radiometers in a single site or in network
architecture. These instruments are known as biometers and have a spectral
response approximating the action spectrum of the phenomena under examination,
mostly erythema. They are cheap, but have small differences in construction (e.g.,
in spectral response). Large differences can occur in the results, thus not permitting
a reliable comparison between equipment from different manufacturers (Rafanelli,
2001). On the other hand, the use of more complex instruments (e.g.,
spectroradiometers), could present serious management and budgetary problems.
For these reasons, multichannel broadband radiometers are becoming more
widely established for measuring UV irradiance, although not at high resolution,
but only in several spectral bands. Multi-channel radiometers are calibrated in
physical units, so models reconstructing the continuous UV spectrum are necessary
to compute the AED (i.e., Dahlback, 1996; Rafanelli et al., 2000).

Valid examples of multi-channel radiometers are the GUV 511 (Biospherical
Inc., USA; Di Menno et al., 2002), with four filters at 305, 320, 340, 380 nm; and
the NILU UV Irradiance Meter, NILU Prod. AS, Norway (Dahlback et al., 2007)
with five filters at 305, 312, 320, 340, and 380 nm. Both can also perform the
PAR measurement. A result of the modeling application for some biological
effects is shown in Fig. 4.19. In each plot, the difference between the effective
dose computed by spectral and modeled data is less than 8% (Anav et al., 2004).

An alternative approach involves biodosimeters that use simple biological
systems (bacteria, spores, and biological cells or molecules) and measure AED
directly for the biological effect studied. Biodosimeters are cheap, small devices
that require no external power and thus, are widely accepted for both natural and
artificial UV dose control. However, biodosimeters have a number of disadvantages.
They indicate a damaging effect of UV because UV absorption of a DNA molecule
is the basis of a biological response. They require laboratory analysis to evaluate
the dose and an in-situ control is not possible. The comparison between different
biodosimeters is very hard because they act as “black boxes,” the AED is measured
in specific biological units and not as comparable physical units, J/m’.

A practical personal dosimeter is based on polysulphone badges with plastic
film that changes its transmission after UV exposure (Diffey, 1984; McKinlay and
Diftey, 1987; Diffey, 1989; Mariutti et al., 2003). This dosimeter (Figs. 4.18(c) and
4.20) also agrees with daily GSUVI data and comparisons of AED measurements
do not need to be corrected (Wester, 2006).

As previously stated, to measure the AED, the knowledge of the pass band filter
shape is important in order to make comparisons between different instruments,
such as multi-channel or broadband radiometers. In the spectral UV region, a
very small difference in the shape can produce a large discrepancy in the results
of a comparison (Anav et al., 1996; Di Menno et al., 2002). However, the major
problem in accurately evaluating irradiance is the presence of clouds in the sky
(Mariutti et al., 2002). Thus, the use of spectroradiometers is the best option, but
they do involve a longer sampling time.

95



UV Radiation in Global Climate Change: Measurements, Modeling and Effects on Ecosystems

Roma EUR — May 02, 1996 — Effective irradiance
modelled and measured

1.0E-01

+ Erythema

1.0E-02 -
1.0E-03 -

1.0E-04 -

(W m2nm™")

1.LOE-05 4

Effective spectral irradiance

I . U E‘06 T T T T T T
280 300 320 340 360 380 400

1.0E-01
§ « DNA
% 1.0E-02 4
ET
s £ 1.0E-03 4
£
g E

: 1.0E-04

22
2 1.0E-05 4
=
w

1.0E-06

280 300 320 340 360 380 400

2 1.0E-01
= « non-Melanoma
g 1.0E-02 +
5 E 1.0E-03-
o = 1.0E-04 4
sZ
§ 1.0E-05 +
=
w 1.0E-06 T T T

280 300 320 340 360 380 400
Wavelength (nm)
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Figure 4.20 Personal dosimeter, badges in polysulphone. Source: courtesy of G.F. Mariutti
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Modern technology can solve or attenuate the problems. In Di Menno et al.
(2007), a new CCD and optical fiber spectrograph (fast spectroradiometer) is shown.
The specifications of the instrument are: (1) pass-band range: 250 nm —400 nm;
(2) spectral resolution: 0.25 nm FWHM (improvement of the CCD efficiency
making it possible to have a 0.10 nm as FWHM); (3) high signal/noise ratio, very
fast acquisition; and (4) automatic management, small size and lightweight
with low power consumption. In addition, the use of high quality commercial
components and an expert knowledge of the technical specifications of each part,
crown it all.

The key to obtaining such a high performance has been the adoption of a new
shape for the optical fiber junction to the monochromator box. Commonly, the
bush has a circular shape, but in this case, a large part of the beam falls outside
the slit at the entrance of the monochromator. By rearranging the bush into a
square profile, almost all the beam enters into the monochromator. This solution
is shown in Fig. 4.21. With this key feature, the energy inlet increases from 1% to
40%. This allows the measurement of solar UV wavelengths less than 280 nm,
which is useful for indoor measurements that are applied to artificial UV sources.
The preliminary results of a comparison with a Brewer spectrophotometer, used
as a reference, are shown in Fig. 4.22. This allows the application of the UV
differential spectral analysis technique to evaluate the concentrations of many
compounds present in the atmosphere. Finally, the small dimensions of the
instrument allow its use in a configuration suitable for polar night campaigns.
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Vigna di Valle (Rome, Italy) May 22,2006-SZA 23.0°
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Figure 4.22 Preliminary results of a comparison between Spectrograph vs. Brewer.
Source: Di Menno et al., 2007

4.5 Concluding Remarks

A better understanding of the dual effects of solar UV radiation is essential for
the environment and for life on earth. It positively affects the planetary energy
balance and it auto-produces the UV filter by photochemistry of ozone in the
stratosphere. The polar regions are privileged areas for conducting research to
advance our knowledge of the physics and consequences of these topics. The
negative environmental effects are dependent on humanly induced polluting
activities, such as releasing CFCs into the atmosphere. New habits recently
adopted by a large percentage of the world’s population have had a great effect
on the consequences of UV exposure for human health. Frequent exposure to
large areas of the skin, especially during the middle of the day, increases the risk
of damage.

Exposure to artificial sources of UV rays, such as tanning beds or other types
of UV lamps, has purposely not been discussed here as it is beyond the scope of
the paper. However, this is an important issue because doses absorbed from artificial
mercury lamps, in many cases used without any supervision by qualified personnel,
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adds to the UV exposure already received from natural UV doses, which results
in an increased risk of skin damage.

For a “correct usage of UV”, the words from the Global Solar UV Index—A
Practical Guide of WHO (WHO, 2002) are to be noted: “A marked increase in
the incidence of skin cancers has been observed in fair-skinned populations
worldwide since the early 1970s. This is strongly associated with personal habits
in relation to sun exposure and its ultraviolet (UV) component, and the societal
view that a tan is desirable and healthy. Educational programmes are urgently
needed to raise awareness of the damaging effects of UV radiation, and to
encourage changes in lifestyle that will arrest the trend towards more and more
skin cancers.”

Another topic to be investigated is the absorption of UV rays from artificial
sources by employees and professionals working with arc welders or germicide
UV lamps. This research requires very fast spectrographs, where the bottom of
the spectral range is less than 280 nm, and additional studies on indoor spaces
mapping the UV reflecting surfaces that increase the dose by diffuse radiation in
the work place.
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Abstract A description is presented of instruments and requirements for
measuring ultraviolet (UV) and visible irradiance and estimating long-term
changes in irradiance from the ground-based and satellite data The 30-year
changes in zonal average UV irradiances are estimated from changes that
have occurred in ozone amount and cloud cover as a function of latitude and
season. Ozone changes have been obtained from a multiple satellite time series
starting with Nimbus-7/Total Ozone Mapping Spectrometer (TOMS) in 1979
and continuing to the end of 2008 with the Solar Backscatter Ultraviolet
(SBUV-2) series, Earth-Probe TOMS, and Ozone Monitoring Instrument (OMI).
The changes in cloud cover have been obtained using the 340 nm reflectivity
data from the same series of satellite instruments, except for Earth-Probe
TOMS. The results show large increases in UV-B (280 nm — 315 nm) irradiance
in both hemispheres, mostly caused by changes in ozone amounts. The largest
increases have occurred in the Southern Hemisphere for clear-sky conditions
when compared to the same latitudes in the Northern Hemisphere. Since
1979, an increase of 5% — 8% has occurred in clear-sky DNA damage action
spectra weighted irradiance Ppna during most of the spring and summer,
with increases ranging from 12% to 15% between 30°S and 40°S and 18%
to 22% between 40°S and 50°S. Increases in erythemal irradiance are about
half that of Ppna. There were only small changes in the equatorial zone
(£23°), where sea level UV irradiances are largest because of naturally low
ozone amounts and the nearly overhead sun.

Keywords ultraviolet, trends, RAF, erythemal, spectrometer, pyranometer

5.1 Introduction

Determining the amount of ultraviolet (290 nm —400 nm) and visible (VIS,
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400 nm —700 nm) radiation that reaches the earth’s surface is a fundamental
problem that has occupied scientists and governments from the earliest times. In
highly organized major civilizations, the primary reason for the intense interest
was to determine the factors (sunlight, drought, and temperature) that affected
agriculture, and through agriculture, the wealth and population of nations. The
quantitative interest in changing amounts of solar radiation is a more modern
endeavor that still has an agricultural underpinning, but has expanded into direct
human health effects, effects on land and ocean biology, materials damage, and
global warming. In addition to these long-term effects (years-to-decades) from
changing solar radiation, there are short-term phenomena (minutes-to-yearly), such
as the effects of solar radiation on boundary layer and tropospheric photochemistry,
clouds and aerosols, and local and global weather. Short-term changes in ozone
and cloud cover change the amount of solar radiation reaching the earth’s surface
and affect each year’s agriculture, the extent of human and other biological exposure,
and damage to materials. The extent of human exposure and the corresponding
health effects are difficult to quantify because of the mobility of people, the great
variety of resistance to UV damage caused by skin type (Hemminki, 2002) and
other genetic factors, in addition to the effects of culture and diet on mitigating
UV exposure. An example is seen in the relative incidence of skin cancer between
Japanese and Caucasians living in the U.S. For the Japanese, the non-melanoma
skin cancer rate is about 1 per 100,000, while for Caucasians the rate is about 15 per
100,000 (Qiu and Marugame, 2008). Even the low cancer rate reported for the
Japanese-American ethnic group is about double the rate reported in Japan.

Instrumental methods for measuring or estimating solar radiation amounts
have gradually evolved from simple ground-based instrumentation that essentially
measured the heating effect of all solar radiation (e.g., pyranometers and standardized
water evaporation containers, Fig. 5.1) to spectrometers capable of good spectral
resolution (0.5 nm) in the UV and VIS range. Before 1979, the only sources of
UV and VIS data were obtained from sparsely scattered ground stations of varying
accuracy and precision. The longest reconstructed time series of solar UV irradiance
from measurements of ozone amounts goes back to 1928 at Arosa, Switzerland
(Staehelin and Weiss, 2001; Staehelin et al., 1998), and another near Moscow,
Russia goes back to 1968 (Chubarova, 2008) based on direct UV measurements.
There have been calibrated measurements of total column ozone since the late
1950s at several stations from which clear-sky UVB (280 nm—315 nm) can be
derived. Attempts have been made to reconstruct the ozone time series back to the
late 1600s by estimating the UV-B (280 nm —315 nm) stress on biological systems,
particularly on pine and spruce trees (Zuev and Bonderenko, 2001), and by other
biological proxies (Rozema et al., 2002). Networks of standardized evaporation
pans (Roderick and Farquhar, 2002), and pyranometers (Stanhill and Cohen,
2001) appear to have detected a long-term reduction in solar irradiance at the
earth’s surface that seems to be associated with increased cloud and aerosol
amounts; a concept popularly known as “global dimming.”
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(®)

Figure 5.1 (a) Standardized evaporation pan for measurement of water evaporation
installed on a wooden platform in a grassy location. The pan is filled with water and exposed
to sunlight; (b) An example of a pyranometer used for measuring total solar irradiance

Then and now, the preponderance of UV measuring stations are located in the
Northern Hemisphere, mostly in Europe and North America, with gradually
increasing numbers in Asia. There are a few stations in South America (Argentina,
Chile, and Brazil), New Zealand, Australia, and Africa. A well-calibrated polar
network of seven stations has been maintained by the U.S. National Science
Foundation in Antarctica (Palmer, McMurdo, and South Pole Stations); Ushuaia,
Argentina; Barrow, Alaska; Summit, Greenland; and San Diego, California. These
have been augmented in recent years by the worldwide distribution of well-
calibrated sun and sky photometers as part of AErosol RObotic NETwork
(AERONET) (Holben et al., 1998). Reliable satellite measurements of ozone
derived from back-scattered UV radiation started in late 1978, with an earlier
attempt from the BUV instrument (1970 —1977) on the Nimbus-4 satellite. Since
November 1978, satellite UV data consists of daily measurements of ozone
amount and cloud reflectivity from Nimbus-7/Total Ozone Mapping Spectrometer
(TOMS) and the Solar Backscatter Ultra-Violet (SBUV) instrument, continued
with the NOAA SBUV-2 series, Ozone Monitoring Instrument (OMI), and Global
Ozone Monitoring Experiment (GOME). These data provide global coverage
using an independent calibration for each instrument that can be validated with
respect to existing ground stations. Global coverage has been especially important
for understanding processes over the oceans, in Africa, parts of Asia, and most of
the Southern Hemisphere, where ground-based data are sparse or non-existent.
The availability of satellite data has intensified the efforts to develop reliable
ground-based instrumentation and to perfect their calibration, for direct
measurements of both UV irradiance and atmospheric composition (ozone, sulfur
dioxide, aerosols, and more recently, nitrogen dioxide and formaldehyde).

Satellite measurements of ozone amount, reflectivity, and some aerosol properties
have enabled good estimates of radiation reaching the ground using laboratory
measured absorption and scattering coefficients in radiative transfer calculations
that include polarization effects. The principal sources of error in satellite-based
estimates of UV and VIS radiation are from the properties and amounts of
absorbing aerosols, which are not easily measured from satellites. When satellite
measurements of ozone and reflectivity are combined with ground-based
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measurements of aerosols (or in very clean atmospheres), estimates of UV and
VIS radiation reaching the ground compare well with ground-based data (Kalliskota
et al.,, 2000). The best estimates of VIS wavelength aerosol properties in the
atmosphere come from a large network of AERONET CIMEL sunphotometers
that are strategically located in many parts of the world. The AERONET data
consist of estimates of aerosol extinction at six wavelengths (340, 380, 440, 670,
870 and 1,020 nm), absorption optical depths at four wavelengths (440, 670, 870
and 1,020 nm) and particle size distribution. These aerosol parameters are essential
for VIS and UV radiative transfer calculations. However, extrapolation of aerosol
absorption from the VIS to the UV has proved to be incorrect (Krotkov et al.,
2005; Cede et al., 2006) leading to errors in calculated UV fluxes at the surface
and photolysis rates in the troposphere.

Currently, comparisons of satellite-based estimates of UV irradiance with
ground-based measurements show overestimates that can range up to 40% when
unmeasured aerosol loadings are large. For unpolluted sites, the agreement is
within 2% or 3%, consistent with known instrument calibration errors for both
satellite and ground-based instruments. For UV radiation, this is implies that the
relation between ozone and absorption of UV-B is well understood, as is the
relationship between UV-A (315 nm—400 nm) and VIS irradiances and aerosols
(scattering and absorbing). For a comparison of ground-based measurements
with satellite estimates of solar radiation, the major outstanding problems are
outlined as follows:

(1) Accounting for the aerosol absorption optical depth from 300 nm to 1,000 nm.

(2) Satellite estimation of UV and VIS radiation over snow and ice.

(3) Measurements of ozone, reflectivity, and UV+VIS radiation at high latitudes
and solar zenith angles (SZAs) (latitudes of 65° and SZA >70°) both from
the ground and from satellites.

(4) Establishment of international transfer standards and transfer methods that
are better than the current limit of about 3%.

(5) Creating common stable calibrations between all types of ground-based
instruments at different locations.

(6) Accounting for the differences between ground-based and satellite
measurements caused by their different fields of view (FOV).

(7) Improved understanding of radiance and irradiance transmission by clouds,
which becomes increasingly important as the FOV becomes smaller.

The amount of solar ultraviolet UV and VIS radiation reaching the earth’s
surface, and the fraction reflected back to space, is primarily governed by the
amount of cloud cover, and to a lesser extent, by Rayleigh scattering, aerosols,
and various absorbing gases (e.g., O3, NO,, H,O). Unlike the weakly surface
reflected UV and blue radiation, most of the VIS solar radiation is moderately
reflected by the ground and vegetation. For UV-B irradiance, ozone, aerosols,
and cloud cover are the most important atmospheric components limiting the
amount radiation able to reach the ground. Ultraviolet-A irradiances reaching the
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ground are limited by aerosols and cloud cover.

Figure 5.2 shows an example of solar flux measured above the atmosphere by
the Solar-Stellar Irradiance Comparison Experiment (SOLSTICE) (McClintock
et al., 2000) and the space shuttle borne Atlas-3/Solar Ultraviolet Spectral Irradiance
Monitor (SUSIM) (Brueckner et al., 1994) spectrometers, and the calculated
solar irradiance reaching the ground for overhead sun and 300 Dobson Units (DU)
of ozone. Atlas-3/SUSIM was a high spectral resolution instrument (0.15 nm),
which clearly shows the solar Fraunhofer line structure, especially the calcium K
and H lines at 393.3 nm and at 396.9 nm (see inset in Fig. 5.2). SOLSTICE was
an independent lower resolution instrument that agrees quite well with Atlas-3/
SUSIM. These data are a good starting point for UV radiative transfer calculations
in the atmosphere to provide estimates of UV irradiance reaching the ground.
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Figure 5.2 The extraterrestrial solar UV irradiance measured by SOLSTICE and
Atlas-3/SUSIM instruments above the atmosphere normalized to a sun-earth
distance of 1 astronomical unit, and the calculated irradiance at the ground for 300
DU of ozone and overhead sun. Only the inset, 340 nm —410 nm is shown at full
resolution of 0.15 nm. 1 DU =2.67 x10"® molecules/cm’

Ozone absorbs a wavelength-dependent fraction of the solar UV radiation in
the 200 nm to 340 nm range, with peak absorption at 255.4 nm. Almost no solar
photons with wavelengths shorter than 280 nm reach the earth’s surface because
of ozone (Hartley and Huggins bands) and molecular oxygen absorption (Schumann-
Runge band and continuum absorption). There is still strong absorption at 310 nm,
where a 1% change in ozone leads to an approximate 1% change in irradiance
for SZA =45°. At wavelengths less than 305 nm, the increasingly large ozone
absorption coefficient leads to a proportionally large increase in irradiance for a
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small decrease in ozone (e.g., at SZA =45°, a 1% decrease in ozone can produce
a 2.2% increase in 305 nm irradiance).

Clouds and scattering aerosols reduce solar radiation at all wavelengths A by
reflecting a fraction of the energy back to space, which depends on the aerosol’s
refractive index and particle size. Except in cases of dense smoke or dust, scattering
aerosols (e.g., sulfates) usually reduce radiation reaching the surface by less than
10%. Under special conditions, clouds can locally increase UV from 1% to 10%
by cloud edge reflections. Extremely heavy cloud cover (black thunderstorm) can
decrease UV and VIS by almost 100%, while even moderate cloud thickness can
change the UV-B spectral distribution because of the additional ozone absorption
caused by multiple scattering.

In addition to the above effects, VIS wavelengths are modulated by H,0O, and
those in the Near-IR (NIR) (700 nm—3,000 nm) are modulated by changes in
CO,, CHy4, and H,0, within their respective absorption bands. There is an additional
small amount of absorption for UV-A and blue wavelengths from NO, and
HCHO, and for UV-B from SO,, in addition to a stronger absorption for UV and
VIS from smog in urban or industrial areas.

Ultraviolet and VIS radiation at the surface are generally highest near the
equator following the seasonally changing sub-solar point (latitude between
1£23.3°), where ozone amounts are low and the SZA is the smallest. For any
specific latitude, larger amounts of solar radiation are seen at high altitude sites
because of reduced Rayleigh scattering, especially those with predominantly dry
and clear weather and large surface reflectivity (e.g., from snow or ice cover).

Understanding, modeling, and measuring the factors that affect the amount of
UV and VIS radiation reaching the earth’s surface are important, since changes in
these radiation amounts impact agricultural and ocean productivity, global energy
balance, and human health. Changes in UV radiation can 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 through
increased vitamin D production (Grant, 2002; Holick, 2004). Changes in UV
radiation can also significantly affect ecosystem biology (Smith et al., 1992;
Ghetti et al., 2006).

The focus of this chapter is the estimation or detection of UV irradiance changes
that can be measured directly from the ground, or estimated using satellite-based
or ground-based measurements that characterize the optical properties of the
atmosphere. Section 5.2 describes a subset of the instrumentation widely deployed
today, as well as two new instruments recently deployed and validated for
measurements of atmospheric optical properties. Section 5.3 is devoted to a
discussion of estimating long-term trends in UV irradiance based on satellite
derived ozone and reflectivity amounts. The concept of radiation amplification
factor (RAF) is reviewed for the purpose of estimating monochromatic irradiance
changes from Beer’s Law. A second, apparently empirical, power law form is
introduced for deriving irradiance trends when changes are estimated for action
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spectra weighted wavelength integrated irradiances. In a later section, it is shown
that the empirical power law form can be numerically derived from the Beer’s
Law form. Section 5.4 presents a brief discussion of UV irradiance in the Polar
Regions. Section 5.5 briefly discusses the effects of UV irradiance on human health.
Section 5.6 discusses the UV Index and commonly used units for irradiance and
exposure (time integral of irradiance). Section 5.7 introduces the concept of action
spectra and discusses their application, gives accurate fitting functions for four of
these spectra, derives the power law RAF for each of these spectra, and shows a
comparison of theory with data obtained for the erythemal action spectrum.
Estimated annual zonal average irradiance changes are presented for monochromatic
irradiances (305 nm —325 nm), erythemal irradiances, and monthly zonal average
irradiance (305 nm), as well as the DNA damage action spectrum.

5.2 Instrumentation

Instrumentation for measuring solar radiation reaching the ground falls into a few
main classes, which have been described at length in specialized literature and
reports. The earliest reliable device for quantitative measurements of solar radiation
was a pyranometer (Kerr et al., 1967), which converted the sun’s photon energy
into heat and then into a voltage or current proportional to the energy-weighted
integrated solar photon flux (Fig. 5.1(a)). Pyranometers are still deployed at many
sites, some of which have the longest broadband data records for well-calibrated
highly stable instruments. The basic pyranometer measurement is the solar
irradiance in watts/m”> over a hemispherical field of view, which includes both
direct and diffuse (scattered) photons, and a wavelength range from 280 nm to
3,000 nm. The detector is a black-coated thermopile with a nearly perfect cosine
response for photons incident at different angles. The pyranometer’s stability
makes it ideal for detecting small long-term changes in solar irradiance caused by
changes in the atmosphere (clouds and aerosols), changes in surface reflectivity,
and of course, changes in solar output. The stability suggests an application for
determining the amount of UV irradiance by combining pyranometer data for
cloud transmission estimates with an instrument capable of determining the
column amount of ozone (2, and radiative transfer calculations. £2 is usually
determined from the ratio of two or more measured narrow-band narrow FOV
direct-sun viewing solar irradiances, and more recently by matching the entire
absorption spectrum for a moderate wavelength range. This reduces two calibration
problems: (1) the need for absolute radiometric calibration, and (2) the need for
determining UV measuring instrument’s cosine response to direct and diffuse
radiances from different angles. While the combination is not a direct measurement
of UV irradiance, it offers a solution to difficult calibration and stability problems
inherent in direct measurements.
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All other instruments that attempt to directly measure the direct plus diffuse
photons (known as global flux) have a common calibration problem; namely,
determining cosine response to the angle of the incident photons on a diffuser
material (flat plate or some specially shaped diffuser). Most instruments rely on a
laboratory-derived correction to their approximation of the ideal cosine response
(e.g., Brewer spectrometers) instead of achieving a nearly perfect cosine response
from hardware. An example of the latter is given by a commercially available UV
spectrometer (290 nm —400 nm with 1 nm resolution) developed at the National
Institute of Water and Atmospheric Research in New Zealand. Unprotected diffuser
materials (e.g., Teflon) are usually porous and susceptable to transmission changes
from atmospheric pollution and from natural aging, which affects both the
radiometric calibration and the cosine response. Such instruments require periodic
recalibration to correct for changes in diffuser properties, detector sensitivity, and
changes in the internal optics. One popular commercial instrument, the Multi-Filter
Rotating Shadowband Radiometer (UV-MFRSR), uses an exposed diffuser element
(no quartz window or dome in front of the Teflon diffuser) with the result that the
optical transmission decreases from pollution effects and partly recovers after
every rainfall. Hand-cleaning the diffuser with alcohol is only partialy effective.

Currently deployed instruments include broadband instruments, which measure
the solar radiation from all directions using a diffuser over a specific wavelength
range, which is usually less than viewed by a pyranometer. Most are tailored to
have a response to different wavelengths that approximates some biological or
application absorption spectrum (action spectrum A(A)). The most frequently
approximated action spectrum is the erythemal action spectrum, which provides
a measurement of the skin reddening effect for exposure to UV-A and UV-B
(McKinlay and Diffey, 1987). Next are multi-spectral filter instruments that
measure solar radiation from all directions, or in a narrow field of view, using
several narrow wavelength bands (usually less than 10 bands from 1 nm to 10 nm
wide) at the same time or sequentially (e.g., the Yankee Environmental System
Ultraviolet-Multifilter Rotating Shadowband Radiometer (UV-MFRSR), and the
CIMEL Sunphotometer, Fig. 5.3). These instruments require calibration for the
detector response, filter transmission function, and diffuser element (if any). All
of these instruments, except for the pyranometer, suffer from out of band
wavelength responses, scattered and stray light in the optics and detectors, and
noise in either analog amplifiers or analog to digital converters. These problems
can affect data quality and instrument stability if the instruments are not frequently
monitored and calibrated.

The CIMEL sunphotometer, Fig. 5.3(a), is used by AERONET for worldwide
aerosol characterization (440, 500, 675, 870, and 1,020 nm) for measuring
atmospheric aerosol optical thickness, absorption, particle size, and a filter at
939 nm for measuring atmospheric water vapor. There are two additional channels
(340 nm and 380 nm) that are only used for aerosol extinction optical depth. The
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(b)

(d

Figure 5.3 (a) Commercial AERONET CIMEL Sunphotometer for direct-sun
and sky irradiances using two independent apertures, mounted on a sun-tracker;
(b) Commercial modified UV-MFRSR (Shadowband) mounted on a fixed baseplate
located at GSFC. The 300 nm channel has been replaced by 440 nm and a quartz dome
is over the diffuser; (c) Commercial Brewer double monochromator measuring from
270 nm — 365 nm with a 0.5 nm resolution. This Brewer has been modified at GSFC
with a curved quartz window and depolarizer to permit accurate measurements of sky
radiances; (d) Miniature commercial spectrometer measuring from 270 nm — 525 nm
with 0.5 nm resolution. The spectrometer is connected to an optical head by a fiber
optic cable. This, or other commercial spectrometers, form the basis of the Pandora
spectrometer system

instrument automatically determines and tracks the sun’s position, and collects
data in automated sequences of measurements, which include almucantar and
principal plane with a 1.2° FOV. The CIMEL sunphotometers are calibrated at a
central facility at Goddard Space Flight Center (GSFC) in the laboratory and
against standard CIMELS, which are calibrated at Mauna Loa, Hawaii using the
Langley method (Slusser et al., 2000). While the AERONET CIMELSs have been
extremely successful in determining aerosol properties (optical depth, absorption,
and particle size distribution) in the VIS wavelengths, they cannot determine
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aerosol absorption at UV wavelengths.

The UV-MFRSR (Fig. 5.3(b)) measures global radiation in seven wavelength
bands (300, 305, 311, 317, 325, 332, 368 nm with 2 nm bandpass) using a cosine
approximating diffuser assembly over seven separate detectors. The instrument
measures whole sky (27 steradians) with and without the sun blocked by a curved
metal band, which permits estimating the direct sun irradiance from the difference.
The U.S. Department of Agriculture UV-B Monitoring and Research Program
(UVMRP) has developed and maintains the largest network of UV-MFRSR’s
(over 36), which are field calibrated using the Langley method (Slusser et al., 2000)
to measure global and direct sun irradiance and derive aerosol optical depths and
ozone amounts from the short wavelength channels (Goering et al., 2005). While
the primary purpose was for the furtherance of agricultural productivity in the US,
the network has also provided a long-term database useful for irradiance related
human health studies and satellite validation of ozone and UV irradiance estimates
along with other traditional Brewer and Dobson spectrometers (Gao et al., 2001).

The combination of global and direct-sun irradiance can be used to deduce UV
aerosol attenuation and absorption optical depths when the UV-MFRSR calibration
is matched to the CIMEL sunphotometer. At GSFC and Colorado State University,
the UV-MFRSR has been modified to improve its performance for aerosol detection
by replacing the 300 nm channel with one for 440 nm to match one of the CIMEL
sunphotometer’s almucantar wavelength channels. With this modification, the UV-
MFRSR can extend the CIMEL aerosol characterization into the UV wavelengths
while matching the CIMEL results at 440 nm. The combined use of the CIMEL
and the modified UV-MFRSR resulted in finding that the absorption of many
urban aerosols have spectral dependencies in the UV that are different than those
extrapolated from the visible CIMEL channels (Krotkov et al., 2005; Cede et al.,
2006). The differences can be used to identify whether the aerosols are black
carbon or the more strongly absorbing organic hydrocarbons. The results can also
be used to calculate the reduction of UV irradiance by absorbing aerosols and to
improve the estimation of tropospheric photolysis rates.

While useful work is still being done with filter spectroradiometers and broadband
instruments, much more information can be derived from high spectral resolution
spectrometers (e.g., the global network of Brewer spectrometers represented in the
U.S. by the NOAA-EPA network of single-grating Brewers, the NSF/Biospherical
network, at NASA by a modified (polarization insensitive) double-grating Brewer
(Fig. 5.3(c)) (Cede et al., 2006), and by recently developed instruments using
high quality commercial Charge Coupled Device (CCD) and Complementary Metal
Oxide Semiconductor (CMOS) spectrometers (Fig. 5.3(d)).

The most versatile UV-VIS instruments are full spectrometers (prism, single-
and double-grating dispersion elements) that are able to measure continuously in
wavelength over a specified range in both narrow (less than 2°) and whole-sky
FOV. The best known of these are the widely deployed Brewer spectrometers
(single- and double-scanning grating versions with a single detector), which are
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capable of both narrow FOV and whole-sky viewing through separate ports
(Fig. 5.3(c)). The Brewer double grating instrument (283 nm—364 nm) with
resolution of about 0.5 nm full width half maximum (FWHM) is especially
capable for measurements of ozone in the 300 nm —315 nm range because of its
extremely low amount of scattered or stray light (photons of one wavelength
affecting the count rates of another wavelength). These instruments measure one
wavelength at a time and can suffer random errors from the effects of a changing
atmosphere during the duration of a measurement. This effect is minimized, but
not eliminated, by a slit mask used to measure six closely spaced wavelengths in
a short period of time. At GSFC, each Brewer wavelength is integrated multiple
times for 0.1147 seconds, or about 0.7 seconds for all six wavelengths anywhere
in the Brewer spectrometer’s range. A modified version of the Brewer spectrometer
has been built at GSFC, which removes the polarization sensitivity of the narrow
FOV port by adding a depolarizer in front of the grating and a curved fused silica
window, to replace the standard flat-plate window so that the viewing direction is
always perpendicular to the window surface (Fig. 5.3(c)). This eliminates the Fresnel
effect for diffuse polarized skylight. The modification permits the measurement of
accurate sky radiances in the presence of an unknown amount or type of aerosol.
The GSFC Brewer has successfully used measured sky-radiances to determine
ozone profiles in the troposphere and stratosphere every 20 minutes throughout
the day (Tzortziou et al., 2008). Another commercially available moderate size
double monochromator spectrometer system has been developed in New Zealand
by the National Institute of Water and Atmospheric Research (NIWA) that is
technically competitive with the Brewer spectrometer. It has a wider spectral
range (280 nm —450 nm), but a coarser spectral resolution (1 nm FWHM).

There is a new class of portable narrow or wide FOV instruments that
simultaneously measure all wavelengths in a specified range using a single
grating as the dispersion device and a multi-pixel CCD or CMOS detector. When
carefully characterized and calibrated, the narrow FOV CCD/CMOS spectrometer-
based systems can measure UV and VIS radiances and derive trace gas amounts
(03, SO,, HCHO, BrO, NO,, H,0), acrosol properties (optical depth, absorption,
and particle size) (Herman et al., 2009a), and ozone altitude profiles.

A small portable spectrometer based system (Pandora, Figs. 5.3(d) and 5.4(a))
that is accurate, but inexpensive, has been developed at GSFC. The CCD version
consists of a temperature controlled 1/8 m symmetric Czerny-Turner commercial
spectrometer (Fig. 5.3(d)) using a backthinned 2048%14 pixel CCD detector
(270 nm to 525 nm with a resolution of 0.5 nm FWHM) coupled to a small
custom-built optical head (Fig. 5.4(a), 1.6° circular FOV collimator, lens and filter
wheel system, and electronics) by a 10 m UV-VIS transmitting fiber optic cable.
The head is mounted on a computer controlled small sun-tracker device, which
also permits pointing to anywhere in the sky (the fiber optic cable depolarizes the
input). The plans, machine drawings, specifications, and software are freely available
upon request.
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For an accurate detection of trace gas amounts, the slit function, wavelength,
and radiometric calibration must be accurately determined and maintained during
operation by an active temperature control (20°Cx 1°C) of the entire spectrometer.
High signal to noise (SNR) and precision are achieved by averaging successive
measurements (a few milliseconds exposure) over several seconds. The small
automated sun tracker permits the instrument to operate in direct-sun viewing,
almucantar, and principal plane modes for determination of aerosol properties in
the same manner as the CIMEL, but as a continuous function of wavelength in
both the VIS and UV ranges. The narrow FOV precludes measuring irradiance
directly; but indirectly, the irradiance can be deduced by combining solar
irradiance and sky radiance measurements with radiative transfer calculations.

A much larger portable spectrometer system (MFDOAS, Fig. 5.4(b); Herman
et al., 2009a) with even higher precision for a given exposure time, but with the
same accuracy, has been developed at Washington State University. It measures both
sun and sky radiances (see Tables 5.1 and 5.2). The MFDOAS instrument consists
of separate telescopes for direct sun or scattered sky, a filter wheel containing
various filters and polarizers, a spectrometer/CCD-detector system, a pointing
device, a computer, and a water-based cooler to maintain constant temperature.

MF-DOAS incorporates a modified commercial, single-pass Czerny-Turner
spectrograph with a focal length of 300 mm (f/4). A 400-groove/mm diffraction
grating, with a blaze wavelength of 400 nm, is used to disperse light. The
spectrometer has a fixed 100 um entrance slit, resulting in a 0.83 nm (7.8 pixels

Figure 5.4 (a) Pandora optical head and sun-tracker mounted on a tripod and attached to
a small spectrometer (Fig. 5.3(d)) with a 10 m fiber optic cable; (b) MFDOAS spectrometer
mounted on its base and sun-tracker. The water-cooled spectrometer is controlled by with a
computer in its base
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Table 5.1

Pandora characteristics

Wavelength interval
Spectral resolution (FWHM)

270 nm —520 nm
0.42 nm—-0.52 nm

Oversampling 8 pixels
Spectrometer slit width 50 um
Grating line density 1200 mm™
Grating blaze wavelength 250 nm
CCD array size (pixels) 14 %2048
CCD pixel size (um) 25

80% full well S/N (1 sigma) 300:1
CCD dynamic range 16 bit
Minimum integration time 4 ms

FOV (sun and sky) 1.6°

Table 5.2 MFDOAS characteristics

Wavelength interval

282 nm —498 nm

Spectral resolution (FWHM) 0.83 nm
Oversampling 7.8 pixels
Spectrometer slit width 100 pm
Grating line density 400 mm™'
Grating blaze wavelength 400 nm
CCD array size (pixels) 512%2048
CCD pixel size (um) 13.5x13.5
80% full well S/N (400 rows) 5640:1
CCD dynamic range 16 bit
Integration time 20ms—-60s
FOV (sun) 1.5°

FWHM) average spectral resolution. The wavelength coverage is from 282 nm to
498 nm. The CCD is thermoelectrically cooled to —70°C. Direct sunlight enters the
instrument through a 25 cm black anodized, baffled snout with a quartz window
for weather control. A biconvex lens focuses the sunlight onto an 8 cm spectralon
integrating sphere that moves into the spectrometer’s FOV during the direct-sun
measurements. A series of baffles inside the telescope limit the direct-sun field of
view to about 1.5°. The sky FOV is a narrow rectangle that is 1° wide. Use of an
integrating sphere assures equal illumination of the optics and minimizes the effect
of pointing errors, eliminating a critical source of spectral residual error. Light from
the scattered sky or the direct sun passes through two filter wheels containing
optional depolarizers, a spectral flattening filter, and UV-transmitting and UV-cutoff
filters.

The two independently developed instruments have been compared during two
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campaigns at GSFC and JPL’s Table Mountain Facility in California (TMF) and
found to agree very closely (Herman et al., 2009a). During these campaigns, both
instruments measured C(NO,), the column amount of NO,, in the atmosphere
using direct-sun observations of atmospheric absorption. The precision achieved
was 0.01 DU (1 DU=2.67%10'° molecules/cm”) with an accuracy of +0.05 DU
compared to the minimum C(NO;) in the atmosphere of 0.1 DU. This level of
precision and accuracy is sufficient to measure UV and VIS radiances, as well as
trace gas amounts (O3, SO, NO,, H,O and aerosols). The measured trace gas and
aerosol amounts can be used to calculate UV irradiances and radiances over the
entire 300 nm to 400 nm range.

The large dynamic intensity range as a function of wavelength can cause a
well-known spectrometer system problem of stray light from longer wavelengths
affecting the radiometric response of the shorter wavelengths. This problem is
minimized by using bandpass filters (e.g., UV-340 filter) that block the visible and
pass the UV so that ozone amounts can be measured (305 nm—320 nm) by the
same instrument that measures NO, (400 nm —450 nm). The best performance is
obtained by use of a double filter wheel with one wheel containing neutral density
ND filters, open hole, and blocked hole, and the other containing function filters
(e.g., UV-340, polarization filters, open hole etc.). The blocked hole is essential
for the measurement of spectrometer dark current correction in between each
measurement of radiance for the same exposure time as the radiance measurement.
The use of fiber optic cables to connect the optical head to the spectrometer
(Pandora) has advantages (modularity, light weight, depolarization, and remote
operation) and disadvantages (radiometric stability, calibration, controlling the
FOV, and some fragility) compared to direct coupling of the optical head to the
spectrometer (MFDOAS). While these problems are not trivial, they have been
mostly overcome.

For all of these instruments, the key factors are the absolute accuracy of the
calibration and the long-term stability (precision) of the instrument. Absolute
accuracy is achieved by measuring the output of a standard lamp that has been
verified by an appropriate standards organization (e.g., the National Institute
Standards and Technology (NIST), in the U.S., or one of the European standards
laboratories). The quality of the transfer of calibration is dependent on a meticulous
laboratory setup between the standard lamp and the instrument in question.
Currently, the best transfer of calibration produces an accuracy of between 2%
and 3% under the assumption that the instrument has been fully characterized in
the laboratory before the use of a standard lamp (slit functions, filter transmission
functions, wavelength calibration, temperature sensitivity, stray and scattered
light, etc.). The achievable accuracy will be a combination of the instrument
characterization errors and the lamp transfer radiometric calibration. Note: To
determine the wavelength dependent slit functions over the entire wavelength
range or the filter functions, the detector must have many light sensitive elements
within the projection of the grating’s spectral resolution onto the detector at its
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full width at half the maximum height (FWHM) or the width of the filter bandpass
at FWHM. For wavelength scanning spectrometers, the scanning step size must
be much less than the spectral resolution FWHM to accurately determine the slit
function.

Good long-term stability of the instrumentation is needed to detect possible
changes in the amount of radiation reaching the ground. The stability can be
determined by repeated checks against standard lamps in the laboratory or by
techniques applied to the data obtained in the field. The most common of these is
a procedure that attempts to derive the solar irradiance above the atmosphere by
measuring solar irradiance at the ground as a function of SZA (Langley method).
This gives a series of measured instrument counts as a function of the amount of
atmosphere between the instrument and the sun. If the atmosphere is approximately
stable over the period of the measurements, the series of measurements can be
extrapolated back to zero atmospheres. The details of a modified Langley method
are described in Herman et al. (2009a). Repeating this procedure frequently for the
life of the instrument can give a measure of the instrument’s stability or precision.
The best Langley procedures are performed at extremely clean sites such as
Mauna Loa, Hawaii, where the interference from changing aerosol and boundary
layer ozone amounts is at a minimum. The combination of frequent standard lamp
calibration and in the field Langley procedure provides a precision between 2%
and 3%. Some instruments, such as a well-maintained double Brewer spectrometer,
are known to be very stable against standard lamps and can produce a radiance
precision near 1% if the instrument is modified to be polarization insensitive
(Fig. 5.3(c)).

In addition to ground-based instruments, there have been several spectrometers
located on satellites since 1979, which are able to provide accurate estimates of
ozone and cloud transmission 7 (through measured cloud and aerosol Lambert
Equivalent Reflectivity R (Herman et al., 2001a; 2009b; see Section 5.3.4), where
T is approximately 1—R). The estimate for 7 has been improved by detailed
radiative transfer solutions for plane parallel clouds of different optical thickness.
The resulting cloud transmission factor Ct (Krotkov et al., 1998) gives results that
are close to the simple expression Cr=(1—R)/(1 —Rg), where R is the measured
surface reflectivity and Rg <R <1 (Herman et al., 2001b). This expression for Cr
has been given by Krotkov et al. (1998), and can be derived from a Stokes
calculation (see Section 5.3.5) for a transmitting and reflecting surface over a
reflecting ground (Herman et al., 2009b). Ultraviolet and VIS irradiance, at
ground-level or within the atmosphere, can be accurately estimated using radiative
transfer calculations that include the appropriate absorbing gases, aerosol scattering
and absorption, surface reflectivity, and cloud transmission. Frequently, the
calculated amount of radiation is overestimated by 10% to 20% because of the
lack of knowledge regarding aerosol absorption, even when the aerosol optical
depth is known, especially in urban areas (Herman et al., 1999).

Instrumental requirements for making long-term UV irradiance measurements
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are well understood in terms of calibration and stability for both spectrometers
and broadband radiometers (WMO, 1999; 2003; 2007). The degree to which
further improvements are made to a given instrument type should be dictated by
the scientific goals of an application. For example, different accuracy and precision
are needed for estimating transmission through the atmosphere in the presence of
trace absorbing gases, changes in UV and VIS radiances and irradiances needed
for estimating changes in atmospheric chemistry photolysis rates, climate change
studies, or for use in various applications (estimations of solar radiation amounts
vs. cancer incidence, material damage, atmospheric photochemistry, and biological
productivity).

Biological or material damage applications are usually expressed in terms of
“action” spectra, which are an estimate of the relative strength of a given process
(e.g., skin reddening) for a given wavelength per unit of incident solar radiation.
The biological action spectra are usually poorly known and have a wide variation
within a species depending on skin or surface type, genetics, species adaptation
to its local environment, and from species to species. In other words, knowing
the solar radiation change to within a few percent, or even 10%, is good enough
for most biological and materials damage process studies. Of more importance is
determining the changes in exposure to solar radiation either in the same location
or by moving to lower latitudes where there is usually more solar irradiance.

Higher accuracy and precision are needed for understanding physical processes,
such as contributions to atmospheric energy balance related to global warming or
for estimations of photolysis rates for atmospheric chemistry studies. The estimated
surface heat imbalance between the surface re-radiation and the atmosphere is
about +9 watts/m’ (Lin et al., 2008), so that a contribution of 1 watt/m” would be
a significant portion of the uncertainty. For the UV range from 300 nm to 400 nm,
there are approximately 100.7 watts/m” at the top of the atmosphere and about
half that at the surface, so that detecting a 1-watt/m” change in the UV band over
a decade would require 2% long-term precision.

5.3 Detection of Long-Term Change

Long-term ground-based UV spectral irradiance measurements must be carefully
made and analyzed to preclude variations due to clouds that could be mixed into
UV trend estimates, or whose variability can mask the detection of small changes.
If ground-based data are filtered for cloud-free observations, then UV-B changes
caused by the variability in ozone amounts are easily observed in multi-year data
records. Aerosols and other forms of pollution can also produce apparent changes
in UV irradiance that masks the effect of ozone changes. These changes can be
taken into account if measurements are made simultaneously within the UV-B
range (e.g., 305 nm) and outside of the ozone absorbing range (e.g., 324 nm).
The lack of ability to separate aerosol and pollution effects from ozone-induced
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changes limits the usefulness of broadband instruments (300 nm—400 nm) for
understanding the observed irradiance changes.

Radiometric and wavelength calibration of spectrometers used for irradiance
trend estimates must be carefully maintained to detect the relatively small changes
caused by ozone and aerosols. Making accurate spectral measurements can be
difficult, since the natural UV spectrum at the ground changes by several orders
of magnitude from 300 nm to 400 nm. A slight wavelength misalignment can
cause significant errors in the measured UV-B irradiance amount. Wavelength
misalignment is less important for broadband wavelength integrated quantities,
such as erythemal irradiance. Equally difficult are measurements of UV irradiance
ratios at both small (near noon) and large SZAs (near sunrise or sunset) because
of the large dynamic range required. The use of sensitive CCD spectrometers and
multiple neutral density filters can mitigate the intensity problem at the expense
of some additional calibration. Experience to date with the backthinned CCD
Pandora spectrometers indicates both the spectrometers and the optics are stable
with field calibration and suited for both short- and long-term measurements.

5.3.1 Radiation Amplification Factor

An alternate method for the estimation of long-term changes in UV-B irradiance
can be devised by combining measured ozone values with radiative transfer
calculations. These calculations can be simplified for estimating irradiance change
by neglecting scattering effects. For clear-sky, constant cloud, and constant aerosol
conditions, changes in monochromatic UV-B irradiance dF show a well-defined
inverse relation with changes in the amount of ozone d<2in the atmosphere based
on laboratory measurements of the ozone UV absorption coefficient  (e.g., Zerefos
et al., 2001). This has been most clearly demonstrated using a spectroradiometer
measuring ozone and erythemally weighted irradiance (300 nm —400 nm) at Mauna
Loa, Hawaii on 132 clear mornings between July 1995 and July 1996 (WMO report,
1999). The relationship of a change in irradiance dF" at a single wavelength to a
small change in column ozone amount d(2is approximately given in Eq. (5.1).

dF/F= —dQ/Q aQsec(8) = —d2/Q (RAF) (5.1)

The differential relationship is derived from the standard Beer’s Law of irradiance
F attenuation in an absorbing atmosphere, F'=F, exp(—af2 sec(d)), where
0 = the ozone column amount in DU (I DU=1 milli-atm-cm or 2.69x10'
molecules/cm?), az=the ozone absorption coefficient (in cm '), @ =the SZA, and
F, is the irradiance at the top of the atmosphere. The quantity a2 sec(€) is the
slant path optical depth, which was also named the Radiation Amplification
Factor, or RAF(£2 6) (Madronich, 1993) when Eq. (5.1) was used for estimating
irradiance change. When varying cloud reflectivity dR is included, F'=F, exp
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(—af2sec(0)) (1 -R)/(1 —Rg) and the fractional change in irradiance is

dF/F=-d0Q/Q a sec(0)+dCr/Cr (5.2)

where Ct=the cloud +aerosol transmission =(1 —R)/(1 —Rg),
and R =the reflectivity of the ground Rg +cloud R¢ system (Rg<R<1).

Equation (5.2) has proven to be quite accurate for estimating monochromatic
irradiance changes for small changes in (2 under a wide variety of conditions,
especially for cloud-free conditions. A comparison was run between radiative
transfer solutions RTS and Eq. (5.1) for 1% change from three ozone values,
275 DU, 375 DU, and 475 DU for the wavelength range 290 nm to 350 nm, and
SZA =30° (Herman et al., 1999). The largest difference between the RTS and
Eq. (5.1) was 0.2% at 290 nm for 275 DU, and less than 0.1% for wavelengths
larger than 310 nm.

Figure 5.5 shows a specific example of the cloud-free monochromatic RAF for
£ =0.33 atmosphere-cm =330 DU and SZA =45°, and shows the ozone absorption
coefficient (cm ') for the wavelength range from 240 nm to 340 nm. The RAF
method accurately estimates small monochromatic UV irradiance changes compared
to clear-sky radiative transfer (Herman et al., 1999). For example, radiative
transfer shows that a 1% decrease in O3 produces a 2.115% increase in 305 nm
irradiance, while the RAF method estimates a 2.064% increase ({2 =375 DU,
6 =30°). There are wavelength dependent deviations from Egs. (5.1) and (5.2)
under optically thick clouds caused by multiple scattering increasing the optical
path for ozone absorption. If there is a 1% change in ground reflectivity from a

1000F— : : T . .
: RAF;s=a@Qsec (45°)
L "'d"%:ﬂ‘“‘”\\ 2=0.33 atm cm
100 E
i «_Photons reach the 3
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Figure 5.5 Ozone absorption coefficient o (cm™) and the RAF,s for an SZA =45°
and ozone amount of 330 DU (£2 =0.330 atm cm). Note that at 310 nm, the RAF5~1,
so that a 1% increase in Oz would produce a 1% decrease in 310 nm irradiance
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nominal reflectivity of Rg=5 RU (Rg=0.05) for clear skies, the change in downward
irradiance is less than 0.35% due to backscattering from the atmosphere. If there
is optically thick cloud cover, the change increases to about 0.8%.

The RAF method has also been validated using measurements of ozone and
UV irradiance at Mauna Loa, Hawaii. Figure 5.6 shows that when clear-sky
measurements of monochromatic irradiance are carefully made for a 1% change
in ozone amounts, but no change in aerosols, the measured and calculated changes
agree quite well. Later, it is shown that an empirical power-law RAF method agrees
with monochromatic Eq. (5.1) for small ozone changes, but also applies for
action spectrum weighted irradiances with larger ozone changes. The empirical
power law can be obtained (numerically) from Beer’s Law (see Section 5.7).
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Figure 5.6 Validation of RAF method using the measured (dark circles) changes
in ozone and UV irradiance from Mauna Loa, Hawaii (WMO, 1999)

Fioletov et al. (1997) reported an extensive analysis of UV-B irradiance and its
dependence on total ozone. The analysis provides an empirical wavelength-by-
wavelength measure of the increase of UV-B irradiance for a 1% decrease of total
ozone. The values for UV change with ozone change were found to be essentially
the same for clear and cloudy conditions (except for very heavy clouds), and are
in good agreement with model results for longer wavelengths and moderate SZA.
The conclusion is in agreement with the approximation in Egs. (5.1) and (5.2).

Both theory and observations show that reductions in ozone lead to increases
in UV erythemal and UV-B monochromatic radiation at the earth’s surface. For
mid-latitudes, changes in measured erythemal irradiance can be approximated
using Eq. (5.1) with the monochromatic RAF=1.3 to 1.4 at mid-latitudes when
the ozone amount changes by 1%. However, an empirical power law form gives
a better approximation to erythemal irradiance change with ozone than Eq. (5.1).
A detailed discussion of RAF is given in Section 5.7.
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Satellite estimates of ozone and reflectivity are retrieved separately, each with
its own error budget. Ozone is retrieved with about 1% accuracy, especially on a
zonal average basis. Zonal average reflectivity is retrieved with an accuracy of
about 2 RU or 0.02 (0 <R<1). The differences d¢2 and dR have the same accuracy
as 2 and R, since they are simply the difference from a fixed reference value.
When Egs. (5.1) and (5.2) are used for estimating UV trends in this study (see
Section 5.3.7), the reference values used are the average value of ozone or reflectivity
in the first year as a function of latitude.

The implication of this and following sections is that it may be easier to
measure changes in ozone amounts and cloud plus aerosol transmission combined
with radiative transfer calculations of UV irradiance change than it is to measure
the changes in UV irradiance with very stable and well-calibrated instrumentation.
This method will miss some features of UV irradiance, such as the momentary
increase above clear sky amounts caused by reflections from the sides of clouds
and will not be accurate in mountainous regions where the terrain reflectivity
affects the irradiance more than in relatively flat regions. Even in mountainous
regions, Eq. (5.2) will still represent the change in irradiance caused by satellite-
detected changes in stratospheric and tropospheric ozone amounts. However,
changes in scene reflectivity from the sides of mountains can affect the amount
of UV irradiance in a manner that is usually not detected by ozone-measuring
satellites. The method will also miss any absorption effects (usually small) caused
by other trace gases (e.g., NO, and SO,) and absorbing aerosols. Currently there are
no long-term measurements of these quantities and their changes over wide areas.

5.3.2 Different Definitions of RAF

An alternate power-law form for estimating action spectrum weighted irradiance
change is commonly used for large changes in ozone amount, which empirically
matches data quite well (Booth and Madronich, 1994; Blumthaler et al., 1995).
This form is given in Eq. (5.3).

Fi/Fy=(£2,/€2,) RAF@ (5.3)

where 2, and (2, are two values of ozone that correspond to two values of
irradiance, F; and F, respectively. The RAF(8) is an empirically selected set of
constants to match Eq. (5.3) to observed data. For small changes in 2, equation
(5.3) is approximately the same as Eq.(5.1) by expanding F/F, =[1 +
(2= 2,)/€2,)] =1 —RAF [(£2) - £2,)/42,)] +**+, so that (F| — F,)/F,= —RAF
(-Ql —.Qz)/.Qz + -+ for (-Ql —.Qz) <<

The primary use for the power-law form is for processes that span a wide
wavelength range that includes UV-B and UV-A. The best-known example is the
erythemal action spectrum weighted irradiance Agry(A)F(1), where the weighting
is given by the McKinlay and Diffey (1987) action spectrum Agry(A) (see
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Section 5.7). Since the power law form is empirical, measurements or radiative
transfer calculations, as a function of ozone amount, must be made to estimate
RAFgry(0). For large SZAs the UV-B portion of the irradiance diminishes
rapidly and the product Agry(A)F(1) is dominated by UV-A, which has almost no
sensitivity to ozone change. As a function of latitude, the mid-day RAFggy(60) is
approximately constant in low and middle latitudes, and then decreases at high
latitudes (high SZA) (Bodhaine et al., 1997). This behavior appears to be quite
different from the monochromatic RAF in Eq. (5.1) (see Section 5.7).

The existence of two definitions of RAF (Beer’s Law, equation (5.1) and Power
Law, Eq. (5.3)) can cause some confusion. The physically based Beer’s Law
formulation can also be used to derive monochromatic AF/F for large changes in
ozone AL/ Q. Let Fy=F, exp(—af2, sec(0)) and F,=F, exp(—af2, sec(8)), then
define AF1o/F,=(F—F,)/ F, and AQ\,/(2,=(€2,—£2,)/£2,. The result is given in
Eq. (5.4).

AF/Fy=exp(—af2, sec() A/ 82,) -1 5.4)

In Section 5.7, we show that the use of Eq. (5.4) Beer’s Law leads directly to the
Power Law after integrating over the wavelength range corresponding to an action
spectrum. In the following sections, A€2,/€2, is small, so that the change for
near-monochromatic dF/F can be estimated from Eq. (5.1) or (5.4).

5.3.3 Estimating UV Trends: Discussion

Satellite observations of UV and VIS irradiance can be used to distinguish regional
and global changes in derived atmospheric properties (e.g., ozone, sulfur dioxide,
reflectivity, aerosol distribution, nitrogen dioxide, UV-irradiance) in contrast to
purely local observations from ground-based instruments. The estimates are
based on a single well-calibrated instrument that is used over extended periods
(Herman et al., 1991; Herman et al., 1996). For example, the +52° side scanning
Nimbus-7/TOMS measured six radiance channels (312, 317, 331, 340, 360, and
380 nm, 1-nm wide) producing a full global map in each channel once per day
for the period October 1978 to January 1993. As with most satellite instruments,
the accuracy and precision were maintained using in-flight earth radiance and
solar irradiance data to detect and correct changes from the pre-launch laboratory
calibration. The data series obtained by Nimbus-7/TOMS has been extended
through the present (2009) using the NOAA SBUV-2 series of spectrometers and
the hyperspectral spectrometer OMI (270 nm — 500 nm with a resolution of about
0.5 nm).

Satellite derived geophysical quantities (column ozone amounts, values of aerosol
optical depth, scene reflectivities (cloud, aerosol, plus ground), and a ground
reflectivity climatology) are used to estimate the solar UV irradiance at the ground.
Since the entire process is based on remote sensing, complicated retrieval
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algorithms, and radiative transfer model calculations, the results must be validated
against a small set of well-calibrated ground-based measurements distributed in a
variety of regions that observe under different atmospheric and geographic
conditions. The main purpose of these validation measurements is to provide timely
warning that either the satellite or the ground-based instruments are experiencing
calibration drift, or that there is some missing physical parameter in the satellite
algorithm that can only be supplied from ground-based ancillary data (e.g.,
aerosol absorption).

UV radiation reaching the earth’s surface varies on all time scales, from seconds
to seasons to years. In today’s atmosphere, the multi-year UV-B variations are
principally controlled by changes in stratospheric ozone, changes in the extent of
cloud cover, and other longer-term changes such as in the amount of aerosol and
pollution. Day-to-day ozone-caused changes from stratospheric and tropospheric
dynamics can be significant, but are usually smaller than changes due to cloud
cover, because the stratospheric abundance of ozone usually changes as a moderate
percentage (~15%) of its seasonally changing mean value. The broad, seasonally
repeatable cloud patterns can also cause changes in daily and monthly time scales
as the weather changes. On longer time scales (decadal), most regional changes
in cloud cover have been small (Herman et al., 2009b), so that global and zonal
average changes in UV-B due to long-term ozone depletion are dominant over
cloud-change effects. In some regions (e.g., northern Europe), decadal-term cloud
changes are also important. Ultraviolet-A changes are controlled by all of the
above factors, except ozone.

Ozone data from Nimbus-7/TOMS, obtained during June for the entire 5°
longitudinal zone centered at 40°N, shows that the day-to-day ozone amount can
vary by 50 DU, the approximate mean value of 350 DU, or d€2/02 =+0.14. The
day-to-day June ozone variation is obtained from figures similar to those shown
in Herman et al. (1995). Using an average noon SZA for June of about 23° and an
ozone absorption coefficient for 305 nm & =4.75 cm™' yields a typical 305 nm
irradiance change dF/F = —d€/Q a2 sec(0)=%0.14x4.75%0.35%1.09=%0.25.
In other words, for clear-sky conditions, the 305 nm irradiance typically varies by
+25% during June, just from to day-to-day ozone changes. As will be discussed
later, the day-to-day variability of clear-sky 40°N UV June irradiance is much
larger than the change caused by the long-term June decreases in ozone from
1979 to 2008.

Other factors, such as Rayleigh scattering and land/ocean surface reflectivity,
affect the magnitude of measured or theoretically estimated UV irradiance. However,
these factors do not significantly affect the short- or long-term changes in irradiance,
since their changes are small. Hourly or daily changes in Rayleigh scattering follow
the small changes in atmospheric pressure, which usually are less than 2%. There
have been no long-term changes in mean atmospheric pressure. The UV surface
reflectivity Rg is small (3 RU~-10 RU) and almost constant with time, except in
regions seasonally or permanently covered with snow or ice. Based on radiative
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transfer studies, clear-sky atmospheric backscattering to the surface contributes
less than 0.2 Rg to the measured UV irradiance, which is quite small for most
ice/snow-free scenes (Herman et al., 1999).

5.3.4 Reduction of UV Irradiance by Clouds and Aerosols

A measured daily cycle of UV reaching the surface will show large UV irradiance
reductions from clear-sky conditions as clouds pass over a site while blocking the
view of the sun. These reductions are frequently in excess of those caused by
measured ozone changes from climatological values for wavelengths longer than
305 nm. In general, the effect of clouds and aerosols reduces the UV and VIS
amounts at all wavelengths reaching the earth’s surface. When using satellite data
to estimate the amount of UV reaching the surface, the average amount of UV
radiation reduction caused by clouds, plus scattering aerosols, can be estimated
from the Lambert Equivalent scene Reflectivity (LER), which varies significantly
between locations on the coarse resolution scale of the satellite instrument (50
km to 100 km). The cloud reflectivity estimation can only be done for snow and
ice-free conditions,

The LER of a scene is calculated by requiring that the measured radiance Iy
match the calculated radiance /5 at the observing position of the satellite by
adjusting a single free parameter R in the formal solution of the radiative transfer
equation in Eq. (5.5).

RI(£2,0,F,)f(£2,0,F)

B0 R ) = s .p)
b ’70

+1,,(2,0,R) =1, 5.5

Q=column ozone amount

O =viewing geometry (SZA, satellite look angle, azimuth angle)

R=LER at Py, 0<R<1

Po=pressure of the reflecting surface (e.g., ground or cloud)

Sy, =fraction scattered back to Pp from the atmosphere

I3=sum of direct and diffuse irradiance reaching P

f =fraction of radiation reflected from Pg reaching the satellite

ljo =radiance scattered back from the atmosphere for R=R5=0 at P=Pg

The quantities Sy, 1y, f, and I40 are calculated from a radiative transfer solution
and stored in tables. From Eq. (5.5),

Iy, —1
R= SM___dO (5.6)
Idf+ (ISM _IdO)Sb
The quantities in Eq. (5.6) are calculated from the TOMRAD vector radiative
transfer program for a pure Rayleigh atmosphere for different values of R and P
to create a table lookup capability. The details of the implementation are given in
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the paper written by Dave (1964) from which TOMRAD was developed. Essentially,
the quantities S, and f are calculated for unit upward irradiance leaving the
surface at Pg. In the case of Sy, it is the fraction that scatters back to the surface,
and in the case of £, it is the fraction that reaches the satellite. /4o is computed for
the case R, =0.

The earth’s reflectivity as represented by the LER is not the same as the
angularly dependent reflectivity of a surface containing structures (grass, vegetation,
mountains, clouds, etc.). The angular effects caused by structures in the surface
and in clouds are minimized by scene averaging from the coarse resolution of the
observations. In order to use the LER to estimate change in reflectivity, the
observing geometry must be approximately constant over the life of the satellite,
or corrections must be made to account for the change in angular dependence of
the observations. Most of the satellites used to construct the reflectivity time series
were in near-noon sun-synchronous orbits. This means that any location on the
earth’s surface was observed at approximately the same angle for the same day of
each year. Long-term changes in LER represent changes in the scene reflectivity
(clouds, aerosols, and surface) for each location. Comparisons of LER between
seasons contain an angular effect caused by the seasonal change in the noontime
SZA from the changing solar declination angle +23.3°.

The Nimbus-7/TOMS instrument obtained daily global coverage for ozone and
LER for over 13 years at a spatial resolution that varied between 5050 km? to
100 x 100 km®. For any given location on the earth’s surface, frequency of
occurrence histograms were constructed from satellite derived reflectivity values
(Fig. 5.7) (Herman et al., 2001b). These histograms showed that the most
commonly occurring values of R were about 3 RU—5 RU greater than the surface
reflectivity, and represent haze or very sparse cloud cover. Central Europe,
represented by Germany, is quite different from North American sites in that the
most frequent values are around 10 RU (127 days; 3.9%) or around 50 RU (128
days; 3.9%), with almost the same number of days (80 to 128 days; 2.4% to 3.9%)
having 10 RU to 70 RU. Greenland is another extreme, where the reflectivity is
always high because of the ice cover. Nevada and Virginia are similar, except that
Nevada has a lower average reflectivity representing less cloud cover. Another
extreme case is represented by Australia, where the average reflectivity (due to
cloud cover) is very low, and cumulative UV exposure is high compared to the
same latitude in the U.S.

Satellite observations of reflected UV indicate that reflectivities for typical
mid-latitude cloud covered scenes have a wide range of values, which can reach
90 RU over high altitude cloud tops, which most frequently occurs in the tropics.
Under snow-free conditions, the surface reflectivity Rg is usually between 2 RU
and 4 RU, reaching about 10 RU in the Libyan Desert and similar small areas
(e.g., Andes Mountain high deserts). Area-averaged clear-sky UV surface irradiance
is then approximately reduced as a linear function of the cloud plus aerosol
reflectivity, which can be written in terms of effective transmission. The cloud
transmission is approximately given by Cr=(1 -R)/(1 —Rg), where Rg<R<1.
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Figure 5.7 Frequency of occurrence of reflectivity values 1979 — 1987 (3285 days)

for six different locations. The mean and standard deviation (SD) are in RU
(1 RU=1%). Based on Herman et al. (2001b)

5.3.5 Stokes Derivation of Cy=(1-R)/(1-R¢)

A satellite viewing the earth’s surface observes a combined reflectivity R = Rsystem
from the clouds and the ground. Assume that the cloud-ground system can be
approximated by a two-layer Stokes problem with atmospheric effects neglected.
Assume that the clouds have different transmission and reflections properties for
diffuse Tp, Rp and direct-sun 7¢, Rc. The arrows in Fig. 5.8 represent the partial
contributions to the upward and downward fluxes.

l\ /1/3c //TDTCRG /ITDTCRGZRD /RIz)TC RS
Cloud

Te T-R o lcRe RDTCRé RéTcRé 2 3
c76 R5TcRg
Ground

Figure 5.8 Stokes diagram for Cr for unit irradiance incident on a cloud of
transmittance 7. over a surface of reflectance Rg. The cloud and surface have
diffuse transmittance and reflectivity of T, and R}
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Rovgrpm =R +RGTTH [1+Rg Ry +(RGRD)2 +e0]
=Rc+RqTpTe/(1 =RGRp) 5.7

Cr=Tc [1+RRy+(RGRp)’ +++1=Tc/(1-RgRp) (5.8)
Using Eq. (5.8), rewrite Eq. (5.7) as

1=Rgysrem=1-Re =RTpTc/(1 = RgRp)=1~Re =R TpCr (5.9)
Assume T.=1-R. and T,=1—Rp,, rewrite (5.8) as C; (1 -RgRp)=1—-R,.
Now Eq. (5.9) becomes 1 —Rgygrpm=Cr (1 =RgRp) —R;Cr (1 =Rp)

=Cr (1-Rp) (5.10)

Finally, Cr=(1 = Rgysrem)/ (1 = R¢) (5.11)

where

Rs=Reflectivity of the ground

R =Direct beam cloud reflectivity

R =Diffuse flux cloud reflectivity

Rgystem = Reflectivity of the combined ground-cloud system

T, and Ty, are the corresponding cloud transmissivities

Assume R =Rgygrpym @S an approximation of the reflectivity seen by the satellite

A problem exists for high reflectivity scenes observed by UV/VIS satellite
instruments, such as those covered by snow or ice. Snow/ice covered scenes
cannot be distinguished from cloud cover by radiance observations in the UV
wavelengths. Because of this, the use of Cr to estimate the amount of UV
radiation at the surface in the presence of snow is likely to be in error. For
example, the very high reflectivity values observed in Greenland (Fig. 5.7) are
almost independent of the cloud cover. Radiative transfer solutions for clouds
over snow/ice surfaces show that the maximum reflectivity is obtained for clear-sky
scenes, which is reduced somewhat in the presence of clouds over snow/ice
(Krotkov et al., 1998).

Long-term changes in regional cloud and aerosol reflectivity must be considered
when estimating long-term changes in UV irradiance. However, for most populated
regions of the earth, long-term (decadal) cloud and aerosol scattering changes
have been shown to be small, even where they are statistically significant (Herman
et al., 2001a; Herman et al., 2009b). Local values of acrosol amounts and absorption
are currently estimated from the widely distributed AERONET network of
ground-based sunphotometers (Holben et al., 2001), and for clear-sky scenes,
from satellite data (Torres et al., 2002a, b).
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5.3.6 UV Absorption

The amount of UV radiation reaching the earth’s surface is affected by air
pollution, i.e., absorption by aerosols (black carbon, dust, and smoke), tropospheric
03, NO,, and other gases. These can cause typical reductions in UV radiation by
up to 15% in polluted sites, but with much higher reductions occurring in certain
highly polluted cities, e.g., occasionally in Los Angeles and frequently in Beijing.
NO; causes small reductions, mainly to UV-A, since its absorption cross-section
peaks near 410 nm, yet is still significant at 330 nm. Aerosols of most types affect
UV and VIS radiation at all wavelengths. Pollution abatement, especially in highly
polluted regions, can decrease the atmospheric reflectivity and absorption, which
has the effect of increasing the amount of UV and VIS radiation reaching the
ground. The reductions in surface UV can be much higher in regions affected by
smoke (e.g., biomass burning) or by the major dust storms that frequently occur
in Africa and parts of China.

Absorption of UV and VIS irradiance/radiance is used to determine the
amount of pollution (O3, SO,, HCHO, NO,, H,0) in the atmosphere by matching
the measured and calculated spectrum reaching ground-based spectrometers or
reflected back to a satellite spectrometer (e.g., OMI and GOME) (Cede et al.,
2006; Wenig et al., 2006).

5.3.7 Estimating Zonal Average UV Change

Since changes in cloud, plus aerosol, reflectivity have been small over the 1979
to 2008 period, except in some local regions (Herman et al., 2009b), the zonal
average change in UVB radiation is dominated by changes in ozone amounts. For
this purpose, the changes can be estimated from Eq. (5.1) or (5.3), or including
the observed LER change term as in Eq. (5.2). The ozone data set is based on a
combination of satellite data from Nimbus-7/TOMS, the SBUV-2 series of satellite
data, EP/TOMS, and AURA/OMI organized into monthly average and zonal
average time series. The time of the day is taken as local noon, so that the SZA is
the latitude L=+ 6 (the solar declination angle &) depending on the day of the year
T. When t=12 (noon), SZA=L- ¢ from Eq. (5.12).

cos(SZA) =cos(L) cos(d) cos[n(t—12)/12] +sin(L) sin(J) (5.12)

A useful, but moderate, accuracy estimate for o (degrees) as a function of the
day of the year T (days from 1 to 365) is given in Eq. (5.13). Knowledge of SZA
is needed to evaluate Egs. (5.1) to (5.4) to estimate UV or VIS changes from
satellite data discussed in Section 5.3.8.

o= @arcsin[c cos(d + d)] (5.13)
T
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0 =0.5a(2 + b*)T + 2absin(T) + 0.25ab’sin(2T)
a=0.017,202,166

b=0.016,75
c¢=-0.397,68
d=0.177,84

5.3.8 Estimating UV Trends: Satellites

Global estimates of surface UV irradiance F'; as a function of latitude, longitude,
and wavelength A have been calculated from satellite measurements of atmospheric
backscattered UV radiances and the small amount reflected from the surface. The
long-term precision and stability of a satellite instrument’s in-flight calibration,
especially the single-channel radiances used to estimate cloud transmission and
reflectivity, make it very useful for estimating trends in F,;. In the absence of
a widely distributed, closely-spaced surface network of well-calibrated UV
spectrometers, satellite UV irradiance estimates are extremely useful, especially
over ocean areas where there are no other measurements.

There are two ways of estimating the UV irradiance reaching the ground from
satellite remote sensing of ozone, acrosol, and reflectivity. First, one can enter these
quantities into a detailed radiative transfer model to compute cloud transmission
Cr using Mie theory to approximate the cloud and aerosol properties, in addition
to Rayleigh scattering and ozone absorption (Krotkov et al., 1998; 2001). The
second approximate method, is to estimate the irradiance reaching the ground for
a Rayleigh scattering and ozone absorbing atmosphere Fcpgar, and then add the
cloud and aerosol transmission as a correction factor based on the measured
fractional scene R (0<R<1) and surface reflectivity Rg, T=(1—R)/(1 —-Rg),
where 0 <7'<1. The irradiance at the surface is then approximately

Fsurrace=T Fcrear (5.14)

The two methods quite closely agree (Krotkov et al., 2001), except when there
is enough multiple scattering within a cloud to give enhanced ozone absorption at
wavelengths less than about 310 nm where Cr is the better estimate. Irradiances
from both the Cr and the simplified methods are frequently higher than measured
irradiance values on the ground, usually caused by an underestimate in the satellite
calculation of aerosol amounts and aerosol absorption (Krotkov et al., 1998; 2001;
Herman et al., 1999; Kalliskota, 2000). The differences become much less when
the aerosol amount is small or is known from ground-based measurements. Other
sources of differences between ground-based measurements and satellite estimates
of UV irradiance arise from the large satellite field of view (50x50 km® at nadir
for TOMS and 13 x24 km® for OMI) compared to the smaller ground-based field of
view, in addition to the terrain height differences within a satellite field of view.
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A recent comparison of measured UV erythemal irradiance from ground-based
measurements and OMI satellite estimates has been made (Tanskanen et al., 2007).
The comparison shows that for flat, snow-free regions with modest loadings of
absorbing aerosols or trace gases, the OMI-derived daily erythemal doses have a
median overestimation of 0% to 10%, and that 60% to 80% of the satellite estimated
erythemal doses are within =20% compared to ground-based measurements.

Similar errors occur when interpolating between widely separated ground-based
stations, where the aerosol, ozone, and cloud amounts vary between the stations.
Given the need for global coverage of F;, and the sparsely located ground-based
stations, calculations of F; from satellite-observed column ozone abundances and
cloud reflectivities, which are validated by ground-based measurements, are a useful
method for estimating regional, zonal averages, and global UV irradiance trends.

The year-to-year shifts in cyclic weather patterns (e.g., clouds, ozone transport,
etc.) by even a tenth of a degree in latitude and longitude (~10 km), strongly
affect ground-based UV measurements and their estimates of UV irradiance
trends, but have a minimal effect on area-averaged satellite ozone and reflectivity
measurements (and the UV estimates derived from them). Therefore, the surface
UV changes deduced from ozone amounts and reflectivity measured by satellites,
F;, are expected to be equivalent to those from cloud-filtered, ground-based
observations of UV irradiance, and are superior for estimating regional and global
changes. Satellite measurements provide both regional and global long-term
coverage, which can be used to construct zonal and regional averages and
long-term trends, which have much less geophysical variance from clouds than
corresponding ground-based measurements. However, most satellite measurements
are from low earth polar orbits that pass over a given site only once a day, and so
represent the precise cloud conditions for that local time (usually from 10:30 to
13:30 hours), which misses the morning to afternoon variation. For the purposes
of UV trends, the estimations are usually calculated for solar noon geometry using
ozone amount and cloud reflectivity from sun-synchronous satellite near-noon
measurements.

The use of satellite estimates presupposes ground-based measurements for
validation and as a bridge between successive satellite instruments, if there are
gaps. However, the determination of local UV irradiance is best achieved by
ground-based measurements of either the irradiance or the atmospheric properties
(ozone, aerosols, and clouds) above the observation site from which the irradiance
can be calculated.

Satellite-observed long-term changes in mid-latitude zonal average ozone amounts
suggest that there were significant UV increases for both erythemal irradiance
and individual UV-B F;. The zonal average irradiance increase, relative to 1980,
for the latitude band between 30°N and 40°N peaked in 1993 at about 20%
(erythemal irradiance) and 40% (305 nm irradiance). Fortunately, these increased
percentage changes occurred during the winter months when the SZAs are large,
so that the absolute irradiances were comparatively small and the biological effects
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were minimal. The calculated annual average irradiance increase during 1993 was
about 7% and 14%, for erythemal and 305 nm irradiances, respectively. By 2007,
ozone had partially recovered so that the irradiance increase moderated to 4%
and 8%, respectively. Model calculations show that the recovery is a direct
consequence of the implementation of the Montreal Protocol, and its subsequent
amendments, limiting the introduction of ozone destroying substances into the
atmosphere.

The long-term (30-year) monthly and zonal average (5° bands) ozone time series
can be used to estimate changes in monochromatic irradiance reaching the earth’s
surface using the RAF from Egs. (5.1) and (5.2), and the estimate of the SZA as a
function of latitude and season from Egs. (5.12) and (5.13). Sample results are
shown in Fig. 5.9 for latitude bands centered on 32.5°S and 32.5°N where the
ozone change dO5/0; is approximately —3% over 30 years. Since there has been
no significant change in zonal average cloud cover (Herman et al., 2009b) at these
latitudes, the increase in 305 nm irradiance dF/F is about 6% over 30 years for
the summer months centered on June (Herman, 2009). While this increase is
significant, it appears that the decrease in ozone and increase in irradiance has
leveled off starting in the late 1990s.

0.4} Fractional change in irradiance 32.5°S | Fractional change in irradiance 32.5°N
Wavelength =305nm Wavelength =305nm
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Figure 5.9 Fractional change in 305 nm irradiance dF/F (upper panels) caused
by a change in ozone (lower panels) in two latitude bands centered on 32.5°S and
32.5°N of 5° width. The red dots represent the summer solstice months of December
(—32.5°S) and June (32.5°N). The monthly average ozone values are available
from the GSFC website based on merged data from multiple satellites
(http://hyperion.gsfc.nasa.gov/Data_services/merged/index.html)
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The two principal causes for change in irradiance at the earth’s surface, dO5/O;
and dR/R are shown in Figs. 5.10 and 5.11. The change in reflectivity is based on
the preliminary analysis of reflectivity (Herman et al., 2009b; Herman, 2009) for
the entire 1979 to 2008 period. The current best-calibrated nadir-view zonal averaged
LER values are averaged values from the temporally overlapping satellites listed
in Table 5.3. The final numbers are expected to be slightly different than those in
Fig. 5.11, so that the cloud-transmission correction to the 305 nm irradiance caused
by variability in cloud cover will also change in the final analysis.
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Figure 5.10 The 30-year percent change in zonal average annual ozone amount
as a function of latitude
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Figure 5.11 The 30-year percent change in zonal average annual reflectivity caused
by clouds and aerosols (preliminary estimate)

Based on these numbers, an analysis for the annual mean change of 305 nm
irradiance can be carried out for multiple latitudes with the results shown in Fig. 5.12.
The changes in 305 nm irradiance are quite large at higher latitudes in both
hemispheres, but especially in the Southern Hemisphere where it amounts to an
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Table 5.3  Satellite instruments for ozone and reflectivity

1979 —1992 Nimbus-7/TOMS (N7) Full global coverage every day. Only a few missing
days from1980 to 1992. Ozone plus reflectivity.
Near noon orbit

1985 -2008 SBUV-2 Series (N-9, N-11, Nadir viewing only. Only a few missing days. Ozone
N-16, N-17, N-18) plus reflectivity. N-9 and N-11 have a drifting
orbit

2004 —2008 Ozone Monitoring Instrument Full global coverage every day with few missing
(OMI) days. OMI produces both ozone and reflectivity
values. 1:30 p.m. orbit

approximate 13% increase at 50°S latitude near the southern tip of South America.
As shown in Fig. 5.12, the percent change in irradiance is dominated by changes
in ozone amounts, except near the equator where the change in Ct dominates.
The apparent leveling off with latitude of ozone change between 35°N and 50°N
does not appear as strongly in the irradiance change because of the sec(d) term
in the expression for dF,/F,. The increase in cloudiness (decrease in Ct) at high
southern latitudes moderates the irradiance increases caused by ozone decreases.
While these estimated irradiance changes are significant, they are caused by
small changes in ozone amount compared to the mean ozone value, which would
permit the use of Egs. (5.1) and (5.2), or the more accurate direct use of Beer’s
Law (Eq. (5.4)) as shown in Fig. 5.12.
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Figure 5.12 The annual average change in annual 305 nm irradiance (solid line)
caused by changes (preliminary) in reflectivity and cloud transmission Ct (dashed
line) and the change in ozone amount (2 (dot-dash line)
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5.3.9 Estimating UV Trends: Ground-Based

An excellent example of UV trend detection is from ground-based measured
solar irradiances at 305 nm and 324 nm at Thessaloniki, Greece. The irradiances
shown in Fig. 5.13 are for cloud-free skies at a constant SZA of 63° (WMO, 2007,
an extension of Bias et al., 1993). These data are obtained from a carefully
maintained Brewer spectrometer located in an industrial area that is subjected to
moderate amounts of pollution generated locally and also reaching Greece from
other countries in Europe. There are also occasional dust episodes originating in
northern Africa.

Thessaloniki,GR (40.5°N)
Clear skies SZA=63"

Solar irradiance 324 nm +11.3%/dec

Departures (%o)

Departures (%)

Departures (%)

1990 1992 1994 1996 1998 2000 2002 2004 2006

Figure 5.13 Combined effects of ozone, aerosols, and other absorbing components
on UV radiation. Long-term variability in monthly mean solar spectral irradiances
at 324 nm (upper panel) and at 305 nm (middle panel) measured at Thessaloniki,
Greece, under clear skies at 63° SZA, shown as departures from the long-term
(1990 —2006) averages. The lower panel shows the corresponding departures in the
ozone column of 375 DU (from WMO, 2007)

The radiation at 324 nm should not be significantly affected by ozone so that
the cause of the upward trend at 324 nm (11.3% per decade) is almost certainly
due to aerosol and pollution decreases. Decreasing amounts of aerosol and pollution
that cause the upward trend at 324 nm will also affect 305 nm by approximately
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the same amount. Combining the changes seen for 324 nm with those observed
for 305 nm (8.1% per decade) implies that the effect of increasing ozone amounts
(0.9% per decade) on 305 nm irradiance is a statistically significant decrease of
~(11.3-8.1)% =3.2% per decade.

An easy way to check this conclusion is through the RAF defined as part of
Eq. (5.1); RAF=—a sec(8)=—4 for 22 =375 DU, and 0 =63°, the average
measured values for Thessaloniki. Based on the RAF and the observed ozone change
0f 0.9% per decade, the change in 305 nm UV irradiance dF/F =RAF d€2/€2should
be ~—4(0.9)%=-3.6% per decade, consistent with the measurements of —3.2%
and —3.4% per decade discussed above. In addition to the smaller ozone effects,
Fig. 5.13 shows that a decline in air pollutants can cause increases in surface UV
irradiance of 11.3% per decade in a local industrial site, such as Thessaloniki,
Greece.

When data from cloudy and clear days are present in the UV time series, the
measured trends in UV radiation at individual stations can have sufficient variation
(typically 0% —50%, and occasionally larger due to cloud cover) to make estimated
long-term trends lose statistical significance. As shown in a report by WMO
(2007), trend estimates for Toronto for the period of 1998 through 2005 were
(1.5£5)% per decade (1 standard deviation, 10) (WMO, 2007) during a period in
which the total ozone amount was relatively constant. Even using unfiltered
Toronto UV radiation data going back to 1990, no statistically significant trend is
observable in the extended Toronto UV data despite ozone decreases that took
place during the 1990s, due to the variability introduced by clouds. To relate the
estimated trends to ozone changes requires knowledge of changes in aerosol and
cloud amounts, which can be obtained from a wavelength not affected by ozone.

Fioletov et al. (2001) have made ground-based estimates of erythemal irradiance
changes from two Brewer spectrometer stations (Montreal and Edmonton), and
found that the UV-B trends were similar to those expected from changes in ozone
alone, but with much larger uncertainty because of clouds and aerosols.

5.4 UV in the Polar Regions

The expansion of the Antarctic polar vortex during the 1990s, both in spatial and
temporal extent into early summer, has increased the frequency of elevated UV-B
episodes over sub-Antarctic populated areas (Rousseaux et al., 1999). These episodes
are no longer just small pockets of ozone depleted stratospheric air coming from
the break-up of the polar vortex, but include occasional excursions of the polar
vortex edge over Ushuaia, Argentina and Punta Arenas, Chile. This occurred 44
times in the years 1997, 1998, and 2000 combined, with some episodes lasting three
to four days. Surface measurements show average erythemal UV increases of
about 70% over Ushuaia (54.47°S) since 1997, and episodic total UV-B increases
of up to 80% over Punta Arenas (53.08°S) (WMO, 2007).

139



UV Radiation in Global Climate Change: Measurements, Modeling and Effects on Ecosystems

Diaz et al. (2003) show that Barrow, Alaska, has experienced UV-B increases
related to springtime ozone depletion in March and April, but these increases are
a factor of ten smaller than those observed at the southern high latitudes.
Summertime low-ozone episodes in the Arctic also affect surface UV-B
irradiances. These summertime events result from gas-phase chemistry involving
nitrogen and hydrogen cycles, which become very efficient during the 24-hour
insolation that occurs in the Arctic summer. During summer 2000, two low- ozone
episodes brought about erythemal UV increases in order of 10%—15%, each
lasting more than five days (WMO, 2007).

The measured amounts of UV irradiance at Palmer Station, Antarctica (64°S)
and San Diego, CA (32°N), show that for all seasons, other than spring in Antarctica,
there is a decrease in UV-B irradiance caused by the increased path through the
atmosphere resulting in less UV-B than observed in San Diego (Fahey, 2007).
The Antarctic ozone depletion that occurs each spring causes the UV-B portion of
the erythemally-weighted irradiance to increase dramatically to where it exceeds
even the summertime values observed in San Diego. Similar wide-area springtime
low ozone amounts do not occur in the Arctic region because of the degree of
meteorological wave activity in the north that leads to a weaker polar vortex and
higher ozone amounts. Southern Hemisphere ozone depletion events have extended
further north over Southern Africa, parts of Australia, and New Zealand.

5.5 Human Exposure to UV

From the viewpoint of human exposure to UV, the maximum clear-sky UV
irradiance and exposure occurs in the equatorial zone latitudes, £23.3°, following
the seasonal sub-solar point, and at high mountain altitudes. In general, UV
erythemal, UV-A, and UV-B irradiance decreases with increasing latitude outside
of the equatorial zone, due to the decreases in maximum daily noon solar elevation
angles and for UV-B increases in ozone amount. An exception occurs for UV-B
wavelengths at southern mid- to high-latitudes when reduced ozone amounts
from the Antarctic ozone hole remain late into the spring and are pushed away
from Antarctica toward the lower latitudes. For example, UV measurements
indicate that the equatorial UV-B irradiance levels can occur in the southern part
of South America for several days.

Global images of daily-integrated UV erythemal exposure (kJ per mz), averaged
during the months of January (Southern Hemisphere summer), July (Northern
Hemisphere summer), and the two equinox months of September and March, are
shown in Fig. 5.14 (based on WMO, 1999). Because of cloud cover, the high
equatorial clear-sky irradiances do not translate into the highest monthly cumulative
exposures. The maximum erythemal doses near the equator occur when the sun is
directly overhead during March, which has lower cloud cover than during September.
The difference is related to the annual cycle of the cloud cover associated with
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the Intertropical Convergence Zone (ITCZ), which is usually over the equator in
September, but is south of the equator in March. Two examples of very high UV
exposures occur in the South American Andes (e.g., the sparsely populated Atacama
Desert in Chile at 4,400 m to 5,600 m altitude, and in the city Cuzco, Peru) during
January and in the Himalayan Mountains (over 100 peaks exceeding 7,000 meters)
during July, as shown in Fig. 5.14. In both Southern Hemisphere cases, the sun is
nearly overhead in January when the earth is also closest to the sun. Excluding
high altitude locations, the largest monthly UV exposures occur in Australia and
South Africa during summer (January) because of the very low amount of day-to-
day cloud cover from late spring to early autumn. Other mid-latitude, low altitude
relatively cloud-free areas also receive high doses, e.g., summertime (July) in the
southwest U.S. and the Mediterranean countries.

January 1988

NN — e T ]
0 35 70 105 140 175 210 245 280>
kJ/m?

Figure 5.14 Erythemal exposure kJ per m® for the months of January, March,
July, and September 1988 (from WMO, 1999) based on Nimbus-7/TOMS ozone
and reflectivity data. These extreme levels are not seen in the September 1988
panel because the sun is just beginning to rise over Antarctica and the 1988 ozone
depletion was not extreme

Other factors contribute to the high Southern Hemisphere UV doses. There is a
five million km decrease (3%) in Earth-Sun distance (perihelion near January 3)
during the Southern Hemisphere summer, as compared to the Northern Hemisphere
summer (aphelion near July 4), causing a 6% increase in summer irradiance in
the Southern Hemisphere for a couple of weeks around perihelion. Average
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summer ozone in the Southern Hemisphere (270 DU) is lower than the Northern
Hemisphere (320 DU) by about 13% which would lead to a 13% increase in
310 nm and a 26% increase in 305 nm irradiance. The exact percentage of
increase is a function of latitude. In general, the Southern Hemisphere has fewer
pollution aerosols, which can cause a small increase in UV irradiance relative to
the Northern Hemisphere.

After latitude, the biggest factor affecting mid- and low-latitude exposure to
UV radiation is the amount of cloud cover during the summer months. Satellite
measurements of reflectivity indicate that there are some regions where there are
long-term reflectivity increases (more cloud cover) over land in a few places,
such as over the Indian Ocean, parts of Morocco and Algeria, northern Mexico/
southern U.S., and Canada. However, there are decreases in cloud cover over
central U.S., northern Europe (60°N, 20°E), Kazakhstan (80°E 45°N), Argentina-
Chile, and also smaller decreases over Australia and New Zealand that produce
corresponding increases in time-integrated solar irradiance (exposure) reaching
the ground (Herman et al., 2009b). While the decreasing cloud reflectivity increases
solar radiation reaching the ground, changes in ozone are important for UV-B
since it affects the clear-sky days when the irradiance is at a maximum for that
day and latitude.

In Australia and other countries, any increase in UV exposure is especially
detrimental to the European portion of the population that has minimal natural
UV protection for skin cancer (Diffey, 1991; and a more general reference for
health impact, Lucas et al., 2006), eye cataracts (Taylor, 1991), suppression of
the immune system (Vermeer et al., 1991), and to ecosystem biology (Ghetti et
al., 2006). Based on U.S. National Institute of Health (NIH) data (Devesa et al.,
1999), similar skin cancer problems are present in the U.S., with more skin cancer
occurring at lower latitudes where the UV exposure is higher. The seriousness of
the very high UV exposure problem is observed in Australia where skin cancer
rates have increased dramatically (20% for basal cell, to 788 per 100,000, and
over 90% for squamous cell, to 321 per 100,000 carcinomas) based on household
surveys in 1985, 1990, and 1995 (Staples et al., 1998). This compares to the U.S.
National Cancer Institute’s estimate (Devesa et al., 1999) of 14.5 per 100,000 for
the U.S. Skin cancer incidence by skin type has been estimated by the U.S.
National Cancer Institute’s Surveillance, Epidemiology, and End Results (SEER)
Program, which states that Caucasian people have the highest melanoma incidence,
followed by a much lower rate for Hispanics, African Americans, and with the
lowest incidence for Asian Pacific islanders.

The effects of custom or culture can be seen in Europe with large populations
of light-skinned people living at fairly high latitudes (e.g., Stockholm, Sweden
at 59.3°N, London, England at 51.5°N). However, there is a major difference in
non-melanoma cancer incidence rates between citizens of Sweden (15 per
100,000) and the citizens of the United Kingdom (5 per 100,000) based on data
from 1995 (Qiu and Marugame, 2008).
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At higher latitudes in the Northern Hemisphere, where there is much more
cloud cover than in Australia (e.g., central Europe 50°N, northern U.S., and Canada),
a small decrease in cloud cover and ozone may produce the beneficial effect of
increasing natural vitamin D production from increased UV-B exposure during
the spring and summer months (Grant, 2002; McKenzie et al., 2003; Holick,
2004) without producing greatly enhanced rates of skin cancer. In the U.S., NIH
data shows (Devesa et al., 1999) that increased solar exposure appears to correlate by
latitude with decreases in some internal cancers along with increases in skin cancer.

5.6 UV Index and Units

Erythemal irradiance is frequently expressed in terms of the UV index =25 mW
per m>=2.5 pW per cm”. The index is an arbitrary unit such that very high values
reported by weather services have a UV index of 10 (25 pW per cm”). Erythemal
exposure or dose is a time-integrated quantity normally expressed in kJ per m”.
Many high altitude locations with extreme UV amounts can exceed 10 on clear
days. The weather service for the populated region near Cuzco, Peru, frequently
reports a UV index of 10 to 11 for extended periods and occasionally has a UV
index that reaches 25, the latter based on TOMS ozone data analysis (Liley and
McKenzie, 2006). Spectral irradiance is expressed in mW per m® per nm. The
solar irradiance has a peak value of about 2,100 mW m > nm ' at about 450 nm.
Sky radiance is expressed in mW m > nm ' per steradian. Zenith sky irradiance
for 0.5° FOV is of the order of 10> of the solar irradiance in the vicinity of 400 nm,
but the ratio increases with decreasing wavelength because of increasing Rayleigh
scattering in the UV wavelengths.

5.7 Action Spectra and Irradiance Trends

An action spectrum A(A) is a weighting function of wavelength A that estimates
the relative strength of a process (e.g., biological process or material degradation)
for each wavelength in a range from A, to 4,. The action spectrum is multiplied by
the irradiance /(4,7) to obtain a production function Pacr(?). A direct comparison
of dose amounts for any causal effect is not given by A(4), but just indicates the
relative effect of each wavelength. Frequently, what is wanted is the time integrated
effect of the process Er over a specified time interval # to #,. The quantities Pacr
and Ef can be used to estimate the relative effect of exposure to solar radiation on
different days at some specified time, or cumulatively over some portion of a day
or longer (Egs. (5.15) and (5.16)).

P (f) = jj“ 14,0 A(A)dA (5.15)
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E, = I:ZP(t)dt (5.16)

Typical action spectra have been estimated for skin reddening for Caucasian
males, plant damage, vitamin D production, non-melanoma cancer production,
and DNA damage, etc. The vitamin D action spectrum Avi.p is based on a
digitization of the action spectrum graph presented by McLaughlin et al. 1988.
The vitamin D production was obtained in the laboratory from “surgically separated
skin.” An accurate functional fit (Fig. 5.15(a)) to the published graph is given
(250 nm < A<315nm) in Table 5.2 along with functional fits to the graphs
(Figs. 5.15(b), (¢), (d)) for three other more common action spectra, Apns damage,
plant growth App A, and erythemal Aggy.
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Figure 5.15 (a) Fit to vitamin D action spectrum (McLaughlin et al., 1982),
250 nm <A <314 nm; (b) Fit to DNA damage action spectrum from (Setlow, 1974),
290 nm <A <400 nm; (c) Fit to plant growth response action spectrum (Flint and
Caldwell, 2003), 285 nm < A4 <390 nm; (d) Fit to erythemal action spectrum (McKinlay
and Diffey, 1987), 250 nm <A <400 nm
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Figures 5.16 and 5.17 show the result of multiplying respective action spectra
by the solar flux (Fig. 5.2) at the ground for an atmosphere with 300 DU of ozone
and SZA=0° (typical or the equatorial band with overhead sun). From a practical
perspective, wavelengths below 300 nm have little effect at sites near sea level,
because there are too few photons that are able to penetrate the atmosphere. Altitude
must be taken into account at higher altitude sites, even though most of the short
wavelength photons are absorbed by stratospheric ozone, but the numbers that do
penetrate the stratosphere are not reduced as much by Rayleigh multiple scattering
compared to the boundary layer atmosphere. The effect for DNA damage and
vitamin D production decreases rapidly for longer wavelengths, especially for
larger SZA typical of mid-latitudes. The erythemal effect persists into the UV-A
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Figure 5.16 Action spectra (DNA, vitamin D, and ERY) multiplied by the solar
flux at the ground for 300 DU of ozone and SZA =0°
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Figure 5.17 Action spectrum (plant growth) multiplied by the solar flux at the
ground for 300 DU of ozone and SZA =0°
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range, which is why it is important for sunscreen preparations to protect to as
long a wavelength as is possible. Finally, the plant growth spectrum (Fig. 5.15(c))
spans both UV-B and UV-A, and extends into the VIS wavelengths.

The accuracy of action spectra are usually not specified since they are meant
to convey the response that occurred during a particular set of experiments that
are highly specific to the particular samples that were examined. This is particularly
true for the three spectra that pertain to human response to UV light. None of
these spectra apply to any specific individual or group of people, but are just
indicative of a process. The spectra can be used to give an idea of how a process
would change if there were a change in the UV irradiance for a sample that had
an approximate average response that was similar to the above spectra. The
best-known example of this is the use of the UV index based on the erythemal
action spectrum. Here the accuracy of the UV index is limited to no better than
10% (i.e., an integer scale from 0 to 10), but nonetheless, the index is useful for
estimating when conditions are likely to cause harm from exposure to UV irradiance.
All of the action spectra should be considered in a similar manner.

As discussed in Section 5.3.1, the behavior with respect to ozone change of
action spectrum weighted summed irradiances is not the same as for monochromatic
irradiances. The fractional change is approximated by a power law in RAF
described in Section 5.3.2, which has been demonstrated to hold for a wide range
of ozone values (2 with constant RAF for each SZA. Rearranging Eq. (5.3) in
terms of fractional differences,

(F1 = F>)/ Fy=[1+(£2; — £2,) /0, "9 1 (5.17)

However, the RAF(8), where 8 =SZA, must be empirically derived for each
action spectrum and each SZA. This has been done for the erythemal irradiance
FEry using measurements from Mauna Loa, Hawaii (Bodhaine et al., 1997). The
resulting variation of RAF(#) with SZA is shown in Fig. 5.18, along with a
theoretical calculation based on Eq. (5.4) applied to each wavelength and summed
with erythemal weighting. This shows that the empirical power law behavior
FI/F>=(£2,/02)*" can be explained by application of the physically based
Beer’s Law for absorption in the atmosphere. The behavior with SZA is as
expected from a mix of UV-B and UV-A wavelengths, as the importance of
UV-B decreases with increasing SZA. In addition to standard action spectra, a
recent WMO report (Seckmeyer et al., 2005) has developed an RAF(6,02)
analysis for the specific response of particular types of broadband instruments
that are intended to approximate the erythemal response function. They also present
an analysis of RAF(6,(2) for the exact erythemal weighting function Agry
(Table 5.4) for the ozone range from 100 DU to 600 DU. In all of the work
discussed here RAF(6,£2) = RAF(#) by limiting the range of 2 to 200
DU <2 <600 (see Appendix 5.1).
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Bodhaine et al., 1997

Theoretical
(Equation (5.18a)

: or Figure 5.19) \
0.6f :

RAFgpy(€)

0_2 1 1 1 L 1 1 1 1 1
10 20 30 40 50 60 70 80 90

SZA
Figure 5.18 RAFgry(8) variation with 0 < <85° for the erythemal action spectrum
from data obtained at Muana Loa, Hawaii (Bodhaine et al., 1997) compared with a
theoretical calculation based on summation over wavelengths using Agry and Eq. (5.4)
yielding the form of Eq. (5.17), which is fitted by Eq. (5.18a) for erythemal irradiance
(Herman, 2009)

Table 5.4 Function fit to four UV action spectra of Fig. 5.8

Fit to vitamin D spectrum (McLaughlin et al., 1988) Ay;.p 250 nm <A<314 nm
logo(Aviep) = (4 + CA* + EA+ GA"®) /(1 + BA* + DA+ FA')

A=-0.9601647127133382 B=-0.1771944277419561 C=0.1798847906875285
D=0.01044079180885732 E=-0.01118449188229313 F=-0.00020464360877287360
G =0.0002309087838152358

Fit to DNA damage spectrum (Setlow, 1974) Apna 290 nm <A <400 nm

logo(Apna) =(A + CA®3 +EA)/(1 + BA*> + DA+ FA')

A=-0.1090717334891702 B=-0.1578036701734071 C=0.01546956801974633
D=0.008268275171175154 E=-0.000529417616572146 F=-0.0001436582640327567
Fit to plant growth response action spectrum (Flint and Caldwell, 2003) Ap; o

log o(Apra) = (A +CA* +EA)/(1 +BA** + DA+ FA'®) 285 nm<A<390 nm

A=-2.747265993518105 B=-0.1791860260727771  C=0.4772684658484249
D=0.01068302156756403  E=-0.02764643975624155 F=-0.0002119599411078172
G =0.0005339842703179307

Fit to erythemal action spectrum (McKinlay and Diffey. 1987) Aggry

logio(4Ery) 250 nm <A <400 nm
logo(4gry) =0 250 nm <A1<298 nm
log0(Agry) =0.094(298 - 1) 298 nm <A <328 nm
logo(Apry) =0.015(139 — 1) 328 nm < A <400 nm

Theoretically calculated RAF(&) values for all four action spectra in Fig. 5.15
are given in Fig. 5.19, and the fitting functions for each RAF in Table 5.5,
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Egs. (15.8a~15.8d), for the ozone range from 200 DU to 600 DU, which gives an
RAF(@) that is independent of the ozone value. If the range is extended to 100
DU, the RAF(6,£2) depends on the ozone amount and SZA. The behavior of
some action spectra RAFs with SZA (e.g., DNA) is similar to single wavelength
RAFs for relatively narrow action spectra mostly contained in the UV-B region;
namely, increasing RAF with SZA. More broadly-based spectra have RAF values
that are nearly constant for SZA <40°, and decrease for larger values of SZA.
Very wide spectra, such as the Plant Growth spectrum, decrease for all SZA >0.

1.4 T T T T y 2.30 T
13 DNA
2T 2 g -
2.25 FIF = (@49, )Rm,m
LOr 2200
- 0.8t
L.“:“ 2.15
= 06r
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TR = (@40, )
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0 20 40 60 80 0 20 40 60 80
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0.40F 1.2+
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Figure 5.19 The variation of RAF with SZA for the four spectra in Fig. 5.15.
Note that RAFgry and RAFyr look similar because of different scales (200 DU<
0 <600 DU)

The reason that scattering can be neglected when calculating change in irradiance
is that the scattered radiance is linearly proportional to the direct solar beam when
stratospheric ozone is the primary absorber. The calculation may not be accurate
for strongly absorbed wavelengths at large SZA when the direct solar beam is very
small compared to the scattered irradiance. When this happens, the path through
the atmosphere to the ground is the expected slant path through the stratosphere,
which changes to a nearly vertical path for scattered irradiance that occurs lower
in the atmosphere (Umkehr effect). This shortens the optical path and reduces the
sensitivity to ozone change that occurs in the troposphere. If ozone changes in
the stratosphere are much larger than in the troposphere, F/F, =(2,/ ) g
still a good approximation, since scattering can be neglected for estimations of
irradiance change.
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Table 5.5 Fitting functions for the action spectra RAF of Fig. 5.19

RAFppy =4 +CO* +EB)/(1 +BO° + DO + F6') (5.18a)
A=1.253034387380404 B=-0.1893942742785442
C=-0.2374988749526192 D =0.008753703248421607
E=0.01109085001133105 F=2.163425112458424D-05

RAFpna =(4 +CO*+EOY/(1+BG*+DEY) (5.18b)
A4=2.006603342348651 B=-0.000222243468041799
C=-0.0004040537916876323 D=1.23788082612675D-08
E=1.861486615239331D-08

RAFyr=(4+CO™ +EO +GO)(1+BO*+DO +Fo') (5.18¢)
A=1.300000361376985 B=-0.2561979971919163
C=-0.3331173671966876 D =0.02040664839011024
E=0.02657302492632673 F=-0.0004560385514125725
G =—0.0006221828632328866

RAFp o =(4+CO> +EO)/(1+BO*°+D0) (5.18d)
A=0.4073412230744607 B=-0.1992738307220675
C=-0.08017040437930313 D=0.01140308620531996

£=0.004045533964044966

The percent change in zonal average clear-sky erythemal irradiance as a function
of latitude can be estimated from the 30-year monthly and zonal averaged ozone
time series by using Egs. (5.17) and (5.18a) (Fig. 5.20). The estimations are restricted
to latitudes between 53°S to 53°N because the estimation of the RAF was for
SZA <80°. During the winter solstice, at 53° latitude, the noon SZA is 76°. The
estimation of RAFs for large SZA >80° could be done with a spherical geometry
corrected radiative transfer analysis.

The results in Fig. 5.20 show that there have been large changes in potentially
damaging UV-B radiation at all wavelengths. The monochromatic changes were
estimated from Eq. (5.4) because some of the ozone changes were sufficiently
large as to result in a small error using the differential form in Eq. (5.1). The high
latitude values may have a very small error caused by neglecting the spherical
geometry correction to sec(SZA) for winter conditions at 52.5° latitude when the
noon SZA reached 75.8°. The effect would be to slightly reduce the optical path
and the estimated change in irradiance. At lower latitudes, the effect is negligible.

Since the DNA damage RAF, which is dominated by the behavior between
300 nm and 310 nm (Fig. 5.16), is similar in shape with respect to SZA to the
monochromatic RAF, the percent increase will be much larger for DNA damage
than for the erythemal spectrum. Figures 5.21 and 5.22 present the monthly percent
change of 100 dF,;/F, in 305 nm irradiance and the DNA damage weighted
irradiance Ppya(Month, 6) from 1979 to 2008. As expected, the change in percent
is similar for low latitudes where the ozone change is fairly small. For larger 2
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Figure 5.20 The percent change in annual clear-sky erythemal irradiance (ERY
solid black) for 30 years during the period 1979 to 2008, based on Egs. (5.17) and
(5.18a), and the monthly and zonal averaged ozone time series. The change in
monochromatic 305, 308, 310, 315, 320, and 325 nm irradiance from Eq. (5.4) are
also shown (gray)

changes at high southern latitudes, the behavior is somewhat different because of
increased contribution to Ppna (Eq. (5.15)) from wavelengths smaller than 305 nm
for the summer months. The same summer effect is smaller at high northern
latitudes because the ozone change is less (annual ozone change 3.5% compared
to 7%, Fig. 5.22).

Percent change in 305 nm irradiance 1979 to 2008

Month
>
'

=50 =40 =30 =20 —-10 0 10 20 30 40 350
Latitude

Figure 5.21 Percent change in clear-sky 305 nm irradiance from 1979 to 2008 as
a function of month and latitude calculated from Eq. (5.4) and the monthly zonal
average ozone data
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Percent change in DNA damage irradiance 1979 to 2008

Month
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Figure 5.22 Percent change in clear-sky DNA damage spectrum weighted irradiance
from 1979 to 2008 as a function of month and latitude calculated from Eq. (5.17),
Table 5.2, and the monthly zonal average ozone data

From the viewpoint of population in the higher latitudes of the Northern
Hemisphere, the increases in clear-sky Ppnya have been 5% —8% during most of
the spring and summer months when the solar UV irradiance exposure is at a
maximum (more clear days as well as seasonally declining ozone going into the
summer). The changes have been much larger in the higher latitudes of the Southern
Hemisphere during the spring and summer months, ranging from 12% to over
20%, and extend to lower latitudes (a 12% to 15% increase between 30°S and
40°S and 18% to 22% between 40°S and 50°S). These are serious increases in
damaging UV irradiance that likely would have been much worse in the absence
of the chlorine limiting agreement contained in the Montreal Protocols and
subsequent agreements.

5.8 UV Summary

Quantitative UV measurements have been made for the past 50 years with gradually
growing sophistication in the instruments. Requirements for determining UV
irradiance changes at the earth’s surface are currently well understood and have been
implemented at a number of sites. Measurements from ground-based instruments
and estimations from satellite instruments around the globe show a mixture of
UV-B increases and decreases that depend on changes in local cloud cover, and
ozone and aerosol amounts.

Measurements of ozone and cloud plus aerosol reflectivity from satellites have
been used to estimate the changes in UV-B for the past 30 years using data collected
since 1979. The estimation of irradiance change can be obtained using radiative
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transfer calculations, or from a simplified, yet accurate, approach using the
“Radiation Amplification Factor.” Based on the satellite ozone record, the summer
average, clear-sky UV erythemal irradiance Pgry, averaged over the 32.5°N latitude
band, increased by about 8% from 1979 to the mid-1990s. Since the mid-1990s,
Prry has decreased so that the current level is about 7% higher than it was at the
start of the record in 1979. Similar, changes have occurred in the 32.5°S latitude
band where the increase was about 7% in 2008 (Fig. 5.9). At higher latitudes, the
annual average increase has been about 8% near the tip of South America (50°S),
and about 4.5% at 50°N (Fig. 5.20).

Because of increased sensitivity to ozone changes at 305 nm (near the peak of
the DNA damage weighted irradiance Ppna), the increases have been substantially
larger. The change in annual average 305 nm at 32.5°S is about 8%, rising to about
23% at 50°S. In the Northern Hemisphere, the changes have been somewhat
smaller, about 6% at 32.5°N and 8.5% at 50°N. These changes are large enough
to cause concern for an increase in diseases related to sun exposure. The larger
changes for 305 nm irradiance and Ppna, Which occurred at higher latitudes, were
only partially moderated by a strongly latitude-dependent apparent increase in
cloud and aerosol cover (preliminary estimate). When change in cloud cover is
included, average annual increase in 305 nm irradiance at 50°S was about 17%
over 30 years, while the increase at 50°N was about 11%. Clouds will have
approximately the same effect on all UV wavelengths. Since, the change caused
by just ozone was larger in the Southern Hemisphere than in the Northern
Hemisphere, it implies that danger from human exposure on clear days has
increased more in the Southern Hemisphere than in the Northern Hemisphere.
The increases for DNA damage irradiance Ppnya have been substantially larger
than for Pgry, since the weighting is more towards the shorter wavelengths. The
effect is much larger in the Southern Hemisphere during spring and summer than
in the Northern Hemisphere at higher latitudes, 30° to 50° (Fig. 5.22).

Ground-based measurements of surface UV trends present a challenge that can
be overcome with proper filtering of the data for cloud-free conditions along
with simultaneous aerosol measurements. Ultraviolet estimates from satellite
measurements of ozone, aerosols, and cloud reflectivity are averages over large
areas on the order of 25 km to 100 km, which minimizes many problems with local
variability of cloud and aerosol amounts. Both ground and satellite UV estimates
are critically dependent on establishing and maintaining an accurate calibration
over the lifetime of an instrument and between successive instruments. Ground-based
measurements are essential to provide validation of satellite calibration and as a
bridge between successive satellite instruments.

While the Northern Hemisphere UV irradiance maximum in 1993 was associated
with the massive equatorial Mt. Pinatubo eruption in 1991 (Kerr and McElroy,
1993, Bhartia et al., 1993), a portion of the total increase occurred before 1991
and was associated with ozone destruction from chlorine loading in the atmosphere
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before being limited by the Montreal Protocol. Though there have been significant
zonal average ozone decreases over 30 years at most latitudes (except the equator),
even larger chlorine-driven ozone decreases and UV-B increases were prevented
by this and subsequent agreements that were effective for limiting releases of
chloroflourocarbons (CFCs) and other chlorine bearing compounds, with CFCs
being almost completely phased out by 1995.

Because of the large observed changes in UV-B irradiance at mid- and high-
latitudes, it is very important that we continue monitoring from both space and
the ground. For space, it is essential that we have continuous well-calibrated data
sets from successive near-noon, sun-synchronous satellites, with at least a one-year
overlap. The calibration of satellite instruments is an extended effort that must be
performed over the life of the satellite using in-flight data leading to occasional
reprocessing (perhaps once every two years) of the entire dataset. Comparisons
with ground-based UV irradiance and radiance data play an essential role in
traditional validation and identification of problems with either satellite or ground-
based instruments. For this purpose, a few well-characterized and maintained
spectrometers are preferable to large networks of lesser instruments. The few
instruments should be located in both clean and moderately polluted sites, and in
key locations (e.g., mountains) where satellite estimations may be intrinsically in
error. More effort should be put into instruments and procedures that characterize
the atmosphere in terms of absorption, scattering, and composition rather than
just measuring irradiance.

Appendix 5.1 Calculating RAF(6)

If the RAF is calculated directly from the power law definition F/F>=(£2, /!21)RAF
or RAF=In(F\/F,)/In(£2,/£2,), the result will have a dependence on ozone
amount for any range of (2, relative to the reference amount (2, (Fig. 5.A1).

In this study, the RAF is calculated as the best fit to the function U(£2,/€2,)**F
with the requirement that U is approximately 1 (Fig. 5.A2). This approximation
works well for the entire range of SZA (Fig. 5.A3), the ozone range 200 DU to
600 DU, and for all four action spectra discussed in this study. The result is a
small error in the estimation of action spectra irradiance change, if the ozone
independent RAF is used in the power law formula. If more accuracy is needed
for the erythemal spectrum, the parameter U(6) is given by Ugry =(4 +CO™ +
EO)/(1+BO"°+D6O +FO'”) with the coefficients given in Table 5.A1. 0.95<
Ugry(0)<0.99. Similar functions can be derived for other action spectra.

If the range is extended to 100 DU < W <600 DU, then the functional form
changes (Fig. 5.A4) for SZA <50° and the form U(£2,/02,)**" with an RAF value
independent of {2 can no longer be used.
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Figure 5.A1 RAF computed from its definition, RAF =In(F/F,)/In(£2,/0,)
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Figure 5.A2 RAF computed as best fit to irradiance ratios F/F, (gray squares)
using U(£2,/02,)**T (black line)
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Figure 5.A3 F/F, for 0° <SZA <80° for 200 DU < W <600 DU
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Figure 5.A4 Irradiance ratios when the ozone range is extended 100 <.£2 <600

Table 5.A1 Uppy =(4 +CO*>+EO)/(1+BO° +DO +Fo')

4=0.9893339422829114 B=-0.2091512249939112
C=-0.2065389508416529 D=0.01116628089647472
E=0.01084565669362034 F=-0.00001740267964926986
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Abstract In the late 1960s and early 1970s, concerns were raised regarding
the vulnerability of stratospheric ozone to anthropogenic activities and the
consequential increase of ultraviolet-B (UVB) radiation at the earth’s surface.
These concerns prompted the development of new scientific instrumentation
for monitoring the state of the ozone layer and levels of surface UV
radiation. Included in the list of instrumentation is the ground-based Brewer
spectrophotometer. The Brewer spectrophotometer has now been in operation
at some sites for more than 25 years and has participated in numerous
specialized field campaigns. Site instruments have been stable over long
periods of time and function reliably in unattended operation for periods of
several days under a wide range of operating conditions. The Brewer
spectrophotometer has proven to be a valuable scientific tool that has made
significant contributions to our understanding of the ozone layer and the
dependence of surface UV radiation on stratospheric ozone and other
atmospheric variables. This chapter discusses the history of the development
of the Brewer spectrophotometer, describes the design and operation of the
instrument, outlines the methods and algorithms used to measure the
geophysical variables, and reviews some scientific results of operational and
specialized measurements.

Keywords atmospheric ozone, ultraviolet radiation, radiation instrumentation,
measurement techniques

6.1 Introduction

The Brewer spectrophotometer is a modified Ebert grating spectrometer that has
been designed to measure the intensity of radiation at targeted UV and visible
wavelengths. Pointing capabilities of the instrument allow the measurement of
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direct irradiance, global irradiance, or sky radiance from a specified direction,
including the zenith. The column amount of atmospheric constituents that absorb
or scatter solar or lunar radiation can be determined using differential optical
absorption spectroscopy (DOAS) techniques. Atmospheric gases that are measured
using their absorption properties include ozone, sulfur dioxide (SO,), and nitrogen
dioxide (NO,). In addition, aerosol optical depth can be determined from
measurements of direct solar irradiance.

Today nearly 200 Brewer instruments have been manufactured and are operating
in about 40 countries. The early instruments have operated almost continuously
for about 25 years at some sites. Instruments operate unattended outdoors under a
wide range of weather conditions encountered at tropical, high latitude, and high
altitude sites. Ozone measurement records spanning up to 25 years have provided
a wealth of valuable information that has contributed toward our understanding
of the changing ozone layer. Measurement records of spectral UV radiation are
more than 15 years in length at several sites and allow analysis for long-term
changes in UV radiation. Brewer instruments account for about 75% of spectral
UV data reported to global and regional databases (WMO, 2007).

6.2 History

An early version of a grating spectrometer was developed at Cambridge University,
UK and used by David Wardle in the winter of 1963 — 1964 to make measurements
of total column ozone during the polar night at Resolute, Canada using stellar
radiation as a light source (Wardle, 1965). The instrument was later brought to
the University of Toronto where subsequent versions of grating spectrometers were
developed with Alan Brewer, Jim Kerr, and Tom McElroy. These instruments
were used for short-term research projects that demonstrated the capability of
grating spectrophotometers for measuring atmospheric ozone (Brewer and Kerr,
1973; Kerr, 1973) and nitrogen dioxide (Brewer et al., 1973). Brewer (1973)
proposed that a grating spectrophotometer could be developed with the goal of
supplementing the Dobson ozone spectrophotometer (Dobson, 1957) and the
M-83 filter ozonometer (Gustin et al., 1985), which were the only ground-based
operational instruments in use at the time. Kerr, McElroy, and Wardle moved to
the Atmospheric Environment Service (AES) of Environment Canada in Downsview,
Ontario in the early 1970s where the goal of developing an operational grating
instrument to measure surface UV irradiance and atmospheric ozone was kept
alive.

One major consideration regarding the development of a viable instrument
with potential for widespread use as an operational network instrument was
commercialization. It was realized that it would be necessary for the instrument
to be manufactured commercially by a company capable of making specialized
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scientific equipment and supporting it over a long period of time. During the later
part of the 1970s, the first pre-production prototype instruments (Mark I) were
developed and manufactured by SED Systems of Saskatoon, Canada.

The Mark [ prototype instruments were tested in operational use over a period
of several months, and in field intercomparison experiments (Kerr et al., 1981;
Parsons et al., 1981). Significant information regarding the calibration, stability,
and reliability of the instruments was acquired during this period of operation.
Much of what was learned regarding the possible improvements that were needed
to address shortcomings was noted and included in the development of the
production version (Mark II), which has the same optical layout and configuration
as the earlier version.

The design and development of the Mark II version was carried out jointly by
AES and SED Systems and focused mainly on providing fully automatic operation.
Full automation of the instrument was considered to be important because the
general trend for monitoring geophysical variables was evolving toward automatic
measurement in order to reduce manpower and increase data volume. The
Dobson spectrophotometer is not automated, and the introduction of a fully
automated instrument would offer a distinct advantage.

There were several aspects that needed to be considered to enable unattended
operation over different time periods over several days. The first consideration
was that of data recording. The first commercial prototype provided a serial port
that could output data to a printer. However, manual operations were required to
align the instrument, set it up, and then initiate an observation. The requirement
for manual operation was addressed by installing several stepping motors to
make mechanical adjustments, which would otherwise require manual setup.
About this time, personal computers were becoming available, offering a means
to fulfill data recording and mechanical positioning requirements at a relatively
low cost. The first “control computer” for the automated Brewer instrument was
the Commodore PET, which was programmed to schedule and carry out sequences
of measurements and tests. The advent of modern day personal computer technology
and communication technology has significantly improved and simplified the
reliability of data management tasks such as data storage, reporting, and analysis.

In the early 1980s, Brewer instruments were manufactured (by a new company
called Sci-Tec Instruments Inc.) and commenced operation at Canadian sites as
well as several sites operated by foreign institutes. Three Brewer instruments
were established as the calibration “triad” in Downsview (Kerr et al., 1985), and
the same three instruments comprise the triad today (Fioletov et al., 2005). Brewer
instruments replaced the existing five Dobson instruments in the Canadian
ozone-monitoring network after an overlap period of at least three years (Kerr et
al., 1988). In addition, the Canadian network expanded to 12 sites beginning in
the late 1980s (Kerr, 1994). Around the same time, Brewer instruments were
upgraded to measure spectral UV irradiance and appropriate calibration facilities
and standards were developed to allow this measurement on an absolute scale.
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The Brewer instrument proved to be stable on an absolute scale over long periods
of time (Kerr and McElroy, 1993). UV spectral measurement records using
Brewer instruments commenced at several sites around the world in the early
1990s (Bais et al., 1994; Tto et al., 1994; Vandersee and K&hler, 1994).

During this time, two new versions of the Brewer instrument were developed:
the Mark III and the Mark IV. The Mark III is a double monochromator,
which was developed to reduce stray light that can be a problem in single
monochromators. The Mark IV has a modified grating, which allows the option
to measure radiation at visible wavelengths to determine atmospheric NO,, as
well as the standard UV wavelengths used to determine ozone, SO,, and spectral UV
irradiance. In the late 1990s, a Mark V version of the instrument was developed
to measure radiation at wavelengths in visible red light (600 nm—650 nm) where
ozone is measured using the Chappuis absorption bands. This instrument can
measure ozone at low sun angles (<10° solar elevation) and is particularly
suitable at high latitude locations (WMO, 2006; Tanskanen et al., 2007).

Since 1990, workshops for users of Brewer instruments have been held about
every two years. These meetings have been hosted by agencies in Europe, North
America, and Asia. In addition, the developers from AES (now the Meteorological
Service of Canada, MSC) and manufacturers of the instrument, and the commercial
companies that service and calibrate field instruments, also attend these workshops.
The purpose of the workshops is to offer interested users a platform to present
results and experiences from using Brewer instruments. The meetings also allow
users and supporting groups the opportunity to interact with each other. The
workshops are organized as a series of seminars under various topics, such as
measurement type (e.g., UV, total ozone, etc.), calibration procedures, data analysis,
and data archiving. Results presented at the workshops are formally published as
WMO reports (e.g., WMO, 1994; WMO, 2006).

In 1996, Sci-Tec Instruments Inc. merged with Kipp and Zonen Inc. and
production of the instruments was later transferred to Delft, Holland. Today only
the Mark III version of the instrument is manufactured, and the Mark II and
Mark IV instruments are no longer produced. However, technical service and
support is still provided for these existing instruments.

6.3 The Instrument

The optical components of the Brewer spectrophotometer are comprised of three
parts: (1) the fore-optics, (2) the spectrometer, and (3) the photomultiplier housing,
as illustrated in Fig. 6.1 (from Fig. 2.5 of the Brewer Instruction Manual, courtesy
of Kipp and Zonen). Additional information regarding the optical components
can be found in Fig. 2.4 of the Brewer Instruction Manuals. The fore-optics
direct incoming radiation onto the entrance slit of the spectrometer. The
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spectrometer disperses and focuses a spectrum of the incident radiation across a
set of exit slits. For the Mark Il and Mark IV instruments, the photomultiplier
counts photons of radiation that pass through the exit slits. The Mark III version
of the instrument has a second spectrometer (recombining spectrometer) that
mirrors the dispersing spectrometer of the Mark Il and Mark IV versions.
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Figure 6.1 Optical layout of the single monochromator (Mark Il and Mark IV)
versions of the Brewer Spectrophotometer. This diagram shows the foreoptics, the
spectrometer, and the photomultiplier components of the instrument. For the Mark
IIT double monochromator, the dispersing spectrometer is the same as that shown
here and the recombining spectrometer is the mirror image located behind (beneath)
the base plane of the spectrometer illustrated above. The photomultiplier housing for
the Mark III is located beneath the foreoptics. (Illustration from Brewer Instruction
Manual, courtesy of Kipp and Zonen)

A photograph of the Mark III version is shown in Fig. 6.2. The optical
components and supporting electronics of the Brewer instrument are enclosed in
a weatherproof container that is painted white to minimize radiative heating. The
cover for the instrument has a sloping quartz window to allow UV radiation onto
the fore-optics of the instrument for direct sun, direct moon, and zenith sky
measurement. Mounted on the top of the instrument is a Teflon diffuser covered
by a quartz dome for measurements of global irradiance. The enclosed instrument
sits on top of an azimuth drive box, which rotates the instrument in azimuth with

164



6 The Brewer Spectrophotometer

a precision of about 0.025°. Normally the azimuth drive aligns the instrument so
that the quartz window faces the sun.

N
BREWER MK ;

4

Figure 6.2 Photograph of the Mark III version of the Brewer Spectrophotometer
(Courtesy of Kipp and Zonen)

6.3.1 The Fore-Optics

A 45° fused quartz prism is located at the head of the fore-optics tube and reflects
incoming radiation (by total internal reflection) at right angles along the horizontal
optical path of the instrument. The zenith prism plays an important role in
selecting the appropriate source of radiation for lamp tests, sky measurements,
direct sun or moon measurements, or UV spectral measurements. The prism rotates
about the optical axis of the fore-optics so that radiation originating from zenith
angles between 0° and 90° can be directed along the axis. In this mode, the
instrument measures the radiance at the respective zenith angle. Rotation of the
zenith prism is done by a computer controlled stepping motor (called the zenith
motor), which acts through a set of reducing gears to position the desired direction
with a precision of 0.128°.

A lamp housing containing a mercury lamp and a quartz iodine lamp is located
below the zenith prism. When the zenith prism is directed so that it points
downward (zenith angle of 180°), radiation from the lamps is directed along the
optical path. The mercury lamp is used to check the wavelength setting of the
instrument and adjust it if necessary. The quartz iodine lamp provides a radiation
source to check the relative wavelength response of the instrument.
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Radiation incident on a horizontal Teflon diffuser on top of the cover is viewed
by rotating the zenith prism to view horizontally towards the UV port shown in
Fig. 6.1. The UV port consists of another 45° prism that is mounted on the fore-
optics tube and positioned directly below the horizontal diffuser. The UV port
prism reflects radiation transmitted through the horizontal diffuser at right angles
toward the zenith prism, which in turn, reflects radiation at right angles along the
optical path. In this mode, the instrument measures global irradiance.

Radiation passing along the fore-optics axis then passes through a lens that
focuses radiation from infinity onto the plane of an iris. The iris is used for only
direct sun or moon measurement. When the azimuth and zenith are aligned toward
the sun or moon, the focused image of the target passes through the aperture of
the iris, which is closed to about five solar diameters (e.g., Cede et al., 2003).
This prevents most of the scattered sky radiation around the solar or lunar disk to
pass through to the spectrometer. Scattered sky radiation can become important
when the sun is low, or at relatively large aerosol or cloud optical depths. For all
other measurements, the iris remains open and does not block any radiation
passing along the optical axis.

After passing through the plane of the iris, radiation is collimated by a second
lens and then passes through two filter wheels which can both hold up to six filters.
The first wheel consists of an open position and neutral density filters with increasing
optical depth in the five remaining positions. Progressive filter positions decrease
radiation by a factor of about 3. A second six-position filter wheel inserts filters
that include ground quartz for direct sun measurements and polarization filters.
The ground quartz filter is used to diffuse direct sun radiation, which reduces errors
that may result from the effects of slight misalignment. After passing by the filter
wheels, radiation is then focused onto the entrance slit of the spectrometer.

6.3.2 The Spectrometer

The Brewer instrument uses a modified Ebert grating spectrometer (Fastie, 1952)
to disperse incoming radiation into a spectrum. The first optical element of the
spectrometer is a tilted quartz lens. The purpose of the lens is to correct for optical
aberrations, which are inherent in an Ebert spectrometer. Both of the lens surfaces
correct for an aberration. An off-axis spherical concave surface of the lens
compensates for coma due to the asymmetry of the Ebert spectrometer. The second
surface is cylindrical convex and is used to correct for astigmatism.

The optical path continues to a spherical mirror where radiation is collimated and
directed toward the grating. Radiation is dispersed at the grating and directed toward
the spherical mirror where the spectrum is focused on the plane of the exit slits.

There are six exit slits that are approximately evenly spaced across the focal
plane. The shortest wavelength slit is for wavelength calibration using a grouping
of mercury emission lines near 302.1 nm or the single emission line at 296.68 nm.
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The other five slits correspond to wavelengths that take advantage of the structure
of both the ozone and SO, absorption spectra at UV wavelengths. Figure 6.3 shows
the wavelength positions of the six slits with the absorption spectra of ozone and
SO,. The absorption spectrum of ozone differs from that of SO, and, as a result,
it is possible to quantify both absorbers (Kerr et al., 1981).
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Figure 6.3 Absorption coefficients for ozone and SO, smoothed to the resolution
of the Brewer instrument. Operational wavelengths of the Brewer Spectrophotometer
(41 to A5) and the wavelength used for special applications (4) are shown. The
absorption features for SO, are significantly different than those for ozone, making
it possible to measure both constituents simultaneously. It should be noted that under
polluted conditions, column SO, is usually less than 5 Dobson Units (DU), and
stratospheric ozone values typically range between 200 and 500 DU. The amount
of UV-B absorbed by SO, is therefore generally less than 5% that of ozone.
However, absorption by SO, can be significant under plumes from major volcanic
eruptions (Kerr et al., 1982; Krueger, 1983). Absorption coefficients are those of
Bass and Paur (1985) at —45°C, and the coefficients for SO, are those of McGee
and Burris (1987) at —63°C

The slits are covered by a cylindrical mask with openings that are positioned
by a stepping motor to open one slit at a time. In operation, the time required to
switch from one wavelength to another is about 0.016 sec, and the sampling time
at each wavelength position is seven times the switching time (about 0.115 sec).
A sampling cycle progresses from a lower wavelength (e.g., wavelength 1) to an
upper wavelength (say wavelength 5) and back. The range of the sampling cycle
and the number of sampling cycles in a sample are programmable.
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The cylindrical mask also contains a position that blocks all slits as well as
opening two slits at a time. The purpose of the blocking position is to provide a
quick sample of the instrument’s dark count (i.e., the signal that the instrument
registers without any radiation). Dark count is normally measured as part of the
sampling sequence and is subtracted from the counts registered at each wavelength
channel. The purpose of the double slit opening is to allow a quick measurement
of the instrument’s dead time. Dead time is measured by comparing the photon
counts when both slits are opened with the sum of photon counts when the two
slits are opened individually. This test is done quickly and automatically as part
of the daily operational schedule.

An 1,800 line/mm holographic grating is used in the second order for the
Mark II instrument and a 1,200 line/mm grating is used in the third order for the
Mark [V instrument. The grating is mounted on a set of cross-springs that serves
as a frictionless bearing to allow the control of rotation with virtually no
hysteresis over the operational wavelength range. Rotation of the grating is
controlled by a stepping motor which drives a micrometer acting at the end of a
lever arm. The drive between the stepping motor to the micrometer is geared so
that one motor step is equivalent to a shift of about 0.007 nm of the spectrum
across the exit slit plane. For the existing design of the Brewer instrument, the
mechanical limits of the grating rotation allow for a range of wavelengths
spanning from about 285 nm (measured on the shortest slit) to 365 nm (measured
using the longest slit). Extension of this wavelength range without loss of
hysteresis and wavelength precision is difficult. The wavelength setting can be
measured to about 0.1 micrometer step (Grébner et al., 1998; Kerr, 2002), but the
wavelength positioning is limited to 1.0 micrometer steps.

The double monochromator (Mark III) uses basically the same dispersion
spectrometer as that of the Mark Il and Mark IV with a 3,600 line/mm holographic
grating used in the first order. The main difference is that a 45° mirror is placed
ahead of the cylindrical slit mask to reflect radiation 90° downward onto the
horizontal focal plane where radiation passes through the exit slits and into the
recombining spectrometer, which is the mirror image of the dispersing spectrometer.
Both gratings (holographic with 3,600 line/mm) for the Mark III are individually
controlled to allow automatic measurement and adjustment of the wavelength
alignment of the two spectrometers. Further descriptions of the double
monochromator regarding wavelength stability (Grobner et al., 1998) and spectral
characteristics (Bais et al., 1996; Wardle et al., 1997) are reported in the literature.

6.3.3 The Photomultiplier Housing

A light proof, hermetically sealed, dehumidified cylindrical housing houses the
photomultiplier with electronics for high voltage power and for the high-speed
amplifier for photon counting. High voltage DC power to operate the photomultiplier
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is usually set at a voltage between 1,200 and 1,400 volts, depending on tube
characteristics. A photon arriving at the light sensitive cathode initiates a burst of
electrons that cascades and is amplified as is passes through the various stages of
the tube. The burst of electrons arriving at the anode is then amplified to yield a
pulse that is counted in the counting register. A discriminator level is set at about
30 milli-volts to filter out low voltage pulses, which are more likely electronic
noise and not light signal.

An order-blocking filter is placed between the exit slits and the cathode of the
photomultiplier to remove radiation from grating orders that are not used. For
the Mark II instruments, the second order radiation (~280 nm—350 nm) is used
and the first order (~560 nm —700 nm) is blocked by a nickel sulfate/UG-11 filter
combination. In the Mark IV, the first order (~840 nm— 1,050 nm) is not used
and a filter wheel inserts an order-blocking filter. Second order visible radiation
(~420 nm — 525 nm) for measurements of NO, is selected with a BG-12 filter,
and third order (~280 nm —350 nm) for measurements of ozone, SO,, and spectral
UV radiation is selected by a nickel sulfate/UG-11 filter combination. An order-
blocking filter is not used in the Mark III instruments that are equipped with
gratings operating in the first order.

6.3.4 Support Electronics

An on-board microcomputer coordinates the movement of the six (Mark II and
Mark III) or seven (Mark IV and Mark V) stepping motors located in the
instrument as well as the azimuth drive located in the mounting box beneath the
instrument. This microcomputer provides the time base for coordinating the
movement of the slit mask and the accumulation of photon counts in appropriate
memory registers. It also controls the switching of the lamps, and monitors
various supply voltages and temperature readings at different locations inside the
instrument. Wired communication with a separate control computer, which is
usually located indoors, is done through an RS-232 communication port. The
microcomputer accepts ASCII commands, executes each command task, and
signals the task completion back to the control computer. Multiple commands
can be sequenced and executed in order of sequence.

Instruments operating in cold climates are heated to limit the lower range of
operation. Should the temperature drop below a specified value (between 5°C
and 20°C), a thermostat switches on the heaters inside the instrument box. Some
Brewer instruments have been modified to operate in a thermally regulated (both
heated and cooled) environment that allows minimal temperature variability.

Other electronics inside the instrument include power supplies for several
components of the instrument. These components include the mercury and standard
lamps, the high voltage for the photomultiplier, drive supplies for the stepping
motors, and the heaters.
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6.3.5 The Control Computer

The control computer is a personal desktop or laptop computer that communicates
directly with the microcomputer on the Brewer instrument via a RS-232 serial
link. The control computer allows operation of the Brewer instrument either
manually by entering commands from a menu or automatically by entering a
sequence of commands that is scheduled as a function of solar zenith angle (SZA)
or time of day. Nearly all of the data collected by Brewer instruments is collected
during automatic operation. The manual mode is used mainly for setup, special
tests, or debugging operations.

The control computer is programmed using GWBasic allowing users of the
instrument to develop customized measurements or tests. Versions of the control
program have been developed that use other computer languages, i.e., Matlab;
however, these programs are not in general use. Preliminary results of measurements
are calculated and summarized in real time allowing quick identification of
instrumental problems.

Many operators automatically retrieve a daily file of raw data remotely (usually
overnight) from field instruments using communication links such as telephone
or the internet. Daily data files are typically 100 KB to 200 KB in size depending
on observation schedule, location, and time of year, and are often archived into a
central database on a day-to-day basis. Preliminary data results are reported in near
real time for use in applications, such as UV Index forecast or public distribution
of real time total ozone and UV Index values. In addition, programs can be uploaded
remotely to the Brewer control computer allowing schedule changes or special
tests to be carried out without on-site intervention.

6.4 Corrections Applied to Data

There are a number of corrections that are applied during the processing of
the photon count data. The requirements for corrections arise from the unique
characteristics of each instrument. Corrections include those for dark count, dead
time, stray light, temperature response, neutral density filter attenuation, cosine
response, and polarization effect.

6.4.1 Dark Count

Correction for the dark count is fairly straightforward and involves the subtraction
of the dark count from the signal count. Dark counts arise from thermal noise and
are generated spontaneously in photomultiplier tubes. The dark count is temperature
dependent and varies from tube to tube. The dark count can also change with
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time and is dependent on the history of light exposure. As mentioned earlier, the
dark count is measured as part of a sample and is stored on all data records.

6.4.2 Dead Time

The correction for dead time is required because the photon counting process is
non-linear. A photon pulse generated by the photomultiplier and amplifier has a
finite width of about 30 nanoseconds (ns). Thus, two or more photons arriving
within 30 ns merge into a single pulse, which is registered as one count. The
probability for missed counts increases with the count rate, and as the count rate
increases, the registered counts eventually saturate. The maximum operating count
rate for the Brewer instrument is limited to about 2 million counts per second
(MHz). Under this condition, the average photon spacing is about 15 times the
photon pulse width, and correction for dead time can be accurately made. Prior to
every measurement, targeted radiation is sampled, and if the count rate is too
high, the appropriate neutral density filter is inserted to reduce the count rate
below 2 MHz. If the count rate is low (<0.5 MHz), the thickness of the neutral
density is reduced, if possible.
The correction assumes the following model:

N =Nyexp (—tN,) (6.1)

where N is the measured photon count rate.
N, is the corrected photon count rate.
t is the dead time.

With knowledge of ¢, it is possible to solve iteratively for N, from N. At
maximum measured count rate (N =2 MHz), the correction required is about
+6.5% for an instrument with dead time of 30 ns.

As discussed in Section 6.3.2, the slit mask of the Brewer spectrophotometer is
designed to measure dead time quickly and automatically by using a mask position
where two slits (slit #2 and slit #4) are opened together. This allows a two-source
linearity measurement by counting the photons with two slits opening individually,
as well as with both opening together. Three equations are described for N,, N4
and N4, where N, =number of photons counted with slit #2 opened, Ny =number
of photons counted with slit #4 opened, and N,.4=number of photons counted
with both slits opened. From these three equations, three unknowns (Nyp, Nog,
and 7) can be solved iteratively since it is known that Ny, + Nos = Nyp44. Results of
this internal two-source test compare very well with conventional, but more
cumbersome, tests using two external radiation sources.

In operation, the dead time is measured and recorded on a daily basis using
two intensity settings, and the results are used as an indicator of instrument
performance. Measured dead times for the two intensity levels should agree and
should remain fairly stable with time. These tests are useful to warn operators of
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possible problems associated with the setting or stepping of the slit mask, as well
as photon counting circuitry.

6.4.3 Stray Light

Stray light is an inherent problem with spectrometers. Stray light is light that arrives
at the focal plane at a wavelength position shifted from the primary wavelength
position. The amount of stray light generally decreases with the difference between
the shifted wavelength and the primary wavelength (Wardle et al., 1997). Use of
holographic gratings reduces this problem; however, for single monochromators,
stray light from nearby wavelengths is typically 10~ to 10~ times that of the
primary wavelength.

Stray light is an important consideration for making UV measurements. The
rapid increase of ozone absorption with decreasing wavelength (Fig. 6.3) causes
UV radiation at the earth’s surface to increase by several orders of magnitude over
a relatively short wavelength range, particularly when the sun is low in the sky.
This means that stray light from longer wavelengths can make up a significant
fraction of the signal measured at shorter wavelengths where there is relatively
little radiation.

It is possible to apply a correction for the stray light present in a single
monochromator (Kerr, 2002). This is done by measuring the distribution of light
from a monochromatic source (laser) that is dispersed in the spectrometer and
scattered to nearby wavelengths from the primary wavelength. Once this dependence
is known, it is possible to calculate the spectrum of stray light and subtract it
from the measured spectrum.

The problem of stray light is significantly reduced with the double Brewer
monochromator. In this case, the second pass through the recombining spectrometer
effectively reduces stray light to about 10~ to 10~* times that of the primary
wavelength (Wardle et al., 1997). Use of the double Brewer instrument increases
the accuracy of ozone and UV measurements and extends the range of operation
to lower sun angles.

6.4.4 Temperature Response

Brewer instruments are sensitive to temperature. The temperature dependence is
mainly due to the transmission properties of the nickel sulfate filter, which is
used as part of the order-blocking filter combination for UV operation and is
necessary to reduce stray light in the spectrometer. The temperature dependence
is linear; however, it increases non-linearly with increasing wavelength (Kerr,
2002). Temperature of the instrument near the nickel sulfate filter is measured, so
the response can be determined and corrections can be made. Sensitivity to
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temperature is measured both under controlled cold chamber conditions as well
as field operational conditions. Typical temperature sensitivities range from about
—0.5%/°C to +0.1%/°C and vary from instrument to instrument. Temperature
response corrections have been routinely made to ozone measurements prior to
submission and analysis of data records. Temperature response has also been
measured and applied to spectral UV data (Weatherhead et al., 2001; Siani et al.,
2003; Garane et al., 2006). Uncertainty of the temperature corrections is about
£0.05%/°C. The double monochromator Mark III version of the Brewer
instrument has significantly less stray light, and the nickel sulfate filter is not
required for order blocking. Temperature response of the Mark III is therefore
less of a problem.

6.4.5 Neutral Density Filters

A series of five neutral density filters is located in a filter wheel of the fore-optics
and can be inserted into the optical path should the intensity of incoming radiation
require reduction. The filters increase in density by factors of about 3 up to a
density of about 300 (Kerr, 2002). For operational measurements of ozone using
the standard DOAS technique (described in Section 6.5), there is no need to
account for the presence of a filter. This is because the filters are nearly neutral,
so they attenuated all wavelengths nearly equal, and there is essentially zero
differential optical absorption from wavelength to wavelength. In reality, the
filters are not exactly neutral; however, optical density gradients are linear with
wavelength and any effects linear with wavelength are removed by the Brewer
DOAS technique for measuring ozone (see Section 6.5).

Knowledge of the attenuation characteristics of the neutral density filters is
essential for absolute spectroscopy applications and for measurements of aerosol
optical depth. Absolute applications include the measurement of global or direct
spectral UV irradiance. Routine measurements are made of global spectral UV
irradiance (Kerr and McElroy, 1993) and special measurements have been
developed to measure direct irradiance (Bais, 1997; Grobner and Kerr, 2001). For
measurements of aerosol optical depth (e.g., Bais, 1997; Kerr, 2002), accurate
knowledge of the optical thickness of the neutral density filters is crucial since it
is difficult to distinguish between the nearly neutral optical depth of a filter with
that of atmospheric aerosols.

6.4.6 Cosine Response

Traditionally, the measurement of surface radiation has been made to quantify the
downward flux incident on a horizontal surface. This is used for studies involving
the radiative transfer of flux through the atmosphere and at the earth’s surface.
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The downward flux is the total radiation integrated over the celestial hemisphere
weighted with the cosine of the zenith angle.

Most radiation monitoring instruments, including the Brewer, are designed to
replicate the cosine response to incident radiation. The Teflon diffuser of the
Brewer approximates the cosine response; however, at large zenith angles, the
response falls below the cosine function (Fioletov et al., 2002). Measurements
of global irradiance are therefore in error by values that range up to —10%
depending on wavelength, SZA (solar zenith angles), and clarity of the sky. The
cosine response is instrument dependent (Bais et al., 2005) and, with proper
measurement, correction for the departure from the cosine response is applied to
the data with the aid of a radiative transfer model or another parameterization
technique (Bais et al., 1998; Fioletov et al., 2002). The uncertainty of the corrected
values is about 2%. Also, work has been carried out to improve the cosine
response of the sensor (Grobner, 2003), and these new diffusers are available.

6.4.7 Internal Polarization

It has been demonstrated that there is a sensitivity dependence on SZA for
measurements of direct radiation due to polarization effects between components
of Brewer spectrophotometers (Cede et al., 2004; 2006a). Unpolarized radiation
from direct sun becomes increasingly polarized as the incident angle through the
quartz window increases from normal transmission (SZA =35°), and the direction
of enhanced polarization is along the axis parallel to the length of the window.
This polarization interacts with the grating, which is more sensitive to radiation
polarized on the axis perpendicular to the grating grooves. At SZA=0°, the
polarization axis of the grating is aligned parallel to the polarization axis transmitted
through the window. With increasing SZA, the angle between the two axes of
polarization increases. Thus, for window transmission normalized to SZA =35°,
the apparent transmission is enhanced for SZA <35° and reduced for SZA >35°.

Corrections can be applied to direct radiation data provided the degree of
polarization of the grating sensitivity is known. It should be noted that the degree
of polarization is not necessarily the same for all instruments. Calculations by
Cede et al. (2004; 2006a) assume 100% polarization (extreme case) for the grating
response. In general, the degree of polarization for the grating is less than
100%, and for single spectrometers (Mark II and Mark IV), the polarization is
significantly less than 100% since there is only one grating.

Corrections can also be achieved by the use of hardware modifications. Use of
a cylindrical quartz window with the axis centered on the axis of rotation for the
zenith prism would ensure that direct radiation always passes through the window
at right angles. Also, a depolarizer inserted in the fore-optics removes the polarization
effect (Cede et al., 2006a). Use of a Teflon diffuser instead of the ground quartz
diffuser for measurements of direct radiation also avoids this effect since the
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Teflon has been found to be an effective depolarizer, whereas the ground quartz
removes very little polarization.

The internal polarization effects do not impact the operational measurements
of ozone and other atmospheric gases that use DOAS techniques. These techniques
measure the relative absorption at different wavelengths and the wavelength
dependence of the polarization effect was found to be negligible (Cede et al.,
2006a). However, corrections for the polarization effects should be applied
for absolute measurements of the extraterrestrial spectra, aerosol optical depth,
aerosol single scattering albedo, and estimates of actinic flux (Webb et al., 2002).
Measurements of global UV irradiance are not affected since the Teflon diffuser
on top of the instrument has been found to be an effective depolarizer.

6.5 Measurement of Total Ozone

The second most important atmospheric variable affecting surface UV radiation
after cloud cover is total column ozone. Ozone strongly absorbs radiation in the
UV and accounts for the sharp cutoff of the solar spectrum at about 290 nm. The
most common measurement made by Brewer instruments is that of total column
ozone, which is the amount of ozone in a column of the atmosphere compressed
to standard temperature (STP =273°K and pressure =1,013.25 mb). Column
ozone is measured in Dobson Units (DU=10"" ¢cm ozone at STP). Total ozone
measurements are routinely reported to the World Ozone and UV Data Centre
(WOUDOC) in Toronto. Direct sun measurements are the preferred measurement
type because they are the most accurately defined. Measurements are also made
using zenith sky radiance, global irradiance, and direct irradiance from the moon.

6.5.1 Measurement Technique

The standard algorithm used for determining total ozone with the Brewer instrument
is a DOAS technique using radiation measured at four of the operational UV
wavelengths, (s shown in Fig. 6.3): 310.1 nm (1=2), 313.5 nm (1=3), 316.8 nm
(A=4), and 320.0 nm (1 =5). Bandpasses for the slits are approximately triangular
in shape (Grobner et al., 1998) with a full-width-half intensity (FWHI) of about
0.6 nm (Kerr, 2002). The DOAS method for measuring total ozone is based on
the following equation (Kerr et al., 1981), which quantifies the intensity of direct
solar radiation at the earth’s surface:

log(1;)=log(l,;) —B,m*plp,— 7;8¢c (SZA) — 0,05 1t (6.2)

where /; is the measured intensity of radiation at wavelength 4.
1,,1s the extraterrestrial intensity at wavelength /.
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[, 1s the Rayleigh scattering coefficient at A.

m is the effective pathlength of direct radiation through air.

p is the pressure at the station.

Do s standard pressure (1,013.25 millibars).

7,1s the aerosol optical depth at 4.

sec (SZA) is the secant of the solar zenith angle (SZA).

0, 1s the ozone absorption coefficient at A.

O; is the column amount of atmospheric ozone.

4 1s the ratio of the effective pathlength of direct radiation through ozone
to the vertical path.

The intensity of radiation at the four operational wavelengths over the 10 nm
range is represented by the 4 [, values shown in Eq. (6.2). The measurement of
ozone takes advantage of the curvature of ozone absorption as a function of
wavelength over the wavelength range (Fig. 6.3). The four equations (A=2-5)
are linearly combined and rearranged to yield the following:

F +ABm=F,—Arsec(SZA) — AaOsu (6.3)

where F' =log (1) —0.5 log (/3) —2.2 log (I4) + 1.7 log (I5)

F,=log (I,z) —0.5 log (1,3) —2.2 log (Io4) + 1.7 log (Lys)

Aﬁzﬂz -0.5 ﬂ3 -2.2 ﬂ4 +1.7 ﬂs

ATt=70,—0.5 103—2.2 104+1.7 705~ 0

Ao=a,—0503-22 a4+1.7 as

The linear combination is weighted to minimize effects of small shifts in
wavelength (i.e., AF,/AA is near a stationary point) and to eliminate SO, absorption.
The weighting also makes any function linear with wavelength equal to zero (i.e.,
A2 —0.503—1.724+2.225=0). Thus aerosol scattering (A7), which is approximately
linear with wavelength over the relatively small wavelength range, becomes
negligible in Eq. (6.3). The effects of Rayleigh scattering (Afm) in Eq. (6.3) are
calculated using the Rayleigh scattering coefficients of Bates (1984). The amount
of total ozone is then readily calculated from the equation using O;=(F,—F —
Apm) /Aoy provided values for F, and Aa are known. The precision over a long
period of time for a direct sun measurement made with a well-calibrated and well-
maintained Brewer instrument is demonstrated to be better than +1% (Fioletov
et al., 2005). Values of F, and Aa (calibration constants) are unique for each
instrument and depend on the detailed band passes of the slits of each instrument.
All instruments in operation require the determination of the calibration constants.
Determination of the calibration constants is discussed further in Section 6.5.2.
The Brewer instrument is also used to derive total ozone from measurements of

polarized radiation scattered from the zenith sky. The zenith radiation measured at
the four wavelengths is weighted to yield the value F, in the same manner as F for
direct sun shown in Eq. (6.3). Many pairs of direct sun and zenith sky observations
taken over a period of more than a year are used to establish a statistical relationship
that relates F,5 as a function of F,, total ozone (derived from direct sun data), and
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airmass (¢). The measurement pairs are made under a wide range of total ozone and
airmass values. Once the relationship is established, total ozone can be determined
from a measurement of F,, made when the sun is not available.

The precision of the zenith sky measurement is not as good as that for the direct
sun (Dobson, 1957; Brewer and Kerr, 1973) and is observed to be about +2%
under most conditions without heavy clouds provided the zenith sky algorithm
has been derived for the specified instrument and location. Radiation polarized
parallel to the solar plane is used since it has been shown that this radiation is less
sensitive to the presence of thin clouds (Brewer and Kerr, 1973). When heavy
convective clouds are present, the apparent total ozone can increase substantially
(Fioletov et al., 1997; Mayer et al., 1998; Kerr and Davis, 2007). This is likely
caused by enhanced absorption due to multiple scattering through ozone within
the clouds.

Total ozone derived from zenith sky measurements also depends on the vertical
distribution of ozone, particularly when the SZA is large. For example, the majority
of zenith radiation passes vertically through a layer of ozone near the ground
since most of the radiation is scattered above the layer. However, for a layer near
the top of the atmosphere, the effective pathlength is relatively longer since most
of the scattering occurs below the layer and radiation from the sun that is scattered
toward the instrument passes through the layer obliquely.

Total ozone is also derived from measurements of global radiation (Fioletov et
al., 1997; Kerr and Davis, 2007) and measurements using the focused sun (Josefsson,
1992) or moon (Kerr, 1989a) as a light source. Measurements using global
irradiance are useful for situations when the direct sun is not available. Focused
sun measurements are used at high latitudes at times of the year when the solar
elevation does not reach 15°. Measurements using the moon as a light source are
useful for obtaining data when the sun is below the horizon. This is particularly
beneficial for obtaining data from high latitudes during winter when the sun is
absent most of the time.

6.5.2 Calibration

Calibration of an instrument requires the determination of the calibration constant
F, and the effective ozone absorption coefficient Aa as discussed in the previous
section. Determination of A is done for all instruments by applying laboratory
measurements of the slit transmission functions to the ozone absorption coefficient
spectrum. The absorption spectrum of Bass and Paur (1985) has been used
operationally since this is used by other operational ground-based (Dobson) and
satellite-based (Total Ozone Mapping Spectrometer (TOMS)) instruments. Other
ozone absorption spectra are available (e.g., Molina and Molina, 1986; Brion et al.,
1993), and if these spectra are applied to the Brewer instrument, differences of up
to a few percent in total ozone result.
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The slit transmission functions are determined by measuring the signal of
emission lines at accurately known wavelengths as they are scanned individually
across each exit slit by moving the micrometer. Emission lines from mercury,
cadmium, neon, and other elements are used (Grobner et al., 1998). The known
wavelengths are then used to determine the wavelength setting as a function of
micrometer step for each slit, and the shape of the transmission as a function of
wavelength is accurately determined for each slit. Operational measurements
involving wavelength scans (e.g., global UV scans) use the wavelength dispersion
function to select wavelength settings during the scans.

There are two methods to determine the extraterrestrial calibration constant (F,
from Eq. (6.3)): (1) the primary calibration method, and (2) the calibration transfer
method. Primary calibrations are done by use of the Langley plot technique, also
called the zero airmass extrapolation technique (Kerr et al., 1985). If the aerosol
term (AJ (SZA)) in Eq. (6.3) is ignored then, the measured value (F), plus the
calculated Rayleigh term (Afm) is a linear function of airmass () with the value
F, as the intercept. Therefore, if measurements are made under a range of i (e.g.,
1 <u<3.5) throughout a day when ozone remains constant, then a plot of (F +
Apm) versus u would yield a straight line with intercept F,.

Extraterrestrial calibrations of Brewer instruments are carried out regularly at
Mauna Loa Observatory (MLO), Hawaii (19.5°N, 155.6°W, 3400 m above sea
level). This site offers stable observing conditions required for the calibrations
and a low u value at noon (1 <1.2) for most of the year. The high altitude of MLO
is above most tropospherical contamination and the tropical location ensures
minimal day-to-day variability of stratospheric ozone. In reality, ozone does not
remain constant during the day at MLO and typically varies by about =2 DU
(1 —o0) throughout any given day (see Kerr, 2002), resulting in an uncertainty of F,
that would cause an error in total ozone of about 1.5%. Calibrations are therefore
averaged over a 10-day period to reduce the effects of daytime ozone variability.
The calibrations are done in two parts. The results of the first part are applied to past
data and those of the second part are used for future data. Any changes or upgrades
to the instrument (e.g., realignment, replacing or cleaning optical components,
etc.) are carried out between the first and second parts.

The calibration reference for the global Brewer network is a triad of instruments
based in Toronto. These instruments have been calibrated independently from the
basic physical principles described above. There are three instruments to ensure
the integrity and continuity of the reference. For example, if one instrument
should develop a problem, the problem instrument is quickly identified as the
outlier and measures are taken to correct the problem promptly. Historically since
1982, there has been at least one of the three instruments in operation at all times,
fulfilling the objective of providing the continuous availability of a calibration
reference. Normally, all three instruments are operating together and analysis of
their long-term records shows agreement between the instruments comprising the
triad better than 1% over a 20 year period (Fioletov et al., 2005).
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The second method for determining F, for an instrument is by the calibration
transfer method, which uses an instrument with a known F,. Simultaneous direct
sun measurements are made with the calibrated instrument and one or more
uncalibrated instruments. The total ozone value (O;) from the calibrated instrument
is used to determine the F, of the uncalibrated instrument using F,=F +Afm +
AoOsu (from Eq. (6.3) with the Adsec (SZA) set equal to zero). In practice, F, is
determined from the results of many side-by-side measurements made over the
period of one or two days to provide a large range of airmass.

Calibration of operational field instruments is done by use of a traveling
standard. This process uses an instrument, which is calibrated using the primary
standard triad in Toronto. This traveling instrument is then transported to a site
where it is used as the calibration reference for the field instrument. In practice,
several regional field instruments are calibrated in one trip. After calibration of
the field instrument(s), the traveling standard returns to Toronto for a follow-up
calibration check. This operational process has the advantage that both the triad
reference, as well as the field instruments, remain in operation continuously and
are not subject to any risks involved with transporting an instrument.

Another method by which field instruments are calibrated is through
intercomparison field campaigns. This method has been used traditionally for
Dobson instruments, and Brewer instruments have often participated in these Dobson
intercomparisons to ensure agreement between Brewer and Dobson references
(e.g., Komhyr et al., 1989). Also, in some situations, it is more efficient for several
field Brewer instruments to be calibrated by a traveling standard during a regional
intercomparison campaign. Overall, the intercomparison campaign method is less
desirable than the one-on-one site calibration method since the absence of field
instruments during the intercomparison leaves gaps in the data records at field
sites and instruments are subject to damage during transport to and from the
intercomparisons.

6.6 Measurement of Spectral UV Radiation

The Brewer Mark 1I instrument measures global spectral irradiance (mW/m?/nm)
incident on the horizontal Teflon diffuser for wavelengths between 290 nm and
325 nm at a resolution of about 0.58 nm and a sampling interval of 0.5 nm (Kerr
and McElroy, 1993). Later versions of the instrument have extended the wavelength
range to include irradiance at wavelengths up to 365 nm (Bais, 1997; Grébner et
al., 1998).

For the short scans (290 nm —325 nm), the shortest operational exit slit (normally
set a 306.3 nm for ozone measurements) is used. The grating is rotated via the
micrometer stepping motor to locate radiation centered at the specified wavelength
on slit 1. Samples progress from 290 nm to 325 nm and then back to 290 nm.
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Radiation is sampled for about one second at each wavelength setting, and the
grating is repositioned to the next wavelength setting 0.5 nm away. A complete
scan takes about three minutes. The extended scan (290 nm — 365 nm) takes longer,
but is usually sampled in one direction: from the shortest to longest wavelength.
The extended scan also switches to the longest wavelength slit part way through
the scan to allow coverage to 365 nm.

Measurement of spectral UV irradiance is an absolute measurement, which is
intrinsically more difficult than the DOAS measurement method used for total
ozone. Calibration and data processing therefore require additional attention in
order to obtain high quality spectra that are accurate on an absolute scale. Data
processing should include corrections for dark count, dead time, neutral density
filters, stray light, temperature response, and cosine response as discussed in
Section 6.4.

Spectral UV data measured by Brewer instruments are regularly reported to the
WOUDC (http://www.msc-smc.ec.gc.ca/woudc/) as well as the European Ultraviolet
Database (EUVDB; http://uv.fmi.fi/uvdb). Here the data are archived, checked
for quality, and flagged should there be any problems. These data are readily
available to the scientific community.

Calibration on an absolute scale is carried out using 1,000 W quartz lamps
with known irradiance output traceable to a national standards institute, such as
the National Institute for Standards and Technology (NIST) in the United States.
Calibrated lamps are supplied with known emissivity as a function of wavelength
with an estimated accuracy of about +2% on an absolute scale. Typically, several
primary (supplied by a standards institute) and secondary lamps (calibrated by
comparison to a primary) are used for periodic calibrations. Analysis of the
long-term calibration records for some Brewer instruments has shown that the
output stability and degradation with age varies significantly from lamp-to-lamp.
Calibration results vary by as little as +1.5% for some lamps and as much as £4%
for others. Newly calibrated primary lamps usually agree to within *2%; however,
some degrade very rapidly with age and others have remained constant for many
hours of operation over the period of several years.

For instrument calibration, the power to a lamp is accurately controlled to
ensure that it is operated at the specified current and voltage. The lamp is placed
vertically above the horizontal diffuser at an accurately determined distance inside
a blackened housing or a dark room to block external radiation and to minimize
radiation reflected from the lamp. From the lamp emissivity data and the geometric
setup, it is possible to determine the irradiance at the location of the diffuser.
Scans of the lamp are made and, using the known irradiance, the responsivity of
the Brewer instrument as a function of wavelength is determined. The responsivity
is determined for radiation arriving vertically downward from the zenith. Additional
measurements must be made to determine the responsivity as a function of zenith
angle. Correction for the departure of the responsivity from the cosine function
can be applied to data.
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Generally the lamp irradiance is significantly less than that seen with the
instrument exposed to full sunlight. It is therefore important to ensure that the
instrument responds linearly to radiation over the range that encompasses both
calibration and measurement. The frequent testing of the linearity (as discussed
in Section 6.4.2), and its application during data processing, ensure the linear
response of the instrument and the accuracy of the data.

The pointing capabilities of the Brewer instrument also allow for the absolute
measurement of direct irradiance provided absolute calibration is carried out for
the direct sun port (Bais, 1997; Grobner and Kerr, 2001). This calibration is not
done as part of a routine operation of field instruments. However, special methods
have been developed to determine the responsivity of the direct measurement by
using lamps viewed through the pointing prism, or by comparison of a direct
measurement through the prism with a direct measurement on the diffuser
(Kazadzis et al., 2005). Careful consideration must be made for neutral density
filter transmission, instrument temperature, internal polarization, and stray light.

Absolute measurements of direct irradiance can be used to determine the absolute
intensity of the solar spectrum using the Langley extrapolation method. Extrapolated
measurements of the solar spectrum using well-calibrated Brewer instruments
have shown agreement to within £3% compared with spectral measurements
made from a satellite (Bais, 1997; Grébner and Kerr, 2001).

Brewer instruments have participated in many intercomparison campaigns for
UV instruments. Instrument intercomparisons are often used as a check to
quantify differences between individual instruments and various instrument types
(e.g., Thompson et al. 1997; Bais et al., 2002). During intercomparisons, individual
instruments are calibrated using their normal operating procedures and then used
to measure global irradiance simultaneously with other calibrated instruments.
With the participation of several instruments, all measuring the same signal, it is
possible to determine measurement uncertainty from differences between
instruments and to identify problem instruments. Intercomparisons have been
used to standardize calibration and operational procedures and, overall, the quality
of UV measurements has improved significantly with time as a result of knowledge
gained through the intercomparisons.

6.7 Measurement of Other Atmospheric Variables

In addition to total ozone and spectral UV radiation, the Brewer instrument is
capable of measuring other atmospheric variables that affect the wavelength
distribution and angular distribution of surface UV radiation through absorption
and scattering processes. These variables include the vertical profile of ozone,
column sulfur dioxide (SO;), column nitrogen dioxide (NO;), aerosol optical
depth, and effective temperature of atmospheric ozone.
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6.7.1 Vertical Profile of Ozone

The traditional method used to derive the vertical profile of ozone is the Umkehr
method (Gotz et al., 1934), which has been adapted for use with the Brewer
instrument (Mateer et al., 1985; McElroy and Kerr, 1995). Measurements are
made of radiation scattered from the zenith sky at twilight during sunrise or
sunset for solar zenith angles between 90° and about 75°. Zenith sky radiation as
a function of wavelength depends on total ozone, the solar zenith angle, and the
vertical distribution of ozone. It is therefore possible to determine the vertical
profile of ozone from measurements made as the SZA passes between 90° and 75°.
It takes between one and three hours to cover this SZA range depending on latitude
and time of year. One condition for good quality Umkehr measurements of the
vertical profile of ozone is that the sky remains clear during the observing period.
The fully automated capabilities of the Brewer instrument allow measurements to
be attempted every morning and every evening during twilight. Good quality
measurements can be selected during the analysis of the data set.

6.7.2 Atmospheric SO,

Surface UV radiation is affected by the presence of atmospheric SO,, which has
strong absorption bands at UV wavelengths (Fig. 6.3). Sources of atmospheric
SO, are both manmade and natural. Measurements of SO, are important for tracking
and assessing impacts of emissions from pollution sources, such as coal burning
power plants. Measurements are also important for tracking and quantifying
naturally occurring SO, emitted by volcanoes. Pollution sources typically result
in a few DU of column SO, unless observations are made near a source. Column
SO, in the vicinity of a volcanic eruption can be more significant (Kerr et al., 1982;
Krueger et al., 1995). Ground-based measurements of atmospheric SO, using the
Brewer instrument have played an important role in the development and validation
of satellite-based SO, measurements (Schaefer et al., 1997) used primarily for
detecting and tracking volcanic emissions.

The SO, absorption spectrum at UV wavelengths has significantly more structure
than that of ozone as shown in Fig. 6.3. The differences in structure allow the
measurement of SO, in addition to ozone. The presence of SO, in the atmosphere
can add a false signal to total ozone measured with the Dobson instrument (Kerr
et al., 1985). However, the operational total ozone algorithm for the Brewer
instrument (Eq. (6.3)) is insensitive to SO,. The Brewer algorithm for measuring
SO, uses the peak absorption feature at 306.3 nm (Fig. 6.3) and is described in
detail by Kerr et al. (1985). Column SO, is usually measured using the direct sun
method since it the most accurate method and values are reported to the WOUDC
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when available. SO, can be seen on zenith sky measurements if values are
significantly large, particularly during the passage of debris from a volcanic eruption
(e.g., Kerr et al., 1982).

6.7.3 Atmospheric NO,

Surface UV radiation is also affected by atmospheric NO,, which absorbs at UV
wavelengths. Atmospheric NO, typically absorbs a small percentage of global
radiation at the earth’s surface. Sources of atmospheric NO, are both manmade
and natural. Pollution from sources such as automobiles and aircraft account
for NO, near the ground, in addition to regions in the troposphere and lower
stratosphere. NO, occurs naturally in the stratosphere and plays an important role
in the photochemistry of stratospheric ozone. Measurements of NO,; are therefore
important for both pollution studies, as well as in the study of the stratosphere.
NO; absorbs radiation in the visible as well as the UV region of the spectrum.
Its absorption in the UV has little structure and is nearly linear with wavelength, so
it does not interfere with UV ozone measurements. However, at visible wavelengths
between 420 nm and 450 nm, NO, absorption is highly structured with wavelength
allowing its measurement (Brewer et al., 1973). Several researchers now monitor
NO; routinely using DOAS techniques with the visible absorption features (Hofmann
et al., 1995, and references therein). The Brewer Mark IV instrument uses the
set of five wavelengths positioned at wavelengths in the visible and an algorithm
weighted to optimize NO, absorption as described in detail by Kerr (1989b).

6.7.4 Aerosol Optical Depth

Atmospheric aerosols play an important role in scattering and absorbing radiation
as it passes through the atmosphere. The intensity and angular distribution of
surface radiation are affected by the aerosols’ optical depth (7 in Eq. (6.2)), vertical
distribution, and absorption and scattering characteristics. Aerosol optical depth
(7) is comprised of two components: absorbing and scattering (i.e., 7 =17, + 7).
Aerosols typically reduce surface UV irradiance by a few percent and can reduce
surface irradiance by more than 50% in some cases.

There are a number of sources of atmospheric aerosols. Natural sources include
volcanoes, dessert dust, and smoke from forest fires. Manmade sources include
pollution from industrial activity (smog). The measurement of aerosols is important
for several scientific applications ranging from local to global issues. Local issues
include the prediction of smog alerts in the vicinity of cities and tracking of
smoke from forest fires. Regional issues include transport of pollution across
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borders. Global issues include the impact of widespread manmade aerosols on
our changing climate and the impact of volcanic aerosols on the ozone layer.

The Brewer instrument is capable of determining 7 using measurements of
direct solar radiation provided the extraterrestrial response of the instrument is
accurately known and appropriate corrections are applied. Measurements must be
made at several wavelengths in order to quantify and correct for the absorption of
absorbing atmospheric gases such as ozone, SO,, and NO,.

Extraterrestrial values (log (/,,) terms in Eq. (6.2)) are determined by making
measurements of log (7)) (in Eq. (6.2)) at a clean site (e.g., MLO) to determine
the values of log (1;) +f,m +a,0; 1 from many measurements made throughout a
day. A plot of these values against sec (SZA) yields a straight line with intercept
log (1,,). Intercept values made at several wavelengths averaged over a period of
several days are used as the extraterrestrial reference for the particular instrument.
Once the extraterrestrial values are known, it is possible to determine 7, from
measurements made at a field site using Eq. (6.2).

Corrections that must be applied to the measurements include dark count, dead
time, instrument temperature, neutral density filter, internal polarization, and
stray light (if required). These corrections must be applied both to the calibration
measurements as well as to the field site measurements. Further details of the
methods of instrument calibration and the method for measuring 7 are discussed
in Kerr (2002) and Arola and Koskela (2004). Results of optical depth measurements
using the Brewer instrument have been reported by many researchers (Bais, 1997,
Kerr, 1997; Carvalho and Henriques, 2000; Jaroslawski and Krzyscin, 2000;
Jaroslawski and Krzyscin, 2005; Meleti and Cappellani, 2000; Grébner et al.,
2001; Kirchhoff et al., 2001; Kerr, 2002; Cheymol and De Backer, 2003; Grobner
and Melita, 2004; Kazadzis et al., 2007).

6.7.5 Effective Temperature of Atmospheric Ozone

The temperature of atmospheric ozone influences the amount of UV radiation
reaching the surface. The absorption of radiation by ozone in the UV is temperature
dependent and generally increases with temperature. The effective temperature of
atmospheric ozone (i.e., average temperature of column ozone weighted by ozone
concentration) can vary by up to 20°C depending on latitude and season. Over
this temperature range, ozone absorption can change by up to 10% at some
wavelengths.

It is possible to measure the effective temperature of ozone since the spectrum
of the temperature dependence has features that can be used as a dependent vector
in a DOAS analysis. The methods used to measure effective ozone temperatures
and the multiyear records of the effective ozone temperatures at Toronto are
reported by Kerr (2002) and Kerr and Davis (2007).
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6.8 The Brewer Spectrophotometer as a Powerful
Research Tool

The original development of the Brewer spectrophotometer and subsequent upgrades
have provided users with pre-programmed routines for making a suite of the most
common types of operational measurements, set-up, tests, and calibrations. Pre-
programmed routine measurements include global UV scans, Umkehr measurements,
measurements of total ozone, SO,, and NO, using direct sun, zenith sky, or global
radiation. Operational tests include standard lamp and mercury lamp tests to set
wavelength, wavelength shutter motor test, and dead time test. Calibrations include
the slit function dispersion measurement and responsivity calibration for global
measurements.

Software operating on the control computer offers interested users the opportunity
to develop customized programs to carry out specialized types of measurements
and support tests. Customized measurements take advantage of the fact that all
operational mechanical adjustments are controlled with stepping motors. Depending
on the objective of a specialized measurement, some hardware modification may
be required. However, most hardware modifications are relatively minor and
fairly easy to implement. For example, a custom filter may replace or supplement
an existing filter in one of the three filter wheels. Some of these specialized
measurements have been discussed in pervious sections (Bais, 1997; Wardle et
al., 1997; Grobner et al., 1998; Grobner and Kerr, 2001; Kerr, 2002; Kerr and
Davis, 2007). Other customized measurements include that developed to measure
NO; using an advanced scanning technique (Cede et al., 2006b) and a new method
developed to measure tropospheric and stratospheric ozone profiles using sky
radiance measurements at multiple viewing angles (Tzortziou et al., in press).

There is further potential for use of the Brewer instrument to explore other
possible scientific applications. Pointing capabilities allow the investigation of
the dependence of spectral irradiance as a function of direction. Measurement of
radiation in the first order of the Mark II instrument (600 nm—650 nm) could
allow the measurement of ozone using the Chappuis band. Measurements could
then be made at low solar elevations since ozone absorption is smaller and Rayleigh
scattering is significantly less at these wavelengths than those in the UV. A new
scan type, called the “group-scan method,” has recently been developed (Kerr,
2002) and could be applied to the measurement of NO, at visible wavelengths,
resulting in improved accuracy for measurements of NOs.

Brewer instruments have also participated in numerous scientific field campaigns
that are intended to study various aspects regarding atmospheric composition and
surface UV radiation. Measurements made by Brewer instruments provide important
input to detailed investigations of photochemical and physical processes involved
in our understanding of the ozone layer and surface UV radiation. In some cases,
special measurements and schedules are developed to ensure critical measurements
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are made at appropriate times. Contributions made to campaigns include
measurements of atmospheric variables such as total ozone (e.g., Kerr et al.,
1994; Margitan et al., 1995), aerosol optical depth (e.g., Grobner et al., 2001), or
surface UV radiation (e.g., Bais et al., 2001).

6.9 Summary

The Brewer spectrophotometer has been in operation at some sites almost
continuously for up to 25 years. It has also been proven reliable in numerous
specialized field campaigns and intercomparisons. In general, the instruments
have proven to be quite stable over long periods of time and function reliably in
unattended operation for periods of several days under a wide range of operating
conditions.

The Brewer spectrophotometer is a valuable scientific tool that has made
significant contributions to our understanding of the ozone layer and the dependence
of surface UV radiation on stratospheric ozone and other atmospheric variables.
Several dozen papers have been published that focus on the instrument itself, and
several hundred papers have been published reporting scientific results that include
data from Brewer spectrophotometers.
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Abstract Minimization of solar UV exposures is necessary to reduce the
risks of detrimental sun-related effects caused by overexposure to sunlight and
vitamin D deficiency related diseases. Furthermore, agricultural production
can be influenced by changes in solar UV and visible radiation due to
atmospheric variability. Consequently, there is a requirement for a full
understanding of the solar radiation environment. This chapter describes the
development of dosimetric techniques for the measurement of solar UV
exposures in different conditions in order to provide an improved
characterization of the solar radiation environment for humans and plants.
The erythemal exposures during normal daily activities and the effectiveness
of UV protective strategies have been measured with polysulphone dosimeters.
These dosimeters have also been miniaturized in order to increase the number
of environments in which they can be used. Additionally, polysulphone
dosimeters have been employed with appropriate calibration to evaluate
the pre-vitamin Dj effective UV exposure on humans, along with the UVB
(280 nm — 320 nm) exposures to plant leaves. The dynamic range of
polysulphone has been extended by the development of a dosimeter that is
based on polyphenylene oxide with a dynamic range that is approximately
four times longer than that of polysulphone.

Keywords UV, dosimeter, polysulphone, PPO, erythema, plants

7.1 Introduction

The costs of excessive solar UV exposures are high with over 1 million non-
melanoma cases and 59,940 melanoma cases in the USA during 2007 (American
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Cancer Society, 2008). In 2007, there were 2,740 deaths from nonmelanoma and
8,110 deaths from melanoma in the USA. Additionally, there is the incalculable
cost of the associated human suffering and disfigurement. The risk of the detrimental
sun-related effects can be lowered by the reduction of human exposures to solar
UV radiation. On the positive side, exposures to UVB wavelengths (280 nm—
320 nm) are required for the production of vitamin D (Holick, 2004a). The solar
UVB waveband acts as an initiator of the synthesis of vitamin D; by the photolysis
of 7-dehydrocholesterol in the human skin, to pre-vitamin Ds. This vitamin plays
an important role in calcium metabolism and is essential for good bone development,
prevention of rickets in children, and prevention of osteoporosis, osteomalacia,
and fractures in the elderly (Holick, 2004b). Vitamin D can also be obtained
through vitamin D supplements and a small number of foods; however, the simplest
way to obtain vitamin D is from moderate exposure to sunlight (Holick, 2004a).
Exposures of 1 MED (minimum erythemal dose) to the entire body produce
serum vitamin D that is equivalent to 10,000 IU to 25,000 IU of vitamin D
(Holick, 2004b). Furthermore, optimisation of adequate sun exposure to maintain
adequate serum vitamin D levels, while avoiding excessive exposures that increase
the risk of skin cancer, is also the most cost effective way of maintaining adequate
vitamin D levels without the additional burden of vitamin D supplements. Adequate
levels of vitamin D can be maintained by exposures of 1/6 to 1/3 MED to 15% of
the body (Samanek et al., 2006). It is estimated that 90% —95% of the vitamin D
levels required in the human body are obtained from exposure to sunlight (Holick,
2004a).

Agricultural production and natural vegetation can be influenced by changed
levels of solar UV and visible radiation due to atmospheric change. The UVB has
been shown to produce biological damage in higher plants (Caldwell, 1971). The
wavelengths extending into the UVA (320 nm —400 nm) waveband have also been
found to produce a response in plants with an action spectrum for plant growth
inhibition in higher plants that extends to 366 nm being recently developed (Flint
and Caldwell, 2003). The action spectrum for a biological reaction provides the
effectiveness of each wavelength for producing that reaction (Ambach and
Blumthaler, 1993).

In order to optimize the UV exposure of humans and to reduce the influence
of UV exposures on both agricultural crops and natural vegetation, a complete
understanding of the solar radiation environment is necessary. As recommended by
the World Health Organization (WHO, 1994), monitoring of personal UV exposures
is important in order to establish the percentage of the ambient solar UV received
by the population. Solar UV dosimeters are an important tool in this research.
Dosimeters that have been developed for UV research fall into two categories;
namely, the thin film type and the spore or biofilm type. The latter types are
based on spores or biological specimens that are UV sensitive (e.g., Quintern et
al., 1992; Quintern et al., 1997; Munakata et al., 1998). For the thin film type,
dosimeters fabricated from a polysulphone thickness of 30 um—45 pm possess a
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spectral response that approximates the erythemal action spectrum (CIE, 1992).
This chapter reports on the use of thin film dosimeters in different environments in
order to provide an improved characterization of the solar radiation environment
for humans and plants.

7.2 UV Dosimetry and Minimization Strategies

UV radiation incident on the earth’s surface is comprised of both a direct component
and a diffuse component. The combination of the diffuse and direct UV is termed
the global UV. As the direct component is incident directly from the sun, it is easier
to minimize by simply blocking its path. However, the diffuse UV component is
incident from all directions due to atmospheric and environmental scattering and
can constitute a significant proportion of the UV exposure to the human body.
The relative amounts of direct and diffuse UV compared to global UV depend on
the solar zenith angle (SZA). For example, the ratio of the diffuse UV to global
UV increases with increasing SZA (Blumthaler and Ambach, 1991). This is due
to the longer path through the atmosphere. Furthermore, the ratio of diffuse UV
to global UV is higher at the shorter wavelengths due to the higher degree of
scattering at the shorter wavelengths.

Numerous studies have employed UV dosimeters to investigate the efficacy of
different strategies utilized to minimize exposures to diffuse UV and direct UV.
Tree shade is widely employed and Parisi et al. (2000a, 2000b) utilized manikin
forms with dosimeters placed at specific anatomical sites in tree shade to measure
the UV exposure ratios under Australian gum trees. The exposure ratios of global
UV radiation in a shaded environment to an unshaded environment ranged from
0.16 to 0.49 for the different anatomical sites. It was also found that exposure
ratios for the legs ranged from 0 to 0.75 for the different anatomical sites for a
sitting posture in summer compared to 0.14 to 0.39 for a standing posture.
Furthermore, tree shade provided reductions in personal annual erythemal UV
exposures by a factor of 2 to 3 and 4 to 6 in the contribution to the risk of basal
cell carcinomas and squamous cell carcinomas, respectively, compared to not
employing the protection of tree shade.

Erythemal UV exposures to the faces of school children wearing hats while
playing sports were measured with polysulphone dosimeters over the period of
an hour. The mean facial exposures of unprotected students (no hat) to protected
students (hat) varied from 14082 Jm ™ to 99 +33 Jm~, respectively (Downs and
Parisi, 2008). The cosine response of the polysulphone film used in these dosimeters
has been found to be within approximately 20% of the cosine function for angles
of incidence up to 70° (Krins et al., 2000). Parisi and Wilson (2005) measured
erythemal UV exposures beneath different types of clothing with dosimeters and
found that the highest exposure under a high ultraviolet protection factor (UPF)
knitted garment was only 1.5% of that of full sun exposure. Parisi et al. (1999)
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employed dosimeters to measure the solar UPF for different stocking thicknesses
and colors and found that the highest UPF of 4.6 was provided by 50 denier
stockings with the lowest UPF of 1.4 provided by 15 denier stockings. Dosimetric
measurements behind different thicknesses of glass (Parisi et al., 2007) found
that the glass filtered solar UV ranged from 59% to 70% compared to the unfiltered
UV and was only influenced to a small extent by the thickness of the glass and the
solar zenith angle. It was also found that laminated window glass only transmitted
12% of incident UV radiation and that windscreen laminated glass transmitted
approximately 2.6%. All new cars use laminated windscreen glass that transmits
minimal UV. Turnbull and Parisi (2005) measured exposures to the human form
while using shade structures. An example of polysulphone dosimeters employed on
a human form manikin to measure the UV protection of a shade device is provided
in Fig. 7.1. This research found that during summer and winter, significant decreases
in exposure of up to 65% for summer and 57% for winter can be attained when
comparing the use and non-use of polycarbonate sheeting for side-on UV protection.

Figure 7.1 A human form manikin with dosimeters placed at various anatomical
sites measuring the UV protection provided by a shade umbrella

7.3 Miniaturization of Polysulphone Dosimeters

Miniaturized polysulphone dosimeters were employed to take high density mea-
surements on living and manikin subjects under various environmental conditions
to facilitate detailed mapping of the erythemal UV exposure to unprotected skin
(Downs and Parisi, 2007; 2008). These dosimeters are cost-effective and provide
accurate short-term UV exposure measurements for personal and environmental
applications that may require a large number of dosimeters. Such applications
may include UV exposure measurements to humans, animals, and plants.
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Polysulphone film employed in the manufacturing of miniaturized dosimeters
is adhered to flexible cardboard frames measuring approximately 1.5 cmX1 cm
having a clear circular aperture of 6 mm. The smaller flexible, lightweight dosimeter
can be placed along curved surfaces and attached to complex surface topography
not readily accessible to conventionally sized dosimeters, including the eyes, ears,
and fingers of life-sized manikin models. The miniaturized dosimeter can also be
conveniently attached to human subjects with the use of medical tape. An example
of the application of miniaturized dosimeters used to measure UV exposures on
the hand is given in Fig. 7.2.

Figure 7.2 UV exposure measured by application of miniaturized polysulphone
dosimeters placed on the hand of a life-sized manikin

Miniaturized polysulphone dosimeters undergo the same UV induced photo-
degradation as conventional polysulphone film dosimeters and can be calibrated
on a horizontal plane in proximity to a calibrated spectroradiometer or radiometer.
Typically this involves the measurement of pre- and post-exposure polysulphone
film absorbance at 330 nm (AAs30) taken at four different dosimeter film sites
which are averaged to account for a variation in film absorbance and plotted
with respect to the cumulative UV exposure measured by a spectroradiometer or
radiometer. The change in absorbance is measured at 330 nm as this is approximately
the wavelength at which the maximum change occurs (Davis et al., 1976a).
Polysulphone film calibrated in this manner is typically weighted to the
erythemally effective UV, but alternative action spectra, including the vitamin D
action spectrum, can also be used. The dose response calibration of polysulphone
dosimeters is related to the total atmospheric ozone amount and the solar zenith
angle (Casale et al., 2006). This requires the calibration curve to be determined
under the same atmospheric conditions of the field study.

The calibrated UV exposure measured using conventional polysulphone
dosimeters is accurate to within 10% for a AAs3q less than 0.3 and 30% for a AAs3g
less than 0.4 (Diffey, 1987). Comparative measurements made using miniaturized
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polysulphone dosimeters give the uncertainty in calibrated UV exposure at 24%
for a AAj3 less than 0.35 (Downs and Parisi, 2008), the approximate equivalent
of 1,500 Jm ™ of erythemally effective UV. Increases in calibrated uncertainty with
greater periods of exposure are due to the dynamic saturation of the polysulphone.
Figure 7.3 illustrates the increasing calibrated uncertainty with increasing exposure.
In this figure, sets of three miniaturized polysulphone dosimeters were removed
at predetermined time intervals extending up to nine hours of exposure during a
clear summer day, and measured at a subtropical latitude. Greater variability in
the change of absorbance can be observed for dosimeters removed after longer
periods of exposure.
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Figure 7.3 Calibration of miniaturized polysulphone dosimeters measured over a
nine-hour period in summer

7.4 Measurements on Plants

UVB radiation can be damaging to plant physiology and plant growth (Teramura
and Sullivan, 1994), but solar visible radiation is important to the photosynthesis
process in plants. This radiation (400 nm—700 nm) is referred to as photo-
synthetically active radiation (PAR). Both PAR and UV radiation within the solar
spectrum have to be accounted for as the plant response to UVB depends on solar
visible radiation exposure (Caldwell et al., 1995). PAR can have a direct influence
on plant response to UVB radiation. Plant response to UVB radiation during
growth can be a function of PAR levels. There may be an observed reduction in
plant growth and mass with reduced PAR and increasing UV radiation, and
different plant species may not respond in the same way. Rather than relying on
large equipment that is too bulky for measuring solar spectral irradiance or
broadband UV within a plant canopy, a combination of dosimeters can be used to
evaluate the UVB and PAR incident on a plant canopy. A UVB and PAR dosimeter
package allows the measurement of exposure at different locations within the
canopy, or locations on the plant itself (Parisi et al., 2003). This is important as
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leaf angle, leaf reflectance, and shading will affect the UVB and PAR exposures
on plants, as well as the relative proportions of UVB to PAR.

The dosimeter package consists of two sensors: a polysulphone dosimeter to
measure the UVB and a second dosimeter material to extend the wavelength range
to measure the PAR (Parisi et al., 1998; 2003). The second dosimeter material,
made from 35 mm AGFA 25 APX photographic film, responds to visible radiation
which is easy to obtain, simple to process, responds to visible wavelengths.
Additionally, the optical density (absorbance) can be measured using appropriate
equipment, such as a dual beam spectrophotometer (Shimadzu, model UV-160,
Kyoto, Japan) with maximum absorbance measured at a wavelength of 800 nm.
The PAR dosimeter is constructed by cutting the unexposed film into 30 mm lengths
in total darkness and mounting it in a black plastic holder with an opening of
10 mm*20 mm. This opening is covered with cardboard when not exposed and
also acts as a shutter. The exposure time of the PAR dosimeter can be adjusted
using filters made of exposed and developed AGFA 25 APX film. Once the
dosimeter has been exposed, the film is processed using a standardized procedure
(Parisi et al., 2003), and the absorbance is measured. Calibration of the PAR
dosimeter (Fig. 7.4) is used to determine photosynthetic photon flux by exposing
a number of PAR dosimeters for varying periods of time and then comparing
them to simultaneously measured visible spectral irradiance using a scanning
spectroradiometer recording at 1 nm increments. The PAR dosimeter is dose rate
independent, has a very small dark reaction (within 1% —2% of original measured
values after periods of one and seven days), is temperature stable from 20°C to
45°C and has a cosine response agreement of 13% or better for solar zenith
angles smaller than 20° and up to 21% for solar zenith angles up to 60° (Parisi et
al., 1998). The overall error of the PAR dosimeter is 20%.
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Figure 7.4 Calibration of the photosynthetically active radiation dosimeter for
photosynthetically active photons or PAP (Parisi et al., 1998)
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7.5 Long-Term UV Dosimeters

One of the main dosimetric materials for UV exposures has been the polymer
polysulphone, which was first employed in the 1970s by Davis et al. (1976a).
Despite its immense usefulness, the polysulphone dosimeter is restricted as it is
only capable of measuring solar exposures approximately less than ten hours during
a clear summer day at a subtropical location before reaching the maximum
optical saturation point. Furthermore, the uncertainty of polysulphone increases
to 30% for a AAj30 between 0.3 and 0.4 (Diffey, 1987). This makes the long-term
measurement of UV a difficult task logistically as polysulphone dosimeters would
have to be continually replaced on location in order to achieve a continuous stream
of measurements. Another dosimeter was formulated in the 1970s, again by Davis
et al. (1976b), this time using a polymer called poly 2,6-dimethyl-1,4-phenylene
oxide, or just PPO in short. The PPO dosimeter was fabricated using similar
methods to polysulphone and was just as easy to use, however instead of having
a short responsive lifetime, PPO was capable of receiving a subtropical UV
exposure over a period of time no less than five to ten days before complete
saturation at the same level of accuracy as its polysulphone counterpart. It can be
seen that the potential of the PPO dosimeter was far more substantial than the
polysulphone dosimeter; however, in recent years most solar radiation researchers
have chosen to use polysulphone.

The PPO dosimeter has recently experienced a revival with a varied amount of
research being performed both on it and with it. The optical properties of PPO
have been trialled for in-air use and calibrated to the erythemal action spectrum
(Lester et al., 2003) and also to short UVA wavelengths (320 nm —340 nm) by
implementation of a Mylar filter (Turnbull and Schouten, 2008), similar to the
methodology used by Parisi et al. (2005) when calibrating the prototype phenothiazine
dosimeter to the UVA waveband. Figure 7.5 graphically shows how much more
erythemal UV solar exposure the PPO dosimeter can handle in comparison to the
polysulphone dosimeter. It demonstrates that on a typical summer’s day, polysulphone
can receive an approximate dosage of 2,500 J/m’ before reaching its exposure
limit at its characteristic sampling wavelength of 330 nm (AAj3p). Comparatively,
the PPO dosimeter can accept close to a further 25,000 J/m” before optical
saturation at its own particular sampling wavelength of 320 nm (AAsy). This is a
ten-fold increase in exposure capability during summertime (low solar zenith
angle conditions).

The high exposure capability of the PPO dosimeter means that it is also ideal
for underwater measurements that would usually be awkward to achieve by using
traditional spectroradiometric and radiometric instrumentation. Schouten et al.
(2007) tested the PPO dosimeter in a controlled underwater environment using
solar UVB simulation focusing on dose response calibration trends, cosine response,
interdosimeter variability, dark reaction, UVA/visible wavelength responsivity, and
additionally, exposure additivity. The information gathered from this investigation
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Figure 7.5 PPO dosimeter () and polysulphone dosimeter (+) calibration to the
erythemal action spectrum (CIE, 1987). Polysulphone dosimeter calibration data
obtained from Turnbull and Parisi (2005)

showed that PPO was viable for underwater measurements with only a slight
decrease in accuracy introduced when compared with in-air measurements, which
was caused by watermarking on the PPO film surface. This research also made
the important finding that calibrations made in-air could not be used as proxies to
calculate underwater exposures.

This initial trial research has since been extended (Schouten et al., 2008) by
obtaining calibration regimes at different depths to the real solar UVB spectrum
for the PPO dosimeter in four different water types (clear water, sea water, dam
water, and creek water) over a wide range of solar zenith angles and under
fluctuating ozone conditions. This work found that at shallow depths, calibrations
could be transferred from one water type to another with only a relatively small
reduction in total uncertainty on the condition that each water type was within a
certain spectral transmission (or absorption) range. It was also discovered that
PPO calibrations are sensitive to atmospheric ozone variations. This means that if
rescarchers wish to measure UVB with the PPO dosimeter, calibrations would
have to be made just before, after, or during the measurement campaign to reduce
the response error brought on by ozone attenuation causing changes in the solar
spectrum of the UVB wavelengths.

7.6 Vitamin D Effective UV Dosimetry

The action spectrum for the synthesis of pre-vitamin D; shows that only the short
wavelength UV is effective (CIE, 2006) for this process. This action spectrum
can be approximated by the spectral response of polysulphone (CIE, 1992). Using
polysulphone dosimeters, the transmission of pre-vitamin Dj; effective UV through
clothing has been investigated (Hutchinson and Hall, 1984; Parisi and Wilson,
2005). Many factors influence the UV exposure to an individual, and therefore,
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the synthesis of pre-vitamin Ds, including clothing, use of sunscreen, pigmentation
of the skin, age, and latitude of residence (Matsuoka et al., 1990; 1992; Webb, 2006).
The face, arms, and hands contain approximately 15% of the skin area of the human
body. UV exposure of 1 MED to these parts would produce serum vitamin D
equivalent to 1,500 IU —3,750 IU (Samanek et al., 2006). Most research conducted
on UV transmission through clothes is generally from the perspective of protection
from UV; however, some of the incident UV can transmit through clothing and has
been measured at various body sites under garments with polysulphone dosimeters
for pre-vitamin D; effective UV (Parisi and Wilson, 2005).

This work can be extended for the quantification with polysulphone dosimeters
of pre-vitamin Dj; effective UV to humans in different environments. Figure 7.6
shows a typical calibration curve for pre-vitamin Dj effective UV in winter at a
sub-tropical site.
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Figure 7.6 Calibration of polysulphone dosimeters for pre-vitamin D; effective
UV exposures on a winter’s day (Parisi and Turnbull, 2006)

7.7 Discussion and Conclusions

The use of UV polysulphone dosimeters to quantify erythemal exposures to humans
during normal daily activities in different environments and to determine the
effectiveness of UV minimization strategies has been reported. Miniaturization
of these dosimeters to a diameter of 6 mm has allowed an increase in the density
of the UV exposure measurements, along with an increase in the potential
number of environments in which they can be used. Additionally, polysulphone
dosimeters employed in conjunction with a dosimeter sensitive to the visible
waveband have been employed to measure the UVB exposures and the
photosynthetically active radiation to plant leaves. With appropriate calibration,
polysulphone dosimeters have measured the pre-vitamin D; effective UV to
humans in order to quantify the amount of UV producing this vitamin that is
essential for the well being of humans. The dynamic range of polysulphone at a
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sub-tropical site is approximately one day in summer. For periods of exposure
longer than this, the polysulphone dosimeters have to be replaced on a daily basis
or alternatively a dosimeter based on polyphenylene oxide with a dynamic range
that is approximately ten times longer than that of polysulphone has been employed
for erythemal and UVB exposures.
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Abstract The United States Department of Agriculture (USDA) Ultraviolet-B
Monitoring and Research Program (UVMRP) was initiated in 1992 through
a grant to Colorado State University (Fort Collins, CO, USA), authorized by
Congress under the USDA Cooperative State Research Education and
Extension Service (CSREES) Special Research Grant authority, to provide
the agricultural science research community with the information necessary
to determine if changing levels of UV-B radiation would threaten food and
fiber production in the United States. The UVMRP consists of three major
components: (1) monitoring solar radiation with an emphasis on UV-B radiation;
(2) research to determine the effects of UV radiation on specific plants and
crops; and (3) crop growth and production assessment modeling to assess the
impact of climate change scenarios on crop production. The monitoring network,
consisting of UV and visible solar radiation measurement instrumentation
installed at 37 climatological sites, is described in this chapter, along with
the basic algorithms used to process the data and the calibration methods
designed to provide accurate long term data records. Procedures developed
to provide aerosol optical depth, columnar ozone, and enhanced products,
such as integrated irradiances weighted with biological spectral weighting
functions and summed over selected time periods, are also described. An
updated, flexible web page interface that allows users to access various data
products is documented. The UVMRP’s role in UV-B agricultural effects studies
is summarized, including contributions by scientists at several collaborating
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universities. The UVMRP’s component that models agricultural sustainability
by coupling a state of the science climate forecasting model to crop growth
models in order to obtain the impact of climate change scenarios on crop
yield is introduced. Future directions of UVMRP are also presented.

Keywords USDA UVMRP, ultraviolet, solar UV-B radiation, monitoring
network, crop damage, UV climatology, agricultural sustainability, column
ozone, crop yield

8.1 Introduction

Over the past few decades, the atmospheric science community has found it
beneficial to establish routine programs to monitor various surface radiation
quantities. During the early 1970s, a focus on the potential national benefit for using
solar radiation as an energy source prompted the National Oceanic Atmospheric
Association (NOAA) to begin monitoring solar radiation at its Climate Monitoring
and Diagnostics Laboratory, currently known as the Earth System Research
Laboratory (ESRL); see http://www.esrl.noaa.gov/gmd/publications/annrpt23/
chapter3 2.htm. Although this initial interest in solar energy waned somewhat
before its recent revival, the launch of the first meteorological satellites excited
climate scientists by making estimates of the earth’s radiation budget feasible
from space. The first part of this effort started in the mid 1980s with the Earth
Radiation Budget Experiment (ERBE), during which time surface monitoring of
the radiation budget fields received renewed attention (Barkstrom, 1984). In the
years that followed, as the need for more accurate estimates of the solar radiation
budget for application in higher resolution climate models became desirable, and
the concern over global climate change increased, the US Department of Energy
funded the development of the Atmospheric Radiation Monitoring Program in
1989 (see http://www.arm.gov/about/). Satellite observations revealed another
potential impact of anthropogenic activity during the 1980s, namely the observed
depletion of stratospheric ozone in the Antarctic area (Farman et al., 1985; WMO,
1989; Stolarski et al., 1992) and the Arctic. These observations raised serious
concerns in the scientific community of concomitant increases in ultraviolet-B
(UV-B) radiation reaching the earth’s surface (Frederick and Snell, 1988; Scotto
et al., 1988; Grant, 1988; Worrest et al., 1989; Blumthaler and Ambach, 1990; Smith
et al., 1992; Kerr and McElroy, 1993; Jaque et al., 1994; Herman et al., 1996)
and its detrimental effects on plants, animals, ecosystems, and human health. These
concerns led to the establishment of a network for monitoring solar radiation that
was not concerned with the total solar and infrared spectrum, but rather specifically
focused on the challenge of monitoring the UV radiation reaching the earth’s
surface, for evaluation of potential impact on crop yield and nutrition, and for
assessing possible impacts on human and animal health (Caldwell et al., 1986;
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Teramura et al., 1990). The purpose of this chapter is to document the activities
associated with the monitoring of UV radiation, which has become one focus of
the United States Department of Agriculture’s UV-B Monitoring and Research
Program.

8.2 Introduction to the USDA UVMRP (Purpose and History)

The beginnings of the USDA UVMRP stem from a series of USDA sponsored
workshops, held for the purpose of determining the type of response that might
be necessary to address the potential threat of UV radiation to US agriculture
(Gibson 1991, 1992; Science and Policy Associates, 1992; O’Hara and O’Hara,
1993). Workshop participants, representing various universities, research institutions,
and governmental agencies, recommended that the USDA establish a monitoring
network to support research for determining the geographical distribution and
temporal trends of the effects of UV-B radiation on plants and animals.

The USDA UVMRP was initiated in 1992, through a grant to Colorado State
University (Fort Collins, CO, USA) authorized by Congress under the USDA
Cooperative State Research Education and Extension Service (CSREES) Special
Research Grant authority, to provide the agricultural science research community
with the information necessary to determine if changing levels of UV-B radiation
would threaten food and fiber production in the U.S. (Bigelow et al., 1998). The
primary objective of the program was defined as providing information to the
agricultural research community about the geographic and temporal distribution
of UV-B irradiance in the U.S. It was recognized later, however, that there was a
critical need for experimental and modeling research to examine the effects of
enhanced UV-B radiation levels on crops and animals in order to meet the USDA
objectives and to cope with the emerging challenges from the scientific community,
such as the quantification of the effects, their variations among species and
biochemical processes, their interactions with other biotic and abiotic factors, and
gene control responses to UV-B radiation. Although some recent measurements
indicate the start of a turnaround in stratospheric ozone, its recovery will likely
take decades and is influenced by many factors (Staehelin et al., 2001; Newchurch
et al., 2003; Reinsel et al., 2005; WMO, 2007). Great uncertainties exist in the
future levels of surface UV radiation because it will be additionally affected by
changes in clouds and aerosols (Bredahl et al., 2004; Kerr, 2005; McKenzie et al.,
2007). The effects of UV radiation on plants, animals, ecosystems, and human
health are complex and interact with other stress factors (Rozema et al., 1997; Yuan
et al., 1998; Grant, 1999; Tegelberg et al., 2002; Gao et al., 2002, 2003; Caldwell
et al., 2003; Clarke and Harris, 2003; Flint et al., 2003; Kulandaivelu and Tevini,
2003; Kakani et al., 2003; Reddy et al., 2003; Warren et al., 2003; Bassman, 2004;
Turtola et al., 2005). Observations of visible and UV solar radiation reaching the
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ground are necessary in order to quantify changes in atmospheric transmission
which in turn drive the terrestrial ecosystems.

The UVMREP consists of three major components: (1) quality solar measurement
and research in atmospheric radiation transfer, especially in UV wavelengths;
(2) research to determine the effects of enhanced UV radiation on specific plants
and agricultural crops to develop methods to lessen these effects and ensure crop
productivity; (3) crop growth and production assessment modeling that accurately
responds to various precipitation, temperature, and solar radiation scenarios. This
chapter describes the UVMRP with an emphasis on the Program’s data and
derived products, the web-accessible database, and its role in facilitating research
on agricultural effects, establishment of crop growth, and a production assessment
modeling system.

8.3 Monitoring Network

8.3.1 Sites and Coverage

The design goal of the network was to have a 5° latitude x 10° longitude equal-
area representation of the continental U.S. with additional coverage of Alaska
and Hawaii (Bigelow et al., 1998). However, the existing distribution of the
observation sites is not ideal because of logistical difficulties in securing
acceptable sites in each latitudinal zone (Bigelow and Slusser, 2000). As of 2008,
34 climatological sites in the U.S., with 2 additional collaborating climatological
sites in Canada and one in New Zealand, are operating in the network (Fig. 8.1).
Sites were selected to represent each grid rectangle based upon their long-term
viability, proximity to agricultural, biological, ecological, and ongoing UV research
sites, unobstructed sky view, and availability of phone, internet, and power supply.
The sites in Canada and New Zealand were set up for the purpose of maintaining
a scale for comparison of each country’s radiation archives. In addition, ad hoc
research sites are temporarily set up and maintained for specific research purposes
for a period of time. Six high resolution U1000 spectroradiometers were sited at
research sites where key collaborative research allowed interdisciplinary uses of
the data, although the high maintenance of the U1000s eventually led to
discontinuing their deployment. Instruments at a research site may be turned off
and on at any time, and additional instruments can be installed and run for a period
of time depending on the purpose of the research project, especially during the
campaigns of inter-comparisons between instruments from different manufacturers.
On the other hand, the climatological sites require less sophisticated instrumentation
than at research sites, and the instruments at a climatological site operate
continuously without intentional interrupts except for routine maintenance. In
this chapter, we focus on the climatological sites only.
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USDA UV-B Monitoring and Research Program
Climatological ¢ and Research @ Sites

Figure 8.1 The UVMRP monitoring network coverage from 1993 through year-end
2008

8.3.2 Data Products Provided by UVMRP

The USDA UVMRP provides a wide variety of products to the broader scientific
community. Although the primary stakeholders of UVMRP are focused on
agricultural applications, many users of the data access the products via the web
page or by special request for use in human health research, atmospheric science
studies, industrial coating testing and analysis, defense contractor work, and for a
few proprietary applications.

The data provided by UVMRP may be divided into measurement data and
derived products. Many quantities are measured and the values are available on
the UVMRP web site within 24 hours (http://uvb.nrel.colostate.edu). This also
applies to some of the derived products. Table 8.1 presents a list of quantities
categorized as either direct measurements or derived quantities, along with the
instrument used to collect the data. Section 8.4 elaborates on the data collection
process in general, and the processing applied to arrive at useful quantities. Section
8.5 follows with a discussion of the processing of the derived data products.
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Table 8.1 The primary measurements and derived quantities available to users of
the USDA UVMRP website. Other related quantities are available upon request

Data Product Brief Description Prlmgry or Instrument Name
Derived
UV spectral 300, 305, 311, 317, 325, 332 Primary YES" Inc. UV-MFRSR
irradiance and 368 nm wavelengths
UV erythemal 280 nm — 320 nm (erythemally Primary YES Inc. UVB-1
irradiance weighted) pyranometer
Visible spectral 415, 500, 615, 673, 870, and Primary YES Inc. VIS-MFRSR
irradiance 940 nm wavelengths
PAR 400 nm — 700 nm Photosyn-  Primary LI-COR™ Inc. LI-190SA
thetically Active Radiation Quantum Sensor

Surface reflected Used to indicate presence of Primary LI-COR Inc. LI-210SA
irradiance snow covered surface photometer
UVA broadband 320 nm — 400 nm broadband Primary Solar Light™" Model
irradiance irradiance (at only 7 sites) 501A -UV-A radiometer
Ambient air Standard meteorological values Primary Vaisala™" HMP 35A or
temperature and HMP 45D
relative humidity
Ambient baro- Standard meteorological values Primary Vaisala Inc. Model

metric pressure  (at only 14 sites)

Aerosol optical 332 nm and 368 nm instan-
depth taneous or daily averaged

Column ozone Daily value
Synthetic 300 nm — 400 nm irradiance at
spectrum 1 nm resolution

UV climatology ~ UV-A, UV-B, Erythemal, Flint,
Caldwell, Vitamin D as daily,
monthly, and annual sums

Derived from
MFRSR
Derived from
UV-MFRSR
Derived from
UV-MFRSR
Derived from
synthetic
spectrum

PTB-101 or PTB-110

* Yankee Environmental Systems, Turners Falls, MA
** LI-COR Biosciences, Lincoln, NE

**%* Solar Light, Glenside, PA

**%* Vaisala Inc., Vantaa, Finland

8.4 Data Collection and Processing

Two data loggers are installed at each site to collect and transfer the direct mea-
surements from the instruments referred to in Table 8.1. One data logger is used
to collect the data every 15 seconds from the VIS-MFRSR, UVB-1 pyranometer,
temperature/humidity sensors, and the downward looking LI-COR 210SA
photometer. The other is for the UV-MFRSR, PAR Quantum sensor, and barometer
(and UV-A radiometer where applicable) that are sampled every 20 seconds. The
difference between the sampling frequencies results from a longer required dwell
time of the UV-MFRSR instrument. The data are aggregated into 3-min averages and
stored in each data logger. Figure 8.2 shows an example of a UVMRP station.
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i

Figure 8.2 The layout of instruments at a typical climatological site in the UVMRP
monitoring network. (1) UV-B Multi-Filter Rotating Shadowband Radiometer (UV-
MFRSR); (2) Visible Multi-Filter Rotating Shadowband Radiometer (vis-MFRSR);
(3) UVB-1 Pyranometer (erythemal); (4) Photosynthetically Active Radiation (PAR
or Quantum Sensor); (5) UV-A biometer (only at 7 sites); (6) Downward-looking
photometer; (7) Air temperature and relative humidity sensor; (8) Barometric pressure
(14 sites, inside datalogger enclosure); (9) UV-MFRSR Datalogger; (10) Vis-MFRSR
Datalogger

The instruments are located at sites with unobstructed horizons and are
positioned at a level of 1.5 m above the ground. The temperature and relative
humidity measurements are intended to be used in applications that require these
data to be collocated with the radiation measurements and are not intended as
substitutes for the National Weather Service (NWS) data, since these sensors are
not installed in conformance to NWS standards. The data loggers are driven by
AC power with rechargeable batteries in line to act as a backup in case the AC
power fluctuates or outages occur for a short period of time. The “raw voltage”
measurements from the station data loggers are transferred to the UVMRP data
server every day through dedicated phone lines or the Internet. The raw voltages
are processed into their corresponding physical quantities at the UVMRP
headquarters located at Colorado State University, Fort Collins, CO, USA. Data
quality control measures are applied daily. Discussion in this section will focus
on the UV-B data, including UV-MFRSR and UVB-1 measurements.

Before 1997, characterization and calibration of the UV-MFRSR, VIS-MFRSR,
and UVB-1 instruments were done annually at YES or at the Atmospheric Science
Research Center (ASRC) at the State University of New York (SUNY)-Albany,
NY, USA. Since 1997, annual characterization and calibration of the UV-MFRSR
and UVB-1 instruments have been performed at the Central UV Calibration Facility
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(CUCF), which is housed within NOAA’s ESRL. The CUCF was initiated and
developed in collaboration with the Optical Technology Division of the National
Institute of Standards and Technology (NIST) and works to transfer the NIST
standards of spectral irradiance to the U.S. solar UV radiation monitoring community
in an accurate, long-term, repeatable, and cost-efficient manner (Disterhoft, 2005).
The characterization and calibration of VIS-MFRSR instruments are based on the
original YES values. Because many of the VIS-MFRSR instruments have been
deployed for many years, the users are warned of this on the UVMRP website
and are encouraged to use Langley calibrations, which are updated monthly. Until
recently, the UV-MFRSRs were cycled through the calibration process at CUCF
on an annual basis. Beginning in 2006, program priorities and fiscal constraints
significantly lengthened the period between laboratory calibrations. Until this
situation is resolved, the users of these data may wish to consult the most recent
deployment date listed for the instrument at the site of interest via the UVMRP web
page under “Site Location Deployment History”, to check for last lamp calibration
date. Then the choice of using lamp or Langley calibrations for spectral UV data
may be made. The PAR sensors are sent to LI-COR for recalibration at their
recommended two-year interval. The rest of the instruments, LI-COR 210SA
photometers, and temperature-humidity probes, are calibrated by the manufacturers
before they are deployed.

8.4.1 UV-MFRSR Data Processing

The UV-MFRSR uses independent interference filter-photodiode detectors and an
automated rotating shadow band to measure the total horizontal and diffuse
horizontal UV solar irradiance at seven wavelengths concurrently (Michalsky et
al., 1988; Harrison et al., 1994). Direct normal irradiance is determined within
the data logger by subtracting the diffuse from the total signal, followed by a
correction for imperfect cosine response. The UV-MFRSR instruments provide
synchronized measurements of spectral irradiances within the UV wavelength
region. The direct normal measurement provides an input required for retrieval of
atmospheric optical properties, including air mass components, such as the aerosol
optical depths and columnar ozone content that may not be feasible from the total
irradiance signal alone. Essential adjustments to the UV-MFRSR measurements
include removal of dark current bias voltages and a correction for deviations of
the sensors from an ideal cosine response. The corrected voltages are then converted
into irradiances by multiplying by a calibration factor.

8.4.1.1 Dark Current Bias Removal

Certain extraneous voltages may be generated by the electronics of the observation
system, including data loggers, amplifiers, circuits, and connecting wires. These
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signals are measured at night in the absence of solar radiation using voltages
averaged from one hour prior to, and one hour after, the time of minimum solar
elevation over the three day period preceding the current data processing day. For
a more detailed discussion of the dark current voltage bias removal, please view
the USDA UVMRP website (http://uvb.nrel.colostate.edu/UVB/index.jsf), under
the “Monitoring Network,” then the “Data Processing Procedures” links.

8.4.1.2 Cosine Correction

The direct beam irradiance measured on a horizontal surface is given by the
product of the incident normal irradiance and the cosine of the solar zenith angle
(SZA). However, the detectors of the UV-MFRSR do not have perfect cosine
responses, especially at higher incidence angles. The correction for the deviation
of the response from an ideal cosine response is known as cosine correction or
angular correction. The non Lambertian response of the UV-MFRSR instruments
has been described by Harrison et al. (1994). Characteristics of the cosine
responses of the UV-MFRSR instruments used in the network are described by
Bigelow et al. (1998). The actual angular responses of an instrument are a
function of solar zenith and azimuth angles and were determined annually by
YES (in the initial periods of network operation and by CUCF since 1997). The
cosine response is determined through laboratory measurements based on an
independent radiometric characterization of individual detectors made through
the diffuser along two orthogonal planes (Michalsky et al., 1995). With knowledge
of angular responses along north-south and east-west azimuths, correction factors
for direct normal voltages are interpolated according to solar zenith and azimuth
angles at the time of measurement.

An imperfect cosine response affects the measurement of the diffuse horizontal
irradiance in addition to the direct normal component (Leszczynski et al., 1998).
Experimental results show that the uncertainties in diffuse irradiance due to the
assumption of a homogeneous sky radiance distribution are within +1.5% in the
UV-B band for varying atmospheric and geographic conditions (Grobner et al.,
1996). This assumption is employed in processing the diffuse irradiance values
of the UV-MFRSR.

8.4.1.3 Out-of-Band Correction

In the original design of the UV-MFRSR the two channels at 300 nm and 305 nm
used silicon-carbide (SiC) photodiodes and the remaining five channels used
gallium-phosphide (GaP) photodiodes. By the end of 1997, this instrument design
had been deployed at the 22 sites, which comprised the climatological network at
that time. In December of 1997, the first of many failures of GaP photodiodes
occurred ultimately resulting in a solution developed jointly by UVMRP and YES
which involved the replacment of the GaP photodiodes with silicon (Si) versions.
The GaP photodiodes were replaced with silicon in all UVMRP UV-MFRSRs by
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the end of 2002. Thus, the UV-MFRSRs now use Si photodiodes in the 311 nm
through 368 nm channels and retain the original SiC photodiodes for the two
channels centered at 300 nm and 305 nm (Janson et al., 2004).

Ideally, a radiometer should be designed to reject all radiation outside the
designated wavelength region, i.e., in the 2 nm wide wavelength band of each of
the seven channels. However, laboratory tests showed that the replacement Si
photodiodes allowed out-of-band light from the NIST traceable tungsten-halogen
lamps during the calibration procedure to contribute to the calibration signal,
resulting in an inaccurate calibration (Lantz et al., 2005). Further studies revealed
that the contribution of out-of-band light to the signal depended on several factors,
including the channel, the individual instrument, and the lamp used for the laboratory
calibration. Further analysis revealed that the out-of-band light contributing to
the signal is mainly from wavelengths longer than 570 nm. This contribution of
out-of-band light is commonly referred as “red light leakage” or “red leakage”
for simplicity. To characterize the contribution of out-of-band light to the signal,
each of the UV-MFRSR instruments were measured for out-of-band rejection
using short-pass cutoff filters in the field with the sun as the radiation source and
in the laboratory using the lamp as the radiation source. Results are given in
Tables 8.2 and 8.3. Forty-seven UV-MFRSR instruments were tested in the field
for out-of-band light and showed negligible signal within the detection limit of
the measurements when the sun is used as the radiation source (Table 8.2). The
largest average percent contribution is in the 317 nm channel. The average
contribution of out-band-light is 0.4% of the total solar signal, with a maximum
of 1.3% for this channel. The implications are that the Langley plot calibrations,
which are described below, are not affected by red light leakage to any significant
extent. All UV-MFRSR instruments were tested in the laboratory for out-of-band
light using a FEL-type quartz-tungsten-halogen lamp as the radiation source and
a 400 nm long pass filter. As shown in Table 8.3, there is a significant percentage
of out-of-band light contributing to the signal when a lamp is used as the calibration
source. The most significant contribution from the out-of-band light is in the 317 nm
channel where the average is 22.1%. All of the channels with Si photodiodes have
a detectable out-of-band contribution to the total lamp signal. The two channels
using SiC photodiodes have no measurable out-of-band signal.

Table 8.2 Percent contributions of out-of-band light to the measured solar signal
from 47 filter radiometers (from Lantz et al., 2005)

300nm  305nm  311nm  317nm  325nm  332nm 368 nm
Average 0.1% 0.0% 0.2% 0.4% 0.1% 0.1% 0.1%
Maximum 0.0% 0.3% 0.5% 1.3% 0.3% 0.4% 0.5%
Minimum 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
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Table 8.3 Percent contributions of out-of-band light to the measured lamp signal
during calibration with a FEL-type quartz-tungsten-halogen lamp from 40 filter
radiometers (from Lantz et al., 2005)

300nm 305 nm 311 nm 317nm  325nm  332nm 368 nm

Average 0.0% 0.0% 8.8% 22.1% 12.1% 11.2% 4.0%
Maximum 0.1% 0.1% 28.4% 35.7% 28.5% 23.1%  10.5%
Minimum 0.0% 0.0% 4.2% 6.6% 3.9% 4.9% 1.1%

The calibration factors corrected for out-of-band signals for the Si photodiodes
are applied to the corrected voltages (after the dark current voltage bias and cosine
correction) to convert them into irradiances, which are the lamp calibrated channel
data provided to the public through an internet website. Earlier versions of the
UV-MFRSR instruments that used the GaP photodiodes participated in several
North American Interagency Inter-comparisons of Ultraviolet Spectroradiometers
conducted during 1995 — 1997. The measurements of the UV-MFRSR instruments
agreed with the filter-weighted irradiances of the participating spectroradiometers
with a +5% uncertainty at local noon (Early et al., 1998a, 1998b; Lantz et al.,
2002). Collocated measurements show that after the out-of-band corrections are
applied, the irradiances measured by a representative UV-MFRSR instrument
using Si photodiodes agree with the filter-weighted irradiance measurements
from a U1000 spectroradiometer within the uncertainty of £1.5% (Lantz et al,
2005) for the seven channels. All lamp calibrated UV-MFRSR data accessed via the
UVMRP website has now been corrected for the out-of-band radiation leakage.

8.4.2 [Erythemally Weighted UV Irradiance

One of the data types most frequently requested from UVMRP is a compilation
of erythemally weighted irradiance over a specified geographic region and time
period. The UVMRP employs YES UVB-1 pyranometers to measure the Commission
Internationale de 1’Eclairage (CIE) weighted erythemal irradiances (McKinlay
and Diffey, 1987) at each climatological site. Initially, the UVB-1 pyranometers
were calibrated and characterized annually by the instrument manufacturer.
Comparisons between collocated radiometers show an agreement of better than
1+2.3% when SZA is less than 80°, while absolute errors might reach 10% when
SZA is greater than 80° (Bigelow et al., 1998; McKenzie et al., 2006). Since 1997,
the broadband pyranometers have been calibrated and characterized annually by
CUCEF. Characterizations include the tests of cosine response and spectral response.
The scale factor for erythemal calibration is determined by matching the output
of the pyranometer to the standard triad at CUCF. The absolute calibration factor
of the broadband pyranometer is determined annually by comparing the output of
the broadband sensor in sunlight with that of three collocated UVB-1 standard
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pyranometers (triad). The inter-comparison with the triad typically lasts from one
to two months in order to obtain sufficient data for the calibration that includes
corrections for different amounts of columnar ozone in each zenith angle regime.
The standard triad is in turn frequently calibrated for erythemal action spectrum
as a function of SZA and total column ozone in the field against a collocated
precision spectral radiometer employing the principle described in the literature
(Grainger et al., 1993; Lantz et al., 1999; Xu and Huang, 2000; Vijayaraghavan
and Goswami, 2002; Xu and Huang, 2003). This practical calibration scheme is
supported by the uniformity of the cosine responses of different broadband
pyranometers in the UVMRP network. The uncertainty in this calibration is from
two sources. One consists of the random and systematic uncertainties of the ozone
and SZA dependent erythemal calibration factor. The other is the difference in
the scale factor for each pyranometer.

Although the absolute calibration uncertainty of the pyranometers could reach
as high as £10%, relative uncertainties among the pyranometers are more important
in certain applications (McKenzie et al., 2006). Differences in spectral response
and angular response are the major sources for relative uncertainties. These
differences are inherent in the calibration procedure, which is a comparison of
the solar signal from the pyranometer to the triad as measured at CUCF. In order
to examine the relative accuracy of the instruments, experiments that compared
the solar signal from the standard triad to the field site UVB-1 pyranometers
were conducted as the instruments cycled through the calibration process. The
tests were performed as a function of SZA over 110 two-week periods under
various weather conditions. The results indicate the rather remarkable level of
consistency amongst the pyranometers in that, on average, the pyranometers
differ from the standard triad by 0.1% at an SZA of 20°, and by 2.8% at an SZA
of 80° for all 51 tested instruments. Other collocated measurements of the UVB-1
pyranometers also show a good agreement with the broadband pyranometers from
other manufacturers, as well as within the tested UVB-1 pyranometers (Seckmeyer
et al., 2007). Since a generic factor is applied for ozone-dependent calibration,
differences of spectral responses between the pyranometers may introduce
uncertainties. In order to more fully characterize the individual pyranometers, their
signals are corrected for cosine response, and for the purposes of determining
erythemal irradiance, individual characterizations as a function of zenith angle
and total column ozone are made as discussed below.

8.4.2.1 Angular (Cosine) Response of the UVB-1 Pyranometer

The erythemal irradiance is almost always supplied as a total horizontal quantity.
Thus, the angular response of each UVB-1 instrument must be utilized to correct
for imperfect cosine response. The angular response is tested annually by performing
a north-south scan and an east-west scan with an interval of one degree zenith angle.
The average of the two scans is considered as the cosine response. Figure 8.3
displays the relative angular responses of 10 UVB-1 pyranometers that were
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characterized by the CUCF in 2004. The measurements are normalized to 0° SZA.
These results have the typical shapes of those reported by previous studies (Grainger
et al., 1993; Mayer and Seckmeyer, 1996; Landelius and Josefsson, 2000). The
differences of the angular responses from an ideal cosine response have been
discussed by Bigelow et al. (1998). Although the departure from the ideal cosine
response exceeds 10% beyond 60° SZAs (Bigelow et al., 1998), the variability
between different pyranometers is rather small. Figure 8.3 actually displays the
cosine response of ten instruments and shows that the agreement is within the
width of the plotted line. Figure 8.4 shows the standard deviations of the cosine
responses of 20 randomly selected pyranometers. The variances tend to increase
with SZA, but the standard deviations are within 0.02% in the zenith angle range of
0°— 89°. This repeatability among the angular responses of the UVMRP broadband
pyranometers suggests that a single generic cosine correction may be applied to
all pyranometers in the network without introducing significant uncertainties.
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Figure 8.3 Normalized cosine responses of ten UVB-1 pyranometers. Numbers
in the legend indicate the serial numbers of the sensors. The 10 curves are overlaid
over each other. It is difficult to visibly separate them, which exhibits uniform cosine
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Figure 8.4 Standard deviations of cosine responses of 20 UVB-1 pyranometers
as a function of SZA. The results show that the responses are within 0.02% of the
mean cosine response and generally within the digitization error of the data logger
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8.4.2.2 UVB-1 Spectral Response and Influence of Columnar Ozone

The erythemally weighted irradiance is determined by convolving the CIE action
spectrum (McKinlay and Diffey, 1987) shown in Fig. 8.5 with the measured
spectral irradiance. Measuring the erythemal UV irradiances requires that the
spectral response of the pyranometer is identical with the CIE action spectrum
because the spectral distribution of the solar radiation varies with many factors,
such as ozone content, SZA, clouds, and other components in the atmosphere.
However, the spectral response of the UVB-1 broadband pyranometer does not
perfectly simulate the CIE action spectrum (Fig. 8.5), especially in the regions of
shorter and longer wavelengths. Therefore, all factors that affect the wavelength
distribution of solar irradiance in the erythemal wavelength band will impose
potential impacts on the measurements of erythemal UV irradiance. The most
significant variables are SZA, total ozone content and aerosol optical properties
(Bodhaine et al., 1998; Lantz et al., 1999). Considering the effects of ozone content
and SZA, the erythemal calibration factors for the UVB-1 broadband pyranometers
are determined by the CUCF as a function of SZA and total ozone, or as a
function of SZA with the assumption that the overhead total column ozone is 300
DU. The latter calibration factors are more conveniently applied when ozone
measurements are not available at a site. The UVMRP data set provides erythemal
UV irradiance data with the calibration factors of SZA dependence that assume
overhead column ozone is 300 DU. Due to variable ozone contents and SZA, this
assumption may result in an error of up to 25% (Fig. 8.6) for the ozone range of
200 DU -500 DU for different SZAs. For a more accurate erythemal irradiance
data set, however, ozone correction will be necessary. Lantz et al. (1999) detailed
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Figure 8.5 CIE action spectrum and spectral responses of three UVB-1 pyranometers.
The numbers in the legend indicate the serial numbers of the tested sensors
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Figure 8.6 Erythemal calibration factors for the UVB-1 as a function of total column
ozone for three SZAs normalized by their respective values for total column ozone
of 300 DU

an approach to derive erythemal UV irradiance on clear days. This method is also
recommended by the World Meteorological Organization/Global Atmosphere
Watch (Seckmeyer et al., 2007) for erythemal calibration of broadband pyranometers.
In the proposed scheme, the dependence of the calibration factor on ozone is
curve-fitted with a third order polynomial for different SZAs from 5° to 80° using
a step interval of 5°. Factors between the step intervals can be interpolated using
any efficient interpolating technique. In cases where the total column ozone is
known to differ significantly from 300 DU, the user may contact UVMRP to obtain
erythemally weighted irradiances calibrated at other ozone levels.

8.4.3 Langley Analysis

While the laboratory calibrations and characterizations of the UV-MFRSR ins-
truments were routinely performed, an alternative technique that has been used
for many decades in various applications is the Langley plot method (Shaw, 1982;
Thomason et al., 1983; Wilson and Forgan, 1995; Slusser et al., 2000). The Langley
plot is used to provide more frequent calibrations of both the UV and VIS MFRSRs.
The Langley method is based on the Beer-Lambert law, which describes the
attenuation of the sun’s direct-beam monochromatic radiation passing through
the earth’s atmosphere and is expressed mathematically (Thomason et al., 1983;
Wilson and Forgan, 1995) as:

I, =RI,, exp(—ZrMmi) (8.1
In Eq. (8.1), I, is the direct normal irradiance at the ground at wavelength A4, R*
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denotes a correction for the earth-sun distance at the time of measurement, /o ;
represents the extraterrestrial irradiance, 7, is the optical depth for the i-th air
component, and m; stands for the air mass of the i-th air component through the
atmosphere. Taking the natural logarithm of both sides, we have

InZ, =In(RI,, )=y 7, m, . (8.2)

Provided that the irradiance is obtained by applying a calibration factor to the
voltage output of the radiometer, the Beer-Lambert law can also be applied to the
voltage of the instrument measurement. For the raw voltage output of the detector
the formula is:

InV, =ln(R2VM)—ZTMmI, . (8.3)

In Eq. (8.3), V, is the measured voltage at wavelength A, and V) ; represents
the voltage the detector could measure oriented normal to the sun at wavelength
A outside the earth’s atmosphere at one Astronomical Unit. Assuming that the
optical depth remains constant over a period of time when the air mass, which is
a function of SZA, changes significantly, the Langley analysis method determines
the Vp, ;4 by extrapolating voltage intercept at zero air mass when a linear fit to the
logarithm of the measured voltage versus air mass is performed. Since the values
of R and [y, can be accurately estimated (Lean 1991; Lean et al., 1997), a
calibration factor (c;) to convert the measured voltage at wavelength A into
irradiance can be determined as:

1,
c, =—= . 8.4
% (8.4)

0,4

The calibrated irradiance, I, r, over the filter pass-band is obtained by multiplying
the detector voltage measured at the ground by the calibration factor ¢, (Bigelow
et al.,, 1998). The calibration factor is determined using the filter-weighted
integrations of /; ; and ¥ ; as follows (Slusser et al., 2000):

Jn.Fda

==, (8.5)
Vo [FdA

CiF

where F; is the filter function or spectral response function of the filter. After the
direct and diffuse components of the voltage have been corrected for an ideal
cosine angular response, the Langley analysis based on the objective algorithms
(Harrison and Michalsky, 1994) is performed to determine Vj ;. Obtaining the
correct V; is essential in calibration. The Vj values are generated for morning
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and afternoons that supply at least 12 clear-sky measurements to the algorithm.
The Vy values are collected over air mass ranges that depend on the wavelength
of the channel. For example, for the 300 nm through the 325 nm channels, the
measurements for the direct beam voltages for an air mass range of 1.2 to 2.2 are
used, while for the 337 nm and 368 nm channels, an air mass range between 1.5
and 3.0 is used. All the morning ¥V, values deemed to be measured under clear
sky for a given instrument at a given site are used as the ordinate in a linear
regression routine using the air mass as the abscissa. The V; for the day is the
offset derived from the regression routine.

Comparisons from previous studies of sun photometer calibration using the
Langley analysis and the standard lamp in (Schmid and Wehrli, 1995; Schmid et
al., 1998; Janson et al., 2004) show that the Langley analysis calibration is superior
to the lamp calibration when the analysis is performed under very clear atmospheric
conditions. However, the Langley calibration introduces more uncertainties at
shorter wavelengths (around 300 nm) because the signals are weak. The Langley
method cannot be applied in conditions where the Beer-Lambert law is not
applicable such as over broad spectral bandpasses, or where multiple scattering
may introduce path radiance into the detector’s field of view. Other limitations of
the Langley calibration method are discussed in Wilson and Forgan (1995), and
Schmid et al. (1998). The combination of both types of calibration serve as an
additional means of quality control; long term drifts from lamp calibrations can
be detected by comparison with the Langley values whereas unresolved cloudiness
in the Langley calibration data may be signaled by comparison with the lamp values.
Thus, the use of a combination of both Langley calibration and lamp calibration
is recommended to maintain a long term accurate calibration (Schmid and Wehrli,
1995). Figure 8.7 shows the results of the Langley analysis for two UV-MFRSR
instruments deployed at Mauna Loa, HI. In the upper plot, 300 nm Vs are shown,
which are characteristically noisy due to a relatively low signal level as compared
to the 305 nm channel data displayed in the lower plot.

8.4.4 Data Processing for Other Measurements

The VIS-MFRSR measurements are processed with the same procedures as for
UV-MFRSR data with the exception noted above concerning the reliance on
Langley calibrations since no recent lamp calibrations are available for the
VIS-MFRSR. No out-of-band signals have been detected from the VIS-MFRSR
instruments. For the PAR sensors, barometers, and temperature-humidity probes,
calibration factors provided by the manufacturers are applied to the raw voltages
to derive the final data products.
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Figure 8.7 Plots of V; values from instruments HI02 (climatological site) and
HIO3 (research site) at Mauna Loa, HI derived from the Langley analysis method
for the 300 nm and 305 nm channels from May 17 through September 29, 2008

8.5 Derived Products

By applying the techniques and algorithms developed in recent years to the
measurements, various useful products can be derived. Examples of the derived
products included in our database are optical depth, daily column ozone, and UV-B
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irradiance with 1 nm spectral resolution. Using the synthetic spectrum algorithm
discussed below, various agriculturally significant indices are derived, such as
the Caldwell and Flint biologically weighted irradiances. An estimate of the
vitamin D dosage is available, along with erythemally weighted irradiance and
the closely related UV index. In addition to these products routinely available on
the UVMRP website, numerous products are processed on demand for users in
the agricultural, medical, and industrial materials communities.

8.5.1 Optical Depth

Optical depths are regularly acquired using measured spectral irradiances. These
measurements are useful in developing regional aerosol climatology, validating
satellite aerosol observations, and offering atmospheric corrections for satellite
retrievals. Aerosol optical depth may also serve as a good indicator of surface
visibility (Hand et al., 2004).

8.5.1.1 Instantaneous Optical Depth

Total and aerosol plus cloud optical depths are retrieved at 3-min intervals from
the measurements of spectral irradiance. The total optical depths are derived using
the Beer-Lambert law,

T, =t (8.6)

where 7; is the total optical depth and m denotes the air mass, which is a function
of SZA. V), is the measured raw voltage value from the channel centered at
wavelength 4. The value of Vj, for each channel and the requested date are
determined from a time series of Langley-generated voltage intercepts for morning
periods of that day as discussed above. The Langley analysis is performed based
on the objective algorithms developed by Harrison and Michalsky (1994), as
discussed in Section 8.4.3.

For clear sky data, Rayleigh and ozone optical depths are subtracted from total
optical depths to obtain the aerosol optical depths. Methods to accurately estimate
Rayleigh optical depths in the atmosphere have been well documented in Frohlich
and Shaw (1980), Young (1981), Teillet (1990), Bucholtz (1995), and Bodhaine
et al. (1999). We use the following formula to compute the Rayleigh optical depth
for simplicity (Marggraf and Griggs, 1969; Stephens, 1994):

) (—0.11882—0.0011622)

=0.00884*1°*02)¢ : (8.7)

TRay,z,l

where 7gqy - 2 represents the Rayleigh optical depth at the altitude z (in km) and
the wavelength is in the units of microns (um). This formula is valid under the
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assumption that the variation of air density with altitude follows the variation of
pressure with altitude (Stephens, 1994).
Ozone optical depth is calculated by:

To,2 = £20 Co, (8.8)

where (2 1is total column ozone in Dobson units, Q, is the ozone cross section,
and ¢, =0.001 is a conversion constant. For UV wavelengths, the effective ozone
cross sections are used (Bigelow et al., 1998). For visible wavelengths, the ozone
absorption coefficients of Shettle and Anderson (1995) are used. Aerosol optical
depth for clear days at 3-min intervals is then calculated by subtracting the
Rayleigh optical depth and ozone optical depth from the total optical depth.
These calculations are included in the UVMRP database. Note that aerosol optical
depths are not available on cloudy days.

8.5.1.2 Average Optical Depth

The averaged optical depths for the mornings and/or afternoons are calculated
from the instantaneous results. To ensure the accuracy of the results, time periods
included in the averaging process are limited to specific air mass ranges which vary
by wavelength: 1.5 3.0 for 332 nm and 368 nm, and 2.0 — 6.0 for 415 nm— 860 nm.

8.5.2 Daily Column Ozone

The algorithm for calculating the column ozone of the atmosphere is based on the
work of Gao et al. (2001), which uses the direct-beam irradiance for the retrieval.
Given spectral measurements of UV-B, the total column ozone (2 in Dobson units
is calculated as:

N, =N, _[(13305 _:8325)_(ﬂ311 _ﬂ332):|mu (%J
0= 92 %10°, (8.9)
[(asos — sy ) - (05311 — U3 ):|:u
where
N, =ln 200 Vs
1 ’
0325 325
v,
N, =1nM—1n@, (8.10)
0,332 Vi
R+h
# = l b

[(R+h) —(R+=) sin0]

224



8 An Ultraviolet Radiation Monitoring and Research Program for Agriculture

where the notations are:

f1 Rayleigh scattering optical depth at wavelength A;

m, air mass corresponding to the SZA (0) at the time when the measurement is
taken;

P observed station atmospheric pressure;

Py mean sea level atmospheric pressure;

a;, ozone absorption coefficient (base e) at wavelength A;

V., extraterrestrial voltage intercept at zero air mass at wavelength A;

V, direct normal voltage after cosine and dark current bias corrections at
wavelength A;

4 ratio of the actual and the vertical paths of solar radiation through the ozone
layer;

R average earth radius (6,371.229 km);

z height of the station above mean sea level,

h height of ozone layer above mean sea level at station location (20 km is
assumed);

@ solar zenith angle.

Total column ozone is computed using those 3-min average measurements
when the irradiance at 311 nm is greater than 0.002,5 Wm “nm "' and the condition
6 >70° holds. Daily total column ozone is then determined by averaging these
3-min results if there are at least five of such 3-min averages.

8.5.3 Synthetic Spectrum Data

The UV-MFRSR instrument, described in Section 8.2.2, makes measurements every
three minutes in seven spectral regions, each with a nominal bandwidth of 2 nm.
The centers of the bandwidth regions are located at 300, 305, 311, 317, 325, 332
and 368 nm. The measurements are useful in assessing damage to plants and human
health, particularly when considered in conjunction with specific Biological Spectral
Weighting Functions (BSWFs); see for example Caldwell et al. (1986). The
calculation of an index is usually required to indicate the overall magnitude of
the effects of the UV-B radiation. The indices are almost always obtained by an
integration of the downwelling UV-B total horizontal irradiances, spectrally
weighted by the BSWF. Because the UV-B irradiances are measured in discrete
spectral regions, some means of interpolating the irradiances at wavelengths
appropriate for performing the integrations is required. The estimates of the
downwelling UV-B irradiances at each nanometer are currently made using curve
fitting techniques, and have come to be known as “synthetic spectra.” The synthetic
spectra algorithm provides a functional form which may be used to approximate
the spectral, downwelling UV-B irradiances at any wavelength within the wavelength
range of the measurements. The current synthetic spectra algorithm, described in
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Min and Harrison (1998) with updates by Davis and Slusser (2005), begins with
a form of Beer’s Law:

I, =1, exp{~(mX () + A"+ A7+ CA7+ CAY ), (8.11)

where [y and / are the extraterrestrial and surface spectral irradiance, respectively,
at a wavelength A, m is the atmospheric path, X is the optical depth due to ozone,
and the constants C; are determined by the fitting algorithm. When considering
the method to determine the coefficients C;, one of the first considerations is if
the functional form is linear in the undetermined coefficients. In this case, the
form requires a non-linear approach; in particular, the non-linear least squares
approach of Levenberg and Marquardt is basically used as described in Press et
al. (1992). Although taking the natural logarithm of the equation puts it in a form
amenable to a linear fitting technique, it has been found through extensive testing
at UVMRP, using many different functional representations of the term within
the exponential, that the original non-linear form results in superior performance,
particularly at the shorter wavelengths where much of the interest lies for agricultural
research. Figure 8.8 shows an example of a synthetic spectrum obtained from
combined UV and visible MFRSR measurements, and two important BSWFs:
(1) the photosynthetically active region (PAR), and (2) the Flint BSWF region.
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257 @ Measurements 1.2
—_ 1.0 2
E 2.04 g
E 0.8 &
= 1.5 £
= -
P -0.6 =
2 1.0 g
2 04 5
= 0.5+ =—= Flint BSWF region |-0.2 T

== PAR BSWF region
0.0+ — | ——+0.0

T 1
200 300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 8.8 An example of a synthetic spectrum, along with the measurements from
which it was derived, and the Flint and PAR BSWF regions over which the synthetic
spectrum is integrated to produce agriculturally important indices. See Caldwell et
al. (1986) for a discussion of the Flint BSWF

The synthetic spectrum has been applied to the data collected by UV-MFRSR
instruments deployed at all US UVMRP climatological sites since 2000 to construct
a database of daily sums of unweighted UV-A, unweighted UV-B, erythemal,
vitamin D, and Flint and Caldwell indices. Figure 8.9 shows the annual average
of the daily sum of unweighted UV-A irradiance for 2001 which was derived from
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the database. The UVMRP website allows access to the daily sum database to the
extent that the user is allowed to find averages of the daily sums over a user
specified interval for any of the U.S. UVMRP sites.

Figure 8.9 Contour map of 2001 annual accumulation of unweighted UV-A
irradiance over the continental U.S. in MJ/m% The UVMRP station locations are
identified by the red asterisks in the figure

8.6 Database Design and Website Interface

The primary objective of the UVMRP database and web design is to provide a
user-friendly interface for an end user to search, view, and download data and
related descriptions via the Internet. The interface was designed with the client/
server paradigm. To prevent loss of data, backups are made with the use of tape,
CD, and DVD, some of which are stored off site. The database containing the
aforementioned measurements and derived data is implemented using the open
source MySQL (DuBois, 2005). Structure Query Language (SQL) and open source
Java Server Faces (JSF) are exploited to integrate different parts into this web
accessible database. The database is updated daily when new measurements are
collected. In this section, we briefly introduce the information that can be viewed and
downloaded from the website, the database structure, and the website interface.

8.6.1 The Data

The information contained in the database can be classified into three categories:
metadata, measurements, and derived data. As described in Table 8.4, metadata

227



UV Radiation in Global Climate Change: Measurements, Modeling and Effects on Ecosystems

include site information, instrument history at each site, calibration for each
instrument/sensor, and documentation. Raw voltage measurements and calibrated
data are recognized as measurements. Derived data are comprised of optical depths,

column ozone, and synthetic spectra.

Table 8.4 The structure of the UV-B Database

Data in the UVMRP Database

Meta Data

Description

Location information

Tracking information

Calibration and angular
correction data

Documentation

Contains the geography of a location as well as internal location
ID and phone number, if a phone line site

Contains the history of a particular instrument. Some instruments
are rotated annually through the calibration facility and moved
to a different location. A history of this information is maintained
for special use

All the calibration and angular correction data are stored in a
table accessible by calibration date. The calibration factors are
interpolated between starting and closing calibration data

The quality control flags, historical instrument configurations, web
interface error codes, meteorological events at locations, and
users of the data are stored in a table to allow dynamic access
and change to its structure

Measurements
Raw voltage

Cosine corrected data

Calibrated data

Description
Contains raw voltage measurements and quality control codes

Contains cosine corrected data for UV-MFRSR and VIS-MFRSR
instruments along with quality control codes

Data used to calculate both lamp and Langley calibration are
stored in tables but the actual calculation is done at the time of
the data request

Derived Products

Instantaneous optical
depths

Average optical depths
Column ozone

Synthetic Spectra

Description

Time resolution of 3-min

Morning and afternoon data
Contains daily column ozone

Data used to calculate synthetic spectra are stored in tables, but the
actual calculation is performed at the time of the data request

To access the link for the data and derived data, go to the UVMRP website
(http://uvb.nrel.colostate.edu/UVB). Click on the “Data Access” link at the top of
the page where you will access the page shown in Fig. 8.10. On this page, the
user can view or download the data desired by clicking on the corresponding self
explanatory buttons located in the right hand column. The left hand column
contains short descriptions about data from each category. Details regarding data
processing and corrections are accessible through the links located at the bottom
of the right hand column under “Quality Control.”
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Figure 8.10 Web interface of USDA UV-B Monitoring and Research Program
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8.7 UVMRP’s Role in UV-B Agricultural Effects Studies

The previous sections describe UVMRP’s monitoring activities and are limited to
the physical aspects of UV radiation. In addition, UVMRP has played a role in
the investigation of the biological response or “effects studies” of various plants
and animals to UV-B and visible radiation. The goal of these studies is to evaluate
the response of plants, forests, ecosystems, and animals to UV-B radiation and other
climate stress factors. The program works with agricultural/forest researchers to
evaluate the isolated effects of elevated UV-B on agricultural crops, livestock,
forests, and range resources. Furthermore, it assesses the combined effects of UV-B
radiation and other climate stress factors, such as moisture (drought), temperature,
ozone, soil nutrients and CO,. By understanding both compounding and antagonistic
effects of multiple stress factors, the research will help develop solutions that
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allow producers to cope with these detrimental effects and ensure quality and
productivity for agriculture and livestock into the future. These studies provide a
link between the knowledge of the climatology of UV-B radiation and the modeling
of crop growth. The effects research is being conducted at a number of universities,
and were directed and funded by UVMRP. Excerpts from this research are presented
below:

At Colorado State University, Dr. Wei Gao, Dr. Heidi Steltzer, and Dr. Mathew
Wallenstein evaluated the counteracting effects of UV-B radiation on litter de-
composition. The study was conducted in a controlled greenhouse facility managed
by Dr. Jack Morgan, USDA ARS, using aspen litter to determine if the effects of
UV-B radiation on litter decomposition vary in relation to water availability and
in response to suppressed biotic activity. The UVMRP designed and fabricated
the UV-B lighting, control, and measurement hardware used in the study. Another
CSU research scientist, Dr. Daniel Milchunas, conducted a three year study to
evaluate the influence of UV-B on cattle rangeland grass decomposition and carbon
storage. The UVMRP supplied UV-B monitoring instruments as well as data
collection and processing services for this outdoor exclosure study.

Other examples of effects research are briefly described below, in no particular
order. This list, however, is not meant to be exhaustive of all efforts associated
with UVMRP. The work is separated according to the institution of the principal
investigator of the study. For a more complete description of this work, the reader
is directed to the citations given or to the UVMRP website.

8.7.1 Mississippi State University

Dr. K. Raja Reddy directs a group of researchers concerned with several pheno-
menological, growth, and physiological parameters influenced by UV-B radiation
and other environmental factors. Studies of how UV-B and heat affect plants have
been conducted so that cultivars better suited to high-temperature and high UV-B
environments can be produced by breeders. Quantitative data on various growth
and developmental processes were measured, and algorithms were developed for
those processes. Ultraviolet radiation effect modules of crop growth under climate
stress scenarios, such as higher temperatures and elevated CO, concentrations,
have also been produced to incorporate the effects into models assessing the impact
of climate change to assist producers and policy decision managers.

8.7.2 Purdue University

At Purdue University, Dr. Richard Grant and his colleagues conducted a number
of empirical, field canopy, and greenhouse studies to determine the effects of
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UV-B on various plants. Their work included determination of the response of
soybean and sorghum to enhanced UV-B, and also its effect on biomass and its
distribution. Particular emphasis was placed on the reaction of plant leaf physiology
to the UV-B radiation. The group also studied the penetration of UV-B in oak-
hickory forest, in a mature maize canopy and into the understory of a leafing-out
deciduous forest. Model studies were performed on vegetation exposure, including
that of Asian Soybean Rust, for a 3-day trajectory of an actual event in Iowa in
September 2007.

8.7.3 Utah State University

Dr. Ron Ryel, Mr. Stephen Flint, and colleagues from Utah State University,
combined numerous UV radiation related studies to determine and evaluate various
UV-B and UV-A biological weighting functions. Weighted UV doses based on
this and other work are routinely calculated and posted on the UVMRP website.
Field experiments were conducted on Mauna Kea, HI at approximately 3000 m
elevation to test the relative importance of the UV-B and UV-A wavebands under
near ambient, no UV-B, and no UV-A or UV-B conditions.

8.7.4 University of Maryland

Dr. Joseph Sullivan (University of Maryland) and Dr. Stephen Britz (USDA Food
Components and Health Lab, Beltsville, MD) conducted numerous field, greenhouse
and growth chamber studies over the past eight years to determine responses of
plants to UV-B radiation. A primary goal of their research was to understand the
dose response (e.g., total energy absorbed) and wavelength response (e.g., impact
of specific components of the solar spectrum) of plants in terms of damage, and
the induction of protective mechanisms by sunlight. These studies, which are focused
on important agricultural (e.g., soybean and barley) and forest (e.g., loblolly pine
and hybrid poplar) species, utilized the high resolution UV data provided by
UVMRP.

8.7.5 Washington State University

Dr. John Bassman and his colleagues conducted studies focused on the effects of
enhanced UV-B on secondary chemistry in forage species, and the consequences
for nutrition of specialist and generalist mammalian herbivores. The objectives of
the studies were to: (1) determine the effects of enhanced solar UV-B radiation on
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the concentration of key classes of secondary compounds from both the shikimate
acid and mevalonic acid pathways in forage species with inherently different levels
of these compounds; (2) identify selected key compounds of potential importance
to herbivore nutrition where changes were significant; (3) quantify effects of
enhanced UV-B on nutritional quality of these same forage species for a specialist
and generalist mammalian herbivore through preference, intake and digestibility;
and (4) relate changes in secondary plant chemistry to nutritional responses.

8.7.6 University of Illinois — Chicago

Dr. Katherine Warpeha and Dr. Lon Kaufman used a UVMRP UV-B light source
in experiments designed to study the effects of UV-A and UV-B radiation on early
development of soybean. The goals of the study were to: (1) quantify the effects
of UV radiation on the early development of soybean and to help define ways to
evaluate the effects of UV radiation; (2) evaluate the effects of UV radiation on
the products of the phenylpropanoid pathway; and (3) initiate experiments to test
stable transformation of young soybean seedlings with full length Prephenate
Dehydratasel (PD1) in order to determine if additional PD1 expression confers
increased protection from UV radiation.

8.7.7 Highlights of Other Collaborations

In addition to the UVMRP sponsored and funded research efforts described in
Sections 8.7.1 through 8.7.6, further research collaborations include:

Cornell University: Dr. Craig N. Austin has focused his research on how UV-B
radiation affects the development of powdery mildew on the fruit and foliage of wine
grape plants grown in the Finger Lakes Region of New York State. For two summers,
the UVMRP supplied a portable UV-B monitoring instrument used in some
components of the studies. The objectives of these studies were to: (1) determine
the effects of shading versus direct sun exposure on the development of powdery
mildew on both fruit and foliage, and investigate the possible mechanisms involved;
(2) determine the degree of powdery mildew control provided by exposing fruit
and foliage to sunlight via practices such as pruning, training, and leaf pulling; and
(3) investigate the interaction of sun exposure and plant water status on powdery
mildew development.

USDA Animal and Plant Health Inspection Service: For three consecutive winters
from 2001 to 2004, the UVMRP supplied two UV monitoring stations to the USDA
APHIS, Veterinary Services, National Animal Health Programs Wildlife Disease
group to study the effect of UV radiation on brucellosis persistence in the
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Yellowstone National Park ecosystem. The research on the transmission of this
potentially devastating disease is a major priority which has involved federal and
state agencies, animal health professionals, wildlife professionals and enthusiasts,
and cattle ranchers in Montana and Wyoming. Preliminary findings from the study
suggest that UV radiation plays a large role in the degradation of Brucella abortus.
This finding suggests that continued monitoring of UV radiation levels could be
an important tool in managing the disease.

Southern University: Responses of 35 tree species to UV-B radiation are being
quantified by Dr. Yadong Qi.

University of California, Davis, Desert Research and Extension Service: Dr.
Paul Sebesta is investigating the effect of UV-B and PAR in comparing sugarcane
yields for ethanol production in Southern California, Louisiana, and Florida.

University of Nebraska at Lincoln: Dr. Elizabeth Walter-Shea and Dr. Kenneth
Hubbard conducted investigations of UV radiation levels within vegetative canopies,
and how these levels affect microoganisms.

8.8 Modeling of Agricultural Sustainability

In addition to the monitoring and the effects studies of UV radiation, the UVMRP
conducts research on crop growth and production assessment modeling. The goal
of the modeling work is to couple a regional climate forecasting model, such as
the Climate version-Weather Research and Forecasting Model (CWRF), to crop
growth models to assess the role of global climate change on future crop health and
crop yields. The main thrust of this effort is to develop an Integrated Agricultural
Impact Assessment System (IAIAS) in collaboration with a group at the University
of Illinois, Urbana-Champaign, led by Dr. Xin-Zhong Liang. The goal of IAIAS
is to develop an integrated system that fully couples the earth’s climate,
UV-visible solar radiation, and crop growth models, and assimilates satellite and
in-situ observations to ultimately predict climate-crop interactions. This effort
will facilitate model sensitivity studies thus providing credible information on
crop responses to regional climate variability and changes for decision makers to
determine optimal cultural practices, assess potential risks, and identify risk
management strategies. The coupled model results can be directly validated with
the UVMRP UV and PAR measurements, while offering a unique tool to predict
crop life cycle processes over the entire U.S. The initial results of the coupled
GOSSYM (a cotton growth model) and CWRF models are shown in Fig. 8.11,
which displays modeled cotton yields that agree to within +15% of actual yields
at most sites for the 27 years of data accumulated over the entire 14-state region
of the Cotton Belt.
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Figure 8.11 Comparison of the long-term observed average of cotton yield in the
14-state Cotton Belt region and that predicted by the coupled GOSSYM-CWRF
model. Geographic distributions of the 1979 — 2005 mean cotton yields (kg ha™):
(a) observed and (b) simulated by the new GOSSYM; and of the ratios for the mean
cotton yields over observations as simulated by (c) the new and (d) original GOSSYM

8.9 Future Considerations

The USDA UVMREP is constantly reviewing its research goals and evaluating the
needs expressed by the stakeholders in USDA research. Although fiscal years 2007,
2008 and 2009 saw budget reductions, the activities at UVMRP are ongoing in a
manner as to consistently respond to the needs of the agricultural research community
in the best possible manner.

With an eye toward the future, UVMRP also collaborates with developers of
UV products from satellite observations. While satellite platforms have a more
restrictive temporal sampling program, they offer superior geographic coverage.
One challenge to the satellite community is that retrieval of surface UV irradiance
requires correction for presence of clouds and aerosols. As an example of how well
satellite data can be used at a particular site, data from NASA’s CERES SYNI
(Clouds and the earth’s Radiant Energy System, SYNoptic Interpolated) program
is shown in Fig. 8.12. The retrieved UV-A irradiances compare with UV-A irradiance
derived from the UVMRP synthetic spectrum to within 0.6 watts/m” in the mean
with an RMS difference of 5.6 watts/m? for this particular case.
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Figure 8.12  Satellite retrieved values of unweighted UV-A total horizontal irradiance
compared to the same quantities deduced from a synthetic spectrum fit to UV-
MFRSR data measured at the DOE Atmospheric Radiation Monitoring Program’s
Southern Great Plains site near Ponca City, OK during July 2002 (satellite retrieved
data provided by NASA CERES SYNI effort)

Conversely, as an example of the spatial coverage provided by the USDA
UVMRP network, the UV Index from the Total Ozone Mapping Spectrometer
(TOMS) is compared to gridded values from the UVMRP values (Gao et al., 2009)
averaged over the summers from 2000 through 2004. Figure 8.13 shows two
examples that demonstrate the level of agreement between the surface and satellite
monitoring communities, and lends hope that resources may be focused between
the two efforts in obtaining higher quality products useful to agricultural, medical,
industrial and meteorological researchers.

8.10 Summary

This chapter has described the data and products of the USDA UVMRP. These
datasets are available to the public and can be accessed via the Internet. The
monitoring network consists of 37 observation sites covering the continental U.S.,
along with coverage of Alaska and Hawaii, southern Canada, and southern New
Zealand. Multifilter Shadowband Rotating radiometers are deployed to make
spectral irradiance measurements in the UV and visible wavelength regions. The
erythemally weighted UV radiation is measured by broadband pyranometers. The
PAR is also measured for use in agricultural research. The program has been
providing quality UV-B radiation data to researchers throughout the agricultural,
medical, industrial, and atmospheric research communities since 1993. The primary
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Figure 8.13 Comparison of the UV index from USDA UVMRP (top) averaged
over the summers of 2000 —2004 and the same quantity from NASA TOMS (bottom)
as reported in Gao et al. (2009). The UVMRP UV indices span from 5.4 to 9.0
while the TOMS values range from 5.6 to 12.0

raw voltage measurements are available by special request. With our research in
instrumentation, correction techniques, system stability, and statistical analysis,
high quality calibrated data have been produced as second level products. These
data furnish researchers in agriculture, ecology, environment, meteorology, human
health, and related specialties with valuable information not available elsewhere.
Based on our research results, optical depths, daily column ozone, and synthetic
spectra are derived using spectral UV-B measurements, plus spectral irradiances in
the visible region. The USDA UVMRP receives numerous requests for its products
from researchers in agriculture, atmospheric monitoring, human and animal health,
and industrial product quality concerns. The UVMRP is collaborating with the
broader scientific community, with an eye toward the future, to focus its activities
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and resources to best serve the needs of researchers across a wide spectrum of
scientific and social activities.
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Abstract A review is provided of ultraviolet (UV) and visible radiative
transfer in an atmosphere-sea-ice-ocean system with emphasis on the basic
physical principles involved rather than on mathematical/numerical techniques.
To illustrate the application of the theory, a few examples are provided. First,
we provide a comparison of two different models for radiation penetration
into the open ocean, which for a given set of input parameters give identical
results. Thus, for a stratified atmosphere-ocean system, our ability to model
the transfer of UV radiation and visible light appears to be limited as much
by reliable information about the inherent optical properties of marine
constituents as by our ability to accurately solve the radiative transfer equation.
Second, we discuss a comparison between measured and modeled radiative
transfer results in an atmosphere-sea ice-ocean system, which reveals that
accurate transmittances as well as accurate values for the radiative energy
deposition versus depth can be calculated. Third, we review results of a
study showing that multiple scattering in a highly scattering medium such as
sea ice gives rise to a marked enhancement of the downward irradiance
across the atmosphere-sea ice interface. Finally, we review a recent study in
which the modeled radiation field is used to illustrate how the primary
production in icy polar waters might be influenced by an ozone depletion.
Contrary to previous investigations, this study reveals that a 50% ozone
depletion might lead to an increase (~1%) rather than a decrease in primary
productivity.

Keywords UV radiation modeling, photolysis, actinic flux, atmospheric
warming/cooling rates, UV radiation in aquatic systems
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9.1 Introduction

The bulk of the earth’s atmosphere (99% by mass) consists of molecular nitrogen
and oxygen, which are homonuclear, diatomic molecules that absorb little radiation
at wavelengths in the UV and visible spectral ranges. Trace amounts of polyatomic
molecules including ozone are responsible for atmospheric absorption. In recent
years, ozone loss has been tied to the release of man-made trace gases, mainly
chlorofluorocarbons used in the refrigeration industry and as propellants in spray
cans. Because ozone provides an effective shield against harmful UV solar radiation,
a thinning of the ozone layer due to release of man-made trace gases (Solomon,
1990; Anderson et al., 1991) could have serious biological ramifications (Slaper
et al., 1995; Herman et al., 1996; Zerefos and Bais, 1997; Herman et al., 1999).

UV radiation (280 nm —400 nm) and visible solar radiation determine the
concentration of photochemically active species through the process of photolysis,
in which molecules are split up into atoms and smaller molecules. Here we assume
for convenience that visible radiation is approximately equal to photosynthetically
active radiation (PAR, 400 nm —700 nm). Ozone is formed when an oxygen atom
(O) and an oxygen molecule (O,) combine to yield O;. Chemical reactions and
photolysis are responsible for the destruction of atmospheric ozone. The bulk
content of the ozone gas residing in the stratosphere is determined by a balance
between these production and loss processes.

UV radiation penetrating to the troposphere and surface is customarily divided
into two spectral ranges: UV-B (280 nm —320 nm) and UV-A (320 nm —400 nm).
Living organisms are much more susceptible to damage by UV-B radiation than
by the more benign UV-A radiation. Fortunately, UV-B radiation is very effectively
absorbed by ozone, and therefore very sensitive to the total column amount of O;.

As a result of stratospheric ozone depletion, UV-B radiation (280 nm —320 nm)
is likely to increase and have adverse effects on both individual marine organisms
and marine ecosystems (Worrest, 1986; Holm-Hansen et al., 1993a; Cullen and
Neale, 1994; Prézelin et al., 1994; Hader et al., 1998), because UV-B radiation
can penetrate to ecologically significant depths in the ocean (Smith and Baker,
1989; Zeng et al., 1993). Many marine organisms are sensitive to UV-B radiation,
and it remains uncertain whether or not they will be able to adapt to increases in
UV-B radiation exposure (Karentz et al., 1991; 1992). Numerous investigations
(Calkins and Thordardottir, 1980; Worrest, 1986; Smith et al., 1992; Holm-Hansen
et al., 1993b, Wingberg et al., 1999) have provided indications that UV-B radiation
influences phytoplankton productivity. Calkins and Thordardottir (1980) argued
that UV radiation is a significant ecological factor, and Jokiel and York (1984)
linked long-term growth inhibition to UV radiation. Worrest (1986) found that acute
exposure to UV-B radiation significantly depressed primary productivity. Damaging
effects on other metabolic processes of phytoplankton and microorganisms have
been studied by several groups (Dohler, 1985; Neale et al., 1993; Goes et al.,
1995), and recent studies have included effects of UV radiation on pigments and
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assimilation of inorganic nitrogen (Do6hler and Hagmeier, 1997; Lobman et al.,
1998).

Penetration of UV radiation and visible light in the ocean is strongly influenced
by small plankton and thus, by biological productivity which provides a close link
between biological and optical oceanography (Smith and Baker, 1989). Important
aspects of the ozone depletion issue include the effects of increased UV radiation
levels on algae, plankton, and fish larvae. Due to air-sea ventilation of dimethylsulfide
(DMS), atmospheric sulfur compounds depend on the net production of DMS in
the water column, and UV radiation photolysis of DMS represents an important
removal process (Deal et al., 2005). Thus, since sources of atmospheric sulfur
compounds are involved in cloud formation, the abundance of algae may indirectly
affect atmospheric transmission, thereby linking atmospheric radiative transfer
with ocean biology.

Major gaps in our present knowledge maybe illustrated by the following questions:

1. Which scattering and absorption agents of biogenic and non-biogenic origin
are responsible for the scattering and absorption of UV radiation and visible
light in the water column?

2. To what extent are current radiative transfer models able to predict the spectral
UV radiation and visible light as a function of depth in the water column?

3. To what extent are current radiative transfer models able to predict the UV
and visible spectral radiances emanating from the water column (the so-called
water-leaving radiance), and transmitted to the top of the atmosphere?

4. What measurements are needed to test models of radiative transfer in an
atmosphere-ocean system that includes an aerosol-loaded or cloudy atmosphere
overlying open oceanic water or bodies of turbid water, such as lakes, rivers,
and estuarine coastal waters?

5. What light measurements and modeling activities are required to validate
remote sensing efforts aimed at characterizing biological productivity of water
in the world’s oceans as well as water quality of lakes, rivers, and estuarine
coastal waters?

6. What is the minimum and what is the ideal number of spectral elements that
need to be recorded by remote sensing instruments in order to accurately
retrieve water properties in different water regimes?

Questions 1 and 2 are important because they are relevant to our basic
understanding of the main drivers of biology in aquatic systems: the UV radiation
and visible light fields. Lack of, or an incomplete understanding of, how UV
radiation and visible light fields vary in an aquatic ecosystem, and how they relate
to scattering and absorption properties of the water constituents, is a major obstacle
to the prediction of how an aquatic ecosystem will function in a changing
environment, e.g., how it will respond to expected changes, including global
warming and ozone depletion. Attempts to assess the impact of UV radiation
penetration on aquatic ecosystems have been made by several investigators as
discussed by Héder et al. (1998), and efforts are currently underway to address
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the effect of stratospheric ozone variations on underwater UV irradiances on a
global scale (Vasilkov et al., 2001) by making use of data from the Total Ozone
Mapping Spectrometer and the Sea-viewing Wide Field-of-view Sensor (SeaWiFS).

Questions 3 —6 must be addressed if we are to use the radiation reflected from
the atmosphere-ocean system to retrieve information about biological productivity
and water quality. The spectral dependence of the water-leaving radiance (i.e., the
ocean color) carries information about the optical properties of the water column.
If we know how these wavelength (color) dependent optical properties depend on
the water constituents, we are in a position to retrieve important information
about atmospheric parameters (e.g., aerosol type and optical depth) and marine
parameters (e.g., concentrations of chlorophyll, dissolved and particulate organic
matter, and suspended inorganic material) from measured water-leaving radiances
(Stamnes et al., 2003; Li et al., 2008). Soil material, as well as man-made chemicals
and agricultural fertilizing agents, are frequently transported into coastal and
estuarine waters by rivers. Knowledge of how the optical properties of water are
affected by such river discharges could be used to determine water quality if
reliable models were available that related optical properties to water constituents of
natural and anthropogenic origin. However, the retrieval of water-leaving radiances
from measurements obtained with instruments deployed on earth-orbiting satellites
requires accurate removal of the atmospheric component of measured radiances.
This task is very difficult because the atmospheric aerosol optical properties vary
rapidly, both spatially and temporally. The difficulty is compounded by the fact
that 90% of the signal measured by downward-looking sensors in space comes
from the atmosphere (Gordon, 1997), which means that accurate removal of the
highly varying atmospheric contribution to a measured radiance becomes crucially
important.

We start by providing a brief review of how UV radiation and visible light
propagate throughout an atmosphere-ocean system. Then we give a few examples
to illustrate possible applications of the theory: (1) comparing the results of two
different radiative transfer models; (2) comparing measured and modeled radiation
fields in sea ice; (3) discussing how multiple scattering in sea ice gives rise to
radiation trapping; and (4) discussing how a polar ozone depletion might influence
the primary production in icy polar waters.

9.2 Radiative Transfer Modeling

9.2.1 Sun-Earth Geometry

Because the earth moves around the sun in an elliptical orbit, the earth-sun distance,
R, varies throughout the year, by about 3.4% from its minimum value on about
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January 3 to its maximum value on about July 3. Thus, the variation in R* and
therefore, in the extraterrestrial solar irradiance, is about 6.9%, which implies
that the radiation incident at the top of the atmosphere is almost 7% larger in
January (Southern hemisphere) than in July (Northern hemisphere).

The illumination of the earth’s surface depends on the solar zenith angle, 6, ,
which is the angle between the local zenith and the direction of the center of the
solar disk. The solar zenith angle depends on the time of the day, the time of the year,
and geographic location.

9.2.2 Spectrum of Solar Radiation

Figure 9.1 shows the incident UV, visible, and near-infrared parts of the spectral
solar irradiance (wavelengths shorter than 1,000 nm) measured on board an
earth-orbiting satellite (Rottman et al., 1993). Spectra of an ideal blackbody at
several temperatures are also shown in Fig. 9.1. Given the requirement that the
total solar energy emitted be the same as that emitted by a blackbody, one finds
that the sun’s effective temperature is 5,778 K. If the radiating layers of the sun
had the same temperature at all distances from its center, the solar spectrum would
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Figure 9.1 Extraterrestrial solar irradiance. The UV spectrum between 119 nm and

420 nm was measured by the SOLSTICE (SOLar STellar Irradiance Comparison

Experiment) instrument on the Upper Atmosphere Research Satellite (UARS)

(Rottman et al., 1993). The smooth curves are calculated blackbody spectra for

several temperatures (adapted from Thomas and Stamnes, 1999)
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match one of the theoretical blackbody curves exactly. Thus, the deviations between
the measured solar irradiance in Fig. 9.1 and one of the blackbody curves are the
result of emission from a non-isothermal solar atmosphere. Most of the solar
emission arises within the photosphere where the sun’s visible optical depth reaches
unity. The fine structure in 