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Abstract

UV-budget maps (the geographical distribution déetive UV at ground level) can be
derived from satellite data. These UV-budget mapgalise changes in effective UV caused
by ozone depletion and changes in cloud cover amakal content. Alterations in UV-budget
maps over time give — in combination with dose-@ffaodels for UV-induced effects —
insight in the associated risks for human healththe environment. This report describes
the results of the RUBEO-project: calculating Riaksl Ultraviolet Budgets using Earth
Observation (RUBEO). RUBEO aims at a better cloachmeterisation and incorporating
temporal and spatial resolution for surface alhe@oosol content and tropospheric ozone
content. The geographical distribution of ozone @htclimatology and trends over Europe
are analysed, and a cost-benefit analysis of gatbhsed UV budget mapping is provided.
The UV-budget mapping can be applied using TOMSGOW/E ozone data. A large scale
statistical analysis of cloud effects is given camipg ISCCP and TOMS based remote
sensing methods with cloud effects derived fronugtbmeasurements. Both satellite derived
methods correlate well§6.93) with the ground based analysis. Correctiomém-zero

albedo, under clear sky conditions, adds maximat&e yearly effective UV-budget.
Temporal and spatial differences in aerosol optiuakness and tropospheric ozone content,
result in a decrease in effective UV of 3% for gv@rl increase in aerosol optical thickness,
and in a decrease in effective UV of 4% for evedyDU increase in tropospheric ozone.
Stratospheric ozone trends of —1 to —4% per dechserved over Europe correspond to a 0.5
to 4% increase in skin cancer weighted effective UNe largest trends are seen in the
central part of Western Europe.

At present satellite based UV-budget maps fornmatfanal basis for trend analysis and risk
assessment. However, satellite data and groundtmdoservations are both indispensable.
Maps for changing UV-budgets and associated skionararisks have been used in ‘state of
the environment’, reports. Such overviews, regulpdblished by the Dutch National
Institute of Public Health and the Environment (R)/and the European Environmental
Agency (EPA), support the evaluation and formulatid adequate environmental policies.
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Executive Summary

Satellite data enable the construction of the gmalgcal distribution of effective yearly (or
monthly) UV at ground-level, the so-called UV-butdgeps. These UV-budget maps
support the study of geographical and temporal gbsiof ground level UV related to
changes in the atmosphere, like ozone depletiondathanges or increasing aerosol content.
Maps for the change in effective UV-budgets gimecombination with dose-effect models
for UV induced effects like skin cancer or immuimggression, insight in the associated risk
for human health and the environment. This repestdbes the results obtained in the
RUBEO-project: calculating Risks and Ultravioletd®ets using Earth Observation
(RUBEO). RUBEO aims at a better cloud descriptiod encorporating temporal and spatial
resolution for surface albedo, aerosol contenttesfubspheric ozone content. Further,
RUBEO attempts to estimate the effect of the (etquhaecovery of the stratospheric ozone
layer on the future geographic changes in UV lewaatsl associated skin cancer risks. As a
first step we evaluate the geographical distribubbozone trends over Europe. Finally
RUBEO makes a cost-benefit analysis of satellitgeld UV-budget mapping.

Two methods to calculate the reduction of UV-buddst clouds, based on satellite data
(ISCCP and TOMS), are compared with an empiricaligd based correction in a large
statistical analysis for different locations overr&pe. Both, ISCCP and TOMS, give reliable
estimates for ground level UV. For practical reasonainly data availability, the TOMS
method is used in the present RIVM UV budget magypin

We developed a method to correct the UV-budget f@pson-zero surface albedo. Results
for clear sky conditions, indicate a substantiateéase (30-40%) in effective UV in the
winter months for northern Europe. The effect oarljyeeffective UV doses is much smaller,
maximal 6-8% for north-west Scandinavia.

A correction on the UV-budget maps for temporal gpdtial differences in aerosol content
was implemented. Such differences result in a dseréen effective UV of about 3% for every
increase of 0.1 in aerosol optical thickness.|&ck of aerosol data with geographical and
temporal resolution, the impact on UV-budget mapmda not be evaluated in detail.

We extended the mapping procedure with a correétionzone in the troposphere. The
effective UV decreases with 4% for every 10 DU @age in (tropospheric) ozone. Because
we have no information on the geographical and teaiplistribution of tropospheric ozone,
this effect can not yet be fully included in our WJdget maps.

Stratospheric ozone content over Europe for the@d979-1991 has been investigated. On
basis of the year average ozone a consistent medegnd is found, ranging from —4% per
decade for the central part of north-west Europelh for north Africa and north
Scandinavia. Ozone trends based on monthly avesdges a much higher variability. A
thorough uncertainty analysis must be performedreeifie can couple these observed trends
to the scenarios for stratospheric ozone recovidrg.effective UV over Europe shows an
upward trend of 0.5 to 4% per decade. The UV tisddrgest over central Western Europe.
Satellite data in combination with a UV transferdabmake at present a solid basis for the
construction of UV-budget maps for Europe. Maingchuse of good time and spatial
coverage, good separation of ozone effect and gtadlity and availability of the data.
However, ground-based measurements are indispenasalan additional information source.
European maps for changing effective UV-budgetsskiral cancer risks form an essential
part of national and international state of theiemment reports. Such overviews, regularly
published by the Dutch National Institute of Pultfiealth and the Environment (RIVM) and
the European Environmental Agency(EPA), supporfitaming and implementation of
adequate environmental policies.
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1 Introduction

1.1 UV climatology and environmental (risk) assessment

The stratospheric ozone layer shields the earfasafrom harmful ultraviolet radiation

(UV, electromagnetic wavelength range from 100-400 ). The UVC region (wavelengths
in between 100 and 280 nm) is virtually entirelgatbed. Ozone absorption in the UVB
(wavelength range from 280 nm to 315 nm) is sultisamvhile absorption in the UVA (UV
wavelengths in between 315 nm and 400 nm) is anblls Consequently, the depletion of
the stratospheric ozone observed over the lastiegades, probably caused by emission of
halocarbons, mainly results in higher UVB dosesrdased UVB at ground-level can induce
a wide range of harmful effects on human healthtae environment. For instance: an
increase in skin cancer, cataracts, a decredse-imass production and crop yields, and
suppression of the human immune system [UnitedoNatEnvironmental Program (UNEP),
1998]. To quantify the risks for human health andinment, information on the spectral
changes in UV irradiance at the earth surfaceesle@. A clear anti-correlation between
ozone and ground-level UV has been demonstrateaidrdhich, 1992; World

Meteorological Organisation (WMO), 1995] and an apivtrend in clear-sky UV-dose in
relation to a downward trend in ozone has beerbksii@d [Zerefos et. al.,1998; Mckenzie,
1999]. A solid upward trend in yearly UV dose measl on the ground could not be
verified, simply because there are no stable leng {(spectral) measurements and year to
year variations induced by atmospheric conditimhsud cover, aerosols content) are large.
Apart from direct measurements, ground-level UVedosan be derived using remote sensing
techniques [Herman et al., 1996, Bordewijk and 2&n Woerd, 1997, Meerkoetter et al.,
1997, Krotkov et al., 1998]. These satellite basedhods have been validated to yield good
estimates for UV doses at ground-level [Hermaal.et1999, Kalliskota et al, 2000,
Matthijsen et al., 2000, Slaper et al., 2001]. Thaagellite data can be used to calculate the
geographical distribution of effective UV dosegiaiund-level, the so-called UV budget
maps. The way these UV budget maps changed ovéaghevo decades can, in retrospect,
be used to assess health and environmental risksiated with a changing UV climate. In
prospect, the pace of recovery of the stratosploeionie layer will be decisive for the future
risks associated with increased UV levels. Restnston production and use of halocarbons
were internationally established in the framewdrkhe Vienna Convention, and later
intensified under the Montreal Protocol (1987) #&mel Copenhagen Amendment (1992). This
ultimately resulted in a scenario where the pradaadf the most potent ozone depleting
substances is phased out by 1995. The effect sétrestrictive measures on the increase in
skin cancer was first calculated by Slaper foxadiozone trend for the Northern hemisphere
of —3.9% per decade [Slaper et al., 1996]. Our nmgpprocedure enables us to expand this
approach to a geographically resolved assessmehéafh and environmental risks over
Europe, in view of the international policy to ceeract ozone depletion.
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1.2 Survey of the report

1.2.1 UV budget maps and risk assessment

Use in risk assessment and environmental policysap several requirements on the UV
budget maps, and on the underlying methods. Tha denands are:

- A reliable method to analyse UV changes over aomged period of time;

- A way to separate man induced changes from nataralbility;

- A method that can account for all relevant atmosptpmarameters;

- A method with sufficient spatial resolution;

- A validation of the method against ground basedsmesments over shorter time
periods and for a small number of stations;

The UV program running at the National InstitutePaiblic Health and the Environment
(RIVM, Bilthoven) aims at improving and validatinige UV mapping procedure with respect
to these requirements.

1.2.2 Connection of RUBEO and other projects

This report summarises the results and activitigdhe project Risks and Ultraviolet Budgets

using Earth Observation (RUBEO, project numberIELD2). The RUBEO project is a

continuation of the BCRS-pilot project ‘UltraviolBXose Maps of Europe’ and the BCRS

project ‘Climatology of Ultraviolet Budgets usin@ih Observation’ (CUBEO) both carried
out at RIVM, Bilthoven. The BCRS-pilot resultedarmethod for UV budget maps based on
remote sensing data. In the CUBEO project this ptetias been validated on basis of

ground based UV-measurements. The evaluation aflsleffects has been improved and a

model for the development of UV-induced skin cari@s been added to the pilot method.

Eventually, this led to a pre-operational prototjgethe ‘Assessment Model for UV

Radiation and Risks’ (AMOUR). This pilot version AMOUR works with a quasi stationary

surface albedo, atmospheric aerosol content apdspheric ozone content. The risk

assessment in the pilot version can not be linkeshtission scenarios for ozone depleting
substances.

RUBEO intends to improve the prototype of AMOUR,iniyaon these points. We focus on:

- A more extensive validation of cloud effects fwrespect to CUBEO);

- Development of a method to include local and terajpvariations in ground
reflection, aerosol optical properties and con@in of ozone in the troposphere
and implementation of this method on our UV mapping

- Coupling the budget mapping to the RIVM UV-chaisk model, relating emission
scenarios for ozone depleting substances to fiskirecancer risks;

- An overview of the benefits of the satellite ldhe@proach for risk assessments
compared to surface based methods;

The RUBEO project has profited from RIVM patrticijmat in several (international) projects
and campaigns: the EU-project MAUVE (Mapping UVByrope), the MAUVE
intercomparison campaign at Garmisch-Partenkircaed the EU-project EDUCE (a
European Database for Ultraviolet radiation Clink@gy and Evaluation). The BCRS project
SULPHATE provided the basis for the implementatidspatial resolution for aerosol
content and tropospheric ozone (see 2.6).
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1.2.3 Outline of the report

This introductory chapter is preceded by an abstmad an executive summary giving the
aims and results of the RUBEO project in a nutsh€hapter 2, following this introduction,
summarises the RIVM methodology to compute UV buidggps and risk maps based on
satellite data. A detailed description is givetha CUBEO-report [Slaper et al., 2001], but
for the sake of clarity and readability of this RE)XB report, we include a short
recapitulation. In chapter 3 we compare two sagetlerived methods for cloud
parameterisation with the reduction in radiatioraswged on the ground. Chapter 4 presents
an approach to include regional and temporal vanaif albedo, aerosol optical properties
and concentration of ozone in the tropospheraimmeethodology. In Chapter 5 we describe
the combination of the UV mapping method and thedd\urce-risk chain model. As a
preliminary result geographically resolved ozommtis over Europe are presented. In chapter
6 we evaluate the advantages of the UV budget mggmsed on remote sensing data.
Chapter 7 summarises the main conclusions of ¢piert.
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2 UV mapping approach at RIVM

2.1 Introduction

In this chapter we present the UV mapping methed @ RIVM at the start of the RUBEO
project. 8 2.2 describes the UV-transfer model staddard input parameters. § 2.3 gives the
UV dose calculations based on this transfer m@&l2l4 gives the characteristics of the data
provided by the Total Ozone Mapping Spectromet@NIB), and the corresponding cloud
parameterisation. 8§ 2.5 describes the method forisk/assessment. § 2.6 summarises the
validation of the presented model. In § 2.7 we giy@eview on the improvements of the UV
mapping procedure, mainly concerning temporal goadial resolution for surface albedo,
aerosols and tropospheric ozone.

2.2 UV transfer model and input parameters

Values for effective UV under a cloudless sky hagen calculated with the RIVM radiative
transfer model UVTRANS, version 5 (den Outer, 1999) TRANS uses a two stream
algorithm, with a downward and an upward propaggtiv-flux. This algorithm saves
substantially on computation time and yields sigfit accurate results for our purpose
[Slaper et.al., 2001]. Initially the spectral irfagce as a function of wavelengih solar
zenith anglef), and total ozone column thicknesg @ computed, B(6,0s). This spectral

irradiance is weighted with an action spectruni,)AAn action spectrum is a set of
weighting factors giving the effectivity for UV @f certain wavelength to induce the effect
under consideration. Two action spectra are gelgaraéd in the UV mapping procedure: the
CIE action spectrum for the induction of erythem&uman skin developed by McKinlay
and Diffey [McKinlay, et. al., 1987] and an actispectrum for carcinogenesis developed by
the Skin and Cancer Hospital in Philadelphia amdUhiversity Hospital in Utrecht (SCUPh)
[De Gruijl, et. al., 1994]. The spectral irradianseaumerically integrated with the Aj as
weigthing factors, to yield the effective UV irragice as a function éfand Q,

UVer(0,0)) = | E.0,05) x A(R) d A (2.1)

This UVex(0,05) is stored in a two dimensional look-up-table giyihe cloudless sky
effective UV as a function of solar zenith anglel @zone column thickness.

A fixed set of atmospheric parameters and atmosphedfiles is used to calculate look-up-
tables. The parameter set, shown in table 2.1 us@d in international model comparisons
(van Weele et. al, 2000) and describes conditionsneon at the RIVM-site in Bilthoven, the
Netherlands.
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Table 2.1 Atmospheric parameters used to calculathe lookup tables.

Parameter Value Profile Source

Ozone min, ozone max | 60-500 (Du), Ozone MLS***

Ozone step 10 Du

Angle min, angle max 0-90 (degrees) Pressure MLS***

Angle step 1 degree

Aerosol optical thickness | 0.28 (at 320nm)? Tempea | MLS**

Anisotropy factor aerosols 0.7 * Aerosol Demerjian
et al. 1980

Wavelength dependency | 1/wavelength
aerosol scattering

Albedo aerosols 0.95*

Pressure 1013 (hPascal)
Ozone cross section Bass&Paur 1984
Elevation 0 (km)

Surface albedo 0.02**

SO, 0 (Du)

*: height independent; ** wavelength independeritMLS —Mid latitude Standard
atmosphere

2.3 UV-dose calculations

The look-up table produced by the UV transfer masiéhe basis for the calculations of the
UV-dose. The UV-irradiance at a given date, time docation is computed by interpolation
in the look-up table. The actuais determined by time, date and location and ttesh Q; at
the given date, latitude and longitude is read ftbe\TOMS ozone data file (see § 2.1.1).
The effective UV-irradiance is corrected for vapatin earth-sun distance and for altitude.
Correction for the effects of clouds is option&g$ 2.1.2). Summation over a given length
of time yields the effective UV-dose. Basis for thapping procedure are the daily effective
UV-doses, usually condensed by further summatiaeffextive monthly and yearly UV
doses at ground-level.

2.4 Remote sensing data from the Total Ozone Mapping
Spectrometer (TOMS)

2.4.1 Ozone data

The operational mapping procedure uses daily datazone column provided by the NASA
TOMS satellite. Before 1994 TOMS version 7/NimBGudata are used. From the year 1996
the data record from the TOMS version 7/Earth-plislEmployed. Total ozone column
values measured during a daily overpass arountinoce, are given in Dobson Units for a
1.25° x 1.0° (latitude x longitude) grid. Missingydfiles are filled in with average monthly
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files, also provided by TOMS. TOMS produces gaiteurate ozone column data, deviating
less than 5% from ground-based measurements foieczdumn [McPeters et al., 1996].

2.4.2 Reflection data

Apart from data on total ozone column TOMS alsovptes reflection data (reflectivity R,
range from 0-1. ) Before 1994 (Nimbus 7) the rdftatat 380 nm is reported. From 1996
(Earth probe) the reflection at 360 nm is given. ¥8ed the UV reduction factor, derived
from this Rby Eck [Eck et al., 1995]. On basis of conservatbenergy and a low surface
albedo the TOMS derived UV reduction factor TOMS-BIgiven by:

TOMS-DF=1-R R >0.

(2.1)
TOMS-DF=1-(R -R)/(1-2*R) R <H

R: TOMS reflectivity
Rg  surface albedo ( << 1)

For details on the TOMS derived cloud parametadsatee § 3.2.2.

2.5 UV risk assessment

The UV mapping procedure yields the yearly effextiV dose at a given location. In
general, skin cancer incidence is related to tlzely®JV-dose and age according to
[Slaper,1987]:

| =y (V)= (1) (2.2)

With UV the yearly UV dose (assumed unaltered duringrie), | the age ang a constant
reflecting the susceptibility of the population tbe induction of skin cancer. The exponent
- the optical amplification factor — describes tlese dependence of the incidence and the
exponend the age dependence.

If we chose De Bilt, the Netherlands (longitud& B, latitude: 52.1 N) as reference location
we get:

d

I, =y*(UV,) ™ (1) (2.3)

With 1 skin the cancer incidence in the Netherlands sssatwith yearly doseV, y

reflecting the (genetic) susceptibility and sunkaeg behaviour of the Dutch population and
reflecting the Dutch age distribution. Over Eurdipe yearly UV dose depends on the
location, roughlyincreasing going south.

If at a given latitude and longitude for ysgt the UV dose i&JV(lat, lon, yj), the skin

cancer incidence is:

1 (Jat Jon, y,) = 1, *(2aenn) (2.4)

v,
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This only holds if the susceptibility of the poptien for skin cancer, reflected in the constant
y, and age distribution is independent of the laratOf course this is only valid as a fist
approximation because genetic susceptibility fan slancer and sun seeking behaviour are
substantially different over Europe. If the yeddy-dose in a (later) year, changes to

UV(lat, lon, )Q) and this dose remains the same during lifetimectiange in incidence is
given by:

(2.5)

AL=1,(y,)=1a(y) =1 o* [(“V('Tﬁdf”’”))c - (M "))CJ

Al is the change in skin cancer incidence (numbexth cases per million inhabitants per
year) if the difference in yearly UV-doseJU(yz) - UV(yl) ) is prolonged during lifetime.

Epidemiology indicates that three forms of skina&rare associated with UV exposure:
Squamous Cell Carcinoma (SCC), Basal Cell Carcin@B@) and Cutaneous Malignant
Melanoma (CMM). The incidence for SCC in humanguge clearly related to the lifelong
(cumulative) UV-dose, and animal experiments ungaodusly point out UV as the
causative factor in carcinogenesis. For BCC and Ciitilings are different. The incidence
(for BCC and CMM) is not related to lifelong exposubut UV seems to act mainly in the
early stages of tumour development (at a young. dd@eover, in absence of an animal
model for the UV driven induction of BCC and CMMetiole for UV as a causative factor is
less unambiguous than for SCC. In fact more sophistd modelling should be used for the
induction of BCC and CMM by UV. But these models at present not available. Therefor
we use relation 2.4 as a first approximation tacdbs induction of BCC and MCC too. As a
result the incidence for all three forms of skimoar can be described by relation (2.4) with
differentc-parameters and different baseline incidences. Ehenviewpoint of public health
not only the cancer incidence but also the moyté8) — expressed as the fraction of the
people who eventually die from the cancer they ratracted — is a valuable parameter.
Mortality differs strongly for the three types d&fiis cancer associated with UV exposure,
ranging from 0.3% for BCC to 25% for CMM.

Table 2.2 summarises the parameters used to deshalchange in skin cancer incidence
and mortality.

Table 2.2 Parameters used in the skin cancer and mality risk calculations

Type of cancer| ( C S (mortality

(baseline incidence)

(dose depence of)

associated withg)

I expressed as the incidence per million inhabitpatsyear for the Dutch population, data

from [Slaper et al., 1996]

SCC 160 2.5 0.030
BCC 900 1.4 0.003
CMM 110 0.6 0.250
Total 1170
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On basis of these parameters the total changeideince and mortality (expressed in excess
number of cases or excess number of deaths peomylér year) are computed by summing
over the three type of skin cancer according to:

A=Y Io(i)*[(UV('&J&(‘J’”’”)q -(UV('ZLV':“”‘))Q} (2.6)

3
i=1

>
f
™M
D

* 'o( i)* [(UV(I{:}{E“%))Q _(UV(ITI{E”’M))Q} 2.7)

2.6 Improving the UV budget mapping

The standard UV mapping procedure treated surflheela, aerosols and ozone in the
troposphere as quasi stationary variables. In ¢inéext of the RUBEO project (temporal and
spatial) variations in these parameters have bexaded in the UV mapping procedure.
Beforehand surface albedo is expected to havetst substantial effect. Over snow
covered areas albedo may range from 0.1 (old stm@)9 (fresh snow). The high amount of
reflected radiation over snow covered areas magteepreted as originating from clouds,
resulting in an underestimation of the effective ddse at ground-level. For the yearly UV
dose the effect will be small because the yeargeds mainly built up by the summer
months. In the summer months the surface albesmadl £0.02) and albedo variations are
negligible. But to get a more accurate descriptibthe UV budgets during the winter period,
especially in Northern Europe, a first order caticatfor the albedo effect is developed
(chapter 4). Temporal and spatial resolved surédloedos were extracted from the TOMS
data set. This set contains minimal reflection datdurope, for every month of the year,
averaged over 14.5 years.

For aerosols facts are different. The influendenigortant during the whole year and the
resulting change in yearly UV dose is substaniiiiieasing aerosol optical thickness from O
to 1.0 in our model calculations result in a deseeaf the yearly UV dose with
approximately 25%. To account for this effect wa@eéd a method, developed by IVM
Amsterdam, in the context of the SULPHATE projddtis method calculates the sensitivity
(S) of effective ultraviolet for the change in ateen atmospheric parameter, aerosol optical
thickness and tropospheric ozone content in owg.daghe SULPHATE project it has been
demonstrated that this S-parameter is mainly degpgrwh the solar zenith angle and on the
total vertical ozone column thickness. In the RI\éMndard look-up tables the effective
UVB, under standard atmospheric conditions, isitled as a function of the solar zenith
angle and vertical ozone column thickness (see Bdsged on this look-up table, the
deviation of the parameter from its value in trendlard atmosphere, and the sensitivity S, we
can recalculate the effective UV for a non-stangdndosphere. This approach has been
incorporated in the mapping procedure. At presentlavnot have an aerosol data set with
adequate spatial and temporal resolution for Eurdperefor, the effect of aerosol
variability on the UV budget maps could not befiertevaluated. But in the near future we
hope to obtain aerosol data with temporal and ap@solution to incorporate the aerosol
effects on effective UV.
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Ozone concentration in the troposphere is elevat@dly during episodes of summer smog,
leading directly to health effects and plant dam#&yg tropospheric ozone also acts as an
UV filter reducing the effective UV-dose at grouledel. Although this effect is expected to
be small - compared to albedo and aerosol effegtsextended the UV mapping procedure
to incorporate a variable concentration of ozonghéntroposphere. But, unfortunately, for
tropospheric ozone, there is also no comprehemsiteeset with sufficient spatial and
temporal resolution. Therefor, we could not realeck the influence of tropospheric ozone
on UV budget maps for Europe. However, we will i to acquire tropospheric ozone data
with good temporal and spatial resolution to asfssesulting change in effective UV.

Alternative satellite data sets

The UV mapping could be improved with a better lfiteedata set. An alternative for the
TOMS version 7 ozone data is given by the totahezecolumn data from ESA’s Global
Ozone Monitoring Experiment (GOME). GOME pixels &rger and it takes GOME three
days for full global coverage. However, GOME daa be recalculated with the
Assimilation Model of the KNMI (AMK) [Levelt et al1996] to GOME level 4 assimilated
data in the same format as the TOMS files (Dobsots wn a 1.25 x 1.0 longitude x latitude
grid). The operational UV mapping method can us®&Bas well as (assimilated) GOME
data.

To guarantee consistency and continuity of our UApping, comparability of the UV-maps
computed on basis of GOME and TOMS is essentifitshcomparison, in the context of the
CUBEO project [Slaper et al, 2001, page 35-36]icatd that GOME and TOMS UV-maps
show significant differences. GOME yields an uB% higher estimate for the effective
yearly UV-dose. A complicating factor is that théetence between GOME and TOMS
based UV is not constant, but depends on the digtitund longitude of the location, generally
increasing going to the south of Europe.

In view of these differences it is evident that tmnmg GOME and TOMS data for trend
analysis is not a straightforward procedure. Ttoardbr now we stick to the TOMS-based
approach for UV maps and trend analysis.

In the near future a more fundamental comparistnwden TOMS and GOME UV-maps is
necessary. For instance, to check if the improwsthalation model of KNMI (TM3)
reduces the observed differences. A good compéyabilGOME and TOMS data products
becomes increasingly important as we may be ablecticulate the tropospheric ozone
content on basis of the GOME stratospheric ozooélgs, a feature not present in the
TOMS data.

On the longer run a further improvement of the Usfpping may be based on the Ozone
Monitoring Instrument (OMI), to be launched in JB@93. OMI is a contribution to the EOS
Aura mission of the Netherlands Agency for AerogpBoograms (NIVR) in collaboration
with the Finnish Meteorological Institute (FMI). QMill produce ozone data with a higher
spatial resolution (36 x 48 km) than TOMS and wiiprove discrimination between
stratospheric and tropospheric parameters.
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3 Comparison of TOMS and ISCCP cloud
parameterisation

3.1 Introduction

The UV budget maps support risk assessments fectsfon health and environment caused
by a changing UV climate [Slaper et al. 1996, Slagtal. 1998]. However the satellite-based
method differs strongly from the ground-based meaments with respect to spatial and
temporal resolution. The UV maps, on the one hanrdyide regional differences, but have
low temporal and spatial resolution. Ground-basedsurements, on the other hand, yield
accurate local data with high temporal resolutlmrt, because of the small number of stations
and limited period of operation, regional time-fesd averages can not be produced. As a
result of the sampling differences in space ane tr@tween ground-based stations and
satellites discrepancies in the UV budgets mayaribis holds particularly when cloud
cover - which is by nature highly variable in spacel time — is taken into account. In this
chapter we compare the merits of two satellite-tha@ggproaches in the assessment of surface
UV levels under a cloudy sky. We compare the radnatf daily effective UV doses based
on both satellite data sets with the UV reductiomputed from global solar radiation
measurements on the ground. Global solar radiaixba were derived from the network of
the World Radiation Data Centre (WRDC). Satellié¢adwere derived from two sources. The
International Satellite Cloud Climatology Projel@CCP), an ensemble of satellites
combined to yield a 3 hour global coverage [Rossbal., 1996] and from the Total Ozone
Mapping Spectrometer (TOMS) aboard the Nimbus-&ligat (one daily overpass around
local noon and global coverage). ISCCP data hayaod temporal resolution and are
produced since 1985. Because the ISCCP-data Iseildsup from a large number of
satellites it may take up to five years beforevthkdated data become available. TOMS data
are available since 1979, have low temporal regolignd are almost real time available
(within 24 hours). Aims of this comparison are:
- Compare the ISCCP and TOMS based methods witheegpthe estimation of the
daily effective UV doses on the ground.
- Assess which approach is the most adequate faotiutation of UV budget maps
for Europe.

3.2 Methods

We compared the effect of clouds on daily UV ddsas two independent satellite data
sources (ISCCP and TOMS) with ground-based datalf@)RThe comparison extends over
data from four summer months (May, June, July, Atigover a six years where TOMS and
ISCCP data are available (1986, 1988-1992). Weicesurselves to the summer period to
avoid complications due to high surface albedosedily snow cover.

3.2.1 UV reduction derived from ISCCP-data

ISCCP is a project specially designed to develdptailed time resolved cloud climatology
with a global coverage. The most recent updatelSB€P-D1 data set, combines the
observations of an ensemble of satellites to auslyyglobal coverage with grid cells of 280
km x 280 km equal-area (2.5° latitude x 2.5° londé at the equator, 6596 grid cells in
total). Figure 3.1 depicts the European part of gnid. We just give the main characteristics
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relevant for this report. Detailed information @ihd in Rossow et al., 1996. For every
ISCCP grid cell the D1 data set contains cloud cawel cloud optical thickness.
Measurements are performed at individual pixel&iwithe grid cell, each grid cell
containing 60-100 pixels. To yield a valid measoeat for an ISCCP grid cell data for at
least 20 pixels must be available. Otherwise ti @gll is discarded. Cloud cover (f) is
defined as the fraction of cloudy pixels in thedgrell, as seen in the visible and infrared
([Rossow et al., 1993], [Rossow et al., 1996]).udaptical thicknesst§|q) is computed by

comparing, for every pixel, the measured (reflectadiance for visible light (600 nm) with
calculations based on a radiative transfer modwt. dptical thickness for the ISCCP grid cell
is an average value based on the reflectance ¢brm@zel.

We use f andg|q to compute the daily mean UV reduction factorerefd tot as the ISCCP-

DF (ISCCP derived daily reduction factor). The ISEDF is defined by Spinhirne and
Green, 1978:

2(UVes (- f* (1-Cr(teiad) )
ISCCP-DF = (3.1)
2 UVcs

UVsis the clear-sky UV dose andr@c|g.0) the instantaneous reduction by clouds,
defined as the ratio between the actual UV dosel¢at optical thicknesg:|q and solar

zenith anglé®) and the clear-sky UV dose at the same zenglea®verbars denote a one-
hour average. For the UV reduction function we theeCr(t¢|g.0) experimentally

determined by Matthijsen. Thisy(tc|g,9) function gives a satisfactory accurate descniptio

of the clouds effects on UV for low surface albeahal low aerosol burden. For details on the
C1(tclg,0) and the definition of the ISCCP-DF we refer tottgsen et al., 2000.

Every day yields one ISCCP-DF daily reduction faétw every grid cell. The period under
consideration covers 123 days (the summer peradj fears. Thus without drop outs we
get 738 (123 days x 6 years) ISCCP-DF reductiotofador each grid cell.

3.2.2 UV reduction derived from TOMS data

An second description of UV reduction by clouddesived from daily reflectivity data
produced by the Total Ozone Mapping Spectrometei¥$) aboard the NASA satellite.
satellite. For the TOMS derived daily UV reducti@ctor (TOMS-DF) we use the
relationship given in (2.1). Grid cells from ISC@R about 5 times larger than TOMS grid
cells. To make the TOMS data comparable to the BG&ta we determined which TOMS
grid cells overlapped with a particular ISCCP grédl and the fraction of the TOMS cell
lying within this ISCCP grid cell. The TOMS derivétl/ reduction factor for the ISCCP grid
cell is then computed as the weighted averagesotlV reduction factors for the individual
TOMS grid cells with the overlapping fraction (biet TOMS cell) as weighting factor. We
refer to this (averaged) UV reduction factor fog ISCCP grid, based on TOMS data as
TOMS-DF (TOMS derived daily reduction factor).
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3.2.3 UV reduction derived from Global Solar Radiation

UV reduction factors were derived from routine pyometer measurements of global solar
radiation (all wavelengths in between 0.3 and 2m8). We used data from 125 ground
stations linked to the World Radiation Data CelftkRDC), [WMO, 1987]), see the circles
in figure 3.1. The method is described in detaMatthijsen et al., 2000. In summary: the
calculation of the daily UV reduction factor is kdson an empirical derivedecfunction.

This Ge-function relates the ratio of measured globalrs@édiation (G) and clear-sky global
solar radiation (@g j at station i to the daily UV reduction. This mof the actual UV
daysum and clear-sky UV daysum is referred to agjG@round-based daily reduction

factor). The ground-based daily reduction factorF3br the ISCCP grid cell is then defined
as the average of the GDd-for the individual ground stations.

GDF = 1/ Y, GDR = 1/ngY. CE(Gi, Gcs ) (3.2)

Ng: the number of WRDC-stations in the grid cell

Matthijsen used a zenith angle independgntfGnction. However, the ratios of direct and

scattered radiation for UV and broadband radidtiawe a different zenith angle dependence
[Bodeker , Mckenzie, 1996, den Outer et al. 19%8¢refore, G does in fact depend on

solar zenith angle. To account for this effect @erter introduced a solar zenith angle
dependent € function. To get a more accurate description ofGibg= we used this &

function. For a detailed discussion on the zenitjledependence of thg=@unction see
[den Outer et al., 1999 ]
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3.3 Results

We selected 12 representative ISCCP grid celldesed over Europe with respect to
longitude, latitude, and land or combined land(sglis (see the shaded cells in figure 3.1).
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280 km equal area ISCCP grid cells. Dotnd plusses denote WRDC
stations. In this study the dotted stations have le® used to supply for
data on global solar radiation. The shaded grid céd are the ones used for
the comparison of ISCCP-DF and TOMS-DF with groundbased data

For these cells we plotted the relation betweerdBMF and GDF and the relation between
TOMS-DF and GDF. Figure 3.2 gives the result foeéhlISCCP grid cells: South France,
Belgium + Southern Netherlands and Southern Sweden.
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cells in south-east France, Belgium + Southern Ne¢nlands and Southern
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Correlation data on all the twelve grid cells arengarised in table 3.1a and 3.1b. Two types
of standard deviations are included. The first igrtbe standard deviation of the satellite data
points (Y) relative to the best linear fit. The second & skandard deviation of the data

points relative to the line y=x (TOM-DF or ISCCH-B GDF)
Table 3.1 Results for the linear fits of ISCCP-DF ad TOMS-DF to the GDF

according to: ISCCP-DF =A+B * GDF and
TOMS-DF =A+B*GDF.

dA and dB are the standard errors in A and B respelively, R is the
correlation coefficient and N the number of valid éta points in the grid
cell over the evaluated period. For the meaning dhe two types of

standard deviation see the text.

Table 3.2 ISCCP data

Grid cell ISCCP

A+dA B +dB R N SD SD

Best fit | y=x
Northern Egypt 0.60 = 0.02 0.42 +0.02 0.64 707 30.0 | 0.09
South-East France 0.24 £0.01 0.75+0.02 0.87 67@.08 0.10
South-West France 0.32+0.01 0.68 £0.01 0.92 677.06 0.12
Mid-West France 0.31+0.01 0.70+0.01 0.98 67f 050. | 0.11
Northern France 0.26 £0.01 0.76 £0.01 0.93 66/7 060. | 0.12
Tsjech rep. 0.27 £0.01 0.75+0.01 0.98 736 0.0 .120
Belgium + Southern Netherlands 0.26 + 0.01 0.77040 0.94 | 730 0.06 0.13
Mid Germany 0.26 +£0.01 0.76 £ 0.01 0.94 707 0.06| .120
Northern Netherlands 0.37+0.01 0.62+0.01 0.8731 7| 0.06 0.15
Ireland 0.26 +0.01 0.74 +0.01 0.91 738 0.06 0.13
Scotland 0.30+0.01 0.69+0.01 0.89 737 0.07 0.15
Southern Sweden 0.27 +£0.01 0.73+0.01 0.92 548 06 0. | 0.11
All 0.279+0.003 | 0.735+0.003 0.918 8320 0.064 .12G3
Table 3.1° TOMS data

Grid cell TOMS

A+dA B +dB R N SD SD

Best fit | y=x

Northern Egypt 0.43+0.02 0.55 +0.02 0.70 705 30.0 | 0.05
South-East France 0.05+0.01 0.92 £0.02 0.89 668.09 0.09
South-West France 0.14+£0.01 0.83+0.01 0.92 6760.07 0.08
Mid-West France 0.10+0.01 0.86 + 0.01 0.94 676 060. | 0.07
Northern France 0.02+£0.01 0.97+£0.01 0.94 675 070. | 0.07
Tsjech rep. 0.02+0.01 0.95+0.01 0.98 738 0.0§ .080
Belgium + Southern Netherlands 0.06 + 0.01 0.92040 0.95 736 0.06 0.06
Mid Germany 0.03+0.01 0.96 + 0.01 0.94 704 0.07 .070
Northern Netherlands 0.16 £0.01 0.77+0.01 0.9130 7| 0.08 0.09
Ireland 0.10+0.01 0.85+0.01 0.9@ 737 0.07 0.08
Scotland 0.14+0.01 0.82 +0.02 0.89 736 0.08 0.09
Southern Sweden 0.08 +0.01 0.89+0.01 0.93 548 07 0. | 0.07
All 0.077 £0.003 | 0.899+0.004] 0.929 8329 0.0780.076
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In our computations of the UV budget maps we usesttellite-derived correction factors in
combination with the clear-sky UV dose as a diestimate for the ground-level UV. This
approximation becomes more accurate as the (sunueedtion of the satellite-derived
reduction factors (TOMS-DF or ISCCP-DF) from the i&@ets lower. Therefor, we included
the rightmost column of table 3.1: the summed denabetween the satellite-derived
reduction factors and the ground-based reductictorfa

The other 9 grid cells — not shown in figure 3eXhibit the same pattern. Both ISCCP-DF
and TOMS-DF are quite well correlated to the GD¢tdg, the ISCCP-DF being virtually as
good as the TOMS-DF. This implies that both ISCOP&nd TOMS-DF can give a reliable
and almost equally accurate estimate for the GDEomsistent difference, however, is that in
the plot TOMS-DF versus GDF the best fitted linmadt coincides with the line TOMS-DF

= GDF. In the plot of ISCCP-DF versus GDF we sex, thithough the correlation of ISCCP-
DF and GDF is almost equally high compared to TODMSand GDF (see table 3.1), the best
fitted line does not coincide with the line ISCCIE5DF. At low cloud transmission the
ISCCP-DF overestimates the GDF. This pattern besa@wen more evident if we pool all
data (figure 3.3).
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Figure 3.3 Satellite-derived UV reduction factorsrersus ground-based
UV reduction factors; all grid cells taken together
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As our present computations for the UV budget naapased on the assumption that we
may substitute the (unknown) GDF directly by onéhef satellite-derived reduction factors
without any further correction, the ISCCP-DF i®ad accurate estimate for the ground-level
UV. As the ISCCP-DF overestimates the GDF the U¥dai calculated on basis of the
ISCCP-DF will be too high. Although the TOMS-DF faems better it yields a slight
overestimation under cloudy skies too.

Table 3.2 gives the amount in which ISCCP-DF (a@dMB-DF) overestimate the GDF and
thus the effective UV-dose at the ground-level.

Table 3.2 Percentual difference between GDF and treatellite-based reduction
factors ISCCP-DF and TOMS-DF (based on the best fihrough the data
points, pooled over all locations) over the GDF rage. The percentual
difference is defined as: 100 * { ISCCP-DF — GDH)GDF } (analogous
for the TOMS-DF)

GDF Percentual differencePercentual difference
with GDF based on | with GDF based on
ISCCP-DF TOMS-DF

0.1 252 67

0.2 113 28

0.3 66 16

0.4 43 9,2

0.5 29 5,3

0.6 19 2,7

0.7 13 0,9

0.8 8,3 -0,5

0.9 4,5 -1,5

1.0 1,4 -2,4

From table 3.2 it is clear that the TOMS-DF yield® our mapping method - the best
estimate for the GDF, and thus for the ground-l&M! The rightmost columns of table 3.1a
and 3.1b indicate this also. The standard deviatfdhe TOMS-DF factor (relative to the
function TOMS-DF=GDF) is substantially smaller (058) than the corresponding standard
deviation for the ISCCP-DF (0.1233) implying thia¢ fTOMS-DF yields a more accurate
estimate of the GDF.

Finally we plotted the TOMS-DF versus the ISCCP{DiRall grid cells taken together
(figure 3.4).
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Figure 3.4 Correlation of TOMS-DF and ISCCP-DF, al grid cells together

TOMS-DF and ISCCP-DF are highly correlated, as @da expected on basis of the good
individual correlation of TOMS-DF and ISCCP-DF wi@DF. The correlation coefficient of
TOMS and ISSCP derived reduction factors is R=0.968ting to an almost perfect
correlation. In accordance with the individual plof the satellite-derived factors versus the
GDF the best fit for the data points does not ddmaevith the line TOMS-DF = ISCCP-DF,
but is shifted to the right and slightly tilted.

3.4 Discussion and Conclusion

Aim of this chapter was to compare two satellitedthmethods for the assessment of UV
levels on the ground under all weather conditiom$ta evaluate which of the two methods is
most practical in our present computation of UV ¢petdmaps for Europe. From figures 3.2
and 3.3 and tables 3.1 it can easily be concltigatboth TOMS derived and ISCCP derived
factors can be used to give accurate estimatebddBDF. This is a surprising outcome. The
ISCCP project - with its high spatial and tempaealolution — is tailored to yield a cloud
climatology. As a consequence, we expected thi skttto produce the best correlation with
the UV budget under cloudy skies. Apparently, thigegrough manner in which the TOMS
procedure averages the satellite data over timespace does not lead to a worse correlation
with the ground-based data (in fact the correlaisogven slightly better) than the more subtle
approach — in respect of space and time averagofdSCCP. A consistent difference
between TOMS-DF and ISCCP-DF is that the TOMS ditsely coincide with the line
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TOMS-DF=GDF, whereas the best fit through the IS@ER deviates substantially form
the line ISCCP-DF=GDF (figure 3.3). When we useghtellite-derived factors directly, as
an estimate for the GDF, without any correctios tigsults in overestimation of the UV
budget at ground-level in applying the ISCPP-DFe T@OMS-DF yields a much better
estimate of the GDF, but also gives a slight oueregion at low GDF's. The assessment of
the GDF could be improved by using the best fisnffigure 3.3 (or table 3.1) to calculate
the GDF for a given ISCCP-DF (or TOMS-DF). The agadion of this correction is still
under discussion. The omission of this correcti@y mesult in a small overestimation of the
UV dose at ground level. However, the error in rhgnor yearly UV-dose, on basis of
TOMS is very small, because overestimation is saradl low GDF’s are rather seldom.

At the moment we do not have a conclusive explanatihy ISCCP overestimates the GDF.
A first obvious reason may be a bias in one ofgdi@meters in formula (3.1): cloud cover
(), cloud optical thickness§|q ) or the function relating cloud optical thicknes® zenith

angle to the reduction in effective UV {@G¢|g,0) ). Calculation of cloud cover is
straightforward and a strong bias in this quansityot expected. Computation of thgq is

less straightforward. A wide range of atmospheffieats may influence the (computed)
value. However, to match the GDF under solid castrconditions (GDF<0.25) with the
Ct(tc]g.6) function used by Matthijsen [Matthijssen et aDQ0], therg|g in the ISCCP D1

data set should at least be underestimated by@r faictwo! Such a dramatic
underestimation of they|q in the current ISCCP analysis seems unlikely. Géfgaviour of

Ct(tclg,0) function itself may give rise to the overestiraatof the GDF at low
transmission. ¢ relates the complex dynamic effects of cloudsfindd by just the
parametetc|g measured in the visible region and the zenithergb the calculated
reduction in effective UV. This makesrCin principle sensitive to changes in aerosols,
ozone, surface albedo and cloud characteristlts.mMay result in a € which drops too
slow with increasingg|q , eventually resulting in too high values for tis€ICP-DF under
cloudy conditions. However, thercfunction presented by Matthijsen [Matthijsen ef al

2000] has been extensively tested under solid ageaonditions, and is relative insensitive
to changes in atmospheric conditions. Main infleecemes from surface albedo and aerosol
optical thickness. In our study surface albedar&stically constant as we only use summer
data. Aerosol optical thickness will definitely cige substantially over the summer period
and over the day. Therefor aerosol concentration seaiate from the average value of 0.4
(at 320 nm) used by Matthijsen, leading to a hiehe G -function.

A second explanation for the difference of ISCCB &®MS may arise from the averaging
over the pixels in the ISCCP grid cell. Thgg for a grid cell is defined as an average value

based on the reflectance for each cloudy pixdiadt, the ISCCP grid cell can be represented
as a checker board with a number of squares (sit 263. Some squares are clear, and the
others cloudy with different cloud fraction andleetivity. Averaging the reflectivity over

such a checker board to getcgy that is representative for the whole grid cellas a

straightforward procedure and may introduce systermnsaors.

A third explanation for the discrepancy betweenCT&EDF and TOMS-DF may lie in the
characteristics of the radiative transfer modetiusr calculation of clear-sky values,
and/or the different sampling frequencies for TOMfsl ISCCP. For instance, the model
used by ISCCP neglects the effects of aerosolss®roaind Schiffer, 1991] but accounts for
aerosols near the earth surface by incorporatieig éffects into the surface properties. This
approach results in a high minimum (visible) suefeeflectance of approximately 14% over
land in summer. TOMS splits up the earth surfaflecton and the reflection by a standard
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atmosphere resulting in low minimum earth surfdé¥)(reflectance of about 2% over
Europe in summer. The minimum surface reflectaetéhe dynamic range for the

maximum possible reduction by clouds. Differencethe treatment of atmospheric
conditions may therefor contribute to the differetmetween ISCCP-DF and TOMS-DF.

The TOMS data record has some practical advantsyesmpared to the ISCCP D1 data.
The TOMS data are almost real-time available, wdeiemay take several years before
validated data from ISCCP become at hand. And T@st& have been available since 1979,
6 years before the ISCCP project started.

In conclusion: Both satellite-based methods ingaséid are adequate to estimate ground-
level UV under cloudy circumstances. In our presg¢vitmapping method the TOMS data set
estimates the UV budgets more accurately. Fordason, and because TOMS data are
easily accessible we use the TOMS-DF cloud redndtotors for the computation of UV
budget maps over Europe under overcast conditions.

Our conclusion regarding the ISCCP data does mo&ny respect - alter the fact that this
data record it is valuable tool for rendering aatake, time resolved cloud climatology with
global coverage.
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4  Implementation of temporal and spatial resolved
albedo, aerosols and tropospheric ozone in the UV
mapping procedure.

4.1 Introduction

As explained in § 2.6 the accuracy of the UV magpmethodology can be increased by
incorporating temporal and spatial variation offace albedo, aerosol optical thickness and
tropospheric ozone into the mapping procedurehigxdhapter we give the methods to build
these variations into the RIVM UV budget mappingeTapproach for incorporating
changing albedo effects has been developed at RIWWd.method to account for aerosol and
tropospheric ozone effects is an adaptation fragragpproach developed at IVM in the
context of the SULPHATE-project. For all three agpehe adaptations can — in a good
approximation - be translated in a more sophistaalculation of the daily totals for
effective UV. This enables us to incorporate terapand spatial variations into the mapping
procedure without changing the overall modelinghodt Adaptations made are given in §
4.2 (albedo), 8 4.3 (aerosol load) and 8§ 4.pfspheric ozone). For all aspects we use an
approximate method, mainly for two reasons. Ths figason is that an exact calculation of
the effects over Europe would simply cost too moamputation time on our computer
system. A second reason is that an exact solugiomerdone in view of the absence of input
data with high spatial and temporal resolutionedich section we further analyze the
inaccuracies introduced by using this approximation

4.2 Effects of variable surface albedo

4.2.1 Background

We evaluate albedo effects on basis of the taaakmission of the atmosphere. The fact that
total irradiance and effective UV are linearly telto this transmission makes this
evaluation valid for effective UV and irradianc@td@he ground reflects a fraction of the
downward radiation flux back to the atmospheresTigward flux is partly redirected to the
ground (10-40%). As a result, a higher surfacednbgelds an increase in total transmission.
This effect can be directly verified by calculafitihe total transmission with the UV transfer
model for different surface albedos (see figufg.4.
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Total transmission as a function of wavelength for different albedos
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Figure 4.1 Influence of albedo on total transmissioat ground-level

4.2.2 General method

We developed a method to incorporate variatiosumnface albedo in our UV mapping,
without having to recalculate the effective UV degth the transfer model for every (local)
albedo. The method is based on the calculatiombhite) multiple reflections between
surface and atmosphere (see figure 4.2). Becaube ¢ihearity of the problem and the
ground reflection is approximately isotropic, diraad diffuse flux need not be considered
separately.

R TaT TaRaT TaRaRaT

[ ]
Y

atmosphere

T Ta TaR TaRa
ground reflection

Figure 4.2  Multiple reflections on ground and atnosphere contributing to an
increased irradiance at ground-level. R: reflectiorby the atmosphere, T:
transmission by the atmosphere, A absorption by thatmosphere,

a: ground reflection
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By summing all downward dwelling fluxes, the tai@nsmission at albedo aA@ is given
by:

Ta(A) = Ta=ot Ta=d RQ) +Taz@ RQ) @ RQ) + ......= T=d( 1-aRQ) ) (4.1)

With Ta-o the transmission at a=0, andJR(the reflection from the atmosphere. T and R are
wavelength dependent due to Rayleigh scatteringpande absorption. RY is the quantity
to be determined. Inversion of equation 4.1 yields:

RM) = (1-Ta=d To)/a (4.2)

Equation 4.2 enables us to determine the R{mply by calculating the transmission for zero
albedo and for an albedg@with the UV transfer model. This B( value yields — via
equation 4.1 — the desired transmission or irragidar a non-zero albedo.

Figure 4.3 gives the ratio for the transmission potad with the UV transfer model and the
transmission compute via the method of multipléeations, for non-zero albedos (equations
4.1 and 4.2).

1,0002

1,0001 A

Ground albedos : 0.5
0.2

1,0000 - R i R TR 0.1

0.02

0,9999 —+

Multiple reflection method/UV transfer model

0,9998 . T . T . T . T . r . r . .
280 300 320 340 360 380 400 420
wavelength (nm)

Figure 4.3 Ratio of total transmission calculatedvith the multiple reflection method
and total transmission calculated with the UV tranger model

From figure 4.3 it is obvious that the multipleleetion method is identical to model
calculations for non-zero albedosAR(depends on aerosol content and slightly on ozone
concentration.
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4.2.3 Effective R as a function 06 and O3

In our present mapping approach we first comput&-lap-tables with effective UV as a
function of solar zenith angle andgg@oncentration. On basis of this look-up-table we

compute effective daysums over the year. Theseudaysire corrected for clouds, height,
earth-sun-distance etc. To fit the albedo corredtito this procedure we integrateARover
the wavelength range, weighted with an action spettfor instance the CIE erythema
action spectrum. This yields an effective reflegtionction for the action spectrum under
consideration, denoted ag:i(0,03). Rc|e(6,03) depends on zenith angle and ozone

concentration. If iR |g(6,03) depends strongly dhand G, the albedo correction must be

done at the level of the look-up-table, beforedakeulations of the effective daysums.
However, & and G independent g§g(9,03) would imply an albedo correction after the

calculation of the daysums, at the same level astiher corrections (clouds, height). This
would greatly reduce computation time. We therefoestigated what error is introduced by
working with a R g independent of solar zenith angle and ozone caratéam. Figure 4.6

gives the dependence of R og &ncentration, and zenith andte an aerosol free
atmosphereAs Oz-concentration range we take 60-500 DU, the stahdarge for the
computations of the look-up-tables.

0,40 O,-column (Dobson)
] 60
0,39 *—‘ 150
0,38 < 100
. 200
0,37 300
< 0.36 400
T 0,35 500
9 4
© 0,34
@ |
0,33
0,32
0,31
0,30 T T T T T T T T 1
0 30 60 90

solar zenith angle (degree)

Figure 4.4  Dependence of reflection coefficient®g on zenith angle and ozone
concentration. Every curve represents the B|g at a fixed ozone value
(60-500 DU). Calculations are for an aerosol freet@mosphere.

Averaging the i |g values over the taken ozone range yields figlseadd averaging Rig
over the zenith angle range vyields figure 4.6.
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Figure 4.5

Figure 4.6
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Figure 4.5 shows thatdgg is not strongly dependent on the solar zenitheigbs than 5%
variation in Rg|g for 6: 0-90°). Ro e does depend much stronger on the ozone concentrati
with variation in Rc|g up to 25%. However, if we restrict ourselves torm values greater
than 200 Dobson units the variation due to changegone reduces substantially to about
5%. This restriction to ozone values above 200 Dohsnits is quite reasonable, as ozone
values below 200 Dobson units occur quite seldomaterate geographical latitude.
Calculation of the albedo correction factors apmyihis restriction on ozone concentration
results in the curves in figure 4.7.

Albedo values
% 09

SEiss 0.7
Ty g
ST 05

Albedo correction factor

e 0.4

0.3

0.2

0.1

1,00 : : , ; : , : : |
0 30 60 90

Solar zenith angle (degree)

Figure 4.7  Albedo correction factor, averaged oveozone values above 200 DU, as a
function of solar zenith angle.

Figure 4.7 makes plausible that the albedo cowedactor for ozone values above 200 DU
depends only marginally on the solar zenith arigépecially if we restrict ourselves to
zenith angles below 75° the variation over the themingle range becomes virtually
negligible. Table 4.1 gives the mean value forréfection coefficient ig|g and the

standard deviation for differentd and G ranges
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Table 4.1 Effect of restriction on zenith angle ath ozone concentration on (average)

Rc|g and standard deviatione.

Restrictions by averaging Releto
overf and Qg

No restrictions 0.372 + 0.013
All 6 and &

All O3 values 0.372 + 0.013
6 <75

03>200 DU 0.377 + 0.006
All 8 values

03>200 DU 0.379 = 0.004
<75

The small variations in thedjg coefficient as a function of solar zenith angle aaone

concentration justify to calculate a first orderreation for the albedo with a zenith angle
and ozone concentration independegjR We choose as constantg g -value 0.379.

To verify what error is introduced in the effectid® we compared the direct computation
with the UV transfer model with the computationsdxon a fixed B|g value of 0.379 for

different latitudes (see figure 4.8).
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1,000
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Figure 4.8
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Ratio of albedo correction factor calcudted with a fixed value of the
reflection coefficient (Rcjg =0.379) and calculation with the UV transfer

model, for latitudes 30°, 50°, 70° and albedo 0.2d 0.5. Aerosol free
atmosphere.
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From the figure it is clear that a fixedtfe -value of 0.379 gives an accurate estimate of the

albedo correction. For all days the inaccuracess ithan 1%. If we restrict ourselves to the
summer period, which contributes the most to thecéfe yearly UV dose — the accuracy is
even better, about 0.3%.

4.2.4 Aerosol dependence

As a final step we have to include the effect abaels on the effective reflection coefficient
R. Calculations with the UV transfer model provattthe aerosol dependency can be
approximated with a second order polynomial fuorttFigure 4.9 gives the correction
function for the g (for the CIE action spectrum) and under the retsom: O3> 200 DU

andf < 75°.
0,42 —
0,41 4
0,40 —
0,39

0,38

Refclection coeficient R o

0,37 H

0,36

0,35 ; . ; . ; . ; . ;
0,0 0,1 0,2 0,3 0,4

aerosol optical thickness (1)

Figure 4.9  Reflection coefficient g as a function of aerosol optical thickness,
zenith angle ranging from 0-75° and ozone concenttian > 200 DU.

Figure 4.9 shows that the aerosol dependency @infbe approximated by a second order
polynomial fit. The best fit is given by:
Rcig (t) =0.379 + 0.114 % - 0.056 * 12 (4.3)

4.2.5 Conclusion on the method for clear sky albedo corion
To account for albedo variation in the (effectit®) budget mapping we incorporate an
effective UV reflection factor 8| which — in good approximation — only depends an th

aerosol optical thickness according to equatiorfer.ghe CIE action spectrum. For any other
action spectrum the relationship 4.3 has to becelzded, but we expect similar results. This
Rc|E can be used for any albedo at a given day andidoce compute the albedo

correction factor 1/(1-a ®g). The effective UV at albedo=a can be calculatetply by
multiplying the (computed) effective UV at albedobythis albedo correction factor.
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4.2.6 Albedo correction for cloudy sky

The presence of clouds will enhance the albedeceffalculated in § 4.2.2, since it increases
downward reflection. Therefor, the contributionctduds to the increase in ground-level UV
can be treated similarly as the reflection fromdtraosphere. Via the multiple reflection
approach we can calculate the albedo correctiadh®@transmission T at albedo=0. The total
transmission is now given by:

Ta (}\‘) = Ta:O (}\‘) Dl—al]%% = Ta=0 (}\‘) % (44)
F{:Id+atm = R(A)I—ESR_&?;;IZD B (45)

Tg(A): total transmission, a: surface albedg=(@1): total transmission for albedo=0,
Tcld: cloud transmission, @|d+atm) combined reflection of clouds and atmosphere,
R(A): reflection of the atmosphere

The (internal) TOMS reflection calculations areregted for a standard atmosphere. What
remains is the combined reflection of the ground e clouds. Hence the reflection from
the clouds can be inferred from the given TOMSeefbn by:

_ a+Ry—20a0R _ Roms— @
RTOMS - ﬁamﬁw = Rcld - 1+aj§g;5—21a (4'6)

This solves the problem to calculate effective UNew at a certain location and time point
RToms and the local surface albedo are knownoRis and albedo give, via equation 4.6

the Re|g - Then equation 4.5 with knowrgfg and RR) yields the Reid+atm)(for R(.) see §
4.2.2). Then the right hand size of equation 4végi with the calculatedgEg(X), the total

transmission at albedo a and at the observed TQifl&:tion.
Figure 4.9 gives shows the change in he raffd@ J=gas a function of TOMS reflection and

the surface albedo.
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Figure 4.9  Yield, defined as F/Ta=0(RTOMS; @), under cloudy sky.

Note the reduced range off8)s values for non-zero albedo a. The minimal TOMS
reflection value is Roms=a. The yield value (FTa=0 )at this TOMS reflection values
gives the clear sky albedo correction (§ 4.1).

4.2.7 Validation of the method on basis of the MAUVE campign

Validation of the albedo correction is difficultdmuse we need data on effective UV over an
area with high surface albedo. A first test camlérved form the MAUVE measurement
campaign at Garmisch-Partenkirchen in March 1999hat time the mountains around
Garmisch-Partenkirchen were snow covered, althdluglhower areas and the valleys were
green. The minimum reflectivity, measured for tleeipd of the campaign (TOMS overpass
data), for the grid cell containing Garmisch waa @igure 4.10 gives the measured effective
UV data from IFU, the albedo corrected model valioes=0.2, and as a comparison the
effective UV model values for albedos a=0 and 4=0.
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Figure 4.10 Comparison of measured values for thdfective UV dose during the
MAUVE campaign with the data calculated with albedocorrection
(drawn line). Calculated data for albedo=0, 0.2 an@®.4 are included.

From the figure it is evident that the measure@d @a¢ described substantially better with an
albedo correction for a=0.2 than in our originaldalling (albedo negligible). At the same
time we see that we cannot account for the fulladiyics of the albedo effects on the UV-
dose. This is probably due to the fact that we cnmpne local measurement with the
average minimal reflection for a grid cell coversmmpwy mountain slopes, but also green
pastures. Additional, the effect of clouds, or @hange in surface albedo due to fresh snow
may contribute to this discrepancy.

4.2.8 Availability of time and space resolved albedo datéor Europe
Albedo data for Europe with a high spatial and terapresolution are scarce. A
comprehensive data set which yields temporal antiadpesolved albedo values is formed
by the minimal reflection data computed by NASAbasis of the TOMS/Nimbus7 data
files. The data record gives the lowest value lierltambertian equivalent reflectivity
measured over the entire TOMS data record for éneg@ November1978 to May 1993. This
Lambertian reflectivity is equivalent to the sudaabedo [see Herman and Celarier, 1997].
The spatial resolution of this data set is adegimateur purposes. The temporal resolution,
however, is limited, yielding only one albedo vafoeevery month. However, at present this
is no other data record. Therefor, we use the T@s3 to estimate albedo effects under
clear sky conditions. Figures 4.10 and 4.11 gieentimimum reflectivity values for Europe
during February (most extensive snow cover) anthdutuly (minimal snow cover).
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Minimal (TOMS) reflectivity, month: February
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Figure 4.10 Average Lambertian equivalent minimum eflectivity based on the
TOMS data record for the month of February.

Minimal (TOMS) reflectivity, month: July
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Figure 4.11 Average Lambertian equivalent minimum eflectivity based on the TOMS
data record for the month of July

The reflectivity maps confirm that albedo is prithaof importance during the winter
months in Northern Europe and over high, snow a/enountains like the Alps and The
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Caucasus. With the maximum reflectivity (underacieky conditions) reaching up to 68%.
During summer the reflectivity over Europe is ldypically around 2%, with a maximum up
to 8% in Scandinavia and over the Alps and the Gsus

4.2.9 Albedo correction maps

On basis of the TOMS minimal reflection maps we campute albedo correction factors
over Europe for clear sky, using equation 4.1 aBdResults are given for the months of
February (figure 4.12) and July (figure 4.13).
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Albedo correction factors over Europe for February
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Figure 4.12 Clear sky albedo correction factors ar Europe — based on TOMS
Lambertian reflectivity - for the month of February .

Albedo correction factors over Europe for July
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Figure 4.13 Clear sky albedo correction factors ar Europe — based on TOMS
Lambertian reflectivity - for the month of July.
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To correct the effective monthly UV dose for nomezalbedo, we have to multiply the UV
dose with the albedo correction factor for the getl. From the figures it is clear that (clear
sky) albedo correction is important for the Febyudwose, but will have no influence for the
doses during the summer month. Because the sumorghscontribute the strongest to the
yearly UV dose the albedo correction only has allseff@ct on the budget maps for the
yearly effective UV under clear sky conditionswi calculate — for every grid cell - the
yearly albedo correction factor by summing the dtbeorrected monthly UV doses over the
year and calculate the increase of this yearlyrdkga UV dose in terms of percentage,
relative to the yearly clear sky dose without atbbedrrection we get the map in figure 4.14.

Difference of albedo corrected yearsum and uncorrected yearsom for 2000
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Figure 4.14 Relative increase in effective UV fohie year 2000 with clear sky albedo
correction, compared to the yearly dose without aleédo correction.

From this map it is evident that for most of Eurapesar sky albedo correction (relative to
albedo=0) is small, typically 0-2%. Over the Alpslaver the Caucasus albedo correction
may result in an increase in effective UV doseaip%. Over the north-west part of the
Norwegian mountains we underestimate the effegtagly UV dose — without albedo
correction — by 8% at most. Finally there is on&ite spot’ over the Vatnajokull-glacier in
Iceland where the yearly UV dose with albedo cdioeds almost 18% higher.



page 46 of 82

4.2.10 Conclusions on albedo influence

In this section we have presented a simplified dolgtquate method to correct for temporal
and spatial albedo variations. Clear sky corredtias been implemented in our UV mapping.
A first validation of effective UV doses on the gral yields a reasonable similarity, although
further validation of the albedo correction usimgund based UV-data sets is required. The
albedo correction maps point to substantial coiwast(30-40%) on effective UV during
winter periods in Northern Europe. During summaer ¢brrection is small (about 2%
compared with albedo=0). Influence on yearly effectlear sky UV budget is small
(maximum 18% in Island, maximum 8% in north wesar@tinavia and maximum 6% over
high, snow covered mountains). Under cloudy cirdamses correction for non-zero surface
albedo can be much higher (50-100%). This albed@cton for cloudy situations will soon
be implemented in our UV budget mapping.
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4.3 Effects of variable aerosol loads

4.3.1 Introduction

In the context of the SULPHATE project a method besn developed at IVM (Amsterdam)
to include different concentrations of aerosolthi troposphere in the UV-transfer model
(see 2.6). This method calculates the sensiti@)yof effective ultraviolet for the change in
aerosol concentration. The S-parameter is mainigdéent on the solar zenith angle and on
the total vertical ozone column thickness. Basetherlook-up table for effective UV (see
2.1), the difference of the actual local aerosoloamtration and the aerosol concentration in
the standard atmosphere, and the S-parameterffélotvee UV can be calculated. The IVM-
method cannot be implemented right away in the Usiget mapping procedure, because the
present UV mapping is based on daysums for effedtiv. We developed a method based on
the sensitivity parameter S (defined in analogivtd) which yields sufficient accurate
estimates for the effective UV daysums as a funatioaerosol optical thickness) (

The sensitivity parameter S is defined by compugfigctive daysums (Uyand U\4) for

every day of the year, for two different valuesta# optical thicknesg§ andr 1).

In(UVQ) — In(UV17)
S (day) = - @)
T1°T0
On basis of this S(day) we estimate the effectawesdm at optical thickness,(UV(t)) with
the formula:

UV(7) = UVg * exp (& o~ 7) * S(day) ) (4.8)

To check the accuracy of the S-based estimateomeute effective UV daysums for optical
thickness ranging from= 0.0 — 1.0. For these calculations we used thardisfer model to
estimate the effective UV daysums under clearesiditions.

4.3.2 Dependence of S on string points and daysum
The S parameter is depends on the choice for todixed values gandr 1, the so-called

string points. The dependence of S on the strimgtpds given in figure 4.15.
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Figure 4.15 Dependence of the sensitivity paramet& defined in equations 4.7 on the
choice of the string points. S is plotted as a fution of daynumber.
Location: De Bilt, ozone column 330 nm.

The average S over the year fq=0.28 andr 1=0.7 amounts to 0.30, corresponding to a

decrease of approximately 3% in effective UV foesn0.1 increase in optical thickness. The
choice of the string point affects the sensitijrameter S and therefor the accuracy of the
estimates for the effective UV. To check this effftbe@ percent difference between UV
daysums estimated on basis of the S-parametermputed directly with the UV transfer
model is plotted in figure 4.16.

——————— Effective UV (1=1.0) based on S
1,5 - Effective UV (1=0.0) based on S
-————- Effective UV (1=0.5) based on S
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Figure 4.16 Difference in effective UV based on & er the wholet -range for string
points att p=0.28 andr 1=0.7. Location: De Bilt, ozone column 330 nm.
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String points close together give accurate estimatbetween the points but relatively poor
estimates at both ends of the optical thicknesgaahhe string points g=0.1andr1=0.8

give the best overall results. Estimates for tlieative UV daysums are within = 1%of the
model values, which is quite acceptable for ouppsee (see figure 4.17).

.
o
o 900
> won

1=0.2
1=0.7

0,0 1=0.10r0.8

-0,5 4 T /'/ U S ’ \“‘kii\\‘\\\,;;w e 1=0.9
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difference (%)between S-based and UV transfer model value
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day number

Figure 4.17 Difference in effective UV based on Srer the wholet -range for string
points att p=0.28 andr 1=0.7. Location: De Bilt, ozone column 330 nm.

This S-parameter, determined for De Bilt, ozoneicwoi of 330 DU is referred tot as: S(330,
De Bilt)g.1-0.8- The S parameter is dependent on the day. Ctitmsafor the UV budgets

would be greatly simplified by a day independempaameter. However, introducing a day
independent S substantially increased the differdratween the S-based effective UV and
the model calculations (deviations from — 4 to #4)5We judge this inaccuracy too high for
our goal. As a consequence our aerosol correctibased on a day dependent S factor.

4.3.3 Dependence of S on ozone column

In principle S (defined by equation 4.7) dependshenstratospheric ozone content. To check
this ozone dependency we computed the S for spla¢oE ozone values 230, 330 and 430
DU. (see figure 4.18).
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0zone=230 DU: S(230),, .,
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Figure 4.18 Dependence of the S-parameter on ozoo@umn thickness. Location De
Bilt, ozone columns of 230, 330 and 430 DU.

The S-parameter does not depend strongly on theeczaumn. This implies that the S-
based effective UV is not strongly affected by aczeoncentration. So we can base our
calculations on the S(330, De Bt} -g.g. To show that this is a valid approximation we

plotted in figures 4.19 and 4.20 the differenceneein the S(330)-based effective UV and

effective UV calculated with the UV transfer modi®i t =0.0 andckt =1.0 and for 230, 330
and 430 DU.

0,00
ozone=330 DU
,,,,,,,, ozone=230 DU
. - 0zone=430 DU

-0,50

0754
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difference(%) between s-based and UV transfer model value
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Figure 4.19 Difference in effective UV at=0.0 based on S calculated at 330 nm and
calculations with the UV transfer model, for ozoneconcentration varying
from 230-430 DU. Location: De Bilt.
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Figure 4.20 Difference in effective UV at =1.0 based on S calculated at 330 nm and
calculations with the UV transfer model, for ozoneconcentration varying
from 230-430 DU. Location: De Bilt.

From figures 4.19 and 4.20 we conclude that ovet tlange (0.0-1.0) the differences
between S-based effective UV and modeled valueerénogn 0 to1.25%. For our purpose, a
first approximation of the aerosol effects, an maacy of just over 1% is quite acceptable.

4.3.4 Dependence of S on location

Finally, the S parameter depends on the locatmmg{tude and latitude). We checked the
dependency for three locations: De Bilt (5.2 W 154), Arjeplog (Mid-Norway, 18W, 66N)
and Madrid (4E, 40N). A first attempt to work wiiHocation independent S introduced too
high inaccuracies (-4% to +2%), relative to caltiolas with the UV transfer model.
However, if we use a location dependent S we aggetiquite acceptable estimates for the S-
based effective UV (inaccuracy ranging from —1.2040.2%, see figures 4.21 and 4.22).
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Figure 4.21 Difference in effective UV at =1.0 based on S calculated at different
locations (and 330 DU) and calculations with the U¥ransfer model.
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Figure 4.22 Difference in effective UV at =0.0 based on S calculated at different
locations (and 330 DU) and calculations with the U¥ransfer model.
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As a consequence we can employ a daysum and Inajmendent S to account for the
effects of variable aerosol concentration. Witlxad aerosol optical thickness our UV
budget mapping procedure is based on the compnutatiust one lookup table at the chosen
aerosol optical thickness. Incorporating tempona spatial variation in aerosol content adds
up to computation of two lookup tables (one ext@ne fort =0.1 and a second for=0.8.
These lookup tables enable us to compute a S-pteafoeevery location and for every day.
The effective UV at =0.1 for the given location and day in combinatrath the actual local
aerosol optical thickness)(finally yields — via equation 4.8 - the effecti\l/ dose at the
given location and day corrected for the differecstl aerosol optical thickness. This roughly
implies doubling of our computation time.

4.3.5 Availability of time and space resolved aero$ data for Europe

In this section we developed a method to includgptral and spatial variations in aerosol
optical thickness in our calculations of UV budgetps for Europe. Unfortunately, in
contrast to the albedo we do not have a compreledsita record with temporal and spatial
resolved aerosol data. At present we do not evee &alata record which could be regarded
as a first approximation to such a high resolutlata set. Moreover we do not have any
experimental data on effective UV in dependencaenbsol concentration. Consequently, we
cannot validate our method for aerosol variatioairagt experimental data, nor can we
evaluate the effect of variation in aerosol optibatkness over Europe on our UV budget
maps.

Hopefully time and space resolved data on aergsatal thickness for Europe will become
available in the near future as a result of newatensensing techniques in combination with
a more sophisticated analysis of the satellite datards.

4.3.6 Conclusions on aerosol effects

The effect of variation in aerosol concentration ba implemented in our UV budget
mapping on basis of the S-parameter introduceduraigon 4.7. Inaccuracy in the estimate of
effective UV based on the S is maximal 1-2% re&ativ the effective UV computed with the
UV transfer model. Accounting for temporal and sgdatariation in aerosol optical thickness
requires computation of one extra lookup tableunpgresent mapping procedure, roughly
doubling total computation time.

Due to the lack of aerosol data with sufficient pemal and spatial resolution, we can at
present not visualize the effect of variation inosel optical thickness in the UV budget
maps for Europe. However, the developed methodyialrough estimate for the influence of
aerosol optical thickness on effective UV. For gu&d increase in aerosol optical thickness,
1, the ground-level effective UV will decrease Ippeoximately 3%.
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4.4 Effects of variable tropospheric ozone load

4.4.1 Introduction

Ozone in the troposphere reduces the UV flux aetréh surface. Especially during summer
smog periods the effects may be non-negligible.s€quently, it is important to account for
temporal and spatial differences in ozone concgobsin the troposphere over Europe. In
the context of the SULPHATE project, a method heanbdeveloped at IVM (Amsterdam) to
include differences in tropospheric ozone in the-ttAhsfer model (see 2.6). This method
calculates the sensitivity (S) of effective ultralei for the change in tropospheric ozone
content. The S-parameter is mainly dependent osdlz zenith angle and on the total
vertical ozone column thickness. Based on the lgokable for effective UV (see 2.1), the
difference of the actual tropospheric ozone loatharozone content of the standard
troposphere, and the S-parameter, the effective&ivbe calculated. Starting from the IVM-
approach we face the same problem as with the @eyosection. Basis for the UV mapping
procedure forms the computation of effective UV siays which requires adaptation from
the IVM method. We here present and validate a atetiased on the sensitivity parameter S
(defined in analogy to IVM) which yields adequastimates of the influence of variation in
tropospheric ozone on the daily effective UV dose.

The sensitivity parameter & determined by the effective UV daysums at twtugs of
ozone in the troposphere, |g\at O3g and UV4 at O31. We base our approach on the total

amount of ozone in the troposphere (defined dseadjhts below 12 km.). The-$arameter
is defined as:

In(U\p) — In(UV17)
S (day)= - = (8)

This S-parameter is used to estimate the effective Uxsdia at tropospheric ozone 530
(Du)

UVes{O3) = UVp * exp ((G30- Og) * S'(day) ) (4.10)

Eventually the check is made on the differenceégims of percentage) between the
estimated UV daysum on basis of tHgp&rameter and the daysum computed directly from
the UV transfer model (U¥odO3) ).

Difference (%) = 100 * ( U¥sfO3) - UVmod©03) ) / UVmodO3) (4.11)

Starting point for the variation in tropospherioae is our standard ozone profile at a total
ozone column of 330 DU. In our standard profilewb® DU is contained in the
troposphere. For the variation in tropospheric @concentration we chose a range from 20
DU- 60 DU. The rest of the ozone profile (aboveki® is kept identical. Thus ozone
variations in the troposphere are uncoupled froenodone content and ozone profile in the
stratosphere. On balance this implies that the amt@unt of ozone increase with the same
amount as the ozone in the troposphere. Figurede@Rts the five ozone profiles used in
our calculations.
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Figure 4.23 Ozone profiles used to assess effedtsnarease in tropospheric ozone.
Tropospheric ozone varies between 20 DU and 60 DBtratospheric
ozone content is fixed at 290 DU.

4.4.2 Dependence of*Sn tropospheric ozone content

The S-parameter is determined by the choice of the twogspoint for tropospheric ozone
concentration @ and G1. We chose @g= 30 DU and @1=50 DU, and use the' o
estimate the effective UV daysums at 20 DU, 40 DdJ &0 DU (tropospheric ozone
content). The behaviour of 8 dependence of the day number is plotted inrégu24
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Figure 4.24 S-parameter for influence of tropospheric ozone corentration on
effective UV daysums, string points @gp= 30 DU and G31=50 DU.



page 56 of 82

The year averaged % 0.004, pointing to a small influence of troplespc ozone on the
effective daily UV, of approximately 4% decreaseffective UV for every 10 DU increase

in tropospheric ozone content.

Finally, we checked how accurate thelfased method estimates the effective UV daysum.
We compared the*$hased estimate for effective UV with troposphezone = 20 DU, 40

DU and 60 DU to the estimate calculated with the ttAvisfer model values. (see figure 4.25)
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Figure 4.25 Comparison of effective UV daysums bagen the S and based on direct
calculations with the UV transfer model for troposgheric ozone contents
of 20, 40 and 60 DU.

On basis of figure 4.25 we conclude that thgp&ameter defined in equation 4.9 gives a
sufficient accurate estimate for the influencetodtespheric ozone on the effective UV. The
accuracy over the ozone range investigated is le#tw8.3% and +0.1% difference relative
to the effective UV calculated with the UV transfeodel. To implement the variation in
tropospheric ozone we have to compute two lookbfesa(one extra as compared to the
standard UV budget mapping procedure) for a tropesp ozone content of 30 and 50 DU.
These lookup tables enable us to compute the p&eafoe tropospheric ozone change at a
given day, and location. This 8ombined with the daily effective UV and the atioaal
tropospheric ozone concentration yields the coedettV dose according to equation 4.10.
The cost of incorporating the effects of tropospherone is roughly a doubling in
computation time.

4.4.3 Availability of temporal and spatial resolveddata on tropospheric
ozone for Europe

The missing link to account for variation in tropbsric ozone is a record with time and
location dependent data. Unfortunately such a skettégs missing at the moment. There are
some data on tropospheric ozone for summer smagdseBut in these cases measurements
are restricted to ground-level and do not giverimi@tion on the whole troposphere. And
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these data are only available at a few, irreguae point over the year, for some locations in
Europe. LIDAR measurement are more or less roytipeifformed and may turn out to be a
valuable source of data on tropospheric ozonerégent, tropospheric ozone is not routinely
reported. A more serious drawback is the small amofiLIDAR measuring stations in
Europe. Apart from the lack of ozone data we dohaoete any (local) measurements of
effective UV for different tropospheric ozone camte As a result, we cannot validate our
method for tropospheric ozone variation againseerpental data, as we could in the case of
variations in surface albedo. In the absenceamimaprehensive data record with sufficient
temporal and spatial resolution for Europe we aatrcalculate the effect of variation in
tropospheric ozone concentration over Europe ordibudget maps.

Hopefully, in the near future remote sensing teghes like LIDAR or tailor-made satellite
instruments will produce high resolution data -hwiéspect to time and space — on the
distribution and content of ozone in the troposph@&@hese measurements may, in
combination with improved data analysis, resuliinadequate comprehensive record on
variations in tropospheric ozone over Europe.

4.4.4 Conclusions on the effects of tropospheric oae

The method on basis of thé-garameter (introduced in equation 4.9) is adequate
incorporate temporal and spatial variations indsgheric ozone content in our UV budget
mapping procedure. Inaccuracy in the estimatefett¥e UV based on the' & less than
0.3% , relative to the effective UV computed witie tJV transfer model. Accounting for
temporal and spatial variation in tropospheric @zasks for the computation of one extra
lookup table in our present mapping procedure, mbudoubling total computation time.
Due to the lack of data on tropospheric ozone ecumwth sufficient temporal and spatial
resolution, we can at present not visualize thecefbf variation in tropospheric ozone
concentration in the UV budget maps for Europe.tBatmethod used gives us an indication
of the magnitude of the effects. For every 10 Dtr@ase in tropospheric ozone content a
decrease in effective UV of approximately 4% id#oexpected.
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5 UV-climatology and trends in Europe in relation to
ozone changes

5.1 Introduction

Public concern about stratospheric ozone depldétidin 1985 to a first framework for
international restrictions on the production and ashalocarbons, the so-called Vienna
Convention. The first estimate of the reductioskm cancer rise resulting from these
restrictive measurements was given by Slaper ¢Bkper et al., 1996]. However, these
estimates were based on an ozone trend averagetheWdorthern Hemisphere (mid-
latitudes) of —3.9% per decade [WMO, 1995]. From@W mapping method we can extract
geographically resolved ozone trends based on TOMSe data. In this paragraph we
present the first result on these ozone trendiitime research these ozone trends will be
used for skin cancer prognoses, in relation taiotiste scenarios for production of
halocarbons, at different locations in Europe.

5.2 Methods

To assess the effect of restrictive scenarios enrtthuction of skin cancer we must use a
model that integrates the full source-risk chaianf the production and emission of
halocarbons through ozone depletion and increas®/iradiation up to the increase in skin
cancer incidence. The model includes dynamicalcspé skin cancer induction, e.g. a
latent period between exposure and tumour developrniige three types of skin cancer,
associated with UV exposure, are included: squamellisarcinoma (SCC), basal cell
carcinoma (BCC) and cutaneous malignant melanorivM)C BCC is the most common,

but least aggressive form of skin cancer. SCCsis t@mmon but has a higher tendency to
metastasize. CMM is the least frequent skin carmérthe most aggressive form (see also

§ 2.5, table 2.2). For the baseline incidence mhweest Europe we use data for the
Netherlands. These data given in table 2.2 indiadat#al incidence of about 1200 new cases
of skin cancer per one million inhabitants per year

We compare two restrictive scenarios under the MagBonvention (Montreal protocol and
Copenhagen amendments) with a ‘no-restrictiongiage. In the no restrictions (NR)
scenario we assume an ongoing 3% annual incredle production of ozone depleting
substances (chlorofluorocarbons, halons and mettgtoform). In the Montreal protocol
scenario (MP, 1987) the production of the five nstent ozone depleting substances is
reduced to 50% by the end of 1999. In the muchtstriCopenhagen amendments (CA,
1992) the decline in of production of ozone deplgsubstances is much faster. A reduction
of the production of the 21 most potent ozone deyesubstances to virtually zero at the end
of 1995 is aimed at. We assume full global complato the scenarios given. Furthermore
we assume that the sun exposing behaviour of thelaiion is the same for all scenario’s.
The emitted halocarbons at ground-level are tramsg@do the stratosphere where the
photochemical breakdown releases active chlorigebaomine. These free radicals act as a
very effective catalyst for ozone destruction. Dhservation that the downward trends in
ozone started a few years after the elevatiomlofrime levels suggest that ozone destruction
only began after a certain threshold in chloring haen reached [Daniel et al.,1995 , WMO,
1992]. Above this threshold observations and maodedf the stratosphere suggest a linear
relationship between chlorine loading and relatigerease in ozone column [Velders, 1995].
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At very high chlorine levels ozone in the lowertgaof the stratosphere is virtually fully
destroyed, and saturation of the ozone depletienpgcted [Kerr, 1995]. As reference period
to determine ozone trends over Europe we takeZhgear period 1979-1991. For this period
an uninterrupted ozone record of NIMBUS7 aboardMASA TOMS is available. We do

not include 1992 in our analysis because of theaghpf the Pinatubo volcano on
atmospheric properties. Skin cancer induction gedked by the method introduced in § 2.5

5.3 Results
Figure 5.1 depicts the ozone trends — based onayeaaged ozone, for 1979-1991.

Ozone trends over Europe for 1979-1991, based on year average ozone

Ozone change
(%03 / decade)
rel. to 79/80/81

< 4.0
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| |-20--10
| ]-10- 00
] > o0
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man and environmen

Figure 5.1 Ozone trends for the period 1979 - 1991 over Eur@p Trends are
expressed as a percentage change per decade, rekato the average
ozone column thickness for the years 1979, 1980 ah€81.

The trend map shows a consistent decrease in aoiun@n thickness, typically ranging from
—4% to -1% depletion of the ozone column per decaéde only exception being a small
region in north-west Norway, with a small statiatig insignificant positive ozone trend. The
highest decrease in stratospheric ozone is fourd @@ntral north-west Europe, including the
Netherlands. The ozone decrease over this regi@aughly) consistent with the trend
reported by the WMO of —3.9% per decade [WMO 19@&jone trends vary substantially
over the months of the year. Moreover, the distrdruof the ozone trend over the months is
needed as input for the UV chain risk model. Tharekzone trends for all the months of the
year were calculated. Figure 5.2 and 5.3 give mymtone trends for April and August.
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Ozone trends over Europe for 1979-1991, month: April
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Figure 5.2  Ozone trend over Europe, during springOzone trend is expressed as a
percentage per decade, relative to the average omoolumn thickness

over 1979, 1980 and 1981

Ozone trends over Europe for 1979-1991, month: August
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Figure 5.3  Ozone trend over Europe, during summerOzone trend is expressed as a
percentage per decade, relative to the average omoolumn thickness

over 1979, 1980 and 1981.Figure 5.3
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Monthly ozone trends are much more variable tharydar average. Positive ozone trends
occur all over Europe in a somewhat unpredictalag. Whis monthly ozone trend maps

yield essential information for the UV chain rislodel. This model requires the following
input data: ozone trends over the given perioc@ry month of the year, the ozone value at
the start and the ozone value at the end of theidered period. As starting point we use the
average ozone concentration over the years 1988, 49d 1981. As endpoint we use the
average ozone value for the year 1991. Finally edrthe baseline UV. For this dose we
chose the clear-sky UV averaged over 1979, 1988].1

Ozone trend for four typical location in Europel¢sted on basis of figure 5.1) are given in
figure 5.4. We chose four locations with differgetarly ozone trends to evaluate which
differences in risk prognosis were associated thiéhobserved ozone trend differences. One
location in Morocco (5 E, 35 N), one in Mid-SpathE, 39 N), one in South France (0, 44N)
and the last in The Netherlands at De Bilt (5.252/,1 N).

Figure 5.4 gives the local ozone development, @iska year average ozone, over the period
1979-1991 for the four locations given, and the figed trend lines.
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Figure 5.4  Ozone trend — based on year average omofor four different locations in

Europe
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Ozone concentrations show substantial year towes@ations. As a result ozone trend
analysis does not yield a significant negativedrtor all locations (see table 5.1). In table
5.1 we give additional data on monthly ozone tregdarly average ozone concentration and
effective UV. Monthly ozone trends show a much kighariability. Before we can use these

ozone trends as input for calculations with our th&in-risk model further analysis is

required.

Table 5.1 Ozone and UV data needed as input for tHgV chain-risk-model

Location Netherlands South-France Mid-Spain Morocco

Ozone trend % / decade % /decade % / decade % / decade
Year average-3.6 £ 1.7 -25+1.9 -1.2+£2.0 -0.7+£2.2
January 55 +7.7 -1.6 £5.3 -0.5.6 -1.1 £45
February -0.9 +55 -4.8 £6.4 -35.7 -25 +6.2
March -84 +5.1 -89 £ 46 -4.060 -40 £55
April -4.0 £3.3 +1.2 +4.2 +1.8 #4. +1.1+4.1
May -5.4 £3.5 5.0 £4.2 -2.6 £4.2 -0.7 £4.3
June +1.6 £3.2 -0.6 £2.7 +0.8 £ 3.4 1.6t+2.4
July -1.9 +2.3 -1.4 £2.0 -1.0 £2.0 +0.8+2.3
August -3.6 £2.0 -3.3 15 -28 ¥1 -25 +2.0
September -1.7 1.7 +1.4+2.4 +0A k% -0.9 £1.8
October 5.2 £2.9 -23 15 -0.82.5 -0.9 £2.2
November +0.9+4.4 +1.3+3.0 +1.02 2, +3.6+1.8
December -7.5 £4.1 -5.3+3.3 -3.183 -2.9+23

Ozonel979/1980/ | 350.5 337.2 325.5 316.5

1981 (DU)

Ozone 1991 (DU) | 339.4 335.6 328.7 321.8

Effective UV 1.45 1.97 2.44 2.79

1979/1989/1981

(SCUPh, MJ/m?)

In analogy to the ozone trends we computed thawidtiet trends and the average UV over
Europe. The trends are based on yearly effectivalodés computed with our UV transfer
model on basis of the TOMS data (see chapter 2hdmperiod 1979-2000 we have 18 years
of TOMS data at our disposal. For the period 19936lno full data set is available. Figure
5.5 illustrates the average effective UV. Figu the UV change per decade.
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Effective UV, averaged over 1979-2000 (18 years of TOMS data)

Corrected for clouds
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Figure 5.5  Average effective ultraviolet over Europ corrected for clouds, for the
period 1979-2000. Years for which no full TOMS datare available
(1993-1996) have not been taken into account.

Ultraviolet trends over Europe for 19792000, change per decade
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Figure 5.6  Ultraviolet trend over Europe based on garly effective UV under clear
sky conditions. The UV trend is expressed as a pentage change per
decade, relative to the average effective UV oveB19, 1980 and 1981.
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5.4 Discussion and future development

Year average ozone trends calculated in this chapiat to a consistent ozone depletion
over Europe, with ozone trends ranging from —1% 4& G3 per decade. Monthly ozone

trends are highly variable and not negative forrahths at all locations. Before we can use
these monthly ozone trend data in the UV-chain-msklel a thorough evaluation of the
uncertainties has to be performed. Thereafter vieuge the geographically resolved ozone
trends — at least if they are sufficient reliabte ealculate prognosis for the skin cancer risk
in 2100 under the different ozone depleting scesan the framework of the Vienna
convention. Ultraviolet trends over Europe ranganf10.5 to 4% per decade. The highest
upward trends are calculated in the central pawes$tern Europe.

It should be noted that ground based analysis dituthe years 1993-1996 (the period
without data in the TOMS record) results in largé&f-trends as compared to ground analysis
omitting this years. Therefor, the satellite basaldulations may underestimate the UV
trends.
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6  Cost/benefit of the remote sensing approach

6.1 Introduction

To asses the present and future risks associatbchwinan UV exposure we need detailed
information on the location dependent, ground-lé¥¢é| the (spectral) composition and
change in UV-irradiance over the past decadesr#gndmation on possible future changes in
the UV at ground-level. From the perspective ofedepment (and evaluation) of
environmental policy we need to know to what extdnsl UV change is the result of human
action, as only man-made changes can be countétdagtepecific policies. In practical
terms this means we must be able to separate thenthaced ozone change from ‘natural’
changes due to year-to-year variation, clouds,araits, etc.
UV irradiance at the earth’s surface can be asddsse
- ‘ground-based measuring’
determining the effective UV by direct, spectralgolved measurement of UV-
irradiance at the ground;
- ‘ground-based modelling’
determining effective UV by transfer model calcidas supplemented with ground-
based ozone column measurements and ground-basetlatiservation;
- ‘satellite-based modelling’
determining effective UV by transfer model calcidats in combination with satellite-
based observation of ozone column and cloud reafucti

These three methods employ remote sensing to eliffexxtends. The first is totally based on
local measurements on the ground. The second ésllmasmodel calculations, in
combination with ground-based measurements, althgugund-based measurements of
stratospheric ozone is in fact a remote sensirtgniigae too. The last method can be fully
performed with remote sensing techniques and nuadellations.

In this section we compare the merits of the remetesing approach with the ground-based
methods.

6.2 Remote sensing techniques versus ground-based
measurements

To compare the satellite-based modelling with tteeigd-based measuring and ground-based
modelling we evaluate the following aspects: timeerage, temporal resolution, spatial
coverage, spatial resolution, ozone influence, @y stability and data availability.

6.2.1 Time coverage

Risk estimates for humans usually focus on skircearAs the development of skin cancer
may take several decades up to a lifetime we hal@ok back on the exposure history of the
population. In other words, we need estimates fdudgets at least twenty years back The
TOMS record extends from 1979 till now, with a dapthe period 1993-1996. Other
satellites supplement the TOMS record for ozonelard cover data, for instance the GOME
satellite (data available since 1986). Meteo stgellmay add data on cloud cover, for
instance the ensemble of satellites combined ilSBEP project. Ground-based ozone
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measurements are available more than 20 years foack|imited number of ground-
stations. The KMI station in Ukkel (Belgium) forstance has a data record starting in 1971.
The ozone measuring method is accurate and stableing reliable data for a trend
analysis. Cloud cover data can be calculated friminad) radiation measurements which has
been performed routinely over a prolonged timequkand for a extensive network of
ground-stations. So time coverage of satellite-thasel ground-based modelling is
comparable. In the case of ‘ground-based measuiimg’ coverage is worse. UV
measurements with sufficient stable and accurateumentation are only available starting 5
— (maximum) 10 years back. Although initiativesnfrthe European Union for
intercomparison of measuring techniques and a Eampatabase for (spectral) UV-
measurements will improve the situation in the aanjears, the historical gap can not be
filled. The ‘ground-based measuring’ will therefmver a smaller number of years as
compared to the modelling methods. In additionpectral UV measurement erythemally
weighted UV has been measured routinely, for oseyears at a high number of locations
with Robertson-Berger (RB) meters [Borkowski, 200(atherhead et al., 1997]. However,
the stability of the RB-meters does not allow faekable UV trend analysis [Borkowski,

J.L, 1997].

6.2.2 Temporal resolution

Ground-based measuring yields the highest tempesalution. Usually several spectra are
measured every hour, resulting in a temporal réispiun the order of minutes. Ground-
based ozone measurements are normally performedrantew times per day, yielding a
temporal resolution in the order of hours. The TO84&llite has one daily overpass only,
giving a temporal resolution of one day for thermzand reflection measurements. Other
satellite may have different characteristics. ISG@Rnstance produces cloud cover data
every three hours (but no ozone data).

6.2.3 Spatial coverage

On the aspect of spatial coverage the advantagatellite-based methods is evident.
Satellites measuring ozone and reflection datallysgie global coverage, whereas ground-
based measuring and ground-based modelling isatestto only a few ground-stations with
adequate instrumentation.

6.2.4 Spatial resolution

In theory, ‘ground-based measuring’ techniquesgmdnd-based modelling can yield an
ideal spatial resolution, because the data areuetydinked to the measuring location. In
practical terms, resolution is usually poor du¢h®low numbers of ground-stations
measuring ozone and/or UV data. But, in situatiwwhere the spatial variation of the UV is
not very high, one ground-stations is represergdty the whole region surrounding it.
Spatial resolution of the ground-based approactbheagasily improved by increasing the
number of ground-stations. For satellite measurésrte spatial resolution is low, even
theoretically, because the satellite high abovestlréh’s surface inevitably averages the
information over some surface area (1.25° x 1 &tt(ide x longitude) cells for the TOMS).
Improvement of spatial resolution requires soptégéd adjustments to the instrumentation.
In theory, spatial resolution of the ground-baseddhmds is better. In practical terms the
resolution of the satellites is not inferior to gp@und-based methods. Consequently we
judge al three methods as more or less (+/-) adeqaahe aspect of spatial resolution.
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6.2.5 Ozone influence

From the viewpoint of environmental policy, it isicial to separate man-made influences
(mainly ozone depletion) on UV budgets from nateealses. Ground-based UV
measurements produce an UV budget with the effeetwvaronmental influences (ozone,
aerosols, albedo, clouds) pooled together. Someetsftan be calculated on basis of the
measured spectra. The ratio UVB/UVA, for instarca be used to estimate the ozone
influence. Other properties, like cloud cover carasessed on basis of additional data. Both
satellite-based and ground-based modelling useeatdseparate measurement for ozone
column thickness. Therefor both methods can readitpunt for ozone influences

separately.

6.2.6 Accuracy

Spectral measurements of the UV irradiance at tbergl still yield the most accurate
determination of the actual, local UV-dose (inaecyr3-5%). For both other methods the
type of transfer model used will introduces an cuaacy and the way in which ozone
concentration is determined (from satellite-datéram ground-based measurements) will
introduce an extra inaccuracy. Effective UV yeasetcomputed from satellite-data (TOMS
overpass) and ground-based ozone measurements$ sloonosubstantial differences in
accuracy [Slaper et al., 2001].

6.2.7 Stability

Since the mid-nineties spectral UV measuring imsgmts with sufficient stability have
become available. However calibration of the insieatation remains a time consuming and
complicated process, prone to instrumental and huenar. For the satellite-based and
ground-based modelling good stability has been shavainly because the used techniques
are relative, over a prolonged period (1979-19SBper et al., 2001).

6.2.8 Availability

A last point of interest is how easily and how fdata become available. Availability of
TOMS data is almost real-time and all data canyehsidownloaded from the NASA ftp-

site. For other satellite sources this may be dhiffie For ISCCP, for instance, it takes several
years before validated data become available. Grtvased ozone measurements are usually
readily available from the ground-stations. In case the Ukkel data are available at the ftp-
site of KMI within two weeks.

At present, direct UV measurements are not soyealsthined. All institutes employ their

own instrumentation and measurement protocols, myadkata exchange — apart from during
intercomparison campaigns - complicated. Receintlihe context of the SUVDAMA

project a first attempt to install a European dasgbwas undertaken. In the near future, the
EU initiative to set up a European data base formadasurements may result in a much
better availability and comparability of (Europe&iy measurements.

6.2.9 Cost estimate

Introduction

The total costs to produce UV—-budget maps, basedmnte sensing data or on ground
measurements, consist of the costs for produciagiidisic data and of the costs for the end-
user to access the data, to process the dataudgebmaps and to store data and results (data
management). The production costs for the base ekt be divided into ‘hardware costs’
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(development, production and installing of the imstents) and into operational costs
(operating and calibrating the instruments andituabntrol of the data). In the case of
remote sensing, hardware costs encompasses dewlbpnd production of the sensor, the
platform, the satellite and launching of the satlFor a future (European) ground based UV
measuring network, hardware costs arise mainly fiereloping, purchasing and installing
instrumentation (radiometers, monochromators, pyraeters, computers). Just to be
perfectly clear, a European network of UV measusitgs with adequate coverage is at
present not available and will probably not be kdé in the near future, although in the
framework of the EDUCE-project - in which RIVM pigipates - the first steps towards a
European UV database are taken.

It is evident that the production costs of the basita may be substantial, especially for the
hardware. In this report we restrict ourselvesgerational costs and to the cost of data
management for the end-user.

Operational costs

For remote sensing operational costs are mainlgferating the ground segment and for
provision of good quality data to the end-user. WsSoperational expenses for the ground
segment of the TOMS mission amount to approximaedymillion EURO per year (5.7
million US$, averaged over 1997-1999, [NSTC, 1999])

For a ground based network operational cost arexpenses for operating and calibrating
the instruments, for control of data quality, fesambling the data into a database and for
intercomparisons of different ground stations. &ioe measuring site we estimate a yearly
cost of about 100.000 EURO. For a European netwitka reasonable coverage at least
100 measuring sites are needed. Therefor, opesahitosts for such a network amount to
roughly 10 million EURO per year.

Costs for data management

Usually end-users are only confronted with the £ést data management, because data are
available for free from the internet. For remotesseg the data have a simple structure (for
TOMS one ozone and one reflection measurementrecell per day) and data
management is relatively simple. In this case clmstdata exchange, model development
and validation and data storage amount to 50.00R&per year (based on experience with
UV budget mapping at the RIVM site).

For a ground based measuring network data struistumere complicated (50-100 spectra
are produced per day for every location). Therafata handling and model development by
the end-user will be more complicated and time-aarieg. We estimate the total costs for
calculating reliable UV-budget maps on basis ofaugd based network at approximately
200.000 EURO for the end-user.
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6.3 Conclusions on the remote sensing approach

In table 6.1 we summarise the findings of the presiparagraph..

Table 6.1 Overview of the merits of the three methis for assessing UV-doses

Aspect Time Temporal | Spatial Spatial Ozone Accuracy | Stability | Avalil
coverage | resolution | coverage | resolution | influence abilit

Method y

Ground- + - +/- +/- ++ +/- +/-

based

measuring

Ground- + +/- - +- + + + +

based

modelling

Satellite- + - + +/- + + + ++

based

modelling

From the table it is obvious that none of the mdthinvestigated is superior on all points.
Therefor preference for one of the methods dependke specific application. Our first goal
is to generate adequate UV budget maps for Europe the viewpoint of risk assessment
and environmental policy. For this purpose theolelhg properties of table 6.1 are of utmost
importance: sufficient time and spatial coveragmdjseparation of ozone effects and good
stability and availability. Table 6.1 shows that tiround-based modelling drops out (for
mapping) because of the poor spatial coveragethenground-based UV measuring
approach drops out mainly due to poor time andapaiverage. For the UV budget maps
we may therefor conclude that the satellite (TOM&)ed remote sensing approach in
combination with a UV transfer model is the mogtrapriate.

6.4 Application of UV-maps

The UV- and UV-risk maps have been included in @iper of key publications on integrated
environmental assessments from the European Emeaotal Agency (EEA) and the
National Institute of Public Health and the Envinment (RIVM). These key publications
directly relate to the core tasks of the EEA andMRI The core responsibilities of RIVM are
specified in the RIVM Act of 21 October 1996 andlude:
» To carry out supportive research for governmentéitp development and supervision of
public health, nature, and the environment.
» To report periodically about the state of, and @itlfor public health, nature, and the
environment.
A statutory regulation in the Environmental Proi@ctAct makes RIVM the environmental
planning agency for the Dutch ministry of HousiRfpysical Planning and the Environment
(VROM). In this capacity RIVM compiles an annuaiMionmental Balance (Sheet), which
describes to what extent changes in environmentglltyg development correlate to the
environmental policy pursued, and an Environmedtatlook issued every four years,
describing the environmental quality outlook iratedn to policy goals for a period of at least
the next ten years. The Environmental Outlook seagescientific basic document for the
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National Environmental Program.

In these integrated assessment reports UV budget steow the increases in yearly UV-
doses over the European continent related to dezsaea ozone and/or the possible increases
in skin cancer incidence associated with theseggmmT he results support the conclusions
that it is very important to fully and globally cghy with the countermeasures as described
in UNEP’s strictest Amendments of the Montreal pooil on Substances that Deplete the
Ozone Layer, which were agreed upon in the corkttte Vienna Convention to protect the
ozone layer. For an overview of the environmensaeasments in which the UV- and UV-
risk maps have been used, we refer to pages 4¥, #hé CUBEO report [Slaper et al., 2001].
In addition to these national tasks RIVM servea dhiematic Centre Air Quality, as part of
the European Environmental Agency (EEA). The airthefEuropean Environment Agency
is to establish a seamless environmental informatystem. This is done to assist the
Community in its attempts to improve the environtreamd move towards sustainability,
including the EU’s efforts to integrate environnmaraspects into economic policies.

Apart from these integrated assessments, UV budgps have been used in the context of
the Dutch National Research Programme on GlobaPAllution and Climate Change
(NOP). In the NOP-project: * impact of UVB irradiah on resistance to infectious diseases
and efficacy of vaccination’, UV maps have beerdusevisualize immune suppression
caused by increased UV levels. UV budget maps sed in another NOP-project: ‘Ozone
and climate interaction effects for ultravioletigtn and risks’. This project evaluates the
effect of global warming on ozone recovery and @Vvels over Europe.

Finally, the UV budget maps will play a role in tbenstruction of a European database filled
with (groundbased) UV data as is foreseen in thditCframework multilateral project
EDUCE in which RIVM participates.
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7 General Conclusions and Future Research

7.1 General Conclusions

Environmental changes affect the global UV clim&te budget maps are useful to visualise
ongoing changes in the UV climate over Europe.dmigination with knowledge on the
health effects of the UV radiation, the UV budgetps form a solid basis for risk
assessments. UV budgets are not static with respéiohe and place because effective UV at
ground-level is influenced by a variety of (atmlespc) parameters. The major factors are:
solar zenith angle, total ozone column and theidigion of ozone over the stratosphere and
the troposphere, clouds, surface albedo, aeroswlentration and optical properties of the
aerosols. These factors depend on season, tithe dfay, weather conditions and location.
Insight in the relative effect of these parametershe UV budget and information on their
temporal and spatial properties is growing. Howgaepresent a full determination of all
these parameters with good temporal and spatialutesn is not achievable. This report is a
step forward in the dynamical description of UV pats$, with time and place dependent
(atmospheric) parameters. Additionally, it presentsst step towards a geographically
resolved prognosis for excess skin cancer underaheus scenario’s of the Vienna
convention for ozone depleting substances.

Main topics of this report are: cloud parameterisgtalbedo effects, aerosols, tropospheric
ozone and prognosis for excess skin cancer riskrnuhe Vienna Convention. Finally, we
performed a cost/benefit analysis of remote sensietihods.

Cloud parameterisation

Cloud cover and cloud optical properties are deeifr the actual UV budget at ground-
level. We compared two cloud parameterisationsdasesatellite-data with ground-based
reduction of global radiation. The first on basishe ISCCP project, especially designed to
develop a global cloud climatology with high temgdaand spatial resolution. The second is
based on the TOMS satellite, primarily tailoregptoduce ozone data. For both satellite-
based methods the cloud reductions are in closeagnt with the ground-based reduction.
As a consequence ISCCP and TOMS both yield relidéia to calculate UV budgets under
cloudy circumstances. For practical reasons, malatg availability and time span covered,
we employ the TOMS derived methodology in our maggarocedure.

Albedo effects

Properties of the earth’s surface, especially socover, strongly influence the local UV dose.
We developed a method to account for spatial amgpdeal variations in surface albedo.
Albedo was extracted from monthly, long-term datarhinimal reflectivity. In the winter in
north-west Europe the albedo correction, for cgr, results locally in a substantial increase
in effective UV (30-40%). During summer the albexorection is small, typically 0-2% for
most parts of Europe. Accounting for variationgibedo does not substantially increase the
clear sky yearly UV budgets, with the exceptiomofth-nest Scandinavia and over high,
snow covered mountains (increase in yearly UV budfé-8%).

Aerosols
Aerosol content and aerosol characteristics affextocal UV budget. Reductions in
effective UV of 25% are possible, compared to ans® free atmosphere. We developed a
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refinement of our UV mapping procedure to incorp@tamporal and spatial differences in
aerosol content. The increase in computational fonéhis refinement is acceptable and the
calculated effective UV budgets do not deviate ntbam 2% from direct model calculations.
Unfortunately, due to the lack of aerosol dataHarope with sufficient spatial and temporal
resolution, the effect on the UV budget maps cowltlbe computed. A first estimate for the
influence of aerosol optical thickness on effectid indicates an increase in effective UV
of 3% for every 0.1 increase in aerosol opticatkhess.

Tropospheric ozone

During episode of summer smog the troposphere roatam substantial amount of ozone
resulting in a local reduction of the UV dose. Wé&eaded the UV mapping procedure to
estimate the effect of high tropospheric o0zone @antin comparison with direct model
computations the effective UV budget derived frdms immethod never deviates more than
0.3%. However, at present we do not have dataopospheric ozone content with adequate
temporal and spatial resolution at our disposalassnsequence we can not yet visualise the
influence of tropospheric ozone on UV budget map$iirope. A first indication of the
magnitude of the effects results in a decreasffectese UV of approximately 4% for every

10 DU increase in tropospheric ozone content

Excess skin cancer risk

Measured local differences in ozone trends will eombination with a restricted production
of ozone depleting substances under the Viennaertion — lead to regional differences in
excess skin cancer risk. Preliminary calculatitmased on TOMS ozone data, show a
variable, but consistent negative ozone trend Bweope for the period 1979-1991. Regional
differences over Europe are substantial. The om@mel (bases on year average ozone
concentration) varies from 4% ozone decrease pExddein the central part of north-west
Europe (including the Netherlands) to 1% decreasalpcade over south Spain and north
Scandinavia. Coupling of these trends, after artamty analysis, with the UV chain risk
model may in the near future result in regionalgmases for excess risk cancer in 2100.

Cost/benefit of remote sensing

We compared the suitability of remote sensing tephes for UV budget mapping with
ground-based UV measurement and with UV modeltaions in combination with ozone
and cloud measurements from the ground. For theogerof risk assessments based on UV
budget maps, the satellite (TOMS) derived proceduat present most adequate, mainly
because of the long year span of data, spatiarageestability an availability of the data.
For other purposes however, ground measurementdarmdispensable source of additional
information.

7.2 Future Research

As concluded above, the RUBEO project is a stewdad in the dynamical description of
UV budgets in the ongoing efforts to optimise dggimn of surface UV. The improved UV
budget mapping is being used in all of RIVM’s envimental assessments, in the National
Research Programme on Global Air Pollution and @lerChange (NOP) and in European
projects like EDUCE in which RIVM is involved.

To keep the UV mapping state-of-the-art, to furtingprove the methodology and to improve
the applicability, future research and developnstauld focus on the following topics:
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1. Full implementation of albedo correction, undeiaclsky and cloudy conditions, in
the UV budget mapping on basis of TOMS minimaleetilon data will grade up the
accuracy of the UV budget maps. Relating to thmctéurther data validation is
required

2. Exploring for data sets - based on remote sensiggorind measurements — for
aerosols and tropospheric ozone with temporal patiad resolution. Such data sets
enable the implementation of aerosol correction@rdection for tropospheric
ozone, and will further improve the applicabilitiitbe UV budget maps.

The GOME data on stratospheric ozone profiles nilg yuch a data set for
tropospheric ozone.

3. The present UV mapping can work with TOMS and GOd4Eellite data. So far we
used the TOMS data because they provided the lotigesseries of well defined
ozone data. To employ the GOME data set in ourreninental and risk assessments
it is necessary to make an extensive and long-temmparison of ozone data and
UV-budgets derived from assimilated GOME and TOM$d

4, Additionally, adjustments with respect to the ugsatiellite reflection data and
thorough validation against ground based ozone uneaents and UV measurements
are needed. The build up of a database with tpis 6f UV data is foreseen in the
EC-fifth framework project EDUCE in which RIVM pa&ipates.

5. Geographically resolved prognosis for future UVdisvand excess skin cancer under
the various scenario’s of the Vienna conventionrereded to get more insight in the
future effects of ozone depletion on skin canceditierent locations.

As a second step the effect of global warming @netkpected recovery of the ozone
layer should be evaluated. Interaction of ozoneddinthte change may result in
higher UV levels for a longer period of time, whictay aggravate effects on human
health and environment. At present RIVM patrticigadtea preliminary survey of
these interactions in the framework of the NatldResearch Programme on Global
Air Pollution and Climate Change (NOP), in the patj ‘Ozone and climate
interaction effects for ultraviolet radiation ansks’, evaluating the effect of global
warming on ozone recovery and UV levels over Europe

The maps for future risks and other environmerftalces are useful in developing
and implementing (global) environmental policiesit@racting ozone depletion and
climate change.

6. To further improve the input data for the UV budgetpping it is necessary to keep
in touch with development in remote sensing teghes. In the coming years the
Ozone Monitoring Instrument (OMI), may start to ¢giee ozone data with a unique
spatial resolution, which can substantially impréve UV budget maps.
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Appendix A: List of Acronyms

AMOUR

BCC
BCRS

CA

CIE
CMM
CUBEO

CUVRA
DU

EDUCE

EEA
ESA
EU
FMI
GDF

GOME
IASB
ISCCP
ISCCP-DF
VM

KNMI

KMI
LIDAR

MAUVE

MLS
MP

NASA
NIVR

NOP

- Assessment MOdel for Uv Radiation and Rjgkse-operational) model
under development in the context of CUBEO and RURIEG)ects from
BCRS.

- Basal Cell Carcinoma

- BeleidsCommissie voor Remote Sensing, tlieedlands Remote Sensing
Board

- Copenhagen Amendment. A reduction scenandéuthe Vienna
convention) resulting in zero production of ozoepldting substances at the
end of 1995.

- Commision Internationale dé&tlairage

- Cutaneous Malignant Melanoma

- Climatology of Ultraviolet radiation Budgetising Earth Observation,
project at RIVM financially supported by the BCRS

- Characteristics of UV-radiation in the Algsurth framework EU-project

- Dobson Unit, unit for ozone column thickne&s.ozone column of 300 DU
corresponds at standard pressure (1 atmospherédmperature (0°C) to a
layer of ozone of 3 mm thickness.

- European Database for Ultraviolet radiattdimatology and Evaluation;
fifth framework EU-project; follow up of the SUVDAM project

- European Environmental Agency

- European Space Agency

- European Union

- Finnish Meteorological Institute

- Ground Derived UV-reduction Factor for thelesation of cloud effects on
ground level UV, using an empirical relationshigéa on ground-based
pyranometer data

- Global Ozone Monitoring Experiment on bo&i®A’s ERS-2 satellite;

- Institut d’Aeronomie Spatiale de Belgique

- International Satellite Cloud Cover Project

- ISCCP (satellite) derived daily UV retiog factor
- Instituut Voor Milieuvraagstukken, Vrije Unersiteit Amsterdam
- Koninklijk Nederlands Meteorologisch Instiit
- Koninklijk Meteorologisch Instituut voor Bel§

- Light Detection and Ranging. Instrument raeang ozone concentration in
the atmosphere by detecting backscattering frorsgoulight.

- Mapping UV by Europe, EU-project within tHeurth framework program
- Mid Latitude Standard atmosphere

- Montreal protocol. A reduction scenario (unttex Vienna convention)
resulting in a reduction of 50% in the productidropone depleting
substances at the end of 1999

- National Aeronautics and Space Administnatio

- Nederlands instituut voor Vliegtuigontwikked en Ruimtevaart,
Netherlands Agency for Aerospace Programs

- Nationaal Onderzoeksprogramma, Dutch NatiBeaearch Programme on
Global Air Pollution and Climate Change
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NR

nm
OMI
RB

RIVM

RUBEO

SCC
SCUPh

SULPHATE

SUVDAMA

SZA
TOMS

TOMS-DF
UNEP
USP

uv

UVA

uvB

uvC
UVTRANS
VROM

WMO
WRDC

- No Restriction scenario. A scenario (under\flenna convention) assuming
a yearly rise in the production of ozone depletngstances of 3% per year

- nanometer, 1 nm =fmeter

- Ozone Monitoring Instrument

- Robertson Berger UV-biometer, instrument aggpkt RIVM to measure
erythemally weighted UV-irradiances
- Rijks Instituut voor Volksgezondheid en Mli, National Institute of Public
Health and the Environment

- Risks and Ultraviolet Budgets using Eartis€rvation, project at RIVM
financially supported by the BCRS

- Squamous Cell Carcinoma

- Skin Cancer action spectrum developedeaSkin and Cancer Hospital in
Philadelphia and the University of Utrecht. Thedmates a correction on the
action spectrum originally developed in mice, f@nsmission through human
epidermis.

- Surface Ultraviolet Levels; PredictiomdaHistory from Atmospheric Trends
over Europe
- Scientific UV DAta Management, EU-projeatithin the fourth framework
program; spectral UV-measurements are used froredhepean UV-database
designed within this project

- Solar Zenith Angle

- Total Ozone Monitoring System, on board ¢MBUS 7, METEOR and
Earth Probe satellites; source for total ozone oreasents

- TOMS (satellite) derived daily UV redumi factor

- United Nations Environmental Program

- User Support Program, a program under regpltysof BCRS

- Ultraviolet radiation (wavelength range 10084@m)
- Ultraviolet radiation in the wavelength ran8&5-400 nm

- Ultraviolet radiation in the wavelength rang@0-315 nm

- Ultraviolet radiation in the wavelength rant@0-280 nm

- Two stream atmospheric UV-transfer modieveloped at RIVM

- Ministerie van Volkshuisvesting Ruimtelijkardening en Milieu; Dutch
Ministry of Housing, Physical Planning an the Epwniment

- World Meteorological Organisation

- World Radiation Data Center, data centemfshich the global radiation
measurements were obtained



