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The National User Support Programme 2001-2005 (NUSP) is executed by the Netherlands
Agency for Aerospace Programmes (NIVR) and the Space Research Organization of the
Netherlands (SRON). The NUSP is financed from the national space budget. The NUSP
subsidy arrangement contributes to the development of new applications and policy-
supporting research, institutional use and use by private companies.

The objectives of the NUSP are:

 To support those in the Netherlands, who are users of information from existing and
future European and non-European earth observation systems in the development of
new applications for scientific research, industrial and policy research and operational
use;

 To stimulate the (inter)national service market based on space-based derived
operational geo-information products by means of strengthening the position of the
Dutch private service sector;

 To assist in the development of a national Geo-spatial data and information
infrastructure, in association with European and non-European infrastructures, based
on Dutch user needs;

 To supply information to the general public on national and international space-based
geo-information applications, new developments and scientific research results.
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The National Institute for Public Health and the Environment in the Netherlands
(RIVM)

Our mission is to benefit people, society and the environment, matching our
expertise, knowledge and research with that of colleagues from around the world

The National Institute for Public Health and the Environment (RIVM) is a
recognised leading centre of expertise in the fields of health, nutrition and
environmental protection. We work mainly for the Dutch government. We also
share our knowledge with governments and supranational bodies around the world.
The results of our research, monitoring, modelling and risk assessment are used to
underpin policy on public health, food, safety and the environment. We employ
over 1400 employees, many of whom work in multidisciplinary fields.

RIVM is a centre of expertise with a public task. We provide building blocks for
national and international policy, support supervisory services and have statutory
responsibilities in the broad field of public health, nutrition, environment and
nature. We work on subjects of political and societal relevance by order of
government bodies in general, and three ministries in particular: Health, Welfare
and Sport; Housing, Spatial Planning and the Environment, and Agriculture, Nature
Management and Food Quality. In fulfilling our task we also cooperate with
international bodies such as the European Union and United Nations organisations,
including WHO, FAO and UNEP.
RIVM monitors and keeps watch. As a centre of expertise we keep a close watch on
developments in public health, nutrition, the environment and nature. This involves
not only monitoring actual situations, but also conducting risk analyses, and
developing methodologies and models for policy designed to set standards at
national and international levels.
RIVM forecasts the future. We signal trends and draw up scenarios, either as part
our regular activities or on an incidental or thematic basis.
RIVM joins forces and generates knowledge. We generate knowledge, apply
knowledge and integrate the knowledge available worldwide into informative
reports for policy-makers. We cooperate with different disciplines and centres of
expertise in the Netherlands and around the world, from local researchers and
universities to research departments and planning agencies, such as the
organisations of the UN.
Further information on RIVM can be found at: www.rivm.nl
Specific information on activities in the area of UV radiation at: www.rivm.nl/uv
(Information on UV radiation in Dutch, May 2008), and www.rivm.nl/uvr (in
english, expected September 2008).
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Abstract

Climate and ozone change effects on ultraviolet radiation and risks (COEUR)
Using and validating earth observation

The AMOUR2.0 assessment model for ultraviolet radiation and risks is presented. With this
model it is possible to relate ozone depletion scenarios to (changes in) skin cancer incidence.
The estimation of UV maps is integrated in the model.

The satellite-based method to estimate UV maps is validated for EPTOMS data against
ground measurements for 17 locations in Europe. For most ground stations the estimates for
the yeardose agree within 5%. Deviations are related to high ground albedo. A suggestion has
been made for improvement of the albedo-correction. The AMOUR2.0 UV estimate was
found to correspond better with ground measurements than the models from NASA, TEMIS
(ESA) and FMI (Finnish Meteorological Institute). The EPTOMS-UV product and the FMI
model overestimate the UV dose. The TEMIS model has a good clear-sky correspondence
with ground measurement, but overestimates UV in clouded situations.

Satellite measurements of ozone and historic chlorine level have been used to make global
estimates for future ozone levels for a collection of emission scenarios for ozone depleting
substances. Analysis of the ‘best guess’ scenario, shows that the minimum in ozone level will
be reached within 15 years from now. In 2050 the UV dose for Europe will to a large extent
have returned to the values observed in 1980 if there is no climate-change driven alteration in
cloud patterns.

Future incidence maps up to the year 2100 are estimated with the dose-effect relation
presented in an earlier study. This is done for three UV related types of skin-cancer: Basal
Cell Carcinoma (BCC), Squamous Cell Carcinoma (SCC) and Cutaneous Malignant
Melanoma (CMM). For a stationary population, global incidences of BCC and CMM are
expected to peak around the year 2065 and for SCC around 2040.

Key words: Ultraviolet, UV radiation, climate and ozone change, skin cancer, risk
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Executive summary

For the COEUR project we developed an operational method to calculate global and regional
UV maps. We have integrated this method in a source-risk model for the emission of ozone
depleting substances: the AMOUR2.0 model (Assessment MOdel for Ultraviolet radiation
and Risks).

The method to estimate the UV dose at the earths surface from satellite-based ozone and
reflectivity measurements has been validated for the EPTOMS instrument against ground
measurements taken from the EUVDB database (http://ozone2.fmi.fi/uvdb/). The average
deviation of the model from the measurements was better than 4%. The overall agreement for
yearly UV doses between the satellite based analysis and the measured yearly UV doses was
within 5% for 10 out of 17 ground stations and generally within 10%. Significant deviations
were identified and assigned to altitude effects and high albedo situations. The present albedo
assessment is based on EPTOMS monthly minimal reflectivities. An emperical method for a
better albedo assessment is presented. In a simultaneous comparison against ground-
measurements for several locations in Europe, AMOUR2.0 was found to correspond better
with ground measurements than the satellite-based methods to estimate UV from NASA,
TEMIS and FMI.

For the Bilthoven location, the internal linking and stability of the EPTOMS-OMI platform
has been confirmed. The same conclusion has been drawn for the GOME-SCIAMACHY
platform. A clear difference has been demonstrated between the EPTOMS-OMI branch and
the GOME-SCIAMACHY branch. The latter seems to produce too low ozone values resulting
in a 3% overestimation of the actual ground-level UV irradiance, while the first branch yields
UV irradiances closer to the ground-based measurements (1.5% too high) when following
AMOUR2.0’s algorithm.

The AMOUR model correlates satellite measured ozone trends with historic observed chlorine
level to make global estimates for future ozone levels. This can be done for a collection of
emission scenarios for ozone depleting substances. The model can take into account the
effects of climate change dynamics: stratospheric temperature decline, up spinning polar
vortices and redistribution of the tropopause height and thickness. Analysis of the ‘best guess’
emission scenario shows that the minimum ozone level will be reached within 15 years from
now. The exact timing of this minimum depends on the relative contribution assigned to the
various aspects of climate change dynamics. For Europe we see that in 2050 the UV dose will
to a large extent have returned to the values observed in 1980. This is under the assumption
that there is no climate change driven alteration in cloud patterns.

The UV scenario associated with each emission scenario is used in our integrated source-risk
model to estimate the future age-weighted, life-integrated hazardous UV dose for the 21st

century. This is done for three types of skin-cancer: Basal Cell Carcinoma (BCC), Squamous
Cell Carcinoma (SCC) and Cutaneous Malignant Melanoma (CMM). The multiplicative
factors in the dose-effect relations for these three types of skin cancer are calibrated with
reference incidence estimates from the Netherlands in 1980. Global incidence maps are
constructed for each year up to the year 2100. For a stationary population, incidences of BCC
and CMM are expected to peak around the year 2065 and for SCC around 2040. Due to
ageing of the population the actual incidence may grow stronger than modelled, as the
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calculations are based on a standardized population. Immigration of people with different skin
types may also affect the expected rates. Hence, a realistic prediction requires scenario's for
the population composition either.

An operational web-page has been built presenting all aspects of the chain-model: from
ground-measurement to satellite measurement, from emission scenario to future cancer
incidence with a special focus on changes in UV dose:
http://www.rivm.nl/milieuportaal/dossier/uv-ozon-en-klimaat/ (This site is in dutch. An
english site, will be online from september 2008 at: http://www.rivm.nl/uvr/).
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Samenvatting

Voor het COEUR-project hebben we een methode geoperationaliseerd om globale en
regionale UV budgetkaarten te maken. Deze methode hebben we geïntegreerd in een
ketenmodel voor bron-risico analyse voor de emissie van ozonafbrekende stoffen: het
AMOUR-model (Assessment MOdel for Ultraviolet radiation and Risks).

De methode om de UV dosis aan het aardoppervlak te schatten uit satellietmetingen van ozon
en reflectiviteit is voor het EPTOMS-instrument gevalideerd tegen grondwaarnemingen uit de
EUVDB-database (http://ozone2.fmi.fi/uvdb/). Er is een gemiddelde overeenkomst gevonden
binnen 4%. Voor 10 van de 17 grondstations kwam de jaardosis UV binnen 5% overeen. Voor
de verzameling van alle gebruikte stations was dat 10%. Significante afwijkingen zijn
gerelateerd aan grote hoogte of hoge grond-albedo. Op dit moment wordt het grond-albedo
verrekend via 12 maandelijkse minimale reflectiekaarten van EPTOMS. Een empirische
methode voor een betere verrekening van het grond-albedo wordt gepresenteerd. In een
vergelijkende studie tegen grondwaarnemingen voor diverse locaties in Europa is AMOUR2.0
superieur gebleken boven de satelliet-gebaseerde UV schattingen van NASA, TEMIS en FMI.

Voor de locatie Bilthoven is bevestigd dat de EPTOMS-OMI-gegevens stabiel zijn en op
elkaar aansluiten. Hetzelfde is geconcludeerd voor de GOME-SCIAMACHY-gegevens.
Tevens is voor deze locatie geconstateerd dat de twee platforms niet op elkaar aansluiten.
Beide platforms geven te lage ozon-waarden, waardoor met EPTOMS de UV schatting (op
basis van AMOUR2.0) 1,5% te hoog uitvalt en met GOME-SCIAMACHY 3% te hoog.

Het model is geschikt gemaakt om scenarioschattingen te maken van de dikte van de ozonlaag
in de toekomst. De door satellieten waargenomen dikte van de ozonlaag wordt gecorreleerd
met een historische reeks van waargenomen effectieve chlorineconcentraties. Deze correlatie
wordt gecombineerd met emissiescenario’s voor ozonafbrekende stoffen. Het model kan de
effecten in rekening brengen van een aantal verschillende gesuggereerde dynamische aspecten
van klimaatverandering: afname van de temperatuur in de stratosfeer, groei van de polaire
wervels en een herschikking van de tropopauze. Analyse van het A1-emissiescenario (het
meest waarschijnlijk geachte scenario) toont aan dat het de dikte van de ozonlaag zijn
minimum binnen 15 jaar vanaf heden bereikt zal hebben. De precieze timing van dit minimum
hangt af van hoe sterk de invloed in ons model wordt gekozen van de verschillende aspecten
van klimaatverandering. We verwachten dat in Europa de UV belasting in het jaar 2050 weer
zal zijn teruggekomen op het niveau van 1980. Hierbij is aangenomen dat
klimaatveranderingen geen invloed hebben op bewolkingspatronen.

Het UV belastingsscenario dat we bij een CFK-emissiescenario schatten wordt in ons
geïntegreerde bron-risicomodel voor ozonafbraak gebruikt om de toekomstige schadelijke UV
dosis te berekenen voor de hele 21ste eeuw. Dit wordt gedaan voor een aantal verschillende
leeftijdscategorieën en voor drie soorten huidkanker: basaalcel carcinoom (BCC), plaveiselcel
carcinoom (SCC) en melanoom (CMM). De ijkfactoren in de dosis-effectrelaties van deze
drie soorten huidkanker zijn geschat met referentie-incidentiewaarden uit Nederland in 1980.
Mondiale incidentiekaarten zijn gemaakt voor elk jaar tot 2100. Voor een stationaire
bevolking, verwachten we dat de incidenties van BCC en CMM zullen pieken rond het jaar
2065 en voor SCC rond het jaar 2040. Door vergrijzing van de bevolking kan de werkelijke
incidentie sterker toenemen dan gemodelleerd, omdat de modelberekeningen uitgaan van een
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standaardbevolkingsopbouw. Immigratie van mensen met een ander huidtype kan ook de
toekomstige incidentieaantallen beïnvloeden. Een realistische prognose van
huidkankerincidentie vergt dus ook een scenario voor de bevolkingssamenstelling.

Er is een website gebouwd waarop alle aspecten van scenarioschattingen uit het ketenmodel
worden gepresenteerd: van grondwaarneming tot satellietmeting, van emissiescenario tot
huidkankerincidenties en met een nadruk op veranderingen in UV dosis:
http://www.rivm.nl/milieuportaal/dossier/uv-ozon-en-klimaat/
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1 Introduction and Objectives

Climate and ozone changes are among the major global environmental threats. Both can have
important implications for solar UV radiation levels received at the ground. Solar UV
radiation has a wide variety of effects on human health, air quality, aquatic and terrestrial
ecosystems and food chains [see NRPB 2002, UNEP 1998]. The incidence of skin cancer is
probably closely related to long-term solar UV exposure. In the Netherlands the number of
new skin cancer cases exceeds 20000 per year, amounting to around 500 deaths [Prakin et al.
2002]. Also, long-term UV exposure contributes to cataract formation and thus to the 80000-
90000 cataract operations that are performed in the Netherlands each year. Furthermore, low
UV exposure levels in certain groups can lead to a deficiency in vitamin D production in the
skin, with consequences for bone-formation. Possibly, vitamin D deficiency also contributes
to a higher incidence of several internal cancers in certain risk groups [Reichrath, 2006, 2008].

Ozone is the major atmospheric absorber for biologically relevant UV. Thus ozone depletion,
which has been observed over the last decades, has led to an increase in ground-level UV dose
[WMO, 2003]. In addition, clouds, aerosols and reflections from the ground (albedo,
especially in snow conditions) are important environmental and atmospheric modifiers of UV
radiation. All of these are (directly or indirectly) influenced by climate change. Despite
countermeasures taken to protect the ozone layer, the future developments remain uncertain in
view of the interactions with ongoing climate change. Changes in stratospheric temperatures
and dynamical patterns, as well as changes in exchange between troposphere and lower
stratosphere, can be caused by climate change. This has impact on the ozone layer and
therefore on the biologically relevant UV climate. If climate change will lead to changes in
cloud patterns or ground reflection, then these changes will have a direct impact on the
ground-level UV.

Ground-based measurements of the spectral UV irradiance offer the most direct and reliable
data source to assess the local UV climate and its changes. Such measurements are expensive
since they require high quality operational and calibration procedures to assure long-term
stability. This type of ground-based measurements is only available for a few locations and for
limited periods in time. Spatial and temporal variations in UV radiation levels are high. Thus
a combination of high quality ground-based measurements and satellite-based modelling may
offer the best approach to assess UV radiation levels and changes in relation to ozone, clouds,
aerosols and ground albedo. Risk assessment requires insight in long-term UV radiation
levels. Therefore, it is important to assess UV radiation doses received over the last decades
and to provide a scenario analysis of future developments in relation to ongoing ozone
depletion and climate change.

Trends in UV budgets on the ground in relation to the UV reduction by ozone and clouds can
be derived from satellite observations. Previous application and demonstration projects have
shown the validity of this approach and the relevance for environmental (risk) assessments
[Kortkov, 1998; Eck 1995; Herman 1996, 1997, 1999; Kalliskota, 1999; Matthijsen, 2000;
Williams, 2004; CUBEO, 2001; RUBEO, 2001]. A prolonged validation strategy remains
required and improvements are necessary from the perspective of data-continuity and data-
stability. Improvements of the methods for conditions like high albedo situations, changing
aerosol conditions, and variable cloud conditions, are still required. The pre-operational
methods developed in the previous projects are fully integrated in the Assessment MOdel for
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Ultraviolet Radiation and Risks (AMOUR2.0). This model is developed and used at RIVM to
analyse historical and future levels of UV radiation in relation to various policy scenarios. In
the COEUR project, the use of remote sensing data will be embedded in the environmental
assessment infrastructure available at RIVM. Part of the embedding will be the analysis of
further improvements to the methodology and the outline of a continuous validation strategy
using ground-based data from the European UV database. This database is hosted by the
Finnish Meteorological Institute (FMI) and developed in the context of several EU framework
Projects.

The objectives of the COEUR project are:
- to obtain an operational method for the application of satellite data to derive UV

maps. The operational method will use and integrate methods and approaches
defined in previous application and demonstration projects (CUBEO, SULPHATE,
and RUBEO);

- to embed and integrate the UV mapping model within the context of the prognostic
risk-assessment model for the effects of ozone changes AMOUR;

- to define a validation and improvement strategy for the UV mapping method, in
relation to various satellite platforms;

- to obtain an operational web-page for European UV maps and UV change-maps,
incorporating ozone and cloud effects, and focusing on detecting changes in the UV
budgets.

The outline of this report is as follows: chapter 2 provides an updated cost-benefit analysis of
the satellite-based UV mapping approach (work package 0). In chapter 3 a short description
and outline are given of the operational AMOUR2.0-model, as developed in the context of the
COEUR-project (as part of the work package 1). Chapter 4 demonstrates the validation
strategy and a comparison of satellite derived UV estimates with ground-based spectral data
from the European UV database (part of the work package 2). In this chapter AMOUR2.0 is
also compared to other satellite based methods. Chapter 5 gives results obtained applying the
AMOUR2.0-model to analyse the past UV climate, and examples of a scenario analysis for
possible future developments with respect to the UV climate and the skin cancer risks
associated with these changes. In chapter 6 the UV website is presented. Chapter 7 provides
the main conclusions and in chapter 8 recommendations are given for further research.
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2 Cost-benefit analysis of satellite based
UV assessment

2.1 Introduction

To assess the present and future risks associated with human UV exposure, detailed
information is required on the location dependent ground-level UV, the (spectral) composition
and change in UV irradiance over the past decades and possible future changes. From the
perspective of public health, any change in ground-level UV, whether it is natural or man-
induced, is important and can be used to develop policies for protection of the people. From
the perspective of development (and evaluation) of environmental policy, it is essential to
what extent this change in UV radiation is the result of human action, as only man-made
changes can be counteracted by specific policies. In practical terms, we must be able to
separate the man-induced ozone change from ‘natural’ changes due to year-to-year variation,
clouds, volcanic eruptions, et cetera.

UV irradiance at the earth’s surface can be assessed by:
- ground-based measuring: determining the effective UV by direct, spectrally resolved

measurement of UV irradiance at the ground;
- ground-based modelling: determining effective UV by transfer model calculations

supplemented with ground-based ozone column measurements and ground-based
cloud observation;

- satellite-based modelling: determining effective UV by transfer model calculations in
combination with satellite-based observation of ozone column and cloud reduction;

These three methods employ remote sensing to different extents. The first is entirely based on
local measurements on the ground. The second is based on model calculations, combined with
ground-based measurements, although ground-based measurements of stratospheric ozone is
in fact a remote sensing technique too. The last method is fully performed with remote sensing
techniques and model calculations. In this section, we compare the merits of the remote
sensing approach with the merits of ground-based methods.

2.2 Remote sensing techniques versus ground-based
measurements

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

Time coverage
Risk estimates for humans usually focus on skin cancer. As the development of skin cancer
may take several decades up to a lifetime, we have to infer the exposure history of the
population. In other words, we need estimates for UV budgets at least twenty years back.

As shown by Figure 2.1, ozone data is delivered from 1979 onwards. A fully merged data
record covering the full time span however, has not yet been constructed. Successful merges
have been made between GOME and SCIAMACHY, and between EPTOMS and OMI. A
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persistent data gap is in the period 1993-1996, as in this period an operational ozone data
producing satellite was not available.

Cloud reduction information can be derived from reflection measurements delivered by the
EPTOMS-OMI platform, and covers in principle the same period from 1979 until today. As
indicated in the same Figure 2.1, a second data gaps exists in the period where the EPTOMS
became unreliable. Supplementing gaps in cloud data by for instance ISCCP-data1, or
Meteosat Second Generation data2 requires additional validations on how the different cloud
information can be merged with the reflection measurements.

Ground-based ozone measurements are available for over 30 years, for a limited number of
ground-stations. The KMI station in Ukkel (Belgium), for instance, has a data record starting
in 1971. The ozone measuring method is accurate and stable, yielding reliable data for a trend
analysis. Cloud cover data can be calculated from global radiation measurements that have
been performed routinely over a prolonged period of time and for an extensive network of
ground-stations. Hence, time coverage of satellite-based and ground-based modelling is
comparable.

In the case of ‘ground-based measuring’ time coverage is worse. UV measurements with
sufficiently stable and accurate instrumentation are only available for 5 to 15 years, but even
then, these datasets are often low in time resolution and annual time coverage. Although
initiatives from the European Union for intercomparison of measuring techniques and a
European database for (spectral) UV measurements will improve the situation in the coming
years, the historical gap cannot be filled. The ‘ground-based measuring’ will therefore cover a
smaller number of years as compared to the modelling methods. In addition to spectral UV
measurements, erythemally weighted UV has been measured routinely, for over 25 years at a
high number of locations with Robertson-Berger (RB) meters [Borkowski, 2000, Weatherhead
et al., 1997]. However, the stability of the RB-meters does not allow for a reliable UV trend
analysis.

1980 1984 1988 1992 1996 2000 2004

No reflection data

OMI
SCIAMACHY
GOME
EPTOMS
NIMBUS7

Year

Figure 2.1 Available ozone data from several satellite platforms. Also indicated, data gaps with
lacking reflection measurements.

1 data set coverage 1983 -2004, since November 2005
2 operational since February 2004
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Temporal resolution
Ground-based measuring yields the highest temporal resolution. Usually several spectra are
measured every hour, resulting in a temporal resolution in the order of minutes. Ground-based
ozone measurements are normally performed a few times per day, yielding a temporal
resolution in the order of hours. The EPTOMS and OMI satellites have effectively one daily
overpass only, giving a temporal resolution of one day for the ozone and reflection
measurements, while GOME and SCIAMACHY take 2 to 3 days to obtain global coverage.
On the other hand, through data assimilation, KNMI produces 6-hourly global data sets. The
next generation Meteosatellites operate in a geostationary orbit, and produce every 15 minutes
a cloud mask, with a 3-6 km spatial resolution for Europe, but no ozone data. Utilization of
this amount of data requires a whole different set up for the UV mapping programs.

Spatial coverage
On the aspect of spatial coverage, the advantage of satellite-based methods is evident.
Satellites measuring ozone and reflection data usually give global coverage, whereas ground-
based measuring and ground-based modelling is restricted to only a few ground-stations with
adequate instrumentation.

Spatial resolution
In theory, ‘ground-based measuring’ techniques and ground-based modelling can yield an
ideal spatial resolution, because the data are uniquely linked to the measuring location. In
practical terms, resolution is usually poor due to the low numbers of ground-stations
measuring ozone and/or UV. But, in situations where the spatial variation of the UV is not
very high, one ground-station is representative for the whole region surrounding it. Spatial
resolution of the ground-based approach can be easily improved by increasing the number of
ground-stations. For satellite measurements the spatial resolution is low, even theoretically,
because the satellite high above the earth’s surface inevitably averages the information over
some surface area (1.0° x 1.25° (latitude x longitude) cells for the EPTOMS). Improvement of
spatial resolution requires sophisticated adjustments to the instrumentation. In theory, spatial
resolution of the ground-based methods is better. In practical terms, the resolution of the
satellites is not inferior to the ground-based methods. Consequently, we judge all three
methods as more or less (+/-) adequate to the aspect of spatial resolution.

Ozone influence
From the viewpoint of environmental policy, it is crucial to separate man-made influences
(mainly ozone depletion) on UV budgets from natural causes. Ground-based UV
measurements produce a UV budget with the effect of environmental influences (ozone,
aerosols, albedo, clouds) pooled together. Some effects can be calculated on basis of the
measured spectra. The ratio UVB/UVA, for instance, can be used to estimate the ozone
influence. Other properties, like cloud cover can be assessed on basis of additional data. Both
satellite-based and ground-based modelling use a direct, separate measurement for ozone
column thickness. Therefore, both methods can readily account for ozone influences
separately.

Accuracy
Spectral measurements of the UV irradiance at the ground still give the most accurate
determination of the actual, local UV dose (inaccuracy 3-5%). For both other methods, the
transfer model used will introduce an inaccuracy and the way in which ozone concentration is
determined (from satellite-data or from ground-based measurements) will introduce an extra



page 16 of 70 RIVM-report 6100020001

inaccuracy. Effective UV year doses computed from satellite-data and ground-based ozone
measurements do not show substantial differences in accuracy [Slaper et al., 2001].

Stability
Since the mid-nineties, spectral UV measuring instruments with sufficient stability have
become available. However, calibration of the instrumentation remains a time consuming and
complicated process. The bottom-line is that sufficiently accurately calibrated UV
measurements can be performed if enough collocated parameters have been recorded. On the
contrary, satellite-based modelling have shown good stability, but degradation of space borne
instruments, like the EPTOMS, is inevitable due to impact of high energetic particles.

Availability
A last point of interest is how easily and how fast data become available. Availability of
EPTOMS-OMI data is almost real-time and all data can easily be downloaded from the NASA
ftp-site. The same holds for the GOME/SCIAMACHY data. RIVM runs ftp-scripts to
download all available ozone satellite data automatically. For other satellite sources, this may
be different. For ISCCP, for instance, it takes several years before validated data become
available, only recently the full data set up to 2004 has been released. Ground-based ozone
measurements are usually readily available from the ground-stations. In our case, the Ukkel
daily ozone data are available the next day. Data is also submitted to the WOUDC-data base,
but meteorological offices usually submit once per year. At present, direct UV measurements
are not so easily obtained. All institutes employ their own instrumentation and measurement
protocols, making data exchange – apart from during intercomparison campaigns -
complicated. In the context of the SUVDAMA project a first attempt to install a European
database was undertaken, and developed to a quality assessed spectral database in the EDUCE
project. Currently an effort is being undertaken within the SCOUT project to store
standardized spectra in the database. The aim of this effort is to facilitate intercomparisons
and comparisons with other European spectral UV measurements.

2.3 Cost estimate

Introduction
The total costs to produce UV maps, based on remote sensing data or on ground
measurements, consist of the costs for producing the basic data and of the costs for the end-
user to access the data, to process the data into maps and to store data and results (data
management). The production costs for the basic data can be divided into ‘hardware costs’
(development, production and installing of the instruments) and into operational costs
(operating and calibrating the instruments and quality control of the data). In the case of
remote sensing, hardware costs encompasses development and production of the sensor, the
platform, the satellite, and launching of the satellite. For a future (European) ground-based
UV measuring network, hardware costs arise mainly from developing, purchasing and
installing instrumentation (radiometers, monochromators, pyranometers, computers). Just to
be perfectly clear, a European network of UV measuring sites with adequate coverage is at
present not available and will probably not be available in the near future, although in the
framework of the EDUCE-project - in which RIVM participated - a European UV database
was created. It is evident that the production costs of the basic data may be substantial,
especially for the hardware. In this report, we restrict ourselves to operational costs and to the
cost of data management for the end-user.



RIVM-report 610002001 page 17 of 70

Operational costs
For remote sensing operational costs are mainly for operating the ground segment and for
provision of good quality data to the end-user. NASA’s operational expenses for the ground
segment of the EPTOMS mission amount to approximately M€ 4.4 per year (M$ 5.7,
averaged over 1997-1999, [NSTC, 1999]). For a ground-based network operational cost are
the expenses for operating and calibrating the instruments, for control of data quality, for
assembling the data into a database and for intercomparisons of different ground stations. For
one measuring site, we estimate a yearly cost of about k€ 100. For a European network with a
reasonable coverage, at least 100 measuring sites are needed. Therefore, operational costs for
such a network amount to roughly M€ 10 per year.

Costs for data management
Usually end-users are only confronted with the costs for data management, because data are
available with no charge from the internet. For remote sensing the data have a simple structure
(for EPTOMS: 1 ozone and 1 reflection measurement per grid cell per day) and data
management is relatively simple. In this case costs for data exchange, model development and
validation and data storage amount to k€ 50 per year (based on experience with UV mapping
at the RIVM site). For a ground-based measuring network, data structure is more complicated
(50-100 spectra are produced per day for every location). Therefore, data handling and model
development by the end-user will be more complicated and time-consuming. We estimate the
total costs for calculating reliable UV maps on basis of a ground-based network at
approximately k€ 200 for the end-user.

2.4 Conclusions on the remote sensing based approach

Table 4.1 summarises the findings of the previous section. It is obvious that none of the
methods investigated is superior on all points. A similar conclusion was drawn by Koskela et
al. [2006], where the main difference between the approaches is set at their intrinsic spatial
resolution and averaging. While the cost of the approaches are estimated to be of the same
order of magnitude. Therefore, preference for one of the methods depends on the specific
application. Our first goal is to generate adequate UV maps for Europe from the viewpoint of
risk assessment and environmental policy. For this purpose, the following properties of Table
4.1 are of utmost importance: sufficient time and spatial coverage, good separation of ozone
effects and good stability and availability. Table 4.1 shows that the ground-based modelling
drops out (for mapping) because of the poor spatial coverage, and the ground-based UV
measuring approach drops out mainly due to poor time and spatial coverage. For the UV
maps, we may therefore conclude that the satellite-based remote sensing approach in
combination with a UV transfer model is the most appropriate. But still, UV transfer models
should be validated against ground-based UV measurements.
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Table 4.1 Overview of the merits of the three methods for assessing UV doses

Aspect

Method

Time
coverage

Temporal
resolution

Spatial
coverage

Spatial
resolution

Ozone
influence

Accuracy Stability Avai-
labili-
ty

Ground-
based
measuring

- + - +/- +/- ++ +/- +/-

Ground-
based
modelling

+ +/- - +/- + + + +

Satellite-
based
modelling

+ - + +/- + + + ++
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3 The AMOUR2.0 satellite-based assessment model
for UV radiation and risks

3.1 Introduction

A chain of steps can be followed from the production of ozone depleting substances chlorine
and bromine to excess casualties of skin cancer (see Figure.3.1). To facilitate the assessment
of production scenarios for these chemicals, the Assessment MOdel for UV radiation and
Risks (AMOUR) has been developed. This model is sometimes referred to as the ‘UV chain
model’. The starting point of this project was a pre-operational collection of routines, which
from now on will be called AMOUR 1.08. The operational version that is the result of the
present project is called AMOUR2.0. Two main routes in AMOUR2.0 can be discriminated.
The first route is a historical one to analyse ozone and reflectivity fields measured by satellites
to construct risk-specific UV maps for a particular region. On the left in Figure 3.2 and
Figure 3.3, the steps in the historical branch of AMOUR2.0 are shown. The second route,
shown on the right in both figures, is used to analyse CFC production scenarios and estimate
the associated (past-, present and future) incidence levels for a particular risk (skin cancer,
erythema, cataract, crop yield). In this chapter we review the main steps in AMOUR2.0 and
point out which improvements have been made with respect to the earlier version
AMOUR1.08. Results from our analyses are presented in chapter 5.

Figure.3.1 Assessment model for UV radiation and risks fully integrated with the UV mapping
methods using satellite information

3.2 Outline of the AMOUR2.0 package

The principal components of AMOUR2.0 and its links are schematically represented in
Figure 3.2 and Figure 3.3. Input data files and the output data from the AMOUR2.0 routines
are indicated by (light-blue-coloured, rounded) rectangles. The AMOUR2.0 routines are
shown as orange circles; the most important items are marked with a bold edge.

The starting point in Figure 3.2 is the selection of a particular risk, e.g. malignant melanoma
or erythema, and its associated action spectrum. An action spectrum is a weighting function,
giving the relative importance of each wavelength in the radiation for the risk that is studied.
With an atmospheric transfer model, named TUVRIVM, look up tables are constructed named
TOA and ROA. The former table gives the clear-sky UV dose at sea-level as a function of the
solar zenith angle and the total ozone layer thickness. The latter is a table for the reflectivity
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of the atmosphere for updwelling radiation back to the earth. The atmospheric transfer model
is time-consuming. With the program Intercity these two tables are used to construct (daily-
and monthly) UV maps from ozone- and reflectivity maps retrieved by satellites.

In CUBEO 2001, a pilot study on UV mapping, a start was made to combine EPTOMS-ozone
with ISCCP-cloud data (cloud cover and cloud optical thickness). The reflection data
delivered by EPTOMS produced comparable or even better results for the cloud modification
factor than the modification derived from the ISCCP data. Moreover, ISCCP data is not online
available, while EPTOMS-reflection data is. Therefore, our mapping algorithm is based on
ozone data combined with UV reflection data (instead of cloud coverage) as a minimum input
requirement.

For the analysis of historical records, all available total ozone and reflectivity information
from the platforms NIMBUS, GOME, EPTOMS, SCIAMACHY and OMI have been included
in AMOUR2.0. Based on these data, past- and future ozone levels can be estimated for a
collection of production scenarios for ozone depleting substances. This is done with program
O3RfTrend. The same program Intercity that is used for the analysis of historical datasets, is
also used to make model estimates for past- and future UV levels. Trends in reflectivity are
not considered, since no model is available for the dynamics behind such changes.

The UV maps, which are the end-points in the scheme in Figure 3.2, are used as starting
points in the scheme presented in Figure 3.3 to perform risk-analysis. Which risk is associated
with the estimated UV budgets? In AMOUR2.0 we have implemented the risk analysis for
three types of skin-cancer (basal cell carcinoma, squamous cell carcinoma and cutaneous
malignant melanoma). In a future version of AMOUR, we plan to extend this functionality to
erythema and cataract.

With the program LifeDose, the life-integrated UV dose is used to estimate age-specific
incidence maps up to a multiplicative constant. These maps are constructed with the model by
Slaper et al. [1996] for people in 17 different age-classes, ranging from babies (age 0 to 4) to
senior citizens (age 80 and up). Then, with the program Incidence, the age-specific, raw
incidences are calibrated with reference incidence data from Amsterdam in 1980 and
combined with population data to yield age-integrated incidence maps for the actual
population distribution. In the step where age specific incidences from the Slaper model are
combined with population data, a sensitivity parameter based on skin colour can be used. This
parameter is derived from a skin-colour model in combination with the results of a huge
global cancer survey. At present, this skin-colour based protection-model is being tested and
therefore will not be described in detail here. Finally, when the incidence has been calibrated,
total incidence numbers can be constructed for the region of interest (or parts of it) with
program ShowIncidence.
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Figure 3.2 Flow chart of the AMOUR2.0 UV chain model: part 1: the construction of UV maps
from satellite observations or from model estimates for reflectivity and total ozone column
associated with an emission scenario for ozone depleting substances
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Figure 3.3 Flow chart of the AMOUR2.0 chain model, continued from previous figure:
part 2: risk assessment (and the construction of UV yeardose maps)
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3.3 Improvements with respect to AMOUR1.08

 The model has been extended to include also ozone and reflectivity measurements
from the platforms GOME, SCIAMACHY and OMI. Previously, only NIMBUS7 and
EPTOMS could be used.

 All functionality of the programs has been split into libraries with groups of routines
that are specific for one task or that handle the interfacing with one database.

 AMOUR1.08 used a fixed domain (Europe) for its maps in a fixed resolution (1/6-th
degree). In AMOUR2.0 the domain is flexible: in steer-files any rectangular (lon/lat)
region can be specified.

 Version 1.08 had a fixed height map for Europe alone. We included the ETOPO
orography-databases to allow for height-correction on any grid. The description of the
height dependency itself is improved from a fixed fraction per km height to a fourth-
order polynomial optimized with use of atmospheric transfer model calculations.

 The algorithm accounting for ground albedo has been improved.
 The ground-albedo itself has been upgraded from a constant value for all locations on

earth in AMOUR 1.08, to a collection of 12 climatological ground albedo maps, one
for every month. These maps are based on the minimal reflectivity maps by EPTOMS
observations.

 Improved construction of lookup-tables for the actinic flux, which uniformly accounts
for light from all directions.

 The UV mapping method has been embedded in the emission scenario assessment
chain.

 Most AMOUR2.0 programs can directly produce maps from any grid-variable in a
simple format. This allows for fast assessment of the data processing steps.

 In AMOUR1.08, missing entries in dayfiles for ozone and reflectivity were filled with
the monthly averaged values. In AMOUR2.0 a linear interpolation can be used (as a
function of longitude) within the existing file to fill in small gaps, or a linear
interpolation as a function of time when one or two dayfiles are missing.

 The output maps of AMOUR2.0 can be written in the following formats: as plain text
in columns, in a binary file and in ArcView GIS format.

With the 2.0 version of AMOUR a versatile tool for risk assessment and satellite data
processing has been realized.
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4 Validation of AMOUR2.0’s UV estimates

4.1 Introduction

In chapter 2 we have demonstrated the economical feasibility of global satellite-based UV
assessment. This part of the COEUR project provides a validation of the satellite-based
approach via a comparison with ground-measurements. To achieve this goal, the
measurements submitted to the EUVDB database [EUVDB, 2000] are used. Daily, monthly
and yearly UV doses from the groundstations in the database are compared with satellite
derived UV, the end-points of the flow-chart presented in Figure 3.2. This analysis is focused
on 17 stations (18 sites), where multiple years of measurements coincide with the availability
of EPTOMS overpass ozone and reflection data and with sufficient seasonal coverage. Ozone
and reflection data used in the analyses as described in this report are downloaded from the
official sites listed in the reference section at the end of this report. After the in-detail
comparison with ground-measurements, AMOUR2.0’s UV product will be compared with
three other satellite-based methods for UV estimation: one from NASA, the TEMIS-product
that is based on ESA data and a method from the Finnish Meteorological Institute FMI.
Together with the cost-benefit analysis presented in chapter 2, the assessment presented in this
chapter, forms the support for the choice in AMOUR2.0 for a satellite-based approach.

4.2 Long-term stability of the EPTOMS instrument

The NASA has been delivering EPTOMS data until the end of 2005, but it announced already
on 25th of April 2001, that its data after mid 2000 should not be used for trend analyses due to
a cross track bias resulting in different calibrations for the far left or far right of the satellite
footprint. The loss of the QuikEPTOMS instrument during launch (24th of September 2001)
forced a longer operational period for EPTOMS. Therefore, several correction algorithms
where tested during the subsequent years, resulting in todays current Version 8; leaving a
residual latitudinal dependent error ‘that cannot be corrected for by a simple calibration
correction’ for data since January 2002. Figure 4.1 shows the monthly mean ozone for January
and June in the years 2000 to 2005, from which the success of the correction of data prior to
2002 can be read. Prior to 2002, the ozone field is smooth while January 2002 clearly shows
the onset of artificial slots. The lowest two panels show 2005 data from the OMI instrument,
which became fully operational since October 2004. Fortunately, the deliverance of smooth
ozone fields has been resumed. Similar observations can be made for the corresponding
reflection maps.

A quantitative demonstration of the EPTOMS-degradation starting in January 2002 is made
by a comparison of the clear-sky UV dose, modelled with AMOUR2.0 using EPTOMS ozone
data, with RIVM’s ground-based UV measurements. Ground-based UV doses in Bilthoven
are compensated for the presence of clouds with ground-based cloud modification factors
based on pyranometer readings [Den Outer, 2005]. In Figure 4.2 (top panel) the ratio of
modelled to measured daily UV dose is shown. To reduce day-to-day variability, a (centred)
running mean filter has been applied with a width of a year (plus and minus half a year). The
degradation of the EPTOMS instrument starting in 2002 is exposed once more. The artificial
increase in UV dose in Bilthoven, that results from using the EPTOMS ozone data, finds its
origin in a 3.4% underestimation of the total ozone column by the EPTOMS instrument.
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The bias in clear-sky UV dose estimate when using the OMI ozone data is also indicated. This
level is comparable to the bias in EPTOMS based UV estimates prior to the degradation.

Equivalently to the top panel in Figure 4.2, the lower panel shows the bias in EPTOMS
derived cloud modification factors, i.e. the ratio between cloud modification factors estimated
using the satellite-based reflection measurements relative to the ground-based cloud
modification factors, using pyranometers. While prior to 2002, the ratio is relatively stable, a
drift sets in after 2002. The OMI results for the first period seems to be attached to the
EPTOMS level, while the data for 2005 clearly recovers from the degradation and touches the
EPTOMS bias level prior to 2002.

The conclusion of this section is that EPTOMS ozone and reflection data can be used for the
period prior to 2002. OMI ozone and reflection data pick up the level of agreement between
satellite and ground-based data prior to 2002. Unfortunately, due to the invalidity of the
EPTOMS-data starting from January 2002, we are faced with a second data gap: for
reflectivity. Between January 2002 and the OMI-start on October 2004, reliable reflection data
are missing, while ozone data can be obtained through GOME and SCIAMACHY.
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Figure 4.1 Ozone MAPS from EPTOMS-V8 (30O south - 43O north latitude) for January (colour
scale 220Du: blue- 310Du: red) and June (colour scale 240Du: blue- 320Du: red). Undershoots
are clipped black, overshoots are clipped white. Starting in 2002, the onset of artificial slots is
visible around the equator area, developing towards a clear pattern in 2003. The OMI instrument,
fully operational since October 2004, does not show these errors.
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Figure 4.2 Long-term stability of the delivered ozone, inferred from a comparison with ground-
based UV measurements. Top panel shows the annual running mean of daily ratios of modelled
to measured UV dose for the different ozone sources listed. Indicated as a light blue line is the
level of the first year of OMI data. Bottom graph shows (the annual running mean of) the ratio
between cloud modification factors estimated from EPTOMS-reflection measurement and
ground based cloud modification factors. Here the OMI results for 2004 and 2005 (mean values)
are shown in light blue.

4.3 Long-term stability of the GOME and SCIAMACHY
instruments

In Figure 4.2 we also show a stability analysis for the ozone estimates from the GOME-
SCIAMACHY dataset, and for a ground-based ozone dataset provided by KNMI. As
presented for the EPTOMS instrument in the former section, this was done on basis of clear-
sky UV estimates. The stability is evident for both platforms, but GOME-SCIAMACHY
ozone yields a 3% overestimation of the actual UV dose. For an authorative conclusion on the
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possible bias in the GOME-SCIAMACHY ozone estimates, a comparison with a large
number of ground stations is required.

4.4 Comparison of AMOUR2.0 UV estimates with ground
measurements

Now ground-measurements for UV from the EUVDB database are prepared for a comparison
with the AMOUR2.0 model estimates.

4.4.1 Preparation of ground-based UV sums
UV measurements from 32 ground stations were handled with a standard data-analysis
protocol, which consists of the following main steps:

1 All available spectra for each of the sites were retrieved by queries from the
EUVDB. Also information on the location and the main instrumental characteristics
was retrieved, and if not submitted to the database this information was directly
obtained from the responsible operator.

2 The available 1.3 Million spectra were corrected for errors in the wavelength scale
and electronic spikes using the SHICrivm tool (Slaper et al., 1995, 1997;
SHICrivm), and expanded up to 400 nm to cover the full spectral UV range.
Erroneous spectra according to predefined quality criteria with respect to spectral
shape, wavelength calibration, and absolute irradiance scale errors were identified
and excluded.

3 SHICrivm produces deconvoluted spectra, and these were subsequently used to
calculate biologically weighted (= effective) UV irradiance levels. Several biological
action spectra were applied, among which the CIE-action spectrum for erythema and
the skin cancer action spectrum Skin Cancer Utrecht Philadelphia, corrected to
account for epidermal thickness differences between mouse and human skin
(SCUPh, see Gruijl et al., 1993).

4 The effective UV irradiance levels were summed to obtain daily UV doses, where
only those days with sufficient and evenly distributed measurements were selected.
Daily doses were summed to obtain monthly and annual total UV doses. For some
applications like the construction of a climatology, missing days were accounted for
by using modelled doses corrected for the average deviation between modelled and
measured values on days where both measured and modelled values were available.

We selected those sites from the list of 32 sites for which the measurements over a full year
passed our quality check. Daily, monthly and yearly summed UV doses are constructed for the
resulting seventeen sites. Monthly averaged values are shown in Figure 4.3. Highest monthly
doses are observed in the summer months at the southern locations in accordance with the
highest solar elevations. For all locations, the highest doses are received in the months June
and July. In each of these months, nearly 20% of the yearly total is received at northern
locations in Europe (60O North), whereas June and July each contribute around 15% of the
yearly total at the more southern locations on the European continent (40O North).
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Figure 4.3 Annual pattern of the monthly UV sums. The participating number of measurements
may differ from month to month.

4.4.2 Comparison of AMOUR2.0 with ground measurements
Mean yearly doses have been constructed for the co-existing years of the ground-based and
satellite-based data from the 17 stations referred to in the former section. Figure 4.4 shows
these yearly doses and their dependence on latitude. AMOUR2.0 clear sky estimates are also
provided, yielding a 30% higher value on average. This is confirmed by the satellite based
results in the same figure. A global map of the average cloud modification factor can be found
in chapter 5. Figure 4.5 shows a comparison of the (ground-) measured UV doses with the
satellite-based UV doses from AMOUR2.0. There is an agreement within 5% for the majority
of stations. Height- and albedo-effects are accounted for with the method presented in
Appendix A.
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Figure 4.4 Average yearly total skin cancer weighted UV dose for 17 stations over Europe
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instruments.
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Figure 4.5 Comparison of ground-based measured yearly effective UV doses with modelled UV
doses from AMOUR2.0 (using satellite-ozone and satellite-reflectivity). Ratios are based on
height uncorrected (red) and height corrected (blue) modelled values. Star-shaped data points
are ground-albedo corrected with EPTOMS minimal reflectivity data, see Appendix A.

4.5 Comparison of AMOUR2.0 with UV products from
NASA, ESA and FMI

Finally, the performance of the AMOUR2.0 method is compared with the (satellite-based) UV
products from NASA, TEMIS (ESA) and FMI. This is done in a simultaneous comparison of
the four satellite-based methods with ground-measurements. On the same FTP site where
NASA provides ozone and reflectivity data, one can download daily erythemal UV dose files.
Of course, these UV estimates are based on the EPTOMS data. The second method is
supported by the Royal Netherlands Meteorological Institute (KNMI) and uses GOME and
SCIAMACHY ozone data combined with cloud cover information from either Meteosat (for
Europe) or the ISCCP database (global); the method is denoted as TEMIS. This TEMIS-
method is essentially the ESA recommendation for UV dose estimation. The third method,
denoted as FMI, is supported by the Finnish Meteorological Institute, and entirely based on
EPTOMS observations, including the values derived for the aerosols. In Figure 4.6 we have
plotted the ratios of modelled to measured daily CIE-UV sums for the four addressed satellite
retrievals (AMOUR2.0, NASA, TEMIS and FMI). The red lines are the (31 day-) running
mean values. Numerical results are summarized in Table 4.1. Clearly, the satellite-based
methods from FMI and from NASA overestimate the UV dose, while both the TEMIS and
AMOUR2.0 agree well with the observed total sums.

In Figure 4.7 we plot the ratios of modelled to measured daily dose as a function of the cloud
reflection as estimated by the EPTOMS satellite. The ratio’s produced by AMOUR2.0 do not
depend on the cloud reflection. The FMI and NASA estimates show only a weak dependence,
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but generally the level is too high. We see that the match of TEMIS model estimates strongly
depends on the weather conditions: the UV dose is strongly overestimated for clouded days
(i.e. high reflectivity). The major cause of this problem is the use in the TEMIS model of
cloud cover only as a proxy to derive the cloud modification factor: we have shown in
Mathijsen et al. [2000] and J. Williams et al. [2004] that the use of cloud cover only leads to a
coarse estimate of the UV dose.

For completeness, we include in this section a check against ground-based UV measurements
of an ozone- and reflectivity-based UV estimate constructed from local pyranometer data for
reflectivity and a weighted mix of ground-based and satellite-based ozone measurements. The
method is described by Den Outer et al. [2005]. The conversion from ozone and reflectivity is
done with the algorithm from AMOUR2.0. This method yields a mean ratio of 0.99 with
standard deviation 0.09 and median 0.99. This is of course even better than the AMOUR2.0
performance, because the local ground-based cloud-correction in this method correlates better
with the collocated ground measurements for UV than the satellite-based cloudcorrection.
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Figure 4.6 Satellite retrieved CIE-UV dose compared with ground measurement for Bilthoven,
Ispra, Belsk and Thessaloniki grey lines give daily values; red lines show running mean over 31
days.



RIVM-report 610002001 page 35 of 70

Table 4.1 Comparison of three satellite based UV estimation methods (AMOUR2.0, TEMIS, FMI
and NASA) with ground measurements as shown in Figure 4.6. Numbers shown for the Ispra-
site are based on a limited dataset: ratio’s above 10 are omitted, numbers between brackets in
the second column give the number of ratio’s omitted.

Bilthoven
Method N Ratio σ median Ratio total sums

AMOUR2.0 1581 0.93 0.24 0.93 0.94

TEMIS 1014 1.23 0.77 1.01 1.015

FMI 1566 1.21 0.29 1.20 1.23

NASA 1564 1.22 0.42 1.16 1.20

Ispra
Method N Ratio σ median Ratio total sums

AMOUR2.0 1737 (2) 1.00 0.35 0.99 0.987

TEMIS 1083 (13) 1.38 1.12 1.06 1.07

FMI 1654 (12) 1.49 0.62 1.37 1.37

NASA 1637 (15) 1.45 0.76 1.31 1.31

Belsk
Method N Ratio σ median Ratio total sums

AMOUR2.0 1188 0.95 0.26 0.98 0.996

TEMIS 636 1.12 0.45 1.02 0.968

FMI 1166 1.29 0.32 1.30 1.30

NASA 1157 1.30 0.44 1.27 1.28

Thessaloniki
Method N Ratio σ median Ratio total sums

AMOUR2.0 1166 1.01 0.30 0.99 1.007

TEMIS 719 1.15 0.48 1.07 1.06

FMI 1092 1.32 0.34 1.29 1.29

NASA 1094 1.35 0.49 1.29 1.28
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Figure 4.7 Ratios between four different satellite-based (daily CIE) UV estimates (AMOUR2.0,
TEMIS, FMI and NASA) and ground-measurements as a function of the EPTOMS reflectivity
REPTOMS. Ratios above 10 are omitted in the analysis.

4.6 Conclusions on AMOUR2.0’s UV estimates

A climatological analysis of the effective UV dose was performed for 17 locations in Europe,
utilising more than one million ground-based UV spectra from the EUVDB, and covering 32-
65 degrees Northern Latitude and over one 115 station years. This analysis established the
seasonal distribution of the UV radiation doses received at the ground, and the latitudinal and
local influences on the UV doses received at the ground.

The EUVDB database has proven to be an efficient platform for the retrieval of spectral data
from a wide variety of stations all over the European continent (http://ozone2.fmi.fi/uvdb/).
However, in view of the different characteristics of the instrumentation used in spectral UV
monitoring and differences in measurement procedures, and quality control protocols and
schedules, it is necessary to perform a quality assurance analysis and a standardised data-
analysis protocol.

In a simultaneous comparison against ground-measurements for several locations in Europe,
AMOUR2.0 was found to correspond better with ground measurements than the satellite-
based methods to estimate UV from NASA, TEMIS and FMI. After height- and
albedocorrection, the AMOUR2.0 estimates for the yearly UV dose match the ground-
measurements within 10%. A suggestion has been presented for a better ground albedo
estimate than the 12-month albedo climatology from the EPTOMS minimal reflection
measurements. This method will be implemented in a future version of AMOUR.
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5 Past, present and future UV radiation and risks

5.1 Introduction

Now that AMOUR2.0’s UV mapping has been validated with ground-based measurements in
chapter 4, both ground measurements and model results can be used to assess the UV climate.
The UV climate has been studied for Europe on a 1/6-th degree grid and for the whole world
on a 1 degree grid. Based on these climatologic maps, the model for future ozone levels has
been calibrated. Then, the CFC-scenario from [World Meteorological Organization (WMO),
Scientific assessment of ozone depletion: 2002] named ‘A1’ is adopted. This is the ‘best
guess’ emission scenario for this century, giving emission figures that are considered to be the
most likely to happen. Based on the A1 scenario, AMOUR2.0 extended the observed ozone
records to the year 2100 with model estimates. These model estimates are used to assess the
future UV burden. In this chapter the results from this climatologic study are presented plus
the results from the subsequent risk-analysis for skin-cancer that was made for the 21st

century.

5.2 UV climatology

For a collection of ground-stations, the contribution of the seasons to the year-dose has been
calculated, see Figure 5.1. We see that the four summer months (May to August) form around
60% of the yearly burden in southern latitudes on the European continent and nearly 75% of
the yearly burden in the northern locations. The four months in spring and autumn, including
March, April, September and October receive nearly 30% of the yearly UV sum. In the winter
four months (November-February), nearly 9% of the yearly total is received at southern
European latitudes and no more than 3% in more northerly stations.

The climatologic (SCUPh weighted) yearly UV dose for Europe is shown in Figure 5.2
Climatologic (SCUPh weighted) yearly, cloud-corrected UV dose on a 1/6 -degree grid. To
estimate the values, we used all available (ozone and reflectivity) data from the NIMBUS,
EPTOMS, GOME, SCIAMACHY and OMI platforms in combination. Within Europe alone,
the climatologic ultraviolet year-dose has a variation of about an order of magnitude!

The associated cloud modification factor (the ratio between the cloud-corrected and clear-sky
dose) is shown in Figure 5.3. The general picture is that clouds have a stronger impact in the
north of Europe, where half of the UV radiation is taken away, than in the south, where more
than 90% of the UV radiation from the sun reaches the ground. Strong cloud-reductions are
estimated for northern Scandinavia. We have the impression that this is an artefact in our
surface albedo climatology: in AMOUR2.0 we have taken the minimum reflection value as a
measure for the surface albedo. In Appendix A we have shown that the 7 percentile value
would lead to a more representative value. The results of our present work on this issue are
projected for implementation in AMOUR2.1.

The global results for a 1-degree grid are shown in Figure 5.4 (UV dose) and Figure 5.5 (cloud
modification factor). As expected, the climatologic UV dose strongly depends on latitude. The
cloud modification factor shows more geographic variation than with latitude alone. Persistent
bands of clouds can be seen to be active on the tropical Pacific and Atlantic Oceans. As
reported for northern Scandinavia on the Europe map, we have the impression that the strong
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reductions near the poles and for Greenland are biased by a sub-optimal (systematically too
low) surface albedo climatology.
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Figure 5.1 Relative seasonal contribution to the yearly UV dose for fifteen locations in Europe
(SCUPh weighted). The year is divided in three periods of four months each: summer includes
May, June, July and August, Spring+Autumn includes March, April and September and October,
and winter includes: November, December, January and February. Solid lines: model
calculations using EPTOMS V7 ozone and reflection.
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Figure 5.2 Climatologic (SCUPh weighted) yearly, cloud-corrected UV dose

Figure 5.3 Climatologic cloud modification factor associated with Figure 5.2
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Figure 5.4 Climatologic(SCUPh weighted) yearly, cloud-corrected UV dose

Figure 5.5 Climatologic cloud modification factor associated with Figure 5.4
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5.3 UV changes (and risks)

After the analysis of UV maps for the satellite-era, future UV levels are estimated for the best-
guess emission scenario ‘A1’ from WMO [Scientific assessment of ozone depletion: 2002].
For this end, first an estimate is constructed for the ‘observed’ UV trend. The double quotes
refer to the fact that the satellites measure ozone and reflectivity, and not the UV dose itself.
We used the observed ozone and reflectivity fields from the NIMBUS, EPTOMS, GOME,
SCIAMACHY and OMI platforms.

The three-year average cloud-corrected UV dose over 1979-1981 has been compared to the
three-year average over 2003-2005. Results are shown in Figure 5.6. Clouds have a high
impact on the UV dose and their prevalence from year to year shows large variations. To see
inhowfar the stochastic nature of clouds affects the trend-estimates in Figure 5.6, trend-
estimates are included where the clear-sky dose is corrected for clouds with the climatologic
cloud modification factor. Results are shown in Figure 5.7. The use of relative trends in this
plot effectively divides out the cloud factor. Therefore the results in Figure 5.7 are equivalent
to the trend in clear-sky UV dose. We see that the use of climatologic cloud modification
factors substantially reduces the range of trend-values. Negative trends no longer occur and
the largest trends are reduced from 25% to 12%.

Figure 5.6 Relative change in three-year averaged cloud-corrected UV dose over (1979-1981) to
three-year averaged UV dose over (2003-2005).
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Figure 5.7 Relative change in (climatologically) cloud-corrected three-year averaged UV dose
over (1979-1981) to three-year averaged UV dose over (2003-2005).

AMOUR2.0 can be used to analyse scenarios for ozone depleting substances. In Figure 5.8,
Figure 5.9 and Figure 5.10 the emission numbers and the resulting concentrations of ozone
depleting gases (Equivalent Effective Stratospheric Chlorine: EESC) are presented for the A1
scenario, the ‘best guess’ of what will happen according to a survey by the World
Meteorological Organization (WMO), Scientific assessment of ozone depletion: 2002.
Estimates for the change in UV dose with respect to reference year 1980 for the A1 scenario
for the years 2005, 2020 and 2050 are given in Figure 5.11, Figure 5.12 and Figure 5.13.
When the model trend from Figure 5.11 is compared with the observed change from
Figure 5.7, we see that the model gives a lower change than the observations. The ozone
model in AMOUR2.0 does not include effects like quasi bi-annual oscillations, which give
large global amplitudes in ozone thickness. This explains the differences between the two
trend-estimates (model and observations). For Europe we see that in 2050 the UV dose will to
a large extent have returned to the values observed in 1980 (under the assumption that the
cloud cover has no trend!). As we will see, this does however not imply that, by that time, the
skin-cancer incidence will have recovered either.
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Figure 5.8 Emission of ozone depleting gases for the A1 ‘best guess’ scenario
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Figure 5.10 Concentration of ozone depleting gases resulting from emission scenario A1. EESC
is the Equivalent Effective Stratospheric Chlorine, a weighted total of all concentrations of
ozone depleting substances.

Figure 5.11 Relative change in UV dose from 1980 to 2005 from A1 scenario analysis
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Figure 5.12 Relative change in UV dose from 1980 to 2020 from A1 scenario analysis

Figure 5.13 Relative change in UV dose from 1980 to 2050 from A1 scenario analysis

5.4 Skin cancer incidence

The goal of AMOUR2.0 is the assessment of risks. At present the AMOUR model includes an
implementation of the dose-effect relation for three types of skin cancer: cutaneous malignant
melanoma (CMM), squamous cell carcinoma (SCC) and basal cell carcinoma (BCC). The
model that has been adopted is the model presented by Slaper et al. [1996]. Three powerlaws
relate the total yield of tumors to the (weighted) life-integrated UV dose. The ‘yield’ is
defined as the number of tumours observed in a population. We neglect the possibility of
multiple tumours for one person and thus use yield as the amount of people in a population
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having a tumour. For squamous cell carcinoma (SCC), the UV dose received in all years lived
has a uniform weight in the yield. Therefore we can express the yield for SCC as a powerlaw

using age a and the life-integrated UV dose
1

0

( ) Dose( )
a

x

a x




 :

SCC ( ) [ ( )]c d cY a b a a 

The exponents and the multiplicative constant are given in Table 5.1. The subtraction of the
exponents for age is made to separate pure ageing effects from the fact that the total dose
received by nature growth with age. This would not have been necessary if we would use the
mean yeardose instead of the total dose. For malignant melanoma (CMM) and basal cell
carcinoma (BCC) the dose received in the youth has a stronger weight in the yield than a
recently received dose. The damage done by an early dose has had a longer time to turn
malignant than the damage related to later received UV light. This is taken into account by the
following relation:

1
1
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The model parameters are again listed in Table 5.1.

Table 5.1 Parameters of the empirical relations for skin-cancer for the year 1990, CBS-1990
population

Type of cancer b c d mortality I_ref(Amsterdam)
BCC 1.27E-19 1.4 ± 0.4 4.9 ± 0.6 0.003 900
SCC 6.84E-24 2.5 ± 0.7 6.6 ± 0.4 0.03 160
CMM 1.33E-15 0.6 ± 0.4 4.7 ± 1.0 0.25 110

Incidence I at a certain age is found via the difference in yield of the year under consideration
and one year earlier:

( ) ( ) ( 1)I a Y a Y a  

With this model, the global incidences are investigated using a standard population (CBS-
1990 age-distribution for the Netherlands and unit sensitivity) for the 21st century and using
the A1 emission scenario that has been introduced in the former section. Time series for the
Netherlands are presented in Figure 5.14. The plot on the left gives the incidence per million
people and has been normalized with the 1980 figure. On the right the excess incidence is
shown per million people relative to the 1980 level. Although the UV dose is expected to have
returned to the 1980 level by 2050, the skin cancer incidences peak in 2040 (SCC) and 2065
(BCC and CMM), respectively. A delay between dose and incidence is what we expect: skin
cancer takes some time to develop after reception of the hazardous dose. For BCC and for
CMM the model has a stronger weighting of the UV dose received in the youth than later in
life. For SCC the dose of each year is uniformly weighted. The actual incidences that will be
observed in Europe in the coming decades may well be higher than shown here due to ageing
of the European population.

In Figure 5.15 and Figure 5.16 maps for Europe are presented for the years 2005 and 2065,
giving the relative change in total skin cancer incidence compared with the year 1980. The
map for the relative change in incidence in 2065 has large similarity with the map for the
relative change in UV dose in 2020. Both maps show the largest increase at the mid-latitudes.



RIVM-report 610002001 page 47 of 70

There is a striking qualitative difference between Figures 5.15 and 5.16: the former has strong
latitude dependence, the latter has not. This is explained as follows: due to differences in age-
weighting in the dose-effect relations, SCC-incidence will react earlier to a change in UV dose
than BCC and CMM. The absolute incidence change in 2005 is thus dominated by SCC. To
construct a relative change, we have divided by the total incidence in 1980, which is
dominated by BCC. The dose-dependence, and hence the latitude dependence, of SCC differs
from that of BCC. As a result, the relative change in total incidence in 2005 will show a
latitude dependence. In 2065 SCC will have recovered and differences in total incidence are
now dominated by BCC. In the construction of a relative difference, the underlying latitude
dependence of the dose-effectrelation of BCC drops out. What remains is related to the
relative change in UV dose, a map with regional preferences. This is reflected by Figure 5.16.

Figure 5.14 Left: Skin cancer incidence per million people for the Netherlands according to the
A1 emission scenario compared with the 1980 level for a standard age-distribution;
Right: Excess incidence per million people in the Netherlands for the A1 emission scenario
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Figure 5.15 Relative change in total skin cancer incidence from 1980 to 2005 for the
A1 scenario

Figure 5.16 Relative change in total skin cancer incidence from 1980 to 2065 for the
A1 scenario
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6 UV Website

A webpage has been developed to present the UV related efforts at RIVM part of which was
delivered during the COEUR-project. The preliminary version of this website (see Figure 6.1)
can be found at http://www.rivm.nl/milieuportaal/dossier/uv-ozon-en-klimaat/. This website,
which is in Dutch, shows real-time UV measurements in Bilthoven. Furthermore, it shows the
following results of the COEUR project: the trend in UV dose in Europe, a global prognosis
for the change in UV dose for the 21st century and a global prognosis for the additional
number of skin-cancer cases in the 21st century when compared to an intact ozone layer.

Figure 6.1 Opening page of the Dutch UV website

Starting from September 2008, an English UV website, www.rivm.nl/uvr, will show more
background information on the research. Within the process of the webpage development the
main goals for the WEB pages where prioritized as follows:

1. Exhibit the research on UV for a wide audience
2. Inform the public on UV related risks
3. Fulfilment of project requirements
4. Increase transparency of RIVM
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The following target groups, and target group specific message, were identified
Target group Message

Netherlands Ministry of Housing,
Spatial Planning and the
Environment, VROM

Measurements are internationally leading in
data quality. Performing measurements
fulfils the recommendations of the Vienna
Conventions

VWS,
Ministry of Health, Welfare and
Sport, VWS

UV risk is a serious issue, also in the
Netherlands

External financiers Project deliverables are fulfilled and
exhibited

Interested layman There are serious UV related Risks for the
Dutch population. RIVM provides reliable
information.

International colleagues This is how spectral data can be used to
derive useful information
This is how you should operate your
instruments.

Netherlands Environmental
Assessment Agency, MNP

Measurements are of international leading
quality. Monitoring datasets are valuable and
well used, also by European colleagues

Internal funded Strategic Research Internal PR.

The language and presented items aim at the interested layman and colleagues researcher. The
information presented by the first menu button and each opening page of the other buttons
should serve the interested layman. The main page contains clickable figures that link directly
to the deeper part of the web-pages.

A screen dump of the section about risks is shown in section 6.2.
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Figure 6.1 The risks-section in the english UV site www.rivm.nl/uvr
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7 Conclusions and outlook

7.1 Conclusions

Ozone depletion and climate change are among the major global environmental threats. Ozone
depletion has been observed in the past decades over large parts of the globe. Ozone is the
most important atmospheric absorber of damaging biologically effective UV radiation. The
international countermeasures taken in the context of the Montreal protocol and its
amendments are expected to lead to a slow recovery in the coming decades. However, many
uncertainties still exist regarding the future UV radiation levels, because ongoing climate
change interacts with ozone changes and in addition climate change can also have important
direct implications for the future UV climate, through changes in the cloudiness and
atmospheric dynamics.
Combining satellite observations on ozone, clouds, aerosols and snow cover with UV transfer
calculations offer a unique opportunity to calculate location dependent continental and global
UV radiation levels. The Assessment MOdel for Ultraviolet radiation and Risks (AMOUR) is
now available as an operational tool to use satellite based global observations on ozone and
clouds to analyze daily, monthly and yearly UV doses received at the ground and to assess
trends and changes therein. Furthermore, the model can be used to calculate consequences for
skin cancer risks. The full coupling with RIVM’s prognostic assessment model implies that
the AMOUR-model can be applied in environmental assessments on ozone and climate
change effects on UV radiation levels and associated risks.
Using the AMOUR assessment model location specific trends and changes over time can be
established using input from various satellite platforms. In order to establish the long term
trends in UV radiation levels at the ground the methods require ground based validation to
assess the stability of the satellite instrumentation and methods and to make a connection
between different satellite platforms. Several of the effects of UV exposure, such as skin
cancer and cataracts, are related to long term exposure. Changes in exposure will lead to
future changes in incidences. Thus, in order to assess the risks associated with long term
atmospheric changes it is required to assess changes in the past decades and to combine the
past changes with the a scenario analysis of future developments related to environmental
change.
With the realization and validation of the AMOUR 2.0 model we have fulfilled the main
objectives of the COEUR-project, being the establishment of an operational and validated
method for the analysis of ground level UV budgets, using satellite observations, and the
coupling and integration of this method with the prognostic risk assessment model for skin
cancer risks.

The AMOUR model offers a unique opportunity to analyze spatial and temporal changes and
variability of the past UV radiation levels using and combining a variety of satellite platforms.
Furthermore, the model facilitates the combination of past trends with estimates of future
developments using input from scenario estimates of future changes. The geographically
explicit analysis of the changes has been extended from the European to the global scale and
thus allows a global scale evaluation of the risks involved in changes of the UV radiation
budgets received at the ground. The ability to calculate past trends, and to estimate future risks
associated with scenarios for environmental change turns the AMOUR-model into a powerful
tool for environmental assessments.
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The report present the AMOUR2.0 Assessment MOdel for Ultraviolet radiation and Risks as
it has been established. The model is a collection of tools that allow for the study of all details
in the chain from emissions of ozone depleting substances, via scenario analysis for ozone and
UV to the estimation of effects on skin cancer.

A climatological analysis of the effective UV dose was performed for 17 locations,
18 instruments, in Europe, utilising more than one million ground-based UV spectra from the
European UV database (EUVDB), and covering the European region from 32-65 degrees
Northern Latitude and over one 115 station years. This analysis established the seasonal
distribution of the UV radiation doses received at the ground, and the latitudinal and local
influences on the UV doses received at the ground. The AMOUR2.0 model for estimating the
UV dosis has been compared with all these annual data-sets, showing an overall comparability
which is within 4% on average. The overall agreement for yearly UV doses between
AMOUR2.0 and the measured yearly UV doses was within 5% for ten out of 17 stations.
Significant deviations were identified and were shown to be attributable to altitude effects and
high albedo situations. A suggestion has been given for a better ground albedo estimate than
the climatological monthly EPTOMS minimal reflection measurements.

The European UV spectral database (EUVDB) has proven to be an efficient platform for the
retrieval of spectral data from a wide variety of stations all over the European continent
(http://ozone2.fmi.fi/uvdb/). It remains necessary to perform an overall quality assurance
analysis and apply a standardisation to all data prior to a climatological analysis, as
characteristics of the instrumentations differ, as well as the monitoring strategy and quality
controls at each site.

The EPTOMS instrument has been shown to degrade starting from January 2002. This
reduces the availability of satellite data, and the combined use of different satellite platforms
and/or instruments was shown to be possible, but requires specific and prolonged validation
activities.

Four satellite-based methods have been simultaneously compared against ground-
measurements at four locations in Europe: AMOUR2.0, the TEMIS product that is based on
ESA data, the NASA UV product and a method from the Finnish Meteorological Institute
FMI. The AMOUR2.0 estimate for UV has been shown to correspond best with ground
measurements. The linking and stability of successive satellite platforms have been confirmed
for the Bilthoven location, although at the same time a clear difference between the EPTOMS-
OMI branch and the GOME-SCIAMACHY branch has been established. The latter seems to
produce too low ozone values resulting in a 3% overestimation of the actual ground level UV
irradiance, while the first branch yields UV irradiances closer to the ground-based
measurements when following AMOUR2.0’s algorithm. On the other hand, the EPTOMS-UV
product overestimates the UV dose as a consequence of an intrinsic underestimation of the
aerosol loading. The same applies to the OMI-UV product as the same algorithm has been
implemented by NASA.

These conclusions could be established by using well calibrated and proven stable ground-
based UV measurements, and therefore ground-based spectral UV measurements are
indispensable for validating satellite UV products.
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The ozone fields from all satellite platforms NIMBUS7, EPTOMS, GOME, SCIAMACHY
and OMI have been used to estimate an ozone trend map. This trend map has been used to
estimate future ozone and UV levels for the A1 CFC-emission scenario. This is the ‘best
guess’ scenario as presented in [World Meteorological Organization (WMO), Scientific
assessment of ozone depletion: 2002]. In the construction of the future UV maps the
assumption has been made that the cloud pattern will not change. In view of the current
climate-change debate, this assumption needs more attention. Incidence maps have been
constructed for three types of skin cancer. For a stationary population, incidences of BCC and
CMM are expected to peak around the year 2065 and for SCC around 2040. Due to ageing of
the population the actual incidence will grow stronger than modelled, as the calculation
presented so far are based on a standardized age-distribution of the population. Immigration of
people with different skin types and changes in solar exposure habits can also affect the
expected rates. Hence, the provided calculations should be seen as a prognostic scenario
analysis rather than a full realistic prediction. The AMOUR-model however, is capable, or can
be easily adopted to accommodate calculations including scenarios for ageing of the
population and changing behaviour.
Although the focus of this report has been on the development of the operational AMOUR
model and it’s validation with respect to the UV budget calculations, the model has been used
to calculate future risks in relation to ozone-depletion scenarios that are related to the ‘best
guess’ scenario for the CFC-emission (A1 from WMO 2002). The calculation shows that
excess skin cancer incidences caused by ozone depletion might well rise to around 10-12% of
the normal incidence around 2065 in large parts of the most populated areas in Europe.
However, future environmental developments are regarded as uncertain due to the
uncertainties in climate-ozone interactions and possible direct climate change effects.

7.2 Outlook

We plan to use the AMOUR model in national and international environmental assessments
on ozone and climate change effects on UV radiation and risks, and in international research
projects related to these issues. RIVM is end user of the AMOUR model and results obtained
with (previous) versions of the model have been used in several international assessments, and
in scientific publications. This includes publications and web-pages from RIVM
(http://www.rivm.nl/milieuportaal/dossier/uv-ozon-en-klimaat/ in Dutch and
www.rivm.nl/uvr, in English, release foreseen september 2008), from the Netherlands
Envirionmental Assessment Agency (MNP) (www.mnp.nl/mnc (in Dutch) search ‘UV
straling’ and/or ‘huidkanker’), and from the European Environmental Agency.

RIVM’s research on this topic is strongly embedded in international research projects. RIVM
participates in:

- the OMI-validation,
- the European sixth framework integrated project SCOUT (Stratosphere-Climate Links

with emphasis On the Upper Troposphere lower stratosphere), and
- the COST-726 action aiming at long term evaluations of the UV climate in Europe in

the past decades.
The SCOUT project focuses on understanding and analyzing the ozone and climate change
interactions and the the analysis of the consequences for future UV radiation levels and risks.
The SCOUT consortium consists of 59 institutes. The RIVM contributions to this project
focus on the determination of the past, present and future developments in the (biologically)
relevant UV climate and the risks associated with changes therein. The work is conducted in
close collaboration with leading groups in atmospheric UV research and the scenario analysis
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of future developments in the UV climate will be linked to the work conducted on coupled
climate chemistry models within the SCOUT consortium. This collaboration offers the unique
opportunity to link the risk-assessments to the state of the art knowledge on expected
environmental changes in relation to future emission scenario’s. It should be noted however
that considerable uncertainties still exist regarding the climate-ozone-UV interactions and
therefore, the analysis of the past and present UV climate is also part of the SCOUT activities.
This analysis is based on the use of high quality UV measurements and various modeling
approaches, using ground based or satellite based observations of the relevant atmospheric
parameters.
Spatial and temporal variations in UV radiation levels are high and thus a combination of high
quality ground based measurements and satellite based modeling approaches offer the best
approach to assess UV radiation levels and changes therein, in relation to ozone, clouds,
aerosols and ground albedo. Risk assessments require insight in long term UV radiation
levels. Therefore, it is important to assess past UV radiation doses received over the previous
decades and in addition to provide a scenario analysis of future developments in relation to
ongoing ozone depletion and climate change. The operational methods developed in the
NIVR-supported COEUR-project and it’s predecessors RUBEO and CUBEO, have
contributed to RIVM’s present position in the international research on UV radiation and risks
related to environmental change. Furthermore, this work enables us to provide state of the art
information for environmental assessments and the public (see:
http://www.rivm.nl/milieuportaal/dossier/uv-ozon-en-klimaat/ for some UV change and risk
maps regarding the issue, based on the AMOUR-2.0 model calculations).
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8 Recommendations for further research

Climate and ozone changes are among the major global environmental threats. Ozone
depletion and climate change both can have important implications for solar UV radiation
levels received at the ground. Solar UV radiation has a wide variety of effects on human
health, air quality, aquatic and terrestrial ecosystems and food chains. The incidence of skin
cancer is probably closely related to long term solar UV exposure and in the Netherlands the
number of new skin cancer cases exceeds 20000 per year, amounting to around 500 deaths.
Also, long term UV exposure contributes to cataract formation and thus to the
80000-90000 cataract operations that are performed in the Netherlands each year. On the other
hand, low UV exposure levels in certain groups can lead to a deficiency in vitamin D
production in the skin, with consequences for bone-formation and possibly vitamin D
deficiency also contributes to a higher incidence of several internal cancers in certain risk
groups.

Ozone is the major atmospheric absorber for biologically harmful/relevant UV, and in
addition clouds, aerosols and ground reflections (especially in high albedo snow conditions)
are important environmental and atmospheric modifiers of UV radiation that can be
influenced by climate change. Despite countermeasures taken to protect the ozone layer, the
future developments remain uncertain in view of the interactions with ongoing climate
change. Changes in stratospheric temperatures and dynamical patterns as well as changes in
exchange rates between troposphere and lower stratosphere can be caused by climate change,
and have potential impact on the ozone layer and therefore on the biologically relevant UV
climate. Furthermore, if and where climate change leads to changes in cloud patterns and or
ground albedo, these changes will have a direct impact on the ground level UV. All climate
and ozone changes can be location dependent, and may vary in time, thus a spatial and
temporal evaluation of the UV budgets received at the ground and the changes therein related
to environmental changes is highly important.

The results of the present study indicate directions for improvement of the surface albedo
climatology. The minimal reflection values systematically underestimate the albedo.

Stability and linking of the different satellite platforms has only been studied for Bilthoven.
For a better support of trend analysis, a more comprehensive study is required, including long
time series from many ground stations.

Significance levels should be calculated for all ozone trends.

At present the aerosol concentration is set to one fixed value for the whole earth. OMI
measurements allow for the construction of aerosol maps. The relevant types of aerosols have
to be classified and an algorithm has to be developed to estimate their concentrations. The UV
mapping model has to be extended to include variations in aerosol concentrations.

A large portion of the inter-annual variation in ozone thickness is related to the Quasi
Biannual Oscillation (QBO). Better estimates for future UV exposure up to two years from
present can be made if the QBO is included in the model. Indicators for the future phase of the
QBO have to be developed and tested in a hindcast.
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Our model assumes the solar strength to be stationary. The 11 year solar cycle modulates the
UV level. Inclusion of this cycle will lead to better correspondence between UV estimates
from satellite measurements and ground measurements.

The present scenario analysis is made on the basis of a UV dose estimated from modelled
ozone and reflectivity values. More realistic scenario evaluations can be made if, where
available, a UV dose would be used that is estimated from measured ozone and reflectivity.

In the present study, we found small, positive ozone trends with increasing chlorine level in
polar regions during the polar autumns. Further analysis is needed.

Expected mortality and survival scenario’s for skin cancer after diagnosis are not well
understood. These points require more attention in the analysis of risks.

The scenario analysis in AMOUR2.0 does not address the possible systematic change in cloud
cover associated with global warming. Even if the ozone layer will be restored in the coming
years, then still a trend in cloud cover can lead to an increased long-term risk. The relation
between cloud cover and global warming requires further study.

At present the UV mapping for the era before 1980 is based on many assumptions on the
development of the ozone layer. To come to a better risk analysis, it is recommended to test
these assumptions via proxies from ground stations, e.g. global radiation or temperature.

There are no satellite-based estimates for ozone and reflectivity fields for the period
1993/1996. Better estimates for the trend of ozone thickness with chlorine concentration and
for the life-integrated UV dose can be made if alternative ozone- and reflectivity estimates are
constructed for this period e.g. via assimilated observations from ground stations.

The present model assumes a threshold chlorine level Cl0, below which variations in chlorine
are supposed to be uncorrelated with ozone levels. The relevance of this parameter requires
further study.

At present, our model constructs estimates for future ozone levels via a relatively simple
model. A new generation of more complex global circulation models (e.g. ECHAM5) allows
for the inclusion of heterogenic chemistry. A comparison should be made between the ozone-
and reflectivity fields from such CGM’s with the RIVM model.

For a better risk-assessment, it is recommended to develop further insight into which part of
the available UV dose is received by the body. Especially the role of directional sensitivity,
skin-types, race and behaviour should be addressed.
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Appendix A: Height- and albedo-effects

Height correction

The reduction of the UV dose by the atmosphere decreases with altitude. In AMOUR1.08 the
model estimate for the sea-level UV dose was translated to the actual height via a fixed
compensation fraction per kilometer above sea. We have presented an improved height
correction model based on a fourth-order polynomial, see [Den Outer et al., 2006]. We correct
sea-level UV estimates with a correction factor, Cheight:

Cheight = 1.00 + 0.1883 * h – 0.0719 * h² + 0.0180 * h³ - 0.0017 * h4,

where 'h' is the station height (km). The correction factor is based on model calculations. The
effect of height-correction is shown in Figure 4.5. Large deviations remain for several sites.
Deviations of the Portugal sites, may likely be attributed to calibration problems as follows
from the year-to-year behaviour of the assigned quality flags.

Albedo correction

Taking into account a non-zero ground albedo requires two different amplifications of the UV
dose that is modelled for zero albedo. The sites up North like Sodankyla, and Jokioinen have
persistent snow cover almost until summer. The assumption of zero ground albedo leads to
the erroneous interpretation of the reflection of UV by snow as cloud cover and to an
underestimation of the actual UV dose. On top of this, at locations with non-zero ground
albedo a fraction of the incoming light is reflected. Via multiple reflections of the upwelling
light against the atmosphere and the bottom of the clouds the UV dose at the ground will be
larger than for zero ground albedo.

The first effect is more clearly demonstrated when considering monthly averaged sums
compared with modelled sums, as shown in figure A1. For the winter months the model
underestimates the measured monthly UV dose. Within the RUBEO-project an algorithm was
developed to account for snow cover. The reflection product by EPTOMS should be
interpreted as the result of multiple reflections within the snow-cloud-atmosphere system.
This is done as follows: First, the upward cloud reflection is separated from the reflectivity to
set the cloud-albedo modification factor, camf, as:

Ta = Ta=0*camf = Ta=0 Tc /(1-aRd) = Ta=0 (1-Rc) /(1-aRd).

where Ta describes the total transmission factor of the whole snow-cloud-atmosphere system.
Multiplication of the extraterrestrial irradiance with this factor gives the ground-level
irradiance. Ta=0 denotes the same factor but for a zero ground albedo and cloud free sky, while
Tc is the bare cloud transmission.
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Figure A1 Average monthly measured sums divided by modelled sums. Skin cancer weighted
UV.

We have shown that the total downward reflection Rd can be expressed as

Rd = (RA + Rc - 2RA Rc)/(1-RA Rc)

RA is the cloud-free atmospheric reflection of upwelling light back to the earth. This quantity
can be derived from a UV transfer model. Rc, is the bare cloud reflection that is estimated
from the EPTOMS reflectivity REPTOMS

Rc = (REPTOMS-a)/(1+aREPTOMS-2a).

Neglecting REPTOMS against 2 gives the Eck result.[Eck et al., 1995]

Choice of ground albedo

The albedo-correction presented in the former section requires accurate estimates for the local
ground albedo. Our first idea, exploited in the RUBEO project, was to use the minimal
reflection maps produced by EPTOMS, i.e. a monthly albedo climatology. According to the
red coloured points in Figure 4.5, this improves agreement between satellite-based and
ground-based UV estimates, but not to full satisfaction. While Sodankyla data show a major
improvement, the Jokioinen data hardly improve. A closer look at the underlaying reflection
data reveals the problem. In Figure A2 all available EPTOMS reflectivity estimates are plotted
for the Jokioinen site, including a line showing the minimal reflectivity values for this site.
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Figure A2 The set of reflections is shown for Jokioinen overpass data, together with the
minimal reflection data and 7% percentile level.

The vertical scatter in this figure has two different causes: at clouded days the reflectivity is
larger than at clear days and the snow cover varies from year to year. The red line in the figure
gives the minimal reflectivity ever measured in a certain month. This quantity will be biased
towards the years when there was no snow. The figure shows that the minimal reflection data
do not give the snow induced reflection valid for all years of observation. Furthermore, the
EPTOMS minimal reflection data record will continue to decrease its values as it stores the
minimal observed reflections ever. This approach will not lead to a valid estimation of the
actual snow cover. We have experimented with weaker thresholding methods than adopting
the minimum value over given periods of time. In Figure A2 we included the choice that gave
the best visual results: the 7% level of the reflection data binned per 7 days. The blue line
clearly follows the thick band below the annual pattern. In Figure A3 we show the agreement
between model and measurement estimates for the UV dose after adoption of this 7 percentile
reflectivity level for the local ground albedo. This substantially improves the agreement with
the measured monthly doses. The choice of the 7% and 7 day-bins is at this moment
somewhat arbitrary and calls for further research.
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Appendix B: List of acronyms

AMOUR - Assessment MOdel for Uv radiation and Risks,
Research model under development at the National Institute of Public
Health and the Environment (RIVM).

BCC - Basal Cell Carcinoma
CFC - Chlorofluorocarbones
CFK - Chloor-fluor-koolstofverbinding
CIE-UV - Erythemal UV
CMM - Cutaneous Malignant Melanoma
COEUR - Climate and Ozone change Effects on Ultraviolet radiation and Risks
CUBEO - Climatology of Ultraviolet Budgets using Earth Observation; pilot study

performed at RIVM
Du - Dobson Unit, unit for ozone column thickness. An ozone column of 300

Du corresponds at standard pressure (105 Pascal) and temperature (0°C) to
a layer of ozone of 3 mm thickness.

ECHAM - Atmospheric global circulation model developed in Germany
EDUCE - European Database for Ultraviolet Radiation Climatology and Evaluation
EESC - Equivalent Effective Stratospheric Chlorine
EPTOMS - Earth Probe - Total Ozone Mapping Spectrometer; see EPTOMS
ESA - European Space Agency
ETOPO - Topographic database developed by NOAA
EUVDB - European UV DataBase; Initiative to collect and unify measurement data
FAO - Food and Agriculture Organization (of the United Nations)
FMI - Finnish Meteorological Institute
GIS - Geographic Information System; type of computer application
GOME - Global Ozone Monitoring Experiment; instrument onboard the ESA

ERS-2 satellite
ISCCP - International Satellite Cloud Climatology Program
KMI - Royal Meteorological Institute, Uccle, Belgium
KNMI - Royal Netherlands Meteorological Institute; De Bilt, The Netherlands
NASA - National Aeronautics and Space Administration, USA
NIMBUS-7 - Seventh satellite in the NASA-NIMBUS programme
NIVR - Netherlands Agency for Aerospace Programmes
NOAA - National Oceanic and Atmospheric Administration; USA government

Institute
NRPB - National Radiological Protection Board, at present: HPA, Health

Protection Agency
NUSP - National User Support Programme
ODP - Ozone Depleting Potential
OMI - Ozone Monitoring Instrument; instrument onboard the NASA EOS-AURA

satellite
RIVM - National Institute of Public Health and the Environment
RUBEO - Risks and Ultraviolet Budgets using Earth Observation; study performed at

RIVM
SCC - Squamous Cell Carcinoma
SCIAMACHY - SCanning Imaging Absorption spectroMeter for Atmospheric

CHartographY; onboard the ESA ENVISAT satellite
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SCOUT - Stratosphere-Climate Links with Emphasis on the Upper Troposphere and
Lower Stratosphere (SCOUT-O3): EU integrated project

SCUPh - Action-spectrum for human skin-cancer
SHICrivm - Toolbox developed at RIVM to assess measured UV spectra
SRON - Space Research Organization of the Netherlands
SULPHATE - Surface Ultraviolet Levels; Prediction and History from Atmospheric

Trends over Europe,
SUVDAMA - Scientific Ultra-Violet DAta MAnagement: project to initiate a scientific

interpretation of the existing ground-based spectral UV measurements in
Europe by means of close interaction between the modelling and
measuring scientific communities

TEMIS - Tropospheric Emission Monitoring Internet Service
EPTOMS - Total Ozone Mapping Spectrometer on board of NIMBUS 7, METEOR3

and Earth Probe satellites; source for total ozone measurements
UNEP - United Nations Environment Programme
UV - Ultraviolet radiation (wavelength range 100-400 nm)
UVA - UV wavelengths ranging from 315-400 nm
UVB - UV wavelengths ranging from 280-315 nm
UVC - UV wavelengths ranging from 100-280 nm
WHO - World Health Organization
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