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Abstract

Human activity influences a wide range of components that affect the surface UV ra-
diation levels, among them ozone at high latitudes. We calculate the effect of human-
induced changes in the surface erythemally weighted ultra-violet radiation (UV-E) since
1750. We compare results from a radiative transfer model to surface UV-E radiation5

for year 2000 derived by satellite observations (from Total Ozone Mapping Spectro-
radiometer) and to ground based measurements at 14 sites. The model correlates
well with the observations; the correlation coefficients are 0.97 and 0.98 for satellite
and ground based measurements, respectively. In addition to the effect of changes in
ozone, we also investigate the effect of changes in SO2, NO2, the direct and indirect10

effects of aerosols, albedo changes and aviation-induced contrails and cirrus. The re-
sults show an increase of surface UV-E in polar regions, most strongly in the Southern
Hemisphere. Furthermore, our study also shows an extensive surface UV-E reduction
over most land areas; a reduction up to 20% since 1750 is found in some industrialized
regions.15

1 Introduction

Ultra-violet (UV) radiation propagates through the Earth’s atmosphere and is attenu-
ated through absorption and scattering processes. Ozone in the stratosphere protects
humans and all biological systems from harmful levels of radiation by absorbing UV
radiation. Anthropogenic emissions of substances that destroy the stratospheric ozone20

have led to ozone depletion (Clerbaux et al., 2007). Some studies indicate that the
increased amount of gases and aerosols in the troposphere from industrial emissions
may counteract UV effects caused by the decrease in stratospheric ozone and thereby
reduce the amount of UV radiation reaching the surface (Barnard et al., 2003; Liu et
al., 1991; Sabziparvar et al., 1998). Trend studies of surface UV radiation levels are25

complex due to changes in many factors contributing to the surface UV levels. Addi-
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tionally are long-term observations of ground-based UV levels limited; no data records
longer than Belsk (1976) (Borkowski, 2008) and Norrkoping (1983) (Josefsson, 2006)
are published, both showing a positive trend for the investigated period. An overview
and further details on observed and reconstructed UV trends are discussed in the sec-
tion below. We will like to emphasize that the observational records of UV are short,5

and only a few trends are considered as statistically significant according to the authors
of previous publications of UV trends.

In this study we investigate the changes in erythemally weighted UV radiation (UV-E)
since 1750 caused by anthropogenic changes in three gases (ozone, NO2, and SO2),
the direct aerosol effect (sulphate, organic and black carbon from fossil fuel combus-10

tions and biomass burning), the cloud albedo effect due to aerosols, surface albedo
changes due to deforestation and snow cover changes, and aviation-induced contrails
and cirrus, by using a global radiative transfer model. Our aim is to investigate the
changes during the time period from 1750 to 2000. The regional and temporal vari-
ations for the components differ over this period. The concentrations of air pollutants15

have been increasing due to anthropogenic emissions of aerosols and gases since
the beginning of the industrial era, and thus influenced surface UV through centuries,
while ozone depletion has been the most important factor for surface UV during the
last decades.

Except for aviation-induced cirrus and the cloud albedo effect, we do not investigate20

the effects of possible changes in cloud distribution over the industrial era. The long
term changes in the components in this study are treated consistent how their climate
impacts are estimated in the Intergovernmental Panel on Climate Change Fourth As-
sessment Report (IPCC AR4) (Forster et al., 2007).

2 Observed and reconstructed surface UV trends25

Routine spectral measurements of UV started in the late 1980’s and thus few data se-
ries with long term data exist, but in recent years there are many studies on a shorter
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Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

time scale. The possibility to retrieve statistical significant surface UV trends is de-
pendent on the ozone and cloud variability at the particular site. Glandorf et al. (2005)
showed that the UV data series has to be longer than 12–14 years to be able to retrieve
significant trends. Table 1 provides an overview of recent available studies reporting
long term trends in surface UV based on UV observations. Table 2 gives an overview5

of studies reporting trends based on reconstructed UV data.
Figure 1 provides an overview of the distribution of the positive and negative UV

trends. The Figure visualizes the trends with respect to latitudinal variations and time
periods and is based on Table 1–2. Included in the Figure are studies presenting trends
for the full year except for Tromsø (69.4◦ N), which is the only site included in Table 110

with trends only for the spring months.
The published UV-trends demonstrate a relatively clear tendency; at the Northern

Hemisphere the UV surface doses have increased from the mid-1970s. UV observa-
tions from 11 different sites spanning from 35–71◦ N indicate an increase in the surface
UV radiation the last two decades (Bais et al., 2007; McKenzie et al., 2007). Barrow15

and Toronto are exceptions; these are the only sites with negative trends for certain
periods and seasons. A few studies report that there were no trends in the UV surface
doses. Trends based on reconstruction of UV radiation support the trends based on
the direct observations and are all positive for the investigated periods. The situation
is different for the Southern Hemisphere (SH); there are fewer studies reporting trends20

and the four sites with published results show a negative trend with one exception. No
reconstructed UV time series are included for this region.

3 Method

Global simulations of UV changes at the surface are calculated using a radiative trans-
fer model (Myhre et al., 2002) which contains the discrete ordinate radiative transfer25

(DISORT) algorithm (Stamnes et al., 1988). The calculations are performed with a
five nanometer spectral resolution in the UVB (280–320 nm) and UVA (320–400 nm)
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Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

regions, and thereafter integrated over the two wavelength intervals. The model uses
meteorological data for temperature and cloud cover from the European Center for
Medium range Weather Forecasting (ECMWF) for the year 2000. The spatial resolu-
tion used in the radiative transfer calculations is T42 (approximately 3◦×3◦) with 40 ver-
tical layers. Calculations are done with a diurnal time step of three hours for monthly5

mean data (daily for indirect aerosol effect) and thereafter averaged into annual means.
Calculations for the year 2000 and pre-industrial (1750) state of gases, aerosols, and
albedo are performed, but with identical meteorological conditions (including clouds)
making it possible to study only the investigated mechanisms. The aerosol and gas
concentrations for present and pre-industrial times are taken from a global chemistry10

transport model (Oslo-CTM2) (Gauss et al., 2006; Schulz et al., 2006; Textor et al.,
2006). Note here that we focus on changes between 1750 and 2000, and most com-
ponents do not have a linear change over this time period, e.g. stratospheric ozone has
been decreasing particularly in the last three decades whereas tropospheric ozone has
had an increase over the whole time period. Also regional changes in some compo-15

nents occur, e.g. SO2 emission reductions over Europe since mid 1980s, but a strong
increase over Asia. Additional simulations with monthly ozone concentrations pro-
vided by the Total Ozone Mapping Spectrometer (TOMS) are used for the total ozone
columns for year 2000 in the model. Model results including TOMS ozone are used for
comparison with observed surface UV-E radiation.20

The ozone changes from Oslo CTM2 are in the mid-range of the human induced
ozone modifications simulated in a multi-model comparison (Gauss et al., 2006), both
with respect to stratospheric and tropospheric ozone changes. Anthropogenic sulphate
and carbonaceous aerosol changes (black carbon and organic carbon) are in the mid-
dle of a multi-model comparison (Schulz et al., 2006) with respect to anthropogenic25

aerosol fraction and radiative forcing of the direct aerosol effect. Natural background
aerosols of sea salt, mineral dust, sulphate, and carbonaceous aerosols are included
in the radiative transfer simulation for both year 1750 and 2000. The radiative forcing
estimates of the direct aerosol effect (Schulz et al., 2006) and ozone (Gauss et al.,
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2006) were central in the IPCC AR4 estimates of these radiative forcings (Forster et
al., 2007). Thus the Oslo CTM2 changes in ozone and aerosols represent the cur-
rent state of knowledge of anthropogenic changes in these components. Refractive
indexes and hygroscopic growth information for sulphate, black carbon, organic carbon
and biomass burning aerosols are shown in Table 3. Aerosol optical properties are cal-5

culated with Mie theory based on aerosol size distribution and refractive indexes as in
Myhre et al. (2007). This standard way of calculating the aerosol optical properties has
been extended with calculations for each wavelength in the UV spectrum. For the indi-
rect aerosol effect, we have considered all hydrophilic aerosols, including sub size sea
salt and secondary organic aerosols and used the method of calculating effective ra-10

dius for droplets in water clouds as in Quaas et al. (2005, 2006). This method is based
on the relation of the aerosol abundance and cloud droplet number concentration as
retrieved by MODIS satellite data, and further their impact on the cloud optical proper-
ties. The treatment of the cloud albedo effect is consistent with the radiative forcing in
the IPCC AR4 (Forster et al., 2007). Calculations of radiative effects caused by avia-15

tion contain relationship of air traffic data and the radiative forcing (Myhre and Stordal,
2001) and are performed as in Kvalevåg and Myhre (2007). Anthropogenic vegetation
changes since 1750 (Ramankutty and Foley, 1999) and MODIS surface albedo values
at short wavelengths (Myhre et al., 2005) are included to calculate the UV-E changes
due to surface albedo changes by land use. Two climate simulations with the NCAR20

Community Atmosphere Model CAM3 (Collins et al., 2006) are performed with present
and pre industrial CO2 concentrations to derive the snow cover change included in the
radiative transfer model.

We use the CIE-weights which relate UV radiation to human skin damages (McKinlay
and Diffey, 1987). The action spectrum including the CIE-weights for UV radiation is25

equal to one for wavelengths less than 298 nm and decreases towards zero for longer
wavelengths.
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4 Model comparisons with observations

Observed monthly UV-E doses for the year 2000 are provided from fourteen sites
worldwide and compared to the estimated UV-E doses calculated by the radiative trans-
fer model. Figure 2 compares ground based measurements and satellite retrieved sur-
face UV-E radiation with the model estimates. The model (red line) correlates well5

(r2=0.98) with the observations (black line), reproducing peaks and seasonal varia-
tion, but the model tends to underestimate the UV-E doses during summertime at a
few stations. This is caused by slightly too high ozone concentrations in the model
during summer at low latitudes. This has been corrected for by the use of ozone data
from the Total Ozone Mapping Spectrometer (TOMS). TOMS global daily UV-E doses10

from year 2000 are averaged into monthly ozone fields and the TOMS data are used in
refined calculations to modify the ozone column used in the radiative transfer model. A
ratio between TOMS ozone column (in Dobson Unit, DU) and the model is calculated
(Eq. 1). The ratio is then multiplied to the ozone concentration at each level in the
model (Eq. 2).15

σ =
O3(DU)TOMS

O3(DU)model
(1)

O3(Z)modelmodified = σO3(Z)model (2)

The blue curves in Fig. 2 show the model results where the total ozone column is
in agreement with observations from TOMS. For the low latitude stations (Sapporo,
Tateno, Naha, Chenkung and Hawaii) the model estimated UV-E doses are improved20

and show higher accordance with the ground based measurements, yet the correlation
coefficient remains at 0.98.

In addition, we have compared the model UV-E doses to satellite retrieved surface
UV-E doses from TOMS. The daily maps of global erythemally UV at the surface from
TOMS are based on backscattered irradiation measured by TOMS and radiative trans-25

fer models calculations (Herman et al., 1999; Krotkov et al., 1998, 2001). TOMS re-
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trieved surface UV-E doses are included for the respective sites in Fig. 2 (yellow line).
Notice the overestimation of the UV-E in the TOMS retrieval compared to the ground
measurements at a few sites, particularly at low latitudes. This overestimation is consis-
tent with earlier comparison studies between ground based measurements and TOMS
(Fioletov et al., 2002; Kazantzidis et al., 2006; McKenzie et al., 2001). The satellite re-5

trieved UV-E data at Hawaii is removed because the high altitude of the site is difficult
to account for. Figure 3 shows scatter plots and correlation coefficients for the monthly
mean surface UV-E from ground measurements at all sites (excluding Hawaii) versus
a) the TOMS retrieval, b) the model, and c) the model including TOMS ozone data. The
model (especially when including TOMS ozone data) compares at least as good as the10

TOMS UV-E satellite retrieval to the surface measurements.
The geographical distributions of surface annual mean UV-E doses for year 2000

are shown in Fig. 4 for a) the TOMS retrieval, b) the model, and c) the model including
TOMS ozone data. The main features between the model and the TOMS retrieval are
well reproduced. The surface UV-E calculated by the model at low latitudes in Fig. 4b15

is lower than TOMS, while the model including TOMS ozone fields (Fig. 4c) slightly
overestimates the surface UV-E in the same regions compared to the satellite retrieved
UV-E doses.

The main uncertainties in the TOMS retrieval are related to clouds (Krotkov et al.,
2001) and aerosols (Arola et al., 2005; Krotkov et al., 1998). Bais et al. (2007) empha-20

size the importance of including absorbing aerosols in the satellite derived UV-E esti-
mates and that the overestimation is probably related to aerosols. Fioletov et al. (2002)
found an overestimation of 10% on average at 9 sites in Canada. The biases can be
seen under clear sky conditions and in the non absorbing ozone bands which indi-
cate that air pollution and aerosols are most likely responsible for the overestimation25

in TOMS. UV measurements at 4 sites in USA provide an average positive bias of 5%
compared to TOMS (Sabburg et al., 2002). Corrections of TOMS derived UV-E for
absorbing aerosols have found to reduce the observed biases (Cede et al., 2004). Fur-
thermore, without corrections, Fioletov et al. (2002) found an overestimation of TOMS
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UV-E compared to ground based measurements surface UV-E doses at Thessaloniki,
Greece and Ispra, Italy of 19.2% and 29.7%, respectively. This was reduced to no
bias, and a small underestimation (−1.4%), respectively, when a correction for absorb-
ing aerosols was taken into account (Arola et al., 2005).

5 Results5

Figure 5 shows the percentage change in annual mean surface UV-E for the different
mechanisms investigated. The simulations show that ozone depletion in the strato-
sphere has increased mid- and high latitude UV-E at the surface, with the highest
changes (up to 22%) over Antarctica (see Fig. 5a). The reduction of stratospheric
ozone has increased UV-E by around 10%, while increased levels of tropospheric10

ozone have reduced UV-E by 5–10% in the NH over the industrial era. Between ap-
proximately 30◦ S–30◦ N, UV-E is reduced due to higher concentrations of ozone in the
troposphere. Separate figures for tropospheric and stratospheric ozone change are
shown in Fig. 6. The sum of stratospheric and tropospheric ozone changes result in
a 4% global increase of UV-E at the surface. This is consistent with a previous study15

which reported a significant increase of UV-E at high latitudes of greater than 20% and
a decrease at lower latitudes of a few percent (Sabziparvar et al., 1998).

The impacts of the changes in the direct effect of aerosols on the incoming UV-E radi-
ation since 1750 are presented in Fig. 5b and e (carbonaceous and sulphate aerosols,
respectively). Carbonaceous aerosols include organic carbon and black carbon (soot)20

from both fossil fuel and biomass burning. These aerosols both scatter and absorb
UV radiation and cause a strong reduction in the UV-E dose in Central Africa due to
biomass burning. Here, the UV-E reduction has a maximum of 12%, located in the
center of the biomass burning area. Sulphate aerosols contribute to UV-E dimming by
pure scattering, particularly over the continents in mid latitudes of the NH. The largest25

reductions occur in North East America, Eastern Europe, and South East Asia, with a
reduction in surface UV-E of 2–3%.
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The cloud albedo effect, also called the first indirect aerosol effect, denotes an in-
creasing fraction of reflected solar radiation caused by a reduced effective radius of the
cloud water droplets. The cloud albedo effect reduces the UV-E up to 5% in the same
regions where the direct aerosol effect has the strongest impact (see Fig. 5c).

Anthropogenic changes in land use, specifically deforestation for agricultural pur-5

poses, also influence surface UV changes because of the much higher surface albedo
of snow-covered agricultural land than forest (Betts, 2000). On the other hand, the
reduction of snow cover since 1750 due to a warmer climate results in a reduced sur-
face albedo. Figure 5d shows the UV-E change caused by the surface albedo change
related to both snow cover and land use. Separate figures for snow cover and land use10

changes are shown in Fig. 7. In Eurasia, North America and East Asia, the increase
in the surface albedo caused by land use are largest (Hansen et al., 2005; Myhre et
al., 2005) and hence the strongest increase in surface UV-E is seen in these regions.
The surface albedo raises the annual mean UV-E radiation up to 5% in regions with
widespread land use. The reduced snow cover in regions in mid to high latitudes re-15

duces the annual surface UV-E by 1–2% over land.
UV-E changes as a response to changes in the trace gases NO2 and SO2 are pre-

sented in Fig. 5f and g, respectively. NO2 and SO2 are not only precursors of ozone
and sulphate aerosols, respectively; they are also absorbers of UV-radiation and con-
tribute directly to the reduction of UV-E at the surface. The UV-E reduction shown in20

Fig. 5f is strongest near the source of NO2 emissions, i.e. in North America, Europe,
and Asia, with a maximum reduction of 1.5% in North East America. SO2 absorbs only
in the UVB part of the spectrum, but reduces the UV-E dose at the surface as strongly
as NO2 and even stronger in some regions; see Fig. 5g. In South East Asia, the UV-E
dose has decreased by 1.5%.25

Contrails and aviation-induced cirrus clouds are only minor contributors to the UV-
E changes at the surface (Fig. 5h), with a maximum reduction of less than 0.5% in
regions with dense air traffic.

Figure 8a–c shows UV changes at the surface caused by all the mechanisms de-
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scribed above, but separated for UVA, UVB, and UV-E radiation, respectively. Only
at high latitudes, most strongly in the SH, a net increase of surface UVB radiation is
present due to reduced stratospheric ozone. Carbonaceous aerosols are particularly
effective in blocking UV radiation, as these aerosols both absorb and scatter UV radi-
ation. Carbonaceous aerosols are responsible for the greatest reductions, detected in5

Central Africa and South East Asia for all UV-bands. There is a strong land signature in
all three UV spectra due to anthropogenic emissions of short-lived aerosols and gases.
The changes in UVB and UV-E at the surface are similar because the CIE-weights are
highest for the shortest wavelengths. The relatively large difference between UVA and
UVB is explained by the smaller ozone absorption in the former band.10

6 Summary and conclusions

Based on our simulations, we argue that SO2, NO2, ozone, and direct and indirect
effects of aerosols have reduced surface UV-E by up to 15–20%, during the industrial
era. The strongest reduction is seen over South East Asia, Europe and North America.
It has previously been indicated that pollutants could mask expected increase of UV15

from stratospheric ozone depletion, especially through absorption of black carbon over
urban areas (Barnard et al., 2003). Here, we show that this has occurred over most
land regions through the time period 1750–2000. This UV-dimming has similarities
with the dimming of total solar radiation at the surface (Alpert et al., 2005; Kvalevåg
and Myhre, 2007; Liepert, 2002; Stanhill and Cohen, 2001). Even though the dimming20

of the total solar radiation has been variable since the first observations in 1950s, it has
been dominating over the period with measurements.

Long term changes in cloud cover and the causes of the changes are highly uncer-
tain. Natural variability in clouds is large, but cloud cover changes from increased cloud
lifetime due to anthropogenic aerosols have also been suggested (Albrecht, 1989).25

Reduced cloud cover due to the semi-direct aerosol effect (Ackerman et al., 2000) in
addition to feedbacks from of global warming may have influenced cloud cover over
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longer time periods. Koren et al. (2008) indicate by an analytical method and Mod-
erate Resolution Imaging Spectroradiometer (MODIS) satellite data that cloud cover
changes depend both on the aerosols content and the amount of absorbing aerosols.
An increase in the cloud cover would reduce the surface UV-E radiation and vice versa
for a decrease in cloud cover.5

As described above most of the observations the last 2–3 decades of surface UV-E
radiation show an increase, especially in the NH. In contrast, our model results show
a decrease over land regions the last 250 years. The only significant component in-
cluded in the model that increases the surface UV-E radiation over the time period
1750–2000 is the reduction in stratospheric ozone. The decline in stratospheric ozone10

has occurred only over the last 3–4 decades. In addition, some aerosol components
decreasing surface UV-E radiation during most of the industrial era have been reduced
the last decades in certain regions and could thus also have contributed to an increase
in the surface UV-E radiation.

The implication of this study is that future changes in UV radiation clearly depend15

on a complex mixture of factors, among them ozone and atmospheric pollutants. This
links health, UV radiation, air pollution, and climate change.
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Kvalevåg, M. M. and Myhre, G.: Human impact on direct and diffuse solar radiation during the
industrial era, J. Climate, 20, 4874–4883, doi:10.1175/JCLI4277.1, 2007.20

Lakkala, K., Kyro, E., and Turunen, T.: Spectral UV measurements at Sodankyla during 1990–
2001, J. Geophys. Res.-Atmos., 108(D19), 4621, doi:10.1029/2002JD003300, 2003.

Liepert, B. G.: Observed reductions of surface solar radiation at sites in the United States and
worldwide from 1961 to 1990, Geophys. Res. Lett., 29, 1421, doi:10.1029/2002GL014910,
2002.25

Lindfors, A. and Vuilleumier, L.: Erythemal UV at Davos (Switzerland), 1926-2003, estimated
using total ozone, sunshine duration, and snow depth, J. Geophys. Res.-Atmos., 110(D2),
D02104, doi:10.1029/2004JD005231, 2005.

Liu, S. C., McKeen, S. A., and Madronich, S.: Effect of Anthropogenic Aerosols on Biologically-
Active Ultraviolet-Radiation, Geophys. Res. Lett., 18, 2265–2268, 1991.30

McKenzie, R. L., Aucamp, P. J., Bais, A. F., Bjorn, L. O., and Ilyas, M.: Changes in biologically-
active ultraviolet radiation reaching the Earth’s surface, Photoch. Photobio. Sci., 6, 218–231,
2007.

10472

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/10457/2009/acpd-9-10457-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/10457/2009/acpd-9-10457-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.ann-geophys.net/22/1473/2004/


ACPD
9, 10457–10486, 2009

Extensive reduction
of surface UV

radiation since 1750

M. M. Kvalevåg et al.
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Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

from 1700 to 1992, Global Biogeochem. Cy., 13, 997–1027, 1999.
Sabburg, J., Rives, J. E., Meltzer, R. S., Taylor, T., Schmalzle, G., Zheng, S., Huang, N.,

Wilson, A., and Udelhofen, P. M.: Comparisons of corrected daily integrated erythemal UVR
data from the US EPA/UGA network of Brewer spectroradiometers with model and TOMS-
inferred data, J. Geophys. Res.-Atmos., 107(D23), 4676, doi:10.1029/2001JD001565, 2002.5

Sabziparvar, A. A., Forster, P. M. D., and Shine, E. P.: Changes in ultraviolet radiation due to
stratospheric and tropospheric ozone changes since preindustrial times, J. Geophys. Res.-
Atmos., 103, 26107–26113, 1998.

Sasaki, M., Takeshita, S., Oyanagi, T., Miyake, Y., and Sakata, T.: Increasing trend of biolog-
ically active solar ultraviolet-B irradiance in mid-latitude Japan in the 1990s, Opt. Eng., 41,10

3062–3069, 2002.
Schulz, M., Textor, C., Kinne, S., Balkanski, Y., Bauer, S., Berntsen, T., Berglen, T., Boucher,

O., Dentener, F., Guibert, S., Isaksen, I. S. A., Iversen, T., Koch, D., Kirkevåg, A., Liu, X.,
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Table 1. Overview of recent published trends in surface UV based on long term observations
of surface UV.

Location Lattitude Trend/
decadea

Period Sig.b Spectral region Reference

South Pole 90.0◦ S −14.7c,d

−34.6
1992–2005
1998–2005

No
Yes

UV-E
UV-E

McKenzie et al. (2007)
Bais et al. (2007)

McMurdo 77.8◦ S +5.5c

−25.7
1990–2004
1998–2004

No
No

UV-E
UV-E

McKenzie et al. (2007)
Bais et al. (2007)

Palmer 64.8◦ S −2.7c

−8.4
−15.5

1990–2005
1990–2005
1998–2005

No
Yes
Yes

UV-E
UV-E
UV-E

McKenzie et al. (2007)
Bais et al. (2007)
Bais et al. (2007)

Lauder 45.0◦ S −9.5c,e

−8.4e

−14.6

1990–2005
1990–2006
1998–2006

Yes
Yes
Yes

UV-E
UV-E
UV-E

McKenzie et al. (2007)
Bais et al. (2007)
Bais et al. (2007)

Hiratsuka 35.4◦ N +15.7f 1990–2000 No UV-B, 2 bands Sasaki et al. (2002)
Thessaloniki 40.5◦ N +2.6c

+1.5g

Positiveh

1990–2005
1998–2006
1990–2001

No
No
No

UV-E
UV-E
Spectral UV

McKenzie et al. (2007)
Bais et al. (2007)
Glandorf et al. (2005)

Toronto 43.8◦ N Positivei

−1.5c

+1.5

1989–1999
1989–2006
1998–2006

–
No
No

UV-B
UV-E
UV-E

Fioletov et al. (2001)
McKenzie et al. (2007)
Bais et al. (2007)

Ispra 45.8◦ N +1.4c

+9.1
1992–2004
1998–2005

No
No

UV-E
UV-E

McKenzie et al. (2007)
Bais et al. (2007)

Belsk 51.8◦ N ∼ +4
+2.3

1992–2004
1976–2006

No
No

UV-E
UV-E

Jaroslawski and Krzyscin (2005)
Borkowski (2008)

Bilthoven 52.1◦ N +14.2c

+16.9
+5.5

1996–2005
1998–2006
1979–2003

No
Yes
Yes

UV-E
UV-E
UV-E

McKenzie et al. (2007)
Bais et al. (2007)
den Outer et al. (2005)

Lindenberg 52.2◦ N + 1.1c

+14.0
1995–2005
1998–2006

No
Yes

UV-E
UV-E

McKenzie et al. (2007)
Bais et al. (2007)

Moscow 55.7◦ N No trend
No trend j

1968–1997
1968–1997

–
–

UV-E
UV irr. 380 nm

Chubarova (2000)
Chubarova (2000)

Norrköping 58.6◦ N +5.2k 1983–2003 Yes UV-E Josefsson (2006)
Sodankylä 67.3◦ N +9.2c

+7.3
No trendh

No trendl

1990–2004
1998–2005
1990–2004
1990–2001

Yes
No
–
–

UV-E
UV-E
Spectral UV
Spectral UV

McKenzie et al. (2007)
Bais et al. (2007)
Glandorf et al. (2005)
Lakkala et al. (2003)

Barrow 71.3◦ N +3.8c

−4.4
−2.3

1991–2004
1991–2005
1998–2005

No
Yes
No

UV-E
UV-E
UV-E

McKenzie et al. (2007)
Bais et al. (2007)
Bais et al. (2007)

a The trends are based on full years with observations. If only a part of the year is used, this is indicated as a footnote below. There are various time resolutions
used as a basis for trends in the various studies. These are treated equally (monthly mean, daily mean, noon observations) in the Table. The units are given
in percent (%).
b The significance given is according to criteria defined by the authors.
c Only 3 summer months are used in the calculation of the trends.
d Wrong sign is given in the paper for this site. This is confirmed by personal communication with the author.
e Observations were performed only under fair weather conditions up to 1994 and no data under wet weather in the period 1994–1998.
f The changes observed are not significant except for the winter months.
g It should be noted that there was a strong upward trend during 1990s for the bands with no ozone absorption. The authors attributed these changes to
aerosol changes as AOD has decreased considerable in the same period.
h The analysis is based on spectral UV measurements (290–330 nm, resolution 0.5 nm). The trend is mainly positive for the Thessaloniki site, but is partly
dependant on wavelength and partly dependant on solar zenith angle.
i The trend is given for every wavelength, and is positive for all UV-B wavelengths.
j Months included in the analysis were only May-September. A decreasing trend was observed until ∼1980 and then an increase, but no overall trend was
found.
k Significant positive trends for all seasons.
l Spectral UV observations (290–335 nm, resolution 0.5 nm). The trend is dependent on the wavelength.
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Table 2. Overview of recent published modeled trends in surface UV based on reconstructed
UV time series.

Location Location Trend/
decadea

Period Sig.b Spectral region Reference

Davos 46.8◦ N Positivec 1926–2003 – UV-E Lindfors and Vuilleumier (2005)
Hohenpeiss-enberg 47.8◦ N +2.0d 1968–2001 No UV-E Trepte and Winkler (2004)
Hradec Kralove 50.1◦ N Not givene 1964–2001 – UV-B Krzyscin et al. (2004)
Bilthoven 52.1◦ N +5.5f 1979–2003 – UV-E den Outer et al. (2005)
Potsdam 52.2◦ N Not giveng

Not givenh
1893–2002
1893–2003

No
No

UV-A, B, UV-E
UV-E, UV-A

Junk et al. (2007)
Feister et al. (2008)

Belsk 52.5◦ N +2.3
Not givene

1976–2006
1966–2001

UV-E
UV-B

Borkowski (2008)
Krzyscin et al. (2004)

Moscow 55.5◦ N +6.0
0i

1968–2006
1968–2006

– UV-E
UV irr. integral

Chubarova (2008)
Chubarova (2008)

Toravere 58.2◦ N Not givene 1967–2001 UV-B Krzyscin et al. (2004)
Tromsø 69.4◦ N +2.8j 1936–2003 – UV-B Engelsen et al. (2004)

a The trends are based on full years with observations. If only a part of the year is used, this is indicated as a footnote below. There are various time resolutions
used as a basis for trends in the various studies. These are treated equally (monthly mean, daily mean, noon observations) in the Table. The units are given
in percent (%).
b The significance given is according to criteria defined by the authors.
c High values in 1940s, early 1960s, and an increase since 1985 of ∼5% relative to 1940–1969. Aerosols are neglected in the model.
d 2% per decade is the average trend for the months March–October. The trend was significant for 2 months, and further the trend was negative for September
and October. Observations of aerosols are not a part of the input to the model, and are not included in the analysis.
e No trend for the whole period is given. The study includes only the months April–September. There is a general description of variation in UV-B with low
values at the end of 1970s, and increase after this point. Information on aerosol variations are excluded in the model, and a constant AOD=0.25 is used
(annual average of Cimel in Belsk, Toravere, Potsdam).
f The clear sky trend was found to be +3.1 per decade. Information on aerosol variations is excluded in the model. A constant AOD, and Ångström parameter
is used.
g No trend for the whole period is given but results based on the annual irradiation for various periods show: 1893–1935: decrease, ∼ca. 1940–1980: slight
decrease, ∼1990–2002: slight increase. Direct information of aerosols is not included in the model.
h No trend for the whole period is given, but it seems positive from the figures. Results for the various periods is as follows: ∼1900–1930: increase, 1930–1945:
decrease, ∼1960–1980: decrease, ∼1985–2003: increase. Direct information of aerosols is not included in the model.
i For the UV irradiance integral 300–380 nm, no trend for the full period, but large and positive trend since ∼1980.
j The study includes only the months March–May. The trends are as follows: +4.5% (March), +2.8% (April), +1.3% (May). UV-A and PAR are unaffected of
ozone absorption and show smaller trends in March and April, but similar in May.
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Table 3. Refractive indexes and hygroscopic growth information for sulphate, black carbon,
organic carbon and biomass burning aerosols.

Sulphate Black carbon Organic carbon Biomass burning

Refractive Index Toon et al. (1976) WCP (1986) Similar to sulphate Based on SAFARI-
2000 results, Hay-
wood et al. (2003) and
Myhre et al. (2003)

Hygroscopic
growth

Fitzgerald (1975) No Peng et al. (2001) No
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Fig. 1. Surface UV trends visualized for various latitudes and time periods. Red: positive
trends, blue: negative trends and black: no trend. Solid line: significant trend according to the
authors, dotted line: not given as a significant trend by the authors. The Figure is based on
Table 1 and 2.
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Fig. 2. Monthly surface UV-E doses at 14 sites for year 2000. Black – ground based measure-
ments, red – model, blue – model including ozone data from TOMS, and yellow – TOMS surface
UV-E retrieval. The UV observations from nine sites were obtained from the World Ozone and
Ultraviolet Radiation Data Centre (WOUDC). The Norwegian institute for Air Research hosts
the five Norwegian UV observations.
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Fig. 3. Correlations of monthly mean surface UV-E doses between ground based measure-
ments from 13 sites (not including Hawaii) and (a) TOMS surface UV-E retrieval, (b) the model,
and (c) the model including ozone values from TOMS. Correlation coefficients (r2) are shown
on top of each panel.
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Fig. 4. Annual UV-E doses at the surface in year 2000 from (a) TOMS, (b) the model, and (c)
the model including ozone data from TOMS.
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 Fig. 5. Percentage change in estimated annual mean UV-E at the surface since 1750. The
UV-E changes are due to (a) ozone (both tropospheric and stratospheric), (b) carbonaceous
aerosols, (c) cloud albedo effect (first indirect effect) of aerosols, (d) surface albedo, (e) sul-
phate aerosols, (f) NO2, (g) SO2, and (h) aviation induced contrails and cirrus. Note the differ-
ent color scale for the left and right panels.
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Fig. 6. Tropospheric and Stratospheric ozone changes.Annual changes of surface UV-E in
percent due to exclusively tropospheric ozone (left) and stratospheric ozone (right).
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Fig. 7. Land use and snow cover change. Annual changes of surface UV-E in percent due to
surface albedo change (left) and snow cover changes (right).
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Fig. 8. Percentage change in estimated annual mean total change for three UV-bands. The
changes are shown for (a) UVA, (b) UVB and (c) UV-E radiation at the surface since pre indus-
trial time (1750–2000).
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