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Abstract. Long-term measurements of erythemally
weighted UV irradiance (Qer ) have been analyzed for the
1999–2006 period as well as UV variability according to a
reconstruction model since 1968. The estimates of different
atmospheric parameters effects, including NO2 content, on
Qer have been obtained on seasonal and interannual scales.
It has been shown that NO2 content in conditions of large
megalopolis provides average Qer decrease of about 1.5–2%.
The seasonal variations of the observed UV indices are dis-
cussed from the point of view of the impact on health. Us-
ing the reconstruction model we showed a distinct growth
in Qer since 1980 due to changes in total ozone (+2.5%
per decade), effective cloud amount transmission (+2.1% per
decade) and aerosol loading (+1.1% per decade). However,
there is no change in Qer over the longer 1968–2006 period
due to significant decrease in effective cloud amount trans-
mission (−11% per decade) in 1968–1980.

1 Introduction

Ultraviolet (UV) irradiance has a strong influence on the bio-
sphere (UNEP, 1994). During last decades significant ef-
forts were made for organizing UV monitoring from space
and at the ground by different devices in order to assess the
temporal and spatial variability of UV irradiance over the
world (WMO, 2007). In this paper we analyse the main fea-
tures of erythemally-weighted (Qer) irradiance in Moscow
on the base of long-term ground measurements using broad-
band UV-B instrument and supplementary meteorological
information including cloud and aerosol properties, surface
albedo, and trace gas species content. In order to understand
the cause of Qer variations we have analyzed the specific fea-

Correspondence to:N. Y. Chubarova
(chubarova@imp.kiae.ru)

tures of typical seasonal variation of main parameters and
have made the estimates of their impact on Qer . Moscow is a
big city with high traffic and many power stations, which can
provide high emissions of NOx and, accordingly, high NO2
content. Hence, special attention should be paid to estimat-
ing NO2 effects on Qer during different seasons.

The level of UV indices in diurnal and seasonal cycles is
characterized from the point of view of the impact on health.
For this purpose two simple thresholds have been applied:
one threshold – for protection from erythema according to
(Vanicek et al., 2000) and the second threshold – for the vi-
tamin D synthesis from (Holick and Jenkins, 2003). This
approach allows to characterize Moscow conditions from the
point of view of human health and to obtain time periods with
unfavourable UV conditions.

Because of large interannual variations of the atmospheric
parameters Qer can undergo significant changes in the past.
And, as many biological and health related effects depend
on UV dose accumulated during long period, the assessment
of possible UV irradiance changes in the previous decades
is very important. To evaluate the UV-B irradiance in the
past different sorts of reconstruction models have been ap-
plied, which use various kinds of statistical or model ap-
proaches and different meteorological or radiation datasets
(Kaurola et al., 2000; Fioletov et al., 2001; Krzyscin et al.,
2004; den Outer et al., 2005; Chubarova et al., 2005; Lind-
fors and Vuilleumier, 2005; Lindfors et al., 2007, etc). We
have used the approach described in Chubarova et al. (2005)
to reconstruct Qer variability, to estimate the role of differ-
ent atmospheric factors, and also to compare reconstructed
interannual Qer variations with the measured ones.

2 Method and data description

The UV-B monitoring in Moscow has been in operation by
broadband UVB-1 YES pyranometers at the Meteorological
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Observatory of Moscow State University (MO MSU) since
1999. Initially all the instruments were tested at NREL labo-
ratory of Colorado State University (courtesy of D. Bigelow
and J. Slusser) in 1998 and directly at YES. Inc. com-
pany. Then they were cross-calibrated against the refer-
ence instrument, which in turn was calibrated in erythemally-
weighted units against the ultraviolet spectroradiometer Ben-
tham DTM-300 of the Medical University of Innsbruck in
1999 (Bais et al., 1999) and directly in Innsbruck in 2005
(courtesy of M. Blumthaler). The corrections on total ozone
and solar zenith angle have been applied to the initial data
in order to minimize the errors for high solar zenith angles
and large ozone content according to (Lantz et al., 1999;
Chubarova, 2002). They are also in accordance with rec-
ommendations described in (Seckmeyer et al., 2006).

The UV reconstruction model used in this study is
described in details in (Chubarova and Nezval, 2000;
Chubarova et al., 2005). However, for better understand-
ing of the results, the main characteristics of the model are
shown below. The model is based on the assumption that the
year-to-year UV variabilityVi can be written as a sum of UV
variations due to variations in total ozonev1, aerosol optical
thicknessv2, cloud optical thicknessv3,and cloud amount
v4 with account of surface albedoA and monthly weights
Wj of solar angleh:

Vi =

∑
j

(Wj (h) (ν1i,j (X) + ν2i,j (τa, Pcf , A)

+ν3i,j (τc, Pov) + ν4i,j (CQA))/
∑
j

Wj (h) (1)

where indexi corresponds to a year number, indexj – to a
month number;X is the total ozone content;τ a andτ c are
an aerosol and cloud optical thickness;Pcf andPov are the
occurrences of clear sky and overcast cloud conditions. UV
variability due to cloud amount (v4) was estimated using the
effective cloud amount transmission (CQA). The influence
of surface albedo on this characteristic is accounted in the
form of geometric progression:

CQA =
CQA=0

1 − A (C − D CQA=0)
(2)

whereC∼0.9andD∼0.6according to the model simulations.
The CQA=0 is determined as a combination of relative

frequency of different cloud amounts weighted on their UV
transmission:

CQA=0 =

10∑
NL=0

{[P(Nl) − P(Nl, N = 10)] · CQA=0(Nl)

+P(Nl, N = 10) · CQA=0(Nl) · CQup

}
(3)

Here, P(Nl) is the frequency of low layer cloud amount
(Nl) with different amounts of total cloudiness for a given
month, P(Nl, N=10) – is the frequency when total cloud
amount is equal toN=10, always corresponding to overcast

conditions but with different amount of low layer clouds;
CQ,A=0(Nl) – is the UV transmission by low layer cloudi-
ness;CQup=0.93 is a mean UV transmission by overcast up-
per layer cloudiness. The second term of Eq. (3) accounts for
the UV transmission in overcast cloud conditions, while all
other situations are considered in the first term. This equation
is obtained with the assumption that upper level clouds do not
affect the UV transmission except when overcast with upper
level clouds. Therefore this method independently accounts
for UV transmission by optically thick low-level cloudiness
and thin upper level clouds.

The UV transmission of different cloud amount has been
evaluated on the base of long-term measurements of UV ir-
radiance of 300–380 nm (Chubarova, 1998). UV transmis-
sion is known to have some spectral features in its atten-
uation (see, for example, Chubarova et al., 1996, Lindfors
and Kylling, 2008). However, our model calculations have
shown quite similar effects of clouds on UV irradiance 300–
380 nm and Qer due to minor difference in their effective
wavelengths with few percents higher Qer cloud transmis-
sion. Whereas we are interested in relative changes of UV
irradiance, we neglect this small difference.

The surface albedoA was estimated using the following
equation:

A = wAA1 + (1 − wA)A2 (4)

whereA1=0.4 is the albedo of snow, A2=0.02 is the grass
albedo. The value of snow albedo is in accordance with the
typical TOMS MLER values over Moscow (Chubarova et al.,
2002). ThewA is a weighting coefficient, which accounts for
snow occurrence, estimated using a standard meteorological
characteristic – spatial snow coverage.

The model of reconstruction does not include the effects
of changes in the vertical profiles of temperature and ozone
which were shown to have the effects on UV-B irradiance
(McKenzie et al., 2003). This factor has been neglected due
to lack of information on ozone vertical profiles in the past.

This reconstruction model has been successfully verified
against 1968–1997 dataset of UV irradiance 300–380 nm
(Chubarova and Nezval, 2000), satellite TOMS and ME-
TEOSAT retrievals (Chubarova et al., 2005) and some other
data. In addition, the reconstruction model has been care-
fully tested against exact model calculations based on 8
stream DISORT method incorporated in the TUV model
(Madronich and Flocke, 1998). For the large range of atmo-
spheric parameters (total ozone of 250–450 DU, aerosol opti-
cal thickness at 380 nm (AOT380) of 0.05–0.6, cloud optical
thickness of 0–60) this approach was shown to have an un-
certainty of less than 2% compared with the accurate model
calculations. The uncertainty is larger in situations with high
loading of absorbing aerosol with single scattering albedo
(SSA) less than 0.85, which are rarely observed.

In order to characterise the atmospheric parameters, vari-
ous datasets were applied. Two aerosol datasets are used in
the study: the Moscow AERONET dataset at level 2, version
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2 with additional cloud filtering according to (Ulyumdzhieva
et al., 2005) which provides AOT340 and Angstrom param-
eter, and 1968–2006 AOT550 dataset. The AOT550 is cal-
culated using direct shortwave irradiance and water vapour
content according to the method described in (Tarasova and
Yarkho, 1991). The estimated AOT550 values were care-
fully tested against AERONET AOT measurements. The test
has confirmed the absence of the bias for AOT550 less 0.5
but only if AOT550 is calculated with Angstrom parameter
of α=1 instead of the observedα=1.4. Typical SSA in UV
spectral region is about 0.92, which was calculated using Mie
theory with the optical parameters taken from AERONET
dataset in visible spectral region. The dataset of cloud opti-
cal thickness for 1968–2006 period was obtained according
to the method developed by Tarasova and Chubarova (1994)
with the use of global shortwave irradiance measurements in
overcast cloud conditions in Moscow.

The preliminary analysis of the influence of different small
gas species on Qer in Moscow conditions has revealed the
most pronounced effects of NO2 (Chubarova, 2006). To
estimate total NO2 content a combination of surface NO2
measurements from TE42C-T gas analyzer and model ver-
tical profile in the low 2 km has been applied following the
methology described in (Chubarova and Dubovik, 2004).

In addition, we used the long-term measurements of
UV 300–380 nm irradiance (Q380) (Chubarova and Nezval,
2000) to compare interannual Q380 changes, which are not
practically influenced by the ozone, with the changes in ery-
themally –weighted irradiance.

3 Seasonal changes of main atmospheric parameters
and their effects on UV irradiance

In order to explain the main features of UV seasonal vari-
ability it is necessary to analyze variations of main parame-
ters affecting UV. Figure 1 presents mean seasonal changes
in total ozone content, aerosol and NO2 optical thickness, ef-
fective cloud amount transmission with account for spatial
snow albedo (CQA) and without it (CQA=0) for 1999–2006
period, and seasonal dependence of the sine of noon solar
angles in Moscow. Solar angle is, of course, a dominating
factor in UV irradiance change, however, we can see some
interesting features in seasonal variations of other parame-
ters. In ozone variations we observe typical for high latitudes
a strong seasonal cycle with the maximum in spring (March)
and the minimum in the fall similar to the CQA variations
which, in addition, have large values during summer time.
The CQA values have the maximum in March due to less
cloud amount and still presence of snow on the surface. Ac-
cording to our estimates (see the Eq. 2) snow can increase
the CQA=0 values on about 0.15–0.17 during winter months.
AOT340 also has the maximum in spring, in April, due to the
absence of vegetation at ground and low precipitation, that
lead to the increase of dust particles in the air. The second
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Fig. 1. (a) Average seasonal changes in total ozone (X), aerosol
optical thickness at 340 nm (AOT340), NO2 optical thickness at
340 nm (OTNO2 340), effective cloud amount transmission (CQA

and CQ) as well as the sine of noon solar angle (sinh).(b) Rele-
vant seasonal Qer loss due to monthly mean effective cloud amount
transmission, aerosol, ozone, and NO2 factors. 1999–2006. The
loss is calculated as a relative difference in Qer calculated with ac-
count and with no account for the analyzed factor. In case of ozone,
the daily minima from 1979–2003 TOMS data series were taken as
a proxy for theoretically lowest monthly ozone values over Moscow.

summer-fall maximum is explained by many factors: pre-
dominant air mass advection from the south, lack of precip-
itation and the effects of forest fires. There are also spring
and summer maxima in the NO2 content; the mean OTNO2 at
340 nm is rather small (0.01–0.02) but still pronounced.

Figure 1b presents seasonal variation of mean Qer losses
due to different atmospheric parameters, which have been
estimated using TUV model, except effective cloud amount
transmission, calculated using the Eqs. (2) and (3). It is
clearly seen that cloudiness is a dominating factor in sum-
mer and in the fall while during February–May period total
ozone plays more important role in Qer attenuation. The Qer
mean loss due to AOT varies from 4% in winter to 12–15% in
April and July–September periods. The Qer loss due to NO2
is about 1.5–2% throughout the year, except May–June. The
higher Qer sensitivity to NO2 in winter is explained by the
bias of the Qer effective wavelength at smaller solar elevation
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Fig. 2. (a)Diurnal cycle of average UV indices in Moscow with the
confidence intervals at 95% for interannual changes.(b) Seasonal
changes in mean UVI maxima for each month. Here error bars
show the range in UVI maxima observed during 1999–2006 pe-
riod. Threshold for erythema is according to (Vanicek et al., 2000);
threshold for vitamin D synthesis – according to (Holick, Jenkins,
2003) for skin type 2. 1999–2006 period.

to longwave spectral region where there is higher NO2 ab-
sorption.

It was interesting to make assessments of the Qer response
to the heterogeneity of aerosol loading within the city. For
this purpose a special experiment has been organized with
simultaneous measurements by AERONET CIMEL sun pho-
tometer at MO MSU and cross-calibrated GLOBE portable
sun photometer in different parts of the Moscow area dur-
ing summer of 2005 (case number is about 80). The fre-

quency distribution of the obtained AOT500 differences lies
in accordance with normal law and has zero bias. The dif-
ference reaches±0.06 at 95% significance level that accord-
ing to model calculations leads to±3–4% additional varia-
tions in Qer , due to heterogeneity of aerosol distribution over
Moscow.

Figure 2a shows average diurnal cycle of hourly UV in-
dices (UVI) in different months over 1999–2006 period.
Noon UVI values in summer can be 24 times larger than
those observed in winter. Special attention has been paid to
the determination of time periods with unfavourable UV con-
ditions for human health. According to Vanicek et al. (2000)
the UV protection is required when UVI are higher than 3. In
Moscow for mean (typical) conditions UVI are higher than 3
(but less than 4) only at 10:30–13:30 in June and July and at
11:30–12:30 in May and August. Similar noon UV indices in
August and May can be explained by compensating for UV
decrease due to higher aerosol loading and slightly lower so-
lar angles observed in August with the UV increase due to
seasonal lower ozone amount (see Fig. 1). At the same time,
the maximal observed UV indices can reach middle (UVI=4–
6) and even high (UVI=6–7) categories through April to
September (see Fig. 2b). The maximum hourly UVI value
(UVI=7) observed in Moscow was recorded at noon time
27 June 2004, when total and low layer cloud amount were
equal to 6 providing additional scattering from the cloud
sides, sun disk was unobscured by cloud, total ozone X of
303 DU and AOT340 of 0.25 were reduced against climatic
values (see Fig. 1a).

According to the recommendations described in (Holick,
Jenkins, 2003), the time, which is necessary for vitamin D
synthesis, is based on a threshold of 25% of Minimal Erythe-
mal Dose. Using this simple approximate threshold we show
the inability to get vitamin D for any skin type in typical me-
teorological conditions even at noon from October (except
skin type 1) to February. Furthermore, even in conditions
favourable for creating high UV level it is impossible to get
vitamin D in December for any of skin types and in January
(for any, except skin type 1). In November and February only
at the highest UV levels it is possible to get vitamin D for skin
types 1 and 2, which are most sensitive to UV impact.

4 The long-term UV variations

Figures 3a, b presents Qer variations due to different atmo-
spheric parameters for 1968–2006 period as well as recon-
structed and observed long-term Qer variability. In addi-
tion, Fig. 3c shows the interannual variations of measured
and reconstructed UV irradiance 300–380 nm (Q380), which
has negligible dependence on ozone. There is quite satis-
factory agreement between measured and model values that
has confirmed a good quality of the reconstruction model.
Some difference between the observed and reconstructed UV
irradiance can be also caused by the uncertainty of broadband
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UV measurements, which is about 5%. Due to variations in
atmospheric factors the Qer interannual changes are about
±16% during warm period. The influence of CQA on Qer

variability is dominant explaining about 10% of the varia-
tions while the ozone effects are slightly less (±8%). The
predominant role of cloudiness is in accordance with our es-
timates shown in Fig. 1b for the warm period. Interannual
changes in aerosol loading also play a noticeable role, pro-
viding Qer variation of±2–3% while the role of cloud opti-
cal thickness is quite small (±1.5%) in Moscow.

In addition to high frequency and/or random Qer varia-
tions, one can see pronounced low frequency variability in
Qer response to ozone, cloudiness and aerosol optical thick-
ness changes and in Qer itself (see Figs. 3a,b). On the whole,
since 1980 we can reveal linear statistically significant pos-
itive trends in Qer due to decrease in ozone of about +2.5%
and due to aerosol variations of about +1.1% per decade.
The reduction of aerosol loading has global character: it is
observed at least for the whole Russian territory (Makhotk-
ina et al., 2005). The substantial growth of effective cloud
amount transmission at the end of the century has not con-
tinued during the last few years since 2003 but still there is
statistically significant increase in Qer due to CQA of about
+2.1% per decade since 1980. Hence, all atmospheric factors
result in Qer increase, which is estimated to +6% per decade
since 1980. This means that at present time Qer is about 15–
20% higher than at the beginning of the 1980s. At the same
time during 1968–1980 period the significant drop in Qer of
−13.8% is explained by strong CQA decrease of−11% per
decade. On the average, for the whole 1968–2006 period no
statistically significant trend in Qer has been revealed. These
results are in agreement with the Qer reconstructions over
Central and Eastern Europe shown in (Krzyscin et al., 2004),
where a pronounced drop in Qer in the late 1970s as well as
Qer increase in the 1990s has been obtained.

Figure 3c shows the similar character of UV irradiance
300–380 nm interannual changes but with less pronounced
variations (within±10%) than those obtained for Qer . There
is also the absence of further Q380 increase since 2003 due
to a tendency of reduction in effective cloud amount trans-
mission from its level on the frontier of the centuries (see
the blue curve in Fig. 3a). At the same time, the Q380 level
during the last years is still about 10% higher than it was ob-
served at the beginning of 1980s. However, this growth is
significantly less than that estimated for Qer due to the addi-
tional influence of ozone decrease on erythemally-weighted
irradiance during the last years.

5 Conclusions

Measurements and reconstruction of erythemally weighted
irradiance have revealed its significant seasonal and interan-
nual variations due to different atmospheric parameters. The
role of effective cloud amount transmission and total ozone
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Fig. 3. (a) Changes in Qer due to variations in total ozone, effec-
tive cloud amount transmission, aerosol and cloud optical thickness
according to the reconstruction model.(b) Observed and recon-
structed interannual Qer variability. (c) Observed and reconstructed
interannual Q380 variability. All the data are normalized on 1968–
1997 period. May–September, Moscow.

in Qer perturbation was confirmed as most significant (15–
45%) but their role was shown to change in seasonal cycle
with maximum effects due to ozone in spring and due to
cloudiness – in summer and in the fall. The change in aerosol
loading can attenuate Qer by 4–15% with minimum in win-
ter and maximum in April and July–September. The mean
effects of NO2 on the Qer attenuation are small but still de-
tectable (1.5–2%).

The analysis of seasonal changes of UV indices has shown
that mean noon UVI are 24 times higher in summer than in
winter. Using the erythema threshold we have revealed that
in typical conditions the UV radiation protection is necessary
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at 10:30–13:30 in June and July and at 11:30–12:30 in May
and August. However, maximal UV indices can reach middle
and high categories through April to September. Using the
approximate threshold for vitamin D synthesis from (Holick
and Jenkins, 2003) we have shown the inability to get vitamin
D for any of skin types in typical meteorological conditions
even at noon from October (except skin type 1) to February.
And in conditions favourable for the highest UV levels it is
impossible to get vitamin D for any of skin types in Decem-
ber and January (except skin type 1). This provides quite
unfavourable conditions for human health during long cold
period in the Moscow area.

The reconstructed long-term changes in Qer irradiance
show a good agreement with the measured values during
1999–2006. The Qer interannual changes comprises±16%
due to the variations in effective cloud amount transmission
(±10%), total ozone (±8%) and aerosol loading (±2–3%).
The Qer growth of about 6% per decade since 1980 is ex-
plained by its increase due to changes in ozone (+2.5% per
decade), effective cloud amount transmission (+2.1% per
decade) and aerosol loading (+1.1% per decade). At the
same time, the analysis of the Qer over 1968–2006 period
has revealed the absence of trend because of significant drop
(−11% per decade) in effective cloud amount transmission
which took place during 1968–1980. There is the same ten-
dency in interannual changes of Qer and Q380. At the same
time, due to ozone effects there are much more pronounced
variations in Qer and its more significant growth in the late
1990s. However, since 2003 the increase in both Qer and
Q380 has not continued due to a tendency of reduction in ef-
fective cloud amount transmission from its level on the fron-
tier of the centuries. The Qer variability over Moscow agrees
well with the Qer reconstructed data series over Central and
Eastern Europe (Krzyscin et al., 2004) with a pronounced
drop in the late 1970s and the increase in the 1990s. This
confirms the global character of the observed Qer variability.
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