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Abstract. We propose a new climatology of UV resources over Northern Eurasia, which includes the assessments of both detrimental
(erythema) and positive (vitamin D synthesis) effects of ultraviolet radiation on human health. The UV resources are defined by using several
classes and subclasses - UV deficiency, UV optimum, and UV excess - for 6 different skin types. To better quantifying the vitamin D irradiance
threshold we accounted for an open body fraction S as a function of effective air temperature. The spatial and temporal distribution of UV
resources was estimated by radiative transfer (RT) modeling (8 stream DISORT RT code) with 1x1 degree grid and monthly resolution. For this
purpose special datasets of main input geophysical parameters (total ozone content, aerosol characteristics, surface UV albedo, UV cloud
modification factor) have been created over the territory of Northern Eurasia. The new approaches were used to retrieve aerosol parameters and
cloud modification factor in the UV spectral region. As a result, the UV resources were obtained for clear-sky and mean cloudy conditions for
different skin types. We show that the distribution of UV deficiency, UV optimum and UV excess is regulated by various geophysical
parameters (mainly, total ozone, cloudiness and open body fraction) and can significantly deviate from latitudinal dependence. We also show
that the UV optimum conditions can be simultaneously observed for people with different skin types (for example, for 4-5 skin types at the same
time in spring over Western Europe). These UV optimum conditions for different skin types occupy a much larger territory over Europe than that
over Asia.
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1. Introduction

UV radiation has a large influence on human health. Its negative effects (erythema, skin cancer, immune suppression and eye
disease) and positive (vitamin D synthesis) influence on human health are well known [1]. However, skin undergoes the most
significant UV impact. Therefore, in attributing UV health effects, the cutaneous negative effects (erythema, skin cancer) and
cutaneous positive effects (vitamin D production) are usually considered.

There are a lot of studies devoted to the analysis of biologically active UV radiation (see the recent overviews in [1],[2],[3]),
which are based on both model and experimental data. The spatial and temporal variations of erythemally-weighted or vitamin D
synthesis irradiances were studied, for example, in [4],[5],[6],[7],[8],[9],[10], but in most publications the analysis was carried out
separately for different types of biologically active UV radiation. The temporal and spatial distribution of erythemally-weighted
irradiance over Europe was thoroughly examined in [8]. The UV climatology within 65°S-65°N was described in [10]. The UV index
(UVI) and vitamin D climatologies in North America using ground-based UV network were presented in [4],[5]. For New Zealand the
UV atlas has been developed [6]. The fast radiative transfer (RT) code for the calculation of the vitamin D synthesis duration was
proposed in [7], which was further applied to assess its temporal and spatial distribution over different latitudes and seasons.

The objective of this study is to characterize the spatial and temporal UV distribution over Northern Eurasia using both
erythemally-weighted and vitamin D irradiances through the classification of UV resources in the categories of UV deficiency, UV
optimum and UV excess. However, for defining these categories one need to know the UV deficiency and UV excess thresholds. A
well-known approach based on evaluating the different categories of UV index or Minimal Erythemal Dose (MED) is usually used for
the estimation of the UV excess threshold [11][12]. However, there are different methods for calculating the UV deficiency threshold,
which characterizes the UV level which is necessary for vitamin D synthesis [5], [7], [9], [13], [14], [15]. In some of the methods a
certain level of erythemally-weighted irradiance is applied for quantifying the vitamin D synthesis threshold [13],[15]. Some of them
are based on converting the vitamin D synthesis threshold from erythemally-weighted irradiance in certain conditions [S][14]. In [9]
an algorithm was developed to relate vitamin D production to the erythemally-weighted irradiance using the ratio between the two
quantities. Our objective was to define the most appropriate method and to apply it for estimating the UV resources for different
conditions over Northern Eurasia. It should be noted that in this analysis the territory of Northern Eurasia includes the northern part of
the Eurasian continent within the boundaries of 40°-80°N, 15°W-180°E. Unfortunately, the dense ground-based UV spectral network
is located only in Western Europe, which makes impossible to apply these high-quality measurements in our study. An accurate
radiative transfer modeling can be used instead. Recently, new accurate RT algorithms have been developed, which provide a small



uncertainty of estimations [16]. However, the main problem with the model approach, which can lead to large biases in the estimates,
is the uncertainty in temporal and spatial distribution of the input atmospheric parameters. The most important input parameters for
UV irradiance calculations include total ozone content, acrosol properties of the atmosphere, surface albedo and cloud attenuation in
UV region of spectrum. To obtain their distribution one can use different retrievals from satellite instruments to get full coverage of
the territory with a good spatial resolution. However, there are some problems with obtaining the reliable aerosol and cloud
parameters using the existing methods especially in snow conditions. The climatology on aerosol optical thickness in the UV spectral
region has been generated only over Europe [17]. The spatial distribution of cloud reflectivity was obtained only for snow-free
conditions [18],[19]. Therefore, it was important to develop reliable aerosol and cloud attenuation datasets over Northern Eurasia,
which can be used for UV radiation modeling.

2. Method and datasets
2.1 Definition of UV resources

Erythema skin damage is usually quantified using MED (minimum erythemal dose [11]), which is different for j various skin
types according to:
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where Q, is the spectral irradiance Wm™nm™,
F ery 2 is the erythemal spectral curve [20],
Qery is the erythemally-weighted irradiance.

The MED values change from 200 Jm~ . for the first Caucasian type of skin, which is characterized by very fair colour, up to
1000 Jm for the African type of skin according to the Fitzpatrick classification [21].

Correspondingly, a minimum vitamin D dose production MvitDD can be estimated by a similar expression using the open body
fraction as an additional parameter:
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where Q, is the spectral irradiance,
Fvip 2 1s the spectral curve for vitamin D synthesis according to [13],
Quip  1s the vitamin D irradiance.
S is the open body fraction.

Many studies were devoted to assessing the relationship between the erythemally-weighted and vitamin D irradiances [13], [22],
[23], [24]. In order to show the difference between Qg and Qyip in sensitivity to various atmospheric parameters one can use the
radiation amplification factor (RAF) technique [1],[25],[26]. The RAF analysis shows that both types of radiation have similar
sensitivity to most atmospheric factors, except the sensitivity to total ozone content (RAFx=-0.8..-1.2 for Qeryand RAFyx=-1.4.. -2.3 for
Quip), and to solar elevation (RAFhg,=+2 for Qery and RAFg,=+2.5 for Qyiip) due to a noticeable bias of Fyjp ; maximum to the
shorter wavelengths [26].

There are several methods for evaluating the minimum vitamin D dose thresholds MVitDD [5], [13],[14], [23], which are based
on different approaches. For the same open body fraction S=25% and for the same scales of the weighting coefficients for the vitamin
D production action spectrum (see the discussion in [5]), the MVitDD thresholds vary from 100 Jm™ . [14], 106 Jm™ [5], [23], to
120 Jm™ . [13]. According to our estimates the MVitDD threshold for skin type 2 at midday is equal to 105 Jm™.g, which is also
similar to the other MVitDD threshold values. The estimates were based on clear sky model simulations with the 1980-1988 average
ozone X=380 DU according to TOMS data for 15 March over Boston (the same reference date that was used in several other
publications [5], [23]) with additional account for the average cloud modification factor obtained from the TOMS LER (Lambertian
Equivalent Reflectivity) algorithm [27].

However, there were evident uncertainties in Fp curve itself mainly due to the coarse resolution of the initial data and the
extrapolation from 315 nm to 330 nm [28]. Additional errors in estimating the MVitDD threshold can appear through converting the
vitamin D radiation threshold from erythemally weighted irradiance as an inverse task, since most of the MVitDD estimates were
obtained from MED or UV indices. Therefore, for the best estimation of vitamin D radiation effects one should know both the exact



Fiio curve and the MVitDD threshold obtained directly from experiments with the vitamin D-weighted irradiance measurements.
Currently, this information is unavailable.

At the same time, in CIE 2006 [13] there were simple recommendations of choosing the MVitDD threshold via MED: “400 IU"
vitamin D3 would require one fifth MED for a one fifth body area (face, hands, forearms)”. Due to the lack of current knowledge and
a lot of the uncertainties mentioned above, we have followed these recommendations for estimating the MVitDD threshold in our
approach. In addition, according to the results of recent studies and new guidelines for vitamin D [29], the level of vitamin D3 was
increased from 400 IU to 600 IU, which is favorable for the different categories of people.

In this case we can rewrite the equation (2) using the relationship between the equivalent to the vitamin D synthesis of one
minimal erythemal dose MED:
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where T,i;p=600 IU is the threshold for vitamin D production [29], and E,ip mep =10000 IU is the equivalent to the vitamin D
production of one MED [15]. MED values for different skin types were taken from [21].

Open body fraction S can be expressed as a function of air temperature. However, the most uncomfortable conditions, which
require additional skin protection leading to S decrease, are observed in cold period at low temperatures accompanied with strong
winds. At the same time due to small sun elevation, cold period is also characterized by critical levels of UV radiation for generating
vitamin D even for a standard one-fifth open body fraction [15],[23],[24]. As a result, S can be calculated using effective temperature
tef, which is mainly a function of air temperature with a correction on wind velocity for negative temperatures (in a first
approximation) according to [30]. The t.; can be parameterized by the following equation:

MVitDD, = MED,
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where t is the air temperature in Celsius degree at 2 meters,
V is the wind velocity in ms™ at 10 m.

The spatial distribution of effective temperatures for each month was obtained over the continent using the ground
meteorological ~ measurements  (air  temperature and  wind  velocity) from the  dataset available at
http://www.cru.uea.ac.uk/cru/data/hrg/tmc [31] with 1°x 1° grid using the equation (4).

The dependence between open body fraction S and effective temperature was evaluated from the combined data [30],[32]
(Fig. 1). The S dependence on temperature was obtained using a simple balance model described in [31], which accounts for the
thermal balance of a human body as a function of the open body fraction and the difference between skin temperature and air
temperature. The final dependence can be parameterized by the following equation:

S(ter)=0.141 exp(0.041 to), R?=0.98: (5)
where R?is the determination coefficient.

This equation was also tested using “the rule of nines” and the comfort conditions for a human being at different effective
temperatures according to the recommendations in [30]. The spatial ty distribution was applied for estimating the open body fraction
S over Northern Eurasia, which is shown in Fig. 2a for the central months of the seasons. One can see distinct changes in S in winter
(January) with a minimum in the North-East of Russia (less than 0.02) and a maximum in Spain (around 0.2). In summer (July) S
distribution has a pronounced maximum (up to 0.5) over Central Asia. One can see a pronounced deviation from the latitudinal
dependence over the continent in different months.

Fig.3 presents the monthly changes in the open body fraction S at different latitudes over specified longitudes, which reflect the
influence of climate continentality on S. The S variations are characterized by much higher amplitude over the eastern part of
Northern Eurasia (110 E) compared with that over Central Europe (30 E). In winter months the open body fraction in the East of the
continent (40 N and 110 E) is the same as that for the far north in the West (70 N and 30 E). One can also see the specific effects of
atmospheric circulation in summer at 110 E, which lead to smaller temperatures due to monsoon cloudy conditions at 50 N compared
with those at 60 N and, hence, a lower open body fraction S.

Using the obtained S dataset and the MED values for different skin types the minimum vitamin D dose thresholds have been
calculated through the equation (3). As an example, Fig. 2b,c demonstrates the obtained MVitDD distribution over the continent for
skin types 2 and 4. One can see a dramatic 10 times difference in the MVitDD values varying in winter from 70 Jm to 760 Jm™
for skin type 2, and from 130 to 1370 Jm” for skin type 4. In summer the difference varies from 50 to 310 Jm™? for skin type 4,

! IU denotes international unit: 1 IU equals to 25 ng of vitamin D [29].



and from 30 to 170 Jm? for skin type 2, whereas for the standard specification $S=0.2 [20] the MVitDD values are equal to
135 Jm?%; and 75 Jm™ respectively for skin type 4 and 2.

Using the threshold for vitamin D synthesis (MvitDD) and the threshold for sunburn (MED) we defined different classes of UV
resources using the categories of UV deficiency, UV optimum conditions and UV excess. In addition, one should determine the time
restrictions on UV dose estimating since the Bunsen- Roskoe law (or the reciprocity law) between time and radiation dose rate cannot
be fully applied for erythema and vitamin D synthesis effects. The boundary of its applicability lies within one hour [15], [33], so we
used one hour as a limit for a potential vitamin D production or erythema (sunburn) effect at solar noon conditions (11:30-12:30 Solar
Time). Hence, if at noon, at the highest solar elevations, a person does not receive the corresponding hourly MED or the MvitDD he
will not receive these doses at any one hour interval during a day. Considering the vitamin D threshold (MvitDD) the conditions when
hourly UV dose (2Q.ry) is lower than this threshold are referred to the noon UV deficiency category. However, in addition, the 100%
UV deficiency is defined for the conditions when it is not possible to receive vitamin D during the whole day. The application of the
latter category is useful to considering the areas with the highest risk of the UV deficiency. The UV optimum category is determined
for the conditions when it is possible to receive MvitDD at noon but the hourly UV dose does not exceed MED. For higher UV levels
which exceed MED we propose to define several subclasses of UV excess. They are attributed to the thresholds depending on the
WHO UV index (UVI) categories [11]: moderate UV excess category, high UV excess category, very high UV excess category, and
extremely high UV excess category, which are respectively related to moderate, high, very high, and extremely high hourly UVI.
However, the UVI thresholds are not the same for different skin types. To account for these changes the hourly UVI thresholds for
skin type 2 (j=2) [11] are recalculated into the hourly erythemal doses for different skin types using a simple conversion:
UVI K; 3600/ 40, where K; accounts for skin type difference K;=MED;/MED;-,. The full classification of the UV resources is
summarized in Table 1.

2.2 Description of the datasets and the simulation scheme

The UV irradiance at ground was calculated using the Tropospheric Ultraviolet and Visible (TUV) model [34] over Northern
Eurasia (40°N-80°N, 15°W-180°E) for each month of a year. The TUV model has been slightly modified for a better description of
aerosol and gaseous absorption. The 8 stream discrete ordinate (DISORT) RT code [35] implemented in the TUV has been applied in
the calculations. This RT code was thoroughly tested against the experimental spectral data in different geographical regions [36]. The
agreement between measurement and model data was found to be at the 5% level if the input atmospheric parameters were known for
the model estimations [36]. Hence, for providing reliable UV irradiance estimates at ground it was necessary to obtain the veracious
spatial and temporal distribution of the main atmospheric parameters (total ozone, surface albedo, aerosol and cloud characteristics).
In addition, since the objective of this study was to characterize the mean UV conditions it was also necessary to keep the requirement
on long-term period of observations for the retrievals of these parameters. Since the TOMS measurements on board different satellites
(http://ozoneaq.gsfc.nasa.gov/) have the longest period of observations and provide the retrievals of different atmospheric parameters,
these data were chosen wherever possible. However, during the polar night no data were available at high latitudes.

Fig.4 presents the spatial distribution of total ozone for different months over Northern Eurasia from the TOMS data. The
seasonal changes in ozone distribution with a maximum in spring (up to 470 DU) and minimum in autumn (up to 270 DU) are
associated with photochemical and dynamical processes in the atmosphere [37]. The synoptic tropospheric vortex can play an
essential role in perturbating the latitudinal character of ozone distribution. For example, during the cold period (December-March) a
significant increase in ozone over the Far East is explained by intensive systems of Aleutian cyclones with additional advection of
rich ozone air from the North.

TOMS data were also used for retrievals of the UV surface albedo (As) climatology. For this purpose a Moving Time-Window
(MTW) technique [38],[39] was applied to the 360 nm Nimbus-7 TOMS data. This method is based on the assumption that the
reflectivity values within a certain time-window around the day of interest form a sample of the reflectivity distribution whose lower
tail corresponds to the clear sky case. An estimate of the surface albedo is obtained by fitting a linear function to the lower tail of the
cumulative distribution of the sample [39]. This method provides a satisfactory distinction between the cloud and snow scenes, which
is very important for the development of the UV surface albedo and cloudiness climatology for relatively high surface albedo
conditions during the cold period. The comparison of monthly mean MTW surface albedo over Moscow against the As retrievals from
ground-based measurements [40][41] and from the MODIS MCD43C3 dataset (ASwopis) [42][43] has revealed a satisfactory
agreement within 0.02-0.1 for winter months with snow cover (Table 2). It is necessary to note that for the vegetation period ASyopis
due to measurements in the visible spectral region should be higher than UV surface albedo, but it should be similar in snow
conditions, which is the subject of interest in this comparison. The resulting spatial UV surface albedo distribution (ASyrw) over
Northern Eurasia is shown in Fig. 5. Asyny changes in a wide range from 0.02 for green grass to 0.9 over the arctic desert areas. In
winter, central parts of the continent with steppes and deserts covered by snow are also characterized by higher surface albedo of up to
0.60-0.75 while the As values in the forest regions (for example, over Central European Plain) do not exceed 0.3-0.4 due to the much
lower reflectivity of dark trees compared with pure snow reflectivity.

For characterizing the distribution of aerosol optical thickness in UV region (A=380nm) the composite maps have been
developed for each month of the year based on the MODIS AOTS550 dataset (version 5.0) over the 2000-2008 period, the data from



ground-based AERONET network (1994-2006) and the Russian actinometrical network (1980-2003). First, a spatial distribution of
aerosol optical thickness in the visible region was obtained, which then was recalculated to the UV spectral range at 380 nm using the
Angstrom parameter (a=-dIn(AOT,)/dIn(X)) from the AERONET climatology over the 5 selected regions with different aerosol types.
In addition, special filters were applied to the initial MODIS data to avoid large biases, which were located mainly over the areas near
bright snow surfaces. All suspicious data and the gaps over the bright surfaces were substituted with the surface AOT climatology.
Fig. 6 shows the final AOT380 spatial distribution over Northern Eurasia, which is characterized by significant changes from
AOT;50=0.02 over northern areas in cold season to AOTzg=0.8-1 over the central regions of the continent in summer. Since no
reliable data on spatial and seasonal distribution of aerosol single scattering albedo (SSA) and asymmetry factor (AF) are available,
we used mean values (SSA=0.94, AF=0.75), which were obtained from the AERONET dataset with further recalculation to the UV
spectral region. Similar procedures were applied for the evaluation of spatial distribution of aerosol optical thickness in the UV
spectral region over Europe [17].

When evaluating cloud modification factor CMF (CMF=Qioudy/Qciear) @ new approach was used to obtain more accurate results
for the conditions with high UV surface albedo using the standard TOMS/OMI LER data together with the additional information on
the low layer cloud amount. The proposed method is based on the assumption that one pixel of TOMS/OMI LER can be presented in
the form of two components: the clear and cloudy components with weighting coefficients, which are available from the independent
low layer cloud amount ECMWF ERA Interim reanalysis dataset:

LER=(1-N) As+Rgoud N, (6)

where N is the low level cloud amount from the ECMWF Era Interim dataset (1979-2002) expressed as a fraction. The choice of
ECMWEF Era Interim (1979-2002) dataset was discussed in [46];

As  is the surface albedo from MTW TOMS LER (1979-1992) approach [39];

Reioud 1 the low level cloud reflectivity;

LER is the total TOMS UV Reflectivity (1979-2002).

Due to the low aerosol content in winter conditions [17] one can neglect the small aerosol absorption and hence, can present
CMF for non-absorbing conditions using the characteristics, which are available from the different retrieval algorithms, as follows:

CMF:l'Rcloud N (7)
CMF=1-(LER-(1-N)As) ) (8)

The calculated CMFs were tested against Moscow data CMFyomsu, which were obtained on the base of long-term measurements
of erythemally-weighted irradiance (1999-2006) by UVB-1 YES pyranometers [40] at the Meteorological Observatory of Moscow
State University (MOMSU). The additional comparisons were made with the cloud UV transmission estimates, obtained by the
standard TOMS LER approach [27] (see Table 2). One can see that for winter conditions with high surface albedo the CMFs from the
proposed method are in better agreement with the experimental data in comparison with the results obtained from the standard TOMS
LER approach: all the CMF estimates (except the CMF obtained for January) lie within the variations of the experimental CMFs,
which are about 0.05-0.11 at P=95%. In January due to specific weather conditions the statistics on Qgear, necessary for the CMF
evaluation, were very small (n=8), which could lead to unrealistically high experimental CMFs. The standard LER algorithm in snow
conditions provides 30-50% lower CMFs values relative to the experimental data, since the LER algorithm is not sensitive to surface
albedo at large cloud optical thickness [45],[46]. At the same time, in winter there is a significant increase in the surface UV level due
to the effects of multiple scattering between a highly reflected surface and the cloud bottom. During warm period the CMF retrievals
obtained by different methods are in satisfactory agreement with the difference between various CMF estimates lying within the
uncertainty of empirical CMF evaluation at the Meteorological Observatory of Moscow State University, which is about 0.03-0.08 for
various months without snow cover (May-September).

Using the proposed approach we estimated the monthly CMF distribution, which is characterized by the significant spatial and
temporal variations (Fig. 7). This variability reflects significant changes in different synoptic processes over Northern Eurasia. In
winter, for example, one can see a decrease in CMFs due to the enhanced cyclonic activity in midlatitudes over Europe (up to 0.3-0.4)
and a CMF increase due to the influence of the Siberian anticyclone (CMF= 0.8-0.9) over the central part of the continent. In summer
CMF growth is observed over the southern European region (higher than 0.9) due to the influence of the Azores anticyclone, which
spreads its impact up to the central parts of Northern Eurasia.

All the datasets described above were used as the input parameters for RT modeling. First, on the base of the 8 stream DISORT
RT code the electronic tables (LUTs) were generated, which contained the results of estimated clear sky UV irradiance over the large
range of different parameters with the discretion of dh=1° for solar elevation within h=1°-90°, dAOT380=0.02 for aerosol optical
thickness at 380 nm within AOT380=0.0-0.98, dAs=0.1 for surface albedo within 0.0-1.0, and dX =20 DU for total ozone content over
X=150-490 DU. These LUTs were further applied for estimating the UV doses with the uncertainty of the final calculations including
interpolating of less than 1 %. A 3 minute time interval was chosen for hourly and daily doses estimates. The results of radiative



calculations were matched to the real Sun-Earth distance. The CMF correction was applied later for calculating the UV irradiance in
mean cloudy conditions. The total scheme applied for the simulation of the UV resources is shown in Fig. 8. The monthly UV doses
were estimated over noon 11:30:12:30 Solar Time (ST) and over daytime for different types of skin according to the Fitzpatrick
classification [21] for clear and mean cloudy conditions. The examples of hourly noon UV index spatial distribution for the central
months of the seasons are shown in Fig. 9 for clear sky and cloudy conditions. One can see the significant effects of cloudiness, which
in some months dramatically change the latitudinal character of the UV index distribution. The influence of aerosol is mainly
expressed in a 5-15% UV index decrease compared with calculations in the aerosol-free atmosphere. We should also mention that the
areas with the absence of input data in the North in the cold period were thoroughly tested using different combinations of
atmospheric parameters. It was shown that over these areas in all cases the conditions with 100% UV deficiency were obtained even
for the hypothetically most favourable atmospheric parameters of a small ozone amount, a high surface albedo and a small aerosol
optical thickness.

For the altitude correction, which was not accounted in the basic calculation scheme, we propose to use a simple model altitude
correction factor (ACF). The ACF has been obtained within the range of ozone content 250-450 DU for solar elevations higher than
30 degrees separately for two surface albedo: A=0.02 and A=0.7. The latter value relates to the maximum estimates of spatial snow
surface albedo in the mountainous area, which are about 0.5-0.7 [47],[48]. The results are shown in Table 3. In addition, the account
for the aerosol optical thickness decrease with the altitude according to [8] has been made. This account provides higher ACF
estimates of about 5-8% per kilometre for clear sky conditions (see Table 3). It is interesting that the ACF for the same snow albedo at
different heights is significantly smaller than that for low surface albedo due to the more effective role of multiple scattering, which
increases the diffuse component at zero altitude level and, to some extent, compensates for the increase of direct flux due to smaller
total optical thickness at higher altitudes. The experimental data on altitude UV enhancement for Europe conditions vary within a
wide range from 7% to 16% per kilometre [2]. Our simulated values taken with the account for both Rayleigh and aerosol optical
thickness decrease lie within this range. An additional increase in the experimental ACF values can be observed due to simultaneous
changes in surface albedo with altitude, by 3D effects enhancing multiple scattering, and by a possible decrease in cloud optical
thickness with height. However, in a first approximation one can use the ACF=5-8% to apply for the UV altitude correction in the
mountainous regions and, hence, update the UV resources over these particular areas. The altitude correction was not included
directly in the model computations scheme because the one degree resolution used in our calculations is not an adequate spatial
resolution for the mountainous regions. This could lead to an unrealistic UV level at a smoothed virtual altitude over the 1 x 1 degree
grid. At the same time most of the territory of Northern Eurasia lies on the plains. Hence, we propose to account for the UV altitude
dependence, when necessary, using this additional extrinsic correction for a specified altitude.

3. Results

The proposed method provides a tool for obtaining temporal and spatial distribution of UV resources over Northern Eurasia for
different types of skin. We mainly focus on the detailed analysis only for skin types 2 and 4 separately for cloudless and mean cloudy
conditions, which take into account for the average cloud modification factor distribution shown in Fig.7. Special attention is paid to
the distribution of UV optimum area for all skin types in mean cloudy conditions.

3.1.  Main features in distribution of UV resources in clear sky conditions

Fig. 10 presents the UV resources spatial distribution for skin type 2 and skin type 4 in cloudless conditions for the central
months of a year over Northern Eurasia. One can see significant seasonal changes from almost full UV deficiency in January to the
most UV excess conditions in July for both skin types due to dramatic changes in solar elevation, geographical distribution of aerosol,
ozone and surface albedo as well as due to variations in the open body fraction. On the whole, seasonal variability of UV resources
are larger for skin type 2 than that for skin type 4.

In January for skin type 2 the most unfavorable 100% UV deficiency conditions are shifted from 58° N in the West to 48°N in
the East due to changes in the open body fraction S and in total ozone content (see Fig. 2 and Fig. 4). On the whole, the UV deficiency
conditions occupy around 97% of the territory of Northern Eurasia for skin type 2 and over 99% - for skin type 4 (hereinafter, for
simplicity the percentage of the territory means the percentage of 1x1°grid number). In Western Europe in clear skies the UV
optimum conditions can be observed only southward of 48°N. This distribution is mainly explained by the lower total ozone content
and, to some extent, by the lower aerosol optical thickness over this area. For skin type 4 there is a distinct bias of the UV optimum
area towards the South mainly due to the higher threshold on vitamin D production (compare Fig. 2b and Fig. 2¢). As a result, people
with this type of skin can obtain optimum UV radiation only southward of 43°N in Spain and nearby territories that occupies less than
0.4% of the territory. At the same time, around 80% of Northern Eurasia is characterized by the most adverse 100% UV deficiency
conditions.

In April the UV deficiency conditions are observed over much smaller areas: 24% for skin type 2 and 45% for skin type 4. For
skin type 2 the territory with the noon UV deficiency is shifted northward of 70°N in the West and northward of 62°N in the East. The



observed bias from the latitudinal distribution is explained by the total ozone maximum over the Far East region as well as the S
increase to the West. Note, that no territories, which are characterized by the 100% UV deficiency, are observed for skin type 2.
However, for skin type 4 the 100% UV deficiency is observed in less than 0.1% of cases over the far northern areas in the central part
of the continent due to low temperatures, which affects the open body fraction in conditions of relatively small UV doses. For skin
type 2 the UV optimum conditions, when it is possible to receive necessary UV dose for vitamin D production but no sunburn, are
observed over 59°-70°N occupying larger areas in the West than in the East. These changes are explained by the increase in surface
albedo that expands the area with the UV excess conditions, and by lowering the open body fraction, that increases the MvitDD
threshold and, hence, leads to the growth of the UV deficiency area. For skin type 4 the UV optimum conditions are observed on a
much larger territory from 42°N to 65°N with a bias towards the South in the Far East due to the changes in total ozone and the open
body fraction S (see Fig. 2 and Fig. 4). However, for skin type 2 in April one can already see the moderate and high UV excess
conditions in more than 50% of cases.

In July there are no conditions with UV deficiency for skin type 2 and less than 0.2% of cases are characterized by the noon UV
deficiency conditions for skin type 4. At the same time, only 1% of cases are characterized by the UV optimum conditions for skin
type 2 which are observed in the Far North, however, for skin type 4 the UV optimum conditions occupy much larger area northward
of 60°N with almost the same size of about 40% as in April. Due to small changes in ozone the spatial distribution of UV resources
has a latitudinal character with a total bias towards lower latitudes due to the AOT increase. For skin type 2 the conditions of very
high UV excess are observed southward of 45°N-48°N, however, for skin type 4 due to much larger MED only the moderate UV
excess conditions over the territory southward of 60°N can be seen.

In October due to the decrease in solar elevation the UV deficiency conditions are prevailed for both skin types (52% and 67%
correspondingly). For skin type 2 the large area with the 100% UV deficiency conditions are observed northward of 70°N in the
central parts of the continent with the bias towards 65°N in the East due to the increase in total ozone and in open body fraction. The
area with the UV optimum conditions (32% of the territory) lies southward of 60°N in the West and southward of 51°N in the East
due to the same reasons. Around 16% of the territory southward of 47°N is characterized by the moderate UV excess conditions.
Some local features of higher UV level in the central part of the continent are explained by the surface albedo increase and smaller
aerosol optical thickness. For skin type 4 no conditions with UV excess are observed and all the boundaries of UV resources are
shifted to 5-10° towards the South compared with those for skin type 2.

3.2.  Main features in distribution of UV resources in mean cloudy conditions.

Since clouds significantly attenuate UV irradiance the borders of UV resources should have a bias towards lower latitudes
compared with their distribution in clear sky conditions (Fig. 11). However, cloud modification factor, which is mainly a function of
cloud optical thickness and cloud amount, varies significantly in time and space (see Fig. 7) and, as a result, provides different
pictures of UV resources distribution.

In January the conditions of UV deficiency are observed in 99-100% of cases both for skin type 2 and skin type 4. At the same
time, the area occupied by the most adverse 100% UV deficiency conditions is almost 10% larger than that observed in clear sky
conditions. However, in spite of cloud attenuation the UV optimum conditions for skin type 2 are still observed over the northern part
of Spain and Italy southward of 43°N, covering only 1% of the territory of Northern Eurasia. This is explained by relatively high
cloud modification factor (higher 0.7) over this area. At the same time no UV optimum is observed for skin type 4 in January at the
territory of Northern Eurasia.

In April one can see much larger area with the UV deficiency of about 37% for skin type 2 and 54% for skin type 4. The 100%
deficiency is shifted northward of 71°N and 68°N respectively. The UV optimum conditions for both skin types are also observed
over larger area (28% and 43% respectively), however, their distribution, especially for skin type 2, has sometimes a spotty character
due to significant spatial variations in cloud modification factor. The approximate boundaries of this zone for skin type 2 lie between
47°-49°N and 62°-65°N with 5-10° shift towards equator relative to their location in clear sky conditions. For skin type 4 the UV
optimum conditions are observed within 40°-61°N, while only 3% of the territory is characterized by the moderate UV excess
conditions. The CMF increase over the central regions of the continent leads to larger UV level and to a noticeable shift of the UV
optimum towards the North especially for skin type 2. For this skin type the UV excess is observed in 35% of cases that is much less
than in clear sky conditions.

In July in mean cloudy conditions over Northern Eurasia the UV excess is prevailed for skin type 2 (83% of cases) and the UV
optimum — for skin type 4 (69% of cases). Note, that there are only 1-2% of cases with the UV deficiency conditions for both skin
types. For skin type 2 the UV optimum conditions are observed northward of 63°N with a boundary biased towards lower latitudes
over Scandinavia and Far East due to the more active cyclonic activity and the decrease in CMF. For skin type 4 the UV optimum
zone is observed over most of the continent except small northern areas higher 73°N with a shift towards the North over the central
part of the continent due to the increase in CMF.

In October the UV deficiency conditions are observed over the most territory of Northern Eurasia for both skin types (63% and
77%, respectively, for skin type 2 and 4). Large areas of the continent are characterized by 100% UV deficiency conditions (29% and



42%). For skin type 2 these areas can be seen northward of 61°-66°N and for skin type 4 - northward of 56°-62°N with a distinct shift
to the North in the West due to the increase in open body fraction and smaller ozone content. The UV optimum conditions cover
almost the same size of the territory (32%) like that in clear sky conditions but this area is shifted towards the South from
approximately 43°N to 52°-57°N. For skin type 4 the UV optimum area is observed southward of 46°-51°N. For skin type 2 only 6%
of cases with the UV excess conditions are observed southward of 44°N and for skin type 4 there are no such conditions while in clear
sky situations they are observed in 16% of cases.

3.3. UV optimum for different skin types in mean cloudy conditions.

A particular attention was paid to the joint analysis of the UV optimum spatial distribution for different skin types in mean
cloudy conditions. The most favourable situation is considered, when the UV optimum is observed for several skin types over the
same area at the same time. Fig. 12 shows the distribution of the UV optimum conditions for different skin types. One can see that
the UV optimum can be observed for one skin type or for up to 5 skin types simultaneously. The conditions, when the UV optimum
for 5 skin types is observed at once, take place very rarely: just in 2% of cases in October for people with skin types from 1 to 5.
However, the situations with the simultaneous UV optimum for 3 or for 4 skin types can be observed quite often. For example, in July
the UV optimum conditions for skin types 2, 3, 4, and 5 can be observed simultaneously in 12% of cases, whereas for skin types 4, 5,
6 - in 40% of cases.

In winter (January), the UV deficiency conditions are prevailed for almost all skin types over the whole continent. Only in Spain
one can see the simultaneous UV optimum for people with skin types 1, 2, and 3. This zone has a noticeable bias towards the South in
the East due to total ozone increase and decrease in the open body fraction S.

In April 70% of Northern Eurasia is characterized by the UV optimum conditions, however, there is a pronounced difference in
distribution of the UV optimum for different skin types. The UV optimum for 4 skin types is simultaneously observed in 9% of cases,
mainly, over Europe. At the same time, around 40% of cases are referred to the simultaneous UV optimum conditions for people with
3 or 4 different skin types. One can see that this UV optimum area also occupies larger territory in the West than in the East of the
continent. The spatial changes in the UV optimum conditions for different skin types correlate well with the distribution of skin types
themselves with fair skin in the North and dark skin in the South. There is also a tendency of the UV optimum shift towards the South
in the Far East due to the total ozone increase. Also the inverse shift of the UV optimum conditions for skin types 5 and 6 over the
central part of the continent is explained by less cloud attenuation and the presence of snow with high surface albedo in the northern
part of this area.

In July more than 40% of the territory is characterized by the simultaneously observed UV optimum for skin type 4, 5, and 6,
while about 20% of the territory is referred to the UV optimum for skin type 5 and 6. At the same time, the UV optimum conditions
for skin type 1 alone or in combination with other skin types are observed only over 3% of the territory shifted to the North of 70°N.
One can also see approximately latitudinal character in the UV optimum distribution for different skin types, except over the southern
Far East, which is characterized by stronger cloud attenuation due to summer monsoon.

In October the UV optimum conditions are observed over 45% of the territory of Northern Eurasia with a significant southern
shift to the East of the continent due to the decrease in open body fraction and the increase in total ozone. The simultaneously
observed UV optimum conditions for skin types 1-4 and 1-5 can be seen over Central Europe from 45° to 52°N and, again, the size of
this comfortable zone for many skin types noticeably decreases towards the East. The UV optimum conditions for dark skin (6 skin
type) are observed only southward of 42°N.

4. Discussion and conclusions

We propose a new approach for the classification of UV resources, which accounts for both detrimental (erythema) and positive
(vitamin D synthesis) effects of ultraviolet radiation and can be useful in different applications. This approach was used for evaluating
favourable and adverse UV conditions in different months over the territory of Northern Eurasia. In order to better quantify the
vitamin D synthesis threshold (MvitDD) a parameterization of the open body fraction S as a function of surface effective temperature
has been obtained. Using both MvitDD and MED thresholds and the different standard UV index categories [11] the spatial
distribution of UV resources was assessed over Northern Eurasia with the 1 x 1°grid for clear and mean cloudy conditions using RT
modeling on the base of the developed datasets of main atmospheric input parameters.

Testing shows an agreement of the MvitDD calculations with the results obtained, for example, in Boston [49], where the
vitamin D deficiency conditions were observed in February, but vitamin D synthesis was possible in March. However, as we showed,
the 42°N latitude boundary for vitamin D synthesis mentioned there, can significantly vary due to the spatial changes of different
atmospheric factors and open body fraction and, as a result, can differ dramatically from the latitudinal distribution. We can also note



that the inconsistency in geographical and seasonal distribution of vitamin D deficiency mentioned, for example, in [9] can be
attributed, to some extent, to non accounting for the temporal and spatial variations in the open body fraction.

There are significant seasonal changes of UV resources over the continent - from almost full 100% UV deficiency in January to
the domination of the UV excess conditions in July for different skin types due to changes in solar elevation and variations in spatial
distribution of aerosol, ozone, surface albedo, cloudiness as well as open body fraction. Seasonal variations were shown to be the
largest for fair skin (skin type 1 and 2) compared with dark skin (skin type 4, 5, 6).

There is a significant bias of about 5-10° towards the South for different types of UV resources in cloudy conditions compared
with those in clear sky. There is also a noticeable shift of all UV resources zones almost in all seasons towards the South in the East of
the continent due to the difference in open body fraction, total ozone and cloudiness.

The UV optimum in mean cloudy conditions can be simultaneously observed for people with 4-5 different skin types. For
example, more than 25% of cases are characterized by the joint UV optimum for 4 or 5 skin types in July, and about 17% of cases - in
October. More often these conditions are simultaneously observed for 3 or more skin types (39% in April, 69% in July, and 31% in
October). These favourable UV optimum conditions for people with different skin types occupy larger territories in the West than in
the East of the continent.

The results obtained for different skin types show that in winter (January) in mean cloudy situations favourable UV optimum
conditions are observed only over the small area (2% of cases) in the South-West of Europe for skin types 1, 2, 3. In spring (April)
almost 70% of Northern Eurasia is characterized by the UV optimum conditions for different skin types. In summer (July) the UV
optimum conditions are observed in 97% of cases with their prevailing for skin types 4, 5, 6. However, there are only few spots
favourable for people with skin types 1 and 2 in the Far North. In autumn (October) the UV optimum conditions are observed only in
41% of cases with a significant southern shift in the East of the continent due to the decrease in open body fraction and the increase in
total ozone.

We understand that the distribution of UV resources is much more complex than it was shown in our study. For example, it is
necessary to take into account for different orientation of human body, human behavioral habits, the influence of the opacity of trees,
buildings on UV level, etc. In addition, in this approach for simplicity we account only for the European cultural tradition and
evaluate the open body fraction via its correlation with the ambient temperature, however, in other cultures (in Islam, for example)
other dependences will be observed. Nevertheless, the developed approach can be used in a first approximation for evaluating the
distribution of the natural UV resources, and might be useful in different applications.
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List of the Tables:

Table 1. The classification of UV resources.

The name of a category

Conditions:

100% UV deficiency for j type of skin;

MvitDD; > 2Qgy (daytime)

Noon UV deficiency for j type of skin;

MvitDD; > 3Q. (noon hour)

UV optimum for j type of skin;

MvitDD; < 2Qey <MED; (noon hour)

Moderate UV excess for j type of skin.

MED; <2Qery < UVlnoderate_type j=2 K j 3600 / 40, (noon hour)

(UVImoderate_type j=2 :5-5)

High UV excess for j type of skin.

UVImoderate_typej:Z Kj 3600/ 40<2Qery —<UV|highj:2 Kj 3600/ 40, (noon hOUr)

(UVlighj=2=7.5)

Very high UV excess for j type of skin.

UVlhighjzz Kj 3600/ 40<2Qery—<UV|very high j=2 Kj 3600/ 40 (noon hOUf)

(UVlieryhighj=2=10.5)

skin.

Extremely high UV excess for j type of

UV lyery high j=2 K j 3600 / 40 < 2Qgry

Comment:

K;= MED/MED;-.. (Kj=0.8, 1, 1.2, 1.8, 2.4, 4 for 6 skin types from j=1 to j=6 respectively).




Table 2. Monthly values of surface albedo (As) and cloud modification factor (CMF) obtained according to different methods
over Moscow.

Month Surface Albedo(As) CMF CMF according to CMFyomsu
according to the equation (8) | the standard LER experimental values,
approach [2] Meteorological Observatory,
Moscow State University
(MOMSU) (1999-2006)
Asyrw | ASmopis ASpmomsu CMF_ASMTW CMF_ASMTW CMFuowmsu £ confidence
(1979- | (2001- (2001- (CMF_ Aswopis. intervals at P=95%
1992) | 2006) 2006) CMF_Asyomsu)
1
0.34 0.36 0.40 0.53 (0.53, 0.55) 0.38 0.7540.10
2 0.36 0.34 0.39 0.60 (0.59, 0.62) 0.41 0.66+0.05
3 0.27 0.21 0.36 0.72 (0.69, 0.79) 0.58 0.73+0.06
4 0.08 0.07 0.10 0.74 (0.73, 0.75) 0.70 0.70+0.05
5 0.05 0.06 0.02 0.75 (0.77,0.73) 0.73 0.7540.07
6 0.04 0.06 0.02 0.71 (0.73, 0.69) 0.69 0.70+0.08
7 0.05 0.06 0.02 0.77 (0.78,0.74) 0.75 0.74+0.03
8 0.05 0.06 0.02 0.77 (0.78,0.74) 0.75 0.70+0.06
9 0.05 0.06 0.02 0.71 (0.72,0.69) 0.69 0.714+0.04
10 0.07 0.06 0.05 0.59 (0.59, 0.58) 0.56 0.62+0.07
11 0.14 0.30 0.20 0.54 (0.61,0.57) 0.47 0.51+0.07
12 0.27 0.42 0.35 0.55 (0.61, 0.58) 0.43 0.61+0.11
Comments:

Asyrw - MTW surface albedo climatology based on TOMS LER retrievals [39].

Asyomsu - the As retrievals according to the method described in [41] with additional account for change in snow coverage [40].

Asyopis — surface albedo over 0.3-0.7 um obtained from MCD43C35 black-sky and white-sky albedo via NASA GES DISC
Giovanni online data system with an additional correction on blue sky using the dependencies on solar elevation and AOT [42][43].
AOT climatology was taken from the AERONET dataset of the Meteorological Observatory of Moscow State University [44].

CMFs were estimated using different surface albedo values (shown in brackets).

CMFwmowmsu is evaluated as a ratio between monthly sums of erythemally-weighted irradiance and sums of Qe in clear sky
conditions. Clear sky values were obtained from Q. empirical dependence on solar elevation for each month with additional
correction on total ozone using radiation amplification factor RAFy .



Table 3. Altitude correction factor ACF for UV erythemally-weighted irradiance calculated for different conditions. R? —
determination coefficient of the regression equations.

Surface albedo As=0.02, in % per km

Surface albedo As=0.7, in % per km

TUV model calculation with
the same atmospheric parameters at
the different altitudes,
AOT380:0.25

6 % (R*=0.98)

3.5% (R*=0.98)

TUV model calculation with
accounting for the aerosol decrease
with altitude according to [8].

8% (R?=0.95)

5 % (R*=0.88)
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Fig. 1. The dependence of the open body fraction S as a function of effective temperature.



a)s b) MVitDD c) MVitDD

skin type 2 skin type 4
g gm- s 15:? 704
JAN ¢ $ 60 § o1
2 § 504 = 504
B 2 4ol 2 4o
1] 50 100 150
longitede, deg
T g &
g £ 7] £ 7]
APR s o 804 & 604
| 2 502 2 ]
5 & B ole
g £ 70 & 707
JUL ¢ § e0f g
2 £ 50 £ s0q%
= = ap- = 404
g g 704 g 704
OCT § o 5o = 504
£ g 50 = .E_ 504"
= a3, S SN RF S 2 E 4ol
[ 50 100 150
langitude, deg
3 MVIlDD
0 to 0.0 0‘""12;:
0.05 to 0.1 o
= 50 to 75
& 01t02 75 1o 100
B 02to03
W 100 to 150
B 03 to 04 B 150 to 300
W 041005 B 300 to 500
W 500 to 700
B 700 to 1000
W 1000 to 1500
W 1500 to 2000

Fig. 2. Spatial distribution of the open body fraction S over Northern Eurasia (a), MVitDD distribution for skin type 2
(b) and MVitDD distribution for skin type 4 (c) in the central months of seasons.
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Fig. 3. Seasonal dependence of the open body fraction S at different latitudes and longitudes.
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Fig. 4. The average total ozone distribution over Northern Eurasia according to the TOMS 1979-2003 data for
different months.
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Fig. 5. The distribution of surface albedo according to the MTW technique [38,39]. See the details in the text.
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Fig. 6. Composite maps of aerosol optical thickness at 380 nm according to the MODIS, AERONET, and Russian

actinometrical network data.
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Fig. 7. The distribution of cloud modification factor CMF according to the developed method.
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The calculation scheme:

Fig. 8. The proposed scheme for calculation of UV resources.
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Fig. 10. The spatial distribution of UV resources for skin type 2 (a) and for skin type 4 (b). Clear sky conditions.
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Fig. 11. The spatial distribution of UV resources for skin type 2 (a) and for skin type 4 (b). Mean cloudy conditions.
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Fig. 12. The distribution of UV optimum for different skin types. Mean cloudy conditions.
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