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ABSTRACT: We considered thermal environment and UV-B radiation indices in the Vojvodina
region, Serbia. We derived an empirical formula for estimating the daily sum of the UV-B from
global radiation and used this formula to reconstruct the UV-B radiation pattern for 1981–2008.
We describe the actual climate conditions for the period 1992−2008. In addition, we applied a statistical downscaling technique on ECHAM5 outputs under the A2 scenario to assess the 2040 climate. The results indicate that a warmer and drier climate in the Vojvodina region can be
expected because of the following evidence: an increase in the mean annual temperature (8.6 to
12.3%) and in the frequency of hot days (29.4 to 50%); a decrease in the mean annual precipitation (8.1 to 14.2%) and in the frequency of cold days (11.8 to 27.8%); a higher increase in the mean
temperature for the colder period (24.9%) than for the hotter one (6.7%); and a reduction in precipitation during the growing season (15.7%). We have analyzed the thermal environment for the
period 1992−2008 using the wind chill index and the heat index for the winter (December to February) and summer (June to August) periods. In all places, the heat index has a tendency for
growth. We determined an increase in the daily UV-B dose in an amount of 3.7% per decade.
Even though there is some evidence indicating ozone stabilization, there are no signs of a significant recovery of ozone layer thickness, so it can be expected that UV-B dose levels will remain
high in the future.
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index · Vojvodina region · Serbia
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Global climate change will lead to shifts in climate
(IPCC 2007a) and will have manifold impacts on ecosystems in the coming decades (e.g. IPCC 2007b). A
change in climatic conditions and variability, for
example, extreme weather events (heat waves and
droughts), is likely to occur more frequently in different spatial and time scales in the future (e.g. Mearns
et al. 1997, Meehl & Tebaldi 2004, Rowell & Jones
2006, Beniston et al. 2007, Vidale et al. 2007, Laprise
2008). Therefore, assessments of climate change
impacts on agro-ecosystem resources and functions

(water, climatic stresses, soil and landscape functions), the occurrence of new pests and plant diseases, and public health and potential adaptation
measures at different spatial and time scales are
important issues in climate change research (e.g.
McMichael et al. 2003, Diffenbaugh et al. 2008,
Eitzinger et al. 2009, Nemet 2010, Zhang & Cai 2011).
It is expected that climate change, among other
factors, will have the following effects on human
activities and quality of life: (1) extreme hot and cold
conditions as the most significant factors in terms of
human mortality and morbidity (Michelozzi et al.
2007, WHO 2008, Anderson & Bell 2009, Guo et al.
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2012); (2) pronounced changes in the thermal complex, comprising meteorological elements that will
have a thermo-physiological effect on humans (Matzarakis & Mayer 2000, Laschewski & Jendritzky
2002, Matzarakis 2007, Jendritzky & Tinz 2009); and
(3) increases in harmful solar UV radiation (280 to
320 nm, i.e. the UV-B region; Armstrong & Kricker
2001, Neale et al. 2003, De Fabo et al. 2004, Diffey
2004, Lucas et al. 2006). Solar UV radiation, especially in the UV-B range, which is strongly influenced
by the ozone content in the atmosphere, has a large
impact on life and materials on Earth (UNEP 2003).
Although stratospheric ozone ceased its decline in
1996, primarily due to a reduction in chlorofluorocarbon (CFC) production (WMO 2011), elevated levels
of harmful UV radiation are still regarded as a cause
for concern. Because of the increasing concerns for
humans and living organisms, it is necessary to (1)
monitor and forecast UV-B radiation and (2) obtain
data on UV radiation in the past to enable estimation
of the long-term biological effects of this radiation
(Reuder & Koepke 2005, Malinovic-Milicevic &
Mihailovic 2011). To assess the severity of climate
change effects on humans in terms of the effect of
single climatic parameters, it is necessary to explore
biometeorological indices, such as quantifiers of climate change effects. According to the WMO (2004),
the relationship between climatic conditions, human
activities and quality of life can be analyzed through
the effect of UV-B radiation and the complex conditions of heat exchange, i.e. the thermal environment
and air pollution. Because air pollution influences the
UV-B dose and the thermal environment, all 3 factors
have a synergistic impact on the aforementioned
issues.1 The term ‘thermal environment’ encompasses both atmospheric heat exchanges with the
body and the body’s physiological response. The
term ‘thermal environment’ will henceforth include
the effect of humidity and wind speed.
In this study we attempt to estimate the thermal
environment and UV-B radiation indices in the
Vojvodina region (northern Serbia). There are several studies that elaborate climate change issues for
this region through (1) dynamic and statistical down-

1

From the monitoring reports for 7 cities in the Vojvodina region (2001–2008), it can be observed that traditional household heating, traffic and — partly — industry significantly influence air pollution through SO2, NO2 and black smoke (BS)
pollutants. According to Malinovic-Milicevic (2012), the
mean annual concentrations of these pollutants do not yet
exceed critical levels, although elevated levels can nevertheless occur during the day

scaling (Djurdjevic & Rajkovic 2008, Lalic et al. 2012,
Rajkovic et al. 2012) and (2) examining the effect of
of climate change on crop yield (Lalic et al. 2012), the
mosquito population (Petric et al. 2012), predominant
enterovirus serotypes (Hrnjakovic et al. 2012), pests
and plant diseases (Jevtic et al. 2012) and forests
(Orlovic et al. 2012). Here we address the thermal
environment and UV-B radiation indices, focusing on
the spectrum of climate change issues that are highly
important for this region. Pollution effects are not
addressed in this study
Some key results presented here are based on surveys and case studies on climate change and on its
influence on the environment, performed during the
projects FP6 ‘ADAGIO’ (2007−2009) (Eitzinger et al.
2009) and ‘Studying climate change and its influence
on the environment: impacts, adaptation and mitigation’ (2011 to 2014) (Mihailovic 2012).

2. MATERIALS AND METHODS
2.1. Location and actual climate
The Vojvodina region is situated in the northern
part of Serbia and the southern part of the Pannonian
lowland (44° 37’−46° 11’ N, 18° 51’−21° 33’ E, and 75−
641 m above sea level [a.s.l.], with the Fruska Gora
mountains in the south). The region is the most
important food production area in Serbia, with a total
surface area of 21 500 km2 (Fig. 1) and a population of
~2 million. The region has a continental climate, with
some elements of a sub-humid and thermal climate
(Katic et al. 1979). The mountains partially surrounding the Pannonian lowland have a significant effect
on the basic climate characteristics of this lowland.
However, exposure to air masses coming from the
north and west, together with a huge range of temperatures throughout the year, means that the continental characteristics of Vojvodina’s climate are more
pronounced, particularly in the summer and winter
(Lalic et al. 2011). The mean annual temperature is
11°C, and the mean annual precipitation is 602 mm
(Mihailovic et al. 2004). According to Mihailovic et al.
(2008), the Koppen climate formula for this region is
Cfwbx”, where C = mild temperate/mesothermal climate; f = significant precipitation during all seasons;
w = dry winters, i.e. the driest winter month’s average precipitation is <1/10 the wettest summer
month’s average; b = warmest month’s average is
< 22°C (but there are at least 4 mo averaging >10°C);
and x” indicates that the second precipitation maximum occurs in autumn (Kottek et al. 2006).
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Fig. 1. (a) Vojvodina region (Serbia) in Europe and (b) the 7 sites used in the study: SO: Sombor, SU: Subotica; NS: Novi Sad;
KI: Kikinda; ZR: Zrenjanin; BK: Banatski Karlovac and SM: Sremska Mitrovica

2.2. Data sources
To describe the actual climate conditions in the
Vojvodina region, we used data from the weather
station network of the Republic Hydrometeorological
Institute of Serbia for Novi Sad, Subotica, Sombor,
Kikinda, Zrenjanin, Banatski Karlovac and Sremska
Mitrovica for the reference period 1992−2008 (referred to as RP92-08). All of these stations are predominantly located in rural areas and provide continuous daily data, including maximum and minimum
temperatures, sunshine hours, precipitation, mean
daily water vapor pressure and wind speed. We calculated the (1) mean annual temperature, (2) mean
annual precipitation, (3) mean temperature for the
hot (April to September) period and (4) for the cold
period (October to March), (5) mean precipitation for
the hot and (6) cold period, and (7) frequency of hot
(Tmax > 30°C) and (8) cold days (Tmax < 0°C).
Data on expected climate conditions were obtained
by applying a statistical downscaling technique on
outputs used from the global climate model (GCM).
The GCM used in this paper was developed at the
Max-Planck Institute for Meteorology (ECHAM5)
(Roeckner et al. 2003). The first step in an assessment
of climate change effects on humans and their activities, and on living organisms is the downscaling of
climate model outputs. For this purpose, either statistical or dynamical downscaling techniques are used.
To synthesize the daily weather data series, the
Met&Roll weather generator (Dubrovsky 1996, 1997)
was used to statistically downscale the ECHAM5
model outputs using the A2 scenario for greenhouse

gas emissions for the year 2040 (referred to as
PY2040). The change in global mean temperature is
estimated using the middle (2.6°C) climate sensitivity. To calibrate and validate the Met&Roll weather
generator, we analyzed 4 variable weather data
series (daily sum of global radiation, maximum and
minimum daily temperature, wind speed and water
vapor pressure daily average) for the main climatic
stations in the Vojvodina region. More details about
these procedures can be found in Lalic et al. (2012).
The thermal complex was analyzed using indices
recommended by the WMO (2004), i.e. the wind chill
index (WCI) and the heat index (HI). The WCI is
commonly used as a winter-time index to measure
the heat that the atmosphere is capable of absorbing
from an exposed surface. It was calculated according
to Osczevski & Bluestein (2005):
WCI = 35.74 + 0.6215Tc − 35.75v 0.16 + 0.4275Tcv 0.16 (1)
where Tc is air temperature (°C) and v is wind velocity (m s–1). The HI is a measure of how hot it feels
when a certain ambient temperature and humidity
are combined. It was calculated using the US
National Climatic Data Centre (NCDC) formula and
table generated by Steadman (1979, 1984):
HI = − 42.379 + 2.04901523TF + 10.14333127RH
− 0.22475541TF RH − 6.83783 × 10−3TF2
− 5.481717 × 10−2 RH2 + 1.22874 × 10−3TF2RH

(2)

+ 8.5282 × 10−4TF RH2 − 1.99 × 10−6TF2RH2

where TF is air temperature in °F and RH is relative
humidity in %. This formula is effective when the air
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temperature is > 26.7°C (> 80°F) and the relative
humidity is ≥40%. The WCI and HI are always calculated using temperature, relative humidity and wind
speed at 7, 14 and 21 h (local time) for selected
places.
Due to the lack of measurement sites for UV-B radiation and the UV index (UVI) in the Vojvodina region,
for the purpose of this paper we have included (1) values measured in Novi Sad (45.33° N, 19.85° E, 84 m
a.s.l.) using the broadband Yankee UVB-1 biometer,
(2) values calculated using the parametric numerical
model NEOPLANTA (Malinovic et al. 2006, Malinovic-Milicevic & Mihailovic 2011) and (3) values calculated using an empirical formula based on a linear
correlation between the daily sum (dose) of the UV-B
(UVBd) and the daily sum of the global solar radiation
(Gd) in kJ m–2 (Feister & Grasnick 1992, Koronakis et
al. 2002, Basset & Korany 2007, Malinovic-Milicevic
2012). More details about the model, NEOPLANTA,
are provided in Appendix 1. The empirical formula,
which is derived on the basis of the relationship between the daily values of UVBd (measured UVI data
and the corresponding calibration factors) and Gd
(calculated via an empirical formula) for the period
April 2003 to December 2009 in Novi Sad (correlation
coefficient R = 0.964), has the form:
UVBd = 0.002507Gd − 5.985

(3)

Using this formula, we calculated the UVBd values
for the selected places for the period 1981−2008.
Finally, we briefly discuss the accuracy of the
methods used in this paper. Taking into account the
error for the calibration constant and the error of
quantization and conversion to erythemal weighted
UV-B irradiance, the estimated maximal error of the
UV-B measurements is < 9% (Malinovic et al. 2006).
The accuracy of the NEOPLANTA model was tested
by comparing the calculated and measured UVI. A
simple inspection of the data indicates that the
absolute difference between the model outputs and
measurements (cloudiness ≤0.2) was in the interval
± 0.5 UVI for 95% of the data (Malinovic et al. 2006).
Under all amounts of cloudiness, a strong Pearson
correlation of 0.85 was found between the measured
data and the NEOPLANTA outputs (MalinovicMilicevic & Mihailovic 2011). Finally, verification of
empirical Eq. (3) was performed by comparing the
standard deviations and the Pearson coefficient of
correlation between the calculated and measured
values. A very strong Pearson correlation (0.96) and a
small difference between standard deviations (3.7%)
indicate the reliability of this formula (MalinovicMilicevic 2012).

3. RESULTS AND DISCUSSION
3.1. Comparison of the actual climate with the
climate projection (A2 scenario)
Over the last 50 yr, atmospheric warming has accelerated in the Vojvodina region. During the 1981−
2008 period, records indicate a strong temperature
gradient in the SE−NW direction as well as positive
and negative precipitation trends. One possible
explanation for the occurrence of these trends is the
increased number of extreme weather events during
this period. For example, in Novi Sad in 1999, due to
a few extreme precipitation events, the annual precipitation was 50% above the long-term average,
whereas in 2000, the annual precipitation was 50%
below the long-term average due to an extremely dry
spring and summer. Thus the most pronounced characteristic of the climate in the Vojvodina region during the RP92-08 period was an increased variability,
particularly for precipitation (Lalic et al. 2012). The
mean annual temperature during the RP92-08 period
was 11.6°C, whereas the mean annual precipitation
was 605.2 mm. The comparison of the PY2040 model
outputs against the observations for the RP92-08
period (Fig. 2) indicate that a warmer and drier climate in the Vojvodina region can be expected in the
future. More specifically, Fig. 2 indicates the following (1) there will be an increasing trend in mean
annual temperature (Novi Sad: 8.6% to Sombor:
12.3%) (Fig. 2a), (2) the mean annual precipitation
will have a decreasing trend (in the range of Zrenjanin: 8.1% to Novi Sad and Banatski Karlovac:
14.2%) (Fig. 2b), (3) the frequency of hot days will be
higher (from Novi Sad: 29.4% to Sombor: 50%)
(Fig. 2c) and (4) the frequency of cold days will
decrease (in the range of Sombor: 11.8% to Banatski
Karlovac: 27.8%) (Fig. 2d). Calculations from the
model outputs also indicate (1) a higher increase, on
average, of the mean temperature for the cold period
(24.9%) compared to the mean temperature of the
hot period (6.7%) and (2) a reduction in precipitation
during the growing season (15.7%).

3.2. Thermal complex
The monthly distribution for the absolute daily
maximum heat index (HIad) and minimum wind chill
index (WCIad) (Li & Chan 2000) over the RP92-08
period is depicted in Fig. 3. A significant negative
minimum occurs between October and March, and a
large positive maximum occurs between April and
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Fig. 2. Relative changes (%) in (a) mean annual temperature, (b) mean annual precipitation, (c) frequency of hot and (d) cold
days in the Vojvodina region (PY2040 model outputs compared to the observed values for the RP92-08 period). Study sites (red
dots) as in Fig. 1

October (HIad > 27°C). The absolute minimum WCIad
(−29.8°C) was recorded in Subotica on 13 January
2003. The temperature, relative humidity and wind
speed recorded at the time of the absolute minimum
WCIad were −22.8°C, 81% and 2.4 m s−1, respectively.
The absolute maximum HIad (43.8°C) was recorded
in Zrenjanin on 24 July 2007, with air temperature,
relative humidity and wind speed of 42.1°C, 23% and
4.4 m s−1, respectively.
The thermal conditions described by the WCI and
HI are more pronounced during the winter (December to February) and summer (June to August)
months. Therefore, the mean WCI and HI values for
these periods are the best indicators of average thermal conditions. Their spatial distributions are presented in Fig. 4. From this figure, it is observable that
Kikinda and Subotica are places with unfavorable

Fig. 3. Monthly distribution of absolute daily maximum heat
index (HIad) and minimum wind chill index (WCIad) in the
Vojvodina region for the RP92-08 period

116

Clim Res 57: 111–121, 2013

Fig. 4. Spatial distributions of the (a) wind chill index (WCI) for the winter months (Dec−Feb) and (b) heat index (HI) for the
summer months (Jun−Aug) in the Vojvodina region for the RP92-08 period. Study sites (red dots) as in Fig. 1

Fig. 5. Trends for the (a) wind chill index (WCI) for the winter months (Dec−Feb) and (b) heat index (HI) for the summer months
(Jun−Aug) in the Vojvodina region for the RP92-08 period. Study sites (red dots) as in Fig. 1

thermal conditions, with the lowest WCI and highest
HI values.
To analyze the long-term trends of the WCI and HI
during the winter and summer months in the Vojvodina region for the RP92-08 period, we used linear
regression. The WCI trend (Fig. 5a) decreases going
towards the north, with a value of –0.01°C yr–1 at
Kikinda and Subotica. The belt extending from the
central towards the northwestern region has the
highest values (0.06°C yr−1 maximum). From Fig. 5b,
it can be observed that the highest growth for the HI
is around Zrenjanin (0.04°C yr−1). From this area, a

tendency of decreasing HI in all directions is evident.
However, this trend is more enhanced in the northwest to southeast direction.

3.3. UV radiation
To investigate the long-term trend for UV-B radiation in the Vojvodina region, we calculated the
annual averages for the estimated daily UV-B dose
and total ozone for 1981 to 2008 using Eq. (3) and
then averaged these values over all 7 sites. The
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annual ozone amount was calculated using the daily
values for Novi Sad, which were measured using a
total ozone mapping spectrometer and the ozone
monitoring instrument on NASA satellites (Nimbus7, Meteor-3 and Earth Probe Aura) (NASA 2010). In
further calculations, this value is used as a representative one for other places. The annual averages for
the estimated daily UV-B dose and the total calculated ozone trends are depicted in Fig. 6a.
To determine the significance level (p) of each
trend, we used the Mann−Kendall nonparametric
test (Yue & Pilon 2004, Helsel & Frans 2006). This figure shows (1) a moderately decreasing trend in the
total ozone since 1981 (2.2% decade−1, p = 0.002) and
(2) an increasing trend in the UV-B dose (3.7%
decade−1, p = 0.019). According to the WMO (2011),
ozone ceased its decline in 1996. Therefore, in addition to the trend calculated for the 1981−2008 period,
we have calculated the ozone trends for the periods
1981−1996 and 1997−2008. The ozone trend in the
Vojvodina region for the 1981−1996 period declines
by 4.2% decade−1 (p = 0.013). The trend for the
period 1997−2008 nominally shows a stabilization of
ozone but does not show recovery. However, we
found that this trend is not statistically significant.
According to the US Climate Change Science Program (CCSP 2008), an increase in the total ozone
content between 60° N and 60° S is expected in
response to the decrease in halogen loading, and is
expected to be 2% above the 1980 values by 2100.
According to the WMO (2011), measurements from
some stations in unpolluted locations indicate that
the UV radiation levels have been decreasing since
the late 1990s. However, at some Northern Hemisphere stations, UV-B radiation is still increasing as a
consequence of long-term changes to other factors
that also affect UV-B radiation (WMO 2011).
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In Fig. 6b, the annual variations in the daily averaged UV-B dose and monthly mean absolute daily
maximum for the period 1981−2008 are depicted.
The daily averaged UV-B dose is between 2.062
(December) and 58.773 kJ m–2 (June). The seasonal
changes in the daily averaged UV-B dose are a
result of differences in the daylight duration and
solar zenith angle, whereas the daily changes are
predominantly the result of changes in cloudiness
and the ozone amount. The largest part of the
annual dose of UV-B radiation in the Vojvodina
region (~78%) occurs between April and September. The highest absolute maxima are recorded in
June and July, and have remarkably larger values
in May than in August. The UV-B dose extremes are
a very useful parameter for planning human activities, for analyzing the quality of life and for different
purposes in agriculture. Therefore, we focused our
analyses on the hot period (April to September),
which is when the UV-B doses reaching the ground
in the Vojvodina region are the largest. We calculated the daily UV-B doses for the hot period during
the period 1981−2008 using Eq. (3) and the corresponding linear trends per decade for all 7 sites to
obtain maps for the Vojvodina region. From Fig. 7a,
it can be observed that small differences exist in the
daily UV-B dose values for the hot period between
sites (~3%). A further inspection of this figure indicates that the highest values of daily UV-B doses for
the hot period are in the eastern part of the region
(Banatski Karlovac and Kikinda: 45.146 kJ m–2),
whereas the lowest are in the western part of the
Vojvodina region (43.842 kJ m–2 for Sombor).
Finally, Fig. 7b shows that the highest trends of
daily UV-B doses for the hot period are in Novi Sad
(5.6%) and Zrenjanin (5.1%), whereas the lowest
trend is in Banatski Karlovac (3.3%).

Fig. 6. (a) Annual averages of the estimated daily UV-B dose (UVBd,y) and total ozone (O3y, in Dobson units, DU) trends. (b)
daily averaged UV-B dose and monthly mean absolute daily maximum UV-B dose (UVBav and UVBmax, respectively) in the
Vojvodina region for the period 1981−2008
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Fig. 7. Spatial distribution of (a) annual the estimated daily UV-B doses for the hot period (Apr−Sep) and (b) the trend per
decade (%) of these doses in the Vojvodina region for the period 1981−2008. Study sites (red dots) as in Fig. 1

4. CONCLUSIONS
In this study, we considered the thermal environment and UV-B radiation indices in the Vojvodina
region, Serbia to offer evidence for assessing the
direct and indirect effects of climate change on
human activities in this region. The following points
can be made.
(1) We described actual climate conditions using
data from the network of the Republic Hydrometeorological Institute of Serbia for 7 sites for the
period 1992−2008 (Cfwbx” formula, according to
Koppen classification).
(2) We applied a statistical downscaling technique
on outputs used from the ECHAM5 under the A2 scenario to make a projection on the climate for the year
2040, which indicates that in the future, a warmer
and drier climate in the Vojvodina region can be
expected. From the evidence, which is expressed
through ranges of spatial changes, it can be observed
that (i) the mean annual temperature (8.6 to 12.3%)
and frequency of hot days will increase (29.4 to 50%);
(ii) the mean annual precipitation (8.1 to 14.2%) and
frequency of cold days will decrease (11.8 to 27.8%);
(iii) the mean temperature for the cold period (24.9%)
will increase more significantly compared to the
mean temperature for the hot one (6.7%); and (iv) a
reduction in precipitation will occur in the growing
season (15.7%).
(3) We analyzed the thermal complex during the
period 1992−2008 using indices recommended by the
WMO, i.e. the WCI and HI for the winter (December
to February) and summer (June to August) periods.

At all sites, HI has a tendency to increase. The cities
Kikinda and Subotica have the most unfavorable
thermal conditions (the lowest WCI and highest HI)
in the Vojvodina region.
(4) We analyzed the trend for the UV-B dose using
(i) values measured in Novi Sad (Yankee UVB-1 biometer), (ii) values calculated using the parametric numerical model NEOPLANTA and (iii) values calculated using an empirical formula we derived on the
basis of a linear correlation between the daily UV-B
dose and the daily sum of the global solar radiation.
We propose that this method will be useful for establishing time series of the UV-B doses in regions with a
sparse distribution of places in the network for monitoring UV-B radiation. We determined an increase in
UV-B of 3.7% decade−1. However, even though there
is some evidence indicating ozone stabilization, there
are no signs of a significant recovery of ozone layer
thickness. Therefore, it can be expected that UV-B
dose levels will remain high in the future.
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Appendix 1
The numerical model NEOPLANTA computes the direct
and diffuse solar UV irradiances under cloud-free conditions for the wavelength range of 280 to 400 nm (with a
1 nm resolution) and the UV index. The effects of O3, SO2,
NO2, aerosols and 9 different ground surface types on UV
radiation are included. The required input parameters are
the local geographic coordinates and time or solar zenith
angle, altitude and the amount of gases. Aerosols are
incorporated into the model using the model OPAC, which
provides the optical properties for 10 different aerosol
types (Hess at al. 1998). Surface influence on UV irradiance was taken into account using spectral albedo values
for 9 different surface types. The model includes its own
vertical gas profiles and extinction cross-sections, extraterrestrial solar irradiance, aerosol optical properties and
spectral surface reflectivity. The model uses standard
atmosphere meteorological profiles but has the possibility
of including real time meteorological data assimilated
from high level resolution atmospheric mesoscale models.
Output data are spectral direct, diffuse and global irradiance divided into the UV-A (320 to 400 nm) and UV-B (280
to 320 nm) regions of the spectrum. Biologically active UV
irradiance is calculated using the erythemal action spectrum of McKinley & Diffey (1987), UV index, spectral optical depth, and spectral transmittance for each atmospheric
component.
The UV irradiance is calculated as the sum of the direct
and diffuse components. The calculation of the direct
region of radiation is performed using the Beer−Lambert
law. The direct irradiance Idir(λ) at wavelength λ received
at ground level by unit area is given by:
Idir (λ) = I0(λ)T(λ)

(A2)

The extinction coefficient of UV radiation (β) is calculated by the product of the cross-sectional area (σ) and the
layer particle concentration (N ):
β(λ) = σ(λ)N

(A3)

The starting point for calculating the diffuse region of
radiation is the set of equations from Bird and Riordan’s
spectral model (1986), which represents equations from
previous parametric models (Leckner 1978, Brine &
Iqbal 1983, Justus & Paris 1985), improved after comparisons with a rigorous radiative transfer model and
with measured spectra. The diffuse irradiance Idif(λ) is
divided into 3 components: (1) the Rayleigh scattering
component Iray(λ), (2) the aerosol scattering component
Iaer(λ) and (3) the component that accounts for the multi-
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Idif(λ) = Iray(λ) + Iaer(λ) + Irf(λ)

(A4)

The Rayleigh scattered component Iray(λ) of the diffuse
region of UV irradiance is calculated as:
0.95
I ray (λ) = I 0 (λ)TO3 (λ)TSO2 (λ)TNO2 (λ)Taa (λ)[1 − Tray
(λ)] / 2

(A5)

where TO3, TSO2, TNO2,, Taa and Tray are the O3, SO2, NO2,
aerosol and air transmittances that have been defined by
Eqs. (A2) and (A3). The transmittance of the aerosol
absorption process, Taa(λ), is defined by (Justus & Paris
1985) as:
Taa(λ) = exp{−[1 − ω(λ)]τa (λ)}

(A6)

where ω(λ) is the single-scattering albedo and τa (λ) is the
aerosol optical thickness.
The aerosol-scattered irradiance is calculated as:
1.5
I aer (λ) = I 0 (λ)TO3 (λ)TSO2 (λ)TNO2 (λ)Taa (λ)Tray
(λ)[1 − Tas (λ)] Ds (λ)
(A7)

where Tas(λ) is the transmittance for aerosol scattering
such that:
Tas (λ) = exp [ −ω(λ)τa (λ)]

(A8)

and Ds(λ) is the fraction of the scattered flux that is transmitted downwards. The function Ds(λ) is dependent on the
aerosol asymmetry factor (δ) according to Bird & Riordan
(1986) and Justus & Paris (1985), as:
Ds = FsCs

(A9)

Fs = 1 − 0.5exp[(B1 + B2 cosθ) cosθ]

(A10)

B1 = B3[1.459 + B3(0.1595 + B3 × 0.4129)]

(A11)

B2 = B3[0.0783 + B3(−0.3824 − B3 × 0.5874)]

(A12)

B3 = ln(1 − δ)

(A13)

(A1)

where I0(λ) is the extraterrestrial irradiance corrected for
the actual Sun−Earth distance and T(λ) is the total transmittance, which includes O3, SO2, NO2, aerosol and air
transmittances. Each of these individual transmittances
are calculated using the optical depth τ(λ), which is the
product of the extinction coefficient β(λ) and the ray path
through the atmosphere (s):
T(λ) = exp[− (λ)] = exp[−β(λ)s]

ple reflection of irradiance between the ground and the
air Irf(λ):

1.8

Cs(λ) = (λ + 0.55)

(A14)

The asymmetry factor is a key optical characteristic of
aerosols and is used from the OPAC database (Hess et al.
1998) for each wavelength and humidity.
The backscattered component of multiple reflections
between the air and ground is calculated according to Bird
& Riordan (1986):
I rf (λ) =

⎣ I dir (λ) + I ray (λ) + I aer (λ)⎦ rs (λ)rg (λ)C s (λ)

1 − rs (λ)rg (λ)

(A15)

where rg(λ) is ground albedo and rs(λ) is sky reflectivity.
Ground albedo is used from Ruggaber et al. (1994),
whereas sky reflectivity is calculated by:
'
'
'
'
rs (λ) = TO'3 (λ)Taa
(λ){0.5[1 − Tray
(λ)] + [1 − Fs'(λ)]Tray
(λ)[1 − Tas
(λ)]}
(A16)

where the primed transmittance terms are the regular
atmospheric transmittance evaluated at an optical mass of
1.8.
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