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ABSTRACT

A numerical model called “NEOPLANTA” for estimating solar UV irradiance and UV index under
cloud-free conditions is being developed and tested at the University of Novi Sad in Serbia. In this paper,
the model features, calculation procedure, and input parameters are described. Effects of the absorption of
UV radiation by O3, SO2, and NO2 and absorption and scattering by aerosol as well as the air molecules in
the atmosphere are included. The performance of the model has been tested with respect to its capability
of UV index, which is a weighted integral between 280 and 400 nm of the solar irradiance reaching the
ground. For this test 10-day data measured during the spring and summer in 2003, 2004, and 2005 are used.
Data are recorded by the Yankee UVB-1 biometer located at the Novi Sad university campus (45.33°N,
19.85°E; 84 m MSL). Error analyses indicate that the modeled values agree well with the observations.

1. Introduction

Over the past decades, a depletion of stratospheric
ozone has been detected, raising concern about in-
creased surface UV radiation levels (Glandorf et al.
2005). For that reason, scientists have placed a large
emphasis on monitoring UV radiation and estimation
procedures (Zerefos 2002; Koepke et al. 1998; Madron-
ich et al. 1998; WMO 2003; McKenzie et al. 2003;
among others). The World Meteorological Organiza-
tion (WMO) and World Health Organization (WHO)
proposed the UV index as a quantity for biologically

relevant solar UV radiation (WMO 1997). The UV in-
dex forecast is based on the use of radiative transfer
models in connection with predicted values of the rel-
evant atmospheric parameters. Spectral irradiance
models can be classified into three basic categories: 1)
multiple scattering spectral models that integrate radi-
ance over the whole sky vault (Rozanov et al. 1997;
Kneizys et al. 1988; Schwander et al. 2001); 2) fast spec-
tral models that are analytical simplifications of the ra-
diative transfer equation (Gueymard 1995; Bird and
Riordan 1986; Diffey 1977); and 3) empirical models
that compute UV irradiances based on fits of several
years of UV observations (Burrows et al. 1994; Koepke
et al. 1998). A comparison between several models be-
longing to these classes has been performed by Koepke
et al. (1998). The model “NEOPLANTA,” by its char-
acteristics, can be classified into the first two types. It
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was developed at the University of Novi Sad (Malinovic
2003) as the first original model in Serbia.

2. Model description

The numerical model NEOPLANTA computes the
solar direct and diffuse UV irradiances under cloud-
free conditions for the wavelength range 280–400 nm
(with 1-nm resolution) as well as the UV index. The
effects of O3, SO2, NO2, aerosols, and nine different
ground surface types on UV radiation are included.
The model calculates instantaneous spectral irradiance
for a given solar zenith angle, but there is also a possi-
bility for calculation of the UV index for the whole day
at half-hour intervals from sunrise to sunset. Also, there
is the possibility of taking into account daylight saving
time. The atmosphere is divided into several parallel
layers (maximum 40) in the model. It is assumed that
the layers are homogeneous with constant values of
meteorological parameters. The vertical resolution of
the model is 1 km for altitudes below 25 km and 5 km
above this height. The upper boundary of the highest
layer in the model is 100 km. The model uses standard
atmosphere meteorological profiles. However, there is
also an option of including the real-time meteorological
data profiles from the high-level resolution mesoscale
models.

The required input parameters are the local geo-
graphic coordinates and time or solar zenith angle, al-
titude, spectral albedo, and the total amount of gases.
The model includes its own vertical gas profiles (Rug-
gaber et al. 1994) and extinction cross sections (Bur-
rows et al. 1999; Bogumil et al. 2000), extraterrestrial
solar irradiance shifted to terrestrial wavelength
(Koepke et al. 1998), aerosol optical properties for 10
different aerosol types (Hess et al. 1998), and spectral
albedo for nine different ground surface types (Rug-
gaber et al. 1994). Output data are spectral direct, dif-
fuse, and global irradiance divided into the UV-A (320–
400 nm) and UV-B (280–320 nm) part of the spectrum,
biologically active UV irradiance calculated using the
erythemal action spectrum by McKinley and Diffey
(1987), UV index, spectral optical depth, and spectral
transmittance for each atmospheric component. All
outputs are computed at the lower boundary of each
layer.

a. Direct radiation

Calculation of the direct part of radiation is carried
out by the Beer–Lambert law. The direct irradiance at
wavelength � received at the ground level by a unit area
is given by

Idir��� � I0���T���, �1�

where I0(�) is the extraterrestrial irradiance corrected
for the actual sun–Earth distance and T(�) is the total
transmittance. The ellipticity of Earth’s orbit around
the sun is considered as a correction to the extraterres-
trial solar spectrum I�(�) by multiplication with an ac-
tual sun–Earth distance factor D (Spencer 1971):

I0��� � I����D cos�. �2�

The total transmittance includes different extinction
processes as

T��� � TO3
���TSO2

���TNO2
���Taer���Tray���, �3�

where TO3
, TSO2

, TNO2
, Taer, and Tray are the O3, SO2,

NO2, aerosol, and air transmittances, respectively. Each
of the individual transmittances is calculated using op-
tical depth �(�) that is the product of extinction coef-
ficient �(�) and the ray path through the atmosphere s:

T��� � exp�	����
 � exp�	����s
. �4�

The extinction coefficient of UV radiation � is calcu-
lated as the product of the cross-sectional area � and
layer particle concentration N:

���� � ����N. �5�

The solar zenith angle is derived using spherical trigo-
nometry (Spencer 1971). The optical mass, which takes
into account the earth’s curvature and refraction to an
angle of 87°, is calculated using the formula proposed
by Hiltner (1962, chapter 8). For angles between 87°
and 90°, the formula from Ruggaber et al. (1994) is
used. Situations in which the sun’s disk is visible while
its zenith angle is larger than 90° are not considered in
the model. Air mass is corrected for atmospheric pres-
sure (Bird and Riordan 1986). Different expressions for
ozone optical mass are considered here because the
ozone extinction process corresponds to a different ver-
tical concentration profile (WMO 1980).

Ozone extinction cross-section values as a function of
wavelength and temperature were obtained from Bur-
rows et al. (1999) for the wavelength range 280–400 nm.
Extinction cross section for SO2 and NO2 as a function
of wavelength and temperature was obtained from
Scanning Imaging Absorption Spectrometer for Atmo-
spheric Chartography spectrometer measurements for
the 280–400-nm wavelength range (Bogumil et al.
2000). Values are given for five temperatures, from 202
to 293 K, and for a particular layer estimated by a linear
interpolation. The particle concentration is calculated
by combining vertical profiles and total gases amount.
The model uses four ozone profiles that are represen-
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tative for seasons in midlatitudes, two SO2 profiles and
one NO2 profile (Ruggaber et al. 1994).

Rayleigh extinction cross section of an air molecule is
calculated using Eq. (6) (Liou 1980):

�r��� �
8�3�mr

2 	 1�2

3�4Nr
2 f���, �6�

where mr is the real part of refraction index, Nr is the
number of molecules per cubic meter under standard
conditions (2547 � 1025 m	3), � is the wavelength in
micrometers, and f() is an anisotropic correction fac-
tor. Approximation of the real part of refraction index
is calculated by Liou (1980), air molecule anisotropy
values are used from Ruggaber et al. (1994), and par-
ticle concentration in layer is calculated using equation
of state.

As mentioned previously, 10 different aerosol mix-
tures, which are representative of a boundary layer of
certain origin from the Optical Properties of Aerosols
and Clouds (OPAC; see Hess et al. 1998) model, are
available in the NEOPLANTA model. These types dif-
fer one from another with regard to scattering effi-
ciency, single scattering albedo, and asymmetry factors.
The OPAC software package also gives the optical
properties of upper-atmosphere aerosol, which are rep-
resentative of the free troposphere (boundary layer–12
km) and stratospheric aerosol properties (12–36 km).
OPAC also describes the vertical distribution of aerosol
particles by an exponential profile (Hess at al. 1998). In
estimating the amount of aerosols in the layer on the
ground, the NEOPLANTA model provides one of the
following options: (i) use of datasets supplied with the
averaged values of amount of aerosols provided by the
OPAC aerosol model; (ii) use of the turbidity coeffi-
cient calculated following Angstrom (1961); (iii) use of
the visibility (Koschmieder 1924; Gueymard 1995); and
(iv) use of the aerosol optical depth at 550 nm.

b. Diffuse radiation

The starting point for the calculation of the diffuse
part of radiation is the set of equations from the spec-
tral model described by Bird and Riordan (1986), which
represents equations from previous parametric models
(Leckner 1978; Brine and Iqbal 1983; Justus and Paris
1985) that were improved after comparisons with the
rigorous radiative transfer model (Blattner 1983) and
with measured spectra. The downward fraction is cal-
culated from the same transmittance functions used to
determine the direct beam irradiance. The diffuse irra-
diance is divided into three components: 1) the Ray-
leigh scattering component Iray; 2) the aerosol scatter-
ing component Iaer; and 3) the component that accounts

for multiple reflection of irradiance between the
ground and the air Irf, that is,

Idif � Iray � Iaer � Irf. �7�

The Rayleigh scattered component is calculated ac-
cording to Bird and Riordan (1986):

Iray��� � I0���TO3
���TSO2

���TNO2
���Taa���

� �1 	 T ray
0.95���
0.5. �8�

All the transmittance functions in Eq. (8) have been
defined after Eq. (3), except the transmittance of the
aerosol absorption process Taa(�) which is defined by
Justus and Paris (1985):

Taa��� � exp�	�1 	 	���
�a����, �9�

where �(�) is the single-scattering albedo, and �a(�) is
the aerosol optical thickness. Single-scattering albedo
normally varies with relative humidity and wavelength
and is equal to 1 for a perfectly nonabsorbing aerosol.
The model NEOPLANTA uses single-scattering al-
bedo from the OPAC database for each wavelength
and humidity value.

The aerosol-scattered irradiance is calculated as

Iaer��� � I0���TO3
���TSO2

���TNO2
���Taa���Tray

1.5���

� �1 	 Tas���
Ds���, �10�

where Tas(�) is the transmittance for aerosol scattering,
such that

Taa��� � exp�		����a���
, �11�

and Ds is the fraction of the scattered flux that is trans-
mitted downward. According to Bird and Riordan
(1986) and Justus and Paris (1985), the function Ds is
dependent on the aerosol asymmetry factor � as

Ds � FsCs, �12�

Fs � 1 	 0.5 exp��B1 � B2 cos�� cos�
, �13�

B1 � B3�1.459 � B3�0.1595 � B30.4129�
, �14�

B2 � B3�0.0783 � B3�	0.3824 	 B30.5874�
, �15�

B3 � ln�1 	 
�, and �16�

Cs��� � �� � 0.55�1.8. �17�

The asymmetry factor is a key optical characteristic of
aerosols and it is used from the OPAC database for
each wavelength and humidity value.

The backscattered component of multiple reflections
between the air and ground is calculated according to
Bird and Riordan (1986):
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Irf��� �
�Idir��� � Iray��� � Iaer���
rs���rg���Cs���

1 	 rs���rg���
,

�18�

where rg(�) is ground albedo and rs(�) is sky reflectiv-
ity. The ground albedo is used from Ruggaber et al.
(1994), while sky reflectivity is calculated by

rs��� � T�O3
���T�aa����0.5�1 	 T�ray���


� �1 	 F�s���
T�ray����1 	 T�as���
�, �19�

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

c. Biologically active UV radiation and UV index

The UV index (UVI) describes the potential erythe-
mal effects of UV radiation on human skin. A unit of
UVI corresponds to 0.025 W m	2 of biologically active
UV radiation UVbio and is defined according to Mc-
Kenzie et al. (2003) as

UVI � UVbio � 40. �20�

The potential biologically active UV irradiance at the
surface is found by the multiplication of the UV spec-
trum and the action spectrum and integration between
280 and 400 nm:

UVbio � �
280

400

B���I��� d�, �21�

where B(�) is normalized erythemal action spectrum
and I(�) is spectral UV irradiance (direct � diffuse). To
calculate the biologically effective of UV radiation, the
spectral UV irradiance is weighted by the erythemal
action spectrum B(�)by McKinley and Diffey (1987) as

B��� � �
1 for � � 298 nm

100.094�298	�� for 298 nm � � � 328 nm

100.015�139	�� for 328 nm � � � 400 nm

0 for �  400 nm

.

�22�

3. Model evaluation

The performance of the model was tested by com-
paring UVI values of the model outputs with mea-
surements recorded with a Yankee UVB-1 biometer
(see Yankee Environmental Systems, Inc. 2000). For
the test, we have selected data for 10 days, measured
in the years 2003, 2004, and 2005, with cloudiness less
than 0.2.

The device is located at the Novi Sad University cam-

pus (45.33°N, 19.85°E; 84 m MSL). This biometer de-
tects UV radiation every 10 s, but our measurements
were collected with a temporal resolution of 10 min.
The main sources of errors in UVI measurements are
uncertainties in the determination of the calibration
constant of the instrument and the conversion of the
analog signal at the output of the instrument to a digital
one (error of quantization). Because measurements in
this paper are expressed in UVI units, an additional
source of error is uncertainty of the factor that is used
to convert integrated spectral data (W m	2) to erythe-
mal weighted irradiance (McKinley and Diffey 1987).
The Yankee UVB-1 biometer was calibrated in 2002 at
the factory (Yankee Environmental Systems, Inc. 2002)
using the National Institute of Standards and Technolo-
gy–traceable reference detector and appropriate equip-
ment. Because results presented here are from the
2003–05 period, it is reasonable to accept this calibra-
tion as reliable, assuming long-term stability of the in-
strument. According to the user guide (Yankee Envi-
ronmental Systems, Inc. 2000), the upper limit of error
for the calibration constant is 8%, while the conversion
to erythemal weighted irradiance introduces an error of
about 4% (for a solar zenith angle lower than 65°). The
quantization error can be neglected, because a precise
12-bit analog-to-digital converter is used to convert the
analog signal (0–4 V) from the instrument into the digi-
tal form. Taking into account the aforementioned er-
rors, the estimated maximal error of the measurements
is less than 9%.

The UVI was calculated by the model every half hour
from sunrise to sunset. In the model calculations we
considered the effects of O3, aerosols, and ground sur-
face type on UVI. Effects of SO2 and NO2 were not
taken into account because of their low impact on UVI
(Forster et al. 1995; Zeng et al. 1994). The total column
ozone in the atmosphere is the input parameter that has
to be known. The total column ozone over the Novi Sad
coordinates for the considered days was taken from the
online database of the Total Ozone Mapping Spectrom-
eter Earth Probe observations (NASA 2005). There ex-
ist no measurements of aerosol chemical composition
and amount in Novi Sad, so we considered aerosol to be
the main source of difference between measured and
calculated values. Because of a large portion of soil
particles and soot presence in the air of the town, the
continental averaged aerosol type is assumed. Aerosol
extinction is calculated taking visibility data at 1200
UTC from SYNOP data files and using the equation by
Koschmieder (1924). For simplicity, ozone and aerosol
levels were assumed to be constant over the day. The
surface albedo was fixed for each surface type consid-
ered. Figure 1 depicts the comparison between the cal-
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culated diurnal variations of UVI for cloudless days in
2003, 2004, and 2005. From this figure, it is seen that the
NEOPLANTA model gives the values that are very
close to the observations. This fact is more visualized in
Fig. 2, where the modeled values are plotted against the
observations. Note that model and model parameter
uncertainties affect the calculated values. For the
model presented in this analysis, more details can be
found in Malinovic (2003).

To quantify the modeled values of UVI, we have
performed an error analysis of the outputs obtained.
Following this, we computed several statistical quanti-
ties as follows (Pielke 2002; Mihailovic et al. 2004):

� � � 1
N �

i�1

N

��i 	 �̂i�
2�1�2

, �23�

�BR � � 1
N �

i�1

N

���i 	 �� 	 ��̂i 	 �̂�
2�1�2

, �24�

� � � 1
N �

i�1

N

��i 	 ��2�1�2

, �25�

and

�̂ � � 1
N �

i�1

N

��̂i 	 �̂�2�1�2

. �26�

Here, � is the variable of interest (UVI in this study),
while N is the total amount of data. An overbar indi-
cates the arithmetic average, while a caret refers to an
observation. The absence of a caret indicates a modeled
value. Further, � is the root-mean-square error (rmse),
while �BR is the rmse after a bias is removed. Root-
mean-square errors give a good overview of a dataset,
with large errors weighted more than many small errors
(Mahfouf 1990). The standard deviations in the simu-
lation and the observations are given by � and �̂, re-

spectively. An rmse that is less than the standard de-
viation of the observed value indicates quality in the
simulation. Moreover, the values of � and �̂ should be
close if the prediction is to be considered realistic. The
statistics for the values of the UVI used are listed in
Table 1. It indicates that the rmse is less than the stan-
dard deviation of the observed values. Also, a compari-
son of � (2.78) and �̂ (2.71) shows that the difference
between them is very small. This analysis shows that the
modeled values of UVI agree well with the observa-
tions.

We also made a comparison between the modeled
and the measured values under the following quanti-
ties: (i) the percentage difference between model esti-

FIG. 2. The UVI obtained by the NEOPLANTA model plotted
against the observations recorded in Novi Sad for cloudless days.

FIG. 1. Variation of the UVI obtained by the NEOPLANTA model in comparison with the
observations in Novi Sad for cloudless days.
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mations and measurements (PDEM) defined as
PDEM � {� 	 �̂}/�, where a caret refers to an obser-
vation; and (ii) the absolute difference between model
estimations and measurements (ADEM) defined as
ADEM � |� 	 �̂|. Larger values of the PDEM are
expected for higher values of the solar zenith angle,
because the corresponding larger values of air mass in-
troduce more significant differences between modeled
and measured values of UVI. Figure 3 depicts the per-
centage difference between the model estimations and
measurements (PDEM) with respect to the solar zenith
angle. From this figure, it is seen that the agreement
between the modeled and measured values is better for
lower solar zenith angles. A simple statistical overview
of Fig. 3 indicates that 87% of the samples have a
PDEM of less than 10%, for the solar zenith angles
lower than 60°. Last, the ADEM values show that 95%
of the absolute differences are in the interval of �0.5
UVI.

4. Concluding remarks

In this work we presented a numerical model called
NEOPLANTA, designed at the University of Novi Sad,

for estimating the solar UV irradiance and UVI under
cloud-free conditions. This model, including the effects
of O3, SO2, NO2, aerosols, and nine different ground
surface types on UV radiation, computes the direct so-
lar and diffuse UV irradiances for the wavelength range
280–400 nm, and gives the values of UVI. To examine
how well the model designed supports simulations, a
test was performed using model outputs of UVI for 10
spring and summer days (the years 2003, 2004, and
2005). They were compared with data recorded by the
Yankee UVB-1 biometer located at the university cam-
pus in Novi Sad, Serbia. Error analysis shows that the
modeled values of UVI agree well with the observa-
tions. In further development of the model, we plan (i)
to establish, over the sensitivity tests, how model and
model parameter uncertainties affect the UVI and (ii)
to use this as a forecasting model including the outputs
from the ozone and atmospheric prediction models.
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