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Abstract. For the evaluation of radiative transfer models and for investigations on 
the influence of parameters like aerosols or clouds on ground level UV irradiance, a 
combination of spectral measurements and model calculations is required. We show 
an efficient method for such a combination and present a systematic comparison 
of the freely available UVSPEC radiative transfer model package with two years 
of spectrally resolved measurements made at Garmisch-Partenkirchen, Germany 
(47.48øN, 11.07øE, 730 m above sea level) for cloudless sky and low albedo. More 
than 1200 spectra have been used for the comparison, covering a wide range 
of ozone and aerosol conditions. Applying the PSEUDO-SPHERICAL model 
type, a discrete ordinate model with correction for the sphericity of the Earth, 
the systematic differences between measurement and model were found to range 
between-11 and +2% for wavelengths between 295 and 400 nm and solar zenith 
angles up to 80 ø . The small observed statistical differences of 2-3% can mostly 
be explained by the random error of the measurement system. Only two input 
parameters, total ozone column and aerosol optical depth, the latter parameterized 
by the J•ngstrSm formula, are required to reach this level of agreement. It was 
further found that knowledge of the aerosol optical depth is essential for obtaining 
such a good agreement. The evaluated UVSPEC model package, together with the 
presented interface $DMODEL, provides an eflqcient tool for the investigation of 
the processes that control surface UV irradiance. 

1. Introduction 

Changes in the ozone column are known to result 
in changes in the UVB irradiance reaching the Earth's 
surface. The observed decrease of stratospheric ozone 
concentrations [Harris et al., 1995] should therefore be 
connected with an increase of harmful UV irradiance. 

While the relationship between total ozone column and 
UV is well established [McKenzie et al., 1995], the in- 
fluence of other parameters like aerosols and clouds is 
in the focus of current research. For the prediction of 
future UV changes all these parameters have to be con- 
sidered rather than total ozone column alone. Increases 

in (man-made) aerosols or cloudiness may for example 
counteract ozone-related trends. In order to predict fu- 
ture developments of UV surface irradiance, radiative 
transfer models are needed which consider all these pa- 
rameters. 
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The main fields of application for radiative transfer 
models are (1) to calculate past and future UV levels 
for risk assessments on the basis of estimated trends of 

ozone, aerosol distribution and cloud cover; (2) to per- 
form process studies, that is, to investigate the influ- 
ence of atmospheric parameters on surface irradiance 
(e.g., the study of attenuation by aerosols comparing 
measured and modeled aerosol-free spectra); and (3) 
to model the radiation at places, times and situations 
where measurements are not possible or not available 
(models could in this context be used as an interpo- 
lation between a very sparse network of measurement 
sites). For all these applications it would be desirable 
to achieve the most accurate results with the smallest 

possible set of input parameters. The latter should be 
easily available like, e.g., the total ozone column and 
atmospheric visibility. One of the aims of comparisons 
between experimental and model data is to find out an 
optimum set of input parameters. 

Various models are available to date, a rather large 
fraction of which are based on the one-dimensional ra- 

diative transfer solver by Stamnes et al. [1988]. One 
of these is the freely available UVSPEC model pack- 
age. Similar to measurements, models are subject to 
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several uncertainties. These may be divided into two 
classes: numerical errors and uncertainties in the input 
data. While numerical errors are avoidable by thorough 
programming and testing, the latter can only be inves- 
tigated by sensitivity studies and by comparing model 
results with measured data. This second type comprises 
uncertainties in the input data (e.g., the extraterres- 
trial irradiance or the absorption cross section of ozone) 
and imperfections in the parameterization of the atmo- 
sphere. A full description of the atmosphere by means 
of a phase function specified at any given location is nei- 
ther possible nor practical. Rather, a parameterization 
using only a few parameters is necessary. Furthermore, 
simplifying assumptions are made in order to obtain 
a tractable solution of the radiative transfer equation, 
e.g., one-dimensional model atmosphere geometry. The 
arising uncertainties can only partly be investigated by 
sensitivity studies with models alone [Ruggaber et al., 
1994]. Comparison with experimental data is necessary 
to quantify the actual size of the uncertainties. It should 
be noted that these studies require sufficient data for the 
description of the atmosphere in addition to the spectral 
measurements. 

Although comparisons with experimental data are 
necessary to estimate the accuracy and applicability of 
a model, only a few such studies have been carried out 
up to now and these are mostly restricted to the de- 
scription of single spectra or diurnal variations. Forster 
et al. [1995] compared measurements with calculations 
from their own radiative transfer model. In the UVB, 
the measured data were found to be higher than the 
model values. Generally, such an observation may be 
explained by a stray light problem of the monochro- 
mator. In a different case study, Wang and Lenoble 
[1994] describe a comparison between their radiative 
transfer model and data of two instrument intercom- 

parisons [Gatdiner et al., 1993; Gatdiner and Kirsch, 
1993]. While the variation of the ratio between mea- 
surement and model exceeds +20%, the agreement is 
better than +6% when the ratio is averaged over in- 
tervals of 10 nm. Koskela and Taalas [1993] used a 
modified earlier version of UVSPEC in comparison with 
measurements from a spectroradiometer of the single 
Brewer type. The systematic deviation exceeded 40% 
between 300 and 325 nm, while the agreement with 
data from the National Science Foundations network at 

Palmer Station (Antarctica) was quite good. Finally, 
Zeng et al. [1994] used the ratio between direct and 
diffuse irradiance for their comparison. This parame- 
ter is not subject to the uncertainties of the extrater- 
restrial irradiance and the absolute calibration of the 

spectroradiometer, but is very sensitive to aerosol opti- 
cal depth and surface albedo. Therefore, this ratio is a 
very useful parameter to study the influence of aerosol 
optical depth and the profiles of aerosol extinction and 
ozone. It is interesting to note that all the models used 
in these studies are based on the radiative transfer equa- 
tion solver of $tamnes et al. [1988]. 

An evaluation of a model requires a wide variety of 
atmospheric conditions and should contain at least 1 
year of measurements to cover all typical situations. 

To our knowledge, the present study is the first com- 
plete evaluation of a model at a particular site compris- 
ing 1200 cloudless sky spectra sampled over two years 
(April 1994 to March 1996). The cloudless sky is a 
very important case for two reasons: (1) cloudless sky 
is connected with comparatively high irradiance levels; 
and 2) many applications require modeled cloudless sky 
irradiance. The most important input parameters dur- 
ing cloudless skies and snow-free ground, total ozone 
column and spectral aerosol optical depth, are avail- 
able at our site from measurements of direct spectral 
irradiance. An appropriate interface between measure- 
ment and model has been developed in order to enable 
the extensive comparison for several model types. The 
scope of the present investigation is not only to show 
the results of this comparison, but also to introduce the 
methods that can be used to perform such a compari- 
son. 

2. Materials and Methods 

2.1. Measurement System 

The spectroradiometric system used for the investi- 
gation is situated on the roof platform of the Fraunhofer 
Institute for Atmospheric Environmental Research 
(IFU) in Garmisch-Partenkirchen (47.48øN, 11.07øE, 
730 m above sea level). It serves as a stationary weath- 
erproof reference instrument and comprises a Bentham 
double monochromator DTM 300 with a photomulti- 
plier as detector. Spectra of global irradiance are taken 
with a quartz cosine diffuser, and direct spectral irradi- 
ance is measured with a narrow field-of-view entrance 

optics, which is automatically aligned to the Sun. Both 
optics are coupled to the entrance slit of the monochro- 
mator with quartz fiber bundles. The angular response 
of the quartz diffuser is well known from laboratory 
studies; the deviation from the ideal cosine response 
is corrected using an algorithm described by Seckmeyer 
and Bernhard [1993] (the correction factors range be- 
tween 1.05 for high Sun and 1.1 for low Sun). To avoid 
errors arising from changes in the photomultiplier dark 
current, we use an optical chopper in conjunction with 
a lock-in technique. The whole system is maintained 
at (20 :t: 0.5)øC and has an independent power sup- 
ply. Calibrations are carried out in situ at least once 
a week using 100 W tungsten-halogen standard lamps. 
With a spectral resolution of 0.6 nm and a step width 
of 0.25 nm between 285 and 410 nm, approximately 100 
spectra are taken every day with a typical scan dura- 
tion of 10 min for this wavelength range. If the Sun is 
visible, spectra of direct and global irradiance are sam- 
pled alternatingly; otherwise, only global spectra are 
measured. Data are stored in so-called solar databases 

which hold not only the wavelength and the spectral 
irradiance, but also the time of the measurement, the 
raw data, and the statistical error for every single data 
point. The instrument has performed well in several 
intercomparisons of spectroradiometers [$eckmeyer et 
al., 1994; Gatdiner and Kirsch, 1995; Seckmeyer et al., 
1995]. Further instrumental details are given by $eck- 
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meyer et al. [1996]. The spectral measurements are 
supplemented with several ancillary sensors for quality 
control purposes, and to provide complementary infor- 
mation. They comprise, among others, a global irradi- 
ance pyranometer, a direct Sun pyranometer mounted 
on a Sun-tracking system, and two Robertson-Berger 
type meters [Mayer and Seckmeyer, 1996]. 

For the comparison of measured and modeled data, 
site information is essential. The IFU is located in a 

valley at the northern boundary of the Bavarian Alps. 
The horizon is formed by the surrounding mountains 
which do not exceed 20 ø measured from the horizontal 

direction. The highest elevations are to the south and 
north; the east and west are nearly free. In order to 
consider the decrease in irradiance due to shading by 
mountains, the line of the horizon was measured. The 
fraction of cosine-weighted area of the sky which is cov- 
ered by mountains is 3.8%. To correct for this effect, the 
diffuse model irradiance was reduced by 3.8%, assuming 
that the sky radiance can be considered isotropic in the 
UV range, as a first approximation. This assumption 
is not completely justified in the UVA [Blumthaler et 
al., 1996], but with respect to the small absolute value 
of the correction (between 1.9 and 3.8%, depending on 
the ratio of diffuse to global irradiance) the introduced 
uncertainty is quite small. 

Comparisons between modeled and measured data re- 
quire an adequate description of the atmosphere. The 
most important parameters for modeling cloudless sky 
irradiance are ozone column, spectral aerosol optical 
depth, surface pressure and albedo. The first two pa- 
rameters can be derived from measurements of the spec- 
tral direct irradiance, while the experimental determi- 
nation of the surface albedo is very complicated in an 
area as inhomogeneous as the surroundings of the IFU 
site. For the present study, however, periods with snow- 
covered surface have been excluded from the analysis. 
The albedo was chosen to be 0.02, following measure- 
ments of Blumthaler and Arebach [1988] for various sur- 
faces. Total ozone column and spectral aerosol opti- 
cal depth have been calculated with the DSI (direct 
spectra interpretation) algorithm which is described in 
the appendix. While DSI provides UV aerosol optical 
depth using the •ngstrSm parameterization, the orig- 
inal UVSPEC distribution requires the meteorological 
visibility Rm for the description of the aerosols. If not 
available at a site, visibility can be estimated from the 
•ngstrSm parameters c• and/• using a formula by Iqbal 
[1983]: 

•.0.55-. _ ( 3.9•2 -0.01162) Rm[km] 

ß [0.02472' (/•m[km]- 5) -]- 1.132] 
(1) 

It should be noted, however, that the visibility may 
provide a good parameterization in the visible range, 
but has its limitations in the UV. In order to calcu- 

late aerosol optical depth in the UV range, an addi- 
tional assumption about the wavelength dependence is 

required for the necessary extrapolation from the visible 
(comparable to the lngstrSm parameter •). Visibility, 
however, is a useful model input parameter insofar as 
it is available at many sites. A better description in 
the UV range is provided by the lngstrSm parameters 
themselves, a fact which has been accounted for with a 
model change described below. 

2.2. Selection of Cloudless Sky Situations 

The cloudless sky spectra used for this investigation 
were selected according to the global and direct Sun 
pyranometers, the signals of which are sampled in 1- 
min intervals. These can be used to estimate whether 

the sky is free of clouds or not, even if no indepen- 
dent cloud observations are available. Fast variations 

of direct and global irradiance in time are always due 
to clouds or contrails. Therefore we chose only inter- 
vals where the fast variations of the direct and global 
irradiance on the 1-min scale were less than +1% for 

a minimum time of I hour. The possibility still exists 
that some situations with little cloud cover are included 

in the analysis, which, in the worst case, might slightly 
enlarge the statistical uncertainty in the comparison of 
model and measurement. In the results section we show 

that this is not the case. 

2.3. UVSPEC: The Model 

UVSPEC is a freely available software package for 
calculation of diffuse and direct UV and visible irradi- 

ances and radiances at any altitude. The wavelength 
range from 176.0 nm to 850.0 nm is covered with a res- 
olution of 1.0 nm. Optional cloud and aerosol models 
may be included. 

The UVSPEC package comprises three different ra- 
diative transfer solvers: (1) the general purpose discrete 
ordinate algorithm DISORT for transfer calculations in 
vertically inhomogeneous, nonisothermal plane-parallel 
media [$tamnes et al., 1988], which can be used to 
calculate the irradiance, radiance, flux divergence, and 
mean intensity; (2) a SPHERICAL and a PSEUDO- 
SPHERICAL version of DISORT which introduce cor- 

rections for the sphericity of the Earth; they are imple- 
mented as described by Dahlback and $tamnes [1991] 
and may be used to calculate the irradiance, radiance, 
flux divergence, and mean intensity; and (3) the two- 
stream algorithm TWOSTREAM for radiative transfer 
in vertically inhomogeneous, plane-parallel or pseudo- 
spherical, layered media [Kylling et al., 1995], which 
may be used to calculate the irradiance, flux divergence, 
and mean intensity. Computing time and accuracy are 
quite different for these model types. 

The calculation of the downward welling irradiance 
is normally split in two; the calculation of the direct ir- 
radiance and the calculation of the diffuse irradiance. 

The direct irradiance is calculated by the Bougher- 
Lambert-Beer law. For the spherical radiative trans- 
fer solvers the optical path is calculated in spherical 
geometry. In order calculate the diffuse irradiance, it 
is sufficient to solve the azimuthally averaged radiative 
transfer equation, e.g. [Lenoble, 1993] 
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/• dr _ = 

p ('r, l• , lf ) I ('r, l• ' ) d l• ' + 2 • 

+ 4• p(r' •'-•ø)Eøe-•/uø' (2) 
The first term on the right-hand side represents extinc- 
tion, the second represents multiple scattering and the 
third represents the direct beam source. Here I(r,•) 
is the radiance at optical depth • in the direction •, 
where • - cos 0, and 0 is the polar angle. •rthermore, 
p(r, •, •) is the phase function for scattering from di- 
rection • to •, w(r) the single-scattering albedo and E0 
the extraterrestrial solar flux incident at the solar zenith 

angle 00 - cos -• •0. Equation (2) describes the diffuse 
radiative transfer in a plane-parallel atmosphere. The 
plane-parallel approximation is valid for solar zenith an- 
gles smaller than about 70 ø. For larger solar zenith an- 
gles the curvature of the Earth's atmosphere must be 
considered. In the pseudo-spherical approximation this 
is done by making the substitution 

e -•/•ø • e -c•(•'•ø) (3) 
in the direct beam source term of equation (2). Here 
ch(r, •0) is the Chapman function calculated according 
to DaMback and Stamnes [1991], who also discussed the 
accuracy of the pseudo-spherical approximation. The 
accuracy is sufficient for the solar zenith angles encoun- 
tered in this study. 

None of the radiative transfer solvers used here ac- 

counts for polarization. However, for the calculation of 
angularly integrated radiative quantities like the global 
irradiance, polarization effects are small and therefore 
negligible. 

When numerically solving equation (2), a compro- 
mise between speed and accuracy h• to be found. With 
the discrete ordinate method the number of streams 

used to approximate the integral in equation (2) largely 
controls the computing time [Stamnes et al., 1988] 

1 n 1 

/_ --• Z or Z (4) i 
i---n i---1 

i•o i•o 

where the first summation is for the multistream case 
and the second for the two-stream case. Here 2n is 

the number of streams, where n >_ 1. The multistream 
algorithms include the two-stream approximation as a 
special case. However, specially designed two-stream 
algorithms are generally much faster than multistream 
algorithms run in the two-stream mode. The pseudo- 
spherical radiative transfer equation solver used exten- 
sively in this study was run with n - 5, i.e., in 10- 
stream mode. 

The inputs to the radiative transfer solvers are the 
optical depths, single scattering albedos and phase func- 
tions of each atmospheric layer [$tamnes, 1986]. Addi- 
tionally, the surface albedo and an extraterrestrial solar 
spectrum must be specified. The optical depth for ozone 

was calculated using the temperature dependent ozone 
absorption cross section from Daumont et al. [1992] and 
the U.S. standard atmosphere [Anderson et al., 1986]. 
The ozone profile was scaled to match the input pa- 
rameter total ozone column. The Rayleigh scattering 
cross section was calculated With the formula given by 
[Nicolet, 1984] and the Rayleigh phase function was uti- 
lized. For the aerosols the appropriate spring/summer 
and fall/winter background aerosol models of $hettle 
[1989] were used, employing a Henyey-Greenstein phase 
function. In this parameterization, the aerosol optical 
depth at each layer is determined from the input pa- 
rameter visibility. 

The extraterrestrial irradiance used in this study was 
measured by the Solar Ultraviolet Spectral Irradiance 
Monitor (SUSIM) on board the Space Shuttle during 
the ATLAS 3 mission in November 1994 (M.E. Van- 
Hoosier, personal communication, 1996). The spectrum 
has been shifted to air wavelengths using a formula pro- 
vided by Teillet [1990], because the wavelength calibra- 
tion of our measurements also refers to air wavelengths 
(this shift is between 0.08 and 0.11 nm, depending on 
the wavelength). 

2.4. Modification of the Original UVSPEC 
Version 

Some modifications to the UVSPEC radiative trans- 
fer model described in the last section have been intro- 

duced. They resulted in a new model type, TWODIS, 
which combines the benefits of TWOSTREAM and 
PSEUDO-SPHERICAL and an enhanced model version 

which uses the ]•ngstrSm parameterization of aerosol 
optical depth instead of the visibility. 

2.4.1. TWODIS model. TWOSTREAM and 

PSEUDO-SPHERICAL both have advantages, the for- 
mer in speed, the latter in accuracy. Our intention was 
to combine the positive features of both to create a fast 
and accurate model. In order to achieve this aim, we 
investigated their systematic differences as a function 
of solar zenith angle, ozone column and visibility. Ac- 
cording to earlier investigations [Kylling et al., 1995], 
the deviations between both model types are less than 
10% for low albedo and solar zenith angles below 60 ø . 
Our new calculations showed that the difference mainly 
depends on solar zenith angle and only to a lower de- 
gree on ozone column and aerosol optical depth. The 
ratio of both model types therefore can be specified as 
a function of solar zenith angle and wavelength in good 
approximation. In order to correct the TWOSTREAM 
model we calculated the ratio between the model types 
in steps of I nm and 5 ø for an average ozone column of 
320 Dobson Units (DU) and an aerosol-free atmosphere; 
the results were stored in a table. The mathematical 

formulation for the so defined model type TWODIS can 
be described as: 

TWODIS -- TWOSTREAM(d, ]•m, A, 0, A). 

[PSEUDO-SPHERICAL(320 DU, 200 km, 0, 0, TWOSTREAM(320 DU, 200 km, 0, 0, 
(s) 
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where d is the total ozone column, Rm the meteoro- 
logical visibility, A the ground albedo and 0 the solar 
zenith angle. The tabulated values (expression in brack- 
ets in equation (5)) are interpolated to the given solar 
zenith angle and wavelength. Spectra calculated with 
TWODIS are comparable to PSEUDO-SPHERICAL 
with respect to accuracy and to TWOSTREAM with 
respect to the required processor time. TWODIS can be 
used whenever huge amounts of model calculations are 
required, e.g., to calculate model values for a month or 
even a year of measurements. For process studies, how- 
ever, we prefer PSEUDO-SPHERICAL, which provides 
the physically more correct description. 

2.4.2. Aerosol Parameterization Using ]kng- 
strSm Turbidity. In order to make the best use 
of the aerosol parameterization which is available at 
the IFU site, UVSPEC was modified to accept the 
•ngstrSm parameters c• and fl directly instead of the 
visibility which previously had to be estimated using 
equation (1). This is achieved by initially calculating 
the aerosol optical depth profile according to $hettle 
[1989] from the estimated visibility (like in the original 
UVSPEC package) and re-scaling the first two kilome- 
ters of this profile afterwards, in order to get the spec- 
ified •ngstrSm optical depth in total. The scaling is 
done only for the first two kilometers, because most of 
the atmospheric aerosol is concentrated in this layer. 

Thus a modified (++) version was created for each of 
the UVSPEC model types. The comparison with mea- 
surements in the results section clearly shows the advan- 
tage of this parameterization, especially when looking 
at the direct irradiance which is much more sensitive to 

variations in the aerosol optical depth than the global 
irradiance. 

2.5. SDMODEL: The interface 

In order to facilitate systematic comparisons for large 
amounts of data, SDMODEL (solar database modeling 
interface) has been developed as a general interface be- 
tween modeled and experimental spectra. The techni- 
cal environment for gathering experimental data is in 
general quite different from the ideal assumptions of 
models. Besides the simplified description of the at- 
mosphere, these aspects of the technical environment 
include the bandwidth of the measurement system and 
the time interval necessary to gather a complete spec- 
trum. Neglecting the difference in bandwidth leads to 
a large scatter in the ratio of measurement and model. 
Considering the different bandwidths of the measure- 
ment system and the model, the most convenient way 
is to convolute the model spectrum with the slit func- 
tion of the monochromator. It has to be kept in mind 
that this may introduce errors if the bandwidth of the 
monochromator is too large. The required time to mea- 
sure a spectrum leads to a difficulty in the comparison of 
data: While a measured spectrum is subject to changes 
of solar zenith angle and atmospheric conditions during 
the scan time, a model usually assumes these param- 
eters to remain constant for a given spectrum (even if 
the calculation time may considerably exceed the mea- 

surement time). In principle, there are two ways to 
overcome this problems: (1) adapt the measured data 
to the model; that entails interpolating spectra to spec- 
ified times and deconvoluting the measured spectra us- 
ing the slit function of the monochromator [Slaper et 
al., 1995]; or (2) adapt the model to the measured data; 
that entails modeling each spectral data point individu- 
ally, using the actual solar zenith angle and atmospheric 
conditions at the moment of the measurement, and con- 
voluting the model spectra with the slit function of the 
monochromator. A model evaluation by comparison of 
measured and modeled data is not affected by the choice 
of the method. The presented investigation follows the 
second strategy for the following reasons: 

1. Both, model and measurement have a finite band- 
width. Deconvolution to an ideal bandwidth of zero is 

limited by the uncertainties of both data sets, and de- 
convolution algorithms like the one proposed by Slaper 
et al. [1995] are based on a certain extraterrestrial spec- 
trum and might bias the comparison of model and mea- 
surement. The best solution is therefore to convolute 

the higher resolved model spectrum (0.15 nm FWHM) 
with the slit function of the monochromator (0.6 nm 
FWHM) which is already very low considering the pur- 
pose of the measurement: The error in DNA-weighted 
irradiance [Caldwell et al., 1986] resulting from the 
bandwidth of our monochromator is less than 1%. The 

experimental bandwidth is therefore no severe limita- 
tion for the determination of biological effects. 

2. Varying solar zenith angle and atmospheric con- 
ditions can easily be considered, if the exact time for 
each single data point is known. Modeling each data 
point with the actual input parameters reduces the un- 
certainty compared to interpolating the measurements 
to specified times. 

3. One of our main applications for modeling UV ir- 
radiance is process studies, for example, by comparison 
of measured spectra for an aerosol-loaded atmosphere 
and model spectra for aerosol-free conditions. For these 
studies we need the spectra which the monochroma- 
tor would have measured under the desired conditions, 
which is exactly what our algorithm provides. 

Several adaptations are necessary for the realization. 
First, UVSPEC whose wavelength step is fixed to Inm, 
had to be generalized to arbitrary wavelengths. As 
model calculation for intervals of 0.25 nm would in- 

crease the processor time by a factor of 4, we preferred 
an algorithm which calculates the intermediate values 
by interpolation between the I nm grid. Due to the 
low measurement bandwidth of 0.6 nm and the Fraun- 

hofer structure of the solar spectrum, the corresponding 
model spectrum cannot be constructed by a simple in- 
terpolation between data points spaced by I nm. This 
problem has been solved by the following more sophis- 
ticated interpolation procedure: In the absence of ther- 
mal emission, the solar UV irradiance at the Earth's 
surface can be written as a product of the extraterres- 
trial irradiance E0 of the Sun and the transmittance TA 
of the Earth's atmosphere (see Figure 1): 

E(,k) = Eo(,k)- (6) 
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Figure 1. Components of a solar spectrum at the 
Earth's surface. (Top left) The fine structure, the so- 
called Fraunhofer lines, is determined by the absorp- 
tion in the solar atmosphere. (Top right) The processes 
in the Earth's atmosphere, mainly Rayleigh scattering 
and ozone absorption, define the transmittance TA and 
form the UVB cutoff. (Bottom) The resulting spectrum 
is the product of the top graphs (equation 6). 

While the extraterrestrial irradiance E0(A) is nearly 
constant over time in the UVB and UVA (except the 
annual variation of the Sun-Earth distance which can 
be calculated and small changes in the emission of the 
Sun which rarely exceed 1% [Lean, 1991]), the trans- 
mittance TA strongly depends on the composition of the 
Earth's atmosphere and is therefore highly variable with 
time. On the other hand, while E0 is highly variable 
on the wavelength scale, the transmittance TA forms 
a relatively smooth curve (see Figure 1, upper graph). 
The Fraunhofer structure is formed in the solar atmo- 

sphere and is therefore part of the extraterrestrial irra- 
diance E0. The processes in the Earth's atmosphere, 
dominated by ozone absorption and Rayleigh scatter- 
ing, vary only smoothly with wavelength and determine 
the absolute value of the irradiance and the UVB cutoff. 

Consequently, it is sufficient to calculate the transmit- 
tance with the UVSPEC step width of 1 nm, interpolate 
it to an arbitrary wavelength grid, and multiply with 
a high-resolution extraterrestrial spectrum, in order to 
achieve a highly resolved model spectrum. 

The developed interface SDMODEL is based on ex- 
actly this principle. Figure 2 shows the steps neces- 
sary for the calculation of a high-resolution model spec- 
trum. Measured spectra are read and split into intervals 
during which the change of solar zenith angle is less 
than 0.1 ø. The diurnal variations of ozone, visibility 
and •ngstrSm parameters are interpolated to the ac- 
tual time and used to create an input file for UVSPEC. 
Calling the model, the transmittance TA is calculated, 
interpolated to the wavelengths of the high-resolution 
extraterrestrial irradiance, multiplied with the extrater- 
restrial irradiance, and convoluted with the slit function 
of the monochromator. After correction for the Earth- 

[ Albedo .... Iozone and aerosol I [ Spectrum I 

[ I Multiplication with I t. ................. I extraterrestrial spectrum 

M do e• va•u•• COnvOlutiOn withi ar slit function I 
,basel 

Figure 2. Overview of the SDMODEL algorithm, the 
interface between model and measurement. 

Sun distance, the result is written to the measurement 
database and can easily be compared with experimental 
data or used for process studies. 

SDMODEL is a flexible tool for comparing model re- 
suits and measurements. It is easily applicable for other 
models, as it creates an input file for the model, calls the 
model and then reads the model output. The processor 
time depends only little on the wavelength step of the 
model spectrum and is mainly determined by the time 
necessary for calculating a single data point. For the 
present investigations we used the model types TWO- 
STREAM and PSEUDO-SPHERICAL, the former be- 
cause of its high speed, the latter because of its accuracy 
even for high solar zenith angles. The processor time 
for modeling measurements of 1 day, which amount to 
about 100 spectra, is 45 min for TWOSTREAM and 3.5 
hours for PSEUDO-SPHERICAL (times specified for a 
Pentium 90 MHz, 16 MByte RAM). 

3. Results 

A first approach to compare measurement and model 
is to look at single spectra. Figure 3 shows the ra- 
tio of measurement and model for noontime spectra of 
direct and global irradiance on May 3, 1995. In or- 
der to demonstrate the effect of differing bandwidths 
between experimental and calculated spectra, the up- 
per graph shows the comparison using "raw UVSPEC" 
with a step width of 1 nm and a bandwidth of 0.15 nm 
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Figure 3. Ratio of measurement and model for May 3, 
1995, noontime, solar zenith angle 32 ø. (Top) Using 
the original bandwidths of model (0.15 nm) and mea- 
surement (0.6 nm), the ratio between both spectra is 
highly structured. (Middle) The spectra of the global 
irradiance were corrected for this difference by convo- 
luring the model spectrum with the slit function of the 
monochromator. (Bottom) Same as middle graph, but 
for direct irradiance. The remaining structure in the 
middle and lower graphs is typical for all calculated ra- 
tios; the scatter may be due to a small remaining dif- 
ference in the bandwidths of model and measurement. 

which is much smaller than the experimental bandwidth 
of 0.6 nm. The Fraunhofer absorption lines cause large 
fluctuations in the ratio which complicate the interpre- 
tation of the differences. The middle and lower graphs 
show SDMODEL results which are automatically cor- 
rected for the difference in bandwidth. Both graphs 
contain absolute irradiance values on a logarithmic scale 
(right axis) and the ratio between measurement and 
model (left axis). The fluctuations are much smaller 
than in the upper graph, indicating the importance of 
the bandwidth correction. For wavelengths longer than 
295 nm, the deviation between model and measurement 
is generally less than 15%. The low "scatter" of a few 
percent can be explained by a small remaining difference 
between the bandwidths of measurement and model. 

This effect is most pronounced at deep absorption lines 
like the calcium lines at 393 and 397 nm. The agree- 
ment between model and measurement can be consid- 

ered very good, keeping in mind that the deviation is 
smaller than 15% over 5 decades of magnitude. 

While the comparison of single spectra provides a 
first quick look at the differences between model and 
measurement, statistically significant results require the 
evaluation of a large variety of spectra. From a 2 
years' observation period, we extracted 1200 cloudless 

sky spectra as described above. These data cover solar 
zenith angles between 24 ø and 80 ø , ozone column val- 
ues from 250 to 370 DU and aerosol optical depths at 
340 nm from 0 to 0.6. Only data with snow-free surface 
were chosen for the present analysis. Weighted doses of 
UV irradiance were calculated using erythema [McKin- 
lay and Diffey, 1987], and DNA damage [Caldwell et 
al., 1986] action spectra. Figure 4 shows the ratio of 
measured and calculated erythemally effective doses for 
different model types. The ratio between measurement 
and model is plotted as a function of solar zenith angle. 
Even with the fast TWOSTREAM ++ model the agree- 
ment is quite good (upper graph). A slight dependence 
on solar zenith angle is obvious, however. The agree- 
ment is significantly improved using the slower, but 
more accurate PSEUDO-SPHERICAL ++ model (mid- 
dle graph). The systematic deviation is less than in the 
TWOSTREAM case; no significant dependence on solar 
zenith angle can be observed. The lower graph, finally, 
shows the results for the TWODIS ++ model which has 

been described above. This type combines the speed of 
TWOSTREAM ++ and, as can be seen in the figure, the 
accuracy of PSEUDO-SPHERICAL ++. Table I shows 
averages as well as standard deviations of the measure- 
ment to model ratio for the three model types shown in 
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Figure 4. Ratio of measured and modeled 
erythemal irradiances for (top) TWOSTREAM ++ 
(middle) PSEUDO-SPHERICAL ++ , and (bottom) 
TWODIS ++. The fast TWOSTREAM ++ model 
shows systematic deviations, especially for large so- 
lar zenith angles; PSEUDO-SPHERICAL ++ results 
are much better. TWODIS ++, which combines the 
speed of TWOSTREAM ++ with the accuracy of 
PSEUDO-SPHERICAL ++ , is hardly distinguishable 
from PSEUDO-SPHERICAL ++ . 
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Table 1. Average and Standard Deviation for 
the Ratio of Measurement and Model for All 1200 

Spectra 

Model Type Average Standard 
Deviation 

UVA (315- dO0 nm) 
TWOSTREAM ++ 0.947 0.031 
PSEUDO-SPHERICAL ++ 0.961 0.030 
TWODIS ++ 0.956 0.028 

UVB (280 - 315 rim) 
TWOSTREAM++ 0.855 0.037 
PSEUDO-SPHERICAL ++ 0.910 0.020 
TWODIS ++ 0.907 0.020 

CIE Erythema 
TWOSTREAM++ 0.879 0.023 
PSEUDO-SPHERICAL ++ 0.922 0.019 
TWODIS ++ 0.918 0.018 

DNA Damage 
TWOSTREAM++ 0.855 0.026 
PSEUDO-SPHERICAL ++ 0.912 0.022 
TWODIS ++ 0.908 0.024 

Figure 4 and different weighting functions or spectral 
ranges. The systematic deviation results from system- 
atic uncertainties in the model input (mainly the ex- 
traterrestrial spectrum) and the measurement (mainly 
the absolute calibration). The standard deviation is 
determined by the statistical errors of the measurement 
and the input parameters as well as changes in the pro- 
files of ozone and aerosol extinction which are not con- 

sidered explicitly but defined by means of standard pro- 
files. The statistical uncertainty of the calibration of our 
spectroradiometric system has been found to be 4-2.1% 
(4-1a) for erythemal irradiance and 4-1.5% for UVA ir- 
radiance, which explains a good part of the standard 
deviation observed for the PSEUDO-SPHERICAL ++ 
and TWODIS ++ models. 

The results for the PSEUDO-SPHERICAL ++ model 

are summarized in Figure 5. The upper and middle 
graphs show the ratio of model and measurement for 
UVA and erythemally weighted irradiance. To charac- 
terize the spectral dependence of the ratio, data were 
grouped in solar zenith angle intervals of 10 ø and wave- 
length intervals of 10 nm; the lower graph in Fig- 
ure 5 shows the average and standard deviation for 
these groups of data. For wavelengths larger than 
295 nm, the deviation between measurement and model 
is smaller than 11%, which is comparable to the differ- 
ences observed for good instruments during intercom- 
parison campaigns [McKenzie et al., 1993; Gatdiner 
and Kirsch, 1995; $eckmeyer et al., 1995]. The vari- 
ation of the ratio with solar zenith angle is quite low, 
especially in the UVB range. 

Modeling direct spectral irradiance is much easier 
from the numerical point of view, since only the attenu- 
ation according to the Bougher-Lambert-Beer law has 
to be considered. On the other hand, direct irradiance 
is much more sensitive to attenuation by aerosols and 
therefore subject to uncertainties in the determination 
of the aerosol optical depth, and the numerical treat- 
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Figure 5. PSEUDO-SPHERICAL ++ results. Ratio 
between measurement and model for (top) UVA and 
(middle) erythemally weighted irradiance and (bottom) 
as a function of wavelength and solar zenith angle where 
data were averaged over intervals of 10 ø solar zenith 
angle and 10 nm wavelength. The error bars correspond 
to 4-1a for 30 ø solar zenith angle. 

ment of this parameter within the model. Global irra- 
diance is less sensitive, as the reduction of direct irradi- 
ance is partly compensated by enhanced scattered irra- 
diance. Figure 6 shows the results of direct irradiance 
calculated by TWOSTREAM (the calculation of the di- 
rect spectral irradiance is indentical for TWOSTREAM 
and PSEUDO-SPHERICAL). The large deviation of up 
to 40% in the upper graph results from the nonideal 
parameterization of the aerosols using visibility (see 
above). Significantly better results are achieved with 
the modified model version TWOSTREAM +.+ (mid- 
dle graph) which uses the ]kngstrSm parameterization. 
The standard deviation of 21% observed with TWO- 
STREAM is reduced to 6% with TWOSTREAM ++. It 

must be noted here that in contrast to the investiga- 
tions of global irradiance, model input (ozone column 
and aerosol optical depth) and output (direct irradi- 
ance) are not independent, because direct irradiance is 
used for the determination of the input parameters. Al- 
though this might indicate a better agreement between 
model and measurement in the direct irradiance case, a 
similar structure as in the global case can be observed in 
the ratio (lower graph, Figure 6). The curve does hardly 
depend on solar zenith angle. A deviation, almost iden- 
tical for global and direct irradiance and nearly inde- 
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Figure 6. Ratio between measurement and model 
for the direct spectral irradiance for (top) TWO- 
STREAM, (middle) TWOSTREAM ++, and (bottom) 
TWOSTREAM++as a function of wavelength and so- 
lar zenith angle where data were averaged over intervals 
of 10 ø solar zenith angle and 10 nm wavelength. Using 
TWOSTREAM large scatter is observed; the largest de- 
viations occur at high aerosol optical depths, indicating 
that the aerosol parameterization via visibility is not 
su•cient in the UV range. The result is much better 
when the TWOSTREAM ++ model is used instead. 

pendent of solar zenith angle, leaves only a few possible 
explanations. On the model side, this is the extraterres- 
trial irradiance (ATLAS 3). A general error analysis for 
these data is not available, but for the previously mea- 
sured spectrum (ATLAS 2), the accuracy is specified 
to be 4-8% [Woods et aL, 1996]. On the experimen- 
tal side there are different sources of error, comprising 
mainly the uncertainty of the absolute calibration stan- 
dard which is typically specified as 4%, possible non- 
linearities of the system, and the remaining uncertainty 
after correction of the cosine error of the entrance optics 
[$eckmeyer and Bernhard, 1993] (the latter is unlikely 
to be the cause for the observed wavelength dependence, 
because the measurement of direct irradiance is not sub- 

ject to the cosine error). The observed deviation of less 
than 11% can therefore be explained by the systematic 
errors of both measurement and model. 

In order to show the importance of correct treat- 
ment of aerosols for modeling global irradiance, Figure 7 
shows the erythemally weighted irradiance calculated 
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Figure 7. Influence of atmospheric aerosols on 
the ratio between measured and modeled erythemally 
weighted global irradiance. (Top) Results of PSEUDO- 
SPHERICAL without consideration of aerosols in the 

model input show that the model clearly overestimates 
the measured results as it does not consider the reduc- 

tion due to aerosols. (Middle) The agreement is im- 
proved when aerosols are included into the model cal- 
culations. (Bottom) The smallest deviation between 
model and measurement is achieved using PSEUDO- 
SPHERICAL ++ where aerosols are parameterized by 
the AngstrSm turbidity parameters. 

with PSEUDO-SPHERICAL using different aerosol pa- 
rameterizations. Omitting scattering by aerosols in the 
model (upper graph) leads to a systematic overesti- 
mation of the global irradiance. Better agreement is 
achieved when specifying the visibility derived from the 
measured •ngstrSm parameters with equation (1) (mid- 
dle graph). There is still a random error, but a much 
lower one than in the direct irradiance case (see up- 
per graph of Figure 6). This reflects the above men- 
tioned fact that the global irradiance is less sensitive 
to the aerosol optical depth. Using the 2•ngstrSm pa- 
rameterization (model type PSEUDO-SPHERICAL ++ 
in the lower graph of Figure 7) reduces the relative stan- 
dard deviation of the ratio from 3.2% in the PSEUDO- 

SPHERICAL case to only 1.9%. This indicates that 
the 2•ngstr6m parameters provide a sufficient descrip- 
tion of the aerosol optical depth in the UV range. The 
aerosols at the rural IFU site are mainly of the non- 
absorbing kind (water vapor). Insufficient description 
of aerosols may therefore provide larger deviations at 
urban sites with higher aerosol optical depths and a 
larger fraction of absorbing aerosols. For such locations 
it might be necessary to additionally specify the sin- 
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gle scattering albedo, the experimental determination 
of which is much more complicated than that of the 
spectral optical depth. 

Finally, Figure 8 shows the ratio of direct and global 
irradiance for May 7, 1994. This ratio can be used for 
sensitivity studies of the profiles of ozone and aerosol at- 
tenuation if they are available [Zeng et at., 1994]. The 
ratio is affected neither by the error in the absolute 
calibration of the measurement system, nor by the un- 
certainty of the extraterrestrial spectrum. In order to 
calculate the ratio, both spectra had to be interpolated 
to the same solar zenith angle. Figure 8 shows quite a 
good agreement between modeled and measured ratio 
for all solar zenith angles. It is interesting to note that 
in the UVB range, in contrast to the UVA and visible, 
direct irradiance contributes always less than 50% to 
the global irradiance, even for a clear day like May 7, 
1994, when the aerosol optical depth at 340 nm did not 
exceed 0.15. 

4. Summary and Conclusions 

One of the main goals of our presentation was to show 
how a comparison between measurement and model can 
be performed. SDMODEL, the tool that has been de- 
veloped for this purpose, can also be used for a wide 
range of investigations, so-called process studies. In 
particular, these are all kinds of studies where exper- 
imental data are to be compared with model values cal- 
culated for specific atmospheric conditions, like, for ex- 
ample, a cloudless aerosol-free sky. The developed tool 
has been used to compare measurement and model for 
1200 cloudless sky spectra, gathered during 2 years of 
continuous measurements at the IFU site. These stud- 
ies lead to the following conclusions: 

1. Using the SDMODEL interface, the UVSPEC 
model package has been evaluated for the IFU site. 
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Figure 8. Ratio between direct and global irradiance, 
measured on May 7, 1994, in comparison with modeled 
(PSEUDO-SPHERICAL ++ ) values for solar zenith an- 
gles (SZA) of 35 ø, 50 ø, and 75 ø. 

The comparison with 2 years of experimental cloudless 
sky data showed very good agreement between mea- 
surement and model. For the PSEUDO-SPHERICAL 

model type, the systematic deviations in spectral irra- 
diance ranged between -11 and +2% for wavelengths 
between 295 and 400 nm and solar zenith angles up to 
80 ø . 

2. The observed deviations between model and mea- 

surement are fully explained by the uncertainties of 
both measurement and model. The systematic differ- 
ence of 11% is due to errors of the model input pa- 
rameters (e.g., the extraterrestrial irradiance) and the 
absolute calibration of the spectroradiometer, possible 
small nonlinearities of the system, and the remaining 
uncertainty after correction of the cosine error of the 
entrance optics. The statistical uncertainty of 2-3% 
is explained by the experimental uncertainty between 
subsequent calibrations and the variation of parame- 
ters that were not explicitely considered by the model 
(e.g. the ozone profile). 

3. Some improvements are possible concerning the 
extraterrestrial irradiance. Before ATLAS 3 became 

available, we used ATLAS 2 [Woods et at., 1996], which 
gave a slightly better agreement on the absolute scale 
(systematic difference between measurement and model 
smaller than :E6%). The absolute uncertainty of AT- 
LAS 2 is specified as 4-8%. On the wavelength scale, 
however, we found deviations of between 0.1 and 0.2 nm 
for ATLAS 2, compared to our mercury lamp calibra- 
tion which is accurate to 0.05 nm. We therefore decided 

to use ATLAS 3, which agrees with our wavelength scale 
within the uncertainty of the measurement. 

4. The agreement between model and measurement 
was improved using a slightly modified (++) version of 
UVSPEC which uses the •ngstrSm parameterization 
for the aerosols instead of visibility. This is due to the 
better representation of the wavelength dependence of 
the aerosol optical depth. 

5. It has been shown that the knowledge of ozone col- 
umn and spectral aerosol depth parameterized by the 
.•ngstrSm formula is sufficient to achieve this good level 
of agreement for a cloudless sky. The majority of input 
parameters may therefore either be taken from stan- 
dard profiles (e.g., the ozone and aerosol profiles) or set 
as constant (e.g., ground albedo and surface pressure). 
Ground albedo is another important input parameter 
if measurements over snow-covered surfaces are consid- 

ered. 

6. Without the knowledge of aerosol optical depth the 
systematical and statistical deviations between model 
and measurement increase significantly. 

7. A new model type TWODIS has been defined 
in order to combine the advantages of the fast TWO- 
STREAM and the accurate PSEUDO-SPHERICAL al- 

gorithms. By comparison with experimental data it has 
been shown that a properly used two-stream code may 
reach an accuracy comparable to a discrete ordinate 
multistream model. 

8. The model has been evaluated for the IFU site, 
which encounters a wide range of atmospheric condi- 
tions and solar zenith angles. Further studies are re- 
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quired, however, to generalize the presented results to 
other locations with different conditions like, for exam- 
ple, urban areas with more absorbing aerosols. For such 
locations it might be necessary to additionally specify 
the single scattering albedo, the experimental determi- 
nation of which is much more complicated than that of 
the spectral optical depth. 

9. The evaluated model together with the newly de- 
veloped interface may be used for detailed investigations 
of the influence of several parameters like aerosols, sur- 
face albedo and clouds. A possible procedure for these 
studies could be the comparison of experimental data 
with appropriate model values. 

UVSPEC, a program for calculation of diffuse and di- 
rect UV and visible fluxes and intensities at any altitude 
is available by anonymous ftp to pluto.itek.norut.no, cd 
/pub/arve. UVSPEC will soon be replaced by the much 
improved, user friendly and flexible Radtran program. 
It will be available from the same location as UVSPEC. 

Appendix- Determination of 
Atmospheric Parameters From Direct 
Spectral Irradiance 

Attenuation of direct solar irradiance Edit within the 
Earth's atmosphere can be described by the Bougher- 
Lambert-Beer law. This formula which is utilized by 
the standard methods for the determination of ozone, 
the Dobson and Brewer methods in particular, is also 
used with the DSI (direct spectra interpretation) al- 
gorithm described here. Mainly three processes con- 
trol direct UV irradiance, namely Rayleigh scattering, 10 
aerosol extinction and absorption by ozone. Other 9 
trace gases than ozone, e.g. SO2 may be of impor- • 8 
rance in highly polluted urban areas, but not at IFU 
(U. KShler, personal communication, 1996) Accord- • 6 ß 

ing to the Bougher-Lambert-Beer law, the total optical .= o 4 

depth therefore is expressed as • 3 
.- 2 

1 

-ln Eo - mRayleigh ' TRayleigh 
-1-maerosol ' Taerosol -1- toozone ' Tozone 

(A1) 

where E0 is the extraterrestrial irradiance and m the 
so-called optical mass, a factor that considers the slant 
path of the radiation through the atmosphere. The 
optical masses, which to a first approximation equal 
1/cos0 (0 is the solar zenith angle) are calculated ac- 
cording to a formula described by Thomason et al. 
[1983]. The necessary input parameters for these calcu- 
lations, standard profiles of pressure, temperature and 
ozone concentration are taken from the U.S. standard 

atmosphere [Anderson et al., 1986]. The left side of 
equation (A1) can be calculated from the measured di- 
rect spectral irradiance t•air and the extraterrestrial 
irradiance E0, in this case the ATLAS 2 spectrum 
[Woods et al., 1996] convoluted with the slit function 
of the monochromator. To separate the three compo- 
nents TRayleigh, Taerosol, and Tozone on the right side, 
their specific wavelength dependence is utilized. The 
Rayleigh optical depth is calculated using the formula of 

Teil!et [1990]. After correction for Rayleigh scattering, 
aerosol extinction is determined at wavelengths greater 
than 330 nm where ozone absorption is negligible. An 
•ngstrSm turbidity formula T•ngstr5 m -- /•' •--c• is fit- 
ted to the data to parameterize aerosol extinction (• 
is the wavelength in micrometer). After correction for 
the Rayleigh scattering and aerosol contribution using 
the •ngstrSm formula for the whole UV range, only 
ozone absorption is left. The ozone column can be cal- 
culated by linear regression of rozone versus the absorp- 
tion cross section of ozone, evaluated at each measured 
wavelength, considering the temperature dependence of 
the cross section with a standard temperature profile. 
Figure 9 shows a typical example for the described pro- 
cedure. The •ngstr6m formula provides a good descrip- 
tion for the observed aerosol optical depth. The small 
residual shows that the three processes (Rayleigh scat- 
tering, aerosol extinction and ozone absorption) can ex- 
plain the measured optical depth quantitatively. 

The advantage of the method compared to com- 
mon ozone measurements is that additional informa- 

tion about the aerosol optical depth is obtained, which 
is an important input parameter for modeling UV ir- 
radiance at the Earth's surface. DSI reduces the un- 

certainty of the ozone determination using a complete 
spectrum of 500 data points for the analysis. Problems 
like the change of solar zenith angle during the mea- 
surement are simply avoided by the algorithm which 
calculates the optical mass separately for each spectral 
data point. A related method is described by Huber et 

Optical depth 
Optical depth, Rayleigh corrected 

2.0 

• 0.0 

-0.5 

300 320 340 360 380 400 

I ' \' I • Optical depth' Rayleigh cørrected I 

I , I , I , I • I , I 

300 320 340 360 380 400 

Wavelength [nm] 

Figure 9. Calculation of ozone column and aerosol 
optical depth with DSI, August 1, 1995, solar zenith 
angle 34 ø . (Top) Slant optical depth (calculated from 
the ratio of measured direct versus extraterrestrial ir- 

radiance) and Rayleigh-corrected slant optical depth. 
(Bottom) Rayleigh-corrected optical depth and the fit- 
ted AngstrSm turbidity formula. The residual after cor- 
rection for Rayleigh, aerosol and ozone equals zero to a 
good approximation. 
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al. [1995] where measured direct spectral irradiance is 
compared with model calculations to derive ozone col- 
umn and aerosol optical depth. 

In order to estimate the accuracy of the developed 
algorithm, the DSI results were compared with Brewer 
measurements of Hohenpeissenberg (U. KShler, per- 
sonal communication, 1996), a site of the German 
Weather Service about 40 km to the north of IFU. For 

more than 500 data points, sampled over half a year, 
we found a systematic deviation of only 1% (IFU data 
were higher) and a standard deviation of the ratio of 
1.6%. These small differences are a combined effect of 
the uncertainties of both algorithms and real differences 
arising from the unavoidable distance in space (40 km) 
and time. 
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