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A six-channel moderate-bandwidth filter instrument for measurement of UV and visible radiation has
been developed. The characteristics of the instrument are described, including the spectral and the
angular responses. Furthermore the calibration procedure is outlined. Combining information from
several channels, one may determine the total ozone-column amount, various biological dose rates, a
cloud transmission factor, and the effective cloud optical depth. The methods used to determine these
parameters are presented, and the measured parameters are compared with similar ones obtained from
other instruments. The total ozone as measured by the instrument agrees with measurements from a
standard Brewer to �0.05% � 2.04% over a two-year period. Two weeks of cloudless Commission
Internationale de L’Eclairage dose rates agree with those from a Bentham double monochromator
spectroradiometer to 0.99 � 0.03. © 2003 Optical Society of America
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1. Introduction

Ultraviolet radiation is an important environmental
factor that has received much attention in recent
years. Besides causing human health problems, UV
radiation may cause accelerated wear of both natural
and synthetic materials and have harmful effects on
water ecosystems, soil, and vegetation. In view of
the decline in the total ozone-column amount it is
important to be able to monitor accurately and reli-
ably the amount of UV radiation reaching Earth’s
surface. UV irradiance is measured by a range of
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different instrument types, including scanning
spectroradiometers,1–4 multichannel narrow-
bandwidth filter instruments,5 multichannel
moderate-bandwidth filter instruments,6,7 and
broadband filter instruments.8 The various types of
instruments all have their pros and cons depending
on the manpower available for their operation, the
location and accessibility of the measurement site,
and the accuracy, stability, and quality requirements
of the measurements. The need for an accurate and
reliable instrument that could operate independently
in harsh environments with on-board storage of data
and the data and the possibility for the remote down-
load of data through public telephone lines motivated
development of the Norwegian Institute for Air Re-
search UV Radiometer �NILU-UV�. The NILU-UV
instrument is a multichannel, moderate-bandwidth
filter instrument. The unique features of NILU-UV
include a builtin data logger, builtin temperature
controller, and no need for an external computer dur-
ing operation. In addition the power consumption of
the instrument is low, allowing it to be powered by
solar panels. Together with the instrument, soft-
ware was developed to derive geophysical parameters
of interest such as the total ozone-column amount, a
cloud transmission factor, the effective cloud optical
depth, and various biological UV dose rates. The
instrument characteristics are described below, and



data derived from the instrument are presented and
compared with similar data obtained by other instru-
ments.

2. Instrument Characteristics

NILU-UV is a six-channel moderate-bandwidth filter
instrument. Five of the channels are in the UV with
center wavelengths at 305, 312, 320, 340, and 380 nm
and a bandwidth of �10 nm at FWHM. The sixth
channel measures the socalled photosynthetically ac-
tive radiation. It covers wavelengths between 400
and 700 nm with a bandwidth of 300 nm at FWHM.
The front optics consists of a flat Teflon diffusor fol-
lowed by custom-made interference filters from Barr
Associates, Inc., Westford, Mass. To minimize
stray-light problems the five UV channels in addition
have UG-11 and read leak filters. For the same rea-
son the 305-, 312-, and 320-nm channels are equipped
with individual specified short-pass filters. For all
channels the radiation is recorded by S1226-8BQ si-
licium detectors from Hamamatsu. The instrument
is temperature stabilized at 40 °C. It records data in
a builtin data logger at a 1-min time resolution. The
data logger has the capacity to store 3 weeks of 1 min
averages. By interfacing the instrument to a com-
puter using a RS-232 port, data with 1-s time reso-
lution may be recorded. The total weight of the
instrument ready for operation is 3.3 kg. The in-
strument is weatherproof and designed to operate in
harsh environments.

A. Cosine Response

The NILU-UV instrument is designed to measure the
radiant energy or hemispherical irradiance E inci-
dent from 2� directions on a flat surface:
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Here I is the radiance in direction 
 �polar angle� and
	 �azimuth angle� at wavelength �. To determine
whether the angular response Y �
, 	� of the instru-
ment deviates from the ideal cosine response, Y �
, 	�
was measured in the laboratory by using a 1000-W
lamp and a rotary stage. The measured response
divided by the ideal cosine response is shown in Fig.
1 for all six channels for one particular azimuth an-
gle. The variation with the azimuth angle is less
then 5% for all channels. This response is typical for
flat diffusers9,10 and indicates that the NILU-UV in-
strument will underestimate the irradiance. As-
suming that the incident radiation is isotropic, the
irradiance is underestimated by 10.3%. More real-
istic situations were investigated by using a
radiative-transfer model and the measured angular
response. The radiative-transfer model was used to
calculate the radiance field for solar zenith angles
between 0° and 90° for various atmospheric condi-
tions. The radiance distribution multiplied with the

measured angular response was integrated to give
the effective signal
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The ratio Eeff�E is shown in Fig. 2 for two channels,
305 and 380 nm, and various atmospheric conditions.
For overcast conditions there is no direct sun compo-
nent and the radiance field is nearly isotropic.
Hence the ratio is constant with the solar zenith an-
gle �long dashed curve�. For a Rayleigh-scattering
atmosphere the radiance field exhibits large varia-
tions. In such conditions �solid curves� the instru-
ment underestimates the irradiance with the largest
deviations occurring at large solar zenith angles and
long wavelengths. When aerosols are included
�short dashed curves� a more diffuse radiation is ob-
tained; hence the variation in the ratio Eeff�E with
the solar zenith angle becomes smaller. In general,
the more diffuse the radiation field, the smaller the
variation in Eeff�E with the solar zenith angle.
Hence for cloudless conditions there is less variation
in the 305-nm results compared with the 380-nm
results. Furthermore the results in Fig. 2 represent
the smallest �305-nm� and largest �380-nm� devia-
tions from a ideal angular response for the UV chan-
nels of the NILU-UV instrument. In relative terms
these results are comparable with those reported for
the Robertson–Berger sun-burning meter.11 Note
that state-of-the-art spectroradiometers deviate from
the ideal cosine response by �2% or less.12

Knowledge of the cosine response and the atmo-
spheric conditions during a measurement may be
used to correct for deviation from an ideal cosine
response.9 Note that the angular response error has
a minimal effect on the retrieval of the ozone-column
amount, which is determined by the irradiance ratio
between two different channels.

Fig. 1. Ratio of the measured angular response to the ideal cosine
response for each channel for a fixed azimuth angle. For isotropic
incident radiation the irradiance is underestimated by 10.3%.
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B. Spectral Response

The relative spectral response of the NILU-UV in-
strument was measured in the laboratory with a
1000-W Xe lamp, a light-intensity controller, and a
calibrated reference radiometer. The relative spec-
tral response is shown in Fig. 3. For these types of

instruments a sharp drop in the response is desired
at the high-wavelength cutoff of each filter. The
305-nm channel has a stray-light contribution be-
tween 340 and 380 nm. To estimate the effect of the
stray-light, model spectra were calculated for various
solar-zenith angles with the UVSPEC radiative-
transfer model.13 These spectra were convolved
with the measured spectral response including and
excluding the stray-light tail. At small solar-zenith
angles the contribution from this tail to the total
signal is negligible. At a solar zenith angle of 65°
this tail increases the 305-nm channel signal by �3%.
However, at solar zenith angles larger than 65° this
channel is not used or has negligible influence on the
geophysical products discussed below. For example,
the 305-nm channel is not used to derive the ozone-
column amount for solar zenith angles larger than
65°, and for the Commission Internationale de
l’Eclairage �CIE� dose rate the error is less than 1% at
60° and less than 1.5% at 85°. No correction for the
stray-light contribution has been applied to obtain
the geophysical products presented below.

C. Calibration

When illuminated by a hemispherical irradiance
E���, the NILU-UV instrument measures a current Ci
in channel i, given by

Ci � �
0

�

Ri��� E���d� . (3)

Here Ri��� is the absolute spectral response of chan-
nel i. It is related to the relative spectral response
Ri���� shown in Fig. 3 by

Ri��� � kiRi���� . (4)

The shape of a lamp spectrum is different from the
solar spectrum. This may lead to relatively large
uncertainties if lamps are used as a radiation source
when calibrating filter instruments in the UV.14

Thus the Sun is used as the radiation source and the
constant ki is determined from simultaneous mea-
surements of the current Ci by the NILU-UV instru-
ment and the solar spectral irradiance E��� by a
colocated and calibrated spectroradiometer:

ki �
Ci

�
0

�

Ri���� E���d�

�
Ci

��0

�
Ri��E���

. (5)

A single solar spectrum measured by the spectrora-
diometer in stable atmospheric conditions is needed
to determine ki. With knowledge of ki the current Ci
is converted into an irradiance Ei that represents the
total incoming energy over the wavelength band cov-
ered by channel i. Calibration of the NILU-UV in-
strument is normally performed at a solar zenith
angle around 
0 � 40°, which minimizes the influence
of the deviations from the ideal cosine response �see
Fig. 1�. Dahlback6 further discussed calibration of

Fig. 2. Ratio of the effective response Eeff Eq. �2�, to the ideal
signal E, Eq. �1�, for 305 and 380 nm as a function of the solar
zenith angle. Three different atmospheric situations are illus-
trated.

Fig. 3. Relative spectral response of the five UV channels of the
NILU-UV instrument.
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multichannel moderate-bandwidth filter instru-
ments.

Over time the sensitivity of the optical components
of the instrument may change. Thus recalibrations
and relative lamp tests are necessities to ensure ac-
curate measurements of UV radiation. For the
NILU-UV it is recommended that relative lamp tests
be done once per month, while absolute calibration
against a spectroradiometer is recommended once
per year. Results from several instruments indicate
that the drift is typically less than 2–3% per year, but
that some channels may have drifts of as much as 7%
per year.

3. Measurements

Signals from the different channels may be used to
monitor the UV radiation level and study the various
factors that affect the UV radiation. However, by
combining and interpreting signals from several
channels, one may obtain information about the total
ozone-column amount, UV dose rates, and cloud
transmission.

A. Ozone-Column Amount

The total ozone-column amount, �, is determined by
comparing a calculated irradiance ratio, N given by

N�
0, �� �
Ei�
0, ��

Ej�
0, ��
(6)

with a corresponding measured ratio. Here i and j
are two channels with different sensitivity to ozone
absorption. A lookup table of N as a function of 
0
and � is generated by a radiative-transfer model.6
Clouds, aerosol, snow on the ground, and the shape of
the ozone profile may influence N. Sensitivity tests
using a radiative-transfer model show that sepa-
rately the presence of aerosol, clouds, or an increased
surface albedo has negligible ��1%� influence on the
retrieved ozone column. However, the combination
of a cloud of optical depth 50 and a surface albedo of
0.8 underestimates the ozone column by �6%. For
large solar-zenith angles the shape of the ozone pro-
file is important. While using a tropical ozone pro-
file15 instead of a subarctic winter profile has
negligible influence for a solar zenith angle of 60°, it
results in an underestimation of 12% at 80°. These
results are in agreement with earlier results for other
wavelength pairs relevant for other instruments.6,16

Figure 4�a� shows the total ozone-column amount
as measured by a NILU-UV instrument located at
the Norwegian Institute for Air Research, Kjeller,
Norway �59.97 N, 11.05 E, 90 meters above sea level�
and by Brewer 042 located at the University of Oslo,
Norway �59.92 N, 10.72 E, 147 meters above sea lev-
el�. The horizontal distance between the two sta-
tions is �20 km.

The total ozone-column amount was derived from
the NILU-UV measurements by using the ratio be-
tween the irradiances in the 320- and the 305-nm
channels for solar zenith angles smaller than 65° and
the ratio between the irradiances in the 320- and the

312-nm channels for larger solar-zenith angles. The
320-nm�305-nm irradiance ratio is preferral at small
solar-zenith angles to improve the signal-to-noise ra-
tio due to the ozone absorption. At large solar-
zenith angles the signal in the 305-nm channel is
small and the 312-nm channel is then a better choice.
The ozone-column amounts shown in Fig. 4�a� per-
tain to both cloudless and cloudy days. However, for
a thick cloud multiple scattering of radiation inside it
may result in excessive absorption of radiation by
ozone, which erroneously may be interpreted as an
ozone-column amount that is too large.17 Thus
ozone-column amounts recorded for cloud transmis-
sion factors CLT �see below for definition� larger than
30 are not included in Fig. 4�a�. This cutoff value for
the CLT was determined by investigating measure-
ments on days when cloudiness changed and the
ozone-column amount was assumed to be stable.

The daily mean total ozone-column amounts in Fig.
4�a� cover the period from March 2000 to May 2002.
The daily means are based on measurements taken
around local noon. At large solar zenith angles the
calculated irradiance ratio, Eq. �6�, depends on the
shape of the ozone profile used as input to the
radiative-transfer model. As found above this ozone
profile shape dependence introduces uncertainty in
determination of the ozone amount. Hence data re-
corded at solar zenith angles larger than 80° are not
included in the daily mean values. Owing to the
high latitude of the stations �60 °N�, there are no
daily means for the 20 November–20 January period.
Other gaps in the series are due to calibration work.

The percentage difference between the ozone-
column amount measured by the NILU-UV and the
Brewer instruments is shown in Fig. 4�b�. The
mean difference between the ozone-column amounts
obtained from the NILU-UV and from the Brewer
instruments for 499 simultaneous measurements
taken during the period shown in Fig. 4�b� is �0.05%
� 2.04%. Note that during October–November 2001
the NILU-UV ozone-column amount is systemati-
cally larger than the Brewer ozone-column amount.
This is most likely due to differences between the
shape of the actual ozone profile and the one used to
generate the lookup table combined with the high
solar zenith angles at this time of the year. The
difference between the NILU-UV and the Brewer
ozone-column amounts is of the same magnitude as
the �0.3% � 2.9% difference reported for 1994 and
1995 between a GUV-511 �Ground-based Ultraviolet
Radiometer, Biospherical Instruments Inc., San Di-
ego, Calif.� multichannel moderate-bandwidth filter
instrument and the same Brewer.6 Both data sets
include cloudless as well as cloudy days. Compari-
sons18 between direct Sun measurements made by
Brewer and Dobson instruments give differences that
on the average are less than �1.5%. Differences
between ozone-column amounts obtained from satel-
lite sensors and from ground-based Brewer and Dob-
son instruments are typically smaller than �2–3% at
northern mid-latudes19 but become larger at higher
latitudes. The last two percentages are not directly
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comparable with those obtained from the NILU-UV
versus Brewer and from the GUV-511 versus Brewer
comparisons. They give, however, qualitative infor-
mation about the accuracy to be expected when deriv-
ing total ozone-column amounts from measurements
with different instruments in current use.

B. Ultraviolet Dose Rates

The UV dose rate for a given biological action spec-
trum A��� is defined as

dD
dt

� �
0

�

A��� E���d� � 
��0

�

A�E��� , (7)

where E��� is the spectral irradiance at wavelength �.
For a spectrum measured by a spectroradiometer ��
is the resolution of the spectroradiometer. The
NILU-UV has five channels in the UV that may be
used to calculate various dose rates by requiring6


i�1

M

aiCi � 
��0

�

A�E��� , (8)

where ai are M coefficients that are specific for each
action spectrum. To obtain the coefficients ai a set of
M equations is required. A radiative-transfer model
is used to calculate M different spectra, and the set of
equations in Eq. �8� is solved for the coefficients ai.
The number of coefficients will depend on the spectral
shape of the action spectrum. For the results pre-
sented below where the CIE action spectrum is
used,20 M � 4 and the 305-, 320-, 340-, and 380-nm
channels were used. The accuracy of the dose rate
obtained with this approach will depend on the action
spectrum, the available channels, and the choice of
model spectra. Furthermore, atmospheric condi-
tions during the measurements will influence the ac-
curacy. This was discussed in detail by Dahlback6

for the CIE action spectrum. The error due to
changing atmospheric conditions may be compen-
sated for by introducing an error function that varies
with the solar zenith angle 
0 and the ozone-column
amount �. Note, however, that this error is negli-
gible for the most typical atmospheric conditions.

During the Photochemial Activity and Solar Ultra-
violet Radiation21 �ADMIRA� campaign of August
2000 at Nea Michaniona, Greece, the NILU-UV was

Fig. 4. �a� Total ozone-column amount over Oslo, Norway as measured by the Brewer and the NILU-UV instruments. �b� Percentage
difference between the ozone-column amount as measured by the Brewer and the NILU-UV instruments.
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colocated with a Bentham DTM300 spectroradiom-
eter. The CIE dose rate as calculated from the
Bentham DTM300 spectra is shown as circles in Fig.
5�a�. The solid curve is the CIE dose rate as deduced
from the NILU-UV instrument. The NILU-UV data
are 1-min averages, but, as noted above, the
NILU-UV instrument may sample at 1 Hz. In con-
trast a scanning spectroradiometer requires from 2 to
8 min for a spectrum to be completed, depending on
wavelength resolution and instrument sensitivity.

Thus data recorded by fast sampling filter instru-
ments are less vulnerable to changing weather con-
ditions. Note that, by combining data recorded with
a filter instrument and a scanning spectroradiom-
eter, one may obtain the full spectra with the time
resolution of the filter instrument.22

In Figs. 5�b� and 5�c� we show the ratio of the
NILU-UV CIE dose rates to that obtained from the
Bentham spectroradiometer as a function of time and
solar zenith angle, respectively. This Bentham in-

Fig. 5. �a� CIE dose rate as measured by circles Bentham DTM300 spectroradiometer and, solid line, a NILU-UV. �b� Ratio of the
NILU-UV to the Bentham CIE dose rate as a function of time. �c� �, same ratio as in �b� but shown as a function of the solar zenith angle;
■ , ratios obtained when NILU-UV data are not cosine corrected.
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strument has a very good cosine response and repre-
sents state of the art in UV spectroscopy. The ratio
displayed as squares in Fig. 5�c� was calculated from
NILU-UV data that were not corrected for errors in
the cosine response. The NILU-UV�Bentham ratio
may be significantly improved by correcting the
NILU-UV data for such errors, a �see the � signs in
Fig. 5�c��. A cosine-error-correction factor f was ob-
tained from

f��
0� �
Eeff�
0�

E�
0�
. (9)

Here 
0 is the solar zenith angle and E�
0� and
Eeff�
0�, given by Eqs. �1� and �2�, respectively, were
computed by use of the discrete ordinate radiative-
transfer model.23 The final factor is normalized to
the factor valid for the solar zenith angle 
0

cal for
which the calibration of the NILU-UV instrument
was made, i.e.,

f �
0� � f��
0��f��
0
cal� . (10)

The cosine-error-corrected NILU-UV data were
then obtained by dividing the measured signal by this
factor. All NILU-UV data in Fig. 5 have been cosine
error corrected except for the data shown as squares
in Fig. 5�c�.

The average of the ratios in Fig. 5�b� is 0.997 �
0.013 when including data for solar zenith angles
smaller than 70° and 0.989 � 0.024 when including
all data as great as solar zenith angles of 80°. The
agreement between the NILU-UV and the Bentham
DTM300 spectroradiometer is similar to that
achieved when comparing state-of-the-art spectrora-
diometers.12

C. Cloud Transmission Factor

Stamnes et al.16,24 used spectral measurements in the
UVA spectral region to derive an effective cloud op-
tical depth. Effective cloud optical depth means op-
tical depth that best reproduces the given
measurements when used in a radiative-transfer
model. Thus the effective cloud optical depth in-
cludes both aerosol and cloud optical depths. Fur-
thermore the effective cloud optical depth also
includes possible surface albedo effects, e.g., due to
snow on the ground. While the effective cloud opti-
cal depth may be used to investigate the effect of
clouds on solar radiation7,24,25 and to reconstruct
spectra,6 the cloud effect may also be expressed by a
simple ratio in terms of the cloud transmission factor,

CLT �
Ei

meas�
0�

Ei
clear�
0�

� 100% , (11)

where Ei
meas�
0� is the measured irradiance and

Ei
clear�
0� the calculated clear-sky irradiance with no

aerosols and zero surface albedo for a solar zenith
angle 
0. One typically chooses a channel for which
absorption due to ozone is minimal. Both the CLT
and the effective cloud optical depth are readily de-
rived from the NILU-UV instrument, and examples

for an overcast day at Kjeller, Norway are presented
in Fig. 6. The CLT may be larger than 100% when
broken clouds are present and the direct beam from
the unobscured Sun is measured by the instrument
as well as diffuse sky radiation scattered by broken
clouds. Furthermore snow on the ground enhances
the albedo and thus reflected radiation from the sur-
face. This increases the downwelling irradiance and
may give a CLT larger than 100%. The CLT is used
to rule out measurements of the ozone-column
amount amount owing to enhanced photon paths
caused by multiple scattering within the cloud.17

4. Conclusions

The characteristics of a newly developed six-channel
moderate-bandwidth irradiance meter �NILU-UV�
have been presented. One channel covers photosyn-
thetically active radiation between 400 and 700 nm
while the remaining five channels are in the UV re-
gion with center wavelengths at 305, 312, 320, 340,
and 380 nm and a bandwidth of �10 nm at FWHM.
The angular response of the instrument has been
measured and the effect of the socalled cosine error
on the measured irradiance quantified. In addition
the spectral response of each of the UV channels has
been presented.

Based on the methodology presented by Dahlback,6
methods have been described for determining the to-
tal ozone-column amount, biological dose rates, a
cloud transmission factor, and the effective cloud op-
tical depth. Data recorded by the NILU-UV instru-
ment have been compared with those recorded by
other state-of-the-art instruments. Comparisons
between two years of total ozone-column amounts
measured with a Brewer spectroradiometer in Oslo,
Norway and with a NILU-UV instrument show
agreement to within �0.05% � 2.04%. Over this
two-year period the ozone-column amount measured
with the NILU-UV instrument was found to be stable
compared with that measured with the Brewer in-
strument. Two weeks of CIE-weighted UV dose
rates obtained from the NILU-UV instrument were

Fig. 6. Solid curve, CIE dose rate for 10 July, 2001, Kjeller, Nor-
way, a day with changing cloudiness together with CLT �broken
curves�, the cloud transmission factor.
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found to agree to within 0.99 � 0.03 with correspond-
ing dose rates derived from spectra measured by a
colocated Bentham spectroradiometer.

The instrument is currently being used at a num-
ber of locations around the world both for continuous
monitoring and during campaigns.

Constructive comments by Jakob and Knut
Stamnes are highly appreciated. The ADMIRA
campaign was funded by the European Commission
�contract EVK2-1999-00167�.
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