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Understanding GUV Calibrations

1. INTRODUCTION

GUV instruments are above-water multi-channel filter radi-
ometers that measure global irradiance from Sun and sky
at several wavelengths in the UV and visible. The original
model of the GUV series was the GUV-511. It was intro-
duced in 1992 and featured five channels at 305, 320, 340,
and 380 nm, as well as a channel to measure Photosyn-
thetically Active Radiation (PAR; 400-700 nm)1. The GUV-
511 was replaced in 2003 by the GUV-2511 radiometer,
which has a larger dynamic range and expanded channel
selection. In 2014, the GUVis-3511 was introduced. This
all-new instrument can be equipped with up to 19 spectral
channels and a shadowband accessory. It is based on
BSI’'s microradiometer technology. The new electronics
feature unprecedented performance with respect to dy-
namic range, linearity, speed, and expandability. Detailed
information on Biospherical Instrument’s (BSI) line of GUV
instruments (including PUV radiometers for in-water meas-
urements) is available at http://www.biospherical.com.

The overall objective of this document is to give owners of
GUV radiometers the knowledge to select the calibration
method that is best suited for their application, and to de-
scribe advantages, disadvantages, and limitations of the
various methods. Some calibration methods require the
measurement of the GUV’s “spectral response function.”
This (rather labor-intensive) characterization is typically not
included in a typical GUV delivery but can be ordered if a
user’s application calls for it. A secondary objective is
therefore to discuss the benefits of such a characterization.
For example, the standard calibration method that is typi-
cally applied to GUV raw data may lead to significant sys-
tematic errors for low-Sun conditions. These errors can be
corrected if the spectral response functions of the GUV’s
channels are known.

This document does not describe the instruments’ hard-
ware, the amplification and conversion of photodiode cur-
rents to signal output, and data formats. Instead, it de-
scribes calibration approaches and implementation. These
methods can be applied to any of the three GUV models
introduced above.

' As and alternative to the GUV-51 1, also the GUV-541 was of-
fered , which uses a 313 nm channel instead of a PAR channel.

Section 2 provides an overview of the calibration methods
that are recommended by the World Meteorological Or-
ganization and Section 3 discusses BSI’s implementations
of these methods. Section 4 discusses the important differ-
ences of calibrations obtained with a calibration lamp and
those obtained vicariously against a scanning spectroradi-
ometer. Section 5 describes systematic errors in calibrated
solar data and their corrections. Section 6 introduces the
calculation of secondary data products — such as the UV
Index or UV-B irradiance — from calibrated GUV data. A
description of the measurement of spectral response func-
tions and a Glossary are provided in Appendices.

2. CALIBRATION METHODS

The calibration methods implemented by BSI are based on
recommendations provided by the World Meteorological
Organization (Seckmeyer et al., 2010). The following de-
scription is adopted from this reference but also takes re-
quirements and specifications of GUV instruments into ac-
count.

There are two fundamentally different approaches of cali-
brating multi-channel filter instruments. The two ap-
proaches result in different radiometric quantities. The first
approach is based on a comparison of GUV raw data with
either the solar spectral irradiance measured by a spectro-
radiometer or with the spectral irradiance from a calibration
standard (i.e., a 1000 Watt FEL lamp with a scale of spec-
tral irradiance traceable to the U.S. National Institute of
Standards and Technology, NIST). The second approach
requires that the spectral response functions (see definition
in Appendix A.3) of all channels of a GUV radiometer are
accurately known. Both methods are implemented by BSI.

= Approach 1 - Spectral Irradiance
The objective of Approach 1 is to establish a calibration
factor for each channel of the instrument which, when
applied to the GUV’s raw signal, returns spectral irradi-
ance at the nominal wavelength of the channel. For ex-
ample, a “solar-based” calibration factor is defined such
that the calibrated measurement of each channel ap-
proximates the spectral irradiance measured by BSI's
SUV-100 spectroradiometer (Appendix A.1), which has
a bandpass of 1 nm. (This example assumes that spec-
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troradiometer and filter instrument are exposed to the
same radiation field.)

The advantage of Approach 1 is that the result of the
measurement — spectral irradiance — is a common ra-
diometric quantity. The disadvantage is that calibration
factors depend on the radiation source measured be-
cause the bandpass of GUV channels of typically 10 nm
does not match that of the spectroradiometer. For ex-
ample, calibration factors established with the Sun as
the “light source” are different from those established
with a FEL calibration lamp (Section 4). The shape of
the solar spectrum also depends on the solar zenith an-
gle (SZA) and other atmospheric parameters such as to-
tal column ozone (TOC). Solar-based calibration factors
therefore also depend on conditions at the time of the
calibration (Section 5). The effect is largest for UV-B
wavelengths (specifically the 305, 313, and 320 nm
channels of GUVs) where the solar spectrum increases
rapidly because of the strong wavelength dependence of
absorption by ozone in the atmosphere. For this reason,
Seckmeyer et al. (2010) recommend that the calibration
factor should be replaced by a calibration function,
which depends on SZA and TOC. Calibration certificates
of GUV instruments provided by BSI typically only pro-
vide a calibration factor, but the dependence of this fac-
tor on SZA is discussed in Section 5, and these data can
be provided upon request.

Approach 2 — Response-weighted irradiance

The objective of Approach 2 is to apply a calibration fac-
tor to each channel of the instrument such that the cali-
brated measurement of a given channel is “response-
weighted-irradiance.” This quantity is defined as the
wavelength integral of the product of spectral irradiance
of the source (e.g., the Sun) and spectral response func-
tion of the channel (Section 3). If measurements from a
spectroradiometer are weighted with the spectral re-
sponse functions of the collocated filter instrument to be
calibrated, the resulting response-weighted-irradiance
will be identical with the calibrated measurement of the
filter instrument.

The advantage of this calibration approach is that the
calibration factor is independent of the radiation source.
When measuring solar radiation, the factor does not de-
pend on SZA and TOC. If the calibration factor was es-
tablished with a standard lamp, it can be applied to solar
measurements without corrections. The disadvantage
of the approach is that the quantity measured — re-

sponse-weighted irradiance — is instrument dependent.
Comparing the results of different instruments is there-
fore difficult. However, standardized data products such
as the UV Index can be calculated with good accuracy
from calibrated values without the need of considering
the atmospheric conditions during the time of the meas-
urement (Section 6).

3. IMPLEMENTATION OF CALIBRATIONS AT BSI

The calibration of a GUV radiometer at BSI is executed by
exposing the instrument to a light source (either the Sun or
a calibration standard), measuring the resulting net signals
for each channel (provided in either amps or volts), and
comparing this measurement with the physical quantity of
interest.

3.1 Implementation using Approach 1
For lamp-based calibrations using Approach 1, the result-

ing calibration factors for each channel (referred to as “re-
sponsivities” in the following) are calculated via:

_ Vi i —Viip)
Ep(4) Ep(4)

Rpi (1)

where Ry ; is the responsivity of channel i, Vy ; is the
signal of GUV channel i when exposed to the lamp, 7} ; p
is the “dark” signal obtained by covering the GUV collector,
Vi.i is the net signal, and Ej(4;) is the spectral irradiance
at nominal wavelength 4; of channel i that is produced by
the calibration lamp at the plane of the GUV’s collector.
The subscript L of each symbol indicates that a lamp was
used as the calibration source.

For a solar-based calibration using Approach 1, the GUV is
installed next to the SUV-100 (Appendix A.1) and the net
signals Vg, of each channel of the GUV is regressed
against global spectral irradiance Eg(4;) measured by the
SUV-100 at nominal wavelength /;. The slope of the re-
gression is the responsivity Rg; where the subscript S in-
dicates that the instrument is calibrated against the Sun.
Note that data points of a scatter plot of Vg; versus
Eg(4;) do not exactly follow a straight line. The regression
result is therefore only an approximation and the equation
Vsi = Rs;ix Eg(4;) is not exact. Typically 3 to 5 days of
synchronous measurements are performed and used in the
regression.

©2015 Biospherical Instruments Inc. All rights reserved.
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3.2 Implementation using Approach 2

Calibration Approach 2 requires that the spectral response
functions of all GUV channels are known. The method to
derive these functions is described in Appendix A.2.

Calibrations using Approach 2 take advantage of the fact
that the net-signal 7; of a GUV radiometer is proportional
to the source spectrum E(1) weighted with the response
functions r; (1) (Seckmeyer et al., 2010):

Vi=yix[EQ)ri(ADdA, (2)

where y; is the proportionality constant for channel i. This
constant is independent of the source spectrum because
Eq. (2) is just an arithmetic description of the physical
weighting done by the instrument. Hence, y; could be de-
termined with a lamp or a solar spectrum. GUVs are de-
signed to measure the solar spectrum. Because even
small errors in r;(1) can lead to significant errors in y;
when using lamp spectra (Bernhard et al. 2005), it is more
accurate to use solar data. In our implementation, we use
spectra of global irradiance Eg(A) measured by the SUV-
100. These spectra are first weighted with the spectral re-
sponse function r;(1), resulting in the response-weighted
irradiance Eg;:

Eg;=[Es)r;(A)dA. 3)

In a second step, measurements of the net signal obtained
during solar calibrations, Vg ;, are regressed against ESJ.
The slope of the regression is the responsivity, denoted
IA?S,,-. If measurements of spectral response functions
r;(4) were without error, the equation Vg ; = 1535,- x E"S,,-
would be exact for any solar spectrum Eg (A1), regardless
of SZA or other observing conditions. In addition, points of
a scatter plot of Vg ; versus ES’,- would be on a straight
line, and Rg; would equal 7;.

Once a responsivity is determined with one of the three
methods described above, solar measurements of the
GUV are calibrated by dividing with this responsivity. For
example, the global spectral irradiance Efg(ﬂ,-) obtained
from solar-based calibrations using Approach 1 is:

Vs.i

E§(4) = Rs. (4)

The asterisk (*) of E§ (4;) indicates the calibrated meas-
urement result, which may be different from the true spec-
tral irradiance Eg(4;), as discussed in more detail in Sec-
tion 5.

4. DIFFERENCE OF SOLAR- AND LAMP-BASED
RESPONSIVITIES DERIVED WITH APPROACH 1.

To understand the difference between responsivities estab-
lished with Approach 1 using either the Sun or a lamp as a
light source, it is helpful to compare the source spectra with
the spectral response function of a GUV radiometer. Ac-
cordingly, Fig. 1 compares two solar spectra calculated
with a radiative transfer model (Mayer and Kylling, 1995)
plus the spectrum of an FEL calibration lamp, with the
spectral response functions r;(1) of a GUV radiometer.
One of the most remarkable features of Fig. 1 is the rapid
change of the solar spectral irradiance between 290 and
320 nm, which is caused ozone absorption in the atmos-
phere. In comparison, the increase of the lamp’s spectral
irradiance (shown in red) is much gentler.
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Fig. 1. Comparison of two solar spectrum calculated for SZAs
of 30° and 60°, respectively, plus the spectrum of a FEL cali-
bration standard (left axis), with the normalized spectral re-
sponse functions of a GUV radiometer (right axis). Note that
both y-axes are logarithmic. The channel at 313 nm, which is
typically also part of a GUV system, was omitted for clarity.

According to Eqg. (2), the signal of a GUV channel is pro-
portional to the source spectrum weighted with the spectral
response function of that channel. It is therefore instructive
to multiply the three spectra shown in Fig. 1 with the GUV’s
response functions. The resulting “weighted spectra” (i.e.,
the product E(1)xr;(4)) are shown in Fig. 2 for the 305,
340, and 380 nm channels. (Results of the 313 and 320
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nm channels were omitted for clarity.) Fig. 3 show

weighted spectra for the 305 nm channel only.
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Fig. 2. Weighted spectra, derived by multiplying the two solar
spectra and the lamp spectrum of Fig. 1 with the GUV’s spec-
tral response functions for 305, 340, and 380 nm. All data
were normalized to 1 at their maximum.
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Fig. 3. Same as Fig. 2 but for 305 nm channel only.

As can be seen from Fig. 3, the areas below the blue lines
pertaining to the two solar spectra are much smaller than
the area below the red line of the lamp spectrum. Wave-
lengths below 295 nm do not contribute to the signal of the
GUV when the instrument is exposed to the Sun but make
up a large contribution to the GUV signal when measuring
a lamp. The integral jE(ﬁ)r,- (A)dA , which is a measure of
the area below the weighted spectra, is therefore much
smaller for the solar spectra compared to the lamp spec-
trum. According to Eq. (2), this area is directly related to
the signal measured by the GUV. The signal Vg; when

measuring the Sun is therefore disproportionally small
compared to the signal ¥, ; when measuring a lamp.

By inserting Eq. (2) into Eq. (1), we can calculate the lamp-
based responsivity using Approach 1:

i <[ ELGry(2)d2
L o )

A similar equation can be constructed for a solar based
calibration using one of the solar spectra shown in Fig. 1:

7ix) Eg(A)ri(A)dA
R, = I ESS (/1.1’) : (6)

By dividing Eq. (6) with Eq. (5), the ratio of solar- and lamp-
based responsivities can now be calculated:

Rg ; _ [Es(Mr;(A)dA Ef (4;) )
Rp; [EL(A)r(AdA Eg(A;)’

As discussed above, jES (A)r;(A)dA is much smaller than
[ EL (A)r;(A)dA for the channel at 305 nm. The ratio of so-
lar- and lamp-based responsivities, Rg; /Ry ;, is therefore
smaller than one. For the channels at 340 and 380 nm, the
weighted spectra shown in Fig. 2 are rather similar and it
can therefore be expected that the ratio of Rg; /R ; is
close to unity for these channels. For the GUV instrument
used as an example in Fig. 1, Rg; /Ry ; is 0.487 for the
solar spectrum modeled for SZA=30°. These results are
consistent with results of the first published systematic
analysis of solar- and lamp-based calibrations (Booth et al.,
1994).

All GUV radiometers are routinely calibrated using the Sun
and a lamp as described in Section 3. Fig. 4 provides ex-
amples of ratios Rg; /Ry ;. The blue line indicates the av-
erage ratio calculated from solar- and lamp-based respon-
sivities of 25 instruments. The associated error bars spec-
ify the twofold standard deviation of the individual ratios.
The red line is the ratio calculate for the instrument used as
an example above. For that instrument, the measured ratio
at 305 nm is 0.471, which is in good agreement with the
ratio of 0.487 calculated theoretically.

©2015 Biospherical Instruments Inc. All rights reserved.
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Fig. 4. Ratio of solar-and lamp-based responsivities. The
Average refers to the average ratio calculated from solar- and
lamp-based responsivities of 25 instruments. The error bar
indicates the twofold standard deviation of the individual ra-
tios. The red line is the ratio calculate for the instrument used
as an example in the text.

The variation of these ratio between instruments (as ex-
pressed by the error bars in Fig. 4) has several reasons,
including variations in the spectral response functions from
instrument to instrument, and to a lesser extent uncertain-
ties in solar and lamp calibrations.

Fig. 4 also highlights the fact that differences between so-
lar- and lamp-based calibrations are largest for the 305 nm
channel, exceeding sometimes 80%. At longer wave-
lengths, difference are typically smaller than 10%, but may
reach up to 20% for some instruments. If a GUV radiome-
ter is used for solar measurements, it is very important to
use the solar-based responsivity for the 305 nm channel.
For the other channels, use of the lamp-based responsivi-
ties gives typically reasonably accurate results also.

BSI has historically provided solar- and lamp-based re-
sponsivities for every instrument. This led to some confu-
sion. The responsivities listed in more recent calibration
certificates shipped with instruments are based on a solar
calibration for the 305 and 313 channels and a lamp cali-
bration for all other channels. However, a complete set of
responsivities can be provided upon request.

5. SYSTEMATIC ERRORS IN CALIBRATED
SOLAR DATA AND THEIR CORRECTION

As already mentioned in Section 2, data of global spectral
iradiance Eg(4;) that are derived from GUV measure-

ments with Eq. (4) may deviate from the true spectral ir-
radiance Eg(4;) to some degree. In contrast, response-
weighted-irradiance data derived from the same GUV raw
data by applying Approach 2 agree well with IQ"S’I-. This
observation is illustrated by comparing calibrated GUV
data to SUV-100 data. The latter are assumed to represent
the truth.

Fig. 5 shows the ratios of calibrated GUV data and SUV-
100 using either Approach 1 (solid blue markers) or Ap-
proach 2 (solid red markers). GUV data obtained with Ap-
proach 1 agree to within £5% with SUV-100 data for SZAs
smaller than about 50°. For larger SZAs, GUV overesti-
mate the spectral irradiance. The maximum overestimation
of about 50% occurs at about SZA=75°. In contrast, GUV
data calibrated with Approach 2 agree to within +7% for
SZAs up to 88°. The GUV instrument used for this com-
parison is the same that was featured in Section 4. Be-
cause spectral response functions vary from instrument to
instrument, the pattern shown in Fig. 5 is not the same for
all GUV radiometers.

1.6 N
. *»
15 * Approach 1 ..: - R
* Approach 2 o/ e 0®
. »
1.4 Q(N,©) ” 4 .
< Approach 1, corrected Je )\

GUV / SUV-100

0.8 T T T T T T T
20 30 40 50 60 70 80 90 100
Solar Zenith Angle

Fig. 5. Ratio of calibrated GUV and SUV-100 data. GUV data
were calibrated with the solar-based Approach 1 (solid blue
markers) and Approach 2 (solid red markers). The green line
is the function Qg(4;,0), calculated with Eq. (8). Open
blue markers indicate the ratio of GUV and SUV-100 data
calibrated with Approach 1 and corrected by dividing with
Qs (4;,0) . Data were collected in San Diego between
31 August and 2 September 2014. The total ozone col-
umn at this time varied between 283 and 296 DU.

The ratio of measured and true spectral irradiance is de-
noted Qg(4;,6) in the following (Qg(4;,0) = Eg(1;,0) |
Eg(4;,0) where ¢ indicates the SZA). The dependence
of Og(4;,6) on SZA indicated in Fig. 5 has two reasons:
first, the SUV-100 radiometer has a bandwidth of 1 nm
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while that of the GUV is considerably larger. Second, as
the SZA changes, the weighted spectrum also changes
(compare the light and dark blue lines in Fig. 3).

The ratio Qg(4;,0) can be calculated as:

[Es(2,0p)ri(A)dA Eg(4;,0)

Os(4;,0)= JER(A,0)ri(MdA Egs(%,0R)’ ®

where Ep(4,0g) is the solar spectral irradiance at 6
(i.e., the reference SZA), and ER(4;,0r) is the spectral
irradiance at the nominal wavelength A; and at 6p. Note
that Eq. (8) is of the same type as the ratio of solar- and
lamp-based calibrations discussed in Section 4 and ex-
pressed in Eq. (7). Note also that Qg (4;,6) is equivalent
to the correction function K l.(z) defined by Seckmeyer et al.
(2010). Og(4;,6) can be readily calculated from modeled
solar spectra. A list of suitable radiative transfer models is
provided in Appendix 2 of Seckmeyer et al. (2010).

The green line in Fig. 5 indicates Qg (4;,6) and was cal-
culated with Eq. (8) for 85 =30° using spectra modeled with
the UVSPEC radiative transfer model (Mayer and Kylling,
1995). The total ozone column was set to 290 DU. The
reference SZA of 63 =30° was chosen because of the ex-
cellent agreement of GUV and SUV-100 data at this SZA.
GUV data calibrated with Approach 1 were divided by
Os(4;,0) to correct for the SZA effect. Results (open blue
markers in Fig. 5) agree with SUV-100 data to within £5%
up to a SZA of 80°, with the exception of one outlier
caused by variability introduced by clouds.

It should be noted that Og(4;,6) does not only depend on
SZA but also on TOC, albeit to a lesser extent. The TOC-
dependence can be easily taken into consideration by in-
cluding TOC in Eq. (8). This requires that model spectra
are calculated for different TOCs and SZAs. Seckmeyer et
al. (2010) recommend that both SZA and TOC are taken
into account.

As an alternative to the correction method described
above, the SZA-dependence of Qg (4;,6) can also be pa-
rameterized by fitting a function to the uncorrected ratio of
E§ (4;) and Eg(4;). This method should only be applied
if the TOC during the calibration of the instrument is similar
to within about 50 DU with that at the deployment site of
the instrument. If variations in ozone are larger, the model-
based method (i.e., Eq. (8)) is preferred (Seckmeyer et al.,
2010).

A SZA-effect of similar magnitude as that indicated in Fig.
5 for the 305 channel is typically also observed for the 313
nm channels. For the 320 nm channel, the SZA-
dependence is smaller than 10% for SZAs up to 85°, and
for channels with longer wavelengths, the ratio of GUV and
SUV data has virtually no SZA dependence.

As noted earlier, BSI provides spectral response functions
of GUV instruments only if requested by a customer. With-
out these functions, the correction method discussed
above cannot be implemented. For customers that require
accurate measurements of spectral irradiance also at lar-
ger SZA, we recommend to request a spectral characteri-
zation when ordering the instrument. As an alternative, the
ratios of E§(/1i) and Eg(4;) (blue markers in Fig. 5) for
constructing a correction function can also be provided. As
noted earlier, this approach is not recommended if TOCs
observed during the calibration and at the deployment site
differ.

6. CALCULATION OF DATA PRODUCTS

Most GUV radiometers are used to measure biologically
effective irradiance (see Glossary). The most important
biological quantity is the UV Index (UVI), which is a meas-
ure of the ability of UV radiation to cause erythema (sun-
burn) in human skin (WHO 2002). The wavelength de-
pendence of the erythemal response has been standard-
ized by the International Commission on lllumination (CIE)
in 1987 (McKinlay and Diffey, 1987a; 1987b). Although the
function defined in this norm has been updated in 1998
(CIE, 1998), the original norm is still widely being used and
the UV Index discussed below is based on CIE (1987b)>.

The UVI and other data products (e.g., UV-B, UV-A) can
be calculated from GUV data that may be calibrated either
with Approach 1 or 2. Both methods are used by BSI and
are discussed below.

6.1 Calculation of data products with Approach 1.
The calculation of a data product D (e.g., the UVI) from

measurements of a multi-filter instrument that was cali-
brated with Approach 1 is typically implemented via a linear

% For SZAs < 40°, UV Indices calculated according to CIE
(1987b) are less than 0.5% smaller than those calculated
according to CIE (1998). For SZAs < 65°, the difference
reamains less than 1%, but increases to 2% at SZA=85°
(Webb et al., 2011).

©2015 Biospherical Instruments Inc. All rights reserved.
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combination (e.g., Dahlback, 1996; Bernhard, 2005; Seck-
meyer et al., 2010):

D=ZaiE*(ﬂi), (9)

where a; are coefficients and E*(/li) are spectral irradi-
ances measured by the instrument at the nominal wave-
length 4;. The coefficients a; are determined with a mul-
tiple linear regression.

UV Indices calculated with this method may deviate from
the true UVI and a correction function depending on SZA is
sometimes being applied (e.g., Dahlback, 1996). The fol-
lowing analysis shows that this is typically not necessary.

BSI has historically recommended to use one of the follow-
ing parameterizations3 to calculate the UVI:

Uri =

1
0.8911E" (305)+0.0818E " (320) + 0.007751E " (340) (

0)

UVI =0.8058E " (305)+0.0887E " (313)

N . (11)

+0.0324E (320)+0.0131E (340)
where the spectral irradiances E*(/li) have to be ex-
pressed in units of uW/(cm? nm).

The accuracy of these parameterizations was re-evaluated
by calculating the UVI according to Egs. (10) and (11) us-
ing spectral irradiance measured by the SUV-100 at 305,
313, 320, and 340 nm, and comparing these data with the
UVI calculated from the SUV-100’s full resolution spectra.
Fig. 6 shows the results for the 3-parameter parameteriza-
tion (Eq. (10)). The slope of the regression to the data
points is 1.0030, indicating that the parameterization is
able to reproduced the true UVI with only a small bias of
0.3%. For 98% of all data points, the difference between
parameterized and measured UVI values (orange markers
in Fig. 6) is smaller than £0.2 UVI units. The 4-parameter
parameterization (Eq. (11)) does not produce a better cor-
relation.

Fig. 6 does not include GUV data; it is solely based on
measurements of the SUV-100 and the spectral irradian-
ces used in Eq. (10) are therefore not affected by system-

? http://www.biospherical.com/index.php?option=com_fss&
view=faq&Itemid=116&catid=1&faqid=18

atic errors that influence GUV data at large SZAs (e.g., Fig.
5).

The analysis was repeated by calibrating a GUV against
SUV-100 data using Approach 1; applying Eq. (4) to calcu-
late E§(305), Eg(320), and Eg(340); parameterizing the
UVI from these measurements by applying Eq. (10); and
finally correlating the result with UVI values derived from
full-resolution spectra of the SUV-100.
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Fig. 6. Scatter plot of UV Index parameterized with Eq. (10)
from spectral irradiance at 305, 320, and 340 nm measured
by the SUV-100 versus the UV Index calculated from full-
resolution SUV-100 spectra (blue markers, left axis). The
regression line, slope, and coefficient of determination are
indicated in red. Shown in orange is the difference of param-
eterized and measured UVI (right axis). Data were measured
in San Diego between August 2003 and October 2004
(19,621 data points).

Results are shown in Fig. 7, and these are very similar to
those of Fig. 6. This suggests that the UVI can be calcu-
lated from GUV data with an accuracy comparable to that
of spectral SUV-100 data. (The fraction of parameterized
data that agree with measured UVI values to within £0.2
UVI units is 0.97%, which is only slight lower than the frac-
tion pertaining to Fig. 6). This result is important consider-
ing that measurements of a GUV’s 305 channel can devi-
ate considerably from the true spectral irradiance at larger
SZAs (Fig. 5). The explanation of this perhaps surprising
finding is that the spectral irradiance at 305 nm contributes
less and less to the UVI than the spectral irradiance at 320
and 340 nm as the SZA gets larger. Hence, systematic
errors in EE (305) are of lesser importance at large SZAs.

The analysis described above was repeated with data from
the 31 August to 2 September 2014 period discussed in

©2015 Biospherical Instruments Inc. All rights reserved.
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Section 5 with similar results. This confirms that the 3-
parameter fit of Eq. (10) is robust.

12
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Fig. 7. Similar to Fig. 6, but parameterized dataset is based
on GUV data.

As noted in Section 4. the standard set of responsivities
distributed with GUV instruments are based on a solar
calibration for the 305 and 313 channels and a lamp cali-
bration for all other channels. Since solar-based respon-
sivities at 320 and 340 nm tend to be smaller than lam-
based ones by about 7% (Fig. 4), the solar-based respon-
sivities used above were scaled accordingly and the UVI
was recalculated. The UVI with the modified set of coeffi-
cients is smaller by about 2.5%. Hence, the use of lamp-
based coefficients for the two channels leads to a system-
atic bias, but this bias is smaller than the uncertainty of
SUV-100 of about 6% (20) against which GUVs are cali-
brated.

Parameterizations to calculate UV-B and UV-A irradiance
were also developed, resulting in equations similar to Egs.
(10) and (11). We note that UV-B and UV-A are not unam-
biguously defined. Some research communities define UV-
B as the integral of 280-315 nm (which is more appropri-
ate), some use 280-320 nm. The choice of the upper
wavelength makes a big difference because of the dra-
matic change of the solar spectrum at Earth's surface in
this wavelength range (Fig. 1). Likewise, UV-A is some-
times defined as 315-400 nm and sometimes as 320-
400 nm. Here the difference is small as the wavelength
interval of 315-320 nm contributes only very little. Box 1
provides parameterizations for the four wavelength ranges.

Box 1. Coefficients for calculating UV-B and UV-A irradiance.

UV-B (290-315 nm) = 8.91 E£(305) + 5.13 £(313)

UV-B (290320 nm) = -1.373 E(305) + 14.6 £(313)
UV-A (315-400 nm) = 32.57 E(340) + 42.86 £(380)
UV-A (320-400 nm) = 30.27 E(340) + 43.15 £(380)

Note that spectral irradiances have to be provided in units of
|.|W/(cm2 nm).

6.2 Calculation of data products with Approach 2.

The calculation of a data product from GUV measurements
that were calibrated with Approach 2 is implemented using
a method originally proposed by Dahlback (1996). In brief,
data product D is approximated by a linear combination of
VS,i .

D= ZbiVS,i ,

1

(12)

The coefficients b; are calculated by solving a system of
linear equations (see also Eq. (7) of Dahlback (1996)):

X (i 15 nAEM (a2 ) 7 ADEN (DL (13)

1

where A(1) is the “action spectrum” (see Glossary) of the
biological effect under consideration, and E,,;.(1) are
model spectra calculated for different SZAs and ozone col-
umns. These spectra are required to quantify the relative
spectral difference between the response functions and the
action spectrum, and are calculate at BSI with the
UVSPEC model (Mayer and Kylling, 1995). Note that the
responsivity fzS,i used in Eq. (13) has to be established
with Approach 2 (Section 3.2). The number of GUV chan-
nels i used in Eq. (13), may range between 1 and 5, de-
pending on the action spectrum used, and the number of
model spectra required for the inversion has to match this
number. Additional information on BSI’s implementation of
the method is provided by Bernhard et al. (2005).

The method has been implemented at BSI to produce a
large number of data products for GUVs that are part of the
NSF UV Monitoring Network and follow-on projects
(http://uv.biospherical.com/). A list of data products that
that are currently being produced can be found at
http://uv.biospherical.com/login/GUV/description-GUV-
data-products.html and additional references are also pro-
vided by Bernhard et al. (2005).
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Sets of coefficients b; to produce these data products ac-
cording to Eq. (12) can be shipped with any GUV instru-
ment whose spectral response functions have been char-
acterized. Please contact BSI if you are interested in this
service.

6.3 Calculation of total ozone column.

The calculation of TOC from GUV measurements is im-
plemented with lookup tables, which relate total column
ozone to SZA and the ratio of GUV measurements at 305
and 340 nm. The retrieval method is similar to the method
described by Stamnes et al. (1991). The method requires
that the spectral response functions for the two channels
have been characterized. More information on BSI's im-
plementation is provided by Bernhard et al. (2005).

APPENDICES
A.1 The SUV-100 spectroradiometer

The SUV-100 is a scanning spectroradiometer manufac-
tured by BSI and permanently installed on the roof platform
of BSI. The instrument measures global spectral irradiance
between 280 and 600 nm with a spectral resolution (band-
width) of 1 nm. The system is fully-automated and uses a
temperature-stabilized, scanning double-monochromator
coupled to a photomultiplier tube (PMT) detector. A heated
diffuser made of PTFE serves as irradiance collector.
Lamps for automated wavelength and intensity stability
checks are integrated in the system. The system is cali-
brated every two weeks with irradiance standard lamps,
which are mounted above the irradiance collector in a spe-
cially designed lamp housing. The scale of spectral irradi-
ance of these standard lamps is traceable to the scale of
spectral irradiance maintained by the U.S. National Insti-
tute of Standards and Technology, and frequently verified.
Measurements have an uncertainty of about 6% (20). Be-
fore SUV-100 data are used to calibrate GUV radiometers,
they are corrected for wavelength shifts and the cosine
error of the PTFE diffuser. More information on the SUV-
100 can be found at:

http://uv.biospherical.com/report 0001/CHAPTER2.PDF.

A.2 Measurement of spectral response functions

The spectral response functions of GUV radiometers are
characterized with BSI’'s Spectral Response Tester (SRT).
The apparatus consists of a 1000-Watt xenon arc lamp and
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a grating double monochromator with prism predisperser,
designed and built by BSI. The two single monochroma-
tors that make up the double monochromator are stacked
vertically and share a common shaft to which the gratings
are mounted. This design ensures that the two single
monochromators are always synchronized. Each of the
two monochromators is equipped with three diffraction
gratings (Table 1). UV channels of GUV radiometers are
characterized with Grating 1.

The intensity of radiation exiting the monochromator is
characterized as a function of the monochromator’s wave-
length setting with photodiodes that have a responsivity
calibration traceable to NIST. The current produced by
these reference detectors is measured with a picoamme-
ter.

For determining the wavelength mapping of the mono-
chromator, a mercury-argon (HgAr) discharge lamp is
mounted in front of the entrance slit of the monochromator.
Table 1 gives an overview of the specifications of the SRT.

Table 1. Specifications of the Spectral Response Tester.
Monochromator

Type Czerny-Turner double monochromator
in additive configuration with prism
predisperser

Focal length 500 mm

Focal ratio f/5

Grating configuration  Grating 1: 2,400 grooves/mm
Grating 2: 1,200 grooves/mm

Grating 3: 300 grooves/mm

Grating 1: 0.35 nm/mm
Grating 2: 0.69 nm/mm
Grating 3: 2.8 nm/mm

Grating 1: 200 - 600 nm
Grating 2: 600 - 1,100 nm
Grating 3: 1,100 - 2,000 nm

Grating 1: £0.2 nm
Grating 2: £0.4 nm
Grating 3: £1.6 nm

Dispersion

Wavelength range

Wavelength accuracy

Light sources
lllumination 1000-Watt xenon arc lamp (Model

SP66926-3477 from Thermo Oriel)

Wavelength standard  HgAr low pressure Pen ray discharge

lamp
Detectors
UV and visible Model 818-UV from Newport
Infrared Model 818-1G from Newport

For characterizing their spectral response functions the test
GUV is placed directly behind the monochromator’s exit slit
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with the beam exiting the monochromator centered on the
diffuser of the test systems. The spectral response of a
channel of a test system is determined by comparing the
output signal of that channel against the signal of the refer-
ence silicon photodiode as a function of wavelength. The
resulting functions are inherently smoothed due to the finite
bandwidth of the monochromator (Table 1). This smooth-
ing effect is corrected with a deconvolution algorithm de-
scribed by Bernhard et al. (2005). Spectral response func-
tions r;(41) are normalized to one at their maximum.
These functions are shown in Fig. 8 for a GUVis-3511 ra-
diometer equipped with 19 channels.

0.1

0.01 il o8

0.001 | l r

00001 T T T T T T
300 500 700 900 1100 1300 1500 1700
Wavelength [nm]

Ii deconv,norm(A)

Fig. 8. Normalized spectral response functions of a GUVis-
3511 radiometer equipped with 19 channels. The legend
indicates the nominal wavelengths of each channel.

The wavelength accuracy of the spectral tester is about 0.2
nm when using Grating 1 (Table 1). According to Appendix
C.1 of Seckmeyer et al. (2010), a wavelength shift of 0.03
nm at the nominal wavelength of 305 nm for a channel with
a bandwidth of 10.0 nm full width of half maximum can lead
to errors in the response weighted irradiance 557305 of up
to 2%. (Interestingly, the error is almost independent of
bandwidth, so reducing the spectral bandpass of GUV
channels would not reduce the error.) For applications
where the highest accuracy achievable is required, an it-
erative method is applied to reduce the wavelength uncer-
tainty of (1) to about 0.05 nm: first, GUVs are calibrated
with Approach 2 (Section 3.1) and the ratio of GUV and
SUV-100 data is calculated. If there is a significant wave-
length error, the ratio would depend on SZA as discussed
in Section 5. If that is the case, the measured spectral re-
sponse functions are shifted in wavelength, and the proce-
dure is repeated until the ratio of GUV and SUV measure-
ments becomes independent of SZA. The process is time
intensive and therefore offered on request only.

A.3 Glossary

Action spectrum
See biologically effective irradiance.

Biologically effective irradiance; biological weighting func-
tion; action spectrum

A biological weighting function or action spectra 4(4) de-
scribe the wavelength dependence of effects introduced by
electromagnetic radiation on biological matter. Depending
on the effect and the involved organism different biological
weighting functions are used. The biologically effective ir-
radiance D is calculated by multiplying global spectral ir-
radiance Eg(A) with the action spectrum A(1) and inte-
grating over wavelength A:

D=[Eg(2)A(A)dA, (14)

Global spectral irradiance
Global spectral irradiance Eg(A) is defined as radiant en-
ergy arriving per time interval, per wavelength interval, and

per area on a horizontal surface from all parts of the sky
above the horizontal, including the disc of the sun itself.

Response-weighted-irradiance

Response-weighted irradiance E,- is defined as the inte-
gral of the product of spectral irradiance E(A) and the
spectral response function r; (1) of channel i from a multi-
filter radiometer:

E; = [E(A)r;(A)dA. (15)

Spectral response function

The spectral response function r;(1) of a specific channel
i of a filter radiometer, is the ratio of the signal dV (1) to
the spectral irradiance dE(A) at the place of the radiome-
ter’s collector, as a function of wavelength A:

dVv(d)

A= ey

(16)

Spectral response functions are typically normalized to one
at their maximum.

Total ozone column

Total ozone column (TOC) is the height of a hypothetical
layer which would result if all ozone molecules in a vertical
column above the Earth’s surface were brought to standard
pressure (1013.25 hPa) and temperature (273.15 K). The

©2015 Biospherical Instruments Inc. All rights reserved.
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total ozone column is usually reported in “Dobson units”
(DU). The global average ozone amount is close to 300
DU, which corresponds to a layer of 3 mm thickness.
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