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PREFACE

The WMO Executive Council, through actions initiated by the EC Panel of
Experts/CAS Working Group on Environmental Pollution and Atmospheric Chemistry, has
placed high priority on improving the quality and availability of the Global Atmosphere Watch
(GAW) measurements. In order to address these needs and requirements for ultraviolet (DV)
radiation, the WMO/GAW Scientific Advisory Group (SAG) for DV was established in 1994 to
develop and implement the Global DV Radiation Monitoring Network in GAW. This includes
proposing standards for compatible observations, quality assurance and common calibration
systems, data analysis and data archiving. The DV Monitoring and Assessment Program Panel
(UMAP) co-sponsored the activities of the SAG for DV and this is gratefully acknowledged.
The members of the WMO/GAW SAG on DV are:
P. Simon (chair)
A. Kricker
S. Madronich
M.Miyauchi
G. Seckmeyer
P. Taalas
D. Wardle
B. Weatherhead
A. Webb
C. Zerefos
L. Jalkanen

IASB-BIRA
NBCC
NCAR
JMA
IFU

FM!

AES
NOAA
UMIST
AUTH
WMO

Belgium
Australia
USA
Japan
Germany
Finland
Canada
USA
United Kingdom
Greece
Switzerland

This report, Guidelines for Site Quality Control of DV Monitoring, has been written in
order to provide quality control strategies for the DV community. It has been extensively
discussed and reviewed by the SAG and its subgroup on Quality Control. The useful comments
made by M. Blumthaler, K. Dehne and K. Joke1a are acknowledged. The report was also widely
distributed to the scientific community for review and further comments to this report are
welcome.
The report must be considered a working document that will be updated and revised
according to new scientific and technological developments. Many of the recommendations
described in this report are to be taken as objectives to be achieved. The report's main goal is to
assist in hannonizing DV measurements.
Companion reports include the GAW report "Instruments to Measure Solar Ultraviolet
Radiation" and the "Guide to the WMO/GAW World Ultraviolet Radiation Data Centre
(WUDC)", a manual on how to submit data to the WUDC.
The WMO acknowledges the great effort that has been put into this report, especially by
the lead author Ann Webb.
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1.

INTRODUCTION

As a part of the WMO's Global Atmosphere Watch (GAW) programme, a major
effort to improve the world-wide measurement and monitoring of ultra-violet (UV) radiation
was initiated in 1994 through the establishment of the Scientific Steering Committee for DV,
later to be designated one of GAW's Scientific Advisory Groups (SAG). The membership is
listed in the Preface. There were many issues that arose since the group first met in 1995
such as type of instruments to use, site selection criteria, a system for calibration and
intercomparisons, methods of data reporting/analysis and modelling. Through the SAG's
efforts, a harmonization and assessment of the global UV measurements is being pursued by
the issuance of guidelines and reports such as the present publication on site quality control.
Because of the great scientific and public interest in DV data, many networks have
been established. In the ideal case, an internationally recognized quality control system
would have already been established well before the networks were in place. For DV, this is
not the case. Hence the World Ultraviolet Data Centre (WUDC), operated on behalf of the
World Meteorological Organization by the Atmospheric Environment Service in Toronto,
accepts DV data from monitoring sites with a wide range of different instruments, different
facilities and different experiences. As there are no standard DV instruments or practices the
data take many different forms, and their associated uncertainties are expected to be equally
non-uniform. Thus, it is particularly important to be aware of sources of uncertainty in such
diverse data, and to quantify those uncertainties where possible. Some of the measurements
and characterizations described in this document are very difficult to undertake in practice,
and are mentioned for information and as goals to be achieved. By the use of this report, the
DV measurement community may improve their own Quality Control (QC) and learn new
methods of tackling these problems. There may be several ways to assess some of the
uncertainties mentioned below and though we have given advice that follows one given
method, other methods may be equally valid. Please, pass on any comments you have to the
authors.
It should be noted that following these guidelines is not a pre-requisite for entry to the
WUDC database. The procedures and requirements for data submission are described in the
"Guide to the WMO/GAW World Ultraviolet Radiation Data Centre (WUDC)" which is
available from WMO or from the WUDC web site
http://www.tor.ec.gc.ca/woudc/woudc.htm.

The requirements comprise the site description as given here in this report and the provision
of a Scientific Sponsorship Statement which is a text file about the data and quality control.
We hope that these guidelines will encourage those who measure DV radiation to
address quality control issues to the best of their ability, whether as an experienced operator
tackling the complexities of polarisation, or a beginner striving to measure a slit function. In
the case of legacy data where instruments may no longer exist, or have been modified without
record, please complete any part of the Site Description and Uncertainty Forms for which
information is available. In all cases it is better to have a little information than none at all.
The WUDC will post all relevant QC information with the corresponding data so it is easily
available to users.
The very high standards of QC represented by fulfilling all the requirements of this
document are currently beyond the abilities (or facilities) of most DV site operators. This fact
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is well recognised and the QC Guidelines should not be viewed as discouraging demands, but
rather as encouraging goals. We wish you every success in improving the quality of your
data.

1.1

Overview of Site Quality Control

This document forms part of a set of guidelines for the successful measurement of
solar ultraviolet (UV) radiation. It covers QC procedures for a measurement site, including a
standard method for assessing the uncertainty associated with measurements at a site, and the
additional information which must be supplied with the data to enable its correct
interpretation and use. This standard method of estimating uncertainty is designed to ensure
comparability between measurement sites. The actual uncertainty for a single measurement at
a given site may deviate from this standard estimate. On-site QC is the first step in ensuring
consistent and valid data and, where the diversity of DV instrumentation allows standard
operating and reporting procedures will enhance the comparability of data from different
sites. The individual site practices then have to be verified by an independent body to
establish a uniform standard of performance between different sites. This external Quality
Assurance (QA) will be addressed in a later document. The broader subject of the principles
of QA in atmospheric research have been discussed in previous WMO documents (see section
7, Further Reading). A companion World Meteorological Organization (WMO) document,
"Instruments to Measure Solar Ultraviolet Radiation" (see section 7, Further Reading),
provides details of instrumentation, and· methods for characterising instruments, and· are not
repeated in full here. The companion document, hereafter referred to as "Instrument
Document", may be consulted for clarification.
The standard conditions for radiation measurements imply that the data refer to
radiation incident on a horizontal surface from the complete upper hemisphere (i.e. the
instrument has a 2 pi field of view and a perfect cosine response). Such a quantity is often
referred to as global (spectral) irradiance. If these conditions are not met, or the instrument
deviates in any way from a perfectly calibrated device with ideal performance, then there is
an uncertainty associated with the difference between the measurement and the parameter it is
supposed to represent. No site and instrument are perfect so it is important to provide an
estimate of the uncertainty in the measurements along with the data to ensure that the data are
used in their correct context.
The uncertainties in DV data gathered at a site come from several sources: the
instrument, its operation, the absolute reference, and its transfer. Site properties, for example
significant deviations from a flat horizon, or changes in albedo from snow to grass, are
important during interpretation of the data but do not contribute to uncertainties associated
with the instrument correctly representing the actual incident radiation, and are therefore
included only in the Site Description section.
Contributions to the measurement uncertainty come from components in two
categories, the instrument itself and the calibration. The instrument-based uncertainties come
from the characteristics of each individual instrument (and its mode of operation), which can
be determined once and should then require only occasional checks (e.g., annually). These are
relative measurements (i.e. they do not require standards of absolute irradiance for their
determination) and determine instrument performance. Even if an instrument is perfectly
characterised (i.e. its slit function, angular response etc. are exactly known), an uncertainty in
the measured irradiance will still arise. This is because the angular response for example, is
2

acting on a radiance distribution which is inevitably incompletely specified, and correcting
for angular response requires a knowledge, or assumption about the radiance distribution.
The calibration uncertainties are those associated with the frequent reference which
should be made to absolute standards, and include uncertainties in the standards themselves
and in the transfer procedures. At present absolute standards of spectral irradiance are defined
by National Standards Laboratories, but the standards (lamps) differ from one standards
laboratory to another, by several percent in the UVB. Theoretically a standard reference
instrument could be employed for calibration instead of lamps, in a manner akin to the WMO
standard ozone spectrophotometer. However, no suitable DV instrument has yet been agreed
upon for this purpose, and if it did exist it would have to be calibrated to an absolute standard
of irradiance agreed upon by all the National Standards Laboratories and the UV community.
This lack of a definitive standard, whether represented by lamp or instrument, becomes a
serious problem for the task of Quality Assurance (to be addressed in a future document).
The components of an uncertainty budget differ for different categories of instruments
(spectral, broadband or multifilter), and for some components the uncertainty depends upon
the conditions at the site during the actual measurement. It is not possible to give
comprehensive coverage to every possible situation and its related uncertainty; therefore a
standard Uncertainty Estimate Form is provided for each of the two main types of UV
monitoring instrument, spectral and broadband. The multifilter instrument must, for the
present, be treated as a series of instruments with an uncertainty for each channel. Where the
channels are narrow it should be treated as a spectroradiometer: where they are broad,
broadband treatment has to be applied. A specific form for multifilter instruments will be
added to this document in later versions.
Within each uncertainty form a number of representative situations have been selected
to identify the typical uncertainties which might be associated with data from a particular site.
Definitions of such uncertainties, and the means to calculate them from the instrument
characteristics, are given where necessary. The tables of data used for assessing some of the
uncertainties were calculated by the authors for the conditions described in each case. In
providing for these standardised calculations, certain arbitrary assumptions have had to be
made about the conditions for the calculations. For the case of spectral instruments,
uncertainties resulting from wavelength alignment and slit function were assessed for regions
of the spectrum integrated over 10 nm wavebands, so tabulated values for 300 nm apply to
the uncertainty in the integrated waveband 295 - 305 nm. This practice was followed on the
assumption that most users will be further integrating and (biologically) weighting spectral
data, so an approximate spectral guideline is sufficient. If data are being carefully inspected at
1 or 2 nm resolution then a generalised uncertainty assessment is not applicable and specific
errors must be assessed. Wavelength limits and methods of interpolation are not uniquely
defined for this type of calculation and other plausible choices may have given different
results. However, the procedures used are objective and standardised and no operator will be
unduly favoured or penalised by applying them. The resulting standardised uncertainties are
readily understood because they are based upon clearly defined procedures, so although not
directly applicable to every situation they provide guidance for data users wishing to select
appropriate data for their own needs.
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2.

DEFINITIONS

To avoid confusion the definitions of several terms, as used throughout this document,
are given below.

Uncertainty
- Parameter, associated with the result of a measurement, that characterises the
dispersion of the values that could reasonably be attributed to the measurand
(DKD, 1993). Assessment of uncertainty requires a set of data.
An uncertainty can have many causes and does not imply that a measurement
is wrong, just uncertain. For example, there is an uncertainty due to the
absolute standard of spectral irradiance used for calibration because this
standard is not uniquely defined.

Error
- The deviation of the measurement from the true value of the measurand. As
the true value is usually unknown, the error is also unknown. An error may be
determined for a single measurement.
The term uncertainty has, in general, been used throughout this document.

Representative Uncertainty

.~

- Several of the uncertainties in solar DV measurements depend upon the
instrument characteristics (fixed) and the environmental conditions at the time
of measurement (variable). Algorithms have been provided to calculate a
representative uncertainty in these cases, using the instrument characteristics
and a set of standard conditions.

Certificated
- Issued and supplied with a calibration certificate from a National Standards
Laboratory (NSL) or an accredited laboratory. Usually refers to a lamp in this
document, but may refer to an instrument or an item of test equipment.

Accredited
- A laboratory other than a NSL which has been authorised by a NSL to issue
certificated lamps (instruments) in the name of (i.e. directly traceable to the
standard at) the NSL.

Transfer (standard)
- A lamp (instrument) whose calibration has been transferred from a
certificated lamp (instrument), either directly or via another lamp. Also the
process of calibrating a lamp in this manner.

3.

SITE DESCRIPTION

The information required of each site, to be submitted and stored with the data, is
listed below. Definitions, methods of determining the required information, and methods of
presentation are provided where applicable. The description is divided into three sections:
Site, Instrument and Calibration.
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The details that will be requested on submission of data to the WUDC in Toronto are
shown in bold italics. It is recognised that some of the other data requested may not be
immediately available to an operator. Where possible, options for submitting information are
given so that provisional information may be supplied initially (e.g., "typical" instrument
characteristics), and updated with more specific details (actual instrument characteristics) as
soon as possible.

A.

The Site

Name ofstation
Name ofplace (town, country)
Responsible Institute
Latitude (see note A.l)
Longitude
Altitude
Horizon (see note A.2)
Surface description (see note A.3)
Environment (see note AA)
Collocated data collection (list all)
Nearest ground-based ozone station (name and distance)
Nearest meteorological·station (name and distance)

Measurement regime (see note AS)
B.

The Instrument

Detailed definitions and methods of determining instrument characteristics are
provided in the separate Instrument Document. The details specified here are those required
for the Uncertainty Estimate Forms and are therefore the minimum requirement for this
purpose.
Type (e.g." spectral/broadband)
Manufacturer
Model
Serial Number
Uncertainty estimate (see note B.l)
Full angular response (see note B.2)
Dynamic range (see note B.3)
Linearity (see note B.3)
Detection threshold (see note BA)
Temperature stabilisation (see note B.5)
Spectroradiometers:

Wavelength range (full and routine use)
Wavelength step (minimum and routine use)
Wavelength precision (see note B.6)
Wavelength accuracy (see note B.7)

Full Width at HalfMaximum, (FWHM) (see note B.8)
Full slit function (see note B.8)
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Time to scan (routine wavelength range and step)
Broadband radiometers:

Intended spectral response (see note B.9)
Full spectral response (see note B.9)
Multifilter instruments (Provisional):
Multifilter instruments are relatively new in the field of DV measurements and have
not been in routine use for a sufficient period of time for the requirements for their
specification to be fully established. More experience is needed before these instruments can
be fully characterised, but until such experience is gained it is suggested that multifilter
instruments are treated as spectroradiometers, with the provision of the following data for
each channel:
Number of channels
Nominal central wavelength
Nominal bandwidth (at 10-3 peak) and Full Width at Half Maximum
Wavelength absolute accuracy
Full slit function / spectral response
If the input optics, detector or temperature stabilisation are not common then details must
again be given for each channel.
C.

The Calibration:

Calibration schedule
- working (see note C.I)
- site reference (see note C.2)
Calibration procedures (see note C.3)
Traceability of site reference to NSL reference standard lamp (see note CA)
A record of calibration files (see note C.S) is strongly recommended.

Notes for Site Description
A.

The Site

A.I
Latitude, longitude and altitude should be given for the instrument position within
the site, to within 0.1 0 and S m respectively.
A.2
The horizon should be specified as a table of azimuth and elevation co-ordinates for
any obstructions, as viewed from the receiving plane of the instrument. The azimuth should
be specified in degrees clockwise from north, and the elevation in degrees above the
horizontal. The table should be sufficiently detailed for an elevation vs. azimuth plot to fully
represent the silhouette of any obstructions on the horizon. Additional information (e.g., a
topographical map) is always welcome.
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A.3
A description ofthe surface type in a 10 km radius around the site should be given to
enable an estimate of the areal albedo (e.g., built up area (concrete, brick) for 2 km to north,
0.5 km in other directions, then farmland, mainly arable, over remainder of area). Typical
changes to surface with the expected seasons of change should also be given where applicable
(e.g., grassland and low scrub April - October, snow cover during the winter months).
Additional information (e.g., a photograph or bitmap of the instrument/site) is always
welcome.

AA A brief classification of the general surrounding environment should be given to
enable a gross estimate of aerosol types, etc.; for example, mountain, rural, city, and coastal.
Detail is encouraged.
The measurement regime used for routine monitoring should be described (i.e. the
A.5
schedule and type of data available from the site): for example, one spectral scan every
daylight hour; half hourly integrals of erythemal radiation based on spot samples every 15
seconds.
B.

The Instrument

B.l
The uncertainty estimate is the subject of much of the rest of this document, where
the reader will find an explanation of the terms used below (see section 5, The Uncertainty
·R.ange).--The first uncertainty estimate provided here should: be-the combined·uncertainty-for·· the Necessary and Highly Recommended categories of uncertainty. If any of the Additional
uncertainties have been assessed then a second combined uncertainty should also be given,
including all uncertainties which have been addressed. It is not anticipated that the Additional
uncertainties will change the combined uncertainty substantially for a well characterised
instrument. If Additional uncertainties do prove to be significant then it is important that the
data users (and other instrument operators) are made aware of this fact. Providing such
information is a service to both communities, and indicates a conscientious operator.
B.2
The full angular response of the instrument (ideally a cosine response) should be
given at every 5° zenith angle across a minimum of two orthogonal planes (4 quadrants):
"north-south" and "east-west". (See Instrument Document for methods of measurement).
Details should also be given of how the optic axis of the instrument is defined during
this test, and how it is defined when mounted for solar DV measurements (i.e. how is it
ensured that the two optic axes used in the laboratory do lie in the N-S and E-W directions
when mounted for solar measurements).
It is strongly recommended that the actual angular response of each instrument is
independently measured. Where this is not initially possible a manufacturer's actual angular
response may be used, and failing this a manufacturer's typical angular response for the
model of instrument. The latter two options should be clearly flagged and should be replaced
as soon as possible with more specific information.

B.3
The dynamic range expresses the minimum and maximum signals that the
instrument can measure - ultimately limited by the detection threshold and saturation of the
detector. The range (usually a number of orders of magnitude) should be stated. However, the
calibration (made over a limited range) should hold for the complete dynamic range, that's
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the instrument reading should be proportional to the irradiance over its working range. Details
for determining linearity on a specific instrument can be found in the Instrument Document.
BA
Detection threshold is the lowest signal that an instrument can measure. It depends
upon the throughput of the instrument, the noise level, the stability of the dark signal, and
how this is dealt with in the processing of the signal. The detection threshold should be stated
as the signal when the signal-to-noise ratio equals 1, using a slit function ofFWHM of 1 nm.

B.5
With respect to temperature stabilisation, if stabilised, state to +/- x QC. If
temperature is monitored and corrected for, the method of doing so should be described, and
the typical temperature during calibration should be given, together with a typical range of
temperatures during monitoring. If no temperature stabilisation is in place the temperature
dependence of the instrument should be stated, initially from manufacturer's details, but
preferably for the instrument in question after tests in an environmental chamber. It should
be noted that temperature gradients within an instrument when the temperature of the entire
instrument adjusts to a new temperature can often be the cause of bigger uncertainties than a
whole- instrument change to a new temperature, therefore the exact location of the
temperature sensors should be stated. This can be particularly important for wavelength
alignment.
Wavelength preCISIOn indicates the degree to which the monochromator's
B.6
wavelength setting-fluctuates about -its nominal position· onthe-instrument wavelength-sGale;
it is the random part of the uncertainty in measuring at the true, specified wavelength.
Systematic deviation of the instrument wavelength scale from the true wavelength scale is not
part of the wavelength precision (see B.7). Repetitions of an instrument alignment may yield
slight variations in result, or a drift in alignment may occur from one alignment check to
another during monitoring. Such fluctuations may be due to physical limitations of the
instrument (imperfections in the wavelength drive, the resolving power of the wavelength
drive limiting the step size for wavelength setting, sensitivity to temperature changes), or to
random errors in the method used to determine the centre of spectral lines for wavelength
alignment and checking. Whatever the cause, the magnitude of the fluctuations or drifts
determines the wavelength precision.

B.7
Wavelength accuracy is a measure of the agreement between the actual wavelength
position of a monochromator, A, and the true wavelength 1.0 which the instrument has been set
to measure. The true wavelength scale is determined from principle physical constants, which
in practice become the position of several spectral lines, for example from a mercury lamp.
Wavelength alignment is most frequently performed by taking a scan of small wavelength
steps across known and distinct spectral lines, and setting the measured positions to match the
known positions of these lines (see Instrument Document). This determines the instrument
wavelength scale. For ensuing measurements the wavelength accuracy (A - 1.0) may be
limited by systematic deviations of the instrument wavelength scale from the true wavelength
scale, plus random fluctuations about the instrument wavelength scale (wavelength precision,
see B.6). The instrument wavelength scale may not be true if: the reference wavelengths for
setting the wavelength alignment deviate from the true scale (e.g., extraterrestrial spectra are
uncertain); the wavelength setting is limited by the minimum step size possible; the slit
function is asymmetrical and limits determination of the line centres; there are non-linearities
in the wavelength drive and the wavelength setting is only performed at a few wavelengths.

8

Variations in this method of wavelength alignment (e.g., which lamp or
extraterrestrial spectrum is used as a reference, whether parabolic fits are used, any
wavelength dependence of the slit function) contribute to uncertainty in wavelength
alignment so the wavelength alignment procedure should be described and its uncertainties
estimated.
An alternative method of wavelength alignment is to fix the instrument at a single
wavelength and measure its response to changes in wavelength of monochromatic radiation
derived from another spectrometer or from a tuneable laser. This requires additional and
sophisticated laboratory equipment and is not suited to operational practices.

The slit function represents the relative transmittance of an instrument at
B.8
wavelengths close to Ao when the instrument is set to measure Ao. It should be measured at
wavelength steps that are equivalent to, or less than, the FWHM/IO (where FWHM is the Full
Width at Half Maximum), for example, 0.05 nm steps for a spectroradiometer, 0.5 nm steps
for a multifilter instrument. It should be determined to more than 6 * FWHM on either side of
the peak, or to the points where the signal detected is less than 10-5 of the peak signal. The
source used for the slit function determination should be described as many sources do not
provide sufficient dynamic range for the 10.5 criterion to be reached, and so care must be
taken not to attribute the background signal of the source to the wings of the instrument slit
function.
~--~- --11:1s

strongly recoi1:irllended ihafthesliCfUilctiorioreadi instriiiiienIis independently
measured at a number of wavelengths. Where this is not initially possible, a manufacturer's
actual slit function(s) may be used, and failing this a manufacturer's typical slit function(s)
for the model of instrument. The latter two options should be clearly flagged and should be
replaced as soon as possible with more specific information.

Spectral response is the ratio of the output of an instrument (e.g., current) to the
B.9
input (irradiance at a given wavelength), determined over the range of wavelengths to which
the instrument is sensitive. Most instruments have a spectral response which approximates to
a biological action spectrum (e.g., the CIE action spectrum for erythema) - this is what is
referred to as the intended spectral response. The full spectral response describes the response
at each wavelength. The wavelength range over which the response is measured should be
stated, as well as the method used to achieve the response.
It is strongly recommended that the actual response of each instrument is
independently measured. Where this is not initially possible a manufacturer's actual response
may be used, and failing this a manufacturer's typical response for the model of instrument.
The latter two options should be clearly flagged and should be replaced as soon as possible
with more specific information.
C.

The Calibration

C. 1 The frequency of instrument calibration should be given, both for wavelength
alignment, where applicable, and irradiance calibration. Where several steps may be involved
between the instrument and the highest working calibration standard held on site, all stage
schedules should be given (e.g., wavelength check every day, irradiance calibration/stability
check in situ against 200 W working standard every 2 weeks, laboratory calibration of 200 W
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lamp and/or instrument to 1000 W site reference every 6 months or more frequently if so
indicated by in situ calibrations).
C.2
The frequency of calibration checks of the site reference to a higher reference
standard should be stated. This may either be an external reference or a suite of higher
standards held on site (e.g., working 1000 W lamp checked every 20 hours of use against a
suite of 3 NIST reference standards held on site or working 1000 W lamp recalibrated or
replaced by PTB every 50 hours of use).
C.3
The procedure for all stages of calibration should be described, including details of
all equipment used (power supplies, standard resistors etc.). Recommendations and details of
ancillary laboratory calibration equipment will be given in the Instrumentation Document.
Requirements for lamps and their general methods of operation are given throughout this
document.
CA
Every lamp used for irradiance calibration should have a calibration which is itself
traceable back to a National Standards Laboratory Reference Standard (NSLR) in an
unbroken line. Each step along the path from NSLR to working standard should be
documented in the following way:

~_..

-----

The laboratory and/or person who performed the transfer.
-1'he transfer-uncertainty~(introduced-inthisstep,andthetotaluncertainty now- .
associated with the lower standard lamp).
A description of the process (e.g., horizontal beam 1000 W to vertical beam
200W).
Serial numbers of all lamps involved.
Wattage of all lamps involved.
Change in operating voltage of reference lamp from operating voltage when
new.

If the transfer does not take place in a laboratory with National Standards
accreditation, then the following additional information must be supplied:
Hours on each lamp involved since last calibration of that lamp.
Total hours on each lamp (after ageing).
Description of polarity determination for each lamp if not marked on lamp. It
is strongly recommended that once determined the polarity is then clearly
marked!
Distance at which lamp is used.
Further detailed requirements for calibration equipment will be given in the future
Instrumentation Document, which should be used in conjunction with this document.
C.5
A record of working calibration files for the instrument must be kept. Every data
scan should be referred to a particular calibration file, and these calibration files should be
available for inspection. When a calibration file is replaced for operational use it should be
archived so that a history of all working calibration files is available. This provides evidence
of the stability of the instrument and the data provided, and will be used in the external
Quality Assurance procedures.
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In a similar way records of calibration check data (e.g., check scans of the working
lamp) should be maintained, and the criteria for changing the instrument calibration
described.
4.

RECOMMENDED PROCEDURES
CALIBRATION MAINTENANCE

AND

FACILITIES

FOR

ON-SITE

It is recognised that the ideal facilities required for calibration purposes are not always
immediately available when a DV monitoring site is becoming established. It is often a
practical necessity to begin a measurement programme with a single calibration lamp, which
may not even be directly certificated, for use in calibration checks. This point is well
recognised and should not discourage the establishment of new DV monitoring sites. Where
less than ideal facilities are used the additional uncertainties involved in the calibration
procedure should be honestly reported and the data is then still valuable. Improvement in
calibration facilities with time will ultimately lead to reductions in the uncertainties for more
recent data. Thus there is a gradual and very common improvement in data quality.

To aid in the improvement of calibration facilities, two alternatives are given below
for the minimum requirements of an ideal working (i.e. on-site or home) calibration facility.
Even these minimum requirements involve considerable cost in both financial and labour
terms, and may not initially be possible, but each site should strive to achieve such a facility.
The .recommendations given in this document have been prepared mainly for the users
of conventional lamp based calibration sources. This does not, however, exclude the
development of new calibration schemes based on stable detectors rather than sources.
Future use of detector calibration may result in a smaller uncertainty of the standard, reduce
the length of traceability chains and improve the stability of the calibration standards used
by measurement sites.

4.1

Multiple lamps on-site (Figure 1)

Each stage of the calibration traceability requires a minimum of a suite of three
similar lamps. However, apart from the working calibration threesome it is not strictly
necessary to hold all three lamps in each suite on site.
The calibration maintenance procedure begins with the in situ check of the
spectroradiometer's calibration using small working lamps (e.g., 100 W or 200 W). These are
generally transfer standards from a higher wattage lamp. Three lamps, A, B and C should be
used in a planned sequence for consecutive calibration checks, until a discrepancy between
instrument and lamp (e.g., lamp A) becomes apparent. For this example the instrument
calibration should also be checked on lamps B and C. If the same change is apparent on all 3
lamps then the instrument must be recalibrated against a higher standard in the laboratory. If
the instrument still agrees with lamps B and C then lamp A must be replaced.
The laboratory calibrations of either working standards or the instrument should also
be based on a suite of3, high wattage, lamps (e.g., 1000 W FEL). The minimum requirement
is that one of these lamps be a certificated lamp from a National Standards accredited
laboratory. The other two lamps may be purchased uncalibrated and have this standard
transferred to them. The instrument should be calibrated on one of the transfer lamps, and the
calibration checked by measuring the second transfer lamp. If there is agreement the
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instrument can be put back into service. If there is disagreement between the transfer lamps
then the instrument calibration should be checked against the certificated lamp. Agreement at
this stage indicates that a new 1000 W transfer lamp is required. Failure to agree indicates
either instability in the instrument or a problem with more than one of the 3 laboratory lamps,
and requires further investigation.
The certificated lamp should be checked against higher standards at a regional
network centre, or an accredited laboratory, or the National Standards Laboratory itself every
24 hours of use. An initial cross check with the higher standard should be made on first
purchase of the lamp if the higher standard to be used for routine checks is not the same as
the standard against which the new lamp was calibrated.
The triple check procedure should operate all the way along the calibration path; at
every transfer of calibration between the NSLR and the site lamps, but responsibility passes
out of site hands when the highest site reference is externally calibrated.

4.2

Single lamp on site (Figure 2)

If it is only possible to hold a single working lamp (at either the in situ or laboratory
stage) at a site then the only sure way to ensure that calibration is maintained is to check the
lamp against a higher standard (with traceability) every time the working lamp is used.
However; this -involves-using the-higher standard as -often as the -working-standard,and
operational exigencies might dictate that the working standard is checked frequently but not
every time it is used. The single lamp method requires less equipment, but does need easy
access to a higher standard lamp. Additional, supporting checks of a single lamp can also be
made by other, simple means, for example, measuring the visible radiation (with a lux meter
or visible photodiode) at every operation. This will at least indicate any gross changes in the
lamp or its operation, although it may not be sensitive to causes of small changes at UVB
wavelengths.
The checking of the lamp against a higher standard during the calibration of the
spectroradiometer is not required if the monitoring detector consists of at least one stable
narrow-band detector monitoring at least the UVB band (more detectorslbands are
preferable). The lamp must be calibrated regularly against a higher standard and in the
interval between calibrations of the lamp the reading of the monitoring detector(s) should not
change more than 1% from the previous calibration.
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5.

THE UNCERTAINTY ESTIMATE

The standard Uncertainty Estimate Forms which are provided for spectral and
broadband instruments provide a clearly defined method of assessing the typical uncertainties
which are associated with the data originating from a particular instrument. The forms should
be completed according to the accompanying notes, and should be submitted together with
the Site Details and the additional information indicated in the "Information" column and
described in the related note.
If any aspect of an instrument or its calibration changes then a new Uncertainty
Estimate Form must be submitted, with the dates for which it applies, so that all data records
can be matched to their relevant uncertainties. A new Uncertainty Estimate Form will be
requested by the WUDC annually to account for any changes observed when the instrument
characteristics are checked. The uncertainties for a spectroradiometer can be very dependent
on wavelength, therefore the spectral form requests data for three different wavelengths: short
UVB, mid UVB and UVA.
It is recognised that all of the information requested may not be immediately available
to an operator, for the particular instrument at a site. It is therefore acceptable to use
manufacturer's data for the instrument type in the first instance, although this should be
clearly stated as such (either typical for the model, or specific to the instrument). When
... ~ possibh;nhe~information should· be updated· with~informationobtained~from an independent .. ~ ~ .
body for the instrument in question.

Fully completing the Uncertainty Estimate Forms, and providing all the information
requested, is not a trivial task! However, a full understanding of an instrument's
characteristics, its calibration procedures and operation should encourage good practice and
better measurements, and the work once done only needs to be updated at regular intervals or
when there is a change in equipment, procedure or site. Completing the QC documents as
fully as possible is therefore strongly recommended. However, initial inability to complete
certain sections should not discourage the submission of a first set of documents.
The provision of information on sources of uncertainty has been split into three
categories:

Necessary (must be provided)
Highly Recommended (make every effort to provide)
Additional useful information (provide if possible)
Information in the Necessary and Highly Recommended categories should be
available (at least as manufacturers'/suppliers' data for instrument types), or can be relatively
easily assessed. Operators should be aware of sources of uncertainty in the Additional
category, but these effects are often difficult to assess and may only be investigated if they are
suspected of being the cause of an unresolved uncertainty. If such investigations have been
conducted, please provide the information on the form.
Where information cannot be provided write TBD (to be determined) on the form.
Operators are encouraged to replace TBD categories with the requested data at the earliest
opportunity. The combined (total) uncertainty for an instrument will be incomplete if some of
the uncertainties are not defined. The Uncertainty Estimate in the Site Description will
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therefore be flagged to indicate how many of the Necessary and Highly Recommended
uncertainties are unaccounted for.

SPECTRAL UNCERTAINTY ESTIMATE FORM
Name ofstation:
Manufacturer and Model ofInstrument:
Site Scientist:
Responsible Scientist (if different):
Date ofSubmission:

SOURCE

NOTE

UNCERTAINTY % (2 std. devs.)
300nm
310nm
350nm

INFORMATION

Calibration':
Reference standard
lamp
Transfer
Transfer
Transfer

81

Issuing laboratory
Type, serial number
type, wattage,
method
no. in use
Resistor/voltmeter
--- -.- Method--Describe
Method
Reference
Method

82
82
82

Current/voltage
83
-Alignment-- ..----. ---~-S4-- --Instrument position
85
Straylight (in lab.)
86
Wavelength accuracy
87
88
Instrument transfer
Instrument:
Slit function
Straylight
Temp. dependence
Non-linearity
Angular response
Stability
Repeatability
Levelling
Offset drifts
Timing uncertainty
Polarisation
Signal/noise ratio
Digitization errors

89

Describe
Method
Describe
Reference
Describe

810
811

812
813
814
815
816
817
818

Method
Method
Describe
Describe
Describe

819
819
819

• This assumes calibration against a lamp, but calibration is also possible against another
spectroradiometer in solar conditions. In this case reference spectrometer should be used in
place of reference lamp (81).
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BROADBAND UNCERTAINTY ESTIMATE FORM

Name ofstation:
Manufacturer and Model ofInstrument:
Site Scientist:
Responsible Scientist (if different):
Date ofSubmission:
SOURCE

NOTE

UNCERTAINTY %
(2 std. deviations)

INFORMATION

Calibration:

Standard spectrometer
Transfer
Transfer
Transfer
Levelling

Bl

Reference
Method
Method
Method
Describe

B2
B2
B2
B3

Instrument:
Spectral responsivity

B4
B5 ...
B6
B7
B8
B9
BI0
B11
B12

-~Temp.~dependence~~~~~~~-~~

Non-linearity
Angular response
Stability
Repeatability
Offset
Offset drift
SignaVno~eratio

--~. ----~~~--~-~~

Describe
. ~ . . -~--Describe-~- .~ . - ..~
Method
Describe

Describe
Describe
Describe
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5.1

Spectral Uncertainty Estimate Notes

All uncertainties should be given as percentage uncertainties at the 2-sigma level (i.e. 2
standard deviations). It is the responsibility of the operator to ensure that any 1-sigma
uncertainties are doubled before entering on the Uncertainty Estimate Forms. Note
that 1-sigma uncertainties are correctly called standard uncertainties (ISO 1995).

Sl.

Reference standard lamps

Traceability (as supplied in the Site Description) is required to a National Standards
Laboratory reference lamp (or standard instrument). The certificated uncertainties of this
lamp (i.e. a lamp fully calibrated at a NSL) should be given on the form at the three
nominated wavelengths. This should include any additional uncertainty introduced in the site
laboratory by use of the lamp in conditions other than those used at the NSL, for example.
placing the lamp in a housing. The type of lamp, its serial number and the National
Laboratory from which it was issued should also be supplied. Calibration of standard lamps
should cover at least the range 280 - 400 nm at 10 nm intervals.

S2.

Transfer

Each calibration transfer generates an additional uncertainty, the difference between
the way-in which the initial:lamp and the lamp receiving the calibration represent the absolute
irradiance standard. This transfer uncertainty must be recorded for every transfer in the
traceable path from working lamp to NSLR. At every stage the type, wattage and number of
lamps used should be given, and the mode of transfer, e.g., horizontal beam to vertical beam
(see section 3 Site Description).

S3.

Current/voltage

The stability of the current supplied to the lamp and the voltage across the lamp are
vitally important for the lamp output and diagnostic purposes (e.g., if the lamp is beginning to
age). The current supplied to the lamp should be measured using a voltmeter applied across a
standard resistor. The voltmeter and resistor should each have a calibration certificate from an
accredited laboratory. The uncertainty (including fluctuations) in the current should then be
expressed as a percentage of the nominal current supplied to the lamp. Multiply this
percentage by 10 to give the uncertainty in lamp output in the DV region. For example, a
0.1 % error in current (8 mA in 8 A supply) will give 1% uncertainty in output.
Any uncertainty or change in operating voltage should simply be reported at present
so that it may be correlated with lamp degradation. At present there is no proven method of
associating voltage changes with a specific lamp output error.
Measurement of current and voltage are critical to determining this error, so details of
the resistor and voltmeter used should be given, with traceability to an accredited laboratory.

S4.

Alignment

The major uncertainty in alignment comes from errors in the specified distance
between lamp and reference surface of the instrument. The uncertainty in irradiance of the
instrument associated with uncertainty in correct distancing can be calculated using the
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inverse square law (lIr, where r is the distance between lamp and instrument) For example,
if the nominal distance required is 50 cm and the uncertainty in achieving this is 0.2 cm then
the associated percentage error is [(50.2)2 - (50)2] * 100/ (50f
The information required for this uncertainty is the method of alignment used and the
reference points on the lamp and instrument between which measurements are made. The
inverse square law should also be verified for the lamp in question by measuring irradiances
over a range of values of r. The law generally holds until r becomes small (less than the
distance used for calibration), but adherence to the law will depend on the geometry and size
of the lamp and the input optics of the instrument.
Further alignment errors can occur if the plane of the receiving surface is not normal
to the calibrated beam (i.e. the beam from a designated face of the lamp). These errors should
not occur as the lamp should always be correctly mounted, and tilt or yaw of the receiving
surface does not produce a significant error until it is several degrees, when it can be
identified and hence corrected. If the receiving surface of the instrument is not a plane the
reference position for alignment can be more difficult to determine.

S5.

Instrument position

The upright position for solar DV spectroradiometers must enable the input optics to
--presenta-horizontal--surface-to-the-sky-;--lfthe-inputoptics-are-rigidly-joined-to-the-instrument(i.e. if a light guide is not used) then the instrument has to be turned on its side for calibration
unless a vertical beam lamp is used (N.B. lamps calibrated for one orientation e.g., horizontal
beam cannot be used in alternative orientation e.g., vertical beam without incurring
potentially large errors). Turning the instrument can introduce uncertainty in the calibration
due to mechanical instability. It may also affect the wavelength alignment and slit function,
which in turn influence the calibration. Any known systematic change induced by this turning
procedure should be corrected for in the calibration file, and it is only the additional random
uncertainties that should be reported in the uncertainty budget.
The need to make a position change that produces an uncertainty should be defended,
and the method of determining the magnitude of the uncertainty should be described.

S6.

Straylight (in laboratory)

This is a systematic error: straylight acts to increase the irradiance of the instrument leading
to an underestimate ofsubsequent sources measured by the instrument.

The method for the experimental determination of this uncertainty should be
described (e.g., progressive baffling). The maximum expected error due to straylight should
be assessed, and reported on the uncertainty form as (2*max.)/(-J3) - see final section.

S7.

Wavelength accuracy

The wavelength alignment of an instrument can be determined by measuring across a
known spectral line at small wavelength steps (see section 3, Site Description). Common
reference lines are anyone (or more) of the well separated lines from a mercury lamp (e.g.,
253.7 nm, 296.7 nm, 404.7 nm; the lines at 302 nm and 313 nm are not generally suitable), or
Fraunhofer lines in the solar spectrum. The reference spectral lines used in determining
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wavelength alignment must be stated, and if using Fraunhofer lines the reference extraterrestrial solar spectrum must also be stated. Wavelength accuracy is the overall deviation of
the wavelength of measurement from the true wavelength designated for the measurement. It
includes any error in the setting of the wavelength alignment, plus the precision with which
the wavelength alignment can be repeated (see section 3, Site Description). Having
determined this value Table S7 below should be used to assess the resultant uncertainty in
irradiance measurement.
The uncertainty in measured solar spectral irradiance induced by a misalignment of
wavelength is a function of the wavelength at which irradiance is being measured, the solar
zenith angle and ozone column (i.e. the shape of the solar spectrum), and also depends
slightly on the FWHM of the slit function.
When calculating the energy received over a 10 nm waveband, the percentage error
introduced by a wavelength offset is given approximately by E = COli, where oil, = Atrue Anominal and oil, is in nanometres.
The values of C in Table S7 were calculated for a solar zenith angle of 600 and an
ozone column of 350 DU. Results are tabulated for five triangular slit functions, with the 10
nm wavebands centred on the six wavelengths from 300 to 350 nm.
·_··-~--'I'he- 2()-representative-unGertainty-in-irradiance~due~to--the-accuracy~of--wavelength-.

alignment can be found by taking the 20' wavelength uncertainty in nm (i.e. discard the sign),
and multiplying this by the value from the table for the appropriate wavelength and FWHM.
The closest FWHM to the actual instrument FWHM should be selected.
Table S7 Values of C for the calculation of the wavelength uncertainty.

Wavelength
(nrn)
300
310
320
330
340
350

S8.

0.25

0.50

73.82
25.04
6.00
4.24
1.36
2.02

70.92
24.10
6.88
4.26
0.84
2.06

Slit Function FWHM
2.00
1.00
64.14
21.70
8.56
3.96
0.04
2.38

57.38
20.28
9.68
2.92
0.20
2.50

4.00
53.04
20.76
9.26
2.72
0.74
1.44

Instrument transfer

An instrument often has to be transported from its monitoring site to a laboratory for
calibration, and in so doing there is no guarantee that the performance at the two locations is
the same. Experimental determination of the uncertainty involved is difficult, and if it has
been attempted the method must be explained. In other cases this random error may be a
rough estimate, supplied with supporting arguments.
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S9.

Slitfunction

The slitfunction, for typical instruments currently in use for UV monitoring, results in
a systematic over-representation ofthe true irradiance at short wavelengths due to the finite
width of the slit function and the shape of the solar spectrum. The magnitude of the
uncertainty depends on the shape of the solar spectrum close to the wavelength of
measurement, and is therefore dependent on both wavelength and zenith angle.
A spectral instrument, in theory, measures the incident radiation at a series of discrete
wavelengths to produce a spectrum. Ideally, for a designated wavelength of measurement
only photons of the designated wavelength should reach the detector. This would be the case
if the slit function were a very tall thin rectangle centred on each designated wavelength in
turn during a scan. In reality slit functions are more accurately represented by a triangular
shape, often with broad wings several orders of magnitude below the central peak and
extending several times the FWHM on either side of the central peak. This means that
radiation of wavelengths adjacent to the designated wavelength of measurement also reaches
the detector and is attributed to the designated wavelength. If the instrument were calibrated
against a source with a spectrum very similar to that which it subsequently measured then
much of this effect would be accounted for in the calibration. This is not the case for the UVB
part of the solar spectrum.
····---In-aH- ·cases; if- a~spectrum-fluctuates-rapidlywith·wavelength,as-observed--around----···
350 urn in the solar spectrum (due to Fraunhofer lines) then a measurement made with a
broad slit function will appear as a "smoothed" version of a measurement made at the same
wavelength intervals with a narrow slit function, that is the peaks will be lower and the
troughs shallower. However, precisely defining the correct irradiance at a stated wavelength
becomes impossible amongst so much spectral structure and an uncertainty cannot easily be
defined.
In the UVB part of the solar spectrum the sharp increase in irradiance with
wavelength means that much the significant attributed radiation comes from wavelengths
longer than the designated wavelength, and even radiation from the wings of the slit function
can be important. A wide slit function measurement (e.g., FWHM = 1.5 urn) made at say 1
urn wavelength steps, when compared with a similar scan using a narrow slit function (e.g.,
FWHM = 0.5 urn), will diverge progressively from the narrow slit scan as wavelength
decreases, indicating higher irradiances than the narrow slit spectrum. The magnitude of the
divergence is somewhat dependent on the incident spectrum (zenith angle), but is very
characteristic of the two slit functions employed for the measurements, and if these are well
known there are techniques which allow much of the discrepancy between scans to be
removed. However, this should not be interpreted as correcting one or both of the measured
spectra, but rather as standardisation of the measurement to a nominated theoretical slit
function.
Although different, the two scans illustrated above cannot be said to be in error
because a uniquely correct spectrum cannot easily be defined. The cosine error by contrast is
the result of deviation from a known ideal cosine response (see S13). Measurements can be
made with progressively narrower slit functions, but the ideal infinitely narrow slit function
does not exist in practice. Practically, discrepancies in scans become small as the slit function
decreases below about 0.5 urn (see table S9). With a narrow slit function and high resolution
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scan, Fraunhofer structure imposed on the steep UVB shoulder also becomes apparent,
introducing the same problem as at 350 nm.
Examples of slit function representative uncertainties due to instruments with finite
slit functions are given in table S9 to illustrate the magnitudes of differences that might be
observed between spectra measured with slit functions typical of the DV spectroradiometers
in use today. These figures should not at present be transferred to the Uncertainty Estimate
Form (which should be left blank for S9) because the slit function uncertainty has not been
fully defined.
Table S9 shows the range of uncertainties which may be encountered when
calculating the integrated ground-level irradiance over a 10 nm waveband from measurements
made with a triangular slit function, assuming a solar zenith angle of 60° and 450DU of
column ozone. Spectra calculated for different slit functions have been integrated over 10 nm
bands centred on successive wavelengths (a moving "top hat"), and compared with the same
integrals from a high resolution calculation equivalent to a very narrow slit function. The
uncertainties fluctuate rapidly with wavelength, so the table shows the minimum and
maximum envelopes of the fluctuations, in the vicinity of the wavelengths shown. These are
representative of the uncertainties which can be expected for any 10 nm band whose centre
lies close to the tabulated wavelength. They provide an indication of the uncertainty for an
arbitrary slit function under the same conditions.

Table 89 Values of percentage uncertainties in integrated irradiance due to slit
functions of different widths.
FWH
M
(nm)
0.25
0.50
1.00
2.00
4.00

300nm
mm max

310nm
mm max

320nm
mm max

330nm
mm max

340nm
min max

350nm
mm max

-0.84 1.63
-0.92 3.91
2.04 9.34
13.48 22.10
63.19 69.71

-0.33
-0.66
-1.18
-0.69
3.23

-0.16
-0.28
-0.79
-0.59
0.89

-0.13 0.18
-0.13 0.25
-0.30 0.43
-0.50 0.33
-1.77 -0.66

-0.11
-0.28
-0.39
-0.09
0.28

-0.13
-0.21
-0.40
-0.80
-1.01

0.44
0.89
1.73
3.03
7.01

0.17
0.35
0.90
1.74
3.25

0.17
0.34
0.60
0.89
1.17

0.16
0.28
0.46
0.42
-0.22

The full slit function for the instrument should be supplied as additional information.

SIO.

Straylight

This has a systematic effect, serving to increase the measured irradiance above its
true level, and arises largely from the net effect of calibrating and measuring very different
spectra.
Straylight within the instrument refers, in this context to "farfield" straylight, that is
radiation from wavelengths remote from the one being measured, which is here defined as
wavelengths more than 6 * FWHM from the line centre of the slit function. The uncertainty
should be assessed for sunlight, as it is dependent on the spectral shape of the source being
measured, and on the wavelength under consideration.
The maximum uncertainty should be estimated and then reported on the Uncertainty
Estimate Form as (2*max.)I(-13) - see section 6 on Combining Uncertainties.
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The experimental method of determining this straylight error should be described (see
Instrument Document for suggestions).

Sll.

Temperature dependence

A very well temperature stabilised instrument should not generate any temperature
related error. However, if temperature stabilisation is crude or there is no stabilisation then
the associated uncertainty must be assessed. The temperature dependence of the instrument
must be known (t% change in sensitivity per °C, which mayor may not be linear), and the
method of its determination should be described. For an instrument stabilised to +/- SO C the
uncertainty due to temperature is then t * s %. If a correction is made for temperature
dependence, then the uncertainty is t*u % where u is the uncertainty in (Tcalibration - TmeasuremenJ.
This uncertainty can be dependent on wavelength, and the temperature sensitivity should be
checked for a range of wavelengths if the instrument is not temperature stabilised.
The temperature uncertainty of an uncorrected instrument can be calculated as above
using the maximum expected difference between calibration and measurement temperatures
for the climate of the site. In this case it is hoped that t is very small. The calculation should
also take into account the effect on instrument temperature of incident radiation on a sunny
day, and internal heat generated by the equipment itself.
-- -Temperature-can-also ----significantly-affect --the-- wavelength-alignment- -of--the - spectroradiometer, particularly as temperature changes and when temperature gradients may
occur in the instrument. If an instrument is not temperature stabilised the accuracy of
wavelength alignment may be reduced, and this should be reflected in the uncertainty for
wavelength accuracy (S7).

SI2.

Non-linearity

This uncertainty is defined as the percentage difference in the responsivity of the
instrument at irradiances of 2 Wm-2nm- 1 and 10-4 Wm-2nm- 1•
A precisely characterised photodiode or set of interference filters can be used to
determine linearity, and the traceability of the equipment used for this experiment should be
supplied. Distance (the inverse square law) may also be used to test linearity, possibly with a
series of sources, if straylight effects can be confidently excluded. The method of determining
linearity should be described (further details of appropriate methods are given in the
Instrument Document).

SI3.

Angular response

This is a systematic, though not constant, error. Most angular responses (ratio ofthe
responsivity to radiation at angle e to the responsivity to radiation at normal incidence)
under-represent the true angular response and therefore lead to an under-representation of
the irradiance.
The uncertainty in measurements of global irradiance caused by the deviation of a
radiometer's angular response from the ideal cosine depends upon the state of the sky at the
time of measurement, and the wavelength being measured. The state of the sky (zenith angle
and cloud cover) determines the distribution of radiance across the hemisphere, and this
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distribution is also a function of wavelength. The total irradiance measured by the instrument
is the integral of the radiances from each part of the sky weighted by the angular response.
The angular response uncertainty is thus the integral of the normalised radiance distribution
weighted with the respective error of angular response for each part of the sky.
As sky conditions constantly change at any given site, and also vary greatly from site
to site it is impossible to give an uncertainty which will represent all situations. Therefore a
single "radiation distribution" has been calculated from which a representative angular
response uncertainty can be calculated for any instrument.
Table S13 has been calculated by integrating the angular distribution of the incident
radiation· for a mixture of clear and overcast conditions, selected to allow about one-third of
the irradiance to come from a cloudy sky. The integration was carried out from dawn to dusk
on each day, and continued throughout the year at each latitude. Finally the results were
summed for all latitudes between the tropics and the polar circles. A standard set of model
conditions was assumed: 350 DU column ozone, zero albedo, spherical geometry and no
aerosol, but these parameters do not have much effect on the form of the distribution, which
is mainly controlled by the solar zenith angle. By convolving the resulting angular
distribution in table S13 with the percentage error in the instrumental angular response, a
representative uncertainty can be obtained for measurements which have not been corrected
for the effect of angular response.
For each wavelength take the absolute value of the instrument angular response error
(i.e. neglect the sign of the error) and multiply this by the figure given in the relevant
wavelength column for each range of zenith angles (Le. every 5°). Sum the resulting column
of figures and divide by 10000. This figure should then be multiplied by 2/-../3 to get the 1(j
angular response uncertainty for the given wavelength. Note that this 1-sigma uncertainty
must be doubled in order to obtain the 2-sigma value to be entered in the Uncertainty
Estimate Form. For a discussion of the uncertainty estimate in the case of measurements
which have already been corrected for the effect of angular response, see the section 6 on
Combining Uncertainties.
The angular response errors of the instrument should have the sign removed before
calculating the measurement uncertainty to avoid fortuitous cancellation of errors from
positive and negative deviations from the true cosine response at different angles of incident
radiation. Table S13 is an average over many conditions. At anyone time (measurement) on a
sunny day there is likely to be a concentration of radiation from one particular zenith angle
and the real uncertainty would be dominated by the instrument angular response error at that
angle. This is true even for daily integrations of irradiance as the sun spends a long time near
the noon elevation on anyone day.
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Table S13 The probability distribution to be used for calculating angular response
uncertainties.
Zenith Angle
Range
0.0 to 2.5
2.5 to 7.5
7.5 to 12.5
12.5 to 17.5
17.5 to 22.5
22.5 to 27.5
27.5 to 32.5
32.5 to 37.5
37.5 to 42.5
42.5 to 47.5
47.5 to 52.5
52.5 to 57.5
57.5 to 62.5
62.5 to 67.5
67.5 to 72.5
72.5 to 77.5
·-77~5to-82.5----

82.5 to 87.5
87.5 to 90.0

300nm

310nm

350nm

18
16
14
161
140
119
348
293
250
543
450
384
731
606
518
894
751
647
1021
878
768
1098
977
874
1119
1046
966
1021
1045
1011
804
941
978
628
805
899
496
655
788
396
511
650
306
379
498
218
264
342
- -----133--- ---163--- ····200
59
72
85
6
8
9

A correction may be made for the effect of imperfect angular response on measured
irradiance if the complete angular response of the instrument and the radiance distribution of
the sky at the time of measurement are known. The latter is frequently difficult to define and
cosine corrections are often based on an assumption of isotropic diffuse radiation, or diffuse
radiance distributions for a clear sky. If data is cosine corrected before being submitted to the
database then the systematic part of the cosine error is taken as zero in combining
uncertainties (see section 6). The random part of the uncertainty calculated above should still
be entered on the Uncertainty Estimate Form to account for deviations of true conditions from
those assumed in the correction algorithm, and any uncertainties inherent in the algorithm
itself. The complete angular response of the instrument is required for this calculation (see
section 3, Site Description). Further information about treatment of the angular response can
be found in the Instrument Document.

S14.

Stability

This should be calculated as the root mean square (rms) uncertainty in the data due to
all the calibration checks/changes over a significant period of time, typically the preceding
year, or since any major change in the measuring regime (e.g., new instrument, temperature
control). Each time the calibration is checked or changed, the data gathered between the two
calibration times has an uncertainty which depends on the difference between the two
calibrations, and it is these uncertainties which should be used for this calculation. The
uncertainty is likely to be wavelength dependent and should be calculated separately for the
three designated wavelengths.
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It is strongly recommended that all calibration check files, and the calibration files
themselves are submitted with the data (see section 3, Site Description).

S15.

Repeatahility

The repeatability of an instrument is a measure of its ability to reproduce a
measurement of a stable source over a short time period, for example, 5 scans of a standard
lamp during a calibration. The 2a uncertainty from a series of such scans can be calculated at
different wavelengths.

S16.

Levelling

The required UV measurement is of global irradiance which describes the radiation
falling on a horizontal surface. Thus it is important that the receiving surface of the input
optics be correctly levelled, and that the light path from the receiving surface through the
instrument is the same as that during laboratory calibrations and characterisations,
particularly the angular response. This requires some reference point to which the receiving
surface can be aligned in all situations.
The reference and levelling method should be described and the uncertainty in
levelling estimated, together with the resulting irradiance uncertainty - this may change with
wavelength ·and sky conditions; .Large .deviationsfromthe~horiz0ntalshouldbe visible in-the
data, showing a systematic diurnal bias, and should be physically corrected.

S17.

Offset drifts

Most instruments have an offset signal, a zero or dark current. This offset can be
accounted for in numerous ways in the processing of the raw signal to give an irradiance. For
example, it may be included as an intrinsic part of the calibration, or it may be measured
before each scan and subtracted from the measured signals during the following scan. Both
these methods imply that the offset is stable over a long, or short, period. If the offset drifts or
fluctuates from its pre-determined level then it can result in an error in the processed
irradiance data. The magnitude of the uncertainty will depend upon the size of the offset drift
relative to the raw signal measured, and thus is a function of both wavelength and zenith
angle. The offset drift or fluctuation can be assessed by measuring the dark signal over a
period of time (e.g., the length of a scan). The offset may vary with temperature, for those
instruments which are not temperature stabilised.
The offset uncertainty should be calculated as the 2a uncertainty in the measured
irradiance at a given wavelength for the expected fluctuation in offset over the period for
which it is assumed stable. The reference spectrum used for the calculation should be a
spectrum measured at a zenith angle of 70° with a clear sky.

S18.

Timing uncertainty

The timing uncertainty is the difference expected between a measurement made at a
true nominated time (e.g., 0900 UTC) and a measurement made at another time (e.g., 0859 or
0901 UTC) but attributed to the true time (0900 UTC). This problem can arise in monitoring
because of the notoriously bad timekeeping of computer clocks, which are often used to
control the measurement times. Computer clocks routinely drift by several seconds or more
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per day, so that after a week uncorrected measurements may easily be made a minute or more
from their intended time. The uncertainty caused by this timing discrepancy depends on the
time of day - it is worst near sunrise and sunset when the zenith angle is changing rapidly,
and (for monitoring purposes) is of little consequence close to noon.
The problem can be solved by connecting a radio-frequency or Global Positioning
System (GPS) clock to the computer to update the time regularly. In the absence of such a
solution, the maximum time deviation expected of the computer clock (dependent on period
between resets) must be established, and the uncertainty in the zenith angle, and hence the
data, calculated from table S18 which will provide a representative uncertainty.
The table shows the percentage uncertainty in irradiance for a timing uncertainty of I
minute. The calculation has been made for a mid latitude summer atmosphere with 350 DU
ozone and at a zenith angle of 70°. Values of C have been calculated for the equinoxes at a
latitude of 45°.
To calculate the 2-sigma representative uncertainty at each wavelength, multiply the
2-sigma timing uncertainty in minutes, disregarding the sign by the appropriate value of C
from the table below.

Table S18 Constants for calculating the uncertainty due to errors in timing.
Wavelength (mu)
300
310
350

S19.

C
3.2
2.5
1.1

Polarisation, signal/noise ratio and digitization errors

Polarisation is a further potential source of uncertainty in a measurement. However,
the effects are difficult to measure and/or to translate into a measurement uncertainty. Signal:
noise ratio and digitization errors become important at low signal levels and are implicit in
determining other uncertainties. If an operator has knowledge about any of these
characteristics or their effects on the measurement, then the information and method of
determining it should be described. However, no uncertainty should be entered in the
Uncertainty Estimate Form. These issues will be addressed in more detail at a later date.

5.2

Broadband Uncertainty Estimate Notes

All uncertainties should be given as percentage uncertainties at the 2-sigma level
(i.e. 2 standard deviations). It is the responsibility of the operator to ensure that any 1sigma uncertainties are doubled before entering on the Uncertainty Estimate Forms.
Note that I-sigma uncertainties are correctly called standard uncertainties (ISO 1995).

Bl.

Standard spectrometer

The recommended method of calibrating a broadband meter is against another
instrument, using the sun as source and comparing the two instruments over a wide range of
zenith angles and sky conditions. The absolute standard of irradiance for a broadband
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community must at some stage have been transferred from a reference standard lamp, by way
of a spectroradiometer, to a broadband radiometer in the manner stated above.
The first uncertainty on the broadband uncertainty form is therefore the total
uncertainty of the spectroradiometer used to transfer the irradiance standard to the broadband
community. The uncertainty should be taken from the spectral error form of the
spectroradiometer involved, and the traceability of that spectroradiometer back to a NSLR
should also be extracted and reproduced as additional information with the broadband
uncertainty form.
If the broadband radiometer absolute reference of irradiance is achieved in some way
other than that stated above then a full explanation of the method and associated errors must
be provided.

B2.

Transfer

The process of transfer of the standard from spectroradiometer to broadband
radiometer also introduces an error. In making this transfer it is recommended that the
spectral data are weighted with the CIE erythemal action spectrum (for meters which aim to
represent this action spectrum) and not the actual spectral response of the instrument. The
majority of uncertainty due to spectral mismatch is then accounted for in the calibration if it
is properly performed overarange·ofstable Gonditions.··-A graph of calibration coefficient for the broadband meter vs. zenith angle, plotted for
a range of conditions, is likely to show scatter about a central value of the calibration
coefficient. The calibration coefficient may also change with zenith angle, particularly at
large zenith angles, due to any spectral mismatch between the two instruments and any
differences in their angular responses. This change is usually ignored and a single average
calibration coefficient employed for the broadband meter.
The transfer error (whether spectroradiometer to broadband or broadband to
broadband) is defmed here as the rms uncertainty of scatter of all measurements made during
the calibration at zenith angles smaller than 55° (z < 55°). This is not the standard error of the
mean. A transfer uncertainty calculated in this way should be given for every transfer stage
between spectroradiometer and working broadband radiometer, and at each stage the
instruments' makes and serial numbers should be stated.
A recent, alternative approach to calibrating a broadband meter against a
spectroradiometer is to use the actual response spectrum of the broadband meter to weight the
spectroradiometer data. This reduces the deviation of the calibration coefficient from its
nominal single value, especially at large zenith angles, and for substantial changes in column
ozone. However, the meter is not then calibrated for erythemally effective DV. A radiative
transfer model can be used to correct the broadband measurement to represent erythemally
effective radiation if the zenith angle and column ozone are known at the time of each
measurement. This approach can improve broadband data, but requires knowledge of the
local ozone at all times (satellite ozone data is now available in near real-time), and the
capability to undertake the processing of all data after meter-weighted measurements have
been made. The "transfer uncertainty" in a calibration and operation of this type has two
sources: the calibration transfer, defined as above and expected to be small, plus an
uncertainty arising from the correction procedure to erythemally effective radiation. The latter
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will depend upon the radiative transfer model used for the correction, how it is applied and
any uncertainty in the input data to the model. The uncertainty is expected to be small as the
model is used only as a transfer between similar weighting functions and absolute irradiance
values are not required, but it should be thoroughly investigated.

B3.

Levelling

Levelling is a source of uncertainty in broadband instruments for the same reasons as
in spectroradiometers (see SI6). However, as a broadband meter is generally calibrated in the
same position as for its subsequent measurements its levelling should be checked during the
calibration, and if the instrument is not then moved no further error should be incurred.
Many broadband meters incorporate a circular spirit level on a reference base plate. It
has to be assumed that this reference level and the surface receiving the irradiation are
parallel. If the radiometer is rotated about its vertical axis over a short period of time (when
the sun can be assumed in one place, constant), keeping the instrument level according to the
spirit level, this assumption can be tested. No change in signal output during the rotation
implies that alignment within the instrument is correct and levelling can be performed
according to the external reference spirit level. Any change in output during rotation
represents either an azimuthal angular error (see B7, angular response) or is the levelling error
due to using an external reference and not the actual receiving surface to level the radiometer.
-A-similar-test-of-the-paraHel-nature-of-the-reference-levelling-surface-and-receiving-surfacecan also be made in the laboratory.

B4.

Spectral responsivity

Some of the uncertainty due to spectral mismatch is included in the radiometer
calibration if performed in the manner recommended above. The additional uncertainty to be
indicated here is the uncertainty of measurements made in spectral conditions different to
those encountered during calibration(s). It is not possible to represent every site and every
condition that might be experienced in defining this uncertainty. Therefore a standard means
of calculating this uncertainty is given, which allows direct comparison of different
radiometers.
The representative uncertainty calculation is based on daily dose, a quantity often
derived from broadband radiometers. The reference location is a latitude of 45°. A radiative
transfer model has been used to calculate the solar spectrum throughout two contrasting days
for clear skies (no aerosol), and zero albedo. The two days are the summer solstice with 300
DU ozone and the winter solstice with 400 DU ozone. The daily integrated spectral
irradiance, DA, has been calculated every 0.2 nm from 286 to 400 nm for these two cases and
put into a series of wavelength bins (which vary in width with wavelength, see table B4),
centred on the wavelengths in the table and weighted by the erythemal action spectrum:
D(A)~A =

A-Ml2

The daily erythemal doses are then

f A+IJ.1J2 D(A)E(A)dA'

I E(A)

DOSE sum = 583.8 erythemal dose units
DOSEwin = 31.44 erythemal dose units
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Values of I1 and 12 are tabulated such that:
I1(A) =
I2(A) =

* 1000/ DOSEwin
Dswn(A)~A * 1000/ DOSEsum

DWjn(A)~A

and the sum of the products I(Aj)*E(Aj) for AJrom 290 to 400 nm is equal to 1000.
To calculate the representative uncertainty due to spectral mismatch, multiply the
relative spectral response of the radiometer at each tabulated wavelength by the
corresponding value of 11, and sum over all wavelengths. Repeat for 12.
Divide the larger sum by the smaller sum. This gives the ratio of extreme cases of
spectral mismatch.
The range of percentage uncertainties is: (Ratio - 1) * 100 = U.
If the instrument is calibrated in summer or winter then the standard uncertainty (i.e.
la) is U/--J3. However, if it was calibrated near an equinox, then the summer and winter
deviations are not so large, and the la uncertainty is U/2--J3.
·············-Select·the·appropriate-·factor--according.tQ·-the season-'When.the-instrument~was-last.
calibrated, interpolating if necessary. The standard uncertainty should be multiplied by 2
before entering on the Broadband Uncertainty Estimate Form.
The full spectral responsivity of the radiometer should be supplied, and it must be
stated whether this was measured for the instrument concerned (and how), or whether it is the
"typical" response for the make of radiometer.
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Table B4 Values ofIl and 12 for the calculation of the spectral mismatch uncertainty.
Wavelength
(run)
290
295
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
- 315
316
317
318
319
320
321
322
325
330
335
340
345
350
355
360
365
370
375
380
385
390
395
400
405
410
425
450
475
500

I1

12

5.107e-08
3.77ge-05
7.252e-05
1.774e-04
4.146e-04
1.138e-03
2.038e-03
7.642e-03
1.188e-02
3.004e-02
3.860e-02
8.834e-02
1.393e-01
1.692e-01
2.833e-01
5.396e-01
6.735e-01
9.076e-01
1.125
_1.631
1.370
2.521
2.171
3.209
3.420
3.980
4.116
29.29
43.45
45.17
51.99
51.50
54.89
60.38
55.94
72.28
74.84
68.18
79.45
62.91
83.91
63.81
61.95
123.0
130.3
671.5
832.5
874.5
866.5

7.020e-05
8.74ge-03
9.64ge-03
1.665e-02
2.686e-02
4.717e-02
6. 140e-02
1.404e-01
1.688e-01
2.535e-01
2.627e-01
3.91Oe-01
4.744e-01
4.727e-01
5.580e-01
9.275e-01
9.061e-01
1.008
1.142
.. __ 1.328
1.065
1.678
1.416
1.706
1.922
1.833
1.995
11.89
15.65
15.12
16.81
16.38
17.24
18.75
17.19
22.04
22.65
20.47
23.71
18.61
24.64
18.61
17.95
35.22
37.05
187.5
226.6
234.4
231.3

Erythemal
weight
1000
1000
1000
805.4
648.6
522.4
420.7
338.8
272.9
219.8
177.0
142.6
114.8
92.47
74.47
59.98
48.31
38.91
31.33
25.24
20.32
16.37
13.18
10.62
8.551
6.887
5.546
2.897
1.365
1.148
0.9661
0.8128
0.6839
0.5754
0.4842
0.4074
0.3428
0.2884
0.2427
0.2042
0.1718
0.1445
0.1216
0.0
0.0
0.0
0.0
0.0
0.0
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B5.

Temperature dependence

As for spectral instruments (see 811). Many of the latest models of broadband meter
now include temperature stabilisation, but the tolerance of this stabilisation, and its extent (all
components, or only some) should be established before temperature uncertainties are
dismissed. Older instruments were generally not temperature stabilised.

B6.

Non-linearity

A broadband radiometer is required to measure over approximately 3 decades of
significant DV doses (e.g., 0.05 to 10 MED per hour), and the response of the instrument
should be linear over this range if there is no change in the relative spectral irradiance of the
source. This may be tested, for example, by using a series of neutral density filters to reduce
the solar irradiance during a stable period such as noontime on a clear day. However, the
filters have to be truly neutral, particularly in the UVB, or their spectral transmission and the
response spectrum of the instrument must be well known, and the solar spectrum measured at
the same time. Analysis is then very complex. Linearity is better determined in the laboratory,
where distance may be used to change incident intensity (see 812). The method of assessing
this uncertainty should be described, and the certification of any filters used should be stated.

B7.

Angular Response

As for spectral instruments (see 813), using the probability distribution for 310 nm as
behaviour at a wavelength of 310 nm is a reasonable approximation to the integrated
erythemal waveband.

B8.

Stability
As for spectral instruments (see 814).

B9.

Repeatability
As for spectral instruments (see 815).

BIO.

Offset

The offset is the dark signal, that is the current or voltage or counts from the
instrument when it is not subject to any irradiance. This value usually fluctuates and can be a
function of temperature. A mean value of offset is usually taken into account during
processing of the raw signal. The absolute value of this offset should be stated, but no
uncertainty is associated with it in the Uncertainty Estimate Form.

BIl.

Offset drift

The typical fluctuation of the offset about its mean value (B 10) should also be given
as an absolute number, for the full range of measuring (environmental) conditions usually
experienced. This could be done by monitoring at night (providing the dark signal is not
subject to hysteresis), when all signals should be the dark signal (offset). These fluctuations
will generate an uncertainty in the measured values (see 817) which can be very large (as a
percentage) near sunrise and sunset, but is generally small for midday measurements. The
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fluctuation in offset, over the period for which it is assumed constant, should be calculated as
a percentage uncertainty for the magnitude of signal measured at a zenith angle of 70° under
clear sky conditions.

BIZ

S~naVno~eratio

As for spectral measurements. See S19.

6.

COMBINING UNCERTAINTIES ON THE UNCERTAINTY FORMS

Combining uncertainties is a complex task, where both the method, and a barely
stated result, can be open to many interpretations. Nonetheless, a data user will always need
some guide to the uncertainty associated with the measurements available for analysis. The
method for combining uncertainties given below is not a full statistical treatment, but is based
on the same philosophy as the calculation of representative uncertainties: it is simple,
objective and standardised, so no operator is unduly favoured or penalised by the calculation.
The resulting total uncertainty is unlikely to match exactly a careful uncertainty treatment for
a single measurement, but it is representative of the sort of uncertainty which will be
associated with a particular instrument and site. Both the operators and the data users know
how the final figure was reached, and with this understanding uncertainties from different
. ·instruments-are-comparable.·· Should a more rigorous or measurement-specific·uncertaintybe
required then the Uncertainty Estimate Forms and Instrument Specifications are available, for
use in consultation with the operator.
The sources of uncertainty in a measurement fall into two categories, systematic
errors (always of the same sign and magnitude) and random errors (of unpredictable sign,
and, within limits, magnitude). A systematic error is the mean that would result from an
infinite number of measurements of the same measurand carried out under repeatability
conditions minus a true value of the measurand. A random error is the result of a
measurement minus the mean that would result from an infinite number of measurements of
the same measurand carried out under repeatability conditions. For example, in several
successive measurements of a standard lamp (assumed to be an absolute standard) an
instrument may record consistently higher irradiances than the lamp certificate, but the
discrepancy between measurement and certificate may vary from scan to scan. Thus there is a
systematic error e.g., +3% which is the average deviation from the lamp certificate values,
and also a random uncertainty of maybe +/-1 % which represents the difference of an actual
scan from the average.
The combination of uncertainties arising from random effects is straightforward, and
is the square root ofthe sum of the squares (rss) ofthe individual uncertainties.
This then has to be combined with a treatment of systematic effects, which is more
complex.
In general, a correction should already have been made to compensate for every
recognized significant systematic effect, leaving only the uncertainty in the correction, which
arises from a random effect and can therefore easily be combined with the other uncertainties
by the root-sum-square method. (ISO 1995; Taylor and Kuyatt 1994)
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Where no correction has been made for a known systematic effect we follow the same
general principles as for random effects, by calculating a standard uncertainty to represent the
combined effect of the uncorrected systematic error and the associated random error. In the
absence of contrary information it will generally be assumed that the probability distribution
of the combined error is rectangular, and the standard uncertainty will be estimated
accordingly. This uncertainty should then be combined with the others by the root-sumsquare method.

6.1

Systematic Effects

Spectral measurements
Spectral measurements suffer from at least three systematic effects, arising from stray
light in the laboratory during calibration, imperfect angular response, and stray light in the
instrument. Each of these effects can be expected to give rise to systematic errors.
Calibration discrepancies and drift can also produce systematic errors if not properly
corrected. In addition there is the effect of the slit function, but that will not be included in
the uncertainty estimate at this time. If no correction has been made for these systematic
effects, the components of uncertainty should be estimated as follows.

Stray light
For stray light in the laboratory, estimate the maximum percentage error. Divide by
the square root of 3. This gives the standard (l-sigma) uncertainty, which should be
multiplied by 2 before entering the Spectral Uncertainty Estimate Form. It is assumed here
that the probability distribution of the error is a rectangle, that is to say that values from zero
up to the maximum are equally likely. If the operator has information which leads to a better
choice of distribution, the uncertainty should be evaluated accordingly.
For stray light in the instrument, use the same procedure as above.

Angular response
Angular response: calculate the representative percentage uncertainty, using Table
S13. This value lies in the middle of the assumed rectangular probability distribution.
Multiply by 2 and divide by the square root of 3 to obtain the standard (l-sigma) uncertainty,
which should again be multiplied by 2 before entering the Spectral Uncertainty Estimate
Form.
If a general correction is routinely applied to the data to take account of the average
error due to one of these effects, then the corresponding uncertainty can be entered in the
Form as half of the value calculated above, for a rectangular distribution. For other
distributions, the operator must calculate the appropriate uncertainty. If, however, the
measurements are individually corrected to compensate for the effect of stray light or
imperfect angular response, the operator must estimate the remaining uncertainty arising from
incomplete knowledge of the required value of the correction, that is the uncertainty of the
applied correction.
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Calibration transfer
If, as in the example given earlier, an instrument records consistently higher
irradiances than the certificate of the lamp which provides its absolute calibration, a
correction must of course be made to compensate for this systematic effect, for example by
revising the instrument calibration. If such corrections are not made, then the root-meansquare value of such discrepancies should be multiplied by 2 and entered on the Form, rather
than an uncertainty based only on their variations,

Stability
It is generally assumed that the results of the measurements are obtained from the best
available instrument calibration, but if the instrument typically drifts by a percentage p from
one calibration to the next, and no correction is made to the measurements in the intervening
period, then the standard uncertainty is p divided by the square root of 3, based on a
rectangular distribution from zero to p. This should be multiplied by 2 before entering on the
Uncertainty Form. If, however, the data are corrected by p/2 to take account of the average
change, then the uncertainty is halved.

Broadband measurements
Broadbandmeasurements .suffer-from-two· systematic--effects· arising-from the-·cosine
response and the spectral mismatch. These effects are characteristic of the instrument and
vary with the conditions of measurement. The distribution of the errors arising from these
effects depends on the procedure in the calibration against a spectroradiometer or other
broadband instrument. If the calibration is performed in average conditions, that is when the
error from one of these effects is likely to be near its mean value, then the systematic
component of the error for that effect is already taken into account in the calibration, leaving
only the variation in the effect as a cause of uncertainty. If, on the other hand, the calibration
is performed at one extreme, that is when the error is likely to be near the end of its expected
range, then the systematic component also contributes to the uncertainty. The uncertainty in
the extreme case is twice that of the average case, for each of the effects, assuming a
rectangular probability distribution. For the cosine response (B7), calculate the representative
uncertainty from the 310 nm column in table S13, and divide by the square root of 3.
Multiply by 2 for the extreme case: for a typical diffuser this might be appropriate for a
calibration at noon in summer, as the solar zenith angle would then be at its lowest. This
gives the standard (l-sigma) uncertainty: multiply by 2 before entering on the Broadband
Uncertainty Estimate Form. For spectral mismatch, follow the instructions in B4, where
summer and winter are the extreme cases.
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