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Abstract 
Dedicated meteorological methods are designed for the energy sector, including specific 
measurement techniques. A pressing issue is evaluating their performances. Remote sensing 
techniques are intensively used for wind profiling applications, while measurement techniques for 
the solar energy sector are often in situ. 
Various geometries are used for solar energy devices such as solar concentrators or photovoltaic 
panels with various orientations and forms. Measuring the overall solar energy flux over a horizontal 
surface (global horizontal irradiance) is not sufficient for assessing the solar energy input onto the 
collection device. But separately measuring the solar direct and diffuse radiation components allows 
reconstructing the radiance distribution with limited assumptions on the distribution of the diffuse 
radiance. 
For this, instruments of interest allow inferring the diffuse and direct component of solar radiation 
separately, and operate in a robust and cost effective way without requiring sun trackers and 
maintenance-intensive sensors; they are usually deployed in the field for continuous operation with 
limited maintenance. The necessity of evaluating their performance was emphasized within COST 
WIRE. The Payerne Baseline Surface Radiation Network (BSRN) station has been proposed to act 
as WMO/CIMO test bed for such a performance evaluation, which started in June 2012. This 
contribution describes how this evaluation will be conducted. 
The primary goal is comparing target instruments to high accuracy radiation sensors (references) 
from the Payerne BSRN site. The reference instruments are directly traceable to the World 
Radiometric Reference. This instrument performance assessment represents a first step towards 
establishing Standard Operating Procedure. 
This activity includes an intensive operation period followed by a long-term evaluation period with a 
subset of the tested instruments. The evaluation focuses on direct normal irradiance, but also 
includes diffuse and global irradiance. The evaluation considers dependencies on solar zenith angle 
and other pertinent explanatory parameters. 
 

Introduction 
Dedicated meteorological products are de-

signed for the energy sector, including specific 
measurement techniques, and the need for a 
corresponding “regulatory” framework is 
emerging (e.g., standard operating procedures, 
certification, traceability, etc.). For meteorology, 
a general framework for observation techniques 
is defined by the Commission for Instruments 
and Methods of Observations (CIMO) in its 
Guide for Meteorological Measurements (CIMO 
Guide) [1]. This document defines accuracy 
requirements for different type of measurements, 
standard operating procedures and certification 
guidelines for sensors and measurement sys-
tems. 

Proper characterization of measurement 
techniques tuned to the energy sector requires 
several steps, the first one being the definition of 
the parameter of interest. The Guide to the ex-
pression of uncertainty in measurements [2] 
describes this as specification of the measurand. 
For example, different geometries are used for 
the solar energy collection devices such as solar 
concentrators, photovoltaic panels with various 
orientations or solar thermic panels. Thus, the 
information about the overall solar energy flux 

over an horizontal surface (global irradiance – 
more commonly used in meteorology) is not 
sufficient for assessing the solar energy input 
onto the collection device. Determining sepa-
rately the solar direct and diffuse radiation 
components is more adequate since one can 
reconstruct the radiance distribution with this 
information and limited assumptions on the dis-
tribution of the diffuse radiance. Definition of the 
parameter of interest should be complete, in-
cluding for instance geometrical or spectral 
specifications (e.g., collimation, spectral range 
etc.). 

Once the parameters of interest are identified, 
the observational requirements of the energy 
sector should be clarified. This includes meas-
urement frequency, required accuracy, minimum 
level of data availability, and eventually other 
characteristics specific of the domain of interest. 
Such observational requirements must be de-
fined considering the purpose that the meas-
urement should serve in applications for the 
energy sector. This allows combining end-user 
requirements and uncertainties of the inference 
process for defining the measurement require-
ments. They may of course be different for 
every application, but general requirements can 
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often be defined for groups of applications. 
Procedures are then defined for evaluating 

instrument performance and standard operating 
procedures are elaborated for reaching the 
specified requirements. This eventually leads to 
defining standards (e.g., ISO standards). In 
meteorology, such tasks are devoted to bodies 
within the World Meteorological Organization 
(WMO), typically the CIMO. In general these are 
carried out jointly with other international bodies 
such as the Bureau international des poids et 
mesures (BIPM). In the case of meteorological 
measurement for the energy sector, it is judi-
cious to also involve the International Energy 
Agency (IEA). 

COST ES1002 WIRE is a European action 
aimed at enhancing meteorological forecasting 
for renewable energy production. Switzerland 
plays a leading role in COST WIRE, Mete-
oSwiss being one of the Swiss partners in the 
collaboration. Within COST WIRE, it was rec-
ognized that instruments allowing inferring the 
diffuse and direct component of solar radiation 
separately, and operating in a robust and cost 
effective way without requiring sun trackers are 
increasingly used in the solar energy sector. The 
necessity of evaluating their performance was 
emphasized. Following a specific request from 
COST WIRE, MeteoSwiss took the responsibil-
ity of conducting an inter-comparison of radi-
ometers measuring Direct Normal solar Irradi-
ance (DNI) as contribution to the collaboration. 
The goal of this project is comparing target in-
struments to high accuracy radiation monitoring 
instruments (references) from the Baseline 
Surface Radiation Network (BSRN) Payerne 
site. The BSRN reference instruments are di-
rectly traceable to the World Radiometric Ref-
erence [3] established by the World Radiation 
Center at Davos, Switzerland. This performance 
evaluation will allow verifying that they fulfill the 
requisites of the solar energy sector. This in-
strument performances assessment represents 
a first step towards establishing Standard Op-
erating Procedure (SOP) for their use. These 
subsequent tasks (SOP, certification definition, 
etc.) should be carried out in collaboration with 
relevant official certification committee, instru-
ment users in the solar energy sector and the 
IEA. 

Target instruments 
Besides allowing the inference of the diffuse 

and direct component of solar (shortwave) radi-
ation separately, instruments of interest for the 
solar energy sector should operate in a robust 
and cost effective way without the use of sun 
trackers and maintenance-intensive sensors: 
They are usually deployed in the field for con-
tinuous operation with limited maintenance. Two 

kinds of such instruments are on the market. 
The first type uses a rotating shadow-band that 
alternately shades and then exposes the en-
trance aperture of the instrument (see Fig. 1, 
left). Such measurement cycles allow estimating 
the global solar irradiance and the diffuse irra-
diance component with proper algorithms. The 
direct-normal component is then inferred from 
the difference of the two measurements. 

 
The other type of instrument uses an elabo-

rate computer-generated shading pattern and 
an array of thermopile sensors (see Fig. 1, right). 
These instruments are designed so that for al-
most any position of the sun in the sky, some 
sensors are exposed to the direct sun and some 
are in the shade. This also allows inferring the 
global solar irradiance and its diffuse compo-
nent, and subsequently the direct normal irra-
diance. 

Different combinations of sensors, correction 
algorithms and calibrations are used. The com-
plete combination should be considered as the 
“instrument”. Thus there are potentially more 
“instruments” than the number of available 
hardware models. 

Deliverables 
Preliminary enquiries indicate that, beside 

the ability of distinguishing the direct and diffuse 
component of solar irradiance, target instru-
ments are expected to allow at least a 10 to 15 
min time resolution, to exhibit a root mean 
square error RMSE ≤ 5% (at 10min resolution), 
and to ensure a data availability > 90%. In addi-
tion, a measurement frequency on the order of 1 
min-1 (with a sampling frequency of 1 Hz and 
statistics such as mean, standard deviation, 
minimum and maximum during the integration 
period) allows obtaining useful information on 
ramps. 

In order to conduct an evaluation that allows 
determining whether requirements such as 
those listed above are reached, the in-
ter-comparison described here is conducted in 

 
Fig. 1: Instruments allowing the inference of the diffuse 

and direct component of solar radiation sepa-
rately; left: rotating shadow-band instrument 
(photo courtesy N. Geuder), right: instrument with 
shading pattern. 
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the following way: Sets of instruments from dif-
ferent manufacturers are compared to the 
BSRN reference measurements during an in-
tensive operation period (IOP). This is followed 
by a long-term performance evaluation period (1 
year) with a subset of instruments tested. After 
the IOP, a preliminary analysis is conducted 
within a few months and submitted to recog-
nized experts for review and eventually proce-
dural modifications following expert advice. For 
each type of instrument tested, a datasheet 
summarizing the performances of the instru-
ment will be issued. Analysis will be enhanced 
by meteorological data recorded at Payerne 
aerological station. 

The instrument performance are evaluated 
with respect to the reference for: a) direct nor-
mal irradiance, b) diffuse irradiance and c) 
global irradiance. The performance evaluation 
will estimate bias and RMSE for assessing the 
effective error between the instrument and ref-
erence measurements. Effective error is here 
meant as an estimate of the difference between 
the measurements from the target instruments 
and a reference derived from the measurements 
by the BSRN instruments. 

The reference derived from the BSRN in-
struments includes measurement of the same 
parameter by several methods (redundant in-

struments as well as different combination of 
instruments), correction of known errors in 
BSRN measurements and evaluation of the 
uncertainty of the BSRN corrected measure-
ments and the reference derived from it. 

The error estimates (typically bias and 
RMSE) are themselves subject to an uncertainty 
that will need to be analyzed and evaluated. In 
addition their dependencies to different factors 
will also be investigated. In particular this in-
cludes the RMSE dependence on time step (the 
reference shortest time step is 1min, but longer 
integration time will also be investigated). Simi-
larly, the dependence of bias and RMSE on so-
lar zenith angle will be studied for evaluating the 
quality of the correspondence between the di-
urnal cycles as measured by the tested instru-
ments and the references. In addition, the da-
taset will be separated in data recorded during 
clear-sky, broken cloud coverage and overcast 
times. Algorithms for evaluating cloud cover with 
a sky camera [4] or long-wave radiation [5] are 
available at Payerne. In addition a clear-sky 
detection algorithm based on the shortwave 
global and diffuse signal [6] is also implemented 
at Payerne (see Fig 2). Other influence such as 
the seasonal cycle will also be studied. Meas-
urement frequency and data availability will also 
be part of the evaluation criteria. 

  

Fig. 2: Clear-sky detection algorithm applied on 4 consecutive days during the inter- comparison. Shortwave (SW) 
global and diffuse data are classified (clear-sky or not) and a clear-sky fit is performed when possible. 
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Payerne BSRN reference data 
Accuracy of reference measurements from 

the Payerne BSRN station is guaranteed by 
traceability of the instruments to standards and 
by observance of BSRN standard operating 
procedures [7]. In addition strict quality control 
checks and quality analysis allow detecting in-
strumental malfunctions and evaluating the 
probability of instrumental drift. 

The Payerne BSRN station (46.81° N, 6.94° 
E, 491m above sea level – a.s.l.) is located on 
the Swiss Plateau between the Jura Mountains 
and the Alps. A full array of broadband radiom-
eters monitors the solar shortwave (LW) and 
infrared longwave (LW) fluxes (cut-off around 
3500 nm). Both upward and downward fluxes 
are monitored. For SW irradiance, the direct and 
diffuse components are monitored separately in 
addition to the global irradiance. The direct and 
diffuse component measurements are carried 
out using computer controlled sun trackers and 
collimation or shading. Most measurements are 
performed using more than one instrument (re-
dundancy). During the inter-comparison, the SW 
irradiance measurements that are used to de-
fine the reference are carried out with two py-
ranometers Kipp and Zonen (K&Z) CM21 and 
one K&Z CMP22 for global irradiance, with one 
K&Z CM21 and one K&Z CMP22 for the diffuse 
irradiance and a K&Z CHP1 pyrheliometer and a 
PMO6 absolute cavity radiometer for direct irra-
diance (see Table 1). 

 
Instrument 

Calibration 
 Period Value 

Direct 

K&Z 
CHP1 

Nov-2011 
K&Z 

 7.88 µV/(Wm-2)±
 0.09 µV/(Wm-2) 

PMOD/WRC 
PMO6 

Sep/Oct-2011 
PMOD/WRC 

 135.39 (m2 
* Ω)-1 ±

 0.06 (m2 
* Ω)-1 

Diffuse 

K&Z 
CMP22 

Sep-2011 
PMOD/WRC 

 8.74 µV/(Wm-2)±
 0.06 µV/(Wm-2) 

K&Z 
CM21 

Sep-2011 
PMOD/WRC 

11.83 µV/(Wm-2)±
 0.16 µV/(Wm-2) 

Global 

K&Z 
CMP22 

2008 
K&Z 

 9.40 µV/(Wm-2)±
 0.10 µV/(Wm-2) 

K&Z 
CM21 

Nov-2010 
MeteoSwiss 

10.52 µV/(Wm-2)±
 0.12 µV/(Wm-2) 

K&Z 
CM21 

Nov-2010 
MeteoSwiss 

10.73 µV/(Wm-2)±
 0.12 µV/(Wm-2) 

Table 1: List of reference instrument used during the 
inter-comparison. 

The measurements are performed at a sam-
pling rate of 1 Hz, and one-minute mean values 
are recorded, as well as the sample minimum 
and maximum values, and the sample standard 
deviation. The pyranometers are ventilated and 
heated in order to minimize thermal offsets. 

The BSRN SW instruments feature calibra-
tion uncertainties of ~1% (Table 1). One excep-

tion is the PMO6 absolute open cavity radiom-
eter that feature a calibration uncertainty on the 
order of 0.05%. In addition, this instrument is 
extremely stable: A calibration of the same in-
strument carried out in 2001 (10 years before 
the calibration currently in use) gave a calibra-
tion value that is compatible with the current 
within this extremely tight uncertainty. 

The PMO6 radiometer is operated perma-
nently in parallel to the CHP1 pyrheliometer. 
However, the PMO6 features a slow time con-
stant and is operated with an open/close cycle 
of 120 sec (60 sec open and 60 sec closed), 
effectively making one measurement every two 
minutes. This instrument is thus not suited to 
monitoring the direct solar irradiance when rapid 
changes are induced by clouds. Therefore the 
CHP1 provides the main observation, but the 
PMO6 is used as reference to check the CHP1 
performance when the direct irradiance is slowly 
changing (no clouds in the direct beam path). 

PMO6 and CHP1 measurements are com-
pared for slowly changing direct irradiance. 
Such selection is achieved by requesting that 
the solar zenith angle: SZA < 86°, the CHP1 
direct irradiance: SWdir > 30 W/m2, and the rate 
of change: abs(∆SWdir / ∆t) < 10 (W/m2)/min if 
SZA < 78.5° or < 30 (W/m2)/min if 78.5 ≤ 
SZA < 86°. The condition on the rate of change 
is applied on the differences between two suc-
cessive 1 min measurements, but it is requested 
that the condition is satisfied on at least 15 
successive measurements (15 min). It results in 
about 15 days from the beginning of June to 
mid-August 2012 (IOP) with selected data 
(usually more than 100 data per day). The se-
lection criteria produces a dataset enriched in 
high irradiance values: the average of the direct 
normal irradiance on the whole selected dataset 
is ~785 W/m2 (min: 110 W/m2, max 962 W/m2). 
Fig. 3 shows the extent of the daily distributions 
of the differences between the PMO6 and the 
CHP1 (only for the days with selected data). 

 
These difference distributions are usually 

within ±1% of the average of the selected direct 

Fig. 3: Evolution of the median and percentiles of the 
daily distribution PMO6-CHP1 differences. 
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normal irradiances (~±8 W/m2), except on June 
16th when the 95th percentile reaches about 
9 W/m2. Similarly, Fig. 4 shows the evolution of 
the fit parameters of a linear regression fit of 
CHP1 vs. PMO6 measurements for the days 
with selected data. For each day the slope and 
zero intercept are given with confidence inter-
vals, as well as the coefficient of determination 
r 2 and the RMSE with respect to the fit. On 
some days, especially June 2nd, the confidence 
interval is relatively large. This is either due to 
some variability linked to hazier conditions (days 
with larger RMSE end of July and beginning of 
August) or days with a limited range of selected 
data (on June 2nd only data with high irradiance 
are selected). 

 
For most days the zero-intercept is compati-

ble with 0 W/m2 or within a few W/m2 from zero, 
which is remarkable because there are very few 
low irradiance data included in the fit, the mini-
mum on the whole selected dataset being 
110 W/m2. The slope is most of the time com-
patible with 1 or within ±0.5% from 1 (limits 
shown with the two red lines on Fig. 4). Only two 
days (June 16th and August 11th) are outside this 
±0.5% band (on June 2nd the slope has a large 
confidence interval that is compatible with 1). In 
both cases, the slope is below 1, which can be 
explained if the CHP1 window were not abso-
lutely clean (the PMO6 is windowless). 

This analysis is an example of the quality 
analysis, which is performed to ensure the qual-
ity of the BSRN data. In this case it shows that 
the CHP1 and PMO6 data remain compatible 
within extremely tight limits, which are actually 
tighter than the 1% K&Z estimate on the CHP1 
calibration uncertainty. In addition to the calibra-
tion uncertainty, other uncertainties must be 
taken into account such as uncertainties due to 
instrument cleanliness (even if the instruments 
are maintained almost daily), due to eventual 

thermal effects, uncertainties due to eventual 
instrumental drift, etc. 

This type of quality analysis will be applied to 
the direct, diffuse and global irradiance. For dif-
fuse and global irradiance, it is expected that the 
instrument leveling and cosine error will have to 
be considered as significant uncertainty sources 
in addition to the ones mentioned above, espe-
cially for the global irradiance. 

The uncertainty analysis will evaluate the 
different contributions to the uncertainties using 
the multiple redundancies available at Payerne 
(including the computation of global irradiance 
from the sum of direct and diffuse components), 
and try to relate these data to the PMO6 abso-
lute cavity radiometer, which is the most precise 
reference instrument available on-site. 

Comparison 
After the accuracy of the reference meas-

urements has been established, these can be 
used to evaluate the performance of the target 
instruments tested during the inter-comparison. 
There are 9 target instruments of 4 different 
types that are tested with respect to the BSRN 
references. The list of these instruments is given 
in Table 2. 

Instrument 
provider 

Instrument name Number of
instruments 

Delta-T Devices 
Ltd 

Sunshine 
Pyranometer (SPN1) 

3 

CSP Services 
GmbH 

Rotating Shadowband 
Irradiometer (RSI) 

2 

Solar Millennium 
AG (through 
CSP Services) 

Rotating Shadowband 
Pyranometer (RSP) 

2 

Irradiance Inc. Rotating Shadowband 
Radiometer (RSR2) 

2 

Table 2: List of target instruments participating to the 
inter-comparison 

The target instruments all provided meas-
urements of the global irradiance and its com-
ponents at one minute intervals. These can be 
compared to the reference BSRN measure-
ments. The data availability is in average great-
er than 95%. The analysis of the comparisons is 
currently on-going and preliminary results will be 
given during the conference. 
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