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Calibrationand Quality Assurancef
A SolarSpectroradiometers
A Broadband Filter Radiometers
Uncertainty

Summary
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Measuring solar (UV) irradiance

What do we want?
® Value of solar irradiance Wm-

Who guarantees tha#V is Watt andm is meter?

1) We need traceability to the
International System of Units (SI).

How confident canve be that this value is true ?

2) We also need an Uncertainty and confidence level

; o

METAS

Federal Office
of Metrology

Aalto University
School of Scienc
nnnnnnnnnnnnn

NIST

National Institute of
Standards and Technology
U.S. Department of Commerce

SR2 aSl adzaNBYSy 3
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Traceabllity from a metrologist point of view

2.41 metrological traceability

property of ameasurement resulivhereby the result can be related to a reference through a
documented unbroken chain aflibrations each contributing to theneasurement uncertainty

Standard (test equipment)

Aesponsible

International vocabulary of metrology (VIM),
http://www.bipm.org/utils/common/documents/jcgm/JCGM_200_2012.pdf

Tasks

Basis for the
caltbration or
measurement

| Decumentation
of the calibration
or measurement

Relerence
standard

Working standard
Faclory slandard

Test equipment

National
Metrology

Institute

Accredited
calibration
laboratories

In-house
calibration
laboratories

all sections of

a company

|

Tigure 2, Organisational structure for fracing test resulis within a company o national standards

from Traceability of measurement, ILA&2: 1994

To maintain and
disseminale the
national
standards

To safeguard
the
metrological
infrastruclure
of a country

Supervision of
test equipment
for in-house
purposes

Measurements
and tesls

as part of
quality
assurance

measures

Statutory duly
to represent S|
units and ensure
international
comparability
Calibration
cerlificate from
Nat. Metrology
Institute or
another
accredited
laboratory

Calibration
certificate from
National
Metrology
Institute or an
accredited
lahoratory

Factory
calibration
certiticate,
calibration mark

or the like

Calibration
certilicate for
reference
standard

Calibration
certificate lor
working
standard or
factory standard

Factory
calibration
cerlificale,
calibration mark
or the like for
test equipment

Test mark
ar the like
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Traceabllity from a metrologist point of view

2.41 metrological traceability

property of ameasurement resulivhereby the result can be related to a reference through a
documented unbroken chain aflibrations each contributing to theneasurement uncertainty

Standard (test equipment)

Aesponsible

International vocabulary of metrology (VIM),
http://www.bipm.org/utils/common/documents/jcgm/JCGM_200_2012.pdf

Tasks

Basis for the |
caltbration or
measurement

Documentation
of the calibration
or measurement

Relerence
standard

Working standard
Faclory slandard

Test equipment

|

National
Metrology

Institute

Accredited
calibration
laboratories

In-house
calibration
laboratories

all sections of
a company

Tigure 2, Organisational structure for fracing test resulis within a company o national standards

To maintain and
disseminale the
national
standards

To safeguard
the
metrological
infrastruclure
of a country

Supervision of
test equipment
for in-house
purposes

Measurements
and tesls

as part of
quality
assurance

measures

Statutory duly
to represent S|
units and ensure
international
comparability
Calibration
cerlificate from
Nat. Metrology
Institute or
another
accredited
laboratory

Calibration
certificate from
National
Metrology

Institute or an
accredited
lahoratory

Factory
calibration
certiticate,
calibration mark

or the like

Calibration
certilicate for
reference
standard

Calibration
certificate lor
working
standard or
factory standard

Factory
calibration
cerlificale,
calibration mark
or the like for
test equipment

Test mark
ar the like

from Traceability of measurement, ILA&2: 1994

Is this sufficient to be traceable??

Transfer Standard from NMI
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Traceability from a metrologist point of view

2.41 metrological traceability

property of ameasurement resulivhereby the result can be related to a reference through a
documented unbroken chain aflibrations each contributing to theneasurement uncertainty

What it actually means:

(1)

(2)

3)
(4)
()

(6)

an unbroken chain of comparisorgoing back to stated references acceptable to the parties, usually a
national or international standard

uncertainty of measurementthe uncertainty of measurement for each step in the traceability chain must
be calculated or estimated according to agreed methods and must be stated so that an overall uncertainty
for the whole chain may be calculated or estimated,;

documentation;each step in the chain must be performed according to documented and generally
acknowledged procedures; the results must be recorded,;

competencethe laboratories or bodies performing one or more steps in the chain must s a\)d“
evidence for their technical competence (e.g. by demonstrating that they are accredite €9

reference to Sl unitsthe chain of comparisons must, where possible, end at primary standards for the
realisationof the Sl units;

calibration intervals;calibrations must be repeated at appropriate intervals; the length of these intervals
will depend on a number of variables (e.g. uncertainty required, frequency of use, way of use, stability of
the equipment).

from Traceability of measurement, ILA2: 1994
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Traceability chain fospectral irradiance Wrimm-1

Cryogenic radiometer

—_— cw-laser sources

Sirap detector + aperture

<—| Spectrally tuneable source

Filter Radiometer

Blackbody + aperture

<—| Spectroradiometer

Secondary standards b’

<—| Spectroradiometer

Transfer standards

QASUME

Grobner & Sperfeld, Metrologia, 2006
Hilsen at al., Applied Optics 2016, in Press
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QASUME Iirradiance reference

Based on 7 transfer standards directly calibrated against the primary irradiance normal of

the Physikalisch-Technische Bundesanstalt (PTB),

PTB Wl
m@:

Primary standard PTB

in Germany.

Transfer standard Transfer standard Transfer standard ;
1000 W FEL lamp 1000 W FEL lamp 1000 W FEL lamp €
\Z
Y
WCC-UV/QASUME SN 250 W portable lamp
QASUME 250 W portable lamp
irradiance
reference 250 W portable lamp
\O
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meﬂﬁ b,

o 2000

Ratio to average

040506070809101112131415
Year

o'm A A A " A A
040506070809101112131415 040506070802101112131415 040506070802101112131415
Year

Ratio to average

0.99
040506070809101112131415 040506070803101112131415 040506070809101112131415
Year Yaar Yaar




Traceability chain FEPTB

| Cryogenic radiometer |
:
[emeersourss |——— | 7 oo

| Sitrap detector + aperturs |

< Spectrally tuneable source |

Fitter Radiometer

Detector-based ' Blackbody + aperture
Tunable lasers .

Transfer standards

|{Aim of the project)

Note: calibration iz stored

i
in monitoring sources QASUME [ QASUME

Tuneable Laser facility TULIP

S

QASUME / PTB

1.03

EI\/IRP

Validation of the QASUME irradiance reference at P'L D

QASUMB/alidationsat PTBsince2004

QASUME Irradiance ratios to PTB
T T T T T

I
: @ TuLP
i | ——F300

1—F301
i |——Fa04
t.]—F324 ||
F330
F364
F376
BB 2004
: BB 2013
N BB 2014

280 300 320 340 360 380 400 420 440 460 480 500

Wavelength /nm

1%
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Quality Assurance of spectral solar (lhWBasuremens
«out of the lab»

A spectroradiometelis calibratedin the laboratoryusingVERY differergaourcescomparedto the
solarirradiance

How can the quality of the solar measurements be verified?

There is only one Method:

Using a validated reference spectroradiometer and making coincident

solar measurements with the test instrument.
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European U\uality Assurancrogram
C Quality Assurement through intercomparisons (since 2002) w

and site visits of a designated reference instrumeéptgumE
g RBCG-EIX ...z o2& s

First focused on European stations and ...
... since 2013 worldwide:

N
o

——— Relative Diff. UVB —————
: -1 +14 9% (95% coverage)

67 site visits

35 sites

Over 140 spectroradiometer inpercomparisons
1.8 mil km (4.6 ATW)

1.2 mil km (3.0 ATW) EU

-
an

n

Number of Instruments
—
=)

QASUMEIl since 2015 87 o5 O% A A 2
Ratio Test Instrument to QASUME

Grobner et al., Appl. Opt. 2005 d
http://www.pmodwrc.ch/euvc/euvc.php?topic=gasume_audit Grobner et al., Metrologia, 2006 me WfC



RATIO AACIQASUME

Resultsg The ideal case

Global irradiance ratios AAO/QASUME at Aosta:23-Aug-2011(235) to 25-Aug-2011(237)

12

QL BS v e S

0.8

235

236

2 305 nm
L] 310 nm

320 nm
—@— 350 nm

450 nm
495 nm

® 400 nm||

0

TIME [UT

RATIO AAO/QASUME

» —_—
Spectra

Mean ratio SZA<90
Mean ratio SZA<50

5/95t" percentile |
Range of values

380 400 420
Wavelength [nm]

440

460 480 500

N

Iu”luu rvrwvw



And what we often
aSSX

15°

1.05

Cosineerror

Visibleby the symmetric diurnal change inthera |
of the instrument to thereference

Thiserror is caused by a naedeal input optic and %[
is a function of the solar zenith angle and th

wavelength 08F T
0.85 1 1 1 1 1 1 1
4(103) 6(83) 8(60) 10(36) 12(16) 14(24) 16(47) 18(71) 20(93)
TIME [UT](SZA)
Daily variation. Wavelength bands are + 2.5 nm
88° 45° 90°
14 T T T T T T
—=— 305 nm
——310 nm
Azimutherror - 4 | —
n n . ey - 7% ——400 nm
Causedy a misalignment of the fiber within the 7;22‘\0‘\:\ w o
input optic. | g = |
Theerror could be detected by turning the input | i
optic of the test instrumenby 180Afor a few
scans. 0o . . . . . .
4(104) 6(83) 8(63) 10(48) 12(45) 14(56) 16(75) 18(96)
TIME [UT](SZA)
Daily variation. Wavelength bands are + 2.5 nm
50° 27 54°
1.15 T T T T T T T
—=— 305 nm
—=—310.nm
11rF 7 320 nm
Temperaturedependenceeffect \ —— o
105 -
357 nm
Mostcommon for Brewer spectrophotometers. | \\\\ l
Acorrection algorithm can reduce this diurnal .| \ |
variability.
0.9 4
0.85 1 1 1 1 1 1
2(105) 4(89) 6(70) 8(50) 10(32) 12(28) 14(41)

TIME [UT](SZA)

1
16(61) 18(81) 20(99) E
r.l' I INJ A vviI C



Improvements due to repeated

QASUME site audits

1.2 r T r T

1.05

0.95

Ratio to QASUME

0.9

0.85

0.8

0.75

m First visit
== Second visit
Third visit

0.7
300 310 320 330 340
Wavelength

1) First site audit
2) Wavelength drive hardware problem corrected
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Outline

Whatis traceability?
Calibrationand Quality Assuranceof
A SolarSpectroradiometers
A Broadband Filter Radiometers
Uncertainty

Conclusion
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UV broadband filter radiometer

e

SCATTERED UY
FROM CLOUDS AND SKY

S
T

Ay

Vv,

Radiance distribution

UV GLASS

Radiometric equation:

ECIE = (U - Uoffset) @ Cfn (SZATQ’;) @OSCOI’

Hulsen & Grdbner et al., Appl. Opt. 2007

O OO
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Roof Platform of PMOD/WRC

-.n....‘.lﬁ“‘lﬁl‘."

)
s"‘!ﬂ& I3

“W“-'

Reference Spectroradiometer
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The optical laboratory of PMOD/WRC

Global Spectral
irradiance calibration 2

-
= >
5 e BN
A |
NP i
R A
8 )
5. B -

ATLAS Tuneable
Laser

Direct Spectral irradiance - —
calibration "

Spectral
responsivity

Spectral Response Setup Angular Response Setup
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(1) Broadband filter Radiometer calibration

_ ED where E is the spectral solar irradiance weighted with the
Ci - instrument spectral response:
offset

E, = [PRR.(/) Gped/ )d/

C - KZ560 (cosine corrected)
6 e
& 54 :
£
2 52 S .
S
= 5} . .
o
& 46 :
)
@
e -
W
(;—) 258 25!
|
0
TIME [UT] ON DAYS: [ )
Ceqn=0-2107+-0.0028 [(Wm2)/V]; G 04 % (no cosine correction )
T T
O Morning
; Do b [l 5 aternoon H
_ : : —— Coscor
< ; ; -
3
°
3 ; :
< ;
£ 7
5
Z :
2 Hee
€(251) C(252) C(2s58): G(259) ©(260)
f1o4% {21874 02123 [ A1H f il f i
60 0 30
SZA [deg] ON DAYS: [2 ]
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The Spectral Response Facllity

Test
Radio_meter

[llumination of the radiometer
WL=2501 1100 nm Relative spectral responsivity measurement
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ATLAS uneabldaserfacility

@ . x - &
Microlens

-
"Entrance,optic array -

Filterwheel

. 1
‘»n
.
‘ y Wavemeter

\ ’ y ~‘,

------

—————
......

RERPIT UL e o~

X4

The ATLAS project tuneable laser setup from EKSPLA
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Conversion Function f

Spectral Response functions The functionf converts from detector weighted solar irradiance to

Normalised
=

10°

—CIE erythemal weighted irradiance using radiative transfer calculatio

- Mean value K&Z/Scintec
Mean value YES
~——Mean value SL

5/95" percentile I E / Era SZAT : / d/
: Range (j{?’aiues .I: (SZATQ,) — rp ( ) d ( 03 )
FERF(/ )E,(SZATO,,/)d/

E.. = Set of solar spectra calculated with a radiative transfer mc
Remark Albedo Measurements spectrum

320 340
Wavelength [nr

EradDownweIIing(a) = const * EradUpweIIing(a)

Come

onversion Function | - Kipp & Zonen (BL16)

f Downwelling — f Upwelling

Ozone

fis normalised at SZA = 40 and; ¥C300)
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EYcienbis | EVeiE oasuME

ENYcie bbos / EVciE asuME

(2) If the Conversion Functidpis not used

%%a
L
N 4

g?g

%ST

Kipp&Zonen

12
TIME [UT] ON DAY: 2

Solar Light

ﬂ
J
Q »

4

Remark:
Albedo Measurements performed at high SZA
(Winter, Arctic, Antarcticé )
$4 . - . = @F‘ Yo B
C f variability high > °Cn 'S
w 09

oS % B 0.85
o 0] \o
o o e e 6 12 18 0

;3 1‘2 1I8

TIME [UT] ON DAY: 227

E..=U-U_ . )G (SZATO,) @oscor

TIME [UT] ON DAY: 227
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The Angular Response Facility

WG305 filter

Radiometer

L

4 characterised planes Alignment precision: < 0.1°

Normalisation at normal incidence Homogeneity of the light in the 25x25x25mm?3 cube
around the centre of the radiometer: < N1%
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(2) Angular Response Function of various Instrument
types with Cosine Diffusers

Angular Respone Functions Cosing/Error

Remark: i

0.8f

Albedo Measurements performed at high SZA

(Winter, Arctic, Antarctice ) 0.6}
0.4r

C Cosine Error large

—— Mean value K&Z/Scintd

Mean value YES

0.2f| —— Mean value SL \
5/95'" percentile \

|| Il?ange qf value§ . | . . | ‘ o Il?ange qf value§ . . . | . =
oO 10 20 30 40 50 60 70 BW) 00 10 20 30 40 50 60 70 8 90
Angle [deg] Angle [Ggg]
The expanded relative uncertainty (k = 2): Cosine error = Deviation from ideal cosine response

Less than 4 % for zenith angles smaller 80A

Input Optic for UVC VISC IR
1) Diffuser Material become transparent for longer wavelength
2) Integrating spheres
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(1)

Cosine Correction Function

Principle
From the laboratory measurements of the angular response function@RWE determine:

1) Diffuse cosine errof;
2) Clear sky global cosine error facfgg using radiative transfer calculations

pi

fair = 2(?01 * ARF(g)sin(g)dg

f, = ARF(q)/cos@)

0.9r

| _ E,

f =f. i+ f __dif

glo dir dif E
glo glo

0.7+

06} 1 libRadtran

osine Error

| WY of - A Sy

C Cosine Correction Function for Albedo Measurements

Case 1: Clear Sky C Clear Sky correction C Downwelling Instrument
Case 2: Diffuse Sky C Diffuse Sky correction C Upwelling Instrument
Case 3: Mix of Sun & Clouds = C Not needed
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To o To To Io o Do Do Do I»

Calibration of a Spectroradiometer for global (UV)
Irradiance measurements

Angular response of entrance optic (diffuser)

Spectral responsivity

Wavelength dispersion relation

Spectral resolution

Temperature dependence

Linearity

Longterm stability

Straylight from other wavelength with higher intensities (e.g. VIS and IR)
X

X
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Do Do To To Io Po Do Do I»

Calibration of a Spectroradiometer for global (UV)
Irradiance measurements

Wavelength dispersion relation

Linearity

Straylightfrom other wavelengthwith higherintensities(e.g. VI&ndIR)
Spectral resolution

TemperaturedependencelLongerm stability

X

X
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fTay spectroradiomet

Wavelength scale calibration

The wavelength scale is usually determined from
measurements of discrete spectral lines from spectral discharge
lamps (for the UV: Mercury, Cadmium, Zinc, Indium)

A smooth function (polynomial) is used to describe the relation
between the grating angle / detector pixel and the wavelength
of each spectral line.

Emission lines:

/ = f(mOtO[Stepg p|Xe|) Mercury 289.360 nm

296.728 nm
- 289.36nm 334.148

-6 296.728 -

-6 303.578 Cadmium 313.317

o 308.08 ||
-©- 313.317

az6.1 326.105
340.365
349.995
Indium 293.263
303.936
Zinc 310.836
i 303.578
e b4 - O 328.233

Motor Steps / pixel med wre

x10° Spectral Lamp Measurements (Hg, Cd, Zn
T T T

Intensity




Spectral wavelength error relative to the
Fraunhofer lines of the solar spectrum

SHICRivm wavelength shift [nm]

SHICRivm wavelength shift [nm]

0.2

©
o

o

o
o
o

i L
310 320

8o
1S)

L
330

I
340 350

Wavelength [nm]

i
360

I
370 380 390

0.2

0.15

°

o
=}
o

-0.05

1
©

-0.15

MEAN
5/95" percentile

=0,
500

350

Wavelength [nm]

450

SHICRivm wavelength shift [nm]

i i i i i i
300 310 320 330 340 350 360 370 380 390 400
Wavelength [nm]

— MEAN

—— 5/95" percentile]

SHICRivm wavelength shift [nm]

_0.08 i i i i
300 310 320 330 340 350 360 370 380 390 400

Wavelength [nm]
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Stray light correction

I

0.1k
001k
20
Zo /o
- £ e " e
105k - v;. o L Ny ﬁ.z' .

A Forarrayspectroradiometer oy

A StrayLightcorrectionusingtuneablelasersetup LineSpreadunctionsof array
A In-rangeandout-rangecorrection LSBT

A Factorl0improvementof spectralsolar UMrradiancemeasurements

e e L e

1000 F

r
.,.-ﬁ':‘_-" y i .|_|l'||

100 F

S

E /mWm2nm?

0.1F ] —— : Measugred 7]
|I ——— :InR co.
0.01 | - ol + Ink comr. | 7
- \I — : Brewer
]D-"' II . ; | ]

300 320 340 360 380 400 420 440
Wavelength / nm

SolarSpectrumwithout (red) andwith (green) straylight correctionapplied p mO W/’ C




Outline

Whatis traceability?
Calibrationand Quality Assurancef
A SolarSpectroradiometers
A Broadband Filter Radiometers
Uncertainty

Conclusion
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Uncertainty Budget 2016

Uncertainty Parameter

Radiometric calibration

250 W lamp stability (one year)
Nonlinearity ... From PMT or PC
ND filter transmission

Stability

Temperature Dependence, Entrance optic (o0.11%i)

Angular Response (Clear Sky)

Angular Response (Overcast)

Repeatability (std noise) (wl>=310nm)
Repeatability (std noise) (wl=300nm, SZA=75°)
Wavelength shift (after matSHIC) qwl=0.02 nm
Combined Uncertainty

Expanded Uncertainty (k=2)

Expanded Uncertainty (k=2) 300 nm

Hulsen at al., Applied Optics 2016, in Press

Relative Std Uncertainty %

QASUME QASUMEII
0.55 (before 1.8)
0.10 0. 25 %/ a2)
0.25 0.17
n/a 03(1% full scale, 0.5/4a3)

17a3) 0.20

0.6(diurna| var . 2 %,

O.Z(Temp-StabiIitth K result in 0.33/4as3)

12(full scale 4.2%, 2.1/ 4a3)
0.7 (sza<65?) 06 (full scale 2%, 1/4a3)
06 ¢uil scale (@<38oMm) 1.1/ a3)
O6Gull scale 2.2%, 1.1/ 808)(full scale 1% 0.5/4a3)
0.2 0.2
3.5 3.5
0.1, 0.5 at wl=300 nm
1.5 (overcast, SZA<65°: 1.1) 1.0 (>vzrzact S2ZA-65° 0.8)

3.1 (overcast: 2.2) 2.0 (overcast:1.6) (before 4.8)

7.4 1.3
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Broadband filter Radiometers Comparison

60

40

N
o

(BB/QASUME-1)*100
=)

The PMOD/WRC-COST 726 Campaign i Juli 2006

SL 501 A

bb07
bb08
bb09

bb10
bb36

- ™
~~ N
o o
e} Qo

H Il <50 SZA

Bl >65 & <75 SZA

bb03
bb06
bb12

bb20

SL 501 Digi YES SCI

bb05
bb28

bb19
bb21
bb22
bb32
bb33
bb35
bb02

bb16

K&Z

bb30

bb13
bb27

misc

bb25
bb14

Report at: www.cost726.org

ftp.pmodwrc.ch/pub/publications/PMOD_COST726 BBreport.pdf
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Broadband Long Term Stability
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