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Abstract

The NIST Standard Reference Photometer (SRP) maintained by the
BIPM and used as the reference in the international key comparison
BIPM.QM-K1 was upgraded in March 2009. This followed the
upgrade of amost all the other SRPs maintained by National
Metrology Institutes or Designated Institutes which took part in this
comparison. In order to ensure continuity between the comparisons
performed before and after the upgrade, all degrees of equivalence
between participants and the (upgraded) common reference have been
recalculated and are presented in this report. The result is a very small
shift of the common reference towards the centre of the distribution of
participants. The good agreement with all participants has been
mai ntai ned.



1. Introduction

The reference method for the measurement of ground level ozone concentration is based on
UV photometry, with the NIST SRP ozone reference standard acting as the primary standard
for numerous national and international ozone monitoring networks. Several of these
instruments are maintained by the BIPM, one of them being the reference standard for
international comparisons of national ozone standards which have been coordinated by the
BIPM* since 2003.

After the first international comparisons, which were performed in 2003-2005, the BIPM and
the NIST undertook a study of systematic biases in the NIST SRP [1], which highlighted two
major biases in the instrument. Before starting any further international comparisons, the
BIPM decided to modify its SRPs in order to correct for the observed biases. One of the two
biases, namely on the gas temperature evaluation, was removed with a physical modification
of the instruments. For the second bias, arising from a limited knowledge of the light path
length inside the instrument gas cells, a physical correction was not easy to achieve and a
decision was made to numerically correct the path length of two SRPs (SRP27 and SRP28). A
third BIPM instrument was physically modified and was used as internal reference to help
monitor any driftsin the other SRPs.

Since then, the NIST developed an upgrade kit to physically remove the observed biases in
the NIST SRPs, and started a series of upgrades of SRPs around the world [2]. The BIPM also
performed some upgrades of other SRPs [3, 4]. National Metrology Institutes or Designated
Institutes requested upgrades of their SRPs before taking part in the key comparison
BIPM.QM-K1 cycle 1 (2007-2008) organized by the BIPM. The new comparison results
clearly demonstrated that the measurement results of the common reference of the comparison,
BIPM-SRP27 had dightly shifted from the mean of the group of upgraded SRPs. This shift
was attributed to a difference between the numerical correction decided by the BIPM and the
results of physical corrections introduced by the upgrade. These assumptions were confirmed
by the more detailed study of the upgrade effect, which will be explained in a forthcoming

paper.

In view of the above considerations, the BIPM, with the approval of the Gas Analysis
Working Group of the CCQM, decided to undertake the upgrade of its two SRPs (27 and 28)
after the completion of the first cycle of the key comparison BIPM.QM-K1 and before
starting the second cycle (2009-2010). It was decided that all results from the first cycle of the
key comparison would be recalculated to allow meaningful comparisons with following
cycles.

This report presents the results of the upgrade of BIPM-SRP27 and BIPM-SRP28 and the
effect on the key comparison BIPM.QM-K 1. More details of the upgrade procedure and its
effect on a number of SRPs in comparison with the study performed in 2005 will be published

separately.

! http://www.bipm.org/en/scientific/chem/gas _metrology/ozone comparisons.html
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2. Brief description of the comparisons method

All comparisons reported here were performed by following the protocol of the key
comparison BIPM.QM-K1, which can be downloaded from the BIPM website
(http://www.bipm.org/utils/en/pdf/BIPM.QM-K1 protocol.pdf).

The results of one comparison between a participant and the BIPM, as published in the Key
Comparison Database maintained by the BIPM, is a set of two degrees of equivalence. They
are calculated at two nominal ozone mole fractions among the twelve measured in each
comparison, in the range 0 nmol/mol to 500 nmol/mol: 80 nmol/mol and 420 nmol/moal.
Degrees of equivalence before and after the upgrade of BIPM-SRP27 are presented in section
5 of thisreport.

In addition, comparisons can be meaningfully described by the two parameters of the linear
regression performed between the measurement results of the two instruments involved,
taking into account standard measurement uncertainties. To this end, a piece of software
caled OzonE was used. This software, which is documented in a publication [5], is an
extension of the previously used software, B_Least, recommended by the 1SO standard
6143:2001 [6]. It includes the possibility of taking into account correlations between
measurements performed with the same instrument at different ozone mole fractions.

In a direct comparison, a linear relationship between the ozone mole fractions measured by
SRPn and SRP27 is obtained:

Xsrpn = 89 + 83 Xgzpp7 (1)
The associated uncertainties on the slope u(a;) and the intercept u(ag) are given by OzonE, as
well as the covariance between them and the usual statistical parameters to validate the fitting

function. Parameters of the linear regression for all participants before and after the upgrade
of BIPM-SRP27 are presented in section 6 of this report.

3. Brief description of the BIPM SRPs

3.1. State of the BIPM SRPs before the upgrade

Compared to the original design described in [7], SRP27, SRP28 and SRP31 were modified to
deal with two biases revealed by the study conducted by the BIPM and the NIST [1]:

- The three SRPs were equipped with a thermo-electric cooling device to remove excess
heat from the lamp housing and to prevent heating of the cells. Together with a regular
calibration of their temperature probe, this ensures the removal of the bias on the
temperature measurement of the gas cell.

- In SRP27 and SRP28 the optical path length was calculated as being 1.005 times the
total length of the two cells within each instrument. Together with an increased
uncertainty, this takes into account the bias on the optical path length.
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- In SRP31 the gas cells have been physically modified to avoid multiple reflections of
the light beam on the end windows. The BIPM workshop designed new cell ends, in
which the windows make a 3° angle with the vertical.

3.2. State of the BIPM SRPs after the upgrade

The SRP “upgrade kit” was installed in BIPM-SRP27 and BIPM-SRP28. The upgrade kit
consisted of two parts:

- A new source block was designed to minimize the gas temperature evaluation bias by
better thermal insulation of the UV source lamp (heated to a temperature of about 60 °C)
from the rest of the optical bench, thus avoiding the temperature gradient observed in
the SRP when the original source block was used.

- A new set of absorption cells were installed. The new cells consisted of quartz tubes
closed at both ends by optically sealed quartz windows. These windows were angled at
3° to the vertical plane to avoid multiple reflections aong the light path.

In addition, the thermo-cooling device designed at the BIPM was maintained in all three SRPs
and was in-use during all comparisons.

3.3. Uncertainty budget of the BIPM-SRPs

The uncertainty budget for the ozone mole fraction in dry air x measured by the instruments
BIPM-SRP27, BIPM-SRP28 and BIPM-SRP31 in the nominal range O nmol/mol to 500
nmol/mol is given in Table 1. The same uncertainty budget is applied to SRPs before and
after the upgrade.

Table 1: Uncertainty budget for the SRPs maintained by the BIPM

Uncertainty u(y) Sensitivity | Contribution
Combined | coefficient to u(x)
Component (y) OX e
Source Distribution Standard standard G =— |C'| u(y)
uncertainty | uncertainty oy nmol/mol
u(y)
I\S/Icilasurement Rectangular | 0.0006 cm
Optical Path € X X
L Repeatability | Normal 0.01cm 0.52 cm I 2.89x107°x
opt : of
correction | pect 0.52 cm "
factor
Pressure gauge | Rectangular | 0.029 kPa
: - 4,
Pressure P Difference Rectangular | 0.017 kPa 0.034 kPa b 3.37x107"x
between cells
nggerat“re Rectangular | 0.03K X
Temperature T | P 0.07 K T 2.20x107%
Temperature
; Rectangular | 0.058 K
gradient
. Scaler 6 X
E";‘é‘é’sﬁ‘;% o |resolution Rectangular | 8x10 1.4x10°8 0.28
Repeatability | Triangular | 1.1x10° Din(D)
Absor ption 1.22x10%° = 1.22x107%° X >
Cross section a Hearn value cm?/molecule - cm?/molecule T 106107
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Following this budget, the standard uncertainty associated with the ozone mole fraction
measurement with the BIPM SRPs can be expressed as a numerical equation (numerical
values expressed as nmol/mol):

U(X) =+/(0.28)? +(2.92-10°x)? )

3.4. Covariance terms

As explained previously, correlations between the results of two measurements performed at
two different ozone mole fractions with the BIPM maintained SRPs were taken into account
in the software OzonE. More details on the covariance expression can be found in the
protocol of the key comparison BIPM.QM-K 1. The following expression was applied:

(X, %) = % X X; XUy (3)

where:

22 UM w(P) | U (by)
b — T2 P2 L2

opt

(4)

The value of u, is given by the expression of the measurement uncertainty: u,= 2.92x10™ or
Uy’ = 8.5x10°°,

4. Calculation of BIPM-SRP27 correction factors

All comparisons performed during the upgrade of SRP27 and SRP28 included SRP31 to
monitor the changes in the measurement results. SRP31 was thus used as a transfer standard
between SRP27 before the upgrade and SRP27 after the upgrade, in order to calculate
correction factors for SRP27, as presented in this section.

Considering the relationship between SRP31 and SRP27 before the upgrade of SRP27:

)%lezao"'bo'XSRPN (%)

Where the parameters of the linear equation take the following values:

ao/ u(@)/ | u(ao bo)/

bo u(bo)
(nmol/mal) | (nmol/moal) [ (nmol/mal)
0.9974| 0.0033 -0.19 0.21 -2.01x10%
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And considering the relationship between SRP31 and SRP27 after the upgrade of SRP27 (the

prime notation is used to indicate measurement results of SRP27 after its upgrade):

Xgpa1 = a1+bl'XISRP27

Where the parameters of the linear equation take the following values:

a]_/ U(a]_) / U(a]_, b]_) /

by u(by)
(nmol/moal) | (nmol/mal) | (nmol/mol)
1.0008| 0.0046 0.03 0.32 -5.08x10%

The relationship between SRP27 after the upgrade and SRP27 before the upgrade can be

written:

=8, +, - Xspoy

SRP27

Where the parameters of the linear equation take the following values:

a/ u@) / u(ag, by) /

b, u(by)
(nmol/moal) | (nmol/mol) [ (nmol/moal)
0.9965| 0.0056 -0.22 0.44 -457x10%°

The correction parameters a, and b, are deduced from the equations:

And their uncertainty from:

U(bl) U(bo)2

u(a2)=%\/u(ao) rua)? + (3 -a)’

(b, 8,) = (3 — a)b, W)

Rapport BIPM-2010/07

> U(B)°*
b’

_ap (U@
b’ azbz[blj

01 Sep. 10

(6)

(7)

(8)

(9)

(10)

(11)

(12)

Page 7 of 16



5. Recalculation of the degrees of equivalence

5.1. Definition

In the key comparison BIPM.QM-K1, degrees of equivalence for the participant i were
caculated at two particular values: 80 nmol/mol and 420 nmol/mol, according to the
following equation:

D, =X — Xsgpor (13)

where X and Xsrpp7 @re the measurement result of the participant i and of SRP27 at the
nominal value Xnom.

Its associated standard uncertainty is:

U(Di) = w/Uiz + uéRp27 (14)

where u; and Usrpp7 are the measurement uncertainties of the participant i and of SRP27
respectively.

The correction factors a, and b, deduced from the comparison between SRP27 and SRP31
before and after the upgrade are used to calculate a corrected reference value and associated
uncertainty:

X'SRP27 =a,+ bZXSRP27 (15)

U(Xarpar) = \JU(8,) +B,2U(Kepr)? + U(,) Xegpor” + 2XeoprU(35,1,) (16)

In order to compute the corrected degrees of equivalence D; = X — X' 27 and their associated
uncertainties:

U(Dil) =4 Ui2 + u(X'SRP27)2 (17)

5.2. Particular case of the NMISA standard

The comparison performed between the NMISA and the BIPM is a particular case in
BIPM.QM-K1, as the NMISA standard instrument was previously calibrated by the BIPM,
just before performing the comparison. Therefore, measurement results of the NMISA and of
the BIPM standards are correlated. Instead of equation 14, the uncertainty of the degree of
equivalence D; for the NMISA iswritten, as explained in [8]:

U(Di) =V ui2 - ugRP27 (18)
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Similarly, measurement results of the NMISA and of the BIPM standards after the upgrade
are correlated. Instead of equation 17, the uncertainty of the degree of equivalence for
NMISA iswritten:

U(D,) = \JUZ + U(Xsppr)? — 2Db, - U(Xegpar )? (19)

Where b, is the dope of the correction to be applied to SRP27’'s measurement results, as
defined in equation 8, and b is the slope of the linear relationship between the NMISA

standard and SRP27: X = Xyysa =& +DXgzpy7 -

5.3. Values

The degrees of equivalence and their uncertainties calculated using the above equations are
reported in Table 2 and Table 3 below. Corresponding graphs of equivalence are displayed in
Figure 1. The expanded uncertainties are calculated with a coverage factor k = 2. All
participants in the first cycle of BIPM.QM-K1 have been included, except the VSL for which
results were not ready at the time this report was written. New degrees of equivalence for the
VSL will be published later.

Table 2 : Degrees of equivalence of all participantsin the key comparison
BIPM.QM-K1 before and after upgrade of the reference BIPM-SRP27, at the
nominal ozone mole fraction 80 nmol/mol.

Lab date Xi u(x) Xref U(Xrer) X' ref uX're) DY uD') U(DY)
NIST Jan-07 | 76.30 043 76.34 0.52 75.85 0.80 045 0.91 1.83
NIST Jan-07 | 7650 044 7654 0.52 76.05 081 045 0.92 183
ISCII Jun-07 | 83.95 0.60 84.56 0.38 84.05 075 -0.09 0.96 192
ISCIHI Jun-07 | 86.22 0.60 86.28 0.38 85.76 0.76  0.46 0.97 194
CHMI Sep-07 | 80.34 037 8047 0.37 79.97 0.73 0.37 0.81 1.63

INRIM Sep-07 | 79.96 0.20 80.34 0.37 79.84 073 012 0.75 151
FMI Oct-07 | 80.20 036 80.37 0.36 79.88 073 0.32 0.81 1.63
KRISS Oct-07 | 82.13 0.65 80.23 0.37 79.74 073 2.39 0.98 1.96
UBA Nov-07 | 7831 044 78.58 0.53 78.09 082 021 0.93 1.86
VNIIM Nov-07 | 79.76 0.31 80.04 0.29 79.54 0.69 0.22 0.76 152
VNIIM Nov-07 | 81.13 0.32 81.36 0.29 80.86 0.70 0.28 0.77 1.53

NIM Mar-08 | 71.12 042 7153 0.51 71.06 0.78 0.06 0.89 177
LNE Apr-08 | 80.79 037 8114 0.35 80.64 0.72 0.15 0.81 162
NPL May-08 | 79.62 0.28 80.21 0.37 79.71 073 -010 0.78 156

METAS | Jun-08 | 79.68 0.26 80.12 0.36 79.63 0.73 0.05 0.77 155
NMISA Jul-08 80.00 1.30 80.76 0.37 80.27 073 -0.27 140 2.80

JRC Dec-08 | 78.19 0.44 78.49 0.53 78.00 0.82 0.19 0.93 185

NPLI Mar-09 | 79.68 0.44 79.90 0.54 79.41 082 0.27 0.94 1.87
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Table 3 : Degrees of equivalence of all participantsin the key comparison

BIPM.QM-K1 before and after upgrade of the reference BIPM-SRP27, at the
nominal ozone mole fraction 420 nmol/mol.

Lab date Xi u(x) Xref U(Xrer) X' ref uX'rer) DY uDd') U(D")
NIST Jan-07 | 43200 172 43261 224 430,89 333 111 375 750
NIST Jan-07 | 436,50 174 43692 227 43519 336 131 379 757
ISCIII Jun-07 | 41806 1.64 42070 1.45 419.02 280 -097 325 6.50
ISCIlI Jun-07 | 42292 1.66 423.66 146 42198 282 094 328 6.55
CHMI Sep-07 | 41800 125 41844 125 41677 270 122 297 5%

INRIM Sep-07 | 419.13 0.56 420.85 1.26 419.17 271 -004 277 5.53
FMI Oct-07 | 41892 1.26 42049 1.26 41881 271 011 299 597
KRISS | Oct-07 | 422.03 209 41954 126 41787 270 416 342 684
UBA Nov-07 | 419.70 1.68 420.62 218 41895 324 076 3656 7.29
VNIIM | Nov-07 | 410.70 1.22 41217 125 41052 266 018 293 586
VNIIM Nov-07 | 419.70 1.25 421.52 1.28 419.84 272 -014 299 5.99

NIM Mar-08 | 41552 166 417.38 217 41571 321 -019 362 724
LNE Apr-08 | 42051 126 42231 129 42062 273 -012 301 6.01
NPL May-08 | 417.75 1.27 419.26 126 | 41758 270 017 298 597

METAS | Jun-08 | 41815 0.63 42003 126 41835 271 -021 278 556
NMISA | Jul-08 | 41961 164 42086 1.26 41918 271 044 262 524

JRC Dec-08 | 40951 164 41063 213 40898 316 052 356 7.12

NPLI Mar-09 | 39950 1.60 401.12 2.08 39951 309 -001 348 6.96
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Figure 1: Graphs of equivalence of all participantsin the key comparison BIPM.QM-K1
before and after upgrade of the reference BIPM-SRP27, at the nominal ozone mole fractions
80 nmol/mol and 420 nmol/mol.

5.4. Anaysis

The first important observation is that the upgrade of BIPM-SRP27 did not change the good
agreement between all participants. All degrees of equivalence shifted only by a very small
amount compared to the stated uncertainties. The average and the median values of the
degrees of equivalence before and after the upgrade are displayed in Table 4:

Table 4: Average of the degrees of equivalence of all participantsin BIPM.QM-K1
before and after the upgrade of BIM-SRP27

before \ after before \ after
nominal value/ (nmol/moal) 80 420
Average D; / (nmol/mol) -0.20 0.31 -1.10 0.51
median -0.28 0.21 -1.49 0.17
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Secondly, following the upgrade measurement, results from BIPM-SRP27 are indeed now
closer to the centre of the distribution of participants measurement results in the key
comparison BIPM.QM-K 1.

The uncertainties of all degrees of equivalence have dlightly increased, due to the use of a
transfer standard (SRP31) between SRP27 before and after the upgrade. The effect on the key
comparison is however minor.

6. Recalculation of the least-squareregression parameters

As explained in section 2, the parameters of the linear regression between two photometers
measurement results also constitute meaningful characteristics of the agreement between them.
Therefore, those parameters which are always given for information in the key comparison
BIPM.QM-K1 reports, were also recalculated, as well as their uncertainties, according to the
following equation.

Considering the relationship between a photometer i and SRP27 before the upgrade of SRP27:

X =a+b- Xgpy (20)

And the relationship between a photometer i and SRP27 after the upgrade of SRP27:
X =a+b" X'gpy (21

Where the parametersa’ and b’ and their uncertainties are deduced from:

) 22
a'=a b, (22)

b
b'=— 23
: @)
u(a')=Ju(a)%z—iu(az)z+f)‘22—§u(b)2+(a;)2—2)2u<b2>2—2b;—?u(a2,b2> (24)
ub) = b’ “t()b2)2+‘“b2;"22)2 (25)

Particular case of the NMISA comparison:

As discussed previously, covariance terms between the values associated with each
instrument at the same nominal mole fraction should be calculated and taken into account
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when performing the regression. Unfortunately, this feature is not available in the software
OzonE. As the least-square results are given in comparison reports for information only, the
NMISA parameters were cal culated without these covariances.

6.1. Values

The new parameters and their uncertainties, calculated using the above equations, are reported
in Table 5. The corresponding graphs are displayed in Figure 2. The expanded uncertainties
are calculated with a coverage factor k = 2.

Table 5 : New parameters of the linear regression between each participant standard
and the common reference standard SRP27 after its upgrade.

Lab date b’ u(b") a u(@)
NIST Jan-07 | 1.0016 0.0070 0.29 0.55
NIST Jan-07 | 1.0020 0.0070 0.28 0.55
ISCII Jun-07 | 0.9969 0.0067 0.23 0.56
ISCIHI Jun-07 | 1.0020 0.0067 0.18 0.56

CHMI Sep-07 | 1.0022 0.0065 0.21 0.49
INRIM Sep-07 | 0.9993 0.0064 0.25 0.47
FMI Oct-07 | 0.9999 0.0065 0.17 0.49
KRISS Oct-07 | 1.0065 0.0068 0.47 0.55
UBA Nov-07 | 1.0014 0.0070 0.22 0.55
VNIIM Nov-07 | 0.9989 0.0071 0.42 0.49
VNIIM Nov-07 | 0.9983 0.0071 0.40 0.49

NIM Mar-08 | 0.9986 0.0070 0.24 0.55
LNE Apr-08 | 0.9992 0.0065 0.17 0.51
NPL May-08 | 1.0000 0.0065 0.21 0.47

METAS | Jun-08 | 0.9993 0.0065 0.13 0.48
NMISA Jul-08 | 1.0044 0.0068 -0.59 0.56

JRC Dec-08 | 1.0003 0.0070 0.21 0.55

NPLI Mar-09 | 0.9998 0.0070 0.15 0.55
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Figure 2: Parameters of the linear regression between each participant standard and the
common reference standard SRP27 for all participantsin the key comparison BIPM.QM-K1
before and after upgrade of the reference BIPM-SRP27.

6.2. Anaysis

As with the degrees of equivalence, the first important observation is that the upgrade of
BIPM-SRP27 did not change the good agreement with all participants. All slopes have shifted
by avery small amount compared to their stated uncertainties. The average and the median of
the degrees of equivalence before and after the upgrade are given in Table 6:
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Table 6: Average and median of the regression parameters of all participantsin
BIPM.QM-K1 before and after the upgrade of BIM-SRP27

before after before after

Slope Intercept / (nmol/mol)
Average 0.9972 1.0006 -0.01 0.20
Median 0.9964 0.9999 0.01 0.21

It appears that the measurement results from BIPM-SRP27 are now closer to the centre of the
distribution of participants measurement results in the key comparison BIPM.QM-K 1.

7. Conclusion

The NIST SRP, maintained by the BIPM and used as the reference in the international key
comparison BIPM.QM-K1, underwent an upgrade in March 2009. This followed the upgrade
of amost al the other SRPs maintained by National Metrology Institutes or Designated
Institutes. In order to ensure the continuity between comparisons performed before and after
the upgrade, al degrees of equivalence between participants and the (upgraded) common
reference have been recalculated. As expected, the effect of the upgrade on comparison results
was a minor shift of the common reference BIPM-SRP27 towards the centre of the
distribution of results. This was expected, based on the origin of the remaining difference
between BIPM-SRP27 and other upgraded SRPs, which was a numerical correction of the
bias on the light path length compared to a physical correction, as will be explained in a
forthcoming publication on SRP upgrades.
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