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TECHNICAL PAPER

Temperature measurement and optical path-length bias improvement
modifications to National Institute of Standards and Technology ozone
reference standards
James E. Norris,1,⁄ Steven J. Choquette,1 Joele Viallon,2 Philippe Moussay,2

Robert Wielgosz,2 and Franklin R. Guenther1
1National Institute of Standards and Technology, Gaithersburg, MD, USA
2Bureau International des Poids et Mesures, Sevres, France⁄Please address correspondence to: James E. Norris, NIST, 100 Bureau Drive, Gaithersburg, MD 20899, USA; e-mail: jnorris@nist.gov

Ambient ozone measurements in the United States and many other countries are traceable to a National Institute of Standards and
Technology Standard Reference Photometer (NIST SRP). The NIST SRP serves as the highest level ozone reference standard in the
United States, with NIST SRPs located at NIST and at many U.S. Environmental Protection Agency (EPA) laboratories. The
International Bureau of Weights and Measures (BIPM) maintains a NIST SRP as the reference standard for international
measurement comparability through the International Committee of Weights and Measures (CIPM). In total, there are currently
NIST SRPs located in 20 countries for use as an ozone reference standard. A detailed examination of the NIST SRP by the BIPM and
NIST has revealed a temperature gradient and optical path-length bias inherent in all NIST SRPs. A temperature gradient along the
absorption cells causes incorrect temperature measurements by as much as 2 �C. Additionally, the temperature probe used for
temperature measurements was found to inaccurately measure the temperature of the sample gas due to a self-heating effect. Multiple
internal reflections within the absorption cells produce an actual path length longer than the measured fixed length used in the
calculations for ozone mole fractions. Reflections from optical filters located at the exit of the absorption cells add to this effect.
Because all NIST SRPs are essentially identical, the temperature and path-length biases exist on all units by varying amounts
dependent upon instrument settings, laboratory conditions, and absorption cell window alignment. This paper will discuss the cause
of, and physical modifications for, reducing these measurement biases in NIST SRPs. Results from actual NIST SRP bias upgrades
quantifying the effects of these measurement biases on ozone measurements are summarized.

Implications: NIST SRPs are maintained in laboratories around the world underpinning ozone measurement calibration and
traceability within and between countries. The work described in this paper quantifies and shows the reduction of instrument biases
in NIST SRPs improving their overall agreement. This improved agreement in all NIST SRPs provides a more stable baseline for
ozone measurements worldwide.

Introduction

Ambient ozone measurements in the United States are trace-
able to a National Institute of Standards and Technology
Standard Reference Photometer (NIST SRP) (Paur et al., 2003)
that serves as the highest level ozone reference standard to state,
local, and tribal regulatory agencies for calibration of network
photometers used for compliance purposes. Such regular audits
currently provide reliable measures of field monitor precision
and bias in response to challenges of ozone in zero air, although
not of sample matrix effects arising from ambient humidity and
interfering species (Spicer et al., 2010). The NIST SRP was
developed in the early 1980s and has served as the NIST refer-
ence standard for ozone measurements and calibration since

1983. Since that time, NIST has produced 43 identical NIST
SRPs that have been deployed around the United States in
U.S. Environmental Protection Agency (EPA) laboratories, and
in national metrology institutes and environmental protection
laboratories around the world. Since the beginning of this pro-
gram, the aim was to make all NIST SRPs identical in every way
to avoid variations in the actual measurement of ozone. Because
various commercial components used in the NIST SRP have
become obsolete, periodic upgrades have been necessary.
When component changes occurred to a NIST-owned NIST
SRP, an attempt is made to change all NIST SRPs in the same
way. Due to several obsolete electronic components, in the late
1990s a major upgrade (Norris et al., 2004) of the NIST
SRPs began and a few years later all but one NIST SRP had
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been upgraded with a new electronics module, a new detector
module, a new sampling manifold, and a new version of control
software.

In 2000, NIST and the International Bureau of Weights and
Measures (BIPM) began a collaboration to transfer the capabil-
ities of NIST’s ozone standards program to the BIPM and estab-
lish worldwide ozone measurement comparability through the
International Committee for Weights and Measures (CIPM)
framework. Following some initial training during delivery of
two NIST SRPs and detailed training during construction of two
more NIST SRPs at NIST, the BIPM constructed a NIST SRP at
their facility to be used for research. A detailed investigation
(Viallon et al., 2006) of the NIST SRP conducted by the BIPM
and NIST (hereafter referred to as the “bias study”) revealed a
temperature gradient along the optical pathway of approximately
2-3 �C causing an estimated measurement bias of �0.4%. This
temperature gradient was found to be caused by the thermal
transfer of heat from the source lamp block, which is heated
and temperature controlled between 50 and 60 �C. The source
lamp block is maintained at a constant temperature well above
ambient to provide a more stable source of ultraviolet (UV) light
used in the measurement. The original NIST SRP source block,
made entirely from aluminum, contained a cartridge heater, a
temperature sensor, the UV source lamp, an aperture, and a
collimating lens all contained in one unit. This source block
was attached to a shutter cover with a 3.2 mm (1/8 inch) piece
of cork, and the shutter cover was attached directly to the beam
splitter/mirror block, where the absorption cells were also
attached on the opposing side. The thermal transfer is made
through these components as well as the optical rail in which
the beam splitter/mirror block is mounted. This effect was exa-
cerbated by a cover mounted to the optical rail over the source
block and shutter cover. This source cover was not used in all
NIST SRPs and is not used in the new source/optics block
design. Heat from the source block was transferred to the gas
in the absorption cells and the gas cooled as it traveled through
the cells. The actual gas temperature measurement is made after
the gas exits the cells, in a nylon manifold mounted under the
optical rail, causing an incorrect temperature measurement.
Figure 1 shows the details of the original NIST SRP optical
bench design and the temperature gradient transferring heat to
the gas in the cells.

In addition to the temperature gradient effect, the bias study
(Viallon et al., 2006) revealed the temperature probe used in all
NIST SRPs contains a self-heating effect with an estimated bias
of 0.3 �C. The NIST SRP temperature probe is a 100� platinum
resistance sensor with a 5 mA current flow that produces 25 mW
of power dissipation. A change was made to the NIST SRP
control software allowing the temperature measurement to be
offset by any amount. Independent calibration of the temperature
probe can be performed by each NIST SRP owner and the
correction can be entered into the NIST SRP control program
to provide the correct temperature measurement in the calcula-
tion of ozone concentration. The manufacturer of the NIST SRP
temperature measurement components has recently developed a
prototype electronic circuit that will use a much lower current
flow through the resistance sensor, significantly reducing the
power dissipation of the temperature sensor. This design will
be researched in the near future to determine the benefit of
incorporating the prototype sensor on the NIST SRP.

Additionally, the bias study (Viallon et al., 2006) found that
multiple reflections of light exist between the quartz absorption
cell windows that have an inherent 4% reflectivity and are
situated parallel to one another. A pair of 10 nm band pass optical
filters (Corion G-10-254-F; now Newport 10MLF10–254;
Franklin, MA) mounted at the exit of each absorption cell
provided additional reflections of approximately 15% back into
each cell, increasing the amount of internal reflections. Portions
of this reflected light eventually make it to the detectors, causing
the actual path length to be longer than the measured path length
used in the calculation of ozone mole fractions. A schematic of
this optical path-length bias is shown in Figure 2. The bias study
(Viallon et al., 2006) estimated a relative bias of þ0.5% for this
optical path-length effect.

To handle the temperature gradient bias, the BIPM initially
installed a custom-made Peltier cooling device to their NIST
SRP beam splitter/mirror blocks. This allows the temperature
at the front end of the cells to be maintained within 0.1 �C of the
measured temperature at the exit of the cells, thus significantly
reducing the temperature gradient. To handle the optical cell
length bias, a 0.5% correction was added to the cell length of
their NIST SRPs, along with an increased uncertainty. These
BIPM-owned NIST SRPs were recently used in the 2007-2008
round of the official international key comparison (BIPM.

Figure 1. Original NIST SRP optical bench configuration (color figure available online).

Norris et al. / Journal of the Air & Waste Management Association 63 (2013) 565–574566

D
ow

nl
oa

de
d 

by
 [

N
IS

T
 N

at
io

na
l I

ns
tit

iu
te

s 
of

 S
ta

nd
ar

ds
 &

] 
at

 0
6:

37
 2

2 
A

pr
il 

20
13

 



QM-K1, ozone at ambient level). After some discussion as to the
feasibility of implementing these custom Peltier cooling devices
on all existing NIST SRPs, NIST decided to take a different
approach to reduce the measurement biases in all NIST SRPs.
The work done to develop and implement the NIST SRP bias
upgrade is the basis of this paper.

Methods

Temperature gradient measurements

In order to measure the temperature gradient and its effect on
ozone measurements made by a NIST SRP, a system was set up
to independently measure the gas temperature entering and exit-
ing one absorption cell of NIST SRP 0, while performing mea-
surement comparisons between NIST SRP 0 and NIST SRP 2.
The temperature measurements were made using the same pla-
tinum resistance sensor (STOLABs PL-103; Stow Laboratories,
Hudson, MA) and manifold configuration used in the NIST
SRP. A Teflon manifold with Teflon fittings was placed in line
just before the gas enters cell 1, and a nylon manifold with nylon
fittings was placed in line just after the same gas exits cell 1. The
temperature probes inserted in each manifold are Teflon-coated,
as received from STOLABs. Two additional temperature probes
were placed on the optical bench between the absorption cells at
each end of the cells to monitor the temperature along the optical
bench. Each temperature probe was connected to a STOLAB
924PL electronic circuit board that provides an analog signal
corresponding to the temperature at the probe. The analog sig-
nals are read and recorded by the NIST SRP control program

during the comparison measurements. Prior to the beginning of
the measurements, each temperature channel was calibrated
using a STOLAB PL-30C calibrator at 0 and 30 �C. Because
the goal of this system was to measure a difference in tempera-
ture, the temperature probe heating effect was ignored in these
measurements.

In order to show the agreement among NIST SRPs, they are
regularly compared with each other in sets of measurements. In
this study, all comparison runs consisted of 10 ozone concentra-
tion levels up to approximately 900 nmol/mol performed in ran-
dom order, with a zero point (no ozone present) at the beginning
and end of each comparison run. The results are determined by
simple linear regression providing a measurement slope and inter-
cept for each independent comparison run. A series of measure-
ment comparisons between NIST SRP 0 and NIST SRP 2 were
performed with no changes made to NIST SRP 2 while main-
tained with a source block temperature of 60 �C. Because NIST
SRP source block temperatures are generally maintained between
50 and 60 �C, measurements were done with the NIST SRP 0
source block temperature set at 50 �Cwith the source cover on and
then off, followed by 60 �C with the source cover on and then off.
Then a series of measurements with a different source block
design and thermal insulation techniques to minimize the tem-
perature gradient were performed. A maximum temperature gra-
dient of 1.11 �C was found at a source block setting of 60 �C with
the source cover in place. This maximum temperature gradient
was reduced to 0.09 �C using 19 mm (0.75 inch) extruded poly-
styrene insulation with a Bakelite mounting plate and a split
source block showing a change in the slope of 0.38%. Table 1
shows a summary of these measurements.

Table 1. Summary of initial temperature gradient measurements

Source
Block
Configuration

Source
Block
Temp.
(�C)

No.
of

Runs

Avg. Mole
Fraction

(nmol mol)
Avg.
Slope

Avg.
Intercept
(nmol mol)

Avg.
�T, Cell
1 (�C)

�T,
Optical
Bench
(�C)

Avg.
Lab.
Temp.
(�C)

Avg. Lab.
Pressure,
(kPa)

Cover on 50 10 900.9 1.00101 �0.064 0.65 2.48 21.7 100.63
Cover off 50 10 928.0 1.00205 �0.060 0.42 1.62 21.6 99.92
Cover on 50 10 914.6 0.99979 �0.061 1.11 3.71 21.4 100.18
Cover off 60 10 930.5 1.00159 �0.017 0.61 2.24 21.5 100.17
0.75” ext. poly.* 60 10 929.6 1.00262 �0.002 0.27 1.25 21.6 99.90
0.75” ext. poly.* 50 10 928.7 1.00302 �0.011 0.18 0.90 21.6 99.27
0.75” ext poly./

plate**
60 19 927.9 1.00364 �0.045 0.09 0.63 21.6 99.37

Notes: �T¼ change in temperature. *Extruded polystyrene insulation. **Extruded polystyrene insulation and Bakelite mounting plate.

Figure 2. Internal NIST SRP absorption cell reflectivity.
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Source/optics block design

After the initial temperature gradient measurements and sev-
eral discussions with staff from the NIST Building Environment
and Fabrication Technology divisions (Zarr and Strawbridge,
private communications), a final source/optics block design
was developed. The new source/optics block consists of three
independent sections separated by 3.2 mm (1/8 inch) cork gas-
kets. The first section is made from aluminum and contains the
heater, temperature sensor, UV lamp, and beam aperture. The
second section is a large spacer made of Bakelite, and the third
section, also made from aluminum, contains the collimating lens
and a single optical filter. The sections are attached to each other
through independent mounting holes using machine screws,
eliminating any direct metal-to-metal connections. The entire

source/optics block is attached to a new shutter cover made
from Bakelite separated by a third 3.2 mm (1/8 inch) cork gasket.
The four mounting screws and the cork gasket allow for some
adjustment of the light beam down the cells. The new source/
optics block and shutter cover mounts on the beam splitter/
mirror block in the same way as the original design. Figure 3
shows the new source/optics block design in detail. The new
design is longer in length, allowing the heated source block
portion to extend past the end of the optical rail, further mini-
mizing transfer of heat to the optical rail and thus heat to the
absorption cells. Measurements at NIST during installation of
the first new source block on NIST SRP 0 resulted in a tempera-
ture gradient decrease from an average of 0.78 �C to an average
of 0.17 �C. Figure 4 shows these data along with laboratory
temperature data during the bias upgrade process of NIST SRP

Figure 3. New NIST SRP optical bench configuration (color figure available online).

Figure 4. Initial temperature gradient measurements with new source block on NIST SRP 0.
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0 and NIST SRP 2. It has also been found that the orientation of
the SRP optical bench in the laboratory can have an effect, as
temperature gradients generally exist in all laboratories. It is
recommended that the optical bench be oriented parallel to the
air inlet flow in the laboratory.

During the development of the new source block design, it was
found that the focal length of the collimating lens was incorrect.
The image produced from the source block before entering the
beam splitter and mirror assembly at approximately 0.5 m was a
blurry oval image about 150 mm� 100 mm. However, the image
seen by the detectors after passing through the beam splitter and
mirror was a cylindrical image of about 50 mm in diameter. The
new source block design incorporates the proper focal length and
produces a perfect concentric image with a much stronger inten-
sity. The amount of divergence is then dependent on the aperture
size. Aperture sizes were tested from the original SRP size of 3.2
mm down to 0.3 mm to measure the divergence and signal
intensity. In order to maintain the approximate scaler count rate
as before, given the same lamp intensity, a 2 mm aperture was
chosen. The 2 mm aperture size was a safe choice, as it was clear
that a smaller size could be used but would reduce source lamp
life. More research is planned to determine if an appropriately
sized aperture can be used to keep the divergence smaller than the
internal diameter of the cells (13.5mm). This will be dependent on
lamp intensity, light absorption from the optical filter, sensitivity
of the detectors, and the counting period of the signal. The 2 mm
aperture produces a divergence of approximately 40 mm at a
distance of 1 m measured from the front edge of the source/optics
block, and approximately 34 mm when connected to the beam
splitter/mirror block and measured at the cell end plate where the
detector is mounted when in operation.

Absorption cell design

The original NIST SRP absorption cells were made with 15
mm internal diameter (ID) commercial fittings with an O-ring
seal to a Teflon end connector that housed the cell window using
another O-ring seal. The cells and O-ring seals were forced
together with an adjustable bracket between Teflon washers,
allowing some variation in the cell length, which is measured
once the cells are in place. The alignment of the cell windows
was dependent on how tight the connection was made and the
precision of the machined Teflon cell end connectors and
washers. NIST had already developed a set of prototype cells
made of quartz with optically sealed windows to eliminate the
Teflon end connector/O-ring seal design. The Korean Research
Institute of Standards and Science (KRISS) (Woo, 2003) devel-
oped an ozone reference standard that is based upon the NIST
SRP design. Realizing this internal reflection problem, KRISS
designed the Teflon cell end connectors so that each cell window
was at a 3� angle. This same design was implemented in the bias
study (Viallon et al., 2006). The final NIST cell design incorpo-
rates the same 3�-angled cell window design without the use of
Teflon or O-rings. The new NIST SRP absorption cells are made
with 13.5 mm ID, 19 mm outer diameter (OD) quartz tubing and
with 9.5 mm (3/8 inch) OD inlet and outlet ports. The ends of the
cells are ground and polished at approximately 3� angles;

1.6 mm (1/16 inch) quartz windows are then optically sealed
to the cell ends. The cells are made such that the angles are
parallel to each other so the cell length is the same at any
portion of the cell. The cells are mounted in the NIST SRP
using custom Teflon end connectors, and Teflon fittings are
used to connect the gas lines. The cell length for the first five
sets of the new design was measured using a large caliper;
subsequently all cells have been measured with a coordinate
measurement machine maintained in the NIST inspection shop
with an estimated accuracy of �0.0076 mm (�0.0003 inch). A
typical set of new absorption cells have an average optical
length of 89.660 � 0.004 cm.

Ozone measurements were performed with two indepen-
dent absorption cells of the new design on NIST SRP 0 during
comparison with NIST SRP 2. The measurements were per-
formed with the optical filters placed in various configurations
on NIST SRP 0, first with the original cells, followed by two
sets of the new 3�-angled window cells. In the first set of
measurements (set A), the optical filters were arranged in SRP
0’s original configuration. The second set of measurements
(set B) was with the two rear-mounted optical filters rotated
180� to the opposite side. Because the opposite side of each
filter has a higher reflectance, more light was reflected back
into the cells, causing an increase in the slope of 0.16%. In the
third set of measurements (set C), the filters were rotated back
to their original sides, but now switched from cell 1 to cell 2
and vice versa. The results were expected to be the same as set
A, but the slope was 0.07% higher than the original set A data.
In the fourth set of measurements (set D), both rear-mounted
optical filters were removed from the cell end plate and only
the cell 1 filter was placed into the source block between the
aperture and the collimating lens, which is situated in front of
the absorption cells. This removed any light reflection from
the filters back into the cells and gave a 0.17% decrease in the
slope from the original set of measurements (set A). Next, a
set of new absorption cells (cells 1 and 2) made with 3�-angled
optically sealed windows were installed into SRP 0 and the
measurement set (set D) configuration was repeated. The
results showed a shift in the slope of 0.57% from the original
set of measurements (set A). This change in slope was similar
to the bias study (Viallon et al., 2006) results of 0.50%.
Measurements in the configurations A, B, C, and D were
repeated, showing little or no change in the slope. Set E was
added, which is similar to set D but with the filter rotated
180�, and no change was observed. Set D was then repeated
twice because there was a drop off in the slope on the last two
comparison runs of the first set. Finally, cells 1 and 2 were
replaced in NIST SRP 0 with another set (cells 3 and 4) made
with 3�-angled optically sealed windows and measurements of
set D were repeated, with no measurable change. The results,
which show changes in the slope of NIST SRP 0 versus NIST
SRP 2 in each filter configuration using the original cells, and
essentially no change in the slope with either of the new
design cells installed in NIST SRP 0, can be seen in
Figure 5. These measurements indicate that the newly
designed cells having 3�-angled cell windows eliminates inter-
nal reflections caused by parallel cell windows and optical
filter reflections.
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Results

Original NIST SRP comparisons

Upon completion of any new NIST SRP, comparisons against
NIST SRP 2 are done as the official validation. The comparisons
have been done in several different sampling configurations

through the years (Norris et al., 2004). A full NIST SRP com-
parison consists of multiple ozone concentration levels up to
approximately 1 mmol/mol performed in a random order, with
a zero point (no ozone present) at the beginning and end of each
comparison run. The results are determined by simple linear
regression providing a measurement slope and intercept. For
comparison with the measurements done in this paper, Figure 6

Figure 6. Slopes of initial comparisons of new SRPs versus NIST SRP 2.

Figure 5. Change in slope resulting from filter configuration and new cells.
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(slope) and Figure 7 (intercept) are provided to show all original
comparison results against NIST SRP 2 before the bias upgrade
was implemented on any NIST SRP.

NIST SRP bias upgrade comparisons

Since the development of the NIST SRP bias upgrade, 24 of
the 38 NIST SRPs built with the original source block and
absorption cells have been upgraded. During the process of
each NIST SRP bias upgrade, comparison measurements took
place before any changes were made as a baseline reference,
after the new 3�-angled window absorption cells were installed
to quantify the path-length bias, and after the new source/optics
block was installed to quantify the temperature gradient bias. It
should be noted that quantification of any bias due to diver-
gence of the light beam down the cells was not determined.
Although believed to be a small effect, additional research is
planned to determine the magnitude of this bias. Until this can
be quantified, an uncertainty component of 0.52 cm has been
added to the path-length uncertainty and included in the overall
NIST SRP uncertainty budget. Of all bias upgrades, 15 of the
24 completed so far have been done by comparison with either
NIST SRP 2 or NIST SRP 0. Figure 8 shows the average slopes
obtained during comparisons of the 10 upgraded NIST SRPs
with NIST SRP 0, including NIST SRP 2. All of these bias
upgrades took place in the laboratory of the specific NIST SRP
owner, except that of NIST SRP 2, which was done in the NIST
laboratory. The results in Figure 9 show the average slopes
obtained during comparisons of the five additional upgraded
NIST SRPs directly with NIST SRP 2 in the NIST laboratory.
Because the upgrades done outside of NIST by comparison
with NIST SRP 0 include data relating NIST SRP 0 versus
NIST SRP 2, these data have been corrected back to NIST SRP

2 as well. Table 2 shows the change in slope from each step of
the upgrade process for the 15 NIST SRPs upgraded by NIST
and compared with either NIST SRP 0 or NIST SRP 2. These
results show an average change in the slope of �0.70% due to
the path-length bias correction (new cells) and an average
change in slope of 0.36% due to the temperature gradient bias
correction (new source/optics block).

The BIPM, which maintains NIST SRP 27 as the interna-
tional ozone reference standard, has performed bias upgrades of
six NIST SRPs including NIST SRP 27. The data obtained from
this work were by comparison with NIST SRP 27 except for the
bias upgrade of NIST SRP 27, which was compared with NIST
SRP 28. The EPA has performed bias upgrades to 4 of its 11
NIST SRPs. The results of these additional bias upgrades will
not be presented in this paper, but will follow in subsequent
reports.

Summary

From the data in Table 2 of the 15 bias upgrades reported here,
the change in slope due to the new absorption cells to minimize
the optical path-length bias shows an average change of
�0.70%. The lowest change of 0.53% was close to the estimated
value of 0.5% from the bias study (Viallon et al., 2006), but the
highest change of 1.00% was much higher than expected. This
spread in results of 0.47% is most likely due to variations in the
parallelism of the original cell windows, with the most perfectly
parallel windows providing the largest change in slope, as well as
variations in the reflectivity of the optical filters, which were
originally located at the end of the absorption cells. The new
source/optics block, which minimizes the temperature gradient
bias, shows an average change in slope of 0.36%, which is close
to the bias study (Viallon et al., 2006) estimate of 0.4%. The

Figure 7. Intercepts of initial comparisons of new SRPs versus NIST SRP 2.

Norris et al. / Journal of the Air & Waste Management Association 63 (2013) 565–574 571

D
ow

nl
oa

de
d 

by
 [

N
IS

T
 N

at
io

na
l I

ns
tit

iu
te

s 
of

 S
ta

nd
ar

ds
 &

] 
at

 0
6:

37
 2

2 
A

pr
il 

20
13

 



spread in results of 0.52% is due to several factors: the source
lamp block temperature setting, the ambient temperature in the
laboratory during the measurements, whether or not the source
block cover was installed, and finally in one case a heating device
was added along the cells to minimize the temperature gradient.

The results of all original NIST SRP comparisons with NIST
SRP 2 (Figures 6 and 7) show an average slope of 0.99916 �
0.00176, with a spread from maximum slope to minimum
slope (difference) of 0.72%. The final comparison data from
the 10 bias upgrades against NIST SRP 0 (Figure 8) show an

Figure 8. Slopes of bias upgrade comparisons of NIST SRPs versus NIST SRP 0.

Figure 9. Slopes of bias upgrade comparisons of NIST SRPs versus NIST SRP 2.
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average slope of 1.00010� 0.00068, with a difference of 0.24%.
Additionally, the final comparison data from the four bias
upgrades against NIST SRP 2 (Figure 9, which excludes NIST
SRP 0) show an average slope of 0.99844 � 0.00071, with a
difference of 0.16%. NIST SRP 0 is excluded from this data set
because NIST SRP 2 had not been upgraded during the NIST
SRP 0 bias upgrade. Using the before and after comparison data
of NIST SRP 0 versus NIST SRP 2 to correct all data back to
NIST SRP 2 as the reference, the combined average slope for 14
bias-upgraded NIST SRPs is 0.99849 � 0.00085, with a differ-
ence of 0.33%. This reduction in the difference from highest to
lowest slope versus NIST SRP 2 shows that the bias upgrades
have improved the overall measurement agreement of all NIST
SRPs. Figure 10 shows these slopes and the slopes from new
NIST SRPs built with the bias upgrade.

An improvement in the agreement of NIST SRPs versus NIST
SRP2 either bias upgraded orwith the bias upgradewhen built has
been demonstrated. This confirms the presence of the temperature
gradient and optical path-length biases in the previous NIST SRP
configuration. The data also indicate that the estimated relative
bias of �0.4% for the temperature gradient and the estimated
relative bias þ0.5% for the optical path-length bias from the bias
study (Viallon et al., 2006) are not found in all SRPs. The data
show an average optical path-length bias of þ0.70%, and an
average temperature gradient bias of �0.36%, with an overall
average change in the measurement slope of �0.34%.

Conclusion

This study has shown the original NIST SRP design to have
a temperature gradient of 1.1 �C when operated in the NIST
laboratory, corresponding to an ozone mole fraction bias of
0.39%. This is in good agreement with the results found in the
bias study (Viallon et al., 2006). The ability to reduce the
temperature gradient from 1.1 �C down to below 0.2 �C was
also demonstrated using a redesigned source/optics lamp
block with different mounting components. Additionally, the
optical path-length bias found in the bias study (Viallon et al.,
2006) was found to exist in all NIST SRPs. Use of a modified
design for the optical cell incorporating 3�-tilted windows has
removed this bias. The known divergence of light down the
optical cells was not addressed in this work and additional
research is planned to quantify this effect. The 15 NIST SRPs
upgraded in this work have shown improved overall agree-
ment. These instruments along with all newly constructed
NIST SRPs will be monitored to see if this improvement is
maintained.

The worldwide interest in the NIST SRP to serve as a high-
level reference standard for ozone measurement and traceability
has been consistent and is expected to continue. Proper main-
tenance and measurement comparability of all NIST SRPs have
a direct effect on global ozone measurements within the
troposphere.

Table 2. Summary of change in slope during bias upgrades

SRP
No. Date

% Change in Slope
New Cells

% Change in Slope
New Source

Total % Net Change in
Slope

0 March 5–24. 2006 �0.72 0.17 �0.55
2 March 5–24. 2006 �0.55 0.31 �0.24
21 May 16–August 22. 2006 �0.54 0.26 �0.28
17 August 6–10. 2007 �1.00 0.18 �0.82
26 September 10–19. 2007 �0.53 0.46 �0.07
18 September 12–24. 2007 �0.85 0.12 �0.73
23 September 13–21. 2007 �0.68 0.58 �0.10
15 September 17–20. 2007 �0.60 0.45 �0.15
14 September 13–30. 2007 �0.63 0.50 �0.13
29 October 29–November 2. 2007 �0.57 0.64 0.07
25 November 19–23. 2007 �0.65 0.20 �0.46
16 December 6–12. 2007 �0.86 0.25 �0.61
34 March 11–April 6. 2008 �0.72 0.44 �0.28
35 March 17–21. 2008 �0.75 0.54 �0.21
30 April 14–18. 2008 �0.84 0.29 �0.55

Average: �0.70 0.36 �0.34
Standard deviation: 0.14 0.17 0.26
Maximum: �0.53 0.64 0.07
Minimum: �1.00 0.12 �0.82
Difference: 0.47 0.52 0.89
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Figure 10. Average slopes of all bias-upgraded NIST SRP comparisons versus NIST SRP 2.
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