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Abstract In 2009, the United States Congress charged the
National Institute of Standards and Technology (NIST) with
supporting climate change research. As part of this effort, the
Gas SensingMetrologyGroup at NIST began developing new
gas standard mixtures for greenhouse gas mixtures relevant to
atmospheric measurements. Suites of gravimetrically pre-
pared primary standard mixtures (PSMs) were prepared at
ambient concentration levels for carbon dioxide (CO2), meth-
ane (CH4), and nitrous oxide (N2O) in a dry-air balance. In
parallel, 30 gas cylinders were filled, by the National Institute
of Water and Atmospheric Research (NIWA) in Wellington,
New Zealand, to high pressure from pristine southern oceanic
air at Baring Head, New Zealand, and shipped to NIST. Using
spectroscopic instrumentation, NIST analyzed the 30 cylinder
samples for mole fractions of CO2, CH4, and N2O. Certified
values were assigned to these mixtures by calibrating the in-
strumentation with the PSM suites that were recently devel-
oped at NIST. These mixtures became NIST Standard
Reference Material (SRM) 1721 Southern Oceanic Air and

are certified for ambient mole fraction, the first of their kind
for NIST. The relative expanded uncertainties corresponding
to coverage intervals with 95 % probability are no larger than
0.06 % of the certified values, representing the smallest un-
certainties to date ever assigned to an NIST gas SRM.
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Introduction

Carbon dioxide (CO2), methane (CH4), and nitrous oxide
(N2O) are all greenhouse gases (GHGs) that make important
contributions to climate change. A recent analysis from the
Global Atmosphere Watch (GAW) Observations Program of
the World Meteorological Organization (WMO) shows that
the globally averaged mole fractions of GHGs reached new
highs in 2013 . These maxima inc lude (396.0 ±
0.1)μmol mol−1 for CO2, (1824±2)nmol mol−1 for CH4,
and (325.9±0.1)nmol mol−1 for N2O [1, 2]. Compared to
pre-industrial levels (prior to 1750), these are relative changes
in concentration of 140, 250, and 120 %, respectively. A re-
cent update by the National Oceanic and Atmospheric
Administration (NOAA) reports the preliminary global CO2

level at 400.83 μmol mol−1 as of March 2015 [3]. All three
species are long-lived greenhouse gases (LLGHGs) which
absorb electromagnetic radiation and affect the budget of tro-
pospheric and stratospheric ozone (O3). Thus, these LLGHGs
contribute significantly to atmospheric radiative forcing and
have an important role in atmospheric chemistry. As the most
important anthropogenic GHG in the atmosphere, CO2 has
contributed 65 % to radiative forcing by LLGHGs. Methane
is the second most important contributor to radiative forcing
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by LLGHGs, with a contribution of ≈17 % followed by N2O
at ≈6 % [1, 2].

In order to accurately establish trends in gas concentration,
assess the role of LLHGLs in atmospheric chemistry, and
relate measurement records from many laboratories and re-
searchers, it is essential to have a stable, accurate, and inter-
nationally recognized source of calibration standards or scales.
The longest available records of atmospheric CO2 measure-
ments date back to those started in 1957 at the Scripps
Institution of Oceanography (SIO), La Jolla, CA. These mea-
surements were based on manometry [4]. NOAA began their
CO2 measurement program in 1968 and eventually developed
a manometric system for absolute calibrations of CO2 in dry-
air mixture gas [5]. NOAA is the WMO Central Calibration
Laboratory (CCL) for CO2, CH4, N2O, and some other key
atmospheric species [6, 7]. Thus, NOAAmaintains calibration
standards and scales and disseminates that scale to WMO
participants via tertiary calibration mixtures. They maintain
their own measurement records for these LLGHGs which
can be found at www.esrl.noaa.gov/gmd. Another
organization that has a long history of measurements,
beginning in 1978, is the Advanced Global Atmospheric
Gases Experiment (AGAGE) at http://agage.eas.gatech.edu/.
AGAGE does not focus on CO2 but does measure and track
CH4, N2O, and halocarbons.

The ever-increasing number of measurements outside of
the current atmospheric measurement networks had increased
demand for standards. In 2009, the United States Congress
funded the National Institute of Standards and Technology
(NIST) to support climate change research. As part of this
effort, NIST’s Gas Sensing Metrology Group (GSMG) began
developing gas standards required for accurate measurements
of GHGs for ground-based and ambient atmosphere applica-
tions. Initial efforts included the development of gas-cylinder-
contained gravimetric primary standard mixture (PSM) suites
of ambient atmospheric-level CH4 and N2O in a dry-air bal-
ance as previously described [8, 9]. A PSM suite for ambient-
level CO2 was also produced but has not yet been described in
the literature, although key issues that had to be addressed in
the preparation techniques have been documented [10].

A key component of the NIST primary standards program
involves maintaining strong international links with other
National Metrology Institutes (NMIs) through key compari-
sons proposed by the Gas Analysis Working Group (GAWG)
of the Consultative Committee for Amount-of-Substance:
Metrology in Chemistry and Biology (CCQM). The
CCQM’s mission is to establish global comparability of mea-
surement results through promoting traceability to the SI [11].
CCQMkey comparisons of ambient CO2, N2O, and CH4 have
been conducted in 2006, 2008, and 2013, respectively
[12–14]. The results of these comparisons show agreement
within the reported measurement uncertainties between
NIST, many other NMIs, and NOAA. We note that as a

signatory of the Mutual Recognition Arrangement (MRA) of
the Consultative Committee of Weights and Measures
(CIPM), the WMO recommends the CCL for the species be-
ing compared as an official participant in a CCQM Key
Comparison [6]. Thus, NOAA, as the WMO-CCL for CO2,
CH4, and N2O, can participate in key comparisons for these
three analytes.

The PSM suites developed at NIST are kept in-house and
are used to certify other calibration mixtures such as reference
materials (RMs) and certified reference materials (CRMs).
CRMs certified by NIST are trademarked as Standard
ReferenceMaterials® (SRMs). After NIST developed and ver-
ified the PSM suites for CO2, CH4, and N2O through in-house
processes, and bilateral and/or international key comparisons,
these mixtures were subsequently used to certify SRM 1721
Southern Oceanic Air.

SRM 1721 is one of two new, first ever, natural air SRMs.
It was developed to support those needing calibration stan-
dards: (a) state and local government agencies performing
ground-level urban and remote measurements, (b) the auto-
motive industry which measures N2O fugitive emissions from
autos needing a baseline calibration point, (c) mega-cities pro-
jects needing a low-end calibration point, (d) academia
performing research and atmospheric measurements, and (e)
scientists in general measuring these GHGs in many atmospher-
ic environments. In the remainder of this article, we describe the
development and eventual certification of this new SRM.

Experimental procedure

Preparation of mixtures The SRM candidate mixtures were
prepared from southern oceanic air by the National Institute of
Water and Atmospheric Research (NIWA) at their research
station at Baring Head, New Zealand, as shown in Fig. 1.
The facility, contained in three small buildings, is located at
the coast on a cliff 79 m above the ocean at latitude of 41° 25′
S and longitude of 174° 52′ E (the windiest area in New

a b

Fig. 1 a optimal wind direction from Antartica shown with white arrow
and b Position of sample line of tower of NIWA Barring Head station
buildings
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Zealand). The prime conditions for pristine oceanic air occur
during the months ofMarch and April (white arrow in Fig. 1a)
when the prevailing winds originate from Antarctica and sub-
sequently traverse the southern Pacific Ocean to New
Zealand. The sampling tube/line is mounted on a tower out-
side the building at a height of about 4.6 m as indicated by the
white arrow in Fig. 1b.

Thirty new aluminum compressed gas cylinders of 29.5 L
internal volume, conditioned for ambient CO2 gas mixture use
by Scott-Marrin, Riverside, CA, were pumped with air to a
pressure of approximately 14.5MPa. The Rix SA6E compres-
sor used to pressurize the cylinders was equipped with a
0.01-μm pore-size filter (SMC, SFD200-N02) in order to re-
move salt and other particulates during the sampling process.
Additionally, the sampled air was dried in three stages. The
first two stages involved the use of two drying towers on the
pump. In this process, air was spun inside each unit, with
water being condensed and drained from below while the
Bdryer^ air exited the top. These two stages were followed
by a final high-pressure step which used magnesium perchlo-
rate as a chemical desiccant. The high-pressure samples are
collected with a factory-standard ring material, which imparts
no significant change to the air composition.

NIWA used a Siemens Model 3A non-dispersive infrared
(NDIR) spectrometer to measure CO2 concentration at the
start of the sampling process for each cylinder. The fill date,
start time (NZST), wind direction, wind speed, and the CO2

mole fraction at the start of sampling are given in Table 1.
After pressurizing 30 cylinders, these samples were shipped
to NIST in Gaithersburg, MD, USA, for commencement of
the analysis and certification process.

Analysis of SRM mixtures One of the 30 cylinder samples,
sample number 1721-AL-01 (cylinder # CC2598), was desig-
nated as the lot standard (LS). The LS was analyzed repeated-
ly and served as an analytical control to compensate for any
instrument drift during a measurement sequence. One to three
of the candidate SRM sample cylinders were analyzed be-
tween analyses of the LS. All analyses were accomplished
using a computer-operated gas analysis system (COGAS) de-
veloped at NIST. COGAS consists of 12 ports+1 common
stainless steel gas sampling stream selection valve where
one cylinder sample is connected to a single port. While one
port is being sampled, the other 11 are dead ended with the
sample stream flow through the common port and controlled
by a needle valve. A low dead-volume two-stage regulator
(Model Y12-C144D, Airgas Specialty Gases, Riverton, NJ)
is attached to each cylinder with a section of 0.16-mm stain-
less steel tubing from the regulator to the port in the gas sam-
pling valve. Up to 11 samples can be connected to COGAS,
one of which is designated as a control (the LS in this in-
stance). The 12th port is reserved as a Brest port^ which is
connected to some source of air, either a cylinder mixture or

Bhouse^ air. After completion of all cycles, the COGAS
stream selection valve is advanced to the rest port. The com-
puter program allows the user to select the number of samples
to run between two control samplings. A complete sequence
represents each of the samples being analyzed, and up to ten
sequences can be made in continuous operation

The COGAS was used to randomly sample from six to ten
samples in a full cycle. Ten instrument response measure-
ments were taken as each sample was analyzed, and an aver-
age was calculated. All measurement sets were equally sepa-
rated in time. A ratio (ri) of the ith candidate sample (csi) to
that of the LS was determined by dividing the corresponding
average instrument response �Si by the interpolated value of
the LS responses according to

ri ¼
�Si

�SLS;1 þ
i �SLS;2−�SLS;1
� �

icsþ1

ð1Þ

where �SLS;1 and �SLS;2 are the averaged LS responses that
bracket the candidate sample(s) and ics is the number of can-
didate samples within a complete sequence. A typical analysis
sequence would be LS, cs1, cs2, and LS, for which ics=2,
representing an BLS set.^1 (In some cases, ics=1.) Analyses
were repeated for enough cycles in order to obtain a minimum
of ten ratios of each sample to the LS. The Picarro Models
G1301-c and G2101-I cavity ring-down spectroscopy
(CRDS) analyzers were used to measure the CH4 and CO2

concentrations, respectively, and a Los Gatos Research
Model 23d off-axis Cavity-Enhanced Absorption
Spectroscopy (CEAS) system was used for measurement of
the N2O. All three instruments measured the same sample
stream by sampling the main sample line via internal instru-
ment pumps as illustrated in Fig. 2.

All ratios determined for CO2, CH4, and N2O for each
SRM candidate sample are listed in the Electronic
Supplementary Material (ESM) Table S1. Each SRM candi-
date sample, which is assigned a BSample Number,^2 as listed
in ESM Table S1, was analyzed and bracketed by analyses of
the LS. Several SRM samples are analyzed between the LS
analyses representing one BLSSet^1. Continuous analyses of
the SRM samples, randomly chosen, representing several
LSSet1 without interruption represent a BBreak Set.^3 There
can be several Break Sets3 during a full BDay^4 of analyses.
The BPort Number^ is the port on COGAS to which the

1 LS set is all ratiosmeasured between LSmeasurements and are assigned
the same number.
2 Sample number of the candidate SRM: i.e., sample number 6 is SRM
sample ID 1721-A-06
3 Break set includes all ratios measured without significant interruption.
4 All measurements taken on the same 24-h calendar day
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sample gas is connected. This configuration may or may not
have been the same for all ratio determinations.

Analysis of SRMLS to primary standards The same instru-
mentation was used as above to analyze the LS against the
suites of gravimetric primary standard mixtures (PSMs).
Development of the CH4 in dry, whole-air (natural) suite
(NIST_CH4_2011) and N2O in synthetic air (O2/N2) suite
(NIST_N2O_2012) has previously been discussed [8, 9].
Preliminary analysis of the N2O using the CEAS system indi-
cated that argon needed to be present when measuring whole-
air samples, a known phenomenon due to the impact of the
matrix composition on the pressure broadening coefficient of
the absorption line used by the analyzer to deduce the N2O
mole fraction [15–18]. Therefore, a new suite of N2O PSMs

was developed in 2014 (NIST_N2O_2014) in a balance of
synthetic air which included argon. A bias between assigned
values to an air sample using the argon-free versus argon-
included N2O PSM suites was confirmed and found to be
~.8 nmol mol−1 when using CEAS. The development of these
new N2O PSMs has not yet been published. NIST is currently
comparing the NIST_N2O_2012 (matrix of ~20.9 % O2/
79.1 % N2) and NIST_N2O_2014 (matrix of ~0.93 % Ar/
20.9 % O2/78.2 % N2) suites with a gas chromatograph/
electron capture detector (GC/ECD) to make sure the suites
are in agreement. (Theoretically, there should be no matrix
affect due to argon when using GC/ECD.)

When using these spectroscopic instruments for analyses of
natural air samples, the isotopic composition may also come
into play. In the case of CH4, measured with the PicarroModel

Table 1 SRM Southern Oceanic Air sample data

Cylinder number NIST SRM sample number Suite Fill date Fill time (NZST) Measurements at start of collection

Wind direction (°)a Wind speed (m/s) CO2 (μmol mol−1)

CC2583 1721-A-22 A1 Jul 25, 2011 14:15 199 22 388.03

CC2589 1721-A-30 A2 Jul 26, 2011 14:15 199 22 388.03

CC2587 1721-A-16 A3 Jul 27, 2011 14:15 199 22 388.03

CC332560 1721-A-27 A4 Jul 28, 2011 14:15 199 22 388.03

CC332456 1721-A-20 B1 Sept 20, 2011 10:54 178 16 388.03

CC2578 1721-A-15 B2 Sept 20, 2011 10:54 178 16 388.43

CC2581 1721-A-18 B3 Sept 20, 2011 10:54 178 16 388.43

CC2594 1721-A-13 B4 Sept 20, 2011 10:54 178 16 388.43

CC2577 1721-A-14 C1 Sept 20, 2011 14:14 158 14 388.43

CC2576 1721-A-24 C2 Sept 20, 2011 14:14 158 14 389.42

CC2571 1721-A-03 C3 Sept 20, 2011 14:14 158 14 389.42

CC332561 1721-A-17 C4 Sept 20, 2011 14:14 158 14 389.42

CC332700 1721-A-02 D1 Dec 20, 2011 10:04 150 9 389.42

CC2572 1721-A-23 D2 Dec 20, 2011 10:04 150 9 388.01

CC332678 1721-A-04 D3 Dec 20, 2011 10:04 150 9 388.01

CC2573 1721-A-29 D4 Dec 20, 2011 10:04 150 9 388.01

CC332701 1721-A-25 E1 Dec 21, 2011 11:41 158 9 388.01

CC2580 1721-A-28 E2 Dec 21, 2011 11:41 158 9 388.58

CC339480 1721-A-06 E3 Dec 21, 2011 11:41 158 9 388.58

CC2597 1721-A-21 E4 Dec 21, 2011 11:41 158 9 388.58

CC332439 1721-A-08 F1 Dec 22, 2011 11:32 145 11 388.58

CC2595 1721-A-09 F2 Dec 22, 2011 11:32 145 11 386.67

CC332431 1721-A-10 F3 Dec 22, 2011 11:32 145 11 386.67

CC2598 1721-AL-01 F4 Dec 22, 2011 11:32 145 11 386.67

CC2599 1721-A-11 G1 Feb 27, 2012 16:17 147 10 386.67

CC2574 1721-A-12 G2 Feb 27, 2012 16:17 147 10 388.45

CC2596 1721-A-26 G3 Feb 27, 2012 16:17 147 10 388.45

CC332689 1721-A-07 G4 Feb 27, 2012 16:17 147 10 388.45

CC332571 1721-A-19 H1 Mar 8, 2012 10:30 163 18 388.45

CC332578 1721-A-05 H2 Mar 8, 2012 10:30 163 18 388.86

aWhere “°” is north
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G1301-c instrument, the PSMs were prepared from pure
methane (99.9993 %±0.06 %), with an isotopic composition
of −43‰ 13δC (VPDB), in methane-free dry whole air. This
then would mimic the whole-air SRMs, thus reducing both
pressure broadening and isotopic composition concerns.
However, a recent study suggests that this is not a significant
issue for CH4 [19]. In the case of CO2, the authors realize the
spectroscopic issues related to the isotopic compositions and
different isotopologues that are involved when measuring am-
bient samples. However, while the authors were able to mea-
sure the 13C-CO2 (described later) to the total CO2, it is only
considered a rough determination with higher uncertainties
than required. Therefore, we cannot properly address these
issues at this time. Methods development for accurate 13C
and 12C measurements as well as the development of isotopic
standards is in its beginning phases at NISTand will be part of
future work in GHG standards development.

The NIST CO2 primary gravimetric standards were pre-
pared from pure CO2 obtained from Airgas Specialty Gases
(Riverton, NJ) and dry CO2 scrubbed whole air from Scott-
Marrin (Riverside, CA). The same general procedures de-
scribed for the preparation of CH4 and N2O [8, 9] were used
to prepare the CO2 suite. The pure CO2 was recovered from
the flue at the AES Warrior Run power plant fired from bitu-
minous coal mined in Maryland. NIST obtained a large sam-
ple of this CO2 from Airgas who sourced it from the Linde
Carbonic facility (Cumberland, MD). The GSMG at NIST
analyzed the pure CO2 for other components of air and deter-
mined it to be (99.9994%±0.0002)%molmol−1 CO2. Further
analyses to determine the relative amounts of 12C and 13C
were made by Fourier transform infrared spectroscopy
(FTIR) (Nicolet Nexus 670, Nicolet Instrument Corp.,
Madison, WI). A nominal 500 μmol mol−1 PSM, prepared
from this pure CO2 and dry CO2 scrubbed dilution air, was
analyzed. Using the same approach as is common in the at-
mospheric community [20–22], the relative 13C content was
determined by ratio of the responses to each other; C13/12C .

The resulting ratio was determined to be 0.01092±0.00022
(1.092±0.022)%, resulting in a δ13C-CO2 isotopic delta value
of about −28‰ (VPDB scale) in the PSMs compared to ≈−8
‰ (VPDB) determined in two of the SRM candidate mix-
tures. (Only two of the 30 samples were measured for the
δ13C-CO2 as at this time NIST does not have PSMs for 13C-
CO2 or the instrumental equipment necessary to make accu-
rate measurements and suitable uncertainties).

The dilution air was analyzed for major components in-
cluding O2, Ar, CH4, N2O, and CO, as well as trace CO2

(typical levels 0.2 μmol mol−1). Nitrogen was determined by
subtraction. Atomic masses taken from IUPAC data [23, 24]
were used to calculate the molecular mass and the uncertainty
of the dry whole-air diluent gas for each cylinder of natural air
from the sum of the analyzed component fractions. The isoto-
pic content of the 12C and 13C in the pure CO2 was also taken
into account in the calculation of the gravimetric CO2 mole
fraction. The development of the NIST CO2 PSMs
(NIST_CO2_2012) has not yet been published, although pre-
vious work describes issues that needed to be addressed such
as absorption/desorption of CO2 within the cylinders used to
prepare the PSMs [10]. The cylinders used to prepare each of
the CO2 PSMswere tested for initial absorption, and the gravi-
metric mole fractions were adjusted accordingly.

The measurements of the LS to the CH4, CO2, and N2O
PSM suites were carried out individually. COGAS was used
to randomly sample all PSMs against the LS in a full cycle.
The average of ten instrument response measurements, given
by �SPSM, was obtained for the analysis of each PSM. A ratio
(rPSM) of each PSM to the LS was determined by dividing
�SPSM by the average instrument response to the LS given by
�SLS. This definition gives

rPSM ¼
�SPSM

1

2
�SLS;1 þ �SLS;2
� � ð2Þ

Only one PSM was randomly analyzed between LS anal-
yses, within one Break Set for a full cycle and several cycles
during a full BDay^ of analyses. Analyses were repeated for
enough cycles over several days in order to obtain a minimum
of ten PSM-to-LS ratios for each PSM. The PSM cylinder
numbers used in the calibrations for CO2, CH4, and N2O are
listed in Table 2 along with the gravimetric mole fraction, its
associated combined standard uncertainty (u) and expanded
uncertainties (U) representing an approximate 95 % confi-
dence interval. The u values can be considered as Bone stan-
dard deviation^ estimates that include all known components
of measurement uncertainty.

Other analytes All the cylinders were analyzed for moisture
content using a Meeco Aquavolt (P2O5) moisture analyzer and
carbon monoxide (CO) by Cavity-Enhanced Absorption

Samples

COGAS

Picarro 
G1301-c

CH4

Picarro 
G2101-I

CO2

LGR 23d
N2O
CO2

vent

Fig. 2 Diagram of instruments sampling of gas stream
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Spectroscopy (CEAS), Los Gatos Research. Molecular oxygen
(O2) and argon (Ar) were determined in only two cylinders in
order to conserve sample pressure in the SRM samples. The O2

analysis was accomplished using a SiemensOxymat 6 paramag-
netic analyzer calibrated with NIST SRM 2659a LS (71-DL-01)
at 20.7236 %±0.0005 % (0.002 % relative). Argon was ana-
lyzed using anAgilent 6890 gas chromatograph equippedwith a
thermal conductivity detector (GC/TCD) calibrated with NIST
SRM 1676 LS (19-BL-01) at 0.980 %±0.001 %.

Results and discussion

The analysis functions used to assign values to the SRM and
the evaluations of uncertainty for the assigned values were
computed as described. These functions have been built using
methods that extend the methods described in ISO 6143 [25]
to take into account the case when statistical evaluations of
uncertainty are based on small numbers of observations and
when Monte Carlo methods are used to evaluate the uncer-
tainty associated with the certified values [26, 27]. These pro-
cedures are routinely used by the NIST Gas Sensing

Metrology Group for value assignment and uncertainty eval-
uation of reference materials.

Final expanded uncertainties (U) are expressed and calcu-
lated from

U 95% ¼ ku ð3Þ

with coverage factor k determined separately for each
GHG species and described later. The true value for
each analyte mole fraction, xanalyte, is asserted to lie in
the interval [xanalyte±U95 %(xanalyte)] with a level of con-
fidence of approximately 95 %. Data treatment discus-
sions follow for each of the greenhouse gas species
being certified in this SRM 1721.

Function for carbon dioxide (CO2), methane (CH4), and
nitrous oxide (N2O) Four CO2, five CH4, and six N2O
PSMs listed in Table 2 were analyzed against the SRM
LS control, and instrument response ratios were calcu-
lated. The ratios, mole fractions, xanalyte, and associated
uncertainties u(xanalyte) for each PSM are listed in ESM
Tables S2, S3, and S4, respectively. Figure 3a, b depicts
the analysis function (first-order polynomial) selected

Table 2 PSMs used to value
assign mole fractions to SRM
1721 samples

Cylinder number Mole fraction
(μmol mol−1)

Combined
uncertaintya

Expanded
uncertaintyb

CO2 PSMs (NIST_CO2_2012)

APEX1005714 421.178 0.062 0.124

APEX1005721 398.854 0.063 0.126

APEX1005674 396.489 0.059 0.118

APEX1005690 379.444 0.060 0.120

CH4 PSMs (NIST_CH4_2012)

FF4249 1892.84 0.79 1.58

FF4288 1836.16 0.75 1.50

FF4283 1795.10 0.75 1.50

FF4264c 1756.75 0.72 1.44

FF4260 1687.15 0.78 1.56

N2O PSMs (NIST_N2O_2014)

FF22146 344.378 0.060 0.120

FF22181 338.390 0.058 0.116

FF22145 331.135 0.057 0.114

CAL016773 326.325 0.057 0.114

FF22225 319.646 0.048 0.096

FF22270 314.952 0.047 0.094

a Combined standard uncertainty (k=1), micromoles per mole for CO2 and nanomoles per mole for CH4 and
N2O, expressing all recognized sources of uncertainty
b Expanded uncertainty (k=2) at the 95 % confidence interval, micromoles per mole for CO2 and nanomoles per
mole for CH4 and N2O, expressing all recognized sources of uncertainty
c The original [6] PSM was expelled and the same cylinder used to prepare a new PSM in 2014
d PSMs are not those discussed in reference [9] but are the new suite (NIST_N2O_2014) made using the same
technique and including argon
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from among the first-, second-, and third-order polyno-
mials for CO2 and CH4. (Second- and third-order poly-
nomials were tested to assure that the instruments were
responding in a linear manner as would be expected.)
This expression gives the mole fractions, cj (ordinates)
of the jth PSM (denoted by PSMj), as a function of the
measured response ratios (abscissae). The fitted first-

order polynomial analysis function gives the unknown
SRM CO2, (cCO2; j ), or CH4, (cCH4; j ), mole fraction in
terms of the response ratio as

cCO2; j ¼ �rSRM; jb1 þ b0 ð4Þ

where �rSRM; j is the average SRM sample response ratio for
CO2, or CH4, corresponding to the jth SRM. A residual plot,

a CO2 b CH4
Fig. 3 a, b Plots of first-order
polynomial for CO2 and CH4

PSMs from ratiometric and
gravimetric mole fraction data,
and residuals between gravimetric
and corresponding predicted
values of the PSMs by the
analysis function. c represents the
mole fraction (concentration) in
micromoles per mole for CO2 and
nanomoles per mole for CH4. ĉ
represents the predicted mole
fraction (concentration) in
micromoles per mole for CO2 and
nanomoles per mole for CH4. r is
the ratio of the peak areas of the
PSM to the LS. The gray regions
represent the 95 % coverage of
the uncertainty in the values

*c represents the gravimetric mole fraction (concentration) in nmol mol-1.

*ĉ represents the predicted mole fraction (concentration) in nmol mol-1.

*r is the ratio of the peak areas of the PSM to the LS.

*The gray regions represent the 95 % coverage of the uncertainty in the values.

Fig. 4 Plot of second-order
polynomial for N2O PSMs from
ratiometric and gravimetric mole
fraction data, and residuals between
gravimetric and corresponding
predicted values of the PSMs by the
analysis function. c represents the
gravimetric mole fraction
(concentration) in nanomoles per
mole. ĉ represents the predicted
mole fraction (concentration) in
nanomoles permole. r is the ratio of
the peak areas of the PSM to the
LS. The gray regions represent the
95 % coverage of the uncertainty in
the values
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the difference between the gravimetric mole fraction, c, and
the predicted, ĉ, for each polynomial, is also shown below the
analysis function plot including a 95 % coverage region for
such differences.

Figure 4 depicts the N2O analysis function (second-order
polynomial) selected from among first- through fifth-order
polynomials. This expression gives the mole fractions, cj
(ordinates) of the jth PSM (denoted by PSMj), as a function
of the measured response ratios (abscissae). It should be noted
that while the fifth-order polynomial, depicted in ESM
Fig. S1, better captures a slight curvature at the low end, it
has larger associated uncertainties (see gray uncertainty
bounds). The second-order polynomial has more marked lack
of fit but smaller associated uncertainties. Because the differ-
ences in the SRM sample xN2O are not significantly different
(<0.03 nmol mol−1 in most cases), as shown in ESMTable S5,
we chose to use the second-order polynomial fit. The fitted
analysis function gives the unknown SRMN2O mole fraction
in terms of the response ratio as

cN2O ¼ �r2SRM; jb2 þ �rSRM; jb1 þ b0 ð5Þ

where �rSRM; j is the average SRM sample response ratio cor-
responding to the jth SRM. A residual plot, showing the differ-
ence between the gravimetric mole fraction, c, and the predicted,
ĉ, for theN2O polynomial with the 95% coverage region, is also
shown beside the analysis function plot. That all but one residual
are positive suggests systematic lack of fit for the second-order
polynomial, possibly owing to a non-linear response of the in-
strument used for measurement. Since a third-order polynomial
would improve the residual pattern without reducing the mag-
nitude of the residuals overall, we adopted the simpler model.

Table 3 lists the coefficients b0 and b1 for the CO2 and CH4

functions. This linear response equation was used to assign CO2

and CH4 mole fraction values and their combined standard un-
ce r t a in t i e s to the LS, 1721-AL-01 , (391 .338 ±
0.034)μmol mol−1 and (1771.06±0.34)nmol mol−1, respective-
ly. The xanalyte and u(xanalyte) were also calculated for each SRM
sample using the respective ratio data and Eq. 4. The post hoc
value for the 95 % expansion factor of Eq. 3 was computed
using Monte Carlo method results as k=U95 %/u: k(CO2)=
1.78 and k(CH4)=1.97. The U95 %(xCO2 ) and U95 %(xCH4 ) for
each SRM sample were calculated using Eq. 3. Table 3 also lists

the coefficients b0, b1, and b2 for the N2O second-order function.
This quadratic response equation was used to assign an N2O
value to the LS of 324.101 nmol mol−1 with a combined stan-
dard uncertainty (k=1) of ±0.042 nmol mol−1. A value and
combined standard uncertainty were also calculated for each
SRM sample using their respective ratio data and Eq. 5. The
post hoc value of the coverage factor was computed as the ratio
between the 95 % expanded uncertainty and the combined stan-
dard uncertainty, both evaluated using the Monte Carlo method,
k=1.72. The expanded uncertainty (U95 %) of xN2O for each
SRM sample was calculated using Eq. 3. The individual xanalyte,
u(xanalyte), and U95 %(xanalyte) for all three analytes in each SRM
sample are given in Table 4.

Components of air Water content ranged from (0.5 to
20.4)μmol mol−1 while CO values were (36 to 56)nmol mol−1.
Due to instability in the NIST PSMs, in the form of growth of
CO observed over time, and possibly the SRM samples them-
selves, it is not possible to certify the CO at this time. Further
research is needed to assess the CO instability problem and de-
termine if a suitable cylinder/treatment process can be developed
to solve this problem. The H2O and CO (at the time of its deter-
mination) are given in ESM Table S6 but are provided only as
information of potential interest. Cylinders 1721-AL-01 and
1721-A-14 were analyzed for molecular oxygen (O2) and argon.
The mole fraction values were the same for both samples at
20.93 and 0.93 % for oxygen and argon, respectively.

Final certified values The final certified mole fraction xanalyte
and U95 %(xanalyte) for CO2, CH4, and N2O corresponding to
each of the 27 SRM samples are given in Table 5. The
U 95% CO2ð Þ range from (±0.07 to ±0.14)μmol mol−1 or (0.018
to 0.035)% relative to the certified value. The U95 %(analyte) for
the CH4 and N2O were rounded up to ±1.0 nmol mol−1 (0.06 %
relative) and ±0.20 nmol mol−1 (0.06 % relative), respectively.
The uncertainties associated with the mole fractions of the
analytes in the SRM samples are often smaller than those asso-
ciated with the PSMs. This is a consequence of the averaging
effect of the regression function used for value assignment, and
of the assumption that none of the uncertainty components
expressed in the uncertainty evaluations for the PSMs reflect
persistent errors (biases). In future versions of the procedure
currently in use at NIST, we will make provisions to accommo-
date the presence of persistent errors that will not average out as
more and more sample values are combined into derivative
quantities. The Monte Carlo method described in [26] is suffi-
ciently flexible to allow such accommodation.

One of the goals in this SRM development was to provide
standards with uncertainties that were equivalent or exceeded the
WMO Data Quality Objectives (DQOs) [28]. The combined
standard uncertainties, u, of the certified values as given in
Table 2 arewell within theWMODQOs (which are one standard

Table 3 Function coefficients for CO2, CH4, and N2O

GHG species Function coefficients

b0, μmol mol−1 b1, nmol mol−1 b2, nmol mol−1

CO2 −0.1500±0.8307 391.488±0.815

CH4 0.245±0.009 1770.81±0.84

N2O −152.18±34.39 620.643±67.650 −144.36±33.24
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T
ab

le
4

N
IS
T
m
ol
e
fr
ac
tio

n
va
lu
es

an
d
un
ce
rt
ai
nt
ie
s
fo
r
SR

M
17
21

So
ut
he
rn

O
ce
an
ic
A
ir
sa
m
pl
es

S
R
M

sa
m
pl
e

C
yl
in
de
r

nu
m
be
r

C
er
tif
ie
d
va
lu
e,

μ
m
ol

m
ol
−1

C
ar
bo
n
di
ox
id
e

(C
O
2
)
co
m
bi
ne
d

un
ce
rt
ai
nt
y
(u
),

μ
m
ol

m
ol

−1

E
xp
an
de
d

un
ce
rt
ai
nt
y

(U
95

%
),

μ
m
ol

m
ol
−1

C
er
tif
ie
d

va
lu
e,

nm
ol

m
ol
−1

M
et
ha
ne

(C
H
4
)

co
m
bi
ne
d

un
ce
rt
ai
nt
y

(u
),
nm

ol
m
ol
−1

E
xp
an
de
d

un
ce
rt
ia
nt
y

(U
95
%
),

nm
ol

m
ol
−1

C
er
tif
ie
d
va
lu
e,

nm
ol

m
ol
−1

N
itr
ou
s
ox
id
e

(N
2
O
)
co
m
bi
ne
d

un
ce
rt
ai
nt
y

(u
),
nm

ol
m
ol

−1

E
xp
an
de
d

un
ce
rt
ia
nt
y

(U
95

%
),

nm
ol

m
ol
−1

17
21

C
C
25
98

39
1.
34

0.
04

0.
07

17
71
.0
5

0.
34

0.
68

32
4.
10

0.
04

0.
07

17
21

C
C
33
27
00

38
7.
97

0.
07

0.
13

17
60
.6
5

0.
38

0.
76

32
3.
98

0.
05

0.
10

17
21

C
C
25
71

38
8.
93

0.
06

0.
11

17
79
.4
2

0.
38

0.
74

32
3.
66

0.
09

0.
16

17
21

C
C
33
26
78

38
7.
98

0.
06

0.
11

17
60
.5
2

0.
42

0.
82

32
3.
93

0.
05

0.
10

17
21

C
C
33
25
78

38
8.
09

0.
06

0.
11

17
45
.7
5

0.
41

0.
80

32
3.
91

0.
06

0.
12

17
21

C
C
33
94
80

38
8.
45

0.
06

0.
12

17
55
.5
8

0.
40

0.
79

32
3.
96

0.
05

0.
10

17
21

C
C
33
26
89

38
8.
18

0.
05

0.
10

17
45
.0
1

0.
47

0.
92

32
4.
12

0.
05

0.
10

17
21

C
C
33
24
39

39
1.
36

0.
07

0.
13

17
71
.1
4

0.
39

0.
76

32
4.
09

0.
08

0.
15

17
21

C
C
25
95

39
1.
21

0.
04

0.
08

17
71
.0
8

0.
35

0.
70

32
4.
06

0.
06

0.
12

17
21

C
C
33
24
31

39
1.
36

0.
05

0.
10

17
70
.9
6

0.
37

0.
73

32
4.
08

0.
07

0.
13

17
21

C
C
25
99

38
8.
11

0.
04

0.
09

17
44
.9
9

0.
43

0.
84

32
4.
09

0.
05

0.
11

17
21

C
C
25
74

38
8.
05

0.
05

0.
10

17
44
.9
7

0.
45

0.
89

32
4.
12

0.
08

0.
16

17
21

C
C
25
94

38
8.
72

0.
06

0.
11

17
77
.4
3

0.
46

0.
89

32
3.
57

0.
07

0.
14

17
21

C
C
25
77

38
8.
93

0.
06

0.
12

17
79
.1
3

0.
35

0.
69

32
3.
65

0.
09

0.
16

17
21

C
C
25
78

38
8.
67

0.
06

0.
14

17
77
.3
7

0.
36

0.
71

32
3.
56

0.
07

0.
14

17
21

C
C
25
87

38
8.
12

0.
05

0.
10

17
72
.0
2

0.
43

0.
84

32
3.
25

0.
06

0.
12

17
21

C
C
33
25
61

38
8.
94

0.
05

0.
10

17
79
.3
7

0.
38

0.
74

32
3.
65

0.
09

0.
16

17
21

C
C
25
81

38
8.
72

0.
05

0.
10

17
77
.4
2

0.
43

0.
83

32
3.
55

0.
07

0.
13

17
21

C
C
33
25
71

38
8.
15

0.
06

0.
12

17
45
.5
7

0.
42

0.
82

32
3.
92

0.
08

0.
14

17
21

C
C
33
24
56

38
8.
77

0.
06

0.
11

17
77
.5
4

0.
38

0.
74

32
3.
57

0.
06

0.
11

17
21

C
C
25
97

38
8.
30

0.
11

0.
19

17
55
.4
6

0.
42

0.
82

32
3.
93

0.
05

0.
11

17
21

C
C
25
83

38
8.
13

0.
06

0.
11

17
72
.0
9

0.
38

0.
75

32
3.
23

0.
06

0.
12

17
21

C
C
25
72

38
8.
00

0.
04

0.
08

17
60
.5
3

0.
38

0.
74

32
3.
93

0.
07

0.
13

17
21

C
C
25
76

38
8.
91

0.
06

0.
11

17
79
.2
4

0.
42

0.
81

32
3.
65

0.
07

0.
13

17
21

C
C
33
27
01

38
8.
44

0.
05

0.
09

17
55
.6
1

0.
48

0.
96

32
3.
95

0.
07

0.
13

17
21

C
C
25
96

38
8.
16

0.
06

0.
11

17
44
.9
9

0.
44

0.
87

32
4.
16

0.
06

0.
12

17
21

C
C
33
25
60

38
8.
16

0.
06

0.
11

17
72
.1
7

0.
43

0.
83

32
3.
25

0.
06

0.
12

17
21

C
C
25
80

38
8.
37

0.
06

0.
12

17
55
.3
8

0.
46

0.
89

32
3.
98

0.
05

0.
10

17
21

C
C
25
73

38
7.
98

0.
05

0.
10

17
60
.4
0

0.
38

0.
75

32
3.
99

0.
06

0.
12

17
21

C
C
25
89

38
8.
10

0.
08

0.
15

17
72
.1
9

0.
35

0.
70

32
3.
27

0.
07

0.
14

Development of a southern oceanic air standard reference material 1167



deviation specifications) for CH4 and N2O, the DQO for CH4=
2 nmol mol−1 and N2O=0.1 nmol mol−1. The standard deviation
of CH4 values of standards from their reference values was
1.7 nmol mol−1 in the most recent international comparison
[14] compared to the reported relative combined uncertainty, u
(k=1), of <0.5 nmol mol−1 for this work. This smaller u is owed
to the use of the NISTstatistical program assessing the variability
of the ratios as previously mentioned in the previous section.

Final certified values For 25 of the 27 SRM cylinders, the
u (xCO2 ) meets the southern hemisphere DQO of
±0.05 μmol mol−1. The NIST u includes both the uncertainty
in the PSMs used for calibration and the measurement of the
individual SRM sample.

Conclusions

This SRM will assist those scientists, researchers, and state
and government agencies that need or require certified,

traceable GHG concentration standards. It will allow the cal-
ibration of instrumentation used to provide GHG concentra-
tions and to a wide variety of groups and monitoring commu-
nities. Additionally, this SRM provides the metrological basis
required for researchers to accurately track the long-term
growth rates of CO2, CH4, and N2O in urban, rural, and atmo-
spheric environments. For those laboratories that do not need
to report to theWMO/GAW (which requires traceability to the
CCL (NOAA)), this SRM will be of particular interest. For
instance, NIST has received verbal inquiries from the
Automobile Industry/Government Emissions (AIGER) group
about obtaining SRM 1721 specifically for the measurement
of N2O. The certified N2O concentration in SRM 1721 will
complement the recently developed SRM 1718 which con-
tains N2O, in a synthetic air blend of Ar/O2/N2 mimicking
whole-air mole fractions, at nominal mole fraction value of
1000 nmol mol−1, and a mixture specifically developed for
AIGER members at ≈400 nmol mol−1 in O2/N2 synthetic air.

Future development of GHG primary standards at NIST
will focus on well-characterized isotopic gas standards

Table 5 NIST-certified mole
fraction values for SRM 1721
Southern Oceanic Air samples

Cylinder number Sample number CO2 certified
valuea, μmol mol−1

CH4 certified
valuea, nmol mol−1

N2O certified
valuea, nmol mol−1

CC332700 1721-A-02 387.97±0.13 1760.6±1.0 323.98±0.20

CC2571 1721-A-03 388.93±0.11 1779.4±1.0 323.66±0.20

CC332678 1721-A-04 387.98±0.11 1760.5±1.0 323.93±0.20

CC332578 1721-A-05 388.09±0.11 1745.7±1.0 323.91±0.20

CC339480 1721-A-06 388.45±0.12 1755.6±1.0 323.96±0.20

CC332689 1721-A-07 388.18±0.10 1745.0±1.0 324.12±0.20

CC332439 1721-A-08 391.36±0.13 1771.1±1.0 324.09±0.20

CC2595 1721-A-09 391.21±0.08 1771.1±1.0 324.06±0.20

CC332431 1721-A-10 391.36±0.10 1771.0±1.0 324.08±0.20

CC2599 1721-A-11 388.11±0.09 1745.0±1.0 324.09±0.20

CC2574 1721-A-12 388.05±0.10 1745.0±1.0 324.12±0.20

CC2594 1721-A-13 388.72±0.11 1777.4±1.0 323.57±0.20

CC2577 1721-A-14 388.93±0.12 1779.1±1.0 323.65±0.20

CC2578 1721-A-15 388.67±0.14 1777.4±1.0 323.56±0.20

CC2587 1721-A-16 388.12±0.10 1772.0±1.0 323.25±0.20

CC332561 1721-A-17 388.94±0.10 1779.4±1.0 323.65±0.20

CC2581 1721-A-18 388.72±0.10 1777.4±1.0 323.55±0.20

CC332571 1721-A-19 388.15±0.12 1745.6±1.0 323.92±0.20

CC332456 1721-A-20 388.77±0.11 1777.5±1.0 323.57±0.20

CC2597 1721-A-21 388.30±0.19 1755.5±1.0 323.93±0.20

CC2583 1721-A-22 388.13±0.11 1772.1±1.0 323.23±0.20

CC2572 1721-A-23 388.00±0.08 1760.5±1.0 323.93±0.20

CC2576 1721-A-24 388.91±0.11 1779.2±1.0 323.65±0.20

CC332701 1721-A-25 388.44±0.09 1755.6±1.0 323.95±0.20

CC2596 1721-A-26 388.16±0.11 1745.0±1.0 324.16±0.20

CC2580 1721-A-28 388.37±0.12 1755.4±1.0 323.98±0.20

CC2589 1721-A-30 388.10±0.15 1772.2±1.0 323.27±0.20

a Expanded uncertainty corresponding to a coverage interval with 95 % coverage probability
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beginning with the carbon isotopes of CO2. Pure
12C-CO2 and

13C-CO2 starting materials will be blended that will have final
mole fractions with different isotopic delta values. Those stan-
dards can then be used to calibrate the optical and mass spec-
troscopic instruments used to measure samples or atmo-
spheres for CO2. Eventually, the isotopes of O2 will also be
well characterized within those primary standards.
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