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The GMD Halocarbons and Other Trace Atmospher-

ic Species (HATS) Research Group and its predeces-

sors began making measurements of atmospheric 

�������������������ϐ�������������������������������
climate, such as halogenated gases and nitrous ox-

ide, in the late 1970s. What began as a program to 

measure a handful of trace gases at three NOAA ob-

servatories (section 2) has grown into one in which 

more than 40 trace gases are measured. NOAA 

and cooperative organizations (starting with the 

Institute of Arctic and Alpine Research (INSTAAR); 

��������������������ϐ���������������������������
Organization (CSIRO), Australia; and Environment 

Canada) make measurements routinely at surface 

sites, from aircraft platforms, and periodically as 

����������������ϐ��������������ǡ����������������
ϐ�������������������������������Ǥ���������������
measurements complement those obtained by oth-

er GMD research efforts, such as those made by the 

Carbon Cycle and Greenhouse Gases and Ozone and 

Water Vapor groups.  

The HATS group’s primary objective is the study of 

trends and distributions of atmospheric trace gases 

�������ϐ��������������������������ǡ��������ǡ�����
air quality. Key outcomes include: a) monitoring 

changes in halogenated compounds controlled by 

the Montreal Protocol on Substances that Deplete 

the Ozone Layer and its amendments and adjust-

ments to provide feedback on the effectiveness of 

various control measures, b) characterizing sourc-

es and sinks of ozone-depleting substances (ODS) 

and radiatively important gases, c) using informa-

tion on trends and distributions of trace gases to 

improve our knowledge of atmospheric chemistry 

and transport, and d) development of gas stan-

dards and calibration methods (see section 8).

We perform sample analyses with various instru-

ments; including gas chromatography with electron 

capture detection (GC-EC), gas chromatography 

with mass spectrometric selective detection (GC-

MS), tunable diode laser absorption spectroscopy 

(airborne water vapor), and UV absorption spec-

troscopy (airborne ozone). We describe changes 

and improvements in sampling, analysis, and data 

processing in the subsections below. 

ϱ͘ϭ�&>�^<��E��/E�^/dh�WZK'Z�D^

����ϐ�����������������������������������������������
HATS sampling efforts. We obtain routine surface 

measurements at sites across much of the Western 

Hemisphere and through much of the troposphere 

��������������������������������������ϐ�����Ǥ�
Samples are analyzed on dedicated instruments 

under controlled conditions, thus limiting calibra-

��������������Ǧ�����������������������������ϐ�������
��������������������������������ϐ���������������Ǥ�
By combining efforts with other research groups in 

GMD, approximately 50 compounds are measured 

��������ϐ������������Ǥ�	�����������������������
been collected during special projects such as HIP-

PO, involving the NCAR Gulfstream V aircraft (see 

section 5.2, Table 5-4).

We started the in situ program in the late 1980s 

������������������ϐ��������������������������
high-frequency measurements of fewer compounds 

at a relatively small number of sites. We upgraded 

the original in situ Radiatively Important Trace 

Species (RITS) program in the late 1990s with 

custom-built gas chromatographs with electron 

capture detectors.

We can obtain a comprehensive view of atmo-

spheric trace gas mole fractions and distributions, 

and insight into the natural and anthropogenic pro-

cesses controlling changes in the chemical compo-

sition of the atmosphere over seasonal to decadal 

periods, with a combination of surface in situ 

�����������������ϐ�����������������������������
of platforms. GMD creates and uses combined data 

in indices such as the NOAA Annual Greenhouse 

Gas Index (AGGI) and Ozone Depleting Gas Index 

(ODGI), as well as international assessments and 

reports.

&>�^<�D��^hZ�D�Ed^�ͳ�,�d^

�ƵƌƌĞŶƚ�ŽƉĞƌĂƟŽŶƐ 
����������������������������������������ϐ�����
program during 2004–2013. These improvements 

allow better characterization of concentrations and 

emissions of ozone depleting substances and non-

CO
2
 greenhouse gases throughout the globe and 

������������������������Ǥ�Ǥ�����������������ϐ�����
sampling network consists of sixteen ground-based 

sites, with two new sites added since 2004 and 

���������������������Ǥ��������ϐ��������������������-
lected weekly or biweekly at these sites. The total 

����������ϐ�����������������������������������������
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ranged between 583 and 659 since 2004 (Figure 

5-1); the sampling pair frequency at the 12 base-

line sites has ranged between 487 and 531, which 

amounts to 0.78–0.85 pairs per week. Sampling 

frequencies are sometimes below one per week at 

the remote baseline sites because of out-of-sector 

���������������ǡ�ϐ��������������ǡ�������������-
���������Ǥ��������������������������Ǧ�������ϐ������
����������������������ϐ������������������������-
ence gas injections.

For this program, we update data that have been 

documented in peer-reviewed publications ap-

proximately once every two weeks on the web at 

ftp://ftp.cmdl.noaa.gov/hats/. These compounds 

include: CFC-113, CH
3
CCl

3
, HCFC-22, HCFC-142b, 

HCFC-141b, H-1211, H-2402, HFC-134a, HFC-152a, 

CH
3
Cl, CH

3
Br, COS, CH

2
Cl

2
, and C

2
Cl

4
.

���������������������������������������ϐ�����
measurements (~daily) at 13 additional U.S. sites 

in collaboration with the CCGG tall tower network 

and semimonthly to monthly at 19 additional sites 

�����ͳʹǦϐ�����������������ϐ����������������������

�
aircraft network (Table 5-1a & b). We collect these 

������������������ϐ������������������������������

�Ǧ������������������������������������ϐ���������
air availability and instrument time constraints. 

On average, from 2008 to 2013, we analyzed 9400 

ϐ��������������������������������
�Ǧ��������������Ǥ�
We update these data regularly on internal GMD 

databases, and some are available on request. 

/ŶƐƚƌƵŵĞŶƚĂƟŽŶ�ŵŽĚŝĮĐĂƟŽŶƐ�ĂŶĚ�ƵƉŐƌĂĚĞƐ 
In 2009, we replaced the original HP 5971A GC-MS 

analyzer (M1), used since 1991, with an Agilent 

5973 GC-MS (M3). This change was necessary, as 

the performance of the original instrument had 

deteriorated. The instrument upgrade notably im-

proved precision for nearly all gases (Figure 5-2). 

We built a second GC-MS instrument (M2) in 2007 

to handle the additional samples collected from the 

CCGG’s tower and aircraft network. Currently all 

������Ǧ�����ǡ����Ǧ��������������ϐ�������������-

lyzed on the M3 GC-MS. We analyze only some of 
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�����������������������������������������
����
���������������Ǥ�����������ǣ��������ϐ������������������������������������������̵��������Ǧ�����������������������ȋ�������
����������ͳʹ������������������������ȌǤ�������������ǣ���������������ϐ�������������������������

��������������������������
on GC-MS instrumentation.  The CCGG samples are collected at tower and aircraft platforms in North America and over the 

����ϐ��������ǡ���������������������ϐ�����
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������ϐ����������ʹ���������������������������������
of the subset of gases uniquely measured on M2 

(see Table 5-2). We analyze on M2 the majority of 

samples collected by the CCGG group using auto-

������ϐ���������������������������������������
In the transition from instrument M1 to M3 in mid-

2009, nearly all the plumbing for sample handling, 

valves, and sensors remained unchanged with one 

exception: we replaced the 25-year old capillary 

�������ȋ͸ͲǦ�ǡ�ͲǤʹͷǦ����Ǥ�Ǥǡ�ͳǦ�������ϐ������ǦͷȌ�
with a newer one. We made small adjustments to 

the oven temperature program to maintain optimal 

separation for chemicals of interest with the new 

column. An unanticipated result of this column 

change was the chromatographic behavior of resid-

ual water. Residual water on the new DB-5 column 

���������������������������������������ϐ�����������
HCFC-142b and sample-to-sample variability for 

this chemical has worsened. As of late 2013, we 

have been looking into a solution to this problem. 

A 30-m, 0.32-mm I.D. PLOT column provides sepa-

ration on M2. This column enables separation and 

������ϐ��������������������������������������������
readily measured on the DB-5 column used on M3. 

Though this instrument provides excellent results 

for most gases (Figure 5-3) and residual water 

elutes in an idle part of the chromatogram, we 

found that measurement precisions for some low 

concentration chemicals are not as tight as they are 

on M3, in part due to peak broadening on the more 

highly-retentive PLOT column. We are currently 

Table 5-1b: Newly added ground and aircraft sites where halocarbon measurements are made from 
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Fig. 5-2: Instrument performance in the analysis of HCFC-

ʹʹ������ϐ��������Ǥ����������������������������������
��������������������������̱ͳͺǡͷͲͲ�ϐ���������������������
1992 as part of the HATS sampling network on M1 and on 

M3 (100-point running means of the individual replicate 

injection precisions, which aren’t displayed; blue line). Also 

�������������������������������������������������ϐ������
ϐ�������������������������������ȋ̱ͻͲͲͲ������ǡ�ͳͲͲǦ������
running means of these individual pair differences are 

shown as red lines).
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developing an additional instrument to provide 

highly precise measurements of all these gases and 

additional chemicals in a single injection. We antici-

pate that this instrument will provide higher pre-

cision, accuracy, and reliability at reduced analysis 

costs.

Compounds analyzed 
In addition to the suite of chemicals measured from 

ϐ�������������ʹͲͲͶ����
�Ǧ��������
�Ǧ���ȋ�	�Ǧͳͳǡ�
CFC-12, CFC-113, N͠0, SF

6
, HCFC-22, HCFC-141b, 

HCFC-142b, Halon-1211, CH
3
CCl

3
, CCl

4
, CH

2
Cl

2
, 

CHCl
3
, C

2
Cl

4
, HFC-134a, HFC-152a, CH

3
Br, CHΝCl, 

CH
3
I, CH

2
Br

2
, CHBr

3
, COS, and Benzene), we have 

added a number of new chemicals to the list of 

����������������������������ϐ�����Ǥ��������������ǡ�
the M2 GC-MS allows a broader suite of HFCs to be 

measured (Figure 5-4).

Although most trace gas measurement records 

have been derived from measurements on a single 

����������������������������ϐ������������������ǡ�
there are some exceptions. We obtained results 

for halons (H), H-2402 and H-1301, from GC-MS 

during 2004 to 2006 (and a portion of 2007) with 
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Points represent the measured mean mixing ratio in each 

��������ϐ��������������������������������������������
�Ǧ
MS instruments. Results from M1 and M3 (red points) are 

��������������������������ϐ�������������������ʹ�ȋ�����
������Ǣ�̱ʹ�ϐ���������Ȁ�����Ȍ�������ʹͲͲ͹Ǥ����������������
�������������������������������������������������ϐ������
analyzed on these different instruments is -0.1 ± 0.2% at 

CGO and -0.1 ± 0.3% at BRW (±1 s.d., n = 7 years).
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Ascarite scrubbing as air was transferred from the 

ϐ��������������������������Ǥ���������������������
volumes approximately double the normal size 

(500 vs. 250 sccm) without peak splitting of ear-

ly-eluting gases owing to co-trapping of COΜ. Re-

sults for H-1301 after 2007 are from analysis of a 

����������������Ǧ�����ϐ����������ʹǡ�������������������
H-2402 after 2007 are from analysis on M3.  

We made additional improvements with the intro-

duction of M3, including the removal of a co-eluting 

chemical in the analysis of H-1211. We corrected 

data obtained from M1 to account for this artifact, 

providing a consistent measurement record begin-

ning in the early 1990s through to the present.

Flask sampling 

We conduct measurements at most HATS sites 

solely from either stainless steel (SS) or glass 

ϐ�����Ǥ�����������������ʹͲͲͲ�ǡ�������������������
�������������ϐ������������Ǣ����Ǣ������
���ǡ������-

nia (CGO); and Park Falls, Wisconsin (LEF). At the 

�������������������������ǡ������ϐ������������������
ϐ�������������������������������������������Ǥ�
���������������������������������������������ϐ�����
artifacts associated with sampling containers for 

some sensitive chemicals in dry air, and they have 

��������������������������ϐ�������������������������
humidity sites associated with long storage times 

(e.g., Summit, Greenland (SUM), Negev Desert in 

Israel (WIS), Mt. Waliguan in China (WLG)). 

���������������	�ϐ���������������ϐ����������������
different pumps and pumping systems (45.9°N, 

90.3°W), including HATS pumps and the automated 

CCGG programmable compressor packages. Results 

for nearly all measured gases are independent of 

�������������������ϐ����������������������������
are collected and transported to Boulder, even 

fairly reactive compounds such as COS and CHBr
3
 

(Figure 5-5). Results from this site demonstrate 

good comparability with results from the different 

sampling apparatus and different instruments.

������ϐ����������������������������������������-

����������������������ϐ���������������������������ǡ�
samples collected in the CCGG tower and aircraft 

�����������������������������ϐ�����Ǥ�����������������
a small fraction of the CCGG samples as paired 

ϐ�����ǡ����������������������������������������������
co-measurements of 

14
CO

2
 at INSTAAR.

&ůĂƐŬ��ŶĂůǇƐŝƐ�ďǇ�'�Ͳ����;͞KƩŽ͟Ϳ��ĂƚĂWƌŽĐĞƐŝŶŐ   
We use an electron-capture gas chromatograph 

ȋ
�Ǧ���Ȍ������������ϐ���������������������������-

ment nicknamed “Otto”. Otto has been in opera-

tion since 1995, and is capable of measuring N
2
O, 

SF
6
, CFC-11, CFC-12, CFC-113, CH

3
CCl

3
 and CCl

4
 in 

��������������������������ϐ�����Ǥ������������ϐ�����
samples to two calibration standards, one with 

ambient mole fractions and one diluted 10% with 

zero-grade air. We use a linear approximation 

(two-point method) to determine mole fractions. 

The linear approximation works well as long as the 

ECD response is reasonably linear and the mole 

fraction of the sample is within the range spanned 

by the calibration standards.

In practice, the sample mole fractions may be 

outside the range covered by the two calibrations 

standards, and this can lead to errors in the linear 

approximation. This is particularly true for com-

pounds whose atmospheric mole fractions have 

changed rapidly (e.g., CH
3
CCl

3
). To overcome these 

potential errors, we introduced a new data pro-

cessing method in 2008. The new method takes 

advantage of the fact that calibration standards 

used over time span a range of mole fractions (they 

are installed on the system within a few months 

���������ϐ�����ǡ������������������������������������

	��Ǥ�ͷǦͷǣ��������������������������������������������ϐ����
(COS) and bromoform (CHBr

3
) at LEF as determined from 

�������������������������ǡ�ϐ����������������������ǡ�����
ϐ����������Ǥ���������������ʹ�ȋ���������Ȍ����������ͳͲ����ͷͲ�
������ϐ���������������������������������������������

�
programmable compressor package; results from M1&M3 

ȋ��������Ȍ����������������������������ϐ�������������������
per week. Error bars represent one standard deviation of 

the results obtained during each month.
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years) and that both calibration standards used on 

the system are typically not changed simultaneous-

ly. Periods of overlap among existing and replace-

ment standards provide more information about 

ECD non-linear response than is obtained from 

two standards alone. In the new method, we com-

bine bilateral comparisons of standards over many 

years to estimate a non-linearity factor, which is 

then used to adjust the linear method to be con-

sistent with the long-term calibration data across 

changes in calibration gas. This method has led to 

improvements in long-term consistency as mole 

fractions of various trace gases have changed with 

time. See a detailed explanation at ftp://ftp.cmdl.

����Ǥ���Ȁ����Ȁ���Ȁ����ϐ���������������Ǥ����.

/E�^/dh�D��^hZ�D�Ed^�ͳ�,�d^

We deployed six custom built gas chromatographs 

(GCs) at remote NOAA and cooperative institute 

facilities where continuous background air mea-

surements are conducted nearly every hour. These 

instruments make up the HATS ground-based in 

situ program. We installed the current set of instru-

ments (known as CATS: Chromatograph for Atmo-

spheric Trace Species) in 1998 (at BRW, MLO, SMO 

and SPO), 2000 (at NWR) and 2007 (at SUM) and 

replaced the RITS instruments. The CATS GCs are 

composed of four chromatographic channels, each 

�������������������������������ǡ�ϐ���������������ǡ�
packed columns, and an electron capture detector 

(ECD). NOAA built the GCs in the 1990s and they 

���������������ϐ����������������ǡ�������������
��������Ǥ��������������������������������ϐ������
changes to each CATS instrument in Table 5-3.

The CATS instrumentation measures mole frac-

tions of N
2
O, SF

6
, CFC-11, CFC-12, CFC-113, CCl

4
, 

CH
3
CCl

3
, and halon-1211. CH

3
Cl, HCFC-22 and 

HCFC-142b are also measured, but the chromatog-

raphy for these gases can be affected by a whole 

host of problems leading to poor accuracy and/

or precision. Measurement of CH
3
Cl, HCFC-22 and 

HCFC-142b requires pre-concentrating a large air 

sample (80 mL) onto a cold trap (a packed col-

umn from Restek: Hayesep-D, 80/100 mesh, three 

inches of column material in the center of a one ft, 

ͳǤͲ�����������Ȍǡ����������ϐ����Ǧ�������������������
onto a megabore capillary column (25 ft, Chrom-

�
����
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pack Poraplot Q-HT). We encountered problems 

�������ϐ�����������������������������������ǡ�����-
������������������������ǡ�����������������������ϐ�����
heating electronics, and unstable calibration cyl-

inders. Consequently, we have experienced many 

data gaps and accuracy issues for the CATS CH
3
Cl, 

HCFC-22 and HCFC-142b measurements. For these 

gases, we should evaluate the long-term trends 

and tropospheric gradients from the HATS GC-MS 

ϐ������������Ǥ��������ǡ������������������������
and day-to-day variability for these gases from the 

CATS data.

You can access regularly updated CATS data online 

at http://www.esrl.noaa.gov/gmd/hats/insitu/

cats/. The data are also used in several GMD data 

products including the combined N
2
O, SF

6
, CFC-11, 

CFC-12, CFC-113, and CCl
4
 data sets, as well as the 

NOAA indices, the Annual Greenhouse Gas Index 

(AGGI) and Ozone Depleting Gas Index (ODGI). 

Several national and international assessments and 

publications have included these data.

Improvements to all CATS instruments 

The HATS group constructed all of the CATS GCs 

in the 1990s with some custom designed parts, as 

well as commercially available power supplies, sen-

sors, and controllers. We continue routine main-

tenance, including repairing and replacing compo-

nents, however there have also been improvements 

made to the GCs during the last decade. Most 

�����ϐ�������ǡ����������������������������������������
��������ϐ����������������ȋ������Ǧ�����Ȍ������������Ǧ
the-shelf unit (Pneucleus Technologies LLC, 100 

cc/min controller). The new controllers improved 

�������������������������ϐ������������������������
precision of the GC measurements.

We dry air and calibration gas samples prior to in-

jection via a custom-packed, inline magnesium per-

chlorate trap. The lifetime of these traps is much 

shorter at humid sampling locations. From 2008 to 

ʹͲͲͻ����������������ϐ��������������������ȋ������
Pura, ¼” OD S.S. tubing) upstream to the magne-

sium perchlorate trap. This improvement length-

ened the duration a magnesium perchlorate trap 

�������������ǡ������������������ϐ����������������Ǥ��
Instrument Changes at Niwot Ridge, Colorado 
During the summer of 2006, strong winds blew 

off the protective cover over the air inlet at Niwot 

Ridge, Colorado (NWR). Subsequently, rainwater 

was drawn into the GC, severely damaging most of 

����������ǡ������ǡ��������ǡ�����ϐ���������������Ǥ����
������������
�����������ϐ�������������������������-
bished it in Boulder. We disassembled and cleaned 

all of the valves, and installed new rotors. It was 

also an opportune time to replace the aging Tylan 

ϐ������������������������ǡ��������ǡ�����������������
controllers from Pneucleus Technologies LLC. We 

���������ϐ���������
2
O/SF

6
 chromatographic chan-

nel to improve measurement precision by changing 

the carrier gas, columns, and chromatography.

/ŶƐƚĂůůĂƟŽŶ�Ăƚ�^Ƶŵŵŝƚ͕�'ƌĞĞŶůĂŶĚ 

We built two GCs in the mid-1990s and installed 

them at a pair of North American tall-tower sites 

(WITN in North Carolina and WLEF in Wisconsin). 

These GCs were very similar to the CATS instru-

ments; custom-built, four channels equipped with 

electron capture detectors. Likewise, these instru-

ments measured CFCs, N
2
O, SF

6
, and halon-1211; 

however, in place of the complicated CH
3
Cl and 

HCFCs channel, we installed a doped ECD chan-

nel measuring H
2
, CH

4
 and CO. After many years 

of successful measurements and publications, we 

removed these instruments and returned them to 

Boulder. We refurbished one of them and deployed 

it at Summit, Greenland during the summer season 

of 2007 and incorporated it into the HATS CATS in 

situ program.

tŽƌůĚ�DĞƚĞŽƌŽůŽŐŝĐĂů�KƌŐĂŶŝǌĂƟŽŶ�E20 audit 

In March 2008 a representative of the World Mete-

orological Organization (WMO) World Calibration 

Centre (WCC) for Nitrous Oxide visited the Barrow, 

Alaska station. The representative conducted a site 

assessment and several blind audits of trace gas 

measurements including the CATS NΜO channel. 

We substituted a calibrated NΜO cylinder for an air 

sample on the CATS instrument. We sampled the 

tank eleven times over a course of 22 hours and 

processed the data with normal CATS algorithms as 

an air sample. Based on the NOAA-2006 NΜO scale, 

�����������������������͵ͳͷǤ͹Ͷ�ά�ͲǤ͵Ͳ�����ȋͳɐȌǡ�
which is in agreement (315.73 ppb) with the value 

assigned by the WCC-N
2
O.

ϱ͘Ϯ�^W��/�>�WZK:��d^

^W��/�>�,�d^�&>�^<�^�DW>/E'�WZK'Z�D^
����Ǧ���������ϐ�������������������������������
of special projects during 2004–2013 (Table 5-4). 

These projects focused on deriving long-term 

�������������������������������������ȋϐ���Ǧ����
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��������Ȍǡ�������������������������������ϐ���������
throughout the troposphere in all seasons (HIPPO), 

more focused regional aircraft studies particularly 

in the Arctic (CARVE and ARCPAC), regional studies 

to characterize trace gases associated with conti-

nental oil and gas drilling, and other short-term 

research investigations. The HIPPO deployments 

substantially augmented sampling coverage in the 

�����������������������������ϐ������������-

ployments that we conducted in different months; 

�����ϐ��������������������������Ǧ����ǡ���������
atmospheric sampling throughout the year (Figure 

5-6). 

ϱ͘ϯ�,�d^�^d�E��Z�^�WZK:��d

The HATS Standards Project is an important part 

���������������������������Ǥ����ϐ���������������
gravimetric capabilities in the late 1980s and 

have progressed over the years. The HATS stan-

dards project supports the HATS and CCGG groups 

through preparation of gravimetric, compressed 

��������������������������������������ϐ���������
�����������������Ǧͳ���������Ǥ���������ϐ������������
details related to HATS standards and calibration 

activities in section 8.

ϱ͘ϰ��/Z�Z�&d
 
Measurements of trace gases in the free tropo-

sphere and lower stratosphere are an important 

part of our measurement program. We have devel-

oped several custom instruments to measure halo-

Fig. 5-6: Locations of samples collected during the month 

of November 2009 from HATS, CCGG, and special projects 

which were subsequently analyzed by GCMS: HATS paired 

��������ϐ������ȋ����������ȌǢ���

�������������ϐ�����ȋ������
points); CCGG tower network (orange points), and the 

second HIPPO deployment (blue points connected by lines). 
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Table 5-ͬ: Special Projects Involving Halocarbon Measurements from Flasks
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�������ǡ��������������ǡ������������ϐ�������ǡ������ǡ�
water vapor, and peroxyacetyl nitrate (PAN). 

We have deployed these instruments on various 

platforms associated with numerous campaigns 

(Table 5-5). The instrument PANTHER was origi-

nally designed to measure PAN, select halogenated 

gases, and nitrous oxide in the lower stratosphere 

(NASA WB-57). We then used it to determine the 

vertical and latitudinal distributions of a number of 

trace gases in the troposphere. The original design 

of Unmanned aircraft systems Chromatograph for 

Atmospheric Trace Species (UCATS) was intended 

for use on unmanned aerial vehicles (NASA Altair), 

but it has also been deployed alongside PANTHER 

on the NCAR Gulfstream V (GV). We developed a 

ϐ��������������������������������������������������
Sampler (NWAS) for use on larger aircraft such as 

the NCAR Gulfstream V. The Lightweight Airborne 

Chromatograph Experiment (LACE), last deployed 

in 2004, was designed to measure select haloge-

nated gases and NΜO in the lower stratosphere via 

a balloon-borne platform. We are also developing a 

remotely piloted glider aircraft that could be used 

����������������������������������������������ϐ�����
of select trace gases. Table 5-5 lists the various 

platforms, instruments, and missions we have been 

involved in from 2004 to 2013.

Over the period 2004 to 2013, we have transi-

tioned our missions from those focused on un-

derstanding stratospheric ozone depletion (e.g., 

airborne chromatograph for atmospheric trace spe-

cies (ACATS) and Lightweight Airborne Chromato-

graph Experiment  (LACE) to missions focused on 

climate studies, with a coincident shift from strato-

spheric to tropospheric observations. This shift in 

focus has pushed us to expand both our instrumen-

tation and the platforms used to obtain data. 

/E^dZhD�Ed�d/KE

ACATS-IV 

Airborne Chromatograph for Atmospheric Trace 

Species (ACATS-IV) is a high altitude, four-chan-

nel GC-EC capable of measuring CFC-11, CFC-12, 

CFC-113, CH
3
CCl

3
, CCl

4
, CH

4
, H

2
, SF

6
, and N

2
O. It was 

our original airborne GC designed for stratospher-

ic air sampled by the high-altitude aircraft, NASA 

ER-2, and used during this period on the Russian 

Trans-Siberian Railway for TROICA-8 from 19 

March to 1 April 2004.

LACE  
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Table 5-5: Science missions involving HATS airborne instruments.
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Lightweight Airborne Chromatograph Experiment 

(LACE) is a high-altitude, three-channel GC-EC ca-

pable of measuring halon-1211, CFCs, CCl
4
, CH

3
CCl

3
, 

SF
6
, N

2
O, CH

4
, CO, and Hͪ.

PANTHER  
PAN and other Trace Hydrohalocarbon ExpeR-

iment (PANTHER) is a two-channel GC-MSD, 

4-channel GC-EC, and water vapor TDL capable of 

measuring gases listed for LACE plus PAN, some 

HCFCs and HFCs, methyl halides, COS, and H
2
O.

UCATS 

Unmanned aircraft systems Chromatograph for 

Atmospheric Trace Species (UCATS) is a two-chan-

nel GC-EC, ozone photometer, and water vapor TDL 

capable of measuring SF
6
, N

2
O, CH

4
, CO, H

2
, O

3
, and 

H
2
O.

Et�^

�����������������������ȋ����Ȍ������ϐ����Ǧ���-

pling system that uses the CCGG Programmable 

	�������������ȋ���������������ϐ����������������������
for more information).

StratCoreGC  
This laboratory instrument is a two-channel GC-

ECD capable of measuring halon-1211, CFCs, SF
6
, 

and N
2
O from AirCores collected primarily for 

stratospheric air.

Science themes 

Convective population of the TTL region: The trop-

ical tropopause layer (TTL) is the gateway to the 

Fig. 5-7: Photos of instrumentation and platforms associated with airborne and special projects. Also included are small UAS 

platforms, SkyWisp and the 3DR Aero, that may play a role in the future.
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stratosphere, and NASA missions Aura Validation 

Experiment (AVE), Tropical Composition, Cloud 

and Climate Coupling (TC4), and Airborne Tropical 

Tropopause Experiment (ATTREX) all focused on 

improving our understanding of this important 

�������������������������������������������ϐ����
the TTL. Many short-lived and chemically-active 

species reach the TTL through convection from the 

planetary boundary layer on timescales of hours. 

They remain there for weeks, isolated from the 

free troposphere, ultimately moving up into the 

stratosphere where they break down and ODS re-

lease inorganic halogens, all of which affect ozone 

chemistry. Intense convection in the tropics also 

leads to low temperatures in the TTL that control 

the amount of water vapor that enters the strato-

sphere, impacting climate and ozone. The NOAA 

Unmanned Aircraft Systems (UAS) Demonstration 

Project and the NASA GloPac missions were used 

to demonstrate feasibility of the Altair and Global 

��������ǡ�������������������ϐ�����������������Ǥ�
Data from AVE, TC4, GloPac, and ATTREX are avail-

�����������������������������������������ϐ���������
at https://espoarchive.nasa.gov.

Tropospheric Dynamics and Chemistry: This 

theme involved two NSF-based programs: Strato-

sphere-Troposphere Analyses of Regional Trans-

port (START-08) and HIAPER Pole-to-Pole Ob-

servations (HIPPO). START-08 was focused on 

stratospheric-tropospheric exchange processes. 

Here we targeted the phenomenon known as tro-

pospheric-folds, a major mechanism for bringing 

stratospheric air into the free troposphere. These 

folds can be responsible for high-ozone events at 

��������������������������ϐ�������������������������
policy. This exchange is also an alternate path-

way for tropospheric air entering the lowermost 

stratosphere, competing with the standard tropical 

upwelling process. START-08 was the precursor to 

the global survey HIPPO campaign, which acquired 

data in the free troposphere at altitudes from 500 

ft to above the tropopause, with seasonal coverage 

�����������������������������������ϐ���������Ǥ��������
used to predict climate and the chemical compo-

sition of the atmosphere, to a large degree, are 

primarily constrained by the tropospheric network 

of surface measurements. Satellite measurements 

often lack the spatial resolution and/or precision to 

address the vertical structure and processes occur-

ring in the troposphere. The high degree of spatial 

resolution and precision, coupled with the seasonal 

coverage of the HIPPO data set, puts a much tighter 

constraint on these models, improving the accuracy 

of their representation of the current atmosphere. 

The modeling community widely requested the 

data set after the public release of the HIPPO data 

through the Carbon Dioxide Information Analysis 

Center (CDIAC) managed archive at http://hippo.

ornl.gov/dataaccess. GMD personnel provided sup-

port and co-authorship on a large number of pub-

lications that resulted in peer-reviewed journals 

and presentations at international conferences. So 

������������������������ϐ�������������������������
structure in emissions of important greenhouse 

and ozone depleting gases, improved estimates of 

��������������������ϐ���������������������������
atmospheric chemistry, and led to improved esti-

mates of tropospheric transport time scales. The 

������������������ϐ����������������Ǧ�����������������
such as inter-hemispheric exchange, vertical trans-

port in the tropics and extratropics, and the compe-

tition between bulk transport and mixing.

Stratospheric processing: The last LACE balloon 

ϐ�������������������������Ǧ�����������Ǧ������-

sphere occurred at the beginning of this report 

period. We now realize the importance of main-

taining a continuous LACE-type stratospheric 

data set. Rapidly accumulating evidence shows 

climate-driven changes in stratospheric circulation 

which, in turn, induce strong feedbacks on tropo-

spheric climate. There is a growing understanding 

that climate models will be limited if they do not 

incorporate a realistic representation of this chang-

ing stratospheric circulation. To this end, we have 

proposed an affordable and therefore sustainable 

long-term stratospheric circulation-monitoring 

program based on the new AirCoreTM technology. 

We constructed and tested the StratCore GC, which 

is central to the proposed program and is now 

operational. In addition, we have been developing 

new techniques to interpret stratospheric data that 

provide information on age-of-air and photolytic 

loss. We now have the ability to detangle the dis-

tributed Brewer-Dobson circulation from tropical 

entrainment, quasi-biennial oscillation (QBO), and 

other perturbations that imprint themselves on 

measured tracers in a dynamically evolving strato-

sphere. In this stratosphere-monitoring program, 

the AirCoreTM will be lofted to more than 30 km 

using a balloon. Recovery of the AirCoreTM will 

����ϐ������������������������������������Ǥ���������-

ration, we have been testing lightweight, auto-pi-

loted gliders, such as the SkyWisp, dropped from 

32 km.
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SECTION 8 - CALIBRATION AND QUALITY
CONTROL ACTIVITIES

8.1 OVERVIEW AND WMO ACTIVITIES

The NOAA Carbon Cycle Greenhouse Gases (CCGG)
and Halocarbons and other Atmospheric Trace
Species (HATS) Research Groups contribute to
the WMO Global Atmosphere Watch program in
a number of ways. We act as the Central Calibra-
tion Laboratory for CO! (since 1995), CH4 (since
2005), CO (since 1998), N!O (since 2005), and SF"
(since 2007). Through this role, we maintain the
WMOmole fraction scales and provide to the WMO
measurement community reference gas standards
that are traceable to those scales. In 2010, WMO
signed a Mutual Recognition Agreement (MRA)
with the International Committee for Weights
and Measures (CIPM), an agreement that insures
compatibility among standards of the participants,
mostly national metrology laboratories. Since WMO
has no laboratories, it has designated NOAA/ESRL
as its representative in the MRA for CO!, CH4, CO,
N!O, and SF". As WMO’s representative, one major
responsibility involves developing a quality system
in accordance with ISO 17025 and ISO Guide 34.
Development of this system continues, with NIST
review conducted in January 2014.

We organized and hosted the 13th WMO/IAEA
(International Atomic Energy Agency) Meeting
of Experts on Carbon Dioxide Concentration and
Related Tracers Measurement Techniques, 19–22
September 2005. Members of the CCGG and HATS
groups play major roles in WMO GAWmeetings
of measurement experts by leading discussions
on measurement comparisons, data management,
propagation of standards, and recording and or-
ganizing meeting recommendations (for meetings
in %011 and %013). The recommendations de6ine

requirements for data quality, and good measure-
ment practices to achieve those. We have ongoing
comparisons of measurements with GAW partic-
ipants at 16 sites. One GMDmember chaired the
Scienti6ic Advisory Group (SAG) for Greenhouse

Gas Measurements since 2003, another is a mem-
ber of the SAG for reactive gases, and we contribute
to many GAW reports, including meeting reports
(Nos. 206, 194, 186, 168, and 161), measurement
guidelines for CH4 and N2O (No. 185), CO (192),CO!
(in preparation), and GAW Strategic Plans (Nos.
197, 172, and 156).

8.2 STANDARDS

As of 2013, in addition to the WMO scales, we
continue to maintain calibration scales at various
levels of maturity for 60 trace gases, see http://
www.esrl.noaa.gov/gmd/ccl/ and http://www.
esrl.noaa.gov/gmd/ccl/scales.html. Calibration
of our instrumentation is based on analysis of air
from high-pressure gas cylinders with known com-
position. Hierarchies of reference gas standards
are used to support measurement programs. For
ozone-depleting gases, long-lived greenhouse gas-
es, and related trace gases, primary standards are
prepared in aluminum or stainless steel cylinders
by gravimetric methods. For CO!, primary stan-
dards consist of modi6ied natural air in aluminum

cylinders, with CO!mole fractions determined by a
manometric method.

8.3 CALIBRATION SCALE UPDATES

Several calibration scales were updated between
%00A and %013. We performed signi6icant updates

for N2O, CFC-12, CH4, CO, and CO! and introduced
minor updates for SF6, CCl4, and HCFC-22, ha-
lon-1211, and halon-1301 scales. For information
on current calibration scales, see http://www.esrl.
noaa.gov/gmd/ccl/ and http://www.esrl.noaa.gov/
gmd/ccl/scales.html.

WMO N2O SCALE UPDATE

The X2006 N!O scale is based on 13 gravimetrically
prepared standards over the range 261371 ppb,
and supersedes the X2000. The X2006 scale was
updated to X2006A in 2011 after a drifting second-
ary standard was discovered. Assignments on the
2006A scale are based on the same 13 gravimetric
standards, but corrected for apparent scale drift
of 0.024 ppb yr-1 that occurred from 2006 to 2011
due to drift of a secondary standard. For most cal-
ibrations, differences between assignments on the
X2006 and X2006A scales are less than 0.1 ppb.

WMO CFC-12 SCALE UPDATE
The update to the X2008 CFC-12 scale involved
preparation of new gravimetric standards that also
contained halon-1211. By including halon-1211
and better quantifying residual CFC-12 in the bal-
ance gas, the new set of primary standards is more
consistent than the sets that de6ined the X1997 or
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X2001 scales. In addition, we prepared primary
standards with two different methods, using both
liquid and gaseous pure CFC-12 starting material.
Standards prepared by these different methods
show remarkably good agreement.

WMO CH4 SCALE UPDATE

The NOAA-2004 CH4 scale is based on a suite of 16
gravimetrically prepared standards covering the
nominal range 300–2600 nmol mol-1 (ppb); 6ive
other original gravimetrically prepared standards,
not used in the scale, can extend the range from
30 nmol mol-1 to 20.5 μmolmol-1 (ppm). Because
NOAA is the WMO GAW CCL for CH4, this scale is
also the WMO CH4 mole fraction scale used by GAW
participants. We will initiate several changes in
mid-2015 to meet the needs of the GAW communi-
ty in analyzing air outside the narrow background
range, and improve our internal consistency over
a wider range of CH4 mole fractions: New primary
standards prepared with gravimetric methods cov-
ering the nominal range from 2200 to 8000 nmol
mol-1 were prepared in 2013 and will expand the
scale at the high end. To account for potential vary-
ing non-linearity of our GC/FID system used for
calibrations, we prepared a suite of 14 secondary
standards covering the nominal range 390 to 5000
nmol mol-1, and we are calibrating them against
the primaries. We will employ the new secondary
standards to de6ine a response curve that will be

used for routine calibration of tertiary standards.
Response curves generated with the primary and
secondary standards are now based on a power
function that allows the non-linearity of the detec-
tor to change over the range of values measured.

WMO CO SCALE UPDATE

We produced new sets of CO gravimetric stan-
dards in 2006 and 2011 and compared them to
the 1999/2000 gravimetric standards. These new
gravimetric standards showed that the 1999/2000
gravimetric standards were biased low at the low
end of the range (standards less than 200 ppb).
This con6irmed the suspected bias seen when the

highest members of the 1999/2000 set were com-
pared against the lower members. We revised the
CO scale in 2014 to account for this bias.

WMO CO2 SCALE UPDATE

During 2012, Brad Hall and Duane Kitzis performed

a full set of manometric measurements of the Pri-
mary cylinders that de6ine the WMO scale. This was

the 6irst time the manometric measurements were

not performed by Conglong Zhao, who had last car-
ried out the analyses in 2009–2010. Despite sever-
al changes to the apparatus, the 2012 calibration
agreed closely with previous ones. The average of
all cylinders was 0.01 ppm higher than the average
of previously assigned values. The assignment of
mole fraction values to each of the Primaries, which
takes all previous calibrations into account, did not
change by more than 0.01 ppm.

8.4 INSTRUMENT CHANGES

In addition to scale updates, instruments used for
calibration were also improved. We improved the
precision for SF" analysis by adding an additional
analytical column and changing the order of peak
elution for N!O and SF". Prior to 2006, we analyzed
N!O and SF" using a Porapak Q column (with SF"
eluting after N!O). In 2006, we installed a molecu-
lar sieve 5A column behind the Porapak Q column

(SF" now elutes before N!O). The effects of this and
other changes are shown in Figure 8-1.

CO calibration system transfer measurements have
bene6ited from several instruments purchased

under funding by the NOAA OAR Atmospheric
Chemistry, Carbon Cycle, & Climate (AC4) program
(formerly ACCP). We replaced the older gas chro-

Fig. 8-1: Analytical precision (%) of SF6 calibration
measurements since 2003 for SF6 mole fractions in the
range 4–12 ppt. Note the improvement in precision in
2006 corresponding to the addition of the molecular sieve
5A column.
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matograph in 2004 with an instrument based on
resonance 6luorescence in the VUV (Aero-Laser,

Germany). In 2011, we replaced the Aero-Laser
instrument with a new one based on off-axis spec-
troscopy (Los Gatos, USA). Measurement precision
improved by a factor of ten from early 2004 to
2013.

8.5 NEW CAPABILITIES

In 2008, we prepared new gravimetric standards to
support the measurement of HFC-23, HFC-32, HFC-
125, and HFC-143a, along with CFC-13 and CFC-
115 (see Section 5.2, Flask and In Situ Programs).
Around that same time, we prepared gravimetric
standards containing a number of hydrocarbons
(acetylene, ethane, propane, n-butane, iso-butane,
n-pentane, iso-pentane, n-hexane, benzene, and
toluene) in support of 6lask measurements made

by GMD and INSTAAR. The standards we prepared
were in Aculife-treated aluminum cylinders, at ppb
and ppt levels consistent with mole fractions found
in the unpolluted troposphere. Later, in support of

work related to measurement of fugitive emissions
from oil and gas production (see section 5.3, Spe-
cial Projects), standards with higher mole fractions
of hydrocarbons were prepared (up to 300 ppb
propane). We also compared GMD scales for a num-
ber of these hydrocarbons with those established
by National Metrology Institutes (NMIs) and found
them to be consistent within a few percent.

8.6 COMPARISONS

In 2010, WMO signed the Mutual Recognition
Arrangement (MRA) with the Comité Internation-
al des Poids et Mesures (CIPM). GMD serves as a
Central Calibration Laboratory with WMO/GAW.
Under the CIPMMRA, GMD is required to establish
a “Quality System”, and conform to international
standards for calibration and measurement (ISO
17025, ISO Guide 34). We implemented this type
of quality system and have also taken an active
role in the Consultative Committee for Amount of
Substance (CCQM) Gas Analysis Working Group.

Comparison Year Conducted Gases Participants
Informal 2005 CO2 in air NIES (Japan)
Informal 2005 N2O in air SIO
Informal 2005+2007 CO in air Five E.U. lab
Informal 2008+2010 CO in air Ten E.U. labs
Informal 2013 CO in air Five
Informal 2011 SF6 in air KMA (Korea)
Informal 2011 N2O in air KIT (Germany)
Informal 2012 Hydrocarbons in air NIST, others
Informal 2012 N2O in air NIST, SIO
CCQM P+41 2003 CO2, CH4 in air Many
CCQM K+68 2008 N2O in air Many
CCQM K+82 2012 CH4 in air Many
CCQM P+151 2012 Halocarbons in air Many
CCQM K+84 2013 CO in synthetic air Eleven
Cucumber series Ongoing Whole air (CarboEurope, InGOS) Many
IHALACE 2004+2007 Halocarbons in air Many
CCQM K84 2008+2012 CO in air Many
WMO RR #4 2002+2007 Whole air Many
WMO RR #5 2009+2012 Whole air Many
WMO RR #6 2014 + Whole air Many

Table 8-1: Formal and informal comparisons of gas standards
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This group consists mainly of representatives from
National Metrology Institutes (such as NIST) inter-
ested in gas analysis and calibration. We have par-
ticipated in a number of comparisons, both formal
and informal, with NMIs and others (see Table 8-1).
Comparisons are the 6irst step in monitoring how

well WMO/GAW scales are propagated to other
laboratories. Comparisons with independent scales
provide information on traceability to the SI, as
well as scale stability and scale uncertainties.


