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NOAA/CMDL Atmospheric Methane Data for the Period 1983-1990 from
Shipboard Flask Sampling

Patricia M. Lang, L. Paul Steele, Lee S. Waterman, Russell C. Martin,
Kenneth A. Masarie, and Edward J. Dlugokencky

ABSTRACT. This memorandum  presents atmospheric
methane data obtained through the shipboard sampling
component of the NOAA/CMDL global cooperative flask
sampling program. A significant part of this program has
involved flask sampling from a commercial container ship, the
Southland Star, on regular crossings of the Pacific Ocean
between the U.S. west coast and New Zealand. Shipboard flask
sampling has also been carried out on a variety of
oceanographic research expeditions. Tabulations are provided
for individual flask measurements and annual mean methane
mixing ratios for 14 sites spaced every five degrees of latitude
across the Pacific Ocean between 30'N and 35‘S. The
methane data from the Southland Star are also shown as time
series plots.  The locations of flask sampling on the
oceanographic research expeditions are shown in a series of
maps. The flask methane data from these expeditions are
shown as a series of plots of methane versus latitude. A brief
history of the development of the sampling program is included.
Flask sampling methods, and analytical and calibration
procedures are documented.

1. Introduction

Atmospheric methane (CH,) has been measured systematically through much of the 1980’s
by several laboratories (e.g.,Brunke etal., 1990; Khalil and Rasmussen, 1990; Blake and
Rowland, 1988; Steele et al., 1987; Fraser et al., 1986). Through this work, many aspects of
the behavior of methane in the atmosphere have been elucidated, such as the long-term
growth, the seasonality, and the latitudinal gradient.

The most comprehensive set of measurements of atmospheric methane has been provided
since 1983 through the cooperative flask sampling network operated by the Carbon Cycle
Group now in the Climate Monitoring and Diagnostics Laboratory (CMDL) of the U.S.
National Oceanic and Atmospheric Administration (NOAA). [From 1983-1990, these
activities were carried out under the NOAA program known as Geophysical Monitoring for
Climatic Change (GMCC).] The CH4 data from the NOAA/CMDL cooperative flask
network have been described in detail (Steele et al., 1987; Lang et al., 1990a,b), and made



available as a numeric data package by the Carbon Dioxide Information Analysis Center at
Oak Ridge National Laboratory (Steele and Lang, 1991).

In this flask sampling network (which now comprises about 35 fixed sites), flask air samples
are typically collected about once per week and returned to NOAA/CMDL in Boulder,
Colorado, where they are analyzed for methane, carbon dioxide (C02) (see Conway et al.,
1988), and in some cases carbon monoxide (CO, see Novelli et al., 1991). Although the
geographic coverage provided through this network has been, and remains, quite extensive,
it is clear that it was inadequate for answering important questions about the global or
regional budgets of methane (Fung et al., 1991), carbon dioxide (Tans et al., 1990), or carbon
monoxide.  Partly through this recognition, flask air samples have been collected
occasionally at other locations, either on ships (e.g., Conway and Steele, 1988) or from
aircraft (Conway et al., 1985; Conway and Steele, 1989; and Conway et al., 1992).

The shipboard flask sampling has been possible through the use of oceanographic research
vessels and the merchant vessel, Southland Star, that sails regularly between the U.S. west
coast and New Zealand. In this report we document the methane results for 1983-1990
obtained from this shipboard flask sampling program, provide tabulations and plots of the
data, and give relevant information about sampling and analytical methodologies.

2. Sampling From the Southland Star

Flask sampling from the Southland Star began in December 1986, and has continued
regularly since that time. It has been a successful and scientifically valuable operation. The
flask samples are analyzed for methane (Steele et al., 1992) and carbon dioxide. Carbon
monoxide is not measured in these air samples because CO is unstable in the flasks that
were used to collect the air samples. We briefly describe here the genesis and development
of the program.

By 1985 it was clear to members of the Carbon Cycle Group at CMDL that the
geographical coverage for measurements of both carbon dioxide and methane provided by
the fixed sites of the cooperative flask sampling network was too sparse in tropical latitudes,
especially the southern tropics. The occasional oceanographic research cruises that collected
flask air samples in these regions could not provide regular weekly or monthly sampling.
Some effort was expended in trying to find additional fixed sampling sites in tropical
latitudes, but high cost and logistic difficulties militated against all the sites considered.

The breakthrough in our thinking came in late 1985 when we became aware of a Japanese
flask sampling program that used a commercial container ship, the Hyogo Maru, sailing on
monthly voyages between Japan and the east coast of Australia. This program was
developed to measure both seasonal and meridional variations in atmospheric carbon
dioxide (Tanaka et al., 1987).



The weekly trade publication Pacific Shipper was used as a source for finding a shipping
company operating between the west coast of the U.S.and either Australia or New Zealand
suitable for our needs. Letters were written to several companies in February 1986, and two
positive responses were received. Both of these companies were visited in July 1986. On
the basis of these visits, Blue Star Line, Ltd. (San Francisco), and its vessel, the Southland
Star, were selected. A significant factor in making this choice was that Blue Star Line, Ltd.
was already cooperating with scientists at the Scripps Institution of Oceanography, La Jolla,
in a project to measure sea surface temperatures between Fiji and New Zealand from the
Southland Star.

The flasks chosen for this shipboard sampling program, were 3-L, evacuated, glass flasks
with a single, glass piston, O-ring sealed valve. The valve, made by Louwers-Hapert,
Netherlands, had a Viton O-ring, and a "soft-stop” when fully closed, making it difficult for
the operator to break the flask by overtightening the valve. Evacuated flasks were chosen
because of their simplicity of use in field situations, thus eliminating the need for pumps or
intake lines. The plan was for the ship’s officers to collect the samples (in pairs) from the
bridge wings at every 5* of latitude. The normal tour of duty for an officer is four months,
making it imperative that the sampling procedures be simple and robust, so that they could
be learned quickly and then carried out competently, interrupting the navigation duties for
only brief periods of time.

The logistics of this operation were relatively simple. A suitable number of flasks for a
round-trip crossing of the Pacific were sent to Terminal Island, Los Angeles, where they
were loaded onto the Southland Star. When the ship returned to Los Angeles, the filled
flasks were sent to CMDL in Boulder, where the air samples were analyzed for carbon
dioxide and methane. This flask sampling program was designated "Operation Pacific Air"
to give it clear name recognition with the officers and management of Blue Star Line, Ltd.
To further improve the operation, a training video portraying detailed aspects of the flask
sampling procedures was prepared and provided to the officers of the Southland Star in July
1988.

Each voyage across the Pacific Ocean by the Southland Star took approximately three weeks.
Typically the Southland Star sailed southward from Los Angeles, passing reasonably close
to Christmas Island and sometimes calling at American Samoa and Fiji, en route to
New Zealand. On this southward crossing the first pair of flask samples was collected at
a latitude of 30'N, and then at every 5° of latitude until 35'S (see Figure 1). Air samples
were not collected south of 35°S even though the ship typically sails partway down the east
coast of New Zealand. This was to avoid collecting air samples that were contaminated by
recent contact of the atmosphere with New Zealand.

On the northward voyage the ship sometimes called at Hawaii before reaching Seattle,
Washington. During this crossing the first pair of flask samples was collected at 35'S, and
then at every 5' of latitude until 45'N (Figure 1). From Seattle the ship sailed south along
the coast to Los Angeles. Again we chose not to collect samples on this section to avoid
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obtaining air samples influenced Dby recent contact with land. As a result of this strategy,
the number of flask samples collected at the latitudes 45*N, 40 °N, and 35*N was about half
the number collected at each of the other latitudes.

The three-letter code used for all air samples collected on the Southland Star is PAC
(Table 1). Data were grouped according to the latitude at which flask samples were
collected, creating 17 subdivisions or "sites.” Sites in the northern hemisphere were denoted
by the letter N followed by two digits for the latitude (e.g.,N25 identifies flask samples
collected at 25*N latitude). Similarly, sites in the southern hemisphere were denoted by the
letter S with two digits for the latitude. Samples collected at the equator were placed in a
category with the three-digit code "000." We did not designate longitude because the
longitudinal variations in methane mixing ratio in the mid-Pacific are negligible in
comparison with the latitudinal variations.

Data from individual samples collected on the Southland Star at the 17 sites are given in
Appendix A. From these tabulations it can be seen that in nearly all cases the actual
latitude where an air sample was collected is very close to the latitude that defines the site.
In cases where this condition was not met, the sample was assigned to the nearest latitude
site. A latitude site is defined as the center latitude (e.g.,5°N, 10°N, or 15*N) * 2.5*. For
example, ifa sample was collected at 22 *N latitude, it was assigned to the N20 site; if it was
collected at 23*N latitude, it was assigned to the N25 site. In rare instances, the sample
position coordinates were not recorded on the sample sheet. Sometimes we were able to
calculate the unrecorded sample latitude. However, if we could not calculate the latitude
unambiguously then these samples were excluded from the data listing.

The listings in Appendix A include a code for the flask type and the collection method. All
samples from the Southland Star were collected in the evacuated 3-L glass flasks (type 8)
mentioned previously. The key to the codes for all flask types is given in Table 2. The
same collection method (T) was used for all samples on the Southland Star. The key to
codes for all sample collection methods is given in Table 3. The procedure to fill evacuated
flasks was described by Steele et al. (1987). Briefly, it involves the sample-taker facing into
the wind while holding the flask forward and slightly above head level, using a short piece
of wooden dowel to repeatedly displace the air in the short section of tubing beyond the
flask valve, holding his/her breath, opening the valve and waiting a few seconds for it to fill
to ambient pressure (during which there is usually an audible hissing sound), and then
closing the valve. The flasks in each pair were usually filled in quick succession.

In Appendix B we present calculated annual mean methane mixing ratios for 14 of the 17
sites sampled from the Southland Star. The methane mixing ratios are given in parts per
billion (109) by volume in dry air (ppb). Time series plots of the methane mixing ratios for
the 17 sites sampled from the Southland Star are shown in Appendix C.
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Table 2 — Description of Flask Types Used for Sampling

Code Used Flask

for Flask Material
Type*

1 Pyrex
glass

4 Pyrex
glass

5 Pyrex
glass

8 Pyrex
glass

9 Internally
Electro-
polished
stainless
steel

‘Code is used for tabulations given in Appendix A.

Flask
Sizet

05L

3L

3L

3L

1-4 L

+Flask sizes are approximate.
“These flask types were used only on the Akadentik Korolev 1987 cruise (KOR).

Specific details about these flasks are given in Butler et al. (1988).

Flask
Shape

Cylindrical

Cylindrical

Cylindrical

Cylindrical

Cylindrical
and
Spherical

Number
of
Stopcocks

1-2

Stopcock
Type

Ground-glass, solid
glass plug, 3-mmbore
lubricated with
Apiezon N grease

High-vacuum, glass
piston, 10-mm bore,
black Vitron O-ring
sealed (from J.
Young Scientific
Glassware)

High-vacuum, glass
piston, 10-mm bore,
black butyl O-ring
sealed (from
J. Young Scientific
Glassware)

High-vacuum, glass
piston, 9-ram bore,
black Viton O-ring
sealed (from
Louwers-Hapert,
Netherlands)

Nupro stainless steel
and bellows valve, H
series**

Note: In Table 2.of Lang et al (1990a), flask type 5 should have been identified as type 4,

consistent with the codes shown here.



Table 3 -- Description of Collection Methods Used for Sampling

Code Used for
Collection Method* Description of Collection Method

P A portable, battery-powered suitcase sampler is
used. Two flasks are normally connected in
series, flushed with air, and then pressurized to
1.25-1.5 times ambient atmospheric pressure (see
Komhyr et al., 1985).

T Evacuated 3-L glass flasks are filled by opening
the single O-ring stopcock (see Steele et al., 1987,
for more details).

N+ Flasks are pre-filled with 3 atm of dry, natural
air. Before final filling, each flask is flushed and
pressurized ten times to 3 atm. The flasks are
flushed and filled using a battery-powered,
Scientific Instrument Specialists (SIS), Moscow,
Idaho, model NO5SVI pump. The flow rate is
1L minl at 1atm. The air intake line is
approximately 4 m of 2.2-mme-i.d. stainless steel
tubing, which extends over the ship’s bow. (Butler
et al., 1988).

*

+The flasks collected on the KOR used a pump to flush and fill the flask

(see Butler et al., 1988, for details). This flask filling procedure is
different from the "N"flasks found in Lang et al. (1990a,b).

3. Sampling from Oceanographic Research Expeditions

During the early years of the NOAA/CMDL methane measurement program, the number
of fixed sites in the cooperative flask sampling network was only about half the 1990 total,
and systematic sampling from the Southland Star had not begun. Our knowledge of the
distribution of atmospheric methane was still limited, and consequently we saw value in
carrying out some exploratory flask sampling at locations not normally sampled through the
network of fixed sites. Through links with other NOAA research programs, particularly with
the Pacific Marine Environmental Laboratory (PMEL) in Seattle, Washington, and a variety
of other oceanographic research programs, this exploratory sampling was most readily



carried out from research vessels. In many instances NOAA/CMDL staff took part in these
research cruises, collecting flask air samples as part of their duties. When NOAA/CMDL

staff did not participate in a cruise, we reached an agreement with the personnel of one of
the other research projects to collect the flask air samples. The flask samples collected on
these research expeditions were analyzed for methane and carbon dioxide. All trace gas
analyses of these flask samples were carried out at CMDL in Boulder, Colorado.

Pertinent details of the oceanographic expeditions in which we obtained flask air samples
are given in Table 1. Air samples collected on the oceanographic research expeditions were
assigned three-letter codes to make them compatible with existing data files from the fixed
site network (Table 1). The three-letter code is not a site as such, but simply a way of
organizing the data. After the entry for the Southland Star, the entries in Table 1 are
organized alphabetically by the code. The grouping of the data into the three-letter codes
was not totally systematic. Ifthe same research vessel (e.g.,the Surveyor or Oceanographer)
was used for collection of flask samples on more than one occasion, all the flask data were
included under a single code (e.g.,.SUR or OCE). Two exceptions were (1) for two cruises
of the (former) Soviet research ship, the Akademik Korolev, where the first was assigned the
code AKC, and the second the code KOR, and (2) for the cruises of the Discoverer, where
the cruises in 1983 and 1984 were assigned the code DIS and the cruises during 1985 were
assigned the code DSC. It should be noted that the beginning and ending dates given in the
last column of Table 1 apply only to the dates when flask samples were collected, and
should not be assumed to indicate the beginning or ending dates of the projects or
expeditions.

Individual flask data for all these research expeditions are given in Appendix A. Even
though the latitude and longitude for each air sample are included in the tabulations of
Appendix A, maps are included to visually indicate the locations where the air samples were
collected, and these are shown in Appendix D. In Appendix E we show plots of methane
mixing ratio versus the latitude where the samples were collected. A variety of flask types
were used on these oceanographic expeditions, but experience soon led us to favor the 3-L
evacuated flasks with a single O-ring valve because of their ease of use in sometimes
difficult sampling conditions. The type of flask used in each case is given by a code number
in the tabulations of Appendix A, and the key to this code number can be found in Table 2.
The flask collection method used in each case is given by a code letter in Appendix A, and
the key to this code letter is given in Table 3.

4. Analytical and Calibration Procedures

The flask samples obtained from these shipboard programs were analyzed for methane using
the same basic techniques and on the same gas chromatographic systems that were used for
the samples from the fixed network sites. Most of these techniques and analytical systems
have been described in detail elsewhere (Steele et a/., 1987; Lang et al., 1990a,b). Table 4
iIs a summary of the systems and their period ofuse. The codes used for these different



Table 4 — Description of Gas Chromatographic Systems Used for Methane Analysis

Code Used
for GC System*

~C1

C2

C3

C4

Cl

Period of Use

27APR83-13 NOV 83

07DEC83-05 AUG 85

12AUG85-12 JAN 86

24JANB6-22 NOV 90

23NOV90-24 JAN 91

Basic Configuration of
GC System

Carle 211-M, series S GC; Spectra-Physics
SP4100 integrator; Carle Model 2026 8-
port stream selection valve.

Carle 211-M, series S GC; Hewlett-
Packard (HP) 3390A and 3392A
integrators; Carle model 2026 8-port
stream selection valve; Hewlett-Packard
85-B computer (after October 1984).

Hach-Carle series 400, model 04270-A
GC; Hewlett-Packard 3392A integrator;
Hach-Carle model 2026 8-port stream
selection valve; Hewlett-Packard 85-B

computer.

Hach-Carle Series 400 GC, basic model
04270-A, without a methanizer, but
configured to backflush CO2 from the
silica gel column; HP3393A integrator and
HP310 workstation; Valeo 4- and 8-port
stream selection valves setup on a custom
carousel. See Lang et al. (1990/)) for the
evolution of the C4 system.

Hach-Carle Series 400 GC,
model 04270-A; HP 3393A integrator;
Valeo 4- and 8-port stream selection
valves mounted on a carousel for
automated sampling. The sample loop of
Carle GC is connected in series with the
sample loop of a second GC (RGA3 with
a mercuric oxide detector) used for
analysis of carbon monoxide and
hydrogen; this dual GC system (including
the carousel) is controlled controlled by a
HP model 332 UNIX workstation.

‘Code is used for tabulations given in Appendix A.



systems are also given in Table 4, and are identical to the codes used previously (lLang et al.,
1990a,b). These codes are also given in the tabulations of Appendix A to identify the
particular system used for the analysis of every flask sample. As can be seen from Table 4,
there is no overlap in the periods of use of any of these analytical systems. This apparent
lack of overlap should not be interpreted to mean that new systems were not tested before
being introduced for routine analysis of flask samples. Extensive testing was performed to
ensure a high degree of consistency between the systems before introduction of any new
procedures.

A new, improved methane flask analysis system was employed on November 23,1990. This
new gas chromatographic system is referred to as C7 in Table 4. Note that in Table 4 no
C5 or C6 is mentioned. This is because we adopted a procedure of numbering sequentially
all the Carle gas chromatographs as they were acquired. Not all of the chromatographs
were used for analysis of flask samples. The C5 chromatograph was originally deployed to
the Mauna Loa Observatory for in situ measurements of atmospheric methane and the C6
chromatograph was used for development and training.

The principal new feature of the C7 system was that it consisted of two independent
chromatographs, each with its own sample loop. The two sample loops were joined in
series. One gas chromatograph was a Carle series 400, model 04270-A, fitted with a flame
ionization detector for measuring methane. The other was a Trace Analytical Reduction
Gas Analyzer, model RGAS3, with a heated mercuric oxide detector, for measuring carbon
monoxide and hydrogen. Flask samples were mounted on a carousel for automated analysis
(see Lang et al., 1990b). The output signal from each detector was fed to a separate
integrator (Hewlett-Packard, model 3393A). Overall control and real-time processing of
data were accomplished with a Hewlett-Packard model 332 UNIX workstation, but valve
switching in both chromatographs and in the carousel was controlled by the Carle
chromatograph microprocessor. The flow rate of air sample through the series-connected
sample loops was measured with a Tylan mass flow meter and integrated by the computer
to regulate the total volume of air sample used to flush and fill the sample loops (see Lang
et al., 1990ft). The entire system was protected against power outages by an uninterruptible
power supply (Best Micro-Ferrups model MD2KVA).

The air sample was passed from the carousel, through a drying tube held at -80*C, through
the sample loop of the Trace Analytical RGA3, through a three-way valve, through the
sample loop of the Carle chromatograph, and finally through the mass flowmeter to a
rotamer flowmeter where it vents into the lab. After adequate flushing of the sample loops,
the carousel valve closed, and then the three-way valve switched so that the sample loop of
the RGA3 was open to the atmosphere and could equilibrate to ambient atmospheric
pressure. The sample loop ofthe Carle chromatograph was open to the atmosphere through
the flowmeter, and was similarly able to equilibrate to ambient atmospheric pressure. After
this equilibration period (several seconds), the samples were injected into the RGA3 and
Carle chromatographs. By having the three-way valve between the two sample loops and
in the appropriate position at the time of the sample injections, we eliminated any possibility
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of a pressure transient caused by the injection of the first sample influencing the sample in
the other sample loop.

One of the major incentives in the development of this C7 system was to improve
productivity by linking two gas chromatographs. The flasks have to be mounted on the
carousel and the relevant data entered into the computer only once. Previously, the same
flasks were analyzed for methane on one gas chromatograph, and then analyzed separately
for carbon monoxide and hydrogen on another gas chromatograph. This C7 system was
capable of analyzing 20-22 air samples in a 10-h day.

We did not measure carbon dioxide with the C7 system. However, the column configuration
of the Carle gas chromatograph, a silica gel column and a molecular sieve 5A column
connected in series, is standard for carbon dioxide analysis. For that application, the air
sample is injected onto the silica gel column which allows the methane (and other species
such as carbon monoxide and hydrogen) to pass quickly through to the molecular sieve
column. Methane is separated on the molecular sieve column before passing to the flame
ionization detector. The carbon dioxide in the air sample is retained on the silica gel
column while the methane is being separated and detected. After the elution of the
methane peak from the molecular sieve column, the sampling valve (10-port, two-position
valve) is switched to its load position. This reverses the order of the series-connected
columns; the outlet of the silica gel column now flows to the detector. Carbon dioxide may
then be reduced to methane over a heated nickel catalyst and detected at the FID.
However, we chose not to employ this option.

As before (Lang et al., 1990a,b), we typically analyzed one flask from each pair for methane,
and at least two aliquots from that flask when possible. The difference in methane mixing
ratio between the first and second aliquot is included in the tabulations of Appendix A,
when available. Statistics on these first-minus-second methane mixing ratios are shown in
Table 5 for each of the 17 sites sampled from the Southland Star, and for the research
expeditions. The total number of flasks from all these shipboard sampling programs for
which at least two aliquots were analyzed for methane was 1209. The mean difference for
first-minus-second aliquot was -0.26+ 5.0 ppb (uncertainty is la). This difference is
comparable to that found for several thousand flask samples from the fixed network sites,
and reported in Lang et al. (1990a,b). The present results indicate an overall precision level
of approximately 0.3% for these methane mixing ratios. As we have noted previously (Lang
et al., 1990b), this average precision level of 0.3% applies to a single determination of a
methane mixing ratio. Since it is normal practice for two aliquots to be analyzed from each
flask, and the results from both aliqouts are averaged, the estimated uncertainty for the
averaged mixing ratio is approximately 0.2%.

In Table 6 we summarize the time elapsed between flask sample collection and analysis.
These elapsed times are comparable to those found in the fixed network (see Lang et al.,
1990a,b). The storage time does not influence the methane mixing ratios of air samples
stored in the flasks (Steele et al., 1987).
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Table 5 — Summary Statistics for the Precision of Methane Mixing Ratios

Site Number of Flasks Mean Value of Sample Standard
Code With at Least First - Second Aliquot Deviation of
Two Aliquots Mixing Ratio (ppb) Mean (ppb)
N45 21 -1,6 4.5
N40 23 -0.6 6.8
N35 27 -1.2 4.6
N30 55 -1.0 5.2
N25 55 -0.9 5.0
N20 54 -0.2 5.9
N15 57 -1.1 5.0
N10 58 -0.9 5.1
NO05 57 -0.2 5.6
000 53 -0.8 4.8
S05 60 0.2 5.0
S10 55 1.1 5.0
S15 56 0.4 5.2
S20 55 0.1 4.6
S25 52 0.0 4.6
S30 48 -1.1 6.0
S35 44 -0.7 3.9
AKC 29 1.3 4.5
DIS 74 0.2 5.9
DSC 84 0.2 2.6
ESG 7 -1.8 4.5
KOR 47 0.2 4.7
LLE 38 -0.6 3.3
OCE 40 -1.0 4.1
PML 11 -3.6 6.6
RRS 10 -0.5 5.0
SUR 39 15 5.9

The tables in Appendix A include only those samples that were both properly collected and
analyzed. The procedures used to identify unacceptable flask samples were described
previously (Lang et al., \990a,b), and we followed those procedures here. The statistics on
the incidence of unacceptable flask samples are given in Table 7. From all the shipboard
sampling programs covered in this memorandum, methane analysis was attempted on 1230
flasks. Only 10 of these (or 0.81%) were unacceptable. This percentage of unacceptable
flask samples is considerably lower than the average of approximately 14% found for the
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Table 6 -- Summary Statistics for the Time Between Flask Sampling and Flask Analysis

Site Code Mean Time Median Time Minimum and Maximum
(Days) (Days) Time (Days)
N45 33 22 8 - 84
N40 36 28 12 - 82
N35 34 29 9 - 83
N30 52 51 10 - 158
N25 52 51 11 - 157
N20 53 50 16 - 157
N15 50 47 6 - 155
N10 51 49 7 -154
NO5 51 47 8 - 153
000 51 48 9 -152
S05 50 47 9 - 152
S10 51 45 10 - 151
S15 51 44 11 - 148
S20 47 43 11 - 96
S25 47 44 13 - 95
S30 47 44 23 - 95
S35 46 45 14 - 91
AKC 56 55 45 - 68
DIS 39 29 13 - 96
DSC 44 42 19 - 72
ESG 74 70 68 - 85
KOR 113 112 69 - 135
LLE 138 166 71 - 188
OCE 59 48 25 - 96
PML 59 59 53 - 67
RRS 70 35 27 - 113
SUR 48 49 4 - 96

fixed network sites {Lang et al., 1990a,b), but comparable to the best of the fixed network
sites.

Over the period of this study four cylinders of methane calibration gas were used, and
details of these are given in Table 8. All of these calibration gases are compressed natural
air. These are the same calibration gases that have been used for analysis of flask air
samples from the fixed network sites, and the first three calibration gases have been
described previously {Lang et al., 1990a,b). The fourth calibration gas, contained in cylinder
AAL-17269, was put into service on November 8, 1989. The cylinder was aluminum

14



Table 7 — Flask Sampling Statistics

Site Code Total Number Number of Percent of
of Flasks Unacceptable Unacceptable
Samples* Flask Samples Flask Samples
N45 21 0 0
N40 23 0 0
N35 27 0 0
N30 55 0 0
N25 56 1 2
N20 54 0 0
N15 58 1 2
N10 58 0 0
NO05 58 | 2
000 54 | 2
S05 61 0 0
S10 56 1 2
S15 57 1 2
S20 57 0 0
S25 52 0 0
S30 48 0 0
S35 44 0 0
AKC 29 0 0
DIS 74 0 0
DSC 86 0 0
ESG 12 2 17
KOR 47 0 0
LLE 39 0 0
OCE 40 0 0
PML 12 0 0
RRS 12 2 17
SUR 40 0 0

* For which a methane analysis was attempted.

(manufactured by Luxfer, Riverside, California), size 150, and fitted with a brass, packless,
tapered thread valve. The internal surface of the cylinder had been passivated with the
ACULIFE IV treatment, a proprietary process of Scott Specialty Gases (Plumsteadville,
Pennsylvania). This cylinder was filled to a pressure of 2250 psig (15.5 Mpa) with dry,
natural air at site Cl near Niwot Ridge, Colorado, on November 12, 1987, using a RIX
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Table 8 -- Calibration Standards Used for Methane Flask Analysis

Cylinder CH4 Mixing Starting Ending
Number Ratio (ppb) Analysis Date Analysis Date
0-245 1653.0 27 APR 83 10 JUN 85
0-259 1676.0 11 JUN 85 24 MAR 87
CC1406 1701.7 25 MAR 87 07 NOV 89
AAL-17269 1714.55 08 NOV 89 24 JAN 91

(Emeryville, California) compressor, model SA-3. The air was dried by passing it through
two 20 inch long by 1 1/8" o.d. stainless steel tubes connected in series and filled with
Aguasorb (active ingredient, phosphorus pentoxide). The drying tubes were placed between
the high-pressure outlet of the compressor and the cylinder inlet. The water content of air
in this cylinder was determined to be less than one part per million with a Meeco
Aquamatic. The air in cylinder AAL-17269 was intensively calibrated for methane over a
period of about 2 years against a suite of other methane calibrations gases, particularly the
first three shown in Table 8. In this way we determined that the methane mixing ratio of
the air in AAL-17269 was not drifting relative to any of the other methane calibration gases.
In addition we were able to extend the methane calibration scale to this new calibration
standard very precisely before its introduction to routine use.

The periods of use of the four calibration gases do not overlap. Because we include the
analysis date for each flask in Appendix A, the particular calibration gas used in the analysis
of any flask can be readily deduced by examination of the dates of usage in Table 8.
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Appendix A
Tabulations of Methane Mixing Ratios and Details of Individual Flask Samples From All
Shipboard Sampling

In this appendix we tabulate specific information about each flask sample. These details are
given separately for each three-letter code. The tables are arranged with data from the
Southland Star coming first, followed by data from 10 oceanographic research expeditions.
Data from the Southland Star have been divided into 17 sites according to latitude
(Section 2). We begin with data from the northernmost site (N45), continuing in sequence
southward and finishing with the southernmost site of S35. Entries for the 10 research
expeditions are then arranged alphabetically by the three-letter code (see Table 1). The
column headings used in these tabulations are essentially identical to those used for the
tabulations in two previous technical memorandums (Lang et al., 1990a,b Appendix A),
except that here we include two additional columns. These are for the latitude (column 3)
and longitude (column 4) where each sample was collected. In some cases the longitude
was not recorded on the sample sheet; in such cases a default value of 999.99 was entered,
but only when the latitude was known. Ifthe latitude was not recorded on the sample sheet
or unambiguously calculated, the sample could not be included in these tabulations.

For each site the data are listed chronologically by sample date (column 1) and sample time
(column 2). All sample dates and times are given in Greenwich Mean Time (GMT). We
denote the sample date as "day month year,” with the month given by the first three letters
of the month’s name. For the year we specify only the last two digits of that year. The
sample time is listed to the nearest minute using the 24-h clock convention. When a sample
time was not provided by the sample taker a default value of 9999 was entered. The filling
of the flask was not instantaneous, and the sampling period is usually several minutes. For
these tabulations, the sample time listed represents the beginning of the sampling period.

The latitude where each sample was collected is given in decimal degrees followed by either
an N (north) or an S (south). Similarly, the longitude is given in decimal degrees followed
by either an E (east) or W (west).

Column 5 lists the arithmetic mean methane mixing ratio determined for all aliquots
measured for the flask sample. The number of aliquots used in determining the mean for
each sample is listed in column 7. The sixth column, is the difference (in ppb) between the
first and second aliquots; it is an indication of the analytical precision. This difference is
always calculated as first minus second aliquot.

The flask identification numbers are in column 8. They are included to aid in merging this
data set with carbon dioxide data determined from the same flasks. Column 9 contains
code numbers that specify the type of flask used to collect the flask sample. These code
numbers are described in Table 2.
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The method used to collect the flask sample is listed as a code letter in column 10. A full
description of these collections methods is given in Table 3.

Several different chromatographs were used over the course of this work. Column 11
contains a code to distinguish which chromatograph was used to analyze the flask sample.
A description of the codes are given in Table 4.

The analysis date (column 12) is the date the flask sample was analyzed. We use the same
convention as for the sample date except that the analysis date is based on local time in
Boulder, Colorado, rather than GMT.

Column 13 ("Flag") is used to identify samples that we believe do not represent
"background” conditions. These "nonbackground” samples are identified with a plus (+)
symbol in this column. Very few shipboard samples are considered to be nonbackground.

Data that are judged to be unacceptable are not included in these tabulations. Any flask
that was not collected according to specified guidelines is considered to be unacceptable.
In most cases, the sample takers provided us with information on the sample sheet that led
us to exclude the flask samples. Another reason for unacceptable flask samples is a failure
of the analysis system. Although this is rare, occasionally one aliquot of a flask sample was
excluded for analytical reasons.
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Appendix B
Annual Mean Methane Mixing Ratios From the Southland Star Flask Sample

Annual mean methane mixing ratios are tabulated for the sites sampled from the Southland
Star (see Section 2). The annual means were calculated from monthly means for each site
in a calendar year. Monthly means for each site were calculated as the arithmetic means
of all flask measurements made in a month. In cases where both members of a flask pair
were analyzed for CH4, all the accepted measurements from both flasks were averaged to
give a single methane mixing ratio for that sampling event which was used in the monthly
mean calculation.

The average sampling interval was approximately three weeks, but for sites near the
southern end of the cruise track, two samples were usually collected within ten days as the
ship enters port, unloads its cargo, and then sails again soon after. It requires about six
weeks before the ship returns to this location again, so for some sites there are months when
no samples were collected. To insure that a properly weighted annual mean is calculated,
we fit curves to the data (see Steele et al., 1992 for details of the curve fitting process).
Monthly means are determined for the sites with missing data by averaging daily values
picked off of the fitted curves for the months that are missing flask samples.

Samples are collected only during one leg of the cruise for the three most northern sites
(N45, N40, and N35), so the average sampling interval was greater than six weeks for these
sites. We do not report annual means for these sites, because there is insufficient data to
properly fit curves to fill in the missing data.

We were not able to get flask samples for several months in 1988 due to logistical problems,
so we do not report annual means for that year.
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Annual Mean Methane Mixing Ratios from the Southland Star Flask Samples

Sites 1987 1988 1989* 1990+
(Latitude Bins) CHé(ppb) CH4(ppb) CH4(ppb)  CH4(ppb)
N45 [ ] [ ] [ 1 [ 1
N40 [ 1 [ 1 [ ] []
N35 [ ! [ ! [ ! [ ]
N30 1712.7 [ ] 1734.2 1744.0
N25 1703.1 [ 1 1721.3 1726.4
N20 1691.6 [ ] 1704.1 1727.1
N15 1684.9 [ 1 1699.3 1718.9
N10 1671.8 [ 1 1681.0 1696.9
NO5 1647.7 [ ! 1668.3 1680.0
000 1637.9 [ 1 1667.3 1668.9
S05 1631.7 [ 1 1657.0 1666.5
S10 1622.6 [ ! 1651.1 1655.8
S15 1614.0 [ 1 1644.0 1645.5
S20 1616.1 [ 1 1640.2 1647.0
S25 1612.6 [ 1 1637.3 1644.4
S30 1614.2 [ 1 1636.0 1643.8
S35 1616.1 [ 1 1636.7 1643.1

* See Novelli et al. (1990).
+ See Tans et al. (1991).
Note: [ ] indicates data were insufficient to calculate an annual mean.
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Appendix C
Time Series Plots of Methane Mixing Ratios From Individual Flask Samples
Collected on the Southland Star

We show here a set of plots of the methane mixing ratios from the individual PAC flask
samples that are tabulated in Appendix A. In all the plots the square symbol represents an
acceptable methane measurement. The "nonbackground” samples are represented by a plus
(+) symbol. The horizontal and vertical scales are the same in all these time series plots.

The plots are arranged according to the latitude where the samples were collected,

beginning with the northernmost latitude of 45"N and moving southward to the final plot
of 35'S.
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Appendix D
Maps Showing Tracks Linking Flask Sample Collection
Points for Each Research Expedition

The tracks indicated in the following maps are defined by the specific locations at which
flask samples were collected. We show separately the tracks for each of the research
expeditions identified in Table 1. [The Southland Star {PAC) track is included in Figure 1
and is not repeated in this appendix.] The locations of individual samples are not explicitly
shown, since these are tabulated in Appendix A. The tracks were obtained by simply
plotting a line joining the collection points. For example, the Akademik Korolev (KOR)
1987 cruise was composed of three legs. The majority of the flasks were sampled on Leg I;
therefore the map resembles the cruise track for Leg | but it does not fully represent Leg |
or the entire cruise. Flask sampling on Leg | started south of Kamchatka and moved
southward along 150*E and 160*E to New Zealand (Butler et al., 1988). Leg Il traveled
south of Australia and then north through the Indian Ocean to Singapore. Leg Ill went
from Singapore to Hilo, Hawaii. As shown in Appendix A, one pair of flasks was sampled
on Leg Il and one pair was sampled on Leg Ill. The map of Akademik Korolev 1987 does
not include those flasks sampled on Legs Il and Ill. These maps therefore do not, and are
not intended to, represent the fully detailed cruise track in each case.

The solid circles represent the locations of the fixed sampling sites in the NOAA/CMDL
global cooperative flask sampling network at the end of 1990. The sites are identified in
Figure 1.

Two of the maps cover a limited geographical region (rather than the entire world) to better
represent the areas sampled. These are for the Mexico Naval Oceanographic Research Ship
H-02 (ESG) in the Gulf of Mexico, and the Polar Star (PML) off the north coast of Alaska.
Note that the latitude and longitude grids on these maps are different from those on the full

world projection.
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Akademik Korolev 1987 (KOR)
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Appendix E
Plots Showing the Variation With Latitude of Methane Mixing Ratios From Flask
Samples Collected on the Research Expeditions

In each of these plots, the methane mixing ratio determined for individual flask samples,
and tabulated in Appendix A, are shown versus sine latitude. The panels are identified by
the name of the ship or experiment and the three-letter code given in Table 1. As in
Appendix D, some of the plots represent a particular segment or segments of an expedition.
This was done to give a better representation of the data. It is clear from the tracks shown
in Appendix D that in some of these experiments, the same latitude region was traversed
more than once. Therefore, because the methane mixing ratios are plotted only as a
function of latitude and not time, the apparent scatter in the data in some of the panels
reflects either mean seasonal variations, or even the long-term growth of atmospheric
methane mixing ratios.
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