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Abstract. A one hour integrated flask sampling system to
collect air in automated NOAA/ESRL 12-flask packages is
described. The integrating compressor system uses a mass
flow controller to regulate the flow of air through a 15 l vol-
ume, thus providing a mixture of air collected over an hour-
long period. By beginning with a high flow rate of 3.8 stan-
dard liters per minute and gradually decreasing the flow rate
over time to 0.29 standard liters per minute it is possible to
obtain a nearly uniformly time averaged sample of air and
collect it into a pressurized 0.7 l flask. The weighting func-
tion determining the air mixture obtained is described in de-
tail. Laboratory and field tests demonstrate that the integrated
sample approximates a simple mean of air collected during
the one-hour sampling time.

1 Introduction

Atmospheric measurements of greenhouse and other trace
gases are important to understanding the global carbon cycle,
climate change and air quality problems. Due to the extreme
accuracy required to quantify global, regional and local im-
pacts on the mole fractions of these gases, especially in the
case of long-lived greenhouse gases, flask measurements can
play an essential role. Flask samples allow a single instru-
ment with calibration standards tied directly to the World
Meteorological Organization (WMO) to measure samples
from many different locations (e.g. Conway et al., 2011;
Brand, 2009). With flasks, small changes observed between

one location and the next can be easily detected, whereas
it may be difficult to keep multiple in situ instruments cali-
brated. These flask samples must be collected using a method
that allows accurate, unbiased determination of the species of
interest, and the samples must be collected in such a way that
the results can be interpreted in terms of the regional and/or
global atmosphere. Flask samples are typically collected as
nearly instantaneous grab samples, whereby a flask is filled
over a period of less than one minute into a pre-flushed or
pre-evacuated flask (e.g. Conway et al., 1994, 2011; Brand,
2009). However, there can be substantial short-term variabil-
ity in mole fractions of greenhouse gases at many locations,
particularly at urban and other polluted sites. Grab samples
may therefore also be difficult to interpret, particularly when
the interpretation requires convolution with models and me-
teorological data which is typically available with time steps
of one to three hours. Ongoing comparison of flask and in situ
measurements is also a key part of data quality assurance for
both types of measurement, yet comparisons are often com-
promised by the difficulty in matching the exact timing of
the flask air collection with in situ measurements. Integrated
flask samples can dramatically reduce the impact of small
timing errors on these comparisons.

This paper describes an integrating compressor flask sam-
ple collection system (IC) to obtain air samples integrated
over one hour. The IC is designed to be as simple as pos-
sible, while achieving the goal of collecting an integrated
sample that is not contaminated, fractionated or otherwise al-
tered during the collection process. The flasks are measured
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for more than 50 gases and isotopologues, and the sample
air must remain unaltered for all of these species. Therefore,
wherever possible, parts that have already been tested for use
with these gases are selected. Flexibility in the design, so that
the integration time can be varied easily, is also an important
consideration, as is the ability to remotely and automatically
trigger sampling.

2 Sampler design and description

First we describe the principles and overview of the IC, and
then describe each part in detail. Figure 1 shows the over-
all system. The air enters from the inlet through 3/8 inch
outside diameter Synflex 1300 tubing (Eaton Corporation,
Ohio, USA), and then passes through a dryer unit, remov-
ing the bulk of the water from the air. Then the air passes
through a 15 liter (l) spherical mixing chamber – the heart
of the IC. Two pumps (N811 pump, KNF, New Jersey, USA)
and a mass flow controller (MKS1479, MKS, Massachusetts,
USA) are used to regulate the flow of air through the mix-
ing chamber. A bypass valve can be used to override the
mass flow controller and allow a higher flow rate, which is
3.8 standard liters per minute (SLPM) and was determined
from a temporary flow meter. All tubing within the IC is
1/8 inch outside diameter stainless steel. During the hour-
long integration period, the air is flushed out through flasks
contained in the NOAA/ESRL 12-flask Programmable Flask
Package (PFP (http://www.esrl.noaa.gov/gmd/ccgg/aircraft/
index.html; Sweeney et al., 2012), and at the end of the in-
tegration time, the flasks are filled and pressurized with air
from the mixing chamber. In standby mode, when no sample
is being collected, air is flushed through the mixing cham-
ber and pumps, and vented to atmosphere via a standby vent
valve.

This design was chosen over several possible alternatives,
such as (1) a large volume or bag that is evacuated and then
air is allowed to gradually enter over the designated time pe-
riod; (2) a syringe like system where the integrating volume
is initially small, and the volume is increased linearly through
the integrating time period. Although these alternative de-
signs may be conceptually simpler, they use components that
have not been tested for the suite of gases of interest and ex-
tensive testing would be needed to ensure that the trace gas
composition was not altered. This is of particular concern
for bags, in which the trace gas composition of air could be
altered by absorption/desorption due to the evacuation pro-
cedure or the bag material.

2.1 Mixing chamber

The mixing chamber is an approximately 15 l spherical vol-
ume of electro-polished stainless steel made by Restek Cor-
poration (Pennsylvania, USA). A 1/8 inch outside diameter
dip tube is inserted into the volume, so that air enters the

Fig. 1. Integrating compressor flask sample collection system
schematic.

volume at the base, and flows out from the top, thus ensur-
ing well-mixed conditions inside the volume. First, we tested
the mixing chamber to ensure that mixing is nearly complete
throughout the fill time and thus can be predicted using a sim-
ple e-folding model. Thee-folding model of a well-mixed
volume predicts a mean lifetime (residence time,τ ) of any
given parcel of air in the mixing chamber of

τ = 1/k (1)

wherek is the rate constant for the removal of the air from the
volume;k is determined by the flow ratef and the volume
of the mixing chamberv such that

k =
f

v
. (2)

When an air parcel with an initial massm(t0) enters the vol-
ume at timet0, the amount of that air parcel remaining at a
later timet is determined according to thee-folding model
as

m(t) = m(t0)e
−k(t−t0). (3)

To test the mixing inside the volume, two cylinders, one of
dried natural air (natural air) with 378.95 ppm (moles CO2
per mole dry air) of CO2, the other of air with no CO2 (zero
air, produced by a commercial supplier by scrubbing of CO2
from natural air), were connected to the mixing chamber. In
this arrangement, the CO2 mole fraction is a proxy form(t).

The regulators were set to release cylinder air at slightly
over atmospheric pressure with the excess pressure vented
to the room, so that the air entering the IC was at room pres-
sure (850 hPa at 1600 m a.s.l. in Boulder, CO). The air then
passed through the mixing chamber and pumping system,
and the outlet was connected to a cavity ring-down spec-
trometer (CRDS, Model G1301, Picarro, California, USA;
Crosson, 2008) continuously monitoring the CO2 mole frac-
tion. Initially, natural air was flowed through the mixing
chamber at the maximum flow rate of 3.8 SLPM until the
CRDS measurement stabilised at 378.95 ppm. The incoming
air was then switched to the zero air cylinder, and we ob-
served the decay of the CO2 mole fraction while pumping at
a known, constant flow rate of 3.8 SLPM (Fig. 2). The mole
fraction decay fitted an exponential decay curve extremely
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Fig. 2. Measured CO2 mole fraction through time, starting with
“ambient” 378.95 ppm CO2 air inside integrating volume. Air en-
tering the volume was switched to “zero” 0 ppm CO2 air at time
zero. Flow rate was set at 3.8 SLPM.

well, and we determinedk = 0.00428 s−1, which implies a
mean lifetimeτ = 3.89 min and volumev of 14.8 l, approxi-
mately equal to the nominal volume of the mixing chamber.
This experiment confirms that air mixes well in the spherical
integration volume, and follows a theoreticale-folding decay,
dependent on flow rate and the size of the mixing chamber.

2.2 Weighting function

Ideally, the final mixture of air in the flask would have a
flat, constant weighting function, such that at the end of a
one-hour sampling interval, the mixing chamber would con-
tain an equal amount of air from each minute of the hour,
with 1.67 % of the total air in the chamber having entered it
in each minute of the hour. The 15 l mixing chamber would
therefore contain 0.25 l of air from each of the 60 min of the
hour (Fig. 3). However, the actual weighting function is de-
termined by the flow rate and mixing chamber volume. If
the flow rate is kept constant, the weighting function can
be calculated from Eqs. (2) and (3). In this constant flow
rate case, the final air mixture is dominated by air from the
last part of the hour. The higher the flow rate, the steeper
the weighting function, so that the final air mixture is more
strongly dominated by the last part of the hour (4 SLPM case
in Fig. 3). Lowering the flow rate results in a more even
weighting function, but when the flow rate drops too low,
some air from prior to the 60-min interval will remain inside
the flask (1 SLPM case in Fig. 3).

A perfectly even weighting function can be achieved if the
flow rate is infinitely adjustable, starting with a very high
flow rate and gradually dropping the flow rate through time.
As the following equations cannot be integrated analytically,
we demonstrate the concept using a time step of one minute.
Of the air that entered the flask during the last minute of the
one-hour interval (ml(tl)), the amount remaining inside the
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Fig. 3. Weighting function for air inside the 15 l integrating vol-
ume after 60 min, under different flow scenarios. Black line: ideal
linear weighting function where each timestep contributes an equal
amount to the final sample (1.67 % from each minute). Solid and
dotted grey lines: constant flow at 1 and 4 SLPM, respectively. Red
line: the weighting function we selected changing the flow rate ev-
ery 12 min from 3.8 SLPM to 1 SLPM to 0.55 SLPM to 0.38 SLPM
to 0.29 SLPM. The value at minute zero for each curve is the sum
total of all air remaining in the flask from times prior to the last
60 min.

flask at the end of the one-hour interval (final timetf) is

ml (tf) = ml(tl)e
−kl(tf−tl) (4)

and the rate constant for the last time stepkl depends on the
flow ratefl during that last time step and the mixing chamber
volume

kl =
fl

v
. (5)

The initial amount of airml(tl) introduced during this last
time step is a function of the flow rate and length of the time
step1t (equal totf − tl), such that

ml (tl) = fl · 1t (6)

and therefore

ml (tf) = fl · 1te−
fl
v

1t . (7)

Of the air that entered during the preceding minutetl−1, the
amount of air remaining at timetf is

ml−1 (tf) = fl−1.1te−
1t
v

fl−1e−
1t
v

fl (8)

and more generally,

ml−n (tf) = fl−n.1te−
1t
v

∑
fl−i . (9)

That is, the amount of air remaining from a given time step
at the end of the hour is a function of the flow rate during that
time step and of the flow rate in all the following time steps.
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To achieve a perfectly linear weighting function using a
15 l volume, we would need to adjust the flow rate from
an initial rate of more than 100 000 SLPM to less than
0.01 SLPM at the end of the hour, which is not feasible
with available equipment. Nor is it desirable, since pressures
throughout the system would change dramatically, especially
if the change in flow rate occurred throughout the entire
length of sample tubing. We use a flow controller that adjusts
between 0.1 and 1 SLPM, and by opening the bypass valve
(Fig. 1), we can obtain a higher flow rate of 3.8 SLPM. In
future upgrades to the system, we plan to use a 0.2–2 SLPM
flow controller, and note that although flow controllers with
larger dynamic range are available, the control is typically
accurate to within only a few percent, so that accurate con-
trol at the low end of the range becomes problematic. We
aim for a near-linear weighting function, changing the flow
rate every 12 min, with the initial flow rate at 3.8 SLPM,
dropping down to 1 SLPM, 0.55 SLPM, 0.38 SLPM and fi-
nally 0.29 SLPM in the last 12 min. This weighting function
is shown as the red saw-tooth curve in Fig. 3. Each 12-min
segment has equal weight (20 %), and air from prior to the
start of the hour contributes 0.7 % to the total. The weighting
of individual minutes during the hour ranges from 0.2–3.8 %
with the largest variability in the weighting during the first
12 min of the hour.

The simple pumping system and long (typically 100 m) in-
let line means that when the flow rate changes, the lag time
for air reaching the mixing chamber from the top of the in-
let also changes. Air reaching the mixing chamber near the
end of the hour has a residence time of 15 min. Minimizing
the residence time is thought to reduce the potential for wall
effects, so future versions of the system will be built with
modifications to keep the flow in the inlet line constant. This
will be achieved by installing a constant flow rate flush pump
upstream of the mixing chamber and venting the excess air.
In the current configuration, we account for the lag time in
the weighting function calculation.

We tested the integration parameters and weighting func-
tion in the laboratory, using the same setup described in
Sect. 2.1.1. In this experiment, the flow rate was stepped
down every 12 min of inlet time (Fig. 4). The air from a natu-
ral air cylinder with 363.5 ppm CO2 (measured on the CRDS
instrument) was flushed through the system at 3.8 SLPM for
20 min prior to the start of the experiment. The incoming air
was switched between the natural and zero air cylinders at
several arbitrary times, shown as grey bars in Fig. 4. We then
used our theoretical weighting function (Fig. 3) to predict the
CO2 mole fraction at the end of our sampling time, and com-
pared it with the measured CO2 mole fractions. The mea-
sured value on the CRDS instrument at the end of 60 min
was 335.3 ppm; the expected value was 335.1 ppm. Further-
more, we calculated the expected CO2 mole fraction exiting
the IC at each time step, and see good agreement between the
expected and measured values (Fig. 4).

Fig. 4. Test of weighting function. Cylinder air at room pressure
was flowed through the integrating system at the indicated flow rates
(blue). Note that the flow rates in this experiment were slightly dif-
ferent than our standard protocol used in Fig. 3. Natural 363.5 ppm
CO2 air was flowed through the system for 20 min prior to the start
of the experiment and during the experiment, except during the pe-
riods shaded in grey, when incoming air was switched to zero air.
The measured CO2 mole fraction exiting the system is indicated in
black, and was 335.3 ppm at the end of the integrating time (60 min).
Predicted values at each time step are shown in red, and the final
predicted value was 335.1 ppm.

2.3 Drying of air

The air from the IC is eventually collected and pressurized
to 275 kPa in 0.7 L PFP flasks (Sect. 2.4). As pressurization
may exacerbate problems with water vapor, the air is dried
prior to entering the mixing chamber (Fig. 1). A thermoelec-
tric chiller with two trapping loops and a temperature of 5°C
(M&C products ECP-20-2) is used. The air flows through
both loops and a peristaltic pump removes condensed wa-
ter. Sufficient water is removed to result in a maximum spe-
cific humidity of 0.0014 mole H2O per mole of dry air in the
pressurized flasks. During high humidity periods, occasional
problems with the chiller icing up and blocking air flow have
been encountered.

The IC was tested for any change in CO2 mole fraction
during drying. Using the same setup described in Sect. 2.1.1
(including the full integrating system), natural cylinder air
was flowed through and measured using the CRDS. For this
test, we added a magnesium perchlorate (Mg(ClO4)2) trap
just prior to the CRDS inlet so that no water correction was
needed in the instrument’s CO2 mole fraction determination.
Although it is possible that the Mg(ClO4)2 trap may intro-
duce artifacts, any such bias is expected to be consistent
across all the tests. Four tests were performed: (1) dry natural
cylinder air was flowed through the IC with the thermoelec-
tric chiller completely removed; (2) dry natural cylinder air
was flowed through the IC with the chiller included; (3) nat-
ural cylinder air was wetted by bubbling through a flask of
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Fig. 5.Mean flask pair differences, typically averaged over 12 flask
pairs. Measured mean pair differences for each species are shown in
red, and the acceptable maximum pair difference is shown in black.
Vertical axis uses a log scale for clarity, units vary by species. CO2
is reported in ppm, CO, CH4, N2O and H2 are in ppb,δ13CO2 and
δ13CH4 are in ‰, all other species are in reported in ppt.

distilled water and flowed through the IC with the chiller in
place but not switched on; (4) same as (3) but with the chiller
switched on. In these tests, the air was flowed at a constant
rate of either the high 3.8 SLPM or low 0.29 SLPM flow rate,
and the CO2 mole fraction entering the CRDS was monitored
through time. The CO2 mole fraction in all these tests varied
by less than 0.06 ppm.

2.4 Simultaneous filling of multiple flasks

In order to provide enough air for measurement of∼ 50 trace
gases and isotopes including14CO2, two 0.7 l PFP flasks
filled to 275 kPa are collected as a pair. The PFP firmware
was initially designed to fill a single flask at a time, and in
many cases, the paired flasks for14CO2 have been collected
sequentially (Turnbull et al., 2006; Miller et al., 2012), as-
suming that variability in the air during the few minutes be-
tween flask fills is negligible relative to the14CO2 measure-
ment uncertainty. However, the IC allows the opportunity to
override the standard flask filling firmware, and simultane-
ously flush and fill two flasks. During the one-hour integra-
tion period, both flasks are opened, and the air exiting the IC
is flushed through the flasks and out into the room. Once the
one-hour integration period is complete, the back valves on
the flasks are closed and the pumps pressurize both flasks to
275 kPa. The IC remains open to the inlet and at the last flow
rate of 0.29 SLPM during the pressurization so that the air
collected in the flasks actually contains a small amount of air
(1 % of the total) from the 61st minute of the interval. This is
necessary with the pumps currently used, as they are unable
to pressurize the flasks sufficiently when the pressure inside
the 15 l spherical volume drops too low. The impact of this

Fig. 6.Difference between predicted and measured flask CO2 mole
fraction, plotted against the CO2 mole fraction. Predicted mole frac-
tions were calculated from in situ (∼ 2 s) CO2 measurements. Red
points use the full weighting function to calculate the predicted CO2
mole fraction; blue points use a simple average of the in situ values
during the flask sampling time. Error bars on the blue points indi-
cate the standard deviation of the in situ measurements during the
sampling time.

on the final mixture is negligible across a reasonable range
of mole fractions.

For most samples, one flask of the pair is reserved for
14CO2 measurement, and the second flask is measured for
all other species. However, for a small subset of 12 samples
where14CO2 measurement was not needed, both flasks of the
pair were measured for all other species (Fig. 5). Pair agree-
ment is excellent for all species measured and is as good as or
better than the acceptance criteria used for the NOAA/ESRL
Cooperative Sampling Network (Montzka et al., 1993; Zhao
and Tans, 2006; Conway et al., 1994; Komhyr et al., 1985;
B. R. Miller, personal communication, 2012). We calculate
the mean pair difference as the mean of the absolute val-
ues of the pair differences, and the uncertainty as the one-
sigma scatter of those pair differences. For CO2, the mean
pair difference is 0.07±0.08 ppm, versus the acceptable pair
difference cutoff of 0.1 ppm; mean CO pair difference is
0.5± 0.4 ppb versus acceptable pair difference of 3 ppb, and
mean CH4 pair difference is 1± 1 ppb versus the acceptable
pair difference of 3 ppb.

2.5 Remote operation of IC

The IC is controlled by a CR1000 Campbell Scientific Dat-
alogger and Loggernet software (Utah, USA), which control
sampling times, changes in flow rate, and other sampling pa-
rameters. The datalogger is remotely operated and monitored
via cellular modem. In the current configuration, the soft-
ware is set to automatically sample beginning at 03:00 p.m.
local standard time (when the boundary layer is well mixed
and most easily modeled) each day. Flasks are oversampled
the next day if a post-sampling analysis of meteorological
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Fig. 7.Difference between in situ mean and flask CO2 mole fraction
for 50 flasks sampled at two sites near Indianapolis. Error bars are
the standard deviation of the in situ values during the sampling time.
Mean difference is 0.04 ppm.

conditions does not meet pre-defined criteria. Oversampling
involves expunging the existing sample by flushing, then
flushing and filling with the new sample as usual. We ex-
amined the agreement between in situ and flask measure-
ments for flasks that were oversampled and those that were
not oversampled, and found no discernable difference. One
limitation of the oversampling strategy is that if a flask flush-
ing problem occurred, it would be difficult to identify the
problem (versus a more typical strategy whereby residual fill
gas in the flasks can be identified by its abnormal mole frac-
tions; Conway et al., 2011).

2.6 Field testing

Two IC units were deployed near Indianapolis, USA on cell
phone towers, alongside cavity ring-down spectrometers that
continuously measure CO2 in situ. The two systems are de-
signed to complement each other, with the continuous mea-
surements providing high time resolution of CO2 mole frac-
tions, and the flasks providing measurement of 50 species,
many of which cannot be measured continuously or in situ.
In addition, comparison between the two techniques provides
a quality check of both instruments, and ensures that instru-
ments at different sites are on the same scale. The in situ
measurements utilise CRDS (Picarro model G2401) measur-
ing CO2, CO, CH4 and H2O, with a configuration similar to
that described by Richardson et al. (2012), except that the
air is also dried prior to measurement. The in situ and flask
systems sample air from separate inlet lines located immedi-
ately adjacent to one another at the same tower height. Both
flask and in situ data are corrected for the time offset of air
flowing from the inlet to the instrument, with different time
offsets for the flask and in situ instruments. We examine all

available measurements where flask samples were collected
and the in situ instrument collected CO2 data during the en-
tire hour of integrated flask sampling. A total of 50 paired
measurements were collected between April 2011 and Jan-
uary 2012 at two different tower sites, one urban and one
rural.

First, we examine a randomly selected subset (n = 12, se-
lected as it is too time-consuming to look at all results in
this way) of samples in detail, comparing with the in situ
CRDS CO2 measurements made approximately every 2 sec-
onds. For each of these samples, we calculate the predicted
flask CO2 mole fraction from the in situ data, first explic-
itly using our weighting function, and second using a simple
mean of all in situ measurements made during the sampling
time. The weighted and simple means give similar results
across a range observed of CO2 mole fractions and across ob-
served CO2 variability during the sampling time (Fig. 6). The
mean difference between predicted and measured flask CO2
mole fraction (calculated as predicted minus flask value) is
0.04± 0.26 ppm when the weighting function is used, and
0.02±0.20 ppm when the simple mean is used. We conclude
that the simple mean of in situ measurements is sufficient to
approximate the weighting function.

We then examine all 50 paired flask/in situ measurements,
using the simple mean of the in situ measurements. The com-
parison is made for all available flask samples when the side-
by-side in situ system made measurements for the full hour
during which the flask sample was collected. The mean dif-
ference is 0.04± 0.38 ppm (Fig. 7). The largest differences
occur during times when the CO2 variability within the hour
is high. Of particular note are several samples collected dur-
ing summer 2011 where the in situ–flask difference is greater
than 1 ppm. These samples were collected at the rural site
during periods of strong photosynthetic drawdown and with
high variability in the measured in situ CO2 mole fraction
during the hour. In many other instances of high variability,
the in situ–flask agreement was excellent, and suggests that
the large difference for these samples indicates a problem
with either the flask or in situ measurement, which has not
yet been resolved.
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