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Abstract. Since 2002 in situ airborne measurements of at-1 Introduction
mospheric CQ mixing ratios have been performed regularly

aboard a rental aircraft near Bialystok (68N, 23°09' E), The increase of C®mixing ratios in the atmosphere since

?:C'ty In northeast(ternhPolagd. Smcc(aj AEQUSt Z%OfS ctjhe n S"'(“Pre—industrial times is the most important cause of climate
O measurements have been made by a modifie Commec’hange (IPCC, 2007), and this rise is due to human activi-

cially available and fully automated non-dispersive infrared ties, mainly those involving fossil fuel burning and land use
(NDIR) analyzer system. The response of the analyzer ha%hange (Le Quere et al., 2009). Since atmospheria CO

been characterized and the £@ixing ratio stability of the contains a signature of surface carbon sources and sinks, a

assoqated calllbratlon.syst_e m has been fully tested, which reg’;lobal observational network has been established to moni-
sults in an optimal calibration strategy and allows for an ac-

o ) tor CO, mixing ratios in the atmosphere. A quantitative de-
curacy .Of the CQ measurements within 0.2ppm. Besides termination of the distribution of carbon sources and sinks is
the in situ measurements, air samples have been collected

. aramount if climate studies are to be able to analyze the re-
glass flasks and analyzed in the laboratory fon@@d other y

h To validate the in sit N ingt SPOnse of terrestrial ecosystems to climate change and mon-
race gases. To validate the in situ $X@easuremen Saganst i1 fossil fuel emissions reductions in the near future. To

ta'lchieve these objectives, long term accurate monitoring of

ing functions that mimic the temporal averaging of the ﬂaSketmospheric CQis indispensable (Heimann, 2009).

sampling process. Comparisons between in situ and flas
CO, measurements demonstrate that these weighting func- Atmospheric transport models have been employed in in-
tions can compensate for atmospheric variability, and pro-Verse studies to infer the distribution of carbon sources and
vide an effective method for validating airborne in situ O Sinks from regular long-term CQOobservations (Rayner et
measurements. In addition, we show the nine-year records ddl-- 1999; Roedenbeck et al., 2003; Peters et al., 2007); how-
flask CQ measurements. The new system, automated sinc8Ver. these estimates are uncertain due to the sparseness of
August 2008, has eliminated the need for manual in_ﬂightobservational constraints as well as to transport and repre-
calibrations, and thus enables an additional vertical profile S€ntation errors (Engelen et al., 2002; Gurney et al., 2002;
20 km away, to be sampled at no additional cost in terms ofGerbig et al., 2008). Atmospheric transport models in par-
flight hours. This sampling strategy provides an opportunitytiCU|ar do not accurately represent vertical £gbadients of

to investigate both temporal and spatial variability on a regu-ircraft profiles, which could potentially be responsible for
lar basis. biases in the flux estimations (Stephens et al., 2007). There-

fore, regular aircraft profiles are desirable in order to in-
crease the coverage of atmospheric;@Dservations and to
improve how the vertical mixing is represented in transport
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models. Moreover, measuring vertical profiles of {8®the 3km above ground, and have been used in combination with
only way to validate observations based on remote sensingnodel results to compare with FTS g@etrievals (Messer-
technigues, such as Fourier Transform Spectrometers (FTSchmidt et al., 2011b). The temporal coverage of these pro-
(Washenfelder et al., 2006; Deutscher et al., 2010; Geibel efiles made them especially useful to study the seasonal cycle
al., 2010; Wunch et al., 2010, 2011; Messerschmidt et al.of column averages.
2011a) from the Total Carbon Column Observing Network In this paper, we describe and characterize the new auto-
(TCCON) and satellite observations, which are expected tanated continuous Canalyzer and its associated calibra-
become an important source of information in the futuretion system. We also present an accurate way for comparing
(Miller et al., 2005). in situ measurements with the analysis results of flask sam-
Regional scale C®fluxes have been investigated by air- ples which correctly weighs the in situ data according to their
craft campaigns throughout North America (Gerbig et al., contribution to the flask sample rather than using constant
2003a,b) and south-western France (Sarrat et al., 2007weights for a given time window as done previously. The pa-
These campaign-based aircraft measurements are meant per is organized as follows: Sect. 2 introduces the sampling
provide intensive regional GOnformation about a specific  site and the methods of G@bservations. Section 3 presents
region during short periods; they are not, however, able tothe methods for validating airborne in situ €@neasure-
represent long-term variations of G@uxes. Instead, exist- ments against flask measurements. The measurement data
ing regular CQ profiles obtained from flask measurements are shown in Sect. 4. Conclusions and discussion appear in
allow the quantification of carbon fluxes over a longer pe-Sect. 5.
riod (Yang et al., 2007; Crevoisier et al., 2010; Ramonet
et al., 2010). Therefore, efforts have been made to develop
new methods for regular aircraft profiling; for example, both 2 Sampling site and methods
in situ and flask C@ measurements have been carried out
aboard commercial airliners (Machida et al., 2008; Schuck2.1 Site description and flight protocol
et al., 2009), and aircraft profiles can now be obtained by an
innovative sample system AirCore (Karion et al., 2010). In situ measurements of GOnixing ratios have been made
Although flask sampling is a reliable way to obtain atmo- regularly since 2002 in the vicinity of Bialystok, a city in
spheric measurements of @@nd other trace gases, and can northeastern Poland. The region is known as “The Green
be used to calculate column means of Cftdm flask pro-  Lungs of Poland”, because it is mainly covered by forests,
files without statistically significant bias given a sufficient agricultural land, and wetlands with relatively low fossil
number of flasks (Bakwin et al., 2003), in situ measurementduel emissions. Specifically, from 2002 to 2005, in situ as-
are advantageous when studying high-frequency variabilitycending CQ profiles were made over Biebrza National Park
and quantifying boundary layer mixing processes (Tans etal.(53°31 N, 22°40 E, ~60 km to the northwest of Bialystok);
1996; Lloyd et al., 2002). Nevertheless, flask measurementsince 2006, the profiles have been sampled over a tall tower
are still important for validating in situ observations that may (53°18 N, 23°05 E, ~20km to the north of Bialystok),
suffer from severe changes of ambient temperature, pressureshere quasi-continuous in situ measurements 0$,GIMH,,
and humidity, as well as vibrations aboard an aircraft. CO, NvO, Hp, and Sk have been made since August 2005
In situ CQ, mixing ratios have been measured regularly (Popa et al., 2010); since August 2008, two profiles 0LCO
by a modified LI-COR 6251 system on board a rental air-have been collected using a new airborne;@@alyzer sys-
craft (PZL-104 Wilga) near Bialystok, Poland since 2002. A tem during each flight: an ascending profile over the tall
detailed description of the analyzer system is given in Lloydtower and an additional descending profile locateltD km
et al. (2002). Manual calibrations were performed at prede+o the southwest of Bialystok (83’ N, 2302 E). During the
fined altitude levels during a flight in order to remove poten- ascending profiling for all periods, paired flasks were manu-
tial biases due to changes of ambient pressure and temperally taken by an operator using a flask sampler. In most cases,
ture; however, significant disagreements between in situ anflasks were taken at seven constant altitudes, i.e. 100m,
flask measurements were often found in routine operations300 m, 500 m, 1000 m, 1500 m, 2000 m and 2500 ma.g.l. —
In order to improve the measurement accuracy and to obabove ground level (the terrain in the flight area is rather flat,
tain more scientifically useful observations within the same~ 150 m a.s.l.— above sea level); exceptions are parts of the
amount of available flight hours, a new airborne £&ha-  flightsin 2007 and 2008, when flasks were taken only at three
lyzer system has been deployed and tested aboard the aircrafifferent altitudes (100 m, 1500 m, and 2500 m) due to lim-
in April 2008, and has replaced the above-mentioned Ll-itations of funded flight hours. The sample air collected in
COR system for routine measurements since August 200&he flasks was analyzed by the GasLab at the Max Planck
The main purpose of these aircraft measurements is to regnstitute for Biogeochemistry (MPI-BGC) in Jena, Germany,
ularly obtain the vertical distribution of atmospheric £O for mixing ratios of CQ, CHg, CO, NO, Hp, Sk, and for
which is essential to improve the representation of the verti-isotopic ratios ofs13C and§80 in CQ,. In addition, at-
cal mixing in transport models. These profiles are made up tanospheric temperature and humidity were measured by a
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Fig. 1. Flow diagram of the C@ analyzer system. The system consists of three standard gases, labeled REF, HIGH, and LOW. The flow
rates for different paths are controlled by actuating corresponding proportional valves.

humidity and temperature probe (Vaisala, HMP35D). Thediffusion of air from the pressure buffer back to the reference
aircraft climbed at a speed of1.5ms ! and descended at cell. During span calibration, low or high standard gas flows
a speed ok 5.5ms 1, corresponding to vertical resolutions through the sample cell, while reference gas flows through
of ~14 m and~50 m, respectively (the 90 % response time the reference cell, resulting in a sensitivity measurement of

of the CQ analyzer system was 9s, see Sect. 2.2). the analyzer. During measurement mode, the sampling air
flows through the sample cell, while the reference gas flows
2.2 Characterization of the analyzer system through the reference cell, providing a measurement signal

based on the absorption differences in the two cells. The

The new airborne C@analyzer system is a modified ver- mixing ratio of CQ of the sampling air can then be derived
sion of a commerecially available product (AOS Inc., Boulder, using the zero and span measurements.
CO, USA). It consists of a non-dispersive infrared (NDIR) The flows through the sample and reference cells
analyzer, a gas handling and a calibration system. Figure hre ~180sccm (standard cubic centimeters per minute,
shows the schematic diagram of the analyzer system. i.e. equivalent to the volume flow rate at 273.15K and

The analyzer employs two infrared light sources, two gas1013.25 mbar) and-10 sccm, respectively. The sample flow
cells, and two solid-state detectors to perform differential ab-is bypassed at the same rate~e£80 sccm when a zero or
sorption measurements. The pressure in a 21 buffer downspan calibration takes place, so that the sample inlet is con-
stream of the gas cells is stabilizedat100 mbar, a pressure Stantly flushed. Water vapor in the sample air is removed
that is higher than the maximum atmospheric pressure. Threby a chemical dryer tube filled with anhydrous magnesium
CO, standards are employed in the analyzer system as calierchlorate (Mg(ClQ)2) in order to measure the dry mole
bration gases, which are designated as ref, low, and high. Th#action of CQG in air.
reference gas has a G@ixing ratio of ~380 ppm, a level The cell volumes are approximately 5 cc. With a flow rate
that is close to the atmospheric mean d@ixing ratio. The  of 180sccm, the 90 % response time (assuming perfect air
low and high gases have G@ixing ratios of~360 ppm and  mixing in the sample cell) is~4 s, which agrees well with
~400 ppm, respectively. There are three operation modesthe value derived from a laboratory test that switched be-
zero calibration, span calibration, and measurement. Duringween calibration and sample gases (see Fig. 2a). The re-
zero calibration, the reference gas flows through the samsponse can be fitted into one exponential curve. However,
ple cell while no gas flows through the reference cell; thusthe 90 % response time required to switch from one sample
both cells contain the reference gas, providing a backgroundjas to another sample gas with differentQ®ixing ratios is
(zero) signal. Zero calibration is short enough to prevent~9s; the increase of the response time is due to the mixing
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Fig. 2. (a) One exponential curve fit for the response time from
calibration to sample gas, and the 90 % responsetishg, (b) sum

of two exponential curve fit for the response time from one sample,
to another sample gas, and the 90 % response tim&is. The
dashed lines indicate the 90 % responses.

Fig. 3. Long-term stability of CQ mixing ratios of one 0.7 | cylin-

der associated with a pressure regulator from Scott Specialty Gases.
The dashed line indicates the mixing ratio of the gas in the filling
tank; the solid line shows a long-term trend.

of sample air in the chemical dryer tube and is dependent o?-3 Characterization of the calibration system
the size of the dryer tube. The response can then be fitted into
a sum of two exponentia| curves (See F|g 2b) The inlet isThe three CQ standards used for in-flight calibrations are
made of a~5m long 1/4 O.D. Synflex tube (type 1300, for- contained in one 3.51 fiber-wrapped aluminum cylinder (for
merly named as Dekabon or Dekoron), and causes a time déhe reference gas) and two 1.21 aluminum cylinders (for the
lay (from when air enters the inlet until it reaches the samplelow-span and high-span gases). The accuracy of ®@a-
cell) of 47 s on the ground level and 34 s on the top samplingsurements is dependent on the stability of&@xing ratios
height (~2500 m above ground) due to changes of ambientof calibration gases delivered into the sample and reference
pressure. The total time lag applied to the 1 Hz in siti,CO cells, especially in the case of a long-term deployment in the
data is the sum of the response time (90 %) and the time delaffeld, e.g. one year or even a couple of years at the Bialystok
due to the inlet tube, i.e. from 56 s to 43s. site. To investigate the long-term GG@tability of the cali-
Temperature variation around the housing of the detector®ration system, a series of laboratory tests was carried out.
and the light sources affects the measurements despite tHe detailed description of the experimental setup is given in
fact that the two detectors of the analyzer are thermally conWinderlich (2007). This experiment involved tests of the
trolled at constant temperature. When each individual in-stability of CQ mixing ratios for eight gas cylinders (vol-
ternal component of the analyzer (e.g. light sources, detecumes 0.75-3.51) associated with 3 different pressure regula-
tors) is locally heated, COmixing ratios change-8.3 ppm tors (Premier Industries, Belle Chasse, LA; Scott Specialty
for every degree change of the housing of the light source$3ases, Plumsteadville, PA, 51-14D; TESCOM, Tescom Eu-
and ~1.8 ppm for every degree change of the housing offope, Selmsdorf, Germany). During these tests, the cylin-
the detectors. This result implies that frequent calibrationsders are attached with pressure regulators, followed by high-
are required for this analyzer to remove the thermal impactsPressure stop valves that block the gas flow when no experi-
During flights, zero calibrations are made every two minutesmental measurement is being performed; the valves of these
while low or high spans are carried out after every other zerccylinders, in contrast, are open all the time. One,Gan-
calibration (i.e. zero-zero/low-zero-zero/high etc.). dard (392.491 ppm) in a 50 | aluminum tank was used to fill
A total calibration period of 12s is used, based on two all eight gas cylinders for further tests. The gases from the
facts: (1) the time response of the analyzer is fagts fora  cylinders were measured at variable intervals depending on
90 % exchange, and (2) the heat flow around the light sourcethe availability of a high-precision Loflo GOsystem (Da
and detectors due to valve switching affects the measureCosta and Steele, 1999). The experiment last260 days.
ments. Taking a short calibration period is to minimize 1) These tests characterized the influences of pressure regula-
the length of missing data due to calibrations, and (2) thetors and storage in small cylinders on £@ixing ratios
influence of thermal impact. Nevertheless, laboratory testd!sing two factors: a surface effect and a permeation effect
show that there are biases in the Q@easurements of atank (Fig. 3). These two effects are explained below in detail.
air immediately after a 12-s calibration. An experimentally The surface effect can be explained by the tendency of
determined exponential curve has been used to correct the$eO, molecules to adhere to the walls of aluminum cylin-
biases, and the corrections range from 0.7 ppm to 0.1 ppm. ders, which is a pressure-dependent process (Langenfelds et
al., 2005). The C@mixing ratios of the gases in the small
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cylinders immediately after filling are lower than that of the  These laboratory tests led to a strategy for the use of
gas in the filled tank due to the adsorption of 2@olecules  the calibration system of the NDIR analyzer during flight:
on the walls of these small cylinders, whereas the @lx- (1) calibrating the C@mixing ratio of air in the small cylin-

ing ratios of the gases in the small cylinders increase wherder after being filled instead of using the value of the fill-
the pressure drops below a relatively low level~o80bar  ing tank; (2) using the cylinders only when the pressure is
due to the desorption of COnolecules from the walls. The above 30 bar, a conservative level below which,Gfixing

tests revealed that this effect scales with the surface area aftios may significantly increase due to desorption o, CO
cylinders. For example, the #0D3 covered aluminum sur- molecules from the walls of the cylinders; (3) flushing the
face can explain the adsorption of &30 molecules at  dead volume in the pressure regulators before measurements
the 420 cm inner surface of the 0.7 L cylinder (sum of re- are started during a flight; (4) calibrating the small cylinders
versible and irreversible adsorption on /D3 from Mao and  before and after deployment in the field to characterize a po-
Vannice, 1994). Relying on 94 10?°°molecules within the  tential long-term drift in C@ mixing ratios due to the diffu-
cylinder, 0.04 ppm depletion can be explained. This repre-sion effect. When these rules are followed, deviations rang-
sents only 36 % of the observed difference and could indicaténg from —0.2 to +0.1 ppm have been observed in the labo-
a 2.75 times bigger surface roughness value of the cylindersatory tests. Therefore, our laboratory experiments suggest
compared to the ideally prepared,®; surfaces from Mao that such a calibration system can supply the measurement
and Vannice (1994). The increase of £@ixing ratios when  system with a stable GOmixing ratio within 0.2 ppm.

the cylinder pressure is below 30 bar is consistent with the In addition, we compute the GOmixing ratios of the
experience of other groups that use high-pressure calibratiosmall calibration cylinders inside the NDIR analyzer system
standard gases until the pressure drops to 5 to 35 bar (Dauli®y measuring three calibrated working standards as sampling
et al., 2002; Langenfelds et al., 2005; Keeling et al., 2007).air on the same NDIR analyzer system. This mimics the at-
The approach of mass conservation leads to an enrichmemhospheric sampling, and can compensate for known biases,
of +0.44 ppm below~30 bar (equals-0.11 ppm at 120 bar), e.g. the thermal impact on measurements of calibration gases

which has the same magnitude as the observations. (similar impact on measurements of sample air immediately
Because some air constituents preferentially permeate thefter calibrations has been discussed in Sect. 2.2).
polymer material used in pressure regulators, the G- Our flight interval is normally about one to three weeks;

ing ratio of the gases on the high-pressure side of the pressurgccording to the C@stability test, the depletion of CQn
regulator — and eventually the gases in the cylinders — can béhe regulator could be as large as 6.%.0 ppm. To over-
modified. For example, the first stage of the Scott regulatofcome this, at least 11 gas in the regulators should be flushed
is equipped with a Viton sealed piston. €@olecules pref-  before flight, which ensures the mixing ratios of calibration
erentially diffuse through this polymer (Sturm et al., 2004), gases running through the analyzer during flight are within
causing the air on the high-pressure side to become depletegl1 ppm of the real stable values. The cylinders should be
in COy; on the low-pressure side G@olecules accumulate  used until the pressure for one of the cylinders drops be-
and then diffuse when the mixing ratio of @& higher than  |ow 30 bar. Calibrations of gases in the three in-flight cylin-
the ambient. Therefore, for a long-term operation, the;CO ders using five external working cylinders before and after
mixing ratios of gases in the cylinders tend to decrease withdeployment in Bialystok for eight months showed drifts of
time. In contrast, during each analysis of the tank air afterCO, mixing ratios are smaller than 0.2 ppm. Our working
more than 4 h storage, the G@nixing ratio increases until cylinders are calibrated relative to the MPI-BGC GasLab
the CQ depleted air on the high-pressure side of the pres{aboratory standards calibrated by NOAA-ESRL (Zhao and
sure regulator is flushed, as it can be seen from the measurethns, 2006). The traceability of these laboratory standards to
CO; mixing ratios around 120, 40, and 25 bar in Fig. 3. This NOAA-ESRL at a level of 0.03 ppm for CChas been con-
effect has been reported repeatedly (Da Costa et al., 1999irmed by comparison programs.
Daube et al., 2002; Keeling et al., 2007). Tests show that
a TESCOM regulator has a smaller permeation effect; how-
ever, the size of this regulator is too large to be employed3 Validation of in situ measurements with analysis
in our airborne analyzer. The observed drift for 0.751 cylin- results of discrete flasks
ders is—0.15+ 0.06 ppm/100 days during these tests when
the cylinder valves are open and regulators are constantlpuring flight, air samples were collected by an operator us-
attached. ing a flask sampler, in which paired glass flasks were con-
Apart from the cylinder size, the variations of various pa- nected in series and filled tol bar above ambient pressure.
rameters in different testing setups (temperature: laboratoryrhe sampling air was dried with magnesium perchlorate be-
conditions vs. 40C; fitting material: stainless steel vs. brass; fore being filled into the flasks. Valves with either Perfluo-
pressure regulator type: Scott or Premier Industries) were inroalkoxy (PFA) or Polychlorotrifluoroethylene (PCTFE) O-
vestigated, and no influence on the trend of the @iixing rings were used to seal the flasks. A 0.003 ppntdage-
ratios was observed. crease in C@ has been found for those with PFA O-rings
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stantaneously mixed and then flows out of the flask at the same flows,
rate; pressurizing, air flows into the flask with decreasing flow rate <t
until the flask sampling is completed.
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during a storage test for300 days, whereas no loss of €O
has been discovered for those with PCTFE O-rings during a

storage test for-400 days. The flasks were analyzed by an ° 2 i time (s) % !
automated gas chromatographic (GC) system in the GasLab

at MPI-BGC. To ensure the quality of the measurements,Fig- 5. he weighting function for integrating in situ measurements to
the sampling air from the flasks was flown through an ad-compare then_1 with the analysis re_sult of_one single flask,_ plotted as
ditional magnesium perchlorate dryer before it is analyzeda functlon of time. The.tlme scale is relative to a_chosen time ('lOOs
by the GC system. Based on the results of flask storage testfor one single flask) prior to the start of pressurizing. The weights

. . : gre given in percentages. The dashed line denotes the time when
a0.003 ppm dayl correction has been applied for those with the pressurizing period starts. The weighting function is calculated

PFA O-rings, and no correction has been made for those withyased on the recorded and smoothed flask pressure during flight.

PCTFE O-rings. The adsorption effect has not been observed

during laboratory tests. This analytical system is regularly

checked by a flask comparison program (“sausage flask promixing in the flask during the flask sampling process aboard

gram”) and its consistency has been verified. The typicalaircraft. For one single flask, the flask sampling process con-

analytical precision of the flask measurements at MPI-BGCsists of two steps: flushing and pressurizing (see Fig. 4). Dur-

is smaller than 0.06 ppm. Therefore, comparison of in situing the flushing process, air flows into the flask, is instanta-

CO, measurements with the analysis results of flasks offersieously mixed, and then flows out of the flask at the same

one way to assess the accuracy of the in situ measurementglow rate, fo; at the time when the pressurizing period starts,
Given that air does not flow into the flasks instantaneouslythe fraction of the air (entering the flask at tim)eemaining

flask sample data cannot be compared directly with in situin the flask, is:(¢). During the pressurizing process, air flows

measurements. Actually, the GOnixing ratio of the air  into the flask at a decreasing flow rate ft), and the flask

in the flask is a weighted average of the mixing ratios of is pressurized until the flask sampling is completed.

the air during flask flushing and filling time. During flight, In the Appendix, analytical formula for(z) and f(z)

flask samples are collected in two steps: first, air is pumpedare presented from which the following weighting function

through the flasks at an ambient pressure for about 5min tdor integrating in situ measurements for comparison with

flush and remove the conditioning air in the flasks, and thenthe analysis result of a single flask can be derived (see

the flasks are pressurized until the pressure reastidsar ~ Appendix Al)

above the ambient pressure. Based on the flask filling pro-

cedure, weighting functions for in situ measurements have Wi() = %%e—“s?”/(l—e—'?s),r - H@ O<t<ts )

. . . 1) =
been developed for comparison with flask analysis results. Wo(t) = 4 950, ts<t < fe

0

1
0 120

3.1 Method for comparison of in situ measurements Here Ps and Pe are the flask pressures when the flask pressur-
with single flask measurements izing process starts £15) and ends{(=te); p(z) is the flask
. o o ) pressure at time. The time scale is relative to a chosen time
Briefly, the weighting function is derived from the assump- (100 s for one single flask, and 150's for paired flasks) prior
tion that the air entering a flask mixes instantaneously withg the start of pressurizing, which is empirically determined
the existing air in the flask. This perfect mixing has beengg that the weighting at= 0 is negligibly small. The weight-
shown in laboratory tests, when a step change in the COijng function for integrating in situ measurements to compare
mixing ratio in the air flowing to the flask was made and:CO them with the analysis result of one single flask is shown in
in the air leaving the flask was analyzed with an analyzer,:ig. 5. The weighting function is normalized to 1 and has

based on the cavity ring-down spectroscopy technique. EXits maximum value at the time when the pressurizing starts
ponential responses of this step change have been observ?gts_

at flow rates from 0.5 to 3.5 mirt, indicating that the as-
sumption of perfect mixing gives a good approximation of air
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Fia. 6. Th h tic of the flask i for th Fompare them with pair-flask measurements, plotted as a function
19. . The scnematic of Ine flask samplng process for Ihe Case Of¢ ;o (a) for the upstream flask ar(®) for the downstream flask,
pair flasks, which consists of two steps: flushing and pressurizing,

. . . . 4 respectively. The time scale is relative to a chosen time (150 for
During the flushing, air flows into and out of the first flask at a flow P Y (

- . . . paired flask) prior to the start of pressurizing. The weights are given
'ratte fod(thet aflrﬂl]s fully m:jx:d IESItdt?] the flrstf;‘lask)- arlljd thent:]lows in percentages. The dashed lines denote the time when the pressur-
Into and out oTthe second flask at Ine same Tlow Age uring the izing period starts. The weighting functions are calculated based on
pressurizing process, air flows into the first flask at a varying flow

rate f (1), but out of the first flask at the flow ratg(¢)/2; air at the the recorded and smoothed flask pressure.
flow rate f(¢)/2 pressurizes the second flask.

where Ps and Pe are the flask pressures (both flasks have the
same pressure) when the flask pressurizing process starts and
ends;p(¢) is the flask pressure at timeThe weighting func-

tions for integrating in situ measurements to compare with

For the case of paired flasks, the flask sampling process corRair-flask analysis results are shown in Fig. 7.

sists of the same two processes: flushing and pressurizing Here an example of using the weighting functions for in-
(see Fig. 6). During flushing, air flows into and out of the up- tegrating in situ measurements of &@ixing ratios and
stream flask and then the downstream flask at a flow rate ofe€n comparing these with flask measurement data is given.
fo: when the pressurizing period starts, the fraction of the airhe measurement results of ¢@ixing ratios made by the
(entering the upstream flask at the timjeremaining in the ~ NDIR analyzer and from analyses of flask samples from a
upstream flask is1(¢), while the fraction of the air remain-  flight on 20 August 2008, in Bialystok, Poland, are shown in
ing in the downstream flask is (7). During the pressurizing Fig- 8. The flask C@data are shown as blue (upstream) and
period, air flows into the upstream flask at a decreasing flowdreen (downstream) dots. At about 457005 @@sk val-

rate of £(¢), but out of the flask at the flow rate gf(r)/2; ~ ues from the paired flasks varied by a few ppm, even though
at the time when the pressurizing period ends, the fraction ofhey were taken simultaneously.

the pressurizing air (entering the upstream flask at thefjme ~ The differences of integrated in situ and flask Q@ixing
remaining in the upstream flask ds(¢), while the fraction ~ ratios using constants (1/120 over a 120's window) and the
of the air coming into the downstream flaskcigt). It is above-described weighting coefficients are shown in Fig. 8.

important to note that a fraction of flushing air flows from 'N€improved agreements between averaged in situ and flask

the upstream flask into the downstream flask during the pres-COZ mixing ratios when using the weighting functions show

surizing period. The process-based mass balance equatioﬂ%?t the atmospheric GOvariability can be accounted for
with variables f (1), c1(t), ca(), C;.([)’ andc/z(t) are given when using the proper weighting functions for integrating in
and solved in Appendix A2 to derive the weighting function situ CQ; values.

for integrating in situ measurements for comparison with the
analysis result of the upstream flask of a pair:

3.2 Method for comparison of in situ measurements
with paired flask measurements

3.3 \Validation of in situ measurements with flask CQ

measurements
1(Ps 2 _gsn _Is Ps . . . . . .
W) = Wlf(t):;(ﬁ) e /( —e r)*’: e O<t<is (2) A direct comparison of integrated in situ G@alues with
Wip() = 2552 S0 ts<t<fe 216 flasks from 22 flights is shown in Fig. 9a. The mean

difference of in situ and flask CQOralues is—0.45 ppm with
Similarly, the weighting function for integrating in situ mea- 5 standard deviation of 0.88 ppm; however, obvious biases
surements to compare them with the analysis result of the.an pe observed during two periods: flask No~880, and
downstr_eam flask of a pair can be described as follows (59%180, corresponding to 6 flights from 30 August 2008 to
Appendix A2): 30 September 2008, and 4 flights from 29 May 2009, to
2 (e o) 7 July 2009. The discrepancies for these flights are caused
War(0) = (2%2 -(%) )WT =g 0</<t 3y by adecrease in drying efficiency of the chemical dryer and

I —tse” T

Wap(t) = 2 %0 (1- 52, test <t could be compensated when the in situ measuremengs CO

'
Pe dr Pe

@

Wa(r) =
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A flight example Using a constant window Using weighting functions
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Fig. 8. An example of the performance of these weighting functions for the flight on 20 August 2808 situ measurements of GO
mixing ratios with flask C@ mixing ratios shown in blue (upstream) and green (downstream); comparison of flask data with the integrated
signal of in situ continuous COmeasurement) using a constant 120-s windoyg) using the weighting functions, Egs. (3.2) and (3.3).

_ = of CO, mixing ratios based on the measured ambient water
= mean: -0.45+/-0.88 ppm .. . . . . .

g vapor mixing ratios. The comparison of integrated in situ and
svl -, D e flask CQ measurements after correcting the water vapor ef-
Fol svwel e, HHEINL T s fects for the 10 flights is shown in Fig. 9b, with the corrected
] " " . . PR . . . .

Sl T, N values shown in blue. The mean difference of in situ and
=] ot W . . .
i RO ., flask CQ values reduces to 0.06 ppm with a standard devia-
[=h ad . Ve .

= . ‘ s tion of 0.45 ppm.

E o~k mean: 0.06+/-0.45 ppm blue: after corrections

g .

8 = Do e . 4 Measurement data

O | i st T e L e

gc— '...'A.'Q.a,\'”:...‘ -‘ ‘}.\.‘ .3 :.VO o RS

"3*.— R | % 4.1 Flask CO

.‘ﬁ oL

cr . . .. .

= The time series of C®mixing ratios at 300 m and 2500 m

0 30 o o, 130 200 from 2002 to 2010 are shown in Fig. 11, excluding flasks that
have been flagged as contaminated. The flasks are flagged as
Fig. 9. Comparison of in situ measurements with flask,Gixing  contaminated when abnormally low valuessétC measure-
ratio measurements over Bialystok Tall Tower for 216 flasks from ments 613C < —10%o on the VPDB scale) and abnormally
22 flights between Ap_ril 2_008 and July 20Q9_. Note_ the diffe_renceshigh values of CO (CG- 500 ppb), and K (Hz > 600 ppb)
between(a) averaged in situ and flask GOnixing ratios for blind 56 ghserved. From 2002 to 2004, compressed air from
fompaﬂson andb) after correcting the insufficient drying effect A\/Iesser Griesheim Ltd was used to condition the flasks. This
or 104 flasks from 10 flights. The averaged values and standard . - . - .
deviations of the differences if@) and(b) are shown in the plot in air contains amb,'em'leve' m|X|_ng rat_los of QCCH“' N20,
red. and Sk, but during some periods, it was heavily polluted
with CO and H. The pollution affected the analysis of air
samples for CO and Hmixing ratios when the conditioning
mixing ratios are properly corrected using the flask valuesair was not completely flushed before air samples were col-
and water vapor measurements. lected. Starting in 2005, compressed dried ambient air filled
The biases in the differences between in situ and flask COwith a compressor system from the roof of the Max Planck
during two periods in Fig. 9a are caused by residual waternstitute for Biogeochemistry into high-pressure cylinders
vapor in the air after the chemical dryer. This effect can behas been used as conditioning air to eliminate this problem.
clearly seen when the differences are plotted per flight as a Note that the data prior to 2005 are sparse, a linear
function of ambient water vapor mixing ratios (see Fig. 10). trend and a third order harmonic function have been fit-
The hypothesis is that the water vapor mixing ratios after theted to the CQ data at 300m and at 2500 m after 2005,
chemical dryer are proportional to the ambient values, andespectively (see Fig. 11). For comparison, the refer-
the drying efficiency of the chemical dryer decreases withence marine boundary layer GQMasarie and Tans, 1995;
time (inter-flight). Linear regression models are fitted per GLOBALVIEW-CO,, 2011) is interpolated to the latitude of
flight using the least squares approach for the differences bethe flask sampling site, and shown in Fig. 11. The calcu-
tween in situ and flask C£as a function of water vapor mix- lated slope is 2.1%0.42 ppmyr?! for the data at 300m,
ing ratios. One slope value is obtained from each linear reand 2.15+0.14 ppmyr?! for the data at 2500 m. As for
gression, which is used to correct the in situ measurementthe marine reference, the slope is 1480.03 ppmyrl. The
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plots. Panelga) and(b) show two periods during which the in situ measurements of @Xing ratios have been affected by residual water
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respectively. These values are consistent with the estimated
value of 2.02+0.46 ppmyr! using 300 m CQ data from

the Bialystok tall tower (Popa et al., 2010). In summer, the
level of CG, both at 300 m and the marine boundary 408
significantly lower than the level of Cat 2500 m due to the
uptake of CQ by plants, whereas in winter, regional fossil
fuel emissions increases the level of £8 300 m. To calcu-
late the seasonal amplitude, g@ata at 300 m and 2500 m
for the period between July 2005 and December 2008 are
de-trended using the linear trends derived from the above-
described fits, and then fitted to third order harmonic func-
tions. The results show that the seasonal amplitude of CO
at 2500 m (10.5 ppm) is significantly smaller than that obCO

Fig. 11. Time series of C@ mixing ratios at 300m, 2500m, and gt 300 m (20.4 ppm). The planetary boundary layer heights

reference marine boundary layer (see text). A linear trend and ghat are determined from the vertical profiles of temperature
third-order harmonic function have been fitted to each group of

these data after 2005 (smoothed curves), and the dashed lines sh
the linear trend from the fits.

and water vapor are between 300 m and 2500 m. Both sea-

Ynal cycles have minimum values around August; however,

the CQ mixing ratio at 300 m decreases abruptly in spring,
while the CQ at 2500 m decreases smoothly from April to
August. This reflects the larger influence £0ptake by

uncertainties are given as standard errors of the estimateplants has on the 300 m level than on the 2500 m level in
trends. The relatively large uncertainty in the trend deter-the free troposphere.

mined from 300 m data is due to large scatter. The few Furthermore, the seasonal cycle of £gradients (differ-
high biases in winter coincide with high CO values, sug- ences of CQvalues at altitudes of 300 m and 2500 m) is cal-
gesting influences from local pollution, and likely from the culated, and shown in Fig. 12. These £g§yadients contain

nearby city. The trend difference indicates that for recentuseful information for estimating carbon fluxes between the
years, the increase rate of €@t the Bialystok site is big- surface and the free troposphere, and for improving vertical
ger than the marine reference, and could be explained by aixing of transport models (Lai et al., 2006; Stephens et al.,
transport pattern change or a change in the fluxes that cor2007). Similarly, a smoothed curve has been fitted into these
tribute to the CQ data at 2500 m relative to those con- data using a third order harmonic function, which demon-
tributing to the Marine boundary layer GQRamonet et  strates that from April to September, the £@radients are
al., 2010). Using the same measurement period — betweenegative, with the minimum value in July, mainly due to up-
July 2005 and December 2008 — as in Popa et al. (2010)take of CQ by plants through photosynthesis; however, the
the CQ growth rates estimated from G@ata at 300 mand gradients are positive for the rest of the year, indicating CO
2500 m are 2.1% 0.64 ppmyr! and 2.28+0.18 ppmyr?, surface sources dominate sinks.
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As an example, in situ continuous G@ixing ratio profiles 229 2.0 31 3.2 233

from a flight on 20 August 2008 are shown in Fig. 13. The Longitude
collection of two profiles from each flight provides an oppor-

tunity to assess the spatial variability of mixed-layerLz0- colored by CQ mixing ratios: the gray lines show the projected

erages based on Observat'_ons' Flights We_re made every O,I?I?ght tracks on the ground level and the blue bar indicates the loca-
to three weeks, around mid-day under fair weather condi;o, of the tower.

tions. Ascending profiles were usually made over a national
park, while descending profiles were taken over a mixture of
forest and cultivated land that is about 20 km away and is orcould have resulted from two main factors: the spatial gradi-
the other side of the city of Bialystok. Descending profiles ents or changes in time associated withs&0urces or sinks
were always made after ascending profiles, roughly 50 minat the surface. During the peak growing season, GQle-
later (the average time difference between the time when thgleted in the mixed layer due to the uptake by vegetation,
ascending and the descending profiles are carried out). and as a result, the mixed-layer g@verage during ascend-
The planetary boundary layer (PBL) heights are deter-ing is higher than the mixed-layer GQverage during de-
mined from the virtual potential temperature profiles using scending made roughly 50 min later. The average change in
the parcel method (Seibert et al., 2000). The mixed-layer av-CO, during the growing season (Jun-Sep) between 10:00 and
erage CQ mixing ratio for each profileCO,, is calculated  15:00LT (local time) is estimated to be 0.24 ppm/50 min
as the mass weighted average, excluding the bottom 10 %ased on tower observations (Popa et al., 2010), which is
and the top 20 % of the mixed layer to avoid the influence ofmuch smaller than the mean difference found from the in-
both the surface layer at the bottom and the entrainment zonsitu aircraft profiles of 1.1 ppm. Therefore, the differences
at the top. The differences of mixed-layer £@verages be- must be due to spatial variations. The variability of the dif-
tween the ascending and the descending profiles are shown fierences of the mixed-layer average £i® 1.2 ppm during
Fig. 14, separated as the part of the growing season with peathe peak growing season, which is larger than that during
carbon uptake (June, July, and August) and the rest of théhe non-peak growing season, 0.6 ppm. No differences of as-
growing season (April, May, and September), hereafter recending and descending profiles for winter months have been
ferred to as the peak growing season and the non-peak grovshown because we do not have enough in situ data to perform
ing season, respectively. The uncertainty of the mixed-layetthis analysis.
averages for each profile is estimated based on the method
employed in Gerbig et al. (2003a). The uncertainty ranges
from 0.04 to 0.41 ppm for individual profiles. The uncer- 5 Discussion and conclusion
tainty of the differences is the square root of the sum of vari-
ances of the ascending and the descending profiles. Accurate in situ measurements of €@ixing ratios have
The differences of mixed-layer GOaverages between been achieved using a modified commercially available
the ascending and the descending profiles during the peakDIR analyzer system. An optimized calibration strategy
growing season are significantly larger than 0 ppm (t-testhas been derived based on characterization of the analyzer
p-value 0.006), whereas for the non-peak growing seasomnd test results of the stability of G@nixing ratios in small
they are not significantly different from Oppm (t-test p- cylinders. An in-flight calibration system is necessary for
value 0.115). The differences of mixed-layer £8&verages in situ analyzer systems to account for potential drift due

Fig. 13. A flight on 20 August 2008 is shown with the flight track
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Fig. 14. Differences of mixed-layer C®averages between the ascending and the descending profiles near Bialgsfok:the profiles
made during the peak growing seas(); for the profiles made during the non-peak growing season. The data were collected during 2008
and 2009.

to instability under severe conditions of vibrations, chang-are not available, the comparison is certainly sensitive to the
ing temperature and pressure aboard aircraft (Anderson et alatmospheric variability. The comparison of in situ with flask
1996; Daube et al., 2002; Machida et al., 2008). It is worth CO, measurements during flight has been successfully em-
pointing out that CQ@ measurements using state-of-the-art ployed to identify water contamination issues during two pe-
laser-based techniques (O’Keefe, 1998; Bowling et al., 2003riods. Since CQ@ needs to be reported as dry mole fraction,
Crosson, 2008; McManus et al., 2008) do not require cali-water contamination is an issue for any technology that de-
brations as frequently as the NDIR analyzer does. Speciftects CQ in dry air, and relies on a drying system to remove
ically, the recently available cavity ring-down spectroscopy water vapor from sample air to a sufficiently low level. It
technique (Chen et al., 2010) has been proven to be suffihas been successful for the cavity ring-down spectroscopy
ciently stable aboard a research aircraft within a field cam-(CRDS) technique to use simultaneously measured water va-
paign period. However, even with a stable analyzer systempor to correct all water vapor effects for GQChen et al.,

an in-flight calibration system is still recommended when no2010; Winderlich et al., 2010). However, this has not been
other independent measurements are available or if the anachieved or reported by using other technologies. These
lyzer needs to be deployed over the long term. The automaweighting functions can be applied to compare various in
tion of the new system after August 2008 eliminates the re-situ continuous measurements with discrete measurements of
quirement of manual in-flight calibrations on certain constantother trace gases. In addition, when flask measurements from
height levels, and thus, by saving flight time, allows for more a mobile platform are used in a modeling frame work, the ef-
extensive spatial sampling of the atmosphere. Observed spéective location (latitude, longitude, and altitude) of the flask
tial gradients between two vertical profiles sampled at 20 kmmeasurements can be derived from integrating correspond-
distance near the Bialystok tall tower indicate spatial differ- ing in situ continuous measurements using these weighting
ences in upstream source-sink distributions. In combinatiorfunctions.

with high-resolution transport modeling these observations In addition, we show the nine-year records of flasko,CO
provide important information on representation errors whenfrom which the CQ increase rates after 2005 are com-
utilizing tall tower data in inverse models to infer surface- puted for the 300m level (2.150.42 ppmyr?!) and for
atmosphere fluxes. the 2500 m level (2.1%:0.14 ppmyr?). The difference be-

A method for comparing in situ with flask GOneasure-  tween a reference trend of marine boundary layep @ad
ments using weighting functions has been developed applithat of our CQ data at 2500 m is likely significant, and could
cable to both single and paired flask samples. Comparisonbe explained by a transport pattern change or a change in the
between in situ and flask GOmeasurements demonstrate fluxes that contribute to the GQlata at 2500 m relative to
that atmospheric variability can be well accounted for by us-those contributing to the marine boundary layer,CQOhe
ing weighting functions. Therefore, one should compare allregular sampling of two profiles that are 20 km apart provides
flasks with in situ data regardless of atmospheric variability.an opportunity to investigate temporal and spatial variability.
However, it is critical to have the exact time when the pres-
surizing process starts, and the flask pressure or the flow rate
during the flask sampling process. When these parameters
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Appendix A wherec(t) is, at any given time (1 < < ts, the fraction of
the air (in the flask at time) remaining in the flask, given
the boundary condition(: =¢)=1; V is the volume of the

The following presents a detailed description of how theflask, andf; is the volume flow rate at the ambient pressure

weighting functions for integrating in situ measurements arepg. The solution of the equation is

derived, i.e. how single and paired flask measurements are
compared based on two assumptions during the flask samc-(t/ t) _ efgL,)/f .= v (A3)
pling process: (1) incoming air mixes instantaneously with ’ ’ fo
existing air in the flasks; (2) the change of temperature in the
flasks is negligible. At the end of the flushing period, i. e.=1, the fraction of
the air (in the flask at time) remaining in the flask is
Al Single flask model
clts, 1) = e W/ (A4)
The weighting function for integrating in situ measurements
to compare them with a single flask measurement is divideddccording to Eq. (A4), for the air entering the flask at any
into two parts based on the processes during flask sampllng;iven timer (with the volumefy - dr), the remaining volume
flushing and pressurizing (see Fig. 5). When the flask samin the flask at timess is fo-di - e~*s~"/7. The weighting
pling is completed, the influence of remaining conditioning function Ws(¢) is then proportional tgfo - dr - e~ (s=1/7:
air on the CQ mixing ratio in the flask is negligible. The
mixing ratio of CQ in the flask is determined by the GO Wi(®) ~ e s/t (A5)
mixing ratios of sampling air starting at flushing until pres-
surizing is complete, weighted by a function. The Q@ix-
ing ratio within the flask can be written as:

During the pressurizing process, all incoming air is kept in
the flask until the whole flask sampling process is completed
(see Fig. 5). The weighting functiowy(¢) is thus propor-

fe tional to the volume flow rate, for which mass balance can be
<COy> = / COx(r) W(t) dt depicted as follows:
0 Vv dp@®)

Wp(t) ~ f(1) = (A6)

s . Ps dr
= / CO(r) Wi (1) d(r) + / COx(1) Wp(r) dr (A1)  wherePsis the ambient pressure before the pressurizing pe-
riod starts,f (¢) is the volume flow rate at the pressureRaf
andp(r) is the air pressure in the flask.
When the flask sampling is completed, the flask pressure
is Pe, and the fraction of all flushing air in the flask is

where <CO, > is the CQ mixing ratio of the air in the
flask; s and e are the time when the pressurizing process;
starts and endd¥ (¢) is the weighting function that consists
of Wr(r) andWp(z), for the flushing and the pressurizing pe- Ps

riods, respectively. The weighting function is proportional to Fr = Peo

the amount of the air (entering the flask at timeemain-

ing in the flask when the flask sampling is completed, i.e. theand the fraction of all pressurizing air in the flask is
volume of sampling air flowing into the flask at timenul-

(A7)

tiplied by the fraction of the air that is preserved in the flask, F, = 1 — s (A8)
given the volume is reported at the same pressure. The sum Pe
of the overall weighting function is normalized to 1. Based on Egs. (A5)—(A8), the weighting coefficients for in-

During the flushing period (@7 <), the incoming air  tegrating in situ measurements to compare with one single
mixes with the air in the flask and flows through the flask. f55k is described as

When the pressurizing starts<zs), the air already in the

flask is preserved. Because the flushing period is short
(around 2 min), the ambient air pressure and the volume flow ) =
rate can be regarded as constants, f.€)= fo, p(t) = Ps Wo(t) = d[,(,) /j & st <1
(throughout the text, we use lower cgs@s the symbol for P Pe s= e
pressure at any time, whereas capifafor the pressure at

particular times). The mass balance for air in the flask at any

Is _ 7/ B
Wf(t)_Pse*(ts*f)/T/f (f ’)/Idt, O<t<ts

1)
W(f)—£s$7 T /<lfef?>,r=d,,(,s) O0<t<ts

timet can be written as: = - (A9)
, Wp(t) = £ 252 1s<t < Io
dc (t ) )
Vg = —he(r) (A2)
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A2 Paired flask model cq (1) ci' (t)

The weighting coefficients for integrating in situ measure-
ments to compare them with paired flask measurements ar¢g
also divided into two parts during the flask sampling: flush- ’g
ing and pressurizing; however, the situations for the upstream™
and the downstream flasks are different and need to be con
sidered separately.

0.0 02 04 06 08 1.0

=F

50 100 150 160 180 200 220

The CQ mixing ratio within the flask can be written as: ‘i';‘e(t()s) “t':“Fé)S)
2 2
o 29 o)
<COp>12 = [ COu) Waze) 1 Z
0 To
g3}
fs fe 3 _/\
= / COa(t) Wy 21(t) dr + / COga(t) Wy 2p(t) dt (A10) gts ’ . . . . . :
0 50 100 150 160 180 200 220

0 ts time (s) time (s)

hFig. Al. The fraction of the air (entering the upstream flask at
e S i . -
time ¢) remaining in the flasks: at the time when the pressurizing
period startsts, the fraction of the flushing air remainirgg) in the
upstream flaskC1(¢) and(c) in the downstream flask; at the time
when the pressurizing is completg, the fraction of the pressur-

During the flushing period, the situation for the upstream izing air remaining(b) in the uPStreanC/l(t) and(d) in the down-

flask is the same as in the single flask model and the weightSreamCy,(r). Note that at the time when the pressurizing period
ing functionWas is proportional to ends, the fraction of the flushing air in the upstream and the down-

stream flasks will be different as a result of flushing air that is mov-
—(ts=0)/7 (A11) ing from the upstream flask into the downstream flask.

where the subscripts 1 or 2 denotes the upstream and t
downstream flasks respectively.

A2.1 Upstream flask

c1(t) = e

Durin_g the pregsurizing period,_ the process for the upstr_egr@Nhen the flask sampling is completed, i#=1re, the pres-
flask is a combination of a flushing process and a Pressurizing o reaches its final valugs, the fraction of the air (in the
process due to the fact that part of the air from the upstrean ok at timer) remaining in the flask is

flask flows into the downstream flask at half of the flow rate

(see Fig. 7). C/l (te, 1) = & (A16)
For air in the flask at any given timg (1s <t <t¢), the Pe
mass balance equation can be depicted as follows: According to Eq. (A16), for the air entering the flask at any
vy , given timer (with the volumefy - dr), the remaining volume
d (V hg el (t )) f (t) pt) AL in the flask at timere is fo-dr - 4. The weighting func-
dr’ N 2 p() “ (t ) (A12) tion W1p(2) is then proportional td}ﬁ—’). The fractions of the

flushing air remaining in the upstre%tm flask at the tigend
the fractions of pressurizing air in the downstream flask at
the timeze are shown in Fig. Al.

Whent =1, the fraction of the air (entering the upstream
flask at timer, with the volume off(¢) - dr) remaining in

is the fraction of the air (in the flask at tint¢ remaining
in the flask at any given time(r <t <1e), and f(¢) is the
volume flow rate (at pressurgs) of sampling air. Besides,
f(z) andp(t') are constrained by the equation

L dp (/) the upstream flask igl(,ﬁ o and the fraction flowing into the
Z (/) _ v (A13)  downstream flask is + &2
2 Ps dr When the flask sampling is completed, the flask pressure
Combining Egs. (A12) and (A13) produces is Pe, the fraction of all air that flows into the flask during

( ) ( ) flushing is
dp (1 de (7 2

/) / Ps [P P,
—cq(t) + plt) —= =0 (A14) Fpie = — [ - (S Al7

O 1( ) ( ) @ =17 /% P (A17)
The solution of Eq. (Al14) is: and the fraction of all pressurizing air in the flask is
/ ’ p(t) PS 2
¢ (t,1) = —/= Al5 Flp=1- = A18
(00 =58 @ =1 (3) (h13)
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Based on Egs. (All) and (A16)—(A18), and the normaliza-During the pressurizing period, the fraction of the air (in the
tion, the weighting function for integrating in situ measure- upstream flask at timg) coming into the downstream flask
ments to compare with the upstream flask is described as can be derived from Eq. (A14):

Wai(t) = (%Z)%—(@—r)/z /fe*('f/)/rdt', O<rt<ts c/2 (l‘e7 t) =1 — _p}()t) (A24)
0
’ , e
Is

Wi(t) =

According to Eq. (A21), for the air entering the flask at any
) given timer (with the volumef (¢) - dr), the weighting func-
_ ‘ Wis (1) :S%? LemUsm0/T (1= o78/7) 1 = @ O<r<ts (A19) tion Wop(?) is then proportional tof (z) - dr - (1 — %’):

1) dp(t
Wip(r) = 220 . 420 1s<t <1e

@

o))

d
A2.2 Downstream flask Wop(t)~ f (1) (1— &> ~ %t) . (1_ %
e

Pe
During the flushing period (&7 <), the incoming air  \when the flask sampling is completed, the flask pressure is

mixes with the air in the upstream flask and flows through p_ and the fraction of flushing air in the downstream flask is
the downstream flask. When the pressurizing startsd,

the air already in the downstream flask is preserved. The

) (A25)

mass balance for the air in the upstream flask at any time V+V (1 — &) 2

. Pe Ps Ps
can be written as: Fot = 5 =2—= - <—) (A26)

vV = Pe Pe
/ Ps
dcz (t ) , ,
1% i foc1 (t ) — foc2 (; ) (A20)  and the fraction of pressurizing air in the downstream flask
t .
is
wherec1 (1), c2(¢) are, at any given time (t <t <1s), the P2
fractions of the air (in the upstream flask at timeemaining  Fop = 1 — Fpt = (1 - FS> (A27)
e

in the upstream and downstream flasks, respectively, given
the boundary conditions (1) =1, c2(r) =0; V is the volume  Based on Egs. (A23) and (A25)—(A27), the weighting func-
of the flask, andfy is the volume flow rate at the ambient ion for the downstream flask is described as:

pressureps.

The solution of the equation is War(t) = (2% _ ( %)z> , (srtem sl (1 fg )emts0rr et en
e e f(#< (: )"+(17%) (1) )d,
’ Wa(t) = dpt ? p(1)
t —t (/- \% N2 S0 (1me
¢ (/, t) - Pl ) L (A21) Waelt) = (1= ) o — ,fZ,)d’ rest <te
T fO £T *PT)’

At the end of the flushing period, i.e.= 1, the fraction of the (
air (in the upstream flask at tint¢ remaining in the down- W o (p2) (T R)e ) »

. =25 (& S E B = g 0<1t<fts
stream flask is =17 ( i (%) ) R ) 2 (A28)
Wop(t) = P%% (l— %), 1<t <l
e 1) = STt Y (A22)
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