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Abstract. We present quantitative, fast time response mea-of HCHO can be observed simultaneously with production
surements of formaldehyde (HCHO) onboard an aircraft us-of acetaldehyde and the photochemical degradation of aro-
ing a Proton-Transfer-Reaction Mass-Spectrometry (PTR-imatic compounds using the PTR-MS. The results show that
MS) instrument. The HCHO measurement by PTR-MS isPTR-MS seems a useful instrument to measure HCHO, but
strongly humidity dependent and therefore airborne meamore inter-comparisons are needed.
surements are difficult and have not been reported. The
PTR-MS instrument was run in the standard PTR-MS op-
erating mode (de Gouw and Warneke, 2007), where abouj |ntroduction
15 volatile organic compounds (VOCs) are measured to-
gether with HCHO onboard the NOAA WP-3 aircraft dur- Formaldehyde (HCHO) is one of the most abundant volatile
ing the CalNex 2010 campaign in California. We compare organic compounds (VOCs) in the atmosphere. The mixing
the humidity dependence determined in the laboratory withratios range from about 100 pptv in remote areas (Sumner et
in-flight calibrations of HCHO and calculate the HCHO mix- al., 2002; Fried et al., 2008) to several tens of ppbv in pol-
ing ratio during all flights using the results from both. The |uted areas (Dasgupta et al., 2005; Kormann et al., 2003).
detection limit §/N= 1) for HCHO was between 100 pptvin  The primary emission sources of HCHO include biomass
the dry free troposphere and 300 pptv in the humid marinepburning (Yokelson et al., 1996; Holzinger et al., 1999) and
boundary layer for a one second acquisition time every 17 santhropogenic sources such as vehicle exhaust (Dasgupta et
The PTR-MS measurements are compared with HCHO meaal., 2005; Zavala et al., 2009; Garcia et al., 2006; Ban-Weiss
surements using a DOAS instrument and a Hantzsch monitogt al., 2008), but overall the primary emissions are small
at a ground site in Pasadena. The PTR-MS agreed with theompared to the secondary production (Garcia et al., 2006;
DOAS within the stated uncertainties and was just outsideLj et al., 1994). HCHO is produced in the atmosphere from
the uncertainties with the Hantzsch. We also compare HCHGmany different compounds (Lee et al., 1998), where impor-
enhancement ratios in the Los Angeles basin and in the freeant precursors are alkenes such as ethylene (Washenfelder
troposphere with literature values and find good agreementet al., 2010; Gilman et al., 2009) and isoprene, and alkanes
The usefulness of the PTR-MS HCHO measurements in atsuch as methane (Finlayson-Pitts and Pitts, 1986). Isoprene,
mospheric observations is demonstrated by following an isowhich has the largest global emissions of all VOCs (Guenther
lated anthropogenic plume. The photochemical productioret al., 2000), produces HCHO as a first-generation product in
the presence of NOx and satellite measurements of HCHO
can be used to estimate the isoprene emissions on large spa-
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HCHO has a short lifetime of only a few hours during the compounds important in atmospheric ambient measurements
day due to reactions with OH and photolysis, which makesat the same time.
it an important compound in the formation of ozone and the In this paper we further explore the capability of PTR-MS
cycling of HQ radicals (Lowe and Schmidt, 1983). In an to reliably measuring HCHO on board an aircraft together
urban area the photolysis of HCHO is one of the most impor-with all other VOCs typically measured by PTR-MS. The
tant radical sources sustaining photochemical ozone formameasurements were done on board the NOAA WP-3 aircraft
tion (Volkamer et al., 2010), which also makes HCHO one of during the CalNex campaign in California 2010 (California
the key indicators of atmospheric photochemical activity.  at the Nexus of Air Quality and Climate). The PTR-MS

Various analytical techniques are available for ambientwas run at the standard instrument settings (de Gouw and
HCHO measurements. Commonly used instruments are turarneke, 2007) and simultaneous measurements were made
able diode laser absorption spectrometer (TDLAS) (Wertof oxygenated VOCs such as methanol and acetone, biogenic
et al., 2003; Fried et al., 2002), difference frequency compounds such as isoprene and monoterpenes and aromat-
generation absorption spectrometer (DFGAS) (Weibring etics such as benzene and toluene. As a validation of the mea-
al., 2007), laser induced fluorescence (LIF) (Hottle et al.,surements we compare to HCHO measurements on a ground
2009), commercially available wet chemical sensors basedite in Pasadena during overflights. Furthermore, a plume
on Hantzsch fluorometry (Junkermann and Burger, 2006;study will be used to show the atmospheric HCHO produc-
Kelly and Fortune, 1994), Fourier transform infrared spec-tion within the plume evolution.
troscopy (FTIR) (Yokelson et al., 1996), cartridges for 2,4-
dinitrophenylhydrazine (DNPH) derivatization followed by
off-line high pressure liquid chromatography (HPLC) analy-

sis (Grosjean and Fung, 1982), and pulsed quantum casca M .
laser spectrometer (QCL) (Herndon et al., 2007). Other in—(ie'1 PTR-MS instrument and HCHO detection

struments that are commonly used are based on long-patfe pTR-MS instrument used in this study was described
techniques such as the differential optical absorptioq SPECiy detail by de Gouw and Warneke (2007) and was used in
trometer (DOAS) (Lawson et al., 1990) and the multi-axes gimjjar configurations in multiple aircraft and ground based
differential optical absorption spectroscopy (MAX-DOAS) experiments. Briefly, HO* is produced in a hollow cath-
(Heckel et al., 2005). A table with instrumental details on 46 ion source and allowed to react with VOCs that have a
most of the techniques listed above can be found in Wisthalehigher proton affinity (PA) than bD in a reaction chamber.
etal. (2008). _ _ _ The resulting VOCH ions are detected together with the pri-

In a recent formal inter-comparison exercise at themary jons using a quadrupole mass spectrometer. The instru-
SAPHIR chamber between five different HCHO analyzers et was operated at a pressure of 2.4 mbar and an electric

using four different techniques it was found that signifi- fioq of 70 v entt (E/N=130Td) in the reaction chamber at
cant analytical problems exist for most of the techniques, temperature of 45C. O; produced in the ion source and
(Wi_sthaler (.at.al., 2008). Even tho_ugh this inter-comparisongyetected on mass 32 was always kept below 2 %. During the
varied humidity and ozone levels, it was nonetheless a 1abogjights 14 masses corresponding to different VOCs, including
ratory simulation, which is one of the least challenging envi- 1,2« 31 for HHCHO* . were measured for one second each
ronments for the analyzers. Field measurements, eSpec'al%gether with the primary ions resulting in a 16-s duty cycle.

aircraft measurements, present a much more challenging efnsirument backgrounds were determined every 13 min for
vironment, complicating the HCHO measurements (Wert ety min ysing a catalytic converter, which is described in more
al., 2003; Herndon et al., 2007). detail below.

Recently Proton-Transfer-Reaction Mass-Spectrometry {cHO has only a slightly higher PA than wa-
(PTR-MS) has been used to measure HCHO in the atyg, (165.2 kcalmot® for H,O and 170.4kcalmoit for

mosphere and laboratory settings despite various analyticq.qCHO)’ which is so small that the back reaction becomes
challenges (Vlasenko et al., 2010; Karl et al., 2003; Stei”'significant:

bacher et al., 2004; Inomata et al., 2008; Wisthaler et al.,

2 Experimental

2008; Holzinger et al., 1999). Because the reactiong®H .0t + HCHO kL1 HCHOY + H,0 (R1)
with HCHO is only slightly exothermic and the back reaction
becomes important at typical PTR-MS instrument settings,y . HcHO"™ + H,O krig H3O™ + HCHO. (R1a)

the HCHO detection by PTR-MS is strongly humidity de-

pendent and overall less sensitive than for other compound$he rate coefficients adgy1 = 1.4x 102 cm® s~ molecule?
(Hansel et al., 1997). To improve on the humidity depen-and kr1a=3-5x 10" cm®s I molecule? (Vlasenko et
dence and the lowered sensitivity, in some measurements irel., 2010; Hansel et al., 1997) and [HCHO], 6] and
strument settings were changed (Wisthaler et al., 2008) or theH,QO] are concentrations of HCHO, hydronium ions and
sample stream was dried (Jobson and McCoskey, 2010), bwvater in the drift tube. The kinetics of the HCHO detection
might influence the ability of PTR-MS to measure multiple has been discussed in detail by Vlasenko et al. (2010)
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and we only summarize here. The humidity dependent | |
concentration of HHCHO ion concentration in the drift 10001 methanol T
tube can be described as follows: 800 M acetone
kr1 [HCHOJ (1 — e~*radH20lr) 600+ -
kr1a[H20]
In Reaction (R2) the HHCHO™ concentration is dependent 200 D D L
on the reaction time, and at low water concentrations Reac- o [ D\ D| |
tions (R1) and (R1a) are not in equilibrium at standard PTR- ! ! !

[H - HCHO"] = [H30%] (R2)

400

sensitivity (Hz/ppbv)

0.20 |
0.8

MS conditions (de Gouw and Warneke, 2007). This makes it§ 0.15+ 2
clear that the detection of HCHO with PTR-MS is not only :E) 0.10- o6 3
strongly humidity dependent, but also clearly less efficient § o.s- D D D o g
than for other VOCs, where the back reaction rate coefficient® 4, | DI:I M -
iS Vel’y Sma”. ITCT 2002 | ICARTT 2004 ‘TexAQS 2006 |ARCPAC 2008| CalNex 2010

. Besides the hum'd'ty dependence, the Iowered' SenSIt'VFig. 1. The PTR-MS sensitivity and detection limitS/N=3) for

ity has made aircraft measurements of HCHO with PTR-methanol, benzene and acetone during five different aircraft mis-
MS very challenging. Our PTR-MS system has undergonesions during the past eight years: ITCT 2002 (de Gouw et al., 2004),
constant improvements over the past years resulting in SUBKCARTT 2004 (Warneke et al., 2004), TexAQS 2006 (Warneke
stantial increases in sensitivity, which are demonstrated iret al., 2010a), ARCPAC 2008 (Warneke et al., 2010b) and Cal-
Fig. 1. The sensitivities3/N=3) and detection limits of Nex 2010.

methanol, benzene and acetone during five different aircraft

missions in the past eight years have steadily increased t
just over 1000 Hz ppbv! for acetone, which is a compound

with one of the highest sensitivities. The improvements in- . :
g P alyst completely converts HCHO to GQuvithout changing

clude (1) changing from standard PTR-MS to high sensitiv- . o .
ity PTR-MS, which adds a pumping stage at the lens Sys_the humidity making it an ideal background measurement for

. L HCHO PTR-MS measurements
tem of the quadrupole, (2) replacing the original ion source, . ) j .
(3) modifying the vacuum chamber to improve pumping of Aldehydes including HCHO are not very stable in gas

the quadrupole chamber and (4) the use of a different rnulti_cyllnders and therefore a permeation source was used to cal-

plier (ETP SGE 14140). The sensitivities observed here arébrate the PTR-MS during the flight. The permeation tbe

comparable to other well-running PTR-MS systems (JordanW.""S;I hougg‘jc'” a deeflion cyrl1|p ?ﬁr( at cotr;]stant 20 S(t:'cm ziro
et al., 2009). Even at a reduced sensitivity, as expected foft" "ow, an ar, which keeps the permea lon rate
HCHO, the PTR-MS in its current configuration should be constant throughout the _ﬂ'ght (Fried etal., 2003; Neum_an et
able to deliver measurements at adequate quality and timgl" 2003). The permeation oven set-up was mounted in the

response for aircraft measurements, especially in a poIIute&'rcr?ﬁ rtack zptpm Sth before thte glllghtstantd l:etﬁt ubndgr the
location such as the Los Angeles basin, constant conditions to ensure stable output at the beginning

of the flight. In between flights, the set-up was kept under
2.2 Aircraft inlet and calibration set-up the same conditions in the hangar, where it was connected
to the Mobile Organic Carbon Calibration System (MOCCS)
The aircraft inlet used for the PTR-MS during CalNex is that was recently developed (Veres et al., 2010). MOCCS
shown in Fig. 2. The inlet is based on the one describedconsists of a catalytic converter (identical to the one used for
previously by de Gouw and Warneke (2007) but was sub-PTR-MS background measurements) that converts the VOCs
sequently improved. The inlet was about a total 1.5m longin the output of the permeation oven quantitatively to,CO
from the tip of the winglet to the drift tube, consisted partly which is then detected by a LiCor G@nalyzer. The LiCor
out of PFA Teflon (1/80.D.) and PEEK (1/760.D.) tub-  was calibrated with 2, 5, 20, and 50 ppmv gas standards to be
ing, and was temperature and pressure controlled &€75 in the same range as the permeation source output converted
and 120 mbar. PFA Teflon has been found to transmit HCHOinto CO,. The MOCCS can quantify the output of a perme-
efficiently (Wert et al., 2002). Instrument background mea-ation tube instantly forgoing the need to have the permeation
surements are done using a catalyst made out of platinurtubes under constant conditions for very long periods of time
wool at 250°C, which was housed in the winglet sticking usually months, so that the output can be determined gravi-
out of the aircraft, so that zero air (VOC and ozone free) canmetrically. The same inlet and calibration set-up were used
be generated as far forward in the sample stream as possia the laboratory experiments conducted before CalNex as
ble. Due to impurities in the catalyst that were picked up in during the aircraft campaign.
the hangar during installations, nitric oxide (NO) was pro-
duced in the catalyst at the usual 38D setting. This ar-
tifact was avoided by setting the catalyst to 2&0during

9he flights, which did not seem to have influenced its per-
formance. In laboratory tests it was determined that the cat-
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Fig. 2. Inlet and calibration system used during the CalNex 2010 campaign on the NOAA WP-3 aircraft.

2.3 CalNex aircraft campaign coordinates 34.193567%118.09215). The average distance
between the LP-DOAS telescope and the reflectors was about
During the CalNex campaign the NOAA WP-3 aircraft was 6 km.
stationed in Ontario, California during May and June 2010 Spectral retrievals of HCHO mixing ratios were performed
and performed 20 research flights mainly over the Los An-in the wavelength range between 324—-346 nm using a com-
geles (LA) basin and the Central Valley in California. The bination of a linear and non-linear least squares fit, as de-
main goals of CalNex were emission quantification of green-scribed in Stutz and Platt (1996) and Alicke et al. (2002).
house gases, ozone and aerosol precursors, the quantificati®@pectral absorption structures 0§,NO,, HONO, O, and
of chemical transformations, and the transport of pollution. HCHO were incorporated in the fitting procedure. Errors of
The NOAA WP-3 aircraft was equipped with a large suite of HCHO mixing ratios were calculated as Istatistical uncer-
gas phase and aerosol measurements, but for this paper wainties by the analysis procedure for each individual spec-
only use the PTR-MS and CO data. trum and trace gas (Stutz and Platt, 1996). The campaign av-
The Caltech/Pasadena ground site, 15km northeast oféraged statistical HCHO error during CalNex was50 ppt.
downtown Los Angeles was located on a parking lot atThe systematic errors of the reported trace gas mixing ratios
the Caltech campus in an urban area 1.2km from inter-are dominated by the uncertainties of the HCHO absorption
state 210. Multiple over-flights were performed during the cross sections ot5 % (Meller and Moortgat, 2000). The
campaign. The HCHO measurements made by PTR-MS onsystematic error of the DOAS spectrometer weg% (Platt
board the aircraft will be compared to a DOAS instrument and Stutz, 2008).

and a Hantzsch monitor at the ground site. Formaldehyde was measured on the Pasadena ground
site in-situ using the fluorometric Hantzsch reaction (FHR,
2.4 Other instruments model AL4021, http://www.aerolaser.com FHR based

HCHO measurement instrumentation have been extensively
UCLAs long-path (LP) DOAS instrument (Stutz and field-used and validated (Gilpin et al., 1997; Wisthaler et al.,
Platt, 1997; Platt and Stutz, 2008) was located at the2008; Cardenas et al., 2000; Hak et al., 2005; Apel et al.,
Pasadena ground site on the Caltech campus on the ro@008). The University of Houston has employed this tech-
of the Millikan Library at 35ma.g.l. (above ground level) nique both at ground sites (Rappengluck et al., 2010) and in
(coordinates 34.1405-118.122). Four retro-reflectors airborne science missions (Boeke et al., 2011). The inlet was
were located northeast of the main instrument in moun-a funnel located at 4 m from the ground attached to 5.5m of
tains behind Altadena at 78 ma.g.l. (lowest; coordinatesPFA Teflon (0.25 in O.D.) tubing. The instrument was cal-
34.17615,-118.092417), at 121 ma.g.l. (middle; coordi- ibrated weekly using a working gas standard (Air Liquide
nates 34.1789;-118.091883), at 255 m a.g.l. (upper; coordi- America Scott Specialty Gases LLC, Plumstead, PA; 5 ppm
nates 34.190217-118.08695) and at 556 ma.qg.l. (highest; HCHO in N2) and auto-zeroed every 90 min for 10 min.
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During the study the gas standard cylinder was hooked ug 1600

to the MOCCS (Mobile Organic Carbon Calibration System; 1400 | _

(Veres et al., 2010) for a duration of 18.5 h, and a HCHO con- 1200 a7 St

centration of 6.86: 0.15 ppm was determined. In addition, g 1.5%

the AL4021 was calibrated on-site using a HCHO perme- s 10007 o 4%

ation tube. The limit of detection for the HCHO instrument 7 8001 . ?3%%

was 60 pptv (three times signal-to-noise ratio; 1 min averag- & 6007 .

ing); the estimated uncertainty wa< 0 %. 400 o 35%
Carbon monoxide (CO) was measured from the aircraft 200+ “

with a vacuum ultraviolet fluorescence instrument (Holloway 2 120 166 200

et al., 2000). The overall uncertainty of the measurements is HCHO mixing ratio (ppbv)

estimated to be about 5 % with ardetection limit of about

1 ppbv = J‘ ,;—)Ifree tlroposlpherle I . I I l T8 &
Acetaldehyde was measured on the ground site using ar £°°° b .2

in-situ gas chromatograph equipped with a mass spectrom %150+ &

eter (GC-MS) and a Proton-transfer lon Trap Mass Spec- imo, 43

trometer (PIT-MS), which is an instrument similar to a PTR- 3 | —marine boundary layer, Florida 5 §

MS. Instrumental details on the two instruments can be found & >0 T *——o s

| | | 4 | =

elsewhere (Gilman et al., 2010; Warneke et al., 2005).

w

w

o o
1

3 Instrument characterization

3.1 Interference test with GC-PTR-MS

background signal (cps)

Before the PTR-MS can be calibrated for HCHO on mass 31, 00—+ 71— 1 717 7T
it needs to be determined, if mass 31 is free of interferences 10 r:;)?/mw :t)io ) 40 >0
Fragmentation from larger compounds are the most proba- ’
bly source of interferences on mass 31. Inomata et al. (2008fig. 3. (a)Calibration curves of the PTR-MS mass 31 versus HCHO
have found small interferences from methyl hydroperoxidemixing ratio (ppbv) at different humidities.(b) Sensitivity for
(CH300H) and fragments of methanol and ethanol. In am-HCHO dependent on the humidit{c) The background signal and
bient air, the concentration of methyl hydroperoxide is ex- the detection limit for HCHO dependent on the humidity.
pected to be very small compared to HCHO, so any associ-
ated interferences will be negligible. o

Before the CalNex 2010 campaign we tested the PTR-3.2 Laboratory calibration
MS for interferences in the laboratory using GC-PTR-MS . . )
(Warneke et al., 2003). The basic principle is that a gas chroL-aPoratory calibrations with HCHO were performed before
matographic (GC) column is used to pre-separate VOCs b)pall\_lex using the_ e_u_rcraft mle’F and the permeation t_ube setup
their retention time before they are detected with PTR-Ms.at different humidities. In Fig. 3a the PTR-MS signal on
Any interferences on mass 31 will appear as distinct chro-nass 31 is plotted versus the mixing ratio of HCHO gener-
matographic peaks corresponding to the retention time of théted by diluting the permeation tube output in synthetic air

parent compound. Various calibration standards containing'UMidified to various degrees. Each line represents a sepa-
a large number of VOCs, including methanol and ethanol rate calibration curve at a different humidity. In the PTR-MS

as well as ambient air samples with or without a standard €action chamber ambient water vapor and water vapor from

addition of HCHO were tested with GC-PTR-MS to look the ion source add up to determine thglHmixing ratio in
for peaks on mass 31 in the chromatograms. HCHO wad¥€action (R1) (Warneke et al., 2001; Vlasenko et al., 2010),
detected non-quantitatively with GC-PTR-MS on mass 31’wh|ch determines the measured distribution of thgOH

. : + :
but no other signal was detected on that mass. Formic an§nass 19) and kD7 - H2O (mass 37) ions (Warneke et al.,

acetic acid that are not detectable with GC-PTR-MS were2001). Here it should be mentioned that we actually monitor

tested separately using PTR-MS without the GC front-endtn€ natural isotopes of4®* and KO - H0 on masses 21

and no interferences were found. This shows that the min@nd 39 and calculate masses 19 and 37, because the number

imum requirements of no substantial interferences for sucOf 10NS on those masses are too high to quantitatively count

cessful HCHO measurements with PTR-MS are most Iikelythem- In Fig. 3a the calil?rgtion curves are color cpded wit'h
fulfilled. the mass 37/mass 19 ratio instead of the water mixing ratio,

because this ratio is (1) directly related to Reaction (R2),
(2) measured by the PTR-MS simultaneously with HCHO on

www.atmos-meas-tech.net/4/2345/2011/ Atmos. Meas. Tech., 4, 238582011
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mass 31, and (3) takes the amount @fH primary ions into I I I L1

account. The relationship between the mass 37/mass 19 ratio =104 L
and the ambient water concentration is shown in Fig. 4. The g} i L
data shown in Fig. 4 were taken during one research flight o -
during CalNex and include data from the marine boundary — -
layer off shore from the Los Angeles Basin and the free tro- B =
posphere. This ambient measurement had mass 37/mass 19 g i
ratios between 1-10 %. ~ B
In Fig. 3b the sensitivity of the PTR-MS towards HCHO o I
(the slope from the calibration curves in Fig. 3a) is plotted @ 0
versus the mass 37/mass 19 ratio. The atmospheric range ob- g T T T T T

served during CalNex is indicated in Fig. 3b showing that 2 4 6 8 10
the sensitivity ranged from 200 Hz ppbVin the free tropo-
sphere to around 60 Hz ppb¥in the marine boundary layer.
This is clearly lower than all other compounds that are usu-
ally between 400 Hz ppbvl (methanol) and 1000 Hz ppb@/ Fig. 4 The ratio qf _I—gOHz_OJF_/Hg,OJr (_m_ass 37/mas_s 19)_versus'the
(acetone), as shown in Fig. 1. During CalNex 2010 the pri_amblent water mixing ratio (i.e. humidity) for a typical flight during
mary ion signal of the PTR-MS was around 8@.0°f Hz CalNex 2010.
so that the range of the HCHO sensitivity normalized to
the primary ion signal was about 2—7 ncps ppbvalso
shown in Fig. 3b) and methanol and acetone were around-3
13.3ncps ppbv! and 33.3ncps ppbV, respectively. The
sensitivity for HCHO is in the range of other VOCs during n-flight calibrations were performed during three separate
previous successful aircraft missions (see Fig. 1). A simi-research flights on 20 April, 21 April and 18 June 2010.
lar calibration curve and all the kinetic equations to calculateThe constant output of the HCHO permeation source was
the hum|d|ty dependence of HCHO in the PTR-MS reaction diluted into the inlet flow that varied from about 100 sccm at
chamber can be found in Vlasenko et al. (2010). the highest flight altitude to about 600 sccm in the boundary
The detection limit is not only determined by the sensi- layer. The results of the in-flight calibrations from all three
tivity, but also by the instrument background. Figure 3c flights are shown in Fig. 5a, where the background subtracted
shows the background measurements for mass 31 using tr@gnal on mass 31 is plotted versus the inlet flow. Because of
catalytic converter in the PTR-MS. The results in Fig. 3c the humidity dependence, which is indicated with the color
are from laboratory measurements, but the instrument backcode in Fig. 5a, the observed signal is not linear with the
ground was Comparab|e during the aircraft mission. The in_inlet flow. As mentioned above, the inlet flow is altitude de-
strument background changes with the mass37/mass19 ratRendent and generally in the atmosphere so is the humidity.
similarly as the sensitivity, but does not drop as fast. 'INO The in-flight humidity dependence is compared to the one de-
on mass 30 is produced in the ion source and the natural isd€rmined in the laboratory in Fig. 5b, where the calibrations
tope from NO" contributes about 50-100 Hz to the signal on factors are plotted versus the mass 37/mass 19 ratio. In-flight
mass 31. The NO signal is strongly dependent on the ion calibrations are less accurate than laboratory measurements
source setting and the humidity, but this signal alone cannoflue to the short amount of time that can be afforded on cali-
exp|ain the entire background Signa] on mass31. The debrations dUring the ﬂlght and due to the hlgh concentrations
tection limit is calculated from the noise on the backgroundOf the calibration during the high altitude flight legs. Nev-
(Square root of the count rate; de Gouw and Warneke' 2007?rthe|ess the pre- and In-ﬂlght calibrations agreed to within
on mass 31 and the sensitivity for HCHO. Figure 3¢ shows30%. We assume that the instrument sensitivity does not
that the limits of detection at a conservative signal-to-noisechange in-flight by 30 %, only that the in-flight calibration is
of three §/N=3) ranged from 300 pptv in dry to 900 pptv in less accurate. The calibrations performed on the ground dur-
humid atmospheric conditions. ing the campaign agreed with the ones from before and af-
This means that in the free troposphere or clean marinder the campaign performed in the laboratory to within 10 %
boundary |ayer 1-s measurements are Cha”enging and Sorr%]d the combined estimated Uncertainty for the calibration
averaging should be applied, but in more polluted regions 1_§S 30 % and therefore the accuracy of the instrument during
measurements are possible. Looking at previous campaigri§ghts is also 30 % and independent of the mixing ratios.
and the earlier sensitivity of the PTR-MS (Fig. 1), the detec- The determination of the HCHO calibration factor for all
tion limit for HCHO for example during ICARTT2004 was flights during CalNex 2010 was done using the fit shown in
roughly between 600 pptv and 1800 pptv. At such detectionFig. 5b with the solid red line, which is the laboratory cal-
limits, aircraft measurements become difficult without long ibration. Vlasenko et al. (2010) already noted that Eq. (2)
averaging times. does not describe the calibration data perfectly, especially at

H,O mr (g/kg)

In-flight calibration
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Fig. 5. (a) Background subtracted raw signals from the in-flight \5rioys calibration measurements, including the HCHO in-
calibration of the PTR-MS for HCHO during flights on 20 April, - i calibrations, were used to confirm the results, but are

21 April and 18 June 2010 versus the inlet flow, which is propor- e
tional to the altitude. The color code represents the humidity (equiv-nOt shown here. The HCHO background and the sensitivity

alent to the mass 37/mass 19 rati@) Laboratory and in-flight cal- are both hum_ldlty dgpepdent and therefore thg precision at
ibration of the PTR-MS for HCHO dependent on the humidity. A the same mixing ratios in the free troposphere is better than
double exponential fit is used to describe the humidity dependencdn the boundary layer, but not as good as for other compounds
of the PTR-MS HCHO sensitivity. measured by PTR-MS. The HCHO noise ranges from over
100% at 200 pptv in the boundary layer, which is actually
below the detection limit, to below 3% at 10 ppbv in the free
high humidity. One explanation is that the ligand switching troposphere. The calculation of the noise assumes that for
reactions of the protonated water dimers also produces proeach data point the background is well known, which is gen-
tonated HCHO after collisional dissociation of the HCHO erally the case for compounds where the background during
water cluster (Jobson and McCoskey, 2010). Therefore théhe flight is very small or does not change such as benzene
best fit to the calibration data in Fig. 5b is a double expo-or acetone. For HCHO, where the background is variable,
nential fit. The expression we used to calculate the HCHOthe precision deteriorates due to the uncertainty in the back-
calibration factor for all flights is also given in Fig. 5b. ground determination. The HCHO background, determined
The precision of the PTR-MS for HCHO during the flights With high precision by averaging five individual data points,
can be determined from the standard deviation of constanis varying with the humidity. As will be discussed below,
mixing ratios during the in-flight calibrations or from the ion the variation is very well defined using PTR-MS signals on
counting statistics. The precision is reciprocal to the standardnasses 19, 37 and 31. The precision of the instrument can
deviation (or noise), which is the square root of the signalbe improved by longer averaging times, but variations in the
in Hz in PTR-MS; the relative noise decreases with increas-background cannot be improved in this way. This means
ing mixing ratios and relatively the precision improves (de that the data in Fig. 6 represent only lower limits for the
Gouw and Warneke, 2007). In Fig. 6 the mixing ratio depen-noise of the PTR-MS, but for typical mixing ratios as en-
dent noise of HCHO is compared to methanol, benzene angountered during the flights the counting statistics dominates
acetone. The data in Fig. 6 are calculated from the countinghe precision.
statistics using typical instrument backgrounds and sensitivi-
ties observed during CalNex 2010. Standard deviations from
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4 Airborne results
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Here we demonstrate how the HCHO mixing ratio was deter-
mined from the raw PTR-MS data during CalNex 2010 using
an example flight on 19 May 2010. This flight was chosen,
because it covered very different humidity conditions and
pollution levels with flight tracks in the LA basin, off shore
in the marine boundary layer, at high altitudes and over the
high desert outside the basin.

The raw data (m31), background (bg31l) and ambient 10, ©0-
signal (raw data- background signal =ambient signal) are
shown in Fig. 7a all normalized to the primary ion signal.
From looking at the raw data it is clear that the PTR-MS
HCHO detection does not only suffer from low and humid-
ity dependent sensitivity, but also from high and humidity
dependent background signals. The background was mea
sured every 12 min and therefore has to be interpolated for
subtraction from the ambient data. Due to the fast changes 400
in humidity during flights a linear interpolation of the back- %;
ground data is not suitable. In Fig. 3c we already showed fzoo
the humidity dependence of the mass 31 background signal ©
In Fig. 7b the mass 31 background signal is plotted against 0
the mass 37/mass 19 ratio for this flight. The fit of this curve,
shown with the yellow line in Fig. 7b, is used to calculate
the background on mass 31 for the whole flight. The resultgiy 7 Example flight on 19 May 2010 during CalNex 2010.
is shown in Fig. 7a as a yellow line that connects the indi- (a) Raw signals (ambient and instrument backgrounds) of HCHO
vidual background measurements. The background is subyuring the flight. (b) Humidity dependence of the instrument
tracted from the signal and the result is shown in Fig. 7a withbackground signal. (c) Calibration factor estimated from the
the blue line. mass 37/mass 19 ratid) HCHO mixing ratio together with CO.

The calibration factor is determined in Fig. 7c. The cal-
ibration factor is calculated as discussed earlier from the

mass 37/mass 19 ratio using the fit and the expression given a gcatter plot of the DOAS data versus the Hantzsch
in Fig. Sb. The ambient mixing ratio is calculated in Fig. 7d ., onitor and the PTR-MS over-flights is given in Fig. 8b.
by dividing the background-subtracted signal (blue line in rps jnter-comparison features measurements from an air-
Fig. 7a) by the calibration factor (red line in Fig. 7c). The . g (PTR-MS), from an instrument that gives a long-path

mixing ratio is shown as a three point running average fromregional average (DOAS) and from the ground (Hantzsch)
the 1-s data (every 16 s). _ ) o and therefore local differences in mixing ratios will influence
CO as an anthropogenic tracer is also shown in Fig. 7d. liye jnter-comparison. There are two other complicating fac-

is very clear that the HCHO mixing ratio is very well or- y5¢. (1) The DOAS switches between the different elevation
related with CO throughout the flight even in the free tropo- angles, which results in long time gaps between data points

sphere, where small changes in CO are tracked by HCHO. 4t the same elevation angle. The nearest data point, regard-

less of elevation angle, was used in the scatter plot in Fig. 8b.
(2) During the nighttime flights, the aircraft usually did not
Various over-flights during day and nighttime were per- get low enough into the nighttime surface layer aqd there-
formed for inter-comparison purposes over the ground sitd®re the values at the ground are not representative of the
located in Pasadena. The aircraft flight altitude for all the values aloft. This is clearly demonstrated in Fig. 8c, which
over-flights was between 250m and 500ma.g.l. The timeShows the inter-comparison of acetaldehyde from the aircraft
series of the DOAS light paths at four different heights (from PTR-MS measurements with the results from the ground-site
35m in Pasadena to 78m, 121 m. 255m, and 556 m at th&SiNg the GC-MS and the PIT-MS data. For acetaldehyde the
reflectors) and the data from the Hantzsch monitor at the surd@ytime over-flights agree well within the measurement un-
face are shown in Fig. 8a together with he PTR-MS data gycertainties with the ground site measurements (slope of 0.80

eraged over a 10 km stretch around the ground site. and R =0.87), but the nighttime mixing ratios are clearly
lower aloft. On some nights, the higher elevation angles of

o
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Fig. 8. (a) Inter-comparison of the airborne PTR-MS HCHO with measurements using a DOAS and a Hantzsch monitor at the Pasadena
ground site(b) Scatter plot of the PTR-MS and the Hantzsch versus the DOAS HCHO measurements. Error bars of the PTR-MS measure-
ments are the accuracy of each data pdjo}.Inter-comparison of the airborne PTR-MS acetaldehyde with measurements using a GC-MS
and a PIT-MS on the Pasadena ground site. The color code of the aircraft data indicates the day- and nighttime measurements.

the DOAS show lower mixing ratios than the lower angels for AHCHO/ACO and 1.5 ppbv ppbv* for AHCHO/A ac-
indicating that they might be more representative of the airetaldehyde was found in the LA basin for this flight. The
mass sampled by the aircraft. free troposphere encountered during this flight was cer-
Despite all these complications, all over-flights were in- tainly impacted by aged pollution, which can be seen in
cluded in the inter-comparison. The slope of the scatter plothe CO mixing ratios of up to 250 ppbv. Secondary pro-
shows that the PTR-MS is about 10 % higher than the DOASduction of HCHO resulted in a higher enhancement ratio
which is in turn about 35 % higher than the Hantzsch mon-of AHCHO/ACO with 21 pptv ppbv! and of AHCHO/A
itor. This means that the PTR-MS (accuracy 30 %) agreesacetaldehyde ratio with 3 ppbv ppbl Acetaldehyde also
well within the stated uncertainties with the DOAS (accu- has large secondary sources (de Gouw et al., 2005), but a
racy 5%) and just outside the stated uncertainties with theshorter lifetime than HCHO resulting in the observed in-
Hantzsch monitor (accuracy 10%). The agreement espeerease of their ratio. The observations of CalNex can be
cially with the DOAS instrument gives further confidence in compared to other data sets some of which are summarized
the validity of the aircraft PTR-MS HCHO measurements. by Herndon et al. (2007), who showedHCHO/ACO ratios
ranging from 2—3 pptv ppbV* for fresh emissions of light
4.3 HCHO enhancement ratios in the LA plume and duty vehicles up to 50 pptv ppb¥ for very aged air masses.
comparison with other data sets Over-flights of various US cities showed ratios between 10—
25pptvppbvl. In the same publicatioMHCHO/A ac-
Scatter plots of HCHO versus acetaldehyde and versus CQtaldehyde ratios ranging from 1 ppbv ppBvor light duty
for the example flight on 19 May 2010 are shown in Fig. 9. vehicles up to 7 ppbv ppb for the aged air were observed.
Linear fits for all the data in the LA basin and the free Qver-flights of various US cities showed ratios between 2—

troposphere are used to calculate the enhancement rati@ppbv ppbv!. The enhancement ratios observed during
AHCHO/ACO andAHCHO/A acetaldehyde. The Los An-  CalNex using the PTR-MS therefore agree well with the ex-

geles basin is characterized by a mixture of re-circulatedpected values from the literature.
aged air and fresh anthropogenic emissions from a large va-

riety of different sources such as vehicular and industrial

emissions. An overall enhancement ratio of 12 pptv ppbv

www.atmos-meas-tech.net/4/2345/2011/ Atmos. Meas. Tech., 4, 238582011
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Fig. 9. Scatter plots of HCHO versus acetaldehyde and CO from a flight on 19 May 2010 in and around the Los Angeles basin including
linear fits of data in the boundary layer over LA and in the free troposphere (FT). The values in the brackets are the slopes of the regression
lines (in units of pptv ppbv? for CO and pptv pptv? for acetaldehyde).

4.4 HCHO production in an anthropogenic plume photochemical production (de Gouw et al., 2005). This ex-
ample shows the net photochemical production of HCHO

In this section we demonstrate the usefulness of the airbornéom anthropogenic emissions.

PTR-MS HCHO measurements for a field mission by look- Comparing those two photochemical clocks that were de-

ing at the photochemical production of HCHO and acetalde-termined for an anthropogenic plume with low mixing ratios

hyde in a pollution plume. On 12 May 2010 the NOAA WP-3 shows the ability of the PTR-MS to make accurate measure-

aircraft followed an isolated urban plume down the Centralments of HCHO with a high time resolution onboard an air-

Valley. The flight track, shown in Fig. 10a, is color-coded craft together with many other VOCs.

with the HCHO mixing ratio and the plume intersects are

marked with numbers. The flight also included transects over .

San Francisco, which are marked with numbers 1 and 2 t@  Conclusions

give a starting point in the plume evolution. In the Central

Valley the wind speed was very constant at about 7fn's

The plume crossings were about 25km apart and therefor at was operated at standard instrument settings to detect its
the transport time between transects 3—7 was about one ho b 9

each. The observed mixing ratios in the plume were ratherusuaI set of compounds including various oxygenated, bio-

small and therefore challenging the instrument more than thden'c and anthropogenic VOCs. HCHO was measured 1s

measurements in the LA plume that were presented above. every 16s. Aircraft HCHO _measurements_ were madfa_ POsSI-
. le because of the recent improvements in the sensitivity of
Aromatic hydrocarbons, such as benzene, toluene and C

) ; ! . : “PTR-MS and by developing a specific calibration capability
aromatics, are emitted mainly by vehicle exhaust with certamfor HCHO. The humidity dependence of the PTR-MS HCHO

ratios in an urban environment (Warneke et al., 2007). W'thdetection was determined in the laboratory and agreed within

pIu.me age the toluene/benzene and CSl-arc.)matlcs/benzerl%% with in-flight calibrations. The sensitivity of the PTR-
ratios decrease because of the shorter lifetimes of toluen

X S for a 1-s measurement during the flights in the free tropo-
and the C8-aromatics Comp_ared to pen_zene. HC.HO an Sphere was about 200 Hz pptivand in the boundary layer
acetaldehyde have small primary emissions (Garcia et al. 1 T T _

i . . about 60 Hz ppbv* resulting in a detection limit§/N=1)
2006; Ban-Weiss et al., 2008) and are produced in the plumeof about 100 potv and 300 potv. respectively. The HCHO
which causes their ratio with CO to increase with plume pp PPV, P Y-

: sensitivity is about 5-20% of most other compounds de-
g%e'fo::'t%lijsrilila? ng\évﬁ t?fmsgit:523?:10t izfsmgxr?v\\llii:s;stected by PTR-MS. Inter-comparisons with ground-based
gnt. P 9 measurements and comparisons with other data sets vali-
separate color. The slopes from the scatter plot are showga,[ed the PTR-MS HCHO measurements. The usefulness

in Fig. 10c together with the aromatics ratios that were de—Of the PTR-MS measurements of HCHO together with many

termined in the same way. The aromatics ratios decreasg,[her VOCS is demonstrated by observing the photochemi-

until there are almost no detectable C8-aromatics in the - : .
cal processing in an anthropogenic plume. This study shows

plume. The HCHO/CO increases throughout the plume evo- TS . ; i
lution, whereas the C4#CHO/CO ratio initially increases that PTR-MS is very likely capable of reliable HCHO mea

. d':,urements on-board an aircraft, but more inter-comparisons
and then decreases again, when the loss of acetaldehyde _ . . ., :
in rapidly changing conditions are still necessary.

due to reactions with OH becomes more important than the

In this paper we demonstrate fast time response measure-
aents of HCHO from an aircraft using a PTR-MS instrument
u
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Fig. 10. (a)A map of the Central Valley with the flight track of the NOAA WP-3, which has been color coded by the HCHO mixing
ratio. (b) Scatter plot of HCHO versus CO with individual plume crossings indicated in different colors. The linear fits for the individual
plume crossings are also shown) The increase of the HCHO/CO and gEBHO/CO ratios — slopes of the linear fits(im) — together with

the simultaneous decrease in toluene/benzene and C8-aromatics/benzene ratios during the processing of the anthropogenic plume travellir
down the Central Valley.
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