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Abstract. Formaldehyde (HCHO), the most abundant car-
bonyl compound in the atmosphere, is generated as an inter-
mediate product in the oxidation of nonmethane hydrocar-
bons. Proton transfer reaction mass spectrometry (PTR-MS)
has the capability to detect HCHO from ion signals atm/z 31
with high time-resolution. However, the detection sensitivity
is low compared to other detectable species, and is consid-
erably affected by humidity, due to back reactions between
protonated HCHO and water vapor prior to analysis. We
performed a laboratory calibration of PTR-MS for HCHO
and examined the detection sensitivity and humidity depen-
dence at various field strengths. Subsequently, we deployed
the PTR-MS instrument in a field campaign at Mount Tai in
China in June 2006 to measure HCHO in various meteoro-
logical and photochemical conditions; we also conducted in-
tercomparison measurements by Multi-Axis Differential Op-
tical Absorption Spectroscopy (MAX-DOAS). Correction of
interference in them/z 31 signals by fragments from proton
transfer reactions with methyl hydroperoxide, methanol, and
ethanol greatly improves agreement between the two meth-
ods, giving the correlation [HCHO]MAX −DOAS=(0.99±0.16)
[HCHO]PTR−MS+(0.02±0.38), where error limits represent
95% confidence levels.

1 Introduction

Proton transfer reaction mass spectrometry (PTR-MS) is a
technique that allows on-line measurements of volatile or-
ganic compounds (VOCs) at trace levels in air (Lindinger et
al., 1998a, 1998b; de Gouw and Warneke, 2007). Proton
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transfer is an example of chemical ionization; it enables soft
ionization of chemical species that have a proton affinity (PA)
higher than that of the reagent species (i.e. water):

H3O+
+VOC → VOC · H+

+H2O (R1)

PTR-MS allows monitoring of numerous VOCs of atmo-
spheric interest with a high sensitivity (10–100 parts per tril-
lion by volume (pptv)) and rapid response time (0.1–10 s).
PTR-MS is potentially advantageous compared to gas chro-
matographic (GC) analyses because it does not require any
sample treatment such as drying and/or preconcentration,
and it is suitable for oxygenated VOCs, which are difficult
to quantify from canister samples. PTR-MS is now used in
many branches of atmospheric chemistry research, including
air quality monitoring (e.g. Karl et al., 2001a, 2003a, 2003b;
de Gouw et al., 2003), flux measurements (e.g. Holzinger et
al., 1999; Karl et al., 2001b; Grabmer et al., 2004; Spirig et
al., 2005), and oxidation studies (e.g. D’Anna et al., 2005;
Paulsen et al., 2005; Lee et al., 2006a, 2006b).

Formaldehyde (HCHO) is an intermediate product in the
oxidation pathways of nonmethane hydrocarbons emitted by
anthropogenic and biogenic activities. In addition, formalde-
hyde is thought to be a probable carcinogen (Seinfeld and
Pandis, 1998); this has heightened interest in atmospheric
formaldehyde measurements, especially in urban areas. Re-
actions with hydroxyl radicals (OH) and photolysis are the
main HCHO loss processes (Atkinson, 2000; Calvert et al.,
2000):

HCHO+OH → HCO+H2O (R2)

HCHO+hν → H2+CO(λ<365 nm) (R3a)

HCHO+hν → H+HCO(λ<329 nm) (R3b)
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Fig. 1. Relative intensity of H3O+
·H2O to H3O+ (M37/M19) as a

function of water vapor concentration (mmol/mol) in sample air. A
dashed line shows the best-fit curve for data obtained in the labora-
tory.

The HCO and H produced generate the hydroperoxy radical
(HO2) as follows:

HCO+O2 → HO2+CO (R4)

H+O2+M → HO2+M (R5)

The photolysis channel (R3b) followed by reactions (R4)
and (R5) is a net source of odd hydrogen radicals, HOx
(HOx=HO2+OH+H). These species contribute to the forma-
tion of tropospheric ozone (O3), a key chemical species in
controlling the oxidizing capacity of the atmosphere.

Several techniques based on spectroscopic, chromato-
graphic, and fluorometric methods are used for ambient mea-
surements of HCHO. Differential Optical Absorption Spec-
troscopy (DOAS) (e.g. Lawson et al., 1990; Cárdenas et al.,
2000; Grossmann et al., 2003; Hak et al., 2005), Fourier-
Transform Infrared interferometry (e.g. Lawson et al., 1990;
Cárdenas et al., 2000; Hak et al., 2005), and Tunable Diode
Laser Absorption Spectroscopy (e.g. Harris et al., 1989;
Fried et al., 1997, 2003; Zavala et al., 2006) are spectro-
scopic methods often used for in situ measurements, where
the absorption by HCHO in the UV or IR regions is de-
tected with a long-path setup such as a White cell sys-
tem. The Multi-Axis Differential Optical Absorption Spec-
troscopy (MAX-DOAS) is a relatively new technique, where
scattered solar radiation is collected by telescope from dif-
ferent directions in order to derive the column densities of
absorbing species. The vertical profile of HCHO in the
troposphere can be measured by MAX-DOAS in combina-
tion with a radiative transfer model (Heckel et al., 2005).
In chromatographic methods, HCHO is collected as a 2,4-
dinitrophenylhydrazine (DNPH) derivative, and then ana-
lyzed by high performance liquid chromatography (HPLC)
(e.g. Tanner and Meng, 1984; Grosjean, 1991; Lee and Zhou,

1993; Gilpin et al., 1997). Other techniques include wet
chemical fluorometric detection using the Hantzsch reaction,
which requires the transfer of HCHO from the gas phase
into the liquid phase and employs the fluorescence of 3,5-
diacetyl-1,4-dihydrolutidine at 510 nm, produced from the
reaction of aqueous HCHO with a solution containing 2,4-
pentadione and NH3 (e.g. Steinbacher et al., 2004; Hak et
al., 2005). Extensive intercomparison has been performed
among these different techniques for ambient HCHO mea-
surements, but the degree of agreement has varied from
good to very poor, with no discernible patterns identified
(e.g. Lawson et al., 1990; Gilpin et al., 1997; Cárdenas et
al., 2000; Grossmann et al., 2003; Hak et al., 2005).

Various authors have detected HCHO with PTR-MS by
monitoring ion signals of protonated HCHO (HCHO·H+) at
m/z 31 (Hansel et al., 1997; Holzinger et al., 1999; Karl
et al., 2003b; Steinbacher et al., 2004; D’Anna et al., 2005;
Lee et al., 2006a, 2006b); the protonated HCHO is created as
follows:

H3O+
+HCHO → HCHO · H+

+H2O (R6)

One of the potential advantages of measuring HCHO by
PTR-MS in the field is the ability to simultaneously observe
precursor molecules of HCHO, such as isoprene. However,
HCHO has a PA only slightly higher than that of water, and
so the exothermicity of reaction (R6) is small. Consequently,
the reverse reaction of reaction (R6):

HCHO · H+
+H2O → H3O+

+HCHO (R–6)

is not negligible (Hansel et al., 1997). The rate constant for
the reverse reaction is several orders of magnitude lower than
that of the forward reaction, but since the concentration of
H2O in the reactor is much higher than the concentration of
HCHO, the overall rates of the forward and reverse reactions
can be comparable. As a result, the protonation of HCHO
is less efficient, and is expected to depend on the humidity
of the sample air. There have been no experimental reports
on the humidity dependence of HCHO detection by PTR-MS
(de Gouw and Warneke, 2007). In addition, according to re-
sults from field measurements detecting ion signals atm/z 31
by PTR-MS, the correlation between independent measure-
ments of HCHO by the PTR-MS and Hantzsch methods was
poor (Steinbacher et al., 2004), suggesting that fragments of
other compounds are present in the background, and interfere
with the signal atm/z 31.

In the present work, we present detailed procedures for
the calibration of PTR-MS for HCHO measurements, includ-
ing determination of the detection sensitivity and its humid-
ity dependence. We present an intercomparison of PTR-MS
and MAX-DOAS techniques for ambient HCHO measure-
ments made during an intensive field campaign at Mount Tai
in China in June 2006. We discuss possible causes for back-
ground signals atm/z 31 in HCHO measurements performed
by PTR-MS, and suggest a correction method for improving
the agreement between PTR-MS and MAX-DOAS results.
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Fig. 2. Mass spectrum of HCHO at three different drift tubeE/N ratios in dry conditions, obtained by the direct introduction method(a–c)
and dynamic dilution method(d–f). (a–c): [HCHO]=1.02 ppmv; (d–f): [HCHO]=23.3 ppbv. Signals were normalized to a H3O+ intensity
of 106 cps, and background mass spectra without HCHO (obtained from N2 (a–c) or zero air (d–f) only) were subtracted.

2 Experimental

2.1 PTR-MS instrument

The instrument used in the present work was a commercially
available PTR-MS instrument (IONICON Analytik GmbH,
Innsbruck, Austria). PTR-MS instruments have been de-
scribed in detail elsewhere (e.g. Lindinger et al., 1998a,
1998b; de Gouw and Warneke, 2007). Briefly, the instrument
consists of (1) a discharge ion source to produce the H3O+

ions; (2) a drift tube, in which the proton transfer reactions
between H3O+ and VOCs take place; and (3) a quadrupole
mass spectrometer for the detection of reagent and product
ions.

In a hollow cathode discharge ion source, H3O+ ions were
produced from a pure water vapor flow of 7.8 sccm. The air
sample was introduced into the drift tube at a flow rate of
22 sccm; the drift tube pressure was held at 2.1 mbar. Most
of the water vapor in the ion source was removed by a pump,
but a small fraction of the water escaped into the drift tube,
leading to an extra moistening of the sample air in the drift
tube. The sampling inlet and drift tube were held at 105◦C.

The drift tube consisted of stainless steel ring electrodes,
separated by Teflon rings for electrical isolation. The ring
electrodes were connected to a resistor network, which di-
vided the overall drift voltage (Udrift) into a homogeneously
increasing voltage and established a homogeneous electric
field inside the drift tube. The electric field was applied along
the drift tube in order to avoid substantial formation of cluster
ions, H3O+(H2O)n, n=1, 2,. . .:

H3O+
+H2O↔H3O+

· H2O (R7, R–7)

H3O+
· (H2O)n+H2O↔H3O+

· (H2O)n+1 (R8, R–8)

In the drift tube, trace gases such as VOCs in the sample air
were available to be ionized by proton transfer reactions as
shown earlier in reaction (R1). A fraction of the reagent ions
(H3O+, H3O+

·(H2O)n) and the product ions (VOC·H+) was
extracted through a small orifice into the quadrupole mass
spectrometer. The ions were detected by a secondary elec-
tron multiplier (SEM) for ion pulse counting.

The count rate of the reagent ion,i(H3O+), calculated
from the count rate atm/z 21 multiplied by 500, was typ-
ically 1×107 cps. Although the reactant VOCs are present in
the low parts per million by volume (ppmv) range, the pro-
ton transfer reactions do not decrease [H3O+] significantly;
i.e. [H3O+]>>[VOC·H+]. Under these conditions, and if
the reverse reaction of reaction (R1) is negligible, the count
rate of the VOC·H+ ions, i(VOC·H+), can be calculated
from

i(VOCH+)=i(H3O+)(1 − e−k[VOC]t )

≈i(H3O+)k[VOC]t, (1)

where t is the reaction time (the residence time of the
reagent ions in the drift tube, typically 100µs) and k

is the proton transfer reaction rate constant (typically
2×10−9 cm3 molecule−1 s−1).

2.2 Laboratory calibration

Calibrations of HCHO were performed at three field
strengths,E/N , of the drift tube: 108, 140, and 162 Td
(Td=10−17 cm2 V molecule−1), whereE is the electric field
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Table 1. Parameters of the PTR-MS instrument and HCHO calibrations.

PTR-MS setup

Udrift (V) 400 520 600
Tdrift (◦C) 105 105 105
Pdrift (mbar) 2.1 2.1 2.1
Ldrift (cm) 9.2 9.2 9.2
t (µs) 114 87 76
E/N (Td) 108 140 162
KEcm (eV) 0.10 0.17 0.23

Detection sensitivity of HCHO (ncps/ppbv)

Direct introduction (=m)a 8.9±0.3 4.9±0.2 3.4±0.2
Dynamic dilution (=n)b 3.4±0.6 1.8±0.2 1.2±0.2

Humidity dependence

Experimental results: fitted to y=a/(x+b)

a (ncps mmol/mol)c 1512±98 538±58 257±35
b (mmol/mol)c 13.1±0.8 9.5±1.0 6.0±0.8

Estimations from kinetic parameters

k6 (10−9 cm3 molecule−1 s−1)d 1.6 1.4 1.3
k−6 (10−11cm3 molecule−1 s−1)d 1.0 2.9 5.0
c (=k6/k−6 [HCHO]e) 3728 1125 606

m/n 2.6 2.7 2.8
c/a 2.5 2.1 2.4

a Error limits represent 2σ of continuously observed ion signals atm/z 31.
b Error limits represent 95% confidence levels byt-test.
c Error limits represent 2σ .
d Data taken from Fig. 2 of Hansel et al. (1997).
e [HCHO]=23.3 ppbv.

strength (V cm−1) andN is the buffer gas number density
(molecule cm−3) (instrumental parameters are given in Ta-
ble 1). In the field measurements, theE/N value was set to
108 Td. Source current,U4, U5, U1, andUNC, of the PTR-
MS instrument were 8.0 mA, 95 V, 90 V, 50 V, and 5.8 V, re-
spectively. Values of transmission of the ions atm/z 21, 31,
33, and 47 through the mass filter used in our instrument were
0.557, 0.671, 0.693, and 0.836, respectively.

Detection sensitivities of HCHO in dry conditions ([H2O]
<1 mmol/mol) were determined by two methods: (1) a direct
introduction method and (2) a dynamic dilution method. In
the direct introduction method, the inlet of the PTR-MS was
connected directly to a standard gas mixture of HCHO/N2
(1.02 ppmv). In the dynamic dilution method, HCHO at 5–
25 parts per billion by volume (ppbv) mixing ratios was pro-
duced by a dynamic dilution of the standard gas with zero air
generated by a zero air supply (Model 111, Thermo Environ-
mental Instruments Inc., Franklin, MA, USA). The dynamic
dilution system was custom-built and consisted of two mass
flow controllers (AERA, FC-795C @ 10 sccm (air) and

FC-795C @ 5 slm (air), Advanced Energy Japan, Tokyo,
Japan). The mass flow controllers were calibrated by film
flow meters (Humonics Optiflow 420, Agilent Technologies,
Santa Clara , CA, USA and VP-40, HORIBASTEC, Kyoto,
Japan, respectively). The uncertainty of the derived concen-
tration was typically 3%.

To vary the humidity in the sample, a humidity controller
(SRG-1R-10, SHINYEI, Kobe, Japan) was connected to the
line carrying zero air. The water vapor concentration of the
moist air was estimated using an optical chilled mirror hy-
grometer (General Eastern, 1311DR-SR, GE Sensing, Bil-
lerica, MA, USA) between the humidity controller and the
PTR-MS. The hygrometer was removed from the analysis
line for measuring the detection sensitivities of HCHO. The
moist air produced by the humidity controller was mixed
with the HCHO standard gas in the dynamic dilution system
and then introduced into the PTR-MS. We did not introduce
the HCHO standard gas into the humidity controller because
a large solubility into water is expected for HCHO (Zhou and
Mopper, 1990).

Atmos. Chem. Phys., 8, 273–284, 2008 www.atmos-chem-phys.net/8/273/2008/
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The humidity dependence of the background signals atm/z

31, 33, and 47 was investigated in a separate experiment on
zero air without added HCHO standard gas; no significant
humidity dependence was found under these conditions.

Standard gases of HCHO, CH3OH, and C2H5OH balanced
with nitrogen (1.02 ppmv, 10.8 ppmv, and 9.56 ppmv, respec-
tively, from Takachiho, Tokyo, Japan) and high-purity N2 gas
(>99.99995%, from Japan Fine Products, Kawasaki, Japan)
were used as received. The HCHO concentrations in the stan-
dard gas were determined by the gas supplier (Takachiho)
with precision of approximately 5%. However, the HCHO
concentrations might decline, resulting in an underestimation
of the HCHO detection sensitivity. Since the gas supplier
guarantees an accuracy of 20% within 3 months, we used the
standard gas within 100 d of receipt. In particular, between
determinations of detection sensitivity in dry conditions (us-
ing the direct introduction method) conducted 30 and 100 d
after the supplier tested the gas, we did not observe a signifi-
cant decay in HCHO concentration in the standard gas.

Methyl hydroperoxide, CH3OOH, was synthesized by
methylation of hydrogen peroxide (Vaghjiani and Ravis-
hankara, 1989). A reference mass spectrum of the CH3OOH
was obtained from the sample vapor. For methanol, ethanol,
2-propanol, n-butanol, and iso-butanol, reference mass spec-
tra were obtained from vapors prepared by injecting liquid
chemicals into a 5-liter Pyrex glass vessel (Aoki et al., 2007).
Dimethyl sulfate (>95%), hydrogen peroxide (∼30%),
potassium hydroxide (>85%), sulphuric acid (47%), diethyl
ether (>99.5%), and sodium sulfate (99.9%) were used for
synthesis of CH3OOH, and methanol (>99.8%), ethanol
(>99.8%), 2-propanol (>99.9%), n-butanol (>99%), and
isobutanol (>99%) were used to obtain preliminary refer-
ence mass spectra; these chemicals were all purchased from
Wako Chemicals, Osaka, Japan.

2.3 Field measurement site and PTR-MS setup

Field measurements were made at the summit of Mount Tai
in China (36.25◦ N, 117.10◦ E, 1534 m a.s.l.). Mount Tai is
an isolated single mountain in the North China plain (Gao et
al., 2005). The summit overlooks the city of Tai’an (popula-
tion: 500 000), 10 km to the south. The city of Ji’nan (capital
of Shandong province, population: 2.1 million) is situated
60 km to the north. There are many tourists on the moun-
tain in the summer months (June–September); consequently,
local emissions from small restaurants and temples are some-
times significant pollution sources. The PTR-MS was housed
in a room on the ground floor of the station. The inlet was
located approximately 10 m above the ground. A 1/4” Teflon
line (4.0 mm ID and approximately 15 m long) was used as
a sample line. The sample air was pumped at the flow rate
of 2 L min−1, with an estimated residence time of 6 s in the
flow tube. An in-line particulate filter was used to prevent
particles from entering the instrument. The voltage of the
drift tube (Udrift) was set to 400 V and data were continuously

Fig. 3. Plots of normalized PTR-MS signal intensities atm/z 31
vs. the HCHO concentrations at three drift tubeE/N ratios in dry
conditions. Inset: data obtained from the dynamic dilution method,
with least-squares fit lines. Main figure: data obtained from the
direct introduction method, with fit lines extrapolated from the dy-
namic dilution method.

recorded during 12–30 June 2006 using the PTR-MS instru-
ment’s scan mode (fromm/z17 to m/z 300 with 0.1 s data
collection at each step). Since the background signals atm/z

31 were 16.0±2.1 (2σ) ncps (normalized count per s; nor-
malized to the H3O+ intensity of 106 cps), detection limits
atS/N=2 were estimated to be 0.2–0.5 ppbv for a typical 5-s
integration (0.1 s×50 scans during 30 min), depending on the
ambient humidity (5.1–27.4 mmol/mol).

2.4 MAX-DOAS instrument setup

The MAX-DOAS system used in this work consisted of two
main parts: a telescope unit placed outdoors and an in-
door spectrograph (Andor Technology, Shamrock SR-303i-
A) coupled with a two-dimensional CCD (charge coupled
device) array detector (Andor Technology, DV-420A-OE;
1024×256 pixels). The telescope unit had five telescopes;
all were directed south, but their elevation angles (ELs) dif-
fered; they were fixed at−5◦, 5◦, 10◦, 20◦, and 30◦. The
telescope with−5◦ EL looked down from Mount Tai toward
Tai’an city, located at the foot of the mountain (126 m a.s.l.).
The field of view (FOV) was estimated to be<1◦ for each
telescope. To acquire a reference spectrum with the same in-
strument line shape as that of off-axis measurements, a mir-
ror was periodically inserted into the FOV of each telescope,
directing the viewing path to the zenith sky. A 6-min zenith-
sky measurement was made automatically every 30 min. To
achieve simultaneous multi-track acquisitions, the sunlight
collected by the telescopes was directed to a spectrograph
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Fig. 4. Plots of signal intensities atm/z 31 vs. water vapor concen-
trations, at three drift tubeE/N ratios. [HCHO]=23.3 ppbv. The
water vapor concentrations in the sample were determined from the
best-fit curve (dashed line) shown in Fig. 1. Fit lines represent least-
squares fitting to Eq. (4) (See discussion of Eqs. (3) and (4); the y-
axis of this figure corresponds to the left-hand side of Eq. (3), while
the x-axis corresponds to [H2O]sample).

slit (30µm width) via a 3-m fiber bundle cable with a five-
way input. The five measured spectra were simultaneously
projected onto the CCD detector, with a 30-pixel track for
each spectrum. The spectrograph employed a Czerny-Turner
optical layout with a focal length of 303 mm and a plane-
ruled grating with a groove frequency of 1200 lines mm−1

at a blaze wavelength of 300 nm. The CCD detector was
cooled to−50◦C to reduce thermal noise. Two wavelength
regions, 310–377 nm and 425–490 nm, were measured in al-
ternating periods of 15 min each. The spectral resolution
(FWHM) was about 0.2–0.3 nm for the wavelength regions
discussed below (325–367 nm), according to wavelength cal-
ibration using a high-resolution solar spectrum reported by
Kurucz et al. (1984).

We used a DOAS spectral fitting algorithm identical to
that described by Irie et al. (2007) except as stated below.
The spectral fitting window of 325–367 nm was analyzed
to derive the differential slant column densities (1SCDs)
of HCHO and the oxygen dimer (O2–O2 or O4), simul-
taneously. Over 325–367 nm, a slowly changing struc-
ture, mainly due to Rayleigh and Mie scattering, and a
wavelength-dependent offset were approximated by fourth-
and second- order polynomials, respectively. The com-
ponents considered in the spectral fitting are HCHO, O4,
O3, NO2, the Ring effect, and the undersampling ef-
fect. We adopted HCHO absorption cross-section data
from Meller and Moortgat (2000). The resulting resid-
uals of the differential optical depth were generally be-
low 1×10−3, which corresponds to an HCHO1SCD error
of ∼5 ×1014 molecules cm−2 throughout the field measure-
ment period.

We next applied an aerosol retrieval algorithm (Irie et al.,
2007) to the derived O4 1SCD values to determine the box-
air-mass-factor (Abox) vertical profile for each 30-min cy-
cle. The algorithm utilizes the optimal estimation method
(Rodgers, 2000) and a radiative transfer model, MCARaTS
(Iwabuchi, 2006). In the radiative transfer modeling, we as-
sumed a single scattering albedo of 0.90, an asymmetry pa-
rameter of 0.65, and a surface albedo of 0.10. The over-
all intrinsic error in the retrieved aerosol optical depth was
assumed to be 30%, according to the estimate by Irie et
al. (2007).

Using the calculatedAbox vertical profile, the HCHO
1SCD values were converted to a vertical profile by apply-
ing the nonlinear least-squares fitting method to the HCHO
1SCD values. For this conversion, a retrieval algorithm very
similar to the aerosol retrieval algorithm (Irie et al., 2007)
was applied to the HCHO1SCD values. The algorithm
is applicable to the HCHO retrieval because the nonlinear-
ity of the forward model should be much lower than that
of the aerosol retrievals. The lowest altitude of the vertical
profile was set to 126 m a.s.l., corresponding to the surface
level at Tai’an. The mean HCHO volume mixing ratios in
the layer 1–2 km above the surface (referred to as HCHO(1–
2 km) below) were compared to PTR-MS HCHO values.
The layer corresponds to the layer 1126–2126 m a.s.l., the
center of which is close to the mountaintop elevation. For
each retrieval, the random error was estimated from the re-
trieval covariance matrix, according to Rodgers (2000). In
this estimate, we used the measurement covariance matrix
constructed from the residual that arose in fitting the HCHO
1SCD values, because it was much larger than the HCHO
1SCD error. The systematic error was estimated by mak-
ing additional retrievals, for which the aerosol optical depth
varied by±30%. The mean values of the random and sys-
tematic errors estimated in this way are 0.64 and 0.17 ppbv,
respectively, for the data set that is compared to PTR-MS
measurements below.

3 Results and discussion

We considered the relative intensity of H3O+
·H2O to H3O+

(M37/M19) as a function of water vapor concentration
(mmol/mol) in the sample air to examine whether the correc-
tion factors for HCHO determined in laboratory experiments
could be applied to the field data (Fig. 1). There is obvious
tight correlation, and the ratios obtained in the field measure-
ments agreed closely with laboratory results. The relation-
ship was similar to that reported by Ammann et al. (2006).
The M37/M19 ratio does not approach zero as ambient wa-
ter vapor concentrations approach zero because water vapor
from the ion source exists in the drift tube in addition to water
vapor from the sample air.
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S. Inomata et al.: Determination of formaldehyde mixing ratios in air 279

3.1 Laboratory calibration

3.1.1 Detection sensitivities under dry conditions

Mass spectra were obtained via the direct introduction
method and the dynamic dilution method. For the spectra ob-
tained by the direct introduction method, the HCHO concen-
tration in the standard gas used was 1.02 ppmv; for the dy-
namic dilution spectra, the standard gas mixture was diluted
with zero air in the ratio of 1:43; i.e. [HCHO]=23.3 ppbv.
The mass spectra were taken with three differentE/N ratios.
In all E/N conditions, ion peaks of the protonated HCHO
were the most strongly observed atm/z 31 (Fig. 2). In addi-
tion to these protonated peaks, the protonated HCHO dimer,
MMH+, was observed atm/z 61, especially with lowerE/N

conditions in the drift tube.
Although the mass spectra obtained by the two HCHO

introduction methods were similar, we found that the sig-
nal intensities of MH+ were not proportional to the concen-
trations of HCHO introduced. Though signal intensity vs.
HCHO concentration relationships were linear among vari-
ous dynamic dilutions within eachE/N condition, extrapo-
lated values from these data were not in agreement with the
values obtained from the direct introduction method (Fig. 3).
The detection sensitivities normalized to the H3O+ intensity
of 106 cps obtained in the direct introduction method were
8.9±0.3, 4.9±0.2, and 3.4±0.2 ncps/ppbv atUdrift=400, 520,
and 600 V, respectively. The sensitivities obtained in the dy-
namic dilution method were 2.6–2.8 times lower (m/n ra-
tio in Table 1) than those obtained in the direct introduction
method, and were 3.4±0.6, 1.8±0.2, and 1.2±0.2 ncps/ppbv
atUdrift=400, 520, and 600 V, respectively (Table 1).

If the difference in the detection sensitivities is caused by
saturation of the ion signal in the direct introduction method
because the concentration of the 1.02 ppmv standard used in
the direct introduction method is close to the upper limit of
the linear dynamic range of the PTR-MS, the detection sensi-
tivities from the direct introduction method should be lower
than those from the dynamic dilution method. However, the
reverse was observed. This suggests that there may have
been losses of HCHO in the lines and/or a mass flow con-
troller, which were used in the dynamic dilution method. We
assume that the detection sensitivities obtained in the direct
introduction method are better suited to accurate field mea-
surement.

The detection sensitivities for HCHO calculated from
Eq. (1) were 9.1, 7.0, and 6.1 ncps/ppbv atUdrift=400, 520,
and 600 V, respectively, assuming the typical rate constant of
reaction (R6) (k=2×10−9 cm3 molecule−1 s−1). The calcu-
lated value atUdrift=400 V, 9.1 ncps/ppbv, was very close to
the calibrated value, 8.9±0.3 ncps/ppbv, but differences be-
tween the calculated and calibrated values for higherUdrift
become significant. This suggests that the backward reac-
tion (R–6) becomes important, especially at highE/N in the
drift tube. Steinbacher et al. (2004) compared the HCHO

Fig. 5. Time variation of HCHO mixing ratios measured by PTR-
MS and MAX-DOAS during a 19-day field campaign at Mount Tai
in China. Uncorrected PTR-MS data points represent HCHO mix-
ing ratios calculated from uncorrected M31 signals; corrected PTR-
MS data points were calculated from M31 signals from which frag-
ment ion signals atm/z 31 from methyl hydroperoxide and alcohols
(methanol and ethanol) were subtracted.

(produced with a permeation source and diluted with zero
air) concentrations measured by PTR-MS with those mea-
sured by a Hantzsch monitor in dry conditions. The HCHO
concentrations obtained by PTR-MS were calculated using
k=2×10−9 cm3 molecule−1 s−1. Steinbacher et al. (2004)
found that the PTR-MS, operated with a drift energy (KEcm)
of 0.17 eV, detected 21% of the HCHO measured by the
Hantzsch monitor. Our result, based on the dynamic dilution
method atUdrift=520 V, was 26%, and is in good agreement
with Steinbacher et al. (2004)

3.1.2 Humidity dependence

The dependence of the detection sensitivity on humidity in
the sample air was measured only for the dynamic dilu-
tion method. When tested at vapor concentrations of 2–
23 mmol/mol, the ion signal atm/z 31 decreased with in-
creasing humidity in allE/N conditions (Fig. 4). Stein-
bacher et al. (2004), based on the rate constants for the for-
ward and backward protonation reactions (R6) and (R–6)
(Hansel et al., 1997), estimated a reduction of sensitivity
down to 0.37, compared to dry conditions, at a water vapor
concentration of 20 mmol/mol in the sample, and with a drift
energy (KEcm) of 0.17 eV. The ratio of the detection sensi-
tivity at a water vapor concentration of 22.3 mmol/mol to
that at 2.2 mmol/mol was 0.39 atUdrift=520 V in the present
study. Note that our experimentally determined results are
consistent with the calculation-based values of Steinbacher
et al. (2004).
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Fig. 6. Scatterplots of HCHO mixing ratios obtained by PTR-MS and MAX-DOAS. Dotted lines show x=y line.(a) The HCHO mixing ratio
was obtained by using uncorrected M31 signals from PTR-MS data.(b) The HCHO mixing ratio was obtained by using M31 signals from
PTR-MS data, from which fragment ion signals atm/z 31 from methyl hydroperoxide and alcohols (methanol and ethanol) were subtracted.
The regression lines (solid lines) were obtained by the reduced-major-axis (RMA) regression method.

Next, we used a kinetic approach to evaluate the humidity
dependence of the detection sensitivity of HCHO. In the drift
tube, as HCHO reacts with H3O+ (R6), the concentration of
the protonated HCHO increases until the rate of the back-
ward reaction (R–6) balances the forward rate. If we assume
that the equilibrium between H3O+, HCHO, HCHO·H+, and
H2O is reached by the end of the drift tube, the relationship
between concentrations of H3O+, HCHO, HCHO·H+, and
H2O can be given as follows:

[HCHO• H+
][H2O]

[H3O+
] [ HCHO ]

=
k6

k−6
=K (2)

wherek6 andk−6 represent rate constants of the forward and
backward reactions (R6) and (R–6), respectively, andK is
the equilibrium constant. Equation (1) can be modified as
follows:

[HCHO• H+
]

[H3O+
]

× 106(ncps)=
k6

k−6
·

[HCHO](ppbv)

[H2O](mmol/mol)
(3)

The water vapor concentration in the drift tube can be di-
vided into contributions from the ion source and the sam-
ple, i.e. [H2O]=[H2O]ion source+[H2O]sample. Therefore, the
humidity dependence of signal intensity can be fitted to an
expression of the type

y=
a

x+b
(4)

where

a≡
k6

k−6
[HCHO] (5)

and

b ≡ [H2O]ion source (6)

The values ofk6 and k−6 were reported as a function
of the energy in the drift tube: respectively, they were
approximately 1.6×10−9 and 1.0×10−11 (Udrift=400 V),
1.4×10−9 and 2.9×10−11 (Udrift=520 V), and 1.3×10−9 and
5.0×10−11 (Udrift=600 V), in units of cm3 molecule−1 s−1

(Hansel et al., 1997). Empirical values ofc (c=k6/k−6
[HCHO]) should be equal to the fitting parameter,a, in
Eq. (4), but the value ofc was 2.1–2.5 times higher than
the value ofa(seec/a, Table 1). This suggests losses of
HCHO in the dynamic dilution system; we suggest that this
is closely related to the differences in detection sensitivity
observed in dry conditions. The values ofc/a obtained from
the kinetic parameters were very close to values ofm/n, the
ratio of experimental detection sensitivities obtained by the
direct introduction (=m) and dynamic dilution (=n) methods.
The average ratio (m/n)/(c/a) was calculated to be 1.2±0.3,
where the indicated error limits represent 95% confidence
levels byt-test, and the values ofm/n andc/a were identical
within the error limits. Therefore, we conclude that the de-
tection sensitivity of HCHO obtained in the dynamic dilution
method should be multiplied bym/n, that is, the normalized
detection sensitivity,S (ncps/ppbv), of HCHO and its hu-
midity dependence at eachE/N condition can be described
as follows:

S=
m

n
·

a

[H2O]sample+ b
·

1

23.3
(7)

where ion counts are divided by 23.3 because the humidity
dependence was measured with [HCHO]=23.3 ppbv in the
dynamic dilution method. The uncertainty of the calibrated
data by this method was taken as±25%. This value was the
largest among the errors inm andn (±3–6% and±11–16%,
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respectively; see Table 1), errors originating from fitting to
Eq. (3) (±9–18%; errors in the fitting,σy , are estimated from
σ 2

y =(δa/a)2+(δb/([H2O]sample+b))2), and the error in the av-
erage of the ratio (m/n)/(c/a) (±25%).

The fitting parameter,b, represents the water vapor
concentration from the ion source; it varied from 6 to
13 mmol/mol. The reason for the poor agreement betweenb

values in differentE/N conditions is not known. This poor
agreement may be because the forward and backward reac-
tions (R6) and (R–6) do not come to equilibrium by the end
of the drift tube.

3.1.3 Possible interference in M31 signals

Steinbacher et al. (2004) found an inconsistency between
PTR-MS and the Hantzsch monitor for ambient HCHO mea-
surements. The disagreement may be partly explained by the
humidity dependence of the detection sensitivity of HCHO,
because Steinbacher et al. (2004) determined the HCHO con-
centrations by calculation. They observed different patterns
by the two methods in diurnal variations of HCHO, and sug-
gested the possibility of interferences from other compounds
in the sample air. The possible interference of fragment ions
from methyl hydroperoxide (CH3OOH) was discussed, but
the inconsistency was not fully explained.

In the present study, we investigated a reference mass
spectrum of CH3OOH. We observed the ion signals atm/z

31 as well as those of the protonated methyl hydroperoxide at
m/z 49. The M31/M49 ratio was 0.92±0.06 atUdrift=400 V.
Fragmentation is significant for the protonated methyl hy-
droperoxide, probably because an H2O can be easily elim-
inated from protonated methyl hydroperoxide to produce
methoxy cations.

In addition, ion signals atm/z 31 were observed in the
analysis of methanol and ethanol by PTR-MS. The ion re-
sponsible is presumably CH2OH+, which has the same
mass as protonated HCHO. The M31/M33 and M31/M47
ratios were investigated at various mixing ratios from 20
to 100 ppbv, but remained constant at 0.0073±0.0002 and
0.045±0.004, respectively. Ion signals atm/z 31 were not
observed for propanol and butanol, probably because an H2O
can be easily eliminated from protonated propanol and bu-
tanol to produce corresponding alkyl cations (Spanel and
Smith, 1997), which do not have the structure of –CH2OH.

3.2 Field measurements and comparison with MAX-
DOAS

For the purpose of intercomparison between PTR-MS and
MAX-DOAS, PTR mass spectra were averaged over each
30-min period. The uncorrected concentration of HCHO
(ppbv) was determined as follows:

[HCHO]=I31/S400V (8)

whereI31 represents the ion intensity atm/z 31 normalized
to the H3O+ intensity of 106 cps, and

S400V=
169

[H2O]sample+13.1
(9)

Error limits of the PTR-MS data were calculated by the fol-
lowing equation:

δ[HCHO]

[HCHO]
=

√(
δS400V

S400V

)2

+

(√
I31

I31

)2

(10)

where the value of 0.25 was used forδS400V/S400V and
√

I31
was used as the uncertainty ofI31.

The mixing ratios observed during field measurements
typically varied from 0 to 6 ppbv, except during the night
of 12 June (Fig. 5). Diurnal variations, with a daytime maxi-
mum and nighttime minimum, were observed during 24 and
28 June. In addition, the HCHO concentrations were low on
rainy days (e.g. from the night of 13 June to the morning of
14 June).

We compared HCHO mixing ratios determined by MAX-
DOAS against those determined by PTR-MS, determin-
ing the slope and intercept of the regression line using
the reduced-major-axis (RMA) regression method (Ayers,
2001). We used this method rather than the standard lin-
ear least squares regression because both data sets are mea-
sured variables, and thus are both subject to error. The
RMA regression is a bilinear method that allows for errors
in both variables. Without correction, most determinations
of HCHO mixing ratios by PTR-MS are higher than those by
MAX-DOAS (Fig. 6a). The best-fit line by the RMA regres-
sion method is largely shifted toward the PTR-MS–derived
HCHO concentrations, providing a slope of 0.76±0.13 and
an intercept of –0.35±0.43. Error limits of the slope and in-
tercept represent 95% confidence levels.

Subsequently, the HCHO PTR-MS measurements were
corrected by subtracting the fragment ions contributed by
CH3OOH from the ion signals atm/z 31, assuming that the
observed ion signals atm/z 49 are attributable to CH3OOH.
However, this did not greatly improve the agreement be-
tween PTR-MS and MAX-DOAS (slope=0.78±0.13; inter-
cept= –0.29±0.42). The averaged ion signals during the field
measurements were 109, 894, 404, and 8 cps form/z 31,
33, 47, and 49, respectively; the contribution of fragments
from methanol and ethanol to the signals atm/z 31 was not
negligible. The PTR-MS HCHO data were corrected again
by subtracting the contributions of the fragment ions from
methanol and ethanol from the ion signals atm/z 31, as-
suming that the observed ion signals atm/z 33 and 47 were
attributable to methanol and ethanol, respectively, i.e.

[HCHO]corr=I corr
31 /S400V (11)
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whereI corr
31 is I31 – α49×I49 – α33×I33–α47×I47 andαX rep-

resents a ratio of M31/MX. Error limits of the PTR-MS data
were derived by the following equation:

δ[HCHO]

[HCHO]
=

√(
δS400V

S400V

)2

+

(
δI corr

31

I corr
31

)2

(12)

where(
δI corr

31

)2
=

(√
I31

)2
+

∑
X

[{(√
IX

IX

)2

+

(
δαX

αX

)2
}

(αX · IX)2

]
(13)

Values of 0.25, 0.07, 0.03, and 0.09 were used for
δS400V/S400V, δα49vα49, δα33vα33, and δα47vα47, respec-
tively, and

√
IX was used as the uncertainty ofIX .

After these corrections were applied, the PTR-MS–
derived HCHO mixing ratios were decreased accordingly
(Figs. 5, 6b). The corrections greatly improved the agree-
ment between MAX-DOAS and PTR-MS. The data gath-
ered along the x=y line; indeed, the RMA-derived re-
gression slope was very close to 1 (slope=0.99±0.16) and
the RMA-derived regression intercept was very close to 0
(intercept=0.02±0.38). And, though significant differences
occasionally occurred between the two determinations, this
is to be expected, due to the fact that the air mass measured
by the in situ PTR-MS technique was considerably differ-
ent from that measured by the remote sensing MAX-DOAS
technique.

4 Conclusions

The detection sensitivity of HCHO and its humidity depen-
dence by the PTR-MS were determined in laboratory ex-
periments at three drift tubeE/N ratios: 108, 140, and
162 Td. We observed a discrepancy in detection sensitivi-
ties measured in dry conditions by two methods: (1) a direct
introduction method, in which standard gas of HCHO/N2
(1.02 ppmv) was analyzed directly, and (2) a dynamic dilu-
tion method, in which the HCHO/air mixture analyzed was
produced by a dynamic dilution of the standard gas with zero
air. The detection sensitivities obtained in the dynamic dilu-
tion method were approximately 2.7 times less than those
obtained in the direct introduction method.

The detection sensitivity of PTR-MS for HCHO decreased
with increasing humidity in allE/N conditions. The detec-
tion sensitivities for HCHO were determined as a function
of the water vapor concentration in the sample, [H2O]sample
(mmol/mol):

S(ncps/ppbv)=
169

[H2O]sample+13.1
for KEcm=0.10 eV

S(ncps/ppbv)=
62.4

[H2O]sample+9.5
for KEcm=0.17 eV

S(ncps/ppbv)=
30.9

[H2O]sample+6.0
for KEcm=0.23 eV

In an intensive field campaign at Mount Tai in China in June
2006, most of the HCHO values determined by the cali-
brated PTR-MS method were higher than the corresponding
MAX-DOAS values; this was partly caused by interference
of fragment ions from methyl hydroperoxide, methanol, and
ethanol. By subtracting the contribution of these fragment
ions from the ion signals atm/z 31, the agreement between
the PTR-MS data and the MAX-DOAS data was consider-
ably improved.
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