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ABSTRACT
Oxygenated volatile organic compounds (OVOCs) play an active role in tropospheric chemistry but our knowledge
concerning their release and ultimate fate is limited. However, the recent introduction of Proton Transfer Reaction Mass
Spectrometry (PTRMS) has improved our capability to make direct field observations of OVOC mixing ratios and fluxes.
We used PTRMS in an eddy covariance setup to measure selected OVOC exchange rates above a well-characterized
agricultural plotin Northern Germany. In fall 2003, mixing ratios of methanol and acetaldehyde 2 m above the field ranged
from 1 to 10 and 0.4 to 2.1 ppb, respectively, well correlated with one another. Fluxes of both gases were followed for
growing Italian ryegrass (Lolium multiflorum) over a significant portion of its life cycle. Diurnally fluctuating emissions
of methanol and very small acetaldehyde fluxes were observed up to the cutting and removal of the grass. Methanol
emissions were exponentially related to ambient temperatures and appeared to be higher during the grass’ rapid leaf
area expansion and after a rain event. Acetaldehyde exchanges averaged over the whole period indicated very slow
deposition. Our measurements confirm previous, similar results, as well as presumptions that grasses are comparatively

low methanol emitters compared to non-grass species.

1. Introduction

Many volatile organic compounds (VOCs) have been investi-
gated by the atmospheric community related, among other pro-
cesses, to tropospheric O3 production and their roles as aerosol
precursors (Chameides et al., 1988, 1992; McKeen et al., 1991;
Andreae and Crutzen, 1997; Sillman, 1999). The abundant hy-
drocarbon isoprene (2-methyl-1,3-butadiene, CsHs) and related
plant terpenoids, in particular monoterpenes (C;oH,¢) have long
been recognized as significant participants in atmospheric chem-
istry. As knowledge concerning isoprene and monoterpenes has
rapidly expanded, it has also become clear that a diverse mix-
ture of oxygenated VOCs (OVOCs) can at times constitute a
significant or even dominant portion of total VOC loading in the
troposphere and that these compounds can impact tropospheric
chemistry at different scales (Arey et al. 1991; Wineret al., 1992;
Konig et al. 1995; Fukui and Doskey, 1998; Kirstine et al. 1998;
Riemer et al., 1998; Fall etal., 1999; Singh et al., 2000; Karl
etal., 2001b; Schade and Goldstein, 2001).
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A wide range of chemicals fall under the OVOC rubric, the
majority of which are thought to be biogenic rather than anthro-
pogenic in origin (Guenther et al., 1995) and may be primary
emissions or secondary oxidation products of directly emitted
species. In rural environments, vegetation is thought to be the
most important direct source of certain OVOCs. Documented
OVOC releases from live green, wounded, senescing or decay-
ing plant material, include species such as methanol, ethanol,
acetaldehyde, acetone, 2-butanone, formic and acetic acids,
hexenals and hexenols, just to name a few (Kesselmeier
etal., 1997; de Gouw et al., 1999; Warneke et al., 1999; Karl
etal., 2001a, 2003; Custer et al., 2003). Although our under-
standing of the plant biochemical origins of the most abun-
dant of these OVOC:s is gradually improving (Sharkey, 1996;
Fall 1999, 2003; Kesselmeier and Staudt, 1999; Kesselmeier,
2001; Schnitzler et al., 2002; Custer et al., 2003), it remains
challenging to move from this knowledge to an accurate
prediction of primary OVOC emissions from plants to the tro-
posphere (Harley etal., 2004). This is due to the great di-
versity of plants, the complexity of plant metabolism, and
uncertainties in how various environmental factors affect both of
these.

Direct measurements of OVOC fluxes provide a picture of
OVOC cycling that encompasses the complex interactions be-
tween all contributors in a localized area. By examining a di-
verse set of flux measurements spanning representative ecosys-
tems around the globe, a better understanding of proposed
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budgets and chemistry can be obtained. Crop and grasslands
cover a significant area of the earth and, although they are neg-
ligible isoprene emitters, they may be a significant source of a
number of other OVOC:s such as methanol, acetaldehyde, or ace-
tone (Fukui and Doskey, 1998; de Gouw et al., 2000; Karl et al.,
2001a, b; Warneke et al., 2002; Karl et al., 2005b). Croplands
can also be a particularly convenient location for micrometeoro-
logical flux measurements, often presenting extended, homoge-
neous flux footprints with a well-defined selection of plants and
soils.

Here, we report on field measurements of mixing ratios and
eddy covariance fluxes of methanol and acetaldehyde above a
farm field growing ryegrass as an intermediate crop. Methanol
and acetaldehyde have attracted interest due to their roles in tro-
pospheric HO, chemistry. Methanol is often the second most
abundant VOC after methane in the troposphere. Due to its com-
paratively long lifetime of approximately 1 week, it can serve as
asignificant source of HO, in the free and upper troposphere (Tie
etal., 2004). Its budget has been discussed in numerous recent
works (Singh et al., 2000, 2004; Heikes et al., 2002; Galbally and
Kirstine, 2002; Jacob et al., 2005). Green plant emissions proba-
bly comprise approximately two-thirds of the methanol budget,
and are thought to arise from demethylation of pectin during
plant cell wall expansion (Fall and Benson, 1996; Galbally and
Kirstine, 2002). Several recent field works have confirmed sig-
nificant methanol fluxes from green plants (Fukui and Doskey,
1998; Kirstine et al., 1998; Baker et al., 2001; Schade and Gold-
stein, 2001; Warneke et al., 2002; Karl et al., 2003, 2004) and
soil (Schade and Goldstein, 2001; Schade and Custer, 2004,
Rinnan et al., 2005), but a number of emission characteristics
remain unexplored. Other important sources include biomass
burning (Holzinger et al., 1999; Goode et al., 1999; Yokelson
etal., 1999), and photochemical production from methane un-
der very low NO, conditions. The major sink of methanol is
through reaction with hydroxyl radicals, and there are presum-
ably minor contributions from wet and dry deposition (Jacob
et al., 2005).

Acetaldehyde is a much shorter lived species in the atmo-
sphere compared to methanol. Its lifetime is on the order of 1 d
as determined by both OH radical reactions and photolysis. A
rough global budget has recently been published by Singh et al.
(2004) suggesting a global source of 200 4= 85 Tg yr~! dominated
by oceanic emissions. Aside from this source, acetaldehyde is
a secondary product of the oxidation of alkanes and 2-alkenes
of both anthropogenic and biogenic origins, is a directly emit-
ted product of biomass burning (Holzinger et al., 1999) and cut
and decaying vegetation (de Gouw et al., 1999; Warneke et al.,
2002), and can be released directly by green plants (Kreuzwieser
etal., 1999, 2000; Karl et al., 2003, 2005a; Graus et al., 2004).
Acetaldehyde, like methanol, is ubiquitous in the troposphere a
fact which is likely related to its diverse sources (Singh et al.,
2004).

2. Experimental

2.1. Field site

Measurement equipment was located near the centre of a 20
ha field of the 181 ha experimental farm of the Bundes-
forschungsanstalt fiir Landwirtschaft (FAL) that lies to the NW
of Braunschweig (population: 240 000, 1250 km~2 on 190 km?),
Germany (52° 17’ 50N, 10° 27'E, 81 m a.s.1.). The experimental
farm field is organized for intensive cereal and fodder produc-
tion. Crops rotate between barley, winter wheat, sugar beet and
ryegrass. Measurements reported here extended over much of
the lifetime of a crop of Italian ryegrass (Lolium multiflorum)
seeded in September of 2003. Soil, nutrients, and pesticides in
the field are managed according to current farm practices and
the field is irrigated as necessary. The soil is a loamy sand (cam-
bisol) with an average pH of 6.5, organic matter content of 1.4
+ 0.1% with soil water content ranging between 22 and 5%.
The field extends approximately 200 m both E and W from the
micrometeorological instrumentation and is bounded by a dirt
road on both sides, followed by additional fields extending a few
hundred metres more. For various portions of the measurement
period, adjacent fields were sown with maize or clover whose
development did not necessarily track that of the crop immedi-
ately under study. To the north of the measurement equipment,
the field is bounded by a row of trees and bushes ~200 m dis-
tant and on the south by another dirt road ~350 m distant. A
number of animal sheds, housing mainly cows, lie ~600 m dis-
tant to the SW. A row of buildings and a meteorological station
of the Deutsche Wetterdienst (DWD, German Weather Service)
Agrometeorological Research branch stand at a distance of ~650
m directly south near the edge of a small, forested area. The dom-
inant trees in this suburban and agricultural region are European
beech and common oak, with lesser numbers of Norway spruce,
hornbeam, and larch. The nearest paved road lies to the E of the
experimental fields ~600 m distant and carries ~41 cars min~"
during daytime hours.

2.2. Instrumental set-up

The eddy covariance technique relies on colocated, simultane-
ous, and fast measurements of vertical wind velocity and OVOC
mixing ratios to determine OVOC fluxes. A schematic of the ex-
perimental set-up is given in Fig. 1. A Solent R3 sonic anemome-
ter (Gill Instruments, UK) mounted on a 2 m pole was used to
measure 3-D wind velocities and virtual temperature at the centre
of the farm field. This anemometer was originally installed by the
FAL in 1999 and is operated using Edibox data acquisition and
EdiSol software (Moncrieff et al., 1997). For fast monitoring of
OVOC mixing ratios, a proton-transfer-reaction mass spectrom-
eter (PTR-MS, Ionicon Analytik GmbH, Innsbruck, Austria) was
installed in a wooden shed that was located ~12 m to the E of
the anemometer so as not to interfere with the turbulence mea-
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Fig. 1. Schematic of the FAL field set-up

Garden Shed

(not to scale).

surements under the typical, westerly wind directions. The shed,
supplied with line power that had been previously run to the
centre of the field, was insulated and air-conditioned to provide
adequate conditions for an extended, seasonal deployment of the
mass spectrometer.

For routine measurements, a membrane air sampling pump
(Rietschle Thomas model LM22) was used to pull air through
approximately 15 m of 0.635 cm ID Teflon PFA tubing that ran
from the head of the anemometer to the wooden shed where it
was subsampled into the mass spectrometer through ~0.5 m of
1.6 mm ID Teflon PFA tubing, a Teflon PTFE shut-off valve, and
~0.5 m I mm ID of heated Silcosteel tubing inside the PTR-MS.
The inlet of the transfer tubing was equipped with either a 1-2 or
5-6 um Teflon PTFE filter in a PFA filter holder positioned under
the anemometer in order to remove particulate matter from the
air stream. These filters were replaced on a weekly basis. Flow

through the sampling line was regulated to ~9 L min~!

using
a ball flow meter equipped with a metering valve attached at
the exhaust of the membrane pump. Air from this main sample
line was subsampled by the PTR-MS at flow rates of ~100 cm?
min~!. Both the Silcosteel tubing and the instrument’s drift tube
were heated to 40 °C. A pressure controller regulates the pressure
immediately prior to the entrance to the drift tube, helping to
maintain a steady ~15 STP cm® min~' flow of sample air into
the drift region regardless of changes in ambient pressure. The
overall subsampling flow rate was not monitored and changed
with every exchange of the mass spectrometer ion source which
occurred on a monthly basis.

An additional 1.6 mm ID line was run from the shed to a
Teflon PTFE solenoid shut-off valve (Parker Hannifin, USA) in
a water-tight container near the head of the anemometer and was
ultimately connected via a TEE to the head of the sampling line.
This line delivered gas from a standard tank containing ppm
concentrations of methanol in N, (Air Liquide, Germany) to
the main sampling line for periodic calibrations. The calibration
valve was controlled by the PTR-MS computer that started or
stopped standard addition at prescribed intervals. Flows were
regulated using a 1-20 cm?® min~! ball flow metre.

Signals for u, v and w wind velocities and speed-of-sound
were sent via the Solent R3 PCIA box analogue outputs to the
analogue input collection board of the PTR-MS instrument. Both
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ion signal intensities and data from the anemometer were then
stored in parallel on the laptop PC of the PTR-MS. Two data
collection routines and one calibration routine were used dur-
ing the course of experiments. In the data collection routines,
which alternated every half hour, the signal from ions at either
m/z 33 or m/z 45 were monitored for 0.2 s, followed immedi-
ately by collection of the u, v, w and speed-of-sound output of
the anemometer. The result was a data set with a measurement
frequency very near 4 Hz and spanning just less than 30 min
(7110 total cycles per half hour) that was used for flux calcula-
tions. An allowance of ~5 s was left at the end of each 30 min
period to prevent data loss otherwise experienced over extended,
unattended measurement. Hence, in 1 h fluxes for two different
compounds (methanol and acetaldehyde) were obtained using
this method. Interleaved with the data collection routines was a
30-min calibration routine executed at 8-h intervals. It incorpo-
rated measurements of a much broader selection of ions but no
signals from the anemometer. These ion signals were monitored
for a total of 194 cycles accounting for ~21 out of 30 min. The
first 40 of these cycles were devoted to measurement of ambient
air with no change in air sampling procedure. At cycle 40, the
solenoid valve controlling the addition of standard gas to the
main transfer line was opened, and upon the last cycle the valve
was once again closed and mass scans (ranging from m/z 20 to
150) were executed for the remainder of the 30-min time period
while the calibration gas was flushed from the line by ambient
air.

2.3. Data analysis

All data were analysed using R-language open source software
(R Development Core Team, 2005). Wind velocities were first
treated by converting speed-of-sound to virtual temperature and
by removing spikes according to Hgjstrup (1993), then rotat-
ing into streamline coordinates (Kaimal and Finnigan, 1994). A
Gaussian high pass filter having a width of 5 data points (~1.25 s
for 4 Hz data) was then applied to reduce white noise in the sig-
nals. Identical de-spiking and filtering was performed on mix-
ing ratios computed from PTR-MS data. The w'yt’ covariance,
where p represents the mixing ratio, was then calculated and
converted from units of ppbv m~2 h™! to units of mg C m~2 h™!
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using an assumed atmospheric pressure of 100 kPa and virtual
temperature. In addition to OVOC fluxes, friction velocity, u*,
sensible heat flux, H, and Monin-Obuhkov length, L, were cal-
culated using a default specific humidity of 6.4 g kg™!.

In the PTR-MS, sampled VOCs having a proton affinity
greater than that of water are ionised through proton-transfer-
reactions with abundant ‘parent’ H3;OT ions inside a high-
pressure (~2 mbar) reaction drift tube. Both parent and pro-
tonated product ions are then sampled into the vacuum of a
quadrupole mass spectrometer for separation and detection.
Product ion signals at m/z 33 from the PTR-MS were converted
to mixing ratios of methanol, p33, using

6 1
(S21 x 500) NCF33°
where (33 is the calculated mixing ratio (in ppb), Ss3 and Sy,
are ion count rates (cps) for the protonated methanol product
ion and parent H;O" ion, respectively, and NCFs; is a normal-
ized calibration factor (ncps ppb~'). The subtracted term, Sz, x
0.00076, is the contribution of the 1*0!'7O* isotope to the signal
at m/z 33. Measured values at m/z 25, a signal generally used as

M3z = (833 — S32 x 0.00076)

(1).

a proxy for detector noise and often very near zero in mass spec-
trometers as well as for these data, were also subtracted from the
signals S33 and Sy;. These corrections represent only a part of the
total background and were subtracted in lieu of more complete
data as subsequently described. The product ion signal inten-
sity (term 1 of eq. 1) was normalized to 10° cps of H;O™" as has
been done elsewhere (Warneke et al., 2002, 2003; de Gouw et al.,
2003a), mainly to facilitate intercomparison between these mea-
surements and those made on similar instruments whose parent
ion count rate and other operating parameters may not be iden-
tical. Normalized calibration factors were obtained through ad-
dition of a methanol standard gas to the sampling line at regular
intervals throughout the experiment. The dilution of the standard

was calculated by multiplying the known concentration of the
tank by the ratio of the standard gas flow rate to the flow rate
of the main sampling line. No similar standard was available for
acetaldehyde. Figure 2 shows the development of the methanol
calibration factor and subtracted portions of background over the
period of measurements discussed here. Abrupt changes such as
on days 260, 265, 269 and 274 were due to changes in instru-
ment settings such as the water flow into the ion source and the
secondary electron multiplier detector voltage. Further structure
was likely due to drifting flow rates and variations in ambient
air mixing ratios which may have obscured measured changes in
signal. Overall precision of the calibration factors, based on the
standard deviation of measured signals and conservative error
estimates in flow rates of 1 mL min~! for the calibration gas and
500 cm® s~! for the sampling line flow, were between 20 and
30%. These values reflect measurements at mixing ratios in the
range observed in this work and will also be representative of
the overall precision of mixing ratios.

As astandard for acetaldehyde was not available, mixing ratios
were determined directly using eq. 2 (de Gouw et al., 2003a)

raxion Y (A 2
Hi = —1LaXx kd? P2 ol WCTIE) 4+ W) @
T Fy TF;

where T is the temperature of the reaction drift tube in Kelvin, V
is the voltage applied across the drift tube (500 V), k is the rate
coefficient for reaction between H;O" and the VOC of interest
(cm® molec™! s71), d is the length of the drift tube (9.5 cm), P is
the pressure in the drift tube (2.1 mbar), S5; x 500 is the count
rate used as a proxy for measurement of the H3'®O™ parent ion,
and TF,; and TF, are instrument specific transmission factors for
m/z 21 (0.5) and the m/z of interest, respectively. Transmission
factors provided by the instrument manufacturer were used for
these calculations (0.7 for m/z 33 and 0.9 for m/z 45) although
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background (from measurements at m/z 32),
and instrument noise at m/z 25 during the
relevant data period in September 2003.
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field-operating conditions different from those of the factory de-
termination as well as the condition of the secondary electron
multiplier may cause some error (e.g. Steinbacher et al., 2004).
Normalized calibration factors of 20 and 34, calculated using an
H;0" reduced mobility of 2.8 cm?> V~! s, rate coefficients for
reactions between H;O" and methanol/acetaldehyde of 2.6 and
3.6 x 1072 cm® molec™! s~!, and the above listed transmission
factors, drift tube pressure, drift tube length, and drift field, were
applied in mixing ratio calculations of methanol and acetalde-
hyde where no experimentally determined values were available.
Good agreement between experimentally determined and calcu-
lated NCF values for methanol suggest that factory transmission
factors were adequate, however no independent determination
was performed successfully.

To completely account for background signal at each channel
of the PT-RMS, a combination of measurements of zero air (to
determine contributions from instrument surfaces, ion source,
flow/drift tube and detector) and hyphenation with gas chro-
matography (to determine chemical cross talk between channels
due to formation of isobaric or identical ions of differing origin)
are necessary. As neither a catalytic converter nor a gas chro-
matograph were available for these experiments, and as perfor-
mance of such measurements would severely inhibit our ability
to measure at frequencies required for eddy covariance measure-
ments, background determination in this manner was impossible.
Partial background contributions as in the case of the 1070
contribution to the methanol signal at m/z 33 or detector back-
ground (taken from m/z 25), both shown in Fig. 2, were obtained
from the calibration measurements spaced at 8-h intervals and
then linearly interpolated and applied to the higher frequency
measurements.

The potential overestimate of the mixing ratio accrued by
such partial background correction is estimated to have typi-
cally been 0.5 ppb for methanol and less than 0.5 ppb for ac-
etaldehyde based on measurements during the following year
using a catalytic converter. Additional error from the use of
eq. 2 or unaccounted-for chemical cross-talk should be low.
From our own observations and the work of others, neither pro-
tonated methanol nor acetaldehyde product ions undergo signif-
icant fragmentation. Interferences with other compounds have
also been previously investigated for these compounds using gas
chromatographic separation of air samples followed by detec-
tion using the PTR-MS (de Gouw et al., 2003a; Warnecke et al.,
2003). In representative rural and urban air samples, methanol
was deemed free of interference from other compounds pro-
vided background was accounted for. Acetaldehyde exhibited
some dependence on the CO, mixing ratio, possibly due to en-
dothermic HCO," formation. While the effect was implied as
being minor overall, its contribution to our own data cannot be
evaluated without a complementary data set for CO, and more in
depth study of the hypothetical process suggested for formation
of HCO, ™. Acetaldehyde is also known to be produced in Teflon
lines in the presence of high amounts of ozone (Northway et al.,
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2004). Again, without complementary ozone data such interfer-
ences cannot be ruled out or corrected for, although it should be
noted that these interferences are small and likely play a minor
role in the boundary layer where our own measurements took
place (Goldan et al., 2004).

Based on this discussion, all presented mixing ratios have to
be interpreted as upper limits. However, overestimation of mix-
ing ratios will not affect flux values, which are calculated based
on covariance of deviations from a 30 min average value. It is as-
sumed that fast fluctuations are detectable within the precision of
the measurement, generally on the order of 30% similar to what
was observed for our measurements of normalized calibration
factors, and can reliably be used for such calculations.

Other aspects of the experimental set-up may affect the accu-
racy of a flux determination. Transport of OVOCs from the head
of the anemometer to the PTR-MS instrument for analysis cre-
ates a lag-time between the wind velocity and the ion signal mea-
surement and has the potential to introduce line artefacts (Karl
et al., 2002, and references therein). The tubing lag-time can be
assessed in a number of ways, and we have previously used both
transport volume and flow calculations, phase spectrum analy-
sis, and maximum w—pu correlations to calculate the lag-time in
our field set-up (Schade and Custer, 2004). To arrive at the best
lag-time estimate for the data presented here, the lag-time was
determined through the latter method by systematically shifting
the vertical wind velocity vector with respect to the mixing ratio
vector in time. At each point, the flux and correlation coefficient
were calculated. When fluxes were significant, a distinct maxi-
mum or minimum in the flux (or correlation coefficient) could be
observed in a plot of lag time versus flux (Fig. 3). When a signif-
icant flux was observed, the lag time of its maximum value was
chosen and these values are reported. When no significant flux
existed or there was no clear maximum or minimum, the choice
of flux was determined using lag times observed for adjacent
collection periods when a flux was apparent.

For the above listed flow and tubing conditions, Reynolds
numbers around 2000 were calculated, indicating only slightly
turbulent conditions during line transport. Whether this caused a
significant line-loss of eddies contributing to the calculated flux
under the local turbulence conditions was previously assessed
by comparing w'T" to w'u’ cospectra in the inertial subrange
(Schade and Custer, 2004). For the data presented here, analysing
medium to high fluxes of methanol in a similar way showed that
there was no trend towards a steeper slope in the inertial subrange
of the w'u’ compared to the w'T’ cospectrum. Therefore, no
corrections or adjustments were made to the calculated fluxes in
this work.

3. Results and discussion

Figure 4 shows the measured mixing ratios of methanol and
acetaldehyde along with air temperature and precipitation at the
nearby DWD weather station. Blank areas represent times when
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Day of Year 2003
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Fig. 3. Methanol fluxes plotted in time — lag time space. The diurnal
flux cycle can be clearly identified and its maximum was labelled by
the solid vertical line.
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Fig. 4. Methanol and acetaldehyde mixing ratios during the 2003 field
measurements, along with meteorological parameters. Methanol
mixing ratio is split into calibrated data (filled black circles) and data
calculated from first principles (grey pluses) showing excellent
agreement. Obvious drift after day 275 make these data suspicious and
they were not further analysed (see text).

data collection ceased due to cleaning/replacement of the PTR-
MS ion source, freezing of the data collection computer or other
hardware, or periods where parent ion signal or background were
obviously erratic (often occurring just prior to normal replace-
ment of the ion source for cleaning). Background corrections for
methanol appear to be in error starting sometime after day 273 in
2003 (Fig. 2). Methanol data after day 276 drifted monotonously
towards lower mixing ratios. For all measurements prior to day
~276, methanol mixing ratios calculated based on standard gas
addition and mixing ratios calculated from first principles com-
pare well (Fig. 4). Although measurements were made before
and after the range presented here, they have been omitted from
discussion for this work.

For the time period presented, methanol mixing ratios ranged
between 1 and 10 ppb, and acetaldehyde mixing ratios ranged
from 0.3 to 2.1 ppbv, both comparing well with previously
published levels in non-urban areas (Goldan et al., 1995, 2004,
Riemer et al., 1998; Schade and Goldstein, 2001; Klouda et al.,
2002; de Gouw et al., 2003b). Acetaldehyde mixing ratios cor-
related well with methanol mixing ratios with a linear fit 7> value
of 0.77. As apparent from Fig. 4, both methanol and acetalde-
hyde mixing ratios tracked ambient temperatures, which have
previously been identified as a major driver of their emissions.
A frontal passage with precipitation on day 266, connected to
a typical Icelandic low pressure system and evident from sharp
temperature and humidity gradients, lead to a change in air mass
and to a rapid decrease of methanol and acetaldehyde mixing ra-
tios. Back trajectories (HYSPLIT 4) indicated a regional, bound-
ary layer origin prior to passage and a free tropospheric North
Sea/North Atlantic origin after the frontal passage, as expected.
Slight local anthropogenic influences on the measured mixing
ratios from the city of Braunschweig located principally in the
SE of the site were apparent when comparing wind roses of air
temperature and methanol or acetaldehyde mixing ratio to each
other. Figure 5 shows that temperatures and wind speeds were
generally highest under northwesterly and northeasterly condi-
tions, while mixing ratios maximized under low winds out of
southern wind directions. Prior to the frontal passage, highest
mixing ratios were generally observed at the onset of the sta-
ble nighttime boundary layer when wind speeds are lowest and
continuing surface emissions accumulate in a shallower surface
layer. This was confirmed when comparing the wind and OVOC
data with onsite measurements of ozone for the same period,
showing sharp declines in 0zone mixing ratio due to titration by
NO emissions at those same times. However, as no anthropogenic
tracers were measured simultaneously, no definite conclusions
about anthropogenic OVOC sources can be made.

Both methanol and acetaldehyde fluxes were available for
a time period of rapid growth of the ryegrass in September.
Figure 6 shows all methanol fluxes and incoming solar irradiance
along with an estimated leaf area index (LAI) computed from a
measured pre-harvest LAI of ~ 5 (R. Manderscheid, FAL, per-
sonal communication 2005) and a standard logistic growth curve

Tellus 59 (2007), 4



METHANOL AND ACETALDEHYDE FLUXES OVER RYEGRASS 679

30.0 * b e
275 /+ /\ Fs g
% 25.0 | +/+\ T/+ \+/+\ /[% -4 E&
& 225 N 3 E
g b -
5 N \ /%/ Ig
‘5 20.0 Eil\ :* * T\ 2 §
e ¢ ; \f
17.5 ~h 7 L, 2
¢\m\m/¢/4’ =

15.0 | o

wind direction
Fig. 5. Wind directional dependences of temperature (open circles),
wind speed (open squares), and methanol mixing ratio (solid triangles)
before day 273. Vertical bars are standard errors and indicate variability.

function extended out beyond our presented measurements past
the time of harvest. Diurnally fluctuating methanol fluxes were
observed prior to the frontal passage on mostly cloud-free days,
while significantly lower and more erratic fluxes were observed
during the subsequent colder period. We split the data into these
two periods and show hourly binned OVOC fluxes in Fig. 7. For
the acetaldehyde fluxes, no consistent diurnal cycle was found.
Therefore, we conclude that acetaldehyde was neither emitted
from the ryegrass, nor deposited to its surfaces or the soil sur-
face in significant amounts. However, using the data set up until
day 273, the period with highest confidence in the flux data,

methanol flux (mg C m~2h-1)

Fig. 6. Methanol fluxes, incoming solar
irradiance, and estimated grass LAI during
the complete measurement period.
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we calculated a median flux of —0.4 g C m~2 h™! with an in-
terquartile range of —2.7 to 1.7 ug C m~2 h~!. The median and
lower quartile values translate into deposition velocities of 0.02—
0.1 cm s~!, lower than extrapolated from gradient measurements
inside a tropical rain forest (Karl et al., 2004) and leaf level mea-
surements on tropical plant species (Rottenberger et al., 2004,
2005). Similar to these previous studies though, acetaldehyde
fluxes correlated weakly, but statistically significantly with its
mixing ratio (> = 0.03, p = 0.002, compensation point = 0.6 &
0.7 ppb). We conclude that there was likely a very slow net ac-
etaldehyde deposition to the grass and soil surfaces.

In contrast, methanol fluxes were positive and moderately high
during the warm period, and much smaller but significantly dif-
ferent from zero at daytime during the colder period (total range
—0.08 to 0.12 mg C m~2 h™!). In Fig. 8, all methanol flux data
before day 277, acquired during periods of sufficient turbulence,
and normalized to the estimated LAI were plotted against sonic
virtual temperature as an indirect measure of leaf temperature.
Similar to previous work (Schade and Goldstein, 2001; Karl
et al., 2003), an exponential response to temperature was found
with a B-factor of 0.15. As this response was calculated from a
dataset under a wide range of ambient conditions, it can be con-
sidered representative. However, the calculation assumes that
the leaf area specific methanol emissions are constant through-
out leaf growth, contrary to previous findings that the leaf area
specific methanol emissions were higher during the intensive
growth stages of the investigated plant species (MacDonald and
Fall, 1993; Nemecek-Marshall et al., 1995; Karl et al., 2003).
To test the hypothesis that this is a physiological feature related
to the origin of methanol as a by-product of pectin demethyla-
tion common to all plant species (Galbally and Kirstine, 2002),

LAI(mZr

260 270 280 290
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to E = E3p x exp(B x Ty) as dashed black line.

we further normalized the grass emissions by its temperature-
modelled emissions. In Fig. 9, the ratio of measured to modelled
emissions along with a local, polynomial regression model span-
ning ~1 week is shown. The regression fit has a mean (median)

0+ i
: e ® a
.: o
@ f ce o
2 5 = e a%a o
k-] L % A &£ 5 )
5 i3 b
] T £ o o TR g ®
: Bl e s e R TN
5?% g Bt o 3 ,,;& = R 00 &2
o a | ®a 8 ¥ S o R ﬁﬁ.-a
e o B e rj‘. ° o e
2 by o &
B @ o e
5 ?
E "
=10 4 bs
" P t T
255 260 265 27 275
day of year

Fig. 9. LAI- and T-normalized methanol fluxes as a function of time.
Solid grey line is a local regression model with estimated standard
errors (dash—dotted lines). The horizontal black line marks the mean
(=1.08), the unbiased response of a model sufficiently describing the
data. The vertical dashed lines mark periods 1 and 2 described in the
text.

of 1.08 (0.96) with a SD of 0.91, and there is little indication for a
model bias. While this would seem at first to reject the hypothe-
sis, there are several characteristics in the data that may allow for
a different interpretation. First, during the initial ‘warm’ week a
smaller variability is connected to a clear downward trend (Fig.
9, period 1), and second, a sharp increase of measured over mod-
elled emissions (Fig. 9, period 2) is recorded right after the frontal
passage rain (5.2 mm). The first period is assumed to be the one
with the highest relative LAI increase per time, doubling the
grass’ biomass within a week (Fig. 6). The second period’s rain
may have (i) provided additional soil moisture to alleviate any
plant water stress, likely also leading to additional growth not
accounted for by our crude LAI estimate and/or (ii) triggered
temporary methanol emissions from the dry topsoil (Warneke
etal., 1999; Schade and Goldstein, 2001; Schade and Custer,
2004). While late season water stress occurred as a result of
much lower seasonal soil moisture as a result of the dry and hot
summer of 2003 (Lopmeier, 2004), a dry topsoil was certainly
promoted by high irradiance, high temperatures, and the still
rather open grass canopy during this period. Further support for
the assumption of higher specific methanol emissions during the
initial growth phase of the grass is provided by the consistently
lower measured than modelled methanol emissions along with
comparatively small LAI changes after this rain-triggered, tem-
porary increase. It appears therefore that the expected decrease
of methanol emissions with growth progression was, in our case,
only masked by a rain event.

Complicating the above analysis is the fact that the microm-
eteorological measurements yield a net flux from the surface,
including both soil and plant exchanges. Jacob etal. (2005)
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assumed that a global average methanol deposition velocity of
0.2 cm s~! is necessary to close its atmospheric budget. How-
ever, evidence for both higher deposition velocities (Karl et al.,
2004) and soil emissions (Schade and Custer, 2004, and refer-
ences therein) exist. Consistently positive fluxes measured dur-
ing the warm period nights (Fig. 7) along with the assumption
that plant methanol is only emitted through open stomata, sug-
gest that, similar to our previous report (Schade and Custer,
2004), a dry topsoil may have acted as a source of methanol.
During the subsequent cold period, nighttime fluxes were essen-
tially zero (Fig. 7) suggesting that the wetter soil was not an
efficient sink for methanol at this time either. Hence, we con-
clude that the observed fluxes were a combination of a small soil
source and a larger plant source, the former partially obscuring
the study of a trend in the specific methanol emissions from the
grass.

This conclusion does not exclude the possibility that the soil
acts as a net sink for methanol at higher soil moistures and on
a long-term basis. Although omitted from this work, mean flux
from after the grass was harvested and removed from the plot

suggested a deposition velocity of ~0.1 cm s~!

assuming an
abundance of 2 ppb methanol. Although tenuous in light of
instrumental instabilities after day 277, this result prompted
a more detailed soil trace gas exchange study using a flux
chamber over the same field in 2004, which will be reported

elsewhere.

4. Conclusions

We provide the first observations of methanol and acetaldehyde
fluxes above a grass species using the eddy covariance tech-
nique. We previously used PTR-MS in conjunction with sonic
anemometer data successfully to measure OVOC fluxes at this
site (Schade and Custer, 2004), and have provided here a more
detailed description of the necessary data handling procedures to
yield useful flux information. While significant methanol emis-
sions were recorded, very little acetaldehyde exchange was de-
tected. We estimated from our flux and mixing ratio data that
acetaldehyde may on average have been deposited to the surface
at a deposition velocity of 0.05 cm s~! with an uncertainty of
at least a factor of two. This level is at the lower end of pub-
lished results from measurements on deciduous plant species
(Rottenberger et al., 2005, and references therein) and may char-
acterize grasses and soil as rather inefficient acetaldehyde ad-
sorption surfaces.

The observed methanol emissions (~0-0.03 mgCm~2h~! in-
terquartile range) were also smaller compared to previous studies
in forested environments and this may be interpreted as a con-
firmation of the hypothesis forwarded by Galbally and Kirstine
(2002) that grasses should emit several times less methanol as
compared to, for instance, tree species because they have much
less pectin in their cell walls. Our results compare favourably
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with grassland measurements of Fukui and Doskey (1998) and
Kirstine et al. (1998) with the exception that the latter found ac-
etaldehyde emissions of a similar magnitude to methanol emis-
sions, while the former also found acetaldehyde emissions to be
ten times lower than methanol emissions. Methanol emissions
from these works are within a factor of two of our results tak-
ing temperature into account, providing further evidence that
methanol emissions of this magnitude (i.e. F3p ~ 0.1 mg C m~2
h~!) are a common feature of all grasslands. While the two previ-
ous works on grasses and the measurements over forested envi-
ronments (Schade and Goldstein, 2001; Karl et al., 2003) found
methanol emission temperature response factors smaller than
0.12, our results indicate a higher value. The discrepancy may
be reconciled based on the fact that all high temperature obser-
vations in this work were made during the grass’ rapid growth
phase. Reducing those emissions by a factor of 2 to account
for this effect, reduced the calculated B-factor to 0.12 + 0.03
bringing it into the range of previous estimates. Using this ba-
sic exponential temperature response in the simple global model
outlined by Schade and Crutzen (1999), assuming B to range
from 0.05 to 0.15 and E3g from 0.05 to 0.2 mg C m™2 h™!, we
calculated a global annual methanol emission from grasslands
of 5 & 4 Tg C yr~!, which compares satisfactorily with ear-
lier estimates (Galbally and Kirstine, 2002; Jacob et al., 2005).
This independent estimate based on our field data confirms that
grassland ecosystems exhibit lower methanol emissions as com-
pared to non-grass dominated ecosystems. Grasslands may only
contribute approximately 10% to global green plant methanol
emissions, and future methanol flux measurements should con-
centrate on the presumed pectin source and whether control of
emissions by plant stomata strongly influences measured fluxes
in various non-grass ecosystems.
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