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Abstract. Methanol exchanges over a mixed temperate for-1 Introduction
estin the Belgian Ardennes were measured for more than one
vegetation season using disjunct eddy-covariance by a maddethanol is the second most abundant organic gas in the
scanning technique and Proton Transfer Reaction Mass Spea@tmosphere after methane (Jacob et al., 2005; Singh et al.,
trometry (PTR-MS). Half-hourly methanol fluxes were mea- 2001). Its mixing ratio can easily exceed 10 ppbv above
sured in the range 0f0.6 pgnT2s 1t0 0.6 ygm2s1, and  forests during the growing season (Karl et al., 2003; Schade
net daily methanol fluxes were generally negative in summe@nd Goldstein, 2001, 2006). Methanol plays a minor but
and autumn and positive in spring. On average, the negaron-negligible role in atmospheric chemistry (Harley et al.,
tive fluxes dominated (i.e. the site behaved as a net sink), i2007; Jacob et al., 2005). It reduces atmospheric oxidation
contrast to what had been found in previous studies. capacity due to its reactions with hydroxyl radicals (OH),
An original model describing the adsorption/desorption producing formaldehyde (CHD) and hydroperoxyl radicals
of methanol in water films present in the forest ecosystem(HO>), thereby increasing the tropospheric ozone concentra-
and the methanol degradation process was developed. It&on (Tie et al., 2003). The chemical atmospheric lifetime
calibration, based on field measurements, predicted a meadf methanol is from 5 to 12 days (Atkinson, 2000; Gal-
methanol degradation rate 600.0074 uygm2s—1and a half ~ bally and Kirstine, 2002; Jacob et al., 2005; Millet et al.,
lifetime for methanol in water films of 57.4 h. Biogenic emis- 2008; Tie et al., 2003). Several modelling studies (Galbally
sions dominated the exchange only in spring, with a standar@nd Kirstine, 2002; Heikes et al., 2002; Jacob et al., 2005;
emission factor of 0.76 pgnf s, Singh et al., 2000; Stavrakou et al., 2011; Tie et al., 2003)
The great ability of the model to reproduce the long-term have focused on the global methanol budget. These studies
evolution, as well as the diurnal variation of the fluxes, sug-show that the principal methanol source in the atmosphere is
gests that the adsorption/desorption and degradation prosegetation (60-80 %) and that the major sinks are the reac-
cesses play an important role in the global methanol budgetion with OH in gas-phase (40-70 %) and dry deposition on
This result underlines the need to conduct long-term mealand (20-30%). These modelling efforts, however, remain
surements in order to accurately capture these processes anbiaracterized by huge uncertainties. Estimations of global
to better estimate methanol fluxes at the ecosystem scale. emission by plants vary between 75 (Singh et al., 2000) and
280 (Heikes et al., 2002) Tgyt and estimations of global
sinks through OH reaction and dry deposition vary between
133 (Galbally and Kirstine, 2002) and 234 (Tie et al., 2003)
Tgyr!. These uncertainties are due mainly to a lack of
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available measurements, which are typically limited in termsfootprint is a mixture of. coniferous species, mainly Dou-
of temporal and spatial resolution, leading to limited knowl- glas fir (Pseudotsuga menzie§iilirb.] Franco) about 40 m
edge about emission and deposition mechanisms. To datéjgh, Norway spruceRicea abieqL.] Karst.) about 32m
about 15 studies (see a partial review of them in Seco ehigh, Silver fir Abies albaMiller) about 32 m high; and de-
al., 2007) have measured and quantified methanol exchangegduous species, mainly beech&agus sylvatica..) about
above a variety of ecosystems (mainly forests and grassland€8 m high. A more detailed description of this site is given
using a variety of techniques (relaxed eddy accumulation andby Aubinet et al. (2001, 2002) and Laitat et al. (1999).
disjunct eddy-covariance). These studies usually cover only
a small part of the vegetation season, centred on time period8.2 Instrumentation and BVOC sampling
when biogenic emissions are thought to be important, and
are still too limited in terms of the variety of ecosystems thatAn ultrasonic anemometer (model SOLENT 1012 R2, Gill
are potential methanol emitters. Among these techniquesinstruments Ltd, Lymington, UK) was placed at the top of a
disjunct eddy-covariance is the most suitable for long-termtower at a height of 52m, and it continuously measured the
monitoring of the ecosystem exchange in real-undisturbedhree wind velocity components at a sampling frequency of
conditions (Rinne et al., 2001). It has been used in severaP0.8 Hz. Ambient air was continuously sampled close to the
methanol studies (Bamberger et al., 2010; Brunner et al.sonic anemometer through a main sampling line (PFA tub-
2007; Custer and Schade, 2007; Holst et al., 2010; Karl et al.ing: Fluortechnik-Wolf) 60 m long and 6.4 mm inner diame-
2001, 2002, 2003, 2004, 2005; Langford et al., 2010; Spirigter, with a flow rate of 9 STP| mint (Standard Pressure and
etal., 2005), but none of them (at the exception dftHaglet ~ Temperature conditions corresponded to 1013.25hPa and
al., 2011 above a temperate mountain grassland) proposed2y3.15K). The sampling line was wrapped with two heating
year-round follow-up of the exchange. In addition, although cables (20 W m?) and three thermistors were placed along
methanol dry deposition has been observed occasionally dihe line to monitor the heating. The output of the thermis-
more regularly in some studies (Custer and Schade, 2007tors showed that the line was on averagé @above ambi-
Holst et al., 2010; Karl et al., 2004, 2005; Langford et al., ent temperature. Part of this air flow (0.1 STP Iminwas
2010; Schade et al., 2010; Spirig et al., 2005), very few ofdrawn into a gas analyser through a 1.2m long heated capil-
these studies paid detailed attention to the underlying mechlary inlet line (333 K) with an inner diameter of 1 mm. The
anisms. data streams coming from the two instruments were logged
In this study, we present long-term ecosystem-scale mea@h @ single computer in order to optimise synchronization.
surements of methanol fluxes exchanged between a hetero- Measurements of relevant meteorological variables were
geneous temperate forest and the atmosphere, obtained ugerformed at a sampling frequency of 0.04 Hz and averaged
ing the disjunct eddy-covariance by mass scanning. OupVer half an hour, including total and diffuse fraction of pho-
dataset covers more than one vegetation period (winter igosynthetically active radiation: PPFD (Sunshine sensor type
not included), with a total composite coverage of 10 months.BF3, Delta-T Devices Ltd, Cambridge, UK), net radiation:
The main result of the study is that, on a long-term scale,Rnet (Q7.1, REBS, Seattle, WA, USA), air temperature and
the site behaved as a methanol sink in contrast to what haBumidity (RHT2, Delta-T Devices Ltd, Cambridge, UK) at
been found at other sites. In order to better understand height of 50 m, soil moisture content (ThetaProbe, Delta-T
these results, abiotic and biotic drivers of the methanol emisDevices Ltd, Cambridge, UK) at a depth of 20 cm, and pre-
sions/depositions were disentangled. An original model wagsipitation and atmospheric pressure (MPX4115A, Motorola,
developed in order to estimate the respective contributions té’hoenix, USA). A global Vegetation Area Index (VAI) was
the net flux of the methanol adsorption/desorption in waterdeduced from PPFD measurements above and below the
films present in the ecosystem and of methanol degradatiortanopy, as described by Aubinet et al. (2002).
Model residuals were then used to isolate biogenic emissions VOC concentrations were measured by a conventional
and to identify their driving variables. hs-PTR-MS (lonicon Analytick GmbH, Innsbruck, Austria)
equipped with a quadrupole mass spectrometer. Detailed de-
scriptions of the PTR-MS technique are given by Lindinger

2 Material and methods et al. (1998), de Gouw et al. (2007) and Ammann (2004).
The PTR-MS was operated at a drift tube pressure of 2.1 hPa,
2.1 Measurement site a drift tube temperature of 333 K and a drift voltage of 600V,

resulting in anE/N of 143 Townsend (1 Td = 107V cm?),
The experimental site is a forest ecosystem located atvhereE is the electric field andv the ambient air number
Vielsalm in the Belgian Ardennes forest (3@18.20'N, density in the flow/drift tube. The ion signals were measured
5°5953.18' E; altitude 450 m). Its topography is smoothly in a cyclic way (which produces a disjunct time series for
sloping (3 %) in a north-westerly direction. The climate is each mass) at mass to charge ratitz 21 (primary hydro-
temperate maritime. The soil is 50—100 cm deep and is clasnium ions: |-§80+), m/z 33 (protonated methanolin/z 39
sified as a dystric cambisol. The vegetation in the tower flux(water cluster ion)m/z45 (protonated acetaldehyde)/z59
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(protonated acetonein/z 69 (protonated isoprenei/z 71 the two-time series was determined. We used the filled-time
(protonated methyl vinyl ketone and methacroleim)z 81 series as proposed by Spirig et al. (2005) to determine the
(fragment of protonated monoterpenas)z87 (protonated time lag (but not to compute fluxes). This approach allowed
methylbutenol and possibly others) amdz137 (protonated an easier time lag determination and is similar to the aver-
monoterpenes). In 2016)/z47 (protonated formic acid) and aging approach proposed by Taipale et al. (2010). The mean
m/z61 (protonated acetic acid) were added. The dwell timetime lag found using this method was 14.8 s for methanol and
for each mass was 0.2s, ending in a 2s measurement cywthers BVOCs, close to 12.9 s, the theoretical value com-
cle length. During the measurements, the instrumental backputed from the flow rate and the inlet line volume. This
ground was determined every 4 h by sampling BVOC-freeexperimental mean time lag was used as the default value
air, obtained by sending ambient air through a heated catwhen we did not found a maximum in the covariance func-
alytic converter for 15 min (the last 8 min being used for tion inside the [10s, 18s] time window. Methanol fluxes
the calculation of the mean background values). The backwere computed using block average over 30 min periods,
ground measurements for/z33 (protonated methanol) may and 2-D rotation was applied. Stationarity test (Foken and
be somewhat more complicated than the background mea#ichura, 1996) was not applied in this study as in Brunner
surements for the other compounds. Indeed, the measureet al. (2007), because fluxes would hardly pass the test (more
background signal an/z33 consists of the real instrumen- than 40 % of data would have been rejected) and because this
tal background am/z33 and the oxygen isotope$Q’0T) filtering did not increase the quality of our methanol data. A
(Spirig et al. 2005). Background measurement was generfilter linked to anthropogenic influence (Sect. 2.4) and a sta-
ated from ambient air just at the bottom of the tower, which bility filter (Sect. 4.3.1) were applied. Over the course of the
can be somewhat more humid than the air from the top of thawo measurements campaigns 10 138 half-hourly fluxes for
tower, which can have a small influence on the strength of themethanol were recorded, of which 5481 passed all filtering
O; signal (n/z32) and its second isotope. Once a month of criteria.
2010, we have estimated that the error caused by this effect High frequency losses due mainly to the damping of con-
on yourm/z33 measurements was less than 3 %. centration fluctuations in the sampling line were corrected

The sensitivity of the instrument was calibrated for the experimentally following the method reported by Aubinet et
main target compounds (isoprene, sum of monoterpenesl. (2001) using a transfer function determined by a compar-
methanol, acetone and acetaldehyde) every two or three dayson of the sensible heat flux co-spectra andrtiie69 flux
using a gravimetrically prepared mixture of these gases irco-spectra. From this unique transfer function, a correction
N2 (Apel-Riemer Environmental, Denver, CO, USA) that factor was deduced which was applied to the BVOC fluxes.
contained approximately 500 ppbv isopreaepinene and  For example, for a wind speed of 3 mis(mean value of
sabinene and about 1 ppmv methanol, acetaldehyde and aceur dataset), we obtained a correction factor of 1.49. More
tone, with an accuracy of 5%. The compounds were furtherdetails on the flux computation methodology are given by
diluted (2-12 ppbv range) using a dynamic dilution system.Laffineur et al. (2011).
More details can be found in Laffineur et al. (2011).

2.4 Data filtering
2.3 Disjunct eddy-covariance
In the 230-270 wind direction sector, which was also the

The technique used to measure ecosystem BVOC fluxes ifain wind direction, methanol fluxes could be contaminated
disjunct eddy-covariance by mass scanning (Karl etal., 2002py the activities of a wood panel factory, 3km from the
Rinne et al., 2001). The fluxi{oc) is determined by the tower. Wood panel production is known to emit high lev-
covariance of the discrete function between the time series oéls of monoterpenes and methanol (Nicholson, 2003). Al-
vertical wind velocityw () and VOC concentratio@voc(t)  though not located inside the main day flux footprint, de-
over an averaging period of 30 mi): fined as the 90 % level contribution to the total flux (footprint
analyses were performed with a two-dimensional analytical
footprint software tool proposed by Neftel et al. (2008) in
line with the Kormann-Meixner footprint model, Kormann
and Meixner, 2001), this source was probably so important
with w’, C{,oc, the instantaneous deviations from the meancompared with forested ecosystem sources that it influenced
value ofw andCyoc respectivelyN the number of disjunct our measurements. Flux measurements spoiled by anthro-
PTR-MS samples (790 in 2009 and 605 in 2010 due to the adpogenic emissions were therefore rejected, using a filtering
dition of two other masses in the measurement cycle) duringriterion based on the variance of the monoterpene mixing
T andrag the lag time betweew andCvoc induced by the  ratio. Indeed, itis easier to define a threshold on the monoter-
distance between inlet and PTR-MS. The time lag was compenes variance than on the methanol variance to exclude pre-
puted for each half-hour by shifting one-time series relativecisely the data affected strongly by factory emissions (27 %
to the other until the absolute maximum covariance betweerof data 2009—2010 was rejected). Figure 1 shows the effect of

1 )
Fyoc= ~ ;w/(h’ —tlag) - Cyoc ()
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Fig. 1. The black points represent the methanol flux data (2009-
2010) deleted by the monoterpenes variance filtering. The light grey

points represent the data that succeed the test.

the monoterpenes variance filtering on the methanol mixing

ratio. The monoterpenes variance seems to be a sufficiently. i

robust criterion to exclude methanol data affected by the fact19- 2. Electrical ~analogy for methanol  adsorp-
tory. The filtering suppresses also data points outside thélon/desorptlon/degradatlon processesF; represents the net
fact.ory direction but in a small number of cases in Compari_methanol flux exchangels represents the adsorption/desorption

. . .of methanol in water films (represented by the capac@y; F»
son with the number of data point that succeed the test. Th'?epresents the methanol degradation (represented by the resistance:

procedure was described in detail by Laffineur etal. (2011). . /¢y a7, and Maa represent the methanol concentration in the
In contrast with CQ fluxes (Aubinet et al., 1999);* fil- air at the water film surface and in the atmosphere, respectively,
tering was not applied here. The methanol flux is not con-and g represents the gas-phase resistance to the methanol transfer
trolled by a continuous production process (like respirationin the surface boundary layer.
in the case of Cg that works independently of the pres-
ence or absence of turbulent transport. The dependence of
the methanol flux on turbulence (see Sect. 4.2) correspondand in the atmosphere, respectively, afd[s m~1] repre-
here to a real process (not a measurement artefact), so thaents the gas-phase resistance to the methanol transfer in the
any data filtering with a criterion based on turbulence couldsurface boundary layer. Sign convention is that a positive
lead to flux overestimation (Aubinet et al., 2012). flux is directed towards to the atmosphere and a negative
flux towards the surface. Considering that molecular diffu-
) ) sion transport is negligible compared to turbulent transport,
3 Methanol adsorption/desorption model R: might be approximated by the aerodynamic resistance of
in-canopy air space (Mihailovic et al., 2009; Pul and Jacobs,

The empirical adsorption/desorption model is represente 994) in a very straightforward way:

by the electrical analog scheme presented in Fig. 2. Net
methanol flux exchange by the ecosystem with the atmo- 1

sphere is characterized B [ug m~2s-1]. This flux consists ~ Xt= A @

of two components: the first oné%) corresponds to adsorp-

tion/desorption in water films present in the ecosystem; andvhereA is an empirical parameter amd [ms~] is the fric-

the second On%) Corresponds to methanol degradation in tion VelOCity. The aerOdynamiC resistance above the canopy
aqueous-phase' possib|y by methy|otrophic Organisms. Thigan be considered negllglble Compared with this resistance.
sink was postulated to deal with the negative methanol bud- In this model, we consider that the methanol reservoir in

get on a long-term time scale (see Sect. 4.3.2). the ecosystem is made of water films present on leaves and
The net flux with the atmosphere is written as: wet soil surfaces that can adsorp/desorp methanol. In these
1 conditions,May can be related to the total methanol content
F1= E(Maw—Maa), (1) in the water film reservoirs of the ecosysteq[fig m—2])
t by:

where Mayw [Hg m~3] and Maa [Ug m~3] represent the q
methanol concentration in the air at the water film surfaceMaw= C’ 3
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whereC [m® m~?] represents the capacity of the water films By introducing expression (9) af into (3) and then into
to store methanol as suggested by Sutton et al. (1998) in thél), we then get:

context of ammonia exchange. This constant depends on

Henry’s law constantk ;; [dimensionless (water/air partition

ratio)], and on the free water present in the ecosystem. Thegr, i=Au* i so— — Maa | - (10)
dimensionless Henry's law constant of methanol is given by K- Crot2izoPi
(Warneck, 2006): |1-exp(-2)]
_ 100QR.29815[¢1246,53124/T] 4 Finally, the complete model given by Eq. (10) depends on
H= 101325 ’ 4) four empirical parameters, t, Cgo ando.

whereR [J mol-1 K—1] is the gas constant arifl [K] rep-
resents the temperature that we have considered to be the air Results
temperature®y).

A complete description of the free water content would re-4.1  Micrometeorological and methanol flux evolutions
quire establishing a detailed ecosystem water balance, which
is not available here. We therefore approximated it by aThe seasonal evolution of air temperatufg)(photosynthet-
function of air humidity as suggested by Van Hove and ically active radiation (PPFD), water vapour pressure deficit
Adema (1996), Burkhardt and Eiden (1994) and Burkhardt(D), precipitation ), friction velocity («*), methanol ambi-
et al. (2009) and the precipitation during the preceding days€nt mixing ratio and methanol flux is shown in Fig. 3.

Dependence on air humidity (see Sect. 4.3.1) was computed Summer and autumn 2009 were characterized by high
by: temperatures (mean temperature in July-August-September

c 15.7°C) for the region, except at the end of October (€.
—R, (5) August and September were relatively dry with cumulated
[1— exp(—%)] rain close to only 50 mm. The temperature conditions during
spring 2010 were normal for the region (mean temperature
in April-May-June 10.9C), except during the first half of
May, which followed the bud break dfagus sylvaticaon 1

C=Kpy-

where D [Pa] is the water vapour pressure defiait[Pa] is

an empirical parameter an@ [m] is the component of the
capacity that depends on the precipitatigh[(nm]) of the ) )
preceding days. Without information on the leaf/soil water M@y and was colder and cloudier than average. The April-

balance from precipitationC'z was computed simply by a May-June period was, however, dry, with cumulgted rain.of
linear dependence on cumulated precipitation of the 10 pre®Nly 86 mm. Summer 2010 was also characterized by high
ceding days (480 half-hours): temperatures (mean temperature in July-August-September

15.2°C), especially between 7 and 14 July. The highest

480 (>0.8kPa) were observed mainly between the end of June
Cr :CROWLZPI" (6) and the end of July 2010. In contrast with 2009, August
i=0 2010 was very rainy, with cumulated rain of 215mm. The
whereCro is a residual capacity. annual mean temperature (cumulated rain) in the region was
Methanol degradation is described by a diffusion fl&X)(  8.5°C (939 mm) and 7.4C (896 mm) in 2009 and 2010 re-
and characterized by a resistange”: spectively.
q The atmospheric methanol concentration course in the
Fo=——, (7) spring and summer periods was similar and varied between

T

h ts a ti tant. ch teristic of th 0.8 and 8.7 ppbv (5th centile and 95th centile), with a mean
wherez [S]. represents a ime constant, charactenstc ot the¢ 5 5 ppbv. In autumn, the methanol concentration was close
methanol lifetime in the water films in the absence of adsorp

tion or desorption t02.0 ppbv. Methanol fluxes were bi-directional. The highest
Using Kirchhoﬁ.’s circuit law. we can write: deposition fluxes were observed in July 2009 and in August—
: ' September 2010 (up t00.6 ugnr2s1), while the highest
P B F _ dq 8 emissions (up to 0.6 pgm s—1) were observed during the

s=AIT =T ) second half of May 2010 and the beginning of June 2010. To
By introducing Egs. (1-3) and (7) in (8) and approximating alesser extept, emissions were obser\{ed during July—August

the equation by finite differences, we get: 2009 and during the second half of April 2010 and the end of

June 2010.

q; ZQj—l_AtI:A'u*-<%—Maa)+u:|, (9) Figure 4 shows the mean diurnal evolution of the methanol

T flux in the summer in 2009 and 2010 and in spring 2010. In

where At is the integration time, fixed in this study to one both cases, the flux was generally positive during the day

half-hour (1800 s) and index denotes successive time pe- and negative at night, but in spring the fluxes shifted towards

riod intervals. more positive values compared with summer, the net daily

www.atmos-chem-phys.net/12/577/2012/ Atmos. Chem. Phys., 12, 3598-2012
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Fig. 4. Mean diurnal evolutions of methanol flux (error bars are Fig. 5. Vapour pressure deficifY) dependence of methanol flux in
95 % confidence intervals). night (A) and day(B) conditions for July-August-September 2009.

flux being roughly twice as large in spring as in summer. As aposition. The flux increases witP», and tends towards a
result, the net daily flux was negative in summer (depositionpositive and constant value abofe=1kPa. The influence
dominates) and positive in spring (emission dominates). Foiof humidity on the methanol exchange can be seen in Fig. 3
the whole measurement period, deposition was generally leswhere deposition is systematically observed during or fol-
pronounced in the beginning of the night than at the end.  lowing precipitation.
A linear dependence between the ratiofoto My, and

4.2 Main drivers of methanol flux u* was also found (Fig. 6), only when wet conditions (

D < 0.15kPa) were selected (amthet> —20 W m2, ex-
In order to determine the main drivers of methanol fluxes, planation below). In these wet conditiordg,, can be close
their relationships with the main meteorological variablesto zero, the ratioF to Ma, thereby representing a deposi-
(radiation, air temperature, water vapour pressure deficittion velocity (see Sect. 4.3.1 and Foken et al., 2008). Similar
friction velocity, atmospheric methanol concentration) were relationships were observed for day and night. Slope (param-
tested. Only the most relevant relationships are presentedter—A in the model) and intercept coefficients were equal
here. The clearest response of methanol flux to climatic varito —0.055z 0.004 and—0.0018+0.0022ms? (0.36), re-
ables is the one to water vapour pressure deficit (Fig. 5). Atspectively, for the day and equal t60.060+ 0.002 and
low D, fluxes are mainly negative, indicating methanol de- —0.0043+ 0.0011 ms?! (R? = 0.58), respectively, for the

Atmos. Chem. Phys., 12, 57590 2012 www.atmos-chem-phys.net/12/577/2012/
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night. For the whole measurement period, the meén
was 0.4ms?, which corresponds to a deposition velocity 4.3.1 Model calibration (summer 2009)
of2.4cmsi, h

The relationship between methanol exchange and tempefrhe calibration was performed in three steps. First, for pa-
ature appeared to be complex (Fig. 7), with the most imporrameter4, the value found in Sect. 4.2 (Fig. 6) above was
tant negative fluxes being observed between 10 artC20 (etained, selecting night conditions when stomata are closed
and the most important positive fluxes between 15 arf25 (o |imit the possible effect of biogenic emissions on the pa-

rameterA. Secondx was also deduced from the results of

4.3 Bi-directional methanol flux modelling Sect. 4.2 (Fig. 5). A function of the type:

increasing air humidity, indicating that water on the leaf f(@®)=¥-
and/or soil surface plays a major role in the interaction of
methanol with leaf and/or soil surfaces. This is due to mi-was adjusted on the relationship betwedg,,u* and D
croscale liquid water films and/or droplets formed on exter-(Fig. 8), ¥ = CiR being a free parameter (corresponding to a
nal plant/soil surfaces through condensation of water vapouresidual concentration) and,y being deduced from Eq. (1)
on the leaf/soil surface or through rain or fog droplets from by using our measurement&f§, u* and F| 1 = Fmeasured-
the atmosphere. The dependence of the deposition velocityVe obtainedr = 588+ 69 Pa R? = 0.44).
on u* (Fig. 6) indicates that turbulent transport is the main  Third, the last two parameters,(Cro) were estimated
resistance driving deposition. The complex response of deby minimising the square root differences between modelled
position to air temperature could be due to the interactionand measured cumulated fluxes. This providged =0.176
between the temperature dependency of methanol solubilityn andr =82.8 h, the latter corresponding to a half lifetime
(Henry’s law) in water and of air saturation deficit. of 57.4h. IfCgo is interpreted as the minimum total height
Our observations therefore strongly suggest that methanadf water films in the ecosystem, its value may look unrealis-
fluxes could be driven by the adsorption/desorption processically high. This is probably because we use air temperature
of methanol in water films that are present in the ecosystemfor the computation of the Henry’s law constant instead of
We have used the model developed in section 3 to prove thishe temperature of the water films at the soil surface. This
hypothesis. latter temperature is not available, but is usually lower than
The model has 5 input variable®y u*, My D and P) the air temperature, leading to a systematic underestimation
and 4 site-specific parameters,(z, Cro and P). In this of Ky compensated by a high fittetko.
section, the model will first be calibrated (Sect. 4.3.1) and In the above calibration and in the subsequent validation
validated (Sect. 4.3.2) on data sets where the abiotic prophase, we rejected data with net radiation bele@d W m—2
cesses appear dominant (i.e. in summer). The model wilbecause in these atmospheric conditions (11 % of the dataset
then be used (Sect. 4.3.3) to compute the abiotic componerafter the anthropogenic filtering) the oversimplified param-
in spring. Finally, abiotic flux simulations will be combined eterisation chosen foR; in Eq. (2) underestimates the in-
with measurements in order to isolate the biogenic contri-canopy aerodynamic resistance (Pul and Jacobs, 1994). In
butions to the fluxes and these fluxes will be analysed moresummer, the comparison between measured mean diurnal
deeply. Calibration will be performed on summer 2009 dataevolution of methanol fluxes without (Fig. 4) and with
(July to September) and validation on summer 2010 data. Rpet filtering (Fig. 9a) shows that, under stable atmospheric

The methanol deposition quantities increased strongly with [ D
1—exp<——>}
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conditions, the turbulent exchange is dampened, therefore & o1
limiting the exchange. WithouRe; filtering, the model
would have predicted unrealistically strong deposition (result
not shown) during these events.

In the case of long data gaps (more than 10 days), the
model lacks information on the temporal evolution of total
methanol content in the water films. Several days are neede:  **54 ™53 2 o1 0o 01 02 0s <3 02 0100 01 02 03 04
after the measurement recovery to allow reliable modelling. RESERSS T 0eS
Such data gaps did, for instance, occur in 2010, the first one 9. 9. Mean diumal flux evolution of modelled (grey line) and
in July and the second at the beginning of August. In thes easured (black line) methanol flux for the summer 208Pand

cases, we discarded the results obtained less than 4 days af%F the summer 20107f) with Rnet> —20 W -2 (error bars are
the measurement recovery.

. A 95 % confidence intervals), temporal evolution of cumulated mea-
After calibration, the model was able to reproduce thegreq (plack line) and modelled (grey line) methanol flux for the

intra-day (Fig. 9a) as well as the long-term (Fig. 9b) flux summer 2004B) and the summer 201&), distribution of the dif-
dynamics. The frequency distribution of the differences be-ference between the measured and modelled methanol flux for the
tween measurements and simulations (Fig. 9¢) is characsummer 2009C) and the summer 201(F).

terized by a mean and a median close to zero and by a

standard deviation of 0.065pgths—1. This standard de-

viation probably originates from the random errors intro- 4.3.2 Model validation (summer 2010)

duced by the DEC method @Htnagl et al., 2010) and by ) )
the spatial distribution of sources/sinks that can affect mea©Once calibrated with the summer 2009 data, the model re-

surements, especially at low wind speed (Richardson et a|_produced faithfully the observed mean diurnal flux evolution

2006). The effect of these random errors was limited in timein Summer 2010 (Fig. 9d). Measured and modelled cumu-
by performing the model calibration on cumulated fluxes in- lated fluxes were also in good agreement (Fig. 9¢) and were
stead of using individual half-hours. The cumulated flux characterized by a linear decrease similar to that in the cali-
shows a linear decrease with time (Fig. 9b). This decreas®ration phase. In the period from 28 August to 5 September,

is due to methanol degradation that affects the Iong-termthe model first under-estimated and later over-estimated the
evolution of the modelled flux. The slope of this long- depositions. At the beginning of this period, heavy rains oc-

term evolution, representing the mean degradation methandjurred and the effect of this is probably poorly represented by
flux, is —7.42x 10-3pugni2s~1. The fluctuations of the the model throug_h Eq. (_6) ona short-t_lm_e scald () days).
cumulated flux around this linear decrease are due to adlhe frequency distribution of the deviation measurements-

sorption/desorption mechanisms that, unlike degradation, arg0del (Fig. 97) is characterized by amean and a median close
short-term effects. to zero and by a standard deviation of 0.057 g sr L.

Other divergences were observed in autumn 2009, from 15
October onwards, and also in April 2010 (data not shown),
during which the model over-estimated the deposition. One
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(grey line) methanol flux between 1 May and 15 June 2010. Fig. 11. Relation between the difference of measured/modelled

methanol flux and the air temperaty#®, relation between the dif-

. . . ference of measured/modelled methanol flux standardised’st 30
reason could be that during both these periods the deciduoug,q the PPFEB) between 15 and 27 May 2010.

trees are leafless, while the model had been parameterised
(Eq. 5) on the basis of measurements taken during the full-
leaf period. This could lead to an overestimation of the waters Discussion
film capacities during these periods.
5.1 Comparison with previous flux studies at the
4.3.3 Flux partitioning during transitional phenological ecosystem scale

phases (spring 2010)
This study reports a temperate forest behaving as a net

The model was then applied to spring (May 2010, Fig. 10).methanol sink{0.057+ 0.012 mg m7? h~1) over a 7-month
As the model computes only the abiotic contribution to the period (April 2010 to September 2010) and, given the fact
fluxes and the methanol degradation, its residuals (measurehat net emissions are not expected during winter, most
ment minus modelling) during this period should therefore probably as a sink on an annual basis. This result con-
represent the biogenic emissions. Time evolutions of theradicts most studies published on methanol exchange by
residuals and their driving variables have been investigated.forests to date (Karl et al., 2004, 2005; Schade et al.,

The model residuals during the day become increasingly2010; Spirig et al., 2005), which reported generally posi-
significant from 20 to 27 May, reaching a maximum value tive fluxes and a positive net budget during their measure-
of 0.6 ugnT2s~1. During this period, when leaves are al- ment periods. Methanol deposition was observed only oc-
most at their full development stage (see VA, Fig. 3), the casionally in these studies, with a maximum deposition up
model residuals cannot be explained by an overestimationo 0.15 pgnt2s-1 for Spirig et al. (2005) over a temperate
of the water film capacities as suggested for the divergencgorest, still four times lower than our maximum deposition.
observed in autumn. Indeed, a possible increase in foliar surfhe sole negative net budget over two measurement periods
face should instead reduce these residuals. (April-May 2008: —0.024 0.02mg nT2h~! and June—July

As the biogenic fluxes are known to respond mainly to 2008: —0.04+0.02mgnT2 h~1) was observed by Lang-
temperature (Custer and Schade, 2007; Filella et al., 2007%ord et al. (2010) above a tropical rainforest.
Folkers et al., 2008; Harley et al., 2007) and to PPFD (Brun-  One of the main reasons for these differences is probably
ner etal., 2007; Harley et al., 2007), we investigated the relathat most of these studies were conducted over short periods
tionships of the model residuals to these two variables. ThQ;orresponding with sunny weather conditions and vegetation

results' are pr.esented in'Fig. 11. _ development, during which biogenic emission dominated. If
_ Residuals increase with temperature (Fig. 11a) and can bgur study had been limited to spring, it would also have re-
fitted using an exponential relation: ported such a positive methanol net budget with occasional

_ depositions. The detection of the alternation between day
Fuvethanoi= SEFso-c -xp( - (Ta—30315) emission and night deposition and of the long-term methanol

where SEBg-c, the standard emission factor at 3D was degradation was possible only because of long-term mea-
found to be 0.76:0.11 ug nTz S_l andlg’ the temperature surements performed after the Single prOdUCtion periOd.
dependence parameter, 0£9.01°C1 (R2=0.38). MEGANv2.1, the state-of the-art empirical upscaling
On the other hand’ no obvious re|ationship (S|ope Coefﬁ_emiSSion algorithm (StaVrakOU etal., 2011), is parameterised
cient not significantly different from zergy = 0.1) between ~ Using emission factors and deposition velocities derived from

the model residuals standardized with air temperature an@ compilation of the above-mentioned ecosystem-scale stud-
PPFD was found (Fig. 11b). ies. The proposed standard emission factor for growing

leaves of northern temperate forests (0.67 pgetl) is
close to our result (0.76 pgmis™1).

In this model, dry depositions are accounted for by using
a linear dependence of the deposition velocity on the LA,
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increasing from 0 to 0.75 cnT$ when LAl increases from 0 and Polacco, 1994) and soil (Hiraishi et al., 1995). Ro-
to 6 M m—2. Our results contrast with this parameterisation. manovskaya et al. (2001) reported a natural colonization of
Our calculated average deposition velocity (2.4 cfyss 10 methylotrophic bacteria on leaves, occurring mainly via air
times higher than the mean deposition velocity observed bytransfer. The degradation of methanol could also be due to
Karl et al. (2004) above a tropical rain forest (020.14cm  the reaction of methanol in the aqueous-phase with OH radi-
s 1) and more than twice as high than the maximum ve-cals (Elliot and McCracken, 1989). This chemical reaction
locity of 1.0cm s observed by Karl et al. (2005) above a might occur in water films present on leaf and soil surfaces.
Pinus taedaplantation and than the deposition velocity of Based on our sole dataset, we were not able to identify the
1.1+ 0.9cms?! observed by Schade et al. (2010) above aprecise origin of this degradation mechanism and whether it
Fagus sylvaticdorest. However, it is worth mentioning that occurs on leaf and/or soil surfaces. Nevertheless, we found
in our study we selected only wet atmospheric conditionsa mean degradation rate ef47.42x 103 ugm2s-1 and
(and Rnet > —20 W m2) for the deposition velocity calcu- a half lifetime for methanol in water films of 57.4h. This
lation (see Sect. 4.2), whereas other studies used their wholatter value is in agreement with Howard et al. (1991) who
dataset. For comparison, we obtained a deposition velocitfound a half lifetime in a wet soil of between 1 and 7 days.
of 1.78+0.08cm s without filtering, still higher than in
previous studies. 5.2.3 Biogenic emission processes

Our study therefore questions the measured and modelled _ . . o : .
net methanol budget in forest ecosystems. The presence of ewe_ considered that b|oger_uc_em!35|ons oceur '?"a'”'y n
adsorption/desorption process of methanol in water films an pring. - Leaf methanol emission is usually considered to

of a methanol degradation process could significantly modify e wo to three times lower fc?r mature leaves than for
the methanol budget on short- and long-term scales. young leaves (Karl et al., 2003; Nemecek-Marshall et al.,
1995). It is therefore likely that, in summer, leaf emis-

sions might be negligible compared with the methanol ad-
sorption/desorption in water films. We therefore associated
biogenic emission with the model residual only for spring.

5.2.1 Adsorption/desorption process Between 20 and 27 May (Fig. 10), these residuals showed
an exponential increase with temperature (Fig. 11a), indicat-

The good agreement between our simulations and the med?9 &n enzymatic mechanism and/or destorage from an in-
surements in summer, especially the good reproduction of th&8rnal pool. This enzymatic mechanism can be attributed to
intra-day variability of the methanol exchange, suggests thathe demethylathn of pectin that occurs during the leaf/needle
methanol adsorption/desorption in water films is the mainCell wall expansion (Fall and Benson, 1996) and also to root
process controlling net methanol ecosystem exchange in th8rowth (Folkers et al., 2008), this entire methanol production
short-term. This is due to the high solubility of this com- P€ing emitted through the stomata (Galbally and Kirstine,

pound in water compared with other BVOCs (Sander, 1999).2002_)._ _In support of this hypothesis, the fitted temperature
sensitivity factor was found to be 0.#20.01°C~1, compa-

522 Degradatlon processes I‘ab|e W|th pl‘eVIOUS enC|OSUI‘e Studl¢i§:(006:|: 00030C_1
(Fagus sylvatichfor Fillela et al., 2007 ang =0.082°C~1
In addition, the observation of a negative cumulated flux on a(Picea abie} for Folkers et al., 2008) (Filella et al., 2007;
long-term scale in summer reflects the existence of methandrolkers et al., 2008; Harley et al., 2007).
degradation processes in the ecosystem. Several degradationThe attribution of biogenic emissions due to leaf/needle
mechanisms have been identified in literature. growth to a specific tree species is a difficult exercise because
The possibility of stomatal deposition during the day fol- ©f the mixed composition of the stand. In the 20-27 May
lowed by the oxidation of methanol into formaldehyde in the Period, during which the most significant emissions were ob-
leaf was reported by Gout et al. (2000). However, this pro-S€rved, footprint analysis reveals that a contribution to the
cess would imply a higher deposition velocity during the day tota! flux of 40% or more byFagus sylvatica, Pseudotsuga
than at night, because the stomata are closed at night. SindBénziesiandPicea abiesAbies albaoccurred during 50, 36
no significant difference was observed in the deposition ve-2nd 24 % of the time, respectively. Sirfeagus sylvaticavas
locity during the day or night (Fig. 6), we assume that this the main contributor during this period and since its leaves
process was negligible at our site compared with the adsorpwere still not at their full development stage at that time, we
tion/desorption mechanism in water films. attribute the main part of the growth-linked biogenic emis-
Another possibility would be consumption by methy- sion to that species, but we cannot exclude a contribution
lotrophic  bacteria, organisms that preferentially use©f PSeudotsuga menziesindPicea abiesAbies albasince
methanol as source of energy and carbon through athey also contribute to flux and are known to have their bud
enzymatic reaction (Duine and Frank, 1980). These organPréak atthe end of April and mid-May, respectively (Lebour-

isms are known to be common on leaf surfaces (Holland9€0is €t al., 2002).

5.2 Processes responsible for methanol
depositions/emissions
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The emission we observed (Fig. 10) did not coincide ex-measurements in order to obtain accurate estimates of net
actly with theFagus sylvaticdud break, which started on 1 methanol exchanges at the ecosystem level.

May 2010. This is probably because the following 15 days Different processes responsible for methanol degradation
were characterized by cold conditior’g & 9°C) which hin-  and operating at the soil or leaf level were suggested, but
dered biogenic emissions (Fig. 10). From 15 May onwards,none of them could ultimately be retained. Additional mea-
the air temperature increased and the highest residuals wemirements are needed to elucidate the precise origin of this
found. degradation.

Methanol can also be produced through litter decomposi- These results suggest that the adsorption/desorption and
tion occurring mainly in autumn (Gray et al., 2010; Warneke degradation processes play a more important role than pre-
et al., 1999). This would agree with an increase of the modeliously expected in the site methanol balance. In addition,
residuals observed in autumn, but we have already noted thdhese processes could affect other organic compounds that
our model was not designed to handle the LAI change oc-are similarly or more soluble than methanol as, for example,
curring during this period. In the absence of trustworthy the precursors to secondary organic aerosol issue from iso-
information produced by the model, it was not possible toprene oxidation, from aromatic compounds... This needs to
determine if methanol production from the litter was really be investigated for different types of ecosystems using long-
present in autumn and/or if a seasonal decrease of methantdrm (at least one season) continuous measurements. The
degradation occurred. model and the procedure presented here could be adapted for

In contrast to the enclosure study of Folkers et al. (2008)each site and each compound in order to separate the abiotic
(Fagus sylvatichand the DEC study of Brunner et al. (2007) and biogenic component of the fluxes.

(grassland), we did not observe any clear dependence of the
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