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Abstract. Up to now the limited knowledge about the ex- haviour in 2009, which was an exceptional year due to
change of volatile organic compounds (VOCs) between thehe occurrence of a severe hailstorm, compared to 2011.
biosphere and the atmosphere is one of the factors whiciMethanol was the compound which, at 381.5 mg Grand
hinders more accurate climate predictions. Complete long449.9mg C m?2, contributed most to the cumulative VOC
term flux data sets of several VOCs to quantify the annualcarbon emissions in 2009 and 2011, respectively. In contrast
exchange and validate recent VOC models are basically naio methanol emissions, however, considerable amounts of
available. In combination with long-term VOC flux mea- monoterpenes<327.3mg C m?) were deposited onto the
surements the application of gap-filling routines is inevitable mountain meadow during 2009 caused by a hailstorm. Other
in order to replace missing data and make an importanjuantified VOCs had considerably lower influences on the
step towards a better understanding of the VOC ecosystemannual patterns.
atmosphere exchange on longer timescales.
We performed VOC flux measurements above a mountain
meadow in Austria during two complete growing seasons )
(from snowmelt in spring to snow reestablishment in late au-1 ~ Introduction

tumn) and used this data set to test the performance of four
different gap-filling routines, mean diurnal variation (MDV), '€ net ecosystem carbon balance (NECB) refers to the ex-

mean glldlng window (MGW), |00k-Up tables (LUT) and lin- Change -(ﬂUXGS) of all forms of gaseous (FCQ), SO“d (FCS)
ear interpolation (LIP), in terms of their ability to replace @nd liquid (FCI) carbon (C) through the boundaries of an

missing flux data in order to obtain reliable VOC sums. Ac- €cOSystem, i.e.
cording to our findings the MDV routine was outstanding
with regard to the minimization of the gap-filling error for

both years and all quantified VOCs. The other gap-filling d he i £-ch .
routines, which performed gap-filling on 24 h average val-2N¢ €quates o the time-rate-of-change in ecosystem car-

ues, introduced considerably larger uncertainties. The erroPlor:j poolz (CZapir:j et gl., 200?1)' Gasceous cgrbon fluxes in-
which was introduced by the application of the different fill- clude carbon dioxide (C£), methane (Clj), carbon monox-

ing routines increased linearly with the number of data gaps.ide (CO) and the large group of volatile organic compounds

Although average VOC fluxes measured during the Winter_(vocs)' The exchange of solid and liquid forms of carbon

period (complete snow coverage) were close to zero, thesnglveS. .input/export. of (in)organic carp on through harvest-
were highly variable and the filling of the winter period re- ing, fertilizer application, erosion and dissolved carbon. Typ-

sulted in considerably higher uncertainties compared to thdcally, the NECB is evaluated at annugl to ‘?'ec."’?da' timescales.
application of gap-filling during the measurement period. Hoyve\(gr, component' fluxes that EXh.'blt significant temporal
The annual patterns of the overall cumulative fluxes forvanablhty at shorter timescales require much more frequent

the quantified VOCs showed a completely different be. Measurements. Gaps in these time series need to be filled be-
fore integration into the annual timescale.

NECB = FCg+ FCs+ FCl = dC /dt, (1)
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There exist a large number of different options for the im- 2 Materials and methods
putation of these gaps (also known as gap-filling) and for
COy, which is generally thought to represent the largest com- . .
ponent flux of the NECB, these have been evaluated ex-2'1 Measurement site and data acquisition
tensively (Falge et al., 2001a; Moffat et al., 2007). Other
gaseous carbon fluxes and especially fluxes of non-methan€he measurement site is located at@7 N, 11°19 E in an
VOCs tend to be neglected for the NECB for several rea-intensely managed mountain meadow in the Stubai Valley,
sons. First the exchange fluxes of VOCs as trace gases arAustria. The prevailing grass species in the flux footprint are
in terms of quantity, minor compared to the carbon dioxide graminoids and forbs. Management events of the grassland
fluxes and are therefore thought to be much less importanincluded three cuts and one fertilization (manure spreading)
for the carbon balance, although many abundant VOCs coneach year. Detailed information about the study site and the
tain 5-10 carbon atoms. Global inventories estimate the tofootprint is given by Bamberger et al. (2010); vegetation and
tal emissions of VOCs into the atmosphere at 1300 Tgyr soil at the study site have been described by Hammerle et
(Goldstein and Galbally, 2007). The majority of these emis-al. (2008) and Wohlfahrt et al. (2008).
sions are of biogenic origin (Laothawornkitkul et al., 2009). The VOC exchange between the vegetation and the at-
It is estimated that 98 % of the biogenic VOC emissions canmosphere was measured by means of a high-sensitivity pro-
be categorized in the following five compound classes: iso-ton transfer reaction mass spectrometer (PTR-MS) using the
prene (@), monoterpenes ({g) and oxygenated VOCs like virtual disjunct eddy covariance method (Karl et al., 2002).
methanol, acetone, and acetaldehyde (Lathiere et al., 2006Continuous measurements of six differenfz values of
Despite their low atmospheric concentrations (low ppb rangevolatile organic compounds, methanat (z 33), acetalde-
and less), the influence of VOCs on tropospheric ozone levhyde (n/z 45), acetoneng/z 59), isoprene and fragments
els and the production of secondary organic aerosols (Atkin-of pentenols and methylbutanals (each of the volatiles found
son, 2000; Hallquist et al., 2009) is, owing to their high atm/z 69), the sum of monoterpenes(z 137), and the hex-
reactivity, significant. Aerosols and ozone have a considerenal group belonging to the green leaf volatiles/{ 99)
able influence on the radiative forcing, but the scientific un-were performed from 19 March until 11 December during
derstanding of the effects is low compared to the effect 0f2009. Four different volatiles (methanol, acetaldehyde, ace-
the major greenhouse gases (Forster et al., 2007). Seconthne and the sum of monoterpenes) were quantified from
flux measurements of VOCs are difficult, especially as thel8 March 2011 until 12 December 2011. Operating condi-
collectivity of VOCs is estimated to comprise at least 1000tions of the PTR-MS, which was positioned in a container
(but probably many more) compounds (Goldstein and Gal-next to the meadow, were set to a drift tube voltage of 600V
bally, 2007). Therefore, studies are usually confined to a fewat a pressure of approximately 2.3 mbar (Bamberger et al.,
weeks and compounds at most and only recently have se\2011). Hansel et al. (1995) and Lindinger et al. (1998) give
eral groups started to conduct long-term flux measurementfurther details about the operating principle of the PTR-MS.
(Bamberger et al., 2010, 2011; Bouvier-Brown et al., 2012; Approximately 9 SLPM (standard liter per minute) of am-
Hortnagl et al., 2011, 2013; Laffineur et al., 2011, 2012). bient air were pumped towards the PTR-MS through a 12m
Published estimates of biogenic VOC budgets thus rely heaviong, heated (35C) Teflor tube of 3.9 mm inner diameter.
ily on modelling of the most important VOCs using sim- Mixing ratios of six/four different VOCs were measured by
ple light- and temperature-dependent algorithms (GuenthePTR-MS continuously at dwell times of 0.2 s for eagliz
et al., 1995, 1993). As of this writing, neither closed annualvalue. The set of compounds was repeatedly measured ev-
time series of measured VOC fluxes exist, nor have compreery 2.3/1.6 s in 2009/2011, respectively. Four step gas cali-
hensive comparisons of gap-filling methods for VOC fluxes brations were automatically performed every 50 h diluting a
been conducted. standard gas (Apel Riemer Inc., United States) with VOC-

The objective of the present paper is to draw upon the ex{free zero air. The zero air was generated by drawing am-
perience with the imputation of annual @@uxes and to  bient air through a home-built catalytic converter heated to
systematically compare different options for filling gaps in 350°C. VOC-free air from the catalytic converter was also
long-term VOC flux time series. To this end we used dataused to determine the instrumental background at the end
from a managed temperate mountain grassland in Austriagf every half-hourly measurement cycle. Methanol, acetalde-
where fluxes of several VOCs, including the most prominenthyde, acetone, isoprene and the sum of monoterpenes were
biogenic VOCs (acetaldehyde, acetone, isoprene, methandhcluded in the standard gas;/z 99 (Hexenal group), how-
and monoterpenes), have been measured over two vegetati@ver, was not included in the standard. The green leaf volatile
periods by means of a proton transfer reaction mass spediexenal is known to show distinct break-up patterns in the
trometer (PTR-MS). As a result of the gap-filling we provide PTR-MS (Fall et al., 1999). The sensitivity of this VOC was
annual estimates of the VOC source/sink strength and makestimated by the identification of break-up patterns and sen-
an important step towards quantifying the NECB. sitivities from a liquid calibration of (E)-2-Hexenal. The ratio

of the liquid calibrations of the green leaf alcohol and acetone
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was used to account for temporal variations in the sensitivi-values in the time series were filled with interpolated val-

ties. ues prior to further treatments. Afterwards, the data set was
The 3-D wind components and the speed of sound weresubjected to different gap-filling routines in order to replace

measured at 20Hz using a sonic anemometer (R3IA, Gillmissing data values in the series on a half-hourly or daily

Instruments, Lymington, UK) and processed on a separatscale.

PC running the EddyMeas software (O. Kolle, MPI Jena,

Germany). The synchronization of the internal clocks of the2.3.1  Gap-filling on a half-hourly basis (MDV)

VOC PC and the PC processing the sonic anemometer data_ ) o o

was done by the network time protocol (NTP, Meinberg, Ger-With the MDV (mean diurnal variation) method missing

many). The sonic anemometer was mounted at a height ofiata values were filled by calculating average diurnal cy-

2.5m above the ground and the gas inlet for the PTR-Mscles within a time window otk 8 days around the missing

was located 0.1 m below the centre of the sonic anemomete¥alue. Afterwards, the missing value was replaced by the cor-
responding value in the diurnal cycle of the desired time pe-

2.2 Flux calculation and quality control riod. The gliding time window oft 8 days around the miss-
ing value was chosen long enough to include a representative

Fluxes of VOCs were calculated from turbulent departures@mount of data points for the averaging in order to reduce
of the vertical wind and the simultaneously measured VOcthe random flux uncertainty, but short enough to respond to
mixing ratios using the virtual disjunct eddy covariance Séasonal changes. Data gaps exceeding 75 % or more of the
method (Karl et al., 2002). In order to align the axes of the MDV time window were observed only for one compound
coordinate system to the mean streamlines of the wind a 3-[#t the end of the measurement period when the meadow was
coordinate rotation was performed according to Kaimal andcovered by snowr/z 69). The advantage of this gap-filling
Finnigan (1994). The lag time for each VOC was estimategmethod is the retention of the high time resolution of the orig-
by looking for the maximum or minimum correlation coef- inal data series and the ability to capture the average diurnal
ficient between the vertical wind speed and the correspondflux pattern.

ing VOC concentration within a time window daf 50 s and - .

£ 205in 2009 and 2011, respectively. Methanol was the only?-3-2  Gap-filling of daily averages

compound for which a constant lag time of 1.5s could beFor most purposes it is easier, faster, and cost-effective (in
found throughout the vegetation period in both years. There- purp ' '

. . . o terms of computing power) to have long-term data sets with a
fore, if the maximum correlation between a specific com- . h )
. . . ower time resolution. For purposes where daily patterns are
pound and the corresponding vertical wind speed was no

found within 3 s of the previously determined methanol lag, hot required, gap-fllllng routines working on diurnal average
the time shift was set to the peak of the frequenc distributionvalues are of interest.
P g Y Daily average VOC fluxes were calculated from the half-

of the corresponding methanol lag times. The flux calculation .
A ) i hourly values for each measurement day with a data coverage
procedure is given in more detail in Bamberger et al. (2010). : : o
exceeding 85 %. Days with 8 or more missing values (data

Positive flux values describe the transport from the ecosys- . L
. ) . .~ coverage below 85 %) were rejected and treated as missing
tem to the atmosphere (emissions); correspondingly negative

flux values describe deposition. values for the following gap-filling routines.
Flux data were rejected when (i) the third rotation angle Gap-filling by interpolated values (LIP)
exceededt10° (McMillen, 1988), (ii) the flux stationarity

test or the deviation of the integral similarity characteris- Missing values in the daily averages of the measurement data
tics was above 60 % (Foken and Wichura, 1996) and (iii) theyere filled by linear interpolation (LIP) between adjacent

maximum of the footprint function (Hsieh et al., 2000) was gays with available measurement values. Gaps at the begin-
outside the site boundaries (Novick et al., 2004). In addition,ning or end of the measurement period, when a linear inter-

high background values or a significant change in consecuperpolation.

tive background values were removed prior to the flux cal-
culation (Bamberger et al., 2010). During 2011 half-hourly Gap-filling by look-up tables (LUT)
periods with instrumental spikes originating from problems

with a secondary electron multiplier were also rejected. In order to create look-up tables, days were divided into
combined categories of average temperature (5 classes
2.3 Gap-filling procedures selected in order to guarantee equally balanced number

of measurement days in every class3°C, 3-9, 9-11.5,
Half-hourly VOC flux values passing the quality control were 11.5-15 andg- 15°C), photosynthetic active radiation (PAR)
retained, whereas flux values that did not pass were terme@low < 300 pmol nT2 s~1/high> 300 pmol nT2s™1),
missing values. Data gaps with two or less hours of missingprecipitation (yes/no) and green area index (GAl)

www.biogeosciences.net/11/2429/2014/ Biogeosciences, 11, 24222014
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(low < 3.5mf m~2/high>3.5m"m=2). Days with snow 2.4 Error analysis

coverage at the beginning or end of the measurement period

were grouped separately, independent of other conditiong-or the error analysis of the different gap-filling procedures
Average VOC fluxes were calculated for each categorythe original data set (with data gaps) was used as the refer-
and missing values in VOC flux time series were replacedence. Short-term peaks in the fluxes, caused by cutting and
by these averages for the respective category in the looksubsequent drying of the grass or fertilization (Brilli et al.,
up table (LUT). The size of the combined temperature,2012; Ruuskanen et al., 2011), were additionally removed
PAR, precipitation and GAI ranges was chosen in orderfrom the data set. In order to fill the missing values in the
to guarantee at least six to eight measurement days withisample time series for the different VOCs we extracted ran-
each category. In cases where the number of measuremedbm days using bootstrapping within a time windowde#0
days in a special group was low and the gap-filling wasdays around the data gap and used the corresponding flux
not successful (category without valid VOC flux averages),value to fill the data gap. In case the bootstrapped day was
categories were extended stepwise (merging of neighbouringlso a day with missing flux data the procedure was repeated
categories with poor occupation) until a group average wasintil a day with a valid flux value was found. On a half-

found in order to guarantee a successful imputation. hourly scale the bootstrapping was performed in the same
way with respect to the time of day. The resulting (gap-free)

Gap-filling by mean values within a gliding time series was used as a reference time series for the esti-

window (MGW) mation of errors due to the gap-filling. Gaps were simulated

by removing data from the reference time series at random
With this method missing daily values were replaced by theplaces (preserving the size and composition of the original
running average of-8 days centered on the day of the gap. data gaps) and the resulting intermittent data series (with arti-
The size of the time window reflects a compromise betweerficial gaps) was patched by the four gap-filling routines men-
the opposing requirements for a robust database and as fetioned above.
seasonal changes as possible. We also tested time windows This procedure was repeated 500 times, leading to 500 dif-
of different sizes (e.g+16 days andt:30 days), but the ef-  ferent reference and gap-filled time series. For each of the
fect of the window size on annual cumulative fluxes and the500 samples, cumulative fluxes for both the reference and
associated gap-filling errors was, with the exception of thegap-filled time series were calculated. The difference be-
monoterpenes, negligible. Data gaps during the first and lasween the cumulative fluxes of reference and the gap-filled
eight days of the measurement period were filled, averagingime series was calculated for each of the 500 steps and re-
a fixed time window covering the first/last 17 days of mea- flects the error introduced by the gap-filling. Three metrics

surements, respectively. were calculated to quantify this error: (1) the mean error, re-
flecting any systematic bias; (2) the root mean square error;
2.3.3 Gap-filling winter period and (3) the maximum error.

For the winter period the error regarding the gap-filling
During the winter period, when the meadow was covered bywas estimated separately using an error propagation of the
snow, the VOC measurements were stopped and the data sefandard deviation/75 % percentiles of the available snow
thus included only 20/5 days of measurements out of 116/10@ata accounting for the gap-filled period. In addition, max-
days with snow cover during 2009/2011, respectively. In or-imal errors, which are hypothetically introduced by gap-
der to get a complete annual time series, imputation of thdilling of the winter data, were calculated by filling data gaps
winter data was essential, but none of the methods describeduring snow cover with maximal/minimal values measured
above was well suited for these sparse data. Therefore wen days with snow cover.
treated the winter period separately. For the gap-filling of the
winter period we used available VOC-flux data during days
with full snow cover in 2009 and 2011 and evaluated possible3 Results and discussion
flux values for the corresponding winter periods by calculat-
ing (a) average values/average diurnal cycles and (b) mediaB.1 VOC flux data
values/median diurnal cycles of the available days with snow
cover during 2009 and 2011, respectively. These values wer€luxes of six differentn/z values corresponding to spe-
used to fill each winter day/half hour without correspond- cific VOCs —m/z 33 (methanol);n/z 45 (acetaldehyde),
ing measurements and to calculate the estimates for cumulan/z 59 (acetone/propanal)z/z 99 (e.g. hexenals)n/z
tive wintertime fluxes, accordingly. A third approach, lead- 137 (sum of monoterpenes, MTs), angz 69 represent-
ing to zero winter time fluxes, would be the padding of snow ing isoprene and especially during management actions frag-
cover days with zeros, assuming that there is no exchange ahents of methylbutanals and pentenols (Fall et al., 2001;
volatiles between the meadow and the atmosphere when thi€arl et al., 2001) were measured above the mountain grass-
vegetation is covered by snow. land during the time period from 18 March 2009 until

Biogeosciences, 11, 2429442 2014 www.biogeosciences.net/11/2429/2014/
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Fig. 1. Time series of daily averages of photosynthetically active radiation (PAR), air temperature (Tair), the green area index (GAIl) and
VOC fluxes for the years 2009 (left column) and 2011 (centre column) and average diurnal cycles for the same variables and a selected time
period (18 July—1 August) in the summers of 2009 and 2011 (right column). The winter period (cyan), data gaps (red) and data cover (yellow)
for the different VOCs are earmarked as horizontal bars at the bottom of each time series.

11 December 2009, including 20 days with snow cover. Dur-monoterpenes) as a consequence of fewer, but longer lasting
ing the 267 days of half-hourly flux measurements data gapslata gaps.
accumulated to a total of 11.1, 11.3, 11.6, 11.2, 11.7 and Figure 1 gives an overview of the environmental condi-
16.7% form/z 33,m/z 45,m/z 59,m/z 99,m/z 137 and  tions, plant canopy development and the measured fluxes
m/z 69, respectively. During 2011 only fluxes of methanol, of volatiles above the grassland site during the years 2009
acetaldehyde, acetone and monoterpenes were quantified fand 2011. Methanol fluxes exhibited a clear diurnal cycle
the time period between 17 March 2011 and 12 Decembethroughout the whole growing season, reaching peak val-
2011, including only 5 days of snow cover. The percentageues up to 9.2 nmol m? s~1 during midday and close to zero
of data gaps on a half-hourly scale was quite comparable tdluxes during night-time in the absence of sunlight (Hortnagl
the year 2009, at 11.2 % (methanol), 10.9 % (acetaldehyde)t al., 2011). In contrast to 2011, monoterpene fluxes in 2009
10.9 % (acetone) and 11.2 % (monoterpenes). showed a strong tendency towards deposition (negative val-
Due to the restriction regarding the calculation of diurnal ues) — a consequence of a severe hailstorm in June 2009. The
averages (see above), the procedures applied on a daily scdiailstorm induced high ambient concentrations of monoter-
tended to reject on average 6 and 3 % more data compared fgenes probably caused by elevated terpene emissions from
the gap-filling procedure on a half-hourly scale for the yearsdamaged coniferous trees which grow outside of the flux
2009 and 2011, respectively. Consequently, on a daily scaléootprint on the valley slopes (Bamberger et al., 2011). The
17.2% (n/z 33),18.3% f1/z 45), 18.3% £1/z 59), 17.2%  substantial increase in monoterpene emissions from conifer-
(m/z99),17.2% /2 137) and 22.8 % /z 69) of the data  ous trees as a consequence of a hailstorm was verified in a
were treated as missing values in 2009. The number of reseparate study (Kaser et al., 2013). Compounds other than
jected data for the daily scale flux calculation were reducedmethanol or monoterpenes showed considerably lower, fre-
in 2011, when the data gaps accounted only for 14.8, 12.6quently close-to-zero fluxes without clear diurnal patterns
14.4 and 14.1 % (for methanol, acetaldehyde, acetone, andnder regular growing conditions. During cutting and fertil-
ization of the meadow VOC emissions showed considerably

www.biogeosciences.net/11/2429/2014/ Biogeosciences, 11, 24222014
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Table 1. Overall cumulative flux (averaged over all methods), mean error (systematic deviation in a positive or negative direction), root
mean square error and maximal error (maximal deviation from reference) calculated for the four different gap-filling routines (mean diurnal

variation, look-up tables, mean gliding window, linear interpolation) which were applied to the measured VOC data series for the years 2009
and 2011 (cutting times were previously excluded for the error simulation)

Error gap-filling m/z33 m/z45 m/z59 m/z99 m/z137 m/z69 VOC
2009  Cumulative flux (mg C m?) 385.7 8.2 127 242 -320.7 143  98.9
Mean error (mngz) MDV 0.1 0.0 0.1 0.0 1.8 -01 -19
LUT 0.2 0.0 0.0 0.0 -0.3 -01 -0.2
MGW -0.1 0.2 0.3 0.1 -18 -01 -14
LIP 12 0.0 0.0 -0.2 -1.0 -03 -03
Root mean square error (mg Cl%) MDV 3.3 0.9 1.2 0.9 16.5 1.2 24.0
LUT 7.6 25 2.9 1.8 39.6 21 56.5
MGW 8.0 2.0 2.7 1.6 33.7 1.7 497
LIP 8.6 2.6 3.4 2.2 40.8 22 598
Maximum error (mg C m?2) MDV 9.0 2.6 3.2 23 82.5 3.3 1029
LUT 19.8 7.0 9.3 5.9 121.6 7.2 170.8
MGW 29.7 6.4 8.2 5.5 105.3 7.4 1625
LIP 43.2 11.3 11.7 7.1 252.8 8.1 334.2
2011  Cumulative flux (mg C m?) 450.0 14.2 3.4 - 9.3 — 476.8
Mean error (mngz) MDV 0.3 0.0 0.1 - 0.0 - 0.4
LUT 0.0 -0.1 0.0 - 0.1 - 0.0
MGW 0.4 0.0 0.0 - 0.4 - 0.8
LIP 0.3 0.0 0.0 - -0.2 - 0.1
Root mean square error (mg Cl%) MDV 6.3 2.1 1.6 - 3.3 - 13.3
LUT 11.3 21 2.6 - 5.1 - 211
MGW 11.0 23 2.6 - 5.2 - 211
LIP 13.1 3.3 4.3 - 7.8 - 285
Maximum error (mg C m?2) MDV 23.3 6.8 4.6 - 12.4 - 471
LUT 39.0 5.8 9.4 - 14.0 - 68.2
MGW 40.6 8.2 14.5 - 18.7 - 820
LIP 56.7 12.7 23.9 - 28.9 - 1222

higher peak values than during undisturbed conditions (Brillitween 447.5mgC m? and 453.6 mgC m? in 2011. The
et al., 2012; Ruuskanen et al., 2011), especially evident fovariation between these values was only 6.6 and 1.4% of
compounds which normally exhibit less prominent emissionthe methanol average (over all methods) cumulative carbon

patterns (compare Fig. 1). flux for 2009 and 2011, respectively. Cumulative fluxes for
sum of monoterpenes, for example, at 9.1% (of the total
3.2 Gap-filling and error assessment MT fluxes), showed a higher variability-329.3 mg C nm?

to —300.0mg C m?) for the different gap-filling methods
in 2009. Fluxes of the other compounds were consider-
ably lower compared to methanol and monoterpenes (only

) ) _ _ in 2009) and their contribution to the variability of over-
Cumulative carbon fluxes of the gap-filled time series wereg) voc cumulative fluxes was less important. Wintertime

calculated based on the four different methods and the s&jyes, which are shown separately in Fig. 2, are included in
of different VOCs. A comparison between the cumulative these numbers, but they were generally low and had a minor
fluxes of different VOCs, received as a result of the appli-jnfluence on the yearly values (compare Fig. 2).

cation of different gap-filling methods, showed that all meth-

ods yielded similar cumulative carbon fluxes for all VOCs 3.2.2 Errors due to gap-filling

in 2009 and 2011 (Fig. 2). The lowest variability between

the cumulative carbon fluxes, received by the application ofTable 1 shows the errors introduced by the gap-filling us-
different gap-filling methods to the VOC raw data, was ob- ing the four different filling methods. Regarding the perfor-
served for methanol. Depending on the gap-filling methodmance of the individual filling methods, the MDV method
which was applied, cumulative methanol fluxes ranged bevielded clearly the most accurate results for both years and
tween 376.0mg C ¥ and 401.5 mg C m? in 2009, and be-  all investigated VOCs. The performance of the LUT and the

3.2.1 Variation of VOC budgets received with different
gap-filling routines
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Fig. 2. Bar graph of the cumulative carbon fluxes of the different VOCs (methanol (dark blue), acetaldehyde (blue), acetone [cyan),

99 (yellow), monoterpenes (red) and'z 69 (brown)) obtained by application of the four different gap-filling methods (MDV, MGW, LUT,

LIP) for the years 2009 and 2011. The cumulative fluxes for the winter period calculated after gap-filling the complete number of missing
winter measurement days on a half-hourly basis using median diurnal cycles (WP MDV) and on a daily basis using median daily values (WP
daily), which were obtained from the measurements during days with snow cover (2009 and 2011), are shown as additional information.

MGW methods was quite similar compared to each other,105mg C nT2, lowest for the MDV and MGW methods. In
with a small advantage of the LUT over the MGW in 2009 for contrast, the gap-filling by linear interpolation introduced er-
methanol, but a disadvantage for all other measured volatilesors up to 253 mg C m?. However, events which cause flux
and an overall performance which was better for the MGW patterns and gap-filling errors comparable to the monoter-
routine. In 2011 the overall performance for both routinespene deposition behaviour in 2009 are certainly an excep-
was quite balanced. The linear interpolation resulted in thetional case.

highest root mean square errors and maximum errors over- Although the percentage of missing datain 2011 was equal
all and for each single VOC separately. As a compound withto or, on a daily timescale, even lower than during 2009, the
a clear diurnal cycle the cumulative sum of methanol wascomposition of gaps was different, with a tendency towards
captured with a root mean square error of 0.9/1.4% and alata gaps spanning several days in 2011. The lower errors for
maximum error of 2.3/5.2 % (with respect to the cumulative the individual VOCs in 2009 show that the filling of several
methanol flux) using the best gap-filling routine for the yearsshorter gaps (with a larger number of measurements in be-
2009 and 2011, respectively. The other filling routines intro- tween) introduces considerably lower errors than the filling
duced root mean square errors of around 2 % for 2009 anaf the same percentage of longer gaps.

between 2.4 and 2.9 % for 2011. Monoterpene cumulative However, the influence of the monoterpene deposition in
carbon fluxes resulted in a similar absolute cumulative flux2009 did result in a considerably lower net VOC carbon
compared to methanol, but were quantified with consider-emission in 2009 compared to 2011. As a consequence, both
ably higher root mean square errors (best method 5.1 % anthe absolute and relative error for the sum of the VOCs,
other methods between 10.5 and 12.7 %, and maximum emwhich was introduced by the gap-filling, was lower in 2011
rors between 25.7 and 78.8 %). This was due to the fact thafroot mean square errors between 2.8 and 6.0 %) compared
the monoterpene deposition fluxes showed a rapidly changto 2009 (24.2—60.7 %).

ing behaviour with partially high deposition fluxes (close to  Results further showed that accounting for diurnal cycles
the hail-event), which were independent of any meteorolog-during gap-filling reduced the uncertainties which were in-
ical parameters and did not follow a regular daily patterntroduced by the data padding considerably. This was even
(Bamberger et al., 2011). The maximum errors represent thérue for VOCs, which showed no distinct diurnal course
worst case of the concentration of data gaps around the datdaroughout the year. This is most likely due to the vari-
of the hailstorm and are, with errors of 83mgCfmand  able position and limited size of the time window used
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Table 2. Example of how mean, root mean square and maximal errors introduced by the application of the four gap-filling routines change if
management events on the meadow were included for the error simulation in 2009.

Error if gaps during cutting are filled m/z33 m/z45 m/z59 m/z99 m/z137 m/z69 VOC
2009 Mean error (mgCﬁ?) MDV 4.3 -0.1 -0.3 0.0 —6.6 0.2 -25
LUT 25 -11 1.6 -0.4 10.0 -0.6 12.0
MGW -0.7 0.1 0.1 0.1 -0.3 03 -05
LIP -0.1 0.2 -0.1 0.4 -0.8 -01 -05
Root mean square error (mg C® MDV 11.7 2.6 1.6 4.6 17.1 3.0 40.6
LUT 34.0 9.6 5.4 145 56.9 6.5 126.9
MGW 24.0 6.1 3.2 9.4 331 4.8 80.6
LIP 26.2 6.3 3.6 11.7 42.8 5.3 95.9
Maximum error (mg C rm2) MDV 39.7 11.3 6.3 20.3 71.3 151 164.0
LUT 175.4 55.0 22.7 86.8 294.5 48.6 683.0
MGW 88.0 23.0 9.7 26.2 116.4 204 2837
LIP 123.4 27.3 11.7 78.3 260.7 235 5249

for averaging. With these restrictions it was still possible to errors from the look-up-table routine increased considerably
reconstruct diurnal patterns, which were only present for anore (compared to the example without data gaps during
certain time frame, quite well. The performance of gap-filling management actions) than for other gap-filling routines, es-
on a daily scale was clearly inferior. Integrating look-up ta- pecially for monoterpenes and acetone. The results of Table 2
bles which calculate fluxes according to ambient conditionssuggest that gap-filling for cutting days should be performed
and growing state of the vegetation did not show a clear adwith special care. The filling of those gaps would probably
vantage for all VOCs over usual gliding window averaging introduce lower uncertainties if the missing data replacement
and even a clear disadvantage in the case of rapidly changwould rely on information from previous cuts at the same
ing flux patterns (e.g. for monoterpene deposition in 2009).measurement site.
While during 2009 we saw slightly lower errors with the ap-
plication of the LUT routine (compared to other daily meth- 3.2.4 Gap-filling for the winter period
ods) for methanol, which is known to correlate with photo-
Synthetica”y active radiation and temperature at this meaThe previous paragraphs as well as Table 1 and Table 2 de-
surement site (Hortnagl et al., 2011), this was not visible forscribe the errors which were introduced by gap_f”“ng of
the overall VOC balance or for cumulative methanol ﬂUXESVa|ueS during the growing period of the Vegetation‘ Winter
in2011. fluxes over the grassland were considered to be negligible
a priori because the vegetation is usually covered by snow.
3.2.3 Effect of gap-filling during management events Therefore measurements were conducted mainly during the
snow-free time of the year, covering only some days of com-
The time series of measurements exhibited no extendeglete snow cover (20 days in the year 2009 and only five
(> 2 h) data gaps during management actions of the grasslandlays during 2011). There is a considerably higher amount
(cutting and fertilization); however, these periods were ex-of winter days without measurement data and none of the
cluded from the gap-filling simulation for Table 1. The effect previously applied gap-filling routines seemed to be suitable
of gap-filling during such management events, which haveas a gap-filling routine for the winter data. Therefore we
a large influence on the magnitude and multitude of emit-applied different filling routines for the winter data, which
ted VOCs (Brilli et al., 2012; Ruuskanen et al., 2011; Hort- were based on the available days with snow cover in the
nagl et al., 2013), was therefore simulated for the year 200inter period as described in Sect. 2.3.3. Due to the low
as an example and is presented in Table 2. In this case, th@mount of measurement days with snow cover in 2011 the
root mean square errors increased approximately by a factdilling during this year was performed using the mean/median
of three for methanol, acetaldehyde, andz 69, volatiles  values for the complete data series available during snow
which are highly influenced by cutting, and even by a fac- measurements (including 2009 and 2011 winter data). Com-
tor of five for the hexenal groupdEi100 (measured om/z pared to the year 2011, in 2009 two additional VOCs were
99), which is one characteristic compound class for cutting.quantified and the number of measurements during snow
Root mean square errors for monoterpenesmafd59 (ten-  cover was higher. Therefore we used only the mean/median
tatively assigned to acetone), both compounds, which are lessinter measurements of 2009 for the padding of the win-
sensitive to cutting events, remained almost unchanged oter period of 2009. Table 3 shows the results for the calcu-
showed only a small increase. Generally, root mean squartated wintertime cumulative fluxes (after gap-filling the days
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Table 3. Cumulative VOC fluxes for the winter period not covered by measurements (96 days in 2009 and 95 days in 2011) including cor-
responding errors calculated on a diurnal/half-hourly basis for the years 2009 and 2011. The winter fluxes were gap-filled using mean/mean
diurnal cycles and median/median diurnal cycles (calculated from measurements during snow-lying days). In addition the estimated values
for the maximum and minimum cumulative fluxes for the winter data are stated.

Cumulative winter flux estimates m/z33 m/z45 m/z59 m/z99 m/z137 m/z69 VOC
including possible errors

2009 Mean cum. flux 30 min 57 -39 -8.6 -1.0 5.3 -2.8 -5.7

(96 days) (mgC m2) Daily 6.4 -3.4 —6.6 -0.1 13.4 -2.0 7.7
Error mean cum. flux 30min 108.6 104.5 1125 113.4 248.7 37.2 760.6
(mng—z) Daily 16.4 23.9 31.9 16.1 55.5 9.3 158.1
Median cum. flux 30min 6.3 -1.1 -0.4 —6.4 —-4.6 —-1.4 -9.6
(mng‘Z) Daily 2.8 0.7 1.6 -5.7 0.3 -1.0 -3.1
75th percentile cum. flux 30 min 33.9 26.5 34.7 46.9 96.3 19.2 272.4
(mng*Z) Daily 12.0 3.4 4.8 7.8 15.4 7.0 52.9
Maximum cum. flux 30 min 244.5 214.9 206.4 288.5 540.9 49.0 1635.2
(mgC m2) daily 52.7 56.0 58.2 46.4 231.0 10.5 469.5
Minimum cum. flux 30min -255.8 -287.7 -293.8 -208.8 -501.4 -57.7 -1671.3
(mng—Z) Daily —-346 —-90.8 -145.0 —-42.0 -73.6 —-21.6 —4209

2011 Mean cum. flux 30 min 96 -19 -3.8 - 6.8 - 10.7

(95 days) (mgCm?) Daily 108 -06  -1.2 - 145 - 235
Error mean cum. flux 30min 88.8 79.5 85.1 - 193.1 - 446.4
(mng—z) Daily 23.2 27.0 37.2 - 68.8 - 156.2
Median cum. flux 30 min 7.7 -—1.1 0.4 - —-3.6 - 34
(mng‘z) Daily 6.2 1.8 4.4 - 1.9 - 14.3
75th percentile cum. flux 30 min 28.0 215 25.5 - 73.5 - 148.6
(mng—Z) Daily 24.8 3.3 8.1 - 18.2 - 54.5
Maximum cum. flux 30min 339.8 302.9 273.3 - 777.4 - 1693.3
(mgCnr?) Daily 51.6 54.9 57.0 - 226.3 - 389.8
Minimum cum. flux 30min -354.0 -3735 -367.8 - —6534 - —-1748.7
(mng‘z) Daily —-33.9 —-89.0 -142.0 - -72.1 - =337.0

without measurements) and corresponding errors based omevealed as well that there is a considerable variability in the
two different approaches for the half-hourly and daily val- data, which makes an exact quantification of the wintertime
ues: first the filling of daily values by average daily fluxes fluxes difficult. Therefore the trend should go towards VOC
and the filling of half hourly fluxes by average diurnal pat- measurements covering the complete annual cycle in order to
terns measured within the snow period and second the fillingconstrain uncertainties during wintertime.

of daily fluxes by median daily fluxes and half hourly fluxes

by mediar_l diumal cycles m_easured within the snow period.3 3 Effects of gap percentage

Derived wintertime cumulative fluxes are generally low com-
pared to seasonal fluxes, but the errors which are possibl
introduced by a filling of the whole winter period are much
higher compared to the errors introduced by a filling of data

)f'he error which is possibly introduced by a gap-filling of a
given amount of data gaps in a data series was extensively
gaps during the growing season. disgussed in Sect. 3.2. T.his section deals with the effect Qf
Up to now little has been known about VOC fluxes during an increase/a decrgase in data gaps on the_ error regarding
wintertime and most VOC flux measurements are conductei:he annual cumulative carbon sum for the different VOCs.
during short-term campaigns from several weeks up to som \gure 3_shows the change of the rqot mean square error
months during the vegetation period (Brunner et al., 2007;WIth varying data gap percentages (with r_espect 0 thg 'FOtaI
Karl et al., 2003, 2004). Longer campaigns are rare and usur)umber of measurements) for the four_@fferent gap-filling
ally measurements over multiple years are interrupted durin ethods (upper paf‘e's)- For each gqp-ﬁlhng methOd the root
ean square error increased approximately linearly, with the

he wi i (B l., 2011; Bouvier- . .
the winter period as well (Bamberger et al., 2011; Bouvier percentage of data gaps exhibiting different slopes for differ-

Brown et al., 2012; Hortnagl et al., 2011; Laffineur et al., . o

2012). Although our winter data estimates suggested VOCent VOCs and dlff_erent filing methods. The growth of the

fluxes to be very low compared to the growing period thesg'€an error (blue line), root mean square error (grey bar re-
' stricted by red lines), and maximal errors (grey lines) with an
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Fig. 3.Increase in root mean square errors introduced by gap-filling using the four different methods with an increasing number of gaps in the
data series of quantified VOC fluxes (upper panels). Complete error statistics including mean error (blue horizontal line), ranges of root mean
square errors (grey bars limited by red horizontal lines) and maximal (grey horizontal lines) errors for methyan@8), monoterpenes

(m/z 137), GH100 (m/z 99) and the sum of other quantified VOCs (lower panels). All figures are exemplarily shown for the year 2009 only.
The percentages in the lower panels refer to the total percentage of artificially introduced and filled data gaps used for the error simulation.

increasing number of data gaps for the single VOCs is showrior our look-up tables, we observed the mean diurnal varia-
compressed in the lower panels of Fig. 3. Independent of théion method to be more successful in filling the data gaps and
percentage of data gaps, the mean diurnal variation methotimit uncertainties even for VOCs which did not show a clear
(MDV) introduces the lowest errors for all VOCs. diurnal cycle. According to Fig. 3 this was not only due to the
It has become common to measure vegetation fluxes ofeduced number of data gaps in the half-hourly data set (due
CO, and HO continuously across an extended network to the rejection of days with an insufficient data cover for the
of measurement stations all over the world (FLUXNET). daily average methods). Even at a slightly higher percentage
Consequently the utilization of gap-filling routines to re- of data gaps compared to the daily methods, the mean di-
place missing values is quite common and several tools havarnal cycle method showed clearly the lowest errors for all
been tested with regard to their performance above differiVOCs. Generally this method makes use of the full range of
ent ecosystems (Falge et al., 2001a, b; Moffat et al., 2007information saved in the diurnal patterns for missing data re-
Reichstein et al., 2005). Recently, the performance of gapplacement in VOC time series, which is most probably the
filling routines was also tested for other greenhouse gas fluxeason for its outstanding performance.
data like nitrous oxide (BD) (Mishurov and Kiely, 2011)
or methane (Chj (Dengel et al., 2013). Due to the diver- 34  Annual VOC budget
sity of driving factors for the fluxes of different VOCs (Brilli

e_t al., 2012; Ruuslfanen et aI.: 2011), it was d|ﬁ|cglt “? de'Given the superior performance of the MDV method in the
vise a meth_od which was Va“_d f_or all VOCs, which lim- error analysis and the fact that the three best methods pro-
ited the choice of m_ethods. A similar problem was observedy, ceq relatively similar results for the actual data set (Fig. 2),
by Mishurov and Kiely (2011) for BO fluxes. Mishurov the MDV method was chosen for gap-filling the actual 2009

and IKier |(201t) c%nsidered a IOOk'fUFI)'tablﬁ gp'p&rlohach ﬁn %nd 2011 data sets. The wintertime fluxes were estimated by
yearly scale to be the most successful method. Althoug W(?illing the missing days in the winter period with median

used parameters (PAR, temperature) which were observed Siurnal cycles (which are less susceptible to outliers than

have a large influence on methanol (Hortnagl et al., 2011)mean values), as calculated from the measurements during
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Fig. 4. Time series of the total VOC cumulative carbon flux (upper panels) and the monthly cumulative carbon (C) fluxes (lower panels)
for methanol (dark blue), acetaldehyde (blue), acetone (cyan), hexgHahO (yellow), monoterpenes (red), angidg (bordeaux) for the
years 2009 (left panels) and 2011 (right panels).

days with snow cover. Cumulative VOC carbon fluxes for the cutting months), we observed acetone deposition fluxes of
complete years 2009 and 2011 and the monthly contribution-9.8 mg C n72 in May 2009 and to a lesser degree also in
of every VOC to the complete cumulative budget are shownJune and November. Acetaldehyde deposition fluxes were
in Fig. 4. highest in May 2009, at-7.4 mg C nT2, but were also ob-
The two main components contributing to the to- served in April and November 2009. Acetaldehyde fluxes
tal VOC carbon flux of 81.0mgCnf in 2009 were were highly variable, however, and showed periods of emis-
methanol (381.5mgCnf) and the sum of monoterpenes sion as well as periods of uptake (Hértnagl et al., 2013).
(—327.3mg C m?). Fluxes of acetaldehyde (5.5 mg CA), During the year 2011 cumulative fluxes behaved differ-
acetone {£12.4mgCnr?), the green leaf volatile hexe- ently, especially with regard to the contribution of single
nal measured ain/z 99 (21.9mgCm?) and anm/z compounds to the overall VOC balance, which resulted in
69 fragment of methylbutanals, pentenols and isoprenemissions of 464 mg C nf into the atmosphere (Fig. 3). The
(11.8mgCnr?) were less prominent and their joint con- monoterpenes, which were one of the major drivers in 2009
tribution to the budget was less than 10 % of the methanolflux patterns, had only a small influence (2.7 mg C3non
cumulative flux in 2009. Until July the course of the total the overall balance in 2011. Methanol was the major driving
carbon flux was dominated by the emissions of methanolcompound for VOC carbon fluxes in 2011, with emissions of
which showed continuous emissions from April to Novem- 449.9 mg C m2, showing the highest emissions from May
ber 2009, with highest values in August (99.0mgC%n  to August (76.2mgCm?, 76.0mgC m?, 53.6 mgC m?,
May (59.2mgCm?) and June (58.8mgCm). With the ~ 102.1mgCm?). During 2011 contributions of acetalde-
date of the hailstorm on 16 July 2009 a strong depositionhyde to the emissions were mainly visible during June,
of monoterpenes started to outweigh the methanol emission8ugust, September (cutting months) and October (compare
for several weeks. The uptake of monoterpenes was strongegt Fig. 4). Monoterpene emissions were only observed in
in July (—-175.4mgCm?) and August £94.6 mgCnt2). the summer period (June, July, August). Apart from cut-
Significant emissions of acetaldehyde/z 99 (GsH10O) ting emissions the monoterpenes, acetaldehyde and acetone
andm/z 69 (GHg) were predominantly detected during the tended to show small deposition values rather than emissions.
months of cutting (June, August and September 2009). WhileFluxes during the winter period (December till March) were
m/z 59 (acetone) emissions were quite small (even for thegenerally low.
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Cumulative methanol fluxes were significantly higher in VOC fluxes, the trend should move away from short peri-
2011 compared to 2009. One possible reason for this areds of measurements in campaign style towards a year-round
the generally warmer (77C opposed to 6.8C average air  quantification of VOC fluxes including winter periods.
temperature), slightly drier (543 opposed to 576 mm rain- As a result of the gap-filling we presented a complete an-
fall), and sunnier (1754 compared to 1546 sun hours) weathenual time series for two years of measured VOC fluxes in-
conditions, and especially the dry spring in 2011 comparedcluding management events and winter data above a moun-
to 2009. The contribution of the hexenal grougHzoO tain meadow in Austria. We saw a striking difference in
(21.9mg C m? in 2009) andn/z 69 GsHg (11.8 mg C n12 the overall annual course of cumulative VOC fluxes. This
in 2009) to the overall balance of the VOCs is missing for difference was a consequence of a severe hailstorm in
2011, suggesting that overall VOC fluxes are between 3®009 leading to exceptionally high ambient concentrations
and 40 mg C m? higher in 2011 in addition to the quantified of monoterpenes and considerable monoterpene deposition
compounds. In general, the estimate of the VOC cumulative(—327.3 mg C n12) onto the meadow, which would not have
carbon flux contains only a restricted set of compounds thabeen reproduced by the current generation of VOC emis-
includes the most prominent volatiles above grassland. Thasion models. Annual cumulative VOC fluxes were quan-
contribution of other compounds to the VOC carbon balancetified to be only 81.0mgCm? in the year 2009 as op-
is thought to be relatively small compared to the overall cu-posed to 464.6mgCnf during 2011. Methanol (2009:
mulative flux. 381.5mgCm? and 2011: 449.9mgCnf) was the most

Our quantification of the overall VOC balance from the important compound driving VOC carbon emissions during
meadow is, at 81.0mg CT™ and 464.6 mgC ¥ in 2009  both years, monoterpene the major compound driving VOC
and 2011, respectively, a lot lower than the complete annualiptake in 2009. VOC fluxes of green leaf volatile hexenal
exchange of carbon in the form of VOCs above a ponderosdound atm /z 99 and fragments of methylbutanals, pentenols
pine plantation which was estimated to range between 6.Zand isoprene) found at/z 69, which showed to net emis-
and 12.5g C m? (Bouvier-Brown et al., 2012). Irrespective sions during cutting and close-to-zero fluxes otherwise, were
of substantial deposition fluxes during 2009, the dominancenot quantified in 2011 and can be expected to lead to an ad-
of methanol (a @ compound) for the grassland emissions ditional increase in the 2011 emissions. Our results under-
during an average year, in contrast to continuous emissionine that the current approach of a quantification of only the
of Cs and G compounds at the ponderosa pine plantation,VOCs, which are a priori thought to contribute to the emis-
leads to substantially lower carbon emissions for the grasssions during short periods of time, will probably limit the
land site. progress in understanding the complete VOC balance and

thus the NECB.
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