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Abstract

Fast response measurements of biogenic volatile organic compounds (VOC) using proton-transfer-reaction mass spectrometry (PTR-MS)
were conducted above a deciduous temperate, a tropical rain and an evergreen needle forest. We explore how the variance of a compound relate
to the surface flux and lifetime) at these sites. Our results suggest that a modified variance method can be used for estimating surface fluxes
of isoprene and methanol above sites characterized by homogenous surface emissions. The normalized wal@hijktyerally used for
variability—lifetime relationships, increases as a function of averaging period, and follows an inverse lifetime-dependence. The variability of
short-lived compound lies within the predicted range for mixed layer parameterizations such as the top-down (TD)—bottom-up (BU) variance
functions. For lifetimes >1 day, significant deviation due to mesoscale processes adds to the variability on timescal€0ahove
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Lenschow and Gurarigs] and Jaenick¢6] have shown
that assuming a first-order decay (whesgands for the con-
Jungd1l] introduced an empirical relation suggesting that centration of a species) with negligible contribution by trans-
the normalized variability c/C (whereCis the mean concen-  port,
tration andoc, the standard deviation) of a relatively long-

lived atmospheric constituent ¢ 1 year) should be inversely ~ 9¢ + -0 @)
proportional to the lifetimes: o T
oc/C =0.14r71 Q) the normalized variance can be expressed as

Subsequent studies based the original concept on mod-,, ..2 g S
eling the source and sink terms as stochastic varigBles (?) =5 coth (21) -1 (3)
More recently, Ehhalt et aJ3] and Jobson et gl4] have ex-
tended variability-lifetime relationships (VLRs) and showed | the limit where the sampling tim& is much shorter
that they can potentially be used for estimating lifetimes and than the lifetimer (S« ), (3) reduces to
trends of short-lived volatile organic compounds (VOCSs).
They argued thatc/C is proportional tor—? with b close oc S 4 4
to 0.5 far away from sources and approaching 0 the closer ¢ 27\/§T )
the receptor site is to the source region.

The coefficientd = S/(2+/3) corresponds to Junge’s orig-
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fies to A number of studies using proton-transfer-reaction mass
S spectrometry (PTR-MS) have recently demonstrated the use-
o€ \/;T—l/Z (5) fulness of VLRs in estimating sink terms and trends of VOCs
C

in remote locations far away from emission sourf8sl 2],
This simple example illustrates how the variability trend We extend these efforts by investigating the applicability of

depends on the sampling interv@) @nd lifetime ). It is variability measurementsin the surface layer (SL) above a ho-
interesting to note that more detailed 2D and 3D mofRils  mogenously distributed source region. A set of biogenically
produced a similar lifetime-dependence (wiik= 1/2) for emitted trace species (isoprene, methanol and acetone) is
continental sources of various species. used to test variability predictions inferred from the TD-BU

Lenschow and Gurarigs] described a 1D vertical diffu-  approach[6] as well as a 1D vertical diffusion modgd]
sion model for relating fluctuations of homogenously dis- at two locations (a deciduous hardwood forest in Northern
tributed scalars to their lifetimes in the atmosphere. They Michigan and a tropical rainforest in Costa Rica). In ad-
showed that the variability in the free troposphere can be re-dition, we show how the variance of VOCs can be related
lated to mixing processes between the planetary boundaryto the surface flux taking datasets from three experiments
layer (PBL), the free troposphere (FT) and the stratosphere(Prophet tower, Michigan, CARBONO tower, Costa Rica,
(S). On the other hand, Wyngaard and Bf@$proposed that and FACTS-I tower at Duke Forest, North Carolina). The
scalar transportin the convective PBL, which is typically well variance method could provide an alternative to eddy covari-
mixed, can be described in terms of the superposition of top- ance and disjunct eddy covariance measurements, which have
down (TD) and bottom-up (BU) processes. Using large-eddy been previously successfully deployed for estimating surface
simulations (LES), they inferred TD-BU flux-gradient and €missions using the PTR-M$3-15] We demonstrate that
-variance relationships for the PBL. The variance functions the ability to perform fast response measurements of VOCs
(o¢) are parameterized using convective scaling as follows: is particularly advantageous when investigating turbulent ex-

change processes in the atmosphere.
2 2
) Fe Fs
oc=\ filz/zi) + - folz/zi)

2. Results

FoF.
+2 < e*zs> fio(z/zi) (6a) S
w The PTR-MS system was recently deployed for biogenic
VOC emission measurements at the Prophet tower (45.55N,

z 2\ 23 84.71W) of the UMBS (University of Michigan Biological
5 () ~ 3.1<1_ ()) (6b)

Station)), situated in the transition zone between the mixed

< hardwood and boreal forests in Northern Michigan (2002),

Zi

folz/zi) = (z/2i)~*° (6¢) at the La Selva Biological Station (10.43N, 83.93W) in the
lowland tropical wet forests in the canton Sarapiqui, province

fwo(z/zi) = 0.5(fi fo)"2 (6d) of Heredia, Costa Rica (2003) and at a loblolly pine planta-
. . i . tion at the Duke FACTS-1 site (forest-atmosphere carbon
whereFe is the entrainment fluxs, the surface fluxw*, transfer and storage) (35.98N, 79.09W) in North Carolina

the convective velocity scale; the height above ground and
z, the boundary layer height. The convective velocity scale
is commonly calculated from the sensible heat fluxT(),
temperatureT), gravitational constang and the boundary

(2003). Sampling setup and measurement protocols for flux
measurements were previously described in dgitajlL5]. In
addition, the reader is referred to the following papp&6és-18]
for a detailed description of the operation/performance of the

layer height £): PTR-MS instrument.
. §—— \1/3 We chose to investigate the variability of the dominant bio-
W= (?w r Zi) ™ genic VOCs on 3 days at each site between 08:00 and 16:00

local time, which were characterized by fair weather condi-
tions with little or no clouds and no precipitation. The dom-
inant biogenic hydrocarbon at both sites was isoprene, fol-
lowed by methanol. In addition to these two compounds, ace-
tone was consistently emitted, with a seasonal variation ob-
served at the hardwood forest in Michigan. Other oxygenated
VOCs such as acetaldehyde, acetic acid + glycolaldehyde and
MVK + MAC showed more complex surface exchange pat-

Originally, the TD—BU functions were derived from simu-
lations that did notinclude the influence of a forest canopy ex-
plicitly. Patton et al[8] presented modified gradient TD-BU
functions due to the influence of a canopy, which is known
to increase the mixing efficiency in the roughness sub layer.
Their results showed that the bottom-up functidy) (vas
mainly affected. They suggested using,

folz/z1) = L5((z — d)/z:)"%/5 8) terns due to the fact that they are partially (acetaldehyde)
’ or exclusively (MAC + MVK) produced by photochemical
for canopies with a leaf area index (LAI) ef2, whered is reactions on relatively short timescales. These compounds

the displacement height. showed both emission and deposition fluxes especially in
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the tropics and were, therefore, excluded from the current ability (oc/C) of isoprene, methanol and acetone for the five
analysis, which primarily attempts to investigate the relation- bands versus their estimated lifetimefor Costa Rica (La
ship between emission fluxes and the normalized variability Selva) Fig. 2a) and Michigan (Prophet}{g. 2b). Lifetimes
(oc/C). for the La Selva experiment were based on estimated loss
We used wavelet analysis for analyzing the localized vari- rates with respect to HO radicals using a photochemical box
ations of power within individual time seri¢$9]. The main model[21], for Michigan lifetimes were based on HO mea-
advantage of wavelet analysis lies in determining both the surements in 200[22]. In addition, predictions from a 1D
dominant modes of variability (such as with conventional diffusion model (gray solid and dash-dotted lines) were cal-
Fourier transformation) and the time dependence of thoseculated for a 1 km (1.5 km) deep boundary layer at Prophet
modes. In addition, the variability can be integrated over cer- (La Selva) and a 15km deep troposphfgE The normal-
tain periods and wavelengths (frequencies) to obtain scale-ized variability was related to the concentration difference
averaged and/or time averaged variances. As an examplebetween the boundary layegg ) and the bottom of the free
Fig. 1 shows the wavelet decomposition of isoprene using troposphere@rt(zz)):
the Morlet wavelet as basis functi¢h9,20]. The top panel o CoL — Cr1(za)
depicts the diurnal variation of the isoprene concentration € o ZBL~ -FTB) 9)
observed on 9th June 2002 at the Prophet tower in Michi- CoL
gan. The variance contained in this signal is brokenupintoa The difference between the two curves captures the
frequency—time space as showninthe middle left panel. Intherange of vertical diffusivitiesK>2) in the free troposphere,
particular case, the wavelet transformation was constructed1—10 n¥ s—1. More details about the model initialization can
using eight octaves (32s (0.03Hz) to 4096 s (0.00024 Hz)) be found inTable 1and[5]. Also plotted are results from
over the 14.7h53x 10°s) sampling period. Short-term  the TD-BU parameterizations relating surface fluxes and en-
variations of the isoprene concentration for example are ev-trainment fluxes to the observed variability in the BL using
ident at approximately 5-7h (:810° to 25x 10%s) af- Egs. (6)—(8) (shaded area) and the 1D-model output. The
ter the measurement was started, causing an increased varitD—-BU parameterization should give a lower limit of the
ability on a timescale of >1.1 h~4096 s). This mode was variability proportional to the surface emissi@j. Itis noted
caused by a shift in air masses in conjunction with clouds that the modifiedy function (8) had a relatively small effect
and the associated variations affecting ambient isoprene conwhen compared to the change resulting from the different
centrations. Shorter features on scales <20 min (<1024 s) areeddy diffusivities Ko = 1-10nfs1) in the FT. Below 0.12
mostly related to convective turnaround times in the boundary days 3 h), the TD-BU solution became unstable because
layer. The righthand side iRig. 1c shows the global wavelet the 1D vertical diffusion model could not be applied accu-
spectrum, defined as the time averaged variance, which ap+ately[5]. The lighter shaded curves are extrapolated towards
proaches a smoothed Fourier power spectrum over the samdower lifetimes based on the slopes at 0.12 days.
period. The spectral analysis of the VOC dataset cuts off at It appears that the normalized variability of isoprene lies
24 (12) s in Michigan (Costa Rica), due to the disjunct sam- within the range expected from the TD-BU functions. For
pling strategy used for the direct flux measuremébig. In methanol and acetone, which have lifetimes longer than 1 day,
order to examine the variance over a wide range of scalesitis mainly the variability over small time scales (up to 600 s)
(or bands), the scale-averaged wavelet power for five differ- that can be captured by the TD-BU functions. The larger
ent bands (60-300, 60—-600, 60-1800, 60—3600, 60—7200 skcale variability cannot be represented since the TD-BU dif-
were calculated. The lowest panelrig. 1shows the differ- fusion only incorporates turbulent processes on timescales
ences between band 5 (60—7200 s), carrying the highest vari+elated to PBL exchange. Since both methanol and acetone
ability, and bands 1-4 having shorter band-widths. The rangeare expected to have higher background concentrations than
of the observed absolute values for each band during middayshort-lived compounds such as isoprene, mesoscale variabil-
conditions was subsequently used for the variability—lifetime ity (e.g., in advected air masses) can add to the observed in-
plots inFig. 2a and b. The variance resulting from instrumen- crease in variability seen for these compounds. Itis noted that
tal noise and counting statistics was subtracted from thesethe normalization of the varianced/C) eliminates contribu-
traces but had mainly an impact on the 60-300 and 60—600 stions of varying surface fluxes on timescales larger than the
bands. For example, taking an averaggOH primary ion characteristic turbulence time scate).7z; /w* [23], approx-
density of 2.5< 1P cps, a sensitivity of 37 cps/ppbv, an av- imately ~12 min for a boundary layer height of 1km and a
erage ambient concentration of 3 ppbv, a dwell time of 0.2 s convective velocity scale* of 1 m/s. Acetone and methanol
and a disjunct time gap of 11s (one sample/115s), the vari- emissions are mainly temperature driy24] typically vary-
ability (oc/C) due to counting statistics was 392103, ing over much longer timescales than this. The variability of
27.7x 1073, 16.0x 1073, 11.3x 102 and 8x 1073, re- all compounds gradually approaches the range predicted by
spectively, for the five bands (60-300, 60—600, 60-1800, the 1D diffusion model; that is, all of the 2-h values already
60-3600, 60—7200) investigated. Wider bandwidths averagedlie close or between the lower and upper bounds calculated
sufficiently long over the white noise contribution from the from the 1D diffusion model. This supports findings by Wang
counting statisticsrig. 2a and b depicts the normalized vari- et al.[25] who reported that the normalized standard devia-
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Fig. 1. Top panel (a): measured isoprene concentrations over the course of several hours. Middle left panel (b): wavelet decomposition oé thigisbpren
using the Morlet wavelet and eight octaves (32 s (0.03 Hz)-4096 s (0.00024 Hz)) over the383h10° s) sampling period. Middle right panel (c): averaged
global wavelet spectrum. Lower panel (d): the difference between the normalized vatafCedf band 5 and bands 1-4, defined as: band 1, 60-300; band
2, 60—600; band 3, 60-1800; band 4, 60—3600; band 5, 60—7200.

Table 1
Parameters used for the 1D model calculation and the variance method

z (M) w* (m/s) Kz (m?/s) z(m) Zlz sqrt(fo)
La Selva high 2000 2 10 40 0.020 5.5
La Selva low 500 20 1 40 0.080 3.6
Prophet high 1800 .25 10 35 0.020 5.6
Prophet low 1000 20 1 35 0.035 4.7
Used in Table 2
La Selva 1500 b1l - 40 0.027 5.1
Duke 1500 150 - 30 0.020 5.5
Prophet 1500 X2 - 35 0.023 5.3

tions of several photochemically reactive species emitted by mittent localized turbulence diffusion on much longer time
the ocean during NASA PEM-Tropics-A were much larger scales than mixed layer turbulenf25]. In addition, non-
than predicted by TD—BU diffusion and based on their esti- homogenous surface emissions can also influence the vari-
mated lifetimes for eddy sizes on the order~dbz. These ability. In the mixed layer (ML), the ‘chewing up’ of larger
observations were collected in the Marine BL. Interestingly, scale horizontal variations was recently described as a ‘log-
we observe a very similar behavior for methanol and acetonechipper’ component in BL turbulence and investigated using
in the SL above forested regions. This bias can arise from LES[27]. The magnitude of this component could be on the
mesoscale variability such as cumulus convection, which canorder of the TD—BU variance functions and offset the calcu-
be important in the tropics, or Kelvin Helmholtz instabilities lated variability by 30% in the mixed layer (betwe#n = 0.3
acrossthe BL top, followed by horizontal advection and inter- and 0.8), while playing a relatively small role in the SL (e.g.,
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Fig. 2. (a) Variability lifetime plot of isoprene, methanol (MeOH) and acetone for the range of normalized varéasi@<élculated for three individual days

and based on the five bands definedFig. 1for La Selva. The distance between the lower whiskers and the lower down pointing solid triangles corresponds

to the variability observed for bandwiths between 5 and 10 min (bands 1 and 2), open circles correspond to the mean variance for the 30 and 60 min bands (3
and 4) with lower and upper bounds represented by the Y-error bars. Horizontal error bars indicate the range of expected lifetimes. The upwaddighointin
triangles correspond to variances observed for the 120 min bands (5) together with upper limits presented by the upper whiskers. The dark sheshed curve
calculated from the TD-BU variance functions with upper and lower bounds based on the model output from the 1D Diffusion model and were extrapolated
towards lower lifetimes (<0.1 days) indicated by the lighter shaded gray area. The grayKsatidl if? s—1) and dash-dotteck, =10 n? s~1) curves show

the range of ¢c/C) inferred from the 1D diffusion model. Also shown are lines depictingtthe(blue) andr =25 (red) dependence. (b) Same as 2a for data
collected at Prophet (MI).

Z/7;<0.05). Our observations suggest that a variability of up by the frequency typically occurred between 10 and 300s
to 10 min lies within the range of the TD—BU predictions for (0.1-0.003 Hz) at all sites, characterizing canopy scale tur-
the longer lived compounds, methanol and acetone. bulence with characteristic horizontal eddies in canopy-scale
How much of the surface flux is still captured at sampling flows ~8-9 times the canopy heighg. [28]. These eddies
rates >6s (La Selva) and 12s (Prophet)? The vertical flux are known to carry between 40% and 75% of the vertical
is usually transported on temporal scales between 0.1 andflux. Using an average windspeed between 1 and 3 m/s and
1800s.Fig. 3illustrates the peak intensities of the normal- a canopy height of 30-40 m, the dominant eddy scale in the
ized heat flux spectray(7’) measured by a sonic anemome- SL would be expected to be on the orderg0-360s. This
ter for a~2.8h midday period (5 10~ to 1x 10~*Hz) suggests that a large portion of the variance attributed to the
in Michigan. The spectral peak of the covariance between vertical flux was still contained in the timeseries measured
the vertical windspeedu() and temperatureTj multiplied at sampling rates on the order from 6s (La Selva) to 12s
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Fig. 3. The normalized cospectrum Go'{”) between the vertical wind speed)(and temperaturelj multiplied by the frequencand plotted vs. frequency
f. The individual arrows indicate individual bandwidths for five bands that were subsequently used for the variance method.

(Prophet). It should, therefore, be possible to relate the VOC Ps¢qe(5—600 s) and Eq12):
variability to the surface flux even if the sampling rate was on . 9
the order of roughly 10s. As indicatedfig. 3 five different g ~ " (@C)scale  Mw > 10
bandwidths were chosen for the present analysis. Pscatev/ fo(z/21) Vm
Assuming a typical entrainment velocity of 0.0041s  yjth M,, being the molecular weight andn the molar vol-
[29], a concentration gradient between the PBL and the FT yme.
of 0.5 ppbv and a surface layer flux of 1 mg#h~—2, the con- Alternatively, surface layer scaling variables are used
tributions of thefy andfy, terms in Eq(6a)are smalland onthe  more commonly{30] in the SL; similarly to Eq.(12), the
order of 0.06% and 2.4%, respectively ¢ =0.02). Thus,  syrface flux Es) can be related to the friction velocity™),

under ideal conditions (homogenous surface emissions), themeasurement heigle)( proportionality constanfiscaid and
variance of a concentration measurement in the SL can be rethe Monin-Obukhov lengthL() [31]:

lated to the surface flux through a simplified TD—BU variance

: (12)

u*(0¢)scale Mwx 10°°

equation: Fs ~ p_oCrsoe Surs (13)
2 f(z/L) = (—(z —d)/L)™ Y3 for:z/L < —0.31
o2~ Fs folz/zi) (10)
€ \wr v Using the definitions from Eqg12) and (13) the pro-

] portionality constantsRscale and Fscale for five individual
In theory, the variance over the whole temporal spectrum s are summarized Trable 2and were chosen as: band
of eddies (e.g., 0.1-1800 s) would need to be taken into ac-1 s0-300s: band 2: 60—300s: band 3: s0-600s: band 4:
count. However, by introducing a proportionality constant gn_goo s; band 5: 600-1800's (with sO being twice the sam-
(Pscaig, One can relate the varianced) over a smaller pe-  pjing rate at Prophet(24 s) and La Selva12 s)). The sec-
riod (range of eddy sizes) to the surface flég)(according  ong column inTable 2lists the observed range of surface

to: fluxes §s) for which the proportionality constant®d:qie
(6C)scale Fs Fscald Were calculated (typically between 10:00 and 15:00 lo-
T Pscale<w*> , (11) cal time). The white noise contribution from counting statis-
o/ L1

tics was subtracted from the individual bands. Due to a rela-
The variance method is somewhat more susceptible to er-tively high background count rate (50-100 cps) gz 33",

rors resulting from mesoscale processes than the eddy covariwhich corresponds to protonated methanol, the variances
ance method, where the cross correlation between the verti-within bands 1 and 3 were dominated by white noise, and
cal wind speed and the concentration measurement preventsherefore, discarded. The total white noise level was based
a large bias due to large scale variability. Thus, a better strat-on the averaging time for each band and calculated as the
egy is to apply the variance method over a relatively narrow starting time multiplied by the dwell time (integration time
time span. For example, the standard deviation over a 600 sperm/zratio) divided by the sample distance (due to disjunct
interval of a 5 s averaged signal [in ppbv] can be related to the sampling). For La Selva, for example, the total integration
surface flux [in g m?s~1] via the proportionality constant  time for methanol for bands 2 and 4 yielded 5s: 60 s (start-
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Table 2
Proportionality constantBscaeandFscae (COlumns 3-8), calculated for La Selva and Prophet
Flux Pscale S0-300 60-300 S0-600 60-600 600-1800
Prophet (mg/rfh)
Isoprene 4.3+ 1.2 Dayl 0.48 ®9 0.61 052 035
1.0+ 05 Day2 0.40 35 0.43 040 032
0.2+ 0.01 Day3 0.49 a6 0.54 086 079
Average 0.46+0.05 0.56 0.21 0.53+0.09 0.5% 0.24 0.49+ 0.26
MeOH 12+ 0.3 Dayl - 070 - Q47 025
1.3+0.3 Day2 - 050 - 044 034
0.5+ 0.02 Day3 - 076 - 081 091
Average - 0.66+ 0.13 - 0.57+ 0.20 0.50+ 0.36
La Selva
Isoprene 1.5+ 0.8 Dayl 1.10 no 1.19 127 080
1.7+ 05 Day2 0.93 ®3 0.97 110 059
1.7+ 0.7 Day3 0.80 6 0.85 093 047
Average 0.95+0.15 0.93 0.17 1.00+0.17 1.1& 0.17 0.62+ 0.17
MeOH 0.3+ 02 Dayl - 127 - 135 Q072
0.3+01 Day2 - 093 - 102 042
0.3+0.1 Day3 - 089 - Q97 042
Average - 1.03t 0.21 - 111+ 0.21 0.52+ 0.17
Duke
Isoprene 0.4 0.2 Dayl - 145 - 168 113
0.7+ 0.2 Day2 - 126 - 151 087
0.8+ 0.4 Day3 - 110 - 126 Q79
Average - 1.27 0.18 - 148+ 0.21 0.93+ 0.18
MeOH 0.3+ 0.1 Day1l - 316 - 346 179
0.3+0.1 Day2 - 26 - 321 126
0.2+ 0.1 Day3 - 269 - 289 120
Average - 293t 0.24 - 3.19+ 0.29 1.424+ 0.32
Flux Fscale S0-300 60-300 S0-600 60-600 600-1800
Prophet
Isoprene 43 1.2 Dayl 0.49 ®9 063 053 036
1.0+ 0.5 Day2 0.39 B4 041 037 031
0.2+ 0.01 Day3 0.47 a2 051 081 Q75
Average 0.45:0.05 0.55+ 0.20 0.52+0.11 0.5% 0.22 0.47+ 0.24
MeOH 1.2+ 0.3 Dayl - 071 - Q48 025
1.3+03 Day2 - 48 - Q42 032
0.5+ 0.02 Day3 - 072 - Q76 086
Average - 0.64+ 0.14 - 0.78+ 0.26 0.30+ 0.05
La Selva
Isoprene 1.5t 0.8 Dayl 1.21 ri 133 141 089
1.7+ 05 Day2 1.33 B3 137 153 085
1.7+ 0.7 Day3 0.77 3 081 089 044
Average 1.1@:0.30 1.09+ 0.32 1.17+0.31 1.2& 0.34 0.73+ 0.25
MeOH 0.3+ 02 Dayl - 141 - 149 081
03+0.1 Day2 - 133 - 145 060
0.3+0.1 Day3 - 5 - Q93 040
Average - 1.19+ 0.30 - 1.29+ 0.31 0.60+ 0.20



84 T. Karl, A. Guenther / International Journal of Mass Spectrometry 239 (2004) 77-86

Table 2 Continued

Flux Pscale S0-300 60-300 S0-600 60-600 600-1800
Duke
Isoprene 0.A 0.2 Dayl — 10 — 127 086
0.7+ 0.2 Day2 - 96 - 115 066
0.8+ 04 Day3 - 083 - Q96 060
Average - 0.96+ 0.13 - 1.13+ 0.16 0.71+ 0.13
MeOH 0.3+ 0.1 Dayl - 240 - 264 137
0.3+ 0.1 Day2 - 26 - 245 096
0.2+ 0.1 Day3 - 205 - 222 091
Average - 2.23+ 0.18 - 2.44+ 0.21 1.08+ 0.25

Column 2 shows the observed range of fluxes on each day. SO corresponds to 12 s at La Selva and 24 s at Prophet.

ing time of band 2 0.5 s (dwell)/6 s (sample distance). The 60s. This range is expected to carry a substantial portion of
sensitivity of the variance method for shorter bandwidths can the surface flux (seEig. 3), typically ranging between 20%
be increased by using higher sampling rates (e.g., scanningand 30%. We, therefore, conclude that the heterogeneity of
over a smaller range of masses) or alternatively, by longer surface emissions is evident at all three sites.
averaging times and bandwidths. However, the tradeoff for ~ Analysis of the three dataset suggests that surface emis-
using longer bandwidths is that inhomogenous surface emis-sions of isoprene and methanol in Michigan seemed to be
sions can bias the observed variability. In the present casedistributed more evenly than at the tropical rainforest in La
60 s averaging time (equal to a total integration time of 5s) Selva. Duke forest (aloblolly pine plantantion with sweetgum
was sufficiently long for methanol. At the Prophet tower and in the understory) was characterized by the highest scaling
the site in Costa Rica, all five bandwidths and averaging times values, suggesting that this site was the least homogenous.
were used for isoprene due to a sufficiently high flux, higher The low variability observed at the Prophet site is somewhat
sensitivity and lower background. At all sites, no correlation surprising as it is surrounded by two big lakes approximately
for acetone was observed, which we attribute to a long life- 1 km to the north and 2—3 km to the south. Vegetation maps
time and small surface flux. The Duke forest was the most show that the main isoprene emitting species in Michigan is
heterogeneous site with isoprene originating mostly from the Big tooth Aspen intercepted by patches of Maple trees, which
understory (sweetgum). Somewhat lower isoprene fluxes anddo not emit isoprene. The La Selva site in particular is char-
higher instrumental background caused a rather poor corre-acterized by a high abundance of isoprene emitting species
lation for bands 1 and 3, which were, therefore, discarded. [32]. We attribute the larger variability observed at the tropi-
According to Eqs(12) and (13)thePscaleandFgcgleVval- cal and the loblolly pine sites (on average, 70% higher surface
ues represent the fraction of the total flux contained within layer scaling variables than observed at the Prophet tower)
each individual bandwidth. Assuming perfect homogeneous to the high species diversity in tropical ecosystd88j and
surface emissions these scaling factors should be smaller thathe patched heterogeneous landscape surrounding the pine
1 as they only cover a fraction of the whole eddy spectrum plantation. The highest variability of surface emissions was
transporting the vertical flux (the flux measurements were cal- measured for methanol at Duke forest. Arial photographs
culated for 30 min periods). For aband covering all timescales of this plantation Ijttp://c-h2oecology.env.duke.edu/Duke-
between 0.1 and 1800 s, the total scaled variability should ap-FACE/description.cfinshow that this site is surrounded by a
proach the surface flux amcgeandFscgeshould converge  patchwork of different landscapes. The plantation itself con-
to 1. Smaller bandwidths, on the one hand, result in smaller sists of loblolly pines, which do not emitisoprene, and sweet
scaling factors. The values listed Trable 1 for example, gum, a strong isoprene emitter, growing in the under story.
indicate thatPscge and Fscqie for the 600-1800 bands are  Despite these differences the variability of isoprene is similar
systematically lower than for the other bands. This is con- to that observed at the tropical site. Our analysis shows that
sistent with the idea that the contribution of long timescales at non-ideal locations, site specific proportionality constants
(>10 min) to the total flux is relatively smaller than the con- can be derived that relate the observed variance to the surface
tribution of shorter timescales (e.g., <10 min). On the other flux.
hand, a non-homogeneous surface distribution of VOC emis-
sions will introduce more variability resulting in systemati-
cally higher scaling factors. The variability for all three sites 3. Conclusion
is larger than expected. The sum of Py _go0(Fs0-s00 and
Psoo-1800(Fes00-1809 factors fromTable 2 for example, is Analysis of recent flux data sets collected using the
close or greater than 1 for all cases. Adding these two bandsPTR-MS instrument suggest that the variance method
together, however, does not account for the contribution of could be an alternative for estimating surface layer VOC
eddies that transport the flux on timescales between 0.1 andluxes under conditions with reasonably high VOC fluxes
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(>0.2mg nT2h~1). A better sensitivity could be achieved by allowing observations of processes occurring on small pe-
using higher sampling rates (e.g., <55s). The proportionality rfods (<30 min) typically related to surface emissions, as
constants Pscale and Fscaid that relate the variance over a Well as larger periods (>1h), caused by mesoscale varia-
certain time period to the surface flux were influenced by tions. Taking advantage of the fast monitoring capabilities of
two counteracting processes: (1) undersampling of the tur-the PTR-MS system, variability measurements of biogenic
bulent flux causing lower scaling constants and (2) surface VOCs could be used for assessing the magnitude and ho-
heterogeneity of VOC emissions resulting in higher vari- mogeneity of surface fluxes and characterizing atmospheric
ances and higher scaling constants. Once appropriate scallifetimes in remote places.

ing factors from fast VOC measurements (e.g., the PTR-

MS) are established, the variance relationships should the-

o_retically be applicak_)le independent from thg measurem‘?mAcknowledgements

site. On average (using data from all three sites), we derive
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