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Abstract. A ‘virtual’ disjunct eddy covariance (VDEC) de- can be converted to acetylperoxy radicals by atmospheric ox-
vice was tested with field measurements of biogenic VOCidation and lead to formation of PAN (peroxyacetic nitric an-
fluxes at a subalpine forest site in the Rocky Mountains ofhydride) type compounds, which act as relatively long-lived
the USA. A PTR-MS instrument was used as the VOC sen-temporary reservoirs for nitrogen oxides (NOVolatile or-
sor. Daily peak emission fluxes of 2-methyl-3-buten-2-ol ganic compounds (VOCSs), together with carbon dioxide also
(MBO), methanol, acetone and acetaldehyde were arountéhfluence the atmospheric radiative balance, temperature and
1.5,1,0.8and 0.4 mgnth~1, respectively. High pass filter- precipitation patterns (Granier et al., 1998). In order to quan-
ing due to long sampling lines was investigated in laboratorytitatively understand tropospheric chemistry it is a necessary
experiments, and suggested that VOC losses in PTFA lineprerequisite to have reliable measurements of VOC fluxes.
are generally governed by diffusion laws. Memory effects As indicated by model calculations, 1150 Tg of carbon is
and surface reactions did not seem to play a dominant roleemitted into the atmosphere every year in the form of bio-
Model estimates of MBO fluxes compared well with mea- genic VOCs from vegetation (Guenther et al., 1995). How-
sured fluxes. The results also suggest that latent heat anever there are still large uncertainties in estimates of the mag-
sensible heat fluxes are reasonably well correlated with VOGitude of VOC fluxes in various ecosystems and oxygenated
fluxes and could be used to predict variations in VOC emis-VOC fluxes are particularly uncertain. Kesselmeier (2001)
sions. The release of MBO, methanol, acetone and acetalddound both uptake and emission of some aldehydes, how-
hyde resulted in significant change of tropospheric oxidantever states that “further studies are needed for generaliza-
levels and a 10-40% increase in ozone levels, as inferretion of the exchange of these and potentially also for other
from a photochemical box model. We conclude that vDEC compounds.” Earlier studies used plant enclosures (Koenig
with a PTR-MS instrument is a versatile tool for simultane- et al., 1995), gradient techniques (Guenther et al., 1996), and
ous field analysis of multiple VOC fluxes. more recently relaxed eddy accumulation techniques (REA),
to measure above-canopy fluxes of VOC at several field sites
and improve our understanding of the biosphere-atmosphere
1 Introduction exchange of these compounds (Schade and Goldstein, 2001;
Baker et al., 2001). The main difficulties in measuring fluxes
Interest in reliable quantification of organic trace compoundswith these techniques arise from memory effects, gas chro-
released from terrestrial ecosystems stems from their impadhatographic challenges (e.g. humidity effects) and prob-
on oxidants levels such as ozonesj@nd hydroxyl radicals  lems in sampling, such as compound conversion and sur-
(HO) and on secondary organic aerosol formation (R. Atkin-face reactions with ozone. Various methods for measuring
son, 1994). Oxygenated species such as acetone or metharigice gas exchange, including enclosure, surface layer flux
can also influence the HObudget in the upper troposphere and mixed boundary layer technigques have been reviewed by

(Singh et al., 1995). In addition, acetone and acetaldehyd®abberdt etal. (1993) and more recently by Guenther (2002).
Ecosystemscale BVOC fluxes are commonly measured by
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280 T. G. Karl et al.: Virtual disjunct eddy covariance measurements

the surface layer gradient and the relaxed eddy accumulation Disjunct eddy covariance (DEC) can be regarded as a vari-
method. The gradient technique uses the average concentrant of the eddy covariance (EC) and has recently been imple-
tion difference (e.g. 30 min) measured at two or more heightamented for trace gas flux measurements (Rinne et al., 2001).
above the vegetation canopy. The flux is calculated in analAir samples, taken almost instantaneoushk((1 s) and sep-
ogy to Fick’s 1st law. The turbulent exchange coefficient (K) arated by a long time intervalhf = 10 — 305s), are ana-
needed for the flux calculation is either obtained by usinglyzed by a relatively slow analyzer (time of analysisAr)

the concentration of a tracer, e.g.o® or CQ, (modified and create a subset of the continuous high frequency time
Bowen-ration technique, e.g. Goldstein et al., 1996), or byseries. Since the flux is defined as the covariance of eddy
surface layer similarity theories (e.g. Fuentes et al., 1996)components of the vertical wind velocitw() and the trace
Common criticism for gradient flux measurements is that (1)gas concentratiort(), the subset can be used to estimate the
the various sampling heights have different footprint charac-flux:
teristics and (2) that photochemical destruction of reactive
compounds (e.g. isoprene, MBO) can bias the ‘observed’Fc _
flux. The relaxed eddy accumulation method measures the Ip—1n
flux at only one location above the canopy. Air is sampled

into two reservoirs for the length of the averaging period The influer_wce of small scale eddies i_s taken into account
(30 min—1 h) depending on the sign of the vertical wind ve- S 10ng as air samples are grabbed quickh0(1 s). Even

locity. The flux is obtained by using the concentration differ- tN0Ugh some systematic and random errors are introduced

ence between up-draft and down-draft reservoirs (Busingefor each flux value, it is a direct flux measurement technique,
and Oncley, 1990) and an empirical exchange coefficientWhiCh does not rely on parameterizations such as the gradient

which has to be obtained either by theoretical consideration@nd relaxed eddy covgrignce methods (Dabbert_ e_t al., 1993;
(e.g. Baker et al., 1992) or similarity with another scalar (e.g.-€nschow etal., 1994; Rinne etal., 2001). The disjunct eddy

Baker et al., 1999). The advantage of gradient and relaxe§@MPling approach has also been applied for true eddy accu-

eddy accumulation methods is that they do not require fasfnulation (Rinne etal., 2000).
response analyzers and can rely on off-line laboratory anal- A duadrupole mass spectrometer (QMS) as used for the

ysis of air samples. Disadvantage is that they are indirecE TR-MS putg severe time colns.tralnts for direct 10 Hz mea-
techniques (require empirical parameterisations), which lim-Surements, since only a very limited set of compounds can be

its their application to certain sites and conditions (DabberdfMeasured ‘simultaneously’. If 20 compounds of interest are
et al., 1993). In addition, post-processing of eddy accumu-_to be scanned at 1_0le, an mteg_ratlon time (dwell) of 0.5ms
lation data (e.g. coordinate transformation) is not possiblelS Neéeded. The minimum dwell is on the order of 1 ms, and
and this also puts some constraints on canopy level flux mea2dditional time {-1ms) is required for changing the QMS

surements at non-ideal sites which are governed by slope angfttings by SW|t(_:h|n_g _from one m/z (mass to charge) ratio
drainage winds. to the next, making it impossible to perform an exact 10 Hz

Eddy covariance (EC) is the most direct method for flux Meéasurement for more than a few compounds. This led to the
measurements of atmospheric constituents in the surfacd€Sign of adisjunct sampler used together with a PTR-MS in-
layer. As a substantial part of the flux is carried by small Strument thathad a 1 Hz sampling rate, as described by Rinne
eddies, it is important to be able to measure fast variation£t @l- (2001). Here, the Conpgpt of disjunct _eddy covariance
of vertical wind velocity and trace gas concentration. With (DEC) has been adopted. Airis purged continuously through

traditional eddy covariance systems (continuous samplingn® PTR-MS, while scanning through all compounds of in-
mode) the sample rate is generally higher than 5 Hz, thus relerest. Th!s leads to a disjunct time series-df s separated _
quiring fast-response analyzers and data acquisition systemSaMP!es, if for example 10 compounds are chosen. The vir-
These requirements have restricted the use of this methofti@! disjunct eddy covariance (vDEC) method does not re-
for trace gas flux measurements. Only recently have the firsfY!f¢ @ physical gr_ab sampler a_lnd mal_<es the mIe_t system
VOC sensors been introduced for monitoring fast VOC fluc- MUCh simpler. n this paper we will describe several implica-

tuations, as in the case of isoprene using a chemiluminest-ions for vDEC and direct eddy covariance sampling at tower

cence system (Guenther and Hills, 1998), and for acetoneSites and present data measured at a subalpine forest in the
ammonia, nitric acid and formic acid, using an atmos;pheric-ROCky Mountains.

pressure-ionization mass spectrometer (Shaw et al., 1998).

Nevgrtheless, these sensors are Iimitgd to a few chemica Experimental

species, and a detection system that is able to measure a

broader range of compounds (e.g. terpenes, aldehydes and] Site

alcohols) is desired. We have recently expanded the capabil-

ities of Proton Transfer Reaction Mass Spectrometry (PTR-VOC fluxes were measured at the Niwot Ridge AmeriFlux
MS) to perform direct eddy covariance measurements of asite in the Roosevelt National Forest in the Rocky Moun-
wider suite of compounds (Karl et al., 2000a, b; 2001). tains of Colorado, USA. (401'58.4" N, 105 3247.0" W),

f2 / / 1 l e e
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approximately 8 km east of the continental divide. The site /4« 50 m 1/8«
is characterized by an east-west slope~d@® (a ~ 4.4 ro- * i

tational angle was inferred from our sonic data) with a fetch PTR-MS
of ~2km to the west and 300—400 m to the east, where the PC

50um C

slope increases to 13°. The mixed coniferous forest mainly

consists of subalpine fir (Abies lasiocarpa 35%), 10dgepole | jreuredrop ~ 0.7 am-450mbar | - 450- 250mbar. | ~250 2mbar |
pine (Pinus contorta 43%), and Engelmann spruce (Picea \ | |
engelmannii 22%), with small amounts of aspen (Populus

tremuloides). The measured leaf area index (LAI) was 3.8-Fig. 1. Schematic sample inlet, PC (pressure controller), pump 1
4.2 e m—2 (Turnipseed et al., 2002). A late frost in May (Vaccuubrand MD4), 5am C (desactivated glass capillary).

2001 damaged many aspen leaves, which did not recover by

June. Summertime meteorology is characterized by valley-

mountain flow, with buoyancy driven upslope flow from the (Lenschow and Kristensen, 1985). Taking sensitivities in
east in the afternoon, which occasionally brings more pol-the range of 50-200 Hz/ppbv, ambient mixing ratios around
luted air masses from the Denver Metropolitan area to the>00 Pptv and integral timescalgs between 1.8 and 20's, we
site. The two predominant wind directions are centered orderive theoretical flux detection limits betwee$8— 1.8 x
105 and 270 (Turnipseed et al., 2002). The 14-17 June 10 °gm=2s™t.

sampling period was characterized by prevailing winds from Figure 1 shows the vDEC sampling setup. A flow rate of

delay time~ 8 sec

westerly directions+{ 281+ 10°). 15I/min was pumped through a 50 m tube (i.d.”)/@&/AC-
UUBRAND, MD4) resulting in a pressure drop of 450 mbar
2.2 VOC Sampling atits end. The 1/4sampling line was interfaced to the PTR-

MS system with a pressure controlled1Ie. A 3m long
A detailed description of the PTR-MS instrument is given gesactivated glass capillary (5@n) was connected to the
elsewhere (Lindinger et al., 1998). Brieflys8* ions are  grifttube reducing the pressure to 2.3 mbar and reached as
used to ionize volatile organic compounds (VOC) via protonfar a5 the front end of the 1/8ine. This setup assured a fast
transfer reactions. Since any VOC having a higher protonyesponse time and minimised memory effects due to long res-
affinity than water can be ionized bysB* reported con-  igence times. The QMS was operated in a selective ion mode

centrations have to be regarded as upper limits. However agycjing through 10-20 compounds of interest at 0.2 s integra-
demonstrated, potential interferences for several VOCs (suchgn time and producing a ‘virtual’ disjunct time series with

as acetone, acetaldehyde and methanol) are either very small, ~ 2_4s. Integral time scalds, in this study were es-
or non-existent (Ka_rl, 2001a; de_ G_ouw et al., 2002). Thetimated to be~ 10-20's, by identifying the peak of the nor-
value forE/N (E being the electric field strength andthe  malized w7’ cospectrum. This gives a quasi independent
buffer gas density) in the drift tube was kept at about 1235ample population of /1,5 ~ 1800/10 = 180 {,,: aver-
Townsend (Td) which is high enough to avoid strong clus- aging time). With~ 450-900 samples per averaging period
tering of HO™ ions with water and thus a humidity depen- (A /7, ~0.2) flux errors due to disjunct sampling are 1.1%
dent sensitivity. The sensitivity of the PTR-MS instrument o |ess (Appendix (4), Lenschow et al., 1994).

during this study was typically on the order of 70Hz/ppbv /e species, namely methanol (mass+g3acetalde-
(counts per second per ppbv) for acetone and 50 Hz/ppbv foﬁyde (mass 45), acetone (mass 59, 2-methyl-3-buten-2-

methanol at 2.3 mbar buffer gas pressure with a reaction time)| (MBO) (mass 87/69") and isoprene (mass 69 were
of 110us and 3-4 MHz HO™ ions, and thus inferred & sig-  {5rqeted for this study. Isoprene and MBO fluxes both occur
nal to noise ratio of 60% at a concentration of 20 pptv and ay¢ the Njwot Ridge Flux Tower (Goldan et al., 1993; Baker et
2s integration time. , al., 2001; Harley et al., 1996) making it difficult to quantify
~ The error variance ;s for eddy covariance measurements, e individual contribution of either compound by PTR-MS.
including the error due to the finite length of a sampland  geyera| other potential interferences such as unsaturated C5-
the contribution due to a white noise variane§, can be  31conols and C5-aldehydes, which can be released by freez-
formulated as, ing vegetation and dehydrate partially during proton transfer,
, o2 ) ) can also interfere on mass6%Karl et al., 2001, 2000a; de
oF=79" (40c lws + Unch) ; (2)  Gouw et al., 2002). Since a small fractior 25%) of the
MBO does not fragment, but shows a signal on the parent
ion (m/z 87"), it can be used to estimate the apparent abun-
dance of MBO relative to isoprene. Significant interference
from a methanol water or isoprene water cluster can be ex-

with Ax being the distance between samplgs, the inte-
gral length scaleg,, the standard deviation of the vertical
wind velocity ando, the standard deviation of the observed

concentration. This imposes a flux detection limit of: cluded due to the high value @/N. A standard of MBO
) 4521, was released next to the sampling inlet at the top of the tower.
One < —, (3)  Figure 2 (panel 2) shows the distribution of the MBO stan-

Ax
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105 : ——r——r———y 3 2.3 Wind tunnel setup
3| observed correlation on June 14, 15 and 16 ‘ ]
1k =0.271+-0.003 ] In order to test the response time of the PTR-MS instrument

14| R=0.999 553 and evaluate damping effects in long Teflon lines, experi-

m/z 87" [ppbv]

_ g?;‘flgjd'oé&ig%%@i

o

,:éfgﬁoﬁéqjé?%’%’f%ﬁ ments were carried out in a small wind tunnel (i.d. 60cm,
T oo0 ° 2 length 4 m). VOC fluctuations in the tunnel were created by
01— 1 placing 2 petri dishes (i.d. 15cm), sealed with a semiper-
1000 3 . ————— . —_— meable membrane and containing one or more compounds,
3| 2,3,2 MBO standard injection on June 25 ‘ on the floor. The wind tunnel was operated at a speed of
3 ~3ms1, with the intake of the sampling tube (1/#FA
] Teflon) located at ~ 0.15m above the floor and roughly
k=0.261 +/-0.001 |3 ~0.2m downwind. The Reynolds number (Re) of the wind
R=0.999 ] tunnel at these conditions was 1.1 x 10°, sufficient for
' - the existence of an inertial subrange (Tennekes and Lumley,
1972). Standard surface layer spectral behavior (Kaimal et
al., 1972) predicts that the obtained spectra make a transi-

Fig.2. Panel 1: Observed correlation between m/Z &hd m/z tion from a roughly constant value to the inertial subrange

87" on 14, 15, 16 June the red solid line is the fit line and dashed—_5/3 power law at a frequency of 0.2u;/z = 4Hz, ina '
lines represent the &-interval due to counting statistics at 0.2s; Slightly stable surface layer. VOC fluctuations observed in

Panel 2: fragmentation of a 2,3,2 MBO standard injected at the toghe internal boundary layer were observed to make a transi-
of the flux tower on 25 June. tion around 2—-3 Hz close to the predicted fall off. The setup
for the PTR-MS sample inlet was essentially the same as for
the flux measurements (see Sect. 2.2, Fig.1). However the
1/4’ Teflon line was only~2m long for the base case and
30 m long for the reference measurements. In addition flow
rates (residence times in the line) were controlled between
dard yielding 26.1% and 73.9% abundance on magsa8idi 1-40 I mirr. The minimum line lengttL,, of ~ 2 m was of
69", respectively. The observed ratio (30 min average) be-sufficient length for the internal boundary layer in the tube
tween 14-16 June was 27.1% and 72.9% for m/z aad (r ~ 0.0030 m) to grow out from the surface to the center of
69" (panel 1). The dashed lines indicate the tonfidence the sampling tubel(, /r ~ 666> 200) (Eckert and Drake,
intervals based on counting statistics. All the observed dat1959).
apoints fall within the expectation value. The good agree-
ment supports the idea that mainly MBO was monitored at2.4 Data processing
mass 69. Additional cartridge samples (using TENAX and
Carbosieve as adsorbents) with subsequent GC-FID analy#ind and concentration data were recorded on two separate
sis confirmed these results and showed that the observedptop computers that were synchronized in time every day.
MBO concentrations were typically 2—-8 times higher than The datasets were conditioned according to general aspects
isoprene. This is supported by the fact that leaves from thes discussed by Stull (1988): (1) spike removal, (2) detrend-
dominant isoprene emitting species in the vicinity, (aspen),ing, (3) subtraction of the mean and (4) coordinate transfor-
had not recovered from an early frost event in 2001. Car-mation to account for the sloped terrain. The delay time at
tridge samples were stored at low temperatures (Baker et altpwer sites (depending on the line length) can be on the or-
2001) to minimise MBO to isoprene conversion. However it der of a few seconds~(8s) and complicates the flux cal-
has to be noted that the measured MBO concentrations thereulation, since pumping speeds may vary over the course of
fore represent a lower limit; relatively low MBO/isoprene the day. In the present case, additional timing uncertainty
ratios were identified with cartridges stored relatively long arose from the fact that the wind and concentration data were
and/or at higher temperatures. No significant abundance ofecorded on two separate computers. For standard 10 Hz
C5-aldehydes or alcohols was detected by the GC-FID sysmeasurements the quadratur spectryiy,{) is a good in-
tem. The upper limit of pentenols + pentanal was inferreddicator to assess delay times (Stull, 1988). High correlation
to be < 5%. GC-analysis also helped to identify and verify will cause a quadratur spectrum that is close to zero. If there
other observed VOC mixing ratios, such as acetone, wherés a phase shift, Qwc will show a significant deviation around
interference from propanal could bias acetone (mas3s 59 1/t in the direction of the time delay,). This procedure
concentrations measured by PTR-MS. It appears that no sigs not available for disjunctly measured time series. In or-
nificant interference for methanol, acetaldehyde and acetonder to estimate the delay time and to synchronize the wind
existed and that more than 85% of the observed signal exand concentration datasets, a correlation routine was applied
hibiting mass 69 could be attributed to MBO. similar to that discussed by McMillen (1988). The maxi-

]

m/z 87" [ppbv]

10 ' ST o
m/z 69" [ppbv]
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Fig. 3. Correlation coefficients.,, as a function of time shift (= E Q
effective delay time) and time since start of the measurement. The . } H\H | !
two dotted lines show the bandwidth related to the integral time ¢ o 4 J H‘HJ W
scales measured on that day (10-20s). The time shift varies over 3 2009 seconds : I ‘ |
the course of the 5-hour perioéi:(= 0.77 s/h) due to the fact that ] \f—j—‘ : e W |
two different computers were used for the wind and concentration  1E-3 — T T I
data acquisition. 0.01 0.1 1 10

f (Hz)

mum correlation withint- 60 s was defined to be equal to the Fig. 4. Spectral behaviour of acetone inferred from a wind tunnel
delay time plus uncertainties due to possible desynchronize@xperiment; lower panel: 2m PTFA line (i.d. f}4and 0.09s res-
time series. Figure 3 depicts the correlation Coefﬁcie%)( idence time, middle panel: 30m PTFA line and 6 s residence time,
between the vertical windspeed (measured at the top of th&PPer panel: 30m PTFA line and 30s residence time.

canopy) and the concentration fluctuation of MBO (delayed

measurement at the bottom of the canopy) during the course

of a 5-hour period on 16 June and demonstrates that the delay Results

time can be accurately assessed from a disjunct sampled time

series. The maximum correlation coefficients rwe were in the>-1  Laboratory tests

range of 0.3—-0.6 and varied slightly over the course of the 5-
hour period due to timing differences:(= 0.77 s/h time In the present case where we use a VDEC setup to measure

shift) between two separate computers used for the data adanopy level quxgs, the tim(_a constraint for bei.ng able o re-
quisition. The bandwidth of high.,’s (~ 20 s — indicated by solve concentration fluctuations around 0.1 s is not relaxed.

the dotted lines; mean delay tirme10's) is directly related As described in_Sect. 2.3 we investigated the response time
to integral time scales, calculated to be in the range 80 s. of t_he PTR-MS in a contr_ol_led way by (_:alculatlng concen-
Non-stationary periods due to upslope drainage winds showation spectra and examining the inertial subrange with an
high correlation coefficients within almost60s. The pre- expected—5/_3 ;Iope. This approaqh proved o be more ac-
urate than injecting a concentration pulse by switching a

sented procedure corrected the difference between the twh

computer clocks and accounted for a potentially variable de—VaIVe and following its time evolution. These experiments

lay time in the sampling tube caused by varying pumpingalso r;felpted tfo\?ggresshthe paS"'C quest|0nt_to V:Eat efxtent mem-
speeds. Fluxes were calculated according to, ory eftects o s (chemically more active than for exam-

ple CO or H20) would bias eddy covariance measurements

1 o through long sampling lines.

F.=(Wwd)y=7=>". Z W () - () = rue - Ow - Oc s (4) High-pass filtering in inlet lines was tested by examining
n 3 the spectral behaviour as a function of line lengths and flow

rates. Figure4 shows the un-smoothed, normalised power

wherew is the vertical wind speed; the VOC concentra-  spectra for acetone (raw data, upper panel) at different flow

tion, o, ando, standard deviations af andc¢, andr,,. the speeds:, through a 30 m 1/4PTFA sampling tube together

correlation coefficient betwean andc. with a reference spectrum (lower panel) obtained through a

www.atmos-chem-phys.org/acp/2/279/ Atmos. Chem. Phys., 2, 279-291, 2002
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100
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Fig.5. Normalized half power frequencyf{,») as a function of  Fig. 6. Effective half power frequencyfy») for acetone as a func-
Reynolds number for acetone, toluene anginene in comparison  tion of line length and flow rate through a PTFA tube (i.d.”}/4
with theoretical predictions and experimental data feOH

gest that high frequency loss due to diffusion is the most im-
2m line with 0.09 s residence time. The fitted line through Portant cause for the observed attenuation. Figure 6 shows a
the inertial subrange for the reference spectrum approachegontour plot of the half power frequency as a function of line
the theoretical prediction of-a5/3 slope closely up to 10 Hz, length and flow rate. Typical conditions in this work involved
showing that the PTR-MS instrument has a time responsdine lengths up to 50m at flow rates around 151 nfinre-
of at least 100ms. The frequencyifz), where the power Sulting in f12 around 5.5Hz. This is high enough to avoid
spectral intensity is only half of the original signal, was nor- @ significant systematic loss for canopy level flux measure-
malised according tgg = (r x L)Y2 x U1 x f1/2, with ments, where typically more than 90% of the flux is captured
U being the flow speed, the line length and the radius. &t 1Hz (Guenther and Hills, 1998).
Figure5 depicts measured half power frequencies for ace-
tone, toluene and-pinene as a function of Reynolds num- 3.2 Fluxes
ber (Re). Straight lines indicate the attenuation character-
istics from the empirical Blasius resistance formula (EckertFigure 7a and b show measured MBO fluxes together with
and Drake, 1959) for laminaryg ~ 0.92/(ReSoY/2) and  modelled values. Maximum fluxes for MBO wetel.5 and
turbulent §o ~ 0.066 R&/16) flows as well as results for 2mgnT2h~on 16 and 17 June, respectively, occurred typ-
the transfer function obtained more recently by Massmarically between 12:00 and 14:00 local time (LT), and followed
(1991). Blue circles represent damping effects feOHn a  the expected light and temperature patterns. Modelled emis-
straight line (open circles) and a line with a°9lbow bend  sions (based on the EXP96 light and temperature algorithm,
measured by Lenschow et al. (1991). The fact that our exGuenther et al., 1999) were calculated assuming a leaf area
perimental values are slightly higher than the prediction forindex (LAI) of 4m?m~2, a biomass density of 720 gTh
turbulent conditions is most likely due to the fact that a coiled and an emission factor of 20y gdw* h~! (Guenther et al.,
line was used, which is known to reduce the actual effectivel995; Turnipseed et al., 2001) and generally agree well with
turbulent diffusivity. The effect of curvature in tubing typi- observed values. Also plotted are lateniz] and sensible
cally stabilises the flow so that the flow remains laminar, even(wT’) heat fluxes, which generally follow the VOC emission
at higher Reynolds numbers. McConalogue (1970) predictedpatterns. The upper panel in Fig. 7 depicts temperature and
that for laminar flow the observed increase of the half powerlight with values ranging from 13-1€& and 300-1600 PAR
frequency f1,, would make the velocity profile more uni- on both days.
form over the tube cross section when compared to Poiseuille Averaged data for a 4 day, fair weather period (14-17
flow. This suggests that coiled tubes could actually improveJune) are shown in Fig. 8 (upper left panel), with peak fluxes
the frequency response. Higher values for acetone could baround 1.5 mg m?h=1, which is slightly higher (50%) than
related to a slightly lower Schmidt number (S®.9), which  the peak values reported by Baker et al. (2001). The rea-
could play a role at low Reynolds numbers (more laminarson could be that peak fluxes typically occurred between
conditions). Memory effects however do not seem to influ-12:00 and 14:00 LT, while no measurements were done in
ence the VOC fluctuations to a great extend. The results sugmid-July 1999 with roughly similar conditions (tempera-
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Table 1. VOC fluxes regressed against sensible hedt)(and latent heat fluxeauvg), temperature®) and two linear models (GLM1,

GLM2) using temperature and light (PAR) levels

VOC fluxes [g/nfh] fitted model R
wT MBO 50x 1074 +2.5x 1076 x wT [W m~2] 0.88
methanol 4.4¢107%+15x 108 x wT [Wm~2] 0.95
acetaldehyde 28104 +3.3x 1077 xwT [Wm™?] 0.53
acetone 35104 +9.6x 1077 x wT [Wm—2] 0.83
wg MBO 8.6x 1072 +4.6x 1075 x wq [W m~2] 0.80
methanol 2.2 1074 +2.6x 107 x wq [Wm2 0.80
acetaldehyde 19104 +52x 107 x wq [Wm~2] 0.41
acetone 1.% 1074+ 1.8x 1076 x wq [W m~2] 0.75
T  MBO exp(—9.3 + 0.186x T [°C]) 0.49
methanol exp(7.3 +0.0064x T [°C]) 0.02
acetaldehyde exp(10.2 + 0.161x T [°C]) 0.58
acetone exp{8.9 + 0.109x T [°C]) 0.38
G MBO (1.0 + 0.006% PAR[umol m—2s71] + 4.2 x exp(T— 13.7 PC])) x 10~4 0.84
L methanol (3.4 + 0.0038 PAR[umol m™2s~1] — 0.15x exp(T— 13.7 PC])) x 1004  0.53
M  acetaldehyde (1.36 + 0.0087PAR[umol m2s71] + 1.45x exp(T— 13.7 PC])) x 1004  0.53
1 acetone (1.73 + 0.0027 PAR[umol m2s71] + 1.87x exp(T— 13.7 PC])) x 104  0.79
G MBO (—6.8 + 0.0068x PAR [umol m™2s71] + 0.757x T [°C]) x 104 0.77
L methanol (9.2 + 0.0045 PAR [umol m—2s1] — 0.525x T [°C]) x 10~4 0.61
M  acetaldehyde +2.3 +0.0008< PAR [umol m™2s~1]+0.347x T [°C]) x 104 0.46
2 acetone £0.8 +0.0029%« PAR [umol m™2s~1] +0.249x T [°C]) x 104 0.69
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Fig. 7a. Lower Panel: Diurnal variation of MBO fluxes on 16 July, Fig.7b. Lower Panel: Diurnal variation of MBO fluxes on 17 July,

plotted together with modeled estimates and latent and sensible he@lotted together with modeled estimates and latent and sensible heat
fluxes. Upper Panel: ambient air temperature and photosynthetifluxes. Upper Panel: ambient air temperature and photosyntheti-
cally active radiation (PAR). cally active radiation (PAR).

ture and light). It is noted that MBO fluxes obtained from ever the observed difference in MBO fluxes lies within ex-
this work will give an upper limit due to potential interfer- pected experimental errors and generally agrees well. The di-
ences and the fluxes reported by Baker et al. (2001) mayrnal profiles for methanol, acetone and acetaldehyde fluxes
be a lower limit due to their sample storage on cartridgesare plotted in Fig. 8 (lower right, lower left and upper right
which are susceptible to dehydration (loss) of MBO. How- panel) with peak values around 1, 0.8 and 0.4 mdhr?,
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local time local time rithm) for MBO (red line).

respectively. Baker et al. (2001) measured similar values fophase consistently resulted in acetone spikes (Baker, 2000;
methanol (1 mgm2h~1) and 3 times higher acetone fluxes Karl 2000a).

(2.5mgnT2h~1), which could be related to interannual or A correlation between VOC fluxes and various parameters
seasonal variability. Schade and Goldstein (2001) reporte@duch as light, temperature, sensible heat and latent heat fluxes
peak fluxes of MBO and methanol (2.1 and 4mgh™)  was performed and is summarised in Table 1. Data between
in a ponderosa pine forest, which are higher than observed ip6:00 and 09:00 LT for methanol, acetone and acetaldehyde
this study. This is most likely related to temperature differ- were excluded from this analysis due to the observed early
ences. Their measured acetaldehyde and acetone fluxes (0.g%orning spikes, which are most likely not related to those
and 0.4mgm?h™') are lower than the values seen here. parameters. Best results were obtained between sensible heat
The afternoon peak fluxes at Niwot Ridge coincided with and VOC fluxes as shown in Fig. 9, yielding correlation co-
the MBO maximum and are most likely due to maximum efficients of 0.88 (MBO), 0.95 (methanol), 0.53 (acetalde-
daily temperature and light conditions. In contrast, fluxeshyde) and 0.83 (acetone). The relation between latent heat
of acetone, acetaldehyde and methanol seem to exhibit afy,4) and VOC fluxes is expectedly similar and only shows
early morning peak occurring between 06:00 and 09:00 LT.a slightly poorer correlation. An exponential dependence as
Friction velocities during the morning hours were typically proposed by Guenther et al. (1995) for purely temperature
greater than 0.3n7s, but still may not be suitable for mi-  driven VOC emissions was fitted yieldiigjbetween 0.4 and
crometeorological flux measurements. VOC storage during).6 for MBO, acetaldehyde and acetone and very poor cor-
night time and subsequent concentration build up within therelation for methanolg = 0.02). The poor correlation was
shallow nocturnal boundary layer probably contributed to thejikely at least partly due to using ambient temperature, rather
observed early morning peaks but is not likely to be the en-than leaf temperature, to drive the model. The light depen-
tire cause. Wind directions on 14-17 June were predomidence of VOC fluxes seems to be more pronounced. Even
nantly from the west 281+ 10°) suggesting that the ef- petter results were obtained by applying a general linear
fect of a changing footprint was probably small. Another model (GLM) and regressing against temperature and light
explanation for these early morning flux peaks could be re-evels. Since fluxes were measured at a rather low and nar-
lated to dew and effects reported by Warneke et al. (1999)row temperature range (13-18) below typical saturation
who observed that wetted plant material can release substagoints, linear fitting procedures gave the best results. The
tial amounts of some oxygenated compounds. Warneke efreen and blue lines in Fig. 8 show predicted VOC fluxes at
al. (2002) also measured an increase of methanol fluxes afteqiwot Ridge as inferred from the T and GLM regressions.

a rain event above an alfalfa field. Thus rain, occurring dur-Correlations observed between VOC fluxes and environmen-
ing night time, together with dew formation could result in tal parameters such as latent and sensible heat fluxes, which
similar effects. In addition, experiments with lodgepole pine are routinely calculated in climate and land surface models
trees showed that increased light levels after a longer darkuch as the Community Land Model (CLM) and the Com-
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munity Climate System Model (CCSM) at NCAR, could po- elling and the model used here are discussed by Stevens et

tentially allow for these oxygenated compounds to be betterl. (1997), Eisele et al. (1997) and Greenberg et al. (1999);

estimated in emission models. general aspects of zero-dimensional box modelling can also
be found in McKeen et al. (1997).

The OH reactivity (first order loss rate) for the most impor-

e . tant species considered here is dominated by MBO (3% s
We performed a box model (0-D) sensitivity study to in- 1
vestigate the influence on oxidant levels in the tropospherglIowed by CO (0.825%), methane (0.32%), formalde-

3.3 Box model sensitivity analysis

1 X
due to the measured MBO, methanol, acetone and acetald g g; é%ziesrp,er?:smzigpg??mitthforn:r?igeé)t'u de;/(.:egalzdzﬁ;yde
hyde emissions. The NCAR Master Mechanism (MM) " ' o '

y 1581 ! ( ),oleflns (0.20s?, adopted from Goldan et al., 1997; Green-

(Madronich and Calvert, 1990; Hauglustaine et al., 1999; :
- . -~"perg and Zimmermann, 1984), methanol (0.11)sacetone
Aumont et al., 1999) was initiated at standard conditions in- . :
) (0.01s1) and aromatics (0.0434). It is noted that acetone

cluding the basic hydrocarbon chemistry encountered at Ni- i o
wot Ridge (Greenberg and Zimmerman, 1984; Goldan etcan also be photoch_em|cally -produced fro.m MBO o>§|dat|on
al., 1997) and CO obtained from continuous measurement ith a 54% molar yllleld. Tall<|ng the reaction rate V\."th HO
made at the site. MBO chemistry was included in the model MBO fN17 Z 10106 crn?s I), HO §°”Cdert‘”"’?“°|”5 "} the
based on data published by Ferronato et al. (1998). The M ange of 1— ¢ x molecules cm™ and typical surtace

was initialised with and without biogenic emissions (as pre- a;;er;ye?ctileszsbfv 50;200?’ obs}tlarved dugng dth|_s s;cju?y,
dicted from the diurnalwT variation in Fig.9) in order to —>v0 of the observed acetone flux can be derived from

look at the sensitivity on the model results. Water vapourthe oxidation of MBO. However, in-canopy NGnd/or Q3

was fixed at 2 g/kg and model runs were performed ag NO chemistry could potentially increase this amount.

levels ranging between 50 and 2000 pptv. Though the abso- Peak HO concentrations occur around noon (12:00-14:00)
lute NOy concentration was held fixed, the relative concen-and are for example as high as81x 10’ molecules cm?
trations of NO and N@were allowed to vary in the model without and 37 x 10° molecules cm?® with VOC emissions
over the course of a day. The planetary nighttime bound-turned on at 400 pptv N The HO peak is shifted by ap-
ary layer height was taken as 0.2 km, ramping up to 1.5 kmproximately 2h when VOC emissions are added into the
between 08:00 and 14:00 and decreasing back to 0.2 kmmodel; this is mainly due to the fact that peak VOC fluxes
between 16:00 and 18:00. Entrainment velocities aroundare typically observed in the early afternoon. Peroxy radicals
2cms ! estimated from the growth of the planetary bound- are significantly enhanced by the ongoing production from
ary layer (PBL) were incorporated as a first order rate con-the oxygenated hydrocarbon (mainly 2,3,2 MBO) chemistry
stant and constrained by measured ambient MBO concentraand peak around noon. Relative changes of ozone, PAN, HO
tions. Limitations associated with photochemical box mod-concentrations and HQJRO; ratios (upper left, lower left,

www.atmos-chem-phys.org/acp/2/279/ Atmos. Chem. Phys., 2, 279-291, 2002



288 T. G. Karl et al.: Virtual disjunct eddy covariance measurements

Ozone HO

2000 2000

ov
\2
o)

15001 1500 o) : ;
= 5 MR
s s o ¢
= 1000 Q = 1000 »

(@) @)
z zZ
) o
500 500fo ©
o
T e
5 10 15 20 5 10 15 20
local time local time
RO2 / HO2
2000 2000
(To]
“JHT

1500 1500 v o
=) Z N
s s
;XIOOO r S'XlOOO 0 J
z z - o 25 <

500+t 5001
™
i 35 k
5 10 15 20 5 10 15 20

local time local time
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upper right and lower right panel) due to VOC emissions as aoxy radical formation.

function of NG, levels are shown in a contour plot (Fig. 10).  Discrepancies between measured and calculated HO

NOy levels were based on measurements done by Parrish eind HGQ /RO, ratios during the tropospheric OH Photo-
al. (1984) and Ridley et al. (1990). Parrish et al. (1984) re-chemistry Experiment were mainly traced back to the rate
ported substantial NPconcentrations at the site during a constant of the R@+ NO reaction (Stevens et al., 1997).
previous year with a median between 400-600 pptv (at noonHowever, even with an adapted rate constant for the RO
during the months of June, July and August and conclude that NO reaction modeled vs. measured RO, ratios did
“even though the Denver urban area lies upwind from thenot agree very well. Cantrell et al. (1997) speculate about
site with respect to the prevailing winds, it is N@om the interferences in the peroxy-radical measurements or some
Niwot Ridge area that predominates and is responsible founknown radical production mechanisms that would cause
enhanced ozone levels at the site”. For clean westerly condimodeled and measured HRO; ratios to be off by a factor
tions (~ 100-300 pptv N) ozone is enhanced by 10-20%, of 4-10. Results obtained here demonstrate the sensitivity on
PAN by a factor of 2-5, ReyHO, up to a factor o~5and  local biogenic VOC emissions, which for example increase
HO is reduced to 20% in the afternoon. Similarily acetone modeled HQ/RO; ratios by a factor of- 5, falling close to

and methanol concentrations in the box are enhanced by measured values during the tropospheric OH Photochemistry
factor of 5 during midday. This shows that secondary photo-Experiment at low NQ conditions. In order to explain the
chemical generation of methanol (methane oxidation) playsdiscrepancy between measured and modeled OH concentra-
a minor role when compared to the dominant local biogenictions, McKeen et al. (1997) speculate about an unkown VOC
emission. The same holds for acetone, which has a strong lssource not measured during the OH Photochemistry Experi-
cal source due to direct emissions and the oxidation of MBOment. On the other hand their model results underestimated
(up to~5%). Both compounds are relatively long-lived and acetaldehyde levels by a factor of four, since mainhHg

can be transported into the upper troposphere, where they axidation was considered as the primary source under clean
readily photolysed and present an important source for pereonditions. They speculate that the oxidation of monoter-
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penes (e.ga-pinene) could lead to increased acetaldehydeTherefore sensible and latent heat fluxi{ andwgq) relation-
concentrations; however taking observed monoterpene corships could be used to model MBO, acetone, acetaldehyde
centrations € 100 pptv) from Goldan et al. (1997) most of and methanol emissions, as opposed to the ‘traditional light
their observed acetaldehyde abundancy could still not be acand temperature algorithms’.

counted for. Here we see fluxes of acetaldehyde with peak Box model simulations indicated that oxidant levels, such
values up te~ 0.4 mg m 2 h~1 (concentrations up to 2 ppbv). as HO (70%), HG (+50%), PAN (+800pptv) and ©

This represents a substantial amount emitted directly by th€+23%), are significantly changed due to the release of MBO,
forest and could account for discrepancies observed in earliemethanol, acetone and acetaldehyde by the forest. These
studies. The total measured monoterpene concentration wasompounds therefore play a crucial role in the local and re-
typically less than 100 pptv. Thus, primary emissions by thegional atmospheric chemistry. Comparison with observed
vegetation is thought to be the major source, even though AN concentrations at the Niwot Ridge site (Ridley et al.,
small amount can be derived from the oxidation of monoter-1990) shows that without biogenic VOC emissions the mod-
penes within the canopy. As PAN is mainly generated fromelled PAN levels are almost one order of magnitude lower
CH3COQ; radicals, acetaldehyde decomposition is it's ma- than observations. Biogenic emission models do not usually
jor source in the present study. PAN levels due to the for-predict speciated emissions of oxygenated compounds; espe-
mation from primary (forest emissions) and potentially sec-cially for the case of some important key compounds, such as
ondary acetaldehyde sources (e.g. terpene oxidation) peakcetaldehyde, this plays a nontrivial role in terms of the am-
around 16:00¢ 2.1 x 10 molecules cm3; ~800pptv at  bient photochemistry. The modelling sensitivity study done
400 pptv NQ) and together with peroxy radicals illustrate as part of this paper shows that incorrect model predictions
the overall photochemical activity in the PBL. Peak concen-can result when these emissions are not included.

trations of PAN scaled down te 400 pptv at 200 pptv N Future work at the site involving nitrogen containing
and to~ 190 pptv at 100 pptv NQand lie within the range  species, such as NOand NQ, together with long term
observed by Ridley et al. (1990). VOC and aerosol flux measurements could be used to model

The sensitivity study demonstrates that without detailedthe chemistry more accurately, e.g. differentiate the Denver
guantitative knowledge of biogenic VOC emissions from plume from local disturbances, and provide a unique data set
the forest the modelled HO, PAN and peroxy radical con-describing the chemical forest-atmosphere interaction. We
centrations as well as REHO; ratios are significantly un-  conclude that vDEC with a PTR-MS instrument is a versatile
derestimated in both westerly and easterly winds. In additool for simultaneous field analysis of multiple VOC fluxes.
tion ozone enhancment can exceed 40% at high M@els
(~ 1 ppbv); locally produced VOCs can therefore add a sub- ) )
stantial amount of ‘fuel’ and contribute to the high ozone APPendix: Error Analysis

concentrations observed at the Niwot Ridge site. : .
9 (1) The systematic error of the flux measured by disjunct

sampling due to the finite samples during one averaging pe-

4 Conclusions riod can be approximated by:

This paper describes the first experimental tests of the con-IM . r = Ax {coth<£>
cept of virtual disjunct eddy covariance (vDEC) for field F bws — lws 2Ly
measurements of VOC fluxes. A PTR-MS instrument was (Ax/Lys) - (s / T) = [1 — exp(=T/ L) ]

used as the VOC sensor. VOC losses through long lines — 2 SnP(Ax/20) (%)
frequently encountered with canopy level flux measurements ws

seem to be mainly governed by diffusion laws. Results fromyith /1, - (integral time scale)T (averaging period),Ax

a wind tunnel experiment demonstrated that for the setugsampling interval). (Lenschow et al., 1994). In the present
used in this work (50 m line (i.d. 173, f_Iow rate of 151/min)  case we infer (see Sect. 2.2) a systematic error bf1%.

the half power frequencyy,,> was typically around 5.5Hz, () wesely and Hart (1985) discuss errors encountered due
still high enough to avoid significant bias in the VDEC mea- 1 geophysical variability. They indicate that for neutral and

surements. In addition, coiled lines improved the spectralynstaple conditions these can be approximated by:
attenuation by stabilising the flow in the tube. We observed

significant fluxes of MBO, methanol, acetone and acetalde-§ F 12. 7

hyde at a subalpine forest site governed by a short grow-z ~— \ 7., unstable

ing season and cool temperatures. MBO emission estimate§F 202

modelled with the EXP96 algorithm (Guenther et al., 1999) — = T neutral (6)

were in reasonable agreement with measured values. In ad-
dition, sensible heat fluxes(") appeared to be the best pre- with T (averaging period: 30 min), (height above ground)
dictor of daytime VOC emissions observed during this study.and u (wind speed). Takingg = 4m/s,z = 10m above
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the canopy and” = 1800s, we infer an error of 13% for Cantrell, C. A., Shetter, R. E., Calvert, J. G., Eisele, F. L., Williams,
unstable and 17% for neutral conditions. E., Baumann, K., Brune, W. H., and Stevens, P. S.: Peroxy radi-
(3) Random errors for VOC concentrations can be described cals from photostationary state deviations and steady state calcu-

by counting statistics according to the Poisson distribution; ~ations during the Tropospheric OH Photochemistry Experiment
at Idaho Hill, Colorado, 1993, J. Geophys. Res., 102, 6369—-6379,

6C 1 7 1997.

T - ﬁ 7) Dabberdt, W. F., Lenschow, D. H., Horst, T. W., Zimmerman, P. R.,
Oncley, S. P, and Delany, A. C.: Atmosphere-surface exchange

with C (concentration)S (sensitivity Hz/ppbv), and” (av- measurements, Science, 260, 1472-1482, 1993.

eraging period). WithC ~ 500 pptv,S = 100Hz/ppbv and  de Gouw, J., Warneke, C., Karl, T., Eerdekens, G., van der Veen, C.,
T = 1800s, the random error (white noise) of the concentra- and Fall, R.: Sensitivity and specificity of atmospheric trace gas

tion measurement is 0.3%. detection by Proton-Transfer-Reaction Mass Spectrometry, Int.
(4) Systematic errors for the determination of the VOC con- Journal for Mass Spectrometry, in press, 2002.
centrations can be described as Eckert, E. R. G. and Drake, R. M.: Heat and Mass Transfer, pp. 530,

McGraw-Hill, New York, 1959.

8C S8k oty 8 Eisele, F. L., Mount, G. H., Tanner, D., Jefferson, A., Shetter, R.,
c k4 (8) Harder, J. W., and Williams, E. J.: Understanding the production
) ) ) and interconversion of the hydroxyl radical during the Tropo-
with C (concentration) (reaction rate constant), and(re- spheric OH Photochemistry Experiment, J. Geophys. Res., 102,

action time in the drift tube), and are 20% mainly due to 6457-6465, 1997.

uncertainties ok. In the present case we calibrated the sys-Ferronato, C., Orlando, J. J., and Tyndall, G. S.: Rate and mecha-
tem by running a dilution curve of a high concentration VOC  nism of the reactions of OH and Cl with 2-methyl-3-buten-2-ol,
standard with an estimated uncertainty of 10%. J. Geophys. Res., 103, 25579-25 586, 1998.
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