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Abstract. The disjunct eddy covariance (DEC) method is an emission rate was in the lower range of reported values in
interesting alternative to the conventional eddy covarianceearlier studies. Further analysis will be conducted through
(EC) method because it allows the estimation of turbulentground-based and airborne campaigns in the coming years.
fluxes of species for which fast sensors are not available. We
have developed and validated a new disjunct sampling sys-
tem (called MEDEE). This system is built with chemically
inert materials. Air samples are taken quickly and alternatelyl ~Introduction
in two cylindrical reservoirs, the internal pressures of which
are regulated by a moving piston. The MEDEE system wasChemistry in the lower atmosphere is mostly driven by
designed to be operated either on the ground or aboard an aifources and sinks of trace species at the Earth's surface.
craft. It is also compatible with most analysers since it trans-Reciprocally, the biosphere is affected by changes in at-
fers the air samples at a regulated pressure. To validate th@0spheric properties (Pielke et al., 1998). Flux measure-
system, DEC and EC measurements of,G@d latent heat ments are essential for quantifying atmosphere—biosphere
fluxes were performed concurrently during a field campaign.€xchanges and understanding physical and chemical pro-
EC fluxes were first compared to simulated DEC (SDEC)Cesses in the atmosphere but they are often difficult to ob-
fluxes and then to actual DEC fluxes. tain. There are two widely used groups of flux measurement
Both the simulated and actual DEC fluxes showed a goodechniques: enclosure and micrometeorological techniques.
agreement with EC fluxes in terms of correlation. The deter- Enclosure techniques can be relatively inexpensive and
mination coefficients £2) were 0.93 and 0.91 for DEC and used over ground, water, or vegetation. Enclosures allow
SDEC latent heat fluxes, respectively. For DEC and spEceMission rates of the enclosed subject to be monitored by us-
CO, fluxesR? was 0.69 in both cases. The conditions of low iNg various analysers (gas chromatography coupled to a mass
fluxes experienced during the campaign impaired the comSPectrometer, to a flame ionization detector or other analy-
parison of the different techniques especially for Citix sers). For static enclosures, fluxes are obtained by following
measurements. Linear regression analysis showed an 14 #jge evolution of concentrations in the enclosure. In dynamic

underestimation of DEC fluxes for both G@nd latent heat chambers, mostly used for BVOC fluxes, a steady-state flow
compared to EC fluxes. of air is passing through the enclosure. However, in most

A first field campaign, focusing on biogenic volatile or- Cases, the measurements are representative of a very small
ganic compound (BVOC) emissions, was carried out to mea@rea and can disturb the enclosed environment (Dabberdt et
sure isoprene fluxes above a downy oakiércus Pubesceps ~ al-, 1993).

forest in the south-east of France. The measured standard Micrometeorological techniques consist of measuring
the vertical turbulent flux near the surface. They provide
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3120 R. Baghi et al.: Validation on CQ and H»O fluxes

integrated fluxes over, e.g., crop fields or forest canopiescharacteristic reaction time is not much longer than the accu-
Among these micrometeorological techniques, eddy covari-mulation period.
ance (EC) is the most direct method for estimating surface- Finally, the disjunct eddy covariance method (DEC) is de-
atmosphere exchanges (Baldocchi et al., 1988; Aubinet et alrjved from EC, and differs only by the number of samples
1999). It relies on measuring both vertical velocity)(@and  captured. This method allows a sampling rate as low as one
scalar-of-interest concentration) (@t a high rate to charac- sample every~10-30s, whereas data are acquired at a high
terize the vertical mass flux carried by eddies of all sizes.rate for EC measurements (10-20Hz) (Rinne et al., 2001).
The flux is then estimated from the covarianceuofind ¢ Among alternative techniques of EC, the DEC approach is
fluctuations averaged over a period of time. The averaginghe only one that does not rely on any parameterization and
period must be long enough to be statistically representativeloes not involve further assumptions. However, air samples
but short enough to meet the assumption of steady state comaust be acquired in a very short time (a few tenths of a
ditions. EC measurements of BVOC fluxes are not alwayssecond at most) and precisely dated to capture the turbulent
possible due to instrumental limitations. Instruments with transport (Rinne et al., 2001; Turnipseed et al., 2009). When
short enough response time are available but do not providd@uxes of reactive compounds are to be measured, character-
continuous time series for multiple VOC flux measurementsistic chemical time scales have to be longer than (or at least
or require longer analysis time to achieve sufficient sensi-comparable to) turbulent transport time scales (Vila-Guerau
tivity. Alternative approaches allowing longer analysis time de Arellano and Duynkerke, 1992). Flux measurements of
have been proposed to extend the use of micrometeorologshort-lived species are an issue when using EC alternative
cal flux methods. For fairly short-lived species, the turbulenttechniques as they often require intermediate storage of sam-
flux provided by micrometeorological techniques is similar ples before analysis. Thus, the DEC method offers an ad-
to the surface flux as long as the measurement height is onlyantage with a storage time that is two orders of magnitude
a few metres above the surface, otherwise chemical reactionswer than that required for the REA technique. Advances in
occur and affect the flux (Kristensen et al., 2009). the technology of proton transfert reaction mass spectrome-
The gradient method is used as an alternative to EC andry (PTR-MS) (Blake et al., 2011), a fast response analyser
relies on surface layer similarity theory (flux-profile rela- capable of sequentially measuring a wide array of organic
tionships). It consists of measuring mean concentrations atompounds present in our atmosphere, have extended the
different heights in the surface layer. The flux is then esti-range of species whose flux can be measured with the EC
mated from the concentration profile, the stability parameteror DEC technique. A variant of DEC, named virtual DEC
(Obukhov length) and friction velocity. This method is indi- (VDEC), was specifically designed for the PTR-MS instru-
rect since it requires an empirical parameterization. Furtherment (Karl et al., 2002). With this method, it is possible to
more, when the chemical reaction time is not much longerachieve flux measurements of several trace gases simultane-
than the turbulent diffusion characteristic time, the impact of ously, without the use of intermediate reservoirs and using
chemistry on profiles has to be taken into account through anly one PTR-MS instrument.
coupled chemistry-dynamics model (Kristensen et al., 2009). Several disjunct eddy samplers (DES) are described in the
The eddy accumulation (EA) method initially proposed by literature (Rinne et al., 2000, 2008; Grabmer et al., 2004;
Desjardins (1977) was aimed at increasing sample analysiSurnipseed et al., 2009). For biogenic emission measure-
time but was a technical challenge. With this method, air isments these DESs have been used with either an infra-red
sampled in two separate reservoirs depending on the sign afas analyser (IRGA) or PTR-MS. Some of them present lim-
the vertical wind velocity. The sampling rate has to be pro-itations: Rinne et al. (2008) demonstrated the validity of the
portional to the vertical velocity, which is very difficult to DEC technique through direct comparison between DEC and
achieve. Businger and Oncley (1990) simplified the EA tech-EC latent heat flux but, in their DES, the air was re-injected
nigue by introducing an empirical calibration and named thisinto the reservoirs once it had been analyzed by the IRGA,
method relaxed eddy accumulation (REA). The REA methodin order to avoid a pressure drop during the analyses. Such
requires samples to be collected in separate downdraft and system is only suitable for certain analysers which neither
updraft reservoirs as with the EA method, but with a con- destroy nor contaminate the sample during the analysis.
stant flow. The flux is then proportional to the product of (1) In this study, we present the design of an innova-
the concentration difference between the two reservoirs ovetive disjunct eddy sampler named MEDEE for tower-
the same period as for the EC technique (e.g., 30 min), (2) théased and airborne DEC measurements. MEDEE stands
standard deviation af), with a scaling coefficieng, which for “Mesure par Echantillonnage Disjoint deEchanges
is dependent upon the statistical properties of the time seried’Especes en trace” (trace gas exchange measurements by
and thew threshold values above which the air is collected disjunct sampling). Our primary objective in developing
(Businger and Oncley, 1990; Andreas et al., 1998; Fotiadithis instrument was to measure biogenic VOC (BVOC)
et al., 2005). While the REA method is relatively easy to fluxes but the design of MEDEE offers compatibility with
implement in the field, it cannot be used for species whosea wide range of compounds and analysers. As mentioned
above, the DEC method has many advantages over other
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micrometeorological techniques for compounds for whichinterval Ar. Samples are captured quickly (e.g. in 0.2s) and

fast response analysers are not available. analyzed until the next sample is taken. The turbulent flux
The paper is organized as follows: in Sect. 2, a brief theo-is thus determined as the average covariance of the available

retical background of EC and DEC techniques is given. Themumbern of discrete samples over the flux calculation pe-

we describe the MEDEE instrument in detail (Sect. 3). Inriod:

Sect. 4, we report the results from a field campaign set up for "

the validation of the MEDEE system. Latent heat and,CO f _ ,OaE Z(w’x’)~~ 3)

fluxes were measured concurrently by MEDEE coupled to a ni= !

closed path IRGA, and by the EC technique, over a winter

wheat plot during summer 2011. Finally, the results from a It has been shown that, as long as the time intetval

field test campaign focused on BVOC emissions are reportedetween two measurements is not much longer than the in-
in Sect. 5. tegral time scale of the turbulence, the flux can be estimated

with only a small increase in random error (Lenschow et al.,
1994). The number of samplesdepends om\¢, which is

2 Theoretical background generally between 1s and 30s. On the other hand, when the
) sampling interval is longer than the integral time scale, the
2.1 Eddy covariance method samples can be assumed to be statistically independent. In

such conditions, Rinne et al. (2002, 2008) used two ways
Trace gases and energy are transported between the Earth’'s ~ . .
. 0 estimate the uncertainty on the DEC flux (random error)
surface and the atmosphere via turbulent upward and down: . .
) . ; : : according to the number of measurements available for an

ward motions in the air. In the eddy covariance technique,

fast rate monitoring of these turbulent motions allow the net?ycraging period of _half an hour (F|g. 1)'.M Is the number
f points of the full high-rate EC time series, amthe num-
exchange between the surface and the atmosphere to be cge—

termined. The vertical flux of a scalar in the turbulent layer er of points of the sub-sample, then a theoretical estimate of

above the surface is described as the mean product of thtf?e uncertainty of the covariance computed on the n-values

vertical wind componeni and the scalar concentration 'S given by (Rinne et al., 2008):

F — wc. (1) / (w/)(/)2 N—n _oyy .
a— ~ s if N . 4
Fu'x n N-1 Jn > “)

Equation (1) requires the time seriesoéindc to be quan-
tified at a rate and over a duration that allows sampling of all | the above equations, ' is the standard deviation of
the scales that contribute to the covariance (i.e. the scales @e w'y’ time series. The erraf,, -, normalized byo,, -,
which the {v, c) cospectrum is significant). In general, a 10— js represented by the continuous line in Fig. 1. The uncer-
20 Hz sampling frequency over a 20-30 min period of time tainty can also be estimated by taking measured high-rate
is adequate for surface flux estimates. Equation (1) is SO|Ve(ﬂime series, generating Sub_samp|ed (at a lower rate) time
using Reynolds decomposition of andc into their mean  series from them and computing the corresponding covari-
and fluctuation values. Considering thais non-zero (even  ances. The standard deviation of the covariance values for
over flat, homogeneous terrain) when a buoyancy flux eXiSt% given number of disjunct Samp|esgives an estimate of
(Webb et al., 1980; Foken and Wichura, 1996), there are twe,,... Rinne et al. (2002, 2008) and Rinne and Ammann
ways to estimaté” from the fluctuations ofv and the scalar  (2012) reported the results of such simulations on ground and
concentration. The first way is to computerom the covari-  ajrborne measurements. In Fig. 1 we reproduce their results
ancew’c’ and to correct the value according to the buoyancyobtained with observations above an alfalfa field (Rinne et
flux (the so-called “Webb correction”, see e.g., Webb et al.,al., 2008). The uncertainty simulated by Eq. (4) follows the
1980; Fuehrer and Friehe, 2002; Lee and Massman, 2011hehavior of the data points well, with a small overestimation.
The second way is to compute the covariance between Thjs figure illustrates that, as long ass of the order of or
and the scalar mixing ratio relative to dry aif. F is thus  |arger than~ 100, the statistical uncertainty on the covari-
estimated as ance estimate remains acceptable.

As mentioned above, the use of Eq. (4) is restricted to data
for which the integral time scale @'y’ is shorter than the
sample time interval. Estimates of these integral scales in
the atmospheric surface layer are very scarce. In Lohou et
2.2 Disjunct eddy covariance method al. (2010), the mean of the integral length scalewd§’ is

estimated to be 4-5 mH{3 m standard deviation) in the sur-
DEC was derived from EC as a means of using slower analface layer above a western African wet savannah. From these
ysers. The vertical wind is measured at high rate but, unlikevalues we can estimate that the integral time scale is below
in the EC method, samples are separated by a constant timi) s as long as the mean wind speed is higher than 0.3 m s

F =paw'x', 2)

wherep, is the mean density of dry air.
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(i.e. most of the time). This implies that, with a time inter- 109 :

val of 11.5 s (the value used in the experiment described later |

on) we can assume our samples to be statistically indepen- !

dent and use Eq. (4) to estimate uncertainty. The arrow on }

Fig. 1 indicates the number of samples of the MEDEE sys-

tem during the two field campaigns of the present study. The 1

expected uncertainty normalized by the standard deviation of S |

thew’y’ time series is thus no larger than 8 %. \>< 107 ¢ ® f

Sample carry over is an additional source of uncertainty 3 }

and bias (Langford et al., 2009). It results from the air re- }

maining in the reservoir because of the partial vacuum be-

fore the capture of the next sample, and from the air remain- |

ing in the “dead volume” between the reservoir and the on- i

line analyser. The period of time required to fill the reser- 102 N

. . . 1 2 3

voirs should also be considered as a source of uncertainty. 10 00 A 10

The filling time is in general longer than the vertical wind n

measurement rate-(0.1s), which acts as a filter for higher rig 1 Evolution of the accuracy of the DEC flux estimate according

frequencies. The consequences of these two error Sources the number of values over the averaging period. The solid line

will be analyzed in the following sections. is the theoretical flux uncertainty according to Eq. (4). The filled
circles represent the uncertainties on DEC fluxes simulated from
sub-sets of 12, 30, 60 and 120 samples. The dotted line indicates

3 Disjunct eddy sampler the number of samples produced by MEDEE V\_/ith a sample capture
every 11.5s. Reproduced and adapted from Rinne et al. (2008).

MEDEE was designed to be operated on the ground as well
as aboard a plane. It was built to fit into &'Ifick. Sampling
parts are mounted on a sturdy anodized aluminium plate antion (Moore, 1986), the inlet solenoid valves are moved to be
electronic modules are embedded in several rack comparias close as possible to the wind measurement point, which
ments. MEDEE was developed to collect a small air samplencreases the reservoir volume while minimizing the capture
promptly (at~ 0.2 s), and to ensure its transfer at a constantlag time with respect to the vertical wind measurement. For
regulated pressure to an on-line gas analyser. This is new artthe validation field campaign described below, the total reser-
has not been reported before. It enables the use of pressuw®ir volume was thus extended to 1.78L. In the same way,
sensitive analysers pumping in a closed reservoir. A schemen the line towards the analyser, the solenoid valves could
of the MEDEE system is shown in Fig. 2. be placed in such a position that the dead volume before the
MEDEE comprises two stainless-steel cylindrical reser-analyser would be minimum.
voirs. Each cylinder is connected to a stainless-steel piston This sampling system can be represented as two mechan-
moved by an electric actuator, thus making volumes variableical syringes. A 3-D model of one mechanical syringe is de-
This technology allows real-time compensation of any pres-picted in Fig. 3. The reservoir walls have been made transpar-
sure drop in the reservoirs. Airtightness is ensured by Teflorent to reveal the piston. Teflon bellows hermetically seal the
seals and Teflon guides prevent the pistons from misalign€onnection between the electric actuator arm and the piston,
ment. Each cylinder is connected to the fluid circuit and toand prevent grease degassing.
a pressure transducer (A-10, WIKA Instruments, Cergy Pon- MEDEE is operated by a LabVIEW (National Instru-
toise, France) for pressure measurement within the cylindemments) program running on an embedded box PC, and a
The cylinders are 130 mm long with an inner diameter of micro-controller chip that gives the rhythm of the operating
100 mm, which corresponds to a maximum volume of 1 L. phases and triggers the solenoid valves. A servomechanism
High flow conductance solenoid valves (72B11DCM, Peterimplemented in the program drives the piston through the
Paul Electronics, New Britain, CT, USA) with stainless-steel electric actuator according to the pressure value inside the
bodies serve as sample inlets. Teflon bodied solenoid valveseservoir. Pressure values and on-line gas analyser data are
(Type 121, Burkert, Ingelfingen, Germany) are used to di-stored on a data-logger (CR1000, Campbell Scientific Inc.,
rect the flow towards the analyser or towards a vacuum pumgp.ogan, UT, USA), the former at a rate of 20 Hz and the latter
(80110131, Thomas, Wayne, PA, USA). All solenoid valves at 10 Hz. Extra entries available on this data acquisition sys-
have a fast response time%0 ms). Stainless-steel connec- tem are used for sonic anemometer data storage if the system
tors and Teflon pipes (9.6 mm inner diameter) are used tds operated on the ground or synchronization parameters if
connect the cylinders to sample inlets, while 4-mme-inner-the system is on board the aircraft.
diameter Teflon pipes are used for the analyser and vacuum The two “mechanical syringes” work alternately. With re-
circuits. To reduce the errors resulting from sensor separaspect to a single system, this can double the number of
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""" 2
a-valves x

Fig. 2. Scheme of the MEDEE system.

point pressure used for the regulation is the value measured
in the reservoir when the instrument is in starting phase (all
valves open), and thus corresponds to the atmospheric pres-
sure at this time. This regulation allows the analyser to draw
sample air without experiencing a pressure drop that would
disturb the flow rate and analyser response. Pressure cycles
inside the reservoirs are illustrated in Fig. 5. The three main
phases of operation are emptying, sampling, and analysing.
The figure highlights the low-pressure level reached at the
end of the emptying phase, and the pressure regulation during
the analysis periods, marked by the horizontal arrows. Given
that the pressure signal resolution is not better than 1 hPa, we
observe a fairly stable value-@ hPa), at least during the last

Fig. 3. 3-D drawing of one of the two “mechanical syringes” of 7_0% of the _anglysus period. In _the switching periods a_lnd
the MEDEE system. The cylindrical reservoir is made transparenldurlng the beglnljlng of the anaIyS|s,.the pressure fluctuations
on the illustration in order to show the moving piston. The gray ar¢ somewhat higher but remain withirb hPa. Before the
rectangular box on the left houses the jack screw, which is movedcapture, the pressure is no higher than 40 hPa, which limits
by the engine inside the black compartment above it. the contamination of the sample by air remaining from the
previous one.
In the cycle shown on Fig. 4, 11.5s are dedicated to the

samples and continuously feeds air samples to the analyseginalysis of an air sample. This is also the time interval
A full cycle of operation for one system is divided into three between two consecutive samples. This value can be adjusted
main phases: (1) establishing the vacuum, (2) sampling, antdetween 10 and 30 s with this instrument. Faxmaof 11.5s,
(3) transferring to the analyser at a constant regulated prest55 samples are analyzed in half an hour, which would cor-
sure (see Fig. 4). During the first step, the reservoir pressureespond to a low uncertainty on the covariance estimate (see
is brought down to~ 20-40 hPa with a vacuum pump and Fig. 1).
by pulling the piston in the cylinder forward and backward. When MEDEE is switched on, a pre-loading phase starts.
The sample grab is then triggered by opening the inlet valvelnlet solenoid valves are opened to equilibrate reservoirs to
Once captured, the sample is transferred to the analyser bgmbient pressure, followed by the opening of analysis valves
opening the analysis valve. At the end of this sequence, thallowing air to flow freely from the inlet to the analyser. In
second reservoir is ready to transfer a new sample. The syrthis standby configuration, the analyser can be turned on for
chronization between the valves on the two reservoirs allowspre-heating. Next, a manual switch triggers the disjunct sam-
the analyser to receive samples following one another withpling sequence. A first reservoir is emptied before sampling
out interruption. while air is flowing to the analyser through the second reser-

The pressure regulation is ensured by the electric actuatovoir, and the operational cycle starts with the first capture.
in response to the measured pressure in the reservoir. The set

www.atmos-meas-tech.net/5/3119/2012/ Atmos. Meas. Tech., 5, 3B1B2 2012
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/ Sample capture
Reservoir 1 Emptying I Sample transfer /Anak

Reservoir 2 Sample transfer / Analysis , Emptying l
1

0 11.5 23 Time (s)

Fig. 4. The three steps of the MEDEE operating cycle (emptying, capture and analysis), for each of the two reservoirs.

has been instrumented for meteorological and micrometeo-
Reservoir 1 rological measurements since March 2005.,G0Od water

Reservoir 2

1000 fpe=

800 -

vapour fluxes are monitored continuously at the site. The alti-
tude is 180 m, and the mean annual wind speed is 1.7dm s
Main wind directions are from the west and east-south-east
with a fetch of 200 and 140 m, respectively. Crop manage-
ment consists of rotation of winter wheat and maize. An
exhaustive description of the field site is given ibZ&at et
al. (2009). During the validation campaign, €@nd water
vapour turbulent flux measurements were performed concur-
rently by the conventional EC method and the DEC method
1000 L I B over a senescent winter wheatificum aestivurhcrop. The
ooo M b e L] instruments were installed in the middle of the plot for an
optimal fetch along the main wind directions. The average
‘ ‘ air temperature during the measurement period was’08.5
o0k : B ry— The hottest day was 15 June with a maximum of@9
e Rogaryoir 2 reached during the early afternoon. Weather conditions were
%90 1.6 3.1 347 162  mostly sunny, but 10 and 16 June were cloudy with some
(b) Time (s) short rain events. The experiment took place during the ripen-
ing stage of the winter wheat when plants had become pho-
tosynthetically less active and were drying. £aptake and

600

400 f

Pressure (hPa)

200X

o

@)

1010 ————— — —— T

980 [t

Pressure (hPa)

Fig. 5. (a) Pressure (hPa) cycles inside MEDEE’s reservoirs dis-

played full scale(b) The bottom diagram is identical but the pres- rpelam transpiration were thus expected to be low. The crop

sure scale is zoomed around atmospheric value (here 996 hPa). T h d 2 Jul ks af h d of thi
red and black signals correspond to the two reservoirs. The hori\Vas arvested on 2 July, two weeks after the end of this ex-

zontal arrows indicate the analysis periods of each sample. PressuR€fiment.

peaks of some hPa are observed at the end of the captures but the .
analyses start later on. 4.2 Eddy covariance measurements

The eddy covariance instrumentation set up was composed

of a three-dimensional sonic anemometer (CSAT 3, Camp-

When stopped, MEDEE returns to a standby mode similar t o .
the one at the beginning. The current analysis is complete%)eII Scientific Inc, Logan, UT’ USA)“for yv!,nd components
and speed of sound (from which the “sonic” temperature was

and both inlet valves are opened to the ambient air. The sec- .
ond analysis valve is then opened and the air can flow freel)lflieduced)’ and an open-path infrared gas analyser (LI-7500,

to the analyser. The system can be run for several days with- I'COR' Lincoln, NE, USA,) for C.Q and water vapour con-
out interruption centrations. Both sensors were installed on a mast at 3.65m

above the ground. Data were recorded with MEDEE’s data-
logger at 10 Hz. EC fluxes of CCand H,O were calculated
using MATLAB routines with linear detrending. No density
correction on the fluxes (Webb et al., 1980) was needed as
concentration measurements were converted to mixing ratios
and fluxes were computed according to Eq. (2OHluxes

A field campaign was carried out from 9 June to 17 June 2011Vere multiplied by the latent heat of vaporisation of waltgr

on a site located at Lamasépe, a country area 12 km from and thus converted into latent heat flux expressed in&.m
Toulouse (south-west France). The Lamasgusite is char-

acterized by a cultivated plot of 0.32 Kron flat terrain. It is

part of the Carbo-Europe network (Dolman et al., 2006) and

4 Validation campaign

4.1 Site description

Atmos. Meas. Tech., 5, 31184132 2012 www.atmos-meas-tech.net/5/3119/2012/



R. Baghi et al.: Validation on CO; and H»O fluxes 3125

4.3 Disjunct eddy covariance measurements tration started at 600 ppm, resulting from nighttime accumu-
lation, then it decreased with time. The decrease in -
During this experiment, the same sonic anemometer wagentration was explained by the vertical mixing in the grow-
used for the EC and DEC measurements. MEDEE was couing boundary layer. The humidity mixing ratio increased at
pled to a closed-path infrared gas analyser (LI-6262, LI-the same time because energy (from the net radiation) was
COR, Lincoln, NE, USA) for disjunct eddy covariance mea- available for evaporation. The LI-7500 humidity time series
surement of C@and water vapour fluxes. Both instruments clearly shows the increase with time of both the amplitude
were installed next to the EC mast. MEDEE'’s inlet solenoid of fluctuations and the size of eddies. The time series of
valves were moved away from the sampling system andhe CGQ and HO mixing ratios measured by the LI-6262
brought closer to the wind measurement point (0.2 m). Two-closed-path analyser connected to MEDEE reproduced the
metre long, 9.6-mm-inner-diameter Teflon tubing was usedslow variations of the 0.1s open-path time series well. In
between the inlet valves and the sampling system. The sameontrast, the high frequency variations were not reproduced
type of Teflon line 60 cm in length was used as the inlet fromsince the same air sample was analyzed for 11.5s. The ver-
the solenoid valves toward the sonic anemometer. In this contical winds corresponding to the times at which the samples
figuration, the dead volume contained in the tubing upstreanwere captured are indicated by the red dots on the figure: the
of the inlet solenoid valves represented 2.4 % of the reservalue ofw for each dot was computed as the average of the
voir volume (43 mL). Longer tubing slightly impaired the 0.1s values during the period of the capture.
sampling duration, which increased+00.3 s, during which The second part of Fig. 6 displays a zoom on a 2-min pe-
time the reservoir filling was observed to be almost linear.riod of the 30-min time series. The two circuits of MEDEE
All sensor signals were stored on MEDEE's data-logger toare discriminated with the red and blue colors, onithigme
avoid synchronization issues. series (capture dots) and on the closed-path analyser signal
The LI-6262 and the LI-7500 analysers have been cali-(only the CQ values are represented here). The central times
brated separately before the field measurements. In order tof the captures are indicated by the vertical dotted lines. The
evaluate the difference in calibration between the two anal-colored CQ values are those chosen for DEC flux computa-
ysers, a period of time during the field campaign was dedi-tion. As indicated above, low-pressure prevented contamina-
cated to inter-compare concentration fluctuations. For watetion by the previous sample. Using the approach of Langford
vapor fluctuations, the agreement between the two analyserst al. (2009), the bias due to sample carry-over was estimated
was 99 %, whereas for CCfluctuations the LI-6262 anal- on one day of measurement. The average bias was 2.5%
yser measured values 23 % higher than those of the LI-7500+2 % standard deviation) for CGOfluxes and 2% £1 %
The concentrations measured by the LI-6262 were therefors.d.) for latent heat fluxes. The amplitudes of concentration
adjusted accordingly to compensate for this difference. variations were well reproduced by the open-path and closed-
DEC flux calculations were done by a MATLAB routine path analysers; for example, the abrup20 ppm decrease
where samples were dated precisely using reservoir-pressu@served at 27 min 26 s by the LI-7500 was seen by the LI-
time series. The vertical wind values falling within the reser- 6262 but only once a capture (red dot) had been obtained
voir linear filling period were averaged and used with the after the decrease.
gas mixing ratio values for the covariance calculation. Gas In the following sections, the EC fluxes of G@nd HO
mixing ratio measurements were averaged over periods of 5are used as the reference for evaluating the DEC fluxes. The
during the analysis time with rejection of the first 6 seconds,EC fluxes were calculated from the 0.1s time series as de-
to allow for the stabilization of the pressure in the reservoir scribed in Sect. 1. In a first step, EC fluxes are compared to
and the time for sample transfer from the reservoir to thesimulated DEC (SDEC) fluxes. SDEC time series are defined
analyser. EC and DEC fluxes were computed according t@as a sub-sample of the 0.1s time series, at a time interval
Egs. (2) and (3), respectively. equal to that of the MEDEE system (11.5s), and with “cap-
This study was not intended to provide fluxes for an annualture” averaging corresponding to the effective response of
budget but to prove the agreement of the two measuremerthe solenoid valves, i.e. the vertical wind as well as th©H
techniques. Since both techniques used the same wind datand CQ time series are averaged on 2—3 consecutive values.
further processing steps (e.g., sonic coordinate rotation) wer&he covariances are then computed identically for the com-

not needed. plete (10Hz) and sub-sampled time series. This step must
be regarded as a theoretical evaluation of the DEC system,
4.4 Data quality and processing aimed at validating critical parameters like the time interval

between the captures and the duration of the capture. In a
The time series of the main parameters measured during hafecond step, EC fluxes are compared to DEC fluxes com-
an hour (05:30 to 06:00UTC on 15 June) are presented irputed from the concentrations measured through MEDEE.
Fig. 6. During this half-hour period, the fluctuations did In this case, the vertical wind is the only common element
not exceed 0.5nTs because of the moderate (but increas- between the two systems, and the performance of the DEC
ing) turbulence in the growing boundary layer. £€bncen-  prototype can thus be evaluated objectively. No stationarity
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criteria were used to evaluate the flux measurements as th&milation, respiration and daily gross ecosystem produc-
main goal of this study was to compare two techniques withtion (GEP) throughout the season (see their Fig. 4). In April
less importance attached to the physical meaning of the meaand May, for example, GEP reached daily values-&D to

surements. —15gCnr2day ! (1pmolnr2s 14 1.04gCm2day1).
From these daily means, we could expect higher values (i.e.
4.5 Simulated disjunct eddy covariance — —30 to —45gCnr?day ) in the middle of the day. De-
eddy covariance inter-comparison spite the low values of the fluxes measured during the val-

idation campaign, the diurnal courses given by the two meth-

The diurnal course of EC and SDEC fluxes is presentec®dS agree in general, though occasional discrepancies are
in Fig. 7 for the 15 June case. The weak amplitude ofPresent, which are larger (in relative value) for the3Dx

the fluxes is noteworthy. The latent heat flux does not ex-than for the latent heat flux. o _
ceed 110Wm? in the middle of the day. Such values The comparison for the whole campaign is presented in
are 34 times lower than what could be observed abové9- 8 through scatter diagrams. The results are very good
this kind of vegetation but in an active phase (spring).for the latent heat flux, with a determination coefficiettt
Similarly, CO, fluxes do not reach noteworthy values nor of 0.93. Slope and offset of linear regression2 analysis for
do they exhibit a clear diurnal cycle, expressing the ab-Fig. 80 were 0.99:0.02 and—0.32+0.85WnT*, respec-
sence of photosynthetic activity of the wheat in its ripen- tively with standard errors. There is therefore no bias be-
ing phase. On the same site with similar vegetation type Ween the two techniques, which demonstrates that the cap-
Béziat et al. (2009) reported large changes in nep @9 Ure time is short enough and turbulent fluctuations are not
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significantly damped. The scatter is small; the difference be- = - .
tween the two methods is not larger than the random error = 0
for EC estimates (see, e.g., Lambert and Durand, 1998). The gl R A
COs flux has larger scatteR? = 0.69), which is possibly due —20 0 20 40 60 80 100 120 140
to the weakness of the flux. Slope and offset for Fig. 8a ®) LE pc fluxes (W m™2)
were 1.0 0.04 and—0.16+0.08 pmolnm2s~1, respec-

tively. The result of the linear regression analaysis shows thaFig. 8. (a) Eddy covariance vs. simulated disjunct eddy covari-
despite a significant scatter the two techniques are in agreence CQ fluxes (umol nv2? s~1) and(b) latent heat (W m?). Both
ment for CQ fluxes as well. In such conditions, the turbu- 9raphs report data from the entire field campaign (i.e. from 9 June
lent part of the concentration signal is reduced with respecf© 17 June 2011). Solid line is the: 1 line and red dashed line is
to larger scale variations, and the integral scale ofuhg  the linear regression.

time series is increased accordingly, which degrades the per-

formance of both the DEC and EC methods (Lenschow et al.,

1994). be attributed to the MEDEE system but are related to the be-
havior of the DEC method itself in such conditions.
4.6 Disjunct eddy covariance — eddy covariance The comparison for the whole campaign is given in
inter-comparison Fig. 10. Determination coefficien#? of 0.69 and 0.91 were

computed for C@ and latent heat fluxes, respectively. Lin-
The EC and DEC fluxes were compared in the same way agar regression analysis slope and offset were £.8®4 and
for the EC and SDEC fluxes. Figure 9 presents the diurna-0.284 0.07 pmolnt2s1, respectively, for CQ fluxes.
course on 15 June. The evolution of the latent heat flux isFor latent heat fluxes, the slope was 0£60.02 and the
well reproduced by the two methods, whereas the weaknessffset was—1.194-0.80 W nT2. We note that the determi-
and small evolution of the COflux give rise to some dis- nation coefficients are very similar to those obtained in the
crepancies on a few estimates. It is interesting to note thaEC-SDEC comparison (see Fig. 8), although the two meth-
the observed significant differences on the,3lOx occur at  ods were based on different analysers (open-path for SDEC
the same time and are of the same order as for the EC-SDE@&nd closed-path for DEC).
comparison (see Fig. 7). That means that the @iations The linear regression analysis showed a similar slope of
observed by the open-path and closed-path analysers are ve®y86 for both CO2 and latent heat fluxes. Offsets were close
similar, and that the discrepancies between the fluxes canndb zero in both cases. The linear regression slope indicated
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Fig. 9. Same as Fig. 7, but for “real” DEC instead of simulated DEC
fluxes.

an underestimation of 14 % on DEC fluxes measured by the

MEDEE system. This underestimation could come from the
sampling system itself or could be due to the sensitivity of

the analyser. Aditionnal measurements in higher fluxes con-

ditions are needed to conclude on the origin of this effect. An
attenuation of water vapor fluctuations due to surface passi
vation effects (Lenschow and Raupach, 1991; Massman an

Ibrom, 2008) can lead to an underestimation of latent heat

fluxes but is not thought to occur significantly here since both
CO, and latent heat fluxes are identically underestimated.
We should bear in mind that thes® and CQ fluxes were
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Fig. 10. Same as Fig. 8, but for “real” DEC instead of simulated
DEC fluxes.

weak during the campaign. Higher correlations between EC

and DEC fluxes can thus be expected for higher flux condi-

tions.

5 BVOC measurements

5.1 Site description

site. The main wind direction is from the north-west (Mistral
wind) and the terrain presents a 2 % slope in this direction.
The climate is Mediterranean with a dry season somewhat
shortened due to the altitude (680 ma.s.l.). The temperature
during the measurement period varied betweetClat night

and 25°C in the daytime. An 8-m scaffolding tower was set
up in the forest with the fast sensors installed above the up-

The first field campaign for measuring BVOC emissions with per platform at 10 m above the ground (4.5 m above the top
MEDEE was carried out at the Oak Observatory at “Observa-of the canopy). Among the sensors, a 3-D sonic anemometer
toire de Haute-Provence” (O3HP) site from 24 July to 6 Au- (CSAT 3, Campbell scientific) and a LI-7500 (LI-COR) mea-
gust 2010. The site is located in the south-east of Francesured the three wind components, the sonic temperature and
70 km north of Marseilles, and its vegetation is a forest ofthe CQ and HO concentrations. The MEDEE system was

90 % downy oak Quercus pubescensand 10 % Montpel-
lier maple @Acer monspessulanymwith large patches of
smoke tree Cotinus coggygripas undergrowth vegetation.

installed on the highest platform of the tower with sample
inlets 20 cm away from the sonic transducers. Isoprene con-
centration was measured with a Fast Isoprene Sensor (Hills

Downy oak is a major tree species in the Mediterranean reScientific, CO) (Guenther and Hills, 1998), with 4 L mih
gion and is known to be a strong isoprene emitter (Keenarflow rate coupled to MEDEE. The scaffolding tower was also
et al., 2009). In this forest, the trees are about 70 yr old,equipped with radiometers (incoming photosynthetically ac-
with a small younger plot located west of the measurementive radiation (PAR) measured by a LI-190SA (LI-COR),
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incoming and outgoing short- and long-wave radiation mea-
sured by a Kipp and Zonen CNR1). Ozone andNDaly- 400¢
sers were installed in a small cabin 30 m away from the tower _ 300}
with inlets 7 m above ground. The leaf area index (LAI) for I
the area surrounding the site was measured during the month
of August 2010 as part of the O3HP monitoring activity, and

was found to be 2.5. 0

£ 200}
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5.2 Results and discussion

DEC isoprene flux measurements were performed as well as 7~
EC CO and RO fluxes during the measurement period. EC
flux calculations were similar to those described in Sect. 4.1
and DEC data were processed as described in Sects. 4.2 anc £
4.3. The “sonic” temperature was converted into air tempera-
tureT by correcting for moisture contamination, and the sen-
sible heat flux (in Wm?) was computed as the kinematic 1500 400 500 1200 16:00 2000 0:00 400 800 12:00
heat flux @'T’) multiplied by paCp, WhereCp, is the heat - - - - - - - - -
capacity of air at constant pressure. Figure 11 presents the
30-min time series of EC sensible heat flux, £flux and o
latent heat flux, and DEC isoprene flux, for 5 and 6 August. &

5 August was characterized by a moderate mistral wind with = a0}
a diurnal average wind speed of 5.4ntsBecause of the =
wind, temperatures did not rise above®Z2for that day. The 0
mistral wind was still present on 6 August but with a lower —20 s s s s s s s s s
average wind speed of 3.3 ks Maximum temperature for 0:00 4:00 800 12:00 16:00 20:00 0:00 4:00 8:00 12:00
6 August was 28C. The conditions were characteristic of s
a dry sunny period, with the sensible heat flux reaching 3—
4 times the values of the latent heat flux during the day. As
expected, the C@uptake occurred during the day due to veg-
etation photo-synthesis, whereas it reversed during the night
due to respiration.

A clear diurnal isoprene emission cycle was observed with
values in the range 1.5-2.8 ugfs~* around midday. In 0000 200 800 12:00 16:00 20:00 0:00 400 800 12:00
order to compare these results with previous observations Time of Day, UTC
made on the same kind of vegetation, the isoprene fluxes
were then normalized to standard conditions (temperature oFig. 11.From top to bottom: sensible heat flux (W, CO; flux
30°C and PAR of 1000 pmol m? s~1) using the G93 algo-  (kmolnT2s™1) and latent heat flux (W m?) measured with the
rithm for isoprene (Guenther et al., 1993; Guenther, 1997)eddy covariance method, and Isoprene flux (ugfsr *) computed
The air temperature measured on the scaffolding tower Wa¥v'th the disjunct eddy covariance method. The measurement period
used for the conversion instead of leaf temperature becaus&®s " 5 and 6 August 2010.
the latter was not available. However, using the surface layer
flux-profile relationships to estimate the temperature profile
revealed that the day time mean temperature at the top afiration occurs (Guenther et al., 1993). The effect of using
the canopy did not differ from the air temperature on the overestimated PAR values to normalize emission rates was
scaffolding tower by more than°C. The wind conditions estimated by calculating the normalized fluxes with PAR val-
probably explained this small difference, and allowed us toues reduced by 50 %. The result showed that using above
use this temperature as an acceptable approximation to theanopy PAR leads to a 7% decrease in the averaged nor-
leaf temperature. The effect of a small underestimation ofmalized flux. Considering a LAl value of 2.5 on this field
leaf temperature was estimated to be an increase of a fewite, the average PAR for the whole canopy is expected to
percent in the averaged normalized flux. Above-canopy PARbe higher than 50% of the above canopy value. The nor-
was used to normalize isoprene fluxes. This was also a souramalized fluxes were then converted into standard emission
of error as leaves in the canopy are not evenly exposed to inrates, using the measured LAl on the site and a leaf mass
coming PAR. Isoprene emissions are strongly dependent oper area value of 134.3 gTA given by Simon et al. (2005)
PAR at low light level but, beyond 50 % of full sunlight, sat- for a downy oak forest in the same area and presenting very
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similar morphology. Isoprene standard emission rates wer®.69 for HO and CQ fluxes, respectively. The comparison
averaged from 07:00 to 14:00 UTC for the two days. Thebetween EC and “real” DEC fluxes provided very simikg
resulting standard emission rate was 40 ply L. Simon  coefficients, however a 14 % underestimation of DEC fluxes
et al. (2005), Owen et al. (1998), Steinbrecher et al. (1997)was observed on linear regression analyses for both CO2 and
and Kesselmeier et al. (1998) report isoprene standard emid-atent heat fluxes. Further experiments need to be conducted
sion rates of 134.7, 92, 90.7 and 42 pg &1, respectively,  in higher flux conditions to determine the reason for this ef-
for Quercus Pubescenkn these studies, measurements werefect.
performed using branch enclosures. Above-canopy flux can MEDEE was also tested for BVOC flux measurements
be expected to be lower than branch-level flux because of reever a downy oak forest. The results showed a stan-
moval processes that can occur, such as surface deposition dard (30°C, 1000 pmol m?2s~1) isoprene emission rate of
the canopy or chemical transformation of isoprene betweem0 pggth1, in the lower range of values reported in the
the leaf and the above-canopy areas (Fuentes et al., 2000)terature for comparable vegetation. Such measurements
The windy conditions can also have a lowering effect onwill be made in the coming years in the framework of the
emission rates (Loreto and Sharkey, 1993). The value foun€Chemistry-Aerosol Mediterranean Experiment (ChArMEX)
in the present study, although in the lower range, comparegroject, in order to improve the parameterization of the
reasonably well with the values reported in the literature con-BVOC emission rates. It is planned to improve the param-
sidering the measurement technique that was used. eterization of the emission by taking parameters other than
the PAR and temperature into account.
MEDEE is also scheduled for airborne measurements on
6 Conclusions the French ATR-42 aircraft. This aircraft is equipped for
turbulence measurements (&t al., 2010) and the use of
The goal of this study was to develop, validate, and deployMEDEE with a PTR-MS will allow the estimation of BVOC
a new DEC flux measurement system called MEDEE. Thisfluxes at landscape scale and throughout the atmospheric
system was made of chemically inert materials to avoid samboundary layer.
ple contamination and built to meet aircraft (the French ATR-
42 in a first step) requirements. The MEDEE system is able
to quickly take 1L air samples and ensure their continuoug®cknowledgementse would like to express our gratitude to
transfer at constant pressure to an online analyser. The sy&§°main Mathon and Driss Kouach from the Groupe Instrumenta-
tem is built as twin mechanical syringes, whose alternate!*" Scientifique at OMP, and to Jean-Michel Martin, Lei Liu and
- . . Guillaume Sokolof who did great work and provided support for
functioning ensures a continuous supply to the on-line anal-

d with itchi iod f the realization of MEDEE. Our recognition also goes to the OHP
yser. MEDEE was operated with a switching period from and CESBIO teams, especially to Thierry Gauquelin, Michel Boer,

one sample to the other of 11.55, which fulfils the require-yjj3 reiter, Jean-Philippe Orts, Bernard Marciel and Heibrin
ments for keeping good accuracy on the covariance estimatgy their help during the field campaign. Valuable comments on
in spite of the reduced number of data. With such intervalsthe manuscript by Jean-Luc Aétiand Eric Ceschia were much
and the reservoir volume, the system can be connected tappreciated. This work was supported by INSU/CNRS (through
on-line analysers with flow rates of upto 4 L mih The sta-  the LEFE-CHAT and MISTRALS programmes), the Observatoire
bility of the pressure (of the order of 1-2 hPa) favours betterMidi-Pyrérées and the Laboratoire d#ologie.

functioning of most analysers. These features make MEDEE

suitable for measurements of different trace gases and conf=dited by: C. Ammann

patible with a wide array of analysers. For example, the quan-

tum cascade laser absorption spectrometer (QCLAS) (Jol
et al., 2011) or the cavity ringdown spectrometer (CDRS)
(Crosson, 2008; Langridge et al., 2008; Fiddler et al., 2009)
which monitor trace gases such as CO4CN>O or NC.

The system was validated through a field campaign during
which H,O and CQ fluxes were simultaneously measured
with EC and DEC techniques with different analysers. The o ) o
EC fluxes were used as a reference. In a first step, which cah"® Publication of this article is financed by CNRS-INSU.
be considered as a theoretical validation, the EC fluxes were
compared to the simulated DEC fluxes calculated from the
sub-sampled high-rate time series, but taking the averaging
resulting from non-instantaneous filling time into account.

Despite the weak C®and latent heat fluxes observed dur-
ing the campaign, good correlation was found between the
two methods with determination coefficieré of 0.93 and

INSU

Institut national des sciences de I'Univers
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