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CALIBRATION OF A MULTIPOINT SAMPLING
SYSTEM CONNECTED WITH A
PHOTOACOUSTIC DETECTOR

ALEX DE VISSCHER®, ANNICK GOOSSENS and
OSWALD VAN CLEEMPUT

Laboratory of Applied Physical Chemistry, Faculty of Agricultural and Applied
Biological Sciences, University of Ghent, Coupure Links 653, B-9000 Gent, Belgium

(Received 23 March 1999; In final form 17 June 1999)

Photoacoustic detection of gases in the air phase in combination with a multipoint sampling device
transfers about 100 mL of air from each sample location to the next one, causing a considerable dis-
turbance when small systems are sampled. In reactive systems, such as trace gas exchange in soil
samples, a correction is required to determine the kinetic behavior of the systems. But this kinetic
behavior is required in turn to calculate the correction in a repeated sampling sequence. A model was
developed for reaction kinetics (zero-order or first-order) within closed systems and the sample trans-
fer between these systems by a CBISS MK2 multipoint sampling system, connected with a Briiel &
Kjar photoacoustic detector. By regression, the reaction kinetics is determined, and by simulation of
the system in the absence of sample transfer, corrected data are generated. Comparison of experimen-
tal and modeled data revealed that part of the sample is transferred directly two systems further. In
addition, a slight memory effect of the detector was revealed. These effects were accounted for in the
model. If the correction is not made, biased results are obtained for the reaction kinetics.

Keywords: Photoacoustic detector; trace gases; gas sampling; calibration

INTRODUCTION

Photoacoustic detection is a convenient method for analysis of trace gases such
as methane (CH,) and nitrous oxide (N,O) in the atmosphere["z]. In combination
with a multipoint gas sampler, it provides a valuable tool for studying trace gas
biogeochemical reactions in the field and in microcosm experiments, where high
variabilities occur. However, such multipoint sampling system transfers a consid-
erable air volume from each ecosystem or microcosm to the next one, on the
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order of 100 mL. So, when systems with an air volume of only a few liters are
sampled repeatedly, the disturbances accumulate, and have to be accounted for.
Velthof and Oenemal!l used this system in a field study of N,O emissions from
grassland. Fluxes were determined by measuring the N,O accumulation in six
bottomless boxes that were pressed into the soil. The transfer of NyO between
the boxes was accounted for with a careful bookkeeping of the amounts of N,O
transferred. Each amount was compensated for mathematically, thus obtaining
concentrations of hypothetically undisturbed boxes. This method is justified in
the case of Velthof and Oenema because the fluxes were approximately
zero-order, so the N,O concentration in the boxes did not affect the fluxes. How-
ever, whenever the reaction kinetics of a system deviates from zero-order, the
transfer of trace gas, which alters the concentration in the system, will influence
the reaction rate. Consequently, knowledge on the reaction kinetics of the system
is required in order to calculate these corrections that have to be made, and the
corrections are required in order to determine the reaction kinetics, so the method
of Velthof and Oenema cannot be used in such a case. N,O emissions that devi-
ate from zero-order kinetics have been observed experimentally[3’4]. The oxida-
tion of atmospheric CH,4 by soil microorganisms is first-order(®). Clearly, there is
a need for a method to account for sample transfer between closed systems with
reaction kinetics deviating from zero-order.

Aim of this study is to develop such a method. Basically, the method involves a
simulation of the kinetic behavior of the systems and the sample transfer between
the systems. This simulation model is then fitted to the experimental data by non-
linear regression. Then, a simulation of the kinetic behavior of the systems in the
absence of sample transfer yields the corrected data.

EXPERIMENTAL

Experimental setup

The experiments were performed with a CBISS MK2 multipoint sampling sys-
tem, connected with a Briiel & Kjar photoacoustic detector. All connections
were made with Teflon tubes. The multisampler was connected to six glass jars
(volume 1.212 L including the connection tubes). Figure 1 shows a detailed rep-
resentation of the equipment and the experimental setup. The total internal vol-
ume of the sampler and the analyzer was given by the manufacturer. This volume
depends on the sample port, and is given in Table I. During sampling, air was
taken from the appropriate jar at maximum 30 mL s~! to rinse the tubing, the
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sampler and the analyzer in a first step. Rinsing time depended on the tubing
length. In a second step, the cell was rinsed during 11 s at maximum 5 mL s71

[;’ cell | analyser

¥

p loop —

- sampler

]
4

| A\

2 /3 5
FIGURE 1 Setup of the photoacoustic detector and the multipoint sampler, connected to 6 micro-
cosms

_)aI

TABLE I Internal volume of the Briiel & Kjar analyzer and the CBISS sampler

Sample port Volume (mL)

1 66.72
2 64.22
3 61.72
4 59.22
5 56.72
6 54.22
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Two experiments were performed. The first experiment was in the absence of
reactions and was performed to determine the characteristics of the sample trans-
fer process, that is, to calibrate the sample transfer part of the simulation model.
For this experiment, 3 jars were filled with an equal volume of CH, up to about
68 uL/L, and connected to sample ports 1-3. The other 3 jars were filled with
laboratory air, which contained about 4 pL/L CH,, and were connected to sample
ports 4-6. The second experiment was performed in the presence of soil, in order
to determine the reaction kinetics of CH,4 oxidation in the soil. About 50 g of soil
was added to jar 1-5. This soil had been exposed to high CH, mixing ratios in a
setup described earlier'®, and had a high capacity for CH, oxidation. Jar 6 was
kept empty. Jar 1-5 was filled up to about 65 pL/I. CH,. No CH, was added to
jar 6.

Data analysis

In order to analyze the data, a program was developed that can be subdivided
roughly into 3 sections: a sample transfer simulation section, a reaction kinetics
section, and a fitting section. The sample transfer simulation section has several
options. We will discuss the simplest version of the sample transfer model in this
section of the paper. The more detailed versions will be discussed in the Results
and Discussion section, when they apply. The reactions occur in 6 jars with head-
space volumes Vj,.. This volume includes the sample tubes between the jars and
the multipoint sampler. The volume of the sample tubes between the sampler and
the analyzer is Vjoop, the internal volume of the sampler and the analyzer is V;
when jari (i = 1,..., 6) is analyzed. The values of V; are given in Table I. The fol-
lowing variables are defined:

C’;;, the concentration of the analyzed compound in jar i just before sam-

pling

C ;;L, the concentration of the analyzed compound in jar i just after sampling

Cloop the concentration of the analyzed compound in the loop just before

sampling

C ,Jf,op the concentration of the analyzed compound in the loop just after sam-

pling

Cirap the concentration of the analyzed compound trapped after sampling

jari

Initially, Ci,,,, and Cf,,,,, have ambient values. The value of C;i, can be cal-

culated with a mass balance, given the value of C};,. . We assume that the entire
volumes V)., and V; are rinsed completely in the sampling process. So, cell and
loops contain air with the same composition as the air in the sampled jar. After
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sampling each of the jars 1-5, an air volume of 2.5 mL is trapped due to the sam-
ple volume differences. All these trapped volumes are released during the sam-
pling process of jar 1, and mixed with the air in the box.

After sampling, C,t,,p and Cj},,, have new values, equal to C;jr. Cf:,,,p is the
concentration that is observed by the detector. This mode of calculation is
referred to as the base model.

When a cycle of 6 samplings is completed, the reaction kinetics section comes
into play. When the program is used for determining the value of Vj,,, (data
analysis of experiment 1, calibration), there are no reactions, and the concentra-
tions in the boxes just before the second sampling, C;;r , equals the concentra-
tions after the first sampling, C:}

Jjar °
When the program is used for analyzing kinetic data (experiment 2), the equa-
tions depend on the type of kinetics. For instance, if zero-order kinetics of the
analyzed compound is applied, a kinetic constant kg ; is defined for each box i.
The concentrations in the boxes just before the second sampling is calculated as
follows:

Cio = C 4 koAt (1)

jar jar

with Ar the time between subsequent samplings of the same jar. In the case of
first-order degradation kinetics, a kinetic constant k; ; is defined for each jar i.
The equation is as follows:

Ci- =Cit

jar jar

exp(—k; :At) 2)

In principle any kinetic equation can be used. In all cases the compound to be
analyzed is assumed to be stable in the loop, so C,,, = C,tap .

The fitting section of the program drives the other two sections. When the pro-
gram is used for determining Vo, (experiment 1, calibration), the program sim-
ulates the measured concentrations with initial guesses of V}o, and the initial
concentrations supplied by the user. These simulated concentrations are com-
pared with the measured concentrations. The values of V)., and the initial con-
centrations in the jars are adapted iteratively by nonlinear regression until the
simulated concentrations are optimized, i.e., until the sum of the squares of the
deviations between measured and calculated concentrations is minimized. A
Levenberg-Marquardt routine is used for regression!’’,

When the program is used to analyze kinetic data, the value of V},q, is kept
constant at the (calibrated) value supplied by the user, and the values of ky;
(zero-order) or k| ; (first-order) are optimized, together with the initial concentra-
tions.
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FIGURE 2 Experimentally observed evolution of the CH, concentrations (circles) in jars 1-6 (num-
bers on graphs) due to sample transfer, with the results of the fitted base model (curves)

RESULTS AND DISCUSSION

Calibration

Figure 2 shows the results of the first experiment, in the absence of chemical
reactions, with the simulated results obtained in the calibration for ¥}, with the
base model. The estimated loop volume was 40.8+2.5 mL (all error data have
95% uncertainty margins). This slightly exceeded the expected value of 31 mL.
The initial concentrations in jars 1-3 were assumed to be the same. This was also
assumed for jars 4-6. The estimated initial concentrations were 64.12+0.64 uL/L
in jars 1-3, and 6.61+0.63 PUL/L in jars 4-6. The standard deviation between the
experimental data and the calculated data was 1.7 uL/L. It is clear from Figure 2
that there was a considerable amount of mixing between the jars. Jar 1 lost more
than half of its CH, concentration. Jar 4 gained about 35 uL/L of CHy. The air in
jars 2 and 5 underwent a concentration change of over 25 pL/L. In the case of
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jars 3 and 6, the concentration change was less than 20 pL/L. The concentration
change depended on the concentration in the preceding jar. Jar 1 received CH,
from jar 6, which contained almost no CHy in the first half of the experiment. As
a result, the CH,4 concentration in jar 1 decreases sharply in that period. Jar 2
receives CH, from jar 1, so the concentration decrease in jar 2 becomes pro-
nounced only when the concentration in jar 1 has decreased sufficiently. The
same reasoning can be applied to the other jars. Comparison between the experi-
mental and the modeled results reveals that the model underestimates the con-
centration changes in jars 2, 3, 5, and 6. The overall fit between the model and
the experiments is not very good. This suggests that each jar also receives CH,
from two jars before. This is what happens when the sampler and the analyzer
are rinsed incompletely. A sample transfer model was developed that accounted
for incomplete rinsing of sampler, analyzer, and the tubing between them. It was
assumed that the concentration was the same in sampler, analyzer, and tubing in
between, but different from the concentration in the jar. This model did not
improve the fit between theory and experiment (data not shown). So, the mecha-
nism for sample transfer between non-neighbouring jars must have been differ-
ent. Close examination of the sampling process reveals the mechanism. In a first
step, the sampler and the tubing are rinsed completely, but the cell is not. The cell
is rinsed with a much smaller air volume in a second step. So, after the sampling
process, the air from the cell is now inside the sampler and the tubing between
the analyzer and the sampler. In the first step of the sampling process after that,
this air volume is rinsed out, into the second jar after the one from which the air
originates. A sample transfer model was developed for the simulation of this
process. First, some new variables are defined:

Vcen the volume of the cell (mL)
C_..; the concentration of the analyzed compound in the cell before sam-

C
pling (UL/L)
C*,, the concentration of the analyzed compound in the cell after sampling
(UL/L)

The procedure of the base model can be used to describe the first step in the
sampling process in the present case. C;j:,, is the concentration in the jar after
step 1. Since it is assumed that the contents of the cell are transferred to the loop
in the second step, it is assumed that C3}, stays the same in this step, as well as
C}r,,p , the concentration trapped. C,’:mp is the concentration in the loop after step
1 of the sampling process. The calculation of the concentration in the loop and in
the cell after step 2 of the sampling process is based on the schematic representa-
tion on Figure 3. From this scheme, it is clear that C; , after step 2 equals the

value of lemp after step 1. Furthermore:
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C++ _ (I/loop + ‘/z - Vcell)C[tDp + VcellCc_cu

foon = Vioor + Vi ©

Czt:p is the average concentration in the loop after step 2 of the sampling
process.

Cctu is the concentration observed experimentally. This mode of calculation
is referred to as the two-step model.

loop + sampler  cell loop + sampler
C;oop Cc-ell C:°°P
\I/ step 1
- +
C:,o_p Ccell Cloop
\L step 2
+ + - +
Clo_op C loop Ccell Cloop

FIGURE 3 Schematic representation of the air composition in the detector cell and the sample loop
during the sampling process according to the two-step model

Figure 4 shows the result of the calibration with the two-step model. The fit
between theory and experiment has clearly been improved (standard deviation
0.75 pL/L). Only a slight systematic deviation is apparent in the concentration
development of the jars. The loop volume is estimated at 38.5+1.2 mL, the cell
volume at 17.5¢1.5 mL, the initial concentrations 66.79+0.37 uL/L in jars 1-3,
and 4.08+0.36 uL/L in jars 4-6.

There is a possibility that part of the cell air returns to the jar in the second step
of the sampling process instead of in the loop. Mathematically, this situation can-
not be distinguished from the one modeled here with a smaller cell volume and a
larger loop volume. Therefore, no effort is made to account for this effect. Note,
however, that the loop volume estimate is indeed larger than the measured value
(31 mL). So, it must be stressed that the calibration must be repeated whenever
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FIGURE 4 Experimentally observed evolution of the CH, concentrations (circles) in jars 1-6 (num-
bers on graphs) due to sample transfer, with the results of the fitted two-step model (curves)

the sample loop is replaced, unless the volume of the new sample loop is exactly
the same as the volume of the old one.

It is also possible that the cell is not rinsed completely, as rinsing a 17.5 mL
volume with maximum 55 mL of air is not necessarily 100% effective, depend-
ing on cell geometry. This was checked with a slightly modified setup. Jar 1
(2130 mL, including tubing between the jar and the sampler) was filled with CH,
(84 pL/L). The inlets of sample points 2—4 drew air from the open air outside the
laboratory. The outlets of sample ports 2—4 were not connected to any tubing, so
the air drawn from outside was released in the laboratory. This setup completely
excludes backmixing of cell air into the sampler, so any ‘memory effect’ occur-
ring during the analysis of sample ports 2—4 must be due to incomplete rinsing.
Sample ports 5-6 were not used during this experiment. An average memory
effect of 0.9165% was apparent from this experiment. So, this effect has to be
accounted for in the analysis. The concentration difference between jar 1 and the
ambient CH, concentration decreased exponentially with cycle number, with a
concentration decrease of 5.7520.14% per cycle. So, each cycle a volume of



17: 06 17 January 2011

Downl oaded At:

124 ALEX DE VISSCHER et al.

loop + sampler cell loop + sampler
C;oo)g C(;" C;"op
\I/ step 1
- +
C:,op Cccll Cloov
J/ step 2
+ + -
Cloo_p C loop f Cccll C It)op

C

cell

FIGURE 5 Schematic representation of the air composition in the detector cell and the sample loop
during the sampling process according to the two-step model with incomplete cell mixing

(0.0575:£0.0014)x2130 mL = 122.4+2.9 mL was replaced in this jar. This vol-
ume should equal V; + Vjgqp + Ve in the case of the previous model. Filling in
the estimated parameter values yields an estimated volume of 120.2 mL, not sig-
nificantly different from the volume obtained here. This shows that the model
can be extrapolated to a different setup, with a different jar volume.

A model was developed for the sample transfer in the case of incomplete rins-
ing of the cell. The process is visualised schematically in Figure 5. We define
Vyver as the cell volume that is not rinsed. Step 1 of the sampling process is iden-
tical to step 1 in the previous model. The average concentration of the analyzed
compound in the cell after step 2 is given by the following equation:

+ -
(Vcell - Vover)C[oop + Vvver cell

ct, =
ell Vcell

C

(4)

The average concentration in the loop is:

C++ (‘/loop + Vz - (Vcell - Vover))C[top + (Vcell - Vover)C;gu

_ 5
loop Vloop +V; ( )
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FIGURE 6 Experimentally observed evolution of the CH, concentrations (circles) in jars 1-6 (num-
bers on graphs) due to sample transfer, with the results of the fitted two-step model with incomplete
mixing (curves) (all initial concentrations optimized)

These equations allow simulation of the sample transfer with incomplete mix-
ing of the cell. They are referred to as the two-step model with incomplete cell
mixing. Based on these calculations, a new regression was performed. First, this
regression was performed with a fixed value of V., of 0.009165x17.5 mL. It
provided a new estimate of V. The regression was repeated with a V., value
of 0.009165 times the new estimate of V;. This procedure was repeated until
convergence of the parameter estimates. The new parameter values were
37.6+1.2 mL for Vio,;, 18.3£1.5 mL for V), and 0.168 mL for V.. The initial
concentration in jars 1-3 was estimated at 66.98+0.37 pL/L; in jars 4-6 it was
estimated at 3.90£0.36 pL/L. The standard deviation of the model was estimated
at 0.76 pL/L, practically the same as with complete rinsing of the cell. In this
case Vot Vigop + Ve €quals 120.1 mL, again not significantly different from the
determination with the different setup. The simulated evolution of the concentra-

tions was not markedly different from the evolutions in Figure 4. Therefore, the
data are not shown.



17: 06 17 January 2011

Downl oaded At:

126 ALEX DE VISSCHER et al.

Slight differences between the initial concentrations in jars 1-3 and jars 4-6
may have occurred. Therefore, the calibration was repeated, and the initial concen-
trations in all jars were allowed to evolve separately to an optimum value. The
result is shown in Figure 6. The standard deviation of the model is estimated at
0.66 uL/L. This is slightly less than the previous two cases, but the difference is not
significant. The estimated initial concentrations were the following in jars 1-6:
67.97£0.77 uL/L, 67.92+0.76 pL/L, 65.78+0.60 upI/L, 3.79+0.75 pl/L,
2.60+0.73 pL/L, and 4.55+0.58 ML/L. Vigop was 39.5+1.7 mL, Vi was
19.4+1.7mL, and Vi, was 0.178 mL. In this case V, + Voo + Ve €quals
123.1 mL, very close to the measurement with the larger jar (122.4+2.9 mL). We
used these parameters in the two-step model with incomplete cell mixing in the
next section.

Kinetic analysis

Figure 7 shows the results of the experiment with the CH, oxidizing soil. The
time between two sample analyzes was 3 minutes. Consequently, the time between
subsequent sample cycles was 18 minutes. Again considerable mixing was appar-
ent in the empty jar. The other concentration curves did not seem to deviate sub-
stantially from first-order degradation kinetics, which might suggest that the
distortions due to sample transfer were not very important. Figure 8 shows the
model results together with the calculated undisturbed CH,4 concentrations. It is
clear that sample transfer did influence the evolution of the concentration. A com-
parison of the kinetic constants with and without accounting for the sample transfer
leads to the same conclusion. Table II shows the kinetic constants obtained with
our model, and the kinetic constants obtained by fitting first-order kinetics to the
uncorrected data of Figure 7. Clearly there is a significant influence of sample
transfer, and the correction developed is required to assess the kinetic behavior of
trace gas exchange between the atmosphere and soils correctly.

TABLE II Degradation rates k; (min~") of CH, in the jars with and without correction for sample
transfer

Jar k; with correction (min‘l ) k; without correction (min" )
1 893x10°£1.82x107 3.05x10 5+ 1.03x 102
2 586103 +£331x10™* 4.43%x103£2.54x 1074
3 9.69x1073£5.12x 107 6.09%x 1073+ 4.90x 107
4 1.02x 1022 6.21 x 107 7.35x 1072+ 5.56 x 10~
5 8.55x 1073 £4.93 x 1074 7.62%x 107 £ 3.48 x 1074
6 877x107%+£3.75x 1074 3.61x104£7.68x10™
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FIGURE 7 Experimental (circles) and fitted (curves) CH, concentrations of the CH, oxidation exper-
iment

The sample mixing effect is less important as the jar headspace volumes
increase. We will now calculate the minimum headspace volume required for the
mixing effect to be negligible. First, we consider the case of a field experiment,
where coefficients of variance of gas fluxes are typically on the order of 50—
200%!8). Table III shows two series of 6 numbers, both with average value 1. The
series have standard deviations of 0.5 (CV = 50%) and 2 (CV = 200%), respec-
tively. Distributions of reaction rates around a given average value can be
obtained by multiplying the values in Table III by the average reaction rate. The
analysis was restricted to first-order degradation kinetics. With a given set of
reaction rates and a given jar volume, the expected evolution of the concentration
of the reactive compound in the jars due to reaction and sample transfer is calcu-
lated, and apparent reaction rate constants were calculated from these data with
linear regression based on the logarithm of the concentrations. These apparent
reaction rates were compared with the real values.

The influence of sample transfer depends on the reaction rate multiplied by the
time between subsequent samples of the same jar, rather than the reaction rates
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FIGURE 8 Uncorrected (solid curves) and corrected (dotted curves) CH,4 concentration evolution of
the CH, oxidation experiment (model results)

itself. Also, the influence depends on the reduced jar volume (jar volume divided
by the transferred sample volume, V; + Vigqp + Vo), rather than the absolute jar
volume. Therefore, calculations were performed with k,, ¢ values (k,, = average
reaction rate constant, ¢ =time between subsequent samples of the same jar)
ranging from 0. 1 to 0.7. k,, t = 0.1 corresponds approximately with a 10% con-
centration decrease per sample; k,, ¢ = 0.7 corresponds with a 50% decrease per
sample. The case of 5 samples per jar is compared with the case of 10 samples
per jar.

Figure 9 shows the apparent k; 7 values (k; = apparent reaction rate constant in
jar i) as a function of the reduced volume, for k,, t= 0. 1 and CV = 50%. When 5
samples are taken, all k; values are within 10% of the real values when the
reduced volume exceeds 38. In the case of 10 samples per jar, the reduced vol-
ume must exceed 67. In the case of the present setup, this means jar volumes of
4.8 L and 8.4 L, respectively. When CV = 200%, no accurate determinations of k;
are possible without the model. Due to the large concentration differences
between the jars, the memory effect of the cell becomes important. Therefore, the
analysis is restricted to the case of CV = 50%.
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FIGURE 9 Apparent degradation rates in 6 jars versus reduced jar volume (= jar volume/mixed sam-
ple volume), due to sample mixing. Real average kt =0.1; coefficient of variance = 50%. Dotted
curves: 5 samples per jar; solid curves: 10 samples per jar; jar numbers are indicated in graph

TABLE III Series of numbers with average value 1 and standard deviation (SD) as indicated

Jar Series 1 (SD = 0.5) Series 2(SD = 2)
1 0.7972 0.4267
2 1.7028 0.15
3 0.65 5.0733
4 1.1 0.05
5 035 0.22
6 1.4 0.08

Figure 10 shows the normalized average value of the reaction rate (calculated
kay t/ exact k,, 1) as a function of the reduced volume. From a statistical point of
view, none of the calculated average values differs significantly from the real
average values, but the calculated values are biased. When the model is not used
for correction, degradation rates will be underestimated systematically. In order
to limit biased results to a few percents without correction, the sampling interval
should be chosen sufficiently short, so k,, < 0.4 when 5 samples are taken per
jar, and k,, < 0.1 when 10 samples are taken. A disadvantage of this is of course
the reduced accuracy if very short sampling intervals are taken.
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FIGURE 10 Normalized average value of k¢ (= apparent average/real average) versus reduced jar vol-
ume (= jar volume/mixed sample volume), due to sample mixing. Coefficient of variance = 50%.
Dotted curves: 5 samples per jar; solid curves: 10 samples per jar

Figure 11 shows the estimated coefficient of variation when the real CV is
50%. Values exceeding 19% are not statistically different from 50%, which is
usually the case. Again, the value is systematically underestimated due to the
mixing effect, which may be important in geostatistical applications.

As a second case, a laboratory situation is considered. Three samples with a
given average reaction rate are compared with three samples that that are half as
reactive (e.g., due to addition of an inhibitor). Both populations have a CV of
10%, which is typical for well-mixed soil samples in laboratory conditions.
Again, first-order reaction kinetics are considered. The sequence used for calcu-
lating the reaction rates is 1,1.1,0.9,0.5,0.55,0.45.

Figure 12 shows the normalized average value of the reaction rate as a function
of the reduced volume. The mixing effect and the detector memory effect have a
much larger influence on jars 1-3 than on jars 4-6. This is because the concentra-
tions reach lower values in jars 1-3, where the reaction rates are higher. If an
environment is contaminated with air at a lower concentration of the reactive
compound than the environment itself, the influence cannot be larger than the
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FIGURE 11 Apparent coefficient of variance versus reduced jar volume (= jar volume/mixed sample
volume), due to sample mixing. Real coefficient of variance = 50%. Dotted curves: 5 samples per jar;

solid curves: 10 samples per jar

1.2

Normalized average
o
[«

0 T 1 T L)

0 20 40 60 80
Reduced volume

T

100 120

FIGURE 12 Normalized average value of kf (= apparent average/real average) versus reduced jar vol-
ume (= jar volume/mixed sample volume), due to sample mixing. Real average k¢ values are 1
(CV = 10%) in jars 1-3 (indicated 1-3 in graph) and 0.5 (CV = 10%) in jars 46 (indicated 46 in

graph). Dotted curves: 5 samples per jar; solid curves: 10 samples per jar
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dilution effect of repeatedly withdrawing air. This is what happens in jars 4-6. In
jars 1-3, the contamination can be much stronger due to the relatively high con-
centration in jars 4-6. Again, the bias can be limited to a few percents by choos-
ing the sampling interval sufficiently short, so k,, ¢ < 0.4 when 5 samples are
taken per jar, and k,, < 0.1 when 10 samples are taken.

194
Jar 1-3
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74 kt=04 kt=0.1

5 T ] L] T T
0 20 40 60 80 100 120

Reduced volume

19 4 Jar 4-6

5 T Ll I Lf !
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FIGURE 13 Apparent coefficients of variance in jars 1-3 and jars 4-6 versus reduced jar volume (=
jar volume/mixed sample volume), due to sample mixing. Real CV is 10% in both jars 1-3 and jars
4-6. Dotted curves: 5 samples per jar; solid curves: 10 samples per jar
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Figure 13 shows the estimated coefficients of variation. In this case the CV
values are generally overestimated, because environments with different reaction
kinetics contaminate each other. Without corrections, reduced volumes of at least
30 are preferable.

To conclude, our model is able to correct for sample transfer and memory
effects of the detector. Without the model, biased results are obtained. The bias
can be minimized by working with large microcosms, and by keeping the sam-
pling interval sufficiently short. In the case of extreme variability, accurate meas-
urements are impossible without the correction, due to the memory effect of the
detector.
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