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Abstract. Mathematical simulatioms of nii
pxide (NZO) flux from homogeneous sndil into al
surface fhambers have been dene for both a ¢l
type of chamber in which soil air is statical
collected and an open type of chamber in whis
ambient air is dynamically drawn across the :
surface. Results indicate that chamber-meas
fluxes over land surfaces may be subject to
siderable uncertainty, due in part to concen!
tion gradient changes within the soil profili
that are a function of the type and the size
the chamber. Assessment of the uncertaintie:
chamber flux determinations are reported. Wi
reaconable parameters closed-chamber flux wva!
may be underestimated by as much as 55%. Da
analysis procedures are described that can 4
prove the flux estimates. Use of open chamb
may yield better flux estimates than closed ¢
bers because of less disturbance to the natu:
gas concentration prefile within the soil. .
application te Ny0 flux measurements over wa'
also is included.

16-12-2008

Trace Gas Emission in Chambers: A Non-Steady-State Diffusion Model
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ABSTRACT

Non-steady-stute (NS8) chambers are widely u
gas emissions from the Earth's surface to the o
nately, traditional interpretations of time-depend
irations ofien systematically underestimate pred
rates becanse they do not securately represent th
ics of diffusive soil gas transport that follows o
To address this issue, we formally derived a tme
model applicable to NSS chamber ohservations ¢
formance using simulated chamber headspace C(
g d by an independent, three-dimensional
madel. Using nonlinear regression to estimote th
we compared the performance of the non-stead
estimator (NDFE) to that of the linear, quadrs
diffusion models that are widely cited in the liter
senstiivity lo violation of the primary assumption:
and uddressed some of the practicalities of its |
contrast to the other models, NDFE proved an
estimator of frace gas emissions across a wide ri
design, and deployment scenarios.
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Outline

e Theoretical models

e Simplified models

e Comparison of the models

e Arguments for linear model

e Quality of chamber calculation methods

e Summary and recommendations
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Theoretical models
1D diffusion equation

oC 0°C

=D~ +A(2)
ot Oz
Ca Mass balance
V dc*
z=0 ____ }7C __
A dt
t=0
Soil
Matrix Researcher c2 CS, J L
De Mello and C3(0)=C,, [Constant J;'(t) Constant
Hines (1994)
5 Gao et al. (1998) |IC?30)=0 Constant Jg(t) Constant
7=
Conen and Smith [C3(0)=C_,  [C5,(t) Jg(t) Constant
(2000)
Livingston et al.  |C3(t)=C5y(t) [C3,(1) g (1) 1(2)
(2006) C3(0)=C®,(0)
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Theoretical models

De Mello and Hines (1994), JGR Gao and Yates (1998), JGR

C'(t)=C; —(Cy —C2,) exp(— Vh;cA tj C(t) =C, {1 — exp(— Vh/wAtﬂ

N a htc
J, 0 =h(C5 -t )EXP(— 714 ) J, () =h.C; exp(— %t}

! !

a dca
F =J.(0)=h%C F.=J,(0)=h
¢ dt | _, dt | _,
N a . HD
F,=h(C3~CL) F.=h,G watn b =5
9 m? air
~~ m?® soil
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Theoretical models

General behaviour of models based on Gao and Yates (1998) and De
Mello and Hines (1994)
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Figure 4. Bchavior of a closed chamber with a 1'/4 ratio of
20 em when measuring gases with different D*. For curves 1, 2,

3,4, and 5 the D* values are 0.05, 0.10, 0.15, 0.20, and 0.25 cm?
s !, respectively. Gao and Yates (1998)

Figure 3. Behavior of shallow closed chamber with different
ViA ratio (H). For curves 1, 2, 3, and 4 in the figure the V/A4
ratios are 10, 20, 30, and 40 cm, respectively.
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Theoretical models

General behaviour of models based on Gao and Yates (1998) and De
Mello and Hines (1994)

1.0

1.0

5 &
40 60 '"IJU
TIME, min TIME, min
Figure 3. Betavior of sl closd humberwihdifesn Fws 4. Beaios o s cosedchanbcr vt 8 V14 e of
Vi i (). Forcames .33, it s the 14 S e O 01015020 W05 Gao and Yates (1998)
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Theoretical models

Conen and Smith (2000) Researcher ce C, ;g 2
’ De Mello (1994) |C?%0)=C,, [Constant P (t) Constant

European Journal of Soil Science 550 1098) C3(0)=0 _ [Constant () Constant
Conen (2000) C2(0)=C_.. [C5,(t) J_(t) Constant
Livingston (2005) [C3(1)=Csy(t) [C3,(1) Jg () i (2)

C2(0)=C3,(0)

(a) (b)
10 ‘ I | Headspace of : Chamber
closed chamber 0 - &:m h Ig.h ) .-
(10 cm high) . ..
I I O 5 \ )
: [/
£ -10 1 = ' / &
= ) § 151 /18
° ‘ Soil [ 4
g -20 /
-20 - ! l |
-25 {
_30 T T T Y '30 T T Ll T T T

0.30 032 034 036 038 040 042 044
N,O concentration /p.p.m.

0.30 0.35 040 045 050 055
N,O concentration /p.p.m.

Figure 2 Development of NoO concentration profiles in a soil with 20% air porosity, diffusivity of 1.673 X 10° m*s™, and initially steady-
state concentrations at time O (continuous line). {a) The N2O source (12 pg N.O-N m>hy s evenly distributed between 8 and 13cm depth
and the soil is covered with a 10-cm-high chamber. (b) The N,O source (12 g NoO-N m~h™) is evenly distributed between (0 and 5cm depth
and the soil is covered with a 5-cm-high chamber. As concentrations increase within the headspace of the chamber, they also increase within
the entire soil profile. Profiles are shown for 10min (line with no short dashes), 20min (line with one short dash), and 30 min (line with two
short dashes) after chamber closure.
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Theoretical models

Conen and Smith (2000),
European Journal of Soil Science

(@) ©
40 ) 5o
E - =
= £ 154 7 =0.9983
g =1
= o
c —
S g
8 2 1.0 7
2 ['5]
g 2 L
Q
o} a
z Q
= 054
0 T T T T T
0 50 100 150 200 250 300 0 T T T T T
Time /min 0 50 100 150 200 250 300
Time /min

Figure 3 Measured changes in N-O concentrations below the source
of N2O production () and in the headspace (@) of soil core for (a)
wet core with low air-filled porosity: (b) core at intermediate air-
filled porosity: (c) relatively dry soil core. A linear regression
(continuous line) has been fitted to the headspace concentration
over time.
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Theoretical models

Conen and Smith (2000), ) .
European Journal of Soil Science Jg (¢) = h, \C, (1) - C“(¢)

(a)
40 © 20

Table 1 Linearity and proportion of total net N,O production (/)

#=0.9983 measured with chambers of different height and on seils with

g E 15
< g different air porosity and a total depth of 30 c¢m
c -
= & ] D Chamber height Jin
2 £ 104 \ TR ; .. ;
£ 8 . 1% fm=s™h % 10 fem el 1%
o g
= 2 s 20 1.673 5 0.9978 72
=" 20 1.673 10 0.9994 84
20 1.673 20 0.9998 92
0 ——T—T— o 20 1.673 30 0.9999 94
0 50 100 150 200 250 300 ! ! ! ! ! / ]
Time i 0 50 100 150 200 250 300 10 0.664 > 0999 56
ime fmin Tirme i 10 0.664 10 0.9999 93
10 0.664 20 1 96
Figure 3 Measured changes in N,O concentrations below the source 10 0.664 30 ] 97
g . . _ _ 5 0.264 5 0.9999 93
of N2O production () and in the headspace (@) of soil core for (a) 5 0264 10 i 97
wet core with low air-filled porosity: (b) core at intermediate air- 5 0.264 20 1 98
. s A . . . 5 262 3 0Q
filled porosity: (c) relatively dry soil core. A linear regression ' 0.2604 0 : 9
(continuous line) has been fitted to the headspace concentration “Of linear regression: concentration over time.

over time.
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Theoretical models

Conen and Smith (2000),
European Journal of Soil Science

(a)
40 © 2.0

35 ]

<]
TU Delft

Bt Univarsity of Technology

S () =h \Co (1) = C"(7)

Jrlﬂ}
rith

2

5 = RN A 2 '4

20 1.673 20 0.9998 92

0 — T o 20 1.673 30 0.9999 94

0 50 100 150 200 250 300 ! ! ! ! ! ! ' / 2

Time fmin 0 50 100 150 200 250 300 10 0664 > “???f E"’

— 10 0.664 10 0.9999 93

10 0.664 20 1 96

Figure 3 Measured changes in N,O concentrations below the source 10 0.664 30 ! 97

g . . - _ 5 0.264 5 0.9999 93

of N2O production () and in the headspace (@) of soil core for (a) p 0264 10 | 97

wet core with low air-filled porosity: (b) core at intermediate air- 5 0.264 20 1 98

. . . . . . 5 26 3 0c

filled porosity: (c) relatively dry soil core. A linear regression ' 0.2604 0 : 9
(continuous line) has been fitted to the headspace concentration “Of linear regression: concentration over time.

over time.
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Theoretical models

Livingston et al. (2006), Soil Researcher ca Ce. ; ;

. . ) ) De Mello (1994) [C?(0)=C,, [Constant J:(t) Constant
science SOCIth of America Journal Gao (1998) C?(0)=0 Constant [J_(t) Constant
Conen (2000) C2(0)=C_, [C5,(1) J_ (1) Constant
Livingston (2006) [C3(t)=Cs(t) [C3,(t) Jg(t) i(z)
C?3(0)=Cs,(0)

C’(¢)= ta°+JOT(ﬁj \/2; t/r+e”’erfc(\/t/7)—l

ia)
h

T =

fc

16-12-2008 Energy research Centre of the Netherlands www.ecn.nl
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Theoretical models

Differences in theoretical models:
e Assumptions -> different equations for C(t) and J(t)

Researcher C2 Cs, ] "

q
De Mello and Hines (1994) [C?(0)=C,; Constant Q) Constant
Gao et al. (1998) C2(0)=0 Constant Q) Constant
Conen and Smith(2000) C2(0)=C_, Cs,(t) (1) Constant
Livingston et al. (2006) C3(t)=Csy(t) Cs,() J g(t) A(2)
C?(0)=C%(0)

Similarity in theoretical models:
e J4(t) is not constant
e No leakage taken into account
e No vegetation taken into account

16-12-2008 Energy research Centre of the Netherlands www.ecn.nl
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Theoretical models

Kutzbach et al. (2007), Biogeosciences:

E”} F;(t):F;oil(t)+Fp(t)+FR(t)+FLeak(t)
- et (1) = fu(0)+ £(0) = py-+ P, &XP(p,t) + £(0)

- V dcC Vv
- ) F O = = —
. -0) Adr|, a4l
i Lkl TEEiEi%;i p, =B

L]
- i
PATARAPAPPE iy R R R
S e O ( D K
P3= _g_i_ p  Leak
Fig. 1. Schematic of the CO+ fluxes in the chamber headspace

which make up to the net CO9 flux F_g; (details in the text, Eq. (1))
Feog (1) is the diffusive efffux from the sodl, Fp(r) is photosynthe-
sis, Fpiry s abovepround plant respiration, F o000 is leak flox
doidr{r) is fhe Ty concemration changs over tims ¢ in the cham-
ber headspace
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Simplified models

Linear model:
(e.g. Ruser et al. 1998; Hendriks et al. 2007)

c(t)y=f, {t)+e&(t) =a+bt+&(t)

Quadratic model:
(e.g. Wagner et al. 1997)

c(t) = [y () + () = a+bt+ct® +£(1)

H-M model:
(e.g. Hutchinson and Mosier, 1984)
V(C,-Cp)° {q-q}
: A(tl o tO)(ZCl o Cz - Co) Cz o Cl
fort,=¢ and Mﬂ
2“1

16-12-2008
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NOTES 1309
C,-Cy>Cy-Cy>0 C,-C,2C,-Cy>0 C-Co202C,C,
Type 1 21 Type 2 Type 3
Cy
G 17 Ci
Ca
Co o Co
o ‘\‘—/
N \\ o ¢
Cz e
Type 4 2 Type 5 Type 6
C-Cy<CyC, <0 C,C,sC-Cy<0 C,-C,<0<C,-C,
T T T v v 3 T T T
f b t t Y % to 4 t

Fig. 1. The defining inequality and an example of each of the six possible curve shapes for N.O 1
during two successive equal periods beginni hamber depl

Energy research Centre of the Netherlands

tate chamber

Anthony e; al. (1995)
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Simplified models

Slope-intercept model: 13500 T
(Kroon et al. 2008) ——Lin

9500 -

C [ppb]

dCl GG jgp  No1 T ~

L 2

dt |, =ty
1500 ‘ ‘ ‘
0 400 800 1200 1600
t[s]

9
J @) = ([, () +£(0) = hla+bt+(t) §o
F,=J,(0)=ha gs 77777777777777777777777777777777777777

° ——Exp
0 ——Lin | | |
0 400 800 1200 1600

t [s]
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Comparison of the models

Linear versus De Mello and Hines (1994)

h
c'(t)=a+bt C'()=C: —(C5=C* exp| ———¢
(1) 0= ~(C-Crors| -t

B_ased on measurements at Cabauw in the Netherlands

B

..

5
. Lin —— ' PR in ——
(a) e g (h) ELxl: \
- 50 = =z
ﬁlv. S ” E" 40 T
IS ] _—
Z 100 2 3 e
& @
2 =
C:l:l'\l E
z, 2,
= 2
1101-= 19\'I-Ju RI0H0S 1Inu E !
03 0005 2R3 0710005 = .
D S > Cum(Lin)/Cum(Exp):
200 T sn . , ,
Lin — - i n Lin ——
@ o = @ - 69% and 63%
T, 150 s 40 g
] =
= =
= L0 = oag b i
2 =
gl 5 i} J—
= =
E : ) f
= —
-5 . " T ) e L L
0SM2A06 L0206 20206 01006 £ 030206 10206 21002006 010306
Date o Date Kroon et al. (2008)
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Comparison of the models
Linear versus Conen and Smith (2000)

Ca(t):a'l‘bt C~:C-1+Ji_1A+C
i i— 14 p

Based on model

Table 1 Linearity and proportion of total net NoO production (/)

measured with chambers of different height and on soils with

different air porosity and a total depth of 30 c¢m

i D Chamber height Jn

/9% /m*s~h % 1070 fem re 1%

20 1.673 3 0.9978 T2

20 1.673 10 0.9994 84 ( I ) ( ) .
i~ o . s on Lin flux)/(Real flux) range:
20 1.673 30 0.9999 94 72% and 99%

10 0.664 3 0.9995 86

10 0.664 10 0.9999 93

10 0.664 20 1 96

10 0.664 30 1 97

5 0.264 5 0.9999 93

3 0.264 10 1 97

3 0.264 20 1 98

5 0.264 30 1 99

*Of linear regression; concentration over time. /

Conen and Smith (2000)

16-12-2008 Energy research Centre of the Netherlands www.ecn.nl
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Comparison of the models

Intercept Versus De Mello and Hines (1994)
dC| _Ci_Ci—l s . a — (s s __ra _ htc
il = 2N C(t)=Cy - (Cs cfo)exp( ! Atj
F; :Jg(O):h(a+bO) F :Jg(o):hdca
‘ dt
t=0

Based on measurements at Cabauw in the Netherlands

(b) 1200

— L]
<7900 |
EU ) :;:.!
o, 600 e
= § y =0.93x
= o\ T4
= §n R” = 1.00
Z a0 | xgﬁ
T

0 /

] 300 GO0 Q00 1200
FluxiExp) N,O [ngN m'l.n"JI

Kroon et al. (2008)
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Comparison of the models

What's the most accurate model?
e Determination by goodness-of-fit analyses

X :iz_l\ll:(J’i_

Livingston et al. (2006)

)

Kroon et al. (2008)
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Deift University of Technology

le+06 T T T
1e+5 éj“
N | =——@&—— Linear K[ ceeeeeen
fe+d — =0 —  Quadratic le+05 £ :
143 - e — e — H-M/IP 1
~=—-p-—— NDFE o
@4 e e s e e e - . IC+0¢1 -
1e+1 4 - R ""E‘ .____.»""'
S E let03 b A
el @b o o e "‘k 1//’ -----.-"”"”“"".” x
Ll D le+02 F i
1&_2 - PR V; NE— &7 e ‘--¥.
~—— =
188 o G e le+01 H
V.
1g-4 4 R, ot P
T—al le+00 l% : : :
S 0 100 200 300 400
1e-8 - . . 7 Flux N,O [ngN 111'35'|]
10 100 1000 10000
© {min) Fig. 7 Goodness-of-fit (%) of linear and exponential regres-
(V/A) sion method to N,O automatic chamber measurements as a
FIUX d|fference dependent on: 7=——= function of the N,O flux. Data points represent the average
) h goodness-of-fit and average NaO flux over a bin including
ic hundred N,O fluxes
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Why do most of the people still use a linear regression?

Possible reasons:

e Assumption that conentration behaviour is linear over short
measurement times.

e Assumption that non-linear concentration behaviour can only be
caused by leakage.

e Assumption that uncertainty due to spatial and temporal variation
Is much larger than the biases due to linear regression.

16-12-2008 Energy research Centre of the Netherlands www.ecn.nl
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Assumption I:
Short measurement times

Linear Exponential
400 . . 400 . :
(a) o (b)
- dC/dt = 0.14ppbsec”’ - dC/dt = 0.32ppbsec”’
= =
£ 375 1 £ 375 1
8 8
= =
= 350t 1 = 350t 1
3 3
5] 5]
o o
Q. 5 Q 325
Z Z
Slope
300 : : 300 :
0 200 400 600 0 200 400 600
Time [s] Time [s]
Sampling frequency of 3.5Hz Sampling frequency of 6 samples per minute
200 200
Lin Lin
Exp Exp
E 150 ! E 150 | ]
50 50
jz] jz]
] ]
g g
3 100 + 3 100 +
£ £
=] =]
= =
Q 50 2, 50
4 4
0 0
1 2 3 4 6 8 10 1 2 3 4 6 8 10
Measurement time [min] Measurement time [min]

Kroon et al. (2008)
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Assumption ll:
Non-linearity can only occur due to leakage

Based on theoretical Gao model without leakage

1.0

1.0
4
0.8 - 6 -
3 0.8 | (a)
:m 0.4 :;5' 0.4 3
i 4
0.2 0.2 -
) ! (a) §
0.0 T T T T T T T 1 0.0 g T T T T T T 1
] 20 40 60 80 100 0 20 40 60 80 100
1.0 "
0.8
wo 1 no
% 0.6 -| 2 9
= =
O 04 (&)
] 3
0.2 4
T (b)
0.0 T T T T T 1 y T i ’ ' 1
0 20 40 60 80 100 0 20 40 60 80 100
TIME, min TIME, min
Figure 3. Behavior of shallow closed chamber with different Figure 4. Bchavior of a closed chamber with a 1'/4 ratio of
ViA ratio (H). For curves 1, 2, 3, and 4 in the figure the V/A4 20 em when measuring gases with different D*. For curves 1, 22,
i o i - b 45 o - . . » . _! . ] -
ratios are 10, 20, 30, and 40 cm, respectively 271 Ia}éls:llozcttlzfcﬁ values are 0.05, 0.10, 0.15, 0.20, and 0.25 cm Gao and Yates (1998)
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Assumption lll:

Uncertainty due to spatial and temporal variation is much
larger than biases due to linear regression

200 200 T
Int all Int all ———
(a) Int weekly - (c) Int weekly -
o asof ] 150 |
g =
= 100 R > 100 | o
= Cumulative emission h Cumulative emission
05 X Int all: 0.32 kgN ha’ g* Int all: 0.20 kgN ha™'
I 50 ¢ Int weekly: 0.46 kgN ha™' 2 0l Int weekly: 0.31 kgN ha™!
® -' ®
) o=
= =
0 =
-50 - - - 50 : : :
10/09/05 19/09/05 28/09/05 07/10/05 09/04/06 18/04/06 27/04/06 06/05/06
Date Date
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Why do most of the people still use a linear regression?

Possible reasons:
e Assumption that conentration behaviour is linear over short

caused by leakage.

e Assumption that uncertainty due to spatial and temporal variation
IS much larger than the biases due to linear regression.
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Quality of chamber calculation methods

Rochette and Eriksen-Hamel (2008)

Table 1. Score assigned to each characteristic of non-flow-through, non-steady-state chamber design and deployment. The importance (score)
of each characteristic to the quality of N,O emission data is based on estimated impact of each characteristic on the measurement error.

Very good (3)

Chamber characteristics Symbol Unit Very poor (0)  Poor (1) Good (2)
Binary and Non-numerical Characteristics
Type of chamber C push-in
Insulation i no
Vent v no
Pressurized sample (fixed-volume
container only) no
Quality control sample qc no
Time zero sample taken iy no
Nonlinear model considered nl no
Zero slope tested z no yes
Temperature corrections tc no
Type of sample vial 5 plastic syringe  glass syringe  all other vials
Numerical Characteristics

Height of chamber h cmh=! <10 10to <20 20 to <40
Chamber base insertiont d cm h~! <5 5 to <8 Bto<12
Area/perimeter ratio ap cm <2.5 26t0<6.25 6.26t0<10
Duration of deployment t min =60 =40-60 =>20-40
Number of samples n no. 1 2 3

) ) plastic syringe =2 1-2 <1
_-';.alli:%tllz?:tgtr'age glass syringe v d =4 >2-4 1-2

other =90 >45-90 =>15-45

base and chamber
ves
ves
ves
ves
ves
ves

ves

exetainers, vacutainers, Al tubes, gas
chromatography in the field, photoacoustic

=40
=12
=10
=20

=3

=1

<15

+ Chamber base insertion in ecosystems with saturated soil conditions such as paddy rice and natural wet ecosystems is assumed as “very good”.
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Quality chamber calculation methods
Rochette and Eriksen-Hamel (2008)

Quality Sample . Quality of sample
. - ' Nonlinear | Zero . vialt
_ . . Base & . ) Pressurized  control taken Temperature ‘
Time interval Studies (n) Insulation Vent ) . model |slope .
chamber samplet sample at time . corrections g
tested Jtested 27 3
tested  zero info <
U

1978-1989 34 85 56 56 13 (n=28) 21 74 15 0 35 15 38 15 21 12
1990-1994 28 71 6 43 25(n=12 14 61 7 4 21 14 39 0 18 29
1995-1999 102 94 57 52 29(n=>51) 13 56 12 4 25 15 25 4 29 26
2000-2004 127 91 46 44 27 (n=51) 20 7 17 7 6 8§ 34 2 24 32
2005-2007 65 95 46 48 62 (n=37) 20 7 25 12 46 6 22 0 37 35
All studies 356 90 49 48 35(n=159) 17 66 16 6 33 11 30 3 27 29

+ Fixed-volume containers only.
¥ The quality of each type of sample vial is reported as very poor (0], poor (1), good (2], or very good (3).

§ Percentages are reported on the number of studies (n) in each time interval except where indicated.
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Quality chamber calculation methods
Rochette and Eriksen-Hamel (2008)

100
d) Determination of dC/dt (F)

L |
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Summary

e There are several studies given in the literature for calculating
fluxes by static chambers. They are based on the mass equation
and diffusion equation. The models are based on different
assumptions. However, they all indicate that the fluxes are not
constant.

e The concentration behaviour is dependent on the height of the
chamber and the air filled porosity. Underestimation increases with
decreasing height and increasing air filled porosity.

e There are several simplified models for calculating fluxes by static
chambers, like quadratic, linear and H-M model. These simplified
models underestimate the flux. The amount of underestimation
can be more than 40%.
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Summary

e The linear method underestimate the flux even for short
measurement times and without leakage of the chamber.

e Using an incorrect method lead to a systematic underestimation
which is very significant even in comparison with the spatial and
temporal variation.

e The quality of the flux estimation is dependent on the used model,
the amount of measurement points and measurement time.
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Recommendations

e A non-linear method should be used.
Compare different non-linear methods using a goodness-of-fit
analyses to choose the most appropriate method.

Method References Model available online
Expl De Mello and Hines
(1994)
Exp2 Gao et al. (1998)
Exp3 Kutzbach et al. (2007) X'
NDFE Livingston et al. (2006) X"
Slope intercept Kroon et al. (2008)

e Amount of measurement points should be at least 3.

e The height of the chamber should be at least 40 cmhr-1.

*http://biogeo.botanik.uni-greifswald.de/index.php?id=264 (Lin&Non-linear)

**http://arsagsoftware.ars.usda.gov (Excell comparison Lin,Qua&NDFE)
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