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Chamber measurements form a fundamental ap-
proach in quantifying the exchange of trace gases
between soils and the atmosphere. A range of
chamber approaches has been used, reflecting
the progress in our understanding of soil gas flux
dynamics and technical capabilities. Minimizing
measuring artefacts that are associated with soil
chamber measurements have mainly driven these
advances, along with a need to obtain soil flux
data of appropriate spatial replication and tempo-
ral resolution. We here present an overview of the
main classic C0; flux chamber approaches, not-
ing that general principles apply also to chamber
measurements of other trace gases. The chapter
introduces measuring principles, data evaluation,
and key parameters, and covers recent advances
in autonomous measurements in the field. We
explicitly address the respective strengths and
weaknesses of some automated measuring ap-
proaches, as these are likely to be critical for
long-term assessments of gas flux across many
biomes and linked to other atmospheric gas ex-
change approaches.
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Soil CO, efflux constitutes the most significant route
for carbon assimilated by an ecosystem back into the
atmosphere. It integrates a range of different sources
of CO,, such as heterotrophic decomposition of or-
ganic matter, metabolic processes by roots and associ-
ated mycorrhizas, respiration by soil-dwelling animals,
and mineral CO, sources [60.1,2]. Accurate measure-
ment of this flux is fundamental for establishing C
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exchange dynamics within ecosystems, and chamber
methods are the most commonly employed methodol-
ogy to do so. Knowledge of soil CO, efflux dynamics
over diurnal, synoptic, seasonal, or annual scales pro-
vides important insights into the processes underlying
it and allows a more detailed analysis of ecosystem-
scale fluxes (such as total ecosystem CO, exchange)
into aboveground and belowground fluxes. As well as
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providing direct estimates of soil metabolic activity
and its biotic and abiotic drivers, flux measurements
are often coupled with experimental manipulations or
complementary measurements that enable a more de-
tailed investigation of flux sources (e.g., autotrophic
versus heterotrophic C sources) and biological inter-
actions (e.g., root and mycorrhizal dynamics, or soil
faunal and plant phenological dynamics).

The exchange of other trace gases between soil and
atmosphere is no less important and has similarly re-
ceived considerable attention in the scientific literature.
For example, the emission of methane (CHy) in wetlands
is an important component of the greenhouse-gas bal-
ance of these systems [60.3]. Uptake of methane through
microbial oxidation in upland soils, on the other hand,
also affects regional budgets, whilst emissions of nitrous
oxide (N,O) is of relevance in agricultural studies, par-
ticularly under high fertilizer use [60.4, 5].

The aim of this chapter is to give an updated ap-
praisal of the main chamber designs in the scientific
literature and to highlight current systems and recent
advances. A number of overviews of chamber methods
for soil trace gas exchange exist, and we acknowl-
edge the range of information provided in these [60.6,
7]. We summarize information also given in earlier
reviews, with our own critical appraisal of designs
and data processing, and include recent approaches
and instrumentation to measure soil-atmosphere gas
exchange using chambers. Much of the overview fo-
cuses on soil CO, flux chambers, as the majority of
published methods and applications are on CO, ex-
changes, but general principles apply to the measure-
ment of other trace gas exchanges between soil and
atmosphere, and we include some details on recent
instrumentation and considerations for applications of
chambers.

60.1 Measurement Approaches, Principles, and Parameters

The purpose of any chamber is to create an en-
closed air volume in which changes in concentration
of gases exchanged between soil and atmosphere can
be monitored. As such, the placement of a chamber
on the soil surface causes an alteration of the nat-
ural conditions in terms of abiotic parameters (e.g.,
temperature and humidity), as well as gas concen-

b)

trations and exchange processes due to alterations of
diffusive and turbulent transport across boundary lay-
ers [60.8,9] or variations in static pressure [60.10-
12]. The degree to which any artefacts resulting from
chamber placement affect flux estimates depends on
the type of chamber and measuring principle in-
volved.
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Fig. 60.1a=c Overview (principle, internal CO, concentration, flux calculation) of main chamber designs used to measure trace
gas exchange between soil and atmosphere: (a) steady-state chamber, (b) non-steady-state chamber, and (c) forced diffusion
chamber. See Table 60.1 for the meaning of measurement parameters of flux calculations
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60.1 Measurement Approaches, Principles, and Parameters

Soil chambers have been used to measure CO, flux
for the past 100 years [60.13, 14], and different shapes,
designs, and principles have evolved throughout this pe-
riod. Chamber types have been categorized into closed/
open, dynamic/static, flowthrough/non-flowthrough, or
steady-state/non-steady-state designs [60.15]. Many of
these descriptors are, in fact, synonymous, e.g., an open
chamber is also necessarily flowthrough and steady
state, and a closed chamber can be flowthrough or
non-flowthrough, and measurements are derived from
non-steady-state conditions. For simplicity, we here ad-
here to the classification of chambers based on whether
fluxes are measured at steady state or non-steady
state [60.16], but note the potentially confusing use of
other categorizations used in the literature.

Non-steady-state chambers work on the principle
that chambers are closed for a specific length of time,
and fluxes are calculated from changes in chamber con-

centration during this period. Steady-state chambers
monitor gas exchange based on the concentration dif-
ferential between ambient air and chamber headspace
volumes. The steady-state conditions are created by
continuous exchange of CO, with the ambient atmo-
sphere. Open chambers have a continuous flow of air
through the headspace, maintaining a connection to
the ambient atmosphere. Flux calculations are based
on the concentration differential between air entering
and leaving the chamber. A novel steady-state approach
measures the rate of CO, diffusion across a permeable
membrane to establish soil CO, efflux based on the
CO, concentration within an otherwise closed cham-
ber headspace (forced diffusion). Figure 60.1 gives an
overview of the key features of these broad chamber
categories, whilst a detailed description of theory of op-
eration and implications for specific measurement tasks
are given in Sect. 60.3.

Table 60.1 Measured parameters of soil chamber measurements

Parameter
All chamber approaches

Description

Gas concentration in chamber
Ambient gas concentration
Molar fraction

Pressure
Temperature
Water vapor concentration

Chamber area
Chamber volume

Steady-state chamber

Air flow rate
Non-steady-state chamber
Duration of closure

Forced diffusion chamber
Diffusivity

Path length

Scalar

Amount (mass) of gas species in chamber headspace
Amount (mass) of gas species in ambient air
Fraction of a gas species in air

Air pressure in chamber headspace
Air temperature in chamber headspace
Fraction of water vapor in air

Area of soil covered by chamber
Total volume of chamber (including external volume of tubing, analysis
cell and pump)

Volume flow of external air passing through chamber headspace
Exact time of sampling from headspace since start of chamber closure
Area-specific effective membrane diffusivity

Effective diffusive path length

Single term for conversion of chamber-specific membrane area, diffusiv-
ity and path length

Table 60.2 Other measurements commonly performed alongside chamber flux measurements

Parameter
Soil temperature
Soil moisture

Description
Current temperature of soil, ideally covering a number of depth increments
Volumetric or gravimetric water content of soil; normally applied to surface soil lay-

ers, but ideally obtained across several depths

Air temperature
Water table depth

Temperature of ambient air
Depth of water table below soil surface

Unit Symbol
kgm™3 Ce
kgm™3 Ca
molmol~!  y

or

ppmv

Pa P

K T

mol mol~! XH,0

or

ppmv

m? Ag

m? v
m3s7! f

S t
m?2s~! D

m L

ms~! G

Unit Symbol
°C Ts
m?m3 or SWC
kgkg™!

°C Tambiem
m h

1605

1'09 | 3 Med



1606 PartE I Complex Measurement Systems — Methods and Applications

2’09 |3 Med

60.2 History of Soil Chamber Measurements

Soil CO, flux chambers have been used for about
100 years [60.13], and their design has changed with
the variety of research and monitoring requirements,
analytical capabilities, and the advancement of the
understanding of the disturbance that may be cre-
ated by chambers themselves. The main measurement
principles of chambers used today have not changed
over many decades, and the basic theory outlined in
Sect. 60.3 and models presented in Sect. 60.4 represent
refinements on what has been only a small number of
successful measurement designs.

However, whilst the principal physical design of soil
chambers has not changed fundamentally, methods of
determining the flux rates measured with these cham-
bers have, in fact, evolved. In this section, we outline
a number of key methods to determine CO, concentra-
tions that have been widely used in the past but are now
only rarely used.

60.2.1 Offline Sampling and Chemical
Absorption

Initial chamber designs follow the current closed cham-
ber principle, where a headspace of known volume
is created over a specific soil area to trap CO, emit-
ted from the soil (Sect. 60.3.1). This respiration bell
(Fig. 60.2) [60.13] was left in place over a defined pe-
riod of time (e.g., 10—20min [60.13] or 1h [60.17]),
and CO, concentrations were determined either by ex-
tracting a small volume of gas (e.g., 20mL) from the
headspace for determination of CO, concentration at
the end of this period, or by allowing CO; to be ab-
sorbed onto a chemical trap throughout the period of
chamber closure. The calculation of soil CO, flux rates
was then simply based on the total amount of CO,
observed in the headspace, following analogous calcu-
lations to those presented in Sect. 60.3.1.

These early measurements provided useful insights
into the general dynamics of CO, flux and allowed
comparative studies of flux rates from different soils
and over different measurement periods. However, the
static nature of these measurements creates a number of

Fig. 60.2 Early
model of a closed
respiration chamber
termed respi-
ration bell by
Lundegardh in
1926 (after [60.13])

problems associated with the buildup of the CO, con-
centration following chamber closure.

The offline sampling method assumes that the
buildup of concentration in the headspace is linear or,
in other words, that the rate of CO, flux from soil to
chamber is constant throughout the period. However,
the soil surface flux rate is highly sensitive to changes
in the concentration differential between the cham-
ber headspace and air in superficial soil pores. As the
headspace volume progressively enriches in CO,, this
differential progressively decreases, leading to a lower
rate of net flux of CO, from soil to chamber. Over time,
also the soil profile beneath the chamber is enriched in
CO; relative to the natural soil CO, profile, leading to
lateral diffusion of CO, and, hence, an underestimation
of CO, efflux. Figure 60.3a illustrates the reduction in
the concentration gradient from the headspace into the
soil profile. Note that the graph is not based on direct
measurements but was produced using a 1-D diffusion
model. It clearly shows the reduction in concentration
difference between headspace and superficial soil pores,
as well as within the soil profile (here illustrated for 3
and 5 cm soil depth), resulting in a diminishing diffu-
sion gradient and hence decreasing measured CO, flux
(Fig. 60.3c). The 1-D model does not account for lateral
diffusion in soil pore spaces adjacent to the chamber
footprint, which is likely to occur once a lateral gra-
dient has been established. This would further reduce
the CO, gradients beneath the chamber, as the observed
increase in soil pore concentration would be less pro-
nounced owing to the loss of CO, from soil pores
beneath the chamber. Scenarios shown in Fig. 60.3 sim-
ulate an initial surface CO, flux of 1.5umolm=2s7!.
For a static chamber with continuous CO, enrichment,
the flux reduces soon after chamber closure (0 min) and
continues to drop up until the chamber is opened after
60 min. The spike in soil CO; efflux seen after 60 min is
a result of the artificially increased CO, concentrations
in the soil profile. Early measurements of soil CO, flux
based on prolonged period of concentration enrichment
are, therefore, likely to represent underestimates of soil
CO, efflux.

Closed chamber methods using continuous chemi-
cal absorption of CO, have the opposite effect on the
atmosphere—soil concentration gradient, as the efficient
absorption of CO, in the headspace would artificially
increase the CO, concentration differential to soil pore
spaces. The impact on the soil CO, gradient is much
lower compared to chambers with CO, enrichment,
so that the overall bias from this effect alone is of
smaller magnitude (Fig. 60.3b,d). However, there are
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60.2 History of Soil Chamber Measurements
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Fig. 60.3a—d Simulated CO, concentrations in the chamber headspace (solid black line) and soil pores beneath the
chamber at 3 cm (dotted line) and 5 cm (dashed line) soil depth for a closure time of 1h. (a) CO, enrichment scenario,
(b) CO, absorption scenario, and (c,d) calculated surface CO, flux for both scenarios

further uncertainties associated with the efficiency of
CO; absorption over the period of chamber closure, and
additional efforts associated with handling of chemical
reagents in the field combined with a more labor inten-
sive analysis of CO, concentration determination mean
that this method is used very rarely for flux measure-
ments of CO, in the field.

60.2.2 Steady-State Flowthrough Chamber
Designs (Open Chambers)

An early design for continuous soil respiration mea-
surement from a single chamber was proposed in 1953
by drawing ambient air through the headspace of a soil
cover to estimate soil CO, efflux from the enrichment
in CO, [60.18]. These early chambers consisted of
a frame firmly anchored in the soil, on which a lid was
placed to create a chamber headspace. Single cham-
bers of this design were then connected to an infrared
gas analyzer (IRGA), with air flowing at a known rate
through the chamber, and the difference between ambi-
ent air and chamber air recorded (Sect. 60.3). Further
development of that technique with multiple cham-
bers sampled sequentially were reported in the late
1960s [60.19-21] to improve spatial coverage and pro-

duce a first complete time series of soil CO, efflux
in forest ecosystems. To avoid prolonged disturbance
of the soil environment caused by the presence of
chambers, early versions of these steady-state cham-
bers already included moving chamber designs, where
robotic drives opened and closed chambers between
measurement cycles [60.22].

60.2.3 Field-Portable Chambers

Field-deployable IRGAs enabled direct monitoring of
CO,; increase in chamber headspace concentrations.
Commercial availability of small IRGA units from the
early 1990s facilitated shorter deployment periods and
a more robust analysis of CO, concentration evolu-
tion in headspaces [60.23, 24]. In this chamber design,
air is continuously exchanged between the chamber
headspace and a portable infrared gas analyzer via
tubing or by directly mounting the analyzer on the
chamber (Fig. 60.4). This (quasi) continuous monitor-
ing of concentration increments over the deployment
period yields data with which assumptions regarding
the linearity of the concentration increase can be tested,
and potential errors resulting from a diminishing CO,
diffusion gradient corrected (Sect. 60.3.1). The more
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portable design of chamber and analyzer and signif-
icantly shorter deployment period when compared to
the chemical absorption methodology meant that re-
searchers could measure from a larger number of loca-

60.3 Theory

Gas exchange between soil and atmosphere is mainly
driven by the gradient in concentration within the soil
profile, where there may be a range of sources of sinks
of trace gases. Random movements of molecules lead
to a net flux across the soil surface due to concen-
tration differentials between soil layers and across the
soil-atmosphere interface. In the absence of turbulent
exchange or mass movement of air due to pressure
fluctuation caused by wind, the trace gas flux could
theoretically be calculated using Fick’s law if concen-
tration profiles, effective soil porosity, and diffusion
constants in air are known [60.25]. However, the typ-
ical heterogeneity in physical structure, as well as
organic matter and moisture contents of especially the
superficial soil horizons, renders it difficult to predict

To LI-6200
datalogger
and IRGA

Sensor housing

C

Relative /

Ao Air temperature
humidity (thermistor)
(HUMICAP) . @ O
N_ Airto IRGA
__ Reference
junction
Pressure
equilibrium
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Air to IRGA
Air return |l /m\
manifold %/% & LI
) N__ Soil temperature

(thermocouple)

Fig. 60.4 Portable non-steady-state soil CO, flux cham-
ber (after [60.23] © John Wiley and Sons)

tions with significantly reduced effort. Several off-the-
shelf measuring systems have since become available,
incorporating much of the advancement provided by the
early experimental setups (Sect. 60.4).

the actual diffusivity across the soil-atmosphere in-
terface. Furthermore, atmospheric turbulence induced
by advection (wind) near the soil surface or pressure
fluctuations due to wind gusts results in a flushing of
superficial soil pores. Such mass movements of air
produce a much faster transport of trace gases than
diffusion processes and also impact the soils’ internal
concentration gradients.

Besides the fluxes into the chamber headspace, the
design of flux chambers must account for the processes
driving exchanges of CO, within chambers. Some
chamber models use small fans to minimize the devel-
opment of boundary layers that would cause the buildup
of concentration gradients within chambers as an arte-
fact of chamber placement. Especially in the case of
the non-steady-state chambers, where fluxes are calcu-
lated based on the changes in concentration over time,
an effective mixing of chamber headspace is important.
Turbulence caused by fans partly compensates for the
absence of the natural turbulence caused by wind but
has the risk of increasing soil-surface exchanges by ar-
tificially eroding the soil surface boundary layer and
enhancing the flushing of soil pore spaces, resulting in
artificially large soil CO, efflux estimates [60.9]. Mod-
eration of fan speeds and careful placement of fans to
avoid directing airflow directly towards the soil surface
can mitigate this risk. Many chamber designs, however,
do not include forced air movement by fans and use air-
flow induced by the circulation of air between analyzers
and chamber to create an effective mixing of the cham-
ber headspace (Fig. 60.4).

60.3.1 Mass Flow and Pressure Issues

Pressure changes within the chamber headspace result
in mass flow of air in and out of soils [60.26]. Where the
chamber itself induces pressure changes, this represents
a potentially significant artefact for flux rate measure-
ments [60.27,28]. Placement of a chamber on the soil,
or closure of chamber covers onto a chamber base or
collar, are potential situations where a positive pres-
sure within the chamber may push atmospheric air into
the soil profile. In situations where the presence of the
chamber operator near the chamber causes compression
of soil, displacement of air volumes under the measure-
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ment area of a chamber would also influence observed
chamber fluxes owing to artificial flushing of soil pores.
This is likely to be a significant consideration in peat-
lands or other high-organic soils, where compaction of
soil leads to lateral movement of either air or water,
hence propagating mass movement and artificial soil—
atmosphere gas exchange.

The act of pushing air volumes from the chamber
headspace into the superficial soil layers alters the gas
concentration profile and is likely to lead to an initially
lower exchange of the trace gas, as an artificially low
concentration gradient between the uppermost part of
the soil column and atmosphere is created. Compaction
of soil around chambers is likely to result in the oppo-
site effect, where air is forced from pore spaces beneath
the chamber, creating an apparently greater flux than
what would occur naturally.

Prolonged chamber deployment (commonly used
for the measurement of rarer gases than CO;) may also
lead to a heating of the chamber volume, resulting in an
expansion of the air volume and resulting in pressuriza-
tion of the headspace. Alongside the physical expansion
of air following an increase in temperature (following
the relationship between temperature and pressure de-
scribed by the ideal gas law), evaporation of water from
soil and plant surfaces can contribute to a slight increase
in chamber pressure, whilst also diluting the concentra-
tion of trace gases (Sect. 60.3.2).

In contrast to such artificial pressures effects in
soil chambers, naturally occurring atmospheric pres-
sure fluctuations can be considered to form part of the
inherent gas exchange between soil and atmosphere.
However, closing off these fluctuations by the use of
a chamber could underestimate flux values.

Most chamber models include small pressure vents
that minimize air pressure differentials between ambi-
ent and chamber headspace atmospheres (Fig. 60.4).
These vents mitigate both pressure artefacts from
placement/closure of chambers and continuous wind-
induced fluctuations. The design of the vents with small
diameters aims to minimize ingress and egress of CO,,
whilst allowing equilibration of pressure differentials
by a small volume flow of air.

60.3.2 Concentration Corrections and Flux
Calculations

All chamber approaches have to account for changes
in partial pressure of other gases that occur during the
period of measurement. Evaporation from the soil sur-
face, as well as transpiration by plants present within
the chamber, can cause increases in water vapor in the
chamber headspace. This addition of water molecules to
the mixture of gases making up the chamber air means

that the rate of trace gas fluxes can be underestimated
(in the case of a net efflux from soil) or overestimated
(in the case of a net soil uptake).

It is, therefore, advised to include measurement of
water vapor pressure (yu,0; Table 60.1) content in both
air streams and correct measured CO, concentrations
accordingly. Many commercial chamber systems can
perform such a correction as a factory default, provid-
ing e.g., dry CO, readings.

60.3.3 Non-Steady-State Chambers

Non-steady-state chambers are the most commonly
used in the scientific literature. The measuring principle
relies on a chamber being placed on the ground to create
an effective isolation of a defined airspace (headspace)
in which gas exchange with the underlying soil surface
leads to changes in headspace gas concentrations. These
gas concentration changes are then monitored continu-
ously by either having a sensor placed directly in the
chamber or by pumping a small volume in a closed
loop between chamber headspace and the measure-
ment cell of an analyzer (e.g., nondispersive infrared
gas analyzer, cavity ringdown spectrometer). The CO,
mass flux rate at a given time point during the cham-
ber closure (F(¢); in kgm™2s~") is calculated from
the mass concentration change with time (dc/d#(7); in
kgm™ s™!), chamber volume (V; in m?®), and chamber
area (A; in m?)

de, V
F(t) = d—j(t)z . (60.1)

The mass concentration of the gas of interest c(z) is cal-
culated from the measured fraction of CO, in air (y();
in molmol™'), pressure (p(¢); in Pa) and temperature
(T(2), in K) of the headspace air, molar mass of the gas
of interest (M; in kgmol™!) and the universal gas con-
stant (R ~ 8.314m?PaK~! mol~") [60.29]

p) M

TOR (60.2)

c(n) = x(1)

Commonly, water vapor evaporates from the soil
surface or vegetation (if present) into the chamber
headspace during chamber closure. This addition of
molecules leads to expansion of the headspace air and
dilution of the gas of interest [60.16,30,31]. The ef-
fect of this dilution on the molecular fraction of the
gas of interest can be approximately corrected for if the
amount fraction of water vapor yu,o(f) is monitored in
the chamber headspace

- XHZO(IO)

1
corr () = Xuncorr(? s (60.3)
Xeore (1) = ()l—tzo(t)
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where yn,0(f) is water vapor amount fraction at the
start of chamber closure.

Unfortunately, there is no general agreement about
the best time interval for determining dc/d¢ following
chamber closure. Traditionally, a linear regression func-
tion was fitted to the complete concentration time series
recorded during chamber closure, and the slope of that
linear function was set equal to dc/d¢. However, various
studies demonstrated that the concentration time series
often does not develop in a linear way, even over short
closure periods [60.32-34]. Whilst linear regressions
applied over short periods provide robust estimates,
it should be noted that they can underestimate real
fluxes by up to 40%, depending on the absolute flux
rates [60.33, 35]. There is no consensus about how long
exactly a measurement (chamber closure) should last,
or which nonlinear regression method is the most ap-
propriate. Software solutions are now available [60.36]
that provide diagnostic statistics and initial recommen-
dations for whether nonlinear or linear regression is the
most appropriate. They allow users to define custom cri-
teria for a given experimental setting.

Non-steady-state chambers need to open after com-
pleting measurement to allow the reequilibration of
CO; concentrations between soil and atmosphere and to
minimize the modification of abiotic conditions through
e.g., rainfall exclusion or temperature increases. In
order to obtain continuous time series of soil flux
measurements, robotic systems that close and open
chambers at predetermined intervals have been widely
used. As, generally, multiple chambers are measured
using a single gas analyzer, switching between different
chamber locations is required to enable quasi continu-
ous measurement of flux within a given area. The size
of this area is determined mainly by the length of tubing
(radius of 10 m, with additional pumps included, up to
20m) between chambers and CO, analyzer, where an
efficient exchange of air between headspace and ana-
lyzer has to be guaranteed in order to obtain meaningful
estimates of concentration change over time. Power
draw of robotic drives as well as pumps to circulate air
over considerable distances are a major consideration
for these systems, and there are usually higher mainte-
nance costs due to the necessity of having moving parts
within the chamber design compared to manually oper-
ated systems or passive methods (Sect. 60.3.3).

60.3.4 Steady-State Chambers

Steady-state chambers operate by having a continu-
ous flow of air through the headspace. As air passes
through the chamber, the CO, concentration within
the headspace is enriched by soil CO, efflux, and air
leaving the chamber will over time equilibrate at a con-

stant concentration (assuming constant soil CO; efflux)
that is determined by the rate at which the headspace
atmosphere is turned over by the air stream. Calcula-
tion of the soil CO, efflux rate, hence, relies on direct
measurements of the CO, concentration drawn from
the chamber headspace (out-flowing concentration, c¢,;
ppm, or umol mol~!), the ambient air CO, concentra-
tion (incoming concentration, ¢;; ppm, or umol mol™1),
the flow rate of air through the headspace (f; mols™}),
and the surface area of soil enclosed by the chamber
(As; m?)

Co —Ci

A, (60.4)

F=f

The flow of air through the chamber headspace is
commonly achieved by continuously drawing air from
within the headspace and allowing air to enter the
headspace passively from the ambient atmosphere.
Alternative modes of either pumping air into the
chamber, with chamber air exiting the headspace pas-
sively [60.25,37], or creating airflow by simultaneous
drawing and pushing of air out of and into the cham-
ber [60.26] have also been trialled but are less common.

As for all chamber methods, a complete seal be-
tween chamber headspace and ambient atmosphere is
critical. An intentional opening integral to the chamber
design to either allow ingress or egress of air (depend-
ing on whether air is actively drawn or pushed from/
into the chamber), therefore, has to be designed care-
fully to achieve an effective air seal. This means that
the rate at which air flows through the inlet/outlet has to
exceed the diffusion speed of CO; in air for the range
of temperatures under which the chamber operates. The
cross-sectional area of the inlet/outlet must, therefore,
be dimensioned in accordance with the volumetric air-
flow rate (f). The critical speed of air flow (a.) across
the cross-sectional area of an inlet has been determined
experimentally to be around 50 cms~! [60.10], and the
appropriate inlet area (A;; cm?) for a given volumetric
flow rate of air through the headspace (fy; em’ s71) can,
hence, be calculated according to

&

A; .
Ac

(60.5)
To ensure that no CO, is lost through the inlet, this
critical speed should be maintained over some distance
by the use of an inlet tube of the appropriate diameter.
However, it should be noted that any airflow generated
by drawing air from the chamber headspace necessarily
results in a lower pressure inside the headspace com-
pared to the ambient atmosphere (as this is the principle
on which air is drawn into the chamber). The magnitude
of this pressure differential is a function of the length



Soil Chamber Measurements | 60.3 Theory

and diameter of the inlet tube, as well as the airflow ve-
locity. An excessive length of the inlet tube should be
avoided, as a longer inlet tube increases air friction and,
hence, the pressure differential between atmosphere and
chamber headspace.

In contrast to closed chambers, open chamber de-
signs have the potential to measure continuously, with-
out the need to open and reclose chambers, as steady-
state conditions are created within the headspace.
A change in F over time is detected through the con-
tinuous monitoring of (¢,—c¢;j), meaning that a different
soil CO, efflux rate will result in a new steady-state
chamber concentration and, hence, a new concentration
differential between soil surface and headspace.

60.3.5 Forced Diffusion Chambers

Forced diffusion (FD) chambers are a specific type of
steady-state chamber, which were first described by
Risk et al. [60.38]. Like for other steady-state chambers,
the soil CO, efflux rate is calculated based on the dif-
ference between the outside atmospheric concentration
and the concentration inside the chamber. The main dif-
ference is that the FD chamber uses a membrane instead
of a pump. The membrane is responsible for maintain-
ing proportionality between chamber air and outside air
through molecular diffusion instead of active pumping.
In the currently available commercial forced diffusion
chambers, a single IRGA measures both atmosphere
and chamber concentrations through a switching ar-
rangement. Forced diffusion chambers, therefore, have
reduced power demand and better long-term durability
compared to robotic chambers.

The factors that control the exhaust rate of a FD
chamber and the proportionality between flux and in-
side air concentration include the area-specific effective
membrane diffusivity (D), the effective diffusive path
length (L), and surface areas exposed to the soil and air
(A4, As). Changing any of these factors alters the pro-
portionality between chamber and atmospheric air, or
the concentration retained in the chamber per unit flux.
These factors are represented by a single scalar (G),
which is established for each FD chamber by calibra-
tion on a flux generator [60.39]

Fe Aa ( ple—Ca

A L

The empirical calibration simplifies the design require-
ments and mathematical approach for flux calculations.
It also validates that the FD chamber measures fluxes
accurately. Most other chamber systems are calibrated
only for concentration, which means that pump issues,
air leaks, or other operational issues are more likely to
go unnoticed in those systems.

) — G (co—ca). (60.6)

Modern FD chambers incorporate two membrane-
covered cavities within the same structure. The main
cavity consists of a chamber that is exposed to the soil at
the bottom and in contact with the atmosphere through
a membrane. This membrane imposes the diffusional
limitation or forces it to a specific rate. The secondary
cavity is to measure the free atmospheric concentration
of the gas, at the same height above ground as the pri-
mary chamber membrane. Both cavities should have
identical membranes and the same volume-to-surface-
area characteristics, so that they respond with identical
time constants to changes in atmospheric concentration.
Membranes are normally made of a synthetic material
that is hydrophobic, impermeable, highly diffusive, and
resistant to ultraviolet (UV) degradation.

Ideally, the FD chamber should be designed to re-
tain a minimum level of soil gas (small ¢, —c, per
unit flux) in order to minimize lateral diffusion [60.40].
However, higher diffusivity is not necessarily better if
the FD chamber analyzer or sensor cannot adequately
resolve small concentration differences between the
cavities. If concentration differences cannot be resolved
at flux rates of interest, ¢ —c, per unit, the concen-
tration buildup must be increased by decreasing the
membrane surface area or by using less diffusive mem-
brane material.

Forced diffusion chambers use less power than
other chamber variants, mainly because active pump-
ing is not required. FD autochambers and their sensors
can theoretically remain unpowered most of the time
and only need to be activated to grab concentration val-
ues at preprogrammed intervals. FD chambers are also
tolerant to long-term analyzer baseline drift, because
a single analyzer is used to measure the difference in
concentrations between the two cavities. Because FD
chambers lack moving parts, maintenance intervals are
reduced. However, annual recalibration of chambers is
advised, but more frequent calibration may be neces-
sary, for example in environments where biofouling is
important. Because they lack moving parts, FD cham-
bers can be used in snow, as long as the snowpack
is fresh and highly diffusive, or where special-purpose
manufacturer add-on accessories are used. Winter de-
ployments often require a reduction in measurement
frequency, to minimize heating and snowmelt, and
to conserve battery power when solar charging is at
a minimum. Owing to their low power consumption
and good reliability, FD chamber systems have been
used year-round even under harsh Arctic and Antarc-
tic conditions [60.41,42]. FD chambers can also be
used without modification on floating platforms in stud-
ies that aim to contrast terrestrial and aquatic fluxes
or on vertical surfaces including trees to quantify bole
flux.
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60.3.6 Comparison of Measuring Principles

All chamber measurements create some degree of dis-
turbance to the physical environment, affecting the
natural flux of gases between soil and atmosphere. The
contrasting measuring principles of steady-state and
non-steady-state chambers influence different aspects
of the headspace environment, relating to e.g., duration
of chamber closure or effects of pressure and airflow.
Several studies have compared different chambers di-
rectly, indicating general biases between the different
principles [60.15,43-45]. For earlier non-steady-state
chamber systems, consistent underestimates of known

60.4 Devices and Systems

A variety of chamber systems have been built by
researchers over the past decades, driving the de-
velopment of the methodologies outlined above. The
considerable volume of existing publications reflects
this diversity of devices and measuring setups, in turn
reflecting the variety of contexts and research ques-
tions being addressed. Here, we outline some of the
most commonly used systems with examples of com-
mercially available models. Further development of
chamber systems is ongoing and is largely driven by
modifications of existing setups or custom-built de-
signs.

The objective of most soil gas flux studies is to
better understand the sources and sinks of gases and
drivers of flux dynamics across the soil-atmosphere
interface. Analyses of the relation of flux rates from
chamber measurements with abiotic conditions, such as
air or soil temperature, precipitation volumes and fre-
quencies, soil moisture content, or static pressure, are
performed regularly, guided mainly by the specific ob-
jectives of a given investigation. Many commercially
available chamber systems provide at least some of
these ancillary measurements as part of the setup. How-
ever, as these ancillary measurements are not an integral
part of the chamber approach, we do not cover them in
any detail here.

60.4.1 Manual Chambers

Portability is an important requirement for soil cham-
bers to enable surveys across wider areas, during which
instruments often have to be carried between measure-
ment locations. Infrared gas analyzers (IRGAs) have
been used for soil CO, flux measurements for many
decades now and continue to be widely used. The
decrease in size of IRGA units over the years has

flux rates have been reported. Subsequent changes
to chamber designs, for example introducing con-
trolled air vents and improving air flow within chamber
headspaces, seem to have eliminated this bias. The
most recent comparison study showed that both steady-
state and non-steady-state chambers provided estimates
close to known flux rates [60.15]. Forced diffusion
chambers, however, have not been included in any
comprehensive comparison study. Nonetheless, since
individual FD chambers are calibrated against known
flux rates before deployment, any biases resulting from
instruments, chamber geometry, or materials are ac-
counted for in the measured fluxes.

promoted the development of portable systems, with
a number of models now commercially available.

Battery power is a further crucial factor for the
use of portable systems in field surveys. Energy con-
sumption, and hence the need to carry sufficient battery
power into the field, is driven by the need to pump
air between chamber and analyzer as well as auxil-
iary functions, such as internal fans or chamber closing
mechanisms and the thermostatic requirements of the
optical bench within the analyzer.

Operation of manual survey chambers is nowa-
days greatly facilitated by simple routines carried out
by analytical units that facilitate flushing of chamber
headspaces prior to chamber closure, automatic logging
of chamber concentration changes over time, and direct
computation of flux rates based on chamber geometry.

The small and relatively lightweight chambers
by PP Systems (Amesbury, Massachusetts, USA) are
placed directly on the soil surface or on previously
installed soil collars to initiate a flux measurement.
A choice exists between a smaller opaque chamber
for respiration measurements and a larger chamber
of transparent materials (enabling net CO, exchange)
(Fig. 60.5, top). The console containing the infrared gas
analyzer provides a numerical and graphical display of
CO, concentration, and raw data as well as computed
fluxes can be stored on an external USB (Universal
Serial Bus) flash drive. The relatively simple opera-
tion with low power consumption means that battery
power of the control unit is sufficient for more than 6 h
of continuous flux measurements (assuming about 20
measurements per hour). The unit alone weighs only
1.5 kg (including batteries), with the two types of cham-
bers weighing an additional 1kg.

Li-Cor Biosciences (Lincoln, Nebraska USA) com-
mercializes a very robust survey chamber setup, with
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the infrared gas analyzer contained in a rugged hard
case and without a physical user interface to protect
electronics and gas handling parts (Fig. 60.5, bottom).
Survey chambers with a diameter of 10 or 20cm can
be placed either directly on the soil surface or onto
matching soil collars prior to flux measurements. An
individual measurement is initiated by the system’s on-
board control, with which the user can either interact
directly via wireless devices or an Ethernet/serial cable,
or by preprogramming a sequence of measurements at
user-specified intervals. To minimize disturbance from
chamber placement, the Li-Cor survey chambers have

Fig. 60.5a—c
Portable soil res-
piration chambers
used with infrared
gas analyzers.

(a) PP Systems

soil chamber (di-
ameter: 10 cm,

V =1180cm?).

(b) PP Systems
canopy chamber
(diameter: 14.6 cm,
V =2430cm?).

(c) Li-Cor survey
chamber (di-
ameter: 20 cm,

V =4840 cm?).
Note that other sizes
of chambers are
available from these
and other manu-
facturers (images
(a) and (b) reprinted
with permission
from PP Systems;
image reprint with
permission of LI-
COR Biosciences)

a bellows that operates the closing mechanism to initi-
ate a measurement; CO, concentrations are then logged
by the analyzer unit and stored along with any aux-
iliary measurements, and flux rates are computed at
the end of measurements. Data are stored in a large
internal memory and can be downloaded after field
operation. The Li-Cor analyzer unit (Li8100A) in com-
bination with the bellows-based closure mechanism in
chambers has relatively high power demands. With
a battery providing power for about 2h of measure-
ments (assuming about 20 measurements per hour),
the analyzer unit weighs about 6.7 kg, with the 10 and
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a) _ b)

‘%-i‘iﬂ

Fig. 60.6a-c Portable gas analyzers suitable for combined chamber-based measurements of CH4, H,O and CO,.
(a) GasScouter™ by Picarro, with attached soil chamber (diameter: 28 cm, V = 9340 cm?), which has the analytical
unit contained in a backpack. (Reprinted with permission of Picarro Inc.) (b) Ultra-portable gas analyzer by Los Gatos
Research (29.5 x 34 x 12 cm) (reprinted with permission from ABB). (c) Li-7810 by Li-Cor (51 x 33 x 18 cm) (image

reprint with permission of LI-COR Biosciences)

20 cm chambers weighing a further 1.6 and 2.9 kg, re-
spectively.

Recent advances in laser spectroscopy, and partic-
ularly the cavity-ringdown technique, have led to new,
portable analyzers capable of measuring CH4 and H,O
alongside CO,. The Picarro GasScouter (Picarro, Santa
Clara, CA, USA) weighs just over 10kg and is housed
in a backpack case (Fig. 60.6). A soil chamber is avail-
able for this analyzer, and battery life enables measure-
ment of up to 8.5h (according to manufacturer specifi-
cations). Using a related technology (cavity-enhanced
absorption), two further portable trace gas analyzers
have recently become available. The Microportable
Greenhouse Gas Analyzer (M-GGA) by Los Gatos Re-
search (San Jose, CA, USA) weighs only around 5.4 kg,
which includes a small internal battery that allows op-
eration of up to 2h. The Li-7810 by Li-Cor (Lincoln,
NE, USA) weighs 11.4 kg and like the M-GGA comes
in a hard case. All three trace gas analyzers provide on-
board data storage and easy interfacing for external data
storage or remote downloads. Combining these trace
gas analyzers with existing custom-built chambers or
commercially available CO, flux systems is relatively
unproblematic.

60.4.2 Automated Chambers

Continuous soil flux measurements can be carried out
using chamber systems from a number of manufactur-
ers. As in the case of portable chambers, the automated
chambers can be interfaced with either CO, analyzers
or other trace gas analyzers. As these systems are typ-
ically employed in more permanent setups, portability
and energy supply are of less relevance, and larger an-
alyzers with potentially better analytical resolution and
greater signal stability can be used. They do, however,
require a weather-proof shelter.

Most automated chambers are equipped with mov-
ing components to ensure that soil conditions of the
chamber footprint (usually contained within a soil col-
lar) are disturbed as little as possible by the presence
of the chamber. However, it should be noted that the
chambers are likely to have indirect impacts, even when
in their open position. The physical presence of cham-
ber, support structures, and motor drives can affect the
thermal regime through shading or reflectance of solar
radiation. The same is true for the rainfall and soil wet-
ting regime, through interception and displacement of
nonvertical rain, which can result in artefacts from ad-
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Fig. 60.7a,b Automated long-term chamber models.
(a) PP Systems (diameter: 20 cm, V = 2500cm?) (image
reprinted with permission from PP Systems). (b) Li-Cor
(diameter: 20cm, V =4080cm’) (image reprint with
permission of LI-COR Biosciences)

ditional or reduced rain splash and infiltration into the
collar area.

Robotic non-steady-state chamber models are avail-
able from a number of suppliers; Fig. 60.7 shows two
examples. The CFlux-1 model (PP Systems) opens and
closes by lifting a dome-shaped chamber vertically and
locking it in an open position adjacent to the chamber
collar. The gas analyzer is located next to the chamber,
so that gas analysis occurs locally with only electric-
ity having to be provided externally. The eosAC model
(Eosense, Dartmouth, NS, Canada) has a similar me-
chanical layout as the CFlux-1 but requires air from the
chamber headspace to be pumped to and from a cen-
trally located analyzer via a multiplexed switching unit.
This is also the case for the Li-8100A system (Li-Cor).
Its chambers open and close in a combined vertical and
swing motion, so that the chamber covers in the open
position rest at a greater distance from the soil collars
than is the case for other systems.

Fig. 60.8 Forced diffusion chamber eosFD by Eosense
(diameter: 10.2 cm, 20 cm high) (reprinted with permission
from Eosense Inc.)

The maximum length of tubes and power/data ca-
bles limits the spatial reach of continuous chambers.
Tube length is limited by the associated increase in flow
resistance and, hence, by pressure considerations for
pumping air between chambers and analyzers or mul-
tiplexers. Excessive tube length also increases the time
required to flush tube volumes prior to measurements
and leads to attenuation of concentrations that may affect
the calculation of CO, evolution rates. The PP Systems
approach of individual gas analyzers for each long-term
chamber overcomes these constraints on spatial reach,
but the costs per automated chamber are comparatively
high because of these individual analyzers.

All automated chambers have moving parts, so their
maintenance is an important consideration. Long-term
measurements in environments with extreme conditions
(high or low temperatures, precipitation, dust) have
to be carefully considered because of the increased
likelihood of mechanical failures. Appropriate housing
particularly for analyzers and power supply are clearly
critical for such systems.

Forced diffusion systems provide a recent alter-
native to the above-mentioned systems (Fig. 60.8).
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Using steady-state chambers, FD systems operate well
in continuous mode, and their relatively low power
consumption means that long-term measurements are
easily achieved. Chambers run on extremely low power
(average below 1 W for longer deployment) and have
onboard data storage. Having no moving parts, FD sys-
tems furthermore have a reduced risk of mechanical
failure. However, continuous operation of FD chambers
at the same location is likely to have substantial im-
pacts on the abiotic environment inside the chamber, as
the headspace is likely to heat to temperatures above
those of the surroundings and as it excludes rainfall.
This limitation can be (partially) overcome by relocat-
ing the chambers at regular intervals, so that roving FD
chamber systems should have an elevated potential for
continuous monitoring in locations with no continuous
electricity supply [60.42].

60.4.3 Overview

This section aims to provide an overview of some
of the most commonly used chamber-based measur-
ing systems to give a representative sample for users.
Table 60.3 summarizes the main advantages and disad-
vantages of the three main types of measuring systems
and reflects a general summary of most common fea-
tures of the systems available at the time of writing.
The most appropriate measuring setup will depend
strongly on the specific research question(s). Given
a certain research budget, there will often be a clear
tradeoff between the spatial and temporal resolution
that can be achieved, using portable versus automated
systems. In many cases, however, a combination of
both systems will be ideal for a comprehensive assess-
ment.

Table 60.3 Advantages and disadvantages of the three main types of systems

Devices Advantages Disadvantages
Manual Few spatial constraints due to low weight & small size Manual operation
chambers Versatile for comparative analyses across ecosystems  Limited by battery power

and treatments Limited temporal replication
Automated  Low demand on person time Significant maintenance demand for continuous operation
chambers High temporal resolution Risk of mechanical failure

Can be operated in response to specific environmental — Limited in spatial reach

triggers/events Requires secure power supply
Forced No spatial limitation Potential impacts on abiotic and biotic conditions in the
diffusion Continuous data collection case of prolonged placement at the same location
chambers Very low power demand

Reduced maintenance requirements due the absence

of moving parts

60.5 Specifications

Soil flux chambers are available over a range of sizes
(Sect. 60.4), and there is a range of analytical equip-
ment that can be interfaced with these. We here provide
an overview of analyzers that are commonly used in
soil flux studies and are included in the overview given
in Sect. 60.4. Note that the specific information is
provided by manufacturers, and variations from stated
values may occur depending on, e.g., integration in-
tervals of laser spectrometers or across concentration

60.6 Quality Control

Estimates of soil-atmosphere gas fluxes based on soil
chamber measurements are characterized by the follow-
ing four major sources of uncertainty:

and temperature ranges. Specification should, there-
fore, be regarded as indicative only. In this overview,
we focus on portable chamber systems, which are of
most immediate interest to many researchers. Perma-
nently installed, continuous chamber systems may use
these same analyzers, but a wide range of other analyz-
ers is available, as permanent setups typically involve
few restrictions on the size and weight of analyz-
ers.

® Imperfections of the instrumental analysis of the gas
concentration (e.g., due to noise, drift, and cross
sensitivities).
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Table 60.4 Error and temperature ranges for a selection of key instruments used in currently chamber systems to mea-
sure soil gas flux. (All specifications from manufacturers’ information)

Instrument Error (precision)
Infrared gas Analyzers
Li-8100 1.5% of reading —20to 45
EGM-5 1% over calibrated range 0 to 50
Laser spectrometers
GasScouter™ CO,: 0.4 ppm 10 to 45
CHy4: 3 ppb
H,0: 100 ppm
M-GGA CO;: 0.25 ppm 5t045
CH4: 1.2 ppb
H,0: 60 ppm
Li-7810 CO;: 0.25 ppm —25to 45
CHy: 1.5ppb
H,0: 20 ppm
Solid-state sensor (FD chambers)
Vaisala GMP343 +3ppm+ 1% of reading —40 to 60

® Artefacts induced by the chamber method, such as
pressure shocks during chamber setting; pressure
differences between chamber headspace and ambi-
ent air; decreased or increased turbulence strength
in the headspace compared to ambient conditions;
reduced insolation levels due to the chamber walls;
changed air, plant and soil temperatures; changes
in the gas concentration gradients between soil and
headspace air during chamber closure; leakages
through the soil and chamber structure.

® Imperfect sampling of spatial variability in gas
fluxes at the relevant scales (centimeters to kilome-
ters).

® Imperfect sampling of temporal variability in gas
fluxes at the relevant scales (seconds to years).

These different sources of uncertainty need to be esti-
mated and specified when presenting and interpreting
results. The uncertainty thresholds should be defined
when planning a study, and the experimental setup
should be designed considering the different sources of
uncertainty.

60.6.1 Uncertainties in Instrumental Gas
Concentration Analysis

The accuracy and precision of the measurements of the
molar fraction of the gas of interest, as well as of the
headspace air temperature and pressure, and of the gas
transport rate in flow-through systems has to be regu-
larly evaluated to assess and minimize uncertainty due
to instrumental gas analysis. Systematic errors must be
kept small through regular calibration of the instru-
ments involved, and it is important to evaluate drift
of gas analyzers in response to temperature and pres-

Temperature range (°C)

Manufacturer

Li-Cor, Lincoln, NE, USA
PP Systems, Amesbury, MA, USA

Picarro, Santa Clara, CA, USA
Los Gatos Research, San Jose, CA, USA

Li-Cor, Lincoln, NE, USA

Vaisala, Helsinki, Finland

sure changes. The same is true for cross sensitivities of
analyzers between different gases. The effects of wa-
ter vapor on gas measurements based on absorption
spectroscopy are particularly important, because water
vapor has many absorption bands, and its concentra-
tion typically increases during chamber closure. This is
especially true for non-steady-state chambers. The pre-
cision of the instruments should be checked regularly
across the entire measurement range. A deterioration of
precision indicates staining of sensors and/or electronic
problems and implies the need for instrument mainte-
nance or repair.

60.6.2 Uncertainties Due to Artefacts
by the Non-Steady-State (Closed)
Chamber Method

It is very important to minimize the various potential
artefacts associated with the closed chamber method
through careful chamber design and experiment plan-
ning. The functioning of non-steady-state chambers
should be tested under controlled conditions at regular
intervals. It is necessary that:

® Chambers walls are composed of gas-tight and non-
reactive materials.

® The air-tightness of the seals between chamber
bases and tops is tested for leakages.

® Chamber bases are sealed well against the soil sur-
face, potentially inserted deep enough into the soil
to prevent any mass flow of air between the chamber
headspace and the ambient air (where experimental
objectives allow).

® The chamber is equipped with a properly dimen-
sioned vent that is open during chamber deployment
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and allows propagation of ambient air pressure fluc-
tuations into the chamber [60.32].

® The chamber is equipped with additional closable
large-diameter vents that are opened during cham-
ber placement to avoid short-time pressurization of
the chamber headspace.

® Turbulent mixing of the headspace air is ensured by
installation of appropriately dimensioned fans or, in
the case of flowthrough systems, by a properly de-
signed sample intake manifold.

® The change of temperature during chamber closure
is recorded and — if necessary — controlled by a cool-
ing system.

Some artefacts due to suboptimal chamber application
can be identified by careful evaluation of the time se-
ries of gas concentrations during chamber closure. The
measurement principle of the closed chamber method
assumes that the gas concentration time series during
a successful chamber closure experiment can be well
described by either a strictly monotonically increasing
(net gas release) or a strictly monotonically decreasing
(net gas uptake) function. Based on diffusion theory,
the monotonically increasing or decreasing functions
are expectedly nonlinear and degressive. The relative
quality of different regression functions can be com-
pared with the Akaike information criterion [60.46] or
tested using an F-test of the residual variances of two
potential regression functions [60.47]. A best-fitting
function that shows a nonlinear progressive form cannot
be explained by diffusion theory, indicating a disturbed
chamber experiment that should be flagged for quality
control [60.48]. The most important quality control cri-
terion is the standard deviation of the residuals of the
best-fitting function, as it provides an estimate of the
unexplained variance in the gas concentration time se-
ries during chamber closure. A standard deviation of
the residuals for the best-fitting function higher than
a critical threshold level indicates technical errors or
other problematic artefacts, which should be flagged
for quality control. By contrast, the coefficient of de-
termination, RZ, cannot be recommended as a quality
control criterion, as it inherently discriminates against
lower fluxes [60.33].

60.6.3 Uncertainties Due to Spatial
Variability

Soils are characterized by a pronounced spatial het-
erogeneity on the scales of centimeters up to many
kilometers [60.49]. The higher the spatial variability of
soils within the investigated area of interest, the greater
the uncertainty of the estimated mean of the fluxes due
to sampling variability Umean,space- Under the assump-

tion that the sampled population is normally distributed,
Umean,space €an be estimated as

S
Umean,space = lo/2,n—1 =
P / \/ﬁ ’

(60.7)
where s is the sample standard deviation, n is the sam-
ple size, and #4/ ,—1 is the upper (1—o/2) quantile of
the Student’s 7-distribution, and « is the significance
level. A pilot study should be performed for estimating
s and assessing the distance between sample plots that is
enough for spatial interdependence (e.g., by a semivar-
iogram, e.g., [60.50]), which is needed for an unbiased
estimation of the population variance by s.

The necessary sample size np;, to estimate a mean
flux within a specified margin of uncertainty d at a con-
fidence level o can be estimated by finding the lowest
value of n for which the following inequality is true

N

ta/Z.nfl

(60.8)

S
> =
—d

Since the number of spatial replicates in typical soil
chamber measurement campaigns is severely limited
by resources and logistical constraints, these are prone
to considerable margins of error due to suboptimal
sampling in space (e.g., [60.51,52]). With large un-
certainties due to small sample sizes, effect sizes (i.e.,
means or differences between means from different ar-
eas) must be large to be detected at usually accepted
significance levels (e.g., o < 0.05) [60.53].

60.6.4 Uncertainties Due to Temporal
Variability

Soil gas fluxes are highly variable through time. Tem-
poral variability occurs on scales of seconds to years.
Chamber flux measurements are discrete samples in
time with a specified temporal resolution. Chamber
closure times can vary from 15s [60.54] to about an
hour [60.55]. Chamber closure intervals at a specific
measurement spot can vary from hours for automatic
chamber systems [60.55] to weeks for manual chamber
campaigns [60.56]. Depending on the research ques-
tion of the study, the sampling design must account for
diurnal cycles, meteorological changes on the synop-
tic scale, seasonal cycles, and inter-annual variability.
For unbiased gas balances, sampling must not be re-
stricted to certain environmental conditions, e.g., only
summer, only daytime, or only times without precipi-
tation [60.57]. A low sampling frequency can lead to
high uncertainty of seasonal or annual gas-exchange
balances [60.58, 59].

Since chamber measurements cannot provide con-
tinuous time series of flux measurements, smaller and
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larger gaps need to be filled by models. The uncertainty
of seasonal or annual cumulative fluxes due to temporal
variability is typically dominated by the ability of the
models to simulate the true fluxes [60.60,61]. Model
performance is characterized by residuals between sim-

60.7 Maintenance

In order to obtain reliable flux estimates, chambers and
associated analytical equipment require maintenance.
Exact intervals for maintenance are strongly dependent

ulated and measured data. These should be evaluated
in both the time and frequency domain [60.62]. Monte
Carlo simulations are useful to assess the uncertainty of
cumulative fluxes due to the uncertainty in the model
predictions used for gap filling [60.63].

on the application, but Table 60.5 provides a general
overview of typical maintenance schedules.

Table 60.5 Servicing schedule for contrasting chamber systems

Manual chambers

Automated chambers

Forced diffusion

Weekly Tubes are free of dust, condensation or obstructions, all electrical and gas N/A

connections sound
Fans (where present) working

Check physical condition, no obstruc-

tion in closing mechanisms

Monthly  Check zero and span of analyzers
If used consistently in dusty environ-
ments, check filters

Annually Send analyzer for service and calibration

Pump replacement (potentially)

Check physical condition and if deployed over long periods, either relo-
cate or check seal with soil is intact

Send entire chamber setup to manu-
facturer for recalibration

Full service of all moving parts

60.8 Application

Soil gas flux chambers have been used in a wide variety
of settings, where they may measure a number of dif-
ferent trace gases and serve a range of purposes. Whilst
it is beyond the scope of this chapter to cover the full
range of chamber applications over the past decades,
we use a small number of examples here to illustrate
the applicability of soil flux chambers. The examples
were selected to cover the key chamber types outlined
in Sect. 60.3 and address aspects of continuous mon-
itoring, experimental manipulation, and challenges of
remote operation.

60.8.1 Ecosystem Flux Components

Chambers have been widely used in order to quan-
tify constituent fluxes from different parts of ecosys-
tems. Methods such as the eddy-covariance technique
(Chap. 55) provide net fluxes between ecosystems and
the atmosphere integrated over time (usually 30 min)
and space. However, researchers generally require
a more detailed understanding of the flux contribu-
tions from different areas within the flux footprint of

the eddy-covariance setup (Chap. 55). Knowledge of
the relative contributions of, e.g., vegetation versus soil
versus open water, contrasting vegetation types/covers,
distinct (micro)topographic units are critical in order to
understand the drivers of the fluxes from these contrast-
ing areas and provide a way to independently validate
net ecosystem fluxes. It also allows a more detailed
understanding of contributing fluxes, such as the sep-
aration of CO, assimilation and respiration by canopy
and understorey vegetation and respiration from soil,
which is not possible by eddy covariance alone.
Analyses of fluxes from within the footprint area
of eddy-covariance towers are typically conducted us-
ing manual chambers in distinct measurement cam-
paigns [60.33,64—66]. This enables the measurement
of fluxes across the entire flux footprint area, which
is typically larger than what an automated flux system
with permanently installed chambers can accomplish.
Such campaigns should aim to capture a wide range of
flux situations, i.e., resolve diurnal as well as seasonal
patterns. The exact number of measurement points re-
quired depends on the nature of the footprint area, i.e.,
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the multitude of different surface covers, and spatial
variability within these units. Ideally, all relevant sur-
face cover types are sampled to allow an upscaling of
contributing flux estimates at any given period using
the weighted areal representation of the respective cov-
ers.

Whilst manual chamber measurements have the
benefit of a wider spatial reach, they require the pres-
ence of an experimenter within the footprint of the
eddy-covariance measurement, possibly affecting the
flux estimate within that particular time interval. De-
pending on the magnitude of ecosystem fluxes and the
size of the footprint, this disturbance may be signifi-
cant for the net ecosystem flux estimates, and a direct
comparison of fluxes obtained by the two techniques
may not be possible. Most studies attempt an area-
weighted average of fluxes within footprint areas that
is then compared to representative flux averages that
are not necessarily obtained simultaneously but based
on comparable conditions (in terms of abiotic drivers
of fluxes). Continuous measurements using automated
chambers have also been used to develop a more de-
tailed understanding of the contribution from soils or
even subcomponents within the soil to ecosystem car-
bon exchange (Sect. 60.8.2) [60.67, 68].

60.8.2 Long-Term Monitoring of Soil
Gas Flux

Continuous measurements of soil-atmosphere gas ex-
change enable powerful investigations into the drivers
of gas fluxes as well as their temporal dynamics over
short (intraday) to long intervals (interannual). Auto-
mated systems with multiple chambers (both steady-
state and non-steady-state), can give up to (half-)hourly
soil CO;, efflux readings and have been powerful in
disentangling influences of temperature and soil mois-
ture, as well as diurnal and seasonal flux dynamics. The
wealth of data generated by continuous measurements
(subject to appropriate quality checks) allows detailed
analysis of, e.g., temperature responses under contrast-
ing moisture regimes or during different parts of the
growing season [60.69].

In manipulative field experiments, continuous soil
flux measurements can reveal further details, for exam-
ple, on the interaction of biotic and abiotic drivers of gas
fluxes. Studies in a boreal black spruce forest [60.68]
and a temperate oak forest [60.67] illustrate com-
pellingly how the allocation of carbon by plants to the
soil via root and mycorrhizal networks differs between
seasons. As both studies were carried out within the
footprint of an above-canopy eddy-covariance tower,
the continuous data further enabled a detailed analysis

of the relationship between soil flux and total ecosys-
tem dynamics, revealing a link between C assimilation
by the canopy and magnitude of soil fluxes.

Long-term chamber systems can be interfaced with
a range of gas analyzers to provide continuous soil—
atmosphere gas exchange for trace gases other than
CO,. For example, by integrating a methane analyzer
into a measuring setup for soil CO, efflux, it was pos-
sible to resolve short-term dynamics of methane uptake
by forest soil [60.70]. Apart from a known relationship
with soil moisture, these measurements revealed novel
insights into the diurnal fluctuation of methane oxida-
tion flux in response to small changes in background
methane concentration above the forest floor.

60.8.3 Gas Exchange in Remote Locations

Accessibility to field sites and availability of grid power
have been key factors in the selection of long-term
observation sites. This has created a strong bias to-
wards areas easily accessed by road and well-equipped
research sites. For Arctic areas, this bias is extreme,
given the much sparser population and, hence, lower
density of road and power infrastructure. As an illus-
tration, about 31% of all Arctic studies focused on
climate change (including many flux studies) originate
from measurements within 50km of just two Arctic
research sites (Toolik Lake, Alaska, and Abisko, Swe-
den) [60.71]. There is, therefore, a real need to obtain
more data from more remote and less accessible areas.
The portability of analyzers and chamber systems has
enabled researchers to obtain soil flux measurements
from a wide range of locations, but this is limited to
distinct, infrequent measuring campaigns.

Whilst this has so far been mostly limited to CO,
flux systems, advances in analyzer design have led to
more frequent measurements also of other trace gases
(Sect. 60.4). For continuous measurements in remote
locations, moving chamber designs associated with air
pumps between chambers and analyzers are limited
by power availability. Forced diffusion chambers of-
fer a new opportunity to continuously monitor CO,
flux in remote locations. This is illustrated by a 1-year
record obtained by permanently installed FD cham-
bers in the dry valleys of Antarctica [60.42]. Whilst
the steady-state measurement in nonmoving chambers
creates some problems in relation to precipitation and
organic matter entering the soil environment, this study
was able to identify specific abiotic conditions during
which microbial activity led to soil CO, efflux. The dry
and cold nature of the study system facilitated the use of
FD chambers, which may be prone to greater artefacts
when deployed continuously in other ecosystems.
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60.9 Future Developments

Chamber measurements of all trace gases form an im-
portant part of gas exchange studies. They can resolve
small spatial scales and are adaptable to specific set-
tings with regards to, e.g., microtopography, vegetation
cover, or landscape features that larger scale flux ap-
proaches, such as eddy covariance, cannot address.
Therefore, chamber measurements will continue to play
an important role in future investigations.

The scientific literature is rich in contrasting de-
signs of flux chambers, and there are many applications
besides soil respiration measurements that have driven
their original development. Recent advances in the de-
tection of important atmospheric trace gases have led
to ever-smaller analyzers capable of resolving small
concentration changes with good accuracy and pre-
cision. Gas flux measurements that were historically
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