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Abstract Several approaches exist formeasuring greenhouse gases (GHGs),mainly
CO2, N2O, and CH4, from soil surfaces. The principle methods that are used to
measure GHG from agricultural sites are chamber-based techniques. Both open and
closed chamber techniques are in use; however, the majority of field applications use
closed chambers. The advantages and disadvantages of different chamber techniques
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and the principal steps of operation are described. An important part of determining
the quality of the flux measurements is the storage and the transportation of the gas
samples from the field to the laboratory where the analyses are carried out. Tradi-
tionally, analyses of GHGs are carried out via gas chromatographs (GCs). In recent
years, optical analysers are becoming increasingly available; these are user-friendly
machines and they provide a cost-effective alternative to GCs. Another technique
which is still under development, but provides a potentially superior method, is
Raman spectroscopy. Not only the GHGs, but also N2, can potentially be analysed
if the precision of these techniques is increased in future development. An important
part of this chapter deals with the analyses of the gas concentrations, the calculation
of fluxes, and the required safety measures. Since non-upland agricultural lands (i.e.
flooded paddy soils) are steadily increasing, a section is devoted to the specificities
of GHGmeasurements in these ecosystems. Specialised techniques are also required
for GHG measurements in aquatic systems (i.e. rivers), which are often affected by
the transfer of nutrients from agricultural fields and therefore are an important indi-
rect source of emission of GHGs. A simple, robust, and more precise method of
ammonia (NH3) emission measurement is also described.

Keywords GHG · Chamber-based technique · Raman spectroscopy · Ammonia
emission · Optical spectroscopy
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2.1 Introduction

Given the complexity of emissions, process-based models are not able to accurately
estimate daily fluxes or the variations in fluxes due to variations in management
practices. This limits our understanding of the factors affecting greenhouse gas
(GHG) emissions and eventually restricts the development of agricultural manage-
ment options thatminimiseGHGemissions. The Intergovernmental Panel onClimate
Change (IPCC) requires local data based on field studies. Estimation of emission
factors (EF) along with quantification of EF-associated physical, chemical, and
biological processes that produce CH4 and N2O is required for field-scale GHG
measurements. Field measurement of GHG is the basis of GHG flux estimates and a
means of evaluating potential countermeasures for reducing emissions (Minamikawa
et al. 2015). Several approaches exist for measuring GHG fluxes from soil surfaces.
The two most important approaches are chamber-based methods and micrometeoro-
logical techniques (Denmead 2008; Oertel et al. 2012) (Chap. 4); more sophisticated
approaches include space and airborne measurements.

Micrometeorological techniques usually integrate much larger surface areas in
comparison to chamber-based techniques, thereby substantially reducing spatial
variability problems that are inherent to chamber-based methods (Mosier 1990).
Micrometeorological techniques are often more expensive, require special analyt-
ical instruments, and need knowledge and expertise that are largely not available in
most developing countries. There is also a third technique that could be used for
gas flux estimation–the measurement of gas concentration in different layers of soil.
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Information about gas concentration in a soil profile can also be used for gas flux
prediction (Chirinda et al. 2014; Kammann et al. 2001). However, this technique
requires additional information on soil physical and chemical properties, including
hydraulic characteristics, to calculate GHG fluxes based on gas diffusion in the soil
matrix (Diel et al. 2019). Therefore, in most instances, chamber-based methods have
been used to study GHG fluxes from agricultural soils. Nonetheless, in combina-
tion with chamber-based techniques, soil profile techniques can provide valuable
additional information to explain and analyse GHG emissions from the soil surface
(Müller et al. 2004).

2.2 Chamber-Based Methods

The great majority of GHG emission studies published in the past three decades have
used chamber-based techniques–in particular, non-flow-through, non-steady-state
chambers (Rochette 2011). These methods have been described in detail in several
excellent review papers (De Klein and Harvey 2012; Hutchinson and Livingston
1993; Hutchinson and Rochette 2003; Mosier 1989). The following text mainly
comes from these reviews that precisely address the topic and represent a compre-
hensive overview of themethod. In addition to information from the literature, exper-
imental data and our own experience with field gas flux determination will also be
presented.

Mosier (1990) characterised three basic chamber-based techniques: open soil
chambers (open dynamic chambers) that use flow-through air circulation, closed
soil chambers with closed-loop air circulation (closed dynamic chambers), or no air
circulation (static closed chambers).
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2.2.1 Advantages and Disadvantages of Closed
Chamber-Based Methods

The closed chamber technique has several advantages (Mosier 1990; Oertel et al.
2016), including the following:

• Closed chambers are simple and inexpensive to construct from various materials
in different designs, shapes, and sizes, which makes it easier to find the type best
suited for a given task.

• Operation of chambers and the measurement are simple, and therefore the method
provides an opportunity to measure GHG from different locations at different
times with the same equipment and personnel.

• Closed chambers canmeasure very low rates of GHGfluxes for pasture, cropland,
rice paddy, wetland, drain, and ditches in a short period of time (from 30 min to
1 h), without the need for electrical supply.

The closed chamber technique, however, has some limitations:

• Increasing gas concentrations in the enclosed headspace leads to a decrease in the
concentration gradient and therefore a reduction in gas diffusion, causing non-
linear fluxes between the soil and the air. However, suppression of fluxes due to
increased gas concentration in the headspace can be minimised by reducing the
enclosure period.

• Closed chambers alter (or even eliminate) fluctuations of atmospheric pressure;
however, special vents can equilibrate air pressure inside and outside of the
chamber (Hutchinson and Mosier 1981; Mosier 1989).

• Temperature changes either in the soil or in the atmosphere within the chamber
can occur. Such temperature differences within and outside the chamber are able
to be reduced by covering the chamber with a reflective and insulating material
(Mosier 1990; Šimek et al. 2014).

In summary, closed-chamber methods represent an inexpensive and easy to use
technique, suitable for the determination of GHG fluxes between the soil and the
atmosphere from a wide range of agroecosystems. However, several aspects must be
considered when using the closed chamber-based methods, including the following:

(i) Experimental design (design of the field experiment, number of replicated
plots, plot size, etc.),

(ii) Chamber construction (easy to use, easy to transport, but still robust enough
to be repeatedly used without being easily damaged. The material used to
construct the chamber should be inert and not emitting gases or allow diffusion
through the material, but the material can be opaque or transparent),

(iii) Sampling strategy (frequency of gas sampling, sample volume, number of
samples, soil sampling in addition to gas sampling),

(iv) Storage technique (vials for gas sample storage and transportation to labo-
ratory, storage before analysis together with standards stored in the same
way),
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(v) Analytical equipment (gas analysers such as gas chromatograph, CRDS
(Cavity Ring-Down Spectroscopy) analyser), and

(vi) Data analysis and interpretation (checking for linearity of gas concentra-
tion change over time in chambers during measurements. Also, checking for
abnormal data points and proper statistical analysis).

Some of the problems with field GHG flux measurements are the large spatial
variability of gas fluxes, and the high and often unpredictable temporal changes of
fluxes. Other problems associated with field GHG flux measurements include the
following:

(i) Plants: Sometimes, it is difficult to deal with plants in gas collecting chambers
due to their size. So, special chambers need to be designed (such as chambers
for a maize field). Plants often consume (and produce) gases (e.g. CO2, CH4,
and N2O). Plants also transpire and influence the humidity in the chamber and
movement of gases in the soil matrix, e.g. dissolved gas via the transpiration
stream.

(ii) Animals: It is difficult (if not impossible) to protect the chambers in areas
grazed from damage by cattle and other animals. Permanent chambers can be
easily damaged and can also cause injuries to animals.

(iii) Technical and practical challenges: The large size of a field to be investigated,
the frequent long-distance travel to the field, the large number of chambers to
be moved around in the field, and a high requirement for manpower for proper
GHG sampling.

2.2.2 Principles and Applications of Chamber-Based
Techniques for Gas Flux Measurement

There is no best technique for GHGflux determination; each technique has its advan-
tages and disadvantages, and no single approach is applicable for all conditions or
purposes. An excellent overview of the principles and applications of chamber-based
techniques for gas flux measurements was provided by Livingston and Hutchinson
(1995). The following text is based on that publication and provides selected infor-
mation, for practical reasons not every publication mentioned by the authors in their
text is cited. More details and references can be found by Livingston and Hutchinson
(1995). Some data and experiments taken from Šimek et al. (2014) are also included
in this chapter. More recent developments in chamber-based techniques for N2O flux
measurements are discussed and summarised in De Klein and Harvey (2012) and
Oertel et al. (2016). The factors causing high temporal and spatial variabilities in
GHG emissions are outlined in the following sections.
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2.2.3 Gas Exchange Processes

Rates of gas exchange between the soil and the atmosphere are usually extremely
variable in time and space, making the determination of gas fluxes very complicated
and challenging. Movement of gas molecules is due to either mass flow (advective
transport) or molecular diffusion. Diffusive transport is described by Fick’s law and
affected by gas permeability, i.e. the ease with which gases move through soil, varies
over several orders of magnitude in relation to the shape, size, orientation of the
soil pores and soil water content. Advective transport of gas occurs in response
to a difference in total pressure between the soil air and the atmosphere, which is
described by Darcy’s law.Water substantially affects the movement of gases in soil.
Diffusivity of gases is about 104 times smaller in water than in air (although the
rates differ for different gases). Plants influence the exchange of gases; typically, the
presence of plants results in increases in gas fluxes from and to the soil. Plants (mainly
vascular plants) function as a direct pathway for the flow of trace gases through
(often specialised) plant tissues (aerenchyma system); plants also alter conditions
in the rhizosphere and therefore directly or indirectly influence gas formation and
transport. Moreover, plants also consume and produce several gases, including CH4

(Liu et al. 2015) orN2O (Müller 2003). From a practical point of view, the presence of
plants usuallymakes the gas flux determination evenmore challenging in comparison
with bare soil.

2.2.4 Chamber Types

There are many types of closed/static chambers, typically developed by researchers
for specific purposes (De Klein and Harvey 2012; Oertel et al. 2016; Saggar et al.
2007). The chambers may be made from various materials, including metals, plas-
tics, and glass, and can have different designs, sizes, shapes, and volumes; chambers
as small as 50 cm3 and as large as ca 1 m3 have been used for field flux determination
from the soil surface. Obviously, chamber materials should be chemically inert, and
thus, neither react with the gases beingmeasured nor emit any contaminants. Recom-
mended materials therefore include stainless steel, aluminium, and glass, while the
use of polycarbonate, polyethylene, methyl methacrylate, and polyvinyl chloride
should be checked for their suitability before use. The schematic diagram of the
most common metal chamber is shown in Plate 2.1. This is similar to the design
proposed by De Klein and Harvey (2012).

Metal chambers, as shown in Plate 2.1, represent the best choice formany reasons.
Metals are not permeable to gases and are inert if materials such as stainless steel
are used and can be manufactured in local workshops. The type of material used
is important because galvanised steel or normal steel may alter the soil conditions
by releasing zinc and iron ions that have the potential to affect microbial activity;
thus, it is recommended to use stainless steel. However, when compared to plastic
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Extension with trough for a water seal, 
note, this is only used if higher plants
have to be enclosed

Soil frame with trough for a water seal,  
the bottom part is inserted into the soil
up to the gutter

Closed chamber with holes in the lid for
gas sampling via a septum, note, the 
chamber should be insulated with available
insulation material (e.g. styrofoam)

b

a

Plate 2.1 A schematic diagram a of three parts base frame, extension or enlargement and top lid
with GHG sampling ports, a complete metal closed chamber in the paddy field (b), and specially
designed chamber for maize plants (c and d)
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c

d

Plate 2.1 (continued)
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chambers, they can be more expensive, heavier, and less available. Also, insulation
is required to minimise temperature fluctuations inside the chamber which in turn
would affect fluxes of GHG’s, and microbial processes that drive their production.
Metal chambers typically consist of two or three parts: the bottom part (also called
the base, frame, or soil collar/gutter), the top part (i.e. the chamber), and perhaps a
suitable extension (Plate 2.1). The bottom part (frame) should be inserted into the
soil at least 2 weeks before the first sampling and permanently installed to minimise
soil disturbances effects. Chambers shall be insulated (e.g. using foam or polystyrene
with reflective foils) to avoid unnatural heating during chamber closure. This allows
repeated gas flux measurements in the same place, e.g. during the whole season. The
two/three-part chamber design is strongly recommended, as the disturbances of soils
prior to themeasurements are eliminated. This, however, means that the frame should
ideally be placed into the soil a few weeks before the measurements commence (De
Klein and Harvey 2012; Oertel et al. 2016). Precautions should be taken in grazed
sites so that neither the chamber nor the animals are endangered.

Plastic chambers have often been used for GHG flux determination (Plate 2.2a, b)
(Zaman et al. 2009). The most critical issue for this type of chamber is the nature of
the plastic used formaking the chamber.Most plasticmaterials showpermeability for
gases, as well as the ability to emit some gases or react with them, e.g. hydrocarbons.
The advantages of using plastic are (among others) the general availability, easiness
to work with, low weight, and able to easily glue different parts together. Plastic
chambers consist of two parts (a plastic vessel without a base/collar/gutter) and a
lid. The plastic vessel is usually inserted into the soil at least 2–3 days prior to the

ba

Plate 2.2 Plastic chamber made up of two parts: vessel and lid for measuring greenhouse gas
emission from a pasture soil and b arable and vegetable croplands
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Plate 2.3 Glass chamber consists of only one part (Šimek, personal communication) for measuring
GHG emission from pasture soils

flux measurement. For gas sampling, a lid containing a gas sampling port (rubber
septum) connected to a three-way valve is carefully placed on top of the vessel using
a gas-tight seal (Plate 2.2a, b). After gas samples are collected, the lid is removed.
Plastic chambers can be either transparent or opaque.

Glass chambers have been used less frequently, although the material (glass) is
probably the best material to use, considering the inertness and the low gas perme-
ability. However, glass is fragile which makes it very problematic to work with.
Therefore, there are more disadvantages than advantages to use glass chambers. Still,
one type of glass chambers has been tested for gas fluxmeasurements (Plate 2.3). The
major disadvantage of this chamber type is the limited size of the bottles available.
Bottle volume is usually between 100 and 2000 cm3, and surface area covered by
the chamber is less than 100 cm2, which is too small for most uses. Glass chambers
consist of a single part (without a base/collar/gutter) and are transparent.

2.2.5 Chamber Design

Critical aspects of the chamber-based methodology include several construc-
tion considerations, especially materials, dimensions, gas tightness, and insulation
(Table 2.1).

All details for the construction of closed chambers (Table 2.1) shall be taken into
consideration in order to maximise the accuracy and precision of the measurements
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Table 2.1 Static chamber design requirements and design recommendations (adapted from De
Klein and Harvey (2012))

Feature Requirement/recommendation

Material Inert to N2O, CO2, CH4, such as stainless steel,
aluminium, PVC, acrylic

Area Recommendation for chamber area: perimeter to be
≥10 cm. This equates to a cylindrical chamber of at
least 40 cm diameter. As a result, common models
have an area smaller than 0.5 m2, although chambers
with an area as large as 2–3 m2 have been used. The
absolute minimum for chamber diameter is ca. 30 cm

Height Recommended chamber height (cm) to deployment
time (h) ratio should be ≥40 cm h−1. However,
chambers should accommodate crops during
measurement, and sometimes chambers higher than
2 m have been used. As a rule of thumb: doubling the
chamber height also doubles the cover duration for the
same emission rate

Base depth Ratio of insertion depth: deployment time of
≥12 cm h−1 to prevent belowground lateral gas
transport. Height above soil surface should be as close
to the soil surface as practical (<5 cm)

Gas-tight seal A water trough or rubber/closed-cell foam gasket has
mostly been used. Gaskets should have low internal
cross-sectional area and be compressible. In general,
water seals are effective and often the preferred option

Sampling port Inert rubber septa or syringe taps inserted through the
chamber wall(s)

Venting while placing chamber on base Opening a vent or sampling port while placing the
chamber is recommended

Venting during deployment If used, vents should be located close to the soil
surface, or be designed to avoid mass exchange.
Appropriate vent dimensions are dependent on
expected wind speed during deployment. Chambers
and their vents should be bench-tested to ensure that
no Venturi effect occurs

Insulation Reflective foil, foam, and polystyrene are
recommended. Need to consider the effectiveness of
insulation, which can be determined by comparing
near soil surface temperatures inside and outside the
chambers

of soil GHG fluxes. A first factor that shall be considered in terms of dimension is the
height of the chamber (De Klein and Harvey 2012). The homogeneity of the air in
the headspace can be compromised in higher chambers (e.g. >40 cm). To minimise
this effect, small fans connected to rechargeable batteries can be used inside the
static chambers or even pumping air from the syringe inside the chamber before
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gas sampling. However, for the latter care has to be taken to avoid the creation of
pressure artifacts in the absence of fans (Christiansen et al. 2011). In addition, higher
chambers also lead to poor detection of low gas flux due to the dilution of gas derived
from soil with the air of chamber headspace. On the other hand, excessive reduction
of the chamber height increases the influence of the chamber deployment on the gas
diffusion from soil to chamber causing a bias. In some cases, the use of high chambers
or chamber extensions is necessary. For example, when growing plants should be
incased, in this case, researchers shall ensure that chambers do not physically injure
the plants. If taller chambers (e.g. >60 cm) are used, longer deployment time is
necessary to improve the detectability of soil gas fluxes. As a rule of thumb, when
the chamber height is doubled, the deployment time should also be doubled.

The chamber basemust be inserted into the soil deep enough to prevent gas leakage
from chamber headspace. There is not a clear consensus in the literature regarding a
minimumdepth for the insertion of chamber bases (or frames) into soil. Depths found
in the literature range from 5 to 20 cm (Hutchinson and Livingston 2001; Martins
et al. 2015; Martins et al. 2017; Zaman et al. 2009). Special care shall be taken
regarding the depth of base insertion when GHG emissions are determined from
sandy soils because of the higher risk of gas leakage by lateral diffusion. Another
very important aspect of the prevention of gas leakage from chamber headspace is
base-chamber sealing. The use of a trough soldered on the top of the base and filled
with water immediately prior to the base-chamber coupling has been shown to be an
efficient method of sealing (De Klein and Harvey 2012). Another option for sealing
is the use of gaskets that are compressed by fasteners at the time of base-chamber
placement. The advantage of using gaskets is the ability to seal chambers used in
areas that are not flat which may exist in natural areas (i.e. forests, hilly pastures) or
smallholder cropping systems.

Stainless steel and PVC materials are the most commonly used materials to
construct static chambers for field deployment. When soil gas flux is being measured
in pasture systems in the presence of animals, cages will need to be used to prevent
chambers from being damaged. To avoid unnatural heating in the chamber during gas
sample collection, both insulating materials such as foam or polystyrene and reflec-
tive foils should cover them. Thematerial for insulation is usually non-expensive and
can be easily found in the market. The chamber insulation minimises the changes in
air temperature in the chamber headspace, reducing biases due to temperature effects
on gas diffusion from soil. The use of small vent tubes is recommended to avoid the
effects of pressure difference inside and outside of the chamber on gas diffusion from
soil (Xu et al. 2006). Detailed information on how to determine the best diameter
and length of vent tubes has been previously presented (Hutchinson and Livingston
2001; Hutchinson and Mosier 1981; Parkin and Venterea 2010). For further reading
the paper of the Global Research Alliance by Clough et al. (2020) on chamber design
considerations is recommended.
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2.2.6 Chamber Operation, Accessories, Evacuation
of Exetainers, and Gas Flux Measurement

Any chamber, plastic ormetal, must be rigid enough to be repeatedly used in the field.
The procedure of using static chambers for gas fluxmeasurements frompasture, crop,
and vegetable lands is similar. This includes (i) chamber base/collar insertion into the
soil, and deployment of the top part if the chamber consists of the two or three parts
as shown in Plates 2.1 and 2.2a, b, (ii) closing the chamber (placing either lid/upper
part with stopper and septum), and (iii) repeated collection of GHG samples from
each chamber using a syringe at specific timings such as 0, 30, and 60 min. Time
intervals of gas sampling always depend on factors such as specific conditions, the
purpose of the study, and on the gas(es) to be determined.

In addition to chamber design and chamber deployment into soil, having proper
gas sampling skills is important to achieve the best quality data for GHG emission
(Table 2.2).

Chamber bases shall be installed long enough before measurements commence
to allow for conditions to approximate the ambient (Plate 2.4). This might take as
little as one hour on coarse-textured soils, while a few days may be needed on
clayey soils, provided unvegetated area is investigated. In some cases, even weeks
may be required to allow root regrowth. This will avoid any potential impacts of
root death, which disrupts C and N cycling with potential effects on CO2 and N2O
production and consumption in the soil profile. Among annual crops, chamber bases
should be installed shortly after seeding, to allow roots to grow into the inner area.
Soil water content can impact chamber performance in several ways. Researchers
walking around the chambers, especially in very wet conditions, can compact the
soil. Chamber bases may also affect lateral surface water flow, and they should be
relocated when soil water content inside the chamber differs from the surrounding
area. Finally, under very dry conditions, clayey soils may shrink away from the edge
of the chamber base. In such circumstances, researchers should carefully loosen and
tamp down the soil at the outer edge of the chamber base prior to measurement, to
fill the gap and improve the seal between the soil and the chamber base (De Klein
and Harvey 2012).

To collect gas samples from each chamber, researchers shall have accessories
including syringes (60 ml), three-way taps (Luer-Lock), 12 ml pre-evacuated
exetainers, and needle of 0.45 mm × 13 mm (Plate 2.5).

The exetainers are usually pre-evacuated; however, if reused, they must be re-
evacuated. However, if an evacuation manifold is not available, also a method is
available to use unevacuated vials (for more details, see below).

Various glass vials or vessels have been used for temporary gas sample storage and
transportation from field to laboratory before gas analysis. For short-term storage of
a large number of samples, inexpensive polypropylene syringes have been used; their
use is, however, rather limited because of the possibility of gas sample loss during
prolonged storage, for example, when the storage time exceeds 2 days (Rochette
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Table 2.2 Recommendations for static chamber deployment (adopted from De Klein and Harvey
(2012))

Feature Requirement/recommendation

Site disturbance Avoid disturbance of the soil around the chambers. Chamber bases
should be inserted at least 24 h prior to the first gas sampling–preferably
earlier, if logistics allow a few weeks before the start of measurements

Chamber deployment Ensure that chambers are sampled by block, rather than by treatment, to
ensure each block is sampled in the shortest possible period. For
chambers with a maximum height of 20 cm, use a deployment period of
≤30–40 min. For growing rice, a period of 20–30 min, and for fallow a
period of 60 min, deployment time is required, at least 3 samples at times
0, 15, and 30 min for the rice-growing period and at times 0, 30, and
60 min for the fallow period. Note, cover duration also depends on the
accuracy of the measuring instrument

Number of samples per flux measurement At least three headspace samples per flux measurement should be
collected, especially at times when high emission rates are expected

First air sample (T0) Take T0 sample immediately after chamber top placement on the base

Next air sample (T1, T2) Take T1 (and subsequently other) sample. The sampling period can be,
for example, in the following time: 0, 30, and 60 min, after chamber
closure

Time of day Many studies suggest that between 10 am and 12 noon reflects daily
average time of gas sampling. However, it is strongly recommended to
determine the diurnal pattern of gas emission to assess time of day that
best represents the average daily flux for a given site. In any case,
measurements should always be carried out at the same time of day

Placement of chambers Assess if spatial gradient in fluxes exist, divide farm area into relatively
homogenous sections and stratify sampling accordingly. In the absence
of spatial structure, place chambers randomly

Treatment replication An absolute minimum of three replicate plots is needed, preferably more
(e.g. 4–5 would be better)

Duration of experiment GHG emission factor measurement for inventory should ideally cover
the full year (12 months)

Frequency of sampling When emission peak fluxes are expected, sample at least twice per week,
or, ideally, daily. During periods of low flux, sample at least once per
week. When fluxes have returned to background levels, the sampling
interval can be further increased. During agricultural management period
(irrigation, fertilisation, etc.), daily measurements are required and the
rest of the season or year, at least once a week is recommended, perhaps
less frequently during prolonged dry periods

Ancillary measurements Measure soil texture, bulk density, pH, organic C, and total N content at
least once at the start of the experiment. Measure average soil and air
temperature and total rainfall hourly or daily. Measure soil water and
mineral N content on each sampling day. For the flux calculation, the
actual temperature and pressure inside the chamber are required

and Bertrand 2003). If these types of syringes are used, the gas transfer to suitable
vials should be done immediately after the gas sampling. Septum-sealed containers of
differentmaterials, volumes, and overall qualities have been used for gas storage. The
best solution is arguably a glass vial of several ml in volume (8–20ml), evacuated and
sealed with a special gas-tight stopper. In this context, two possible sources of errors
exist. First, the quality of the evacuation, even if the vials were bought as evacuated,
an additional evacuation prior to use is required. If the vial contains N2, argon (Ar),
or another inert gas such as helium (He) or has been purged with such a gas, it does
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Plate 2.4 Metal chamber a frame, b body and lid, c complete chamber for gas flux measurement
in the field (material: stainless steel)

Plate 2.5 Accessories for gas sampling

not create a problem for the analysis of GHGs. However, the vial shall not contain
any traces of the gas which is to be determined in the gas sample. There is another
related problem: if the amount of inert gas in the vial is too high, the gas sample
added to the vial for storage purpose is substantially “diluted”, and this affects the
gas concentration in the subsample which is taken later for gas analysis. To overcome
this potential source of error, vials shall be evacuated before gas sampling using a
high vacuum pump (Plate 2.6). This process of evacuation takes about 3–5 min per
sampling batch. After ca 5–10 times of repeated use of the vials, the septum should
be replaced with a new one. Usually, septa can be separately purchased from the
supplier.

It is also a good practice to fill the gas vials first using inert gas (e.g. Ar, He,
N2, depending on the purpose), and then to evacuate them–and to do so (filling,
evacuation) repeatedly (3–5 times), or to flush the vials with the inert gas and then
use the evacuation system below (Plate 2.6).
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Plate 2.6 A high-efficiency vacuum pump connected to a system for simultaneous evacuation of
multiple gas vials

In any case, when using vials for temporary gas storage, it is strongly recom-
mended to check the quality of vacuum and overall quality (see below) of vials and
stoppers before using them regularly. If gas analyses are not performed right away,
then researchers shall store the gas vials with headspace samples in an insulated
box (to avoid large temperature changes), and transport the vials to the laboratory as
soon as possible, or pack and send them, preferentially in an insulated box for gas
concentration determination. For prolonged storage periods, it is recommended to
store standard (calibration) gas mixture in the same way as the gas samples. Compar-
ison of direct standard analysis and analysis of several samples containing standard
gas mixture, instead of unknown samples, yields the correction factor necessary for
sample dilution and gas leakage calculations. For longer storage, it is advisable to
store samples with an overpressure in the vial which is often done anyway, e.g. if a
sample loop of the analytical instrument has to be filled which is often the case if
sample analyses occur via an autosampler.

The second major risk in using glass vials is that the seals or septa are made
from plastic material. The stopper must ensure “gas-tightness” in two aspects: it
must be nonpermeable to the gas to be analysed (no gas is diffusing to and from
the vial) and it must be inert (no gas is generated by the material of the stopper
during gas storage). For example, common silicone stoppers are very gas permeable
(!) whilst other materials sometimes create a large amount of gases, typically light
hydrocarbons including methane (CH4). Inconsistencies related to gas sampling and
storage and possible errors are often ignored which may lead to large errors.
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Glass vials (e.g. Exetainer®, Labco Limited, High Wycombe, UK) are now
commonly used as air sample containers, and procedures have been developed for
their use (Plate 2.7). While different sizes are available, 6- and 12-ml septum-capped
glass vials are most commonly deployed with gas sample volumes as small as 1 ml
being removed for analysis. Such glass vials have screw-on plastic caps with rubber
septa. Experience shows that gas tightness is achieved when the cap is screwed on
“finger tight”, followed by another quarter-turn. Different septa are available (De
Klein and Harvey 2012); as the materials differ in their composition and properties,
proper septa must be selected with respect to the gas(es) to be stored in vials and
then analysed.

Chamber deployment duration should be long enough to allow flux calculation.
This is governed by the accuracy of the analytical instrument used for determining
the concentration increment over time (i.e. to determine a flux, the change in gas
concentration needs to be higher than the standard deviation of typically 10 repeatedly
sampled ambient air standards). However, problems may arise that are associated
with changes to the chamber physical environment, and the risk of leaks, which
increases with deployment time. Therefore, short chamber deployment periods are
recommended (De Klein and Harvey 2012), with each deployment not to exceed 2 h
in general. Sampling is often carried out at 0, 30, and 60min (Zaman et al. 2009). The
chamber deployment duration also depends on practical considerations including the
number of headspace samples to be taken during the enclosure period, the number
of simultaneously deployed chambers, and the number of field operators (De Klein
and Harvey 2012).

Sequencing and grouping of chamber measurements vary depending on deploy-
ment duration, experimental design, and availability of human resources. The number
of chambers that can be handled by one operator increases with deployment duration
but decreases with the number of headspace samples to be collected and the distance
between chamber installations. Chamber size and height, or stacking requirement
(tall crops), may also have an impact on the number of chambers an operator can
handle. The time interval between sampling two chambers varies, depending on their
location, but it is usually≥60 s (DeKlein andHarvey 2012). In the case of ameasure-
ment design with repeated treatments, groups of chambers handled together should
represent an entire repetition of treatments. Because GHG flux measurement often
takes a long time, it is important to sample different treatments within a replicate
block in as short a period as possible when there are many chambers to be sampled.

Amount of headspace air to be sampled: The greater the headspace volume to
be taken, the better the characterisation of accumulation of trace gases and the less
biased each individual flux estimate will be. Generally, 3–4 or more gas samples

Plate 2.7 Gas collecting
exetainer for gas storage
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are recommended to be taken during deployment, to adequately assess the quality
of the calculated flux (detection of outliers and technical problems during handling
and analysis of samples), and to account for the increase in non-linear rates of gas
concentration with deployment time (De Klein and Harvey 2012; Rochette 2011).
Less intensive chamber headspace samplingmay be acceptable for certain situations.
Any consideration around reducing headspace sampling intensity should be based on
minimising the overall uncertainty of the flux estimate. For example, when the spatial
variability of fluxes is exceptionally high, it may be preferable to deploy a greater
number of less-intensively sampled chambers (two or three samples) to improve
plot-level flux estimates, even if this comes at the cost of increased uncertainty in
individual chamber estimates. However, if the priority is to generate a representative
flux–through the sampling of multiple chambers per plot and assumption of a linear
increase in headspace gas concentration, rather than multiple sampling from the
headspace of fewer chambers–it is essential to qualify any potential bias introduced
by only taking two or three headspace samples per deployment. To reduce the number
of samples but still cover the spatial variability, gas pooling techniques are available
(Arias-Navarro 2013). Each dataset of four or more headspace samples should be
statistically analysed to see if there is non-linearity. At the end of the experimental
period, researchers shall summarise this information, provide a percentage of cases
when linearity was observed, and then cite this alongside their calculated fluxes. This
will provide an indication of the bias–hence confidence–in the results that may have
been introduced by assuming linearity in the flux calculation (De Klein and Harvey
2012).

Headspace air sampling usually begins as soon as the chamber is deployed (at
time 0), and then in selected intervals: as outlined above (Plate 2.8).

In the case of a measurement design with repeated treatments, groups of cham-
bers handled together should represent the entire repetition of treatments. This
avoids temperature-inducedbiases and enables valid statistical comparisons of fluxes.
However, the sampling sequence shall vary between sampling dates, to avoid any
potential bias fromalways sampling in a particular order (DeKlein andHarvey 2012).
Modern CRDS (Cavity Ring-Down Spectroscopy) techniques for GHG concentra-
tion measurements overcome this problem by analysing the gas concentration every
few seconds if the analyser is directly connected to the chamber (formore information
on the CRDS technique see below, Sect. 2.9).

Daily GHG emissions are often estimated from a single measurement made at the
time of the day when the flux is believed to equal its daily mean. For example, in the
absence of transient fluxes following a disturbance of soil N2O producing processes
(N application, tillage, and rainfall), diurnal dynamics of fluxes are mostly governed
by soil temperature where the main production of the gas occurs (De Klein and
Harvey 2012). Research has generally indicated that sampling fluxes when temper-
ature in the plough layer is close to its daily mean are often indicative of the average
daily flux. However, data by Šimek et al. (2014) show that diurnal variation in flux
rates can be very high and difficult to predict. Periodic measurements of the diurnal
pattern in soil N2O emission during an experiment are the best way to determine
when a single sampling time is representative of mean daily fluxes. However, such
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Plate 2.8 Gas sampling through a syringe using a plastic/metal chamber

measurements require resources that few projects can afford, and temperature in
the plough layer remains the most frequently used index for determining the best
single time of flux measurement in a day. Moreover, most experimental designs and
measurement protocols assume that diurnal emission patterns are the same in all
treatments and throughout the year. However, this may not always be the case. For
example, if treatments affect the amount of crop residue retention at the soil surface,
the time of daily minimum and maximum soil temperature at a given depth will
likely differ among treatments. Similarly, placing N fertilisers at different depths can
also produce different temporal patterns in surface N2O fluxes (De Klein and Harvey
2012).

Seasonal/annual variations of gas fluxes should also be taken into account. As
discussed in detail by De Klein and Harvey (2012), the major problem is related to a
short period of flux determination (ca. one hour) done with relatively long intervals
(from 1 to 14 days), and the need for integrating the data over a much longer period
(season or year). Consequently, it is crucial to select an adequate number and time
of sampling events when linear interpolation is used between sampling points for
temporal integration of emissions (De Klein and Harvey 2012). Theoretically, the
GHG flux measurements shall be done every day but for practical reasons, much
longer intervals are often selected. If the GHG peaks of the fluxes can roughly be
predicted in advance, then sampling at least twice per week, or ideally daily, is
recommended. However, after heavy rainfall events or with other rapidly changing
conditions when high emission rates are expected (e.g. freezing–thawing or wetting–
drying cycles) measurements should be performed immediately after the event and
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closely followed for the next day or two because peaks might appear once the diffu-
sional constraint due to surface water has subsided. During periods when fluxes are
low (e.g. prolonged drought), measurements should be performed at least once a
week. When fluxes have returned to background levels, the sampling interval can be
increased further.

Spatial integration of fluxes is extremely important due to the enormous spatial
heterogeneity of the soils. Together with the temporal variability, the spatial hetero-
geneity of fluxes represents one of the most difficult features related to integrated gas
flux determination from plots and ecosystems. As suggested by DeKlein and Harvey
(2012), in experiments that determine emissions from a particular practice, selecting
small and uniform areas consistent with the measurements being made will help
to minimise interference from spatial heterogeneity in background emissions. The
location of these relatively homogeneous areas within a landscape–such as a grazed
paddock or cropland–can be determined before the experiment, using preliminary
flux sampling. However, while this approach usually helps to reduce uncertainty in
estimates of the influence of management effects, it does not account for interac-
tions with other soil factors influencing gas dynamics across a given landscape. The
number of replicate measurements can often be reduced if preliminary observations
have identified the homogeneity of the experimental site.

To deal with large spatial heterogeneity, 2–3 replicated chambers per plot (treat-
ment) have often been used. However, this depends on the available human and
financial resources to collect gas samples and their analysis. For further reading
the papers of the Global Research Alliance by De Klein et al. (2020a) on Health
and safety consideration, by Harvey et al. (2020) on sample collection, storage and
analysis and by Charteris et al. (2020) on deployment and source variability are
recommended.

2.2.7 Gas Pooling to Address the Spatial Variability of Soil
GHG Fluxes

Soil–atmosphere exchange of GHGs is notoriously variable at spatial scales. Over-
coming this variability is a major issue if fertiliser treatments or other management
options need to be compared. The spatial variability of soil GHG fluxes is due to
small-scale variability of soil properties, soil environmental conditions, andprocesses
of N and C ecosystem turnover driven by microbes and plants (e.g. Butterbach-Bahl
et al. 2002). Spatial variability can be addressed best by increasing the number of
replicates and by using larger chambers. But as increasing the number of chambers
is not always feasible, one may also use the gas pooling technique as outlined in
Plate 2.9.

High-tech equipment such asCavityRing-downSpectroscopy (CRDS),GasChro-
matograph (GC), and mass spectrometers and 15N labelled fertiliser are used for
measuring GHGs, and their isotopic signatures are expensive and require special
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Plate 2.9 Schematic of the gas pooling technique as described in Arias-Navarro et al. (2013).
a taking of gas samples from five different chambers and mixing of samples within one syringe (b).
Injecting the mixed gas samples in a vial (c) for different sampling times (d). Finally, analysis of
the gas sample by gas chromatography

technical skills to operate them; therefore, limited field studies have been carried out
to quantify GHGs emissions from agriculture worldwide, especially in developing
countries. Therefore, it is necessary to identify appropriate methodology and provide
suitable guidelines and protocols to help researchers to measure GHGs with greater
accuracy and precision.

2.2.8 GHG Measurements in Paddy Rice System

Unlike other field crops, rice is usually grown in flooded conditions. Paddy rice is a
large anthropogenic source of CH4. In recent years, it has become evident that there
has been a major increase in the use of N fertilisers in rice agriculture, making rice
fields a significant source of N2O as well.

The closed chamber method, as described earlier, is commonly used to measure
GHGs from rice paddy. In comparison to micrometeorological methods, closed
chamber techniques are virtually the only available option because of its ease of
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implementation, low cost, and high logistical feasibility. The United Nations Frame-
work Convention on Climate Change’s (UNFCCC) clean development mechanisms
(CDM) also recommend carrying out GHGmeasurements using the closed chamber
method (UNFCCC 2008). However, the design of closed chambers for measuring
GHG under rice paddy is different from those used for grassland and cropping
systems. The chamber should be equipped with a small fan (battery-operated fan
to homogenise the air inside the chamber headspace), a thermometer inside the
chamber (to monitor temperature changes during the gas sampling period), a vent
stopper, a gas sampling port (preferably a tube connected to a valve) (Plate 2.10), and
an air buffer bag (1 l Tedlar bag). This air buffer bag compensates for both higher air
pressure caused by increased gas production and lower gas pressure caused by gas
sampling (Minamikawa et al. 2015). A rectangular chamber (transparent or opaque),
with double deck and adjustable height, covering multiple plants of the area occu-
pied by a single rice hill or two hills, is recommended (Plate 2.11). Chamber height
should be higher than the rice plant. For the double-deck chamber, a water seal or a
suitable gasket between the base and the chamber is required to ensure the gas-tight
connection. The belowground depth of the base should be 10–15 cm.

Asdiscussed above (2.2.4), a double-deck chamber should have three components,
i.e. chamber base (made of stainless steel and 15 cm deep for rice) that has a trough
shouldered in the top of the base filled with water immediately prior to the base-
chamber coupling; chamber top facilitating with gas sampling point and a fan; and

Plate 2.10 Closed chamber used for collection of GHG samples from rice field adopted from
Pathak et al. (2013)



34 M. Zaman et al.

Plate 2.11 A metal chamber
of 40 × 40 cm is required to
cover at least one hill

an extension that connects the chamber lid and the base. The extension and the lid can
bemade of polycarbonate or stainless steel (Plate 2.10). Handling of polycarbonate is
easier than the stainless-steel chambers. Wrapping the polycarbonate chambers with
insulating papers may reduce heat increment inside the chambers. Further, when the
rice plants are smaller, only the base and the lid can be used without connecting the
extension part. It is critical for rice fields, to insert the base to a depth of about 15 cm
to restrict lateral flow of nutrients, particularly N, from outside the chamber and vice
versa. After chamber installation, the protocol for collection of GHG samples, and
sample storage is similar as described above.

2.2.9 Analysis of GHG Samples on a Gas Chromatograph
(GC)

To avoid changes in concentration during storage, the GHG samples collected from
field/lab trials and stored in vials are transported to the laboratory and analysed for
trace gas concentrations. An over-pressurisation of the sample gas in the vial ensures
that no gas from outside can dilute the sample gas. Crucial recommendations for gas
sample collection, storage, and analysis are listed in Table 2.3 (Kelliher et al. 2012).
Gas chromatography (GC) is mostly used for analysis of trace gases, including N2O,
CH4, and CO2 (Plate 2.12).
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Table 2.3 Basic recommendations for GHG sample collection, storage, and analysis (adapted from
Kelliher et al. 2012)

Feature Requirement/recommendation

Sample collection and storage Use only clean, non-reactive material that can be sealed, the
ideal material is glass; container evacuation is recommended

Sample analysis by GC Commercial GC system; flow control and automated sample
injection is recommended

Reference gases, calibration Confidence in the concentration of all standards. Similar ranges
of standards and samples, and many “ambient checks” are
strongly recommended

Processing GC data Determine repeatability (standard deviation) of ambient
standard

Sample analysis and gas fluxes Determine repeatability of standard deviations for the gas
samples and associated gas flux

Plate 2.12 A gas chromatograph (a) and schematic diagram system for GHG analysis (b)
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AGCwith a sample loop allows the analysis of gasmixtures, and the configuration
ensures that the same gas volumes are always analysed under the same condition
(pressure and temperature). Besides, gas samples and standard gases are treated
always in the same way. Separation of the gas mixture into single gases (CO2, CH4,
and N2O) is achieved by passing the sample gas via a carrier gas through a packed
column (e.g. a 1/8′′ analytical column packed with Haysep Q and/or Molsieve).
A carrier gas, usually N2, He, or Ar, is used, which passes continuously through
the system at a constant flow rate. Standard gas chromatographic procedures allow
the quantification of CH4, CO2, and N2O in the same sample. To ensure the same
conditions for all samples (samples and standards), gas samples are usually injected
into a sample loop at constant temperature and pressure (the loop typically has a
volume of 0.5–5 ml). After the separation, the gases are analysed with different
detectors.

Methane, like all other hydrocarbons, can be burnt, and this feature is used in
a specific detector: a flame ionisation detector (FID). After the gas sample enters
the FID, it is burnt creating a proportional number of free electrons that generate
a current at the collector electrode, which is passed on as an electric signal to the
integration unit. When a GC with FID has an attached system with Ni catalysts
for conversion of CO2 to CH4, it can also be used for the analysis of CO2 concen-
tration. Otherwise, a GC equipped with a thermal conductivity detector (TCD) is
often used to measure CO2 concentrations. Concentrations of N2O are analysed with
a 63Ni-electron capture detector (ECD) operating at column, injector, and detector
temperature of 65, 100, and 280 °C, respectively. An anode is inserted into a small,
well-isolated, foil-lined box. The carrier gas (recommended Ar + 5% CH4) with
the gas sample can pass through the detector. The radioactive 63Ni-foil (ß emitter)
delivers electrons in the anode interior. The electrons are drawn by the anode in the
middle and are “caught”; the number of caught electrons is determined by the electric
pulse frequency at the anode. If an electrophile and electron-catching substance (such
as N2O) streams through the space around the anode, it takes up electrons according
to its concentration and “electrophilicity”. To collect the same number of electrons
as before, the electric pulse frequency of the anode must be raised, and this change
in pulse frequency is a measure of the amount of the electrophilic substance.

Since the different gases pass through the analytical column at different speeds
(e.g. in the order: CH4, CO2, and N2O), it is possible to analyse all three gases in
one sample. First, the elution of the column is passed through the FID, and CH4 is
successfully captured by the FID. A switching valve (usually a pneumatical switch)
will switch the gas stream from the column from the FID to the ECD detector.
Depending on the flow rate of the carrier gas as well as the oven temperature of
the GC where the analytical column is located, the analysis time of one sample
is typically 3–6 min. In addition, a pre-column is often installed in line with the
analytical column to capture all slower moving substances. Once all gases of interest
have entered the analytical column, usually slow-moving substances still remain in
the pre-column. These substances will then be cleaned from the pre-column via a
back-flushingmodewith the carrier gas. If that is not done, there is a danger that these
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substances would appear at some later stage and disrupt the analysis of later samples.
To perform the switching, usually a second pneumatically operated 10-port valve is
used. For further reading the paper of the Global Research Alliance by Harvey et al.
(2020) on gas analysis is recommended.

2.3 Methods to Quantify GHG Production in the Soil
Profile

So far we have presented methods to quantify GHG fluxes at the soil–atmosphere
interface. However, the various gases are produced in the soil profile and there in
sites which are suitable for the activity of microorganisms. Thus, whenwe are talking
about gaseous emissions, we are dealing with two processes that go hand-in-hand:
(1) the production of GHGs in suitable soil microsites, and (2) the transport of
GHGs from the production site to the soil surface. The transport of GHGs is a
diffusion process which is governed by a range of variables such as temperature,
soil moisture, soil texture, and the properties of the gas in question. With the help
of gas diffusion, based on Fick’s law, it is possible to calculate the movement from
the production site to the soil surface. The production site is often assumed to be
close to the soil surface where most of the management takes place but the main
production site can also be deeper in the soil profile (Müller et al. 2004). The gas
dynamics in the soil profile can be determined by soil air samplers. Various soil air
sampling devices have been developed over the years including (a) stainless steel
tubes which are blocked at the end but have close to the tip a radial arrangement of
holes for soil air intake (Dörr andMünnich 1987), (b) flexible plastic tubes that allow
gas diffusion but are impermeable for water. These can be inserted horizontally at a
certain depth (Jacinthe and Dick 1996). The advantage of the second system is that
the gas production can be assigned to a specific depth, while gas taken in with the first
system could have potentially drawn into the sampler from other depths. For the tube
samplers principally two different materials, differing in their diffusive properties,
are used: silicone or air permeable, hydrophobic, polypropylene ( Accurel®). Both
materials can easily be shaped into a coil and inserted at a specific soil depth.However,
gas diffusion through silicone is much slower than through Accurel®. Thus, silicone
cannot be used for continuous sampling but requires a roughly 24 h equilibration
time between samplings (Kammann et al. 2001). This allows discrete gas samplings
at a minimum time resolution of approximately one day. The gas diffusion through
Accurel® is so quick that continuous sampling is possible (Neftel et al. 2000) which
allows for in-field online measurements (Jochheim et al. 2018). The analysis of gas
samples is similar to the gas sample analysis from chamber samples.

Plate 2.13 shows an automated setup where Accurel® tubings (Plate 2.13a) are
inserted into a soil profile at various depths (Plate 2.13b). The samplers are connected
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a b

c d

e 

Plate 2.13 Air sampler setup using Accurel® tubing with a soil air sampler with in- and outlet to
allow continuous analysis, note the chicken wire around the sampler is there to protect the material
from rodent bites, b soil profile setup with soil air samplers (right) and soil moisture/temperature
sensors (on left) which are connected to a datalogger, c manifold system with quick connector gas
sampling ports for different depths, d discrete sampling with a syringe and an exetainer vial, first the
sample will be taken by the syringe and then the three-way-tap will be turned towards the evacuated
exetainer and the gas in the syringe will be transferred to the vial, e the manifold can also directly be
connected to an autoanalyzer arrangement for automated in situ measurements (see also Sect. 3.2.2
for further information)
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Fig. 2.1 Raw soil gas concentrations of CO2, CH4, and N2O at different depths, analysed with the
automated system described in Plate 2.13. (1.11.2019, FACE—Research station, Institute of Plant
Ecology, Justus Liebig University Giessen). Highlighted data are used to show the further analysis
steps presented in Fig. 2.2

via a teflon tubing to amanifold system at the top of the soil which is fittedwith quick-
connectors (Plate 2.13c) to allow for discrete sampling using a syringe arrangement
(Plate 2.13d) or for connection to an automated arrangement consisting of anLI-COR
8100/8150multiplexer connected to a CRDS analyzer (Picarro G2508) (Plate 2.13e).
For more details on the automated system, see Chap. 3, Sect. 3.2.2.

Figure 2.1 shows a typical output of an in-field measurement campaign. The
advantage is that both gas fluxes at the soil surface (if automated chambers are used)
together with the soil gas concentrations can be monitored in situ at the same time
(see Sect. 3.2.2).

Each air sampler is analysed for a certain period of time (typically 5 min) in a
closed-loop system. A decline of the concentration (CO2, N2O), or increase under
subambient conditions (CH4) indicates a contamination with ambient air which will
be corrected via the following regression analysis. First of all, the results during the
time when equilibrium is reached, i.e. between start of sample analysis (t0) and toffset,
are discarded. This period is determined by a moving regression analysis from t0
till the end of the sample analysis. The dynamics of the intercept of this moving
regression indicates the time (toffset) when the adjustment period is completed (see
Fig. 2.2b). The most robust measurement is usually CO2 which will also be used to
determine toffset (Fig. 2.2). The concentrations of CO2, CH4, and N2O in the samplers
are then determined by a linear regression between toffset and the end of the sample
analysis. In the example presented in Fig. 2.2, the resulting concentrations (i.e. the
intercept of the regression at t0) were 2700 ppm for CO2, 0.571 ppm for N2O, and
1.494 ppm for CH4.
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Julian Day (2019)
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Fig. 2.2 Determination of the soil air sampler concentrations (a) is based on a moving regression
analysis (b) (data were taken from the results indicated by the shaded area in Fig. 2.1)

2.4 Standard Operating Procedure (SOP) for Gas Flux
Measurement

2.4.1 Field Gears and Equipment Needed for GHG Sampling

• Closed chamber (would be ideal if the chamber is equipped with a small fan to
mix air inside the chamber).

• Wooden block and a hammer.
• Thermometer to record both soil and air temperature during gas sampling.
• Extension chamber if needed to cover tall plants.
• Water supply nearby or water in a container plus a small watering can to add water

into the chamber frame to ensure sealing of chamber with its base.
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• The accessories for gas sampling include syringes (60 ml), three-way taps
(Luer-Lock), 12 ml pre-evacuated exetainers, and needle of 0.45 mm × 13 mm
(Plate 2.5).

• Well-labelled pre-evacuated exetainers or gas vials to transfer gas samples
collected through syringe(s) from each chamber for storage.

• Timer (at least two) to record sampling time during gas sampling.
• Nitrile gloves.
• Analysis sheet and erasable pen.
• Field clothes and boots.
• First aid kit.
• Sunscreen and insect repellent to protect workers from sunburn and insect bites.

2.4.2 Step-Wise Procedure (SOP) for GHG Measurements

• Plan all field and lab activities (designing of the experiment, gas sampling protocol
and frequency, etc.) carefully to obtain high-quality data of GHG emission.

• Establish appropriate field plots according to an experimental design (Plate 2.14).
Always use at least four blocks (each treatment being replicated at least 4 times
or even more) and a control (no treatment and/or standard treatment). Fence in

Plate 2.14 A schematic diagram illustrating the collection of gas samples through a large chamber
in a pineapple field
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the experimental area to protect the field site from animals. In the case of an
open grazing system, fence the experimental site 2–3 months prior to treatment
application to minimise the effect of animal excreta (urine + dung). If the site
is fenced so long in advance, the grazing impact on plants has to be simulated.
If possible carry out representative screening of the area including soil analyses,
plant analysis, and gasmeasurements to determine blocks to decidewhere to place
the experimental plots.

• Carefully insert the chamber base/frame using a wooden block and a hammer on
the perimeter of each plot. Make sure that the metal trough of the chamber base is
not damaged by forceful hammering. After insertion, the chamber base shall be
levelled to the soil surface. Ensure that the base is not tilted to any side. This can
be checked by pouring water into the trough of the base and observing the water
level. If using a plastic chamber, then only the chamber without lid is inserted
2 weeks before measurements.

• In case of rice paddy or wetland (flooded condition), use a wooden boardwalk
(above the water level) to reach the gas plots, to avoid soil compaction.

• Chambers should be insulated by wrapping appropriate insulating materials
around them.

• Install a weather station at the field to collect data of rainfall, temperature, and
moisture at different soil depths (e.g. 5, 10, 15, 20, and 30 cm).

• Prior to fertiliser application, composite soil samples from surface soil (preferably
0–10 cm) from each block shall be collected for basic physical and chemical
analyses (texture, bulk density, soil pH, mineral N (NH4

+ and NO3
−), total N and

total C. In addition, site information regarding latitude, longitude, altitude, soil
type, previous, and current farm management practices, shall also be collected.

• Take extreme care by covering the chamber area during fertiliser application to
the main field plot. After fertiliser is applied to main field plots, carefully remove
the cover and apply the required amount of fertiliser to the area of each chamber.

• Test the linearity of gas fluxes from the given system in advance. Use 2–3 replicate
chambers. After chamber deployment, sample headspace air at 0, 20, 40, 60, 80,
100, and 120 min after closing the chamber. Analyse the samples at the laboratory
using a GC. In most cases, the gas emissions will be linear for at least 1.5 h. If
yes, select the following times: 0, +30, and +60 min, or 0, +20, +40, and +60
for sampling from each chamber.

• Always perform the gas collection process at approximately the same time of the
day, e.g. start roughly at 10 a.m. and finish at about 12. Record the temperature
outside and inside the chamber at the time of gas sampling. After completing the
gas sampling, remove chambers and store them in a suitable and safe place (dry,
shaded, and cool).

• For each sampling event, ensure to record air and soil (7.5 cm) temperature using
a thermometer, date, and amount of any rainfall or irrigation (mm), and soil
moisture content (0–7.5 cm) on water-filled pore space basis (or take data from
the datalogger if installed).
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2.4.3 Gas and Soil Sampling

• Prepare syringes: label them consecutively (e.g. 1–24 depending on the total
numbering of treatments) and additional syringes for air samples (labelled 01, 02,
etc.).

• Make sure that the three-way tap or valve is properly connected to each syringe.
Always hold the syringe by the three-way valve.

• Place all the syringes needed for each chamber next to the chamber.
• Aerate the chamber before placing it on the frame.
• Before placing the chamber on top of the base, fill the base frame with water

using a watering can. The water in the enclosed space between the chamber and
the base will act like a seal providing a barrier for gas diffusion. Make sure that
enough water is in the gutter; be careful NOT to add any water anywhere else.

• Carefully place the chamber on the frame, make sure that it is sitting properly in
the water-filled gutter.

• Connect the syringe to the three-way tap on the chamber (should be an air-tight
connection).

• Open the three-way valves, pump 3–4 times and take the gas sample, and then
close the three-way valve again.

• Immediately start the timer and leave it running for the entire sampling.
• Note down the date and time on the sampling sheet.
• Note down the air temperature in the chamber.
• Walk to the next chamber and place and repeat the above steps, work out a suitable

time interval beforehand (e.g. 2–3 min), and maintain that same interval for the
entire sampling period (Plate 2.15).

• After a pre-defined cover period, take the second sample from the chamber. Get
ready for the next sampling shortly before the sample time.

Plate 2.15 Gas collection
through a syringe in the field
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• In the case of many measuring plots, the second sample may need to be taken
before the first round of samples is finished, which would require several people.

• If the sample containers are plastic syringes, gas samples must be analysed within
2 days (if the samples have not been transferred to a pre-evacuated exetainer). For
longer storage, always store (and then analyse) calibration gases (gas standard)
alongside the samples. Samples should always be pressurised (see above) with
sample air (i.e. at least 20 ml in a 12 ml exetainer, ensuring that the overpressure
can fill the sample loop if used). For further reading the paper of the Global
ResearchAlliance byDeKlein et al. (2020b) on safetymeasures is recommended.

• Perform gas fluxmeasurements before treatment application to establish the base-
line of each plot. Then take gas sampling immediately after fertilisation, other
treatments, or extreme events (such as heavy rainfall).After fertiliser/manure/farm
effluent application, measure every day for a week, then less frequently (3–5 days)
at least once perweekuntil the gasflux from fertiliser plots come to the background
(control plot) level.

• To relate N2O flux to N dynamics, collect soil samples in the surface layer (0–
5 cm) to determine mineral N (NH4

+ and NO3
− contents) throughout the entire

experimental duration (more frequently shortly after the N application).

2.4.4 Safety Measures for GHG Sampling

• Nitrile gloves shall be worn during fieldwork.
• Extreme care should be taken while evacuating exetainer or transferring gas into

exetainers to avoid anyneedle pricks (if not used to keep the needle in the protective
cover).

• Tetanus injection record of staff involved in the field collection of gas samples
should be up to date.

• Dispose of needles in a special container for needles.
• For GC operation, please refer to the relevant risk assessment and operating

manual of the GC.
For further reading the paper of the Global Research Alliance by de Klien et al.
(2020b) on safety measures is recommended.

2.5 Calculation of GHG Fluxes

2.5.1 Overview

1. Analyse reference gases (i.e. gases that are available from commercial companies
with a known concentration) using a GC to make a calibration curve (Fig. 2.5).
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Fig. 2.3 Concentration of CO2, N2O and CH4 in the headspace during the incubation

Fig. 2.4 Calculated emissions of CO2, N2O and CH4 during a 35 day measuring campaign

2. With the slope (a) of the regression line, calculate the gas concentration (y) of
your samples (Eqs. 2.1 or 2.2). Gas concentration is usually given in ppm (10−6)
or ppb (10−9).

3. Based on the concentration changes over time (Fig. 2.3), calculate gas fluxes
according to Sect. 2.5.3

4. In the last step of the calculation, convert gas concentration (ppm, ppb) to mass
(mole ormg of gas, see Sect. 2.5.4). For eachmeasurement youwill get a separate
flux (Fig. 2.4), the unit of the gas flux is usually ppm h-1 or mg m-2 h-1.

2.5.2 Calibration

A calibration is a procedure to convert the GC output into a concentration unit,
typically parts per million (ppm) or parts per billion (ppb). To develop a calibration
curve (Fig. 2.5), normally three to four gas standards of known concentration are
injected into a GC and analysed. Standard gas containing gas mixtures at increasing
concentrations, contained in gas cylinders, can be ordered from commercial gas
companies. With increasing gas concentrations, the GC output also increases. Either
a linear increase (e.g. for CH4) or a non-linear (CO2 and N2O) increase is observed
which can be described by the following equations (Eqs. 2.1 and 2.2). Note, if the
increase is linear, the term “a” in Eq. 2.2 is zero and the entire equation is reduced
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Fig. 2.5 Calibration with a linear (left) or quadratic (right) regression line

to a linear regression.

Linear regression: y = ax + b (2.1)

Quadratic regression: y = ax2 + bx + c (2.2)

where
x = area values (area of the standards, output from the GC),
y = % or ppm values (from the standards), and
a, b, c = regression parameters.
Steps of the regression analysis:

• The regression parameters for the appropriate equation suitable for the gas shall
be copied into an excel spreadsheet beneath the calibration data.

• The process is carried out for all gases separately.

2.5.3 Calculation of the Gas Concentration and Fluxes

After all regression parameters are identified, the calculation of the concentration is,
depending on the gas, carried out according to Eqs. 2.1 or 2.2.

From concentration to flux

The gas fluxes under a closed chamber are calculated for the duration of the gas
sample collection. To do this, the concentrations are determined at several points in
time (Fig. 2.6).

Based on the changes in concentration over time, the slope of the regression line
at time = 0 is calculated (this corresponds to parameter “a” in Eq. 2.1 and parameter
“b” in Eq. 2.2). Therefore, the slope of the regression line provides the flux rate as
concentration/time. The unit of the flux rate is ppm h−1.



2 Methodology for Measuring Greenhouse Gas Emissions … 47

Fig. 2.6 Headspace-CO2
concentration during the
incubation and regression
line for each plot. Green dots
are flasks containing soil,
blue is the control
(containing water in the
flask)
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Note, typically for N2O and CO2, we observe a positive slope, i.e. emission from
soil to the atmosphere and for CH4 under aerobic conditions the slope is negative,
i.e. uptake of CH4 by soil.

2.5.4 Conversion from Concentration to Mole

Transformation of concentration (ppm) in mole using the ideal gas law (Eq. 2.3):

n = P · V
R · T (2.3)

where
n = Number of moles of the examined gas
P = Atmospheric pressure (Pa) [~100,000 = 1000 hPa] (to be measured)
R = Gas constant (J mol−1 K−1) [8.314]
T = Temperature (K) [273.15 + t °C] (t is the temperature to be measured)
V =Volume of gas (i.e. N2O, CO2 or CH4) in the chamber (m3). This is calculated
by the multiplication of gas concentration with total chamber volume (V tot) (ppm
× 10−6 × V tot).

Why do we convert gas concentration to its mass?

Gas concentration does not provide information about the total amount of gas
measured or emitted. The smaller the chamber volume, the higher the concentration
increases. Imagine a chamber volume of 1 m3 where gas concentration increases
at 100 ppm h−1. If the chamber volume is only 0.5 m3, this concentration increase
would double up to 200 ppm h−1.

Think:whatwould be the concentration change if the chamber volumewould be 2m3?
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The answer is 50 ppm h−1

Hence, to know the exact amount of a gas, in addition to the concentration (ppm
or ppb), the volume and area of the chamber (V tot, A), the atmospheric pressure (P,
the higher the pressure the more gas molecules in the chamber), and the temperature
(T, higher temperatures decrease the number of gas molecules per volume) must all
be considered (see Eq. 2.3).

Example:
Temperature (T ): 20 °C
Temperature: unit transformation °C to K: 20 + 273.15 = 293.15 K
Air pressure (P): 100,000 Pa
Chamber volume (V tot): 0.02 m3

Chamber area (A): 0.1 m2

Concentration increase of the gas (CO2) at t = 0 (�C): 1000 ppm CO2 h−1

Molecular weight of CO2: 44.009 g mol−1

Note, in the ideal gas law the Volume, V, refers to the gas we are interested in, i.e.
CO2, CH4, N2O. So, first of all the volume of this gas within the chamber volume,
V tot, is calculated:

V = V tot * �C * 10−6 = 0.02 * 1000 * 10−6 = 0.00002 m3 h−1

�n

�t
= 100, 000x0.00002

8.314x293.15
= 0.00082mol CO2 h

−1 (2.4)

Multiplied with molar mass of CO2 (44.009 g mol−1), this corresponds to
0.03607 g CO2 h−1 or 0.00986 g CO2–C (if only the active C component is applied
with a molwt of 12.011 g mol−1). This is now the emission rate from the plot the
chamber has covered. To standardise the emission rate, we express it per m−2:

F = 0.00986

0.1
= 0.0986 g CO2−C m−2 h−1 (2.5)

The following information is required for flux calculation:

• Chamber volume (V tot), which can be obtained by multiplying chamber length
(L), width (W ), and height (H) if it is a square-shaped chamber, for other shapes
use the appropriate mathematical equation (or simply fill the chamber with water
and measure the volume or weight of water…).

• Mole weight of the gas (as a rule, one converts to N2O-N and CH4/CO2-C).
• Parameters of the gas law [temperature, atmospheric pressure, gas constant,

covering time, and time of sampling during the cover period (t0, t1, t2, etc.)].

Units and factors:

ppm: 10−6 or 1 μl L−1

ppb: 10−9

ppt: 10−12
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Molar masses:

CO2: 44.009 g mol−1

C: 12.011 g mol−1

N2O: 44.013 g mol−1

N: 14.007 g mol−1

CH4: 16.043 g mol−1.
For further reading the paper of the Global Research Alliance by Venterea et al.

(2020) on flux calculation is recommended.
For further reading the papers of the Global Research Alliance by De Klein

et al. (2020a) on data reporting and further calculations, by Dorich et al. (2020)
on gap-filling techniques and by Giltrap et al. (2020) on modelling approaches are
recommended.

2.5.5 Data Analysis

Data analysis is extremely important to produce realistic emission data. The most
appropriate flux calculation method must be selected, and best interpolation of non-
continuous measurements adopted to obtain best estimates of emissions and emis-
sion factors (EF) (Venterea et al. 2012) (Table 2.4). It is suggested that both gas
analyses and data analysis, including appropriate statistical analysis, are performed
in a laboratory equipped with staff familiar with all the required skills.

Table 2.4 Basic recommendations for GHG data analysis (adapted from Venterea et al. 2012)

Feature Requirement/recommendation

Selection and use of a flux calculation
method

Method should be matched to the number of
headspace samples taken

Estimation of emissions using
non-continuous flux data

Daily fluxes can be integrated, using trapezoidal
integration. To improve the accuracy of cumulative
emissions estimates, maximise sampling
frequencies and spatial replication. Repeat
experiments over multiple years and consider using
spatial or temporal gap-filling procedures

Assessment of minimum detectable flux
(MDF)

Determine random measurement error associated
with sampling and analysis of replicate standards
of known concentration and use the resulting error
rates to determine MDF (Sect. 2.9.3. Eq. 2.7,
Christiansen et al. (2015))

Statistical considerations for analysing
inherently heterogeneous flux data

If treatments are replicated (at least 3–4 replicates),
the variability between replicates can be assessed
by calculating means of chambers in each replicate.
The variability within the replicate can also be
determined by assessing the chamber variability
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Plate 2.16 A schematic representation of gas sampling, analysis, and interpretation (© FAO/IAEA
Mohammad Zaman)

A summary of GHG measurements, analysis, and data interpretation is presented
in a schematic diagram below in Plate 2.16.

2.6 Analysis of GHG Samples with Optical Gas Analysers

Gas chromatography is still the most widely used analytical technique for measuring
GHGs from chambers (Plate 2.12a, b). It is a well-established, reliable, and robust
method; the GC can also be linked to isotope-ratio mass spectrometers (IRMS)
for analysis of the abundance of isotopes. In recent years, GCs have become more
portable and automated, which makes it possible to run them unmanned in the field
in connection with automated chambers. However, the greatest disadvantage of gas
chromatography is that one can only measure discrete samples, and it takes several
minutes to run a sample, which limits the number of gas samples that can be run
(Rapson and Dacres 2014). These disadvantages can be overcome by employing
optical gas analysers, which can conduct continuous gas measurements at a high
temporal resolution (seconds to Hertz). The measurement principle of optical gas
analysers utilises the ability of small molecules (e.g. H2O, CO2, CH4, N2O, and
NH3) to absorb infrared (IR) and near-infrared (NIR) light at unique wavelengths.
Each molecule has a unique combination of atoms and, as a result, produces a unique
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IR spectrum when illuminated with IR light, which allows its identification. The
light absorption at a specific wavelength, which is measured as light attenuation by a
detector, is proportional to the concentration of a gaseous compound (Hensen et al.
2013; Rapson and Dacres 2014).

The general setup of an optical gas analyser consists of a light source from which
light travels through the gas sample to an appropriate detector. The path that the
light takes between the light source and the detector is called the optical path (Werle
2004). When the optical path lies directly in the outside air, it is called an open path
system, whereas when the optical pass is enclosed inside a measurement cell (or
cavity) where sample gas has to be pumped into, it is referred to as a closed path
system (Hensen et al. 2013; Peltola et al. 2014). Depending on the specific optical
technique utilised in an analyser, several mirrors and/or optical filters are added to
the optical path to focus the light beam to increase light intensity and the length
of the optical path. The main optical techniques employed for quantifying GHG
are non-dispersive infrared spectroscopy (NDIR), Fourier-transform infrared spec-
troscopy (FTIR), photoacoustic spectroscopy (PAS), tunable laser absorption spec-
troscopy (TLAS), cavity ring-down spectroscopy (CRDS), and off-axis integrated
cavity-output spectroscopy (OA-ICOS) (Werle 2004; Hensen et al. 2013; Peltola
et al. 2014; Rapson and Dacres 2014).

NDIR and FTIR analysers use light sources that emit broadband IR radiation,
e.g. IR lamps or black body light sources. In an NDIR analyser, broadband IR radia-
tion passes unfiltered through the air sample. An optical filter in front of the detector
determines which wavelengths are detected and thus which molecules are quantified.
NDIR analysers are quite cheap and robust and often are used for quantifying CO2

and H2O in the air (Tohjima et al. 2009; Keronen et al. 2014). In FTIR analysers,
the source radiation is constantly modulated by a set of mirrors called a Michelson
interferometer containing different combinations of frequencies. For each combina-
tion, the amount of IR absorbed by the gas sample is measured. A Fourier transform
is then applied to the raw data to calculate the absorption at each wavelength for
the complete IR spectrum. This method allows the simultaneous quantification of
many different gas species in air. Depending on the resolution of the FTIR analyser,
it determines only gas concentrations (low-resolution FTIR) or isotopomers simul-
taneously (high-resolution FTIR) (Griffith et al. 2012; Rapson and Dacres 2014). In
PAS, the light source is often a heated black body, but it can also be a laser. In contrast
to NDIR and FTIR, PAS takes only indirect measurements of light absorption. The
light passes through an optical filter to pre-select a specific wavelength, and a light
chopper periodically “switches” the modulated light on and off before it is directed
into the cavity via a mirror. Molecules heat up and expand when they absorb the
modulated light, resulting in a pressure rise in the cavity. The light chopping creates
pressure variations, which in turn generates acoustic signals that can be detected by
microphones. The acoustic signals are proportional to the gas concentration of the
target gas species (Iqbal et al. 2013; Rapson and Dacres 2014).

Analysers based on NDIR, FTIR, or PAS can operate with the measurement
cell at ambient atmospheric pressure. This fact and the chosen light source reduce
material costs and lead to lower prices in comparison to laser-based analysers utilising
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TLAS, CRDS, or OA-ICOS. Laser-based analysers do not operate with broadband
IR radiation, but instead are tuned to the unique absorption line of a specific trace gas
(Hensen et al. 2013). The cavity in such an analyser is kept at sub-ambient pressure,
which results in narrower IR absorption lines and thus a higher gas species selectivity
(Rapson and Dacres 2014). However, it also requires the analysers to be equipped
with vacuum pumps and vacuum-proof tubing, tube fittings, and valves. The great
advantage is that laser-based analysers are capable of fast and the most sensitive
measurements of trace gas concentrations, as well as stable isotope compositions
(including isotopomers) in the air (Hensen et al. 2013; Rapson and Dacres 2014;
Brannon et al. 2016).

Nowadays, TLAS is themost common laser-based absorption technique for quan-
tifying GHG concentrations in air. Commercially available analysers often employ
either tunable diode laser absorption spectroscopy (TDLAS) or tunable infrared laser
differential absorption spectroscopy (TILDAS) with quantum cascade lasers (QCL).
Detailed information about these techniques is available in Li et al. (2013, 2014).
The main disadvantage of TLAS is its susceptibility to instrument noise because the
analysers rely on the measurement of a small change in light intensity against a large
background light signal. To drastically improve sensitivity, TDLAS and TILDAS
analysers are commonly equipped with multipass cells. In multipass cells, the light
beam travels several times between aspherical mirrors before exiting the cavity in the
direction of the detector, resulting in optical path lengths of several up to hundreds
of metres. However, the mirrors are extremely sensitive to changes in alignment
and, therefore, more sensitive to vibrations. This has led to the development of high-
finesse optical cavities, which allow the build-up of large amounts of light energy in
the cavity, boosting analyser sensitivity and robustness, but also decreasing cavity
and analyser size. High-finesse optical cavities are the basis of CRDS and OA-ICOS
(Rapson and Dacres 2014).

In OA-ICOS analysers, the laser beam enters the cavity at a non-zero angle so
that the photons make thousands of passes between high-reflectivity mirrors before
leaving the cavity again. This increases the effective optical path length to several
thousand metres, enhancing the measured light absorption in comparison to multi-
pass cells. The optical path length depends only on optical losses in the cavity, and
therefore a precise laser beam alignment is not necessary, and the analysers are also
less susceptible to slight changes in mirror alignments (Bakhirkin et al. 2004; Peltola
et al. 2014; Rapson and Dacres 2014; Lebegue et al. 2016). In contrast, CRDS does
not consider the absolute absorption intensity by the target gas species, but rather
the rate of light intensity decay in the cavity. When the laser is turned on, the cavity
is quickly filled with NIR light. As soon as a light intensity threshold is reached, the
laser is abruptly turned off, and the light leaks out of the cavity with an exponential
decay rate through the cavity mirrors. Additional light absorption in the cavity by the
target gas species accelerates the light intensity decay rate, also known as ring-down
time. The switching on and off of the laser takes place within microseconds, and the
ring-down times are used to determine the concentrations of the target gas species
in the cavity. Since the actual measurements take place when the laser is turned off,
CRDS is not susceptible to laser intensity fluctuations or absolute laser power. The
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disadvantages, though, are that the mirrors have to stay very clean, and high-speed
detection electronics are required (Rapson and Dacres 2014; Brannon et al. 2016).
A laser-based optical technique, which has just been recently commercialised for
GHG measurement, is laser dispersion spectroscopy (LDS). It tries to overcome the
main limitation of TLAS, the detection of a small signal change against a large back-
ground, by measuring molecular dispersion instead of molecular absorption. The
measurement signal is encoded in the light phase making the analyser more resilient
to dirt and water vapour in the cavity because these compounds only affect light
intensity (Nikodem and Wysocki 2012).

The past two decades have seen a rapid development of optical techniques and
optical analysers for GHG measurements, and this trend is projected to continue
over the coming years. One optical technique that might become more important is
enhanced Raman spectroscopy (see Sects. 2.8.2 and 2.8.3). The range of commer-
cially available optical gas analysers for different applications can be quite confusing;
thus, Table 2.5 summarises the key points one should consider before purchasing a
specific optical analyser.

For a comparison of laser spectroscopic analyses ofN2O isotopomers, seeChap. 7,
Sects. 7.3.4 and 7.3.5.

2.7 Hands-On Approaches Using a CRDS Analyser

2.7.1 Overview of the CRDS Techniques for Determining
GHG Concentrations and Soil Fluxes

As outlined in Sect. 2.6 (“Analysis of GHG samples with optical gas analysers”), the
advent of laser-based techniques has enabled real-timemeasurement of soil gas fluxes
in the field. In recent years, CRDS has become of particular interest to researchers
due to its ability to measure GHG concentrations with a very high precision in field
settings. For example, the Picarro G2508 multi-species gas analyser allows CO2,
CH4, N2O, NH3, and H2O to be measured simultaneously. CRDS analysers have
three key advantages for soil gas flux measurements in comparison to traditional
GC measurements: (1) it enables the detection and measurement of low levels of
GHG fluxes. Areas with low emission rates, while not significant in the short-term,
may be of great interest to calculate the global GHG budget when extrapolated over
longer timescales and large surface areas; (2) multi-species measurements allow
for direct correlations between gas species. The processes and sources associated
with the emission (or uptake) of GHGs may require more than one axis for proper
characterisation; and (3) the high sampling frequency of real-time measurements
leads to a better characterisation of soil flux profiles and shorter closure times for
soil flux chambers. In addition, the real-time nature of this system provides instant
feedback on site selection and omits sampling and storage effects.
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Table 2.5 Key features of optical analysers

Topics Key points Remarks

Target gas species Combination of gas species Depending on the type of optical
analyser, several gas species can be
identified with the same instrument,
but not all combinations of gas
species are possible because of
overlapping absorption lines

Number of instruments Measuring as many different gases as
possible with one analyser reduces
analysis and maintenance costs as
well as data analysis time. However,
having a separate analyser for each
gas species ensures continued
measurement of at least some gases
when one analyser breaks down

Customised configurations Most companies sell preconfigured
optical analysers, but some also offer
the possibility to customise the target
gas species for an analyser

Stable isotopes Should the analyser measure only gas
concentrations, only isotopic
compositions, or perform well for
both applications?

Water vapour Regardless of the target gas species,
water vapour should always be
simultaneously quantified by an
analyser and spectra corrected for any
H2O interference

Non-greenhouse gases Optical analysers can also quantify
tracers (e.g. SF6), O2, and other
non-GHG

Flux measurement method Response time, precision, and
accuracy

For eddy covariance (EC), a
fast-response (at least 10 Hz) analyser
with high precision and accuracy is
mandatory, and thus laser-based
absorption techniques are necessary.
For chamber measurements,
requirements regarding sampling rate,
precision, and accuracy are less
restrictive. An optical analyser for
chamber measurements will always
have a higher sensitivity in
comparison to the analysis of discrete
gas samples with a gas
chromatograph (GC)

(continued)
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Table 2.5 (continued)

Topics Key points Remarks

Operational range Expected gas concentrations have to
be within the analyser’s operational
range. For chamber measurements,
headspace closure times might have
to be adjusted to fulfil this
requirement

Discrete gas sampling Continuous gas sampling is the great
strength of optical analysers, but
some are additionally able to analyse
discrete gas samples. For discrete gas
sample analysis, the required sample
volume has to be taken into account
in the design of flux studies

Open versus closed path For EC, the user has to decide
between open path and closed path
systems. Open path systems have
longer downtimes and produce less
data because of mirrors’ direct
exposure to the environment,
especially precipitation, but their
power consumption is much lower,
and fluxes are not attenuated by any
tubing in comparison to closed path
systems

Site of operation Instrument size, mobility, and
robustness

Optical analysers come in all
sizes–from very small portable
analysers enclosed in suitcases or
backpacks to large, bulky models
(>10 kg) for laboratory bench racks.
Important hardware properties to
consider are temperature stability,
vibration resistance, power
consumption, reaction to power
outages, and weather resistance. For
field applications, additional
hardware support systems might have
to be constructed (e.g. air-conditioned
housing)

Installation space For prolonged installations at a site,
space might not only be required for
the analyser, but also for external
pumps, tubing, and gas cylinders. It
can save a lot of working time when
essential parts of the analyser and
other equipment can be accessed for
maintenance and potential repairs
without having to be moved

(continued)
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Table 2.5 (continued)

Topics Key points Remarks

Costs Purchase price Depends greatly on the optical
technique. Fast-response analysers
are the most expensive ones, whereas
analysers for manual chamber
measurements can be cheaper than
complete GC systems

Consumables/maintenance Optical analysers have to be less
frequently calibrated and often do not
need continuous carrier gas flows
compared to GC systems. For
continuous gas measurements,
additional costs for discrete gas
samplings (e.g. glass vials, septa,
syringes) are not required. Other
(potential) costs to consider are
maintenance times (= working
hours), replacement of wearing parts,
factory recalibrations, and repair costs

Distance to company or
distributor

In case the instrument has to be sent
back to the company for repair or
factory recalibration, the cost to be
considered also includes shipping and
shipping insurance. This is especially
important for users outside of the
USA, because American companies
sell many optical analysers.
Companies can sometimes perform
software troubleshooting remotely if
the analyser is connected to the
internet

Maintenance Time required Maintenance time depends largely on
the required precision and accuracy,
as well as the working environment.
These factors influence how often the
instrument has to be calibrated, how
stable the instrument readings are
over time, and how often the
instrument has to be cleaned

User serviceability A crucial part of optical analyser
performance is the cleanliness of the
cavity and mirrors. Depending on the
measurement principle, already small
dust particles inside the cavity or
condensation on mirrors can cause
repairs. There are analysers where the
cavity (including the mirrors) can be
completely taken apart and cleaned
by the user, even under field
conditions, whereas for other
analysers, the user can change only
air filters outside the cavity

(continued)
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Table 2.5 (continued)

Topics Key points Remarks

Air filtering Careful selection of air filters (type,
number, replacement interval) is a
cost-effective way to reduce/prevent
cavity contamination by dust
particles. Air filters can also prevent
water droplets from entering the
cavity (hydrophobic air filters), e.g. if
an automated chamber system has
problems with water condensation in
the tubing

Remote control Remote control of an optical analyser
can greatly reduce maintenance times
(e.g. reduction of field trips, earlier
identification of analyser problems)

Manageability Basic technical understanding Some optical analysers are designed
to be easily installed and operated
even by untrained personnel (plug
and play systems), whereas other
analysers require a certain theoretical
and practical knowledge of the
optical technique used to ensure
proper operation and their use should
be supervised by trained technicians

Analyser software Degree of analyser configurability
and availability of diagnostic tools for
analyser performance vary widely
between optical techniques and
companies. The need for trained
personnel increases with increased
software complexity

Data storage For each optical analyser, a data
storage protocol should be in place
considering measurement variables to
be stored, sampling rate, single file
size, file names, folder structure,
required storage space, schedule for
data retrieval from the instrument,
and schedule for data backup/data
archiving. Data storage requirements
increase with increasing sampling
frequency, and a number of
measurement variables (e.g. gas
species, cavity temperature), and are
therefore especially large for
fast-response analysers

Data analysis Raw data For data analysis, it might sometimes
be necessary to re-analyse spectral
raw data. Raw data storage (complete
or partial) is not always implemented
in instruments

(continued)
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Table 2.5 (continued)

Topics Key points Remarks

Data analysis software It is possible to purchase optical
analysers which already have
software included for the calculation
of fluxes in chamber or EC methods

Peripherals Complete measurement
systems

Optical analysers can either be added
to chamber and EC systems
constructed by users themselves, or
many companies also offer complete
off-the-shelf systems (e.g. automated
chamber systems) and/or a large
variety of add-ons to the analysers for
different GHG flux measurement
applications

Interfacing of analysers Some companies that sell complete
off-the-shelf systems also provide
technical notes for interfacing optical
analysers from other companies with
their measurement systems. This is
usually done to include gas species
that are not part of a company’s
portfolio.

Documentation Manuals Quality of analyser manuals varies
widely between companies. Some
companies post their manuals online
for free access. These manuals are a
good starting point to get a first
detailed impression of the
functionality of an analyser before
making a purchase decision

Education Many companies offer free webinars,
technical notes, and other educational
resources on their websites. These
can often be accessed completely
independent of any purchase. It is
recommended to have a look at them
because they often also provide
training on the theoretical
background of an optical technique
and GHG flux measurement methods

The sub-section below describes the fundamentals of CRDS and discusses how
a CRDS analyser may be paired with commercial and home-made closed chambers
to create a field and/or laboratory deployable flux system.
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2.7.2 Theory: Near-Infrared Absorption Spectroscopy
Fundamentals

Nearly every small gas-phasemolecule (e.g. H2O, CO2, CH4, N2O, etc.) has a unique
near-infrared absorption spectrum, and this is generally also true for different isotopo-
logues (12CO2 vs. 13CO2, 12CH4 vs. 13CH4, etc.) (for details, see Chap. 7). At atmo-
spheric pressure, these spectra are very broad and continuous, but at sub-atmospheric
pressure the contributions from individual vibrational modes are well resolved so
that each spectrum is made up of distinct absorption lines; each line is centred at a
characteristic wavelength and possesses an extremely predictable line shape. Under
these conditions, it is generally possible to find one or more narrow wavelength
frequency ranges where the target molecule has strong absorbance features, and the
absorbance contributions from other molecules areminimal. Therefore, the spectrum
for each molecular species can be thought of as a unique and very information-rich
“fingerprint”.

After choosing a specific wavelength range, the concentration of the target gas
can be measured by determining light absorption. In principle, the concentration
could be inferred from the light loss at the absorbance maximum of the target gas;
however, in practice, it is far more useful to scan over a specific absorption line by
using a tunable, narrow-band laser to measure absorption in small steps over the
relevant frequency range. The main advantage of determining the full spectrum of an
absorption line is that one canmeasuremultiple gases at the same time and that it also
allows to measure the background level of light absorbance in one step. A measured
absorption spectrum s can then be described as the weighted sum of contributions
from individual gases and from the background light loss (Fig. 2.7) and (Eq. 2.6).

s = b + a1c1g1 + a2cngn (2.6)

where b is the background light loss, g is the spectrum specific for each gas, a is a
scaling factor describing the fundamental absorbance strength of the gas, and c is
the scaling factor the concentration of each individual gas molecule. If the values
of b, a, and g are known, then the gas concentrations c can be determined from the
observed spectrum s. Since a and g are fundamental properties of the respective gas,
they can be established in advance. The background light loss b is specific for each
instrument but is generally highly stable over time.

2.7.3 Operational Principle of Cavity Ring-Down
Spectroscopy

Cavity ring-down spectroscopy allows the concentration and isotopic composition
of gases to be measured with very high precision. A key feature of CRDS is that



60 M. Zaman et al.

Fig. 2.7 An example spectrum “s” (top left) is the sum of background light loss “b”, and scaled
gas-specific absorbance spectra “g1” and “g2” (bottom). In this fictional example, s = b+ 1000×
g1 + 500 × g2

it measures the decay of light in the measurement cell instead of measuring abso-
lute absorption intensities, where the term “ring down” in CRDS is referring to
this principle of measuring the light loss in the cavity over time. The cavity itself
consists of three high reflectivity mirrors, and the light from a continuous-wave,
single-frequency tunable laser diode is reflected between themirrors (Fig. 2.8).When
the laser is turned on, the cavity quickly fills with the circulating laser light. Because
the mirrors have slightly less than 100% reflectivity (99.999%), a small amount of
light continuously leaks out and is measured with the photodetector. As soon as the
light intensity reaches a threshold (within a few tens of microseconds), the laser
is abruptly turned off, and the light already within the cavity bounces between the
mirrors (about 100,000 times). As the light circulates between the mirrors, light is
absorbed by the target gas in the cavity, and the photodetector measures the expo-
nential decay curve, also known as ring downs. In the absence of the absorbing gas,
the decay rate is determined solely by the reflectivity of the mirrors.

The ring downs aremeasured in real time by the photodetector, and the exponential
decay curve consists of several thousand individual light measurements. A dedicated
signal processor fits this curve to determine the decay rate. To obtain a spectrum, the
laser frequency is tuned over a sequence of narrow frequencies, and the ring-down
rate is measured for each step (Fig. 2.9). Once a spectrum is obtained, algorithms are
used to recover the spectrum contributions from each gas and from background light
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Fig. 2.8 High finesse optical cavity with a three-mirror configuration. Top: no absorbing species in
the cavity= long ring-down time. Bottom: absorbing species present in the cavity= short ring-down
time

Fig. 2.9 The laser frequency is stepped, and a ring-down measurement is made at each step,
generating a series of exponential decay curves (left). The software fits each curve to discover its
decay coefficient. Representing these coefficients as absorbance, we obtain an absorbance spectrum
(right). Numbers indicate corresponding decay curves and absorbance spectrum data

loss processes, as previously described. Critically, the decay rates are independent of
the initial laser light intensity, and as such, the measurement is not affected by laser
intensity fluctuations or absolute laser power.



62 M. Zaman et al.

2.7.4 Minimum Detectable Flux (MDF)

CRDS analysers allow GHG concentrations to be measured with a higher frequency
and precision than generally possible with GC techniques. These key advantages
allow either to determine GHG fluxes with a higher precision or to achieve the same
level of precision within a shorter amount of time. The latter is of importance because
a reduction in enclosure time minimises negative effects resulting from the use of a
closed static chamber.

Christiansen et al. (2015) investigated the relationship between enclosure time
and instrument precision and introduced the concept of minimum detectable flux
(MDF) to determine the lower limit of flux rates that can be achieved with a given
measurement precision (Eq. 2.7):

MDF =
(
AA

tc

)(
V P

ART

)
(2.7)

where AA is the analytical precision in ppm, tc is the closure time of the chamber
in hours, V is the chamber volume in L, P is the atmospheric pressure in Pa, A is
the chamber area in m2, R is the gas constant in L K−1 mol−1, and T is the ambient
temperature in K. The equation describes that the MDF can be reduced by either
increasing the enclosure time or by increasing the analytical precision (reducing the
analytical uncertainty).

Nickerson (2016) highlighted the practical importance of the increased measure-
ment frequency of CRDS analysers since an increase in measurement number n will
reduce the standard errorASE compared to the raw precisionAA of the CRDS analyser
(as ASE = Aa/

√
n). Therefore, he suggested that the effective MDF should consider

the measurement/sampling frequency (Eq. 2.8):

MDF =
(

AA

tc
√ tc

ps

)(
V P

ART

)
(2.8)

where ps is the sampling periodicity in hours. For a CRDS analyser, the sampling
periodicity is about every 8 s. The GC measurements are based on discrete samples,
and the sampling frequency can vary significantly based on the research focus, but
typically samples are taken every 5–15min. Consequently, real-timeCRDSanalysers
achieve a higher precision for a flux estimate than GCmeasurements, given the same
chamber system, deployment time, and assuming a similar raw precision for the two
techniques (Fig. 2.10). Or in other words, a prescribed MDF can be achieved within
a shorter amount of time with CRDS compared to GC measurements.
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Fig. 2.10 Effect of sampling/measurement frequency on the time needed to reach a certain CH4
minimum detectable flux (MDF). Real-time CRDS analysers report a concentration measurement
about every 8 s, while discrete sampling for GC measurements commonly occurs every 5–15 min
(i.e. 300–900 s). Due to the higher integration time, the CRDS analyser achieves a prescribed MDF
within a shorter amount of time (an MDF of 0.1 μmol CH4 m−2 h−1 is reached within 700 s with
CRDS and within about 2300 s for 5 min interval GC sampling). The illustration assumes that the
CRDS and GC measurements show the same raw precision. MDF was calculated on the following
parameters: Aa = 0.01 ppm, V = 0.5 m3, P = 101325 Pa, A = 1 m2, R = 8.31448 J K−1 mol−1,
and T = 295 K (figure adapted from Nickerson 2016)

2.7.5 Selecting the Appropriate Flow Path

CRDS analysers have a continuous flow-through design that pulls gas through the
analyser at a fixed flow rate (typical flow rate for a concentration CRDS analyser
is ~250 ml min−1). Automated pressure control loops within the analyser can be
adjusted to gradual changes in input pressure and flow, but under normal operation,
gas enters and leaves the analyser at the same flow rate. This design characteristic
makes it suitable for use in recirculation experiments. Depending on the chamber
design, the CRDS analyser can act as the primary source of flow or as a secondary
sampling source, referred to as in-line or parallel, respectively.
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Fig. 2.11 Flow path of an in-line arrangement with a CRDS analyser in combination with a
recirculation pump and a soil chamber. Additional communication or control cables are not shown

2.7.6 In-Line Flow Path

In this setup, the CRDS analyser is typically the primary source and control of flow in
the recirculation setup (Fig. 2.11). It is commonly used with custom-made chambers
or commercial chambers that do not employ their own flow control. When designing
such a setup, users need to be mindful of any restrictions or rapid changes of flow
that may occur during measurement. Inlet tubing length should not exceed 15 m and
should have appropriate filtration in place to protect the analyser from dust and liquid
water (see the next section). The CRDS analyser acts as the primary data repository
for concentration and external sensor data (chamber temperature and pressure) and
can control and coordinate chamber operation (if available).

2.7.7 Parallel Flow Path

The parallel flow arrangement is typically used when the analyser acts as a comple-
mentary or additional instrument in an existing recirculation setup. The user may
have an existing flow setup that is controlled by a primary pump, or they may be
using an existing chamber-analyser system (e.g. LI-COR LI-8100A, for details, see
Chap. 3, Sect. 3.2.2). Since the CRDS analyser is no longer the primary source of
flow control, it is essential that the flow rate of the main recirculation setup is higher
than that of the CRDS analyser. The greater the difference between the two, the
smaller the influence of the CRDS analyser will be.
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2.7.8 Multiple Chambers

It should be noted that many commercial and homemade chambers often come with
multiplexers–the ability to deploy and connectmultiple chambers to a single analyser.
A CRDS analyser can be used with a multiplexer in both the in-line or parallel
arrangements.

The connection location of the CRDS analyser should follow the same approach
as shown in Figs. 2.12 and 2.13. In either case, the multiplexer is located in the place
of the chamber.

Fig. 2.12 Flow path of a parallel arrangement with a CRDS analyser, a recirculation pump, and a
mobile soil gas survey system (LI-COR LI-8100A). Additional communication and control cables
are not shown. Note the higher flow rate of the main recirculation setup at 1000 ml min−1, and the
parallel connection of the CRDS inlet and return on the return flow of the LI-COR analyser

Fig. 2.13 Flowpath for amultiple chamber setup.Deploymentswithmultiple chambers are popular
when a large surface area is to be monitored over a long period of time
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2.7.9 Calibration

The concentration readings of a CRDS analyser behave very stable over time, and
therefore, it is not necessary to calibrate the concentrations daily or weekly. However,
it is advisable to check the accuracy and performance of a CRDS analyser on a
monthly to yearly basis. This can be done by measuring standards from compressed
gas cylinders. The concentrationsmeasured by theCRDS analyser are then compared
to the accepted value of the gas cylinder. The quality/accuracy of the final anal-
yser calibration reflects (1) the number of standards, (2) the compositional range of
the standards, (3) the method of standard measurement, and (4) the accuracy and
precision of the standard itself:

1. The minimum number of different standards to calibrate the slope and offset of
the analyser is two, and because CRDS instruments are highly linear, this is often
enough. However, it is recommended to measure at least three or more standards,
to confirm both the linearity of the instrument and the quality of the standards.

2. The range of the standards should generally encompass or exceed the expected
concentration range of the sample air and should fall within the guaranteed
specification range of the analyser.

3. The gas cylinders can either be connected directly to the CRDS analyser or the
gas can be introduced via a gas bag (e.g. Tedlar bag). Direct connections to a tank
are preferred as they minimise the chance of leaks and eliminate any dilution of
the standard from remnant gas in the bag. Tedlar bags are an acceptable option,
but they may lead to a lower degree of confidence in calibration. For applications
where 1–10 ppm levels of accuracy are required, a direct connection to a tank is
recommended.

4. It is commonly accepted that primary standards, when compared to secondary or
even tertiary standards, have higher levels of accuracy. Having confidence in the
value of the standards leads to a higher degree of confidence in the calibration
of the instrument. It is advisable to assess whether the accuracy and precision of
the standards are high enough for the research needs.

2.7.10 Advanced Application Considerations: Filtration
of Gas Samples

The precision of an absorption measurement within a CRDS analyser can degrade
under the presence of foreign particles that scatter or absorb light. To overcome this
potential issue, the inlet of a CRDS analyser is generally equipped with two 4 nm
particulate filters. One is user-replaceable, and the other can only be replaced in a
cleanroom environment. To prevent long-term damage to the sample handling of the
analyser and maintain a healthy cavity, external filters are recommended.
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Of primary concern are particles that can potentially be pulled into the sample
handling of the analyser via the inlet port. In order to select and build a proper filtra-
tion system, the user must first assess which, if any, particles are potentially present
in the field. Arid environments with high wind speeds or other mechanical means of
increasing particle load (walking, driving, animals, etc.) pose a much greater danger
to the analyser than vegetated surfaces. In most cases, a cheap, user-replaceable
Acrodisc®, 0.2–1 μm is enough to remove most particles. The frequency of replace-
ment should be dictated by the particle load of the gas sample and the flow rate
through the filter.

2.7.11 Liquid Water and Water Vapour

One of the biggest risks to any field-based system is exposure to liquid water. In this
section, we focus on the introduction of liquid water through the inlet of the analyser
as a result of (1) condensation or (2) actual sampling of liquid water (precipitation,
ground saturation, etc.).

Long-term deployments of CRDS analysers can subject them to environments
with temperature variations that exceed the operating range of the system (10–
35 °C). Custom or commercially available enclosures are used to provide a measure
of temperature control and/or protection from the elements (rain, snow, wind, etc.).
The temperature difference between the exterior and interior of the enclosure can lead
to condensation in sampling lines. This problem is particularly evident in scenarios
where hot and humid gas is brought into a cold enclosure. To reduce the likelihood
of condensation, desiccants such as Drierite or magnesium perchlorate can be used
to reduce the water vapour level in the sample gas. Such desiccants are also practical
if water vapors need to be reduced below 4 vol%, the operational limit for a CRDS
analyser.

If condensation, or the presence of liquidwater through direct sampling, cannot be
avoided, then a water trap must be used before the inlet of the analyser. The volume
of a water trap should be appropriate to handle any input of liquid water. It is also
possible to install water traps with automatic draining capability so that the system
may operate in a user-free fashion. It is important to note that a water trap will add
additional volume to the recirculation system, something that needs to be considered
when flux calculations are performed.

2.7.12 CRDS-Specific Considerations

A CRDS analyser is a laser absorption spectrometer. Under specific conditions, the
composition of the sample gas may have unintended effects on the spectra. If levels
of ethane, ethylene, acetylene, or hydrogen sulphide exceed atmospheric levels, the
user should consult manufacturer documentation to determine the effects of these
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Fig. 2.14 Example setup of a CRDS analyser for field deployment in a forest environment. The
copper scrubber is in place as trace amounts of H2S are expected, the water trap is used to minimise
the change of liquid water entering the system due to ground saturation during long rainfall events,
and the particulate filter is there to prevent particles that may enter the air stream. Not shown on
this image is an enclosure for the system and a stable supply of power

species on their measurements of greenhouse gases. In many cases, the installation
of an additional scrubber may be used to remove an interfering species. One such
example is the removal of hydrogen sulphide using laboratory-grade copper filings
(Malowany et al. 2015). Figure 2.14 illustrates how a recirculation setup can be
adjusted for specific field conditions by adding a particulate filter, a water trap, and
a copper scrubber.

The composition of the carrier gas, specifically any significant changes to the
N2–O2 ratio of the carrier gas, will have pressure broadening effects on the spectra
(Nara et al. 2012). This can result in a degradation of accuracy. The installation of
an additional oxygen sensor inside a CRDS analyser, or any external oxygen sensor,
can help the user detect changes in the N2–O2 ratio and apply a correction. The
manufacturer also offers a pre-configured mode for pure N2 carrier gases. It should
be noted that major changes to Argon (Ar) or Helium (He) will have the same effects.
More importantly, a pure He carrier can permanently damage a CRDS analyser.

2.7.13 Datalogging and Flux Processing

All concentration data obtained using a CRDS analyser is automatically stored on
the hard drive of the analyser. This raw data can then be processed using the CRDS
software or other, third-party compatible software that is usually supplied by the
chamber manufacturer to obtain flux values. In order to convert concentrations into
fluxes, the softwarewill ask the user to enter the chamber and tubing volume, chamber
surface area, chamber and soil temperature, and chamber pressure. Depending on
the software package used, it may be possible to monitor the accumulation of the
gases in real time or apply post-processing using three or more fitting algorithms:
linear (Eq. 2.9), quadratic (Eq. 2.10) (Wagner et al. 1997), or Hutchinson andMosier
(1981) (Eq. 2.11).
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Linear:

y = slope × X + background (2.9)

Quadratic:

y = a × X2 + slope × X + background (2.10)

Hutchinson and Mosier:

y = background + step
(
1 − e−slope×X/step

)
(2.11)

Custom fitting options are available in certain software packages (Fig. 2.15).
CRDS analysers are compatible with the streaming of data to external datalogger

using RS232, Ethernet, or analogue communication protocols. In addition, it is also
possible to incorporate external sensor data such as pressure and temperature probes
within the soil flux chamber. Detailed support and integration documentation are
available from the manufacturer.

Fig. 2.15 Example of a Hutchinson andMosier fitting algorithm applied to a measurement of H2O
on a CRDS analyser
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2.8 Enhanced Raman Spectroscopy of Greenhouse Gases

Enhanced Raman spectroscopy emerged in recent years as a powerful analytical
tool for highly selective identification and simultaneous quantification of multiple
components in complex gas mixtures (Hanf et al. 2014; Frosch et al. 2013a; Jochum
et al. 2015a; Hippler 2015; Kiefer 2015; Knebl et al. 2017). Conventional Raman
spectroscopywas already discovered in the 1920th (Long 2002; Smekal 1923;Raman
and Krishnan 1928; Landsberg and Mandelstam 1928; Kramers and Heisenberg
1925), but its application in real-world applications was very limited until recently,
due to the inherently weak signal intensities and technical limitations.

2.8.1 Raman Spectroscopy of Gases

Raman spectroscopy is based on inelastic scattering of light. When monochromatic
laser light is guided through a gas sample, most photons pass the analyte volume
without any interaction and thus provide no gas specific chemical information. The
scattering cross section σ is only around 10−27 cm2 for typical gases. Thus, only
a small fraction of the photons is scattered by the gas molecules which also have
a very low number density. The major part of the scattered radiation results from
elastic scattering (Rayleigh scattering) and has the same frequency as the excita-
tion light. Inelastic scattering occurs with approximately three orders of magnitude
smaller intensity. The frequency shift of the inelastically scattered light is caused by
the energy transfer in the rotational, vibrational, or rotational–vibrational states of
the molecules and is thus the basis of the unique chemical selectivity of Raman spec-
troscopy. Raman scattering and the more established IR absorption are complemen-
tary effects that probe molecular vibrations and rotations. Raman scattering depends
on the changes in the polarisability of the molecule during the rotation/vibration,
while IR absorption relies on changes in the (permanent) dipole moment. Thus, IR
absorption spectroscopy is not sensitive to diatomic homonuclear molecules such as
oxygen (O2), hydrogen (H2), or nitrogen (N2) which provide no permanent dipole
moment for light interaction. In contrast, inelastic Raman scattering does not require
a permanent dipole moment of the molecules, and the specific molecular transitions
must not be matched with the excitation wavelength. Thus, Raman spectroscopy is a
powerful method for the analysis of all but noble gases with only onemonochromatic
laser source. A whole suite of biogenic gases, including CO2, N2O, O2, CH4, H2,
and N2, can be identified and quantified simultaneously (Fig. 2.16).
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Fig. 2.16 Raman spectrum of the rotational and rovibrational bands of a complex mixture of
biogenic gases, including CO2, N2O, O2, CH4, H2, and N2. Reprinted with permission from Hanf
et al. (2015a). Copyright 2015 American Chemical Society

2.8.2 Enhanced Raman Gas Spectroscopy

Conventional Raman spectroscopy is an extremely weak process. Recent advances
in laser as well as detector technology, new highly efficient optical filters, and
optical components develop Raman spectroscopy into a comprehensive technique
for multigas analysis. The Raman Stokes intensity IR depends on the laser intensity
I0, the angular frequencies of the laser ωL and the scattered light ωR as well as the
polarisability α of the molecule, and the number N of molecules of the measured
gas (Eq. 2.12).

IR = const ∗ N ∗ I0 ∗ (ωL − ωR)4 ∗ |α|2 (2.12)
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Fig. 2.17 Comparison of conventional Raman spectroscopy (a) and fibre-enhanced Raman spec-
troscopy (b). Conventional Raman setups suffer from the limited interaction volume of excitation
light and analyte gas (a). In FERS, the excitation light is guided over an extended range within the
hollow core of the optical fibre, which also functions as minimised analyte container (b). An excel-
lent light–analyte interaction is achieved in fibre-enhanced Raman spectroscopy and a high number
of molecules contribute to the Raman signal (Frosch et al. 2013b). Reprinted with permission from
Frosch et al. (2013b). Copyright 2013 American Chemical Society

The originally small inelastic scattering signals of the gas molecules must be
increasedwith the development of enhancement techniques based on the above-given
parameters in order to achieve high sensitivities. Raman gas sensors are nowadays
based on specific multi-pass cavities, high-pressure cells, or the application of high-
power lasers (Li et al. 2008; Kiefer et al. 2008; Schiel and Richter 1987). Two very
promising techniques, which were recently developed, are fibre-enhanced Raman
spectroscopy (FERS) (Hanf et al.2014; Knebl et al. 2018) and cavity-enhanced
Raman spectroscopy (CERS) (Frosch et al 2013a).

In FERS, the number N of gas molecules that contribute to the Raman signal
(Eq. 2.10) is extremely increased. In conventional Raman spectroscopy, the signal
is excited and collected from a small scattering volume (Fig. 2.17a) (Frosch et al.
2013b). This limitation can be overcome with the help of hollow-core optical sensor
fibres. In elaborated micro-structured hollow-core optical fibres, the light can be
guided with extremely low attenuation within a certain spectral range (Russell 2003;
Knight 2003; Hartung et al. 2015; Yan et al. 2017a, b). By filling the gas in the same
inner hollowcore of thefibre, light and analyte are bothguided in the samevolumeand
thus the analyte is efficiently excited over an extended path length (Fig. 2.17b) and the
number of scattering molecules is strongly increased (Frosch et al. 2013b). In other
words, the Raman fibre sensor can be seen as optimised cuvette and provides strongly
enhanced analytical sensitivity (Hanf et al. 2014; Frosch et al. 2013b; Knebl et al.
2019; Jochumet al. 2016;Hanf et al. 2015a;Boegoezi et al. 2015; Sieburg et al. 2019).
A highly efficient FERS setup was developed for gas analysis (Figs. 2.17 and 2.18).

In CERS, the weak inelastic scattering signals of the gas molecules can be
increased by up to six orders of magnitude with the help of a high finesse optical
cavity. One of the developed gas sensors consists of a miniaturised laser diode with
λexc. = 650 nm (Frosch et al. 2013a; Keiner et al. 2013, 2014) which is passively
frequency locked and feedback coupled to a high finesse cavity, enabling a power
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Fig. 2.18 Design of the optical setup for fibre-enhanced Raman spectroscopy (FERS) (Hanf et al.
2014) consisting of Laser, telescope (T), long-pass dichroic beam splitter (DC), objective lens (OL),
fibre adapter assembly (A1 and A2), hollow-core photonic crystal fibre (PCF), power metre (PM),
pinhole (P), edge filter (E), aspheric lens (L), spectrometer (SPEC), and CCD detector. Reprinted
with permission from Hanf et al. (2014). Copyright 2014 American Chemical Society

build-up to 100 W (Frosch et al. 2013a). The cavity components are aligned for
spatial mode matching of the input beam and the Gaussian beam supported by the
power build-up cavity (PBC), while the facet of the laser diode helps in stabilising
mode matching by spatial filtering (Frosch et al. 2013a). Such arrangement of the
PCB is extremely stable to mechanical vibrations (Frosch et al. 2013a), and it has
been shown that concentration fluctuations of about 50–100 ppm can be monitored
within measurement times of one second (Frosch et al. 2013a).

Main advantages of enhanced Raman spectroscopic gas sensing include the
following:

• All gases, except noble gases, can be analysed, including diatomic homonuclear
molecules such as oxygen (O2), hydrogen (H2), and nitrogen (N2).

• A whole suite of gases can be identified simultaneously (Fig. 2.16) with no cross
sensitivities and the use of only one excitation laser.

• Apriori unexpected gases can easily be identified in theRaman spectra of complex
multigas compositions, in contrast to simple gas sensors that must be designed
for all expected gases beforehand.

• As direct spectroscopic method, which is based on the intrinsic molecular vibra-
tions, Raman gas sensing does not need any labels or transducers and does not
suffer from saturation, bleeding, poisoning, etc. This optical technique does not
need direct physical contact with the analyte gas.Measurements can be performed
through an optical window and remote.

• The technique is non-consumptive. The gas concentrations are not disturbed due
to the measurement process, and small gas exchange processes can be monitored
continuously online in closed cycle experiments.
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Fig. 2.19 Combined Raman spectra containing the rovibrational bands of 14N2, 14N15N, 16O2,
18O16O, 18O2, 16O2, 12C16O2, 13C16O2, and 12C18O16O. Adapted with permission from Knebl
et al. (2019). Copyright 2019 American Chemical Society

• The Raman scattering intensity offers perfect linearity with the analyte concentra-
tion (Eq. 2.10) and allows for robust instrument calibration over a broad concen-
tration range from ppm to pure compounds. Trace gases can be quantified on the
background of a higher concentrated gas matrix.

• The fast Raman spectroscopic measurement enables online monitoring of
temporal changes in gas concentrations during process.

• Stable gas isotopes can be distinguished (due to changes in the reduced mass
and thus spectral position, see Fig. 2.19) and be used as tracers to follow specific
pathways.

• Raman devices can be highly miniaturised for field deployment.

2.8.3 Enhanced Raman Spectroscopic Analysis
of Greenhouse Gases

Research regarding enhanced Raman spectroscopy of biogenic gases can be divided
into three areas: (i) The capability for unambiguous identification and quantification
of various gas mixture components to follow the formation, spread, and exchange as
well as storage of gases (Frosch et al. 2013a; Jochum et al. 2015a, b; Keiner et al.
2013, 2014, 2015a, b; Sieburg et al. 2017, 2019; Hanf et al. 2015b). One focus is
the analysis of the respiratory quotient (RQ, CO2 released per O2 consumed during
respiration) as an indicator of changes in substrate use andmetabolism (Jochum et al.
2015a; Keiner et al. 2013; Sieburg et al. 2017; Hanf et al. 2015b); (ii) the monitoring
of stable isotopes (12/13CO2, 14/15N2, 14/15N2O, and 16/18O2) alongside unlabeled gases
as tracers for specific pathways (Knebl et al. 2019; Keiner et al. 2014, 2015a, b); and
(iii) the unique ability for direct quantification of nitrogen at natural background to
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study pathways of the nitrogen cycle (e.g. denitrification, N2 fixation) (Keiner et al.
2015a; Kumar et al. 2018; Jochum et al. 2017).

The RQ value was analysed as an indicator of changes in plant metabolism
under drought stress (Fig. 2.20) (Hanf et al. 2015b). It was discovered that pine
(Pinus sylvestris) can switch from carbohydrate-dominated respiration to a mixture
of substrates during several days of drought stress, but spruce (Picea abies) cannot
(Hanf et al. 2015b). The onsite analysis of depth profiles of soil gases in the Hainich
critical zone exploratory showed that the concentrations of O2 and CO2 were largely
decoupled, and complex processes in previously uncharacterised environments can
be studied (Sieburg et al. 2017). The ability tomonitor the inert tracer sulphur hexaflu-
oride (SF6) alongside biogenic gases under consideration allows for thorough online
gas leakage correction to avoid under- or overestimation of biological activity such
as respiration or photosynthesis (Fig. 2.21) (Jochum et al. 2015b).

The discriminatory power of Raman spectroscopy was used to monitor several
stable gas isotopes simultaneously to investigate the labelling of young poplar trees

Fig. 2.20 Example for
monitoring dark respiration
rates of a branch of untreated
pine. The individual
respiration rates (both O2
and CO2) are used to
calculate subsequent RQ
values (Hanf et al. 2015b).
Adapted with permission
from (Hanf et al. 2015b).
Copyright 2015 Royal
Society of Chemistry

Fig. 2.21 Example of an
experimentally acquired
multigas Raman spectrum,
consisting of the biogenic
gases O2, CO2, N2, H2, CH4,
and the tracer gas SF6.
Adapted with permission
from Jochum et al. (2015b).
Copyright 2015 American
Chemical Society
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Fig. 2.22 Raman
spectroscopic multigas
monitoring of the
denitrification of 15N-nitrate
by Pseudomonas
stutzeri (Keiner et al. 2015a).
The concentration courses of
15N2, CO2, 15N2O, and the
calculated pH value are
shown as well as the sum of
the nitrogen gases 15N2 +
15N2O. Adapted with
permission from Keiner et al.
(2015a). Copyright 2015
Elsevier

under aphid infestation with 13CO2 to analyse the possible incorporation of 13C in
defense compounds (Keiner et al. 2014, 2015b). A combination of 13C-labelling and
RQ analysis was applied to investigate the microbial degradation of 13C-labelled
benzene in soil against the background of the heterotrophic soil respiration (Jochum
et al. 2015a). By combining 13CO2 and 12CO2 aswell as 18O2 and 16O2 measurements
in one setup, it was proposed to use carbon dioxide and oxygen isotopologues to track
and disentangle different overlaying processes and to help elucidating the contribu-
tions of photosynthesis, photorespiration, and respiration to the net gas exchange of
plants (Knebl et al. 2019).

The nitrogen evolution was continuously monitored over the stepwise enzymatic
denitrification of labelled and unlabeled nitrate by Pseudomonas stutzeri (Fig. 2.22)
(Keiner et al. 2015a). The simultaneous quantification of the whole gas phase also
enabled the contactless and sterile online acquisition of the pH changes in the P.
stutzeri culture by the stoichiometry of the redox reactions during denitrification and
the CO2-bicarbonate equilibrium. Continuous pH-monitoring–without the need to
insert an electrode into a sterile solution–elucidated an increase in the slope of the
pH value coinciding with an accumulation of nitrite, which in turn led to a temporary
accumulation ofN2O, due to an inhibition ofN2O reductase (Keiner et al. 2015a). The
gas quantification was complemented with the analysis of nitrate and nitrite concen-
trations for the online monitoring of the total nitrogen element budget (Fig. 2.23)
(Keiner et al. 2015a). In an investigation of the thiosulfate- and hydrogen-driven
autotrophic denitrification by a microbial consortium enriched from groundwater of
an oligotrophic limestone aquifer, the turnover reactions of electron donors (thiosul-
fate and H2) were traced, as well as electron acceptor (nitrate), gaseous intermedi-
ates, and end products (15N2, 15N2O, CO2, H2, 14N2, and O2) in the headspace, using
Raman gas spectroscopy (Kumar et al. 2018). N2 production and H2 consumption
rates were calculated under denitrifying conditions and followed the electron donor
usage of the bacterial consortium. Recently, the biological nitrogen fixation of a
Medicago sativa–Rhizobium consortium was, for the first time, directly investigated
at natural background and without a proxy or isotopic labelling, by continuously
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Fig. 2.23 Concentration courses of nitrate, nitrite, nitrous oxide, and dinitrogen during the succes-
sive reduction NO3

− → NO2
− → NO → N2O → N2 (Keiner et al. 2015a). Continuous Raman

gas concentrations of 15N2, 15N2O, and CO2 are represented by solid lines. The total nitrogen
balance from all nitrogen components was calculated and is given as grey line (N tot) (Keiner et al.
2015a). Adapted with permission from Keiner et al. (2015a). Copyright 2015 Elsevier

analysing the amount of atmospheric N2 in static environmental chambers (Jochum
et al. 2017).

EnhancedRamangas spectroscopy combines the unmatched analytical prowess of
Raman spectroscopywith the enhancement of small signals through the sophisticated
use of optical cavities (CERS) and hollow-core optical fibres (FERS). Enhanced
Raman spectroscopy is a powerful technique for simultaneous multigas analysis,
including N2, N2O, O2, H2, CH4, CO2, and stable isotopes (13C, 15N, and 18O). This
high selectivity enables the study of complex gas exchange processes, including
pathways of the nitrogen cycle.

2.9 GHG Fluxes from Aquatic Systems

Following the first set of IPCCguidelines being produced (IPCC1995), further devel-
opments were needed to improve national inventory calculations. These included a
quantifiableway to determineN2Oproduction after the leaching and runoff ofN from
agricultural soils, in order to improve the methodology for calculating annual N2O
emissions from agricultural soils at a national level (Mosier et al. 1998). The second
phase approach assumes that all N cycles within 1 year and makes no allowance
for potential sequestration within the soil, which may be subsequently released on
longer timescales (Mosier et al. 1998).

The approach taken in the second phase of inventory development for deter-
mining N2O emissions from agricultural soils was to include direct emissions from
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agricultural fields, direct emissions from animal production systems, and indi-
rect emissions. Indirect emissions result from volatilisation and subsequent depo-
sition of NH3 and NOx, leaching and runoff of N, and human consumption of
crops followed by sewage treatment. Nitrogen leaching and runoff from agricul-
tural systems (NLEACH) include N applied as fertiliser (NFERT; kg N year−1), and
N derived from animal excretion (NEX; kgNyear−1) so thatmanure produced during
grazing is captured. The fraction of fertiliser and excreta N that moves through the
leaching and runoff pathways (FRACLEACH) was estimated byMosier et al. (1998)
to range from 0.1 to 0.8. Some countries have developed country-specific values for
FRACLEACH (Thomas et al. 2005). Thus, the flux of N leached (NLEACH, kg N
year−1) (Eq. 2.13) is

NLEACH = [NFERT + NEX] × FRACLEACH (2.13)

Production of N2O occurs when the leached N moves into the groundwater and
surface drainage, rivers, and estuaries with emission factors for these three zones
designated as EF5-g, EF5-r, and EF5-e, respectively (Mosier et al. 1998). The sum of
these three components provides the N2O emission factor (EF5) for N2O originating
from NLEACH, where N2O (l) is the N2O emissions associated with agricultural N
lost via leaching and runoff (kg N year−1) (Eq. 2.14):

N2O(l) = NLEACH × EF5 (2.14)

Supersaturation of N2O in ground and surface waters occurs due to either N2O
leaching from the soil or because microbial processes utilise NLEACH to form N2O
in the ground and surface waters.

The approach taken to determine EF5 seeks to compare the emission based on the
N loading, which is comparable with calculating direct emission factors from agri-
cultural soils. For soils, a direct emission factor is determined by applying a quantity
of N to plots and measuring the resulting N2O emissions relative to control plots. A
different approach has been taken to determine EF5. Briefly, the N2O concentration
in a water sample is measured, and the degree of N2O saturation is determined. The
EF5 value is then determined based on the ratio of N2O-N: NO3

−-N or on the basis
of assumed N2O emissions using the degree of saturation to predict a flux. To use
the IPCC methodology to determine EF5 values requires that the concentration of
dissolved N2O is first established so that the flux of N2O can be determined.

2.9.1 Determining Dissolved N2O Concentrations

There are several methods in the literature that are available to measure dissolved
gas depending on the source of the water sample. Water samples may be taken from
groundwater, drains, and openwater bodies such as rivers, lakes, and estuaries.When
sampling water bodies for dissolved gases, it is important to also record the water
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temperature in situ, the atmospheric pressure, and to take some gas samples of the
atmosphere at the sampling site. Atmospheric pressure will vary with altitude and
weather conditions. A further requirement is to know the salinity of the water being
sampled since this also affects the solubility of gases.

Nitrous oxide produced at depth within a soil can be readily dissolved in soil pore
water or water draining from the soil in question. When water samples are collected
using automated samplers, there remains the need to prevent degassing of the sample.
In an ideal situation, drainagewater sampleswould be collected as drainage occurred.
However, this is not always feasible. Roper et al. (2013) developed a technique to
facilitate dissolved N2O sampling from automated water sampling bottles. A 10 ml
volumetric pipette is placed, inverted inside the sample bottle,within the autosampler.
The inversion of the pipette allows for simple modifications for length and enables
faster filling while simultaneously minimising turbulence during filling (Roper et al.
2013). The inverted pipettemeans that thewater contained in the pipette has a reduced
surface area compared to the larger sample bottle. A water sample for dissolved gas
determination is takenmanually bywithdrawing 5ml of the 9ml of water from inside
each pipette using a syringe equipped with a 20-gauge 30.5 cm needle (Popper®,
Fisher Scientific) and placing the sample in a 12 ml Exetainer (Labco International,
UK). The Exetainers were previously flushed, using ultrapure helium, and brought to
atmospheric pressure with helium in advance of water sampling. Exetainers also had
a microbial inhibitor, placed inside prior to evacuation, to prevent microbial activity
altering dissolved N2O concentrations. Generally, the microbial inhibitor of choice
is mercuric chloride (HgCl2). The inhibitor must not physically or chemically alter
the water sample in a manner that could alter the N2O concentration. Once sampling
is complete, the dissolved N2O embodied in the water equilibrates with the gaseous
phase in the headspace of the Exetainer. It is thus important to record the laboratory
temperature when this equilibrium is attained prior to sampling the gas headspace.

A headspace sample equilibration technique can also be used to sample dissolved
N2O in groundwater. Clough et al. (2007a) used this technique to study dissolved
N2O in water samples obtained from piezometers. Using a Masterflex L/S portable
peristaltic pump (Cole Parmer, VernonHills, Il, USA)with the pumping rate adjusted
to minimum flow, to avoid out-gassing, water was pumped from the piezometers
(Plate 2.17). The water was pumped to waste, until a volume of water equal to several
internal piezometer volumes had been pumped, and then diverted into a 60 ml plastic
syringe, by way of a two-way stopcock, until 20 ml had been collected. The resulting
20 ml sample was then injected into a pre-evacuated (−0.93 atm) 160 ml serum
bottle fitted with a rubber suba seal. Then using a helium-flushed syringe, fitted with
a stopcock and hypodermic needle, connected to a helium-filled Tedlar bag, helium
was injected into the serum bottle until atmospheric pressure was reached. This was
visually determined by inverting the serum bottle so that the water sample covered
the helium needle inlet: when bubbling ceased, the serum bottle headspace was at
atmospheric pressure. The sample is thus ready for equilibration (Plate 2.18).

A third example of where water samples are commonly taken for headspace
equilibration is that of openwaterways. For example, Beaulieu et al. (2012)measured
dissolved N2O in river water by taking 140ml polypropylene syringes equipped with
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Plate 2.17 Groundwater being sampled from a piezometer tube using a peristaltic pump. Note the
syringe is kept under water to prevent any contamination by air while it is being filled

stopcocks, and slowly filling these with water at 5 cm depth. The water sampling
was performed slowly to avoid degassing the sample water. These samples were
stored under water during transit to the laboratory whereupon a 20 ml headspace was
created by transferring 20 ml of high purity helium to the sample syringe.

Plate 2.18 Awater sample has been previously injected into the serum bottle. Here, the He is being
injected, with the bubbles indicating He gas is still entering the serum bottle, once bubbling ceases
the headspace will be at atmospheric pressure, the needle will be removed, and equilibration of the
water and gas phases can occur
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In all these previous examples, headspace equilibration was achieved by gently
shaking the sample for >5 min so that the N2O dissolved in the water sample equili-
brates with the gas phase in the headspace. The addition of a microbial preservative
prevents N2O consumption and/or production of N2O. This equilibration, as we will
see below, is temperature-dependent. So, it is important to also measure the labora-
tory temperature at which the equilibration is performed. This means that the water
in the sample needs to be at the same temperature as the laboratory, so if the sample
has been in a fridge it must come to room temperature.

After shaking and equilibration, the headspace gas can then be sampled and anal-
ysed on a gas chromatograph (GC) to determine the N2O concentration. Typically,
this involves using a syringe equipped with a stopcock and a hypodermic needle to
transfer a suitable volume of gas to a GC sample vial, for example, an Exetainer. In
the first example above, the water was equilibrated in an Exetainer, and further gas
transfer was not required. Even with a small volume of water, the GC analyses were
able to be performed. Often, however, a gas sample is taken from the serum bottle
or syringe headspace to transfer into a GC sample vial.

The actual GC analysis of a gas sample is discussed elsewhere in this publi-
cation. The output from the analysis will provide the concentration of N2O in the
equilibration vessel’s headspace (Cg), typically with units of μl l−1.

The next step is to convert this value to one with units of μmol l–1. This is
performed using the ideal gas equation (Eq. 2.15):

PV = nRT (2.15)

where P is the pressure (atm.), V is the volume (l), n is moles, R is a constant
(0.0821 l. atm. mol−1 K−1), and T is the temperature (K). Rearranging equation
(2.15) as follows gives moles: if the volume of gas is input as μl, then the output is
μmol (Eq. 2.16):

n = PV

RT
(2.16)

What we wish to determine is how “saturated” in N2O the water sample is, with
respect to river water in equilibrium with the atmosphere. So first we must calculate
the N2O concentration in the water that would be in equilibrium with the atmosphere
(Ceq; μmol l−1): we must know the partial pressure of the N2O in the atmosphere
at the sampling site, the water temperature at the sampling site, and the atmospheric
pressure at the sampling site. Then, Ceq is determined using (Eq. 2.17):

Ceq = β × Pgas × Pbarometric (2.17)

wherePgas is the partial pressure of the gas (atmatm−1) andβ is theBunsen coefficient
(mol l−1 atm−1). Values for β are found in the publication of Weiss and Price (1980),
who measured the solubility of N2O in pure water and seawater over a temperature
range of 0–40 °C and a salinity range of 0–40‰.Pbarometric is the atmospheric pressure
during field sampling (atm).
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For example, assume a river temperature of 12 °C and a salinity of zero, then
β equals 3.741 × 10−2 mol l−1 atm−1, atmospheric partial N2O pressure of 0.32 ×
10–6 atm atm−1, and a barometric atmospheric pressure of 1 atm, and thenCeq equals
0.012 μmol l−1.

The next step is to determine how saturated in N2O the water sample (Cwater) is
with respect to the atmospheric equilibrium concentration (Ceq) just established. To
do this, we must know the N2O concentration in the headspace of the equilibration
vessel (Cg). This is provided from the GC results, with units of μl l−1. We also need
to know the water temperature during equilibration so that the correct value of β

can be used. The unit of β in Weiss and Price (1980) is moles l−1 atm−1, so the
value of β is first converted to units of moles l−1 atm−1 in order to be compatible
with the units of Cg. Finally, we need to know the atmospheric pressure inside the
equilibration vessel. This would be set at 1 atmosphere if equilibrating the headspace
with atmospheric pressure (e.g. the Tedlar bag method discussed above), but if the
atmospheric pressure when measured differs, then the measured value should be
used. Then the following calculation is used (Eq. 2.18):

Cwater = β × Cg × Pbarometric (2.18)

For example, if we have a laboratory equilibration temperature of 20 °C, and
salinity remains at zero, then β equals 2.875 × 10−2 mol l−1 atm−1 (Weiss and Price
1980) which, using the ideal gas law equals 0.644 l l−1 atm−1. If the concentration
of N2O in the equilibration headspace is 0.35 × 10−6 μmol l−1, and the barometric
atmospheric pressure is 1 atm, and then Cwater equals 0.2255 μl l−1, which, using
the Ideal Gas Law, equates to 0.0101 μmol l−1.

Then following a mass balance equation (Hamilton and Ostrom 2007; Beaulieu
et al. 2012), the total amount of N2O present in the equilibration vessel is calculated
as follows (Eq. 2.19):

(
Co
water

)
(Vwater) = (Cwater)(Vwater) + (

Cgas
)(
Vgas

)
(2.19)

where Vwater and V gas are the volumes of water (l) and gas in the equilibration vessel,
respectively, and Cwater and Cgas are the respective concentrations (μmol l−1) in the
water and gas phases following equilibration. Then, since all the N2O came from the
original water sample, the concentration of N2O in this water sample

(
Co
water

)
, with

units of μmol l−1, is calculated as (Eq. 2.20)

(
Co
water

) = (Cwater)(Vwater) + (
Cgas

)(
Vgas

)
(Vwater)

(2.20)

Thus, using the value for Cwater determined above, with equilibration volumes for
water and gas of 0.12 l and 0.02 l, respectively, the value of Co

water equals 6.93 ×
10−2 μmol l−1. The degree of saturation, or saturation ratio, in this example, is thus
expressed as a ratio of Co

water to Ceq. For the example above, this equates to 5.70.
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2.9.2 Determining N2O Fluxes from a Water Body

Gas fluxes from a water body may be calculated using the following equation
(Beaulieu et al. 2012), where k is the gas transfer velocity with units of distance
per unit time, e.g. cm h−1 (Eq. 2.21):

F = k
(
Co
water − Ceq

)
(2.21)

If the value of Ceq has not been determined, but atmospheric N2O concentration
and water temperature in situ are known, then the flux of N2O off the water surface
may also be calculated as follows (Reay et al. 2003) (Eq. 2.22):

F = k

(
Co
water − Ca

K ′
h

)
(2.22)

where K ′
h isHenry’s law constant (Weiss andPrice 1980) forN2O,which is calculated

as the equilibrium concentration in the gas phase (moles per unit volume air) divided
by the equilibrium concentration in the water phase (moles per unit volume water),
and Ca is the concentration of N2O in air (moles per unit volume air). Theoretical
background and commonly used quantities and units for K ′

h can also be found in
Sander (2015). To derive sensible flux units, the units in Eqs. (2.21) and (2.22) must
be consistent with those used for the value of k. So, if k has units of cm h−1, the units
of concentration must be in mol cm−3 with the resulting flux given in mol cm2 h−1.
Similarly, if k and concentrations are in units of m d−1 and mol m−3, respectively,
then the flux of N2O has units of mol m2 d−1.

2.9.3 Determining Gas Transfer Velocity (K)

The value of k varies due to the turbulent mixing of the water body at the water–atmo-
sphere interface. Turbulence within the water body may result from shear stresses on
the bed of streams or rivers, or tidal currents and is thus dependent on the depth of the
water body and the speed at which it flows. It may also result from the wind. Thus, it
can be expected that small, shallow, and sheltered water bodies, such as agricultural
drains, will have values of k more strongly influenced by water depth and/or speed
(current), while deeper large open expanses of water such as estuaries, large rivers,
lakes, and oceans will be more strongly influenced by wind, although tidal currents
in estuaries and winds that oppose the direction of the water body current can all
influence turbulence.

Methods to derive values for k include (i) measuring the N2O flux using floating
chambers (or fixed chamber) and back calculating k, (ii) using published relationships
between k and wind speed to derive the value of k, (iii) tracer gas methods, and (iv)
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modelling of water body and micrometeorological parameters, or a combination of
these approaches.

Measuring the N2O flux with chambers that float on the water body surface is
commonly performed. Besides the requirements of chamber design that optimise
sensitivity of themeasurement, discussed elsewhere for land-based gasmeasurement
(see Sect. 2.2), the chamber must obviously float, but with minimal intrusion into
the water body when floating, have a vent to allow equilibration of the headspace
pressure during the placement of the chamber on the water surface, be insulated to
prevent temperature changes inside the chamber, and have a low profile to reduce
the influence of wind moving the chamber across the water surface at directions
opposed to the current. Such an effect creates additional turbulence and can lead
to an overestimation of N2O fluxes (Clough et al. 2007b). Similarly, tethering the
chamber so that it cannot drift in the current can also increase turbulence inside the
chamber and lead to erroneous fluxes being derived (Hartman and Hammond 1984).
If the water body is large, the chamber can be tethered to a boat, with a slackline,
while both drift in the current (Beaulieu et al. 2012). Procedures for gas sampling,
analysis, and calculation of fluxes are consistent with those for land-based chambers
(Sect. 2.2): best practice involves taking several chamber headspace samples over
time to enable the fitting of models to determine if the change in headspace N2O
concentration fits a linear or non-linear trend, with fluxes calculated accordingly
(Beaulieu et al. 2012; Hutchinson and Mosier 1981) (Plate 2.19).

For large water bodies, the value of k can be estimated using its relationship to
wind speed (de Wilde and de Bie 2000; Barnes and Owens 1998) using equations
that derive k from wind speed (Liss and Merlivat 1986; Wanninkhof 1992; Clark
et al. 1994; Wanninkhof 2014). This methodology is best suited to deeper large
open expanses of water, such as estuaries, lakes, and oceans. However, caution is
required, as water currents can still affect turbulence in large open water bodies as
demonstrated byBeaulieu et al. (2012): the value of k in theOhioRiverwas attributed
to not just wind but both current and wind speeds, with 46% of k at low wind speeds
(0.5 m s−1) resulting from water currents which were reduced to 11% at higher wind
speed (>2.0 m s−1).

The principle of the tracer gas method is to release a soluble gas at a given
point in the water body under study and to follow the dissipation of the injected gas
over distance and time. Trace gas studies have been performed in lakes (Cole and
Caraco 1998), oceans (Wanninkhof 1992), estuaries (Clark et al. 1994), and streams
and drainage ditches (Harrison and Matson 2003; Premaratne et al. 2017). Trace
gases should be absent from the study environment, and sulphur hexafluoride (SF6),
methyl chloride (CH3Cl), propane (C3H8), krypton (Kr), and Freon-12 have been
used. Studies by Jin et al. (2012) and Premaratne et al. (2017) provide examples of
the technique using CH3H8, which is briefly described below. The tracer gas is first
bubbled through a large container of water to saturate the water body with C3H8.
Typically, this is a large carboy with the exact volume-dependent on the size of the
water body under study and the ensuing release rate of the gas saturated water into
the water body, assumed here to be a stream. Also dissolved in the water is an inert
chemical tracer that can be used to estimate stream flow rate and dilution of the
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a

b

Plate 2.19 Floating chambers beingused to determine theN2Oflux from theLII river inCanterbury,
NewZealand.Note the highnumber of replicates. Floating chambers are drifting freely in the current,
but loosely tethered to a person walking alongside on the river bank who can retrieve the chambers
for sampling (a), and fixed chamber being used to determine the GHGs flux from the river in China
that can be raised or lowered with the fluctuation of water level (b)
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added water. For example, this inert tracer might be bromide (Br−) or a chloride salt
(Cl−). If the background conductivity of the water body is high, then a dye such
as the rhodamine dye may be used. The water is injected at a known constant rate
into the stream, using a peristaltic pump. Combining gas and chemical tracers in the
one vessel prevents uneven mixing of the tracers in the stream following injection,
which might occur if they are added from separate containers. However, for larger
water bodies, this will be impractical, and the gas tracer will be delivered by gently
releasing gas directly into thewater body. For example, in the Iroquois River, Laursen
and Seitzinger (2004) introduced tracer gas by staking a perforated garden hose to the
stream bed perpendicular to the channel flow direction. Sampling stations are set up
at intervals downstream of the tracer injection site, dependent on-stream speed and
flow, with the first site several metres downstream to ensure adequate mixing of the
injected water and to allow for any ebullition of tracer gas bubbles to be completed.
Again, with larger rivers, these sampling stations will be at greater distances (e.g.
kilometres) from the tracer injection site. At the sampling stations, water samples
are taken to determine trace gas concentrations using the equilibration technique,
and floating chambers may also be deployed to measure trace gas fluxes. In addition,
water chemistry, micrometeorological parameters (e.g. wind speed, air temperature,
and solar irradiance) and hydrological parameters are measured: depth, h (m); width,
w (m); and velocity,U (m s−1) enable the volumetric flow (Q, m3 s−1) to be calculated.

If floating chambers are deployed, an estimate of k can be made using the
equilibrium concentrations of the trace gas and the measured flux, thus, for C3H8

(Eq. 2.23):

kC3H8 = FC3H8/
(
Co
water − Ceq

)
(2.23)

Using this CH3H8 transfer velocity, the N2O transfer velocity
(
kN2O

)
can be

estimated as follows (Eq. 2.24):

kN2O = (
ScN2O/ScC3H8

)−n × kC3H8 (2.24)

where Sc is the temperature-dependent Schmidt number for CH3H8 and N2O, and n
is the Schmidt exponent (equal to 0.5 for surfaces with waves and 0.67 for surfaces
without waves (Jähne et al. 1987). A Schmidt number represents the dimensionless
ratio of the kinematic viscosity to the diffusion coefficient of the gas of interest,
which is temperature-sensitive. Thus, it is a common practice to normalise the value
of kN2O to a value of Sc = 600, which is the Schmidt number for carbon dioxide at
20 °C in freshwater (Wanninkhof 1992) (Eq. 2.25):

k600−N2O = (
600/ScN2O(T )

)−n
(2.25)

where ScN2O(T ) is the Schmidt number for N2O at temperature T, and k600−N2O is the
standardised gas transfer velocity for N2O at Sc = 600. The Schmidt number can
be calculated from published equations for C3H8 and N2O according to Wanninkhof
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(1992), where

ScC3H8 = 1911.1 − 118.11 × T + 3.4527 × T 2 − 0.04132 × T 3 (2.26)

ScN2O = 2055.6 − 137.11 × T + 4.3173 × T 2 − 0.05435 × T 3 (2.27)

Raymond et al. (2012) revisit these Schmidt numbers following a meta-analysis
of 563 experiments.

The dissolved tracer gas (C3H8) concentration data for each sampling station can
also be used to estimate k. As the tracer gas moves downstream some of this gas is
lost across the air–water interface and this can be defined in terms of a first-order
transfer rate (Clark et al. 1994; Laursen and Seitzinger 2004) as follows (Eq. 2.28):

F = hK
(
Cm − Ceq

)
(2.28)

where Cm is the mean concentration of the tracer gas in the water, h is the mean
water depth, and K is the gas exchange coefficient (Clark et al. 1994). By combining
Eqs. (2.21) and (2.28), gas transfer velocity may be defined as (Eq. 2.29)

k = h

(
Cm − Ceq

)
(
Co
water − Ceq

)K (2.29)

The slope of the ratio of tracer gas (C3H8): chemical tracer (Br−) ratios versus
time allows the gas exchange coefficient (K) to be determined (Wilcock 1988; Chapra
and Wilcock 2000). Following corrections for background C3H8 or Br−, KC3H8 can
be determined by plotting the ln(C3H8 concentration/Br concentration) versus water
travel time (Jin et al. 2012). The assumption is made that the ratio of C3H8: Br during
transit in the stream is altered solely as a result of C3H8 loss to the atmosphere. Then,
the C3H8 exchange coefficient (KC3H8) is used to derive the N2O exchange coefficient
(KN2O) as follows (Eq. 2.30):

KN2O = (
ScN2O/ScC3H8

)−n × KC3H8 (2.30)

The N2O exchange coefficient (KN2O) is then multiplied by h to determine the
air–water N2O transfer velocity (KN2O) that can be used to calculate the N2O flux
(Eq. 2.28), where it is assumed that the water column is well mixed. The mean value
of h may be determined as follows (Eq. 2.31):

h = Q

wU
(2.31)
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2.9.4 Models for Determining N2O Fluxes from Water Bodies

Numerous models exist in the literature for estimating k, and it is beyond the scope
of this section to cover all of these. However, N2O emissions from agricultural drains
and first-order streams are recognised hotspots for N2O emissions (Reay et al. 2003;
Beaulieu et al. 2008; Outram and Hiscock 2012; Turner et al. 2015; Davis and David
2018), and these sites readily allow the collection of variables required formodelling.
One model which has been used extensively is that of O’Connor and Dobbins (1958)
who introduced the model to predict k based on water turbulence (Eq. 2.32):

k =
(
DU

h

)0.5

(2.32)

where U is the stream velocity (m s−1), h is the average river depth (m), and D (m2

s−1) is the diffusion coefficient of the respective gas in water at the water’s given
temperature. This model has been widely used. More recently, in a meta-analysis
of 563 direct gas tracer release experiments, Raymond et al. (2012) found that the
gas transfer velocity scaled with the product of stream slope and velocity, and they
reported further models for estimating k and Schmidt numbers in streams. Other
models (e.g. Schwarzenbach et al. 1993) have also been used to determine k by
partitioning the individual contributions of water and wind-driven turbulence effects
(Beaulieu et al. 2012; Hamma-Aziz et al. 2016).

2.9.5 Other Factors to Consider

Besides measurements of dissolved gases in the water body, consideration should
also be given to reporting other parameters or features at the site that will enable
interpretation of the results, extrapolation of the results, modelling, and comparison
with other studies. Water bodies such as drains and streams are unlikely to have
constant chemistry throughout the day, and diel variation is commonly observed in
temperature, dissolved oxygen (DO), and pH (Harrison et al. 2005; Clough et al.
2007b). Similarly, seasonal changes also occur. Such changes have implications
for N cycling, and thus the amount of N2O dissolved in the water. A key driver
of DO, besides respiration, is the rate of photosynthesis. This is affected by how
clear the water is; so measurements of turbidity and sunshine hours should also be
reported. Similarly, wind speed and direction are other critical parameters to gather.
Dissolved organic C and inorganic-N species, both known to affect N2O production
or consumption transformations, should also be reported.
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2.9.6 Determining EF5

Once the N2O flux has been established, the EF5 value can be established. First,
the N2O flux is converted to an N2O-N flux. This will have units of mass of N per
unit area per unit time. To establish the EF5 value, the amount of NO3

− moving
through a given area per unit time is then calculated, which then enables the EF5
ratio to be determined. For example, if a 1-m-wide stream is 1 m deep and has a
speed of 1 m s−1, then the stream flows through one square metre every second. If
the NO3

−-N concentration in the water is 0.2 mg l−1, then 0.2 g of NO3
−-N flows

through underneath the 1 m2 surface every second. If an N2O-N flux is 0.5 μg m−2

s−1, then the ratio is 0.5× 10−6: 0.2, or 2.5× 10−6. The EF5 value is then determined
based on the ratio of N2O-N: NO3

−-N or on the basis of assumed N2O emissions
using the degree of saturation to predict a flux.

Units of N2O-N flux and NO3-N can be adjusted for the time period concerned.
Obviously, stream chemistry and N2O fluxes are dynamic, and so it is expected that
EF5 could also vary. Thus, modelling of these parameters at varying scales is useful
for predictingEF5 over different periods. For example, Reay et al. (2003) successfully
modelled the N2O flux along a drain with N2O emissions calculated on a “per metre
of stream” basis, with predicted N2O losses from the preceding 1 m stretch being
subtracted from the dissolved N2O concentration for each 1 m section of the drain.

2.10 Indirect GHG Emissions–Ammonia Emissions

Ammonia (NH3) itself has no direct greenhouse effect. It is a gas with relatively
low residence time in the atmosphere (2–10 days) compared to some GHG, such
as CO2 (3–4 years), CH4 (9 years), and N2O (150 years) (Hobbs 2000). However,
after NH3 enters the atmosphere and reacts with acids forming salts, it returns to
the earth’s surface and causes N2O emissions similar to a fertiliser-N application.
When the soil is subjected to conditions near to optimal for urease activity (e.g.
pH close to neutrality, soil moisture near the field capacity, temperature > 30 °C),
the N losses through NH3 volatilisation from urea-based fertilisers applied on soil
surface can be as high as 50% (Rochette et al. 2013; Martins et al. 2017). Therefore,
the measurement of NH3 emission is important to estimate indirect N2O emissions
derived from soil amendments, such as urea-based fertilisers, green manures, animal
excreta, or ammonium-based fertilisers in different soils. A default emission factor
defined by IPCC, known as EF4, can be applied for the estimation of indirect N2O
emissions derived from volatilisation of NH3 and other nitrogen oxides (NOx) (de
Klein et al. 2007). The mean value of EF4, considering the N volatilisation and
consequent re-deposition, is 0.01 kg N2O-N per kg N volatilised as NH3 + NOx

with an uncertainty ranging from 0.002 to 0.05 (de Klein et al. 2007). Management
options that reduce NH3 volatilisation from soils are considered mitigating practices
because they reduce indirect N2O emissions (IPCC 2014; Lam et al. 2017).
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Treated plot

Background
(Zero N control)

Plate 2.20 Schematic representation of circular plots for measurements of NH3 volatilisation
using mass balance integrated horizontal flux (IHF) method. A mast with NH3 samplers installed
at different heights is placed in the centre the plot. A mast placed in an unfertilised area is used to
quantify the background soil NH3-N emissions (zero N control)

There is a considerable range of non-isotopic methods that can be used to quantify
the NH3 volatilisation from soils. Chamber-based methods are the most common.
They are generally inexpensive compared to other more sophisticated methods, such
as micrometeorological, and are easier to install and handle. On the other hand,
the micrometeorological method has the advantage of being more representative for
larger areas and therefore are more representative of the field scale. The classical
micrometeorological method to measure NH3-N emissions is the mass balance inte-
grated horizontal flux (IHF)method (Leuning et al. 1985). Thismethod is basedon the
assumption that “vertical NH3-N flux from a fertilised area of limited upwind extent”
is equal to “the integrated horizontal NH3-N flux at known downwind distance”
(Wilson et al. 1983). This method uses NH3 samplers attached to masts placed in the
centre of a circular field plot (Plate 2.20).

The NH3 samplers with mounting pivots and fins are installed in different heights
of themast above the soil surface (Leuning et al. 1985;Misselbrook et al. 2005;MSU
2019). Therefore, the samplers are pointed into the wind quantifying the horizontal
NH3 fluxes at different levels (Plate 2.21), which are used in the final calculation of
the vertical NH3-N flux (VF), in μg N m-2 s-1, as shown in the following equation
(Eq. 2.33):

V F = 1

r

⎡
⎣

z∫
0

(
MN

EAS × t

)
treated

× dz −
z∫

0

(
MN

EAS × t

)
background

× dz

⎤
⎦ (2.33)

where r is the plot radius (fetch length),MN is the mass of N captured in the sampler,
EAS is the effective cross-sectional area of the sampler, t is the sampling period, and
z is the height of the sampler (MSU 2019).

The use of relatively sophisticated techniques, such as the mass balance IHF
method described above, is often not possible due to limitations of financial resources
or lack of skilled technicians. Thus, chamber-based methods are often employed
instead, because of their viability and ease to work with. Part of the procedures
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Plate 2.21 Example plot
showing the integration of
NH3 fluxes based on the
height of the sampler above
the soil surface (y-axis)
versus horizontal NH3 flux
measured at each height
(x-axis)

Horizontal NH3 flux
(µg N m-2 s-1)

Height of the 
NH3 sampler 

above the 
soil surface 

(m)

z

0
Soil 

surface

described above for the chambers used for measurement of N2O fluxes is also valid
for the chambers used to quantify NH3 volatisation (Tables 2.6 and 2.7). A difference
between these two types of chambers is the way how total N losses over the period of
measurements are estimated. The usual continuousNH3 captured by acid traps during
the entire period of measurement provides direct results of time-integrated N losses,
i.e. there is no collection of temporally separated samples for a final calculation of
fluxes as usually performed for N2O measurements.

Chamber-basedmethods havebeenused since themid-twentieth century to test the
effectiveness ofNmanagement practices aiming at a reduction ofNH3-N losses (Volk
1959). An example of a chamber design used to collect volatilised NH3 is the semi-
open collector described by Nômmik (1973). A concise schematic representation of
this chamber with the foam discs with an acid solution used for NH3 trapping is
shown in Plate 2.22.

Another common type of chamber is based on the use of a low vacuum system
to collect NH3, which consists of tubes connecting the chamber to a vacuum pump
and a small flask containing an acid solution used as NH3 trap (Kissel et al. 1977).

To warrant the precision and accuracy of measurements, i.e. reducing the uncer-
tainty for extrapolation of NH3-N losses to larger areas, some procedures of instal-
lation and handling the chambers under field conditions should be warranted. For
instance, the installation and replacement of the acid traps should be performed
in a short period to avoid a time-dependent bias. Methods employing soil collars
should be preinstalled at least 24 h before the beginning of measurements to avoid
undesirable effects of soil physical disturbance on the NH3 volatilisation process.
Moreover, the efficiency of NH3 captured by some type of chambers is usually not
100%, demanding the use of correction factors for the final calculation of NH3-N
losses. These correction factors are usually predefined in previous studies in which
calibration is performed using reference methods, such as the 15N-balance method
(Araujo et al. 2009; Jantalia et al. 2012; Martins et al. 2021b).

The advantages and disadvantages of usual methods for NH3 volatilisation using
non-isotopic techniques are shown in Table 2.6.
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Plate 2.22 Schematic
representation of the
Nômmik’s chamber for NH3
measurement

2.10.1 A Simple Low-Cost Chamber to Quantify NH3
Volatilisation

Among all methods for NH3 volatilisation measurements, a low-cost chamber has
been used successfully under field conditions (Araújo et al. 2009; Nichols et al.
2018). This chamber costs less than one US dollar and can be manufactured in
any region of the world, including those regions with limited financial resources
for scientific research. Studies conducted under field conditions have been showing
that this chamber can be used with sufficient accuracy and precision in experiments
aiming at testing management practices for NH3-N loss abatement. Details of the
design of this chamber were presented by Araújo et al. (2009), Jantalia et al. (2012),
Nichols et al. (2018), and Martins et al. (2021a,b). Briefly, this chamber is made
by cutting the bottom of a plastic soda bottle. After cutting, the bottom is attached
to the top of the bottle finish, serving as protection against rainwater. A vertically
hung foam strip (250 mm long, 25 mm wide, and 3 mm thick) pre-soaked in a 10 ml
solution of sulphuric acid (1 mol/L) plus glycerol (2%, v/v) is placed inside the
chamber to capture NH3. A small plastic pot is used inside the chamber to retain the
remaining acid solution not absorbed by the foam. A basket made of wire and hung
from the bottle finish is used as a support for the plastic pot and the foam inside the
chamber. The steps to manufacture and anchor the chamber in the soil are shown in
Plates 2.23 and 2.24.

Metallic supports can be used to anchor the chamber (Plate 2.24). The amounts
of “outside NH3”, i.e. NH3 not directly derived from soil, are usually not significant
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Plate 2.23 Steps to manufacture a low-cost chamber to measure ammonia volatilisation under field
conditions (Araujo et al. 2009; Martins et al. 2021b)
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Plate 2.24 A simple design of an open chamber after the assemblage of the parts. A correction
factor of 1.7 is used to convert the amount of NH3 trapped in the total volatilised NH3 (Araujo et al.
2009; Martins et al. 2021b)

in this type of chamber, even though the non-significance of the amount of “out-
side NH3” can be checked by installing some blank chambers in the area of NH3

measurements (e.g. one “blank” chamber per experimental block). Some eventual
NH3 detected in these “blank” chambers can be subtracted from the total NH3 trapped
in the chambers installed in treated and control plots. This “blank” chamber is the
same described above, but the soil surface is covered using an impermeable barrier
(e.g. an inert and impermeable plastic sheet).

Considering that the area circumscribed by chambers (<0.1 m2) is usually much
smaller than the final area used for extrapolation of the NH3-N losses (e.g. hectare),
the minimisation of the inherent uncertainty depends on the use of some strate-
gies. For instance, one way of reducing uncertainty is the employment of multiple
chambers per field plot. This strategy can increase the capacity of the detection of
significant NH3-N loss abatement by adequate N management practices. In a field
plot experiment, Martins et al. (2021a) estimated that, by using five chambers per
plot (31 m2), the margin of error was less than 15% of the real NH3-N loss. To opti-
mise the fieldwork and the laboratory analyses, the use of multiple chambers per plot
can be employed only in the critical periods of emissions, i.e. focusing sampling in
the period of a high probability of occurrence of significant NH3 fluxes and associ-
ated errors. For example, after easy hydrolysable N sources are deposited on the soil
surface (e.g. fertilisers, excreta), the bulk of NH3-N losses usually occurs in the first
2 weeks after N deposition. Therefore, using multiple chambers in this period has a
high probability of significantly reducing errors associated with the use of chambers.
It is worth noting that the conventional use of multiple plots per treatment (replicates)
in field experiments intrinsically improves the precision of NH3-N loss estimates,
even when using a single chamber per plot.

In addition, a significant part of the errors in measurements of NH3 volatilisation
can be reduced if it is ensured that the amounts of fertiliser applied in the relatively
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small area circumscribed by the chamber are equivalent to the N rate tested in the
area of the plot, in kg ha-1. The use of microplots inside the main field plots reduces
this kind of uncertainty. An example calculation to define the amount of fertiliser
applied in a microplot with a chamber is presented below.

Example calculation:

• N rate: 150 kg N ha−1

• Fertiliser type: Urea
• Application method: Broadcast
• N content: 46%
• Size of a field plot: 5 m × 5 m (25 m2)
• Size of the microplot: 1.0 m × 0.9 m (0.9 m2)

The amount of urea-N required for the entire plot is (Eq. 2.34)

10,000m2

25m2
= 150,000 gN

AmountofN in theplot

AmountofN in theplot = 15 gN × 25

AmountofN in theplot = 375.0 gN

46 gN

100 gurea
= 375.0 gN

Amountofurea in theplot

Amountofurea in theplot = 375.0 × 100 gurea

46
Amountofurea in theplot = 815.2 gurea (2.34)

The amount of urea-N required for the microplot is

10,000m2

0.9m2
= 150,000 gN

AmountofN in themicroplot

AmountofN in themicroplot = 15 gN × 0.9

AmountofN in themicroplot = 13.50 gN

46 gN

100 gurea
= 13.50 gN

Amountofurea in themicroplot

Amountofurea in themicroplot = 13.50 × 100 gurea

46
Amountofurea in themicroplot = 29.35 gurea

Amountofurea in the remainingareaof theplot = 815.20 − 29.35

Amountofurea in the remainingareaof theplot = 785.85 gurea

Another way to avoid a bias due to a slight unevenness in the fertiliser distribution
in the plot is the application of a precise amount of fertiliser in the area circumscribed
by the chamber. This procedure ensures a proper extrapolation of the NH3–N loss
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captured by the chamber to the total NH3–N loss per hectare. An example calculation
of the amount of urea using the data of the calculations above, considering the “plastic
bottle” chamber method, is presented as follows (Eq. 2.35):

• Diameter of the chamber: 100 mm

Areacircumscribedby thechamber = π × diameter of thechamber2

4

Areacircumscribedby thechamber = 3.14159 ×
(
100 × 10−3

)2
4

Areacircumscribedby thechamber = 0.007854m2

10, 000m2

0.007854m2
= 150, 000 g N

AmountofN in theareaof thechamber
AmountofNapplied in theareaof thechamber = 15 gN × 0.007854

AmountofNapplied in theareaof thechamber = 0.11781 gN = 117.81mgN

46mgN

100mgurea
= 117.81mgN

Amountofurea in theareaof thechamber

Amountofurea in theareaof thechamber = 117.81 × 100mgurea

46
Amountofurea in theareaof thechamber = 256.11mgurea (2.35)

The foams capturing NH3 in the “plastic bottle” chamber should be periodically
replaced in the course of the measurement period. The frequency of replacement
depends on the purpose of the NH3-N loss quantification. When the measurements
are performed to understand the temporal dynamics of NH3-N losses, more frequent
replacements of the foams should be adopted (e.g. every 2 days or on a daily basis).
By contrast, when the purpose is to assess only the total amount of NH3-N loss, the
intervals of replacements of the foams can be increased, but not exceeding 5 days
(Araújo et al. 2009). Considering the amount of sulphuric acid in the solution, each
foam has the NH3 trapping capacity equivalent of more than 300 kg N ha-1. Consid-
ering also that the foams are replaced several times in the course of the measurement
period, the saturation or reduction of trapping efficiency is very unlikely for the usual
NH3 fluxes measured in soils.

When an easily hydrolysable N source is applied, such as urea-based fertilisers in
agricultural soils or urine in pasture areas, the significant fluxes of NH3 are usually
very intense in the first days and usually return to the background NH3 emissions in
the first two weeks (Martins et al. 2021a). On the other hand, the application of more
recalcitrant N sources causes prolongedNH3 fluxes above the background emissions,
demanding measurements for longer periods. For instance, the measurements of
NH3-N losses derived from plant residues with high C/N ratio usually should be
performed for several weeks or months after the amendment. If promptly performed
after collection in the field, the analysis of N in the foams can indicate the need for
further NH3-N measurements.
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Plate 2.25 Orbital shaker with the Erlenmeyer flasks used for the extraction of NH4
+ from the

foams coming from the chambers

The plastic pots with the collected foam strips should be transported to the labo-
ratory for the extraction of N trapped in the foams (NH4

+ form). To extract the NH4
+

from the foams, the content of the plastic pots (foam + solution) is transferred to
an Erlenmeyer flask, and then deionised water (40 ml) is added for the extraction of
the NH4

+. Alternatively, KCl solutions can also be used (Jantalia et al. 2012), but
some tests indicate that pure distilled water is able to extract the total quantity of
N trapped in the foams. After that, the Erlenmeyer flasks are shaken on an orbital
shaker, usually for less than 30 min (Plate 2.25).

After the NH4
+ is extracted from the foams, the N concentration of the extrac-

tion solution can be analysed using one of the many methods available (Bremner
1965; Keeney and Nelson 1982). Some examples of usual methods for the determi-
nation of NH4

+-N in solution are continuous flow analysis, steam distillation, and
colorimetric techniques. Continuous flow system, such as flow injection analysis
(FIA), is quite adequate because they are usually rapid and very sensitive, which
are significant advantages when working with a high number of chambers and with
many replacements of foams during the period ofmeasurement of NH3 volatilisation.
Standard solutions of ammonium salt (e.g. sulphate) should be analysed along with
the extraction solutions. An example spreadsheet for illustrating the calculation for
the conversion of the N concentration in the extraction solutions to the total NH3-N
loss per hectare is detailed in Table 2.7. In the example shown below, considering
a total NH3-N loss of 54.90 kg N ha−1 in the N-fertilised treatment and subtracting
0.79 kg N ha−1 (Zero N treatment, i.e. “background” emission), we estimated that
36% of the applied N was lost as volatilised NH3.
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2.11 Gas Production Processes in Terrestrial Ecosystems

The total production of a certain gas from the soil is often the sumof several soil fluxes
that can occur in diversemicrosites of the soil (e.g. aerobic and anaerobicmicrosites),
for instance, soil microbial processes for N2O production, including nitrification,
denitrification, co-denitrification, and organic N oxidation to mineral N (Zaman et al.
2012; Butterbach-Bahl et al. 2013; Müller et al. 2014; Smith 2017). The microbial
processes of N2O and non-greenhouse gas N2 production in soils, sediments, and
groundwater across the landscape may occur simultaneously and depend on the
physical (moisture contents or O2 level and permeability) and chemical conditions [N
form (i.e. organic N, NH4

+-N, NO2
−-N, and NO3

−-N), pH and organic C contents]
(Zaman et al. 2012). Such complexity of gas production processes in soil makes
the precise measurements of GHG flux, especially across different agroecosystems,
very difficult and challenging. The identification of process and pathway-specific
GHG fluxes can be tackled by suitable stable isotope-tracing techniques which are
described in detail in Chap. 7.
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