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Methods and procedures for measuring greenhouse gases vary in different
aspects, which could dictate most of the decisions. Even within the same
context of measurements, there are different techniques and procedures. This
study presents a harmonized approach so that results from different studies are
easily compared, and methods can be reproduced. The relevant literature on
sampling has been discussed and used to establish consistency. The applied
knowledge acquired during the two related field experiments, 2017-2018 and
2018-2019, has also been used to leverage the procedures. It was observed that
the non-flow-through steady-state (closed or static chamber) method is the
widely used method in the field for greenhouse gas measurements. Its
chronological sampling’'s main steps are anchor installation, upper part
chamber placement, temperature recording, gas sample withdrawal, injecting
the sample into the vial, flushing the syringe with air twice, upper chamber part
removal from the anchor, and placement on the plot border beside the
respective anchors. These leveraged procedures can ensure consistency in
acquiring data for reliable results to help make informed decisions about
greenhouse gas reductions.
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1 Introduction

About 14% of the annual greenhouse gas (GHG) emissions are
mainly from agriculture, and in developing countries, an additional
17% is induced through deforestation for the extension of
agricultural land (Vermeulen et al, 2012; Pearson et al, 2017;
Shakoor et al, 2020). The emissions are expected to mainly
increase in developing countries from the current account of
about three-quarters (Coady et al., 2019; Tubiello et al,, 2021). It
has also been reported that anthropogenic emissions globally,
agricultural GHGs - methane (CH4) and nitrous oxide (N,O)
account for about 10 to 12% (Smith et al., 2008; Kasimir
Klemedtsson et al., 2009; Eckard et al., 2010; Hu et al., 2012).

Increasing carbon sequestration in the soil and biomass can
reduce agriculture's contribution to climate change by 5.5 to 6.0
gigatons (Gt) of carbon dioxide equivalent (CO, eq) (Olander
et al., 2013; Pant et al.,, 2023). Management practices trigger GHG
emissions in agriculture; therefore, it is necessary to study the level
of emissions in different agricultural management practices and
bring forth the less emission practices yet provide optimal
productivity. This can be of much importance to planners and
policymakers in governing stakeholders toward efficient
agricultural resource use and ensuring a resilient agricultural
system (Olander et al., 2013). Due to these reasons, the
quantification of GHGs has been of scientific attention for
several years, and different methods have been developed and
tested in various agricultural environmental conditions. These
approaches are broadly grouped into micrometeorological and
chamber categories (Denmead, 2008).

In the development, calibration, and validation of empirical and
process-based models for quantification of GHG emissions at the
farm scale and beyond, the chamber-based approach is the most
used due to its adaptability, portability, cost-effectiveness regardless
of the diverse agricultural environment and its surroundings
(Sapkota et al., 2014). This method has been used for more than
eight decades to estimate soil respiration (Peoples et al, 1995;
Rochette and Eriksen-Hamel, 2008; Rochette et al., 2009). The
chamber approach can quantify very small soil surface flux and
applies to wide experimental objectives (Sapkota et al., 2014). More
than 95% of the thousand published studies on the emission of N,O,
in particular, used chamber methods (Venterea, 2013; Khalil et al,
2020). The chamber method can also be used for quantifying the
impact of various treatments, but it has a few limitations regarding
space coverage, time, and manual sampling. Due to the key aspects
of chamber methodology, such as design, sampling frequency,
storage time, and analytical procedures, the results from studies
conducted by various researchers vary. However, they are from

TABLE 1 Soil physical and chemical characteristics.

10.3389/fagro.2024.1464495

similar cropping systems and management practices. This makes it
necessary to compare these studies and develop standard guidelines
for manual chamber-based measurements. Despite improvements
in measurement techniques, the manual chamber is the most widely
used methodology at field plot scale, followed by automated. This
study aimed to provide the leveraged procedures for sampling GHG
emissions using the manual chamber method in field crops like rice,
wheat, maize, chickpea, pineapple and other related crops
or systems.

2 Materials and methods

To ensure precision for the desired location, the manual
chamber anchor installation in the field is better placed right after
the crop has been germinated. The chamber and components
commonly use materials that do not react with GHGs or emit
any contaminants, such as stainless steel, aluminum, polyvinyl
chloride (PVC), polycarbonate, polyethylene, or polymethyl
methacrylate, ie., plexiglass, acrylic sheet (Parkin and Venterea,
2010; Clough and Nutbrown, 2012). To minimize internal heating
from solar radiation, the preferred color is white or coated with a
reflective material (Gorgolis and Karamanis, 2016). The
components of the chamber include seals, tubing, septa, and vents
(Clough et al., 2020). In the referenced experiment, the temperature
was measured using a sensor probe (JM624, Jinming Instrument
CO., LTD.,, Tianjin, China), inserted at the top of each chamber, and
gas samples were analyzed using a gas chromatography system’
(Shimadzu CO., LTD., Kyoto, Japan), within 24 hours. The samples
were kept in tightly sealed vials when the analysis was not
conducted within 24 hours.

The soil physiochemical properties (Table 1) are from the
referred wheat field experiment provided here for reference only.

2.1 Principles

The operating principle of the chamber method is the
magnification of changes in the concentration of gas in the
headspace, whereby restriction of the volume of air with gas
exchange occurs (Denmead, 2008). The chamber method can be
classified further into two categories (Rochette and Eriksen-Hamel,
2008): (i) open to the atmosphere (flow through or steady state) and

1 https://www.shimadzu.com/an/products/gas-chromatography/

application-specific-system-gc/transformer-oil-gas-analysis/index.html

Soil type Depth (cm)  Nitrogen (N) Phosphorus (P) Potassium (K) pH
mg/kg mg/kg mg/kg
Sandy loam with bulk density of 1.52 g/em’ 0-20 11.0 24.5 10.6 7.7 144
20-40 7.0 12.2 88.9 80 | 950

Average moisture at field capacity 24.52 v/v.
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(ii) closed to the atmosphere (non-flow-through or non-steady
state). In a flow-through chamber, the difference in concentration
between the air entering and leaving the headspace is measured, and
a constant flow of outside air is maintained through the chamber’s
headspace. Actual flux from the soil is calculated from the increase
in concentration over time. The non-flow-through steady-state
method, which is the most prominent method for GHG emission
from the literature survey conducted, is commonly known as the
static method (Bouwman et al., 2002; Rochette and Eriksen-Hamel,
2008; Clough et al., 2020).

2.2 Procedures

After the chamber is designed and constructed, an anchor should
be inserted into the soil at least 8 cm deep during installation in the
field, the remaining part being less than or equal to 5 cm close to the
soil surface (Parkin and Venterea, 2010). During sampling, the
chamber’s upper part should be placed and sealed onto the base
using a water layer. After sampling, it should be removed until the
next sampling day (Baram et al., 2022). Instead of using water, if
necessary, the anchor and chamber upper part can be sealed using a
rubber gasket (Parkin and Venterea, 2010). However, chamber
anchors should not be removed except in cultivated systems; prior
cultivation, planting, and fertilization, when removed, should be
replaced at least 24 hours before sampling (Parkin and Venterea,
2010). The chamber environment should be checked regularly,
ensuring similarity is maintained to reduce microclimate effects,
possibly due to the permanent placement of chambers. In
agricultural production systems, chamber placement and
adaptation to the plants play an important role in flux
determinations. If the main intention is to measure net trace gas
flux from a particular production system, then ideally, some plants
should be included inside the chambers during flux measurement; the
object or context of the study acts as guidance as well.

To overcome a vertical gas concentration gradient during
sampling (Parkin and Venterea, 2010), a gas sampling manifold
should be used inside the chamber to draw headspace gas from four
quadrants. Mixing headspace gas by pumping the syringe before
sampling should be avoided, as it may cause pressure perturbations
and/or excess dilution of headspace gas by entering outside air
through the tube vent, as reported (Parkin and Venterea, 2010).
Seedbed preparation can directly impact emissions. For example,
row-cropping or raised bed planting cannot produce similar
emissions, as inter-row gradients may lead to differences in soil,
water, nutrient contents, and GHG emissions. Placing the chambers
in rows and inter-row spaces/furrows is ideal. Otherwise, a larger
chamber that considers both settings should be considered (Blanco-
Canqui et al., 2008; Alexander, 2022).

Placement of the chamber on its base, headspace air cooling, or
warming during sampling may create a pressure gradient (Davidson
et al, 2002; Clough et al., 2020) or wind-driven turbulence. The
venture effect may result from wind depressurizing the chamber by
pulling air out of the chamber headspace, leading to the mass flow
of the soil gases (Sapkota et al., 2014). The vent in the chamber close
to the soil should be opened to correct the shortcomings. Sampling
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procedures should be consistent throughout the sampling season to
minimize bias in the flux estimate and account for temporal and
spatial variability of GHG emissions. Production and diffusion of
gas can be impacted by compacting the soil by walking around for
gas sampling and other measurements. Under moist soil that is
eligible for compaction, it is recommended that the chamber be
relocated periodically. The headspace gas sampling is done through
a sampling port provision, which is inert, airtight, and made using
butyl rubber septa. Sampling and storage work simultaneously start
from the beginning of sampling and continue until analysis is
undertaken. The gas samples from the chamber headspace are
analyzed in the laboratory for trace gas concentration.

Site-specific diurnal variation studies can help establish the best
time of day for sampling. Since soil temperature is influenced by
surface residue retention, all plots should have a uniform amount of
soil cover; otherwise, the mean daily temperature for the plots with
more surface residue should be determined separately, and if
possible, their sampling time should be rescheduled separately.

If gas-tight syringes are used for sample collection, gas samples can
be stored in the syringes themselves for the short term, but it is
expensive (Kammann et al., 2001; Capone, 2018; Harvey et al., 2020).
However, this can be an expensive option. The glass vials (exetainers)
sealed with rubber septa are mostly used for storing gases as they are
non-reactive to greenhouse gases. Before sampling, the glass vial should
be evacuated. This is mostly done through a vial evacuation manifold of
the pump, vacuum gauge, valve, and needles. Alternatively, chamber
headspace gas can be used to evacuate the vials by flushing four times
backward and forward before sampling and then continuing with
regular sampling (de Klein et al,, 2003; Harvey et al,, 2020). To avoid
the incursion of ambient air into the vials during storage, vials can be
over-pressurized by inserting a higher volume of gas sample than the
actual size (Harvey et al., 2020). Proper storage should be followed after
sampling to avoid contamination of the sample due to leakage;
otherwise, analysis should be performed immediately. However, air-
tight sealed samples can be stored for a longer period. Such as with
butyl rubber containers stored at 10 ppm N,O for up to 126 days
without significant loss in N,O concentration (Harvey et al., 2020).

The rate of change of trace gas concentration in the chamber
headspace when its gradient is computed results in the fluxes
estimates. Considering the available resources and linear increase
of headspace gases over time, more than one sample at different
intervals should be collected because the higher the number of
samples, the better the flux estimate of a plot or station. Thus, to
obtain a quality flux, Chadwick et al. (2014) suggested that four or
more gas samples should be taken in one plot. By inserting a
polypropylene syringe into the chamber septa and slowly removing
the gas sample, an amount of 5-50 ml should be withdrawn,
depending on the analytical method.

The field wheat crop was subjected to 3 irrigation treatments (0
mm, 40 mm and 120 mm) and 2 different nitrogen rates (157.5 Nkg
and 315 Nkg) with 3 replications in the referred experiment. Thus, 6
x 3 randomized complete block design (RCBD) in a split-plot
arrangement with 18 treatment combinations. Whereby irrigation
factor came under main plot (Block 1 to Block 3) and nitrogen
factor with the two doses under sub-plots on each irrigation
treatment as per Figure 1.
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BLOCK 1

C
B
BLOCK 3

FIGURE 1
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BLOCK 2

A schematic diagram illustrating the collection of gas samples through a manual chamber in a wheat field. (A) O - irrigation (B) 1 - irrigation (C) 3

- irrigation.

Sampling was conducted between 8:00 and 12:00 am local time
for all treatments to measure GHG emissions using the field’s
manual closed chamber method (Zhao et al., 2009). The gas
samples were drawn from chambers with 100 ml nylon syringes
through a three-way stopcock attachment at 0, 15, 30, and 45
minutes. In each of the 18 plots, chamber anchors were
permanently placed right after wheat germination, and sampling
was performed immediately. The chamber’s upper parts were laid
along the plot border beside each anchor. A few minutes before
sampling, vials and syringes were placed at each sampling spot, and
temperature probes were installed permanently at the top of each
chamber’s upper part. The detailed leveraged systematic sampling
procedures for trace gas flux sampling were used (Parkin and
Venterea, 2010), and our field experience is as follows;

Take one (1) ambient air gas sample (from the air)

a) Place all chamber upper parts on their anchors (vent
facing downwind).

b) Start the stopwatch.

¢) Sample gas at time equal to zero (t = 0) at the 1 plot only.
d) Start sampling at 1** plot when stopwatch time is at 15min.
e) Record temperature (T}).

f) Withdraw three (3) samples of 10 ml gas.

g) Inject the sampled gases into the glass vial, which has been
previously evacuated and sealed with a butyl rubber septum
for storage.

h) Flush the syringe with air twice.

i) Proceed to 2"¢ chamber.

j) Record the temperature (T5).

k) Withdraw three (3) sample of 10 ml gas.

1) Inject the sample into the vial.

m) Flush the syringe with air twice.

n) Repeat the procedure letter e to h consecutively for plots
(anchors) from 3" to 18" within the shortest time possible.

0) When 18 plots are completed, do not remove the chambers
from the anchor; wait for the stopwatch to reach 30
minutes, then start the next round.

p) Repeat from letter d to n with sampling times at 30 minutes
(t, = 30 min) and 45 minutes (t; = 45 min) for all the plots.
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q) After all plots have been done with t;, t,, and t3;, remove the
upper part chambers and place them on the plot border
beside the respective anchors until the next sampling day.

r) Collect all the sampled gases into a general cool container
and carry them to the laboratory for analysis.

2.3 Specifications

The main chamber is divided into two parts (Baram et al., 2022).
The upper part should have an appropriate height and size to cover at
least 175 cm? according to the crops to be included; this will maximize
flux detection and minimize perturbation of the environmental
variables (Pihlatie et al, 2013; Sapkota et al., 2014). It should be
noted that as chamber height increases, temperature, humidity, and
gas concentration as environmental variables sensitivity get reduced
(Fang et al,, 2010; Li et al,, 2010; Both et al., 2015). The dimensions of
the chambers used in the study for winter wheat in North China were

Rubber septum

Thermometer:

Sampling box—"]

‘Water filled channel

FIGURE 2
Ideal rectangular shape closed chamber used in the
referred experiment.
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suggested by Fang et al. (2010) and Li et al. (2010). The fabrication of
chambers can be done locally, provided the basic construction
requirements are met. This can help reduce costs and still obtain
satisfactory results (Friedrich and Gustafson, 2007; Jain et al., 2015).
Selecting the appropriate size of the chamber, number, place to install,
time of the day to take samples, and sampling frequency reduces the
temporal and spatial variability of fluxes. Figure 2 is the ideal
representation of a rectangular manual chamber.

Including plants may increase chamber height, resulting in
reduced sensitivity. To improve this, the chamber closure period can
be extended. The time of closure is essential for flux estimate; the longer
the time, the better it is; for a chamber with a maximum height of 20
cm, a closure of 30 to 40 minutes was recommended (Alves et al., 2012;
Chadwick et al.,, 2014; Charteris et al., 2020; Martins et al., 2021).
Generally, the chamber height to closure time ratio should be > 40 cm
per hour (Rochette and Eriksen-Hamel, 2008). Apart from the plant’s
height, another reason for the possibility of increasing chamber height
is the headspace at the crop canopy for fans, which have been used to
mix air in closed chambers to overcome possible bias from vertical gas
concentration gradients (Clough et al., 2020).

The period of the day when the GHG emissions are expected to
be at their peak is the best time to compare the short-term emissions
differences among the treatments. Between 9 a.m. and 12 p.m. in April,
the maximum CO, emissions from maize and chickpeas in Northwest
India were observed (Sapkota et al., 2014). However, daily flux is
measured by using points in time measurement, and the ideal time for
measurement could be the time of the day when the flux is determined
to be equal to its daily mean. This is because soil temperature controls
the GHG emissions from soil (Dalal et al., 2008; Livesley et al., 20105
Schaufler et al., 2010). The average daily flux can be attained when the
soil temperature in the plough layer is close to its daily mean
temperature (Laville et al, 2011). In New Delhi, India, several studies
have suggested that the time between 10 am and 12 noon reflects the
diurnal mean range (DMR) average (Parihar et al., 2018).

Further, other factors like rainfall and farm operations such as
tillage, fertilization, and irrigation greatly influence GHG emissions.
For instance, after soil disturbance, rainfall, or irrigation and
fertilization, nitrous oxide emissions, in particular, peaks are

10.3389/fagro.2024.1464495

observed and can last from a few hours to a few weeks
(Bouwman et al., 2002). When no event influences emissions and
normal growing season, gas sampling can be done once a week,
while after events, that influence should be taken more frequently
(Sass et al., 1992; Kallenbach et al., 2010). In the referred
experiment, one week before and until the emission drops to its
daily mean, the measurements were taken daily. This ensured that
the interpolation of the pre- and post-event emissions was reliable
and did not underestimate or overestimate emissions.

3 Results and discussion

Soil gas flux can also be affected by fan speed, position, and mixing
rate; thus, further data are required, especially on the systematic
evaluation of systems containing tall plants to establish best practices
(Clough et al., 2020). Generally, stable isotope techniques are the most
accurate methods for measuring GHGs as they allow process-specific
quantification but require sophisticated and expensive equipment
(Mumu et al,, 2024). Another aspect of GHG assessment accuracy is
using high-quality known standards; this ensures accuracy and
comparability between laboratories (Harvey et al., 2020). An ideal
single standard protocol for all three major GHGs (CO,, CH,4, and
NO,), from chamber design to data reporting, would be a
consolidation of present knowledge from the best practices (Fiedler
etal, 2022). Estimating differences between treatments and exploring
systems dynamics over systems over seasons or years using a
comprehensive experimental design is essential in conforming to
established guidelines (Collier et al., 2014). Moreover, where fluxes
are exceptionally spatially variable, such that heterogeneous
agricultural landscapes like woody grazed pastures, deploying more
chambers with fewer headspace samples per chamber may be
beneficial (Charteris et al., 2020). Similarly, increasing chamber
sampling frequency will improve accuracy and reduce the
uncertainty of temporally interpolated N,O for flux induced due to
irrigation or freeze-thaw cycles. The detailed substantiated protocols
and recommendations focused on manual chamber method are
presented in Table 2.

TABLE 2 Literature highlight on measurements of GHGs emissions using static manual chamber methodology.

Aim Specificity

Chamber measurement protocols

Approach

Outline References

Comparison of GHG
measurement in three basic
chamber-based techniques

Reporting and recommendation
on CO,, CHy, and N,O flux data
and quality may be improved,
and source of error and
uncertainty minimized

Details of available
methodologies, benefits, and
drawbacks, focusing on those
extensively tested in various
ecosystems and regions.

Increase validity, comparability,
and sensitivity to potential error
sources of GHG flux
measurements from planning to
data reporting and publishing.

Comprehensive overview of the
variety of techniques, including
the latest technologies

Best practices

Flow-through air circulation open
soil chambers.

Closed-loop air circulation closed
soil chambers.

No air circulation static

closed chambers.

Temporal resolution.
Spatial resolution and pattern.
Ancillary data.

(Mumu et al., 2024)

(Fiedler et al., 2022)
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TABLE 2 Continued

Aim

Specificity

Chamber measurement protocols

Approach

10.3389/fagro.2024.1464495

Outline

References

Recommendations for
deployment and
accounting for sources
of variability

Design considerations

Recommendations for air sample
collection,
storage, and analysis

Reduce chamber deployment
uncertainty on regard to N,O
fluxes spatial, temporal and
experimental variability

Factors that affect GHG flux
measurement and non-flow-

through, no steady-state chamber

Primarily for gas
chromatography analysis, air
sample collection and storage in
small vials (< 12 ml)

Recommendations updates

Literature review and synthesize

Description of collection and
storage of air samples,
and the method of analysis

Site selection and chamber
placement and coverage account
for spatial variation.

Strategic sampling over a
sufficient duration account for
temporal variability.

To minimize the overall
uncertainty of N,O allocate the
resources efficiently.

The design and construction of
the chamber are crucial for
accurate soil gas flux.

The experimental aim, soil
conditions, plant effects, and
ecosystem dictate the design.
Understanding appropriate air
mixing using fan

Inert pre-evacuated septum-
sealed vials are recommended for
air sample collection from
chambers.

Adequate flushing and over-
pressuring gas in the vial help to
maintain sample integrity.

Short storage times and
concurrent storage of standards
are important for

quality assurance.

(Charteris et al., 2020)

(Clough et al., 2020)

(Harvey et al., 2020)

The widely and user friendly
form of chamber-
based measurement

Utilization of the type of closed
chambers without

air flow-through, commonly
referred to as “static” or “non-

Overview of standardized
procedure and a platform from
which to explore further nuances
and variations described in

Chamber Construction and
anchor Installation.
Calibration and Experimental
Design

(Collier et al., 2014)

steady-state non-flow-
through” chambers

According to Bain etal. (2005), CO, fluxes exceeded a factor of 2 in
response to wind events for vented chambers. Xu et al. (2006)
presented a new vent design to avoid overestimating CO, fluxes
under windy conditions due to the venture effect. The timing of
measurements and sampling frequency affect the flux. According to
Parkin (2008), sampling once every 21 days yielded estimates within -
40 to + 60% of the actual cumulative flux. However, manual chambers
daily overestimated seasonal N,O and CH, fluxes by 18 to 31% because
diurnal variation in fluxes was not accounted for; on the other hand,
automated chambers reduced soil moisture due to unchanged
chamber position (Yao et al., 2009). When sampling CH, between
1800 and 0800 hr, intervals < 7 days (Wood etal., 2013), measurements
yielded + 10% deviation, and for N,O was 50% when sampling at 2000
hr. Changing the position is recommended to avoid soil moisture
reduction when using an automated chamber, and diurnal variations
should be accounted for when using a manual chamber.
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Field Sampling

4 Conclusion

Greenhouse gas emission sampling must be optimized to
minimize the uncertainties in flux estimation arising from
temporal and spatial variation. Currently, resources are most
limited when the number of chambers and sampling frequencies
are to be increased to account for spatial and temporal variability.
Optimization can be achieved through the verified methods and
recommendations in each GHG emissions sampling context. For
example, taking at least three samples in each chamber for adequate
quality assessment of the calculated flux, sampling each round
within the shortest time possible before the next round. Also,
change the sampling route, starting from first to last and vice
versa on each day or for each round, to minimize temporal
variation. Accurate GHG measurement can help policymakers
make informed decisions and policies on greenhouse gas reduction.
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