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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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oduction

Greenhouse gas (GHG) emissions from soils have become a major environmental concern. Global and
national emission inventories have identified soils, in particular agricultural soils, as being a major
contributor to these emissions, in particular nitrous oxide (N20), methane (CH4) and carbon dioxide
(CO2) related to loss of soil organic matter. Agricultural soils are also major emitters of ammonia (NH3z),
which is a precursor of N20. Changes in soil management should take account of these emissions as part
of efforts to mitigate climate change.

GHGs and ammonia fluxes from soil are complex to measure. They are variable and heterogeneous as
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Soil Quality — Guidance on methods for measuring
greenhouse gases (CO2, N20, CHs) and ammonia (NH3)
fluxes between soils and the atmosphere

1 Scope

This{document gives an overview and provides guidance on the main methods available to quantify the
exchanges of greenhouse gases (CO2, N20, CH4) and ammonia (NH3) between soils and-the atmosphere.

Itis intended to help users to select the measurement method or methods most suited to their purposes
by sdtting out information on the application domain and the main advantages)and limitations of each
metHods.

2 Normative references

Therk are no normative references in this document.

3 Terms and definitions

For the purposes of this document, the following term3and definitions apply.
ISO gnd IEC maintain terminological databases fof use in standardization at the following dddresses:
— ISO Online browsing platform: available@t https://www.iso.org/obp

— IEC Electropedia: available at http;//fwww.electropedia.org/

31
intrysive method
meaguring method that can influence the emitting processes

3.2
mas$ balance approach
metHod based on a,mass balance consisting of measuring the flux of compounds entering ajnd leaving a
voluime of air aboye the soil surface being studied

3.3
micrometeorological method
metHodusing analyses of the atmospheric concentration of the gas and meteorological mgasurements
suchlaswind speed, wet and dry-bulb air temperatures, net radiation, and heat fluxes.

Note 1 to entry: These techniques are used for determining field-scale fluxes, and include eddy covariance,
energy balance, aerodynamic and mass balance technique. They do not disturb the environmental conditions.

3.4

oasis effect

effect arising from the local environment of the field being studied and affecting emissions from a
particular field depending on whether it is in an environment with a high level of emissions or a low
level of emissions

Note 1 to entry: the oasis effect will only affect compounds whose fluxes result from a thermodynamical
equilibrium between the surface and the atmosphere (NH3).

© IS0 2019 - All rights reserved 1
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4 Methods for measuring GHGs and ammonia fluxes between soil and the
atmosphere

There are methods for measuring ammonia and GHG fluxes between soil and the atmosphere for a
diversity of conditions and spatio-temporal resolutions (from less than an hour up to several days, from
the soil sample up to several square kilometres) (this section). The main methods generally involve
air sampling and determination of the concentration of the gas(es) of interest. Several concentration
measurement and air sampling methods are compatible with a given flux measurement strategy (see
Clause 5). The methods used and their combination depend on the purpose for which the measurements

will be used

Two main sfrategies can be used:

a)

b) atmospheric method used to estimate the fluxes at a distance from the source.
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Chamber methods are intrusive methods based on using static or dynamic flux’chambers. Stati
dynamic fluxjchambers can only quantify emissions for a small area of the source. Fluxes,generally vary in

, the operators’ qualifications and the financial resources available (see Clause 6).

the parameters for weather and season) and in space (different soilS~and climatic condit]
ktrapolation at field-scale, a sampling strategy using several chambers is required to refle
emissions over the area. Flux spatial structure could be determined(®y exploratory measurer
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indscape features (e.g.: position in a slope). These methods cansalso be applied under laborj
determine the emissions of gases from soil samples, but hard to scale-up to field scale.

mospheric methods are non-disruptive. The net exchange is estimated by measuring concentrd
from the source together with micrometeorological nteasurements (e.g.: wind, air tempera
re then estimated on the basis of these measuremeénts, with a mass-balance approach or
of these methods are fairly difficult to implementand are highly dependent on weather condi
dge of micrometeorology is generally requiredy They can be used to characterize global fluxes

lirce. In particular, atmospheric methods.imeasure both soil and vegetation contributions, if th|
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Table 1 — The different methods and their main advantages and limitations

Application domain Main advantages Main limitations

Chambers methods

Static flux cham-
bers

Applicable to low
fluxes

Mainly used for
comparison of
treatments

Easy to implement

High sensitivity even with
low instrumental precision

Evaluation of spatial

variability with several
chambers

Intrusive method modifying

emissions condi

tions.

Chambers may alternate

between locatio

ns (provide

multiple chamber bases)
to limit the impact of

the chamber on

the soil

Applicable in field
rr

and in laboratory
Small area (~m?2)

Can be automated
for monitoring
dynamics over
short periods

Non-reactive gases
(CO2, CH4, N20)

Most common flux
measurement methods
with many methodological
references

CIlViI OIIINEINnt dl
emissions.

Spatial éxtrapol
measurements

sampling strate
several chambe
spatial and tem
extrapolation m

d hence

ation of
requires a
By using
s with
boral
odels.

Dynamic flux
chambers and
wind tunnels

Comparison of
treatments

Applicable in field
and in laboratory

Small area (~m?2)

Possible control of wind
speed

Preferred forweactive gas
such as NH3

Intrusive methd

d modifying

emissions conditions

Very difficult to
results to repre
field emissions

The oasis effect]
increase or decy
apparent flux

extrapolate
sentative

can
ease the
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Table 1 (continued)

Application domain |

Main advantages

Main limitations

Atmospheric methods

Mass-balance —
methods

Continuous
monitoring

Real conditions

Comparison of

Easy to implement and not
expensive

Non-intrusive method

Can be used for small areas

Need a large number of
measurement points

Background concentration
should be measured
accurately

Eddy-covarignce

Real conditions

Allows measuring
atmospheric
deposition

treatment (few tens of square metres)
Inverse modgttimg Easy tomptemmentamd ot Suttabte-forumiformm major
expensive emissions sources with
low and fairly conStaht
Non-intrusive method background concentratjons
Small numbers of Not suitable for areas wjith
measurement points hedges-or.scattered tre¢s or
. with-sigrificant changep in
Can be used to estimate surface roughness
emissions from several
sources simultaneously, Deployment over extendled
if there is a sufficient periods with Changes in
number of sensors (n+1 wind direction requires
where n is the number of, multiple measurement
sources). points to cover all wind
directions.
Aerodynamif — Continuous Non-intrusive method Difficult to implement and
gradient monitoring expensive

Measures the flux from the
surface directly

Can beused to monitor
multiple sources

Assumes a large uniform
emitting surface

Applicable to large areas
(>1 ha)

Non-intrusive method

Very difficult to implement
and expensive

Assumes a uniform emifting
surface. Methodologies
are in development to
distinguish different
emitting surfaces throufgh
flux footprint analysis
(see for example Cowan|et
al. 2016I[2]; Bureau et al
201703]).

Requires high speed

sensorsforwind and

gas concentrations, but
method derived from eddy-
covariance such as disjunct
eddy-covariance (DEC)
have been developed for
measuring fluxes without
high speed analysers

In development, for reactive
gases such as NH3

Flux underestimation
when turbulence is low,
particularly during nights.
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5 Concentration measurements and air sampling

5.1 General

Methods for measuring soil-atmosphere exchange of GHGs and ammonia involve the de

termination

of gas concentrations in volumes of air. There are various methods to determine the concentrations,
involving air sampling if necessary. They are characterized by the chemical species which they can
detect and the associated limits of detection, the acquisition frequency, their precision, their cost and

by the ease of use.

5.2

Ther are two families of concentration measurement methods (Table 2) that can be @ised
of ga targeted:

— PPhysical methods (absorption spectroscopy). The main characteristics ofthese methd
ery short response time, their sensitivity and the possibility of monitoring the cc
ynamics in real time (possibly monitoring several gases with diffefent levels of cong
he same time). Open path technologies exist for measuring integrated gaseous concent]
path directly in the atmosphere.

— (Chemical methods (gas chromatography, laboratory assays; chemiluminescence). Thg
re suitable for ad hoc measurements or for measurements integrated over periods

for any type

ds are their
ncentration
entration at
rations over

se methods
from a few

inutes to a few weeks. They are, therefore, less suitable for monitoring concentration dynamics.

Furthermore, most of these methods are selective andcannot be used to measure sev
the same time using the same equipment.

Anngx B provides concentration measurement methods.

bral gases at
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Table 2 — Concentration measurement methods

Method

Application domain

Advantages

Limitations

Chemical methods

Gas chromatography | —

Gaseous COy,
CHg4, N2O, NH3

Suitable with
chamber and
atmospheric

methods,

Technique is well
understood, commercial
equipment is available

High sensitivity and low
limit of detection (of the
order of ppm for CO3 and

May be used in the field for
continuous measurements
but has logistical limitations
and high operating costs
(bottles of carrier gas,
reference gases, daily
intervention by operators

£ add
exeeptToaty

covariance

L £ NoO_NLLL A CLI N
PPOTOT INZOINT I I atttr GIizy

Can be used to quantify
several chemical species at
the same time

Can be used where there
are high concentration
fluctuations

Suitable with small
sample volumes

Easily automated

AITd T TTteTance of anmmhient
conditions).

Chemilumirescence |—

Gaseous NH3

Suitable with
both dynamic
chamber and

High sensitivity of a fei
ppb for NH3

Fast response timme (down
to 0,1s) with.rapid data

Frequent calibration

Interference may be
problematic for low
concentrations in rural greas

Laboratoryjassay of
ammonium| (NH4+)
in solufion

Liquid chrgmatog-

dmmonia in
acid solution)

atmospheric acquisition
methods
— Partietlarly suitable for
usg\with eddy covariance
method
Laboratoryjassay of |— NHa* trapped |— “High speed analyses (40 to |— Allowance should be made
ammonium| (NH4*) in solution 60 samples per hour) for interference with other
in solufion (passive gases if the samples are yery
diffusion — Robust acidic (e.g.: having been
i samplery . trapped in an acid solutipn)
Continuoys flow denudersand |— Good reproducibility
analysers|(CFA) trapping of

Can be used to assay all the
major cations at the same
time as ammonium

Reproducible

Long analysis time (4
samples per hour)

Interference with other
gases if the sample contgins
alarge number of cationis

raph

Laboratory assay of
ammonium (NHg*)
in solution

Conductivity

Easy to implement
Low cost
Small samples

Wide measurement range
and low limit of detection

Good reproducibility

Long analysis time (5 to 12
samples per hour)

a  TDLAS : Tunable Diode Laser Absorption Spectroscopy; OA-ICOS : Off-Axis Integrated Cavity Output Spectroscopy;
CRDS : Cavity Ring-Down Spectroscopy.
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Method

Application domain|

Advantages

Limitations

Physical methods

Fourier-transform
and photoacoustic
infrared absorption
spectroscopy

Gaseous CO3y,
CHg, N20O, NH3

Closed path
and open path
technologies

All chamber and

gas (e.g. <1 ppb for N0
and COy)

Can measure several
compounds at the same

tima

High sensitivity depending
on the instrument and the

Risk of interference

Sensitive to ambient
conditions

Frequent calibration for
some analysers but low
annual drift for others

Laker absorption
dpectroscopy
(TDLAS, OA-ICOS,
CRDS)a

atmospheric
methods

Fast response time and
rapid data acquisition

Standard equipment for
greenhouse gases

Can be used where there
are high concentration
fluctuations

Standard method for:

quantitative evaludtion of

trace gases

Fast responsetime (down
to 0,1 s) with rapid data
acquisition

Very high sensitivity
(typically, 0,01 ppb for

N0, 2 ppb for CHg, 1,5 ppb

for NH3 at 1 Hz)

High selectivity and low
risk of interference, in
particular with Quantum
Cascade Laser (QCL)

Difflerential optical
abporption spec-
troscopy

Gaseous COy,
¢H4, N2O, NH3

Open path
technologies
(ambient air)

Atmospheric
methods

Fastresponse time (<1 s)

with rapid data acquisition

Very high sensitivity
(<1 ppb)

Measurements are affected
by poor visibility (ex: fog,
snow), and clouds if the light
source is the sur

Risk of interferehce

a  TDLAS : Tunable Diode Laser Absorption Spectroscopy: OA-ICOS : Off-Axis Integrated Cavity Qutput

ppectroscopy;

CRDS : Cavity Ring-Down Spectroscopy.

5.3 Air sampling

In many cases, the determination of gaseous concentration involves sampling of a volume of air before
analysis. There are various gas sampling methods which depend on the strategies adopted and the
methods used to determine the concentrations.

Table 3 presents the different methods and their main advantages and limitations.
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Table 3 — Air sampling methods

(NH3)

Time-integrated
measurement

Chamber
methods,
inverse
modelling, mass
balance and

High sensitivity, can
be adapted to the
concentrations expected

Preferable to passive
samplers forgshort sampling
periods (fram a few minutes
up to about an hour)

Method Application domain Advantages Limitations
Passive diffusion |— Reactive gas — Easy to implement Gives an average
samplers (NH3) concentration over the
— ngh SenSitiVity for NH3 exposure time
— Time-integrated in particular in low
measurement concentrations Can only be used over long
periods from a few hours to a
— Inverse few weeks
modelling and
mass balance Some samplers may be
(atmospheric affected by dust
methods)
Total cost of measiirement
may be close tg that of ay
automatic analyser wher
measurements have to bg
repeated)over a long perjod
Requires manual
intervention for each
measurement
Denuder lubes |— Reactive gas — Easy to implement Gives an average

concentration over the
exposure time

Requires manual
intervention for each
measurement

acid solution

in solutiot)

Time-integrated
measurement

Chamber
methods

Inverse

relaxed Eddy — Enables a wide variety of
Accumulation compounds to be collected
(eddy- in a relatively short
covariance sampling time
derived methed)
Trapping NH3z inan |[— NH3 (i.e. NHg+ |— Robust The process is time-

High sensitivity

Can be adapted to the
concentrations expected,
and to the sampling period

consuming and difficult o
automate

Not suitable for high
temporal resolution
monitoring

There may be interferenge
from other absorbable

lllUdC}}ills dlld
mass balance
(atmospheric
methods)

Species contaimng nitrogen
(e.g.: volatile amines).

Requires manual
intervention for each
measurement
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bags

Delayed analysis

Static chamber

samples of non-reactive
compounds for days to
weeks before analysis.

method and Applicable when

Relaxed Eddy concentration
Accumulation measurement is not
(eddy- suitable or possible’iifthe
covariance field conditions

derived method)

Method Application domain Advantages Limitations
Continuous sam- |— Air sample The air samples can be It may take some time to
pling methods for analysed in situ, in real set up or move the sampling
real-time analysis |— Continuous time and continuously over system
monitoring long periods of time (high
, temporal resolution) The pipework needs to be
— High temporal protected against dust and
resolution Samples can be taken from condensation
several different sampling
— All chamber and points in succession at the For suction systems, there
atmospneric same site should be no Iealfs between
methods the samplingpoint and the
analyser that might dilute or
contaminate the fgas samples
Sampling tubes or |— Air sample Can be used for keeping Press(re fluctuations may

compromise gas
the vials

tightness of

Desclription of air sampling methods are given in Annéx C.

6 Selection of the appropriate methods

Being

=

able to quantify emissions makes-it possible to compare probable emissions fi

om various

processes, estimate representative emission factors, monitor and check compliance with emission

limit
will
the 1
requ
meth
field
mod
exan
than

Tablg
purp

5, etc. The methods used and theircombination depend on the purpose for which the mg
be used, the operators’ expertise and the financial resources available. For example,

red. As different emission measurement methods have different characteristics, an
od should be selected,)Jdepending on different criteria: limit of detection and sensitivi
or lab measurements, maintenance and equipment costs, spatial area to cover, co
lities or site monitoring. The sampling strategy should also be tailored to the gas in ¢
Iple, soil No@)flux has different drivers (involving biological processes) and differe]
ammonia.(NH3) flux (involving mainly physical and chemical processes).

b 4 presents several published applications of flux measurement methods in relaf]
0s€s, Description of these methods are presented in Annex A.

asurements
research on

inderlying processes might require a different approach than when yearly emission totals are

appropriate
ty required,
mparison of
uestion. For
it dynamics

ion to their

Table 4 — Examples of applications of flux measurement methods in relation to their purposes

References Flux measurement method Purpose

de Klein and Harvey
(2015)[4], Loubet et al.

Static flux chambers
(2011)[5]

To measure field N0 emissions and investigate
their spatial variabilities

Minamikawa et al.

To measure field N0 and CH4 emis

Static flux chambers .
paddies.

(2015)I6]

sions in rice

Sommer et al. (1991)[Z]

Wind tunnels

To determine the influence of various factor
(e.g. wind velocity, soil properties, air tempera-
ture, agricultural practices) on ammonia emis-

sion from soils in controlled conditions

© ISO

2019 - All rights reserved


https://standardsiso.com/api/?name=89a695b8cf86e7667f374fa835557201

ISO 20951:2019(E)

Table 4 (continued)

References

Flux measurement method Purpose

Aubinet et

Laville et al. (1997)I8];

Eugster and Merbold
(2014)[10];

Cowan et al. (2016)(2]

al. (2012)[2; To measure soil-atmosphere net exchange

Eddy-covariance
and agricultural practices involved.

GHG from field and investigate soil processes

of

Ferrara et

VERA (2009)[11], Sinter-
mann et al. (2011)[12],
Carozzi et a

Mass balance method, Inverse
1. (2013)[13], modelling

b1 (2014) 4]

To measure ammonia emissions following ma-
nure or fertilizer spreading in field conditions

Personne et

To investigate short-time dynamics of-amm|

al. (2015)[15] ne
emission

Aerodynamic gradient

onia

7 Minim

Reporting if

are collecte

Furthermor

fluxes to i

incident radji

The followi

type, te|

(e.g. pas

soil cov

tillage 4
Fertilizg

organic

Method

integraf

equipm

backgrad

NOTE 1

methods (he

balance meth
modelling, ad

NOTE 2

Experin

R¢
used to estin

R¢

um requirement for reporting

important for evaluating the robustness of emission data. It is particularly crucial if
| for meta-analyses or intercomparison purposes, or for the calculation of emission fag
e, it is generally accepted that additional measurements are(péquired when monit
erpret the results with respect to the conditions (surface temperature and hum
ation, etc).

it

lg minimum information should be reported:

nental sites including location (e.g. latitude, longitude, altitude), soil properties (e.g
Kxture, bulk density, pH, organic C, available N)total N), and current and past occupa
ture, crop, forest) and managements (e.g.. fertilization, tillage, irrigation, crop proteg
br). Recent management can strongly affect'soil-atmosphere gas exchange. For examplg
nd nitrogen fertilization can induce a rapid and transient increase in gaseous N emis§
ers and soil conditioner properties should be also reported (e.g. type, total N, mineral N
C, dry matter, C:N ratio).

plogy including treatment.details (e.g. replicates in the methodology is not spat
ive), measurement methdds (gas emission and concentration), area of the emitting sut
ent (e.g. design, precisioh), duration of the monitoring, sampling scheme and me

und gas concentration
garding flux meaSurement methodology, information needs to be reported on the equif
hate the variables necessary for the calculation of (1) the rate of accumulation for the charj
hdspace volwme and air flow control/measurement devices), (2) the mass balances for the

rodyndimic gradient and eddy covariance method (wind velocity measurement device and des

gardlng gas concentration measurements and air samphng, 1nformat10n on (1) the equlpment

)L\ 1

for gas analys5d
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they
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bring
idity,

soil

kions

tion,
, soil

ions.
[,

pH,

ially
face,

thod,

ment
hbers
mass
ods (wind velocity measurement device and design) and (3) the exchange coefficient for the injverse

gn).

used
irect

or indirect, containers, continuous or sporadic, frequency) and (3) the sample manipulation and storage (e.g.

duration and

conditions of storage) are reported.

Ancillary measurements including soil and weather conditions (e.g. soil water content, soil

temperature, air temperature, precipitation, wind speed and direction). These data are essential to

analyse

Data an

10

and interpret the results.

alysis (flux calculation method, estimation of errors, quality control).
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Annex A
(informative)

Description of the flux measurement methods

Chamber methods

I Non-steady-state or static flux chambers

.1 General

method is used for measuring non-reactive gas emissions at local scale usually for are

a sqiiare metre. Nitrous oxide (N20), carbon dioxide (CO3), methane (CH4) may be meal

stati
equil

A.1.]

This
gase
ratio
The {
perfd
bein
show

This
fairly
take
obta
stati
many
and ]

A.1.]

N
s

C flux chambers. It is not adapted to compounds which emissions‘result from a thern]
ibrium between the surface and the atmosphere.

.2 Operating principles

method estimates the fluxes from a source based on;the accumulation dynamics (d

between the volume, V, and the area, 4, of the ch@amber, the gas analyser and the integ
ime taken for the measurement may vary fromm a few minutes to a few hours. For a sy
ctly closed with no outside influences, the.accumulation is close to linearity while thg
r used and the gas fluxes, Q, are, therefore€; proportional to the accumulation slope (d
n in Formula (A.1):

_vde v,
Adt A

method can measure both positive and negative fluxes. Depending on the type of sou
r large flux chambers should be used (ground area of a significant fraction of a squa
account of the spatial.variability of the fluxes and a number of measurements should
n representative-values for fluxes at the scale of the source of emissions considered. 4
C flux chambermethod is one of the most common flux measurement methods for whi
y methodologiedl references (de Klein and Harvey, 2015[4]; Minamikawa et al., 2015[6];
Livingston, 2002[16]; Livingston and Hutchinson, 1995[17]), it is not standardized.

.3 « Implementation

£1

as less than
sured using
odynamical

C/dt) of the

b inside a sealed chamber placed on the surface of the'source. The limit of detection depends on the

ration time.
stem that is
b chamber is
[/dt or a) as

(A1)

rce studied,
re metre) to
be taken to
\lthough the
ch there are
Hutchinson

Stati

L L lods 1 4 | s +lo 4+ 43 ] :
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hethod used

(Rochette and Eriksen-Hamel, 2008[18]). Static flux chamber can be connected to an inline gas analyser
for real-time analysis or uses traps for instantaneous or integrative sampling. For real-time analysis,
the greenhouse gas concentrations (CH4, N20, CO2) can be detected using infrared spectroscopy. For
systems with traps, the gases can also be assayed by gas chromatography. If samples are taken from the
chamber for subsequent analysis, they can be stored in small pre-evacuated or flushed vials (a few ml).
Chamber opening and closing can be automated to minimize manipulation, to increase the temporal
resolution of the measurements and to sample specific conditions (e.g. soil temperature, rain event).

Static flux chambers are an intrusive method which changes the emission conditions at the surface
of the soil, in particular by changing the turbulence, the pressure fluctuations and the differences in
concentration between the soil and the atmosphere (Matthias et al., 1978[19]). Gas diffusion theory
would predict that the increase inside the chamber during deployment would not be linear and some
non-linear models have been proposed (Healy et al., 1996[20]). To minimize these effects and be able

© IS0 2019 - All rights reserved 11


https://standardsiso.com/api/?name=89a695b8cf86e7667f374fa835557201

ISO 20951:2019(E)

to use a linear approximation, it is important to limit the measurement time, ensure that the gas is
thoroughly mixed inside the chamber (e.g. fan, mixing using a sampling syringe), sink the chambers
into the ground or substrate to prevent lateral diffusion so far as possible, provide a vent that will
balance the pressure inside the chamber with the pressure outside and insert the chamber base into
the soil at least 24 h prior to the first sampling. De Klein and Harvey (2015)[4] give recommendations on
the chamber design, implementation and data treatment to maximize flux detectability and minimize

any measurement artefacts.

A.1.1.4 Validation and sources of uncertainty

The measurements can be checked visually or statistically. Plotting the concentration with time

enables the
and the may
depends dir
also on the ¢
calculated e
number of 1
detection th
flux chambd

A.1.2 Dyn

A1.2.1 Ge

Dynamic fly
are generall
areas (of th
in closely cd
different trq

A122 Oy

A small ared
It can simu

(hgm-2:s71)
output of th

Qs =q X
where

Co and (

linearity to be checked: the coefficient of determination R? is widely used as an estin
imum slope can also be taken into account. The level of precision of the flux measure
pctly on the precision of the analyser and the measurement conditions (leaks, daration
pstimate of the V/A ratio. The detection threshold of the method can be evaluated frof
rror on the determination of the slope. It is inversely proportional to the square root g
heasurements and depends on both the sensitivity of the analyser and‘the /A ratio
reshold can be minimized by finding a good compromise between the length for whic
r is deployed, the sensitivity of the analyser and the height of the chamber.

lamic flux chambers and wind tunnels

neral

x chambers with controlled air circulation and wind'tunnels can be used for any gas.
y used to characterize the emissions of reactiv€ compounds such as ammonia, for ¢
e order of 1 square metre). They can be used.to measure emissions in a laboratory,

ntrolled conditions as well as in situ. This:isZa method suitable for experiments comp
atments.

jerating principles

 is swept with a controlled airflow in a tunnel enclosing the area. The airflow is imp
ate wind, one of the major‘factors controlling volatilization. The volatilization flo

e tunnel, as given in Earmula (A.2):
Co _Ci )
A

i (ug'm~3) are the concentrations of the compound of interest at the output and input|

nator
ment
and
n the
f the
The
h the

They
mall
bften
hring

bsed.

w Qs

for a compound is determined from the difference in concentrations between the inpuf and

(A.2)

of

the tunnel respectively;

q (m3.s—

A (m2)

is the airflow in the tunnel;

1)

is the area covered by the tunnel.

The turbulent component of the airflow is ignored.

A1.2.3

Implementation

Although the tunnels and wind chambers are portable, this method may be relatively difficult
to implement in the field: a power supply is required for the pump. To include the effects of rain or
cultivation on the land, these should either be simulated manually inside the tunnels, with the risk of
not reproducing them correctly, or the tunnels can be opened automatically for some time. The tunnels
can also be moved regularly across the surface being measured.
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The concentrations can be assayed using inline analysers such as infrared, to measure several points
at the same time over integrative periods ranging from a few hours (just after manure spreading, for
example), a few days (for periods after spreading during which the fluxes are expected to be lower), to
a few weeks or months.

A.1.2.4 Validation and sources of uncertainty

Positioning the tunnels or chambers directly on the emitting surface may require account to be taken
of the unevenness of the distribution of the sources of emissions (e.g. manure) which may have a
major effect: it is recommended that several tunnels/chambers should be used to evaluate the fluxes.
Pumping air may create large pressure gradient that may strongly affect the fluxes. It is therefore highly

recommended to check the pressure difference between inside and outside the tunnel/chamber. The

maj
of t
airfl
also

source of uncertainty for determining fluxes using wind tunnels or chambers is the m

easurement

airflow, as was shown by Loubet et al., (1999a; 1999b)[21.22], It is importdnt toﬁilneasure the

w accurately, as the airflow not only has a significant direct effect on the measure
affect the emissions themselves. Wind tunnels give results closer to thase-of the er

when the wind speed in the tunnels is the same as those measured outside huttend to over

real

A.2

A2,

Thes|
and |

A.2.]

A.2.]

The
sour
amm

A.2.1
The

Fi, an
flux]

luxes due to the oasis effect.

Atmospheric methods

I Mass-balance approaches

e methods which are based on a mass balance consistief measuring the flux of compou
eaving a volume of air above the soil surface being'studied.

.1 Integrated Horizontal Flux (IHF) method

.1.1 General

ntegrated Horizontal Flux (IHF) is suitable for measuring the gaseous emissions ff
Ces with a diameter from about20 m to about 40 m. IHF has been used mainly fo
onia volatilization from fields:

.1.2 Operating principles

ent but may
tire surface
bstimate the

nds entering

om circular
" measuring

method is based-onmass balance by measuring the flux of compounds entering and leaving a
volume of air abovethé surface being studied (see Figure A.1). The difference between th

1d the outputfhix, Fo, from the test volume is equal to the flux emitted from the surfac
eaving the top of the test volume F) is ignored, and should hence be minimised.

e input flux,
e, S. The lost
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Key

1  wind
S  isthe enjissions flux to be measured

Q; isthe ingut flux to the test volume (delimited by dashed lines)
Qo isthe oufput flux

Q; isthe lodt flux through the top of the test volume

NOTE In| this case, two masts measure the input and output fluxes:Each mast has an anemometer and a
concentratioh sensor for the compound at several different heights.

Figure A.1 — Integrated Horizontal Flux method

The horizontal flux Q.f/(z) of a compound at a concentration C(z) at a given height z is equal tp the
concentration multiplied by the wind velocity atthis height v(z), which, taking the means, gives

Formula (A.B):
0l (2)3C(2),v(2)=C(2)v(2)+v'c /(%) (A.3)

where the nmjean of the product isdecomposed into the product of the means Z‘(z) and \_/(z) plus afterm

v'c'(z) which represents the‘herizontal turbulent flux. The bars represent means over the period and
the primes yjepresent the flugtuation around the mean.

Assuming that the term’representing the turbulence is negligible, the horizontal flux can be meadured
with an averaging_concentration sensor and an anemometer. The IHF is estimated by measuring the
horizontal flux atiseveral heights, as given by Formula (A.4):

0> —— = 4 Tmax —

b :JO C(Z)-v(z)dz~J0 C(z)v(z)dz (A.4)
As taking measurements at great heights is neither easy nor useful, a maximum height ziy5x is set, above
which the horizontal flux is considered to be negligible (approximately one tenth of the radius of the
source). There are several ways of estimating the integral, either directly by summing the values or by
fitting curves to the flux or concentration profiles (splines, logarithm, exponential, etc.).

Several variants of the IHF method have been developed. In general, circular plots are used for practical
purposes as they measure the [HF at the centre, regardless of the wind direction. The input flux can be
estimated from the background concentration for fields at some distance from the field that has been
treated and a uniform vertical concentration profile is assumed.
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A.2.1.1.3 Operating principles

When implementing the method, the main work involves preparing the concentration sensors if acid
bubblers, denuders or passive diffusion samplers are used. The source area should be well delimited.
When background concentration is used, it may be useful to have three background concentration
sensors in case the wind direction changes. Wilson and Shum (1992)[23] give more information on
implementation.

A.2.1.1.4 Validation and sources of uncertainty

Wilson and Shum (1992)[23] tested this method using a Lagrangian stochastic model and considered that
it wals accurate to about 20 %. IHF has been shown to overestimate ammonia emissions m‘Ilcomparison
with[the new standard method of inverse modelling, for volatilization after spreading manure or slurry
on alfield (Sintermann et al., 2012)[24]. This overestimate comes from ignoring horizontgl turbulent
airflpw and the oasis effect which increases emissions.

A.2.1.2 The perimeter profile method

A.2.1.2.1 General

The perimeter profile method is similar to IHF and is based on nass balance. It is applieq
taking measurements round the outside of the plot. A few assumptions about the unifo
airf[l](tw can, therefore, be applied in a wide range of conditions. It can be applied for fields W
geonjetrical shape (rectangle). This method can only be used to measure emissions fron
environment with low concentrations. It is not suitable for small fluxes as, in this case, the
be measuring horizontal differences in small concentrations.

| to plots by
'mity of the
rith a simple

plots in an
method will

A.2.1.2.2 Operating principles
The perimeter profile method is based on determining the mass balance, i.e. measuring the quantity
of the compound that enters and the.quantity that leaves in the airflow above the soufce studied:

difference between the input flux;(Q;) and the output flux (F,) from the test volume
the flux emitted from the surface (S). This method usually uses four masts on the edge
sourfe (Denmead et al., 1998)[23}..Measurements may be taken continuously (inline analys¢
interjvals using sensors that integrate the concentrations over time, such as impingers and
The horizontal flux is estimated in the same way as for the IHF method as the wind velocit]
by tHe concentration, atthe’height of the boundary layer that develops over the surface (ty
of the length of the plot).

A.2.1.2.3 Implementation

eter profile measurements require 4 masts supporting sampling points or sampling
meagure: the concentrations of the gas of interest at the same time as the horizontal wing

is equal to
of a diffuse
br) or at long
Ferm tubes.
y multiplied
pically 10 %

lines which
| speed. The
brrectly. For

sour¢e_area should be well delimited, and the measurement masts should be positioned c
poin " A " — s 0 SETEl Ch x i . z - odsOT -
that used for aerodynamic gradient measuremen

UI'C C DO DIC - ) Y cP L C

ts. F

V

m similar to

or measurements integrated over time, the main

work involved is preparing the concentration sensors if denuders or passive diffusion samplers are used.

A.2.2 Inverse modelling

A.2.2.1 General

This method is used to estimate the fluxes of gaseous or particulate compounds emitted from a
reasonably well isolated source of known geometry. This method can be used with real-time analysers
or integrative passive diffusion samplers. Although this method is mainly suitable for isolated sources,
it can be used to estimate emissions from a number of plots provided the sensors are well positioned
(Denmead, 2008[26]; Flesch et al., 2009[27]; Loubet et al., 2010[28]; Loubet et al. 2017[29]). The dispersion
models assume that the ground surfaces are uniform. This method is therefore not suitable for an

© IS0 2019 - All rights reserved 15


https://standardsiso.com/api/?name=89a695b8cf86e7667f374fa835557201

ISO 20951:2019(E)

area with hedges or isolated trees or sudden changes in roughness, although Flesch et al. (2004)[39]
demonstrated that the method could still be used with some disturbance.

A.2.2.2 Operating principles

The method measures concentrations in and around the plot studied and then adjusts the source terms
Sj to minimize the difference between the measured concentrations (Cj.s) and the predicted

concentrations (C:nod ). The concentrations are predicted by Formula (A.5):

i N
I —
Cmod - Zj_lD';'S} +Chnrlzgrnnnrl A.S)
where

N isthe number of sources;

Dj; )
Y is the transfer coefficient which is the concentration C;,,4 that would be produced by the sdurce
Sjiflwere the sole source equal to 1 and the background concentration €packground were zerg.

C2 C2

C2

Key
1 anemomleter
C1 concentifation sensor

C2 backgroTnd concentration

Figure A.2 — Example of configuration for estimating the emissions S1 from an isolated plot
(Ferrara et al. 2014)[14]

NOTE1 A concentration sensor Cj is placed in the middle of the plot and three concentration sensors in the
surrounding area to estimate the background concentration. A sonic anemometer is also used to characterize the
turbulence in the boundary layer.

NOTE 2  In other configuration, the concentration sensor is be placed downwind of the emission site.
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In practice, D is estimated using an atmospheric dispersion model. There are various models with

calculation software:

the sources, moving in a random walk, the concentration at a particular point being
probability of the presence of these parcels at that point. Windtrax software isbased on t
(Flesch et al., 2004)[30]. These models are suitable for dispersion over short distances a

Stochastic Lagrangian models describe the trajectory of a large number of fluid parcels emitted by

equal to the
his principle
nd allow the

statistics of the emissions from the sources to be estimated. The turbulence in the boundary layer
is represented using the Monin-Obukhov similarity theory or based on direct measurements of the

Reynolds tensor (ujuj) and heat fluxes. Windtrax is described on the Thunderbird Scien
(http://www.thunderbeachscientific.com/) (Flesch et al., 2004)[30].

tific website

(raussian and pseudo-Gaussian models are based on solving Euler’s equations for; flu
based on the conservation of mass (or based on the advection-diffusion equation){Gaus
are based on the assumption that the wind and the diffusion coefficient are c¢onsta
pseudo-Gaussian models such as FIDES are based on vertical profiles for the wind a
¢oefficient that follow a power law (v(z) = a zP, K(z) = b z1). For a complete-description s
ql. (2010)[28].

These models for the concentrations at the measurement points requiive, at minimum, tl
parameters: friction velocity (vf*), Obukhov length (L), aerodynamicroughness length (zo]
displacement (d), wind vector (U, V, W) and standard deviatiofs (oy, oy, ow). Precise d
letry of the source and the position of the sensors are also.fequired. There are various ¢
metHods for fitting the predictions to the measurements. Linear regression is suitable.

A.2.2.3 Implementation

d dynamics
sian models
nt, whereas
nd diffusion
ee Loubet et

ne following
, Zero plane
btails of the
ptimization

For theasuring emissions on a plot, the concentration measurement point should be at a

ight of less

e

thanfone tenth of the fetch (the fetch is the distancebetween the measurement mastand thelipwind edge
of the field) to maximize the effect of the source on the sensor. It should not be too close to the ground to
excessive uncertainty on the height ofithe sensor. Loubet et al. (2017)[22] recommendl in practice
¢ heights of 50 cm above the canopy in order to reduce uncertainty in positioning|the sensors

to the ground as well as avoid lyeing too close to the roughness layer close to the canppy which is
hcterized by non-diffusive transfer. The background measurement points are positiorjed far away
the source being measurediand other local sources, typically at least 300 m away. However, if the
easurement
bment point
- weekly for
ncentration
uch as after
h, 12 h, 24 h,

fegrates the
to place the

over long path length. In these methods (Flesch et al. 2004)[39], the best is

Wind measurements are best made at about 1,5 m close to the main measurement point and preferably
using a 3D ultrasonic anemometer (Flesch et al. 2004)[30]. Free software is available for acquisition
and calculating the turbulence parameters from the anemometer data. Standard meteorological
measurements, such as solar radiation, air temperature and humidity, wind speed and direction, are
useful as explicative and control variables.

A.2.2.4 Validation and sources of uncertainty

The inverse modelling method has been validated in several situations. Lagrangian models (Flesch et al.,
2004)[39] have been validated using controlled methane sources and have shown a bias generally less
than 20 %. The FIDES model was validated for ammonia fluxes in comparison with the aerodynamic

© IS0 2019 - All rights reserved 17


http://www.thunderbeachscientific.com/
https://standardsiso.com/api/?name=89a695b8cf86e7667f374fa835557201

ISO 20951:2019(E)

gradient method after amendment with calcium ammonium nitrate and with manure (Loubet et al.
2010)[28] with a bias of less than 10 %.

The main source of uncertainty is the precision of the concentration measurement and of the difference
between the background concentration and the concentration in the plot. For example, Loubet et al.
(2010)[28] estimated that the inverse modelling method requires a resolution for the NH3 concentration
difference (C - Cpackground) (in pg:m=3) = a-S (in pg:m-2-s71)/v¢* (in m-s-1) where a varies between 1,2
and 4,1. A central assumption for the method is that the source and the surface are uniform, which is
not often the case in practice. Other sources of uncertainty are the geometry of the source which is
not easy to determine, in particular during manure spreading as the source moves with the tractor
(Sintermann et al., 2011)[12], and the estimation of the turbulence parameters, zg, v¢* and L (if not

measured SOnIC anemometer). mate
source strerjgth depends on a good description of atmospheric transport, which is known to be-difficult
under extreme stability conditions and/or low wind speeds. Flesch et al. (2004)[30] propogedfiltering
criteria for 1 and v¢* of the model output to avoid error-prone emission estimates.

A.2.3 Aerpdynamic gradient

A.2.3.1 General

The aerodypnamic gradient method was very popular in the second half of the 20th century for

estimating fhe momentum, sensible heat and water vapor fluxes between the surface of the Earth and
the atmosphere. It is based on a simple principle which made it a standard method for many years for
measuring many other surface fluxes: CO2, SO2, 03, NH3, mercury,wolatile organic compounds, pitric
acid (HNO3), pesticides, etc.

It is still us
compounds
sufficiently
2007[32]; Mi
systems sud
conversion 1
1995I[35]; Stq

A23.2 Oy

The aerody}
Fick’s first 1
concentrati
the diffusio

This law apj
diffusion in

thermal agi

ed for compounds which are difficult to measure by eddy covariance, such as rea
that need to be converted before analysistor for which real-time analysers arg
sensitive (NH3, metals, pesticides, HONQ,\bacteria) (Honrath et al., 2002[31]; Kruit ¢

h as the NO-NO2-03 system. The gradient method is able to estimate both the flux an
ate of one chemical species to anothér (De Arellano and Duynkerke, 1992[34]; Duyzer
blla et al., 2012(36]).

Jerating principles

namic gradient method measures the vertical flux above a uniform surface. It is basg

hw of diffusion whereby the flux Q (g-m=2-s-1) of a quantity depends on the gradient
n C (g'-m-3) and'its diffusion coefficient D (m2-s-1). For example, in the vertical directi
flux is Q = :D8L/0z.

lies to afiyymolecular diffusion phenomenon and has been extended to the case of turb
a surface boundary layer. By analogy with the molecular diffusion which depends o

tation' of molecules in a gas or a liquid, a turbulent flux (w'c’, where w is the vel

ctive
not
t al,,

Iford etal., 2009[33]). The aerodynamicgradient method is also used for measuring chemmical

d the
bt al.,

d on
pf its

n (z)

ulent
h the

rtical

component

pfthe wind (m-s-1), ¢ is the concentration and the bar represents the mean over the p

priod

and the primes denote fluctuation around the mean) can be represented by a relationship between the
flux and the concentration gradient when turbulence is small for the characteristic distance of the
gradient. This can be expressed as given by Formula (A.6):

dc

w'c'=-D, —

t oz

(A.6)

The turbulent diffusivity Dy (m2:s-1) is well defined for the atmospheric boundary layer by Monin and
Obukhov’s similarity theory (Foken, 2006[3Z]; Kaimal and Finnigan, 1994(38]). It depends on the friction
velocity u* (m-s-1), characterizing the intensity of the turbulence in the boundary layer and the thermal
stratification of the boundary layer, expressed in terms of the Richardson number (R; without
dimension) or the Obukhov length (L in m). Replacing Dt by a function of u* in Formula (A.6) and
z—d

replacingzby In(z-d)-yy ( ] (where Wy is the effect of thermal stratification on the temperature
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gradient, and d is the zero plane displacement?) in m), gives the commonly used flux-gradient equation

(Sutton et al., 1993)[39], given by Formula (A.7):
ac

a[ln(z—d)—y/H (sz ﬂ

-5,2¢ >0

21n[1+%(1—16§)1/2} £<0

Q=—kxu*:

WH(C):

(A7)

(A.8)

wherre
Q isthe flux;

k  isthe von Karman constant (k = 0,41);

¢ isthe stability parameter ({ = (z - d)/L);

d isthe zero plane displacement;

1 is the empirical stability correction function for scalars.

A.2.3.3 Implementation

Meagurement using the aerodynamic gradient method;requires at least one thermomet
soni¢ anemometer to measure the friction velocity u* and estimate the Obukhov length
equipment for measuring the gas concentration fortat least three heights. It is preferable to

er and a 3D
[, as well as
use just one

analyser to take samples at the various heights toavoid any bias that might be introduced by differences
in calibration between analysers. The simplest solution is to use a multiplexer to take sgmples from

the yarious channels in succession. The zero plane displacement d should also be estimat

bd. It can be

estimated from the height of the ground.cover and the leaf area index (LAI) (Graefe, 2004)[40], or from

the wind speed gradient measured at.4'or 5 heights as described by Loubet et al.(2013)[41],

The fnethod requires a flat unifofm'surface that is as large as possible, no nearby major emis
and ho nearby obstacles. The 'sampling heights should have geometrical spacing from thg
abovg the turbulent layer ftwice the ground cover height + 10 cm) to the highest which shou
the Houndary layer for the-plot (one hundredth of the fetch, the size of the plot). The analj
be cglibrated regulanly.\All the channels should be checked at the same height regularly to
ther¢ is no drift or bias in the analysis.

A.2.3.4 Validation and sources of uncertainty

The peradynamic gradient method has been validated for heat, water and CO; fluxes by
with|standard methods such as eddy covariance. For ammonia, inter-comparison tests ga

Kion sources

lowest just
ld be within
sers should
ensure that

comparison
ve a relative

standard error of 20 % for high fluxes and 33 % for lower fIuxes (Milford et al., 2009]{331
has also been compared against relaxed eddy accumulation giving differences from 3

he method
% to 40 %

and the inverse modelling method giving differences less than 2 % (Loubet et al., 2009[42]; Loubet

et al., 2010[28]). Advection error also constitutes a potential source of error, which ap
measurements are made in the vicinity (a few hundreds of metres) of a strong source (
(Loubet et al., 2009[42]).

pears when
like a farm)

1) The term zero plane displacement is used when the ground is covered by dense vegetation of height H. The

ground height is then considered to be raised by ~0,7 H, the zero plane displacement.
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A.2.4 Eddy-covariance and derived methods
A.2.4.1 Eddy covariance

A.2.4.1.1 General

Eddy covariance is a standard method for measuring fluxes emitted by a sufficiently large and relatively
uniform source (typically around 10 ha and at least 1 ha). This method can be used to measure any
gaseous compounds and particulates assuming that an analyser able to take high speed real-time
measurements is used (5 Hz mlnlmum 1deally 10 to 20 HZ) ThlS method is used routlnely for tlme ser1es

spanning sewe

extended to|
spectrometg

A2.4.1.2 (

Eddy covari
measureme
concentrati

the plane. A
(mol-m-2-s-]
is modified
which are n

cover gaseous nitrogen compounds and GHGs with the advent of quantum cascade
rs (QCL) that are sufficiently sensitive for NpO and methane and, more recently, ammg

Dperating principles

ance is used to measure the fluxes of compounds through a horizontal plane throug

laser
nia.

h the
f the

t point. The molar flux crossing this plane at each moment is equal to the product g
n of compound C (mol-m-3) around this plane and the wind compenént w (m-s-1) nor

bt affected by drift). However, several fundamental assumptions are required to defi

new equati

n and determining C’ requires high frequency coheentration measurements whic

rarely unbigsed. Two fundamental assumptions in particulardimit the application of this method:

— The airflow should be horizontally uniform and constant over a period of between 15 min an
i.e. therp should be no sudden changes in meteorological conditions or airflow during this pe
This condition is sometimes not met at night when gravity waves2) may occur. Itis also not met y

downw
these as

Measur
eddies

nd of a nearby major emissions source, Such as a main road for NOy. Further informati
pects may be found in Mahrt (2007;2010)[43.44],

responsible for the mass transfer and for a sufficiently long time to include the lg

frequency eddies.

It is also ass
flux. This is
system, i.e. {
studied doe
(which is th
surface and
air below th
little wind),

umed that the fluxmeasured at the height of the measurement point is equal to the su
based on two hypotheses. The first is that there is no net advection below the measure
hat the volume of-air whose composition has been modified by the source or sink in thg
5 not leave by dateral airflow without being replaced by a volume with equivalent propg
e case when turbulence is low and the ecosystem is not uniform over the whole o
surrounding area). The second assumption is that there is no storage effect, i.e. the ma
e measurement mast does not act as a reservoir (which is the case during periods with

al to

veraging this instantaneous flux over a period gives the mean flux for the period: F5w-C
). To avoid errors due to lack of precision and zero drift ofthe sensors, the above equption
Lo include only fluctuations in wind speed and concentration around the means (w’ and C’,
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when
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ements should be taken at a frequency significantly greater than the frequency of the
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bt al.,

Reviews of the eddy turbulence method are available (Aubinet et al., 2000[45]; Lee

1997[46]; M2

A.2.4.1.3

ceiPaan andl an 20ND2[A7N
SsHratant=C6 ooz

Implementation

Eddy covariance measurements require the following equipment:

— A 3D sonic anemometer to measure the three components of the wind at a frequency greater
than 20 Hz.

— Ahigh speed real-time gas analyser with an acquisition rate at least 2 Hz to 5 Hz and ideally 20 Hz.

2) Gravity waves occur essentially above forests in boreal conditions. They are associated with thermally stratified
atmospheres.
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If the analyser is not open path, a sampling system with a pump is required to transfer the air

samples to the analyser. The pump should be selected to transfer the air sample sufficiently quickly
to minimize chemical interactions between the compounds to be measured and the surfaces, and
in particular the possible attenuation of the high frequency variations in concentration caused by
drag on the walls creating artificial mixing. To achieve this, the flow should be turbulent (Reynolds
number greater than 2 000 to 3 000) and the transfer time less than a few seconds. The air should
be sampled below the sonic anemometer with a sampling head that should be unobtrusive to avoid

affecting the wind speed measurements.

— A mast for positioning the system at a given height without affecting the wind speed measurements

CO Ll |
JU 1T

20 11
~VU 1T

11

I |
Ul I'1Z Uudid lUssCl-

The
and
high
It sh
be a
calib

Ilethod requires a flat uniform surface thatis as large as possible, no nearby majoremis
o nearby obstacles. Analysers able take the measurements at a high frequency often
power vacuum pumps and so it is usually necessary to have a connection to.an electr

chived regularly and processed by relevant software. The analysers) should also |
rated automatically or manually.

A.2.4.1.4 Validation and sources of uncertainty

Thislis now a standard method used for CO», CHy4, water and sénsible heat. It has been eva
timeg using both theoretical and experimental methods. However, there are very few studie
this method to others and there are doubts about possible*biases in the method concern
of high frequency information for reactive compounds ‘such as ammonia (Ferrara et ¢
Sintgrmann et al., 2011[12]; Whitehead et al., 2008[42]Y.

The main source of uncertainty is the loss of highdrequency information as a result of using
that [is not fast enough (Massman, 2000)[50].~The analyser should sample at a higher rj
minimum required to catch the energy of the covariance signal, typically above 10 Hz (1
197251]; Kaimal and Finnigan, 1994[38P)-Non-stationarity of the turbulent flow and a v
footprint in a heterogeneous landseape, causing the fluxes to be unrepresentative of t
areafare both major sources of uncertainty but the uncertainty can be estimated using stz
(Aubjnet et al., 2000)[45] and foetprint models (Kljun et al., 2004)[21]. Finally, low frequeng
in the fluxes due to the site’s topography (rolling, flat) and the way the topography is acco
the data processing also intreduce uncertainties (Finnigan et al. 2003)[52].

A.2.4.2 REA, DEC and\vDEC

A.2.4.2.1 General

The yarioussmethods derived from eddy covariance (Relaxed Eddy Accumulation (REA), D

Covafriarice (DEC), and Virtual Disjunct Eddy Covariance (VDEC, sometimes called DEC-M

sion sources
require very
icity supply.

puld be possible to access the system remotely to check the analysers. The data acquired should

be regularly

uated many
5 comparing
ing the loss
1., 2012[48];

an analyser
ite than the
aimal et al.
ariable flux
he targeted
indard tests
y variations
unted for in

sjunct Eddy
S) have the

same $eope of application as eddy covariance itself. They are suitable for measuring fluxe

5 emitted by

a sufficiently Targe and relatively uniform source (typically around 10 hectares and at least 1 hectare).
These methods can, in principle, be used to measure any gaseous compounds and particulates but, unlike
eddy covariance, do not require a 10 Hz to 20 Hz, real-time analyser. These methods are, therefore, used
for measuring fluxes of compounds for which there are no high-speed analysers. However, they are
rarely used as a routine method as they require more equipment (high speed solenoid valves, bags)
and more human effort. Some of these methods based on simple samplers can be used for long-term
measurements.

— The REA method described by Businger and Oncley (1990)[23]requires an analyser response of
30 min to 1 h. It has been used satisfactorily for volatile organic compounds (VOCs), particulates
down to ultrafine, ammonia, nitric acid, sulfate, sulfur dioxide, methane, N0 and pesticides.
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— The DEC (Haugen, 1978)[54] and vDEC methods require analysers with a response time of a few tens
of seconds per channel. These methods have been used mostly for VOCs (where 10 compounds can
be scanned successively) as well as for aerosols, N0 and NOx.

A.2.4.2.2 Operating principles

Disjunct eddy covariance (DEC, vDEC) and eddy accumulation (EA, REA) methods are based on the
same principle as eddy covariance and measure the fluxes of compounds through a horizontal plane
through the measurement point. They differ from the eddy covariance method in that the sampling is
conditional for the accumulation methods and at intervals greater than the system response time for
disjunct methods.

The Relaxed Eddy Accumulation (REA) method is based on two fundamental assumptions:

a) the “fluk-variance similarity” for a compound (Obukhov, 1960[55]; Wyngaard and Goté; 197[L[56];
Wyngagrd et al., 1971[57]) and

b) the “scalar similarity” between the transport of different scalars (such as the temperature anfd the

compound of interest).

The compoynd is sampled conditionally depending on the vertical wind component. When the wind is

upwards, the air is stored in the “up” bag and when the wind is downwards, the air is stored ip the
“down” bag [(Ruppert et al., 2006)[>8]. The flux is expressed as Q =bay, (C +=Cy ) (g'm-2-s-1)
where
b is a proportionality coefficient,
Ow is the standard deviation of the vertical wind component (m-s-1)
ET and E¢ are the concentrations in the “up” and “down” bags (g-m-3).
For ideal tugbulence, b is 0,627.
In practice, p is estimated for each meaSurement period by assuming that the same equation appljes to

the flux of
temperatursg
7_"T and the
DEC method
sensitivity 3

The Disjund
flux is taker]

e and the vertical widd)component w'T" and the difference between the “up” tempera

“down” temperatures 7_"¢ b=w'T'/o, (7_"T —7_1). The REA has an advantage over tH

s in that the yolime sampled for each sample is much larger and generally provides h
nd therefore‘a lower limit of detection for the fluxes.

t Eddy<€evariance (DEC) method is based on the same principle as eddy covariance
tobelequal to the covariance of the concentration (C) and the vertical wind compone

Q=w'"C'". T

the compound and to the’heat flux. It is calculated from the covariance between the

ures
e (V)
gher

The
nt w:

he_difference is that, instead of measuring the concentration fluctuations at high s

peed

(typically 10 Hz to 20 Hz), the concentration fluctuations are estimated by sampling air every 10 s to
30 s over avery short sampling period (0,1 s to 0,2 s). This means that the concentration of the compound
can be measured using analysers with a response time of around ten seconds. As the air is sampled for
a very short period, the covariance with the vertical wind component is not attenuated. Because the
measurements are not continuous, subsequent processing is carried out as if it were a conventional
series of covariance data which was only being analysed for 1 point in every 10 or 20 points. The
covariance, however, is unaffected. There is, however, attenuation of frequencies greater than 10 Hz
which should be evaluated.

The vDEC method is based on the same principle as the DEC method which takes samples over a short
time interval with a shorter sampling frequency than the eddy covariance method. The difference is
that there is no storage system and a high frequency analyser can be used for sequential measurements
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of the concentration of several different compounds such as VOCs. The vDEC method can also be used to
measure the fluxes of a compound at several different heights.

A2.4.2.3

Implementation

The DEC or REA methods for measuring fluxes require a 3D sonic anemometer which measures the
three wind components at a frequency greater than 10 Hz.

The REA method required a concentration analyser able to analyse at least three samples in each

measurement period (30 min to 2 h). The samples may be assayed in a laboratory (storage in bags,
denuders or WEDD reservoirs).

q

1

1

The

that
to ta
isus
Inten

The DEC method requires a concentration analyser with an acquisition time of at least

deally a few seconds. It also requires a multiplexer and a complex sample storage syste

gtore one sample while assaying another.

The DEC method requires a concentration analyser with the same basic acquisition freq|

bddy covariance method (10 Hz - 20 Hz).

The sampling systems and pump should be dimensioned to ensure that the samples are]

apidly to avoid attenuating the high frequency variations in the cencentrations which w
he apparent flux.

\ mast for positioning the system at a given height withoubaffecting the wind speed me
\ 20 Hz or 50 Hz data logger.

method requires a suitable site to minimize thelimitations of the method: a flat unif]
s as large as possible, no nearby major emission sources and no nearby obstacles. An

hally necessary to have a connection to an electricity supply. It should be possible to cg
net for the acquisition system to monitor the analysers and storage systems for vD]

The data acquired should be archived regularly and processed by the same type of softwar

stan

A.2.4

The
exan
flux-
of th
wind

The

lard eddy covariance. The analySers should also be regularly calibrated automatically

.2.4 Validation and sources of uncertainty

REA method has been-validated using theoretical methods and by direct comparison|

iple, by Brut et al. (2004)[52]. One of the main limitations for the REA method is in the asj

ariance similarity and scalar similarity (Ruppert et al., 2006)[58]. In particular, the de

e constant b depends on conditional sampling which is strongly affected by variation;
and the coneentration (Gronholm et al., 2008)[60].

DEC method has been validated, both by sub-sampling eddy covariance measuremg

comparing’DEC and EC measurements for “inert” compounds such as CO; (Hoertnagl et ¢

One

imitation of the method is the maximum time between each sample: this is limited in

10sto 20 s,
m which can

uency as the

transferred
rould reduce

hsurements.

orm surface
alysers able

ke the measurements at a high frequency bften require very high-power vacuum punjps and so it
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£C and REA.
b as used for
br manually.

for COy, for
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ents, and by
L, 2010)[61],
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2 h). For flux

measurements with an uncertainty of less than 10 %, studies have shown that, typically, at least 2 to
15 measurements per minute are required (Rinne et al., 2008[62]; Turnipseed et al., 2009[63]). Another
limitation of this method is the difficulty of evaluating the effect of high frequency attenuation on the
fluxes (Hoertnagl et al., 2010)[61]. As the vDEC method has the same basis as the DEC method, it should
be validated in the same way and has the same sources of uncertainty. However, there is an additional
uncertainty in the assessment of the time lag (phase lag) between the concentration measurement and
the wind measurement. This time lag should be determined (Hoertnagl et al. 2010)[61].
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(informative)

Description of the concentration measurement methods

B.1 Chemical methods

B.1.1 Labpratory assays of ammonium (NH4%) in solution

B.1.1.1 Gdneral

Quantitative laboratory assays of ammonium in solutions extracted from ammonia traps such as
passive diffuisers, denuders and impingers. Before the assay, the solution may(be distilled as fofr the
Kjeldahl method for determining total nitrogen (ISO 11261:1995)[64].

B.1.1.2 Operating principles
This subclause covers three methods for determining the concentration of ammonium in solution.
Continuous flow analysers (CFA

The ammonjium ion (NH4*) is assayed by continuous flow absorption spectroscopy using Berthglot’s
reaction (Kfom, 1980). The ammonium in an alkaline splution (1) reacts with hypochlorite (C10-] that
has been rgleased by dichloroisocyanurate (2) to forim chloramine (NH2Cl) which then reacts|with
salicylate on a nitroprusside catalyst (3) at a tempénature of between 37 °C and 50 °C to form a plue-
green indophenol which is measured quantitativéely by continuous flow spectrometry. The absorhance
is measuredl at a wavelength of between 640 nm and 660 nm. This chemical reaction and the
absorbance [measurement are managed automatically by the continuous flow analyser. The intensjty of
the colorati¢n is proportional to the ammonium concentration (ISO 11732:2005)[65].

Conductivity assay after separationusing a semi-permeable membrane

The NHy4* iy assayed by measuring the conductivity of deionized water which has absorbed the] NH3
passing thrgugh a semi-permeable membrane.

The sample |s first mixedwith NaOH (1) which converts the acid ammonium ion (NH4*) into its conjygate
base, ammopia (NH3)..The NH3 solution then flows across a semi-permeable membrane (impermeable
to the fluid put permeable to the gas). As NH3 can exist in both aqueous and gaseous form at the fjame
time, it diffuises deross this membrane (2) and the rest of the sample is eliminated. Deionized water
flows acros§ the'membrane in the opposite direction, trapping the gaseous NH3 and reacting with it to

re-form the NHz+ions{3)}The-conductivity-of the sample-isthen-measured-and-compared-with-that of

ooatcter 15—+t ot =
J 1

the deionized water (4). The conductivity is proportional to the concentration of ammonium ions. The
samples are taken and measured automatically.

Liquid chromatography

Liquid chromatography is used to separate the various cations of a sample using a stationary and a
mobile phase. The stationary phase is a low capacity cation exchange column. Aqueous solutions of
mono- or di-acids are usually used as eluents for the mobile phase (ISO 14911:1999)(66]. Methanesulfonic
acid (MSA) can be used as an eluent, for example. The anions in the sample are eliminated by an anion
suppressor before the cation concentration is assayed by measuring the conductivity.
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B.1.2 Gas chromatography

B.1.2.1 General

Gas chromatography can be used to determine the concentrations of certain greenhouse gases (GHG) -
methane (CHy), carbon dioxide (CO2) and nitrous oxide (N20) - in air samples.

B.1.2.2 Operating principles

Gas chromatography is used for gaseous compounds or compounds that may be vaporized. A gas
chrom ations of the
compounds separated. There are 4 basic items of equipment: an injector, the column, the oven
surrpunding the column and the detector. The sample is vaporized in the injector and swept by the
carrier gas through the heated column. The column separates the various compouhds d¢pending on
their] polarity and their boiling point. The compounds that have been separated are identified and
quaritified by the detector.

Main detectors used with gas chromatography to detect greenhouse gases and reactive
nitrogen species

Detector Operating principle Gases detected, limitations

Thejrmal conductivity detector | Differential measurement of theresis- | Any type of gas, simpl¢ and robust
(TCD) tivity of two filaments in contact with
the gas to be assayed and the sarrier gas

Flame ionization detector (FID) | A hydrogen flame ionizesithe molecules | Suitable for organic gompounds
in the gas to be assayed; the ions are (e.g. CHa).
collected in amelectric field

Electron capture detector (ECD)| The carrier gas issionized by beta par- | Electronegative molecules such as
ticles. Whencelectronegative analyte halogen compoundg and N0
molecules pass through the detector,

they absorb-the free electrons, reducing

the ionization current

Mass spectrometer (MS) The molecules of the gas to be assayed All types of compound
areionized and separated according to
their mass-to-charge ratio (m/z). The
ion streams are converted into an elec-
trical signal

B.1.3 Chemiluminescence

B.1.3.1 General

Routfine<analysis of atmospheric gas compounds by chemiluminescence began in the 1970s, with the
meagurement of NO, NOz and terpenes. The measurement of NO by chemiluminescence is the basis for
the measurement of many nitrogen compounds after capture in gaseous or liquid form and catalytic
transformation (Navas et al., 1997)[67]: gaseous ammonia (NH3), nitric acid (HNO3) and nitrous acid
(HNOg2), nitrates, peroxyacetyl nitrate (PAN) and total nitrogen. Two relatively recent articles have
reviewed the state of the art (Toda and Dasgupta, 2008[68]; Zhang et al., 2005[69]). The method is subject
to interference, which may be problematic for low concentrations in rural areas.

B.1.3.2 Operating principles

Chemiluminescence is the emission of light as a result of a chemical reaction. The light is emitted when
electrons fall from an excited state, releasing energy. The effect has been known since the end of the
19th century, in particular for ozone (since 1896), and most analysis methods use chemiluminescence
with ozone. This can be used to detect NO and any nitrogen compound that can be degraded to NO,
such as NH3. There are some other oxidants (e.g.: H202) which are also strongly chemiluminescent. Any
chemical reaction which emits light can be used. For NO and 0Os3:
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NO + O3 = NO2* + 02
NO2* — NO3 + light

The light is emitted at a particular wavelength that depends on the compound (in this case NO2*). A
sensitive photomultiplier is used to count the number of photons emitted which is proportional to the
number of NO molecules that have reacted with the ozone. For measuring ammonia, a stainless steel
catalyst heated to 800 °C is used in standard analysers (Mennen et al., 1996)[Z0]. Recently a catalyst has
been developed that can convert any nitrogen compound into NO (Ammann et al., 2012[Z1]; Bruemmer
et al., 2013[72]; Marx et al., 2012[Z3]).

B.2 Physjcal methods

B.2.1 Fourier transform and photoacoustic infrared absorption spectroscopy

B.2.1.1 Gdneral

ured
N20),
and

Infrared abgorption spectroscopy is used to analyse gas samples. The main gases that can be meag
are methan¢ (CHy), carbon monoxide (CO), carbon dioxide (CO3), ammonia (NH3), nitrous oxide (
nitrogen m¢noxide (NO), nitrogen dioxide (NO3), sulfur dioxide (SO3), hydrogen chloride (HCI]
water (H20J. This method can be used to analyse the concentrations of several gases simultaneous

B.2.1.2 Operating principle

Infrared (IH
mixture. It

1) absorption spectroscopy measures the absorption of infrared radiation by a gag
detects the characteristic resonances of the chemical functions present in the gas,

eous
each

type of chen
main techni

hical bond having its own set of IR absorptionibands resulting from these resonances
gues are used for measuring emissions fropi-farms using absorption spectroscopy: Fo

transform ipfrared spectroscopy (FT-IR) and photoacoustic infrared spectroscopy (IR-PAS).

FT-IR spect
beams to p
sample to b
which trang
generate thd

Photoacousf
wavelength
sample absdg
relax, as an

Foscopy is based on the use of ancinterferometer which uses interference between

e measured where selective absorption takes place. The beam then passes into a det
forms the amplitude into.an‘electric signal which is processed by Fourier transfor
spectrum characteristie'of the sample.

ic infrared spectroscopy excites a sample with a pulsed monochromatic light beam
characteristics of'the target gases are selected using optical filters. Some molecules i
rb part of the light energy and enter an excited state and this energy is released, when|
hcoustic signal-which is captured by a microphone.

Two
urier

two

Foduce a modulated beam. The modulated beam passes through the chamber with the

pctor
m to

The
h the
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B.2.2 Laser absorption spectroscopy

B.2.2.1 Gdneral

Laser absorption spectroscopy covers the use of lasers to measure the concentration or quantity of a
gas species by absorption spectroscopy. The target gases are greenhouse gases (CO2, N0, CH4, H20) and
reactive gases such as NO, HCL, HNO2, NH3 and CO. It can also be used to make precision measurements
of the concentrations of various stable isotopes of the target gases when measuring emissions from
farms (13C07, 15N0, H2180, etc), identify the origin of natural sources or mark and then monitor the
transformation or transport of a compound in the soil, plant or atmosphere.

B.2.2.2 Operating principles

Laser absorption spectroscopy is one of the oldest methods used for non-intrusive measurement of
the concentrations of certain gas species. It measures the absorption of light from a light source with
a well-defined spectrum along the optical path to the detector. The intensity of the light detected
at a wavelength characteristic of the target gas depends on the concentration of that gas. The more
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molecules in the optical path, the greater the amount of light that is absorbed (Beer-Lambert law) as

given by Formula (B.1):

Iy
In T =oNL

(B.1)

where
Ip 1is the intensity of the incident light;
I s the intensity of the light on exit;
¢ isthe absorption cross-section (cm2-molecule-1);
IV is the concentration of the gas (molecule-cm-3);
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given in the HITRAN (Rothman et al, 2009)[74] or GEISA databases which include the li
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B.2.]

B.2.3
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optid

is the length of the optical path (cm).

hbsorption cross-section depends on both the target molecule and the wavelength
hvelength determines the type of molecule detected. In the near-and mid infrared

with wavelengths from 1 pm to 12 pm. The fundamental’bands are the most inte]
l in the mid infrared region (3 pm to 12 pum) and the less.intense harmonic bands are
infrared region (0,78 pm to 3 pm). The spectroscopic . absorption parameters of theg

enumber, cm~1) and the broadening parameters for the pressure and temperature o
'mine the concentration of the absorbing mediura*with precision, the absorption for §
easured for pressures between 10 and 100 miaHg over an extended band covering a
bsponding to the convolution between a Gaussian profile and a Lorentzian profile.

nost common systems available on themarket are Tunable Diode Laser Absorption S
AS), Off-Axis Integrated Cavity~OQutput Spectroscopy (OA-ICOS) and Cavity
froscopy (CRDS). Most of theseruse photon detectors. The performance (resj
urement sensitivity) of these techhologies now makes it possible to measure emission
bmeteorological flux gradient.and eddy covariance method. However, they can also
fime measurements using static flux chambers. These spectroscopes are both highly s
selective and are non-intrusive. The technology can be used for several open path (OP-

monitoring approaches.

8 Differential oeptical absorption spectroscopy

.1 Generxal

rential’optical absorption spectroscopy (DOAS) is used to measure gaseous concentrat
al’path in the atmosphere. Used together with airflow characterization methods (e.g

The choice
IR) regions,

ignature of the gas molecules is the result of the rotation-vibration resonances. It is @isually used

nse and are
found in the
e bands are
he positions
F the gas. To
line should
Voigt profile

pectroscopy
Ring-Down
bonse time,
fluxes using
be used for
ensitive and
TDLAS) and

ions over an
: tracer gas,

inverse modething,serodymamic gradients); it camrestinate emissions fromr Hivestock buihdings, waste
manure storage and fields (Hu et al., 2014[7Z5]; Volten et al., 2012[Z6]). It can be used for GHGs (CO2, N20,
H;0) as well as reactive species such as NH3, NO, SOz, NO and O3. The methods and procedures are
described in EN.16253:2013[77].
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B.2.3.2 Operating principles

Measurement by DOAS is based on the absorption of light at wavelengths that are characteristic of
the target gases. Extending the Beer-Lambert law, the intensity of the light detected at a particular

wavelength

Il ZIOJ’XE

where

Iyand I
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Ci (ng'm
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Account sho
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depends on the concentration of the target gas following Formula (B.2):
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h 4 (Wesr-1) are the intensity of radiation of the wavelength A incident on the receiver
' emitted by the radiation source respectively;

ug-1) is the absorption cross-section of gas i at wavelength A;

_3)

is the concentration of the gas in the gaseous compound;

is the length of the optical path;

rable to the wavelength of the light (Mie scattering) and for air molecules
smaller particles (Rayleigh scattering).

uld also be taken of Rayleigh scattering of solar radiation S(A) which causes a slight inci
ion measured by the detector.

1larly, the method is based on the analysis of the rapidly varying structure of the absor
ifferentiation of Formula (B.2) with respectto the absorption cross-section «;; define
ential intensity Iy,  corresponding to the initial intensity Iy, after attenuation by Ray
Mie scattering and the low frequency component of the absorption coefficient. Accoy
f the Rayleigh scattering of solar radiation and the attenuation in the optical system
usually analysed by mathematicalinodelling of I3, using Formula (B.3):
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is a polynomidl déscribing 16,,1;
is the differential (the rapidly varying component of the absorption) cross-section of g

ncentration of gas C; in the optical path is obtained by adjusting the model to the meas

spectrum. I

and

are the extinction coefficients per unit of the opticalpath for particles coqpa-
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DOAS can, therefore, be used to overcome the impossibility of determining the i

hitial

radiation intensity I('),;t and take account of differential light densities of the gases studied for the whole

of the spectral domain selected for analysis.

The radiation spectrum studied may vary from near ultraviolet radiation to near infrared radiation
(from about 200 nm to 2 500 nm). DOAS is often used in the ultra-violet and visible light ranges as
the gas absorption properties in these ranges are not very sensitive to temperature and atmospheric
pressure conditions. For example, ammonia can be detected within a band from 200 nm to 230 nm.
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Annex C
(informative)

Description of the air sampling methods

Passive diffusion samplers

1 General

r different types of passive diffusion samplers have been described in scientific literat
by companies that provide analysis services. They all measure the meamtoncentrat
a period of time that depends on the environment, the concentration ranges being me
recision required. An overview of these samplers for measuring ammonia and nitrd
e found in Tang et al. (2001)[Z8]. They are able to measure concentrations of reactive g
onia and nitrogen dioxide but are not used to measure greenhouse-gases.
p

r
4

Operating principles
hssive samplers operate on the principle of diffusion of'gases along a sampler of defined

asses from a zone with a high concentration of the&gas (the ambient air being analysg
a low concentration (the absorbing medium). The-absorbing medium maintains a low cd
e gas in the adjacent air which ensures thatthere is continuous diffusion. The theorg
pf a sampler is a function of the cross-sectional area, A (m2), the length, L (m) (the di
houth of the sampler to the reaction surface) and the diffusion coefficient, D (m2-s-1),
est. The effective volume of air sampled, V (m3), is determined using Formula (C.1):

AX
IZDXTL—

e tis the exposure time/inSeconds.
fross-section and length can be adjusted to obtain the required sampling time.

hir concentration of a pollutant, C (ug-m-3), can then be calculated by Formula (C.2):
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an absorbing medium (acid, base, resin compounds}according to Fick’s law. During dfiffusion, the

d) to a zone
ncentration
tical uptake
stance from
pf the gas of

€.1)

(C.2)

e

me (1g) is the mass of pollutant collected on an exposed sample and my;

myp (ug) is the mass of pollutant in a control sample.

There are two main types of passive diffusion sampler: tubes and badges. Tube samplers are usually
vertical hollow tubes, the absorbing medium being placed at the top. The lower end of both tubes and
badges may be open or capped with a permeable membrane that does not react with the gas being
measured. For measuring ammonia concentrations, the absorbent is citric, phosphoric; sulfuric or
tartaric acid.
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