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About NPL …

The UK’s national standards laboratory

 Founded in 1900

 World leading National Measurement 
Institute (NMI)

 450+ specialists in Measurement Science

 State-of-the-art laboratory facilities

 The heart of the UK’s National 
Measurement System to support business 
and society

 Provides link between academic research 
and industrial applications.

35 746 m2

388 Laboratories

Purpose built



 The move away from single artefactual realisations of units and the 

burgeoning need for calibrations and local support for trade and 

industry resulted in the establishment of NMIs 

 1887: PTR, Germany (PTB from 1945), 1900: NPL, 1901: NBS, 

USA (NIST from 1988)

 NMIs are institutes designated by nation states to develop, improve

and maintain national measurement standards for one or more 

quantities

 NMIs represent their country internationally in relation to the NMIs of 

other countries, Regional Metrology Organisations, and the BIPM

 The NMI or its government may appoint other institutes to hold 

specific national standards: ‘Designated Institutes’ (DIs)
Ultrasound

Sound in air & 
underwater

UK DIs:

What is an NMI?
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‘Knowledge Base’ Programmes

• Develops and maintains the UK’s measurement infrastructure, 

providing traceability to the SI 

• One Programme delivered by each of NPL’s six scientific Divisions

National Measurement System (NMS)
Programme Portfolio



Emissions and Atmospheric 

Metrology Group

 EAMG’s activities are focussed on the accurate measurements 

of gases and particles in an air matrix – generally in the 

atmosphere or emissions to the atmosphere.

 30+ year history of environmental measurements

 28 scientists, more than half working in the field

 Supported by consultants and students

 Three main technical areas:

- Emissions monitoring

- Atmospheric science and climate change

- Sensor development and validation 

 EAMG is part of the Chemical, Medical & Environmental 

Science Department at NPL

 Other groups include:

- Gas and Particle Metrology 

- Optics and Earth Observation



NPL work in Emissions and Atmospheric 

Metrology



What is uncertainty?

From which we can conclude:

 Uncertainty is a topic which seems to attract the 

most obscure and convoluted definitions;

 Uncertainty is a property of a result;

 Indicates the likely range within which we think 

the ‘true’ value of a measured quantity lies, 

given all the information we have;

 Measurement uncertainty is a single value, 

expressed in terms of the measurand, either as 

a percentage or in units or the measurement.

Definition in the International Vocabulary of Basic and General Terms in 

Metrology (VIM) — Third edition (2006)

‘Parameter, associated with the result of a measurement, 

that characterises the dispersion of the values that could 

reasonably be attributed to the measurand’

x±U
(with a given confidence interval 

defined by a coverage factor, k)



What isn’t it

 Mistakes

- Uncertainty doesn’t (can’t) cover mistakes and errors.

 The error in the result

- An error is the difference between a result and the true answer –

we don’t know what the ‘true’ answer is.

- Better to think of measurement uncertainty as a figure of merit, an 

indication of what values the true answer might have.

 An absolute fact

- It is an estimate, at best we are saying that 95 times out of a 100 

the true result is (probably) within our uncertainty bounds. 

- Of course, this also means that 5 times out of a 100 a result will be 

outside these bounds.



Why evaluate uncertainty

 Allows us to assess methods and results against data 

quality requirements.

 Fitness for purpose of a measurement method.

 Interpretation of results.

 Equivalency of different results.

 Provides an understanding of the measurement and 

which parameters should be given most consideration.

Informs method optimisation.

The uncertainty (on a 95 % confidence interval) of the assessment 

methods will be evaluated in accordance with the principles of the ISO 

Guide to the Expression of Uncertainty in Measurement (1993) or the 

methodology of ISO 5725:1994 or equivalent. The percentages for 

uncertainty in the above table are given for individual measurements 

averaged over the period considered by the limit value, for a 95 % 

confidence interval. The uncertainty for the fixed measurements should 

be interpreted as being applicable in the region of the appropriate limit 

value.

As usual the trouble’s 

in the small print



Uncertainty of a method

 Measurement uncertainty is a property of a result.

 Ideally this would be evaluated for every result.

 There is general acceptance that it is possible to evaluate the 

uncertainty of a standardised method – and assume this 

uncertainty applies to future measurements made with the 

method.

 Need to be sure the uncertainty evaluation is appropriate for all 

applications of the method – i.e. conditions and scope of 

validation experiments cover the ongoing use.

 QA/QC requirements within method become important.

 Ideally a method would provide both results of validation 

including the ‘method’ uncertainty, and a procedure for a user to 

evaluate the measurement uncertainty of results they have 

obtained.



Random vs systematic terms

 Always define the scope of the measurement that you 

are determining the uncertainty of.

 What may appear as a systematic term (bias) in one 

context may be a random term (noise) in another (and 

vice versa).

 For example over a year the use of different calibrations 

will randomise some uncertainties.

 If you can randomise a systematic (bias) term then it can 

be reduced (e.g. use multiple independent calibration 

artefacts).
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Illustration of the concept of 

uncertainty

Repeated measurements

(of the same thing)

Average

Uncertainty due to repeatability

Correction for external conditions

Uncertainty due to correction

Measurement result and 

estimate of uncertainty

However, ‘true’ result may be 

outside the uncertainty because of 

unknown effects 

We minimise this by describing the 

method as fully as possible

This is 

unknowable



Normal Distribution

 Simplest model of uncertainty for repeated measurements 

with random uncertainty.

 Estimated by standard deviation of the results.

Level of confidence of 95%

2 SD

SD

u

±U

Measured result, R



Random uncertainties – average 

out

 If we have random terms then multiple measurements will 

improve the uncertainty.

 So for a normally distributed system, if we have:

- N measurements

- with a random uncertainty, Um – which  can be 

estimated as the standard deviation of a series of 

measurements of an unchanging quantity – then

- the uncertainty of the mean = 

N

Um



Repeatability in atmospheric 

gas measurements

 One key issue in atmospheric gas measurements is that in 

general we can’t make repeated measurements of the 

measurand.

 For example, if what we are measuring is an annual mean, 

then we can’t look at the scatter of results as a measure of 

the uncertainty in the measurement.

 Need to characterise the repeatability from validation 

measurements – usually by repeated measurements of a 

calibration gas or validation source.  

 Of course the measurement we make, the mean will 

improve with more results.

Don’t confuse variability of the measurand with 

uncertainty of the measurement



Guide to Uncertainty in 

Measurement (GUM)

 The GUM has been 
adopted as an 
overarching methodology

 Approach can be 
summarised as:

- Describe 
measurement steps.

- Identify uncertainties 
associated with these 
and all inputs.

- Combine them.

- Assign known level of 
confidence to this 
uncertainty.



GUM approach to determining 

uncertainty
 Define the measurement process

In principle we should know the ‘measurement 
equation’

 Quantify uncertainties of each Xi these as standard 
uncertainties (in units of measurand)
- by repeated measurement - Type A

- by estimation - Type B

- Insignificant contributions may be ignored.

 Combine these as square root of the sum of the 
variances – for random uncorrelated sources.

 Expand the combined uncertainty to give an 
estimate of the uncertainty with a required level of 
confidence by multiplying be a coverage factor.

)..,(
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Controlling uncertainty -

calibration

 Calibration ties down the uncertainties at the conditions present 

during calibration.

 Influence quantities which don’t change from the conditions of 

calibration won’t contribute to the uncertainty.

 

Analyser 
Response 

Analyser 
Response 

Concentration 

unknown 

Single Point Calibration 

Concentration 

unknown 

Cx 

Multi-Point Calibration 

Analyser 
Response 

Concentration 

unknown 

C1 C2 Cx 

Bracketing Calibration 

Analyser 
Response 

unknown 

Concentration difference 

Non-linear Response 

 Things which are either 

uncontrolled by 

calibration (e.g. 

interferent gases) or 

change (e.g. ambient 

temperature) should be 

included in other tests.

 Calibration requirement 

driven by sensor 

response.

 Of course the calibration 

itself introduces an 

uncertainty.



Traceability

 VIM definition of metrological traceability: 

“property of a measurement result whereby the result can be 

related to a stated reference through a documented unbroken 

chain of calibrations, each contributing to the measurement 

uncertainty.”

 Traceability is a crucial element in establishing 

comparability between different measurement methods.

 However, this definition focusses on measurements made 

under controlled (laboratory) conditions

 It doesn’t reflect the impact changing external conditions 

could have on the measurements.

 Discussions are underway to revise the definition to 

make it more applicable to field measurements.



Validation

 Validation provides evidence that 
a method is fit for purpose.

 Often takes the form of inter-
comparison studies of different 
methods supported by laboratory 
method assessment.

 Should include all QA/QC and 
other procedures used to control 
the method.

 Note that validation usually 
applies to the complete 
measurement method, rather 
than just calibration of a sensor.

 Much of our work on validation 
concerns assessment of a 
method in the field i.e. under the 
conditions the method will 
actually be applied.

Uncertainty

evaluation

Validation

studies

Validation studies can be 

used to check uncertainty 

evaluations or to provide 

input into them.

Uncertainty evaluation can be 

used to help plan validation 

studies.

Ideally the two processes 

should be iterated.



Interaction between light and 

atmospheric gases



Optical spectroscopic 

measurement methods

Direct Absorption Spectroscopy
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Principles of Infrared 

Spectroscopy

 Most molecules possessing a charge asymmetry, or dipole moment, 

absorb IR radiation

 The IR absorption features are a result of transitions between 

vibrational and rotational energy levels of the bonds between atoms in 

the molecule.

 The frequency at which an absorption feature occurs is dependent on 

the energy separation of the ro-vibrational levels, and is characteristic 

to the bond within the molecule (eg the ‘C-H stretch’ at ~3 μm)

 Light molecules tend to have fine-scale features with narrow absorption 

lines.

 Heavy (floppy) molecules tend to have broad spectral features.



Ro-vibrational Spectroscopy

 Spacing between rotational energy levels 

generally much smaller than between 

vibrational levels. Therefore, rotational 

transitions give the fine structure on top 

of the broader vibrational spectrum.

 The part of the spectrum linked to 

vibrational transitions with the same 

rotational quantum number (ΔJ = 0) is 

known as the Q-branch (not present in 

many diatomic molecules).

 When the energy of the rotational 

transition is added to the vibrational 

energy then see higher frequency lines 

(R-branch for ΔJ = +1).

 When the energy of the rotational 

transition is subtracted from the 

vibrational energy then see lower 

frequency lines (P-branch for ΔJ = -1).

 Appearance of the rotational structure 

determined by the symmetry of the 

molecular rotation.



Example Infrared Spectra of 

Alkanes

Infrared spectrum of methane
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Water Vapour Absorption

 Water vapour has a complex IR 

absorption spectrum due to 

asymmetry and polarity.

 Water vapour is the major absorber 

of solar radiation, and therefore the 

dominant greenhouse gas.

 There are ~13x106 tonnes of water in 

the atmosphere and it is responsible 

for ~70% of radiative absorption.

 Atmospheric lifetime of water vapour 

is ~9 days, driven by evaporation 

and precipitation.

 Although not directly linked to 

anthropogenic emissions, there are 

feedback effects:

- Positive feedback from 

increased water vapour capacity 

in a warmer atmosphere.

- Negative feedback due to cloud 

formation



Infrared Spectroscopy of CO2

 CO2 absorbs light in 

various bands across the 

infrared (IR) spectrum.

 Absorption band at 4.2 μm 

(and 2 μm) falls in water 

vapour transmission 

window.

 It is this absorption that 

makes it effective as a 

greenhouse gas.

 Effective atmospheric 

lifetime of several decades

 Select different absorption 

bands to make specific 

and sensitive CO2

measurements in different 

applications.



Atmospheric Methane

 Green-house gas 

contributing  ~14.3% of 

anthropogenic emissions.

 56 times more effective 

GHG than carbon dioxide 

over 20 years.

 ~12 year lifetime in the 

atmosphere (GWP falls to 

21 over 100 years).

 Atmospheric concentration 

of ~1.9 ppmv.

 Made up of one carbon 

atom and four hydrogen 

atoms in a tetrahedral 

shape.



Methane measurements

 The fine-line structure of 

methane absorption 

makes it ideally suited to 

specific measurements 

 Need high resolution to 

resolve this and get high 

sensitivity measurements.



Methane measurements –

interference 

 The fine-line structure of 

methane absorption 

makes it ideally suited to 

specific measurements 

 Need high resolution to 

resolve this and get high 

sensitivity measurements.

 Major issue is to avoid 

interference from other 

gases (water vapour)



Infrared Gas Measurements

Advantages

 Non-contact / remote 

measurements 

 Many different measurement 

geometries possible

 Reduces need for complex 

sample handling

 Potentially simple calibration 

chain

 High selectivity and sensitivity

 Large dynamic range

 Simultaneous analysis of many 

gases

Disadvantages

 Need to know absorption 

coefficient for particular 

measurement situation (P & T 

and wavelength dependence.

 Cross-interference from other 

species (particularly water 

vapour).

 Non-linear relationship between 

measured quantity (light 

intensity) and concentration.

 Instrumental effects on 

measured spectrum (instrument 

line shape).



Optical open path configurations
Integral concentration measured in this region

Active systems

Ambient source of radiation

Passive systems

–Active or passive

–Single or double ended

–Range resolving or path-integral

–Single optical path or imaging



 Remote mapping and quantification 

of emissions using Differential 

Absorption Lidar (DIAL).

 Open path measurements of 

multiple species using FTIR and 

laser absorption spectroscopy for 

industrial and security applications.

 New technologies for imaging and 

mapping VOC and CO2 emissions.

 Measurements in hazardous and 

inaccessible areas. 

 Identification and quantification of 

leaks.

 Plume tracking and source 

identification from complex 

industrial plant. 

Remote sensing technologies



Passive remote sensing –

spectral imaging

• Passive imaging techniques present an 

attractive option for screening plant for 

unexpected emission sources (leaks).

• Usual method for IR absorbing gases is 

to use a thermal imaging camera and 

spectrally filter to target an absorption 

band of the target gas.
 

• Technique already  used in the petrochemical industry for screening 

tanks and process areas for fugitive VOC emissions.

• Good for quick qualitative assessment of sources (easy to deploy) 

but much harder to make quantitative emission measurements.



Laser-based gas sensing

 Laser sources allow discrimination of 

different gases as they can be frequency 

agile, narrow bandwidth and high intensity.

 High spatial coherence also useful for open-

path / remote measurement methods.

 Tunable lasers and non-linear optical 

sources ideally suited to such applications –

many different options available.

 Typical example for cw sensing applications 

is the distributed feedback (DFB) laser diode, 

with feedback grating integrated into 

semiconductor substrate.

 Wavelength tuning from thermal expansion 

of substrate, either directly from bulk 

temperature control (broad tuning with slow 

response), or indirectly from applied current 

(fine tuning with fast response).



Tunable Diode Laser Absorption 

Spectroscopy (TDLAS)

 Tunable diode lasers are ideal sources for optical 

spectroscopy.

 Measurements generally made in the near-IR (telecon) 

wavelength region using distributed feedback (DFB) diode 

lasers and low noise (InGaAs) detectors

 Many detection scheme options: direct absorption, 

wavelength modulation, frequency modulation, cavity 

ringdown spectroscopy (CRDS), Noise Immune Cavity 

Enhanced Optical Heterodyne Molecular Spectroscopy 

(NICE-OHMS), etc.

 Developments in Quantum Casade lasers enabling move 

to mid-IR.



Atmospheric Water Vapour –

In-situ Measurements 

 The accurate determination of atmospheric 

temperature and humidity is still a challenging 

measurement issue.

 This is particularly the case in the upper atmosphere 

where sensors need a fast response in low density 

air, and solar heating and water contamination 

present additional problems for both temperature and 

humidity sensors.

 Non-contact measurement methods offer the 

potential to address these challenges.

 Humidity measurements made using direction 

absorption TDLAS.



Atmospheric Water Vapour Profile 

Measurements with TDLAS 

NPL TDLAS results - SF3
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• Largest source of uncertainty in water 

vapour mixing ratio determination 

was the air temperature in the 

measurement volume.



Acoustic Interferometer

Microphone

Speaker

Parabola



Instrument design

• Non-Contact Thermometer and Hygrometer 

(NCTAH).

• Acoustic temperature and laser absorption 

humidity measurements in same air volume.

• Open framework to minimise sampling effects.

An improved non-contact thermometer and hygrometer with 

rapid response; R Underwood, T Gardiner, A Finlayson, S Bell 

and M de Podesta; M; Metrologia 54 (2017) 



Differential Absorption LIDAR

 LIDAR is the laser 

equivalent of radar.

 We can use pulsed laser 

beams to map gas 

concentrations in the 

atmosphere.

 By combining with wind 

measurements we can work 

out the rate a gas is being 

emitted and where it is 

coming from. 

 Used to measure area 

source and fugitive 

emissions.



What are area source emissions?

 Area sources of pollution are emissions which can be 

characterised being non-uniform i.e. area sources - having large  

and complex spatial release distributions generally encompassing 

multiple emission points.



Fugitive Emissions

 Fugitive emissions are those emissions which are not controlled

Generally leaks from seals, valves, or other components

 Emissions estimated from leak detection and repair programmes

99% of emissions from 0.1 % leaks

Methods require ~10-20 % of components to be assessed

Models

Landfill model – GasSim

AP 42 - TANKS – based on emissions factors 

 Regulations are currently based on modelled

and calculated emissions

 Recent studies in Canada showed measured total-
site emissions from refineries could be as much as 
a factor of 10 higher than calculated

 There have also been observed mismatches 
between ambient concentrations and source terms



Principles of Differential 

Absorption Lidar 

 Lidar – Light Detection and Ranging;  Laser radar

 Differential Absorption Lidar, DIAL – Lidar at multiple wavelengths:
- Two wavelengths transmitted (interleaved on sequential pulses).

- On-resonant wavelength tuned to absorption line of target gas.

- Off-resonant wavelength at nearby wavelength to act as reference 

(minimal differential scatter and absorption from other sources.

- Ratio of lidar returns provides integral gas concentration as a 

function of range.
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DIAL measurement configuration for 

emission rate (flux) measurement

 Vertical scans 
enable plume 
mapping and 
flux calculation

 Combine 
integrated 
concentration 
with simple 
wind field to 
give flux

 Can measure 
away from 
source – less 
complex wind 

Wind vector

Infrared differential absorption Lidar (DIAL) measurements of 

hydrocarbon emissions; Robinson et al; J. Environ. Monit., 2011



DIAL Can Identify and Quantify 

Emissions from an Industrial Plant

wind



DIAL Can Identify and Quantify 

Emissions from an Industrial Plant

wind



 Localised source: 
Gas Engines

 Closed/ 
sealed area

DIAL case study: 
methane emissions from landfill site

 Active area



 Site 1: Large landfill site ~ 1.7 km2

 Site 2: Small landfill site ~ 0.4 km2

 Measurements repeated after 27 months

 Emissions typically decrease with capped area age

 Recently capped areas can have high emissions

 Total emissions higher at Site 2 (small site) than Site 1

 Active area emission varies considerably with its 
dimensions

 Operator’s remediation actions driven by DIAL 
measurements considerably decreased total site emission

 Shows the potential of recently capped area to have very 
low emissions

 In both cases emissions from capped areas reduced by 
more than 500 kg/hr leading to both economic and 
environmental benefits

Flux 1 Flux 2

kg/hr kg/hr

Area 1 21.4 6.5

Area 2 40.7 4.3

Area 3 68.2 14.1

Area 4 154.0 14.5

Area 5 78.2 1.8

Area 6 155.9 0.7

Active Area 201.6 30.7

Total Site 802.8 130.7

Emissions Area 

Site 1

Flux 1 Flux 2

kg/hr kg/hr

Area 1 54.7 28.2

Area 2 71.2 31.3

Area 3 699.8 108.0

Active Area 107.0 335.2

Total Site 945.6 502.7

Emissions Area 

Site 2

DIAL case study: 
repeat measurements at same landfill sites



Spectroscopic calibration 

 Spectroscopic measurements are sometimes described as ‘calibration-
free’.

 This assumes that the measurement traceability can be derived from 
the spectroscopic parameters of the measurement rather than from a 
calibration artefact (e.g. a reference gas mixture).

 In this ideal case:

- Database of spectroscopic parameters derived from lab 
measurements;

- Lab measurements performed where concentration, path length, 
pressure, temperature, etc. are all traceable back to the SI with 
known uncertainties.

 Using database build a model of the spectrometer where input 
parameters are also traceable with known uncertainties, and a 
‘spectroscopic calibration’ derived.



Key Parameters in Spectroscopic 

Calibration

 The list below shows some (but not necessarily all) of the 

parameters that could be included in a model and require a 

determined uncertainty:

- Instrument Line Shape

- Linearity

- Interferences

- Sample pressure and temperature

- Ambient pressure, temperature and humidity

- Limit of detection

- Sampling system

- Repeatability

 In many cases this can be more complex than traditional 

calibration routes. 



Spectroscopic Databases

 Cross-section databases 

- e.g. NIST: http://webbook.nist.gov/chemistry/ (IR spectra 

included with lots of other chemical information),            

PNNL: https://secure2.pnl.gov/nsd/nsd.nsf/Welcome

- Provide the absorption spectra for many different species, but 

without spectroscopic parameters so only valid under the 

conditions of measurement.

 Line-by-line databases 

- e.g. GEISA: http://ether.ipsl.jussieu.fr/etherTypo/?id=950&L=0

Hitran: https://www.cfa.harvard.edu/HITRAN/

- Generally focussed on light atmospheric gases.

- Provide the spectroscopic parameters which enable spectra to 

be calculated under wide range of conditions.

http://webbook.nist.gov/chemistry/
https://secure2.pnl.gov/nsd/nsd.nsf/Welcome
http://ether.ipsl.jussieu.fr/etherTypo/?id=950&L=0
https://www.cfa.harvard.edu/HITRAN/


Calibration facilities for optical 

instruments

Permeation Tube and 

Time Division Dilution

Standard 

Gases

Multi-component 

Dynamic Blending

Dynamic Dilution by 

Binary Network

Water Vapour by 

Dynamic Gravimetry

Test cells for 

open-path 

calibration



 NPL have developed Controlled Release Facility (CRF) for field performance testing 

and calibration of remote monitoring systems, and validation of new technologies. 

Technologies aren’t methods – need validated protocols

 CRF tests to date with greenhouse gases (e.g. CO2 and CH4) and other species (e.g. 

C3H8).

 High flow gas blending system allows releases at controlled rates comparable to 

small-medium industrial emissions (up to 55 kg/h for C3H8, 36 kg/h for CH4, and 99 

kg/h for CO2).

 Gas released from up to four separate locations, each separated by up to 70m and 

dispersion characteristics set by different release node formats.

 Emitted gas composition can be determined by comparison with NPL primary 

reference gas standards and provide traceability to national standards.

Controlled Release Facility (CRF)



Overall Summary

 The composition of the atmosphere directly effects a 

number of major environmental issues.

 Optical techniques provide key tools for atmospheric gas 

measurements.

 Wide range of practical applications covering atmospheric 

science, climate change, air quality and industrial 

emission measurements.

 Many different internal and external factors influence the 

measurements, particularly in the field.

 Many different measurement techniques, each with their 

own benefits and issues - understanding the uncertainty of 

each technique crucial to establish its applicability.

 Calibration and validation forms an important part of 

system development and exploitation.
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