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Rationale for trace gas measurements @ Empa

GEORAL: kiets charde B Air Pollution and Climate — different scales.

summer smog winter smog acid rain
0; (VOCs/NO,) Particles (SO,/NO,/VOCs), CO

REGIONAL:

gacid rain, . . > B
gepheric ozone, global warming ozone depletion
sols, greenhouse gases
CO,/CH,/N,0/03/halocarbons halocarbons

LOCAL:

air pollution
health effects g

® In the troposphere near ground level, ozone is marnly
an air pollutant, threatening health and eco systems.

B Elevated ozone can lead to leaf injury, resulting in crop
loss (food security).

Source: Hidalgo et al.: Advances in Urban Climate Modeling, Trends and B Ozone plays an important role in the stratosphere,
Directions in Climate Research: Ann. N.Y. Acad. Sci. 1146: 354-374 (2008). absorbing UV radiation from the Sun.
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Global Atmosphere Watch and other Networks ®Empa
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World Calibration Centre WCC-Empa  Fessssiis
weerco

W Supports global research and policies since 1996 WeeTor e
B More than 100 station audits at mainly global GAW stations Collaborstion with WEC N0
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History of Ozone @ Empa
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\\Christian  Friedrich Schénbein . L . . . .
(1799-1868), University of Basel B 1839: O, is detected by Christian Friedrich Schénbein

B 1845: Schonbein detects O; in the atmosphere
B until 1950: O; in troposphere is from stratosphere
B From 1950: Linkage of O; with photochemical smog (Los Angeles)

B Potassium lodide measurement techniques

O3 +2KI + H0O — O2 + I + 2KOH

Later, measurements with Kl-impregnated papers which —
when exposed to ozone — develop a blue color.

Interest in ozone was very high, in part because of its role
as an “air purifier” and its suggested role in eliminating
disease organisms, particularly cholera.

Swiss postage stamp (1999)
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Arie Haagen-Smit & Los Angeles Smo

B Investigation of photochemical smog

of Los Ang

California Inst
Los Angeles County 4

Air pollution in the Los Angeles area is ucterized
by a decrease in visibi crop damage, eve irritation, ob-
jectionable ador, and rubber detorioration. These efects
are attributed to the rclense of large quantities of hydeo-
carbona and nitrogen oxides to the atmosphere, The
s the hy-

the vapor
shown to

earbuna hase bee
damuge resembling clusely

Arie Haagen-Smit
(1900-1977)

IR pollution in the Los Angrles area is characterized by s

Industrial and Engineering Chemistry, 1953

F. E UTIMAN, H. W. FORD, end N. ENDOW
Stanfard Research Insfisute, Fasedena, Calif,

Formation of Ozone in the Los Angeles Atmosphere

origins and effects

Industrial and Engineering Chemistry, 1952
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Air Repair, 1954

Photochemical Ozone Formation with Hydrocarbons
and Automobile Exhaust

Oxidant formation in les
Angeles atmosphere is ex-
plained by assumption that
ozone is formed by nitrogen
dioxide photelysis aided by
rapid conversion of nitric
oxide to nitrogen dioxide
in presence of certain hydro-
corbons.  The quaniitative
aspects of such systems
are under investigation
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Isolation of Oxidant Precursors

i‘r The most typical characteristic of the Los Angeles smog
11 i its srong oxidizing effect.!" This effsct can be demon-
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Los Angeles County Air Pollution Controd District has
demonstested the caome forming praperty of the air mear

@ Empa

Materials Science and Technology

Plant Physiology, 1952

INVESTIGATION ON INJURY TO PLANTS FROM AIR POLLUTION
IN THE LOS AXGELES AREA
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Reveived July 24. 1951

Introduction

The remarkable increase in population and number of industries in the
Los Angeles aren since 1940 has given ri=e to a serious problew of air pollu-
tion known as smog.  Leai injury to plants, i articularly leafy vegetable
crops. was first noted in 1944 and l'hll- invreas severity =L\}'cg‘thm The
injury was not ineited by Towen it Wwis nssociated with periods of
heavy smiog (7, 100, Endive, spinach, Romaine lettuce, ganden and sugar
beets, Swiss chard, and, at times, outs, were badly damaged.  Alfalfa, barley.
egg plant, tomatoes and head lettuee were injured to a less extent, and cab-
bage. cauliflower, cantaloupe, and eucunibers were very resis

Industrial and Engineering Chemistry, 1956

Ozone Formation in Photochemical
Oxidation of Organic Substances

Ao J. HAAGEN-SMIT axo C. E. BRADLEY
Colifornis Institinte of Tochnologr: Passdens 4 Calif.
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Rationale for measurements of O; in the atmosphere @ Empa

Health Effects of O Polluti
B Effects on human health ?a , ects ob Dzone Follution

* O; harms lung function and irritates the respiratory system. ebreathecon O e

harm our health, Providers

especially on

* O; can lead to premature death, respiratory illnesses like ok sanny oy

when ozone can

asthma and bronchitis, heart attack, and other i

Ozone and Your Patients'

Healthcare Providers

levels. Even

cardiopulmonary problems up to permanent pulmonary

levels of ozone

damage. can cause health

effects

Who is
B Effects on the environment at risk?

People most at risk from breathing air containing ozone include people with asthma, children,

° 03 affects Sensitive Vegetation and ecosystemsl induding older adults, and people who are active outdoors, especially outdoor workers. In addition,

people with certain genetic characteristics, and people with reduced intake of certain nutrients,

forests pa rks Wildlife refuges and Wilderness areas in such as vitamins C and E, are at greater risk from ozone exposure.
! i i
Children are at greatest risk from exposure to ozone because their lungs are still developing and

pa rticu Ia r, d u ri ng the g rOWi n g Sea SO n . they are more likely to be active outdoors when ozone levels are high, which increases their

exposure. Children are also more likely than adults to have asthma.
* In addition to reduced tree growth and visible injury to What does ozone exposure
leaves, continued ozone exposure over time can lead to do to sensitive plants?
increased susceptibility of sensitive plant species to
disease, damage from insects, effects of other pollutants,

* Increase sensitive plants' risk of:

competition, and harm from severe weather.

« Reduce photosynthesis, which is the process that plants use to convert sunlight to energy to

Source: US EPA (https://www.epa.gov/ground-level-ozone-pollution)

tulip poplar


https://www.epa.gov/ground-level-ozone-pollution

Ground level ozone regulations

B Surface ozone is a regulated air pollutant, and threshold levels are set by many countries

Table 4: Threshold levels set by the Council Directive on air pollution by ozone

Threshold value set by Description
European Council
Directive 92/72/EEC

Population information

threshold
Population warning
threshold

Health protection
threshold

Vegetation protection
threshold
Vegetation protection
threshold

Criteria based on

Value pg.m™

1 hour average concentration 180

1 hour average concentration 360

Fixed 8 hour mean concentrations
(period hours 0;00-8:00, 8:00- 110
16:00, 16:00-24:00, 12:00-20:00)

1 hour average concentration 200

24 hour average concentration 65

Source: www.eea.europa.eu/publications/TOP08-98/page006.html

Dzone (O3)

100 pg/m?

98% of half-hour means for one month =
100 ug/m3

@ Empa
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H United States
N Environmental Protection
\’ Agency

Laws & Regulations v

Search EPA.gov

Environmental Topics v Report a Violation v About EPA v

Related Topics: Criteria Air Pollutants CONTACT US

NAAQS Table EE An official website of the United States government

The Clean Air Act, which was last amended in 1990, requires EPA to set National Ambient Air Quality Standards (40 CFR part 50) for six
principal pollutants ("criteria" air pollutants) which can be harmful to public health and the environment. The Clean Air Act identifies

two types of national ambient air quality standards. Primary standards provide public health protection, including protecting the health
of "sensitive” populations such as asthmatics, children, and the elderly. Secondary standards provide public welfare protection,
including protection against decreased visibility and damage to animals, crops, vegetation, and buildings.

Periodically, the standards are reviewed and sometimes may be revised, establishing new standards. The most recently
established standards are listed below. In some areas of the U.S., certain regulatory requirements may also remain for implementation of
previously established standards.

Units of measure for the standards are parts per million (ppm) by volume, parts per billion (ppb) by volume, and micrograms per cubic
meter of air (ug/m?).

120 pg/m?3

1-hour mean; must not be exceeded
more than once per year

Source: www.fedlex.admin.ch/eli/cc/1986/208 208 208/en

el I Primary/ Averagin;
[links to histerical tables of . " ging Level Form
N Secondary Time
NAAQS reviews]
) 8 hours 9ppm Not to be exceeded more than once per
Carbon Monoxide (CO) primary
1 hour 35 ppm year
primary Rolling 3 month o
Lead (Pb) and 0.15 ug/m? 1l Not to be exceeded
average
secondary
98th percentile of 1-hour daily maximum
primary 1 hour 100 ppb i
concentrations, averaged over 3 years
Nitrogen Dioxide (NO,)
2 primary
and lyear 53 ppb 2 Annual Mean
secondary
primary Annual fourth-highest daily maximum 8-
Ozone (03) and 8 hours 0.070ppm ¥ | hour concentration, averaged over 3
secondary years

Source: www.epa.gov/criteria-air-poIIutants/naaqs-tabIe



Surface Ozone Measurement Techniques ®Empa

B “Historic” measurement techniques (e.g. Schonbein method) are no longer relevant.
B Chemiluminescence method, reaction of ozone with ethene to ethylen oxide

03 + C2H4 -—=> C2H4O +02 + hV
Detection with photo multiplier

B Chemiluminescence is not widely used. This technique can be an advantage in the presence of interfering
species, such as volatile organic compounds (VOCs). A few instruments are on the market.

B Spectroscopic techniques (mostly UV absorption) are most widely used.

B Many different instruments (brands) are commercially available.



Absorption spectrum and measurement principle @®Empa
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P

The Law of Lambert-Beer _-’ — a; SI

% e
I L ﬁo
1 2 . Lo -10°. log— 0
k L T p 1 Absorption spectra of ozone
C = ozone mole fraction 1
T = gas temperature in Kelvin max.; 254 nm
To = standard temperature: 273 K
P =  pressure [mbar]
Po = standard pressure: 1013 mbar
0 = light intensity with zero air
11 = light intensity with ozone
k = absorption coefficient 134 atm-1 cm -1
L = optical lenght [cm]

200 nm 250 nm 300 nm



The Law of Lambert-Beer
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C
=
ozone mole fraction


T
=
gas temperature in Kelvin



T0
=
standard temperature: 273 K



P
=
pressure [mbar]



P0
=
standard pressure: 1013 mbar



I0
=
light intensity with zero air



I1
=
light intensity with ozone



k
=
absorption coefficient 134 atm-1 cm -1
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=
optical lenght [cm]
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Absorption spectra of ozone


Ozone reference - NIST Standard Reference Photometer ®Empa

d Technaology

B NIST Standard Reference Photometer (SRP)
B About 60 instruments worldwide
B Traceableto SI

SRPs (#15 and #23) operated by Empa Arnquld Bass ang’ Jim Norris with
the first SRP (#0) in 1982



Traceability Chain within GAW @ Empa
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Audit scope

' BIPM/NMI
— — —»! Bureau Intemational des Poids |
| et Mésures / |

Primary
Standard
(PS)

WMO/GAW
Secretariat

TS

1L

Maintenance

! i
! National Metrological Institutes |
of scale E 9 -

v Designation of PS

Central Calibration
Laboratory (CCL)

Scientific Advisory
Group (SAG)

Analyzer 7 7'
Secondary Intercomparison Data Quality Objectives (DQO)
Standard sop
v v 3
World/Regional Quality Assurance/ N
=== Calibration Centre === Science Activity Centre ‘—P@i [v);l[t)
(WCC/RCC) (QAISAC) sniro :|( )
A A »
System Audit
Capacity Building
_— soP )
Calibration Data Flagging
Intercomparison v Data Classification
Audit Data Integrity
GAW Station
Calibration

Figure 15 - Elements of the Quality Assurance system,
QA activities and workflow in GAW

years years years

B Central Calibration Lab (CCL) maintains Primary Standard (PS) (NIST)
® WCC / RCC has a Laboratory Standard (LS) (WCC-Empa, RCC O3)
B GAW station also must have a LS traceable to CCL
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Traceability of Ozone is different! @Empa
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® Each NIST Standard Reference Photometer (SRP) is a realisation of a Primary Standard
B CCL is NIST, which maintains SRP#2 (=reference for GAW), but SRP#X is also a primary standard

B The 'SRP family’, which defines the O; reference, is compared in an ongoing Key Comparison organized by
BI P M (WWW. b | D m .O rCl) Degrees of equivalence D;and expanded uncertainty U;(k = 2) expressed in nmol/mol.

420 nmol/mol

2
2
-14) -
4
4

s R S S N S N S
& x & & & LoE A A 2 0 & L 4 A £ £ £ L oA & 0L
mmmmmmmmmmmmmmmmmmmmmm
2 = 32 2 3 2 2 <322 2 28 22 e 3322
= - = Ny -z = « = = ~ 9 2
zwusgcafigsygedsygs-2%fcagcagesgg
£ 3 3z 2 = £ 0>z 30k szh - g/ - WSk
= = = e 3 zZ Z « 5528k =
zZ Z ~ K z Zz
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B
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https://www.bipm.org/kcdb/comparison?id=1428#tabsPage

PARTICIPATING INSTITUTES [l &1-Qvk1 420 nmotrml


http://www.bipm.org/

Why is every SRP a primary standard?

= Measurements are traceable to the SI.

This is realized in every SRP independently.

They are not identical due to uncertainties in the determination of e.g. the cell length.

@

B

Absorption cross section is by far the most dominant source of uncertainty for ozone
measurements.

However, as it is a conventional value, it can be neglected for traceability within this

convention.
Table 1: Uncertainty budget for the SRPs maintained by the BIPM

Cross section o

cm*/molecule | em*/molecule

o

Uncertainty u(y) Sensitivity | contribution
. Combined | coefficient to u(x)
Component () P Standard standard _ox ‘c', ‘ u(y)
Source Distribution | - . L €=
Uncertainty | uncertainty ay nmol/mol
u(y)
3::1:1;L11'e111e11t Rectangular | 0.0006 cm
i < X
?pnca] Path Repeatability | Normal 100lem  |0.52em [_ 2.89 x 107y
opt Correction “opt
5 Rectangular | 0.52 cm
factor
Pressure gauge | Rectangular | 0.029 kPa x
" o : . 1 / - P 4
Pressure P Difference Rectaneular | 0.017 kPa 0.034 kPa I 337 % 107
between cells =
'f:;:g:‘ralure Rectangular | 0.03 K >
Temperature T 1T o 1 - 10.07K T 229 % 107
cmperature Rectangular | 0.058 K
gradient <
L Scaler » ; 6 X
BS:IIO Dll D resolution Rectangular 8x10 14x%10° 0.28
intensities Py e - - 1
Repeatability Iriangular 1.1x107 Dn(D)
sorpti 22 19 22 19 x N
Absorption Hearn value 122 10 1.2 10 - 1.06 > 10~x

From: Viallon et al., Final report, ongoing key comparison BIPM.QM-K1: Ozone at ambient level, comparison with EMPA (June
2012), Metrologia, 49, 2012.

@ Empa
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. UV-absorption spectrum of ozone

max.: 254 nm

5L

i

- 1

— o
Iy

200 nm

250 nm

The Lambert-Beer Law

= ozone amount fraction

= gas temperature in Kelvin

= standard temperature: 273.25 K

= pressure [mbar]

= standard pressure: 1013.15 mbar

= light intensity with zero air

= light intensity with ozone

= absorption coefficient 134 atm-'cm-"
= optical lenght [cm]
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Largest uncertainty: Absorption cross-section @Empa
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N ; » Absorption cross section is largest source (Hearn-61 et al. 2.1%, 95% confidence)
! Hearn (1961)
2 i = New value is proposed by Hodges et al. (2019).
T !
z 2 ! . . .
z o 5 * The recommended value is ~1.29% lower than the current value (Hearn-61) implemented in
i N i reference instruments for tropospheric ozone measurements.
Z o ;
8§ & i = The uncertainty of the proposed value is 3 times smaller than Hearn-61.
[= R !
. - i » Implementation of the new value is proposed by Working Group on Gas Analysis (BIPM).
o I . . . .
g A = Ozone amount fraction will shift by about +1.29% with the new value.
= T ] T
11017 114e17  1.18e17
Absorption cross-section [cm2/molecule]
T T 5 <0>=1.1329(35)x 10" cm* molecule '
7 i i Hearn (1961) Ugs(<0>) =0.0069x10'7 cm? molecule ™'
@ i Hodges (2019) .
5 |
2 Q e v
C 1 @
@ - 1 2
© | £
E % i NE | OPEN ACCESS|
E 8 | i :o | I.O‘I-'lFil’lblismr/\g — . . Wﬁ“jndmn
9 = : o E I Mulrologia 56 (2019) 034001 (12pp) hitps-idci org: 10, 1086/ 1681-7575/ab0bdd
& i 5 o | * | | I Recommendation of a consensus value
3 : o | l | I | of the ozone absorption cross-section
¥ | - . .
31 — : at 253.65 nm based on a literature review
o
1.10e-17 1.14e-17 1.18e-17 e J T Hodges'®, J Viallon>'%®, P J Brewer*@, B J Drouin®, V Gorshelev®,
- . - " . " ] - - - - «= H = C Janssen™ ,5Lﬁee' , A Possolo'®, M A H Smith*®, J Walden”
Absorptlon CFOSS—SECTIOH [sz'lrm0|8CU|e] AFCRC-59 JPL-64 JPL-86 HSCA-88 UniBremen-99 NIES-06 BIPM-15 andR1 WiEIgusz_

Hearn-61 Griggs-68 UniMin-87 UniReims-93 UMPC-04 UniBremen-14 BIPM-16 National Institute of Standurds and Technology (NIST). Guithersburg, MD. United States of America



Stability of the SRPs @ Empa

O, bias at 50 nmol mol " / (nmoal mol‘1)
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» Regular comparisons were
made between SRPs #23
and #15 since 2001.



Stability of the SRPs @ Empa

o
= 7 1993
T 2007 = Initial version of SRP#15 (from 1993 until the electronics upgrade in
g 2002) was biased by -0.3% due to a wrong capacitor in the detector
T 24 circuit.
=
~ >>> "James E. Norris" <jnorris@email-nist.gov> 01/08 9:56 pm >>>
g 2 Hello Christoph,...
o
E ...[n some cases there was an increase in concentration measurement
g o | relating in a 0.3% shift in the slope. This is due to the fact that these SRPs
o had 0.022 uF capacitors on the detector circuits. This came about from a
2 mistake on the drawing and the value should have been 0.0022 uF. This
© o changes the time constant of the detector circuit which changes the
- concentration measurement.

0.98 0.99 1.00 1.01 1.02

Slope / (-)



Stability of the SRPs @ Empa

O, bias at 50 nmol mol " / (nmoal mol‘1)
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» The difference between #15 and #23 disappeared with the
electronics upgrade in 2002.

= Another upgrade (tilted windows, better thermal insulation of light
source) in 2007 improved reproducibility of SRP-SRP comparisons.
There is still variation in the slope, but zero offsets improved
significantly.

INSTITUTE OF PHYSICS PUBLISHING METROLOGLS.

Metrologia 43 (2006) 441 450 doi: L0108 BAKIZ6- 139444 3/5/01 6

A study of systematic biases and
measurement uncertainties in ozone mole
fraction measurements with the NIST
Standard Reference Photometer

J Viallon', P Moussay', J E Norris?, F R Guenther® and
R T Wielgosz'
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20 years of SRP-SRP comparisons @Empa
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SRP-SRP comparisons between Empa and other Institutes @Empa

NIST: SRP #0 and #2 / BIPM: SRP #27 and #28 / METAS: SRP #14 and #18 / CHMI: SRP #17
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Ozone analyzers

B Same operating principle as the reference instruments (SRPs)

Fressure Sensar Flow Sensor

]

Sample Out

! oy ey

iy o

Déte ctor L
Larmp }

L

u CELL"B" :‘—f

@ Empa
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removes ozone

Example: Thermo, Model 49C
O; Analyzer

Flow Sensor

—_—
Sample In



Materials Science and Technology

Instrument development: High-end (example for CO) @ Empa

. Webinar with Martin Steinbacher
GC/HgO @ MLO N Carbon monoxide in the atmosphere -
measurement techniques

INovember 4th, 2 pm UT

Carbon monoxide (CO) is a central molecule in atmospheric
composition monitoring and research. Mole fractions in the
troposphere range from less than 100 ppb in remote areas to - -
a few ppm in urban environments. Major sources are fossil Martin Steinbacher
fuel combustion, biomass burning and oxidation of methane EMPA
and nonmethane hydrocarbons. Despite being a reactive gas
1 990 with an atmospheric lifetime of a few days to months, CO is
also considered as an indirect greenhouse gas as it interacts in
I the oxidative chain reactions and, consequently, also

Mid-infrared
(MIR) direct laser
S @ AMY absorption

t
, CO, spectroscopy

Reactive Gases

Carbon monoxide in the atmosphere - measurement techniques 2 O 2 O
November 4th, 02:00 PM UTC

influences the lifetime of long-lived greenhouse gases such as
methane. Thus, carbon monoxide plays an important role in
atmospheric chemistry, the carbon cycle, and the Earth's
radiative budget.

The Global Atmosphere Watch Programme (GAW) of the
World Meteorological Organization lists CO as one of its

B Measurement of ¢ recommended measurement variables. Several fundamentally n of mUItlple species
B Often slow quasi different measurement techniques exist for CO observations. itinuous
! The lecture will give a comprehensive overview of the most
] Frequent calibratic common techniques and related quality assurance / quality 1 calibration frequency varies
. control recommendations.
B Partly non-linear r 1ear over a large range
|

Noise and reprodi d noise and reproducibility
compared to curr



Instrument development: Low-end

Metal oxide
~ CHF5
~ 1960

Sensor

= Sensors: Challenging component diversity. Mainly ‘old’ technologies.

= Technical information provided by manufacturers often not sufficient.

=/
Wisty

CARg NO!
ON MO™
0.ax 175601"

NITROGE

NO2-A1 I‘
T

(ﬁ'f

Electrochemical
/ voltammetric
~ CHF 50

~ 1980

Photochemical
~ CHF 200
~ 1990

Model 106-L-OEM Ozone Monitor

Micro-optical
> CHF 100
~ 2000

Micro-electro-
mechanical (MEMS)
type device

@ Empa

Materials Science and Technology

Trend:

Miniaturization

Design improvements
Integration into units
Ancillary parameters (e.g. p, T)
Multiple sensors
Communication (LoRa / GSM)
Cloud processing



Low cost sensor recommendations

Low-cost sensors for the measurement of
atmospheric composition: overview of topic

and future applications

valid as of May 2018

Editors: Alastair C. Lewis, Erika von Schneidemesser and Richard E. Peltier

b

\ Fan

) { \&World.Heqlth UN&‘»

/ &%/ Organization it
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christoph.zellweger@empa.ch

GAWTEC Webinar 27 October 2021

@ Empa

Materials Science and Technaology

An update on low-cost sensors for
the measurement of atmospheric

composition

December 2020 Edited by Richard E. Peltier

WORLD
METEOROLOGICAL
ORGANIZATION

da@yworld Health  JN &

¥ Organization oot

WMO Report No. 1215, https://library.wmo.int/doc_num.php?explnum_id=10620
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Instrument development - Ozone @Empa

Materials Science and Technology

B No large changes in the measurement techniques in contrast to other parameters over the past decades.
B Mainly UV absorption.
B At global GAW stations, instruments from Thermo are most widely used.

Ga Destillation

‘Alf\nﬂhrﬂ'

? —1995: 49/49PS Series 1996 — 2007: 49C/49C-PS Series 2008 - 2022(?): 49i/49i-PS Series 2019 — ?: 49i1Q/49iQ-PS Series

* Resolution 1 ppb * Resolution 0.1 ppb * Resolution 0.1 ppb * Resolution 0.1 ppb
* Only analog output * RS-232 and analog output * Ethernet, RS-232 and analog » Ethernet, RS-232 and analog
* No remote control * Remote control output output
S * Remote access and control * Remote access and control

+ Significantly poorer * Better performance

performance compared to compared to 49-series * No further improvement * Cheaper components, no

newer models regarding performance to further improvement

49C-series regarding performance to
49i-series

christoph.zellwveger@empa.ch GAWTEC Webinar 27 October 2021 26



Operating principle: one measurement cell ®Empa

Most instruments
except Thermo

analyzers Alriniet o e e

[ J
Flow meter
®
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temperature sensor
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Measurement principle of
two cell analyzers (e.g.
Thermo analysers, 2B Model
205 Ozone Monitor)
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What can go wrong? Leaking solenoid valves G®Empa

(Ol gy S

o—&

—
_ __...Q.‘.;.‘_..S;___E‘ Detector B
CellB

Air Inlet

/7
Valves <\

UV-Lamp I
Cell A

od-e%e% 1 EI Detector A ¢

I PN

Pump

Serulaber

= Internal leaks (solenoid valves) result in mixing of reference and sample air

= Consequently, ozone values will be low
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What can go wrong? Scrubber efficiency ®Empa

) g H g

_!..Q.‘.;.._.";___H Detector B

Air Inlet

/
Valves <\ UV-Lamp I8

op-e%% 1 EI Detector A ¢

}/..131/.@%

Pump

B A scrubber with 100% efficiency destroys all ozone (a good scrubber removes ONLY ozone!)
B This is needed for well defined reference air with the SAME matrix as the sample air
B The scrubber MUST NOT remove other UV absorbing species (H,O, VOCs etc.)
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What can go wrong? Scrubber efficiency ®Empa

S >

/7
Valves (\

Air Inlet

EI Detector A &

}/..431/.@%

Pump

B A scrubber with an efficiency of <100% removes only part of the ozone
B The reference air will not be free of ozone
B Consequently, ozone values will be low
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Materials Science and Technology

Example of a bad scrubber @ Empa

Assekrem Surface Ozone
Daily aggregates

R Invalid ‘

B Scrubber degradation o | - *| data §} , * o
started in 2001 and was © . )
not realized until a WCC- 9 - 4 R ) 4
Empa audit in 2003. _ '

B It is not possible to s 2
quantify the loss due to ;Q
the degraded scrubber; o 81
however, the period of
the degradation could Q&
be identified using Kolmogorov-Zurbenko .
statistical filters. = (4= 60 days, k = 10 teratfons) .

® Consequently, 1.5 years o (= 120days, k=10 fterg .

of ozone data had to be I I T | I
flagged as invalid. 1998 2000 2002 2004 2006



Detection of internal leaks (Thermo analyzers) ®Empa

= |f a calibrator or ozone generator is available, leaks through solenoids can be detected using the cell A/B
O, test.

= At 500 ppb ozone, 10 consecutive averages of A and B should not differ by more than 3%.

= |f aleak is indicated, it can be confirmed by using the internal pressure sensor and pump (see manual for
details).

= |nternal leaks are difficult to find if no ozone generator (or calibrator) is available, but it can be tested (see
manual, confirmation of leak trough solenoid).

# A B # A B
1 488 510 1 464 510
2 500 499 2 475 499
3 490 509 3 466 509
4 500 500 4 475 500
5 489 511 5 465 511
6 511 489 6 485 489
7 496 504 7 471 504
8 501 498 8 476 498
9 480 518 9 456 518
10 510 491 10 485 491
AVG 496.5 502.9 AVG 471.7 502.9

Difference 1.3% Difference 6.6 %




Regular checks

= |tis recommended to acquire as many
instrument parameters as possible (e.g. flows,
pressure, temperatures, intensities, calibration
settings,...)

= Other maintenance:
= Change of inlet filters (Teflon filters!)
= Cleaning of measurements cells (as required)

= Cleaning of air inlet system (as required)

@ Empa

Materials Science and Technology

\ Checklist Thermo Ozone Instruments Empa
2|

3 —

4 |Operator zc

5 | Date 2021-10-04

6 |Location Empa LAD2S

7 |Instrument OA 49i-P5 Serial # 1171430027

8_

9 |P/T compensation ON Yes

10 | Leak Check OK Yes

11|

12 | Pressure mmHg hPa Type
13_Standard 727.6 a70.1

14 OA unadjusted 733.0" 977.3

15 |04 adjusted 7276”7 9701

16 | Temperature °C

17 |Laboratory 23.0

18 Bench 271

19 Bench lamp 53.3

20 |03 lamp 67.3

21 |Flows ml/min

22 | Cell & 639

23 Cell B 643

24 | Frequencies Counts Noise

23 | Cell A 80776 1.0

26 | Cell B 80026 0.8

27 |Calibration Factors Initial Final

28 BKG -0.3

28 COEF 0.991

30 | Cell A/B Check A B AVG A AVGE
31| 1 378 351 "ozere” 360
32 | 2 369 358 Deviation %
33 3 367 361 A"
34 | 4 365 362

35 | 5 370 360

36 6 370 356

37 | T 364 365

38 8 362 366

39| 9 3an 358

40 10 363 363

41 |Remarks

Example of a checklist for an ozone instrument



@ Empa
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Calibration of ozone analyzers

= Ozone analyzers and calibrators have adjustable calibration settings
(span, offset).

= The reference (SRP) has no adjustable calibration settings. It is a direct
realization of Sl traceability.

= Ozone instrument (calibrators and analyzers) must be calibrated against -
an SRP, or a transfer standard with traceability to an SRP. DR DIN
= Zero air is required (<150 ppm H,0, <1 ppb O,, toluene, and xylene). e
" Check: R,
- flows (enough flow of zero air and air with O5) .
- pressure sensor (should also be calibrated) S s o s v
T
Zero Air Ozone Data N o Ts
Generator Calibrator acquisition ® ] il
(LS) and 3 [
instrument N .
—_— B control e I | I
Air Flow Analyser{OA)  system N )
Datalines . ] | : I R
‘(03709 12:00) ‘(03709 17:00) ‘(03709 22:00) ‘(0340 03:00) ‘(0340 I e —— —

DateTime

Bt g g
e



TS-SRP comparisons

Example below shows a number of TS-SRP comparisons
before and after the field use of the calibrator

o |
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0
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e
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Slope / (-)

[TS - SRP] (nmol mol™")

@ Empa
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—— acceptable range
regression line

95% confidence limits

before field use
* after field use

*%

o0
o

T
0

50

I
100

SRP (nmol mol ™)

150

200



Ozone comparisons at GAW stations @ Empa

Pateriaks Science and Technalogy

~100 ozone audits at GAW stations during the past 25 years
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Ozone comparisons at GAW stations

~100 ozone audits at GAW stations during the past 25 years

< v ML

4 Dasibi
TEI49C °
TEI49

API

EG *
TEI49i

<

2
\
® ¢ 5

03 all comparisons

56%

O3 bias at 50 ppb / (ppb)
0
|

14%

| | | 30%
0.95 1.00 1.05

Slope / (-)
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What else... ®Empa
Successful measurements of air quality with good data (quality)
needs
= Sufficient funding
: Data use
= Adequate infrastructure M Data submission
Air inlet
— =
Calibration
facilities

L

Log books and
documentation

Quality control before
data use and
submission



What else... @ Empa

Materials Science and Technology

Successful measurements of air quality with good data (quality) needs

» Long term commitment

lan Galbally at the Cape Grim GAW station ©zc

christoph.zellwveger@empa.ch GAWTEC Webinar 27 October 2021 40



What else... @ Empa
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Successful measurements of air quality with good data (quality) needs

» Educated staff
» Enough staff




What else... @ Empa
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STRUKTUR ORGANISASI

STASIUN PEMANTAU ATMOSFER GLOBAL BUKIT KOTOTABANG ‘Ta‘

Successful measurements of air quality with good data (quality) needs

iR

KELOMPOK JABATAN FUNGSIONAL

g N 7
JABATAN FUNGSIONAL Ti

3l
i
. m
-
:
Z
= 3

= Clear responsibilities and
knowledge sharing

= Collaboration with national
and international partners

E

FEEEE
EEECE

- o

Source: https://gawbkt.id/index.php/c_profil/stuktur




What else... ®Empa

Successful measurements of air quality with good data (quality) needs

Ushuaia GAW station ©zc

Equipment delivery delayed by customs:
2019: 48 days
2017: 68 days
2015: 54 days

= Efficient administration

= Ability to act



Further reading...

Guidelines for Continuous Measurements of
Ozone in the Troposphere

s

GLOBAL
ATMOSPHERE
WATCH

@ Empa
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= Guidelines for the Continuous Measurements of Ozone in the Troposphere
https://library.wmo.int/doc_num.php?explnum_id=7814

TABLE OF CONTENTS
1. INTRODUCTION 1
2 HOW TO USE THESE GUIDELINES. 4
3 DATA QUALITY OBJECTIVES FOR TROPOSPHERIC OZONE S 5
31 Units, quantities and 5
32 DQOs for key GAW goalk 5
3.3 DQOs for model assimil and validation 7
34 G 3 i tibility and 7
35 Recommendations for metadata inclusion 8

4. PRIMARY OZONE REFERENCE AND THE WORLD CALIBRATION CENTRE FOR SURFACE OZONE ........ §

41 9

4.2 Primary ozone standard. 10

4.3 World Calibrafion Centre for Surface Ozone (WCC-Empa). 12
5. SELECTION OF FOR TROPOSPHERIC OZONE AT

GAW STATION: 13

6. ULTRAVIOLET ABSORPTION TECHNIQUE FOR MEASURING TROPOSPHERIC OZONE

61 Theory
6.2 Limitations of ulraviolet monitors for measuring ozane in ambient air
6.3 Water vapour correction to ambient ozone mole fraclion

7 GAW STATION OZONE MEASUREMENT SETUP 19
7.1 Facility requi it 19
72 Personnel requir L 19
7.3 Occupational health and safefy 19
74 20
7.5 A inletand sample line: 20
7.6 Associated key 21

7.7 Environmental issues that affect GAW siations and ozone observations..

8. GAW STATION OPERATING GUIDELINES FOR QUALITY OZONE OBSERVATIONS....

8.1 System record: 23
82 Regular quality control and instrument checks 2
8.3 Cleaning ozone instrumentation and inlet lines and testing, 24
84 Data acquisition and initial data processing 25
85 Use of the slope and intercept seffings in the ozane analyser %
B6 Making zero and span measurements and filter checks along with ambient ozone observations ... 26
8.7 Calibrating the stafion surface ozone analyser(s) with the stafion calibrator ... 97
9. QUALITY A E AND QUALITY CONTROL 30
91 30
92 Calibration 30
9.3 Evaluation of overall it uncertainties H

9.4 Example of a systematic uncertainty analysis 32

10.  DATA MANAGEMENT AND ARCHIVING %
10.1 Infroduction 36
10.2 Summary of best practices for data processing and data 37
10.3 Initial (automated) validation of the data 38
104 Data flagging. 38
10.5 Near-real-ime data delivery 40
10.6 Data quality control and further processing 40
10.7 Ideni of hemispherically or regionally el
10.8 Data 42
10.9 Data revision 42
10.10 Metadata. 42
ANNEX A: DISTRIBUTION AND TRENDS OF TROPOSPHERIC OZONE. 45
A1 Global heric ozone budget 45
A2 Spatial distribution 47

A3 Temporal changes in ic ozone. 48

ANNEX B: SELECTING TROPOSPHERIC OZONE MONITORING SITES IN BACKGROUND ENVIRONMENTS...

B.1 Considerations for setfing up a global network of troposph measurements
B.2 Characteristics of surface ozone in different

ANNEX C: REVIEW OF MEASUREMENT TECHNIQUES FOR OZONE IN THE TROPOSPHERE

C1 Integrating techniques 54
G2 UV absorption technigue: 54
C.3 Chemiluminescence techniques. 55
G4 Electrochemical technique used in 55
G.5 Cavity ring-down with NO fitration 56
C6 Differential optical absorption 56
C.7 Multi-axis differential optical absorption spect P 56
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C9 Other techniques 57
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D1 O
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D3 Satellite retrievals
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