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ABSTRACT

Afte r reviewing the current s itua tion  with regard to  the assessment of 

odour nuisance, the development of a new approach is presented.

Descriptions are given of the new techniques, which have been developed 

fo r  quantify ing odour in te n s ity ,  concentration, hedonic tone and 

annoyance. S ta t is t ic a l  analyses of laboratory and f ie ld  tes t data

co llected using these techniques provided mathematical re lationships
1

fo r  the assembly of the odour nuisance assessment model. .The nuisance 

c r i t e r ia  adopted was derived from various guidelines and standards from 

the U.S. and Europe. For completeness an atmospheric dispersion model 

was developed fo r  estimating the behaviour of odours downwind of the 

source. This made i t  possible to  assess the p ro b a b i l i ty  of an odour 

nuisance occurring, using any one of a number of d i f fe re n t  points of 

knowledge, e.g. ex is t ing  or future s i tu a t io n s .

The assessment method has been tested against independent h is to r ica l 

data and been demonstrated to be an e f fe c t ive  too l in pred ic ting odour 

nuisance with a consistency better than any ex is t in g  method.

A l i s t i n g  is provided fo r  a computer program to  enable the user to 

apply the model both quickly and e f fe c t iv e ly .



ACKNOWLEDGEMENTS

The author would l ik e  to thank his two supervisors. Professor 

A. Porteous, Faculty of Technology Engineering Mechanics, The Open 

University and Mr. I.D. G r i f f i t h s ,  Senior Lecturer in Psychology, 

University o f Surrey fo r  th e ir  help, guidance and encouragement in 

completing th is  work.

The author would also l ik e  to thank his employer, WS Atkins who 

inspired th is  research. Many of the projects undertaken by his 

employer required that the author undertook assessment of odour 

nuisance. In attempting to  undertake his duties he saw the need to 

improve assessment techniques p a r t ic u la r ly  with regard to the 

consistency of approach.

Most of the o r ig ina l data used in th is  research were collected while 

carry ing out projects fo r  his employer.

The author would also l ik e  to thank his employer fo r  the generous 

assistance given with resources p a r t ic u la r ly  with regard to typing th is  

thes is .



C O N T E N T S

Page No,

1. GENERAL INTRODUCTION

1.1. In troduction

1.1

1.1

2. GENERAL PRINCIPLES

2.1. D efin it ions  and Terminology

2.1

2.1

2.2. Physiology o f  O lfaction

2.2.1. Chemical Composition

2.2.2. Molecular Structure

2.2.3. U ltra  V io le t Theory

2.2.4. In fra -red  Theory

2.2 .5. Stereo Chemical or S teric Theory

2.9

2.11

2.12

2.14

2.15

2.16

2.3. Percepti on

2.3.1. Scaling

2.3.2. Relationship Between In tens ity  and

Concentration

2.3.3. Odour C lass if ica t ion

2.3 .4. Odour P ro f i l in g

2.3 .5. Hedonic Tone

2.3 .6. Dose Response Relationships •

2.18

2 . 2 0

2.21

2.23

2.30

2.31 

2.37

2.4. Summary 2.39



Page No,

3. METHODS OF MEASUREMENT 3.1

3.1. Background 3.1

3.2. Concentration 3.2

3.3. In tens ity  3.4

3.4. Olfactometers 3.6

3.4.1. Batch of S ta tic  D ilu tion 3.7

3.4.2. Dynamic D ilu t ion  Techniques 3.13

3.4.3. Comparison Between Olfactometers 3.31

3.5. Signal Detection Theory 3.38

3.6. Characterisation of Exposure in Ambient S ituations 3.40

3.7. Summary 3.44

4. DISPERSION MODELLING 4.1

4.1. Gaussian Models 4.1

4.2. Puff Models 4.6

4.3. Summary 4.16

5. THE CURRENT SITUATION 5.1

5.1. Odour Nuisance, C r i te r ia  and Control Regulations 5.1

5.1.1. United States S ituation 5.1

5.1.2. United Kingdom Situation 5.18

5.1.3. European S ituation 5.24

5.1.4. Summary o f Existing Legis lation 5.31



Page No,

5.2. Dose/Response Studies 5.32

5.2.1. The Goldsmith Study 5.34

5.2.2. The Copley Study 5.41

5.2.3. Studies by Winneka and Kastka 5.52

5.2.4. Studies by Gnyp et al 5.56

5.2.5. Summary to  Dose/Response Studies 5.61

6. POSSIBLE WAYS FORWARD 6.1

7. RESEARCH PREFACE 7.1

8. DEVELOPMENT OF EQUIPMENT AND TEST METHODS 8.1

8.1. Equipment 8.1

8.2. Determination of In tens ity  Concentration and Annoyance 8.13

8.3. Source Measurements 8.27

8.4. Ambient Measurements 8.29

8.5. Summary 8.37

9. ODOUR DISPERSION MODEL 9.1

9.1. In troduction 9.1

9.2. The Model 9.2

9.3. Model Testing 9.7

9.4. Summary 9.10

10. DATA COLLECTION 10.1

10.1. Laboratory Tests 10.2

10.2. Fieldwork 10.14

10.3. Summary 10.19



Page No,

11. DEVELOPMENT OF CRITERIA 11.1

11.1. Nuisance C r i te r ia  11.1

11.2. Discussion 11.11

12. ODOUR NUISANCE ASSESSMENT MODEL 12.1

12.1. The Model 12.1

12.2. Summary 12.7

13. ODOUR NUISANCE ASSESSMENT MODEL TESTING 13.1

13.1. The Approach 13.1

13.2. Data Sources 13.2

13.3. Model Testing 13.14

13.4. Summary 13.23

14. CONCLUSIONS 14.1

15. RECOMMENDATIONS FOR ASSESSING ODOUR NUISANCE 15.1

15.1. Ex isting Source 15.1

15.2. Proposed Source 15.1

15.3. Steady Odour in Confined Space 15.2

16. FURTHER WORK 16.1

17. REFERENCES 17.1



Page No,

Tables

1.1 Sources of odour emissions 1.3

1.2 Odour sources a ffec t ing  the most local au tho r it ies  1.5

2.1 Organic compound series and odour threshold 2.13

2.2 Odour spectrum 2.14

2.3 Linnaeus odour categories 2.24

2.4 Henning's odour categories . 2.25

2.5 Crocker-Henderson odour c la s s i f ic a t io n  standards 2.29

2.6 Odour p r o f i l in g  descriptors 2.32

2.7 Odour p ro f i le  of dredged mud samples 2.33

2.8 Hedonic tones of descrip tor indices 2.35

3.1 Typical odour concentrations at the point of emission 3.5

3.2 Butanol concentration, in te n s ity  and category scales 3.6

3.3 Odour in te n s i ty  category scale a fte r  Hemeon 3.18

3.4 Summary of olfactometer design 3.34

3.5 Summary of threshold scatter 3.35

3.6 Annoyance scale used with population panels 3.43

4.1 Processes involved in the formation of odour at

a receiver 4.1

4.2 Correction fac to rs  fo r  change in sampling time 4.5

4.3 Comparison between predicted and observed odour

frequencies 4.11

4.4 Comparison between the estimated and observed maximum

odour concentrations 4.15



Page No,

5.1 Types of odour control regulations 5.3

5.2 States with regulations based on ambient odour l im i ts  5.6

5.3 States requ ir ing  odour control equipment 5.8

5.4 Source odour emission standards by s ite  5.9

5.5 Comparison of rules and regulations to control odours

from Kraft pulp m il ls  5.11

5.6 Selected local agency ambient odour control regulations 5.14

5.7 Odour concentrations (ou/m^) in res iden tia l areas near
'.I

to sources 5.27

5.8 Draft a i r  q u a l i ty  Standards fo r t r i -  and tetrachloroethene 5.30

5.9 Summary of Eureka study odour exposure results  5.37

5.10 Summary of Eureka study community response resu lts  5.38

5.11 Summary of Carson City study odour exposure resu lts  5.40

5.12 Summary of Carson City study community response resu lts  5.40

5.13 In tens ity  Scale used in the Copley study 5.42

5.14 Summary of odour in te n s ity  observations December 1970 5.45

5.15 Summary of odour in te n s ity  observations March 1971 5.46

5.16 Summary o f odour in te n s ity  observations June 1971 5.47

5.17 Summary of the degree of bother caused in the

Hawthorne area 5.49

5.18 Summary of what bothered Hawthorne residents most

about odours 5.49

5.19 Summary of odour annoyance and concentrations at

various distances from four d i f fe re n t  in d u s tr ia l

odour sources 5.55



Page No,

5.20 Summary of odour dose response reactions near four

d i f fe re n t  sources 5.59

5.21 Range of annoyance associated with d if fe re n t levels

of reaction 5.60

7.1 Factors a f fe c t in g  odour nuisance 7.4

8.1 In tens ity  categories 8.15

8.2 In tens ity  category scale • 8.16

8.3 Typical number of responses at each in te n s ity  8.18

8.4 Linear regression analysis between odour in te n s ity

(NWI) and concentration fo r  the typ ica l samples 8.20

8.5 Annoyance categories 8.24

8.6 Annoyance scale 8.24

8.7 Number of responses at each annoyance 8.26

8.8 Calculation of average annoyance NWA 8.27

8.9 In tens ity  scale fo r  f ie ld  observations 8.32

8.10 Summary of observed odour in te n s i t ie s  8.32

9.1 Summary of comparison between observed and estimated

percentage times greater than the odour threshold 9.8

10.1 Types of odours studied in laboratory tests ■ 10.3

10.2 Empirical data categories 10.4

10.3 Descriptive data collected in laboratory tests  10.5

10.4 M u lt ip le  l in e a r  regression analysis 10.8



Page No.

10.5 Ratio of detection to recognition threshold fo r

250 odorous samples 10.13

10.6 Descriptive data collected in f ie ld  s itua tions 10.15

10.7 M u lt ip le  l in e a r regression models 10.17

11.1 Community annoyance 11.4

11.2 Summary of agencies with ambient odour l im i t  control

regulations  ̂ 11.5
'

11.3 Odour in te n s ity  and nuisance 11.7

11.4 Geometric mean and standard deviation of the odour

concentration (odour units/m^) in res identia l

areas near sources 11.9

11.5 Summary of odour annoyance c r i te r ia  11.13

13.1 Comparison of scale of annoyance - C a lifo rn ia  study 13.3

13.2 Summary of odour exposure and translated community

annoyance results fo r  the Califo rn ia  study 13.4

13.3 Comparison of scales of annoyance ^ Copley study 13.6

13.4 Summary of odour exposure and translated community

resu lts  fo r  the Copley study 13.7

13.5 Comparison of in te n s ity  scales used in the Copley

study and th is  work 13.8

13.6 Translated summary of odour in te n s ity  observations,

December 1970 13.9

13.7 Translated summary of odour in te n s ity  observations,

March 1971 13.10



Page No,

13.8 Translated summary of odour in te n s ity  observations,

June 1971 13.11

13.9 Summary of to ta l  odour annoyance and concentrations

at various distances from four d if fe re n t  ind us tr ia l

odour sources 13.13

13.10 Summary of odour dose and response reactions near

four d i f fe re n t  sources 13.15

13.11 Testing of re la tionsh ip  E10.6 and E10.8 using the

Copley data , 13.17

13.12 Comparison of observed and estimated annoyance using

data from Table 13.2 13.19

13.13 Comparison of observed and estimated annoyance using

data from Table 13.8 13.20

13.14 Comparison of observed and estimated annoyance using

data from Table 13.10 13.21

13.15 Summary of comparison between observed and estimated

annoyance using equations E10.2 and E10.3 13.22



Figures

Page No,

2.1 Henning's odour prism 2.26

2.2 Part of Henning's odour prism 2.26

2.3 Human response to  increasing odour dose 2.38

3.1 Spread in 95% confidence l im its  fo r  d i lu t io n  fac to r

against panel size 3.3

3.2 Presentation of odour samples to odour panels 3.8

3.3 D ilu tion  of odour sample by syringe 3.9

3.4 Presentation of odour sample in syringe to  p a n e l l is t  3.11

3.5 ASTM apparatus fo r  producing suprathreshold

concentrations of butanol 3.14

3.6 Manifold olfactometer based on the ASTM apparatus 3.16

3.7 Manifold olfactometer 3.17

3.8 Schematic view of the Hemeon olfactometer 3.19

3.9 Hemeon olfactometer in use 3.20

3.10 Odour in te n s i ty  (01) v concentration 3.22

3.11 Dynamic t r ia n g le  olfactometer 3.24

3.12 Schematic of scentometer 3.26

3.13 Scentometer in use 3.27

3.14 Commercially available portable d i lu t io n  apparatus 3.29

3.15 Schematic view of commercially available portable

dynamic d i lu t io n  apparatus 3.30

3.16 Influence of stimulus flow rate on the odour d i lu t io n

threshold and perceived odour in te n s ity  of butanol

vapour 3.32



Page No,

4.1 Puff dispersion parameters 4.8

4.2 Width of instantaneous odour contour 4.9

4.3 Bowne d if fu s io n  parameters 4.14

5.1 Location, of odour monitoring stations in Hawthorne

March 1971 5.44

8.1 Odour sampling system 8.2

8.2 Preparation of odour sample bag 8.4

8.3 Schematic view of WSA dynamic d i lu t io n  apparatus

Mark I 8.7

8.4 WSA dynamic d i lu t io n  apparatus Mark I in use 8.8

8.5 Schematic view of a portable dynamic d i lu t io n  apparatus 8.9

8.6 Portable dynamic d i lu t io n  apparatus in use 8.10

8.7 Odour panel response sheet 2 8.12

8.8 In tens ity  scale questionnaire 8.17

8.9 Relationship between average panel in te n s ity  (NWI)

and sample d i lu t io n  8.21

8.10 Typical re la t ionsh ip  between pos it ive  odour panel

response and sample d i lu t io n  8.25

8.11 Downwind odour concentration time h is to ry  8.30

8.12 Odour survey re su lt  sheet 8.32

9.1 P robab il i ty  d is t r ib u t io n  of puff centroid 9.3

9.2 Ground level puffs a ffec t ing  observer 9.3

9.3 Range over which puffs a ffec t observer 9.5

9.4 Relationship between estimated and observed percentage

time greater than the odour threshold 9.9



Page No.

10.1 Relationship between observed downwind in te n s ity  and

annoyance 10.18

11.1 Short term peak concentration percentiles equivalent

to the Netherlands Odour Standards 11.12

12.1 The odour annoyance assessment "model" 12.2

12.2 Estimated annoyance and the nuisance c r i te r io n  12.4

14.1 Odour nuisance assessment model 14.3



ABBREVIATIONS AND SYMBOLS

butanol abréviation fo r  butan-I-o l (CHg(CH2 ) 3 0 H), otherwise known

as 1-butanol, n-butanol or butyl alcohol

cm centimetres

cm  ̂ square centimetres

d/c concentration ra t io  with reference to  the threshold of

complaints

^/d concentration ra t io  with reference to  the threshold of

odour detection

^ / r  concentration ra t io  with reference to  the threshold of

odour recognition

D/T d i lu t io n s  to detection threshold

ECI e f fe c t ive  continuous in te n s ity

g/m3 grams per cubic metre

g/s grams per second

id in te rna l diameter



1 l i t r e s

log logarithm to  base 10

1/min l i t r e s  per minute

LTF long term frequency

m metres

mg/m3 . m illigrams per cubic metre

ml m i l l i l i t r e s

ml/I m i l l i l i t r e s  per l i t r e

ml/min m i l l i l i t r e s  per minute

m̂  square metres

mm m ill im etres

m3/s cubic metres per second

m/s metres per second

number of observations or psychophysical parameter 

depending upon context



nm nanometres

numerically weighted average annoyance

NWI numerically weighted average in te n s ity

ppmy parts per m il l io n  by volume

%T percentage of observations greater than odour detection

threshold

' i

R co rre la t ion  co e f f ic ie n t

r2 explained variance

RES.SD residual standard deviation of s ta t is t ic a l  re la tionsh ip

SD standard deviation of data sample

SE standard error of estimate

Sg standard geometric deviation of a concentration

d is t r ib u t i  on

STF short term frequency

Oy standard deviation of crosswind d irec tion  of the plume

concent ra t i  on



(5̂  Standard deviation in the v e r t ic a l of the plume

concent ra t i  on

Oyp standard deviation of puff d if fus ion  in crosswind d irec tion

CTzp standard deviation of puff d if fus ion  in ve r t ica l d irec tion
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1. GENERAL INTRODUCTION

1 .1 . Introduction

Atmospheric p o l lu t io n  due to  human a c t iv i t y  has become one of 

the s ig n if ic a n t  environmental health problems o f our time. The 

r ise  in  m o r ta l i ty  and morbidity from th is  cause is  demonstrated 

by the UK National Society fo r  Clean A ir  (1978) which l i s t s  

notable a i r  p o l lu t io n  events and the e ffec ts  on health.

Health hazards associated with a i r  p o l lu t io n  have been 

investigated since Victorian times and a vast body of knowledge 

has been 'assembled on the subject, e.g. by the UK Health and 

Safety Executive (1985) and  ̂ United Nations Environmental 

Programme (1979). Whilst not every hazard is  understood or even 

id e n t i f ie d ,  our knowledge is  fa r  in advance o f th a t related to  

annoyance reactions produced by a i r  p o l lu t io n .  Although people 

have always been concerned about odours even from the e a r l ie s t  

times, as is  evident by the development o f perfumes, the

workings of the human nose are the least understood of our

senses (Ludel 1979).

A number o f surveys in the United Kingdom by Department of 

Environment (1974) and In s t i tu t io n  o f Environmental Health 

O ffice rs  (1982), and in the United States by Flesh (1975) and 

National Research Council (1979) - have been conducted to

1.1



id e n t i fy  the most common sources of odour. Tables 1.1 and 1.2

from A r t is  (1984) show tha t there is  a wide range of ind us tr ia l

and rura l a c t iv i t ie s  that give r ise  to  complaint.

Public concern over the years has resulted in  le g is la t io n  being 

enacted to  control odour annoyance, both Leonardos (1974) and 

A r t is  (1984) give comprehensive reviews. There have also been 

s ig n if ic a n t  technical advances reported by Warren Spring 

Laboratory in c o l le c t in g ,  destroying, ne u tra l is in g  or masking

odours (Anon 1980). However, our knowledge on assessment 

(Cheremisinoff 1975), which is  the key to  determining i f

complaints are ju s t i f i e d  and how much control is  necessary, is 

very scanty in comparison to ,  say, dealing with a noise

nuisance, another key environmental problem of our times.

One o f the main problems of developing techniques to  assess

odour annoyance is  our lack o f de ta iled  knowledge about the

physiological mechanism of odour perception (Ludel) op. c i t .  

The aim of th is  study was to  estab lish a c r i te r io n  or at least a 

method of assessing odours with respect to  nuisance which is  

be tte r than the system curren tly  employed. The fo llow ing study 

reviews the current s itua tion  and discusses possible 

approaches. The research then describes a new method of

assessing odour nuisance which is  tested against independent 

empirical data.

1.2



Table 1.1 Sources of odour emissions
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Table 1 .1 . Sources of odour emissions (co n t'd )

47 Aluminium can
manufaciurc

48 Burning wood wastes con
taining “formica” offcuts

49 Galvanising
50 Lead works
51 Trade refuse
52 Cooking of food
53 Drum/container cleaning
54 Electroplating
55 Resin manufacturing

industry
56 Roofing contractors/melt

ing of bitumen
57 Stove enamelling
58 Farm sileage
59 Fumes from central heating

system
60 Metal recovery (copper

wire)
61 Blast furnaces
62 Brickworks
63 Colliery spoil heap
64 Coke ovens
65 Donkey stables
67 Expanded foam

manufacture
68 Mushroom farm/manufac

ture of mushroom 
compost

69 Railways
70 Radiator manufacture
71 Straw burning after harvest
72 Miscellaneous

, 1 6 3

1 4 3

3 10 3
1 4 3
1 6 3
1 L 2
3 7t 5t
1 0 2
1 2 2

2 6 2

1 2 1
2 8 2
1 — 1

1 — 1

1 few few
1 few few
1 2 0
1 few few
1 some some
1 few few

2 some some

1 1 0
1 7 0
1 1 0
1 1 0

Source No. 16 In addition regular complaints received through 
the Area Residents Committee. 

tSource No. 53 In addition complaints described as “numerous” 
received by one local authority.
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Table 1 .2 . Odour Sources A ffec tin g  the Most Local A u th o rities

Source of Odour Number of 
local au
thorities 
having en
countered 
the odour'

% of those 
local au
thorities 
which took 
part in the 
survey

1. Manure spreading 42 659c
2. Intensive pig and poultry 38 589c

farms
3. Chemical plants 35 54%
4. Animal by-product 26 40%

plants
5. Foundries 26 40%
6. Refuse tips 24 37%
7. Food processing plants 23 35%
8. Offensive trades 16 25%
9. Animal feed 14 22%

manufacturers
10. Paint sprayiqg/baking/ . 14 22%

curing

A survey of this type, whilst useful to illustrate the extent 
of the odour problem in England does not, however, give 
an accurate picture and may even underestimate the prob
lem, as it is apparent that in many cases the public, for 
various reasons do not complain. Often people become 
accustomed to odours especially those arising from works 
which have operated in a particular vicinity for a long time.
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2. GENERAL PRINCIPLES

2 .1 . D efin itions and Terminology

In order to  be able to  discuss odours i t  is  necessary to  

introduce certa in  technical terms and d e f in i t io n s .

A ccep tab il i ty

Annoyance

Concentration 

quotient z

The scale of judgements with pos it ive  response 

(acceptance or pleasure or l ik in g )  at the one 

extreme and a negative response (non- 

acceptance, displeasure or re jec t ion ) at the 

other extreme. The pos it ion  on the scale at 

which a given stimulus is  placed may d i f f e r  

with d i f fe re n t  in d iv id u a ls ,  his condition , 

environment, a t t i tu d e s ,  experience, e tc . (Anon 

1970).

Annoyance involves a negative fac to r fo r  the 

ind iv idua ls  comfort and well being (Johnson 

1984).

Non-dimensional r a t io  of the odorant concen

t ra t io n  (c) and the detection threshold 

concentration (Cd) (the concentration at which 

50% of people can ju s t  detect the smell).
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i .e . Z =

Cd E2.1

However, since

Concentration (C) = mass odorant (M) E2.2

volume of odorant (v)

and (Cd) = mass of odorant (M) E2.3

volume of sample d ilu ted to  threshold (Vd)

then

Z = M X ](d = Vd E2.4

V M V

Thus the concentration quotient is also equal 

to the non-dimensional ra tio  of the number of 

times a volume of odorous a ir  must be diluted  

with non-odorous a ir  before 50% of people can 

ju s t detect the smell. Sometimes expressed as 

d ilu tions to threshold (D /T) (Anon 1970, 

Johnson 1984) op. c i t .

In th is  thesis a d is tin c tio n  is made between 

which threshold (see below fo r d e fin itio n ). 

For example d/d is used to denote the 

concentration ra tio  with reference to the 

detection threshold. d /r  is  used to denote

the concentration ra tio  with reference to the
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Duration of 

odour

ECI

Frequency of 

occurrence

Hedonic tone

recognition threshold. The odour

concentration is sometimes expressed as odour 

units (m3)/m3 or odour units ( f t 3 ) / f t 3 .  This 

is identical to the concentration quotent.

The duration of an odour is expressed in units  

of time and is often related to the long-term  

frequency, e .g . for 45 minutes twice per day. 

Effective continuous in ten sity  (see 

Section 8.2 for d eriva tio n ).

I t  is convenient to consider the frequency of 

occurrence of odour events in the short and 

long term. The short term frequency (STF) can 

be defined as that percentage of time or 

number of breaths that the odour threshold is 

exceeded in a period o f, say, 10-15 minutes. 

The long term frequency (LTF) is the rate of 

occurrence over a much longer period and is 

expressed as, say, twice a day or three times 

a week.

A psychological state attaching to a spec ific  

experience and ranging from pleasant to  

unpleasant. I f ,  for example, the hedonic 

impact of a smell is p o sitive , i t  has an 

associated connotation of pleasure, the 

negative impact leads to  unpleasant 

associations (Anon 1970) op. c i t .
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In tensity

Nuisance

The suprathreshold perceived in ten s ity  of an 

odour experience. I t  can be assessed through 

scaling or by comparison to reference 

standards (Anon 1970) op. c i t .

A comprehensive d e fin itio n  of nuisance is

given by A rtis  (1984). B rie fly  summarised 

th is  says that odours which can be described

as disagreeable and cause annoyance are a 

"nuisance" in the ordinary meaning of the 

word. However th is  does not necessarily mean 

they are a nuisance in law. This is because 

when there is an actionable nuisance the law 

provides a legal remedy by way of in junction  

or damages but i t  is not prepared to  do th is  

in respect of every odour found to be annoying 

or objectionable. I t  is ju s t not p racticab le , 

p a rtic u la rly  as odours are notoriously

subjective.

Two types of legal nuisance are recognised in 

common law. They are private nuisance and 

public nuisance. A private nuisance may be

and normally is , caused by a person doing on 

his own land something which he is e n tit le d  to

do. This conduct only becomes a nuisance when 

the consequences of his acts are not confined

to his own land but extend onto his
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neighbour's land. For such action to be a 

t o r t ,  i . e .  a c iv i l  wrong, the conduct must 

cause e ith er:

1) physical damage to his neighbour's land or 

buildings or works or vegetation on i t ,  or

2) unduly in terfere  with his neighbour in the 

comfortable and convenient enjoyment of 

his land. In other words action for 

private nuisance is designed to protect 

the use and enjoyment of land. Only the 

occupiers of that land may take this  

action.

A public nuisance is both a crime and a to r t .  

The aim of the law of public nuisance is to  

prevent interference with the rights of the 

general public.

Odours can amount to a public nuisance i f  they 

substantia lly  inconvenience a s u ff ic ie n t  

number of people. Lord Denning said that "A 

public nuisance is a nuisance which is so wide 

spread in range and so indiscriminate in i ts  

e ffec t  that i t  would not be reasonable to 

expect one person to take proceedings on his 

own responsib ility  to put a stop to  i t  but 

that i t  would be the responsib ility  of the 

community at large." Anon (1957).
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Nuisance is also recognised under Statute 

Law. The Public Health Act 1936 defines a 

statutory nuisance in Section 92(1) as -

(a) "Any premises in such a state as to be 

prejudicial to health or a nuisance"

(b) "any animal kept in such a place or manner 

as to be prejudicia l to health or

nuisance."

(c) "any accumulation or deposit which is 

prejudicial to health or a nuisance."

(d) "any dust or e f f lu v ia  caused by a trade, 

business or manufacture or process which 

is prejudicial to health or are a nuisance 

[to the inhabitance of a neighbourhood]."

( f )  "any other matter declared by the 

provision of th is  Act to be a statutory

nuisance."

The words in the square brackets were repealed 

by Local Government (Miscellaneous Provisions) 

Act 1982.

Nuisance can also be thought of as

unacceptable annoyance (author's d e f in it io n ) .

Except where specified, e .g . when discussing 

the legal s ituation with regard to odours, 

nuisance in th is  report is taken as the

ordinary meaning of the word.
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NWA

NWI

Odorant

Odour

Odour

descriptors

Odour emission 

rate

Odour note

Odour p ro fi le

Numerically-weighted average annoyance (see 

Section 8.2 for deriva tion ).

Numerically weighted average in tensity  (see 

Section 8.2 for derivation ).

Any chemical compound which can stimulate the 

olfactory sense (Anon 1970) op. c i t .

Product of the activation of the sense of 

smell on olfactory experience (Anon 1970) op. 

c i t .

An adjective given to an odour note (see below) 

usually referring to an odour commonly 

experienced, e .g. f lo r a l ,  caramel, sewer odour 

(Johnson 1984) op. c i t .

The product of the odour concentration ra t io  in 

dilutions to detection threshold and the 

volumetric flow rate at standard conditions in 

cubic metres per second (m^/s).

Unique olfactory sensation derived from 

specific chemical functional groups. They are 

subject to modification by variations in 

molecular structure and substituents (Johnson 

1984) op. c i t .

A plot of the frequency with which panel 

members assign individual descriptors of 

a p p lica b il ity  to a tes t odorant (Johnson 1984) 

op. c i t .
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Odour u n it

Olfactometers

Pervasiveness

Quality

MKS system - 1 odour unit = 1 cubic metre of 

a ir  at the odour threshold.

FPS system -  1 odour unit = 1 cubic foot of

a ir  at the odour threshold (Johnson 1984). 

Instruments which are used to produce various 

concentrations of an odorous sample by mixing 

a known quantity of the sample with a known 

quantity of odourless a ir .  The mixtures are 

then presented to a panel of noses to 

determine at which concentration 50% of the 

panel can only ju st detect the odour (some 

investigators work to a recognition rather 

than a detection threshold) (Johnson 1984) op. 

c i t .  See also Section 3.

The a ttr ibu te  of odour which pertains to the 

rate of change of odour intensity with change 

in odorant concentration, i . e .  the slope of 

the intensity/concentration plot (Johnson 

1984) op. c i t .

The property which permits id en tif ica tion  of a 

given odour characteristic  through the 

perception of the unique balance of q u a lit ie s  

comprising the experience (Anon 1970) op. 

c i t . ,  i . e .  what i t  smells l ik e .
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Thresholds

Detecti on

Recogniti on

A hypothetical lower or zero point on a 

scale. I t  is the lowest odour concentration 

capable of re l ia b ly  exciting the sense of 

smell.

Concentration at which recognition is possible.

Difference Just noticeable difference in concentration.

All of these thresholds vary from observer to

observer, from stimulus to stimulus, and from

time to time, for a given observer (Anon 1970)

op. c i t .

2.2 . Physiology of Olfaction

Before odour nuisance can be examined in deta il i t  is necessary 

to consider the act of o lfaction and the sense of smell.

Olfaction starts in the nose. Inhaled a ir  enters the nostr ils

and passes through the nasal cavities -  one set for the l e f t  

nostr il and one set for the r ig h t .  These are complicated 

structures containing a number of bones and pieces of ca rt i la g e

which are designed to remove dust, from the sampled a i r ,  and 

adjust i ts  temperature and humidity.
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Out of the main a ir  stream at the top of each cavity is an area 

where the olfactory receptors are located. Normally only about

2% (Stuiver 1958), (Ludel 1974) to 5% (Douek 1974) of inspired

a ir  reaches the olfactory region but this can be increased to

about 20% during sn iff ing  (Anon 1980) op. c i t .  A ir can also

reach the olfactory region from the back of the throat.

The olfactory areas of the epithelia  cover about 10 cm2 in 

to ta l .  These are covered in mucus and contain 10-30 m ill ion  

receptor cells with corresponding numbers of supporting and

basal ce lls . The receptor cells  are just the naked dendritic

endings of neurons. Each dendrite or rod ends in a knob with

about ten c i l i a  of diameter O.lu and of length up to lOOu. I t  

is generally assumed (Anon 1980) op. c i t .  that the o lfactory

receptor sites are on the c i l i a  surface membrane, as a result  

the effective tota l receptor bearing area is about 50 cm̂  (Anon

1980) op. c i t .

The means by which some molecules stimulate the receptors and 

produce the sensation of odour while other molecules f a i l  to do 

so is a complete mystery. I t  is generally believed that the

smell stimulus is in some way related to the molecular

characteristics, but exactly how is not known. Various theories  

have been put forward to explain the process of o lfaction but so 

fa r  none completely accounts for a ll of the observed phenomena.

Five of the more important theories are described below.
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2 .2 .1  Chemical Composi t ion

One approach-to understanding how olfactory receptors work was 

to l i s t  the chemical composition or formulae of odorous 

substances and to look for a pattern. Von Skramlik (1925) gives 

the chemical formulae for about 200 substances; Moncrieff (1944) 

gives more.

Of a ll the chemical elements only about 16 seem to play any role 

in the production of odours. Haycraft (1889). These 16, 

according to th e ir  chemical families^ are:

a) hydrogen

b) carbon, silicon

c) nitrogen, phosphorus, arsenic, antimony, bismuth

d) oxygen, sulphur, selenium, tellurium

e) the halogens, fluorine , chlorine, bromine, iodine

Only the halogens and ozone are odorous as elements.

The great majority of odorous substances are organic containing 

hydrogen, oxygen and/or nitrogen.

Within each of the families similar compounds have similar  

odours. In the halogen family, for example, the elements

theselves have similar odours. The compounds chloroform

(CHCL3), bromoform (CHBrg) and idoform (CHI3) also have similar

odours. From chlorine through bromine to iodine the atomic

weight and other atomic properties change progressively and to
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this chemical series there is a corresponding odour series. The 

odour of bromine is "heavier" than chlorine and the odour of 

iodine is heavier s t i l l .  S imilarly the odour of bromoform is 

midway between those of chloroform and iodoform.

There are many series of organic compounds which show a 

graduation of odour quality and also odorous in tensity . The 

"lower" members of the series with small l ig h t molecules have 

l i t t l e  odour, the intermediate members have more while s t i l l  

higher members are non-volatile and have no odour. One such 

series is shown in Table 2.1.

Whilst this theory seems promising i t  f a i ls  to explain why 

sim ilar substances give similar odours and at the same time 

dissimilar substances also give similar odours.

2 .2 .2  Molecular Structure

Passy (1892) suggested that this phenomenon could be explained 

by molecular structure. I t  was thought that the way atoms are 

arranged in the molecule was important.
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Table 2 .1 .  Organic compound series and odour threshold

Name of Aci d Formula Threshold 

mg/m3

Quality

Formic CH2O2 25 Pungent

Acetic C2H4O2 5 Sour

Propioni c C3H5O2 0.05 Sour

Butyric C4H8O2 0.001 Rancid

Valeric C5H10O2 0.01 Rancid

Caproic C5H12O2 0.04 Rancid/aromatic

Henning (1924) succeeded in demonstrating such a relationship  

for various organic compounds. Fragrant odours were associated 

with molecules that had two atom groups attached to adjacent 

members of an open chain or benzol ring. Spicy odour molecules 

were from a benzol ring with para substitution. Resinous odour 

molecules came from a benzol ring with cross lin k  (or open chain 

with extra side l in k ) .

Etheral odour molecules comprised of a forked atom group 

attached to a ring or to an open chain. Burned odour molecules 

were based upon a hetrocyclic ring with a nitrogen member.
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This theory was never taken seriously as i t  had many 

d i f f ic u l t ie s .  Inorganic substances did not f a l l  so neatly into

the method of c lass if ica tion . As with the chemical composition 

theory, even i f  odours could be classified by th e ir  chemical

structure i t  would not explain how the receptors operate.

2 .2 .3  U ltra -v io le t  Theory

Haycraft (1889) and Zwaardmaker (1922) suggested that vibrations 

of the atoms or groups of atoms or the vibrations of the 

electrons could be detected by the olfactory receptors. 

Different vibration rates would lead to d ifferent responses..

Heyninx (1919) succeeded in showing a correlation between 

vibrations in the u ltra v io le t  region, i . e .  360 to 200 nm with

known odorous responses. He produced a complete odour spectrum

with the following classes in order, in Table 2.2.

Table 2.2. Odour spectrum

Type of smel1 Typical compound Wavelength (nm)

Putrid Carbon disulphide 320

Rancid Butyric acid 280

Burned Phenol 270

Spicy Caraway 255

Fragrant Acetone 210
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But l ike  other rules that have been suggested i t  appears to have 

had many exceptions. Quite d ifferent odours such as acetone and 

camphor were found to have the same wavelength.

2 .2 .4  In fra-red Theory

The in fra-red theory is based on the fact that the human body is 

warm and emits radiation in the wavelength range 4-20 microns. 

In addition most odorous substances absorb selected wavelengths 

in this range. The theory suggests that when an odorous 

substance comes into contact with thje olfactory receptors some 

of the heat rays are. p re feren tia l ly  absorbed. As a .result the 

olfactory cells  lose heat and this selective cooling stimulates 

them to send a response to the brain. I t  is believed that 

olfactory cells  of d ifferent size and shape are tuned into  

d iffe ren t wavelengths thereby having the a b i l i ty  to respond to 

d iffe ren t odours.

In its  simplest form this theory does not account for the fact  

that certain optical isomers have the same absorption spectrum 

but d iffe ren t odours, e.g. d- and 1- dimethyl-octonol and d- and 

1 - dimethylcyclohexanone -5 (Young, Fletcher and Wright 1948). 

By taking account of the so lu b il i ty  of the odorant in the 

receptor cell surface this exception can be p a r t ia l ly  explained 

(Beck 1950).
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2 . 2 . 5  S te reo -chem ica l  o r  S t e r i c  Theory

As most substances with similar smell have molecules that are 

sim ilar in shape i t  has been suggested that the stereo-chemical 

theory applies to olfaction (Amoore 1970) in the same way as 

enzymes work.

Different enzymes have d ifferent geometric structures and the 

various locations where enzymes can exert influence are thought 

to contain receptor sites of particular shapes. In the 

lock-and-key view of enzyme function the enzymes are the keys

and the receptor sites that they precisely f i t  are the locks.

In olfaction the ci I l i a  are presumed to contain receptor sites  

that respond to specific molecular shapes. They are only

triggered when a complementaryly shaped molecule comes into  

contact. Basing calculations upon the re la tive  areas involved, 

Davies and Taylor (1959) estimated that there might be about

44000 "potential sites" per receptor each having an area of

about 64 a2 (square Angstroms). This, of course, is just too 

small to be observed even with an electron microscope. These 

sites are therefore s t i l l  hypothetical and th e ir  existence s t i l l  

has to be confirmed. In Davies' steric  theory the molecular 

sites are involved in some form of rupturing of the molecular 

cell membrane allowing ionic changes to take place which in turn 

lead to e lec tr ica l a c t iv ity .
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Yet another interpretation of the s teric  theory has been given 

by Dravnieks (1964). He suggested a hypothetical mechanism for  

primary stimulation which is based upon a change in coupling 

between an electron donor/acceptor pair of large molecules that 

occurs when an odorant is absorbed at the composite junction. 

The altered charge transfer balance or capacitance effect would 

be monitored by the appropriate nerve f ib re s .

Although the steric theory is the most promising theory of 

olfaction i t  fa i ls  to explain several olfactory phenomena, e.g. 

why some odours change th e ir  characteristics with concentration.

Regardless of how the receptors work, information travels  from 

the c i l i a  along the olfactory rod towards the brain in bundles 

of axons called the olfactory nerves. These are short and 

pierce the cribiform plate (a piece of bone that forms the roof 

of the nasal cavity) and enter the olfactory bulbs. Several 

hundred primary olfactory axons converge on the bulbs and this  

convergence is considered to be the main cause for the high 

sen s it iv ity  of the sense of smell. The olfactory bulbs serve as 

integration and relay centres for sending information to 

d iffe ren t locations within the brain. Olfactory information 

unlike other sensory information Is not ultim ately sent to any 

particu lar region of the cortex. Olfaction is completed by the 

brain when i t  interprets the information i t  receives.
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The in te r io r  of the nose is also provided with cutaneous senses 

of touch, pain, warmth, cold and the throat which receives the 

inspired a i r  from the nose is provided with taste buds 

(Woodworth 1954). As a result inhaled substances may "smell" 

sweet, sour, prick ly , warm or cold, e tc . The sharp pungent 

"smell" of ammonia arises from the stimulation of the pain 

receptors and the cool or fresh "smell" of menthol arises from 

the cold receptors. Von Skramlik (1925) made a special study of 

smell-accompanying sensations and found that over 75% of odorous 

samples tested gave recognisable sensations besides odour.

2 .3 . Perception

For perception to be possible i t  is necessary for a su ffic ien t  

number of odour molecules to reach the olfactory epithelium. 

The minimum perceptible number of molecules in the volume of 

inspired a i r ,  at the detection threshold concentration, depends 

both on the chemical nature of the molecules and on the 

physiology and psychology of the human receptor. DeVries and 

Stuiver (1961) estimate that a single molecule may be suff ic ien t  

to excite a single receptor and 40 molecules of various 

mercaptans would be suffic ient for perception. All normal 

people have a sense of smell unless they have had some form of 

damage to the relevant areas of the brain or to the olfactory  

system. The acuity of the sense increases with age until the 

early teens, then there are 30 or more years with the fu l l  sense 

until in old age there is a gradual f a i lu r e  (presbyosmia); this  

results in anosmia (complete loss of sense of smell) for roughly 

one th ird  of octogenarians. While anosmia is  rare except in old
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people, specific or selective anosmias are probably f a i r ly

common, because studies with single substances have shown that a 

few per cent of the population are unable to detect specific  

odorants. There may be temporary or permanent specific or

general hyperosmia (heightened s e n s it iv ity )  or hyposmia (lowered 

s e n s it iv i ty ) .  When the sense of smell is not normal

q u a lita t iv e ly  i t  is a case of parosmia, or cacosmia i f  the

distorted perceptions are unpleasant. The cause of parosmia can 

be due simply to an in fection, or to defects in the olfactory  

organs. However, physical damage to the brain or psychological

disorders can cause parosmias that take the form of il lus ions or

hallucinations of smell. These can be genuine in that an

odorant is believed to be present; or knowing that no odorant is 

present a person can have a psuedo-hallucination of smell, 

perhaps as the side effect of certain drugs (Anon 1980).

Persons with a normal sense of smell are well aware of the fact  

that the perceived intensity of smell fades i f  the stimulus is 

received continuously. This phenomenon of olfactory fa tigue, or 

self-adaptation to an odorant, is generally specific in that the 

a b i l i ty  to detect other odours in not impaired.

A.A. North (1980) states that "For persons with a normal sense 

of smell the sensations produced by inhaled odorants have four 

d efin ite  characteristics; d e te c ta b il i ty ,  in ten s ity , quality  and 

acceptability . Although descriptions of experience of smells 

might use the terms persistence and pervasiveness, these are not 

d efin ite  characteristics of odorants. Persistence can result 

from the way the perceived in tens ity  relates to the

2.19



concentration of odorant, so that i t  depends on the chemical 

nature as well as on the rates of production and dispersion of 

odours. Pervasiveness depends, in addition, on the adsorption 

or absorption of odours by, and subsequent release from, various 

m ateria ls ."

2.3.1 Scaling

The classical way to measure sensory magnitude or perceived 

in tensity  by indirect means was devised by Gustav Fechner (Cain 

& !Moscowitz (1974)). He began with Weber's observations that 

the a b i l i ty  to resolve small differences between stimuli is 

approximately proportional to the magnitude of stimulation «i> 

i . e .  A 4) = K 4) , A <i> is the smallest difference in stimulation 

that can be perceived (the just noticeable difference or jnd). 

Fechner then assumed that, whenever stimulation was changed by 

an amount equal to a jnd, the sensation magnitude was changed by 

a constant amount. This assumption gave the jnd a status of a 

unit of sensation magnitude and allowed a scale of sensation to 

be erected by the summation of jnd's from one end of the sensory

continuum to the other. When summation is begun at the level of

the absolute threshold (zero sensation le v e l) ,  the resulting  

scale is assumed to be a ra tio  scale; when summation is begun at

some point above the threshold the scale is assumed to be an

interval scale.
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A common way to construct a scale of perceived intensity from 

direct interval judgements is to use the method of category 

estimation. In some cases of category scaling, the observer has 

been presented with a response scale that includes an absolute

zero, i . e .  a category to represent "no odour". Inclusion of an

absolute zero does not, however, automatically bestow ratio  

properties upon the scale. Katz and Talbert (1930) used a scale 

with an absolute zero:

"0, or no odour requires no amplification; No. 1 is the 

threshold odour, just perceptible. Consider now-the opposite 

end of the scale. No. 5, or very strong, is the most intense 

odour without regard to quality and perceived aside from any 

other physiological effects such as i r r i ta t io n  or nausea. 

No. 3, or easily noticeable, is the median odour midway between

Nos. 1 and 5. No. 2, or fa in t ,  is conceived as midway between

Nos. 1 and 3; s im ilarly  No. 4, or strong, is conceived as midway 

between Nos. 3 and 5."

2 .3 .2  Relationship between In tensity and Concentration

Odour intensity and concentration are not the same but they are 

related by the Weber-Fechner law and the Stevens power law as 

are other psychological sensations.

The Fechner law (Wagenaar, 1975) states that the perceived 

in tensity  of an odorant is a linear function of the logarithm of 

suprathreshold concentration. Thus:
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I-j = Kj log/Ci

E2.5

where

I = Perceived intensity measured in jnd's

k-j = Constant of proportionality for i

C-j = Concentration of odorant i

Cqi = Threshold concentration of i

Stevens' law (Wagenaar, 1975) describes the relation between 

perceived in tensity  and physical in tensity  as a power function,

l i  = Si (Ci -  Coi) "i E2.6

where

I-j = Perceived intensity measured by d irect estimation

a-j = Constant of proportionality for i

C-j = Concentration of odorant i

Coi = Threshold concentration of i

n-j = Exponent for odorant 1

The exponent n or the psychophysical constant is of particu lar  

importance as i t  is a measure of the pervasiveness of the 

odour. I t  is obtained from the slope of the curve when the 

stimulus or concentration and the perceived in tensity  are
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plotted on log coordinates. This constant varies between 

d iffe ren t odorants. For example, Cain (1969) reported values of

0.28 for geraniol and 0.71 for acetone. Patte et al (1975) gave 

values for 110 substances ranging between 0.12 and 0.87. No 

odorants give values greater than 1.

A low value indicates a lower human sens it iv ity  to increases or 

decreases in concentration of that odorant and hence a more 

d i f f i c u l t  abatement and dispersion problem.

For an odorant with n equal to 0.2 a ten-fold reduction in

concentration decreases the perceived in tensity  by a factor of

only 1. 5; whilst for an odorant with n equal to 0.8 a ten-fold  

reduction in concentration lowers the perceived intensity by a 

factor of 6.3. Thus in ambient a ir  the presence of an odorant 

with a low value for the exponent could result in a much more

persistent odour than would be the case for an odorant with a 

high value for n.

2 .3 .3  Odour Classification

In taste we have the common names, sweet, sour, b i t te r  and sa lt  

which are found to be adequate for sc ie n t if ic  c lass if ica tio n .  

Woodworth and Schlosberg (1954). In colour we have a similar  

set of common names, i . e .  hue, value and chroma, Munsell 

(1915). In sound there is the scale of pitch but with smell

there is no such sample c lass ifica tion  system.
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The f i r s t  serious attempt to c lass ify  odours was by Linnaeus 

(1756). He distinguished seven classes of odours -  as indicated 

in Table 2.3.

Table 2.3. Linnaeus odour categories

Aromati c - as carnation

Fragrant - as l i l y

Ambrosial - as musk.

Alliaceous - as g ar lic

Hircine - as valerian

Repulsive - as certain bugs

Nauseous - as carrion

Zwaardemaker (1895-1925) sought to perfect the systems by

subdividing some of the classes and adding two new classes -  the

etherial and empyreumatic.

Zwaardemaker's (1925) c lass if ica t io n  had nine classes and many

sub-classes. Henning (1915-16, 1924) revised the classes to  six

given in Table 2 .4 .
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Table 2 .4 . Henning's odour categories

Fragrant 

E th e r ia l / f ru ity  

Resinous 

Spicy 

Putrid

Empyreumati c/burned

The c lassification was developed in to  an odour quality system.

This was achieved a fter extensive tests on 415 d iffe ren t odours 

which were presented to a number of observers.

Henning eventually ended up with a prism that was supposed to  

represent the s im ila r it ies  and differences between odours as 

shown in Figure 2 .1 .

The corners are not elementary odours but turning points in the 

qu a lita t iv e  continuum. Starting at the bottom of face FERS of 

Figure 2.2 at sassafras and working l e f t ,  nutmeg, pepper and 

cinnamon seem to be coming more spicy but then you seem to turn 

a corner and cassia, cloves, bay, thyme are becoming d is t in c t ly  

fragrant.
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Figure 2 .1 .  Henning's odour prism
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Figure 2 .2 . Part of Henning's odour prism
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The FERS odor square, a part of Henning’s smell prism.
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Certain odours belong to the edge while others have resemblance 

of a ll  four classes and therefore f i t  on the face. Every "pure" 

odour would be on a face or edge while a mixed odour would be 

inside the prism. According to Henning every "pure" odour is 

simple and cannot be produced from a mix of the others.

This is comparable with pitch where the note D is part of a 

series BCDEF etc. but cannot be produced from a mix of the other 

notes. Henning suggested that there are many d iffe re n t types of 

receptor cell each of which are "turned" to a d if fe re n t stimulus.

Further work on Henning's c lassification  system by MacDonald 

(1922) and Findley (1924), Hermann (1926), Hazzard et al (1930) 

found that this theory needed a lo t  of revision. The system was 

complicated by mixed substances, nearly a l l  of which belonged 

inside. Some others could not be f i t te d  into the prism at a l l .  

Non-olfactory sensations such as the sensation of cold, warm, 

sharp, etc. did not f i t  in to  the system at a l l .  Hazzard (1930) 

op. c i t .  found that well practiced observers could locate odours 

on ten non olfactory scales in addition to the six Henning 

categories.

Henning found that untrained observers did not separate odour 

from other sensations obtained during smelling. He mentions the 

prickly sensation of o il of mustard, the cold of gar lic  and the 

sweet of jasmine, etc. Komuro (1921) and Ohma (1921) suggested 

that the presence of smell-accompanying sensations made i t  

imperative that the c lass if ica tion  of odours should be revised 

or at least re-examined experimentally with the object of
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factoring out the non olfactory components. They contend that 

certain classes might coalesce i f  the non-olfactory components 

were eliminated. The whole FERS face of Henning's prism could 

simplify into a single class i f  pungency (pain sense), freshness 

(cold sense) and sweetness (taste) could be factored out. The 

outcome would be a complete and simplified system of 

classification of odours or the recognition of fundamental 

odours which f a i l  to be "outstanding" when blended with non 

olfactory components.

The Crocker-Henderson (C-H) (1927) system of odour

c lass ification  was developed on the basis of th e ir  experience as 

flavour and cosmetic chemists. They selected four of 

Zwaardemaker's terms -  fragrant, acid, burnt and caprylic  or 

goaty and proceeded to represent each of these q u a lit ie s  as fa r  

as the ir  own experience was concerned by four series of odour 

samples of high purity and s ta b i l i ty .  Each separate qu ality  was 

represented on an 8 point scale. Both the reference series and 

subsequently unknown odours were characterised by a four figure  

number representing the perceived in tensities of each of these 

selected components in the order given. For example, in 

Table 2.5 which shows the standards for the C-H system, v a n il l in  

has the number 7122. Its  characteristics are predominantly 

fragrant though there are other detectable components of the 

other q u a lit ies . S im ilarly  acetic acid is class 3803, i . e .  

primarily acid. There is no substance in the system which 

exclusively represents one quality . Secondly several
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Table 2 .5 .  Crocker Henderson Odour C lass if ic a tio n  Standards

F r a g r a n t Bu r n t

F I «-butyl phlhaiate 1112 B 1 ethyl alcohol (very pure) 5414
F 2 toluene 2424 B 2 phcnylethyl alcohol 7423
F 3 a-chloronaphthalene 3336 B 3 resorcinol dimethyl ether 5335
F 4 o-naphthyl methyl ether 4344 B 4 a-naphthyl methyl ether 4344
F 5 p-cymene 5645 B 5 veratrolc 4355
F 6 citral 6645 B 6 thujone 6665
F 7 sa Troie 7343 B 7 p-crcsyl acetate 4376
F 8 methyl salicylate • 8453 B 8 guaiacol 7584

A c id C a p r y l ic

A 1 vanillin 7122 C 1 benzyl benzoate 3111
A 2 cinnamic acid 7213 C 2 vanillin 7122
A 3 resorcinol dimethyl ether 5335 C 3 safrole 7343
A 4 toluene 2424 C 4 phenyl acetic acid 5624
A 5 fiu-butyl phenyl acetate 5523 C 5 p-cymenc 5645
A 6 methyl phenyl acetate 5626 C 6 a-chloronaphthalcne 3336
A 7 cineole (eucalyptol) 5726 C 7 anisole 2577
A 8 acetic acid (20% soln.) 3803 C 8 2.7-dimethyl octane 3518
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substances, e.g. v a n il l in ,  appear as reference standards in 

d iffe rent positions in more than one series, e.g. position 1 on 

the acid scale and position 2 on the caprylic scale.

Since its  development the system has been highly c r it ic is e d .  

Ross and Harriman (1949) were particu larly  c r it ic a l  on the 

grounds that i t  fa iled  to give consistent results when used by 

untrained subjects.

In a review of odour c lassification Harper, Bate-Smith and Land 

(1968) described many other approaches. These included methods 

adopted by biologists, perfumists, chemists, and behavioural 

scientis ts . Several quantitative approaches using fac to ria l and 

multi-dimensional s im ila r ity  analysis were also examined. 

However, they could only conclude that there was no universally  

effective  c lassification system which had an agreement 

terminology. Odour c lass ification  continues to be an 

in te llec tua l challenge.

2 .3 ,4  Odour Profiling

The d i f f ic u l ty  with the systems of odour c lassification  

described above is that only a few odours such as v a n il l in  and 

isovaleric acid are so characteristic  that they f i t  into a 

specific class without compromise. Most odours exhibit several 

odour notes, each belonging to another class (Dravnieks 1979).
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In recognising this Dravnieks and others (1978, 1979) have

developed the comprehensive l i s t  of odour notes given in 

Table 2 .6 . These can be used in a multi-dimensional scaling 

method for describing the quality of an odour.

For the reasons given in Section 3 this would be assessed by an 

odour panel. A member considers each descriptor separately and 

judges its  ap p licab il ity  to the test odour on a 0-5 point scale, 

i . e .  0 for absent, 1 for s l ig h t ,  3 moderate, 5 extreme with 2 

and 4 as intermediate values.
\

The result is an odour p ro f i le .  Profiles can be compared and 

analysed by methods which produce similar ratings correlated to 

direct s im ila r ity  comparisons. The profiles also indicate the 

nature of the difference, i f  there is a s ignificant difference 

and i f  there are specific odour notes. A typical p ro fi le  is 

shown in Table 2.7 (Dravnieks 1979) op. c i t .

2 .3 .5  Hedonic Tone

In working towards defining annoyance Dravnieks et al (1982) 

id en tif ied  odour in tensity , odour character and hedonic tone as 

the primary factors. Working with the Sensory Evaluation 

Committee E18 of the American Society for Testing and Materials 

they developed a relationship between odour character; as 

derived from odour p ro f i l in g , and the hedonic tone of an odour, 

i . e .  the degree of pleasantness or unpleasantness.
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Table 2 .6 .  Odour p ro f i l in g  descriptors
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Table 2 .7 .  Odour Descriptor P ro fi les  of Dredged Mud Samples

Degree o f D escrip tor A pp licab ilitY

D escrip to rs
A c tive  

H arbor 1 
(Saa)

A ctive  
Harbor II 

(Lake)
Le ts  A c tiv e  
Sea H a rb o r

f  rutty Ichfus) 
fru ity  (other) 
flo rs i

Musky
Fregrmnt
Aromatic

X

X

Almond-like 
Spicy
Woody, resinous XX

Minty
Camphor
Vartilla

Sweet
Etherish. anesthetic 
Herbal, cut grass

X

Soapy
Stale
Musty, eaithy

X
X

X
X

Mushroom 
Burnt, smoky 
Burnt rubber

XX XXX
X

Tar
Disinleciam. carbolic 
Mothballs

XXX

Sharp, pungent 
Sour. acid, vinegar 
Ammonia

XX XXX
X XXX

Fishy
New rubber 
Gasolirte. solvent xxxxxxx

X
xxxxxxx

Kerosene 
Oily, fatty 
Baira-Uke

XXX
xxxx

X
XXX

Cooked meat 
Cooked vegetables 
Rancid X

Sweaty
Household gas 
SuMidK

XXX
XX

XX
X
XXX

GarlK. onion 
Metallic
Blood, raw meat

X X

Animal 
Sewer 
Putral. foul XX
Fecal Ibfce manure)
Sickening
Dry. powdery

xxxxx xxxxx XX
X
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An assumption was made that i f  hedonic weights were assigned to

each p ro f i le  descriptor then a link would be found between the 

ap p lic a b il it ies  of the specific descriptors and the overall

hedonic tone. The values of these hedonic weightings were found

by conducting a survey of 429 subjects. Each was given the

descriptor l i s t  of 146 terms and asked to rate the hedonic tone

o f every descriptor on a scale of 1 to ,9 with 5 as the mid

point. Values above 5 indicated increasing unpleasantness with

1 indicating the most pleasant.

Using the results of this survey together with those from

e a r l ie r  studies by Woskow (1964), Doty et al (1978) and 

Dravnieks and O'Neill (1979) they derived a fu l l  set of hedonic 

weightings. These were normalised to give neutral 

unpleasantness of value of zero so that the scale went from -5

(very unpleasant) to +5 (very pleasant).

Table 2.8 which l is ts  these weightings should be read in

conjunction with Table 2 .6 . Thus the weighting for "fishy",

i . e .  index 36 (Table 2 .6) is -1.88 (Table 2 .8 ) .

The method of assessing hedonic tone from the odour p ro f i le  was 

as follows.

1) Members of an odour panel (see Section 3) are asked to 

classify  an odour using any number of the 146 standard

descriptors l is te d  in Table 2 .6 . Each of the descriptors

is rated on a scale of 0-5 as to  the presence of that

odour note.
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Table 2 .8 .  Hedonic tones of descrip tor indices

INDEX H INDEX H INDEX H INDEX H

1 2.51 41 -2.42 81 - 2.88 121 -2.16
2 -2.44 42 2.67 82 0.63 122 -3.61
3 1.92 43 2.17 83 -3.29 123 - 1.66
4 -1.33 44 -3.67 84 0.10 124 -0.17
5 2.03 45 0.97 85 2.04 125 -0.87
6 -1.33 46 0.38 86 1.90 126 3.44
7 -1.30 47 0.84 87 - 0.10 127 1.27
8 -1.42 48 -0.29 88 -1.03 128 1.90
9 - 0.10 49 -1.08 89 -1.60 129 2.00

10 -2.39 50 2.50 90 -0 .49 130 0.41
11 -1.50 51 -3.29 91 2.4 131 -1.35
12 1.52 52 2.75 92 -2.42 132 -3.67
13 2.32 53 0.07 93 -0.47 133 2.24
14 -3.36 54 0.92 94 2.23 134 1.26
15 -1.82 55 2.09 95 -0.65 135 2.55
16 -2.28 56 1.18 96 1.19 136 1.07
17 -0.50 57 -0.57 97 2.72 137 0.61
18 0.84 58 2.10 98 1.00 138 1.56
19 -0.76 59 -0.81 99 -0.26 139 1.53
20 1.53 60 2.81 100 0.74 140 1.24
21 0.79 61 1.99 101 -1.51 141 -1.52
22 -0.80 62 -1.44 102 -1.23 142 -0.76
23 1.96 63 2.10 103 1.27 143 -2.63
24 1.12 64 0.98 104 -2.17 144 2.51
25 2.47 65 1.16 105 1.88 145 -0.69
26 2.36 66 3.06 106 2.57 146 -2.85
27 1.06 67 1.26 107 1.36
28 2.31 68 - 0.12 108 2.89
29 -1.47 69 0.52 109 -1.99
30 0.96 70 - 2.20 110 0.24
31 -1.31 71 -0.83 111 2.18
32 - 1.21 72 1.30 112 -3 .6
33 -1.03 73 2.20 113 2.49
34 1.50 74 -2.69 114 -0.67
35 2.05 75 1.18 115 1.80
36 - 1.88 76 0.19 116 2.48
37 1.88 77 - 2.11 117 -0.87
38 -0.72 78 0.18 118 2.23
39 -3.08 79 0.49 119 2.59
40 2.47 80 1.95 120 0.97
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2) % A is calculated for each descriptor where

a) number of panellists = n

b) to ta l score = T

c) %S = T X 100 E2.7

n 5

d) %P = number of results x 100 E2.8

n

e) %A = J { % P X %S) E2.9

3) The profile -derived hedonic tone is then calculated from

the relationship given in equation E2.10

PH = E %A X H E2.10

Z%A

where H = hedonic tone of individual descriptor or index

(Table 2 .8 ) .

The profile -derived  hedonic tone PH is a single number 

describing the unpleasantness of the odour sample.

Laing, Panhuber and Baxter (1978) have shown that the hedonic 

tone and in tensity  are not governed by the same psychophysical

laws whilst in tensity  is a linear function of concentration on a

log-log scale, pleasantness or hedonic tone was cu rv ilinear.  

Moskowitz and Berbers (1974), Moskowitz et al (1974) and 

Moskowitz et al (1976) reported that
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i )  pleasant odours grow less rapidly in effect than in tensity;

i i )  odour unpleasantness grows more rapidly than in tensity;  

and

i i i )  unpleasant odours are judged at high in tensities to be

substantially more intense than other odorants.

The pleasantness of butanol was essentially the inverse of

in tens ity . Intensity -  concentration and hedonic tone are 

therefore closely in terre lated and any assessment of tone should 

be conducted at a standard intensity or concentration.

2 .3 .6  Dose Response Relationships

I f  people are exposed to a steady odour, i . e .  not fluctuating,  

and i f  the concentration of the odour is gradually increased 

from zero there w ill be a progressive series of responses. What 

tends to happen is indicated in Figure 2.3.

I n i t i a l l y  those people with the most acute sense of smell w ill  

begin to detect the odour. With a further increase more and 

more people can detect the odour until every one can excluding 

anosmies. Meanwhile the most sensitive subjects have started to  

recognise the odour. By the time a ll  can recognise the odour a 

high proportion w ill  probably be finding i t  annoying. When the

annoyance reaches a certain value i t  causes the subject to

complain.
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In practice complaints about odour nuisance are not received

u n ti l the odour concentration is greater than 3-6 times the

detection threshold Anon (1980). Huey (1960) suggested that

concentrations greater than 7 times the detection threshold 

would probably cause complaint. Since the ratios of odour

recognition threshold to detection threshold l ie  between 2 and 

10 times depending upon the type of odour (Heilman and Small 

1974) i t  would appear that complaints arise when an odour is 

high enough to be recognised (Keddie 1984).

Because of the e f fo r t  necessary to complain, few of those

annoyed actually complain. In a survey of public attitudes to

industria l odours carried out by Basarin and Cook (1982) i t  was 

found that only 0.5% of those annoyed actually  complained. 

Complaints are therefore not a good indicator of annoyance.

2.4 . Summary

Many theories have been proposed to  explain olfaction but none

of them completely accounts fo r  a l l  of the observed phenomena. 

In short, we s t i l l  do not know exactly how olfaction takes 

place. However, we are beginning to understand some of i ts  

characteristics. Concentration, in tensity  and unpleasantness

can be quantified, but the character of an odour can only be 

qualif ied  by comparisons with inadequate c lass ifica tions  or

categories.

To complicate matters, o lfactory  a c t iv ity  or s e n s it iv ity  varies 

from individual to indiv idual, so to ,  does the point at which an 

odour becomes a nuisance.
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3 . METHODS OF MEASUREMENT

3 .1 . Background

The response to odours is a subjective reaction. No instrument 

can incorporate the human psychological fa c to r .  In addition to  

th is ,  the human olfactory system is several orders of magnitude 

more sensitive in detecting odours than even the most sensitive  

instrumental techniques.

For th is  reason most odour measurement techniques rely on human 

judgement or the opinions of a panel of judges. The most often 

measured odour parameters are i ts  strength in terms of 

concentration or intensity.

When an odour panel is used in th is  way the assessment technique 

is designated organoleptic. The reason for using an odour panel 

is that there is considerable variation in response to odours by 

an individual and between indiv iduals . Wilby (1969) reports 

measuring a variation in individuals of + / -  900%.

Therefore, s ta t is t ic a l ly  i t  is better to have as large an odour 

panel as possible in order to obtain the best estimate of the 

mean. In practice a compromise is necessary because of the cost 

and management of large numbers of people. The Karolinska 

In s t i tu te  (Anon 1970) op. c i t .  recommend 5-10. Dravnieks and 

Jarke (1979) recommend using 9 or more i f  the sample is assessed 

only once. For smaller panels, say f iv e  or less, the samples
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should be evaluated two or three times. Mol ton and Cash (1978) 

use a panel of eight. Hemeon (1968) claimed that differences  

between individuals were normally less than + / -  300% and used

only 3 panel members with repeat evaluations. Warren Spring 

Laboratory (Anon 1980) op. c i t .  give a s ta t is t ic a l  analysis of 

the errors involved for various panel sizes based on d ilu tion  

steps of 30% and 60%. Figure 3.1 which is reproduced from Anon 

(1980) op. c i t .  shows the spread in 95% confidence lim its  for 

d iffe re n t panel sizes, screened and unscreened, for a single 

sample and 30% d ilu tion steps. A screened pane llis t  was one who 

was selected because th e ir  individual threshold value to e ither  

a sample of the odour to  be tested or a key component of that 

odour lay in the top 80% of the panel thresholds.

I t  can be seen from Figure 3.1 that there is no point screening 

panels larger than 8 members. In addition, 3 screened or 4 

unscreened panellists produce the same precision with 95% 

confidence according to Figure 3.1 to  obtain a result within  

+ / -  60% with a 95% confidence you would need 7 unscreened or 6 

screened panel members.

3 .2 . Concentration

A very d ilu te  concentration of the odorous sample is prepared in 

an olfactometer (see below) and presented to  the odour panel for 

assessment. The number that can detect the smell is noted. The 

concentration is increased progressively and at each step the
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Figure 3.1. Spread in 95% confidence lim its  for d ilu tion  factor

against panel size
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number of positive responses is recorded. The d ilu tion  at which 

50% can just detect the odour is taken as the concentration 

quotient Z, i . e .  a measure of the concentration of the odour.

Some typical odour concentrations at the point of emission as 

measured by Warren Spring Laboratory Anon (1980) are reproduced 

in Table 3 .1 .

3 .3 . Intensity

Odour in tensity  is also assessed by means of the human nose or 

panel of noses. However, for in tensity  the assessment is made 

on suprathreshold concentrations of odours. The observer(s) 

report th e ir  subjective impression in re lation to the physical 

stim uli, e ither by comparative scaling ( in d ire c t ) ,  e .g. weaker

or stronger than standard or by category scaling, e .g. weak, 

moderate, intense, etc.

When comparative scaling is carried out the subjects use

reference odours of known concentration. These are e ither  

contained in the head space of an odorous liqu id  in a bottle  or 

presented in an odorous airstream from an olfactometer as w il l  

be described under dynamic d ilu tion techniques.

Butan-l-ol (CH3(CH2) 30H) otherwise known as 1-Butanol, n-butanol 

or butyl alcohol and referred to in th is  thesis as butanol is 

the most widely used reference odorous material for assessing 

in ten s it ie s . I t  is neutral in terms of unpleasantness but

s lig h tly  carcinogenic.
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Table 3 .1 . Typical odour concentrations at the point of emission

Industry Dilution
Factor

Flowrate 
(m  ̂s'̂  )

Odour Emission 
(m  ̂s*̂  )

Rendering
lOOt/wk Ventilation 20,000 8.5

Proœss . 42,000 0.75 'Total 202,000
200 t/wk Ventilation 333,000 1.2

Process 217,000 0.35 Total 476,000
350 t/wk Ventilation 6,000 13.5

Process 1,350,000 0.5 Total 756,000
Approx 600 t/wk Ventilation 28,000 10.5

Process 420,000 0.55 Total 525,000
Approx 1500 t/wk Ventilation 42,000 20

Process 340,000 0.45 Total 993,000
Feather Hydrolysis
20 t/wk 4,000,000 0.018 72,000
200 t/wk 500,000 021 105,000
400 t/wk 4,000,000 0.08 320,000
Maggot Famn
2.5 to 3 X 10  ̂gal/wk 5,000 6 30,000
(October)
Farming
Pig Pens 400 to 600 — —

Chicken House (15,000 birds) 600 4.2 2,520
Fishmeal
White fish 150,000 7.9 1,185,000
80% oily fish 400,000 7.9 3,160,000
Poultry Manure Drying
8t/h 200,000 6 1200,000
1 t/h 43,000 .1.5 65,400
Less than 1 t/h 22,000 0.5 11,000
Swill Boiling
2.5 ton Pressure cooker 17,000 0.95 16200
Blood Drying
500 gal batch 50,000 0.25 12,500
Pharmaceuticals
Sterilization of fermenter 715,000 0.75 536,000
Potato Crisps
30,000 t/yr 250,000 — —

100,000 t/yr 30,000 14.5 435,000
275,000 2.4 660,000

Printing
Web-offset 40,000 1.5 60,000
Low Pollution inks 2,000 2.0 4,000
Textile Stentering
Nylon 18,000 2.0 36,000
Polyester cotton 1,200 0.6 720
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A comparison between in tensity , concentration of butanol and the 

corresponding category scale is given in Table 3 .2 .

Table 3.2 Butanol concentration, in tensity  and category scales

ppmy Intensity

S

Category

1713 35 Very strong

472 15 Strong

250 10 Substantial but not strong

117 6 Easily noticeable

22 2 Faint

1 1 Threshold

ppmy parts per m illion by volume 

S defined as 10 at 250 ppmy 

Reference Dravnieks O'Neill (1979)

3 .4 . Olfactometers

Olfactometers are basically of two types,

1) batch or s ta tic  d ilu t io n .

2) dynamic d i lu t io n .
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There are techniques which are closely related to olfactometers 

and for the sake of completeness some of these have been 

included below. The various forms of presentation of the odour 

sample are indicated in Figure 3 .2 .

3,4.1 Batch or s ta tic  d ilution

Syringe d ilution

This method is described by American Society for Testing and 

Materials ASTM D-391-57 (1972).

Using this technique a 250ml odour sample is collected in a 

glass gas-sampling tube and transferred to a 100ml glass syringe 

as indicated in Figure 3 .3 . *A proportion of th is ,  usually 50%, 

is transferred to a second syringe. The rest of the 100ml in 

the second syringe is made up with odour-free a ir .  The process 

is repeated between the second and a th ird  syringe, and again 

between the th ird  and a fourth syringe and so on until a very 

dilu te  sample is obtained. The samples in each syringe are then 

discharged into the nostrils  of an odour panel in succession as 

indicated in Figure 3 .4 . The intention is to maintain a trend 

in the order of presentation but to prevent a predictable 

sequence by frequent presentations of out-of-order 

concentrations.
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Figure 3 .2 .  Presentation of odour samples to odour panels
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the most commonly used.
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Figure 3 .3 .  D ilution of odour sample by syringe
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Odour samples are transferred to the sample syringe by mercury 

displacement. Dilution is accomplished by withdrawing the 

plunger of the d ilu tion  syringe to the 100ml mark a fte r  

in jecting part of the sample. Additional d ilu tio n  is then 

made sim ilarly  in the panel member's syringe.
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F ig u re  3 .3 .  c o n t inu ed  D i l u t i o n  o f  odour sample by sy r in g e

TRANSFER SYRINGE

DILUTION SYRINGE

i

Transfer of odour sample to d i lu t io n  syringe. Sample in 
transfe r  syringe was measured out of a sample syringe, which 
is identical with d i lu t io n  syringe.
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F ig u re  3 .4 .  P re s e n ta t io n  o f  odour sample in  s y r i n g e  t o  p a n e l l i s t

' ?

I

Evaluation of di lu ted odour sample. Panel l is t is in jec t ing  
contents in to  nos tr i l  to determine i f  any odour is present at 
th is  d i lu t io n .
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The method has many disadvantages including laborious

preparation of samples, poor presentation, adsorption of the 

odour on the internal surface of the syringe and cleaning

d i f f ic u l t ie s  afterwards.

Some idea of the problems involved in using this technique can 

be gained from the recommendations of a task group of the ASTM 

D22 (1977) Committee, ASTM (1977) which reviewed the principles

applicable to the D1391-57 te s t .  They recommended that:

"1) Panel threshold for the sample should be the geometrical

average of the panellis ts ' thresholds.

2) Odours should be presented in ascending concentration, and 

the concentration should be doubled for each successive 

presentation.

3) At each concentration one odour-containing and one

odourless syringe should be presented. The pane llis t

would smell both and then indicate to the panel leader 

which is the odour sample. The blank syringe would be 

randomised as being the f i r s t  or the second to be sampled.

4) Panellis t 's  threshold should be considered reached at the 

lowest of those three successive concentrations at which 

a ll of the panellists make the correct choice; or at the 

lowest of those two when the second, higher concentration 

the pan e ll is t 's  response was very positive and correct."
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Odour room

An odour room is a specially designed room lined with aluminium 

walls (Figure 3 .2) and equipped with fans for rapid a ir  mixing. 

An odour sample of known volume is introduced into the room and 

the a ir  is mixed while the panellists wait in an adjoining odour 

free room. The concentration is derived from the volume of the 

sample and the volume of the room.

Under the sponsorship of the manufacturing chemists association 

Arthur D. L i t t le  (1969) made a study of the odour threshold of 

53 chemicals by the use of an odour room of 14m̂  (SOOft^) volume.

The main disadvantages of this method are that i t  is not 

possible to change the concentration in the room rapidly and i t  

is hard to use many panellists while providing conditions that 

prevent panellists influencing one another.

3 .4 .2  Dynamic d ilution techniques 

Dynamic manifold olfactometer

The American Society for Testing and Materials developed an 

apparatus for producing suprathreshold concentrations of butanol 

for assessing odour in tensity  (ASTM E544-75). Figure 3.5 shows 

the instrument consists of two parts -  an a ir  supply manifold 

and an odorant manifold. Capillary tubes connect the manifolds 

to eight sample ports. The flow to each port is controlled by
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Figure 3 .5 .  ASTM apparatus fo r  producing supra threshold

concentrations of butanol
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d iffe ren t lengths of cap illa ry  tubing such that undiluted 

odorant leaves the f i r s t  port. Equal quantities of odour sample 

and clean a ir  are exhausted through the second port (d ilu tion of

2 ). At the th ird  port there is three times as much a ir  as 

odorant (d ilu tion  of 4 ). At the fourth port there is seven 

times as much a ir  as odorant (d ilu tion  of 8 ) .  The eight ports

give a d ilu tion  rate of up to 128. At each port there is the

same to ta l sample flow rate.

Although this apparatus was designed for producing known 

concentrations of butanol i t  lends i t s e l f  to modification for

producing known concentrations of any odour. ' Such an instrument 

is shown in Figure 3.6 and was constructed by the author of this

report during the course of his professional work.

One of the disadvantages of this type of instrument is that i t  

is d i f f i c u l t  to clean a fte r  use. A very large internal surface

area has been in contact with the odour. In addition, this

instrument has a limited range of only 128 d ilu tions . The

odorous mixtures emitted from the ports e ither contaminate the 

test room i f  they have high flow rates (see Table 3 .4 ) ,  thus 

making i t  necessary for the operator to use a face mask, or the 

mixtures are at risk of being diluted in a ir  before they reach 

inside the nostril i f  the flow rates are too low.

Another type of manifold olfactometer described by M ills  et al 

(1963) is shown in Figure 3 .7 . Dilution is achieved by 

continuously mixing odour sample and odour-free a i r  under the 

control of needle valves and flow meters to obtain the desired
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Figure 3 .6 . Manifold olfactometer based on the ASTM apparatus
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Figure 3 .7 . Manifold olfactometer
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by the dynamic method.
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d ilu t io n . The mixture is pumped at a pressure s lig h t ly  above 

atmospheric through a glass manifold equipped with eight glass 

ports separated from the manifold by glass stoppers or 

stopcocks. The panellists are separated by partitions and s i t  

at the ports in an odour free chamber. At a signal they open 

the stopcock and s n if f  the emerging a ir  at approximately 

7 litres /m in u te . They note th e ir  judgements by activating an 

e lec tr ica l switch. The advantage of this system is that a ll  8 

panellists experience the same stimulus.

Hemeon olfactometer

In the Hemeon type olfactometer, Hemeon (1968), an odour sample 

is diluted with odorless a ir  through a series of stop cocks and 

flowmeters and is presented to three panellists simultaneously 

from the three ports arranged around the d ilu tion  module 

(Figures 3.8 and 3 .9 ) .  One concentration is evaluated at a 

time. ^emeon (1968) recommends that each concentration is 

judged for i ts  odour in tensity using a category scale, as shown 

in Table 3 .3 .

Table 3.3. Odour intensity category scale a fte r  Hemeon

0 -  no odour

1 -  very fa in t

2 -  d e fin ite

3 -  strong

4 -  very strong
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Figure 3 .8 .  Schematic view of the Hemeon olfactometer
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Figure 3 .9 . Hemeon olfactometer in use

A sample (85-140 l i t r e s )  of the odour bearing stream is 

collected in a plastic bag v is ib le  at right rear, now connected 
to the odorometer. Dilution streams are delivered through the 

d istribution  box to face pieces. (Courtesy of Hemeon Associates)
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The logarithm of the d ilu tion ra t io  is then plotted against the 

odour intensity scale as indicated in Figure 3.10. The best 

line f i t  through the points is then extrapolated to zero 

in tensity . The corresponding concentration is taken as the 

group threshold at which no odour is detected. This is a 

fundamentally sound and practical procedure dating back to Katz 

and Talbert (1930) and confirmed by Dravnieks (1974). The 

reasoning is that the threshold determination does not depend on 

judgements made solely at the threshold, the concentration of 

most uncertainty.

Sanders olfactometer

In the Saunders olfactometer (Dravnieks 1974) odour is diluted  

with deodorised a ir  and delivered to a mask as indicated in 

Figure 3.2 at a to ta l flow rate of 7 1/min. The pane llis t  

gradually increases the concentration of odour by turning an 

ungraduated dial until detecting an^odour. Flow meters are read 

and the odour d ilu tion at that point is calculated. An 

important provision is that each p a n e ll is t 's  threshold for a 

known reference odorant be determined at each session. Then to  

eliminate the effect of day-to-day variation in the s e n s it iv ity  

of the observer, the threshold of the emission is related to the 

threshold of the reference compound.

Dravnieks does not report the variation in threshold for the 

observers but tests carried out by Huey et al (1960) indicate  

that the range could be between -55% and +130% of the mean. One 

main disadvantage of this system is the antic ipation which may 

occur and which is d i f f ic u l t  to detect.
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Figure 3.10. Odour in te n s ity  (01) y concentration
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Odour fountain olfactometer

An odour fountain olfactometer has been used by Heilman and

Small (1973). In this system three ports provide rapidly

flowing je ts  or fountains of a i r .  The l e f t  and right port are

blanks while the centre port may contain an added odour. The 

blanks generate the same sensation of a ir  movement as the centre 

port. Thus the presence or absence of an odour in the centre

port can be judged by mentally discounting the mechanical

e f fe c t .  The rate of flow is of the order of 20-80 1/m from a 

25mm diameter opening. After passing upwards through about 

350mm of room space the je ts  enter larger ventila tion  ports that 

exhaust the odours, so preventing contamination of the test 

room. This system requires a very large odour sample.

Forced choice tr iangle  olfactometer

This instrument.which was developed by the I l l in o is  In s t i tu te  of 

Technology Research In stitu te  (Dravnieks 1973) is a development

of ASTM manifold olfactometer described above. I t  also re lies

on the resistance of d iffe ren t lengths of cap il la ry  tube to  

maintain known flow rates and hence d ilu tion  rates. However, as 

Figure 3.11 shows i t  employs a forced-choice tr iang le  system. A 

d ilu te  sample is presented with two odorless • (room a ir )  

samples. The panellists must choose which is the odorous and 

signals his choice by pressing a button. By guess alone there

is a 1:3 chance to signal the correct port. There are six 

dilu tion  levels ty p ic a lly  from 4500x to 15x or from 80,000x to
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Figure 3.11. Dynamic t r ia n g le  olfactometer
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450x. Successive levels d i f fe r  in concentration by a factor of 

3. All of the required dilutions and blanks continuously emerge 

from the appropriate sampling port at 500 ml/min. Such flow 

rates do not produce an odour build-up in a normally ventilated  

room, nor is a large sample required, but there is some doubt 

about d ilu tion  of the odorous sample before i t  enters the 

nostril (Bedborough 1978).

Scentometer

The Scentometer was developed by Huey et al (1960). I t  is a 

box-like instrument constructed from perspex (Figure 3 .12). I t  

consists of a central chamber between two layers of activated 

carbon. Two 13mm holes on opposite sides introduce ambient a ir  

through both layers of carbon which deodorise i t  for dilution  

and mixing with odorous a ir  sample in the centre chamber. At 

the lower end of the instrument 4 holes of varying diameter 

(12.7, 6 .4 , 3.1 and 1.6mm) are provided to control the volume of

odorous a i r  sample entering the mixing chamber. These d iffe ren t  

size holes correspond to dilutions of 2, 8, 32 and 128. At the 

upper end of the instrument are two glass nosepieces for  

insertion into the panellists nostrils  (Figure 3 .13 ). The 

panellis t inhales through the nosepieces and exhales through the 

mouth to draw in odorous a ir  samples through one of the four end 

holes and the d ilu tion a ir  through both side holes.
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Figure 3.12. Schematic of scentometer
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Figure 3 .13 .  Scentometer in Use
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The d i f f ic u l ty  with this instrument is that i t  re lies  on the 

response of just one judge and i t  is limited in dynamic range. 

(The author has made a scentometer and has found that in ambient 

a ir  i t  is d i f f i c u l t  to assess odours that fluctuate at a rate of 

more than about f ive  times per minute. This is because a

passing puff of odour can occur while the observer is exhaling

or changing d i lu t io n ) .

Warren Spring dynamic d ilu tion apparatus

In this country the Warren Spring Laboratory has developed a

dynamic dilu tion apparatus which is now commercially available

from Prosser S c ien tif ic  Instruments Ltd. (Bedborough 1978).

The apparatus is shown in Figure 3.14 together with four

sampling ports for members of an odour panel. The instrument is 

very simple in design and is shown schematically in

Figure 3.15. Ad odour sample is drawn from a Tedlar bag

manufactured from heat welded Dupont Tedlar PVF f ilm  (20QSG40TR) 

by negative a ir  pressure. This sample is then mixed with clean

a ir  and emitted from sniffing  or sampling ports. For greater

d ilu tion  ratios a second d ilu tion  stage can be used. The clean 

a ir  flow is set by o r if ic e  plates and voltage stabilised fans.

The d ilu tion  rate is adjusted by a valve on the sample in le t

line with flows registered by a hot wire anemometer system.
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Figure 3.15. Schematic view of commercially available portable
dynamic d ilu tion  apparatus
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Diluted samples can be supplied to the four sn iff ing  ports at a 

rate of. 240 1/min. The basic design of this instrument is very 

similar to that constructed by Hemeon.

3 ,4 .3  Comparision between olfactometers

At present there is no standardisation of olfactometers or the 

taking of olfactory measurements. Jann (1984) in a survey of 

the design of 15 research and portable dynamic olfactometers 

showed that d if fe re n t instruments yielded d iffe re n t results. In 

1974 IRC Environmental Consultants (Wade et al 1974) were

commissioned to compare three commercially available dynamic 

olfactometers with the ASTM D1391 s ta tic  syringe method. Five 

odorants at three d ilu tion  levels were compared for detection 

threshold and operational characteristics. Using the same

system with the same panel of 9 on the same day, the ratio

between the highest and lowest threshold concentration was 2.5. 

Keeping a l l  things equal as above and changing the presentation 

flow rate from 0.5 to 9 litres /m inute  the range of thresholds 

increased four times. When a ll  three olfactometer systems were 

compared using the same odorant, same panel, same day, the range 

increased 200 times. Duffee and Cha (1980) noted that a 100 

fold increase in the presentation flowrate could cause a 1000 

fold difference in the threshold concentration. They reported 

that the change of flowrate was second only to sample

deterioration for causing measurement error. Dravnieks and 

Jarke (1980) reported threshold versus presentation flowrate  

data for butanol (see Figure 3 .16).

3.31



Figure 3.16. Influence of stimulus flowrate on the odour d ilu tion  

threshold and perceived odour in tensity of butanol vapour
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This figure shows the influence of stimulus flowrate on the 

measured concentration or odour threshold ra tio  and the 

perceived odour intensity of butanol vapour. The measured 

concentration is proportional to the logarithm of the flowrate  

and the in ten s ity , expressed in equivalent concentration of 

butanol vapour is linearly  proportional to the flowrate. The 

in tensity  in this case has been measured by comparitive scaling 

(see page 3 .4 ) .

Table 3.4 summarises the major characteristics of the 

olfactometer designs surveyed by Jann. Table 3.5 summarises the 

spread in threshold determination caused by the instrument and 

technique variables.

Most olfactometers surveyed have panel interfaces that cover 

both the nose and mouth, e ither by a mask, face portal or large 

diameter funnel (75-lOOmm). Most interfaces are constructed 

from non absorbing glas.s or Teflon and have flow rates ranging 

from 3-50 1/min. The I l l in o is  In s t i tu te  of Technology Research 

In s t itu te  forced tr iang le  olfactometer was notably low at 

0.5 1/min and the Warren Spring Laboratory very high at 

240 1/min.

Engen (1982) recommends that olfactometers should provide the 

observer with a constant, gentle flow at a rate that closely 

matches normal breathing. Jann (1984) concluded that the 

presentation should be standardised to 10-15 1/min (and at low 

velocity ) to ensure adequate volume around the nose. This can
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Table 3 .5 . Summary of threshold scatter

Variable R

1. Instrument to instrument (overall) up to 200X

2. Same Instrument

a . Présentât ion 
flowrate 
interface 
protocol

(combined) 20X
6-20X

(6X)
(6X)

b. Flow Control (w/calibration) ( .5X)

c . Panel 2X

d. Odorant (2X)

e. Diluent 2-3X

3. Panel to Panel 10X

•Range of measured threshold values expressed as ratio, R , for 
lowest to highest in comparative testing.
( ) denotes estimation.
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best be accomplished by using a mask or funnel. Accuracy would 

further be improved i f  the forced choice tr ian g le  technique with 

i ts  double blank presentation were used.

According to the Assembly of Life Sciences National Research 

Council (Anon 1974) the order of sample concentration

presentation is important, because i t  can affect the threshold

value determined.

Decreasing concentration series -  with this procedure the 

panellists evaluate more and more d ilu te  samples un til no 

odour is detected. The problem often encountered with 

th is approach is that stronger odours fatigue the sense of 

smell and make the odour of weaker samples presented la te r  

more d i f f ic u l t  to detect. There is also the p o ss ib il i ty  

of odorants adsorbed on the inner surfaces of the

instrument being desorbed and contaminating the weaker 

samples.

Increasing concentration series - very d i lu te  samples are 

evaluated f i r s t  and then the concentration is increased 

until i t  is detected by a ll  pane llis ts . This avoids the 

problems of fatigue and contamination of weaker samples 

associated with a decreasing concentration series  

procedure. However, there are problems of an tic ip a tion .  

Panellists anticipate that an odorous sample w il l

eventually appear and tend to report detection or 

recognition prematurely.
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Random concentration series - with this procedure weaker 

and stronger dilutions are presented in random order in an 

e ffo r t  to eliminate antic ipation. However, the problems 

encountered are similar to those associated with a 

decreasing concentration series. Lindvall (1970) states

"randomised order ........... makes i t  almost impossible

adequately to evaluate odour threshold" and advocates an 

ascending concentration series with blanks.

Ascending concentration series with blanks and out of 

order samples -  instead of steadily increasing the 

concentration in regular steps, blanks and repeat samples 

are inserted in the series in order to reduce the 

anticipation associated with a simple ascending 

concentration series. Table 3.4 indicates that most 

olfactometers are used with one of the ascending 

concentration series procedures.

Dravnieks and Jarke (1979) concluded that i t  was evident that 

without standardisation of olfactometric procedures i t  is 

useless to ta lk  of a dynamic olfactometric threshold and base 

any control regulations on such a threshold. Either a l l  

measurements must be conducted by some agreed device and 

procedure, or the results with one system should be calibrated  

against the results with other systems so that data can be 

compared.
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3 .5 .  Si gnal Detection Theory

In using olfactometers odour panels have to make judgements as

to the presence of an odour in the sample being tested. Such

decisions can be treated by signal detection theory.

Signal detection theory o r ig ina lly  evolved to trea t  radar signal 

detection in the presence of random e le c tr ic  noise and dealt 

with the de tec tab ility  and recognisability of weak signals. I t

was la te r  introduced into psycho-physics and i ts  application to

odorous a ir  pollution was explored by Lindvall (1970).

This theory postulates that when an observer judges the presence

of an odour in a sample, the judgement depends upon both the 

sens itiv ity  of the observer's sense of smell and on the c r i te r ia  

used to  decide whether a signal (odour) is perceived on the 

background of various other spurious signals (noise). I t  is 

assumed that fixed sensory thresholds do not ex ist and that the 

c r i te r ia  used by the subjects for detecting the stimulus vary. 

Sensory perceptions are judged by the observer on a probability  

basis and the responses make i t  possible to estimate how 

interchangeable the sensory signals are with the background 

signals. The signal detection approach allows the investigator  

to measure the effect of response bias better than any other

technique since both positive and negative fa lse  alams can be 

corrected fo r .
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In making a judgement there are four possible outcomes.

odour is present and is reported (a h i t )

-  ■ odour is present but is not reported (a miss)

odour is absent but is reported (fa lse  alarm) 

odour is absent and is not reported (correct re jection)

From the numbers N of responses in each of these categories a 

s ta t is t ic a l d e tec tab ili ty  index d' is determined. This is a 

sens it iv ity  measure separated from the decision c r i te r ia  e f fec t .

Numerically the procedure is as follows:

Two probabilit ies  are calculated, i . e .

Probability of hits =  N of hits______ _

N of hits + N of misses

Probability of fa lse alarms = N of false alarms _____ ___

N of fa lse alarms + N of correct rejections

Tables derived from probability d istribution equations are then 

used to find a d ' value for the calculated values of P (h its )  

and P (fa lse alarms)

Signal detection theory has been used to measure ambient odours 

by Lindwall (1970, 1973) and by Reboux et al (1978). Whilst the 

technique can provide an objective measure of s en s it iv ity
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which is independent of the subject's c r i te r ia  and other factors

such as the re la tive  proportions of positive stimuli and blanks 

in the stimulus presentation sequence i t  does have certain

disadvantages. The main d i f f ic u l ty  in calculating the 

d etectab ility  d ' ,  is that a large number of observations are 

required, e .g . 500-1500. However, because of the time consuming 

nature of this process and the d i f f ic u l ty  in terms of presenting 

odorous and non-odorous samples to the subject without the 

certainty of inter-sample contamination, this method has not yet 

found extensive use in routine odour measurements.

3.6 . Characterisation of Exposure in Ambient Situations

Until now we have considered the assessment of a constant dose 

either in terms of concentration or in ten s ity . Olfactometers 

are ideal for assessing the strength of a stable or s ta tic  

sample, i . e .  when measuring the odour source. However, in 

ambient a ir  much useful information is not collected. This is 

because the concentration is rarely constant. Turbulent mixing 

of the atmosphere means that odours' levels fluctuate rapidly.

. The best that an olfactometer can achieve is a measure of the

average concentration of the sample.

The alternative is to use a d irect sensory approach by employing 

sniffing  teams. Hogstrom (1974) and more recently Thiele et al 

(1986) and Harssema (1986) have used such techniques. They 

placed the teams down wind of odour sources to record the 

presence and intensity of odours. When the observation time is
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long enough for a given meteorological situation the odour 

frequency at each point can be determined. That is the 

percentage of time that the odour threshold is exceeded.

The use of sn iffing  teams is a ttrac tive  but i t  also poses some 

problems. I t  is a direct sensory approach and according to 

Harssema can be quite objective i f  standardized methods are 

applied. In both the Netherlands (Anon 1986) and in Germany, 

Verein Deutscher Ingenieure (VDI) (Anon 1985) there are 

in i t ia t iv e s  for standardisation of measurement by sniffing  teams.

The main disadvantage of this technique is that i t  can be 

expensive because of the large number of measurements necessary 

for the quantification of some problems.

Harssema claimed that sn iff ing  teams can only be used in 

existing situations where no other sources are present. There 

are, however, examples in the s c ie n t if ic  l i te r a tu r e ,  e .g. Copley

(1971) in which the sn iff ing  panel has successfully 

discriminated between d iffe rent types of odour.

The other problem with the method is that panellists can adapt 

to the odour, p art icu larly  where there is l i t t l e  variation in 

concentration. Intensity measurements are variab le, unless a 

simple reference method is available .
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Nevertheless, i f  these lim itations are taken into account in the 

testing protocol then the direct sensory approach can provide 

useful measures of ambient odour characteristics which cannot be 

obtained in any other way.

A variation on sn iffing  teams is the use of population panels. 

With this system, which is gaining favour in the Netherlands 

(Maiwald 1986, Punter 1986), members of the public in the study 

area are encouraged to take part in a monitoring exercise over a 

period of a year or more. Two or three are selected at random 

from each postal zone to give a reasonable sampling network.

Routinely every week at a specified time they step outside th e ir  

homes and make a note of any odours that they experience, giving 

an estimate of i ts  annoyance on the f ive  point scale given in 

Table 3.6. The observations are then sent by prepaid post card 

to the coordinating laboratory for analysis. The aim being to 

assemble data on the community annoyance to odours.

The individual category responses are placed on a numerical 

scale; with the value 0 for (no odour and not annoying), 25 (a 

l i t t l e  annoying), 50 (annoying), 75 (very annoying) and 100 

(extremely annoying). All of the responses in the same area are 

then aggregated. I f  no-one is annoyed the odour index is 0, i f  

everyone is (extremely annoyed) then the index is 100.
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This method of assessment gives a very coarse measure of 

community odour annoyance. I t  is averaged over a ll  

meteorological conditions and for this reason cannot be used to 

iden tify  a particu lar source. Even i f  i t  could, i t  would be too 

slow to react, to be of any use in odour control. The other 

major d i f f ic u l ty  is panel motivation.

I t  has been found d i f f ic u l t  to maintain the panel's interest in 

the project and to make the observations regularly . A number of 

measures, such as the circulation of news sheets and giving 

small rewards to the best observers, has been necessary to 

maintain high levels of partic ipation.

Table 3.6. Annoyance scale used with population panels

Scale Category

1 no odour or not annoying

2 1i t t l e  annoying

3 annoying

4 very annoying

5 extremely annoying
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3 .7 .  Summary

Most odour measuring systems use an olfactometer in conjunction 

with human judgement or the opinions of a panel of judges. 

These are known as organoleptic methods. The human olfactory  

system is u t i l is e d  as part of the measuring system because of 

i ts  greater sens it iv ity  and s e le c tiv ity  over purely instrumental 

methods.

A large number of olfactometers have been developed for the 

measurement of concentration and in tensity  but there has been no 

standardisation in approach. Consequently there are wide 

variations in the results obtained. Without standardisation of 

instruments and procedures i t  is d i f f i c u l t  to re late  the results 

from one system to another.

Methods of assessment based upon the use of the signal detection 

theory have been applied to odour measurement but have been 

found to be too unwieldly for routine measurements.

Currently there is growing interest in using a d irect sensory
'

approach for the assessment of ambient odours by using sn iff ing  

panels.
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4. DISPERSION MODELLING

According to Janni (1982) odour problems are the result of the 

three step process lis ted  in Table 4.1.

Table 4.1. Processes involved in the formation of odour 

at a recei ver

a) Formation of odorous compounds.

b) Emissions to the atmosphere.

c) Transport and dispersion.

Modelling of odour transport and dispersion provides an 

important insight into the likelihood of a problem and gives an 

indication of how much control is necessary.

4 .1 . Gaussian Models

Several approaches have been adopted for modelling the 

dispersion of odours. The f i r s t  model used was a Gaussian plume 

model generally attributed to Sutton (1932) for the atmospheric 

dispersion of gases. This model assumes that eddy diffusion in 

the atmosphere causes a ir  pollution to be dispersed in a 

bi-normal manner downwind of the source. I t  also assumes that
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the magnitude of diffusion depends upon the s ta b i l i ty  of the 

atmosphere.

Pasquill (1961) categorised atmospheric s ta b i l i ty  into 7 

categories for use with the Gaussian dispersion model, from A 

(very unstable) through D (neutral) to G (very stable) assigning 

a dispersion parameter to each s ta b i l i ty  distance combination.

Category A (very unstable) occurs typ ica lly  on a warm sunny 

summer afternoon with l igh t winds and almost cloudless skies 

when there is strong solar heating of ,the ground and the a ir  

immediately above the surface. Bubbles of warm a ir  rise from 

the ground in thermals. The lapse rate near the surface is 

superadiabatic ( i . e .  i t  exceeds the dry adiabatic lapse ra te ).

Category D (neutral) occurs in cloudy conditions or whenever 

there is a strong surface wind to cause vigorous mechanical 

mixing of the lower atmosphere. Category D occurs both by day 

and night. The period immediately a fte r  sunrise and immediately 

before sunset is normally considered neutral. The lapse rate is 

equal to or less than the dry adiabatic lapse rate.

Category G (very stable) occurs typ ica lly  on a cold clear calm 

night when there is strong cooling of the ground and the lowest 

layers of the atmosphere by long wave radiation to space. There 

is a strong inversion of temperature. Category G only occurs at 

night. Categories E and F also only occur at night normally 

with a s light or moderate inversion of temperature.
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The s ta b i l i ty  categories are estimated from the tota l cloud 

amount, wind speed and time of year. During the day an estimate 

is made of the incident solar radiation and this is combined 

with wind speed to estimate the s ta b i l i ty  category. At night 

the s ta b i l i ty  is a simple function of cloud cover and wind speed.

Wohlers (1963) used a dispersion model based on a Gaussian plume 

model developed by Sutton (1947) to compare estimated and actual 

travel distances by odours from various industrial sources: 

Nordstedt and Taiganides (1971) used a similar model to study 

meteorological control of odours during land spreading of 

livestock waste.

Gaussian plume models have also been used to predict the average 

concentrations of specific compounds downwind of sources based 

on the Pasquill Gifford (P.G.) equations (Turner 1970), i . e .

c (x ,y ,z ,H ) = Q

27r(3yd2;U

exp / -  1 /y

exp + exp E4.1

where
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c(x ,y ,z ,H ) = concentration at downwind position xyz for a source 

of e ffective  height H (grams per cubic metre) (g/m^)

Q = emission rate (g/s)

u = windspeed at emission height (m/s)

(5̂  = standard deviation of plume concentration in the

cross wind direction (m)

(̂ 2 = standard deviation of plume concentration in the,

vertical (m)

Janni (1982) used such a model to investigate the important 

factors in the dispersion of odours from agricultural

f a c i l i t i e s .

These models do not take account of the short term fluctuations  

in the concentration due to turbulence. According to Murray 

(1978) such fluctuations are important because people respond to 

detectable odour levels lasting of the order of a few seconds 

rather than over 10 minutes to an hour as is assumed in most

Gaussian dispersion models. Some investigators make allowances 

for this difference in averaging time. Anon (1980) op. c i t .  

recommend the use of an empirical mean to peak ra tio  of 10.

Thus, the 3 minute average concentration estimated by the P.G.

Gaussian plume dispersion model is multiplied by 10 to give the 

peak occurring for periods of one to f ive  seconds. Bahmann et 

al (1983) have also reported an empirical mean to peak ra tio  of 

10.
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At this point i t  should be noted that Turner (1970) gives a 

correction for averaging time of the form

Cs = X tK

ts

E4.2

where

Cs = desired concentration for sampling time tg

C|( = concentration estimate for the shorter sample time t|<.

p i s  a constant between 0.17 and 0.2

This relationship is tabulated for a few key values in Table 4.2.

Table 4.2. Correction factor for change in sampling time

Sampling Time Ratio of Caluclated Concentration to

3 Minute Concent rati on

3 minutes 1.0

15 minutes 0.82

1 hour 0.61

3 hours 0.51

24 hours 0.36

Constant p in equation E4.2 = 0.17
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4 .2 .  Puff Models

Finally  there are a group of models which consider the odour

plume as a series of puffs. These models, which are based on 

the principles described by Slade et al (1968), usually predict 

the odour frequencies or number of occurrences that a specified 

odour concentration is exceeded during a given time period.

Included in these models are those described by Hogstrom (1972), 

Murray (1978), McCarthy (1980). The classic work which

established this method of modelling was conducted by Hogstrom
I

(1972) in association with Lindvall (1970). Hogstrom carried

out a rigorous mathematical analysis of the problem of

dispersion.

Hogstrom (1964) conducted a series of tests in which 30 second 

puffs of smoke tracer were released and photographically tracked 

downwind. From these experiments Hogstrom extracted horizontal 

and vertical diffusion parameters for puff releases.

Using these results he suggested (1972) that over a period of 

several puffs dispersion is made up of two terms (Figure 4 .1 ) .

The f i r s t  is the diffusion of each individual puff i t s e l f ;  the 

second is meander in the plume of the series of puffs in the 

large scale turbulence f ie ld .

4.6



Diffusion of individual puffs can be represented as Ô p 

(horizontal) and 5^p (v e r t ic a l ) .  Using these parameters i t  is 

possible to rewrite equation E4.1 which describes the standard 

P.G. Gaussian plume model given by equation E4.1 to represent 

the odour d ilu tion  ratio at a fixed point at any instant of time 

as ..

N-j = VoNo exp -1 /  yi \  2 - 1 /  Hi

'yp, 'zp E4.3

where

Nt =

Vo = 

No = 

u =

yi = 

Hi =

odour d ilu tion ra tio  at receiver

source volume emission rate (cubic metres per second) (m^/s) 

odour d ilu tion ra tio  at source, 

mean wind speed.

la te ra l distance of plume centroid from the receptor 

position at this instant (m)

vertical distance of plume centroid from the receptor 

position at this instant (m)

4.7



Figure 4 .1 . Puff dispersion parameters

source

mean wind

instantaneous

wind

F =  ̂ 9(̂ 1 2y f-j9»i

1 = 1 9o 2 7TX

E4.6

where

f |  = frequency of the ith  meteorological situation defined

by s ta b i l i ty  and wind speed. 

g(̂ i = non dimensional measure of frequency of winds of

go direction </) + / - y -i

/ ^
during those periods when the concentration width is 2y-,*.
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X = distance from source 

2 y-j = width of instantaneous contour 

ÿ = weighted mean h a lf  width of contour.

See Figure 4.2 fo r an i l lu s t r a t io n  of these terms

Figure 4.2. Width of instantaneous odour contour

A the source.

B = f ixed  measurement point with coordinates x4> z

4^ = wind d irec tion  during p a r t icu la r  sampling period.

C = Cl, concentration 0% contour at height z

2y-j = instantaneous width of contour at f ixed measurement

p o i n t  8.
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The movement of the whole puff in the large-scale turbulence 

f ie ld  may be pictured as the meander of the pos it ion  of the 

centroid of mass of each puff as a series of puffs move 

downwind. This portion of dispersion is Cyc and Hogstrom

(1964) stated that the to ta l mean dispersions 6y and (as used 

in normal Gaussian dispersion models) are related by equations 

E4.4 and E4.5

= Oyc^ + dyp^ E4.4

E4.5

Hogstrom (1972) gives the frequency of concentrations greater 

than a certa in  value by equation E4.6.

F = g^q 2y f-j E4.6

i = 1 go 2 7T X

Equation E4.3 is solved fo r  y-j to obtain the local instantaneous 

h a lf  width o f the odorous area at ground le v e l.  This is 

integrated over a range of atmospheric conditions to  obtain the 

weighted mean width fo r  subs titu t ion  in equation E4.6.

Using th is  mathematical model Hogstrom estimated the odour 

frequency d is t r ib u t io n  downwind of a pulp m il l  and compared the 

results with occurrences recorded by tra ined observers. Whilst 

the corre la t ions  between the predicted and observed Table 4.3 

were good at short distances from the plant the method tended to 

under-estimate at greater distances.
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Table 4.3. Comparison of predicted and observed odour 

frequencies (Hogstrom 1972)

Di stance km 2 5 10 20

Total number o f

observations 6426 7490 5528 6976

No. of pos it ive

observations 696 736 470 360

Observed odour

frequencyj(%) 10.8 9.8 8.5 5.1

Predicted odour

frequency (%) 9.1 5.7 3.2 1.7

Rati 0 observed

predicted 1.2 1.7 2.7 3.0

Hogstrom considered that the discrepancies could arise fo r

several reasons. These included:-

1) there was a chemical and/or physical change in the odorant

which could have led to the lowering of the odorous

threshold;

2) the model assumed a single source em itt ing  at a constant

ra te. In re a l i t y  there were two chimneys on the plant and

there was some laboratory evidence to  suggest that

emissions had varied;
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3) inaccuracies in the dispersion parameters which were 

derived from his e a r l ie r  work (Hogstrom 1964). Although 

the model used em pir ica lly  derived dispersion parameters 

they were only measured up to a few kilometres from the 

source and these had been extrapolated in the model up to 

distances of 20km.

Hogstrom considered that the most important weakness of 

the model was the assumption about dispersion behaviour in 

the ve r t ica l d ire c t io n . I t  was quite possible tha t was 

d i f fe re n t  fo r  ascending and descending a ir  movements; 

probably being larger fo r ascending a i r .  He calculated 

tha t fo r  the most frequent meteorological conditions 

encountered in his f ie ld  te s ts ,  i . e .  s l ig h t ly  unstable a i r  

with a wind speed of 6m/s, tha t th is  fac to r  could account 

fo r  the discrepancy at 20km.

One point on which he did not comment was the con t inu ity  

of the atmospheric s ta b i l i t y  over 20km. Over tha t 

distance i t  is possible that the s ta b i l i t y  could have been 

s l ig h t ly  d i f fe re n t .  I f ,  fo r  example, the atmosphere had 

been more stable 20km from the source then some 

s t r a t i f i c a t io n  of the atmosphere could have reduced 

ve r t ica l mixing. This would mean tha t his dispersion 

parameters would have been d i f fe re n t .
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4) Hogstrom also considered the p o s s ib i l i ty  that the 

discrepancy could have been caused by the fa c t that when 

concentrations are low, as in the case at large distances, 

observers tend to over-estimate the frequency (L indvall 

1970).

He also went on to  argue that the discrepancies could be 

accounted fo r  by a systematic over-estimation caused by 

a n t ic ip a t io n . He estimated that the error was about 3-4% 

and tha t i t  was independent of distance. However, th is  

appears to be at odds with his previous pôint that the

greatest e rro r occurs at the lowest concentration.

Nevertheless his work indicated that i t  was possible to  

make quite r e a l is t ic  estimates of odour frequency up to 

5km.

Murray (1978) and McCarthy (1980) developed the work of Hogstrom 

fu r th e r .  They s im p lif ie d  the model and used the atmospheric

dispersion parameters published by Bowne (1974) which are 

reproduced In Figure 4.3, fo r  dispersion rates in ru ra l ,  

suburban and urban areas.

In th e ir  model known as the TRC Odour Model (The Research 

Corporation o f New England), the position of the pu ff centroids 

is generated from a normally d is tr ibu ted  random number generator 

with a mean value corresponding to  the mean wind d ire c t io n .

This permits the consideration of several puffs during the time 

period and allows the construction of a cumulative frequency 

d is t r ib u t io n  of d i lu t io n  ra tios  fo r  the chosen period. The
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output from the model is the frequency distribution of specified 

concentrations. Table 4.4 shows a comparison between the 

observed and estimated maximum concentrations at ground level 

downwind of two industrial odour sources.

Other refinements in th is  model included the entrainment of the 

plume in the wake of a building and the a b i l i ty  to handle up to 

twenty simultaneously emitting sources and twenty receptors. 

Input parameters needed for each source include source strength,

stack parameters, building parameters. Meteorological input
\

required include wind speed and direction , ambient a ir  

temperature, atmospheric s ta b i l i ty  and surface characteristics  

(ru ra l,  suburban or urban area).

odour concentrations

PI ant Distance Maximum odour concent rati on

m estimated observed

Spray dryer at 100 50 31

chemical plant (a) 300 2 2

Unspecified (b) 450 75 80

(330 10 < 2

(a) McCarthy (1980) meteorological conditions unspecified

(b) Murray (1978) stable atmosphere 2 m/s wind
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4 .3 .  Summary

Two types of model have been developed to assess the dispersion 

of odours.

The f i r s t  is a rather s im plistic  model based upon the Gaussian 

plume model for estimating concentrations of neutral and buoyant 

gases over periods of about 10 minutes downwind of a steady 

continuous source of emission. Even with empirical 

modifications to allow for the short term fluctuations of odour 

concentrations and the rapid response of the human olfactory  

system, this group of models can only provide lim ited  

information.

The second group of models is also based upon the Gaussian plume 

model but modified to describe the dispersion of puffs. 

Although more complicated to use, these models are considered to 

give more re a l is t ic  results and better agreement with 

observations than the simple steady state approach.
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5. THE CURRENT SITUATION

5.1. Odour Nuisance, C riteria  and Control Regulations

Often, communities must endure exposure to offensive odours for  

longer than is necessary. The delay in abating the nuisance

lies  not in the available technology nor always the cost of 

abatement, but in assessing the need for and degree of abatement 

necessary.

The main problem is defining the -smells and at what

concentrations they become a nuisance. Tentative suggestions 

have been developed in the United Kingdom and in Europe mainly

based upon considerable research carried out in the United

States.

Before considering the situation in the UK and Europe, le t  us 

consider that in the United States.

5.1 .1 . United States Situation

According to Leonardos (1974) the Federal EPA considers that  

odours a ffec t welfare but not health, and as a result has l e f t  

the control of odours to the States and local agencies.
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In his review of regulations for the control of odours in the 

United States he reported that over 200 State and local agencies 

have subsequently developed odour control regulations. These 

could be c lassified into approximately the nine d if fe re n t types 

l is ted  in Table 5.1. These were essentia lly  based on f iv e  

technical papers published between the mid 1950s and the la te  

1960s. (Fox et al 1957, Huey et al 1960, M ills  et al 1963, Anon 

1966, Leonardos et al 1969.)

I t  is useful to consider these types of control regulations in 

greater detail as they provide an i l lu s t ra t io n  of the current 

situation and a basis for developing new c r i te r ia  for assessing 

odour nuisance.

a) No specific regulations

Where there are no specific regulations to odour contro l, odour 

problems are generally handled on a public nuisance basis, i . e .  

in the legal sense.

b) Air pollution/nuisance regulations

This philosophy is based upon the nuisance concept and codifies  

th is concept into a ir  pollution control rules and regulations. 

The intent is to control odours that are perceived to be 

nuisances by considerable number of people.
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Table 5.1. Types of odour control regulations

a) No specific regulations.

b) Air pollution/nuisance regulations.

c) The use of certain c r i te r ia  to determine ob jectionability  

of an odour in the ambient a i r .

d) Scentometer measurements by control o f f ic ia ls  in the 

ambient a ir  by measuring dilutions to threshold (D /T).  

Violations occur i f  stated D/Ts are exceeded, usually 

within specified time periods.

e) The use of the highest and best practicable or reasonable 

and suitable control system is required at the source.

f )  Source emissions standards specifying the concentrations 

(as dilutions to threshold or odour concentration units) 

of odour that are not to be exceeded. These are based on 

the syringe dilution technique.

g) Regulations based on instrumental analysis at the source 

or in the ambient a ir .

h) Control regulations that serve as statements of policy for 

handling odour problems.

i )  Both source and ambient standards specified.

j ) Ambient odour in tensity.
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An example of the wording used is given in the following extract

from Florida's regulations. "Objectionable odour prohibited:

objectionable odour defined as any odour . . .  that may be harmful 

or injurious to human health and welfare which unreasonably 

in terferes with the comfortable use and enjoyment of l i f e  and 

property or which creates a nuisance."

c) Objectionability c r i te r ia

With this type of c r ite rion  an odour is deemed as being 

objectionable i f  a specified number of an assessment panel say 

so, e.g.

Wisconsin -  "an odour shall be deemed objectionable when e ither

or both of the following tests are met:

1. Upon the decision resulting from investigation by 

regulatory authority based upgn the nature, in ten s ity ,  

frequency, and duration of the odour as well as the type 

of area involved and other pertinent factors;

2. Or when 60% of a random sample (consisting of at least 9

persons selected by the regulatory authority) of persons

exposed to the odour in th e ir  place of residence or 

employment, other than employment at the odour source,

claim i t  to be objectionable and the nature, in te n s ity ,  

frequency, and observation of the odour are considered."
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Objectionability c r i te r ia  for ambient odours can be traced to a 

mid-1960 study carried out in the St. Louis, Mo., area by the 

U.S. Public Health Service (Anon 1966). In that study, i t  was

stated

"Air quality goals for odours pertain to 'objectionable' 

odours. An odour is considered 'objectionable' when 15%

or more of the people exposed to i t  believe i t  to be

objectionable in usual places of occupancy. The sample 

size needed to determine the 'objectionable' quality  

should be at least 20 people or 75% of the exposed i f  

fewer than 20 are exposed."

d) Scentometer based regulations

The seven agencies that have adopted the Scentometer approach to 

regulatory control of odour have set standards at the seven 

dilutions to threshold le v e l,  especially for re s id e n t ia l-  

commercial areas (Table 5 .2 ) .  Huey (1960) stated that  

"experience has been that odours in the ambient a ir  above 7 D/T 

(d ilutions to threshold) w ill  probably cause complaints while 

those above 31 D/T can be described as a serious nuisance i f  

they persist for any length of time." The attractiveness of

using odour strength (as measured by dilutions to threshold) as 

the criterion  to regulatory agencies appears to be that only one 

person need make the observation. Enforcement by the 

determination of a v io lation is therefore simple and 

inexpensive. Table 5.2 also indicates specific points in the
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Table 5.2. States with regulations based on ambient odour limits
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regulations concerning time constraints (how often and within

what period of time the observations should be made), and the

number of observers required to make the observations.

e) Highest and best practical control

Regulations that require controls on specific  industria l sources 

are usually expressed in terms of an incineration or equivalent 

control standard. Table 5.3 summarises the states u t i l is in g  the 

incineration or equivalent control approach, wholly or in part, 

the industries covered, and the minimal temperature and

residence time required for incineration. Techniques other than 

incineration may be used to comply i f  i t  is shown to the 

satisfaction of the department that such techniques are

equivalent or better than the required incineration in terms of 

control of odour emissions. These regulations generally  

prohibit the use of d ilu tion and/or masking as control methods 

for odour.

f ) Source standards based on sensory methods

Examples of the stack or source odour emission lim its  relying on 

sensory methods of evaluation are given in Table 5 .4 . All of 

these are based in part on the work of M ills  (M ills  et al 1963).
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Table 5 .3 . States requiring odour control equipment
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Table 5 .4 . Source odour emission standards -  by s i te

State Standard Method

Connecti cut <120 D/T M ills  (1963), ASTM

Il l in o is <120 D/ra M ills  (1963) ASTM

Minnesota <150 D/Tb Sampling and presentation

<25 D/TC ASTM D 1391-57,

<476 m3/sd panel test by Benforado. 

(1969)

a For inedible rendering only.

b For sources 15m (50 f t )  or more above grade and adequate

dispersion characteristics, 

c For sources less than 15m (50 f t )  above grade or otherwise

fa i l in g  to create good dispersion conditions, 

d Odour emission rate = volumetric flow rate x odour

concentration.

D/T Dilutions to threshold.

5.9



g) Analytical measurements at the source or in the ambient a i r

These types of regulations set maximum allowable emissions for 

odorous substances measured an a ly tica lly  at a well-defined point 

such as in a stack or vent.

Several state and local agencies have promulgated TRS (to ta l

reduced sulphur)- source emission rules fo r  the control of

odorous emissions from the Kraft pulp m ill industry 

(Table 5 .5 ) .  Total reduced sulphides include such chemicals as 

hydrogen sulphide (H£S), methyl mercaptan (CH3SH), dimethyl 

disulphide (CH3SSCH3), dimethyl sulphide (€83)25 and any other 

organic sulphide compounds measured ana ly t ic a lly  as hydrogen 

sulphide. These are thought to be the major components

associated with Kraft mill odours.

The lim it ing  concentrations were designed to prevent downwind 

concentrations from exceeding odour threshold values under the 

most adverse meteorological conditions.

Analytical standards for ambient a i r  have also been 

promulgated. An objectionable odour is deemed to occur when i t  

can be demonstrated by analysis of the ambient a ir  for any

period of time that the recognition odour threshold 

concentration of any one of 53 l is ted  odorant chemicals is

exceeded. However, in the study which o r ig in a lly  determined the 

recognition thresholds, Leonardos (1969), i t  was stated . . .
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Table 5 .5 .  Comparison of rules and regulations to control 

odours from Kraft pulp mi 11s

RULE EOUIVALENT IN Ib/TON AVERAGING
LOCATION TOTAL REDUCED SULFUR RULE % PULP SOURCE REGULATED INTERVAL

H um boldt C o u n tr y a )  0 . 0 1 2  ( S t a c k  h e i g h t /  l b / d a y a )  1 . 7 1 b / t o n  p u l p  (C rown )y a )  Any s i n g l e  p o i n t a ) One da y
APCD o r  6 0  ppm 1 . 4 1 b / t o n  p u l p  ( L . P . ) y

b )  0 . 8 1 b / t o n  d r y  wood b )  1 . 6 1 b / t o n  p u l p b )  T o t a l  m i l l b ) One month
0 . 6 1 b / t o n  d ry  wood ( 1 - 1 - 7 5 ) ^ 1 . 2 1 b / t o n  p u l p  ( 1 . 1 . 7 5 )

c )  0 . 0 3  p p m - a t  g r o u n d  l e v e l  o f f c )  T o t a l  m i l l c ) One h o u r
p r e m i s e s

d )  No n o n - c o n d e n s i b l e  s t r e a m  o v e r
60  ppm f o r  o v e r  3 0  m i n / d a y

S h a s t a  C o u n tr y a )  7 0  ppm a) 2 . 0 1 b / t o n  p u l p a )  R e c o v e r y  f u r n a c e a ) U n d e f i n e d
APCD 1 7 . 5  ppm ( 1 - 1 - 7 5 ) ^ 0 . 5 1 b / t o n  p u l p  ( 1 - 1 - 7 5 )

b )  2 1 b / t o n  p u l p b ) 2 . 0 1 b / t o n  p u l p b )  Any o t h e r  s o u r c e b) U n d e f i n e d
l l b / t o n  p u l p  ( 1 - 1 - 7 5 ) ^ l . O l b / t o n  p u l p  ( 1 - 1 - 7 5 ) 2

Bay A r e a  APCD a )  0 . 2  ppm )
0 . 1  ppm ) M « ' ' c a p ta n s  o n l y

a ) 0 . 0 0 5 1 b / t o n  p u l p a )  W e l l - d e f i n e d  s t a c k  

Any o t h e r  s o u r c e
a ) 15  m in s

b )  0 . 1  ppm ) D i m e t h y l s u l p h i d e b ) 0 . 0 0 3 1 b / t o n  p u l p b )  W e l l - d e f i n e d  s t a c k b ) 15  m in s
0 . 0 5  p p m ) o n ly Any o t h e r  s o u r c e

c )  0 . 0 6  p p m ) h y d r o g e n  s u l p h i d e c )  T o t a l  m i l l c ) 3 m in s
0 . 0 3  p p m ) a t  g r o u n d  l e v e l o n e  h o u r

O regon  ( 7 - 1 - 7 5 ) ^ a )  1 0  p p m - o r - 0 . 3 1 b / t o n  p u l p a ) 0 . 3 1 b / t o n  p u l p  ) a )  R e c o v e r y  f u r n a c e a ) One da y
4 0  ppm 1 . 2 1 b / t o n  p u l p  ) .  . 

0 . 4 5 1 b / t o n  p u l p )
«2 R e c o v e r y  f u r n a c e  

F u r n a c e  s t a c k

One h o u r
15  p p m - o r - 0 . 4 5 1 b / t o n  p u l p One day

b )  4 0  p p m - o r - 0 . 2 1 b / t o n  p u l p b ) 0 . 2 1 b / t o n  p u l p b )  Lime k i l n b) U n d e f i n e d
c )  N o n - c o n d e n s i b l e s  t r e a t e d c )  D i g e s t e r ,  m u l t i p l e

e q u i v a l e n t  t o  t h e r m a l  o x i d a t i o n e f f e c t  e v a p o r a t o r
d )  L o w e s t  p r a c t i c a l  l e v e l d )  Any o t h e r  s o u r c e

W a s h i n g to n a )  7 0  p p m - o r - 2 1 b / t o n  p u l p a ) 2 . 0 1 b / t o n  p u l p a )  R e c o v e r y  f u r n a c e a ) One da y
b )  1 7 . 5  p p m -o r  . 

0 . 5 1 b / t o n  p u l p ) ' ^ " ^ ' ^ ^ '
b) 0 . 5 1 b / t o n  p u l p  ( 7 - l - 7 5 ) * b )  R e c o v e r y  f u r n a c e b ) One da y

c )  N o n - c o n d e n s i b l e s  t r e a t e d
e q u i v a l e n t  t o  t h e r m a l  o x i d a t i o n

Alabama a )  1 . 2 1 b / t o n  p u l p '  a ) 1 . 2 1 b / t o n  p u l p a )  R e c o v e r y  f u r n a c e  

l i m e  k i l n ,  d i g e s t e r ,  

m u l t i p l e  e f f e c t  

e v a p o r a t o r

a ) U n d e f i n e d

F l o r i d a a )  1 7 . 5  p p m - o r - a ) 0 . 5 1 b / t o n  p u l p  ( 7 - 1 - 7 5 ) ^ a )  R e c o v e r y  f u r n a c e a ) U n d e f i n e d
0 . 5 1 b / 3 0 0 0 1 b  o f  b l a c k  l i q u o r
s o l i d s  ( 7 - 1 - 7 5 ) :

M i n n e s o t a a )  1 . 0  m i l l i o n  o d o u r  u n i t s / m i n . a ) - 0 . 0 0 3 1 b / t o n  p u l p y a )  Any s o u r c e a ) U n d e f i n e d
b )  1 5 0  o d o u r  u n i t s b ) - 0 . 0 4 1 b / t o n  p u l p y b )  Any s t a c k  o v e r  5 0 f t b ) U n d e f i n e d
c )  25  o d o u r  u n i t s c )  Any o t h e r  s o u r c e c ) U n d e f i n e d

M i s s i s s i p p i a )  7 0  p p m - o r - 2 1 b / t o n  p u l p
b )  N o n - c o n d e n s i b l e s  t r e a t e d  

e q u i v a l e n t  t o  t h e r m , o x i d a t i o n

a ) 2 . 0 1 b / t o n  p u l p a )  R e c o v e r y  f u r n a c e a ) U n d e f i n e d

T e x a s a )  0 . 0 8  p p m - h y d r o g e n  s u l p h i d e  a t  

g r o u n d  l e v e l  o f f  p r e m i s e s
a )  T o t a l  m i l l a ) 3 0  m in s

V i r g i n i a a )  1 . 2 1 b / t o n  p u l p a ) 1 2 1 b / t o n  p u l p a )  R e c o v e r y  f u r n a c e ,  

l i m e  k i l n ,  d i g e s t e r ,  

m u l t i p l e  e f f e c t  

e v a p o r a t o r

a ) One da y

X TRS means h y d r o g e n  s u l p h i d e ,  m e t h y l  m e r c a p t a n ,  d i m e t h y l s u l p h i d e ,  d i m e t h y l  d i s u l p h i d e  and an y  o t h e r  o r g a n i c  s u l p h i d e  
compounds  m e a s u r e d  a t  h y d r o g e n  s u l p h i d e ,  

y C a l c u l a t e d  f o r  r e c o v e r y  f u r n a c e s  o n l y .
2 E f f e c t i v e  d a t e  o f  r e g u l a t i o n .
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"the recognition odour thresholds reported in this study 

were developed under ideal laboratory conditions and are 

not recommended for a ir  quality  c r i te r ia  and standards 

since no e ffo rt  was made to define the degree of 

objectionability  of the odorant chemicals."

In spite of th is ,  two agencies; Connecticut and the Bay Area A ir  

Pollution Control D istric t (C alifo rn ia) have adopted these data 

as part of th e ir  regulations.

h) Control regulations that serve as statements of policy

An example of regulations that appear to be statements of policy  

for handling odour problems can be seen in the following extract  

from Delaware's Regulation on Control of Odorous Air

Contaminants.

"Section 1. General Provisions

1.1 The purpose of the Regulations is to control odorous a ir  

contaminants which s ign ificantly  a ffect the c itizens of the 

State outside the boundaries of the a ir  contaminant source.

1.2 Methods for determining a condition of a ir  pollution due to  

an odorous a ir  contaminant may include, but are not lim ited to ,  

Scentometer tests , a ir  q u a l i ty ’ monitoring, and a f f id a v its  from 

affected citizens and investigators.
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Section 2. Requirements

2.1 No person shall cause or allow the emission of an odorous 

a ir  contaminant such as to cause a condition of a ir  po llu tion ."

i ) Both source and ambient standards specified

Although some States have specified both source and ambient 

l im its  based on sensory methods, the ambient odour l im its  are 

unenforceable. The reason for this is that the specified  

measuring technique of syringe d ilu tion  is not sensitive enough 

for ambient odours.

At present the methods of measurement at source and in ambient

a ir  are d if fe ren t because of the re la tive  concentrations. Thus,

in practice, there is no existing regulation covering odorous 

emissions that can be related by sensory methods or ana ly t ica lly  

both at source and in the ambient a i r .

Because there can be both state and local regulations, some

areas use a combination of the above nine types of regulations.

For example, ob jectionability  c r i te r ia  are used prior to using

the Scentometer, as i l lu s tra te d  in Table 5.6.
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Table 5 ,6 . Selected local agency ambient odour control regulations
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j ) Ambient odour in te n s ity

More recently i t  has been reported by Duffee (1985) that the

state of Louisiana has adopted an odour regulation based upon

ambient odour in tensity. This regulation states that an ambient 

odour is a nuisance i f  i t  has a perceived in tensity equal to or 

greater than the odour in tensity  from a number 6 port of the 

binary butanol olfactometer described in ASTM Method E544-75 

(Supra threshold odour in tensity  measurement). A number 6 port 

has a butanol vapour concentration of approximately 500 ppm in 

an a i rstream flowing at a rate of 160 ml/min through a nasal

port of 46 mm%. According to Dravnieks arhd O'Neill (1979) th is  

would correspond to an odour intensity of 'strong' (see

Table 3 .1 ) .

As fa r  as is known, Duffee (1985), this is the only odour 

nuisance regulation based upon ambient odour in ten s ity . However 

the south coast Air Quality Management D is tr ic t has a category 

estimate scale for defining ambient odour nuisance. The 

"probable odour nuisance" category on this scale has been 

equated by Duffee to be port 4 on the same binary butanol

olfactometer which has a butanol vapour concentration of about 

120 ppm or easily noticeable according to Dravnieks and O'Neill 

(Table 3 .1 ) .  On other category scales this would be equivalent 

to ju st recognisable or s l ig h t .

Chamber experiments conducted by W. Cairn (1979) indicated that 

for indoor odour levels associated with occupancy odour and 

cigarette smoke an acceptable odour level (for 20% of occupants)

5.15



was an odour in tensity  of approximately 60 ppm of butanol vapour 

(port 3) measured by the binary olfactometer. In Table 3.1 this  

l ie s  between fa in t  and easily  noticeable, i . e .  equivalent to 

very s light to s light on the category scale. However th is  has 

been found to be too stringent when applied to external odours.

Duffee considered that odour in tensity  could be established as a 

community standard fo r  odour nuisance.

Monitoring

Huey's (1960) work may be described as the Scentometer approach 

to odour control regulations and emphasised a measurement In 

terms of d ilution to threshold in the ambient a i r  by regulatory  

o f f ic ia ls .  M i l l 's  influence. M ills  (1963), resulted in the

incineration or equivalent rule which has been directed  

primarily to the rendering industry. The 'highest and best 

practicable' control, approach (odour must be reduced or 

eliminated at the source) and to a much lesser extent in

regulations for setting odour emission lim its  at the source.

Both M ills  and Huey believed i t  was d i f f i c u l t  to  handle the

question of quality  of odour (as a descriptor or on a 

l ik e /d is l ik e  basis) and re lied  exclusively on the threshold 

measurement with the aid of presentation systems to determine 

compliance. Other control authorit ies , e .g. Nevada, St. Louis

and Omaha decided that i t  was inappropriate to ignore the

ob jectionability  (or l ik e /d is l ik e )  aspect of odour and proceeded 

to incorporate i t  into th e ir  regulations.
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Instrumental/analytica l approaches for regulatory control of 

odour have also depended on the a v a i la b i l i ty  of threshold 

measurements of selected chemical compounds thought or known to 

be present in the odorous emissions of selected industries and 

the a v a i la b i l i ty  of instrumentation and analytical techniques to 

detect these components at the trace concentrations at which 

they produce an odour response.

While Leonardos (1974) considered that odour control regulations 

in the U.S. had had an e ffect in controlling odorous po llu tion ,  

there was a lack of evidence in the l i te ra tu re  to indicate the 

extent to which the existing odour regulations of whatever basis 

had succeeded in reducing complaints. He believed that the 

problem with existing odour control leg is la tion  could be stated 

in terms of the broader problem of how can odour be measured 

objectively and re l ia b ly .

Enforcement

At the present time in the U.S., v ir tu a l ly  a l l  enforcement of 

existing leg is la tion for the control of odours re lies  on 

complaints by the public. However, as by d e fin it io n  nuisance 

normally involves a sizeable number of persons (the actual 

number depends on the size of the community a ffec te d ).  

O ffic ia ls  often find i t  d i f f i c u l t  to encourage inconvenienced 

persons to give evidence in court. As a consequence, the 

enforcement of the leg is la tion  is at best d i f f i c u l t .  Odour 

complaints are not only unreliable but also insensitive  as an 

indicator of where a problem may ex is t.  Undoubtedly, the
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increased public ity  given by the media to pollution in general 

has increased willingness to complain when in the past i t  may 

have not been reported.

5.1 .2 . United Kingdom Situation

In the United Kingdom there are no such regulatory controls or 

c r i te r ia  for dealing with odour nuisance. Power to control 

odours is available to both local authorities and individuals  

but i t  is embodied in various acts of Parliament.

With the exception of the offensive trades provisions of the 

Public Health Act 1936, the public health le g is la t io n  is 

concerned with abatement. In the main prevention is the concern 

of planning leg is la tio n . This can be e ffec tive  in most cases 

except in situations where planning permission is not required 

by virtue of the Town and Country Planning (Use Classes) Order 

1972.

Prevention

According to Artis (1984) prevention is achieved by the 

attachment of planning conditions to a planning approval fo r  

development or change of use.

"The type of conditions imposed f a l l  into two categories.
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a) Those in which the form of words used are based on the

defin ition of " l ig h t industria l"  use, i . e .  Class I I I  use 

under the Town and Country Planning (Uses Classes) Order

1972. This is generally referred to as a "no nuisance 

clause" and is imposed to protect the amenity of the

lo c a l ity .  An example is that no noise, dust, g r i t ,  fumes 

or odours shall be emitted from the development which in

the opinion of the local planning authority  create a

nuisance in the lo c a l i ty .

b) Those which require equipment to be in s ta lle d , e .g . carbon 

f i l t e r s ,  odour neutralisation plant, or plans for  

abatement of the odour to be submitted to the d is t r ic t  

planning authority for approval and implemented before a 

particular use may commence."

The advantage of controlling odours by planning conditions is

that odours that are detrimental to the amenity of the area can

be controlled even i f  they are not serious enough to amount to a 

statutory nuisance (see Section 2.1 for d e f in i t io n ) ,  which is 

what they would need to be, before they can be controlled by

public health le g is la t io n . Enforcement of control is e ffec t ive  

when i t  depends on a certain item of odour abatement being 

installed before a particu lar use commences. However, controls 

which require that there be an absence of nuisance, statutory or

otherwise, are d i f f i c u l t  to enforce as i t  may require 

establishing at law that a nuisance is being caused.
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As mentioned e a r l ie r ,  there are no regulations available for  

controlling odours in the U.K. As a consequence there are no 

detailed numerical lim its  or c r i te r ia  along the lines of those 

adopted in the U.S.

Generally what happens in the U.K. is that odour problems are 

dealt with by the local environmental health department (END). 

After having the matter brought to th e ir  attention the END w ill  

generally approach the offender on an informal basis to t ry  to 

achieve abatement through cooperation often offering advice and 

assistance as to the methods of abatement. I f  th is  does not 

work then the offender is taken to court but this enta ils  the 

END proving that the odour is a statutory nuisance. This is 

d i f f ic u l t  to achieve in the absence of established c r i t e r ia .  

What often happens is that the complainants are called as 

witnesses in support. However, many are reluctant to undergo 

this ordeal and sometimes through lack of support the EHD cannot 

proceed.

Some local authorities call upon the services of Warren Spring 

Laboratory or consultant a ir  quality  engineers i n i t i a l l y  to 

advise on the v a lid ity  of complaints, i f  remedial action is 

possible and feasible engineering solutions. They may also be 

called upon to act as expert witnesses in support of legal 

acti on.
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The Warren Spring Laboratory (WSL) (run by the Department of 

Trade and Industry) is this country's leading authority on 

matters re la ting  to odour problems. After many years of 

research i t  has developed its  own ten ta tive  guidelines on the 

likelihood of complaints from odour emissions. One such 

relationship from page 105 Anon (1980) op. c i t  is given in 

equation E5.1.

dmax = ( 2. 2E) f  0.6 E5.1

a measure of the uncertainty being given by the range 

0.7E f  0.6 -  7E t  0.6

where <̂ max = the maximum distance at which complaints are 

expected (m).

E = odour emission rate (m^/s).

This relationship is based upon a lim ited amount of emperical 

data, mainly from emissions e ffec tive ly  at ground le v e l .  Some 

of the data were for chimney emissions but where the reported 

maximum distances of complaint were at least 40 e ffec tive  

chimney heights from the point of emission. WSL recommend that 

th is relationship should not be used for emission rates in which 

the concentration is less than 500 d ilutions to threshold. They 

also consider that the maximum distance of complaint is valid  

only i f  i t  exceeds 40 times the e ffective  height of discharge.
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I t  should be noted that this relationship says nothing about 

nuisance. In a survey of public attitudes to industria l odours 

carried out by Basarin and Cook (1982) i t  was found that only

0.5% of those annoyed actually complained.

A guideline (Anon 1980) op. c i t .  which is used to assess the 

possib ility  of annoyance is that of f iv e  d ilutions to threshold 

in ambient a i r .  At present this is calculated but Warren Spring 

have reported that they are currently developing an instrument 

to measure in this range (Anon 1980) op. c i t .  The origins of 

this value of f ive  dilutions to threshold can be traced back to  

the work of Huey (1960) op. c i t .  whose work forms the basis of 

many Scentometer-based regulations in the U.S.

Warren Spring Anon (1980) suggest that ad hoc adjustments to the 

figure of 5 dilutions to threshold are necessary depending upon 

the unpleasantness of the odour. They say on page 9 "Expressed 

in terms of dilutions to reach the threshold value, the nuisance 

l im it  can be as low as 2, but a figure of 5 represents a 

reasonable compromise for offensive smells and about 10 for less 

offensive ones.". Because of the variation in readings between 

olfactometers (see Section 3 ), the WSL guidelines are specific  

to odour concentrations measured using a dynamic d ilu tion  

apparatus of the ir  own design.

Thus, although i t  is possible to re late  a s ituation to past 

experience of annoyance using the WSL guidelines, the amount of 

reference material is extremely lim ited . Either i t  is a 

different type of odour, dispersion characteristics are
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d iffe ren t or the exposure frequency and duration are d i f fe re n t .  

In the end, the Environmental Health Officer on the case is 

faced with making his own judgement as to whether a nuisance is 

statutory or not.

The existing situation is not satisfactory even when using the

WSL guidelines. This is  because ultim ately i t  depends upon the 

judgement of an indiv idual.

Artis  (1984) states that action can also be taken by private  

individuals to prevent odour nuisance occurring under section 99 

of the Public Health Act 1936 but they may not bring proceedings 

to the High Court.

Such action is rarely undertaken in practice because of the cost

involved and the d i f f ic u l ty  of proving nuisance. Even i f

individuals had access to records kept by public bodies, very 

few authorities keep such records mainly because they do not

know how to quantify the problem.

C iv il action can also be taken under the common law known as 

Tort of Nuisance in order to seek an injunction or damages. 

However, this is normally restric ted to public nuisance and 

action by the local authority in the High Court; again to  obtain 

an injunction.
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Ind irec t legal controls

I t  is often possible for offensive odours to be controlled

in d irec tly  through various statutes other than Public Health

Legislation. For example, i f  an odour is associated with a 

process that f a l ls  within the A lkali Etc. Works Regulations 1906 

then there is a possib ility  of controlling the odour by ensuring 

that the process is conducted in a safe and e ffec tive  manner in 

line with the requirements of the Act.

Likewise i t  may be possible to control some odours by 

controlling the emissions of smoke under the Clean A ir Acts

1956, 1968. Sim ilarly the Control of Pollution Act 1974 can be 

used to control odours by enforcing the requirements for  

controlled disposal of waste. Odours in the workplace can often 

be controlled by implementing the requirements of the Health

and Safety at Work Etc Act 1974 and working within the Health 

and Safety Executive's guidelines on Occupational Exposure 

Limits (formerly Threshold Limit Values).

Sim ilarly  the Factories Act 1961 and the Offices, Shops and 

Railway Premises Act 1963 can be used to control certain odours 

in d irec tly  through controlling ventila tion  to buildings.

5.1 .3 . The European Situation

In recent years there has been considerable a c t iv i ty  in Europe 

in moving towards setting a ir  quality  standards for odours.
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At a recent conference organised by the Verein Deutscher 

Ingenieure Anon (1986) in Baden -  Baden i t  was reported that 

several countries are well advanced with implementation.

Netherlands

The responsibility for tackling odour problems in the 

Netherlands lies  with the provincial and municipal authorities

under the requirements of the Air Pollution Act and the Nuisance 

Act.

According to Wijnen (1985) research started ■ in the Netherlands 

in the early 1980s to define a ir  quality  standards and 

guidelines for odours.

In areas where complaints had been received, community odour

exposure was assessed by estimating the odour concentration with 

an atmospheric dispersion model using measured source odour 

emission rates.

The model developed by Voerman and Harssema (1984) is s im ilar to  

that described by Hogstrom (1972) in that i t  estimates the

percentage time that a certain odour concentration is exceeded.

I t  makes use of the well known observation that in m ultiple  

source areas, a ir  pollution concentrations are log normally

distr ibuted. This means that the frequency d is tr ib u tio n  is

defined by only two parameters - the geometric mean and the 

geometric standard deviation. The same relationship is assumed 

for point sources.
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In th e ir  study, community response was measured using social 

survey techniques. Population panels were also employed to 

measure community response, i.e.once a week, at a specified

time, 80-100 people in the area made a note of th e ir  reactions 

to airborne odours outside th e ir  homes using the annoyance scale 

given in Table 3 .5 . Follow up surveys were also conducted a fte r  

odour control measures had been insta lled  in the offending

industries.

After 18 months of investigation by the Ministry of Housing,

Physical Planning and Environment, the University of Utrecht and 

TNO (the Netherlands Organisation fo r  Applied S c ie n tif ic

Research) the estimated exposure was compared with the community 

response as in Table 5.7 to assess at what level the l im it

should be set. I t  can be seen that the reduction of odour

emissions reduced the complaint or perception threshold. In 

other words, a f te r  control measures had been implemented

complaints were made at a lower concentration than before. I t  

can also be seen that complaints only disappeared completely at 

an average concentration of about 1 odour unit per cubic metre 

or at the odour detection threshold. I t  was concluded that

odour complaints in residential areas could only be eliminated

when the 99.5 percentile of hourly averaged odour concentrations 

over a year were reduced to the odour detection threshold.

From this work the investigators were able to derive two 

standards for inclusion in the Dutch Indicative Multiyear 

Programme to control a ir  pollution 1985-1989.
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Table 5.7. Odour concentration (odour units/m l) in 

residential areas near to sources

No. of 

companies

Complaints 

threshold 

98P 99 .5P

Perception 

threshold 

98P 99 .5P

Maximum in 

residential  

98P 9 9 .5P

Before control 

After control

28 4.7 7.9 1.2 2.4 13 23

with complaints 

After control

5 1.3 2.5 0.8 1.5 3.6 6.5

without complaints 6 — — 0.25 0.5 0.7 1.1

P Percentile value
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-  Odour concentration standard

An interim l im it  value for odour concentration was published in 

1984. For new insta lla tions this interim l im it  value in 

residential areas is 1 odour unit/m^ (odour threshold) as a 99.5 

percentile of the hourly averages over a year. The 

corresponding l im it  in non-residential areas is 1 odour unit/m^ 

or the odour detection threshold as a 95 percentile of the 

hourly averages over a year. For existing in s ta lla t io n s  in 

residential areas the l im it  is 1 odour unit/m^ as the 98 

percentile. These values were based upon the assumption that

nuisance does not depend on the type of odour;

Enforcement and control takes place not by measuring the odour 

concentration in ambient a ir ,  but by calculation directed at the 

odour source with the aid of a nationally accepted dispersion 

model described above. Comparison of the maximum permitted 

odour emission calculated in this way with the actual emission, 

determines the degree of odour abatement necessary.

The financial consequences of introducing these standards into

three branches of industry, considered representative for large, 

medium and small sources have been examined by Anzion (1974) but 

the findings were inconclusive. Wijnen (1986) reported that 

further studies into the financial implications were currently

taking place.
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-  Odour annoyance standard

The study found that 2.5% of the population experiences 

annoyance in clean areas and that this figure w i l l  be used as a 

target value. However, in the short term, the l im it  value w ill  

be 5% of the population panel suffering annoyance. A draft  

l im it  standard was expected to be published in 1987.

The Dutch are taking an integrated approach to controlling  

odours and as part of the same Indicative Multiyear Programme 

they are also in the process of setting a ir  quality  and/or 

emission standards for some th i r ty  odorous substances. 

According to Wijnen (1986) the only a ir  quality  l im its  set to 

date for specific substances are those fo r t r i -  and 

tetrachloroethene. These lim its are reproduced in Table 5.8. 

Draft emissions standards for those two substances are being

prepared in such a way that a ir  quality  standards w il l  not be 

exceeded.

Zoning of odorous industries has also been used as a planning 

control to reduce the occurrence of odour nuisance.

In practice, the application of the odour concentration standard 

is encountering a number of problems. The odour emission of

sources cannot always be easily sampled and emissions of short

duration do not f i t  into the system.
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Table 5.8. Draft a i r  quality  standards for t r i -  and tetrachloroethene

Substance Annual 98 99.5

average percentile percentile

ug/m3 ug/m3 ug/m3

Tetrachloroethene

draft l im it  value 2000 8300

draft guide value 1000 8300

target value 25

Trichloroethene

draft l im it  value 50 300

target value 50
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West Germany

There are similar standards according to Juergens (1985) in West 

Germany where the odour threshold must not be exceeded for 97% 

of the time.

The Verein Deutscher Ingenieure (VDI) organisation has recently 

started publishing guidelines on odorants; covering odour 

emission control, dispersion, olfactory measurement techniques 

and control technology. Twenty-seven such guidelines are 

planned, seven of which deal with measurement techniques.

In the past, VDI standards have been adopted by the EEC, e .g.  

lead in petro l. I f  this happens with odours then there is a 

chance that such practices w ill  be used in the United Kingdom.

A review of odour control leg is la tion  worldwide could be 

undertaken at this point. However, i t  was considered that this  

would detract from the theme of the current study.

5 .1 .4 . Sunmary on Existing Legislation

A wide range of leg is la t iv e  controls have been id e n t if ie d .  

These include, not allowing certain processes to take place, 

specifying particular pollution control equipment at source,

setting maximum odour emission rates and lim it in g  maximum

ambient concentrations or in ten s it ie s . All of these can be 

assessed objectively or quantified. Those which re la te  to the 

source conditions are generally easiest to monitor, but not
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always without d i f f ic u l ty ,  p art icu la r ly  the short term 

emissions. However, i t  is open to dispute i f  the l im its  set are 

re a l is t ic  both for those responsible for the odour and those

affected by i t .

Other less effective  controls are those which specify words to 

the e ffec t that " i t  is an offence to cause an odour nuisance".

This type of leg is lation which is the basis of control in the 

U.K. is d i f f i c u l t  to apply. I t  is d i f f i c u l t  to monitor 

compliance with the leg is la tion  and to enforce because there is 

no c r i te r ia  upon which to assess nuisance. Legal action taken 

to force abatement can be both a long and -expensive process and 

as a result the public are generally unwilling to become 

involved.

5.2. Dose/Response Studies

There now follows a review of recent odour dose/response

studies. This was included fo r  two reasons. The f i r s t  was to  

i l lu s t ra te  the current s ituation with regard to the types of 

investigations being carried out, the d i f f ic u l t ie s  involved and 

the types of findings that have been reported. The second

reason was to introduce f ie ld  data, fo r  use in testing the odour 

assessment model in Section 13.
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Community annoyance due to odours has been studied prim arily  in 

Sweden, the United States and the Federal Republic of Germany. 

A series of Swedish studies beginning in the early 1960s 

(Friberg et al (1960), Cederlof et al (1964) and Jonsson (1974)

have refined the techniques for the measurement of annoyance and 

were the f i r s t  to suggest the use of such measurements to 

establish legal standards. The results also pointed to the risk  

of relying on voluntary complaints for enforcement purposes.

In the United States seven major studies of community odour 

problems have been completed since 1969. Four were in

California -  two in Eureka, one in Anderson ■ and one in Carson

City (Goldsmith 1973). These four studies focused on both 

annoyance and health aspects and indicated the existence of dose 

response relationships. The remaining studies of Coply 

International Inc. (1971) were conducted as a series to 

determine the social and economic impact of odours and to

develop procedures for the id en tif ica tion  and assessment of 

community odour problems. Similar studies have also been 

undertaken in West Germany and Canada.

I t  is worth considering these studies in some deta il because 

they i l lu s t ra te  the current state of knowledge and provide 

useful sources of data against which the new odour assessment 

model is tested in Section 13.
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5 .2 .1 . The Goldsmith Study

The aim of the Goldsmith Study (Goldsmith 1973) was to 

investigate the health and annoyance impact of odours from pulp 

m ills and refineries  with the possib ility  of establishing a ir  

quality  c r i te r ia  for odorous materials.

Eureka is a coastal c ity  in northern Californ ia  with a 

population of about 30,000 (1972) located in an area in which

the timber industry plays a major part in the economy. Just 

before the study was carried out in 1969 two paper m ills  were 

b u ilt  on a peninsula to  the west of the community. During part 

of the year, offshore winds carry odours from the pulp m ills  

inland to residential and business areas of the c i ty .

Three residential areas were chosen which had d iffe ren t  

exposures to the odours based on location with respect to the 

m ills  and prevailing winds. Area 1 was 1-2 miles south east of 

the m ills , area 2 was 2-3 miles east of the m ills  and area 3 was 

located about 4 miles east of the m ills .

Measurements were conducted to determine the odour exposure in 

each of the areas using a dynamic olfactometer s im ilar to the 

one shown in Figure 3 .7 .
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In order to sample the ambient a ir  adequately, daily  

observations were made during three two-week periods in June, 

July and August. Two observers were exposed to the ambient a ir  

at representative sites in each of the three areas at h a lf -  

hourly intervals during the day. The observers were driven 

around in a van to each of the monitoring stations in turn. At 

each location external a ir  was drawn into the van through a 

dynamic d ilu tion  apparatus before being assessed over a period 

of about 1 minute. On each sampling occasion a record was made 

of whether the odour was detectable. I f  i t  was, then its

concentration was measured and recorded.

A regular sampling protocol such as this ignored the wind 

direction. Consequently many of the observations were taken 

when the sampling location was upwind of the odour source.

The effects on the population were determined by social

surveys. Between 55 and 60 households were chosen in each area

by systematic random sampling, representing respectively one 

f i f t h  of the households in area one, one th ird  in area two and 

about half of the to ta l households in area three. A member from 

each household was interviewed and completed an extensive 

questionnaire. The questions related to : -

1. The subject's background d e ta ils .

2. Satisfaction with the general conditions in the

residential area and the community.
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3. Air pollution and noise problems in the residential area.

4. Effects of odours from the pulp m ills .

5. The subject's attitude towards pollution and noise 

problems in general.

The dose/response surveys carried out in 1969 were repeated in 

1971.

The most important results of the exposure and community 

response measurements are summarised in Tables 5.9 and 5.10. 

Note that the annoyance with odours from the pulp mill are 

expressed in terms of bother.

The results of 1971 survey (Table 5.9) showed that as in the 

1969 survey, area 1 represented the area of greatest exposure to  

odour in terms of the frequency of occurrence. This pattern is 

repeated in terms of the 95 percentile of concentrations and 

average maximum concentrations for the 1969 survey. But in 1971 

the gradient is less clear for the other two parameters.

The social survey results in Table 5.10 show a clear gradient of 

the percentage respondents bothered from area 1 through to  

area 3.
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EUREKA 1969
1 V - 1 u o  ,

EUREKA 1969

1
area

2 3

%T 37.4 14.1 5.9

95 percentile  
of concentration + 6.9 3.9 1.0

Average maximum 
concentration + 31.6 12.9 3.4

Number of 
observati ons 564

EUREKA 1971

846 1128

%T 19.5 6 13.3

95 percentile  
of concentration + 9.10 6.9 9.1

Average maximum 
concentration + 10.95 7.8 14.4

Number of 
observati ons 190 285 376

Notes

%T = percentage of observations greater than odour detection 
threshold

+ = d ilutions to odour detection threshold

The original data gave concentrations in terms of equivalent 
parts per b i l l io n  of methyl mercaptan but these have been 

converted into dilutions to threshold using the recorded odour 
threshold of the observers to methyl mercaptan.
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EUREKA 1969 

EUREKA 1969

. / l i l l l i U I I I  1 1 ..9 ^  \ / l  1 V. 1 w  1 V . )  9

% o f respondents bothered

area
Amount bothered 1 2 3

Very much 28.8 23.6 5.9

Moderately 21.1 7.2 11.8

L it t le 23.1 23.6 17.6

Not or don't know 26.9 45.5 64.7

Number respondents 52

EUREKA 1971

55 51

Amount bothered 1 2 3

Very much 24.4 17.8 11.9

Moderately 37.7 20.0 16.6

L it t le 22.3 35.5 21.4

Not or don't know 15.6 26.7 50.0

Number respondents 45 45 42
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The study concluded that " I t  should be possible to formulate a 

quantitative relationship between measurements of exposure to 

pulp mill odours and community reactions. Further refinements 

in methods and a larger number of observations representing a 

broader span of exposures are needed."

The dose/response study conducted in Carson City in 1972 

followed a similar procedure to the Eureka studies, the main 

difference being that the odour sources in Carson were 

associated with o il refineries and other components of the 

petrochemical industry. In addition the study area was exposed 

to a general background of odour associated with Los Angeles a ir  

pollution including automobile exhaust. Questions were also 

asked concerning health reactions.

A summary of the most important results of the odour exposure 

and community response for the purposes of this report are given 

in Tables 5.11 and 5.12. The results of the measurement of 

exposure fa i le d  to d if fe ren tia te  between areas but there is a 

clear gradient in terms of the community response.

The Carson study (Goldsmith 1973) concluded that the measurement 

of exposure to odour made by dynamic olfactometry indicated that 

i t  was not a very useful method of measuring the exposure to  

community odours from multiple diffuse sources. Their analysis 

fa i le d  to find a correlation between dose and response.
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Table 5.11. Summary of Carson C ity  study, odour exposure
results  (1972)

1
area

2 3

%T 100 100 100

95 percentile  
of concentration 4 127 131 143

Average maximum 
concentration + 204 184 232

Number of 
observations 917 880 1190

Notes

%T = percentage of observations greater than odour detection 
threshold

+ = d ilutions to odour detection threshold

The original data gave concentrations in terms of equivalent
parts per b i l l io n  of methyl mercaptan but these have been
converted into dilutions to threshold using the recorded odour
threshold of the observers to methyl mercaptan.

fable 5.12. Summary of Carson City study, community response
resul'ts (1972)

% of respondents bothered

Amount bothered 1
area

2 3

Very much 45 32 10

Moderately 15.5 27 14

L i t t le 27 23 17

Not or don't know 12 17 59

Number respondents 97 95 99
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5 .2 .2 .  The Copley Study

The Copley study (Copley 1971) was carried out to establish a ir  

quality , performance and emission standards that specify what 

levels of odours are acceptable and how such levels should be 

determined. The ultimate object of the research was to develop 

a method to assess the social and economic aspects of community 

odour problems. To accomplish th is , four main test areas were 

established near a variety of sources to permit a comparison of 

the effects of odours having widely d iffe ren t q u a lit ie s .

The test areas were in the Los Angeles Metropolitan area. The 

f i r s t  was a community in Hawthorne near a major o il  re finery  and 

a chemical plant complex processing by-products from the 

refinery . The second and th ird  areas were communities near two 

bakeries, one in Glendale, the other in Beverley H i l ls .  The 

fourth test area was in Torrance in a community near a paint and 

varnish factory and a second oil re finery .

For each test area with high odour exposures was selected a 

control area with similar socio-economic status but with low 

odour exposure. Technical f ie ld  exposure surveys and social 

surveys were carried out in each simultaneously in three 

two-week campaigns, in December 1970, March and June 1971.
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Exposure Surveys

During the exposure surveys systematic measurements were made of 

the in tensity , duration, frequency and temporal variation of 

odours in the community.

For the study, teams of 13-16 observers were selected by 

judgement panel tests and trained to recognise a scale of 

in tensities  given in Table 5.13 equivalent to the concentrations 

of te r t ia ry  dodecyl marcaptan in mineral o i l .

Table 5.13. Intensity scale used in Copley study

Intensity Equivalent concentration 

of solvent ml/I

Category

value

Very Strong 8 4

Strong 2 3

Moderate 0.5 2

Slight 0.125 1

Very Slight - 0 .5
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After train ing the panellists were assigned to certain locations 

in the community. Figure 5.1 i l lu s tra te s  the s ituation in 

Hawthorne in March 1971. There they recorded the maximum odour 

intensity in each minute, over a period of about 8 hours, 

including breaks, regardless of wind direction . Because the 

panelists' concentration became impaired a f te r  working in 

solitude for about an hour, a sampling schedule was introduced 

with recalibration periods to help maintain consistent 

observations.

Tables 5.14, 5.15 and 5.16 reproduce the results of the exposure 

surveys during the December, March and June campaigns in 

Hawthorne.

These data give the percentage of observations during which 

odour was detected and the average maximum in ten s ity . They are 

used in Section 13 for testing the proposed odour assessment 

model.

Social Surveys

Social surveys were conducted by telephone rather than by 

face-to-face interview in order to generate data with greater 

efficiency and economy. The objectives were -
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Figure 5.1. Location of odour monitoring stations in Hawthorne

March 1971
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Table 5.14 Summary of odour intensity obsesrvations, December 1970

Summary of December ratings in TA(Hawthome).

^0.
Panelist
Location
(Station)

Percent Time Detected and Mean Odor Intensity
Date:ll/30/7Cj Date:12/l/70 Date:12/2/70j Date: 12/3/70 Dated2/4/7C
AM PM 1 AM PM AM PM AM PM AM PM

% M % m |% M To M % M % M %M % M 5b M % M

1 142nd & Judah 36 .4 21 .1 39 .3 Zn

2 141st & Glasgow 26 .3 9 .1 0 0 3

3
141st & Isis

CO to
Ed 26 .1 44 .5 0 0

Ed
C3
cd
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H

> 9 .1
U
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5
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Ed
U
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8
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i

i É 61 .7 32 .3 20 2
Ed
Z
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5
5

s
< 7 .1 46 .5 19 .2 2d

12 137th & Isis
E-*
Q 55 .7 28 .5 20 2

C
o

13
135th & Glasgow

<
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<
o 19 .2 54 .6 26 .3

z
cZ
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Ed

z .Ed 20 .3 68 1.0 2 0 Ed
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u

5
u LOG1.4 45 .9 8 .1

5

16
134± & Glasgow

H
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Zc

Ed
z-r1 47 .7 iodi5 11 20 .2 'rO
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Hindrv 18 .2 23 .2 0 0

£2
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Tudah 29 .3 50 .6 14 .1
<
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Table 5.15 Summary o f  odour In te n s i ty  observa tions, March 1971

No.
Panelist
Location
(Station)

Percent Time Detected and Mean Odor Intensity 1
Date:3/15/71 Date;3/16/7^Date:3/17/7] Date:3/18/71| Date;3/19/71

AM 1 PM AM PM 1 AM 1 PM AM j PM AN1 1 PiVI
% M p M % M %M % M % m |% M % M % m 1% M

1 142nd & Judah 20 .1 0 0 5 0 12 .1 60 .8135 .3 16 .1 |61 c

3 141st & Isis w ! 5 . 1 I48 .3 54I . 3I 13 .1 7 o | 0 0 40 .3122 .1

4 140th & Judah i 16 .1 27 .3 321 2! 0 0 I 33 4 I23 .2 46 .6 les.8

8 138th & Judah 32 .2 65 .4 11 . . u .1 49 .4 17 .1119 .1 67 1.1

9
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13 135th & Glasgow 1̂ 60 .8 62 .7 16 .1 23 .2 I 5J .5 39 .2I 28 .21 0 C
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U2 1 cd 1 3 0 21 .2 0 o| 2 oh 0 94 .9o| 2 0 I4 G
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CO 1
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Table 5.16 Summary o f  odour in t e n s i t y  observations, June 1971

Summary of June ratings in TA( Hawthorne).

No.
Panelist
Location
(Station)

Percent Time Detected and Mean Odor Intensity
Date:6/14/71 Date :6 /15/71 Date:6/16/7 Date: 6 /17/7 Date: 6/18/7

AM 1 PM AM PM AM ! PM AM PM AM j, PM

% m I% M % M 5o M % m |% M % M % M % M % M

1 142nd & Judah 8 0 11 .1 1 0 0 0 ;89 .6 0 0 0 0 0 0

3 141st & Isis CO 16 .1 3 0 10 .1 8 0 0 0 5 o !i 6 .1 2 0
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E
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1) to gather data on public attitudes towards noticable odours

2) to obtain an estimate of the existence and severity of

community odour problems

3) to define the type and degree of social and economic

effects odours have on residents and th e ir  property.

A summary of the more interesting results from each of the

quarterly surveys in Hawthorne are given in Table 5.17 and 

Table 5.18. Unfortunately the corresponding results for the 

other areas were not published.

Generally those bothered by odours indicated that this occurred 

very often or often. An overwhelming proportion (86%) of 

respondents bothered by odours said i t  was the strength of the 

oil refinery odour that bothered them most. Only 7.1% of 

respondents considered the length of time to be the most 

annoying factor followed by the number of times noticed 4.9%.

The study was unable to demonstrate that odours caused an 

economic effect on the price of homes. However there was some 

subjective evidence to suggest that odours had caused economic 

loss for at least three industria l concerns. While these losses 

could not be quantified they were apparent in terms of increased 

absenteeism and lower productivity of employees.
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Table 5.17 Summary of the degree of bother caused by odours in
the Hawthorne area

degree 
of bother

% of to ta l number of respondents 

December March June

test area control test area control test area contro'

Very much 25.2 12.0 34.7 24.0 34.6 14.7

Much 10.7 4.0 9.3 10.0 14.6 4.0

Moderately 21.4 26.0 14.7 16.0 18.7 10.7

L i t t le 1.3 2.0 2.7 2.0 2.7 1.3

Very L i t t le 10.0 4.0

Not told 41.4 46 38.6 48 25.4 69.3
number of
respondents 75 50 75 50 75 75

Table 5.18. Summary of what bothered Hawthorne respondents most
about odours

% of respondents that are bothered 
December March June

test area control test area control test area 'control

number of 
times 
noti ced 
strength of

11.4 3.7 4.4 3.9 1.8 4.4

odour 77.3 88.9 78.2 92.2 89.3 95.6

du ra ti on 

don't know

6.8

4.5

7.4 17.4 3.9 7.1

1.8
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The study went on to develop a possible assessment procedure for 

identify ing odour problems by considering odour complaints, area 

extent, frequency, duration, in tensity and temporal variation of 

odour perception, the influence of meteorological conditions and 

the results of the community odour exposure and social surveys.

The use of complaint data was rejected in favour of public 

attitude surveys because i t  was thought that the complainants 

did not necessarily represent the typical person in the 

community. In applying public nuisance law in Californ ia  the 

basis for decision rests not solely with the feelings of the 

population in an odour affected area, but in a comparison of 

th e ir  attitudes with an equivalent social class population in an 

odour free , control area.

Upon completion of public attitude surveys in matched test and 

control areas, odour problems are iden tif ied  by applying "z" 

s ta t is t ic s .  A 95 percent level of confidence ( z .^ 1 .6 5 )  that 

more test area respondents than control area respondents are 

bothered by odours is required before an odour problem is said 

to ex is t.

To simplify the requirements for odour problem id en t if ic a t io n  i t  

was suggested that public attitudes in one odour free  area were 

very similar to those in another with the same socio-economic 

background. As a result one could eliminate public a ttitude  

surveys in control areas as the data already existed from th e ir  

study.
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The study also suggested that a reduction in e f fo r t  in surveying 

the test areas could be made through sequential analysis. By 

this system one of three decisions can be made.

1) that an odour problem exists or

2) that an odour problem does not exist or

3) The results are inconclusive and that an additional

interviewer must be completed.

Using this method i t  was found that an odour problem existed in 

the Hawthorne test area a fte r  reviewing only seven 

questionnaires in chronological order instead of the 75 

questionnaires needed to complete the social survey i n i t i a l l y .

An attempt was made to correlate the data obtained from the 

odour judgement panels with information collected during public 

attitude surveys in ' order to establish dose/response 

relationships. However the way the data was analysed the study 

fa iled  to find a conclusive relationship. (This point w ill  be 

discussed in Section 13).

More recent examples of dose response studies undertaken are 

those by Winneke and Kastka (1977), Winneka and Kastka (1987) 

and Gnyp et al (1985).
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5 .2 .3 . Studies by Winneka and Kastka

Between 1974 and 1977 Winneka and Kastka (1977) were conducting 

laboratory and f ie ld  studies designed to develop odour control 

legis lation for the Federal Republic of Germany.

As th e ir  starting point they adopted the findings of the Copley 

Study and recognised that "the only measurable impact associated 

with a vast majority of odour problems was annoyance, and that a 

proper means for dealing with such problems must consider the

measurement of annoyance as central to success".

As a result Winneka and Kastka f e l t  i t  necessary to study the 

psychological structure of odour annoyance; to establish the 

r e l ia b i l i t y  of annoyance reactions and to validate annoyance 

scores:

1) by comparing a known problem area with a comparable

control area

2) re la ting degree of annoyance to distance from the source

3) re lating annoyance scores to odour concentrations in

ambient a ir  as measured by dilutions to threshold.

The f i r s t  step was to construct a structured questionaire

consisting of 40 rating scales dealing with perception of 

environmental odours. This was tested on 704 subjects drawn at 

random from three areas. The f i r s t  was an odour problem area 

near a detergent and soap works. The other two areas were odour

free control areas close to a glass works and a steel m i l l .
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A fu l l  s ta t is t ic a l  analysis of the results showed that there was 

a clear item structure in the replies to the questions. These 

could be aggregated under three main factors. The f i r s t  factor 

related to those questions about the sensory aspects of 

perception i . e .  its  in tensity , frequency, quality  etc. as well

as formal statements of being annoyed or bothered by odours.

The second factor or group of questions dealt mainly with social 

and emotional effects of perception (e .g . " I feel ashamed of 

inv iting  friends to my house"). The th ird  factor contained

primarily those items which could be described as somatic

reactions to odour perception (e .g . odours cause headaches, 

nausea, sleeplessness e tc . ) .

These three dimensions of odour annoyance i . e .

Sensory (F j)

Social-emotional (F2) and 

Somatic F3

accounted for 50, 23 and 24% of to ta l variance corresponding to  

the 0.001 level of significance for 702 degrees of freedom.

The s ta b i l i ty  of these composite annoyance scores over time was 

tested by conducting follow-up studies on sub-samples of the 

original samples, i . e .  87 subjects in “the polluted areas and 37 

subjects in the control areas. I t  was found that the ra tio  of 

polluted to control area annoyance for a l l  three annoyance 

measures in 1974/75 and 1974/76 agreed, at the 0.05% level of 

si gnificance.
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Further tests were conducted by Winneka and Kastka (1987) near 

other industrial plants with odour problems. The sources 

investigated included a coal-tar o il plant, an insulation plant, 

chocolate factory and a Brewery. The object was to re la te  the 

measured annoyance to the distance from the source and to odour 

exposure data in terms of odour concentration.

Ambient odour concentrations were measured at various distances

downwind of the source using a mobile laboratory equiped with an 

olfactometer serving an odour panel of four. The complete 

threshold value determination took about 20 minutes ie 10 

dilutions each of about two minutes duration.

Direct face to face interviews were also conducted by instructed  

interviewers and 97 (brewery), 108 (chocolate fa c to ry ) ,  108 

(insulation plant) and 270 subjects ( ta r  o il re finery ) were 

sampled around the four plants.

A summary of the results obtained can be seen in Table 5.19.

Winneka and Kastka found that the composite annoyance scores 

related to distance from the source as well as to quantitive

odour exposure data and concluded that odour control might 

eventually progress i f  these relationships turned out to be

related in a meaningful way.
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Table 5.19
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I t  was also demonstrated that the degree of annoyance produced 

by chocolate factory odours was s ign if ican tly  lower than those 

produced by other industrial sources of comparable ambient odour 

concentrations. These differences could not be explained by 

socio-economic differences between subjects. The data suggested 

that annoyance was source specific and this was probably due to 

the hedonic quality  of the odorant.

This hypothesis was supported by the finding that in tensity  

rating of ambient odours tended to exhibit a closer association 

with annoyance data than measured concentration (Winneka and 

Kastka 1984).

5.2 .4 . Studies by Gnyp et ai

Gnyp, Pierre and Poostchi (1985) have reported on th e ir  study to 

assess the impact of odorous emissions from municipal land f i l l  

sites on the surrounding community.

The subject of th e ir  study was a land f i l l  s ite  located less 

than one kilometre from a mobile home park. I t  had had a long 

history of causing frequent complaints, although many of these 

complaints had been validated by independent investigations by 

members of the Municipal Engineering Department, no regulatory 

action was taken until the operators of the s ite  sought approval 

for an extension to within 200 metres of the mobile home park. 

Legal hearings triggered the need for the study, to obtain an 

objective assessment of the community odour problem.
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The aims of Gynp et al were to:

1) develop procedures for establishing the v a l id ity  of 

spontaneous odour complaints

2) obtain on objective measurement of community annoyance

3) find relationships between odour levels and annoyance 

thresholds

The perception of odours by the community was assessed using 

public a ttitude survey techniques, special care being taken to 

control bias and to avoid creating negative a ttitudes .

The objective of these surveys was to establish the hedonic

tones of twenty six commonly encountered odours on the basis of

individual experiences or prejudices of the people in the 

community and to compare the ir  reactions to odours with those of 

individuals in other communities, i . e .  test the s e n s it iv ity  of

the affected community to odours in general. Other

neighbourhoods included in the study, were areas near a fast  

food restaurant, municipal waste treatment p lant, a car paint

workshop, a foundry as well as the land f i l l  s i te .  A shopping

mall was selected as a control area.

(This is the only survey known to the author, of an assessment

of hedonic tones by the community.)
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I t  was found that there was a good agreement between the hedonic 

ratings given to the 26 odours by the d iffe ren t communities and 

the control group. This suggested that the residents in the 

neighbourhood of the land f i l l  s ite  were no d iffe re n t from any

other group in th e ir  rating of the unpleasantness of odours. As 

a result i t  was concluded that th e ir  spontaneous complaints 

could be regarded as honest reactions to offensive odours.

Dose réponse measurements were also assessed. Odour samples 

were taken from the land f i l l  s ite  and presented to  an odour

panel via a six level forced tr ian g le  dynamic d ilu tion apparatus.

The subjects were asked to  id en tify  the ports which were 

perceived to be emitting odours. Panellists were also required 

to specify the level at which they were positive about the 

presence of the odour. In addition the panel members were

provided with a preprinted form on which they were asked to  

indicate at which dilutions (concentrations) they would complain 

i f  they were exposed to  s im ilar odours for a period of eight 

hours and to rate the degree of annoyance at each level on a 

scale ranging from 0 to 10. No annoyance was 0 and maximum 

annoyance was 10.

Gnyp's results are summarised in Table 5.20.

From these data i t  was suggested that a possible acceptable 

standard for a community experiencing odours, which would

satis fy  80% of the population in the sense that they would not
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Table 5.20. Summary of odour dose and response reactions near four

d iffe ren t sources

SOURCE CONCENTRATION 

D/T d/d

THRESHOLD
RATIO

d/c

MEASURED
ANNOYANCE

REACTION %
DETECTING

%
COMPLAINING

LAND FILL
WELL 18000 0.55 1 .0 TOLERABLE 30 ■ 24
THRESHOLDS 1
(10000=d/d, 0.11*
2000=d/c
fo r 50% pop) 10000 1.0 I 1.7 TOLERABLE 50 30

0 .22 )
6000 1.7 I 2 .2 UNPLEASANT 66 37

0 .33 )
2000 5

1 !
2 .9 UNPLEASANT 87 50

1000 10
2 1

4 .6  - VERY UNPLEASANT 92 66

300 33.3 { 7 .0 TERRIBLE 100 87
6 .7 *

FOUNDRY 1000 1 1.5 TOLERABLE 50 34
THRESHOLDS 1
(1000=d/d, 0.8*
800=d/c
fo r 50% pop) 500 2 } 3 .6 UNPLEASANT 86 86

1 .6*
170 5.9 1 6 .0 VERY UNPLEASANT 100 100

4 .7 *
60 16.6 1 8 .0 TERRIBLE 100 100

13.3*

PAINT 120 1 I 2 .0 TOLERABLE 50 34
WORKSHOP 0 .7 *
THRESHOLDS 60 2 ) 3 .6 UNPLEASANT 77 77
(120=d/d, 1 .4 *
85=d/c 20 6 1 6 .4 TERRIBLE 88 88
fo r  50% pop 4 .3 *

WASTE WATER 300 1 I 0 .8 TOLERABLE 50 36
TREATMENT 0 .8 *
PLANT
THRESHOLDS 160 1 .9 I 1.8 TOLERABLE 87 74
(300=d/d, 1 .5 *
240="/c 55 5 .4 \ 3 .2 UNPLEASANT 100 87
fo r 50% pop 4 .4  *

20 15 } 4 .4 VERY UNPLEASANT 100 100
12*

Foot Notes

^/d = d ilu tio n s  to  detection threshold  

^/c = d ilu tio n s  to  complaint threshold
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complain, were upper lim its  of 34% probability  of detection and 

a degree of odour annoyance of one. In this study the 

borderline between tolerable and unpleasant was an annoyance of 

about 2.

Table 5.21 summarises the range of annoyance associated with 

each level of reaction.

Table 5.21. Range of annoyance associated with d if fe re n t  levels  

of reaction

Reacti on Range of

Category annoyance

Tolerable 0. 8- 2.0

Unpleasant 2 .2 -3 .6

Very unpleasant 4 .4 -6 .0

Terrible 6.4 -8 .0

The reaction descriptions suggest that to lerable  is just

acceptable, any higher then is unacceptable or a nuisance.

The upper l im it  of tolerable and lower l im it  of unpleasant l ie s

between 2.0 and 2. 2.
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5 .2 . 5  Summary to  Uose/Response S tud ie s

Four major dose/response studies have been reviewed. The aim of 

each was to establish procedures and c r ite r ia  for assessing 

community odour problems.

The f i r s t  was by Goldsmith in California where extensive surveys 

were conducted near pulp m ills and refineries . Dose/response 

data was published for two areas, with one area being repeated 

the following year. The second study was by the Copley

organisation which conducted extensive tests near oil

re fin er ies , chemical plants, bakeries and near a paint and 

varnish factory. Unfortunately only complete dose/response data 

were published for an area near an oil refinery and an

equivalent background/reference test area. However, results 

were given for three separate campaigns spread over a 6 months 

period. Research undertaken by Winneka and Kastka in West 

Germany near a ta r  o il plant, an insulation works, a chocolate 

factory and a brewery is the th ird  example of dose/response 

studies. The Gynp study which was primarily concerned with land 

f i l l  odours is the fourth study reviewed. This la tes t study 

also reports observations of annoyance caused by odours from a 

foundry, a paint workshop and a waste water treatment plant.

These four studies provide an insight into the types of

investigations undertaken and the d i f f ic u lt ie s  involved. They 

also provide basic dose/response data for use la te r .
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6. POSSIBLE WAYS FORWARD

The consensus of opinion of those concerned with basic odour 

control technology at the Stockholm Symposium on the methods of 

evaluating odorous a ir  pollutants at the source and in ambient 

a i r ,  (Anon 1970) op. c i t .  was that a given odour sensation may 

be generally described by four main "dimensions". These are 

pervasiveness of the substance, i ts  in tensity  at suprathreshold 

levels , the quality  or characteristic  properties which 

distinguish one odour from another regardless of in tensity  or 

acceptability , and the acceptability  or stimulation of annoyance 

or pleasurable reactions. This opinion was restated in "Odours 

from Stationary and Mobile Sources" by The Assembly of Life  

Sciences National Research Council (Anon 1979).

The Stockholm Symposium also concluded that in environmental

health, the most important dimensions of an odour was that of

acceptability , e.g. what percentage of the population is annoyed 

by the smell. The acceptability  of an odour is probably due in 

part to the in tensity , q u a lity , frequency and duration as well 

as the conditions under which the exposure occurs.

In addition i t  was reported that i t  had not been possible to 

establish a quantitative objective measure of acceptability  or

the degree of annoyance by chemical or sensory methods of 

analysis. I t  was thought that public reactions of subjective 

annoyance could probably best be evaluated by sociological
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inquiry methods. The response could then be related to the 

degree of exposure to odorous a ir  pollutants to which the 

population was exposed (the dose).

I t  was noted that in many cases, classical absolute threshold 

determinations Were used to obtain a measure of the intensity  

with which an odorous substance was experienced. These

undeniably provided valuable information regarding the control 

of odour, but they do not give any measure of the perceived 

in tensity above threshold leve ls . I t  is impossible to establish

a general fixed sensory threshold for a particu lar individual

since a real threshold in the usual sense probably does not 

exist but rather there is a gradual trans it ion  from tota l 

absence to d e f in ite ly  confirmed odour impression. Some methods 

of detection are based on the assumption that the momentary 

threshold varies from time to time and that th is  variation is

normally d istributed. The modern detection theories deny even 

the existence of a momentary sensory l im it  value and base th e ir  

indices of de tec tab ili ty  on a supposed ind iv idua l's  probability  

evaluation using the techniques described in Section 3.

Leonardos (1974) also concluded that threshold determinations

either at the source, in the ambient a ir  or on specific  

chemicals were of doubtful significance in measuring the 

in tensity dimension of odour problem.

The Copley study (Copley 1971) recommended that
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"the measurement of annoyance due to odours . . .  would serve as a 

convenient indicator of the existence of undesirable effects  

and, thus, would provide a basis for deciding whether or not a 

violation ex ists. Its  adoption would tend to focus 

technological controls on the annoyance threshold rather than 

the odour threshold and, thus, would promote more e ff ic ie n t  

solutions in l ig h t of the societal consideration that the added 

cost of control should equal the added benefit derived from that 

control."

According to Leonardos (1974) the concern with odour measurement 

techniques u t i l is e d  in the f ie ld  of a ir  pollution and upon which 

the regulations were based is that they measure only one aspect 

of the four dimensions that the Stockholm symposium (Anon 1970) 

had iden tif ied  as being of c r i t ic a l  importance from the 

standpoint of a ir  qua lity . He concluded that odour measurement 

for pollution purposes must include, in addition to "threshold", 

an assessment of the in tensity  and the quality  of the odorous 

sensations. He believed that these dimensions would be measured 

effec tive ly  by calibration of the instrument -  the human and his 

nose - by the use of appropriate reference standards both for  

in tensity and quality . With more information on these three 

dimensions, the acceptability  of an odour could then be inferred  

from a consideration of a l l  three dimensions (concentration, 

in tensity and quality ) and from none taken alone.
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Preferably, these three dimensions should be correlatable to the 

acceptability or annoyance dimension of odour and should perhaps 

be carried out by public a ttitude  surveys as outlined in the 

Copley study or other acceptable means.

Dravnieks (1979) also suggested that the extent of annoyance 

caused by odorous a ir  depends on frequency and duration and the 

odour episodes, odour in ten s ity , odour character and hedonic 

tone (pleasantness or unpleasantness) of the odour. I t  is a 

sensation which is measurable through the subjective responses 

of individuals. However, as d iffe ren t individuals respond to 

the same odour quite d i f fe re n t ly  depending upon th e ir  

s e n s it iv ity , expectations and attitudes i t  is necessary to take 

the opinions of a panel of observers.
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7. RESEARCH PREFACE

At present the assessment of odour nuisance is on an ad hoc 

basis; usually based on the experience of the assessor. 

Consequently i t  can be very subjective and unreliable in as much 

as consistent results are d i f f i c u l t  to obtain.

What is needed is a method of assessment which is based on more 

re a l is t ic  objective c r i te r ia .  There is s u ff ic ien t empirical 

data to construct an improved method of assessment. The way 

forward lies  in bringing together the best of empirical 

knowledge in this f ie ld  into a unified system.

As far as possible the system should include measures of the 

four basic dimensions which describe odours, i . e .  as recommended 

by Karolinska In s titu te  (1970), National Research Council 

(1979), Dravnieks (1979):

1) pervasi veness.

2) in tensity.
i

3) quality .

4) acceptability or pleasantness.
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The system may also need to incorporate measures of the 

frequency of occurrence, duration and the conditions under which 

exposure occurs.

The pleasantness of the odour, i ts  quality  and any previous 

associations that the receiver has had with the odour w ill  

influence his/her reaction. Duration and frequency of exposure 

both short and long term w il l  also influence the potential for  

an annoyance reaction.

A particular odour may be perfectly  acceptable in one context or

at a particu lar time of the day but on another occasion may be

completely unacceptable.

Like a ll a ir  pollution problems, those caused by odours are not 

characterised solely by the nature of the odorants and human 

response to these materials. Numerous other variables need to 

be considered. For example, the nature of the emission -

whether i t  takes place continuously or in occasional bursts or

puffs, or from regular bursts. Discharges can take place from

point sources, such as a factory chimney from area sources.such

as from a waste t ip  or even from a line  source such as a

polluted stream.

The dispersion of pollutants w il l  be greatly influenced by 

weather and topographic conditions. To complicate matters some

substances can undergo a physical and/or chemical change between
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the source and receiver. The fact that the nose responds almost 

instantaneously to odours is another factor which needs to be 

considered.

The factors which need to be considered in determining i f  an

emission is l ik e ly  to cause an odour nuisance are summarised in 

Table 7 .1 . To include a ll  of these factors is beyond the scope

of this or twenty other such research projects. However, the 

author believes that the time is right to make a considerable 

progress using two or possibly three of the basic "dimensions" 

rather than the single dimension used at present. Apart from

being a more accurate predictor of odour nuisance, the method

should also be practical and re la t iv e ly  inexpensive of time and

equipment. A trained odour panel system would be expensive in 

terms of manpower but low in capital cost, whereas gas 

chromagraphic or another instrumental approach could be f a i r ly  

economical in terms of manpower but high in equipment costs.

For the purposes of this study i t  has been assumed that the most 

important "dimensions" associated with odour annoyance are:

1) pervasiveness.

2 ) in tensity .

3) acceptability or hedonic tone (pleasantness or 

unpleasantness).
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Table 7 .1 . Factors a ffe c tin g  odour nuisance

Process Factors which need to  be considered

Emission Odour emission rate  

Exit velocity -  plume rise  

Temperature - plume rise

Dispersion Wind speed/direction 

Distance

Atmospheric s ta b i l i ty

Topographical features

Atmospheric physical reactions

Atmospheric chemical reactions

Other chemical compounds present in the atmosphere

Observer Odour quality

Reaction Odour hedonic tone 

Odour in tensity

Olfactory acuity or sense of smell of the individual 

Conditions under which exposure occurs (context) 

Observer's relationship to source of odours

Observer's previous experience of odour 

Frequency of occurrence 

Du rati on
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The pervasiveness, the in tensity  and the acceptability , can be 

quantified by organoleptic measurement. However, at present 

there is no known way of quantifying the quality . As described 

in Section 2.2 there is not even a universally accepted system 

for classifying odours.

The methods of measurement adopted in this study for each of the 

three dimensions are described in Section 8. The significance  

of each of these in predicting annoyance is examined in 

Secti on 10.
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8. DEVELOPMENT OF EQUIPMENT AND TEST METHODS

The be lie f that combinations of the parameters listed in the 

previous section w ill give a measure of the expected level of 

community annoyance has led to the need to develop practical 

cost effective equipment and test methods. To this end the 

author has adopted what is believed to be the best available and 

most appropriate techniques for testing the theory.

The scope of these techniques includes determining the 

characteristics of an odour both at source where i t  is 

re la t iv e ly  easy to sample and at the receiver where the 

annoyance occurs but i t  is more d i f f i c u l t  to take measurements. 

An effective odour dispersion model may be used to link the two 

and estimate the likelihood of annoyance given the source 

parameters.

8 .1 .  Equipment

Two items of equipment have been found to be essential. These 

are an odour sampling system and an olfactometer.

Odour sampling system

Odour samples are collected using the system shown in 

Figure 8.1. A deflated sampling bag is contained inside a 

5 l i t r e  glass bottle . A glass demijohn was chosen because of
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F igu re  8 . 1 .  Odour Sampl ing System

ODOUR
SAMPLE

VACUUM
PUMP

CARRYING
LUGS

SAMPLE
BAG
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the ease of determining the quantity of sample collected. The 

carrying lugs also make i t  a convenient container to handle. 

Although made of glass, breakages have not been a problem. Five 

l i t r e s  is generally suffic ient for most tests. I f  a larger 

sample is necessary this can be obtained by using another 

5 l i t r e  sampling un it.

The sample bag is made of food grade PET (polyester 

terephta la te). I t  is readily available and sold as a roasting 

bag in a well known chemist chain store under the ir  own brand 

name. Considerable care was taken to find an inexpensive bag 

that was made of a material which neither had an odour of its  

own nor retains odours on i ts  internal surfaces. As fa r as is 

known the material is also impervious to most odours. By using 

an inexpensive sampling bag i t  is possible to use one per sample 

to guard against cross contamination. A simple method of 

fo lding, sealing and joining the bag to the sampling line has 

been developed which uses a non-odorous silicone-based adhesive 

tape. Figure 8.2 shows the steps necessary to prepare the 

sample bo ttle .

By evacuating the a ir  outside the bag with a simple hand pump, 

odorous a ir  is drawn into the bag. Sampling is continued until 

the bag f i l l s  the inside of the ja r ,  thereby eliminating any 

problem of diffusion of odour through the bag. Care is taken 

during f i l l i n g  to ensure that the bag is not sp lit  or ruptured 

as i t  unfolds.
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Figure 8 .2 . Preparation of odour sample bag

open end

fo ld  along AB

A

s tic k  down short f la p  w ith  tape 
and tu rn  over ends o f tape

3 cut corner & in s e r t  glass  
tube set in  a bung

apply two s ticky  tapes 
to  g r ip  bag and glass tube 
and each other tr im  surplus

r apply two more tapes to  
add s trength  to  jo in t

c the  fin is h e d  d e fla te d  bag is  folded
 ̂ and placed in s id e  the glass ja r  and

held in  place by the bung
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Particu larly  strong or wet odorous samples are collected as a 

prediluted sample, i . e .  the odour sample is added to a known 

volume of dry odourless a ir  in a p a r t ia l ly  f i l l e d  bag. The 

re la tive  volumes are determined by the d ilu tion required and/or 

the moisture content of the wet sample.

Once sampling is complete the system is sealed with small bungs 

in the sampling lin e .

For analysis the sample is displaced from the collector by the
i

introduction of a ir  on the outside of the bag. Normally the 

sample is analysed by organoleptic methods using the dynamic 

dilution apparatus described in the next section.

Olfactometer

The review of olfactometers currently in use in Section 3 

revealed that the Warren Spring Laboratory olfactometer was 

probably the only commercially available instrument in the 

United Kingdom. In 1979 i t  was available from Prosser 

S cien tif ic  Instruments at £4000. Even i f  the price had remained 

unchanged this was beyond the resources available for this  

project. The alternative was therefore to construct a purpose 

b u ilt  instrument.

Prior to this research project the author had designed and 

constructed several dynamic d ilu tion  apparatus for and on behalf 

of the WS Atkins Group, his employer. Figures 8.3 and 8.4 show
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the earlies t instrument for use in an odorous environment. A 

known quantity of the sample was deodorised by passing through 

an activated carbon f i l t e r  and then added to the remainder of 

the sample in known proportions. The mixture was then ducted to 

face masks worn by the odour panel. When the panel member had a 

positive response a button was pressed to illuminate a lamp on 

the operator's control panel.

The instrument worked re la t iv e ly  well but was too cumbersome. 

The panel were also l iab le  to odour fatigue even though they 

wore activated carbon face masks between tests .

Taking account of the recommendations lis ted  in Section 3 by 

Engen (1982) and Jann (1984) regarding the sample presentation 

velocity and flow volume and using the best features of the 

various instruments examined a new instrument was designed.

This is shown in Figures 8.5 and 8. 6. I t  is compact and is 

b u ilt  inside a briefcase. I t  is simple and therefore easy to 

maintain and use. Room a ir  is supplied from a diaphragm pump 

and is deodorised by passing through an activated carbon 

f i l t e r .  This is s p li t  three ways.

A proportion is metered and passed to the sample bottle on the

outside of the bag. The displacing a ir  is adjusted to give the

required flow of odorous sample to the mixing chamber. The flow 

rate of a second clean a ir  stream is adjusted to give the

required d ilution rate when i t  meets the odorous a ir  in the

mixing chamber.
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F ig u re  8 .3 .  Schematic v iew o f  WSA dynamic d i l u t i o n  appara tus  MKI
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F ig u re  8 .4 .  WSA dynamic d i l u t i o n  apparatus MKI in  use

m
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F ig u re  8 .5 .  Schemat ic v iew o f  p o r t a b l e  dynamic d i l u t i o n  apparatus
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F igu re  8 .6 .  Por tab le  dynamic d i l u t i o n  apparatus in  use
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A th ird  a i r  stream is provided which goes d ire c t ly  to a second 

s n i f f in g  port as a clean a ir  reference.

The pipe connecting the sample b o t t le  to  mixing chamber is made

of Teflon (a non-stick p la s t ic )  and is as short as possible.

A ll other parts that come in to  contact with odorous samples,

inc lud ing the mixing chamber and sampling port, are made of 

glass. I f  contamination does take place then th is  section can

eas ily  be washed and a ir  dried.

In operation the main d i lu t in g  a i r  flow and reference a i r  flow 

are ty p ic a l ly  set to  15 1/min. The displacing a i r  is adjusted

to  i t s  lowest flow of 5 ml/min, i . e .  a d i lu t io n  of 3000. (When 

d i lu t io n s  greater than 3000 are required the sample is

prediluted in the dynamic d i lu t io n  apparatus to produce a 

working sample.) A fte r s u f f ic ie n t  time has elapsed fo r  the

sample bag-to-mixing chamber tube to become f u l l  of odorous a i r  

the f i r s t  odour panel member samples from the s n i f f in g  port.

Each panel member then s n i f fs  in turn fo r  the same d i lu t io n  

se tt ing  making a note of his or her response on the

questionnaire shown in Figure 8.7. Care is  taken to  ensure that 

there is no communication of response between p a n e l l is ts .
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F ig u re  8 .7 .  Odour panel response sheet  2

H «m e: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ODOUR PANEL RESPONSE SHEET 2 

D a t e :  . . . .

X X X X X X X X

TEST SAMPLE
SETTING
M L/m in

DILUTIONS NIL POSSIBLE VERY
SLIGHT-

SLIGHT MODERATE STRONG VERY
STRONG

ANNOYANCE

I

1

Ï

3

4

5

6

7

8

9

10

11

12

13

14

15

8 .12



8.2.

Ih .  in te n s i t , ,  c o » c . . .™ t i«  . .d  « n » , . . . .  df

„ . p „ .  . r .  d , . e r . t . . d  b , .d .db  ddl.P  » .  »SA d y . - c

d i lu t io n  apparatus described in Section 8.1.

,n  .s c p d ip ,  c .n c .n tr . t i« n  s . r i . .  of odour . . . p i e .  » .  p r .s .n t.d

,b .  .door p .net, on. . . . . . o t r . t i o n  . t  .  « .p . . t  = . .p l«

. . .  , „ . . r t . d  . .  d i .c u . . .d  S e o t l»  3 .4 . r .o o - .n d .d  0 ,

« n d o a ll (1971) dP. « «

Council («non 1979 ) 'op. c i t .  E.cb p.nol ~ * o r  r.cord. n ..7 « .r

r .o p .n , .  c  t h .  c o n fid o n ti.l , o . s « . » " 4 l f - I ' »  “  7 .p ro » .c .d

in Figure 8.7.

When the response is positive, i . e .  some odour is  detected, the

panel member is  instructed to  provide an estimate of 

in te n s ity  using the category jugements and to  record th e i r  

opinions with regard to  potentia l fo r  annoyance in  the context

of th e i r  community. In making these judgements the panel member

makes reference to  the clean ai r  issuing from the second

s n i f f in g  port.

Further increases i n  concentration are made u n t i l  i t  is  c lear to

the operator (by asking ind iv id ua ls  in tu rn ) that a l l  panel

members are experiencing the highest in te n s i ty .
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The panel are not informed of the d i lu t io n  se tt ings , in order to 

avoid anticipated reactions. During the assessment of a sample 

several repeat concentrations are given to  tes t fo r consistency 

of response.

In theory, the larger the panel size the be tte r. However, as 

discussed in Section 3, in practice i t  is d i f f i c u l t  and costly 

to  manage large numbers. Best results  based upon repeat tests 

show that with an experienced panel about 6 is the ideal 

number. This gives a reasonable accuracy without excessive 

e f fo r t .  I
■ ■

The data obtained from the odour panel tests are analysed fo r 

in tensity ,concentra tion  and annoyance by the methods described 

be low.

In tens ity

A p i lo t  experiment was conducted using a social survey to  

determine the perceived numerical spacing between each of the 

in te n s ity  categories l is te d  in Table 8.1 in l in e  with those used 

by Katz and Talbert (1930).
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Table 8 .1 .  I n t e n s i t y  ca tego ry

Nil

Possible 

Very s l ig h t  

S l ig h t 

Moderate 

Strong 

Very strong

Respondents were asked to complete the questionnaire reproduced 

in Figure 8 .8 . ,  i . e .  i f  no odour had the value of zero and a 

very strong odour had the value o f 100, where would each o f the 

other categories appear on the scale 0-100? No s tim u li were 

presented w ith the questionnaire.

The respondents were to ld  tha t:

Possible corresponded to ju s t  detectable.

Very s l ig h t  corresponded to e a s ily  detectable but not 

recognisable.

SI ig h t  corresponded to eas ily  detectable but only ju s t  

recognisable.
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Moderate corresponded to being eas ily  recognisable without 

e f fo r t .

Strong and very strong were s e l f  explanatory.

The mean values fo r  each of the categories obtained from 50 

questionnaires are given in Table 8.2 together with the 

corresponding standard deviations.

Table 8.2. In tens ity  scale

Category Numerical Scale

Mean SO

Nil 0 0

Possible 9 6.0

Very s l ig h t 18 9.8

S lig h t 29 13.3

Moderate 53 13.1

Strong 80 8.3

Very strong 100 0
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F ig u re  8 .8 .  I n t e n s i t y  s c a le  q u e s t i onn a i re

SUBJECTIVE RESPONSE SCALE TO ODOURS

NAME: 

DATE :

( IN IT IA L S )

IF  YOU CAN DETECT ODOUR AS GIVE EQUIVALENT VALUE 
ON SCALE OF 100

N IL

POSSIBLE

VERY SLIGHT

SLIGHT

MODERATE

STRONG

VERY STRONG loo
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These spacings or weightings were subsequently used to find the 

numerically weighted average intensity response for the panel. 

Thus, i f  the number of responses to each intensity category are 

as given in Table 8.3, then

Table 8.3. Number of responses at each intensity

Intensity Number responses Corresponding

weighting

'  ̂ ,1

Nil a 0

Possible b 9

Very slight c 18

Slight d 29

Moderate e 53

Strong f  80

Very strong g 100

the numerically weighted average panel intensity for 

a specific sample (NWI) =

9 X  b + 18 X c + 29 X d + 53 x e + 80 x f  + 100 x g

a + b + c + d + e + f  + g E8.1
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I t  was found that in almost 100% of cases of organoleptic 

testing of samples, i . e .  using an odour panel that, i f  the

dilution factor was plotted against the overall average panel 

in tensity  (NWI) on a log/log scale, then the relationship was a 

straight l in e , e.g. Figure 8.9.

A regression analysis between the odour intensity and

concentration; in terms of dilutions of the original sample, is 

summarised in Table 8 .4 , for the assessment o f te n  typical odour 

samples by three d iffe ren t odour panels. (The fu l l  data can be
;
found in Appendix 1). Even for re la t iv e ly  small numbers of 

observations, the correlation coeffic ient is high with a level 

of significance corresponding to better than 0.01%.

As this relationship depends upon the intensity weightings given 

in Table 8.2, the excellent correlation in Table 8.4 implies 

that the weightings are probably, f a i r ly  accurate. I t  would be a 

study in i t s e l f  to provide further verif ica tion  of the intensity  

wei ghtings.

Using the relationship between log (concentration) and log (NWI) 

i t  is possible to determine the detection and recognition

threshold concentrations from the suprathreshold assessment of

in tensity . This so-called indirect approach is similar to that 

used by Katz and Talbert (1930), Hemeon (1968) and Dravnieks 

(1974) and described in Section 3 (see also Figure 3 .10 ). The 

respective thresholds are the concentrations (dilutions to
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F ig u re  8 .9 .  R e la t i o n s h ip  between average panel i n t e n s i t y  (NWI)

and sample d ilu tion
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threshold) at which the average panel in tensities are 9 and 29

respectively in accordance with the definitions given in

Table 8.1 and the values given in Table 8 .2 .

Concentrati on

The concentration of the samples presented to the odour panel

was obtained by plotting on log probability paper, the sample

dilution factor and the cumulative percentage of panel members 

indicating the ir  response was at least very s lig h t, e.g. 

Figure 8.10. l^esponses given as "Possible" were s p l i t ,  half to 

category "Nil" and half to category "Very S light". The dilution  

at which 50% of the panel gave a positive response to "very 

slight" was taken as the threshold concentration. The 

recognition threshold was determined by plotting the cumulative 

percentage of responses of at least the category "Slight", and 

the dilution at which 50% of the panel give such responses was 

taken as the recognition threshold.

The determination of the detection and recognition thresholds 

from the panel response to certain dilutions w ill  be called the 

direct approach.

Relationship between direct and ind irect methods for  

assessing thresholds

The results of determination of the detection and recognition 

thresholds by the direct and ind irect methods was found to be 

remarkably similar. Appendix 2 reproduces the data used to
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establish the relationship between the two methods. Regression 

analyses of these data gave the relationship in equation E8.2 

for the detection threshold and the relationship in equation 

E8.3 for the recognition threshold.

d irect (d/d) = 1.009 x indirect (d/d) + 19.2 E8.2

R = 0.942 n = 82 with a level of significance better than 0.0001

and

direct (d /r )  = 0.991 x indirect (d /r )  + 100.5 E8.3

R = 0.965 n = 66 with a level of significance better than 0.0001

I t  was found that there was more scatter in the panel responses 

around the threshold concentrations using the direct approach as

indicated by Dravnieks (1974) op. c i t .  in Section 3. At times

th is  made i t  d i f f ic u l t  to obtain a best straight line through 

the data. However, the ind irect approach, i . e .  extrapolating  

from suprathreshold in ten s it ies , was always able to give an 

estimate.

Annoyance

In this study annoyance is judged on a category scale as shown 

in Table 8.5.
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Table 8 .5 .  Annoyance c a te g o r ie s

ni 1

s lig h tly  annoying 

f a i r ly  annoying 

very annoying 

extremely annoying

As with the Intensity Scale, the numeric spacing between these 

categories was determined by resort to a social survey. From a 

sample of 50 questionnaires i t  was found that the spacing was as 

follows in Table 8.6.

Table 8.6. Annoyance scale

Category Numerical Scale

Mean SD

Nil 0 0

S lightly  annoying 17 8.4

Fa ir ly  annoying 42 12.4

Very annoying 77 8.3

Extremely annoying 100 0

By adopting these values as weightings i t  is possible to find  

the panel average annoyance in the same way as was achieved for  

in tensity , i . e .  in Table 8 .7 .
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F ig u re  8 .1 0 .  Typ ica l  r e l a t i o n s h i p  between p o s i t i v e  odour panel

response and sample d i l u t i o n
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Tab le  8 .7 .  Number o f  responses a t  each annoyance

Annoyance Number responses Corresponding weighting

Nil a 0

S lightly b 17

Fa ir ly c 42

Very d 77

Extremely e 100

The numerically weighted average annoyance NWA is calculated as 

follows:

A = 17 X  b + 42 X c + 77 X d 100 x e

a + b + c + d + e E8.4

For example in Table 8.8.
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Table 8 .8 .  C a l c u la t i o n  o f  average annoyance NWA

Sample Percentage distribution of annoyance Average

nil s lig h tly f a i r ly  very extremely annoyance

(0) (17) (42) (77) (100) NWA

A 100 77

B 10 50 40 25.3

Thus an annoyance value can be obtained for each corresponding 

in tensity  and concentration.

8 .3 . Source Measurements

Emission rate

The emission rate of the source of odour is determined from the 

product of the volumetric flowrate and the odour concentration. 

With ducted emissions the volumetric flowrate is obtained in the 

normal way by measuring the velocity  in the duct and the 

cross-sectional area of the duct, such that flow (m^/s) =

velocity (m/s) x area (m^). The emission rate is therefore 

obtained by multiplying by the induct concentration (D/T), i . e .
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emission rate = concentration ra t io  x m3/s. As concentration is 

now dimensioned the emission rate w i l l  have units of volumetric 

flowrate.

Emissions from open and fu g it iv e  sources are constantly diluted  

by the movement of clean a ir  across the source. There w il l  also 

be a concentration gradient v e r t ic a l ly  above the source. I f ,  as 

a f i r s t  approximation i t  is  assumed that the vertica l

concentration gradient is l in e a r ,  then the concentration at

height x w ill  be mid way between that at the surface and that  

measured at a height 2x. I t  follows that the volumetric

flowrate for the concentration at height x w i l l  be the product 

of the cross wind width of the source, the height 2x and the
'i

wind speed, i . e .  the swept volume.

Odour concentration

The odour concentration is determined by f i r s t  co llecting a 

sample of the odour at source in the sampling system described 

in Section 8 .1 . This is then analysed by using an odour panel 

and dynamic dilu tion apparatus to  find the concentration in the 

manner described in the previous section.

The techniques are normally applied to a sample taken at source 

where the concentration is  re la t iv e ly  high but i t  has also been 

applied to ambient a i r .  However, generally a d i f fe re n t  approach 

is used for ambient measurements.
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8 .4 . Ambient Measurements

Intensity

Odour is normally experienced by the general public downwind of 

the source. In trave ll ing  from source to receiver the odours 

are p a r t ia l ly  dispersed by fluctuations in a ir  movements. As a 

result the concentration at the receiver does not remain 

constant but varies in a manner similar to that suggested by 

Figure 8.11a.

For this time history of the concentration there w ill be a 

corresponding frequency distribution figure 8.11b where TD, TR 

and TA are the concentrations at which the odour is detectable, 

recognisable and annoying respectively.

According to Turner (1970) and Hogstrom (1972) the atmospheric 

dispersion of an odorant downwind from a point source behaves in 

a binormal manner (see Section 4.1) and therefore the frequency 

distribution in Figure 8.11b w il l  be normal. Figure 8.11c shows 

the equivalent cumulative frequency d istr ibu tion . A more 

convenient form according to Noll (1977) is the cumulative 

distribution plotted on a normal probability scale. 

Figure 8 . l id .  I f  the frequency d istr ibution is tru ly  normal 

then the d istribution is represented by a straight l in e .
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F ig u re  8.11 Downwind Odour C o n c e n t ra t i o n  Time H i s t o r y
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The main a t t r a c t i o n  o f  the  data in  the  form shown in

Figure 8 . l id  is that the frequency of exceeding a certain  

concentration is expressed as a percentage of the sample time. 

Thus, i f  TR is known then i t  is possible to "read off" the

percentage of time that odours were recognisable.

The relationship i l lu s tra te d  in Figure 8 . l id  provides a very 

convenient way of assessing the in tensity  of the receiver in the 

f ie ld  s ituation.

In this study numerous tests have been conducted by small odour 

panels downwind of a source to determine the reproducibility  

between individuals making observations of odour in tensity.  

This is merely an extension of laboratory work on specific and 

controlled odour samples into the f ie ld  situations where the

actual concentration of the odour sample is unknown.

In tests the observer is asked to note the intensity experienced 

with each breath or s n if f  using the coding 0 for no odour, 1 for  

very slight or detectable, 2 for s light or recognisable, 3 for 

moderate, 4 for strong, 5 for very strong. Thus a set of

observations might be recorded as

00132112100121

Observations normally take place over a period of about 10 

minutes and are recorded on a data sheet as reproduced in 

Figure 8.12. Close agreement has been found between individual
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F ig u re  8 .12 .  Odour su rvey  r e s u l t  sheet

ODOUR SURVEY (1)
JOB NO. SHEET NO •
DATE TIME
POSITION OF MAP
SOURCE POSITION ON MAP
DISTANCE FROM SOURCE M
SOURCE DESCRIPTION
TEMP °c
WIND SPEED m/s
DIRECTION FROM .

N nne ne ene E ese se sse S ssw sw wsw W wnw nw nnw N
CLOUD COVER %

CLOUD TYPE (DELETE OTHERS) HIGH MID LOW

(DELETE OTHERS) ^ L ®  ------ ■

PASQUILL STABILITY TYPE
TIME SOURCE IN POSITION
RESPONSE (eg. 10012310)

SMTr?___ _____________ ___

ODOUR INTENSITY 0 NONE
1 VERY SLIGHT (THRESHOLD)
2 SLIGHT (JUST RECOGNISABLE)

3 MODERATE (EASILY RECOGNIS-
4 STRONG ABLE)

5 VERY STRONG

No,

ODOUR DESCRIPTION 
SMELLS LIKE:-

%1

ANNOYANCE (ONLY TICK TWO CATEGORIES IF  JUDGEMENT LIES BETWEEN) 

NIL SLIGHTLY FAIRLY VERY EXTREMELY

ECI

NWA
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observers for the percentage of the time that odours were 

detectable, i . e .  category 1 and above. The correlation  

coefficent between 62 pairs of observers simultaneously exposed 

to the same odour events was 0.71, corresponding to better than 

the 0.001 level of significance. (The fu l l  data are listed in 

Appendix 3).

I t  should be noted that the in tensity  categories used in ambient 

conditions d i f fe r  somewhat from those used when assessing an 

odour sample with the dynamic d ilu tion apparatus.

Under ambient conditions the in tensity  is not normally steady 

but fluctuating rapidly and therefore i t  is more d i f f ic u l t  to 

use the category of "possible". As a consequence i t  is not 

used. By employing only 6 intensity categories rather than 7 as 

already described, i t  was necessary to redetermine the ir  values 

on the scale 0-100.

From a social survey of 33 respondents the scale was determined 

in Table 8 .9 .
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Table 8.9  I n t e n s i t y  sca le  f o r  f i e l d  o bse rva t io n s

Category Numerical

mean

scale

SD

Ni 1 0 0

Very s li ght 9 3.2

Slight 22 7.8

Moderate 43 11.2

Strong 73 10.3

Very strong 100 0

The intensity classes are to ta lled  for each observer by 

category. For example, an observer may have recorded the to ta ls  

given in Table 8.10.

Table 8.10. Summary of observed odour in tensities

Category Total number of occurrences

0 Nil a : :
1 Very s light b

2 Sli ght c

3 Moderate d

4 Strong e

5 Very strong f
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An average or e q u i v a le n t  co n t in u ou s  i n t e n s i t y  (ECI) f o r  the

observations is calculated from equation 8 .5 .

ECI = b X 9 -I- C X 22 + d X 43 + e X 73 + f  X 100 E8.5

a + b +  c +  d +  e +  f

ECI takes account of the fluctuation of odour intensity with 

time. I t  should not be confused with NWI which is the odour

panel average intensity for steady odours or the average for

maximum odours.

A measure of the spread of values about the ECI is provided by 

estimating the standard deviation of the ECI from equation E8.6.

i . e .  standard deviation = /  T ]x 2 f  - x^ E8.6

V Ë7

where x = category weighting 0 ,9 ,22 ,43 , etc. 

f  -  frequency tota ls  a ,b ,c ,d , etc.

and

X = E f x  E8.7

B

The average ECI for a number of observers is taken as the 

arithmetic mean.
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Annoyance

With fluctuating odour concentrations under ambient conditions 

i t  is reasonable to assume that the annoyance w ill  be dependent 

upon the temporal fluctuations as well as the in tensity. The 

observer w ill average out the fluctuation and have an overall 

impression of annoyance for the observation period. As can be 

seen from Figure 8.12 this assessment of annoyance is 

categorised by the observer.

Other observations made under ambient conditions are also lis ted  

in Figure 8.12.

Measurement of unpleasantness

The hedonic tone is a function of the in tensity as well as the 

type or character of the odour, so that care has to be taken, to 

make assessments under standard conditions. As with other 

investigators, e.g. Dravnieks (1979), the author has adopted 

in tensities  of slight to moderate for assessment purposes. 

Source measurements may therefore need to be prediluted before 

odour profiling  takes place. When assessment takes place in the 

f ie ld  care was taken to work under conditions of re la t iv e ly  

uniform in tensity .

The method of measurement adopted was that of odour p ro filin g  

devised by Dravnieks and described in Section 2.2.
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8 .5 . Summary

A description is given of the design of a simple odour sample 

collection system and portable olfactometer which was used when 

odour intensity and concentration were assessed by odour 

panels. The design incorporates most of the recommendations 

iden tif ied  in Section 3.

Descriptions are also given on the measuring techniques which 

were developed for use in both the laboratory and f ie ld  

situations. These include techniques for odour in tensity ,

concentration and annoyance. Numeric scales were developed for 

quantifying intensity and annoyance so that observations could 

be averaged and analysed by s ta t is t ic a l methods.

No further development was attempted on the measurement of 

hedonic tone or the unpleasantness of odours - a standard method 

was adopted.
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9. ODOUR DISPERSION MODEL

9.1 . Introduction

In order to be able to predict the effect that an odour source 

is l ik e ly  to have on a receiver i t  is necessary to have a means 

of estimating the odour dose. This is usually achieved by a 

mathematical model, several of which were described in Section 4.

The most successful,type of these models appears to be the puff 

model which predicts the short term odour levels corresponding 

with the response time of the human nose. I t  was therefore 

decided to adopt such a model. Although the basic equations and 

principles had been published there was no computer l is t in g  

availab le . A version of the puff model was therefore developed 

for a personal computer.

9 .2 . The Model

The program known as ODF was written in GW-Basic, i . e .  a version 

of the BASIC language written by Microsoft Limited which 

operates in the MSDOS environment. A l is t in g  of ODF is given 

in Appendix 4. I t  contains some novel features which simplify  

the calculations and shorten processing time.
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As with the puff model developed by Hogstrom and described in 

Section 4 .2 , i t  has been assumed that dispersion is made up of 

two terms. The f i r s t  is the diffusion of each individual puff 

i t s e l f ;  the second is the meander in the plume of a series of 

puffs in the large scale turbulence f ie ld .

I t  is further assumed that over a period of time the position of 

the puff centroid w ill follow a binormal d is tr ibution such as 

i l lu s tra te d  in Figure 9.1. Thus there is a certain probability  

of finding the puff centroid on a plane downwind from the source 

depending on i ts  position from the downwind axis.

Not a ll of these puffs will affect the observer. Some w ill be 

too fa r  away. Those that do w ill be passing the observer within 

a distance at which the puff has been diluted to the odour 

threshold. Figure 9.2 i l lu s tra te s  the situation in plan. The 

edge of the puffs passing the observer are the odour threshold 

concentrations. Any puff on the source/observer axis affects  

the observer for a maximum time ( x q / u ) .  Puffs further o ff  axis 

affec t the observer for less time (x ] /u ) .  Puffs passing at a 

distance y = + / -  b from the observer only just brush past the 

observer. Puffs passing at a greater distance must be diluted  

below the odour threshold before they reach the observer. Thus 

there is a c r i t ic a l  distance in the y direction beyond which a 

puff does not a ffec t the observer, because the concentration is 

below the odour threshold: the effect of simultaneous puffs is

ignored.

9.2



Figure 9.1. Probability distribution of puff centroid

p ro b a b i l i ty  d is t r ib u t io n  in th is  area is  known

Figure 9 .2 .  Ground leve l puffs a ffec tin g  an observer

I Loci of passing puff which

' ju s t  skims observer
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odour threshold
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Sim ilarly  there w ill be a corresponding c r i t ic a l  distance c in 

the Z d irection . Figure 9.3.

I f  the observer is at ground level then the area of influence 

through which puffs must pass is a semi-ellipse with a height of 

c and width 2b. The concentration at the observer for a puff at 

any location in the observer plane is given in equation E4.2 as

No = VnNp exp -1

2
-  (M

V  ^ p  /  2  V  d ^ p  / E4.2

when z = 0 y = b 

thus

b = /lOGe / V qNo \

V  U O y p O z p N iJ E9.1

s im ilar ly  when y = o z = c and

c = jL O G e /V qNo \

\  ud^pd^pN-i /

2

E9.2

The tota l time that the observer experiences an odour dilution  

ra tio  N-j and greater, is therefore the sum of the times that 

puff centroids pass through the area of influence.

Since the position of the observer is known in re lation to the 

source i t  is possible to integrate the probability  or percentage 

time that a puff is at each grid point in Figure 9.3 numerically.
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Figure 9 .3 .  Range Over Which Puffs Affect Observer
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To simplify this a simple algorithm was derived for the 

frequency of a normal event depending on its  position from the 

mean in standard deviation units.

The probability  of a normal distribution event occurring is 

given by equation E9.3.

Probability 1 exp/  -z^ \ dz

. Z1 A  2 /  E9.3

(Reference Spiegel 1975)

For 0.1 standard deviation steps E9.3 approximates to E9.4

Percent probability  = 4.47 - 1.98 z

100 E9.4

with a correlation coeffic ient of 0.995.

In carrying out this modelling use was made of the atmospheric 

dispersion parameters for puff diffusion (Turner 1970) and puff 

centroid diffusion in rura l, suburban and urban areas as 

published by Bowne (1974) and discussed in Section 4.
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9 .3 . Model Testing

This odour dispersion model has been tested by comparing 

estimates with observations made on s ite ,  at situations where 

the source emission characteristics were known. Some of the 

data was obtained from published sources but mostly collected by 

the author.

Table 9.1 summarises the observed and estimated percentage times 

greater than odour threshold. These data are plotted in 

Figure 9.4 which indicates that the model gives a good estimate 

in rural s ituations. Agreement is less close in an urban area 

with ta l l  buildings. The reason for this is that the dispersion 

w ill  be distorted by buildings and the dispersion parameters 

used w ill  only be very approximate.

The relationship between estimated and observed values of 

percentage time greater than the odour threshold is given in 

equation E9.5.

Observed = 0 .8 76  X  estimated + 1.48 E9.5

The correlation coeffic ient of 0.98 (p <  0.001) suggests that a 

high degree of confidence can be placed upon the estimates. The 

development of this odour dispersion model has been reported in 

"Atmospheric Environment". A reprint is contained in Appendix 4.
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Table 9.1. Summary of comparison between observed and estimated 

percentage times greater than the odour threshold
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F ig u re  9 .4 .  R e l a t i o n s h i p  between e s t im a te d  and observed percentage

t im e  g r e a t e r  than the  odour t h r e s h o ld
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9 .4 .  Summary

An odour dispersion model was developed based upon the puff 

model principle described in Section 4. The model which was 

written in GW-Basic adopted a s lig h tly  d if fe re n t approach to  

that adopted by e a r l ie r  modellers in that i t  conducted a 

numerical integration of the probability  of exceeding a certain  

concentration in the plane passing through the observer, 

depending upon the position of the puff on the plane. The model 

was tested against f ie ld  data collected both by the author and 

by other investigators and found to provide a good estimate of 

the observed values over a range of conditions.
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10. DATA COLLECTION AND ANALYSIS

Research for this study was developed in laboratory tests and in 

the f ie ld .  Tests conducted under laboratory conditions enabled 

better control of the variables but at the expense of testing  

under s lig h tly  a r t i f ic ia l  conditions, i . e .  not fu l ly  

representing real l i f e  where odours can fluctuate over a very 

short time.

The objective of these tests was to co llec t suffic ient data 

which could be used to id en tify  the important variables for 

assessing odour nuisance and could be used to develop a 

predictive model.

In practice the laboratory and fieldwork were conducted in 

paralle l as the opportunity arose. Some of the information was 

drawn from historical data and the results o f measurements taken 

during work on projects for the author's employer prior to the 

commencement of and during this study.

Information gained under laboratory conditions was tested on 

s ite .  Discrepancies, unexpected features and variations  

observed in the f ie ld  were then studied further under laboratory 

conditions. This i te ra t iv e  process was repeated until a greater 

understanding of the nature of odour nuisance was achieved and a 

predictive model was developed.
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The investigations and tests carr ied  out in the laboratory and

10.1. Laboratory Tests

The main thrust of the laboratory tests was the assessment of

odour samples; usually taken from the source, by odour panels

using the dynamic dilution apparatus and methods described in

Secti on 8.

Types of odours

The types of odours included in this study are l is te d  in

Table 10.1. They cover a wide range of unpleasant smells from 

hedonic tone -0.28 to -2 .23.
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Table 10.1. Types of odours studied in laboratory  tests

Project Type of odour

Pitsea Land Reclamation Household Refuse, Chemicals, Oils
Milk Marketing Board Dried Milk
Gatwick Ai rport A irc ra ft  Engine Exhaust
Campbells Chemicals Pesticides
Cadishead Oil Storage Depot Petroleum Products
Impact Litho Lithographic Printing
Atherstone Solvent Drying Ovens
Cape Boards Fibre Board Curing Oven Emissions
Petroleum Development Oman Crude Oil & Petroleum Products
PDO Single Buoy Moorings Crude Oil Emissions from Tankers
Oman Refinery Company Crude Oil & Petroleum Products
3M Solvent Drying Ovens
Mina al Fahal Industrial Complex Crude Oil & Petroleum Products
Ball & Young Rubber Carpet Underlay Manufacture

Drying Oven Emissions
Reclamation at Corby Steel Works Toxic Waste Ponds
Entec (Pollution Control) Ltd Glass Fibre Reinforced Plastic

Manufacture Fumes
Watneys Brewery Effluent
Springfield Proteins Dried Blood
Blackamoor Lane Land Reclamation P a rt ia l ly  Decayed Waste Chemicals
Hong Kong Gas Works Emissions Associated with Gas

Production
Dover Engineering Foundry
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Data processing and analysis

The empirical data were assembled under the headings given in 

Table 10.2.

Table 10.2. Empirical data categories

1. Substance

2. *Detection threshold ra tio

3. *Recognition threshold ratio

4. Annoyance score

5. Intensity

6. Hedonic tone

* i . e .  d ilution of sample divided by threshold d ilu tions .

In a ll  260 complete data sets were analysed. A fu l l  l is t in g  of 

the data is given in Appendix 6.

Table 10.3 indicates the range of the data tested. Data 2-5 

(Table 10.2) inclusive were transformed to th e ir  logarithm to 

the base 10 to become data items 7, 8, 9 and 10 respectively.

This transformation was undertaken as many of the relationships  

were expected to be of a logarithmic nature
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Data 2-10 were then taken as variâtes and analysed for multiple 

l inear regression relationships between annoyance or log

annoyance and the other independent or predictor variables. An 

Apricot microcomputer was used to carry out this analysis 

running software known as SPP (S ta t is t ic a l Package for Personal 

Computers written by Royson (1984)).

Secondary variables were also derived from the primary

variables, e .g.

ra t io  dilutions to detection 

dilutions to recognition

psychophysical constant

and th e ir  use as predictors was also investigated.

Table 10.4 summarises the results of the multiple regression 

analysis of prediction models fo r annoyance and prediction 

models for in tensity.

Table 10.4 is in four parts; 10.4(a) to  10 .4(d ). Part (a) l is ts  

regression relationships for annoyance, part (b) l is ts  

relationships for the logarithm of annoyance, part (c) 

relationships for intensity and part (d) gives relationships for

logarithm of in tensity.
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In Table 10.4 each model tested is described in three columns of 

data, the f i r s t  column and the pair of columns starting

'COEFFICIENT' then 'F TO REMOVE'. For example, the f i r s t  model 

tested is described in columns 1, 2 and 3. The next model is 

described in columns 1, 4 and 5 and so on.

The f i r s t  column l is ts  the independent or predictor variables

tested against annoyance. The value of the coeffic ien t for the

predictor variable is given under 'COEFFICIENT'. Under the 'F 

TO REMOVE' column are the F ratios for each variable, which

represent the contribution of each variable to the goodness of 

f i t  in the presence of the others. The s ta t is t ic a l  significance 

of the constant (intercept) term is also given to indicate

whether i t  may be omitted from the model. At the foot of each

model is the amount of variance explained and the residual 

standard deviation or standard error of the estimate. Consider 

for example model 3 for annoyance in Table 10.4(a) in columns 1, 

4 and 5. In this model, which is reproduced in equation E lO .l,

the only predictor variable was in tensity  (NWI). Thus:

Annoyance = 0.754 NWI + 2 .8 11  ElO.l

r2 = 0.74 R = 0.86 n = 260 standard error of estimate = 8.903

corresponding to the 0.001 level of significance.

This simple equation gives a good estimate of annoyance,

explaining 74% of the variance without the need to include a

large number of variables. I t  can also be seen that intensity  

is fa r  more significant than the intercept constant.
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Ta b l e  1 0 . 4  Cont i nued

LOG
(ANNOYANCE)

CO
EFFICIENT

F TO 
REMOVE

CO
EFFICIENT

F TO 
REMOVE

Detection
threshold
ratio - 0.004 1.56

Recognition 
threshold 
rati 0 -0 .0 5 5 2.89

Intensity + 0.009 4.96 + 0 .9 97 268.7

Hedonic
tone

- 0.27 8.79 -0.253 7.43

Log
(detection
threshold
ratio ) - 0.329 6.73

Log
(recogniti on
threshold
ratio ) + 0.077 1.86

Log intensity + 0.532 23.51

Psychophysical
constant
1
Constant - 0.142 1 - 0.425 14.4

VARIANCE 
EXPLAINED % 57.1 52.8

RES S.D. 0.541 0.562
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Ta b l e  1 0 . 4  Cont i nue d

LOG
(INTENSITY)

CO
EFFICIENT

F TO 
REMOVE

CO
EFFICIENT

F TO CO
REMOVE EFFICIENT

F TO 
REMOVE

Log
(Detection 
threshold 
ra tio )  = A 0.671 114.22

Log
(Recognition 
threshold 
ra tio )  = B 0.040 0.81

Psychophysical 
constant = C 0.347 10.56

C X  A 0.910 530.7

C X B 0.699 380.1

Constant 0.855 1164.6 1.318 3078.3 0.581 22.53

VARIANCE 
EXPLAINED % 67.3 59.6 65.1

RES S.D. 0.331 0.368 0.343
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I t  can be seen that intensity is the best single predictor of 

annoyance. The relationships given in Table 10.4 also suggest 

that tone is the next most important parameter a fte r  in tensity ,

but only when in combination with in tensity . By i t s e l f  tone is

a poor predictor of annoyance. The psychophysical constant was 

also of l i t t l e  value in determining annoyance.

Contrary to popular b e lie f  neither the detection nor the 

recognition threshold ratios , i . e .  concentrations, are 

particu larly  good predictors of annoyance. Their relationships 

to annoyance in equations E10.2 and E10.3 show that only 38 and 

54% of the variance can be explained, i . e .  correlation

coefficients of 0.62 and 0.74 respectively.

Annoyance = 11.39 logd/^ + 25.03 E10.2

r2 = 0.38 R = 0.62 n = 260 standard error of estimate =13.635  

corresponding to the 0.001 level of significance.

and

Annoyance = 6.28^/p + 12.25 E10.3

r2 = 0.54 R = 0.74 n =260 standard error of estimate = 11.709 

corresponding to the 0.001 level of significance.

The relationships between odour detection and recognition

threshold ratios and intensity are given in equations E10.4 and 

E10.5.
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In tensity = 22.89 log d / j +  12.76 E10.4

r2 = 0.60 R = 0.77 n = 260 standard error of estimate = 12.564

corresponding to the 0.001 level of significance.

Intensity = 8 .1 4  d/p + 1 2 .8  E10.5

r2 = 0.71 R = 0.84 n = 260 standard error of estimate = 10.732

corresponding to the 0.001 level of significance.

I t  was found that the ra tio  of detection to recognition 

thresholds for 250 observations was distributed in the manner 

l is ted  in Table 10.5.

Table 10.5. Ratio of detection to recognition threshold 

for 250 odorous samples

Ratio Number of Percentage

Range Occurrences Occurrence

2 - 6 184 73.6

6 - 10 22 8.8

10 -  20 i 4.4

20 -  30 15 6.0

30 -  40 16 6.4

40 -  50 2 0.8

250 100.0

10.13



These results confirm the findings of other investigators. Huey 

et al obtained a ra t io  of 7 and Heilman and Small (1974)

obtained values in the range 2 to  10.

I t  should be emphasised that a l l  of these relationships are

based upon laboratory assessments of steady odours. We must now 

turn to observations in the f ie ld  to consider the complete

picture.

10.2. Fieldwork

During the studies l is te d  in Table 10.1 i t  was possible to make 

a number of f ie ld  observations and measurements.

These were essentia lly  co llecting data on the observed odour 

in tensity  downwind of the source using the techniques described 

in Section 8 .4 . Observations were also made of the conditions 

during the emission and in some cases the subjective e ffec ts ,  

e ither as annoyance rating or as complaints. In only (two) 

studies was i t  possible to  conduct social surveys to measure 

annoyance from a general population. In other situations where 

annoyance was assessed th is  was done by experienced observers. 

Table 10.6 indicates the range of data collected from f ie ld  

observations. A fu l l  l is t in g  of the data is given in Appendix 7.
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Table 10.6. Descriptive data co llec ted  in f i e l d  situations

ECI ANN Tone

Substance Number Mean SD Mean SD

Observati ons

Styrene 12 19.6 10.5 36.1 29.8 -0.34

Building board

manufacture 4 2.6 1.3 4.3 8.5 -1.07

Dried blood 7 3.9 5.2 8.4 16.1 -2.09

Brewery effluent 1 9.3 17.0 -2.23

Land f i l l  gas 7 7.6 3.7 10.9 15.9 -1.59

Farm silage 1 6.2 8.8 -1.68

Foundry emissions 6 24.9 10.4 69.2 22.9 -1.78

Waste disposal s ite 10 10.9 4.8 24.9 12.8 -1.22

;

Tone mean = -1 .5  SD = 0.61
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These data were analysed using multiple linear regression 

techniques as described in.Section 10.1 "under data processing 

and analysis". Table 10.7 summarises the results of the 

analysis of prediction models fo r annoyance and logarithm (ECI).

The relationship between the in tensity  (ECI) and annoyance 

observed at locations downwind of f iv e  factories and a waste 

disposal s ite  is plotted in Figure 10.1 and given in equation 

E10.6.

Annoyance = 2.61 ECI -  5.28 E10.6

= 0.87 R = 0.93 n = 48 standard error of estimate = 10.274 

corresponding to the 0.001 level of significance.

With the inclusion of tone the relationship becomes that in 

equation E10.7.

Annoyance = 2.759 ECI - 6.51 TON -  15.37 E10.7

r2 = 0.872 R = 0.93 n = 48 standard error of estimate = 9.459 

corresponding to the 0.001 level of significance.

!
The f ie ld  data were also analysed to find the relationship  

between the percentage time (%T) that the odour detection 

threshold was exceeded and the equivalent continuous in tensity  

ECI.

The best " f i t "  of the results from 158 observations using the 

S ta tis tica l Package for Personal Computers (SPP) was the 

relationship given in equation E10.8.
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Table 10.7. M ultip le  l in e a r  regression models

ANNOYANCE CO F TO CO- F TO

EFFICIENT REMOVE EFFICIENT REMOVE

ECI 2.61 313.06 2.759 365.52

TON -6.507 9.27

CONSTANT -5.279 4.99 -15.368 15.03

VARIANCE

EXPLAINED % 87.2 89.4

RES S.D. 10.274 9.459

LOG ECI CO F TO

EFFICIENT REMOVE

% T 0.015 617.0

CONSTANT 0.119 9.58

VARIANCE

EXPLAINED % 79.8

RES S.D. 0.206
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Figure 10.1 Relationship between observed downwind intensity  

and annoyance
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Log ECI = 0.015%T + 0.119 E10.8

= 0.80 R = 0.893 standard error of estimate = 0.206 

corresponding to the 0.001 level of significance.

10.3. Summary

Data collected from the testing of a wide range of odours both 

in the laboratory and f ie ld  situations included odour 

concentration, in tensity , hedonic tone and annoyance. Various 

combinations of the predictor variables have been tested against 

annoyance and intensity in turn, using multiple correlation  

analysis to find relationships for use in a predictive model.

Very significant relationships have been found between annoyance 

and intensity (equation E lO .l ) .  Significant relationships have 

also been found between annoyance and concentration ratio  

(equations E10.2 and E10.3), in tensity  and concentration ratios 

(equations E10.4 and E10.5). In f ie ld  tes ts , annoyance was 

found to be related to the e ffec tive  continuous intensity (ECI) 

(equation E10.6) and the percentage time greater than the odour 

threshold (equation E10.8). '

Each of these relationships are used in Section 12 in the 

development o f.the  odour nuisance assessment model.
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11. DEVELOPMENT OF CRITERIA

Section 5 sets out the current situation with regard to  odour

nuisance c r i te r ia ,  some of the d i f f ic u l t ie s  experienced in

applying the lim its  and recent developments in th is  f ie ld .  In

th is  section an attempt is made to develop these ideas into a

simplified approach compatible with the odour annoyance model

developed in this study.

The c r i te r ia  iden tif ied  in Section 5 which w i l l  be considered 

include the ob jectionability  c r i te r ia  for community annoyance, 

ambient concentrations based upon scentometer readings, ambient

in tensity  c r i te r ia  and the Netherlands odour standards.

11.1. Nuisance C riteria

Objectionability c r i te r ia

Community annoyance caused by odours is assessed by six control 

agencies in the U.S. by the use of ob jectionab ility  c r i te r ia

(see Section 5 and Table 5 .6 ) .

I t  can be argued that an odour nuisance exists or is deemed

objectionable (U.S. terminology) when a certa in  level of

annoyance is exceeded.
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The le v e ls  o f  annoyance used in  t h i s  s tud y  a re :

a) none

b) s l ig h t ly  annoying

c) f a i r l y  annoying

d) very annoying

e) extremely annoying.

I t  is possible to  in te rp re t the annoyance scale as fo llows:

Something that is not annoying is  acceptable. Probably

something tha t is s l ig h t ly  annoying is to le ra b le  and a nuisance

occurs when the s itua tion  is no longer to le ra b le .

Therefore, fa ir ly  annoying is equal to the onset of nuisance.

I f  something is to le rab le  then i t  is not objectionable. 

Conversely we can assume that anything tha t is  not to le rab le  is

ob jectionable , i . e .  Fa irly , very and extremely annoying are a ll

objectionable.

We can therefore assume that at the leve l at which something 

becomes objectionable i t  also becomes a nuisance, i .e .  

Objectionable equals nuisance.

As the level of annoyance W ill vary between ind iv idua ls  i t  is 

necessary to  work with the average or 50% response in respect of 

the community. This is equivalent to  the s itu a t io n  where 50% of
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the population are at least f a i r l y  annoyed, i . e .  50% of

annoyance ra ting  of at least 42 (see Section 8.2 on annoyance 

scaling) is an annoyance of at least 21.

The community odour c r i te r ia  given in Table 5.6 can be

in te rpre ted in terms of community annoyance as indicated in 

Table 11.1.

Thus the c r i t e r ia  adopted in practice (U.S. le g is la t io n )  to

control odours through o b je c t io n a b i l i ty  c r i t e r ia ,  i . e .  at least 

17.3 is  approximately equivalent, to  adopting a community 

annoyance of at least 21 as a nuisance c r i te r io n .

Ambient concentrations

Another approach to obtaining a to le ra b le  level of annoyance is 

to  consider the standards based upon maximum scentometer 

readings. Tables 5.2 and 5.6 are summarised in Table 11.2.

The average ambient l im i t  applied by 12 d i f fe re n t  control 

agencies is  5 d i lu t io n s  to  detection threshold, i . e .  

approximately the threshold of recogn ition. This is  consistent 

with the general consensus that odours become a nuisance when 

they are recognisable - Dravhieks (1979), WSL (1980), Keddie 

(1984) - see Section 2.
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Table 11.1 . Community annoyance

Agency Implied not
objectionable

%
(not annoying 
s l ig h t ly  annoying 
value 0 + 17 = 8.5)* 

2

Objecti onabl e

%
( f  ai rly+very+ 
extremely annoying 
minimum value 42)*

Average 
annoyance 
value 
(mi ni mum)

Polk Country 70 >30 12.6 $

(Iowa)

Cedar Rapids 70 >30 12.6

(Iowa)

St. Louis 70 > 3 0  f>20 people) 12.6

Missouri 25 > 7 5  (>20 people) 31.5

Chatanooga +

Hamilton County 85 >15 6.3

Tennessee

Milwalkee County) 33 >67 28.1

Wisconsin )

Average 41 17.3

*  see Section 8.2 on odour annoyance scaling 

$ e.g. 30% of 42 = 12.6
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Table 11 .2 .  Summary o f  agencies w i th  ambient odour l i m i t  c o n t ro l

regula ti ons

Agency Ambient Lim it

D ilutions to  detection threshold

Polk County ( Iowa) 7 res iden tia l

Cedar Rapids (Iowa) 4 res identia l

St. Louis, Missouri 0 res iden tia l .

Chatanooga + Hamilton

County, Tennessee 0 res iden tia l

Omaha, Nebraska 4 res iden tia l

Colorado 7 res iden tia l

Columbia 1 ns

I l l i n o is 8 res iden tia l

Kentucky 7 ns

Missouri 7 ns

Nevada 8 ns

Wyoming 7 ns

Average 5

ns = not specified
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In Table 8.1 the threshold of recognition was equated to an 

in te n s i ty  of " s l ig h t " .  In Table 8.2 th is  has a numerical value 

of 29 on the in te n s ity  scale. As an observer using a 

scentometer records the maximum concentration experienced and 

takes no account of odour f luc tu a t io ns  he is measuring the 

numerically weighted in te n s ity  (NWI).

By applying equation ElO.l an equivalent value of annoyance can 

be obtained.

Thus

Annoyance = 0.754 NWI + 2.811 ElO.l

Annoyance = 24.7 =25

Ambient in te n s ity

Section 5.1.1 paragraph j  describes the ambient odour in te ns ity  

approach to  assessing odours with the corresponding levels at 

which nuisance occurs. These data are summarised in Table 11.3.
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Table 11 .3 . Odour i n t e n s i t y  and nu isance

Binary ppm̂
butanol butanol
ol Tactometer
port
number

In tens ity
category

Response NWI Annoyance

500

120

60

Strong 

Easily 

noti ceable, 

ju s t

recognisabl e, 

i . e .  s l ig h t  

Faint to 

eas ily  

noti ceable, 

ju s t

recognisable, 

i . e .  very 

s l ig h t - s l ig h t

Nuisance 80 63

Probable 29 25

nuisance

Acceptable 23.5 21

ppmy = parts per m i l l io n  by volume
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Also included in Table 11.3 are the numerical in te n s ity  values 

(NWI) fo r  each in te n s ity  category. These have been used to 

derive the corresponding value of annoyance based on the 

re la t ion sh ip  given in equation E lO .l.

I t  would appear from th is  table tha t nuisance as assessed by 

in te n s i ty  occurs at an annoyance value somewhere between 21 and 

25.

Netherlands odour standards

Consider now the odour standards developed in the Netherlands

and described in Section 5, i . e .  a l im i t  of one odour unit/m^ as

the 99.5 percentile  of the hourly averages over a year fo r  new 

in s ta l la t io n s  and one odour unit/m^ as the 98 percentile  fo r 

ex is t in g  in s ta l la t io n s .

As described in Section 5 i t  is possible to  estimate the

concentration exceeded fo r  any percentile  using the log normal

re la t io n sh ip ,  i . e .

C f  = M ( S g j Z f )  E l l . l

where

C f  = concentration at percentile 

M = geometric mean, i . e .  50 percentile

Sg = standard geometric deviation (Sg is used in order to  avoid 

confusion with cTwhich has a special meaning, i . e .  

standard deviation of the plume concentration d is t r ib u t io n )

Z f  = number of deviations from mean to  equivalent frequency
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I f  in Table 5.7 i t  is  assumed that the 98 percentile  and 99.5 

percentile  fo r  each condition are derived from the same data 

base then i t  is possible to ca lcu la te the geometric mean and 

standard geometric deviation fo r  each condition using 

simultaneous equation E l l . I s .  The results are given in 

Table 11.4.

Of primary importance are the geometric standard deviations 

which when averaged equal 3.28. This l ie s  between that expected 

fo r  an area source, i . e .  2, Voerman (1984), Luna (1974), Knox 

(1974), and that fo r  a point source of 5, Knox (,1974).

Table 11.4. Geometric mean and standard deviation of the odour 

concentration (odour un its /m l)  in res iden tia l areas

near to sources

Number of Complaints Perception Maximum in

companies thresold threshold res iden tia l

M Sg M Sg

areas 

M Sg

Before control 28 0.58 2 .77 0 .07 3 .89 1.3  3 .06

A fte r control 

with complaints 5 0.09 3.60 0.06 3.43 0.33 3 .19

A fte r control 

without complaints 6 0.015 3 .89 0.11 2.42
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Now i t  is  possible to convert the odour standards in to  more 

fa m i l ia r  un its  using th is  geometric standard deviation of 3.28.

For example, s ta r t in g  with the odour standard.

Now 99.5 percentile  = 1 (odour u n i t / m ^ )  hourly average, le t  the

corresponding 50 percentile  concentration = M

since

C = M (Sgl  Z f )

M = 1/(3.281 2.56)

. - .  M = 0.0478

With the geometric mean and standard deviation i t  is possible to 

estimate any percentile  concentration, e.g. 90 percentile  

Cgo = 0.0478 (3.28 1 1.28)

Cgo = = 0.219

The concentrations so obtained are however the hourly averages. 

To be compatible with the system developed here i t  is necessary 

to  consider the short term peak. Methods of making allowances 

fo r  averaging time were discussed in Section 4, Table 4.2.

According to  Turner (1970) the 3 minute average can be obtained 

from the 1 hour average by d iv id in g  by 0.61. According to  WSL 

(1980) the 1 second average can be obtained by m u lt ip ly ing  the 3 

minute average by 10. Thus the corresponding 1 second 

concentrations are 16.4 ou/m^ (99.5 percen ti le ) 3.5 ou/m^ (90 

pe rcen ti le )  and 0.78 ou/m3 (50 p e rce n t i le ) .
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I f  these and other percentile concentrations are p lo tted on log 

normal graph paper as in Figure 11.1, i t  is  possible to obtain 

the percentile  fo r  exceedance of the short term (1-5 second) 

odour threshold or 1 ou/m^, i . e .  41%.

I f  the same process is repeated fo r  the 98 percentile  odour 

standard then we obtain the . corresponding 1 second 

concentrations of 16.4 ou/m^ (98 p e rce n t i le ) ,  66 ou/m^ (90

percen ti le ) and 1.4 ou/m^ (50 pe rce n t i le ) .  Again, i f  these are

p lo tted  in Figure 11.1 with other concentration percentiles 

re la ted to  the 98 percentile  standard then i t  is possible to 

obtain the corresponding percentile  fo r  exceedance of the short

term odour threshold. In th is  case a value of 62% is obtained.

We now have two estimates of the percentage time the odour 

threshold should not be exceeded, i . e .  41 and 62% of the time.

Using equations E10.4 and E10.2 the corresponding values of

annoyance are calculated as 8.9 fo r  new and 23.9 fo r  ex is ting  

premises respective ly.

11.2. Discussion

Table 11.5 summarises the f ind ings from the previous assessments 

of odour standards.
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Table 11 .5 . Summary o f  odour annoyance c r i t e r i a

C rite r ion  Annoyance Value

O b je c t iona b il i ty  >21

Scentometer reading 25

Ambient in te n s ity  21-25

Netherlands 99.5 percentile  (new premises) 8.9

Netherlands 98.5 percentile  (ex is t ing  premises) 23.9

As fa r  as can be determined a l l  these c r i t e r ia  are based upon 

independent assumptions and are not d i f fe re n t  in te rp re ta t ions  of 

the same data. The f i r s t  c r i te r io n  uses only the derived 

annoyance scale. Although the next two c r i t e r ia  re ly  on the 

in te n s i ty  scale and the re la t ionsh ip  given in equation ElO.l 

they are based upon very d i f fe re n t  observations. The second 

c r i te r io n  is  based upon observations re lated to  concentration 

measurements, w h ils t  the th i rd  is  based on a comparison between 

a reference odour in te n s ity  and subjective response. The 

Netherlands odour standards were based upon independent 

empirical data collected from social surveys.
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Except fo r  one c r i te r io n  which is very much s t r ic te r  than the 

others, i . e .  8.9 fo r  new premises, the consensus appears to be 

tha t conditions are no longer acceptable (a nuisance) at a level 

of annoyance of about 23. I f  a l l  c r i t e r ia  are considered 

equally then nuisance occurs at an annoyance of about 21. This 

consensus f igu re  is  used in Section 12 in the development of the 

odour nuisance assessment model.
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12. ODOUR NUISANCE MODEL

12.1. The Model

The re la tionsh ips described in the la s t  three sections can be 

combined to  construct an odour annoyance model fo r  assessing the 

existence of odour nuisance ( i .e .  unacceptable annoyance).

In Section 10, f ie ld  data were analysed to  f in d  the in te r 

re la tionsh ips  between annoyance and the read ily  measurable 

parameters, i . e .

perceived in te n s ity  

hedoni c tone

percentage time greater than the odour threshold 

odour concentration 

psychophysical parameter n.

Tables 10.4 and 10.7 summarise some of the re la tionsh ips and 

th e i r  s ta t is t ic a l  s ign if icance.

Figure 12.1 ind icates how these re la tionsh ips re la te  to each 

other and how an odour annoyance "model" can be constructed.

The percentage time, greater than the odour threshold (%T), can 

be obtained from f ie ld  observations as described in Section 8 or 

estimated using the computer model described in Section 9. The
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F ig u re  12 .1 . The odour annoyance assessment "m ode l"
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%T can then be used with the re la tionsh ips given in equation 

E10.8 to  ca lcu la te the e f fe c t ive  continuous in te n s ity  (ECI). 

A lte rn a t iv e ly  the ECI can be obtained d i re c t ly  from f ie ld  

observations as described in Section 8.4. The ECI is then used 

with the re la tionsh ip  given in equation E10.6 to  estimate the 

corresponding value of annoyance.

A lte rn a t iv e ly  annoyance can be calculated from various 

parameters measured on a sample of the odour in the laboratory. 

These include the measurement of the numerically weighted 

in te n s i ty  as described in Section 8.2 or the concentration as 

described also in Section 8.2.

Neither the psychophysical constant n nor the hedonic tone 

appears to be an important fac to r compared to in te n s ity .  The 

reason why the tone as such is not s ig n if ic a n t  is  that i t  has 

probably already been taken in to  account subconsciously when 

assessing in te n s i ty .  The in te n s ity  and hedonic tone are so 

in te r - re la te d  (see Section 2.2) tha t i t  is almost impossible fo r 

the average observer to separate them.

Whether the annoyance is unacceptable, i . e .  a nuisance (in the 

non legal sense) depends on whether i t s  value exceeds the 

nuisance c r i te r io n  developed in the previous section, i . e .  an 

annoyance o f 21.
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Because the re lationships fo r estimating annoyance are not 

precise the estimated annoyance is  only the mean value w ith in  a 

possible range of values. In accordance with standard 

s ta t is t ic a l  procedures i t  is possible to  f i t  confidence l im i ts .  

However, i f  we consider the estimated annoyance as the mean of a 

normal d is t r ib u t io n ,  then part of the d is t r ib u t io n  could exceed 

the nuisance c r i te r io n ,  as i l lu s t ra te d  in Figure 12.2. The,part 

of the d is t r ib u t io n  exceeding the c r i te r io n  represents the 

p ro b a b i l i ty  of a nuisance occurring.

Figure 12.2. Estimated annoyance and the nuisance c r i te r io n

For s im p l ic i ty  i t  has been assumed tha t the nuisance c r i te r io n  

is a precise value - in practice the c r i te r io n  w i l l  also be a 

d is t r ib u t io n .
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The p ro b a b i l i ty  can be estimated from the residual standard 

deviation (RES.SD) or standard erro r (SE) of estimate associated 

with the re lationships used to  obtain annoyance. (Not to be 

confused with Sg which is the geometric standard deviation and (f 

the standard deviation of the plume concentration d is t r ib u t io n ) .

For example the p ro b a b il i ty  of exceeding the nuisance c r i te r io n  

(Pq) is  the percentage of the normal d is t r ib u t io n  greater than

Nc or 21, i . e .  the shaded area under the curve in Figure 12.2.

Now Pc = 5 0 -  Pa E12.1

where Pa = percentage less than c r i te r io n  but greater than the 

mean.

Pa can be obtained by ca lcu la t ing  the number of standard

deviation unitszbetween the annoyance A and the c r i te r io n ,  21

and then f ind ing  the corresponding p ro b a b i l i ty  from normal

d is t r ib u t io n  tables of the function given in E9.4.

/ 2

P rob ab il i ty  = \ 1 exp / - z ^  \dz  E9.3

where z = 21 -  A E12.2

RES.SD
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In order to  s im p lify  odour nuisance analysis using the 

assessment model a • computer programme has been prepared in 

GW-Basic. A f u l l  l i s t in g  of ONAM (Odour Nuisance Assessment 

Model) is given in Appendix 2.

This programme u t i l is e s  the re la tionsh ips given in Figure 12.1 

and the concept of the p ro b a b i l i ty  of nuisance occurring based 

upon the discussion above. The re la t ionsh ip  described in 

equation E9.4 is used fo r  estimating Pa; the percentage between 

the mean and the c r i te r io n .

For 0.1 standard deviation steps the p ro b a b i l i ty  w ith in  each 

step (dpa) is  given by equation E9.4

dpa = 4.47 - 1.98z E9.4

100

where z is in standard deviation un its  from the mean.

The to ta l  p ro b a b il i ty  Pa is given by equation E12.3

z = 21-A 

Pa = ^  ^ dpa

z = A E12.3

z=21-A

Pa = 1 y ^ / 4.47 - 1.98/ 21- z \ \  E12.4

100 V Vo RES.SD//
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in z = 0.1 standard deviation un it  steps and where A is the 

estimated annoyance.

Residual standard deviations (RES.SD) fo r  each annoyance 

pred ic tion re la tionsh ip  were taken from Tables 10.4.

12.2. Summary

The re la tionsh ips found between the variables measured during 

the data co l le c t in g  stage of th is  pro ject have been brought 

together to  construct the odour nuisance assessment model given 

in  Figure 12.1.

The standard error of estimate associated with each re la tionship  

was used to  provide a p ro b a b il i ty  of a nuisance occurring when 

the derived annoyance was compared with the nuisance c r i te r io n .
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13. ODOUR NUISANCE ASSESSMENT MODEL TESTING

13.I .  The Approach

There are two ways to  tes t the v a l id i t y  of the odour assessment

model described in Section 12.

The f i r s t  method is to study a real s itua tion  and compare 

observed annoyance with predicted annoyance. This would involve 

f i r s t l y  f in d in g  a su itab le  s i tu a t io n ,  where a l l  the parameters 

could be measured and conducting a social survey to  obtain the 

observed community annoyance. At the same time access would be 

necessary to  the source of the odour to  determine i t s  emission

cha rac te r is t ics .

Odour panels would be needed to  determine the source odour 

concentration and in te n s ity .  The panel would also be needed to  

determine the e ffe c t ive  continuous in te n s ity  in the community.

A lte rn a t iv e ly  one can te s t  the elements of the model using 

h is to r ic a l  data collected from previous studies.

The author hoped to  be able to  adopt the f i r s t  approach using

data from a study carried out as part of his employment duties. 

However, the opportunity did not a r ise . Rather than attempt to 

undertake a survey which would be beyond the resources of an 

in d iv id u a l,  the author decided to  use the second method of 

v e r i f ic a t io n ,  i . e .  using published data.
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This has the a tt ra c t io n  of using independent data which, i f  i t  

can be applied, adds extra weight to  the va l ida t ion . However, 

since no other inves tiga to r is  using an iden tica l approach as 

the author there is no one source of data fo r  tes t in g  the model 

f u l l y .  Several cases need to be examined.

13.2. Data Sources

In te s t in g  the odour annoyance model use has been made of the

data co llected by the inves tiga to rs , described in Section 5.
!

The f i r s t  data set orig inates from Goldsmith (1973) collected in 

the study described in Section 5.3.1 and summarised in Tables 

5.8, 5.9, 5.10 and 5.11.

In order to  be able to  use these data i t  is necessary to  express 

them in a compatible form. Annoyance which is given in degrees 

of bother needs to  be converted in to  a numerical scale between 

0- 100.

I f  the highest degree of bother used in the Eureka and Carson 

stud ies, i . e .  "very much bothered" is  taken as 100 and "not 

bothered" taken as zero, then the question is what values should 

be given to  "moderately bothered" and " l i t t l e  bothered"?

Table 13.1 sets out the scale of annoyance used in the 

C a lifo rn ia  Study and that adopted fo r  th is  work on the 

assumption that bother is  another way of describing annoyance.
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Table 13 .1 .  Comparison o f  sca les  o f  annoyance -  C a l i f o r n ia  s tudy

C a lifo rn ia  Study 

(Bothered)

This work 

(Annoyed)

Very much (100) Extremely 100

Moderately (60) Very 77

F a ir ly 44

L i t t l e (17) S l ig h t ly 17

Not (0) Nil 0

"Moderate" (on C a lifo rn ia  scale) would appear to  f a l l  between 

very and " f a i r l y "  (on th is  work's scale).

" L i t t l e "  (on C a lifo rn ia  scale) seems to  equate to " s l ig h t ly " .  

The equivalent numerical values in brackets were derived fo r  the 

C a lifo rn ia  scale. The average numerical values fo r  "very" and 

" f a i r l y  annoyed" was used fo r  "moderately bothered". " L i t t le  

bothered" was given the same value as " s l ig h t ly  annoyed". The 

reader w i l l  reca ll tha t the numerical values fo r  the annoyance 

scale used in th is  work were derived in Section 8.

Once the Eureka and Carson annoyance data can be equated to 

numerical values i t  is  possible to  derive an overall numerically 

weighted annoyance value using the procedure described in 

Section 8 (equation E8.2). The complete translated data fo r  the 

Californ ian study is given in Table 13.2.
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Table  13 .2 . Summary o f  odour exposure and t r a n s la te d  community

annoyance r e s u l t s  f o r  th e  C a l i f o r n ia  s tudy

EUREKA 1969

Area
1 2 3

%T 37.4, 14.1 5.9
95 percentile  concentration + 6.9 3.9 1.0
maximum concentration + 31.6 12.9 3.4
NWA 45.3 34.8 16.0
Number of respondents 52 55 51

EUREKA 1971

Area
1 2 3

%T 19.5 6.0 13.3
95 percentile  concentration + 9.0 6.9 9.1
maximum concentration + 10.95 7.8 14.4
NWA 50.8 35.8 25.5
Number of respondents 45 45 42

CARSON 1972

Area
1 2 3

%T 100 100 100
95 percentile  concentration + 127 131 143
maximum concentration + 204 184 232
NWA 59 52 21
Number of respondents 97 95 99

Footnotes

%T = percentage of observations greater than odour 
detection threshold

+ = d i lu t io n s  to  odour detection threshold

NWA = numerically weighted annoyance •
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As the percentage time observations in the Californian data 

include a l l  wind d irections the reported percentages w i l l  be 

lower than the downwind, % times greater than the odour

threshold, i . e .  short-term frequency or STF, the parameter used 

to  develop the model. The recorded values represent the

long-term frequency LTF of % T.

The 95 percentile  concentrations also contain the effects of 

wind va r ia t ion  but the maximum concentrations w i l l  be more 

representative of the downwind conditions.

The second data set orig inates from the work carried out by 

Copley In ternationa l Inc. (1971) and described in Section 5.3.2 

and summarised in Tables 5.12 to 5.17.

Again, as with the f i r s t  data sets, these need to  be put in to  a

compatible form fo r  use in th is  study.

Annoyance

Annoyance in the Copley study is again expressed as degrees of 

bother but un like the Goldsmith data these are on a s ix  point 

scale. The corresponding annoyance scales fo r  the Copley study 

and th is  study are set out in Table 13.3 together with the 

in te n s i ty  scale used in th is  study.
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A numerical scale in brackets has been assumed fo r  the Copley 

study scale of bother corresponding to  the numerical values of 

in te n s i ty  used in th is  work. This was adopted because of the 

same number of points on each scale and the s im i la r i t y  between 

descrip to rs . The corresponding numerical values on th is  study 

annoyance scale are also very s im ila r .

tab le  13.3. Comparison of scales of annoyance - Copley study

Copley Study 

Degree of Bother

This work 

Annoyed In tens ity

Very much (100) Extremely 100 Very strong 100

Much (73) Very 77 Strong 73

Moderate (43) F a ir ly 42 Moderate 43

L i t t l e (22) S li ghtly 17 S light 22

Very l i t t l e (9) Very s l ig h t 9

Don't know (0) Nil 0 Nil 0

( ) assumed scale

As with the Goldsmith data, once the annoyance results are 

equated to  numerical values i t  is  possible to  derive an overall 

numerically weighted annoyance value fo r  the data given in 

Table 5.16 using the procedure described in Section 8.
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The corresponding values of annoyance fo r the Hawthorne area in 

1970/71 are given in Table 13.4.

Table 13.4. Summary of odour exposure and translated community 

annoyance resu lts  fo r  the Copley study

December March June

%T 50 67.7 72.7

Average peak I(ECI) 15.9 17.0 22.5

NWA 42.5 48.4 54.3

Number of respondents 75 75 75

%T = average of the maximum percentage time detected

peaki = average of the maximum peak in te n s i ty  detected

In tens ity

In the Copley study the scale used fo r  the in te n s ity  was 0-4. 

This is  compared with the in te n s ity  scale used in  th is  study in 

Tabl e 13.5.

Very approximately the Copley study values are numerically one

tw e n ty f i f th  of the values used in th is  study, across a l l

categories. A fac to r of 25 has therefore been applied to  the 

observed in te n s it ie s  reported in Tables 5.13, 5.14 and 5.15

(reproduced as tables 13.6, 13.7 and 13.8).
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As the in te n s i ty  observations in the Copley study include a l l  

wind d ire c t io n s , an average f ig u re  w i l l  tend to be on the low 

side. A more r e a l is t ic  value fo r  the downwind s itua t ion  has 

been taken as the average maximum recorded. A single in te n s ity  

value fo r  each quarter was obtained by taking the average peak 

in te n s ity  over the study area. For example, in Table 5.15 the 

peak recorded at Location No. 1, i . e .  the junction of 142nd and 

Judah Streets in June was an in te n s i ty  of 0.6. The average peak 

in te n s i ty  over a l l  monitoring locations was 0.9 which when 

m u lt ip l ied  by a fa c to r  of 25 equates to  an in te n s ity  of 22.5. 

This and the corresponding in te n s i ty  values fo r  the other 

te s t in g  campaigns are l is te d  in Table 13.4.

Table 13.5. Comparison of in te n s ity  scales used in the Copley 

 ̂ study and th is  work

Copley

Category Scale

This work 

Category Scale

Very strong 4 Very strong 100

Strong 3 Strong 73

Moderate 2 Moderate 43

SIight 1 S ligh t 22

Very s l ig h t 0.5 Very s i i  ght 9

Nil 0 Nil 0
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Table 1 3 .6 . T ra n s la te d  summary o f  odour I n t e n s i t y  o b s e rv a t io n s

December 1970

Summary of D ecem b er ratings in  TA(Hawthonie).
Percent Time Detected and Mean Odor Intensity

D ate:ll/S 0/7d  Date:12A/70 Date:12/2/70 Date:12/3/70 Dated2/4/7C

PEAK

Panelist
Location AM PM AM PM AM PM AM 1 PM AM PM

PEAK

I (Station)
% M 7o M- % m | 7o M % M % M % M; % M 7ol M % M %T

0.4 1 142nd &. Judah • 36 .4 21 .1 39 .3 Z 39

1 0 .3 2 141st & Glasgow 26 .3 9 .1 0 0
26

0.5 3 l^ ls t & Isis
w
w ^ 1 26 .1 44 .5 0 0

5
a

44

0.1 4 l^ t h  & Tudah
k * 11 9 .1

u
a

9

0 .4 5 139th & Glasrrow
o  
<  ; 30 .3 40 .4 0 0

40

0.4 6 139th & Isis
j
a  ■ i i 13 .1 41 .4 2 0 g 41

0.2 7 139th & Judah

a ,

o ' a i 15 .2 11 .1
15

0.7 8 138th & Judah
L.

; U .7 32 .3 20 .2
a
z

61

0.5 11 137ch ?; Glasgow
g
< i ! 7 .1 46 .5 19 .2

s. 46

0.7 12 137th & Isis
c-
D

E-1
Ç 55 .7 28 .5 20 .2

c
c , 55

0.6 13 135th & Glasgow
<
Ü

<
o 19 .2 54 .6 26 .3

z 54

1.0 14 135th & Isis
Z
a a I20 .3 68 IJO 2 0

68

1.4 15 135ah & Tudah
5
u

a
o Icc 1.4 45 0 8 .1 2 100

1.3 16 124th & Glasgow
T-

k 55 .6 79I1.3 56 .6 —
79

1.5 17 134th & Isis
Z

a
z 47 .7 IOCL 20 .2

108

0 .2 21 Wisecum &
18 .2 23 .2 0 0

23

0.6 22 Wisecum St
29 2 50 .6 14 .1

< 50

I
1
1

,Av ,0.64
Av50
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Table 13.7. Translated summary of odour in te n s ity  observations

March 1971

Summary of March ratings in TA( Hawthorne)
Percent Tim e Detected and Mean Odor Inten sitv

Panelist
Location

Date:3/15/71 Date:3/16/7^ Date:3/17/7 Date:3/18/% Date:3/19/7 1
PEAK

PEAK . No AM PM AM PM 1 AM PM AM PM AM PM

I (Station)
% M % M % M % M % 1 M % M % M % M % M % M %T

0.8 ,1 142nd & Judah 20 .1 0 0 0 12 .1 60 .8 35 .3 16 .1 61 .5 61

0 .3 3 141st & Isis cn ■- 5 .1 48 .3 54 .3 13 .1 7 0 0 0 40 .3 22 .1
54

0 .8 4 140th & ludah E 16 .1 27 .3 32 l o 0 33 .4 23 .2 46 .6 65 .8
65

1.1 8 138th & ludah
F
Ü 32 .2 65 .4 11 .1 9 .1 49 .4 17 .1 19 .1 67 1.1

67

1.1 9 138± & Isis s 98 12 16 .1 44 .4 0 0 42 .3 30 .4 32 .3 11 .1
98

0 .5 10 138th & Glasgow
E  :

38 .3 19 . 1 I s . .5 27 .2 11 .1 42 .3 87

0.4 12 137th & Isis
z

f f 47 .4 5 0 15 1. .3 0 0 62 •4 63 .4 63

0.4 15 13 5 ±  & ludah z 19 .1 0 0 0 0 .1 12 .1 56 .4 60 60

0 .2 14 135di & Isis
a
H 22 .2 0 0 l e .1 23 .2 xo .1 23 .2 23

0 .8 13 135± & Glasgow
Z
< 60 .8 62 .7 16 .1 23 . 1 56 .5 39 .2 28 .2 0 C 62

0.7 18 134th & Tudah I I 7 .1 58 .2 11 .1 16 .1 90 .7 90

0.95 17 134th & Isis
a  1 
a  \ 3 0 21 .2 0 0 2 0 t oi 94 .95 2 0 4 0 94

0.3 16 134th & Glasgow
Ch 1

27 .2 40 .3 0 0 0 0 l | 11 .1 48 .3 23 .1 48

1.1 22
Wisecum & 
Tudah a IOC 1.1 57 .6 1

100

1.2 20
Wisecum ii 
Hanr.vcrth 28 .1 39 .4 61 .5 28 .1 41 .3 11 .1 86 1.2 , i .2 86

0 .2 19 132nd & Hindr-; 12 .1 25 2 0 C c 0 0 0 16 .1 20 .1 0 0 25

1
1

Av 0.68 Av 67.7
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Table 13.8. Translated summary of odour in te n s ity  observations

June 1971

Summary of June ratin'^s in TA( Hawthorne).
Percent T im e Detected and Mean Odor Intensity

Panelist
Location

Date: 6/14/71 Daté:6/15/7] Date :6 /16/7 Date: 6/17/7 ^Date: 6 /1 8 /'

PEAK No AM PM AM PM AM PM AM PM AM ; PM
PEAK

I (Station) % M 7o M 7o M % M % M %M % M fo M % M 7o | m %T

0.6 1 142nd & Judah 0 11 .1 1 0 0 0 89 .6 • 0 0 0 0 0 0 89

0.1 3 141st & Isis w 16 .1 3 0 10 .1 8 0 0 0 5 0 16 .1 2 0 16

4 140th & ludah Ê
8 138th & Tudah g

0 .2 9 138th & Isis S 38 .2 1 0 1 0 20 .1 0 0 0 0 0 0 0 0 38

0.5 10 138th & Glasgow
E
P 36 .3 30 .2 1 0 40 .3 0 0 32 .5 5 .1 0 0 40

1.3 12 137th & Isis ,
z

41 .3 27 .1 5 0 12 .1 7 .1 IOC Lt 100

1.5 15 135th & Judah
z.
Z iJ  .1 33 .3 IOC 1.5 39 .3 52 .6 49 .5 41 .4 33 .3 100

0.6 14 135th & Isis
a
h - sJ .6 11 .1 0 0 35 .4 12 .1 33 .3 28 .2 19 .1 57

0.9 13 135± & Glasgow
z
<: 4 0 15 .1 0 0 32 .4 .9 .1 5 0 17 .1 66

1.6 18 134th & Tudah
z i
z^ .4 3J .3 11 .1 92 u l 37 .3 90 .8 .7 .1 10 .1 92

1.1 17 134th & Isis
5 ;
a : sJ .5 sJ 1.1 28 .2 46 ■a! 23 .1 26 .3 10 .1 34 .5 82

0 .6 16 134th & Glasgow
CO.
L. ! 6cl .5 Jo 48 .6 49 .5 8 0 31 .3 23 .2 12 .9 60

0.6 22
Wisecum & 
Tudah .3 7J .4 23 ■2 15 .2 9 0 ICC .6 az! .3 40 4

100

1.7 20
Wisecum & 
Hansworth

<
lO'il.7 id  .1 25 .2: 9 .1 1 0 44 .3 12 ,1 27 .2

100

1.3 19
132nd & 
Hindrv sJu l 52 .21 8 Ü 7 0

84

1
1

,

Av 0.9 1 1
1 Av 72.7
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I t  w ill be recalled that the average peak intensity given in 

Table 13.4 was obtained by the following steps:

1) A category assessment was made on s ite  of the maximum 

in tensity  detected in each one minute period 

(Section 5 .3 .2 ) .

2) These were averaged over four hours (Tables 5.13, 5.14 and 

5.15) to obtain a s ta t is t ic a l measure of intensity very

similar to ECI.

3) As observations were made regardless of wind direction

this study has adopted the average maximum as being

representative of the downwind value.

Temporal Variation

Because observations were made regardless of wind d irection, a

sim ilar argument applies for taking the mean peak percentage 

time that odours were detected. The resultant averages are 

included in Table 13.4.

The th ird  data set is that collected by Winneke and Kastka 

(1977) and described in Section 5 .3 .3 . This was summarised in 

Table 5.18 and is reproduced as Table 13.9 with some

modifications. As the odour annoyance dimensions F I ,  F2 and F3 

accounted for 50, 23 and 24% of the variance respectively, i t  

was assumed that the best measure of tota l annoyance was the sum 

of a ll three. This figure is lis ted  in the appropriate columns 

of Table 13.9 multiplied by 10/3 to convert the scale from 0-30 

to 0-100 for comparison with this work.
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The fourth data set is that collected by Gynp et al (1985) and 

previously described in Section 5 .3 .4 . Very l i t t l e  translation  

of the data is necessary for use in this study. The measured 

annoyance was on a scale 0-10 and therefore values given in 

Table 5.19 need to be multiplied by 10.

For the reasons set out in Section 2 i t  has also been assumed 

that the threshold of complaint as measured by Gynp is 

synonymous with the threshold of recognition and therefore

dilutions to complaint threshold in Table 5.19 can be read as 

dilutions to recognition threshold. These data are reproduced

in Table 13.10.

13.3. Model Testing

The component relationships making up the model set out in 

Figure 12.1 were tested as follows.

13.3.1. Source Parameters to % Time Greater Than The Odour 

Threshold

The dispersion model was tested by comparing the expected % time 

(as given by the dispersion model) with observed % times greater 

than the odour threshold. These comparisons have already been 

described in Section 9 and in particu lar in Table 9.1. The

correlation coeffic ient re lating the observed and estimated

values is 0.98 (Figure 9 .4 ).
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Table 13.10. Summary of odour dose and response reactions near fo u r .d i f fe re n t  sources

SOURCE CONCENTRATION THRESHOLD MEASURED REACTION % %
D/T RATIO ANNOYANCE* DETECTING COMPLAINING

d/d d/c

LAND FILL
WELL 18000 0.55 10 TOLERABLE 30 24
THRESHOLDS
(10000=d/d, 0.11
2000'=d/c
fo r 50% pop) 10000 1.0 17 TOLERABLE 50 30

0.22
6000 1.7 22 UNPLEASANT 66 37

0.33
2000 5 29 UNPLEASANT 87 50

1000 10
1

46 VERY UNPLEASANT 92 66

300 33.3
2

70 TERRIBLE 100 87
6.7 \

FOUNDRY 1000 1 15 TOLERABLE 50 34
THRESHOLDS
(1000=d/d, 0 .8
800=d/c
fo r 50% pop) 500 2 36 UNPLEASANT 86 86

1.6
170 5 .9 60 VERY UNPLEASANT 100 100

4.7
60 16.6 13.3 80 TERRIBLE 100 100

PAINT 120 1 20 TOLERABLE 50 : 34
WORKSHOP 0.71
THRESHOLDS 60 2 36 UNPLEASANT 77 77
(120=d/d, 1.4
85=d/c 20 6 64 TERRIBLE 88 88
fo r 50% pop 4 .3

WASTE WATER 300 . 1 8 TOLERABLE 50 36
TREATMENT 0.8
PLANT
THRESHOLDS 160 1.9 18 TOLERABLE 87 74
(300=d/d, 1.5
240=d/c 55 5.4 32 UNPLEASANT 100 87
fo r 50% pop 4 .4

20 15 44 VERY UNPLEASANT 100 100
12

Foot Notes

d/d = d ilu t io n s  to  detection threshold

d/c = d ilu t io n s  to  complaint threshold (assumed to  be equivalent to  recognition threshold)

*  = tra n s la te d
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13.3.2. Percentage Time Greater Than Odour Threshold and 

Effective Continuous Intensity (ECI) To Annoyance

These relationships are given by equations E10.8 and E10.6, i . e .

logECI = 0.015%T + 0.119 E10.8

and

Annoyance = 2.61 ECI -5.28 E10.6

When combined these equations give the further relationship

E13.1. ^

Annoyance = 2.61 x 10 (0.015%T + 0.119) -  5.28 E13.1

The data used for testing these relationships are taken from 

Table 13.4. These are reproduced in Table 13.11 together with 

the annoyance estimated from equations ElO.6 and E10.8. There 

is a better agreement between the observed and estimated

annoyance from relationship ElO.6, i . e .  0.88, using in tensity  

observations, than there is from both relationships combined 

(E 1 3 .I) ,  i . e .  0.55, starting from observations of the percentage 

times that odours are detected.

One reason for this has already been iden tif ied  as being the

fac t that the observations were made regardless of wind

direction.

13.16



Table 13.11. Testing of relationship ElO.6 and ElO.8 using the

Copley data

December

1979

March

1971

June

1971

Average

% T

Average peak I (ECI) 

NWA

50

15.9

42.5

67.7

17.0

48.4

72.7

22.5

54.3

Estimated ECI from 

equation ElO.8 7.4 13.6

I

16.2

Estimated ECI 

Observed ECI

0.47 0.8 0.72 0.66

Estimated annoyance from 

equati on ElO.6 36.2 39.1 53.4

Estimated annoyance 

Observed annoyance

0.85 0.81 0.98 0.88

Estimated annoyance from 

equation E13.1 14.0 30.3 37.0

Estimated annoyance 

Observed annoyance

0.33 0.63 0.68 0.55

13.17



I f  only downwind observations had been made then the % time and 

in tensity values recorded would have been higher. These would 

have raised the estimated annoyance values and there would have 

been closer agreement between the predicted and observed

annoyance.

There are of course shortcomings in relationships ElO.6 and

ElO.8 as th e ir  correlation coefficients are 0.93 and 0.89 

respectively and there is probably more error introduced in 

using a two stage relationship than estimating annoyance direct 

from observed in tens ity .

13.3.4. Odour Concentrât!on to Annoyance

There are two relationships between the odour concentration in

terms of odour threshold ratios and annoyance depending upon

which theshold is used.

These were given in equations ElO.2 and ElO.3 as

Annoyance = 11.39 log d/d + 25.03 ElO.2

and

Annoyance = 6.28 d /r  + 12.25 ElO.3

The data used for testing these relationships are taken from 

Tables 13.2, 13.9 and 13.10.
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These data are reproduced in Tables 13.12, 13.13 and 13.14

together with annoyance estimated using these two equations.

A summary of the findings is given in Table 13.15.

Table 13.12. Comparison of observed and estimated annoyance 

using data from Table 13.2

Observed 

concent rati on 

(d/d)

annoyance

Estimated

annoyance

Estimated annoyance 

Observed annoyance

31.6 45.3 42.1 0.93

12.9 34.8 37.7 1.08

3.4 16.0 31.1 1.94

10.95 50.8 36.9 0.73

7.8 35.8 35.2 0.98

14.4 25.5 38.2 1.50

204 59 51.3 0.87

184 52 50.8 0.98

232 21 52.0 2.47

•
1.27+/-0.2SE
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Table 13.13. Comparison of observed and estimated annoyance 

using data from Table 13.8 '

Observed 

concentrât!on

(d/d)

annoyance
Estimated
annoyance

Estimated annoyance 

Observed annoyance

16 36.7 38.7 1.06

14 36 38.1 1.06
14 42 38.1 0.91

13 36 37.7 1.05
13 45.3 37.7 0.83
13 42.3 37.7 0.89
16 42 38.7 0.92

30 40.3 41.9 1.04

26 41.3 41.1 1.00
20 35.3 39.8 1.13
19 41 39.6 0.97
18.5 32 39.5 1.23

18 36 39.3 1.09
12 28.3 37.3 1.32
12 50 37.3 0.75
12 51 37,3 0.75
9 31.3 35.9 1.15

9 31 35.9 1.16

7.5 26.7 35.0 1.31

25 27 41.0 1.52
25 26.7 41.0 1.54
13 16 37.7 2.36
13 24 37.7 1.56

2 12.6 28.5 2.26
2 10 28.5 2.85

8 40.7 35.3 0.87
8 31.3 35.3 1.13

1.25 + / -  0.1
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Table 13.14. Comparison of observed and estimated annoyance using data

from Table 13.10

Observed Estimated

d/d d /r  Annoyance Annoyance Annoyance

Estimated 

observed 

from from

from d/d from d/r d/d d/r

0.55 0.11 10 22.1 12.9 2.21 1.29
1.00 0.22 17 . 25.0 13.6 1.45 0.8
1.7 0.33 22 27.7 14.3 1.25 0.65
5 1 29 33.0 18.53 1.14 0.64
10 2 46 36.4 24.8 0.79 0.54
33.3 6.7 70 42.4 54.3 0.61 0.78

1 0.8 13 25.0 17.3 1.92 1.15
2 1.6 36 28.5 22.3 0.79 0.62
5.9 4.7 60 33.8 41.8 0.56 0.70
16.6 13.3 80 52.8 &L8 0.66 1.2

1 0.71 20 25.0 16.7 1.25 0.84
2 1.4 36 28.5 . 21.0 . 0.79 0.58
6 4.3 64 33.9 39.3 0.53 0.61

1 0.8 8 25.0 17.3 3.13 2.2
1.9 1.5 18 28.2 21.7 1.57 1.21
5.4 4.4 32 33.4 39.9 1.04 1.25
15 12 44 38.4 87.6 0.87 2.0

1.21 
+ /-  0.17SE

0.71 
+ /-  0.07SE
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Table 13.15. Summary of comparison between observed and

estimated annoyance using equations ElO.2 and E10.3

Data Ratio estimated 

observed 

Equation ElO.2

annoyance

annoyance

Equati on ElO.3

Goldsmith (1973) 1.27+/-0.2SE

Table 13.2 . n = 9
Î

Winneke + Kastka 1.25+/-0.1SE

(1977,1987) n = 27

Table 13.8

Gynp (1985) 1.21+/-0.17SE 0.71+/-0.07SE

Table 13.9 n = 17 n = 17

I t  can be seen that the two relationships between annoyance and 

odour concentration (ElO.2 and ElO.3) are applied to the three 

independent data sets and that the estimated annoyance 

approximates to that observed.

13.3.5. Nuisance Criterion

Table 5.20 indicates that the l im it  to  tolerable annoyance is 

about 2.1 on the Gynp rating or 21 on the scale of annoyance 

used in this study. These independent data confirm the findings 

in Section 11 which derived the level of unacceptable annoyance 

as about 21.
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1 3 .4 . Summary

Published data have been used for testing the odour nuisance 

assessment model described in Section 12. However, before these

data could be used they had to be converted into a form that was

compatible with the model.

Apart from the odour dispersion model, which was tested in

Section 9, each component of assessment model was tested

ind iv idua lly . Estimates of annoyance using the concentration in 
. . . 1

terms of the detection threshold ra tio , were about 20% higher

than observed. The recognition threshold ratios gave values

about 30% less than the observed levels of annoyance. Estimates

of annoyance based upon the effective  continous intensity were

about 10% lower than observed. The percentage time greater than

the detection threshold under-estimated effective  continuous

intensity (ECI) by about 30%. The nuisance criterion  extracted

from the Gynp study was identical to that developed in

Section 11 as part of the model.

Considering the original form of the published data which were

of unknown accuracy there was generally a good overall agreement 

between the estimated and corresponding observed values. The 

assessment model appears to give re a l is t ic  estimates and can

therefore be assumed to be valid .
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14. CONCLUSIONS

The assessment method which was tested in Section 13.2 and is  

set out in Figure 14.1 was found to  successfully predict 

annoyance with +/-20% of the value obtained by independent 

observers.

Estimates of annoyance based upon intensity and the percentage 

time greater than the odour detection threshold tend to give 

values less than the observed value while estimates based on 

concentrations tend to  be s lig h t ly  in excess of the observed 

value.

For the f i r s t  time, a complete odour nuisance assessment method 

has been assembled which enables the user to assess odour 

exposure for nuisance by many d if fe re n t routes.

Because i t  has been tested against independent observations, 

established odour nuisance standards and guidelines i t  has been 

demonstrated that i t  can be applied to d iffe ren t types of data. 

Unlike the existing situation i t  is not dependent upon one 

particu lar item of equipment, e.g. Warren Spring dynamic 

dilu tion  apparatus or the Scentometer. I t  also eliminates the 

need to rely heavily on the judgement of the assessor.
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The b e lie f  is that this method w ill  now bring a unified approach 

to the assessment of odour nuisance, a greater willingness for 

both the person responsible for the odour and the control 

authorities to investigate, speedier resolution of odour 

problems and a significant improvement in our environment.
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Figure 14.1 Odour nuisance assessment model
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15. RECOMMENDATIONS FOR ASSESSING ODOUR NUISANCE

The way the model is used depends upon the situation being 

Investigated. For example, consider the following scenarios.

15.1. Existing Source-Access Available at the Point of Interest 

Downwind of the Source

In this situation observations would be made at the point of 

In terest of the odour In tensity d istr ibu tion  as described In 

Section 8.4. This would be used to derive the ECI from which 

annoyance can be estimated.

A lternative ly , annoyance can be assessed d irec tly  using an 

experienced odour panel at the point of Interest and applying 

the techniques described In Section 8.

15.2. A Proposed Source for Which the Source Design Emission 

Parameters are Known or an Existing Source with Known 

Emission Parameters Where There is  No Access to the Point 

of Interest or the Point of Interest is  Not Downwind 

During the Assessment Period

In this situation I t  would be necessary to estimate the downwind 

annoyance using the odour dispersion model and the relationship  

between %T and annoyance.

15.1



15 .3 . A Steady Odour in  a Confined Space

In this situation i t  is best to use an odour panel to assess the

odour intensity and derive the NWI according to the steps

described In Section 8.2 from which the annoyance can be

estimated.

I f  an odour panel Is not available then the concentration can be 

measured using a suitable Instrument and making reference to 

published data on the odour threshold. The annoyance would then 

be estimated from the concentration using the appropriate 

relationship. I . e .  detection or recognition.

The accuracy of organoleptic measurements can be Improved I f  

odour panels are used. As described In Section 3 the bigger the 

better. However, results with an acceptable degree of accuracy 

can be obtained by small panels which have been pre-screened and 

trained.

In estimating the annoyance preference should be made of the 

Î approach available with the least number of steps necessary to 

reach the estimate.

Whatever route Is taken to estimate the annoyance, the value 

should be compared with the nuisance c r ite r io n  described In 

Section 11, I . e .  a value of 21.

15.2



The probability of a nuisance occurring can be determined by 

using the procedure described in Section 12 to find the 

percentage of the normal d istribution about the estimated 

annoyance that Is greater than the odour nuisance crite rion  of

The use of the computer model ONAM Is recommended for rapid 

assessment of odour situations.
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16. FURTHER WORK

The aim of this work was to develop improved techniques for the 

assessment of odour nuisance. Table 7.1 l is ted  the more 

important factors which, needed to be considered but in order to 

make advances, research was concentrated on those areas where 

most progress could be made most easily .

What is needed now is for the proposed techniques to be tr ie d  

and tested independently in order to answer the question "how 

easy do others find them to use?".

Further testing of the relationship between annoyance and the 

effec tive  continuous intensity would also be valuable 

p art icu la r ly  i f  i t  were linked to social surveys. The 

recommended techniques relate to re la tive  short term exposure, 

no account has been taken (except possibly during the testing) 

of acclim atisation, long term frequency of exposure and the 

duration of exposure. The relationship between the source of 

the odour and the recipient and past experiences of the odour 

are factors which are probably best tackled by social survey 

techniques.

With regards to modelling the dispersion of odorous gases, 

further work needs to be carried out on the estimation of odours 

downwind of fug it ive  sources, such as a pond, waste t ip  or f ie ld  

where sewage sludge may have been spread.
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The author intends to continue his research beyond thi.s thesis 

in order to answer these questions.
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Appendix 1

Data used for the regression analysis 

between the odour concentration and odour panel's 

average intensity assessment (NWI)



KEY TO DATA

Data no._________ Source d e s c r i p t i o n

A Gas works naphtha loading

B Animal quarantine centre in terceptor

C Glass f ib re  reinforced p la s t ic  manufacture

D Glass f ib re  reinforced p la s t ic  manufacture

E Brewery e ff lu e n t treatment plant

F Gas works cooling tower

G Brewery e ff lu e n t treatment plant

H Brewery e ff lu e n t treatment plant

I Gas works in terceptor

J Gas works diesel exhausts

A l . l



 ̂ No. var 1 var 2 var 3 var 4 F  No. va- i var 2 var 3 var 4
cone nwi iooconc iognwi con: jiw i icgconc iognwi

1 2000.000 .13.500 3.301 1.130 i 2000.000 7.800 3.301 0.892
2 1250.000 18.000 3.097 1 25"' 2 7 c 9 . 000 18.200 2.886 1.260
3 769.000 20.500 2.886 1.312 3 500.000 2..200 2.699 1.326
4 769.000 20.500 i.BuO 1.312 222.000 29.200 2.346 1.465
j 769.000 19:000 2.  ooD 1.279 182.000 43.700 2.260 1.640
b 500.000 24.200 i . 6'77 1.384 b 125.000 58.000 2.097 1.763
1 269.000 27.500 2.461 1.439 100.000 C; I VVU 2.000 1.826
8
9

10

182.000
125.000
100.000

32.300
45.500
61.800

2.260
2.097
2^ K i

1.509  
1 . 65c 
1.791

G no. var 1 
cone '

. var i  
nwi

var 3 
logconc

var 4 
. iognwi

11
12

. 50.000  
. 25.000

65.800
62.200

. i.697  
’ 1.398

i .e i s
1.915 1 769.000

500.000
3.900
5.400

2.886
2.699

V.591
0.732

No. var 1 
cone

var 2 
nwi

var 3 
logconc

var 4 
Iognwi

•j
4

333.000
200 .000  
200 .000

6.700
23.100
23.600

. 2 .522
2.301
2.301

0.826
1.364
1.373

1
2

731.000
588.000

7 / # 0
12.600

2.864
^ 7 6 9

0.857
T.lOO

6
7

143.000
125.000

48.900
44.400

2.155
2 .097

1, 60?
. 1.647

3 333.000 10.800 2.522 1.033 . H No. var 1 var 2 var 3 var 4
4 250.000 13.(W0 2.398 1.114 cone nwi logconc iognwi
5 162.000 10.800 2.260 1.033 ----- -_____________ -  — -----------
6 125.000 17.000 2.097 1.230 1 769.000 3.000 2.886 0.477
7 100.000 15.200 2.000 1.1S2 2 154.000 10.500 2.188 1.021
8 50.000 16.600 l ^ M 1.220 - 125.000 15.300 2.097 1.185
9 25.000 21.000 1.398 1.322 4 100.000 l b . 800 2.000 . 1.225

. , 5 75.000 18.300 1.875 1.262
. No. var 1 var 2 var 3 var 4 6 50.000 24.500 1.699 1.389

cone nwi logconc Iognwi 7 25.000 4c.bUO 1.398 1.666
8 33.000 39.700 1.519 1.599

1 1111.000 5.400 3.046 0 /^ 2 9 25.000 48.200 1.398 1.683
2 833.000 3 .600 2.921 0.556 10 20.000 59.500 1.301 1.775
3 667.000 11.200 2.824 1.049 11 17.000 68.500 1.230 . 1.836
4 500.000 9.000 2 .699 0.954 12 12.500 73.700 1.097 1.867
5 263.000 12.400 2.420 1.093 ,
6 182.000 14.800 2.260 1.170 . I No. var 1 var 2 var 3 var 4
7 132.000 25.800 2.121 1.412 cone nwi logconc iognwi

No, var 1 var 2 var 3 var 4 T 3000.000 9:400 3 .477 0 .973
cone nwi logconc iognwi 2 4000.000 9.000 3 .602 0 .954

3 3000.000 12.600 3.477 1.100
j 500.000 1.800 2.699 0.255 4 1875.000 14.400 3 .273 1.158
2 333.000 5.400 2.522 0.732 . 5 2000.000 16.200 3.301 1.210
3 200.000 59.000 2.301 1.771 6 769.000 20.600 2.886 1.314
4 250.000 18.200 2.398 1.260 7 175.000 49.600 2.243 1.695
5 400.000 17.000 2.602 1.230 8 125.000 69.200 2 .097 1.840
6 222.000 36.000 2.346 1.556
7 200.000 60.000 2.301 1.778 : J No. var 1 var 2 var 3 var 4
8 182.000 77.000 2.260 1.886 cone nwi logconc iognwi
9 143.000 87.000 2.155 1.940 ------ -------- ------- - - - - - - - - - - ----- — ------- ----- -- -- -- -

10 118.000 87.000 2 .072 1.940 1 3000.000 16.800 3.477 1.225

i No. var 1 
cone

var 2 
nwi

var 3 
logconc

var 4 
Iognwi

2
3
4

3000.000
1875.000
1154.000

14.000
26.000  
26.300

3 .477
3 .273
3 .062

1.146
1.428
1.420

1
2
3
4
5

769.000
500.000
206.000  
200.000 
161.000

1.300
3.900
5 .100

25.400
52.000

2.886
2.699
2.456
2.301
2.207

0.114
0.591
0 .708
1.405
1.716

• 5 
6
7
8 
9

1250.000
769.000
500.000
286.000  
200.000

26.300  
29.500
29.000
47.000
73.300

3.097
2.886
2.699
2.456
2.301

1.420
1.470
1.462
1.672
1.865

6 125.000 60.300 2.097 1.780  
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Appendix 2

Data used to establish the relationship between 

the direct and indirect methods of determining 

odour thresholds



KEY TO DATA (d /d )

Data no.  Source d e s c r i p t i o n

1-11 Lithographic p r in t in g  works

12-26 Solvent drying oven

27-40 Oil re f ine ry  emissions

41-43 Solvent drying oven

44-49 Toxic waste ponds
I

50-53 Build ing board manufacture

54-59 Toxic waste ponds

60-61 Glass f ib re  reinforced p la s t ic  manufacture

62-65 Brewery e ff lu e n t treatment

66-67 Land f i 11 gas

68-82 Gas works emissions

A2.1



d/d d/d
No. var 1 var 2 No. var 1 var '2

d ire c t in d ir e c t . d ire c t in d ire c t

1 720.000 720.000 52 740.000 780.000
2 1600.000 1400.000 53 880.000 1200.000
3 160.000 136.000 54 550.000 550.000
4 700.000 600.000 55 620.000 520.000
5 74.000 74.000 56 1250.000 1450.000
6 8000.000 8200.000 , 57 950.000 800.000
7 4800.000 4200.000 i 58 540.000 560.000
8 660.000 780.000 . 59 780.000 1100.000
9 1400.000 1230.000 60 270.000 320.000

10 8500.000 11000.000 61 500.000 530.000
11 6400.000 8500.000 - 62 200.000 200.000
12 12000.OOO • 8000.000 63 320.000 380.000
13 1500.000 1500.000 : 64 230.000 250.000
14 12000.000 8000.000 65 370.000 320.000
15 1800.000 1800.000 66 410.000 400.000
16 2900.000 3000.000 67 740.000 550.000
17 2300.000 2700.000 68 2500.000 2700.000
18 1350.000 1000.000 69 1100.000 1600.000
19 2000.000 1700.000 70 3200.000 ' 2432.000
20 1000.000 900.000 71 1850.000 1500.000
21 920.000 660.000 72 1300.000 1200.000
22 510.000 400.000 73 640.000 860.000
23 500.000 450,000 74 6000.000 9000.000
24 200.000 150.000 75 2300.000 2300.000
25 205.000 140.000 76 3500.000 5400.000
26 195.000 75.000 77 3500.000 4400.000
27 14000.000 14000.000 ■ 78 270,000 230.000
28 620.000 580.000 79 460.000 840.000
29 14000.000 10000.000 80 1500.000 1500.000
30 370.000 330.000 81 255.000 332.000
31 3000.000 5000.000 82 2000.000 2700.000
32 5800.000 2500.000 — ... — ■■■■■■ ■ '
33 1100.000 560.000
34 1200.000 1000.000
35 300.000 500.000
36 480.000 312.000

(37 2500.000 2200.000
32 3400.000 2600,000
39 1800.000 1500.000
40 1800.000 2200.000
41 2100.000 2400.000
42 550.000 500.000
43 700.000 500.000
44 780.000 800 .000
45 125.000 150.000
46 240.000 130.000
47 170.000 165.000
48 250.000 2 8 0 .Ouv
49 400.000 390.000
50 300.000 950.000
51 800.000 700 .000
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KEY TO DATA ( d / r )

Data no._________ Source d e s c r i p t i o n

1-6 Lithographic p r in t in g  works

7-19 Solvent drying oven

20-34 Oil re f ine ry  emissions

35-37 Solvent drying oven

38-40 Toxic waste ponds

41 Build ing board manufacture

42-46 Toxic waste ponds

47 Glass f ib re  reinforced p la s t ic  manufacture

48-50 Brewery e ff lu en t treatment

51 Land f i l l  gas

52-66 Gas works emissions
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d /r
No. var 1 

d ire c t  •
var 2, 

in d ire c t  .
No. var 1 

. d ire c t
var 2 

in d ire c t

1 180.000 220.000 1 . 35 440.000 330.000
2 500.000 370.000 ' 36 270.000 525.000 j
3 4900.000 ;wwLOW 37 125.000 68.000
4 1900.000 2000.000 38 10.000 10.000 .
J 6400.000 7200.000 ' 39 60.000 50XW0
6 3700.000 3300.000 40 155.000 135.000
7 230.000 . 300.000 41 580.000 580.000
8 900.000 6WL0M ' 42 150.000 135.000 '
9 950.000 400.000 43 350.000 230.000

10 650.000 4W%0M 44 900.000 1040.000
11 140.000 75.000 . 4 5 220.000 230.000 1
12 760.000 360.000 46 460.000 560.000 '
13 300.000 . 210/000 47 140.000 110.000 ,
14 240.000 2M.WW 48 50.000 45.000 !
15 135.000 75.000 49 210.000 180.000 ;
16 125.000 105.000 50 95.000 SO.tWO i

17 9.000 26.000 - , 51 290.000 220.000 1

18 50.000 4&^W 52 30Ô.000 " 3ÔÔIÔOOI

19 70.000 32.000 '■ j3 440.000 320.000

20 900.000 830.000 54 250.000 190.000

21 220.000 120.000 . 55 150.000 100.000

22 1700.000 700.000 56 140.000 100.000 ^

23 150.000 MOXWO ■ 57 70.000 68.000

24 130.000 80.000 58 1000.000 540.000

25 790.000 780.000 59 420.000 440.000 :

26 130.000 50.000 60 540.000 170.000

27 45.000 25.000 61 500.000 550.000

28 170.000 120.000 62 6 .800 6.500

29 130.000 60.000 63 40.000 10.000

30 80.000 85.000 64 230.000 170.000

51 560.000 540.000 65 60.000 44.000

32 230.000 110.000 00 1000.000 430.000

33 360.000 340.000
34 d60.OuO 300.000
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Appendix 3

Data used to determine the agreement between pairs 

of observers to fluctuating odour in tensities  

in the f ie ld



KEY TO DATA

Data no.  Source d e s c r i p t i o n

1-5 Land f i 11 gas

6-7 Build ing board manufacture

8-13 Glass f ib re  reinforced p la s t ic  manufacture

14-54 Toxic waste ponds

55-58 Oil re finery  emissions

59-60 Lithographic p r in t in g  works

61-62 Solvent drying oven
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Percentage time greater than the detection threshold

No. var 1 
o b s l

var 2 
D b s 2

No. var 1
O b s l

var 2 
0052

1 52.000 100.000 32 100.000 100.000
2 55.000 100,000 33 79.000 59.000
3 47.000 64.000 34 78.000 71.000
4 79.000 80.000 35 ' 79.000 59.000
5 53.000 45.000 36 67.000 64.000
6 14.000 16.000 37 40.000 27.000
7 34.000 29.000 L 38 38.000 20.000
3 , 89.000 94.500 39 38.000 22.000
9 63.000 90.600 40 100.000 108.000

10 57.000 94.200 41 98.000 84.000
11 47.000 71.400 - 42 88.000 87.000
12 68.000 73.100 43 71.000 63.000
13 35.000 50.000 44 73.000 45.000
14. 84.000 29.000 45 , 3,1.000 36.000
15 36.000 8.000 46 68.000 98.000
16 75.000 42.000 47 52.000 90.000
17 19.000 18.000 48 92.000 93.000

18 69.000 40.000 49 72.000 100.000
19 81.000 88.000 50 54.000 74.000

20 70.000 • 53.000 51 62.000 69.000

21 27.000 12.000 . 52 84.000 100.000
22 43.000 78.000 53 68.000 94.000
23 3,000 0.000 54 100.000 80.000
24 35.000 36.000 5ij 32.000 18.000
25 66.000 66.000 56 64.000 43.000
26 43.000 ■ 26.000 57 71.000 37.000
27 98.000 94.(W0 58 71.000 59.000
28 92.000 93.000 59 38.000 38.000
29 65.000 60.000 60 90.000 33.000
30 54.000 51.000 61 95.000 35.000
31 33.000 24.000 62 14.000 61.000
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Appendix 4

Computer lis tin g  of odour dispersion model 

in GW-Basic



;i REM oci-f -odour frequency s ALB 2/SB 
5 CLEAR
2 0  DIM T ( 1 6 ) , 0 ( 2 ) , R (2 )
60 INPUT"effective height";H 
70 INPUT"wind speed ";U 
SO INPUT"v q 1 flow rate";V 
90 II IPUT"odouI- source cone " ; N 
100 INPUT "odour cone contour";Q 
105 REM
110 FOR 1=1 TO 16 
120 T (I)=0 
125 NEXT I 
135 GOTO 760 
170 REM
200 C(1)=SQR(P%P-R(1)*R(1))210 C(2)=SQR(L*L-R(2)%R(2)) .
220 A=V*N/(3.1416*U*R(1)%R(2)) '
230 B=C(l)/lO:M=C(2)/10 
238 J=0 
240 1=0
2 4 2  T ( 1 ) = S Q R ( 2 * R ( 1 ) * R ( D * L 0 G ( V % N / ( Q % 3 . 1 4 1 6 * U * R ( 1 ) * R ( 2 ) ) ) )

244 T (2)=SQR(2$R(2)t R (2)*LOG(V&N/(Q*3.1416*U*R(1)*R(2))))
2 5 0  REM
2 5 4  IF M*J>T(2) THEN GOTO 500 
260 E=(B*I/R(1))*(B*I/R(1))
270 F=((M*J)/R(2))~2
2 9 0  GOSUB 650
2 9 6  IF  J = 0  THEN LET T  ( 1 0 ) =T ( 1 0 ) +Bï  GO'i 0 3UU
2 9 7 T(11)=T(11)+G 
3 0 0  REM
305 1=1+1 _
3 0 7  IF ((B* I/T ( 1 ) ) •■■■•2+ ( M # J / T  (2 ) ) "2) > 1 THEN GO i 0 C'uziU
3 1 0  GOTO 2 50  
3 2 0  J=J+1: 1=0 
3 3 0  GOTO 2 50  
400 REM
5 0 0  REM
605 B=T(10)+2*T(11)
6 1 0  P R IN T  B ; "  %T> " ; Q ; " DT"
6 2 0  GOTO 5 
650 REM
660 6=4.47-1.98*(H-M*J)/C(2)
6 6 5  IF  G<0 THEN LET G=0 
6 7 0  W=(4.47-i.98*(B*I/C(l)))
675 IF  W<0 THEN LET W=0 
680 G=G%W/100 
6 9 0  RETURN
760 INPUT "sigma yb";P
7 7 0  IN P U T " s i g m a  z b " ; L 
7 8 0  I  l\l PUT " s  i  g m a y  r  " 5 FL( 1 )
7 9 0  INF'UT " s i g m a  z r " ; R ( 2 )
8 0 0  GOTO 170 
9 0 0  END
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A N O V E L APPROACH TO  E S TIM A TIN G  TH E  O D O U R  
C O N C EN TR A TIO N  D IS TR IB U TIO N  IN  TH E C O M M U N IT Y
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WS Atkins &  Partners, Woodcote Grove, Ashley Road, Epsom, Surrey K T18 5BW , U .K .

(First received 6 M a y  19^1 and received fo r publication 3 September 19Z7)

Abstract— A new mathematical model is described for estimating the percentage time that the odour 
threshold is exceeded in the community. Estimates obtained by using the model are compared with 
experimental data to demonstrate the effectiveness over a range o f conditions.

Key word index: Odour, dispersion, modelling, frequency, distribution.

INTRODUCTION

Odours have always been an indication o f air pollution. 
For most people the presence o f an odour is the only 
indication that air quality is not what it should be.

In investigating the likelihood o f community annoy
ance by odours it is necessary to be able to relate the 
characteristics of an odour source with the dose 
received by the community. This is normally achieved 
by mathematical modelling.

Modelling of odour transport and dispersion also 
provides an indication of how much control is 
necessary.

THE HISTORICAL APPROACH

Several approaches have been adopted for modelling 
the dispersion of odours. Wohlers (1963) used a 
dispersion model based on atmospheric dispersion 
theory developed by Sutton (1947) to compare es
timated and actual travel distances from various indus
trial sources, A lack o f agreement was found between 
the estimated and observed concentrations downwind 
using this model. He suggested that this was due to 
odours being transported as discrete eddies. Nordstedt 
and Taiganides (1971) used a similar model to study 
meteorological control of odours during land spread
ing of livestock waste; again without much success,

Gaussian plume models have also been used to 
predict the average concentrations of specific com
pounds downwind of sources based on the 
Pasquill-Gifibrd equations. Turner (1970), i.e.

c(.Y, y, z ,H )  = InOyOM

exp

“ PI

( 1)

where

c(x ,y , z, H ) =  concentration at downwind position 
xyz for a source of effective height H  
(gm"^),

Q =  emission rate (g s *).
U =  wind speed at emission height (m s " /), 
ffy =  standard deviation o f plume concen

tration in the cross wind direction (m), 
=  standard deviation o f plume concen

tration in the vertical (m).

Janni (1982) used such a model to investigate the 
important factors in the dispersion of odours from  
agricultural facilities. He considered that it was regular 
detection o f objectionable odours which produced 
complaints.

These models do not take account o f the short-term 
fluctuations in the concentration due to turbulence. 
According to Murray (1978) such fluctuations are 
important because people respond to detectable odour 
levels lasting o f the order of a few seconds rather than 
over lOm in to Ih  as is assumed in most Gaussian 
dispersion models. Some investigators make allow
ances for this difference in averaging time, Warren 
Spring Laboratories (1980) recommend the use of an 
empirical mean to peak ratio o f 10. Thus, the 3-min 
average concentration estimated by the P. G. 
(Pasquill-Gifford) Gaussian plume dispersion model 
is multiplied by 10 to give the peak occurring for 
periods of 1-5 s. Bahmann and Kropp (1983) have also 
reported an empirical means to peak ratio o f 10,

Finally there are a group o f models which consider 
the odour plume as a series o f puffs. These models, 
which are based on the principles described by Slade et 
al. (1968), usually predict the odour frequencies or 
number o f occurrences that a specified odour concen
tration is exceeded during a given time period, i.e. 
Hogstrom (1972), Murray et al. (1978), McCarthy and 
Dutfee (1980). The classic work which established this 
method of modelling was conducted by Hogstrom

561
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(1972) in association with Lindvall (1970). Hogstrom 
carried out a rigorous mathematical analysis o f the 
problem of dispersion.

In 1964 Hogstrom conducted a series of tests in 
which 30 s pull's of smoke tracer were released and 
photographically tracked downwind. From these ex
periments he extracted horizontal and vertical diffu
sion parameters for puff releases. Using the results he 
suggested (1972) that over a period of several puffs 
dispersion is made up of two terms (Fig. 1). The first is 
the diffusion of each individual puff itself ; the second is 
meander in the plume o f the series o f puffs in the large 
scale turbulence field.

Diffusion o f individual puffs can be represented as 
(Typ (horizontal) and (vertical). Using these par
ameters it is possible to rewrite the standard Gaussian 
plume model to represent the odour dilution ratio at a 
fixed point at any instant of time as

n : = nua,.„(T. exp
yp -p

yr
2a;.p

Hf
(2)

where

/Vj =  odour dilution ratio at receiver,
Fq =  source volume emission rate (m^s“ ‘),
TVg =  odour dilution ratio at source,

M =  mean wind speed (m s“ ‘ ),
3’j =  lateral distance o f plume centroid from the 

receptor position at this instant (m),
/ / j  =  vertical distance of plume centroid from the 

receptor position at this instant (m).

The movement of the whole puff in the large-scale 
turbulence field may be pictured as the meander of 
the position of the centroid of each puff as a series 
of puffs move downwind. This portion of dispersion is 
cr̂ ,̂  and t7j .̂ Hogstrom (1964) stated that the total mean 
dispersions Oy and a. (as used in normal Gaussian 
dispersion models) are related by Equations (3) and (4).

C,2 = G,,z+C,pi.
(3)
(4)

Hogstrom (1972) gives the frequency of concen
trations greater than a certain value by Equation (5).

9o 27IX
(5)

where

fi =  frequency of the ith meteorological situ
ation by stability and wind speed,

9^^9o — non-dimensional measure of frequency of

winds of direction (f)± —
X

during those periods when the concen
tration width is 2y,,

X =  distance from source,
2y,. =  width of instantaneous contour, 

ÿ =  ,weighted mean width of contour.

See Fig. 2 for an illustration of these terms.
Equation (2) is solved for y, to obtain the local 

instantaneous half width of the odorous area at ground 
level. This is integrated over a range of atmospheric 
conditions to obtain the weighted mean width for 
substitution in Equation (5).

Using this mathematical model Hogstrom estimated 
the odour frequency distribution downwind o f a pulp 
mill and compared the results with occurrences re
corded by trained observers. Whilst the correlations 
between the predicted and observed (Table 1) were

B
</>w
X
2//

= The source
= Fixed measurement point with coordinates 
=Wind direction during particular sampling period 
=Xi , concentration %, contour at height z  
«Instantaneous width of contour at fixed 

meosurement point B

Fig. 2. Odorous half width.

Source

Mean wind

Instantaneous
wind

Fig. 1. Puff dispersion parameters.

Table 1. Comparison o f predicted and observed odour 
frequencies

Distance (km) 
Total number o f

2 5 10 20

observations 6426 7490 5528 6976
No. o f positive

observations 696 736 470 360
Observed odour

frequency ( %) 10.8 9.8 8.5 5.1
Predicted odour

frequency ( %) 9.1 5.7 3.2 1.7
Ratio observed

predicted 1.2 1.7 2.7 3.0
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good at short distances from the plant, the method 
tended to underestimate at greater distances.

Hogstrom considered that the discrepancies could 
be due to several reasons. These included:

(1) there was a chemical and/or physical change in 
the odorant which could have led to the lowering of the 
odorous threshold,

(2) the model assumed a single source emitting at a 
constant rate. In reality there were two chimneys on the 
plant and there was some laboratory evidence to 
suggest that emissions had varied,

(3) inaccuracies in dispersion parameters.

Murray (1978) and McCarthy (1980) developed the 
work o f Hogstrom. They simplified and systemized the 
atmospheric dispersion parameters using more recent 
experimental data published by Bowne (1974) for 
dispersion rates in rural, suburban and urban areas.

In their model, known as the TR C  (The Research 
Corporation o f New England, CT) odour model, the 
position o f the puff centroids is generated from a 
normally distributed random number generator with a 
mean value corresponding to the mean wind direction. 
This permits the consideration of several puffs during 
the time period and allows the building of a cumulative 
frequency distribution of dilution ratios for the chosen 
period. Other refinements in this model included the 
entrainment o f the plume in the wake of a building and 
the ability to handle up to 20 simultaneously emitting 
sources and 20 receptors.

Very good agreement has been reported between 
estimates made using the TR C  model and measured 
ambient odour concentrations as indicated in Table 2.

THE NEW M ODEL

The most successful type of these models appears to 
be the puff model which predicts the short term odour 
levels corresponding with the response time of the 
human nose. It was therefore .decided to adopt such a 
model for the author’s work.

A version of the puff model was developed within the 
restrictions o f the computer hardware available, i.e. 
Sharp PC 1245 pocket computer and the author’s 
ability at writing software.

The program was written in Basic and is listed in 
Appendix 1. It contains some novel features which 
simplify the calculations and shorten processing time.

As with other puli' models described, it has been 
assumed that dispersion is made up of two terms. The 
first is the diffusion of each individual puli' itself; the 
second is the meander in the plume of a series of puffs 
in the large scale turbulence field.

It was further assumed that over a period of time the 
position of the puff centroid will follow a binormal 
distribution such as illustrated in Fig. 3. Thus there is a 
certain probability of finding the puff centroid on a 
plane downwind from the source depending on its 
position from the downwind axis.

Not all o f these pull's will all'ect the observer. Some 
will be too far away. Those that do will be passing the 
observer within a distance at which the puff has been 
diluted to the odour threshold. Figure 4 illustrates the 
situation in plan. The edge of the pull's passing the 
observer are the odour threshold concentrations. Any 
puff on the source/observer axis affects the observer for 
a maximum time (xq/u)- Pull's further oIT axis affect the 
observer for less time (xi /u). Puffs passing at a distance 
b from the observer only just brush past the observer. 
Puffs passing at a greater distance must be diluted 
below the odour threshold before they reach the 
observer. Thus there is a critical distance in the y 
direction beyond which a puff does not affect the 
observer, because the concentration is below the odour 
threshold; the effect of simultaneous puffs being 
ignored.

Similarly there will be a corresponding critical 
distance c in the z direction (Fig. 5).

Probability distribution in this area is 
known

Fig. 3. Probability distribution o f puff centroid.

Table 2. Comparison between odour concentrations estimated by the T R C  model 
and ambient measurements

Plant 1 Plant 2
Distance (m) 100 200 460 840

Estimated odour concentration 50 2 13 2
Observed concentration 31 2 20 2

Source M cCarthy (1980) M urray (1978)

T R C — The Research Corporation o f New England, CT.

A5.3



564 A. L. Beaman

Locil of 
passing puff 
which just 
stdms observer

Observer
plane

Puff centre

Plan
Odour threshold

Fig. 4. Ground level puffs affecting an observer.

Fig. 5. Range over which puffs affect observer.

N; = exp -
2(t̂ p

(2)

when z =  o y =  b 

thus

b =  log
yp zp

similarly when y =  o z =  c and

( W _ 2  ,
{nuc,,a^,N,)

c =  log^

(6)

(7)

The total time that the observer experiences an 
odour dilution ratio N-̂  and greater is therefore the sum 
of the times that puff centroids pass through the area of 
influence.

Since the position o f the observer is known in 
relation to the source, it is possible to numerically 
integrate the probability or percentage time that a puff 
is at each grid point in Fig. 5.

To simplify this a simple algorithm was derived for 
the frequency o f a normal event depending on its 
position from the mean in standard deviation units.

The probability of a normal distribution event 
occurring is given by Equation (8)

dz. (8)

For 0.1 standard deviation steps (8) approximates 
to (9)

Percentage probability =
4 .4 7 -1 .98  z

ÏÔÔ “
(9)

I f  the observer is at ground level then the area of 
influence through which puffs must pass is a semi
ellipse with a height o f c and width 2b. The concen
tration at the observer for a puff at any location in the 
observer plane is given in Equation (2) as

with a correlation coefficient o f 0.995.
In  carrying out this modelling, use was made o f the 

atmospheric dispersion parameters for puff and puff 
centroid in rural, suburban and urban areas as pub
lished by Bowne (1974).

M O D E L VERIFICATION

Data collection

In  order to be able to test the model, it was necessary 
to obtain data which included both source emission 
parameters and downwind observations for com
parison with the model output.

Two main sources o f data were employed, i.e. 
Hogstrom (1974) and McCarthy (1980). Hogstrom’s 
data were observations taken downwind o f a Kraft 
paperworks whereas McCarthy’s data were the out
puts o f the TR C  dispersion model for a chemical plant. 
The T R C  model had already been verified by com
parisons with field observations. Further supportive 
data was collected by the author. The means by which 
this was achieved are described in Appendix 2. A  
summary of the data used to test the model is given in 
Appendix 3.

Model testing

The odour dispersion model described above was 
tested by comparing the observed frequency distri
bution with the on axis downwind frequency distri
bution derived from the emission characteristics and 
the meteorological conditions at the time o f the field 
observations.

Figure 6, in which the observed and estimated 
frequencies are plotted, indicates that the model gives a 
good estimate in rural situations. Agreement is less 
close in an urban area with tall buildings. The reason 
for this is that the dispersion will be distorted by 
buildings and the dispersion parameters used will only 
be very approximate. Other reasons for greater varia
bility in the urban area data is the fact that there was 
only one observer. Furthermore because the plume was 
not visible it was not possible to confirm that the 
observation point was always directly downwind.

The relationship between estimated and observed 
values o f percentage time greater than the odour
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threshold is given in Equation (10).

Observed =  0.91 x estimated +1.67. (10)

The correlation coefficient o f 0.97 suggests that a 
high degree of confidence can be placed upon the 
estimates.

CONCLUSIONS

The model described above is seen as a useful tool in 
investigating the likelihood o f odour complaints and 
for the specification of odour control requirements. 
However, this is just the first step. Further field tests are 
required to examine the accuracy of the model over a 
wider range o f conditions. Compatible odour nuisance 
criteria also need to be developed. The author intends 
to report on his work in these areas in due course.
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APPENDIX 1. COMPUTER M ODEL LISTING IN  BASIC

1 R E M  odf2- odour frequency ;
5 C LE A R  ■

20 D IM  T(16), C(2), R(2)
60 IN P U T  “effective height"; H  
70 IN P U T  “wind speed"; U  
80 IN P U T  “vol flow rate"; V  
90 IN P U T  “odour source cone"; N  

100 IN P U T  “odour cone contour"; Q  
105 R E M
110 F O R  I  =  1 T O  16 
120 T ( I )  =  0 
125 N E X T  I 
135 G O T O  760 
170 R E M
200 C (1) =  SQR ( P * P - R ( 1 ) * R ( 1 ) )
210 C (2) =  SQR ( L * L - R ( 2 ) » R ( 2 ) )
220 A =  V *N /(3 .1 4 1 6 * U $ R (1 )$ R (2 ))
230 B =  C (l)/10 : M  =  C(2)/10 
238 J =  0 
240 1 =  0
242 T ( l )  =  S Q R (2 * R ( l ) * R ( l ) * L O G  ( V * N /  

(Q *3 .1 4 1 6 *U *R (1 )*R (2 ))) )
244 T  (2) =  SQR (2 *R (2 )*R (2 ) .L O G  (V * N /  

(Q *3 .1 4 6 *U *R (1 )*R (2 ))))
250 R E M
254 IF  M  * J >  T ( l )  T H E N  G O T O  500 
260 E =  (B * I /R (1 ) ) * (B * I /R (1 ) )
270 F  =  ( (M *J ) /R (2 ))" 2  
290 G O S U B  650
296 IF  J =  0 T H E N  L E T  T(10) =  T(10)-f-G : G O T O  300
297 T (11) =  T (1 1 )4 -G  
300 R E M
305 I =  1 + 1
307 IF  ((B * I / T  (1))" 2 4- (M  * J /T  (2))"2) >  1 T H E N  

G O T O  320 
310 G O T O  250 
320 J =  J + 1:1 =  0 
330 G O T O  250 
400 R E M  
500 R E M
605 B =  T (10 ) +  2 * T ( H )
610 P R IN T  B ;“ % T >  ”; Q ; “D T "
620 G O T O  5 
650 R E M
660 G  =  4.47 — 1.99 * (H  — M  » J)/C(2)
665 IF  G  <  0 T H E N  L E T  G  =  0 
670 W  =  (4 .4 7 -1 .9 9 *  (B *  I/C  (1)))
675 IF  W  <  0 T H E N  L E T  W  =  0 
680 G  =  G * W /1 0 0  
690 R E T U R N  
760 IN P U T  “sigma yb”; P
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770 IN P U T  “sigma zb"; L  
780 IN P U T  "sigma vr"; R ( l)  
790 IN P U T  "sigma zr"; R(2) 
800 G O T O  170 
900 E N D

APPENDIX 2. DATA COLLECTION M ETHOD

Hogstrom (1974) and more recently Thiele et al. (1986) and 
Harssema (1986) have used direct sensory methods to estimate 
the percentage of time that odour thresholds have been 
exceeded downwind o f a source. Teams o f observers were 
required to record the presence and intensity o f odours at 
regular time intervals, the percentage o f the total observations 
with detectable odours being determined from the recorded 
observations. The same basic approach was adopted by the 
author but with certain refinements.

The observers were required to estimate the intensity o f the 
odour experienced with each breath or snifTand to classify the 
intensity on t|ie scale given in Table A l.

A set o f observations might be recorded as 
0 0 1 3 2 1 121 001 21 ....

Observations are normally carried out by two observers 
over periods o f about 10 min, i.e. about 150 sniff samples.

Close agreement has been found between individual ob
servers for the percentage o f the time that odours were at least

Table Al

Intensity Category

Nil 0
Very slight 1
Slight 2
Moderate 3
Strong 4
Very strong 5

Very sliyh: corresponds to 
just detectable but not rec
ognizable.

Slight corresponds to just 
recognizable.

Moderate corresponds to 
easily recognizable.

N il and Very strong are self- 
explanatory.

Strong is midway between 
moderate and very strong.

recognizable, i.e. category 2 and above. The correlation 
between 61 pairs o f independent observers was 0.7.9.

During each observation a record was also made o f the 
meteorological conditions and any other factors which would 
influence the result.
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Data collected in laboratory testing and 

analysed for predictive relationships
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Appendix 7

Data collected in f i e ld  testing and 

analysed for predictive relationships



KEY TO DATA

Data no. Source description

1-12 Glass f ib re  reinforced plastic manufacture

13-16 Building board manufacture

17-23 Dried blood processing

24 Brewery eff luent

25-31 Land f i 11 gas

32 Silage .

33-38 Iron foundry emissions

39-48 Land f i l l  gas

ECI = e f fect ive  continuous intensity

Sd = standard deviation

ann = annoyance

> 1  = percentage time intensity 1 or greater (very s l ight)

> 2  = percentage time intensity 2 or greater (s l ight)

> 3  = percentage time intensity 3 or greater (moderate)

> 4  = percentage time intensity 4 or greater (strong)

5 = percentage time intensity 5 or greater (very strong)

ton = hedonic tone

%t = percentage time greater than detection threshold
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Appendix 8

Listing of the fu l l  odour nuisance assessment model

in GW-Basic



2 0

31

40
4 5
4 9
50 
60 
6 5
6 9
7 0  
8 0  
9 0
OR

ONAM o d o u r  a s s e s s m e n t  m o d e l  : ALB 2 / 8 8  

" O d o u r  N u i s a n c e  A s s e s s m e n t  M o d e l "

'SELECT S T A R T IN G  P O I N T "

"P R E D IC T IO N S "
' s o u r o e  p a r a m e t e r s

'F I E L D  
' i  n t e r r  
' e c i

OB SERVATIONS"
i i  t  y  d i  s  t  r- i  b u t  i o n

9 6  
100 
1 10 
1 1 5  
120
1 3 0
131
1 3 2  
1 3 5  
1 4 0  
1 4 5
1 5 0
151
1 5 2
1 5 3  
1 5 5  
1 6 0  
200
1000

REM 
CLS  
P R I N T  
P R I N T
P R I N T  
P R I N T  
PR I  NT 
P R I N T  
P R I N T  
P R I N T  
P R I N T  
P R I N T  
P R I N T  
P R I N T  
P R I N T  
P R I N T  
P R I N T  
P R I N T  
P R I N T  

IN P U T  ;C
ON C GOSUB 1 0 0 0 , 2 0 0 0 , 3 0 0 0 , 4 0 0 0 , 5 0 0 0 , 6 0 0 0  
CLS
P R I N T  "ANNOYANCE 
S = ( 2 1 - A ) / Z

"LABORATORY T E S T S "  
" c o n c e n t r a t i o n  r a t i o  
" i n t e n s i t y  d i s t r i b u t i o n s  
" a v e r a q e  o d o u r  i n t e n s i t y

4 "
5 "
6 "

M

I F  S > 0  GOTO 1 3 5  
P = 5 0 : S = - S :  GOTO 1 4 0  
P = - 5 0
FOR I = . 1 TO S STEP . 1
P = P + 4 . 4 7 - 1 . 9 8 Y I
NEXT I
P R I N T
P R I N T
PR I  NT
I F  A B S ( P ) > 1 0 0  THEN F - 1 0 0
P R I N T  ; A B S ( P ) ; "  % p r o b a b i l i t y  o f
END

REM

a n u i  s a n c e

1 0 0 1  CLS  
1 0 0 5  CLEAR
1 0 2 0  D IM  T ( 1 6 ) , C ( 2 ) , R ( 2 )
1 0 6 0  I N P U T " e f f e c t i v e  h e i g h t " ; H 
1 0 7 0  I N P U T " w i n d  s p e e d  " ; U

I N P U T " v o l  f l o w  r a t e " ; V 
I N P U T " o d o u r  s o u r c e  c o n e " ; N

REM
FOR 1=1 TO 16  
T ( I ) =0  
NEXT I  
GOTO 1 7 6 0  
REM
C ( 1 ) = S Q R ( P t P - R ( 1 ) * R ( 1 ) )
C ( 2 ) = S Q R ( L * L - R ( 2 ) * R ( 2 ) )  
A = V * N /  ( 3 .  1 416 )kU )K R ( l )  * R  ( 2 )  ) 
B = C ( 1 ) / 1 0 : M = C ( 2 ) / 1 0  
J = 0

1 0 8 0
1 0 9 0  
1100 
1 1 0 5  
1110 
1120 
1 1 2 5  
1 1 3 5  
1 1 7 0  
1200 
1210 
1220 
1 2 3 0  
1 2 3 8
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1 2 4 0  
1 2 4 2  
1 2 4 4  
1 2 5 0  
1 2 5 4  
1 2 6 0  
1 2 7 0  
1 2 9 0
1 2 9 6
1 2 9 7  
1 3 0 0  
1 3 0 5  
1 3 0 7  
1 3 1 0  
1 3 2 0  
1 3 3 0  
1 4 0 0  
1 5 0 0  
1 6 0 5  
1 6 2 0  
1 6 5 0  
1660 
1 6 6 5  
1 6 7 0  
1 6 7 5  
1 6 8 0  
1 6 9 0  
1 7 6 0  
1 7 7 0  
1 7 8 0  
1 7 9 0  
1 7 9 5  
1 8 0 0  
1 8 0 5  
1 8 1 0  
1 8 1 5  
1 8 2 0  
1 8 2 5  
1 8 3 0  
1 8 3 5  
1 8 4 0  
1 8 4 5  
1 8 5 0  
1 8 5 5  
1 8 6 0  
1 8 6 5  
1 8 7 0  
1 8 7 5  
1 8 8 0  
1 8 8 5  
1 8 9 0  
1 8 9 5  
1 9 0 0  
1 9 0 5  
1 9 1 0  
1 9 1 5  
1 9 2 0  
1 9 2 5  
1 9 3 0

1=0
T (1 ) =SQR (2)KR ( 1 ) $R ( 1)  YLOG ( V>KN/ ( Q * 3 .  1416^UH^R ( 1)  * R  ( 2 )  ) ) ) 
T ( 2 )  =SQR ( 2 * R  ( 2 )  >KR ( 2 )  $LOG ( V * N /  ( 8 * 3 .  1416)KU)KR ( 1 ) )!':R ( 2 )  ) ) ) 
REM
I F  MNcJ>T(2)  THEN GOTO 1 5 0 0  
E = ( B * I / R ( 1 ) ) * ( B * I / R ( 1 ) )
F =  ( (M>î;J) /R ( 2 )  ) ••■•■2 
GOSUB 1 6 5 0
I F  J = 0  THEN LET  T ( 1 0 ) = T  < 1 0 ) + G : GOTO 1 3 0 0
T ( 1 1  ) =T  ( 1 1  ) +G 
REM 
1 =  1 +  1
I F  ( ( B *  I  / T  ( 1) ) •■■■•2+ ( M J / T ( 2 )  ) '"2) > 1 THEN GOTO 1 3 2 0
GOTO 1 2 5 0
J = J + 1 : 1= 0
GOTO 1 2 5 0
REM
REM
B = T ( 1 0 ) + 2 * T ( T 1 )
GOTO 1 9 8 5
REM
G = 4 .  4 7 - 1 .  985K ( H - M Y J ) / C  ( 2 )
I F  G<0 THEN LET G=0  
W = ( 4 . 4 7 - 1 . 9 8 * ( B * I / C ( 1 ) ) )
I F  W<0 THEN LET W=0
G = G * W / 1 0 0
RETURN
REM
P R I N T
IN P U T  " s t a b i l i t y  1 - 6  " ; K
P R I N T
IN P U T  " d i s t a n c e  = " ; D  
D = L O G ( D ) * . 4 3 4 3  
I F  K>1 GOTO 1 8 3 5
P=10" -  ( .  6 3 3 * D + .  0 4 6 4 9 * D * D + .  0 0 5 4 3 6 )
L = 1 0 " ( . 1 8 * D + . 1 8 9 * D * D - . 0 8 9 7 9 )
R ( l ) = 1 0 - M . 9 3 * D - . 8 4 5 )
R ( 2  ) =  10 ( .  7 3 3 * D - . 2 8 7  )
GOTO 1 1 7 0
I F  K >2  GOTO 1 8 6 5
P= 1 O' ( .  5 2 8 * D + .. 0 6 2 2 5 * D * D + . 0 1 4 5  )
L = 1 0 - - (  . 1 9 4 * D + .  151  * D * D + .  0 6 9 4 9 1 )
R ( l ) = 1 0 " ( . 9 0 5 * D - . 9 2 )
R ( 2 )  =10" -  ( .  7 2 8 * D - .  4 9 3 )
GOTO 1 1 7 0
I F  K>3  GOTO 1 8 9 5
P= 1 O'" ( .  4 5 1  * D + . 0 7 3 4 * D * D - . 0 1 2 3 3 )
L = 1 0 - - ( .  1 6 7 * D + .  1 4 3 * D * D + .  0 2 6 6 )
R ( 1 ) =10" -  ( .  8 9 9 * D - 1 . 0 4 2 )
R ( 2 ) = 1 O ' ( . 7 2 3 * D - . 7 0 7 )
GOTO 1 1 7 0  
I F  K>4  GOTO 1 9 2 5
P=10'"* ( .  3 7 S * D + .  0 8 4 4 2 * D * D - .  0 2 8 8 6 )
L=10-'" ( .  1 7 9 * D + .  1 0 3 * D * D + .  0 0 5 8 5 5 )
R ( 1 ) = 1 0 " ' ( . 9 1 7 * D - 1 . 2 1 3 )
R ( 2 )  = 10" '  ( .  7 2 7 * D - .  8 9 6 )
GOTO 1 1 7 0
I F  K >5  GOTO 1 9 5 5
P=1 O'" ( . 2 3 8 * 0 + 1 .  1 1 * D * D - .  0 1 0 8 8 )
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1 9 3 5  
1 9 4 0  
1 9 4 5  
1 9 5 0  
1 9 5 5  
1 9 6 0  
1 9 6 5  
1 9 7 0  
1 9 7 5  
1 9 8 0  
1 9 8 5

L = 1 0 ' ( . 1 2 7 * D + 9 . 8 9 0 9 9 9 E - 0 2 * D * D + . 0 0 9 2 5 6 )  
R ( 1 ) = 1 0 " ( . 9 5 4 * D - 1 . 5 8 2 )
R ( 2 ) = 1 0 " ( . 6 5 3 1 . 1 3 2 )
GOTO 1 1 7 0
I F  K> 6 GOTO 1 7 6 0
P = 1 0 " ( . 1 3 5 * D + . 1 2 4 * D * D + . 0 1 0 4 1 )

1 9 8 6
1 9 8 8
1 9 8 9
1 9 9 0
2000  
2 0 0 5  
2010  
2012  
2 0 1 4  
2 0 1 6  
2 0 1 8  
2020  
2 0 3 0  
2 0 4 0  
2 0 5 0  
2 0 6 0  
2 0 7 0  
2 0 8 0  
2 0 9 0  
2100  
2110  
2120 
2 1 3 0  
2140  
2 1 5 0  
3 0 0 0  
3 0 0 5  
3 0 1 0  
3 0 2 0  
3 0 2 5  
3 0 3 0  
4 0 0 0  
4 0 0 5  
4 0 1 0  
4 0 2 0  
4 0 3 0  
4 0 3 2  
4034  
4 0 3 6  
4 0 4 0  
4 0 4 5  
4 0 5 0  
4 0 6 0  
4 0 7 0  
4 0 7 5  
4 0 8 0  
4 0 9 0  
4 0 9 5

L = 1 0 " ( . 0 3 3 5 9 * D + . 1 1 2 * D * D + . 0 2 2 2 5 )
R ( l ) = 1 0 ' ( . 9 3 * 0 - 1 . 7 6 9 )
R ( 2 )  = 1 0  ( .  6 * D - 1 .  3 8 7 )
GOTO 1 1 7 0
A = 2 . 6 1 * 1 0 ' " ( . 0 1 5 * B + .  1 1 9 ) - 5 . 2 8  
Z = 1 . 9 6  
P R I N T  
P R IN T  
GOTO 120  
REM 
CLS 
P R I N T  
P R I N T  
P R I N T  
P R I N T  
P R I N T
IN P U T  " c a t e g o r y  0  == " ; CO 
IN P U T  " c a t e g o r y  1 = " ;  C l  
IN P U T  " c a t e g o r y  2  = " ; C2  
IN P U T  " c a t e g o r y  3 = " ; C3  
IN P U T  " c a t e g o r y  4 =  " ; C4  
IN P U T  " c a t e g o r y  5 = " ; C5  
C T = C 0 + C 1 + C 2 + C 3 + C 4 + C 5  
C 1 = C 1 * 1 0 0 / C T  
C 2 = C 2 * 1 0 0 / C T  
C 3 = C 3 * 1 0 0 / C T  
C 4 = C 4 * 1 0 0 / C T  
C 5 = C 5 * i O O / C T
E = ( C 1 *  9 + C 2  * 2 2 + C 3 * 4 3 + C 4 * 7 3 + C 5 *  1 0 0 ) / 1 On
GOTO 3 0 2 0
REM
CLS
IN P U T  ; " e c i  = " ; E  
A= 2 . 6 1 * E - 5 . 2 8  '
Z = 1 0 . 2 7 4  '
RETURN
REM

" i n p u t  t o t c i l  n u m b e r s  i n  e a c h  i n t e n s i t y  c a t e g o r y "

CLS
P R I N T
P R I N T
P R I N T
P R I N T
P R I N T
PR I  NT
IN P U T
P R I N T
IN P U T

" i n p u t  
" d / d  =  
" d / r  =

T

t y p e  
1 "

o f  c  o n c  e n t r a t i o n "

" c o n c e n t r a t i  o n  r a t i o  
ON T GOTO 4 0 7 0 , 4 0 9 0  
A = 1 7 . 2 9 * . 4 3 4 3 * L 0 G ( R )  + 1 2 . 4 1  
Z = 1 2 . 0 7 7  
GOTO 4 1 0 0  
A = 6 . 2 8 * R + 1 2 , 2 5  
Z = 1 1 . 7 1

R
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4 1 0 0  
5 0 0 0  
5 0 0 5  
5 0 1 0  
5 0 1 2  
5 0 1 4  
5 0 1 6  
5 0 2 0  
5 0 3 0  
5 0 4 0  
5 0 5 0  
5 0 6 0  
5 0 7 0  
5 0 8 0  
5 0 9 0  
5 1 0 0  
5 1 1 0  
5 1 2 0  
5 1 3 0  
5 1 4 0  
5 1 5 0  
5 1 6 0  
5 1 7 0  
6 0 0 0  
6 0 0 5  
6 0 1 0  
6 0 1 5  
6 0 2 0  
6 0 3 0

RETURN 
REM 
CLS  
P R I N T  
P R I N T  
P R I N T  
PR I  NT 
IN PUT  
IN P U T  
IN P U T  
IN P U T  
IN PU T  
IN P U T  
IN P U T

input toLa.1. n u m b e r s  in eau.h int ensity c a t e g o r y "

"nil = ";N1
" p o s s i b l e  = " ; N2  
" very slight. = " ; N3 
"siight = ";N4
" m o d e r a t e  -  " ; N5  
" s t r o n g  = " ; N6
"very srtong = ";N7 

N T = N 1+ N 2 + N 3 + N 4 + N 5 + N 6 + N 7  
N 2 = N 2 * 1 0 0 . / N T  
M 3 = N 3 * 1 0 0 / N T  
N 4 = N 4 * 1 0 0 / N T  
N 5 = N 5 * 1 0 0 / N T  
N 6 = N 6 * 1 0 0 / N T  
N 7 = N 7 * 1 0 0 / N T
N = ( N 2 * 9 + N 3 * 1 8 + N 4 * 2 9 + N 5 * 5 3 + N 6 * 8 0 + N 7 * l o n ) / l O O
GOTO 6 0 2 0
REM
CLS
IN P U T  : " n w i  " ; N 
2 = 8 . 9 0 3
A = . 7 5 4 * N + 2 . 8 1 1
RETURN
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