
Kerosene heat+gas 
Kerosene heater only
Gas stove only
No NO2 Source

Unvented geyser

Vented geyser

No geyser

No Geyser
Vented Geyser

Dijkstra, Houthuijs 
et al., 1990

Unvented Geyser

Kitchen
Living Room
Bedroom
Outdoor
Personal

All
No Geyser
Vented Geyser
Unvented Geyser

Kitchen
Living Room
Bedroom
Outdoor

Classroom 
Outdoor (school)

New Haven, CT, 
USA

Netherlands

Netherlands

Netherlands

London

1977 - 1978, 
May to April

1982, 
November 

and 
December

1983, Winter

1984

Watertown, MA; 
Kingston, TN; 
St. Louis, MO; 
Steubenville, 
OH; Portage, 

WI; Topeka, KS, 
USA

3 sets of measurements for each 
household. Personal and peak 
personal (during use of gas-fired 
appliances) for mothers and 
children.  Indoor (kitchen, living 
room and bedroom) and peak 
indoor (in kitchen and living room 
during use of gas-fired 
appliances) for each home.  
Indoor (classroom) and outdoor 
for each school.

1 week Palmes

1985 & 
1987, 

January

1987 - 1988, 
December to 

January

1985 & 
1987, 

January

ug/m3

N/A
1 set of measurements (kitchen, 
living room, child's bedroom and 
outdoor) per site. 

Personal (weekly 
and peak), 

Indoor 
(residential, 
weekly and 

peak), Indoor 
(classroom) and 
Outdoor (school)

1 week Palmes ppb

23 Housewives

1988, 
February

1984, April, 
October and 
December

Indoor and 
Outdoor 

(residential)
29

4 homes with electric 
cookers, 20 with gas 
cookers, and 5 with gas 
cookers and kerosene 
heaters

N/A

Indoor 
(residential)

Personal

Personal, Indoor 
and Outdoor 
(residential)

11 homes in Taipei City 
(urban) and 12 homes in 
Central Taiwan (rural).

1 week

1 week Palmes ug/m3

Palmes ug/m3

ppb
1 week for Palmes 
tubes and 2 days 

for badges.

1 set of measurements (kitchen, 
living room and bedroom) per 
site.

N/A 56

23

1 measurement per child. N/A

N/A N/A

2 simultaneous sets of 
measurements (personal, kitchen, 
living room, bedroom and 
outdoor) taken for each 
participant.  1 set with Palmes 
tubes, and 1 set with badges. 

Children 6-12 years of age.  25 
from homes without gas-fired 
geysers, 15 from homes with 
vented geysers, and 16 from 
homes with unvented geysers.  

Palmes tubes 
and badges. 

1 sample (taken in the living 
room) every 6 days for 1 year.

1 set of measurements (kitchen, 
bedroom and living room) per 
site.

At least 1 set of measurements 
(kitchen, living room and 
bedroom) per home.

1 set or measurements (personal, 
kitchen, living room, bedroom and 
outdoor) per participant.

313 in homes in rural areas 
and 299 homes in urban 
areas.

Table 3.3  Studies Measuring Personal, Indoor and Outdoor concentrations of NO2

Noy, Brunekreef et 
al., 1990

Speizer, Ferris et 
al., 1980

Remijn, Fischer et 
al., 1985

Berwick, Leaderer 
et al., 1989

Fischer, Brunekreef 
et al., 1989

Brunekreef, 
Houthuijs et al., 

1990

Houthuijs, Dijkstra 
et al., 1990

Melia, Chinn & 
Rona, 1990

Chan, Yanagisawa 
& Spengler, 1990

Vlagtwedde and 
Vlaardingen, 
Netherlands

Taipei and 
Central Taiwan

Veenendaal, 
Netherlands

612 612

Homes of children 
participating in the study.

Women

876

Indoor 
(residential)

Indoor 
(residential)

Indoor 
(residential)

Personal, Indoor 
and Outdoor 
(residential)

(not 
reported)

N/A N/A

152 N/A N/A

Homes representative of the 
overall population being 
studied.

Homes of non-smoking, 
adult women

62 Residential homes N/A N/A

24 hours Bubbler ug/m3

1 week Palmes ug/m3

2 weeks Palmes ug/m3

1 week Palmes ug/m3

110 107 homes and 3 schools 193 107 mothers and 86 children

Reference
Year & 

Season of 
Study

Location
Exposure 
Measured

# of 
Sites

Duration
Sampler 

Used
UnitsSite Description

# of 
People

Subject Description Number of Measurements



Median 95%ile
Electric Gas Electric Gas Electric Gas

Portage 3.6 14.7 2.13 1.02 17.6 39.3
Topeka 19.4 31.6 1.26 41.6 73.6
Kingston 10.9 1.43 29.8
St. Louis 17.1 40.8 2.01 1.42 63.3 79.3
Steubenville 21.9 27.4 2.59 2.24 74.5 103.9
Watertown 41.4 54.3 1.14 1.21 95.2 116.3

Kitchen 79 2.2 391 9
Living Room 39 2 241 9
Bedroom 23 1.5 66 8

n Kitchen Living  Bedrm Average
6 89.5 76 105 90
49 41 43 38 71
13 41 25 29 31
4 6.4 6.2 5.2 5.9

Urban Rural Urban Rural
Kitchen 120 143 55 60
Living 55 51 24 30
Bedroom 39 23 17 11
Personal 58 55 21 17
Kitchen 71 60 53 38
Living 43 34 26 21
Bedroom 35 15 27 6
Personal 43 41 43 26
Kitchen 49 32 30 24
Living 32 23 23 19
Bedroom 23 11 8 4
Personal 36 23 19 17

n indoor 75%ile 25%ile
597 23.6 24 14
135 40.3 50 24

144 61.7 73 46

Palmes Badges Palmes Badges Palmes Badges Palmes Badges
34.4 25.6 24.5 24.7 9.1 9.3 6.6 10.9
32.1 22.6 20.4 18.8 9.6 8.4 5.9 7
29.7 20.5 17.5 15.4 9 6.5 5 6.5
40.1 25.7 23.5 20.3 9.6 10.5 6.3 5.9
30.8 22.3 19.9 17.3 5.7 6.1 6.4 6.6

1995 1997 1995 1996 1995 1997 1995 1997
29.9 27.6 11.3 13
22.6 21.2 6.1 8.6 42.2 46 14.7 11
27.9 25.3 7.8 8.8 40 40 14 10
43.3 39.6 8.3 14.1 54.8 66 24.6 17

overall kerosene gas
34.7 36.9 19.2
23.3 37.8 24.4 13.7
23.5 65.9 24.1 12.9
21.4

Apr. Oct. Dec. Apr. Oct. Dec. Apr. Oct. Dec.
12 14 12 Per. 25 24 24 1.6 1.6 1.6
34 40 51 Per. (child) 22 22 22 1.5 1.4 1.5

Kitchen 28 30 30 2.2 2 2.1
Living Room 22 24 24 2 1.9 2
Bedroom 16 17 16 1.5 1.4 1.5
Peak 144 614 10
Peak (child) 139 767 7
Peak 209 2509 35
Peak (living) 129 1182 19

Values collected used to estimate 
personal exposures ranging from 11 to 
139 ug/m3, with a geometric mean of 39 
ug/m3.

If short term exposure is more 
instrumental in causing pulmonary 
function changes it would be best to 
monitor short term rather than long term 
concentrations.

Unvented water heaters a major source 
of NO2 in Dutch homes.  Inconclusive 
differences between urban and rural 
results.  

Measurements by Palmes tubes 1.5 
times higher in the city than the rural 
area, measurements by badges 1.2 
times higher, with the exception of 
kitchens.  Indoor trend from high to low 
was kitchen, living room, bedroom in 
both areas.  

Weak association between measured 
weekly average exposures and peak 
exposures, both personal and indoor.  
Presence of an unvented gas geyser was 
significantly associated with mean peak 
concentrations.  Presence of gas cooker 
was weakly associated with peak levels 
and it is hypothesized that usage 
patterns rather than presence/absence 
would be a  better predictor of peak 
levels.  

Indoor NO2 levels highest in kitchens.  
Gas cooker associated with significant 
increase in NO2 level in kitchen and 
living room and kerosene heater in living 
room associated with increase in NO2 

level in living room.  

Taipei City Central Taiwan

Good test/retest correlation between 
1985 and 1987 indoor results (results not 
shown), showing excellent 
reproducibility.    

Central TaiwanTaipei City

NO2 levels 4 to 7 times higher in homes 
with gas stoves than in homes with 
electric.  24-hour measurements were 
generally lower than the US federal 24-
hour standard.  Peak levels in excess of 
1100 ug/m3 occurred regularly.

Results
Median/Geometric Mean Maximum

Geometric 
Standard Deviation

Minimum Standard DeviationMean

Measured Concentrations of NO2



Reference
Year & 

Season of 
Study

Location
Exposure 
Measured

# of 
Sites

Duration
Sampler 

Used
UnitsSite Description

# of 
People

Subject Description Number of Measurements

1
2
3
4
5
6
7
8
9
10
11
12
13

Inside shops
Outside shops
Inside offices
Outside offices

Bedroom
Hall
Kitchen
Outdoor
I/O ratio

Watertown

Kingston

St. Louis

Steubenville

Portage

Topeka

All

Gas Stove
Smoker
Controls

Kerosene heater
Gas stove
Smoker
Controls
Overall

Summer 1998
Winter 1988-1989
Summer 1989
Winter 1989-1990
Summer 1990
Winter 1990-1991

Japan

Hong Kong

Tucson, AZ, 
USA

Lambert, Samet et 
al., 1992

Liao, Baconshone & 
Kim, 1991

Quackenboss, 
Krzyzanowski & 
Lebowitz, 1991

Madany & Danish, 
1991

1985, Winter

1990, July to 
September 

1983, Winter 
and Summer

1986 - 1988, 
May to 

November

Winter and 
Summer

1989

1988-1991: 
October to 

March

N/A

1657
Residences of subjects 
participating in the study. 

2 sets of measurements (kitchen, 
living room, bedrooms and 
outdoor) per site.

Watertown, MA; 
Kingston, TN; 
St. Louis, MO; 
Steubenville, 
OH; Portage, 

WI; Topeka, KS, 
USA

Indoor 
(residential)

Chapel Hill, NC, 
USA

Los Angeles, 
CA, USA

Albuquerque, 
NM, USA

Indoor 
(residential)

N/A
1 set of measurements (kitchen 
and living room) per site.

3 days
Homes built between 1980 
and 1984 with wood frame 
construction.

13

Homes evenly distributed 
throughout the country.

1 set of measurements in each 
home (kitchen, living room and 
main hallway).

1 set of measurements (indoor 
and outdoor) per site.

ppb
20 mothers and 20 children, 
aged 0 to 5 years.  

SUMMER

WINTER20

5 homes with gas stoves;  5 
homes with kerosene space 
heaters;  5 homes with 1 or 
more smokers;  5 controls 
(with none of the above)

40

ppb

Yoshino, 
Matsumoto et al., 

1990

Adgate, Reid et al., 
1992

Hackney, Linn et 
al., 1992

Neas, Dockery et 
al., 1991

Samet, Lambert et 
al., 1992

Samet, Lambert et 
al., 1993

Schwab, McDermott 
et al., 1994

Bahrain, Persian 
Gulf

Indoor 
(residential)

uL/LN/A

35 shops (opening directly 
on to street) and 35 offices 
(serving 20+ employees).

4 to 12 hours Badges ug/m3

Badges

70
Indoor and 

Outdoor (shops 
and offices)

N/A N/A

ug/m3(not 
reported)

Indoor 
(residential)

32 N/A

7 days Palmes

N/A 2 weeks Palmes

2 sets of measurements per home 
(kitchen, living room and 
bedroom) per site.  1 in summer 
and 1 in winter.

ppb

657
446 homes with gas cookers 
and 211 homes with electric 
cookers.

Indoor and 
Outdoor 

(residential)
N/A 1 week Palmes ug/m3

N/A N/A

Personal and 
Indoor 

(residential)
1 week

Continuous 
monitoring done 

with a 
chemiluminesce

nt analyzer.  
Passive and 

personal 
samples done 
with Palmes 

tubes.  

Personal N/A N/A 26
15 men and 11 women aged 
47-69 with history of heavy 
smoking.

24 hours

4 indoor measurements per site: 2 
taken with a continuous monitor 
and 2 taken with a passive 
sampler.  2 personal 
measurements for each mother 
and child.   

ug/m3

653 Residential homes. N/A N/A 2 weeks Palmes

Badge
14 per subject (consecutive 24-
hour measurements for 2 weeks).

At least 1 set of measurements 
(kitchen, living room and 
bedroom) for each summer and 
winter season between 1988 and 
1991.



Results
Median/Geometric Mean Maximum

Geometric 
Standard Deviation

Minimum Standard DeviationMean

Measured Concentrations of NO2

22 29
470 420
10 18
63 49
7 12
13 21
11 11
31 60
10 11
20 29
11 9
9 11
4 25
mean median
65 59 142 29
79 69 161 39
20 16 94 5
108 84 1000 14

15.2 6.1 26.5 4.5
22.1 10.4 54.3 10
52.3 28.4 141.2 14.5
26 8.6 47 16.7
1.2 0.6 3 0.4

n annual winter summer
No 63 12.5 10.2 15.9
Yes 162 27.9 31.5 25.5
No 173 6.1 7.3 5.9
Yes 91 11 23.1 5.9
No 69 16 15.4 17.7
Yes 208 31.3 35.5 29
No 148 11.4 11.7 12.3
Yes 93 24.2 31 12.3
No 194 5.7 5.9 6.1
Yes 110 17.2 20.1 15.5
No 169 7.4 8.4 7.5
Yes 87 16.7 21.4 14.2
No 816 8.6 8.9 9.2
Yes 751 23.5 28.7 20.9

Electric Gas Elec. Gas Elec. Gas
Kitchen 13.6 36.8 19.4 58.5 9.2 26
Living Room 13.2 31.3 18.5 47.2 9.1 24
Bedrooms 11.5 26.4 17.7 34.3 7.5 19
Outdoors 19.4 25.8 28.5 34.1 13 18.9

Contin.
n Contin. Palmes Child Mother Contin. Palmes Child Mother
6 13 19 10.5 14.4 5.6 10.7 5.6 4.4
7 6.5 7.3 10 7.6 2.6 4 5.3 2.5
7 3.8 5 6 6.2 2.8 5.1 3.8 2.3

n Contin. Palmes Child Mother Contin. Palmes Child Mother
5 70 71.4 50.6 44.1 81.2 73.2 41.6 41.1 175
5 22.4 26.5 19.3 23.8 15 14.2 17.8 17 37
5 12 14.7 16.3 16.9 12.2 14.6 13.2 14.4 30
5 6.4 4.6 9.5 6.8 3.6 3.2 3.5 1 11
101 13 235 59

20.32 11.7 7.97 (217) 11.6 6.16 5.11 18.1 10.84 6.39
28.58 19.76 7.85 (415) 26.33 23.3 11.77 22.89 15.33 5.75
15.25 9.03 7.35 (662) 8.31 4.92 5.69 13.66 8.07 6.15
27.72 16.92 7.3 (578) 24.81 16.61 5.01 22.01 13.88 6.27
14.8 9.24 6.95 (591) 9.57 4.54 3.87 13.29 8.44 5.97
20.87 
(1001)

15.01 
(994)

6.29 (321) 13.02 12.84 4.32 17.33 12.42 5.59

NO2 

source?

Annual average 14.9 ppb higher for 
children in households with a major NO2 

source.  This disparity is seen in both 
winter and summer.  Highest values seen 
in the kitchen and lowest values in 
children's bedrooms.

Shops generally have no door separating 
them from the street, so the indoor levels 
are not surprising.  Indicates that outdoor 
air has a major impact on indoor values 
in naturally ventilated areas.  

NO2 highest in kitchens.  Home with an 
electric cooker had the lowest levels of 
NO2.  Significant correlation between 
NO2 and the number of meals cooked 
per week.  Smoking not seen to be a 
factor.

Principal source of NO2 in homes with 
asthmatic children was outdoor air.  Only 
5 came from homes with gas ranges.

Good and statistically significant 
correspondence between personal and 
ambient measurements.  Generally 
personal 24-hour levels were 20% less 
than ambient levels.  Smoking appears 
not to significantly affect personal NO2 

exposure.  

Tubes were compared to continuous 
monitoring with an R2 value of 0.97.  
Correlation was generally good, though 
tubes gave readings 2.8 ppb (on 
average) higher than the continuous 
monitors.  Indoor tubes were affixed 5 
inches from the intake of the indoor 
tubes.

SUMMER

WINTER

Indoor NO2 can differ significantly from 
year to year, and studies relying on data 
from a single year should extrapolate 
with caution.  Exposure misclassification 
is likely when relying on one-time 
measurements.

Gas stove 
with pilot 

No Pilot Electric Gas 
with 
pilot 

No pilot Electric Gas stove 
with pilot

No pilot Electric



Reference
Year & 

Season of 
Study

Location
Exposure 
Measured

# of 
Sites

Duration
Sampler 

Used
UnitsSite Description

# of 
People

Subject Description Number of Measurements

1-hour (both sets)
24-hour March
24-hour June
24-hour September
24-hour December

Personal
Indoor
Outdoor

Gas appliances

No gas appliances

Gas Stove
No Gas Stove

Personal (overall)
Atmospheric NO2

Smokers
Non-smokers 
"Clean heaters"
Smokers (N=11)
Non-smokers (N=31)
Kerosene heater
Oil Fan heater
During Cooking

A
B
C
D
E
F
G
H
I
MEAN

Urban

Rural

0% fresh air (4.5 days)
100% fresh air (1 day)
50% fresh air (1 day)
0% fresh air (1 day)

Reported here with the mean 
concentrations.  Measurements 
taken under different ventilation 
conditions.    

Bergland, Braback 
et al., 1994

New England, 
USA

41
Sundsvall, 
Sweden

70 Ice skating rinks
Indoor and 

Outdoor (ice 
rink)

Montreal, 
Canada

Sega, Fugas & 
Kalinic, 1992

1990-1991, 
February to 

February

Tokyo, Japan

Zagreb, Croatia

1990, March 
to December

1987-1990, 
Fall to 
Winter

1992, 
January

(not 
reported)

N/A

32 Children playing hockey 
and 9 rink personnel.  

Badge

Japan

Sundsvall, 
Sweden ug/m3

ppm

Athens, Greece

1 old ice rink and 1 new ice 
rink.

Personal and 
Indoor (ice rink)

2
1991, 

January

Winter  

1991, 
February

Vermont, USA
Indoor 

(recreational)
9 Enclosed Skating Rinks N/A Gastec monitor

8 at each site during one hockey 
game.

1 month for each 
set.

1 N/A

Personal N/A

1 week Palmes ug/m390 Residential homes N/A

Housewives

ug/m3

ug/m3

54

(not reported)

Badges for 
personal, 

residential and 
school samples.  

Continuous 
chemi- 

luminiscent 
analyzers at 

fixed stations.  

24 hours

N/A

24 urban and 30 rural 
homes; 1 urban and 1 rural 
school

Personal and 
Indoor 

(residential)
85

85 (76 
male, 9 
female)

Personal, Indoor 
and Outdoor 
(residential), 
Indoor and 

Outdoor (school) 
and Outdoor 

(fixed ambient 
stations)

10 sets of indoor (living room) 
and outdoor measurements for 
each site; 10 personal 
measurements for each 
participant; 1 measurement per 
season for 10 seasons.

2 sets of measurements (kitchen 
and living room) per site.  1 taken 
in winter and 1 taken in summer.

4 sets of 7 consecutive 24-hour 
measurements: 28 personal 
measurements per child; 28 
indoor (child's bedroom) and 
outdoor measurements for each 
home; and 24 indoor (classroom) 
and outdoor measurements for 
each school.

Argiriou, Asimako-
poulos et al., 1994

Infante-Rivard, 
1993

Loizidou, Lagoudi & 
Petrakis, 1992

Brauer & Spengler, 
1994

Nakai, Nitta & 
Maeda, 1995

Maeda, Nitta & 
Nakai, 1992

Kawamoto, 
Matsuno et al., 

1993

Paulozzi, Spengler 
et al., 1993

Near surgery rooms in the 
basement of the building

56

1988 - 1990, 
January to 
December

Indoor and 
Outdoor 
(hospital)

N/A

Continuous 
chemi-

luminescent 
analyzer.

62

2 sets (indoor and outdoor) of 1-
hour averages; 4 sets (indoor and 
outdoor) of 24-hour averages.

62 2 days Badges

Residential homes.  25 in 
Zone A (within 20m of a 
busy road). 22 in Zone B (20 
to 150m from the same 
road).  15 in Zone C (no 
heavy traffic).

Personal, Indoor 
and Outdoor 
(residential)

Indoor 
(residential)

140

Children.  61 cases with 
asthma and 79 healthy 
controls.  20% subset of a 
larger study population.

N/A 24 hours Badge

Residential apartment units.  
20 with oil heaters; 17 with 
kerosene heaters; 1 with a 
gas fan heater; 47 with 
electric or "clean" heaters.

1 personal and indoor 
measurement per subject/site.   

1 week Badge
University students aged 21-34 
years.  21 smokers and 64 non-
smokers.    

ppb1 per child

ppb

School children followed from 
5th (1990) to 6th (1991) grade.

N/A

Reported here with mean 
concentrations.  Ideally, 1 set of 
measurements (bench, rink side, 
resurfacer and outdoor) per site.

7 days PalmesN/A ppb

ug/m3

12 hours for 
rinkside 

measurements 
and 1 hour for 

personal 
measurements.  



Results
Median/Geometric Mean Maximum

Geometric 
Standard Deviation

Minimum Standard DeviationMean

Measured Concentrations of NO2

indoor outdoor I/O ratio indoor outdoor indoor outdoor indoor outdoor
34.8 100 13.26 53.02 127 404 5 22
51.8 123.3 0.42 8.1 35 65 180 39 53
51.1 139.6 0.37 8.1 33.4 67 198 38 80
46.6 127.3 0.37 6.9 32 62 184 34 55
49.3 104.4 0.47 7.1 20.1 62 131 32 64

Zone A Zone B Zone C Zone A Zone B Zone C
44 36.8 28.7 17.5 13.4 9.3
45.8 39.6 35.3 19.1 17.8 18.9
43.3 35.9 19.7 8.3 4.9 1.9

Living Kitchen Winter Summer Winter Summer
Winter 39 97 204 89 6 8
Summer 35 65
Winter 22 26
Summer 24 28

n mean
6 17.6 8.26
134 9.2 7.57

295 11.3
13.7 13.5

55.7+/-
51.7+/- 

21.8+/-8.1
20.5+/- 
219
474 
290 
(estimate)

1 2 3
0 0.05 1 0.02
0.3 0.25 0.65 0.4
0.3 0.35 0 0.22
<0.1 <0.1
0.38 0.5 0.05 0.31

<0.5
0 0 0 0
1 1.38 1.28 1.22
0 0
0.25 0.32 0.32 0.36

Week 1 Week 2 Week 3 Week 4 Week 1 Week 2 Week 3 Week 4 Week 1 Week 2 Week 3 Week 4
Bed. 8 3.3 18 4
Out. (h) 13 5.3 28 8
Class. 15 13 18 22
Out. (s) 14 11 20 23
Pers. 20 24 14 30 55 46 4.7 69 11 13 13 14 551 25
Fixed 40 29 41 44 11 12 8.9 17 82 13
Bedrm 5 2.7 10 1
Out. (h) 5 1.8 11 3
Class. 8 3 6 8
Out. (s) 5 4 9 6
Pers. 24 8 6 8 82 7.2 5.6 5.5 8 6 6 6 561 2

Rink Side Personnel Player Rink Side Player Rink Player Rink Player
256 199 (9) 315 (10) 4557 (16) 4368 (10) 95 164 2170 2553 Old Rink 461 Old Rink 73
84 (4) 64 (2) <100 (2) 2501 (2) 18 Old 339 Old 81
127 (4) 61 (2) <100 (1) 350 (4) 749 (4) 52 152 505 Old Player 526 Old <100
167 (4) 112 (2) 123 (1) 1189 (4) 2027 (2) 58 441 New Rink 7000 New 207

New 
Player

7946 New 
Player

283

n mean
Outdoor 54 17.6 2.4 193 0.44
Resurfacer 57 128 3.6 1428 3.11
Bench 57 169 4 2141 3.11
Rinkside 53 168 4 2470 1.76

27 221.1 3.2
30 134 4.6
25 214 3.3
31 140 4.3

Enclosed 58 169.5 4
Open Rink 9 16.2 1.57

7 329.7 3.7
51 154.7 4

Assuming these levels are typical of 
2000+ ice rinks in North America, 
500,000 or more individuals may be 
exposed to NO2 levels well above normal 
indoor averages on a daily basis.  It can 
be expected that 1-hour concentrations 
could reach 2 to 5 times the levels of the 
1-week averages shown.

Cat. Converter on 

No Ventilation 
Ventilation System

24 hour personal exposures of urban 
children were low compared to levels 
measured at the ambient monitoring 
station.  Poor correlation between 
personal and ambient levels suggest that 
ambient results are not a good surrogate 
for personal exposure.  Students were 
asked to keep a diary of activities (over 
30 minute intervals) while monitoring 
was in process, which showed high 
levels in ice skating children.

Levels up to 60 times higher than the 24-
hour Swedish standard for ambient air, 
and almost 2 times the 8-hour 
occupational exposure limit for NO2 from 
motor exhaust.  Cost of heating 
associated with 50% or 100% fresh air 
ventilation encourages ice rinks not use 
it.  

Old Arena New Arena

Game 
Average

24-hour concentrations are a poor 
indicator of peak concentrations 
throughout the day, and should be used 
cautiously to assess the environments of 
sensitive populations (i.e.. Hospitals).  
Little variation of indoor levels due to 
season (see figure 4).  Outdoor 
fluctuations reflected, but by orders of 
magnitude less.

Seems like data can be classified into 
two groups: spring/summer and 
fall/winter.  In the spring and summer 
measurements the mean outdoor NO2 is 
higher than the mean indoor and 
personal.  Opposite in fall/winter.  This 
can be attributed to the use of unvented 
kerosene space heaters (see figure 2).    

Good correlation between winter and 
summer NO2 values in homes with gas.  
Low but significant correlation between 
NO2 and carpet age, kitchen size (winter) 
and living rooms size (summer).  Also 
correlation between NO2 and number of 
occupants.  More people, more space, 
more cooking?

Minnesota has established a ceiling of 
0.5 ppm NO2 measured 20 minutes after 
resurfacing.  Two arenas had levels 
higher than this, but none exceeded the 
level of 3 to 5 ppm seen in one outbreak.  
Most arenas did not have mechanical 
ventilation or did not use their fans 
because of excessive cooling.

PERIOD  

No noticeable difference between cases 
and controls with regard to prevalence of 
other emission sources.

No significant differences in exposure 
levels between smokers and non-
smokers (also seen in clean heater 
group). 50% of oil fan heaters users and 
11.8% of kerosene heater users has 
personal exposures above the Japanese 
Air Quality Standard (112.8 ug/m3). Use 
of clean heaters did not increase 
personal exposure to NO2.  For kerosene 
heaters and oil heaters, personal 
exposure increased with time used.  

No Cat. Converter

Propane-Fuelled 
Gasoline-Fuelled

Old Arena New Arena



Reference
Year & 

Season of 
Study

Location
Exposure 
Measured

# of 
Sites

Duration
Sampler 

Used
UnitsSite Description

# of 
People

Subject Description Number of Measurements

Rink #
1 (enclosed)

2 (enclosed)

3 (enclosed)
4 (enclosed)

5 (enclosed)
6 (enclosed)
7 (enclosed)
8 (outdoor)

Average Indoor
Rink Side
Stands
Corner 1
Corner 2
Wall
Score Keeper
Player Booth
Observation
Locker Room
Office
Resurfacer
Outdoor

Day 1 Personal (micro)
Day 2 Personal (micro)
48-hour personal (main)
48-hour bedroom 
48-hour outdoor (main)

(during work hours)
Building 1

Building 2
Building 3
Building 4
Reference

No Gas Used
Natural Gas
Propane-Butane

Convection Kerosene
Reflection Kerosene
Kerosene Fan
Town Gas 
Propane Gas
Electric

Winter

Fall

Spring

Massachusetts, 
USA

(not reported) N/A

At least one set of measurements 
taken per site with at least 3 
samplers.  Sampling was 
conducted during recreational and 
high school hockey games.  

8 sets of measurements (kitchen, 
living room, master bedroom and 
outdoor) per home.  1 for each 
season of the study.  

ppb

Continuous 
chemi-

luminescent 
analyzer.

ppb

Winter

Winter

Boston, MA, 
USA

Residential homes

Goteborg, 
Sweden

4 office buildings in high 
traffic areas, and 1 reference 
site in a low traffic area.  

90

1987 - 1988, 
May to May

Indoor and 
Outdoor (office)

5

nL/L

4 days

Los Angeles, 
CA, USA

ppb

14 hours Badges

Badges

Length of hockey 
game 

(approximately 
1.5 hours).

N/A N/A

N/A N/A

1 set of indoor (taken at the 
building exhaust) and outdoor 
(taken at the building intake) 
measurements per site.  

Palmes

Room measuring 20m2 and 
45m3.

N/A N/A

2 weeks

3 conditions for each of the 6 
heaters tested.  #1 -  fan off and 
the room door closed;  #2 - fan on 
and the room door closed; #3 - 
fan off and the room door half 
open.

Continuous 
chemi-

luminescent 
analyzer.

ppm

Maximum of 3 sets of 
measurements (indoor and 
outdoor) per site.  One in each of 
winter, summer and fall.

3 hours for each 
measurement 

(plus 3 hours pre-
burning and 3 
hours post-

burning)

Lee, Yanagisawa & 
Spengler, 1994b

Lee, Yanagisawa et 
al., 1994a

Spengler, Schwab 
et al., 1994

Lee, Yanagisawa et 
al., 1996

Ekberg, 1995

Sega, 1995

Lee, Yanagisawa et 
al., 1995

Arashidani, 
Yoshikawa et al., 

1996

1993, 
September

1984 - 1986, 
November to 

October

Summer and 
Winter

1984 - 1996, 
Winter, 

Summer and 
Fall

(not 
reported)

Boston, MA, 
USA

Palmes ug/m3

8
7 enclosed ice rinks and 1 
outdoor ice rink.

48 hours for the 
main study and 
24 hours for the 

micro study.

Badge ppb

517 Residential homes

20 samplers were placed 
around a single ice rink.  4 at 
rink side, 6 in the stands, 2 
in the locker room, 2 in the 
building corners, 1 in a 
players booth, 1 at the score 
table, 1 along the far wall, 1 
in an observation stall, 1 in 
the office, and one on the 
seat of the resurfacer.  

Indoor and 
Outdoor (ice 

rink)
N/A

Indoor and 
Outdoor (ice 

rink)
1 N/A

2 weeks Palmes

Personal, Indoor 
and Outdoor 
(residential)

Measurements taken on 5 days 
under different conditions.  Day 1 
= 14 resurfacings (RE), no edger 
use (ED), no extended exhaust 
(EE) pipe on resurfacer, and no 
mechanical ventilation (MV); Day 
2 = 14 RE, no ED, full EE use, 
and partial MV; Day 3 = 14 RE, 
some ED use, no EE, and full MV.  
Day 4 = 9 RE,  no ED, no EE and 
no MV; Day 5 = 9 RE, no ED, no 
EE and full MV.

482 Residential homes 752+ 

Reported here with the mean 
concentrations.  1 set (personal, 
indoor and outdoor) for each 
participant of the main study, and 
8 sets for each participant of the 
micro study.  

Adults.  682 participated in the 
main study, and 70+ 
participated in a more 
focussed micro study.

N/A

Indoor and 
Outdoor 

(residential)

N/A N/A

N/A N/A

1 measurement (living room) per 
site.

1 week

Emission from 
space heaters 

Zagreb, Croatia

Japan 1

Indoor 
(residential)

550
Indoor and 

Outdoor 
(residential)

192 single dwelling units 
(SDUs);  207 small multi-
dwelling units (SMDUs);  
131 large multi-dwelling 
units (LMDUs)



Results
Median/Geometric Mean Maximum

Geometric 
Standard Deviation

Minimum Standard DeviationMean

Measured Concentrations of NO2

Rink Outdoor Rink Outdoor
538 49 1 68
342 59
934 2 46
688 42 13
752 33 3 35
2729 12 4 325
2676 28 368
1531 38
547 38 5 97
752 6 83
807 7 93
37 N/A 8 13

day 1 day 2 day 3 day 4 day 5
684 564 306 406 52
671 640 346 412 45
673 637 300 400 41
699 657 292 421 48
718 137 234 437 55
665 618 288 394 31
678 645 365 387 103
679 614 332 416 47
689 291 383 50
415 289 177 226 31
318 198 153 186 31
645 610 291 271 39
24 36 12 26 25

n mean median max 25%ile
661 38.14 17.95 36.4 162.4 25.2
669 37.19 19.36 33.6 197.4 23.8
682 37.57 17.45 35.2 137.4 25.4
648 27.23 16.14 24.6 153.9 16.7
660 38.26 20.91 35.8 137.5 23

intake exhaust intake exhaust
26 22 33 24

20 14 37 24
18 12 46 30
20 40 34 64
10

Summer Winter Summ. winter summer winter sum. winter
26 22.2 12.1 7.9 62 33 8 8
36.4 39.5 19.6 35.5 83 204 5 4
38.6 39.3 16.6 37.3 71 141 9 11

0.36 0.1 0.07
0.27 0.04 0.03
0.53 0.12 0.16
0.12 0.02 0.03
0.28 0.06 0.05

SDU SMDU LMDU Single Small M Large M
Indoor 17 28.9 26.8 10.8 14.9 20
Outdoor 17 23 23.6 6.2 6.8 9.6
I/O 1.08 1.29 1.54
Indoor 17.8 30.2 25.4 11.9 19.3 22.1
Outdoor 18.4 25.1 25.4 4 6.9 5.4
I/O 0.97 1.28 0.97
Indoor 17.3 28.7 29.1 7.9 7.9 17
Outdoor 15.9 23.7 24.5 6.3 6.9 9.7
I/O 1.16 1.18 1.03

Outdoor levels contribute more to indoor 
levels in the summer than the winter, due 
to better ventilation (open windows).  
Fuel type influences exposure.  

The addition of an exhaust-pipe 
extension did serve to reduce NO2 levels 
slightly, but had little impact on CO 
levels.  The reduction of resurfacing 
operations from 14 to 9 (compare day 1 
and day 4) also had some impact on 
NO2 levels, though they still remained 
high.  Full and partial use of the indoor 
recirculation system (days 3 and 2, 
respectively) also had some impact on 
the NO2 levels.  Use of the full 
mechanical ventilation system (day 5) 
had the most significant impact.  On all 
other days it is averages were well above 
the 200 nL/L guideline.

Good correlation between concentrations 
of different traffic pollutants at air intakes 
of buildings in urban environment.  
Outdoor and indoor peaks can be 
expected during periods of high traffic.  

Houses with a gas stove with a pilot light 
had kitchen NO2 levels higher than 
measured outdoor NO2 levels.

Personal exposure for those from homes 
with gas stoves with pilot lights was 10 
ppb higher (on average) than for those 
from homes with electric.  4 ppb higher 
for gas stoves without pilot lights.  

#3#1 #2
Concentrations of NO2 during use of 
electric heater were negligible and 
therefore not reported.  Both systems of 
mitigation significantly reduced NO2 

concentrations in the room while heaters 
were in use.  NO2 concentrations in the 
room prior to heater being turned on 
were low (less than 0.01 ppm).  NO2 was 
almost entirely dissipated 3 hours after 
the heater was turned off.

Skaters and hockey players probably 
exposed to levels high enough to change 
airway resistance in enclosed arenas.  
Recommended that a 1-hour maximum 
allowable limit of 250 ppb be set for 
enclosed arenas. 



Reference
Year & 

Season of 
Study

Location
Exposure 
Measured

# of 
Sites

Duration
Sampler 

Used
UnitsSite Description

# of 
People

Subject Description Number of Measurements

Home
A
B
C
D
E 
F 
G
H 
I
J
K
L 

Propane
Gasoline
Electric/Outdoor

Residential
Office
Restaurant

Canada
Finland
Norway
Slovakia
Japan
China
USA
Czech
Denmark

Outside
Kitchen
Living Room
Bedroom

Kitchen
Living Room
Bedroom

1994, Fall

1 indoor and outdoor 
measurement at each site.

Simultaneous indoor and 
outdoor tests were done at 6 
residences, 6 offices and 6 
restaurants in both cities.

18 enclosed ice rinks and 1 
outdoor ice rink. 

Indoor and 
Outdoor (ice 

rink)

ug/m3

Boston, MA, 
USA

Seoul and 
Taegu, Korea

36

Indoor/Outdoor 
(residential, 
office and 
restaurant)

Indoor and 
Outdoor (ice 

rink)
19

ug/m3

PalmesChildren 9-11 years of age. 46

15 measurements per child (7 
weeks in winter and 8 in summer).

3 sets of personal, residential 
(kitchen and living room) and 
school (classroom and 
playground) measurements.  2 
were taken while school was in 
session and 1 was taken over the 
Christmas holidays.

Preschool children aged 3-6 
years.

Residential homes N/A

Personal N/A N/A 172

N/A

Indoor and 
Outdoor 

(residential)
12

Huddersfield, 
England

40
Indoor and 

Outdoor 
(residential)

Palmes

3 consecutive sets of 
measurements (kitchen, living 
room, bedroom and outdoor) for 
each site.  

Residential homes.  20 near 
heavy traffic and 20 ~ 50 to 
85 m from traffic; 20 (1/2 
each previous) with gas 
cookers and 20 with electric; 
20 (1/2 each previous) with 
single glazed windows and 
20 with double.

N/A N/A 2 weeks

Baek, Kim & Perry, 
1997

Cotterill & Kingham, 
1997

Ross, 1996

Yoon, Lee et al., 
1996

Mukala, Pekkanen 
et al., 1996

Linaker, Chauhan et 
al., 1996

Brauer, Lee et al., 
1997

Southampton, 
England

Helsinki, Finland

Southern 
England

1991, Winter 
and Summer

International

1993 - 1994, 
May to May

1994 - 1995, 
November to 

February

1994, 
January to 

March

1994 - 1995, 
Summer and 

Winter

1994, Winter
1 set per rink.  Includes 2 indoor 
measurements and 1 outdoor.

1 week Palmes

1 week
Palmes and 
continuous.

1 week

Personal, Indoor 
(residential), 
Indoor and 

Outdoor (school)

48

Homes of 46 participants 
and 2 schools.  Both schools 
in neighbourhoods of 
Southampton previously 
shown to have very different 
NO2 levels.  Both heated 
with gas-fired system.

N/A

N/A

ppb

N/A
4 sets of 2 measurements at each 
rink.

1 week Palmes nL/L

1 set of measurements (kitchen, 
living room, bedroom and 
outdoor) per site.  Palmes tubes 
and continuous monitors were 
used simultaneously.  

N/A

24 hours Advantech badge ppb

1 week Palmes ppb332

Indoor ice rinks: 135 in 
Canada; 69 in Finland; 24 in 
Norway; 21 in Slovakia; 12 
in Japan; 4 in China; 22 in 
USA; 16 in Czech Republic; 
10 in Denmark

N/A N/A

ug/m3



Results
Median/Geometric Mean Maximum

Geometric 
Standard Deviation

Minimum Standard DeviationMean

Measured Concentrations of NO2

n mean
Personal 97 36 257 11
Kitchen 95 52 447 14
Living Room 95 40 315 14

school 1 school 2
57 54
63 77
27 23
16 24

all 21 45.8 11
urban 27.4
suburban 18.2

Fuel Kitchen Living Bedrm
Gas 38 / 215 16 / 70
Gas 22 / 259 14 / 120 18 / 180
Gas 21 / 282 15 / 102 16 / 115
Gas 18 / 125 15 / 100 11 / 41
Some 13 / 53 9 / 37 4 / 34
Electric 12 / 44 8 / 28
Electric 3 / 13 0 / 5 3 / 19
Gas 32 / 293 25 / 295 15 / 305
Gas 22 / 320 13 / 191 10 / 250
Gas 17 / 100 10 / 56 2 / 16
Gas 25 / 169 11 / 49
Some 
Electric

33 / 211 21 / 115

n Nov. Dec. Jan. Feb. Nov. Dec. Jan. Feb. Nov. Dec. Jan. Feb.
5 443 93 212 190 221 21 280 146 447 74 72 100 724 56
12 55 64 46 55 26 39 22 42 46 44 33 34 146 17
2-Jan 37 36 22 20 37 21

Indoor Outdoor Indoor Outdoor Indoor Outdoo Indoor Outdoor Indoor Outdoor
33 32 22 14 24 29 96 67 9 12
22 31 10 13 19 29 58 73 9 10
58 42 22 14 56 40 105 77 21 19

Bench Rink End Outdoor I/O ratio Bench Rink Outdoor I/O ratio Bench Rink Bench Rink End Bench Rink End
333 325 14 19.5 125 117 12 9.2 3.9 3.9 2680 3175 5 5
173 173 9 41.4 81 75 7 13.4 3.7 3.9 1023 998 1 1
97 88 12 7.8 51 46 9 4.5 3.2 3 659 566 6 8
53 43 12 4.4 41 33 12 3.5 2.1 2 140 137 12 11
123 129 24 5.9 85 90 22 3.8 2.4 2.4 462 405 25 29
12 14 11 0.985 14 17 9 0.8 1.9 1.6 23 26 1 1
342 262 25 11.2 137 108 22 5.8 3.5 3 1768 1046 21 22
35 29 9 3 13 15 6 2.4 2.6 2 323 194 1 5
250 287 24 4.5 70 66 20 2.2 5.7 6.4 1131 1504 7 8

period 1 period 2 period 3 overall period 1 period 2 period 3 overall overall overall
37 44 39 40 4 5 6 6 55 25
41 44 46 44 32 34 37 34 175 7
23 25 27 25 13 14 20 16 118 4
17 18 18 18 9 8 8 8 52 5
gas electrical
68 19
33 17
22 14

Most significant factor in determining 
indoor NO2 is the type of cooker used.  
For kitchens with gas cookers 
significantly higher levels of NO2 found in 
homes with double-glazed windows.  No 
significant difference found between 
window type for homes with electric 
cookers.  Traffic levels had little effect on 
indoor concentrations.

Significant difference between urban and 
suburban exposures attributable to 
automobile traffic.  

Good correlation between the bench 
sample and the rink-end sample 
indicating good mixing within arenas.    
Significant differences between 
countries, but comparisons hard to make 
because of number distributions (n) 
between countries.  Depending on the 
estimate used, up to 40% of the rinks 
could have levels about the WHO 
guideline.  Propane-powered resurfacers 
the biggest contributing factor to high 
levels.  Also the number of resurfacings 
per day.

Gas cooking principal cause of peak 
levels in the homes monitored.  NO2 

levels exceeded WHO 1-hour guideline in 
6 of the 10 homes, all of which used gas 
for cooking.  Ratio of Palmes to 
Continuous measurements = 1.04.  
Good correlation was shown.  Also good 
correlation between Palmes 
measurements and peak 1-hour 
measurements taken by continuous 
monitors.  Investigation into the use of 
fume hoods on stoves suggest they may 
be effective in removing NO2 from the 
surrounding air.

NO2 concentrations were not shown to 
be significantly higher in the winter than 
in the summer (outdoor), which is in 
direct contradiction of observations made 
at fixed monitoring stations in both Seoul 
and Teagu showing values to be 1.5 to 2 
times higher in the winter.  This calls the 
sampling method into question, 
especially at higher NO2 concentrations.  
High NO2 levels in restaurants, due to 
smoking and fuel type.

Factors associated with increased NO2 

included use of gas stove in the home, 
presence of one or more smokers, and 
traveling to and from school by some 
means other than a car.  Higher personal 
exposures seen while school was in 
session (see figure 2 in paper) despite 
little change in NO2 concentrations in the 
home.   

4 of the 5 rinks with propane resurfacers 
had NO2 levels higher than 200 nL/L in 
November, while none of those with 
gasoline resurfacers exceeded this 
concentration.  Fuel type and resurfacer 
age were significantly associated with 
NO2 concentrations.

Playground Week 1
Playground Week 2
Classroom Week 1
Classroom Week 2



Reference
Year & 

Season of 
Study

Location
Exposure 
Measured

# of 
Sites

Duration
Sampler 

Used
UnitsSite Description

# of 
People

Subject Description Number of Measurements

TSTE

ST

Personal
Kitchen
Living Room
Outdoor (home)

1
2
3
4
5

(winter average)
School 1
School 2
School 3
School 4

5

Gas Stoves

Electric Stoves

Shop A
Shop B
St John's - area
St.John's Payment 
St.John's overall
St Mary's - area
St.Mary's - Payment 
St.Mary's - Overall

1993, Spring

1990 - 1991, 
Winter and 

Spring

1993, March

1996, 
January to 
February

1993-1994, 
Winter

1992, April 
to 

September

October in 
1994; April, 

May and 
June in 1995

Raaschou-Nielsen, 
Skov et al., 1997

Bernard, Saintot et 
al., 1998

Colbeck, 1998

Lee, 1997

Lolova, Uzunova et 
al., 1997

Pilotto, Douglas et 
al., 1997

Pennanen, Salonen 
et al., 1997

ppb

1994, March 
to October

1994, 
November to 

March

Indoor arenas of different 
sizes, with different heating, 
ventilation and resurfacing 
technology.

Classrooms in 8 different 
schools.  4 with unflued gas 
heating and 4 with electric 
heating.

Sydney, 
Australia

Bulgaria

Finland

Bristol, England

Badges ppb

Badges

1 week

Montpellier, 
France

Colchester, 
England

Personal and 
Indoor 

(residential)

(not 
reported)

Homes of study participants.

Indoor (shops) 
and Car Parks

Farrow, Greenwood 
et al., 1997

Smedje, Norback & 
Edling, 1997

Alm, Mukala et al., 
1998

Mukala, Pekkanen 
et al., 1999

Mukala, Alm et al., 
2000

Helsinki, Finland

Copenhagen 
and surrounding 

rural areas, 
Denmark.

Uppsala and 
Enkoping, 
Sweden

(not 
reported)

Hong Kong

Indoor and 
Outdoor (ice 

rink)

Classrooms in two high 
schools.

Homes of participating 
children.  97 located within 
10 km of Copenhagen city 
centre; 99 located 30 to 50 
km away from Copenhagen 
city limits.

Indoor 
(classroom)

41
Personal and 

Indoor 
(classroom)

28

Personal, Indoor 
and Outdoor 
(residential)

196

5

ppbInfants aged 3 to 12 months.
1 set of measurements (personal, 
infant's bedroom and outdoor) per 
participant.

2 weeks Palmes
Indoor and 

Outdoor 
(residential)

921
Homes of infants 
participating in the study.

921

Indoor/Outdoor 
(staff quarters)

15 units in each of 2 staff 
quarters buildings.  TSTE = 
Tsim Sha Tsui East and ST 
= Shatin

N/A N/A 20 minutes nL/L30
4 sets of measurements (indoor 
and outdoor) at each site. 

Teflon bag and 
pump (1 L/min)

Children aged 10-12 years.

Homes of participating 
children: 5 in Lulin; 5 in Al. 
Stamboliiski; 5 in Vrasta; 5 
in Assenovgrad

1 set of measurements (personal, 
kitchen, living room and outdoor) 
per child/site.

Personal, Indoor 
and Outdoor 

(home)
20 20

N/A N/A
2 days of measurements at each 
site.

1 measurement per classroom. N/A

Children between 4 and 12 
years of age.

12 days Palmes ug/m3

Day 1= 5 hours 
during regular rink 
usage;  Day 2 = 3 

hours during a 
hockey game 

Continuous 
chemi-

luminescent 
analyzer.

ug/m3

ug/m3Badges

121

6 hours for the 
classroom 

measurements, 
and up to 4 hours 

for the evening 
personal 

measurements. 

3 per day in each classroom for 9 
weeks.  4 evening measurements 
for each of the 121 children.

Children attending the 8 
schools.  Only those exposed 
to gas appliances (and no 
tobacco smoke) at home were 
chosen for personal 
monitoring.

N/A

196 1 week
1 set of measurements (personal, 
child's bedroom and outdoor) for 
each child/home.

Personal, Indoor 
and Outdoor 
(day care)

8
4 urban (U) and 4 suburban 
(S) daycare centres.

219 Preschool children  Palmes ug/m3

Reported here with the median 
concentrations.  Measurements 
made of 6 consecutive weeks in 
winter and 7 consecutive weeks in 
spring.

1 week 

107
40 adult men and 67 adult 
women.

Reported here with the mean 
concentrations.  1 set (personal 
and kitchen) per participant.

2 weeks Palmes ug/m3

4

2 shops on the street with 
traffic flow of approx 9000 
vehicles per day; 2 car parks 
serving 9800 to 12900 
vehicles per week.

N/A N/A

For each shop: 2 at entrance and 
2 on lamp post outside; For each 
car park: 2 at exit, 2 at entrance, 
and 1 at booth.

1 week Palmes ug/m3



Results
Median/Geometric Mean Maximum

Geometric 
Standard Deviation

Minimum Standard DeviationMean

Measured Concentrations of NO2

median gmean

Indoor 6.8 6.9 86 0.6
Outdoor 12.6 12.2 46 1.7

indoor outdoor I/O indoor outdoor I/O I/O
44.8 57.6 0.78 15.1 13 0.87 0.7

29.3 29.8 0.97 16.1 13 1.03 0.89

Lulin Al. Stam. Vrasta Assen.
14.5 59.2 4.1 7.7 116 1.91
55.8 154 5.1 35.3 405 2.29
7.1 66.1 5 6.8 125 3.33
9.5 109.5 10.5 16.6 208 4.51

DAY 1

Mean Mean 1-hour 15-min resurf.
350 590 610 640 propane
130 210 320 320 gasoline
10 9 10 10 electric
6090 7310 7440 7530 propane
6230 2100 2320 2500 propane

Gas Electric
50.4 22
74.4 13.8
24.8 11.2
103.6 7.8

Urban FD ~ 19 ~ 31 ~ 6.5
Rural FD ~ 5 ~ 10.5 ~ 2.5
Urban BR ~ 6.5 ~ 13 ~ 2
Rural BR ~ 2.5 ~ 8.5 ~ 1
Urban P ~ 8 ~ 21.5 ~ 4.5
Rural P ~ 4 ~ 7.5 ~ 1

9 2

n winter spring winter spring
Personal (U) 658 25 28 1.4 1.4
Personal (S) 829 17 17 1.5 1.4
Indoor (U) 46 36 46 1.2 1.5
Indoor (S) 41 29 25 1.2 1.4
Outdoor (U) 45 40 49 1.3 1.6
Outdoor (S) 36 27 25 1.5 1.5

n Kitchen Pers. Kitchen Pers. 81.4 11.5
Men 14 30.3 31.6 17 9.8
Women 15 37.6 37 15 19.4
Both 29 34.1 34.4 16.2 15
Men 13 18.7 31.2 14 12.6
Women 14 16.4 23.3 5.8 5
Both 27 17.5 27.1 10.5 10

24.5 34 13
25.6 38 17

90 58
60 43

51.3
78 54
56 42

49.4

Children from homes with gas stoves 
had higher exposure than those from 
homes with electric.  Children with 
smoking parents had higher exposure 
than those without.  Children with both 
had highest exposure.  Good correlation 
between personal exposure and both 
indoor and outdoor measurements 
(Pearson's CC ~ 0.75 and 0.80 
respectively).  Poor correlation of data 
with city's fixed stations.

Of the 121 children monitored, 101 
recorded mean concentrations of greater 
than 40 ppb (the 1-hour limit of 
detection).  Of these 32 homes 
experienced means up to 80 ppb, 32 
between 80 and 120 ppb, 26 between 
120 and 200 ppb and 11 greater than 
200 ppb.  

Urban exposures higher than rural 
exposures.  All responding households 
with smokers and/or gas appliances were 
excluded from the study.  Older children 
and female children had higher 
exposures on average, though no 
explanation other than the possible 
conscientiousness of these children is 
given.

Though kitchen values varied 
considerably between those with gas 
cookers and those without, personal 
exposures were not significantly different.

For shops, indoor/outdoor ratios - 0.34-
0.54, avg. 0.44.

Smoking only shown to impact indoor 
NO2 when no other indoor sources 
present and when outdoor concentrations 
were low.  Gas heating and/or cooking 
had significant impact.

DAY 2

No correlation between CO and NO2 

levels.  High levels in rinks with propane 
resurfacers.  No correlation between 
indoor and outdoor NO2.

Car parks had similar NO2 

concentrations as those measured at 
curbside.  Concentrations in payment 
booths higher than those in shops.

Significant and positive association 
found between indoor NO2 and gas 
cooking, kerosene heaters, cigarette 
smoke and surrounding traffic density.  
Significant negative association with the 
use of a fume hood.

Paper compares levels at different times 
of the day (weekday mornings, evenings, 
Sunday mornings, evening) and shows 
Sunday evening as having high NO2 

values at ST.   TSTE surrounded by 
heavy traffic, and outdoor values always 
higher than NAAQS annual average of 
50 nL/L.



Reference
Year & 

Season of 
Study

Location
Exposure 
Measured

# of 
Sites

Duration
Sampler 

Used
UnitsSite Description

# of 
People

Subject Description Number of Measurements

No NO2 Source
Gas Stove
Gas Heater
Smoking
Multiple

Personal
Indoor 
Outdoor

Bedroom
Living Room
Kitchen

Ottawa, Canada
Beijing, China
Zagreb, Croatia
Kuopio, Finland
Berlin, Germany
Erfurt, Germany
Bombay, India
Sapporo, Japan
Tokushima, Japan
Seoul, Korea
Taejon, Korea
Mexico City, Mexico
Kjeller, Norway
Sosnowiec, Poland
Manila, Philippines
Geneva, Switzerland
London, UK
Boston, USA

Personal
Indoor (kitchen)
Indoor (living room)
Indoor (bedroom)
Outdoor (home)
Indoor (daycare)

Geneva
Basle
Lugano
Aarau
Payerne
Wald
Davos
Montana

retrofitted
original5 rinks where resurfacers 

that had emission control 
technology (ECT) in place at 
the beginning of the study, 
and 11 rinks that introduced 
ECT after the first 
measurement.

Levy, Lee et al., 
1998

Pennanen, Salonen 
et al., 1998

Magnus, 1998

Levy, 1998

Schindler, 
Ackermann-Liebrich 

et al., 1998

Monn, Brandli et al., 
1998

Garrett, Abramson 
et al., 1998

1994 - 1995, 
March to 
February

1996: Winter

(not 
reported)

1992 - 1995

1993 - 1994, 
Winter and 
Summer

Homes and workplaces of all 
participants.

568

N/A

37

Finland

306

Indoor (ice rink) 16

Personal, Indoor 
(daycare), Indoor 

and Outdoor 
(residential).

Personal, Indoor 
and Outdoor 
(residential)

Urban, rural and 
alpine regions of 

Switzerland

Oslo, Norway

3 personal, 3 indoor and 12 
outdoor measurements for each 
participant.

560

Adults.  64 from Geneva 
(Urban); 112 from Basle 
(Urban); 64 from Lugano 
(Urban); 80 from Aarau 
(Urban); 64 from Payerne 
(Rural); 64 from Wald (Rural); 
64 from Davos (Alpine); 48 
from Montana (Alpine)

Children less than 2 years of 
age.

Reported here with mean 
concentrations.  1 set of 
measurements (personal, kitchen, 
bedroom, living room, outdoor 
and daycare) for each 
participating child.  

2 weeks Palmes ug/m3

International.  
18 cities in 15 

countries.

Indoor 
(residential)

Personal and 
Indoor (ice rink)

Personal, 
Workplace, 
Indoor and 

Outdoor 
(residential)

Latrobe Valley, 
Australia

Boston, MA, 
USA

Hong Kong

Mumbai, India

80 Residential homes
Indoor and 

Outdoor 
(residential)

Badge ppb

Personal, Indoor 
and Outdoor 
(residential)

37
Residences of study 
participants.

1 set of measurements (personal, 
indoor and outdoor) was made for 
each participant.  2 made for the 
6 subjects that participated in 
both summer and winter studies.

2 days Badge

Leung, Lam et al., 
1998

Kulkarni & Patil, 
1998

Garrett, Hooper & 
Hooper, 1999

1996, 
February 
and April

1994 - 1997, 
Winters

1994 - 1996, 
Winter

21 participated in winter study 
and 22 participated in summer 
study.  Six subjects 
participated in both winter and 
summer.

N/A 4 days Modified Badge ug/m3
6 sets of measurements (kitchen, 
living room, bedroom and 
outdoor) for each household.

Palmes ppb

19 Enclosed Skating Rinks
(not 

reported)
Resurfacer drivers

1 week in 1994-
1995; 7 to 17 
hours in 1995-

1997

Palmes in 1993-
1994; Badges in 

1995-1997.
ppb

1 set of measurements (kitchen, 
living room and bedroom) per 
site.

> 570

1 week

4 per site in winter 1993-1994.  3 
per site in winter 1995-1996.  5 
per site in winter 1996-1997.

40 High-rise apartment units. N/A N/A

Adults

Reported here with the mean 
concentrations.  1 set of 
measurements (personal, home 
and office) for each participant.

Palmes ug/m3560

2 days

Home of children 
participating in the study

306

N/A 1 week

Homes of participants. 1 week

2 for resurfacers retrofitted with 
ECT, and 3 for resurfacers with 
original ECT.

Palmes ug/m3N/A

ppb



Results
Median/Geometric Mean Maximum

Geometric 
Standard Deviation

Minimum Standard DeviationMean

Measured Concentrations of NO2

n Bedroom Living Kitchen
15 5.8 7.2 7.3 17.7 <0.7
15 12.1 12.8 15.3 46.1 <0.7
14 9.6 13.1 14 50.1 <0.7
7 10.8 11.5 12.6 52.9 1.8
29 21.3 27.7 20.5 246 1.8

Winter Summer Winter Summer Winter Summer
43.7 23.6 16.0 2.9 87.5 42.9
40.8 26.2 17.1 12.2 80.9 51.2
38.7 21.5 13.7 3.2 77.2 48.4

30.9 69.1 10.1
31.7 73.7 6.5
48.7 157.9 20.5

prop. gas. elec.
Year 1 (1994-132 42 33
Year 2  117 85 29
Year 3 (1996-164 107 34

n Indoor Outdoor Work Personal Indoor Outdoor Work Pers.
29 10.7 21.3 14.3 15.7 6.4 6.7 1.5 5.6
44 25.4 35 24.8 27.5 14.2 10.2 5.6 9.4
15 16.8 30.5 26.1 24.1 5.8 5.2 6.3 5.8
31 5.5 14 24.1 15.1 3.2 5.3 4.7 2.8
31 12.3 37.2 26 20.5 7 8.2 8.4 4.1
33 9 15 20.2 17.5 5.6 6.7 11.1 12.8
21 40.8 38.7 46.3 43.7 17.1 13.7 45.3 16
59 23.1 22 26.9 28.3 14.1 13.8 10.4 14.2
30 41.9 16.4 26.4 41.2 42 7 10.6 23.9
33 43.2 52.2 35 47.9 14.8 20 16.1 15.5
40 38.7 41.7 51.9 50 18.2 16.2 40.3 28.5
30 62.7 37.7 106.1 41.6 24.4 15 13.1 9.5
30 7.8 13.8 19.9 12.9 4.4 8.2 2.9 2.8
15 34.4 48.5 56.2 51.5 12.9 10 18.6 16.4
15 23.4 25 30 25.8 11.3 11.5 8.8 6.5
33 8.3 11.9 10.6 11 6.3 5.5 3 5
61 21.5 35.1 34.2 25 12.5 10.3 10.9 7.3
20 19.2 33.7 26.2 28 15.8 20.1 9.1 10.7
n mean
306 15.5 7 59 <2
80 14.9 6.6 38 5
296 14.7 6.5 43 2
79 13.2 5.4 33 5
302 25.3 10.9 60 5
141 16.9 9.5 60 <2

personal indoor outdoor pers. indoor outdoor personal pers. pers.
39.6 35 46.9 15 15 21 37 78 19
30.3 25 39.7 13 12 19 31 98 4
35.3 33 46.8 13 14 21 35 84 8
26.4 17 30.8 10 7 14 24 89 3
21.6 16 24.4 8 6 12 21 48 8
21.4 13 19.9 8 5 9 20 62 7
20.7 12 20.2 8 5 9 20 37 4
20.1 12 15.8 7 5 7 18 49 5

1994 1995 1996 1994/1995 1996 1994/19
95

1996
650 147 1750 400 100 20
125 69 161 275/150 300 25/25 75

NO2 exposure higher than reported by 
Koo et al.  Indoor levels generally lower 
than outdoor levels, with the exception of 
the kitchen.

All exposures much higher in winter than 
in summer.  Some workplace monitoring 
also conducted, showing concentrations 
of 14.4 ppb in the Centre for 
Environmental Science and Engineering, 
46.4 ppb in a street-side shop, and 110.4 
ppb at the traffic police station.

Median personal exposure of resurfacer 
drivers working 8 to 10-hour shifts = 69 
ppb.  Proper ventilation use and 
maintenance are key for lowering NO2 

levels.

Indoor:Outdoor ratios ranged from 0.3 +/- 
0.2 in Berlin to 2.8 +/- 2.8 in Tokushima.  
The trans-national mean was 1.0.  Clear 
geographic distinction between high and 
low I/O values (Mexico and Asian 
countries (excluding China) versus 
western countries).  Personal exposures 
more strongly correlated with indoor 
measurements than with outdoor or 
workplace values.  Participants reported 
spending much of their time in their 
homes.  Gas ranges, smoking and 
kerosene space heaters all shown to 
significantly increase personal exposure.

10 samples exceeded the Australian 24-
hour ambient guideline of 115 ug/m3.  6 
were from households with unvented gas 
heaters.  Presence of a gas stove and 
outdoor NO2 values shown to have 
significant influence on indoor values.

Mean for cases = 15.65 (SE 0.60) and 
mean for controls = 15.37 (SE 0.54).  

NO2 outdoor levels 25-40% higher in 
winter than in summer.  No significant 
differences between personal exposure in 
summer and winter.  NO2 was 5 to 8 

ug/m3 higher in homes with gas cookers, 
and personal exposures were 5 to 6 
ug/m3 higher for people from these 
homes.  Smoking had significant effect 
on personal exposure (2 to 6 ug/m3).  

Testing done at 69 arenas, but results 
only reported with respect to ECT.  



Reference
Year & 

Season of 
Study

Location
Exposure 
Measured

# of 
Sites

Duration
Sampler 

Used
UnitsSite Description

# of 
People

Subject Description Number of Measurements

hourly
15

Indoor

Outdoor

restaurant 1
restaurant 2
restaurant 3
library 1
library 2
recreation site 1
recreation site 2
recreation site 3
shopping mall 1
shopping mall 2
shopping mall 3
sports centre 1
sports centre 2
car park

Indoor (public 
buildings)

Indoor (ice rink)

N/A

N/A

1996, Winter 
and Summer

Rosenlund & 
Bluhm, 1999

Nayebzadeh, Cragg-
Elkouh et al., 1999

Bailie, Pilotto et al., 
1999

Camuffo, Brimble-
combe et al., 1999

Lee, Chan & Chui, 
1999

Gomzi, 1999
1990 - 1991, 
December to 

June

1996 - 1997, 
October to 

March

1994 - 1995, 
October to 
December

Enclosed Courtyard 1
Enclosed Courtyard 2

Lotto Room 1

Bellini Room 1
Bellini Room 2

Teflon bag and 
pump (1 L/min)

nL/L

Piazza San Marco

ppb

ug/m3

1 continuous measurement under 
changing rink conditions.

At least 16 week-long 
measurements per child.

1 indoor and 1 outdoor 
measurement at each site.

20 minutes

1994, 
December

1 Ice rink N/A 46 hoursN/A

Shima & Adachi, 
1998

Shima & Adachi, 
2000

Correr museum, 
Venice, Italy

(Not reported.  
Possibly 

Australia given 
location of the 

authors.)

Hong Kong

Montreal, 
Quebec, 
Canada

Zagreb, Croatia

Southampton, 
England

Winter

1993, Winter 
and Summer

1996, 
February 

and August

Stockholm, 
Sweden

24 hours
114 measurements in winter and 
82 measurements in spring.

Continuous 
analyzer ug/m3

2 to 4 weeks Passive ppb Lotto Room 3
Lotto Room 2

Lotto Room 4

1 at three of the sites, 2 at 6 of the 
sites

Indoor 
(residential)

Residential homes.  83 up to 
49 m from a major road; 499 
> 50 m from a major road; 
125 suburban; 243 rural.

950 ppbChiba, Japan N/A 24 hours BadgesN/A

2 measurements per site, taken in 
the living room.  1 during the 
heating season and 1 during the 
non-heating season.

Indoor 
(residential)

72 Residential homes N/A N/A
1 measurement per home, taken 
in the living room.

24 hours Continuous

Indoor and 
Outdoor 

(museum)
1

3 outdoor sites 6 indoor sites 
around the museum. 

N/A

Indoor (school) 3
2 schools in industrial areas 
and 1 in a rural area.

N/A

Palmes

Indoor and 
Outdoor (public 

places)
14 N/A N/A

3 restaurants, 2 libraries, 3 
recreation sites, 3 shopping 
malls, 2 sports centres, and 
1 car park, in rural areas and 
in commercial and 
residential urban areas

N/A 114
Asthmatic children between 7 
and 12 years of age.

1 week

Linaker, Coggon et 
al., 2000

Linaker, Chauhan et 
al., 1999

Personal and 
Outdoor 

(ambient)
N/A

2

Building A - Urban. Train 
station and shopping 
complex attached on ground 
floor; Building B - Urban.  No 
train station or shopping 
complex.

N/A N/A
3 sets in building A and 1 set in 
building B.

5 days (only 
during working 

hours)
Pump and Tube ug/m3

Continuous ug/m3



Results
Median/Geometric Mean Maximum

Geometric 
Standard Deviation

Minimum Standard DeviationMean

Measured Concentrations of NO2

unvent. vented unheat.

0-49m to 
major road

73 20 18 unvented 172 5

> 50m to 
major road

66 21 16 vented 112 6

Suburban 73 19 15 unheat. 47 2

Rural 64 19 11

hourly hourly
24 0

Feb. Aug.
25.9 16.2
25.9
21 12.1
11.1 10.7
8.2
9.6 10.7
8.7
10.6 10.3
11.8 10.5

Industrial Rural Indust. Rural Indust. Rural Indust. Rural
Winter 12 8 7 6 55 30 0 1
Spring 8 14 7 7 4 30 3 5
Winter 16 13 10 7 46 48 2 3
Spring 16 17 4 9 23 38 1 5

indoor outdoor
40 52
63 82
11 20 rural
33 43
12 20 rural
54 62
37 73
37 44
25 44
38 63
47 22
26 39
8 19 rural
42 63

mean median
Personal 17 11 496 0.7
Ambient 12.3 12.8 29.8 4.3

A Feb. May Februar May
Occupied Grnd 161 90 1.46 1.34

11 97 64 1.51 1.44
19 65 82 1.42 1.29

Unoccupied 10 68 56 1.65 1.19
28 88 68 1.13 1.2
Roof 61 40 1.24 1.31

June June
Building A Ent. 91.5 1.57

Recep. 60.2 1.35
Hall 81 1.23

Building B Ent. 71 1.23
Recep. 78.7 1.23

2358 450
2294
1018
242
172

Cigarette smoking significantly increases 
NO2 concentration during non-heating 
period, and in houses with non-vented 
heating.  No difference relative to house 
structure for heating period.  For non-
heating period NO2 higher in non-wooden 
structures.  NO2 higher in houses with 
aluminum window frames (rather than 
wood) during both periods for houses 
with non-vented heaters.

Site Comments

Only slight differences seen between 
pollution levels in rural and industrial 
districts.  

Lower levels than those recorded at the 
V&A Museum in London, and about the 
same as those recorded at the Residenz 
in Wurzburg.  No evidence of indoor 
levels being significantly higher in winter 
than in summer despite the marked 
difference in outdoor levels.  The average 
indoor concentration was 43% of the 
outdoor concentration in the window, and 
75% of the outdoor concentration in the 
summer.  This could be due to open 
windows allowing more traffic pollution 
into the building.

After electricity, paraffin was the most 
commonly used fuel (69% of households 
and 64%, respectively).  Hourly average 
exceeded WHO NO2 standard at 6 of the 
72 houses.

Air quality generally acceptable in both 
buildings.  Some concern about 
occupants of ground floor being exposed 
to NO2 levels in exceedance of ASHRAE 
guideline.  Some seasonal differences 
observed.  IAQ on ground floor of 
building A influenced by the train station 
and heavy traffic in the vicinity.  

Outdoor concentrations at RE1, RE2, 
CP1, RP1, RP2 and SM2 were greater 
than 50 nL/L, the NAAQS and ASHRAE 
suggested annual average.  Indoor 
concentrations at RE2 and RP1 also 
higher than 50 nL/L.  Indoor 
concentration higher than outdoor 
concentration at SM3, probably due to 
the doors of the shopping mall being left 
open during business hours. Good 
correlation between indoor and outdoor 
NO and NOX concentrations (R2 = 0.921 

and 0.919 respectively).  R2 for NO2 = 
0.59. 

No evidence of seasonal variation in 
outdoor NO2 concentrations.  No 
significant correlation found between 
outdoor and personal concentrations.  
Higher personal exposures seen during 
first three months of study with no 
corresponding outdoor trend.  More 
variance within individuals(74%) than 
between children (26%).  Blank value 
subtracted from all concentrations on a 
week-by-week basis.

Should replace propane fuelled ice-
resurfacing machines with electric ones

diesel machine outside site

Increased exhaust pipe, 2h after use, vent on

2hrs after use of resurfacing machine
Peak NO2 after 0.5hr use of machine

Catalytic converter, vent off
Increased exhaust pipe, 2h after use



Reference
Year & 

Season of 
Study

Location
Exposure 
Measured

# of 
Sites

Duration
Sampler 

Used
UnitsSite Description

# of 
People

Subject Description Number of Measurements

All participants (n = 60)
Subset (n = 12)

Home Indoor
Home Outdoor
Workplace
Personal
I/O Ratio

Day 1 (Jan 12)

Day 2 (Jan 13)

Day 3 (Jan 14)

Overall

Group 1

Group 2

Group 3

Gas heating
Gas cooking  
All electric
Unflued gas stove
Unflued gas heater

1 ring
2 rings
3 rings
4 rings
boiling water
stir fry
frying bacon
baking cake
roast meat
bake potatoes
Grenoble - personal
Paris - personal
Toulouse - personal

Grenoble, 
Toulouse & 

Paris

Sanyal & Maduna, 
2000

Smith, Nitschke et 
al., 2000

Ciuk, Volkmer & 
Edwards, 2001

Gauvin, 2001

Levesque, Allaire et 
al., 2000

Norback, Walinder 
et al., 2000

Brisbane, 
Australia

Quebec City, 
Canada

Chao & Law, 2000

Uppsala, 
Sweden

Cyrys, Heinrich et 
al., 2000

1995 - 1996, 
June to 

November

1997, 
Summer

Personal, Indoor 
and Outdoor 

(home)

One sampler located in mid-
section of the rink (west 
side) and one sampler in 
upper section of the rink 
(west side).

ppm

Adult office workers. 2 days ppb
1 set of measurements (personal, 
office, living room and outdoor) 
for each participant.

Passive filter 
badges

Indoor (arena 
during monster 

truck rally)
N/A N/A

2 samplers operation during 3 
monster truck shows.

36 minuets to 197 
minutes

Toxilog

Indoor and 
Outdoor 

(residential)

1 personal measurement daily per 
participant for six 1-week periods

Fixed ambient monitoring 
stations in geographically 
distinct areas of Port 
Adelaide.

1 per classroom and 1 per 
subject.

Gas cooking and heating

ppb

From arrival home 
after completion 
of day's activities 
to bedtime (mean 

= 4.5 hours)

1993
Adelaide, 
Australia

Self-reported, regularly 
medicated asthmatics.

Indoor 
(residential)

Homes of 4-year-old children 
participating in study.

N/A

125 Badges

ug/m3

1995 - 1996, 
February to 
December

South Africa

1993, All 
year

Indoor 
(residential)

Continuous ug/m3

(not 
reported)

Personal and 
Outdoor 

(ambient)
3

1999, March 
and 

December

1998, April 
to October

Port Adelaide, 
Australia

Lee, Yang & 
Bofinger, 2000

Hamberg, West 
Germany and 
Erfurt, East 
Germany

1996, 
January 12 - 

14

1999, June

Hong Kong

1

3
Fixed ambient monitoring 
stations in French cities.

2 randomly chosen 
classrooms in each of 12 
schools.

Households of study 
participants.

115

193

63

Homes of the 57 participants 
and the 6 office buildings 
they were working in at the 
time of the study.

Residential homes. 201 in 
Hamberg and 204 in Erfurt.  

305

Dennekamp, 
Howarth et al., 2001

1 personal sample for each child.

5 to 75 minutes

Continuous 
chemi-

luminescent 
analyzer.

ppbAberdeen, UK

12
Residences of a 20% subset 
of the total study population.

60
Non-smoking adults aged 22 to 
45.

1 personal measurement for each 
of the 60 participants; 1 set of 
measurements (kitchen, living 
room, bedroom and outdoor) for 
the 12 subset homes.  

1 week Palmes

N/A 1 week

6 hoursN/A N/A
3 days of sampling at each site 
(fall, spring and winter), 2 
samples per day.

2 sets of measurements (living 
room, bedroom and outdoor) at 
each home.  1 in winter and 1 in 
summer.

Palmes

Occupational 
(classroom)

24 234 School personnel 1 week Badge

57

Personal, Indoor 
(office), Indoor 
and Outdoor 
(residential)

N/A

Badges

Passive badges 
for personal 
sample, and 
continuous 

chemiluminesce
nt analyzers at 
ambient sites. 

79
Children 4 to 14 years: 24 in 
Grenoble; 32 in Toulouse; 23 
in Paris.

2 days for the 
personal samples; 
18 to 24 days for 
the ambient data.

Non-vented gas stove with 4 
rings and 1 oven.

N/A 2 to 12 hours

Personal and 
Outdoor 

(ambient)

Emission from a 
gas range.

N/A N/A N/A

1 measurement taken in each 
child's bedroom.

38 total:  4 with 1 ring on; 2 with 2 
rings; 3 with 3 rings; 6 with 4 
rings; 4 boiling water; 5 making a 
stir-fry; 6 frying bacon; 2 baking 
cakes; 3 roasting meat; and 3 
baking potatoes.

ug/m3

ug/m3

ug/m3

ppb



Results
Median/Geometric Mean Maximum

Geometric 
Standard Deviation

Minimum Standard DeviationMean

Measured Concentrations of NO2

Pers. Living Rm Kitchen Bedrm Outdoor Pers. Living Kitchen Bedrm Out. Pers. Kitchen Pers. Kitchen
46 10.9 73.1 26.6
47.3 53.8 61 50.9 71.8 10 21 22.4 12.2 15 67.3 96.1 30.8 24.4

(median) Erfurt Hamb. 95%ile E 95%ile H 5%ile E 5%ile H
living room 15 17 33 37 8 8
bedroom 15 18 36 34 8 8
outdoor 29 31 49 52 15 15

10.5 5.6 31.1 1.2
14.5 5.8 35 2
18.2 5 23.3 10.1
15 5.2 31.3 5.7
0.78 0.55 3.62 3.52

Time (min) TWA
1 197 <0.5 0.8
2 110
1 180 <0.5 0.7
2 36
1 183 <0.5 0.6
2 183

5.1 11 2

June October March
kitchen 18 16.5 21.5
living 57.5 37.5 46
kitchen 17.5 13 13
living 9 9 17.5
kitchen 10 8 8
living 8.5 8 11.5

28.7
20
32
12
67
23

Overall 10.3 2.7 155.6 (7h) 0.1 (6h)
Gas apps. 17.1 2
No gas apps. 8.3 2.5
Winter 13.6 2.4
Summer 7.8 3.1

473 219
310 52
584 13
996 139
184 52
92 5
104 19
230 13
296 52
373 70
30.7 7.7 19.3 1.8 personal ambient pers. ambient
32.3 9.9 48.9 1.2 46 40.8 17 5.8
25 11 43.8 1.5 59 75.9 17 31.8

50 44.2 8 8.7

Cooking and kitchen activities have 
significant impact on personal and 
overall indoor exposure.  Ventilation 
hood with direct connection to an 
exhaust fan was the most effective 
mitigation method.  Outdoor NO2 levels 
quite high, also contributing to personal 
exposures.

Demonstrated that the presence of gas 
ranges (n = 18) was the predominant 
factor affecting indoor concentration of 
NO2 and personal exposure.  Estimated 
personal exposure (from equation using 
indoor, outdoor and workplace value) 
correlated well with personal exposure, 
though values calculated were 
significantly lower than actual values.  

Sensitivity of NO2 measurement device 
(personal detector, Toxilog Biosystems) 
did not allow verification of compliance 
with Canadian air quality standards.  
Maximum values fluctuated between 0.6 
and 0.8 ppm, which occurred mainly 
when monster trucks were present in the 
arena.  

Most important predictors of indoor NO2 

were gas cooking (41% increase), 
smoking (18% increase), ventilation and 
outdoor NO2. Indoor values in Hamberg 
more strongly influenced by outdoor 
values, possibly due to urbanization. 
Indoor values high relative to outdoor 
values in summer, due to increased 
ventilation (windows open).  

Highest NO2 levels measured in schools 
situated near roads with heavy traffic

Concentrations of NO2 higher in living 
areas than in cooking areas for group 1 
only.  Also higher concentrations during 
winter for this group.  

Gas cooking and heating

No NO2 associated with electrical 
cooking as evidenced by no change from 
the baseline readings.  Gas stove 
produces no NO2 when off.

 Higher NO2 levels found in homes with 
lower socio-economic status (~ 4ppb 
difference).

Highest NO2 levels measured in homes 
with unvented gas appliances.

Gren. - amb.
Paris - ambient

Crude correlations between ambient air 
conc and personal exposures were poor 
for all 3 cities (R2 = 0.009 Grenoble, R2 = 
0.04 in Toulouse and R2 = 0.02 for 
Paris), but was improved when taking 
into account other sources for NO2 (0.43, 
0.4,and 0.37)  Traffic index and proximity 
and use of a gas cooker at home 
explained personal exposures most 
(multiple linear regression).  Ambient air 
monitoring sites a poor predictor of 
personal exposures.

Toul. - amb.

Grenoble - personal
Paris - personal
Toulouse - personal

Grenoble - ambient
Paris - ambient
Toulouse - ambient



Reference
Year & 

Season of 
Study

Location
Exposure 
Measured

# of 
Sites

Duration
Sampler 

Used
UnitsSite Description

# of 
People

Subject Description Number of Measurements

Indoor
Outdoor
Workplace
Personal

Classroom
Personal Non-School
Time-weighted Total

VU class
FU class
NU class
VB class
FB class
NB class
VU sch. out
FU sch. out
NU sch. out
VB sch. out
FB sch. out
NB sch. out
VU per
FU per
NU per
VB per
FB per
NB per
VU home out
FU home out
NU home out
VB home out
FB home out
NB home out

Indoor
Outdoor
I/O ratio

Southern 
California, USA

Basel, 
Switzerland; 

Helsinki, 
Finland; Prague, 
Czech Republic 

Singapore

Canberra, 
Australia

Utrecht, 
Netherlands

1996, April 
and May

Metropolitan 
Helsinki, Finland

Lee, Xue et al., 
2002

Kousa, Monn et al., 
2001

Ng, Seet et al., 
2001

Ponsonby, Glasgow 
et al., 2001

Rijinders, Janssen 
et al., 2001

Rotko, Kousa et al., 
2001 ug/m3

Adult participants in the 
EXPOLIS study: 201 from 
Helsinki; 35 from Prague; 50 
from Basel

1996 - 1997

Personal N/A

Heating

Traffic Volume Nearby

Work Location

Gas Stove

Season

Reported here with the mean 
concentrations.

48 hours Palmes

(not 
reported)

Personal 16

1999, July to 
September

Schools.  3 government-run 
and 1 private. 

344
Personal and 

Indoor 
(classroom)

N/A 176
Adults between 25 and 55 
years

2 days.  Personal 
measurements 

done only in non-
school hours (18 

hours/day).

1 measurement for each child and 
each classroom.

ppb

Home Location

Home Type

Exposed to ETS

Commuting Time

Windows Open

Age of Home

Floor Area

1997 - 1998

1996 - 1997, 
October to 
December

N/A N/A

4

(not 
reported)

Homes and workplaces of all 
participants.

286

Adult female asthmatics

Children with mean age of 9.1 
years

Personal, 
Workplace, 
Indoor and 

Outdoor 
(residential)

48 hours

1 set per participant, including 2 
consecutive 1-week 
measurements and 1 peak 
measurement while cooking.

1 week; Between 
30 and 60 

minutes for peak.

N/A

Personal, 
Outdoor 

(residential), 
Indoor and 

Outdoor (school)

2426

Schools: 1 very urban (VU); 
1 fairly urban (FU); 1 non-
urban (NU); 1 near to a busy 
highway (VB); 1 near to a 
fairly busy highway (FB); 
and 1 on a non-busy road 
(NB)

111

Residential homes: 56 in 
Upland (valley site) and 55 
in San Bernardino 
(mountain) 

Indoor and 
Outdoor 

(residential)
N/A

School children between 6 and 
12 years of age.

1 set of measurements (living 
room and outdoor) per site.

6 days Badges

Badge

1 week

4 set of measurements (winter, 
spring, summer, fall) done in 
duplicate for each child and each 
child's home.  Total of 791 
personal and 708 outdoor.  4 sets 
of measurements done in 
duplicate for inside and outside of 
each school.  

ug/m3

258 indoor; 237 outdoor; 188 
workplace; 261 personal ug/m3

Palmes

Palmes

Palmes for 1-
week; Pump for 

peak.
ug/m3

ppb



Results
Median/Geometric Mean Maximum

Geometric 
Standard Deviation

Minimum Standard DeviationMean

Measured Concentrations of NO2

Helsinki Prague Basel Helsinki Prague Basel Hels. Prag. Basel
24 61 36 21.2 57 32.3 1.8 1.5 1.6
18 43 27 14.7 37.7 22.8 2.1 1.9 2.2
27 30 3 22.8 25.9 32.3 2.2 1.8 1.6
25 43 30 22.6 40.7 28.4 1.7 1.5 1.4

2 week 130 36
Peak 490 0
Ambient 135 36

10.1 4.9 75%ile 25%ile
10.4 11.1 8.3 11.1 6.8
10.1 8.6

autumn winter spring summer
20.9 29.4 22.9 19
8 16 13.4 12.4
9.3 12.4 12.5 9.6
19.1 33.5 25.3 19.2
11.9 16 17.1 12.5
8.5 19.3 16.9 13
31.6 59 32.4 24.8
27.6 41.6 29.2 20.5
26.7 33.2 26.8 15.7

82.3 36.8 21.8
57 37.1 17.3

35.1 46.7 32.3 19.5
25.9 42.1 33.3 19.7 163.1 9.2
18.7 23.4 19.6 17.8 58.9 4.7
14.2 19.1 15.8 14.8 30.8 7.2
26.1 36 29.2 15.6 82.6 6
19.2 29.7 25 15.1 46.8 6.4
19.1 25.1 18.2 17.9 59.9 6.4
29.8 49 38.1 25.6 71.4 12.9
27 41.5 29.8 21.3 49.5 8.3
24.7 36.1 22.6 16 43.5 6.1
38 58.3 39.3 15.7 67.2 9.6
31.9 56.1 34.9 82.1 24
34 44.9 26.9 66.9 13.5

n AM median 95%ile
Downtown 41 30.2 11.4 28 46.6
Suburban 135 23.4 10.2 21.9 44.7
High Rise 107 26.8 10.5 24.7 46.1
House 65 21.7 10.5 21.2 41.3
<1970 62 29.6 11.6 27.2 47.3
>1970 114 22.5 9.6 21.6 41.3
<60m2 63 26.9 10.5 23.8 45.3
>60m2 110 24 11.1 21.8 45.9
No Extra 152 24.7 10.6 22.9 45.3
Oil/Wood 24 26.5 12.5 24.1 47.3
Low/Mod 138 23.5 10.6 21.7 44.7
Heavy 38 30.1 10.4 27 46.6
Downtown 40 30.1 10.3 30.6 47
Suburban 126 23.7 10.6 22.4 44.3
Summer 107 26.3 12 23.8 46.1
Winter 69 22.8 8.6 21.4 38.6
No 167 24.5 10.5 22.4 45.9
Yes 9 32.9 15.5 33.5 60.5
<20/48 h 117 23 9.9 21.9 41.3
>20/48 h 57 28.8 12 25.9 50.6
Yes 54 27.5 11.1 26.2 45.9
No 122 23.8 16.6 21.9 45.9
<1 h 96 25.4 11.1 23.4 46.6
>1 h 65 24.6 10.2 22.2 44.3

n mean median max 95%ile min
92 28 12.6 28.9 52 49.3 4.3
88 20.1 14 17.4 47.8 42.1 3.2
87 2.08 1.69 1.33 10.62 5.41 0.22

Ambient fixed site monitoring alone a 
poor predictor for personal NO2 exposure 
variation.  Outdoor air NO2 

concentrations, use of gas appliances 
and workplace location turned out to be 
strongest and most consistent NO2 

exposure determinants

GM for unflued gas heater = 14.53 ppb.  
GM for flued gas heater = 11.19 ppb.  
GM for children from households with 
only electrical heating and cooking = 
7.92 ppb, used as baseline to compare 
other combinations of potential sources.

Average personal exposure was 25 
ug/m3, which is similar to that measured 
SAPALDIA (Swiss Study on Air Pollution 
And Lung Disease In Adults) where the 
overall personal exposure was 27 ug/m3 

(Monn et al, 1998).  Downtown 
participants had higher personal 
exposure (23%) than those in suburban 
areas.  Those living in older building had 
a 24% increase in exposure, and those 
living close to high traffic areas has a 
22% increase.  Often these three groups 
are the same -- old building located in 
high traffic, urban areas.  Use of a gas 
stove was associated with significantly 
increased exposure, though few 
participants had gas stoves.  NO2 

concentrations not associated with age 
or occupational status, though 
unemployed men have lower exposure 
than employed men.  

The community (mountain vs. valley) 
was significantly associated with indoor 
NO2 concentrations (higher in valley).  
Homes with air conditioning and a gas 
range had higher concentrations as well.  
Presence of a humidifier had no 
significant effect.  HONO about 17% of 
NO2 concentration. 

Personal and outdoor NO2 

concentrations are significantly 
influenced by the degree of urbanization 
and by traffic density.  Personal 
exposures were significantly higher for 
children from homes with gas-fired 
appliances.  Parental smoking did not 
significantly influence personal 
exposures.  An increase of ~3ug/m3 for 
children living in smoking homes with 
gas-fired appliances, but not increases 
for children living in smoking homes with 
electrical appliances.  


