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Glossary and definitions

ARI

ALRI
AURI

Ecology

PM
PM1o

PM3 5

RSPM
TSAP

Acute respiratory infection referring both to upper respiratory tract and lower
respiratory infections

Serious form of ARI, resulting in pneumonia or bronchopneumonia.
Infection of the upper respiratory tract involving larynx, pharynx, tonsillar
glands, Eustachian tube, nasal cavities and sinuses

Ecology in the thesis reflects the altitudinal set-up in reference to the rural
study sites for indoor air pollution. Study sites with 2000 masl and higher
are categorized as highland (Dega), and those with lower than 2000 masl
are categorized as lowland (Kolla).

Particulate matter.

Particulate matter with aerodynamic diameter of < 10 microns. PMjp is also
called inhalable particulate matter.

Particulate matter with aerodynamic diameter of < 2.5 microns. They are
also called fine particles or respirable particulates

Particulate matter with aerodynamic diameter of < 7 microns.

A generic term for all airborne particulates. It may contain soil particles,
organic matter, compounds of sulfur, nitrogen, hydrocarbons, metals, etc.
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ABSTRACT
Background
About half of the global population and over 70% of countries in the Sub-Saharan Africa rely on
biomass fuel as a source of household energy. Over 95% of households in Ethiopia use biomass
fuel for cooking. Despite the prevailing major concerns among policy makers and professionals
on air pollution, the magnitude of air pollution from domestic and traffic sources in Ethiopia is

not well established.

Objectives
This thesis attempted to examine the magnitude of air pollution by measuring 24-hr
concentrations of indoor nitrogen dioxide in rural Butajira and daily measurement of ambient

carbon monoxide in traffic congested areas of Addis Ababa.

Materials and Methods

A longitudinal study was conducted to assess the indoor air pollution component between March
2000 and April 2002. Concentrations of NO, were measured cross-sectionally at about three-
month interval using a modified Willems badge air samplers. Mothers of children in households
were interviewed within 24 hours of air sampling about characteristics of fire use, type of fuel
and cooking pattern. A Saltzman colorimetric method using a spectrometer calibrated at 540 nm
was used to analyze the mass of NO, in field samples.

Roadside traffic air pollution was assessed using portable CO USB data loggers. CO monitor is
small electronic equipment installed along 40 roadside sampling points to continuously measure
and record CO concentrations at an average interval of 10 seconds for about 10 hours in the
daytime. Four on-road traffic light posts were also included to explore the association with the
results of roadside CO concentrations. Data were entered and analyzed using EPI INFO version
6.02 statistical software. SPSS version 15.0 was further used to run regression analysis. Data
from CO logger were downloaded in Excel format. Summary statistics, graphs, charts, and tables
were the main tools used to present findings. One-way ANOVA, multiple regression analysis
and linear mixed model analysis were also used to sort out any non-random differences in NO,

and factors affecting the levels of NO,.

vii



Results

Wood, crop residues and animal dung were the main fuels in rural households in the study area.
The mean 24-hr concentration of NO, was 97.3 pg/m® (95% ClI: 95.9, 98.6). The median (IQR)
was 68.4 (98.7) pg/m®. Ecology and season have shown differences in the mean concentration of
NO,. Households in the highland areas and during wet season had higher indoor NO,
concentration. Biomass fuel type, ecology, purpose of fire use, cooking of at least one type of
food in a day, and frequency of fire use were important household variables to explain the
variations in the daily NO, concentration. While ecology was the major predictor, housing

physical structures showed little influence on the variation of indoor NO,.

In Addis Ababa, the 15-minute mean (+SD) CO concentrations were 2.03 (1.94) and 2.64 (2.53)
ppm respectively observed during the wet and dry seasons of 2007 and 2008. The two means did
not vary significantly. There were variations in average CO by time and location of sampling.
CO tended to be high in early mornings and in the afternoon rash hours. The CO profiles

between roadside and on-traffic post light were, however, not different from each other.

Conclusions and Recommendations

About 70% of NO; indoor measurements were more than double the currently proposed annual
mean of WHO air quality guideline. Ecology and fire-fuel use household characteristics were
important determinants of indoor air pollution. Although average CO concentrations were below
the US-EPA and WHO ambient air quality guidelines, there is a strong indication that CO
concentrations will exceed or approach these guidelines shortly.

Further studies in the description of burden of diseases attributed to indoor air pollution are
highly recommended. Interventions targeting at improving the design and utilization of fuel-
stove efficiency and ventilation are essential. The measurement of traffic particulate matter in
high traffic areas is suggested given the high proportion of on-road diesel-engined vehicles in
Addis Ababa.

Key words: magnitude, NO,, indoor air pollution, agro-ecology, sources, biomass fuel,

variation, Addis Ababa, CO, traffic air pollution, Ethiopia.
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1. INTRODUCTION

More than 50% of the global population heavily relies on biomass fuel as a source of household
energy (1). Exposure to indoor air pollution (IAP) from the combustion of biomass fuel is
affecting the lives of 3 billion people worldwide (2-7). Furthermore, diseases of the respiratory
system, mainly acute respiratory infections and chronic obstructive lung diseases are known to
have a link with indoor air pollution (8-10). The fact that IAP is associated with ARI was also
demonstrated in African countries (11-16). These studies consistently showed that proxies of
IAP such as the use of biomass fuels and traditional unvented stoves are related with ARI.

However, quantifying the exposure to IAP was highly limited in those studies.

Traffic air pollution is more specific to ambient air pollution. The major cause of air pollution in
urban settings originates from vehicles. An increased level of traffic air pollution was observed
in most urban settings in developing countries. The average concentrations of respirable
suspended particles and particulate matters (aerodynamic size of 2.5 and 10 microns) were found
to be 10-30 times greater than that set by the World Health Organization (15, 17-22). The current
ambient air pollution level in urban settings of developed nations is 10-20 times less than that of
developing countries (23). This gap will continue to exist unless the use of improved energy is
possible in the latter.

Ethiopia is not an exception to the above air pollution reality. Over 95% of households in the
country use biomass fuel (24, 25). However, the status of both indoor air pollution and ambient
air pollution has not been studied sufficiently. This thesis thus attempted to make an in-depth
investigation into the status of indoor air pollution in a rural setting and traffic air pollution in an

urban setting of Ethiopia.



2. LITERATURE REVIEW

2.1 Indoor Air Pollution

Indoor air pollution caused by the use of solid fuel for cooking and heating in households is a
major problem in developing countries, particularly in the Sub-Saharan Africa, Asia and South
America. In contrast, IAP is not as such a major problem in the developed countries as they

currently use cleaner energy sources.

The magnitude of indoor air pollution is commonly assessed indirectly by measuring proximate
factors such as fuel and stove type or directly by measuring the level of indoor air pollutants. In
developing countries, where the possibility of measuring the concentration of indoor air pollutant
is very limited, the use of proxy factors is very useful (26). Generally, any fuel with complete
combustion generates heat (energy), CO, and water vapour. Unfortunately, due to stove-fuel use
inefficiency, complete combustion is not at all possible under any circumstance where fuel is
commonly used. The principal products of combustion include carbon monoxide, nitrogen
dioxide, sulfur dioxide, particulate matter and volatile organics. All of these can be categorized

into three types: gaseous, particulate matter, and volatile substances (27).

The use of particulate matter in assessing exposure to air pollution is a common practice. PMyg is
an inhalable particle with aerodynamic diameter of 10 microns and less, which has the capability
of reaching the bronchioles. PM,5 is a fine respirable particle size with aerodynamic of 2.5
microns and less, with the capability of further entering the alveoli tissue. Further, there is a third
category which is PM less than 0.1 microns, known as ultra fine particles. It behaves like an air
mass reaching and leaving the lung. PMjo and PM, 5 together make the total suspended particles.
PM is generally unburned hydrocarbons containing many types of “air toxic” chemicals and
unburned carbon which include benzene, polyaromatic hydrocarbons (PAHSs), formaldehyde,
Acetaldehyde, Acrolein, and benzoapyrene. Secondary pollutants such as sulfates and nitrates are
also part of PM. Nickel, chromium, and manganese can also be found because of the emissions

from metal processing factories and incineration sources (28-30).



The intensity and amount of air pollutants from the combustion process mainly depend on the
conditions of fuel use. The amount of emission is directly proportional to the type and quality of
fuel. Because crude solid fuels produce relatively more pollutants than that of cleaner fuels
(Figures 1 and 2), the adverse health effects are more serious in households using these fuels in
poorly ventilated cooking places in developing countries. Wood stoves are known to release 50
times more pollution than gas stoves (5). The intensity of air pollution is much dependent on the
energy ladder. The cleaner the fuel, the less is the emission of air pollutants. The use of clean

fuel is often associated with prosperity and development (Figure 3).
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Figure 1: Emissions along the household fuel ladder
Source: Smith KR, Samet JM, Romieu IBruce N. Indoor air pollution in developing
countries and acute lower respiratory infections in children. Thorax 2000b; 55:518-532

(9).
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Figure 3: Energy ladder
Source: http://www.unep.org/geo/yearbook/yb2006/056.asp (31)
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The level of air pollution in developing countries

The level of indoor air pollution through the measurement of gases such as CO and NO; in
developing countries is a very rare event. There is limited access to literature on NO,
measurements of recent times in developed countries as well. In a Mongolian study conducted in
the city of Ulaanbaatar, the 24-hr mean (+SD) level of CO from the use of wood and coal using
improved stoves was 9.5 (6.2) ppm (range 8.9-11.6 ppm) which did not exceed international
standard (32). Another study in three cities - Lusaka, Maputo, and Hanoi - revealed that the 1-hr
mean (+SD) level of CO during cooking with the principal use of biomass fuel ranged from 35 to
48 ppm (33).

A study in an effort to associate the relationship between respiratory illness and indoor levels of
nitrogen dioxide showed that the average concentrations of NO, were 112.2 ppb and 87 ppb in
kitchens using gas and electric cookers respectively while the corresponding concentrations in
bedrooms using gas cookers and electric cookers were 30.5 ppb and 13.9 ppb respectively (34).
The level of NO;, in kitchens and bedrooms using gas stoves was much greater than outdoor NO,
level observed at the time of the study (14-24 ppb) and greater than the present WHO guideline
of 21 ppb (35). In 77 low-income homes in the USA, the average mean (+SD) NO,
concentrations in Kitchen, living room, and outdoor were 43 (20)ppb, 36 (17) ppb, and 19 (6) ppb
respectively (36). A NO, mean (+SD) concentration of 30.0 (33.7) ppb was found in low-income
homes (37). In 23 homes of Umea, Sweden, the level of 24-hr average concentration was 28
ng/m®, much less than the Swedish 75 pg/m?® standard (38). In the USA, a 24 hr NO,
concentration mean (+SD) was 8.6 (9.1) ppb and 25.9 (18.11) ppb in homes with electric and gas
stoves respectively (39). In a study involving 1421 homes in three European cities, the average
concentrations of NO; in living rooms were 5.79 ppb, 6.06 ppb, and 23.87 ppb for Ashford,

Minorca, and Barcelona respectively (40). NO, was found to vary with gas stoves and gas fire.

Given the limitation of finding articles on CO and NO, researches undertaken in developing
countries, there was a need to research indicators of 1AP other than CO and NO; with reference
to assessing recent research developments. Respirable suspended particles (RSP), PMy, and
PM,s are commonly used to evaluate the degree of air pollution. The summary of the review is
indicated in Table 1.



Table 1: Review summary of PM air pollution levels

Study place/country ~ Measurement Sample  Pollutant concentration
description size
Kenya, 1990 (12) 24-hrs of RSP 36 e Average: 1400 mg/m?;

Peak: up to 3600 mg/m®
using traditional stoves

Ghana, 2005 (41) Aerial: 24-hrs of PM 5 36 650 ug/m3, traditional stove
Nicaragua, 2003 (18)  Aerial: 24-hrs of PM;5 60 e 514-639 pg/m*traditional stoves;
e 53-121 pg/m’improved stoves;
Guatemala, 2001 (42)  Aerial: 24-hrs of PM35 58 1560 pg/m®, traditional open fire cook stove
Zimbabwe, 1991 (43)  Comparing ARI and URI 18 Mean PM yo: 1998 pug/m?, traditional stove
by AP exposure 15 Mean PMyo: 546 pg/m?®
Uganda, 2003 (22) 4 hrs during cooking at 60 Mean PMy,: 11,400-128,600 pg/m?
breathing zone traditional stove
Mozambique, 1995 Descriptive study to relate 218 Mean RSP: 1200 pg/m®, wood stove
(15) IAP with symptoms of Mean RSP: 540, pg/m® charcoal stove
ARI Mean RSP: 200-380 pg/m?®, modern fuel
Bangladesh,, 2003- Arial: 24 hr Mean PMq:
2004 (20) e 291, use of dung
e 263 pg/m?firewood
e 237 ug/m?, sawdust
e 101 pg/m® natural gas stove
e 134 ug/m? kerosene stove
India, 2002 (17) Aerial 24-hr 436 RPM: range 500-2000 pg/m® in kitchens
India , 2004 (19) Aerial 24-hr 450 RPM mean:

e 500 wood stove pg/m®

e 203 kerosene stove pg/m?
China, 2005 (21) Aeraial 24-hr 457 Mean RPM:

351-719 ug/m?, biomass fuel

Smith (9) in his review compiled a range of measured indoor air pollutants in various countries (Table
2). Although the mean values are variable because of the methodological differences in assessing the
PM concentrations, it is understood from the findings that the levels of indoor pollutant are very much
unacceptable by the standards set for outdoor air in developed countries. The author further critically
reviewed the analog in pollutant components of cigarette smoking, ambient air pollution and indoor air
pollution and made judgment about the presence of similarities in health outcomes as well. He drew
evidence from the literature that the established effect of cigarette smoking on health situations

including birth weight can be further extended to air pollution as well.

In summary, the available literature suggested that indoor air pollution tended to exceed the international
and national air pollution standards.



Table 2: Measured PM in different contexts of developing countries

Particudate concentration

Location and vear Description n (ugin’®)
Kitchen area concentration
Papua New Guinea
1968 Overnight at floor level 9 2004900
1974 Ovwernight at sitting level ] 200-9000
Kenya
1971-72 Overnight - highlands 5 2700-7900
- lowlands 3 300-1500
1988 24 hours 64 1200-1900 (RSP)
India
1982 15 min cooking - wood 22 15 800
- dung 32 18 300
- charcoal 10 5500
1988 Cooking (0.7 m to ceiling) 390 4000-21 000
Nepal
1986 Cooking - wood (geometric mean) 17 4700
China
1987 All day - wood ¢ 2600 (RSP)
The Gambia
1988 24 hours 36 1000-2500 (RSP)
Exposures during cooking (2-5 hours per day)
India
1083 4 villages 65 6800
1987 8 villages 165 3700
1087 2 villages 44 3600
1988 5 villages 129 4700
1991 3 villages - winter 95 6800
- sumimer 5400
- MOoNsoon 4500
Nepal
1986 2 villages® 40 2000
1990 1 village - before” 20 8200 (RSP)
- after 20 3000 (RSP

Source: Smith KR, Samet JM, Romieu IBruce N. Indoor air pollution in developing countries and
acute lower respiratory infections in children. Thorax 2000b; 55:518-532 (9)



Recommended level of air pollution

Pollutants that have health importance on the basis of epidemiological research are regulated and
monitored. Guidelines provide an average exposure that is required to protect the general public
from short and long term health effects. National Ambient Air Quality Standards developed by
the Environmental Protection Agency of USA (EPA-USA) is widely cited and used by many
researchers. EPA-USA uses two types of air quality guidelines: primary ambient air quality
standards which are required to safeguard the health of population, and secondary ambient air
quality standards required to protect the public welfare such as buildings, soil, water, visibility,
and vegetation (Table 3). World Health Organization provides international air quality guidelines
that can be adopted or modified by each member country based on socio-economic conditions
(Table 4). Individual countries, depending on their resource and technological feasibilities, have

their own standards adopted or modified from the international practice (Table 5).



Table 3: Primary and secondary standards for the criteria pollutants, Environmental

Protection Agency, USA

Primary Standard (Health-Based)

Secondary Standard (Welfare-Based)

Pollutant Type of Average Standard Level Type of Standard Level
Concentration Average Concentration
Annual Arithmetic mean 50 pg/m? Same as primary standard
PMuo  |24-hr average not to be exceeded 150 pg/m® Same as primary standard
more than once per year on average
over 3 years
Spatial and annual arithmetic mean 15 ug/m?® Same as primary standard
PM,s |inarea
98" percentile of the 24-hr average 65 ug/m° Same as primary standard
Maximum daily 1-hr average to be pg/m®0.12 Same as primary standard
O3 exceeded no more than once per
year averaged over 3 consecutive
years
3-yr average of the annual fourth ~ 0.08 ppm Same as primary standard
highest daily 8-hr average
NO, |Annual arithmetic mean 0.053 ppm Same as primary standard
SO, |Annual arithmetic mean 0.03 ppm 3-hr 0.50 ppm
24-hr average 0.14 ppm
8-hr (not to be exceeded more than 9 ppm No secondary standard
Cco once per year)
1-hr (not to be exceeded more than 35 ppm No secondary standard
once per year)
Lead |Maximum quarterly average 1.5 pg/m? Same as primary standard

Source: U.S Environmental Protection Agency. National Ambient Air Quality Standards (NAAQS). Available:
http://www.epa.gov/air/criteria.html (44)



http://www.epa.gov/air/criteria.html�

Table 4: WHO Air Quality Guideline adopted in 2000 and 2005

Pollutant Averaging time Concentration
PMio" Annual mean 20 pg/m’
24-hour mean 50 pg/m®
PM,st Annual mean 10 pg/m®
24-hour mean 25 pg/m?
04 8-hour mean 100 pg/m®
NO, Annual mean 40 pg/m®
1-hour mean 200 pg/m®
S0t 24-hour mean 20 pg/m®
10-minute mean 500 pg/m?
Cco? 15 minutes mean 90 ppm
30 minutes mean 50 ppm
1-hour mean 25 ppm
8-hour mean 10 ppm
Lead? Annual mean 0.50 pg/m?®

Source: *1 WHO aid quality guidelines, Global updates 2005 (23)

*2 WHO Air Quality Guidelines 2000 (28)

10



Table 5: National ambient air quality standard for traffic zones in India

Pollutants Time weighted Traffic, Residential,
average Rural and other area
Sulphur Dioxide Annual average 60 pg/m*
24 hours 80 pg/m®
Oxides of Nitrogen as NO, Annual average 60 pg/m*
24 hours 80 pg/m®
Suspended particulate matter (SPM)  Annual average 140 pg/m?®
24 hours 200 pg/m?
Respirable particulate matter Annual average 60 pg/m°
(RSPM) (mg/m3) size less than
10mm
24 hours 100 pg/m?
Carbon Monoxide (CO) 8 hrs 2000 pg/m?®
1 hr 4000 pg/m®

Source: Ministry of Environment and Forests, Government of India notification,1994, ambient air quality
standards at http://cpcbenvis.nic.in/airpollution/standard.htm (45)

Measuring level of indoor air pollution

The measurement of pollutants is very complex and requires human skill and advanced
technology in the design of measuring equipments. Generally, the selection for the methods of
sampling and measuring air pollutants depends on precision, accuracy, and validity of
instrumentation (46, 47). Cost and portability are also other concerns.

The level of air pollution is usually determined by the concentrations of black smoke (carbon
particles), suspended particulate matter of diameter less than 2.5 and 10 microns (PM;s, PM1p),
hydrocarbons, lead oxide, NO;, SO, CO, photo-chemical oxidants, and ozone. There are
different methods of measuring air pollutants. These methods could be classified as traditional
and emerging ones. In older times, air samples were taken to the laboratory using air bags, flask
or cylinder. In the 1970’s the use of portable pumps was introduced to pump air sample into a
sampling filter (Figure 4). This is used for both aerial and personal exposure assessment and is
known as active sampler. Its wider application in the field was very much limited due to the high
cost and time limitations. Passive samplers in the early 1980’s were introduced for industrial

exposure assessments and then adopted for field surveys (46). Passive (diffusion) air samplers or
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air monitors are portable, relatively cheap, and can be used in rural areas where electricity is
limited. Air monitoring data loggers are now available as products of improved technology of
passive sampling. They are small electronic devices with memories for data storages and are
highly specific to certain measurements such as relative humidity, temperature, and CO. Data
loggers can be used for 24 hours or more continuous sampling depending on the average time
interval needed. Such instruments are also known as real time monitors.

In recent times, the use of active sampling or passive sampling in combination with time budget
inventory is widely used to estimate the personal exposure to IAP (13, 47, 48). This method was

useful for a mass survey (17).

Figure 4: Active air sampling devices and assembling

Determinants of exposure to indoor air pollution

Many studies used proxies of IAP as distal factors such as environmental factors (availability of
fuel, ecology, accessibility of fuels); housing characteristics (e.g., the size of the house and the
material it is built from, the number of windows, and the arrangement of rooms); socio-
economic variables such as income, education; the proximal factors such as type of fuel, type
of stove, kitchen location, ventilation efficiency, housing construction materials, number of
rooms, household size, number and location of windows; and the more proximal ones: cooking
personalities and time spent near a fire, (13, 48). Distance between the subject and fire sources is
a unique identifier for indoor air pollution, which can be modified by those who are involved in
cooking and heating (10, 13, 40-51).
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The type of fuel was related to respiratory symptoms and diseases (52). Wood, dung, and straw
in this study were classified as high pollution fuel while liquefied petroleum gas (LPG), natural
gas and electricity were categorized as low pollution fuel. Kerosene and charcoal played an
intermediate role. The type of stove, stove-fuel combination, and the cooking phase are most
proxies affecting the intensity of exposure to smoke from cooking. In a study involving 55
different households stratified by five different types of stoves, the median emission
concentration of PM3, measured near stoves during burning phase significantly varied, ranging
from 207 for charcoal (Loketto) stove to 2394 pg/m® for 3-stoned wood fuel. Ceramic wood
stove, Metal charcoal stove, and Ceramic charcoal stove had emission concentration of 1922,
807, and 316 ug/m® respectively (13). About 31-61% of the total exposure of household
members who took part in cooking was accounted for by exposure during high-intensity
emission episodes (53). High intensity of emission occurred when fuel was added, or removed,
the stove was lit, the cooking pot was placed on or removed from the fire, or food was stirred or
removed. Increased exposure to indoor smoke during increased activity of cooking was

consistent in the Nicaraguan study (50, 54).

In an effort to evaluate the benefits of improved stoves in Nicaragua, it was found out that the
level of PM,s was reduced on the average by 86% compared to traditional type of stoves (17).
Similar results were observed in rural Guatemala in an intervention study using improved stove
(3, 55). In a study in the USA involving a cohort of 242 children, the presence of gas stoves as
proxy to NO, exposure and type of housing (multifamily or single family) were associated with
symptoms of asthma (39). The housing variable was related to the number of rooms, presence of
gas stoves, and ventilation factor. The household size that determined the amount of food, hence

the time needed for cooking, might have increased the exposure to NO,.

A 24-hr PMy in kitchen and living areas was monitored in a stratified 236 households (rural,
urban and peri-urban) in Dhaka Region of Bangladesh. Type of fuel, stove location, ventilation
practices (opening doors and windows), structural characteristics and building materials of the
household significantly affected the average levels of PMjg, ventilation factor being the most
relevant compared to others (20). This study suggested that income and education were strongly
related to exposure to biomass smoke. The same study found a spatial and temporal variation in
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the level of PMjo as demonstrated by day-to-day and household variations (inter-household and
intra-household) which was explained by the difference in socio-economic factors and type of
fuel-stove. The findings implied that a reasonable clean indoor air could be maintained using
those determining factors (mainly ventilation and behavior) until such times when clean fuels
become accessible. Behavior in this study was understood as actions taken by someone to protect
her/himself from being exposed to indoor smoke while cooking. A similar study conducted at a
different location demonstrated the presence of intra-household and inter-household variations
reflected in day-to-day and seasonal differences of PMjo concentrations. The variation was
explained by differences in the type of fuel, time-activity budget, ventilation factor, and kind of
cooked food (13, 53). The benefit of ventilation efficiency as measured by the air exchange rate
between the indoor kitchen and outdoor ambient air was a factor for the significant reduction of
the measured 24-hr mean of PM,s and PM; in Costa Rica. The air exchange rate using CO decay
was 12.2/hr (54).

The above review summarizes the following:
e The combination of type of energy source, type of stove and kitchen, and the behavior of
cooks are decisive to determine the level of indoor air pollution.
e The type of housing structures in reference to ventilation efficiency through chimneys,
windows and doors are major factors to affect the level of emissions from the source.
e Socio cultural context such as education, income level and housing structures are also

important determinants that could modify the level of exposure during cooking.
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Health effects due to indoor air pollution

The health effect of air pollution is generally dependent on the type of pollutant (PM, gas or
vapor), concentration of these pollutants in the breathing zone, duration of exposure, and
demographic characteristics of the recipients. There are two suggested mechanisms by which
IAP causes diseases such as ARI (9).

Non-specific mechanisms: air pollutants passing through the air ways adversely affect the
mucosal epithelial lining thereby affecting the host mucociliary defensive mechanism against
foreign bodies which include filtration and removal of particles by the upper air way. These
effects include paralysis of cilia, hyper secretion of bronchial mucous glands, and mucous gland
hypertrophy and extension into smaller air ways. The irritation of respiratory linings further

causes inflammation that could be entry point for viral and bacterial infection.

Specific mechanisms: suppression of immunoglobulin promoted phagocytosis and cell-

mediated immunity required to Kill organisms capable of living within alveolar macrophages.

Smith cited a number of epidemiological and animal studies that have indicated nitrogen dioxide,
sulfur dioxide, PM, and ozone adversely affecting the mucociliary apparatus, humoral and

immune defenses (9).

Most of the health effects are related to a variety of respiratory diseases, primarily ARI including
(acute lower respiratory infection) and chronic obstructive lung diseases (bronchitis, asthma).
Indoor air pollution was associated with high risk of ARI in developing countries where over
70% of households use biomass fuel. Prevalence of ARI was higher among children under 5
years and women aged 15-60 years in households using traditional 3-stoned stoves than in those
with improved stoves in a rural community of Kenya (56). In a case control study in India, the
use of solid fuel as source of household energy was associated with pneumonia among children
(57). That study demonstrated that solid fuel (OR, 95%CI: 3.97, (2.00-7.88), history of asthma
(OR: 95%CI: 5.49, 2.37-12.74), poor economic status (OR: 95%CI: 4.95, 2.38-10.28), and
keeping large animals indoor (OR: 95%CI: 6.03: 1.13-32.27) were associated with high risk of

pneumonia after controlling for confounding factors in a logistic regression analysis. The
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population-attributable risk of pneumonia is high in India because 80% of its population uses
biomass fuel. Mishra in his review of ARI and associated factors discussed the link between the
uses of animal dung as primary cooking fuel and the risk of ARI. ARI was by one-third higher
among under-five children in households using animal dung than children in households using

cleaner type of fuel (16).

Descriptive studies in African countries (Kenya, South Africa, Uganda, Mozambique, and
Ethiopia) have indicated the presence of high prevalence of ARI associated with the use of fire
wood (10-15, 58). Smith following critical reviews of 15 published articles that had rigorous
study designs came to a conclusion that there is sufficient evidence that indoor air pollution is
strongly associated with ARI among children. However, there is still a need to explore a dose-
response relationship using a randomized trial (9). Because children in developing countries
spend much of their time with their mothers while cooking using biomass fuel and because their
physiological functions are immature, intervention in indoor air pollution could impact on

childhood morbidity and mortality caused by ARI.

Chronic bronchitis and chronic air flow lung obstruction was commonly observed among
mothers who spend more than two-third of their time indoor cooking and doing other household
activities. In a case-control study, women exposed to wood smoke had five fold risk of those
COPD as compared to those not exposed (59). In Turkey, chronic bronchitis as defined by the
presence of cough and phlegm in most days of 3 months per year for at least the two previous
years was much higher among people who use biomass fuel (60). The overall contribution of
biomass fuel to the country’s burden of diseases was minimal given that 11% of the Turkish
population uses solid fuel for household cooking (52). In earlier times in Nepal, domestic smoke
pollution as measured by the time spent near a fire was identified as a contributing factor in the
development of chronic bronchitis (61). The prevalence of chronic bronchitis among adult
Bolivians was associated with the location of cooking, whether it was exclusively either indoor
or outdoor (42). The use of biomass fuel affects the ventilation capacity of the lung of an
exposed person. In other studies, decreased lung functions were found to be associated with the

use of cooking stoves using biomass fuel (62, 63).
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IAP is associated with health outcomes other than ARI and COPD. There is compelling evidence
that the use of coal as household energy was associated with lung cancer (27, 64). Low birth
weight and otitis media were documented due to exposure to indoor air pollution (65, 66). The
presence of PM, other eye irritants, and heating effect due to cooking cause cataract and thus
blindness (67, 68). The physical comfort while cooking was investigated. In a study which
investigated the physical comfort, tears while cooking was strongly related to high level of PM
(33). Other than ARI, TB was also associated with IAP due to the use of solid fuels (69, 70).

Burden of diseases in recent times is used to evaluate and compare health situation across
countries. Burden of diseases combines morbidity and mortality by measuring lost healthy life
years due to death and lost days due to illness by using disability adjusted life years (DALY).
Globally, about 2.5-3 billion people are exposed to excessive concentrations of indoor air
pollutants (7). In 1990, 8.5% of global deaths were attributed to lower respiratory infections (2).
Globally, 80% of all deaths occurred in developing countries. Of these 21% were in Sub-Sahara
Africa (SSA) and 46% were in India and China. Indoor air pollution, through its effect of causing
ARI, is estimated to cause 1.6-2 million deaths per year (50% of deaths are children), accounting
for 4-5% of global deaths (9).

IAP was the 4™ leading cause of burden of diseases (next to underweight, unsafe sex, and water
and sanitation problems) in 2000, accounting for 3.6% of DALYSs in developing countries with
high child and adult mortalities (Figure 5) (5). Bruce in his review of published articles in areas
of AP and ARI had similar conclusions that indoor air pollution due to biomass fuel is a global
challenge accounting for 4% of the global burden of diseases and two million excess deaths in

developing countries (26, 71).

The World Health Organization is updating the trend of global burden of diseases due to indoor
air pollution. More than 1.6 million annual deaths, mainly women and children, and 2.7% of
DALY were attributed to indoor air pollution from the use of solid fuels. This kind of pollution
ranked 2" to sanitation in contributing to ill health in 2002. Attributable DALY to IAP was
disproportionate by level of economy (Figure 6). IAP caused 3.7% and <0.5% of DALY in
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developing and industrialized countries respectively (7). Indoor air pollution in developing
countries was highly politicized as being a silent killer of mothers and children (71).
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Figure 5: Burden of disease due to leading regional risk factors in high-mortality
developing regions for 2000
Source: Ezzati M, Alan Lopez D, Rodgers A, Hoorn SV, Murray CJ. Selected major risk
factors and global and regional burden of disease. The LANCET 2002; 360(9343):1347-1360

(5).

Figure 6: Disease burden (DALYSs) due to indoor pollution by level of development
Source: World Health organization (WHO). Indoor air pollution: National burden of disease estimates.
WHO 2007. (http://www.who.int/indoorair/health_impacts/burden_global/en/index.html) (7)
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2.2 Traffic Air Pollution

Ambient air pollution

The World Health Organization evaluated the magnitude of urban air pollution using four main
indicators: PM1o, NO,, SO,, and troposphere ozone in 24 mega cities of the world. The study
showed the presence of increased level of urban air pollution in larger cities of developing
countries compared to those of the developed nations (28) (Figure 7). Annual particulate matter
was the single most important pollutant of ambient air, often exceeding 4-5 times the WHO
guideline (20 pg /m®) (28), in Asian mega cities. Cairo had the highest PM 1o, nearly 150 pg/m?®.
Johannesburg and Cape Town had less than 40 pg/m®. The continued use of coal and biomass
fuel in Beijing was a factor that contributed to the annual PM1 level of 140 pg/m?® that labeled
the city as the most polluted in the World. Developing countries must learn from previous
experiences in Europe and America where increased hospital admissions and deaths occurred
due to ambient air pollution in the 1950’s and 1960°’s. The 1952 two-week crisis of excess 4000
deaths in London was due to coal burning and traffic pollution that resulted in high level of
ambient air pollution including on the traffic lines (28). There is good reason why this could not
happen in African cities like Cairo where biomass fuel is used in over 77% (1) of households and

where there is increasing use of low standard vehicles.
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Figure 7: Typical annual average concentrations of nitrogen dioxide, sulfur dioxide and

suspended particles in different parts of the world
Source: World Health Organization (WHO). WHO Air Quality Guidelines for Particulate Matter,
Ozone, Nitrogen Dioxide and Sulphur Dioxide. Global Update 2005 Summary of Risk Assessment,

Available online at http://www.euro.who.int/Document/E87950.pdf (28)

There is spatial variation of ambient air pollutants in Europe where concentrations of pollutant
are monitored regularly. There was an increased level of NO, and PMy, in traffic sampling
points compared to other non-traffic sampling points, and the level of ozone was higher in rural
air monitoring stations. However, overall air pollution level is generally greater in urban areas

than in the rural (28) due to the relatively increased emissions from vehicles and factories.

The annual average concentration of sulphur dioxide was high, exceeding 20 ug/m? for the years
2000-2005, although a declining trend is observed. Typical annual average concentration of
sulfur dioxide for developing countries and developed nations was 40-80 pg/m®, and 10-30
ng/m? respectively. In African nations, annual sulfur dioxide was also high, 100 pg/m? in Harare,
40 pg/m® in Cairo, and less than 20 pg/m® in South African cities (Johannesburg, Gaborone,
Durban and Cape town). Sulfur dioxide emission is due to the use of sulfur containing coal,
typical of 1-5%. US-EPA’s annual average concentration for sulfur dioxide is 80 pg/m®. The
annual average concentration of nitrogen dioxide varied from city to city for the 2000-2005 data.
Typical annual figure was 23-74 pg/m?® for Asian cities, 13-44 pg/m?® for European cities and 36
ng/m? for 125 cities in the USA. For African cities it ranged from 65 in Cairo pg/m?® to 33 pg/m?
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in Cape Town. The annual WHO guideline for the average concentration of NO, is 40 pg/m?®.
The dominant source of nitrogen dioxide was traffic emissions (28).

Generally, Asian and African cities have about 4 times higher concentrations of ambient air
pollutants than cities in developed countries. It will take far longer time for the developing
countries to reach the current level that developed nations have attained.

The level of traffic air pollution

Vehicle-related air pollution predominates in urban centers of developing countries. Criteria
pollutants are often used to evaluate the level of traffic air pollution along road sides and in the
nearby zones. Explicit data that could describe the situation of traffic air pollution are limited.

Only the available ones are presented below.

The level of SPM, RSPM, and CO measured from a site called Gate in New Delhi, representing a
traffic zone, was much more than the national Indian air quality standards. The annual average
concentrations varied between 275 and 470 pg/m®, 220 and 390 and 470 pg/m®, and 2490 and
4200 pg/m®, for SPM, RSPM, and CO respectively for the years 1999-2003 (72). Although there
was a gradual declining trend for the five-year study duration, the presence of increasing rates for
the respirable particulate matters, which was 3.6-6.5 times greater than the Indian standard,
showed high concern (45). The concentration of CO was 1-2 times more than the Indian 8-hr
standard. Indian cities are considered to be among the most polluted Asian cities (28).

The concentration of particulate matter was measured in Greater Cairo with the purpose to
identify the sources of emission (73). The 24 hour average concentration was found to be 216
ng/m® for PM,s in industrial monitoring sites. Vehicular emissions displayed by non-methane
hydrocarbons were higher there than in other sites. Highest level of lead was found in traffic
sites, 26.8 pg/m>. In another study of Greater Cairo involving air sampling stratified by type of
sites (background, residential, urban, and industrial), 24-hr weighted means of PMj, and Pmys
were 170 pg/m® and 85 pg/m® respectively (74). Spatial variation was observed: highest
concentrations of air pollutants were observed in industrial and urban (traffic) sites showing an

increase rate by a factor of 1.0-1.4. The background 24-hr mean (+SD) levels for PMy, and
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PMys were 140 (40) pg/m® and 77 (21) ug/m® respectively. The weighted ratio PM25/PM1o was
0.50 indicating that PM by large had a diameter of 10 microns.

CO and NO; as proxy of exposure to traffic air pollution are rarely monitored in developing
countries. The daily concentration of NO, and CO in 21 traffic line sites in Kuwait was above 50
ppb and 8 ppm respectively, the peak traffic level reaching 500 ppb (75). The WHO
recommended guideline for the annual mean of NO, and 8-hr mean of CO is 0.021 ppm (40
mg/m?) and 10 ppm (10 mg/m°) respectively. The concentration of CO and factors contributing
to this exposure were studied in 16 kiosks near heavy traffics in Venezuela. In seven of them the
average concentration of CO exceeded the permissible CO-air limits (76).

The concentration profiles of PM1y, CO and NO; in Bangkok on high traffic density locations
showed significant correlations with the measurements made in the indoors of roadside shops.
The indoor to outdoor ratios were 0.33, 0.51, and 0.47, for PM1o, CO and NO; respectively (77).
The one-hourly average of CO during the day time (7:00-19:00) in highly traffic congested
locations ranged between 8 and 10 ppm. The corresponding PMy and NO, were above 80 pg/m®
and 40 pg/m? respectively. The researchers concluded that the indoor concentrations were due to
infiltration of emissions from the traffic sources, given the absence of other indoor sources and

prevailing poor ventilation.

In Pakistan traffic-related CO, NO,, SO,, and PMjowere measured in public sites of nearby
National Highway. The concentrations of PMyo, ranging between 123 and 434 pg/m®, were
found to exceed the US-EPA limits of 150 pug/m® (78). The increased volume of vehicles,
absence of vegetation around the highway, and high content of soil particles in the PM explained

these high concentrations.
Generally, the traffic pollution in major cities of developing countries exceeds the WHO

recommended guidelines. Extensive data on ambient air pollution status of the global major

cities is found in WHO references (28).
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Factors affecting the level of traffic emissions

Many factors interplay to affect the amount of emissions of vehicular sources. The type of fuel
(petrol or diesel), the efficiency of internal combustions, the driving velocity (idle, fast or slow),
the topography of road (uphill, downhill or plain), the age of the vehicle, temperature changes on
the surface of the earth and weather conditions such as wind velocity, its strength and direction

are some of the factors.

Diesel engines are known to produce emissions that are low in hydrocarbons, CO, NO, and CO,
compared to gasoline engines. However, the former produce more PM (in a form of soot) that
contains hundreds of chemical compounds, many known to be toxic and some known or
suspected to be carcinogenic. These include benzene, polycyclic aromatic hydrocarbons, arsenic,
aldehydes and formaldehyde. Much of the PM fraction is small enough to be inhaled into human
lung tissues. Diesel engines generate PM in a form of smoke or black smoke or soot, often 60-
80% more than do the vehicles using petrol. The quantity and composition of diesel fumes
depends on many factors involved during driving: the quality of diesel fuel used, the type of
engine, (standard, turbo or injector), the state of engine tuning, the fuel pump setting, the
workload demand on the engine, the engine temperature, and whether the engine has been
regularly maintained. Typical tailgate emissions from diesel and petrol engines are indicated in
Table 6. Petrol engines produce more CO than diesel, while diesel engines have more PM than
petrol (28, 79)
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Table 6: Estimates of tail gate emissions

Pollutant Diesel engine LPG engines
CO, ppmv 5-1500 0.2-2 (vol %)
Hydro Carbon, ppmv 20-400 50-70 ppm
Diesel PM g/m3 0.1-0.25 Negligible
NOX ppmv 50-2500 250-2000
S0, ppmv 10-150 None

vppm: ppm by volume; NOx: nitrogen oxides, mostly represented by nitric oxides.

Source: What are the diesel emissions? http://www.nett.ca/fag/diesel-1.html (79)

The modes of transportation were found to affect the level of personal exposure. Commuter’s
exposure to CO was measured concurrently with its monitoring at fixed stations in Mexico City.
The in-vehicle CO concentration was always greater than the concurrent ambient concentrations:
5.2 times more for automobile, 5.2 for minivan, 4.3 for mini bus, 3.1 for bus, 3.0 for trolleybus,
and 2.2 for metro (80). The ambient mean CO levels during the study time were more than the
Mexican standard of 13 ppm. The implication of this study is that drivers are at higher risk of
traffic air pollution. They are also likely to shoulder health impacts because of their profession

making them always on the road.

Distance between motorway and home, traffic density as measured by cars and lorries as proxies
of traffic air pollution were associated with reduced lung functions and increased respiratory
diseases among children living near major motorways (81). Spending at least one year in schools
located closer to a road with high traffic density was associated with asthma among
schoolchildren (82). Traffic density within distance of 90 to 150 meters was associated with

increased respiratory illness (83-86).
In an air sampling assessment in the road sides of Canada, there was an increased concentration

of PMyy and PM,5 above the background ambient air quality measured in the same area. PM s
tended to increase with distance, while larger particles tended to decrease with distance (87). The
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increased levels over the background were 6 to 8 pg/m?® for TSPs and 2 pg/m? for PMyq, during
normal traffic flows. The increase rates were high during high traffic congestions: 10-25, 2-69,
2-14 times for TSP, PM o, and PM 5 respectively.

The average concentrations of traffic air pollutants had spatial variation due to the effect of either
horizontal or vertical pollutants’ dispersion in air. The concentrations of smoke, lead and
benzypyrene measured at the middle of the traffic were 1.7-4 times greater than those at the
control sites located at 150 ft (45 m) away from the streets of London (88). This study indicated
that on road traffic vehicles independently contributed to the increased level of air pollutants
affecting the overall urban ambient air quality. In a study in Greater Cairo using PMj, and
PM,s, high level of these ambient pollutants were observed during spring season due to the
dessert storm in addition to the increased urban and industrial activity. Marked increase was also
observed at the time of rice harvesting due to the burning of wastages of harvested rice stocks
(74).

The age of the vehicles has increased relevance to the case of developing countries. Because of
the tendency of developing countries to import low priced used vehicles from the developed
countries, the effect of traffic pollution is assumed to be high. The average Pakistani vehicle
emits 20 times more hydrocarbon, 25 times more Carbon Monoxide (CO) and 3.6 times more

nitrous oxide of grams per kilometer than the average vehicle in the United States (78).

The poor road infrastructure facility is also of great importance. High traffic congestion and slow
driving due to limited road ways leads to energy inefficiency, causing the rise of travel time per
each traveled distance resulting in an increase of emissions per each kilometer. The reduction of

speed by half doubles emission of carbon monoxide and volatile organic compounds (89, 90).

Health effects of traffic pollution

The health effect of traffic air pollution is a cross-cutting issue with indoor air pollution and
cigarette smoking. Respiratory symptoms, chronic respiratory diseases such as asthma and
chronic bronchitis have been shown to be related to traffic air pollution. The physical and

chemical characteristics of air pollutants determine their disposition in air and in the breathing
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apparatus often ending with chronic illnesses. Traffic-related air pollutions were associated with
respiratory symptoms, asthma and allergic rhinitis among school children (83-86, 91, 92). Other
studies had also shown associations between traffic air pollution levels and respiratory

symptoms, ear and throat infections (93-96).

Work-related exposure to vehicle emissions was strongly associated with respiratory diseases.
Occupations such as truck and taxi driving were related to an increased risk of cancer (97, 98).
Such workers had long latency to develop the disease. Professional bus and taxi drivers had
increased rates of throat pain, phlegm, chronic rhinitis, and chronic pharyngitis (99). High
exposure to traffic emissions was observed among street cleaners (100), asphalt workers (101)
and traffic officers (102). It is also logical to expect that shoe shiners usually working along the
main roadsides, street children, and frequent commuters could be highly exposed to traffic

emissions.

Geographical information system is used to evaluate the difference in exposure to traffic air
pollution by residency. Distance from major roads as a proxy for exposure to traffic air pollution,
residence close to high traffic roads and traffic density (traffic count or intensity) were common
factors that were used to study related health outcomes (28). Residence within 50 meters of
highways was associated with increased risk of birth outcomes as measured by small for
gestational period and low birth weight among large sample size of cohort children in VVancouver
(103). Otitis media was related to proximity of traffic corridors (65). Eczema was associated with

traffic related air pollutants (CO, NO,) after adjusting for possible confounding factors (104).

Traffic air pollution is also known to affect mortality other than morbidities. BBC, based on
research published in the Lancet Medical Journal, announced that 6% of deaths per year in
Austria, France and Switzerland are due to air pollution. Half of those deaths, some 20,000, were
linked to traffic pollution (105).

26



3. ETHIOPIA: BACKGROUND REVIEW

Geography and Climate

Ethiopia is located in East Africa with an area of 1.12 million square kilometers. It is a land-
locked country bordered by Kenya in the South, Eritrea in the North, Sudan in the West, and
Djibouti in the East. Ethiopia possesses three agro-climatic zones: low land (kola) located below
1500 meters above sea level (masl), temperate or middle land areas (woyina dega) extending
between 1500-2400 masl, and highland (dega) above 2500 masl. There are extreme sub
categories known as desert below 500 masl and wurch or alpine zone above 4000 masl. Rainfall,
temperature, and humidity are strongly related to altitude. Low land has often a mean annual
rainfall and temperature of 300-1000 mm, and 30-33°C respectively. The mean annual rainfall
and temperature for the highlands constitute 1000-1400 mm and 10-16°C, respectively. Woyina
dega has mean annual temperature of 16-29°C (105). The distribution of population density
differs by these zones: highland is most inhabited, has 37% of the national population, temperate

land has 45% and low land has 18% of the national population (107).

Population

The 2007 census preliminary report indicated that Ethiopia has a total population of 73.92
million with 84% rural and 16% urban distribution. Male to female ratio was 1.02:1 (108).
Ethiopia has an annual population growth of 2.7% and total fertility rate of 5.4 (6.0 in rural and
2.4 in urban areas). The age structure of Ethiopian population has a pyramid shape with a broad
base. About 45% of the population is under 15 years of age; elders above 65 years of age
comprise only less than 4%. Under-five children comprise about 15% of the population.

Ethiopia is a country of more than 80 diverse ethnic groups. Oromo, Amhara and Tigre are the
predominant ethnic groups, comprising more than 65% of the total population. Amharic is the
official language of the country, but some Regional States such as Oromia, Tigray and Somali
use their own languages for their day to day communication and State affairs. Orthodox

Christianity and Islam are the two major religious denominations in the country.
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Political and Administrative structure

The country is governed by a parliamentary Federal Government composed of nine National
Regional States (NRSs) and two city administrative councils (Addis Ababa and Dire Dawa). The
NRSs and the city councils are further sub-divided into 611 woredas (districts). A woreda at
present is a basic unit of socio-economic development. Kebeles are the lowest government
administrative units. Each woreda has about 100,000 population. There are about 15000 kebeles
in the country (109).

Economy

Ethiopia is one of the poorest nations in the world with per capita gross national income (GNI) of
about US$110 in 2004. The agriculture sector predominates the economy sector making about
50% of the gross domestic product (GDP). Coffee, animal skin and hide, and oil seeds are the
main export products, while tef (Eragrostis tef), in the form of injera, is the staple food for the
majority of the people. The main occupation of the population is subsistence farming.
Agriculture is the main source of livelihood for about 85% of households in Ethiopia.

Ethiopia has placed itself under a rapid socio-economic transformation. It has realized a free
market economy that encourages local and international investments. The economy grew at a
rate of 10-11% for the 2005-2008 period (110). GDP per capita based on purchasing power
parity for the 2008 (in May) was 868 Ethiopian Birr (approximately 1000 US$) (110). However,
sustained economic growth for a period of 20-30 years is needed to transform Ethiopia from a

low income to a middle-income country.

Health services and health indicators

Ethiopia follows a sector-wide development approach under the context of Plan for Accelerated
Development to End up Poverty (PASDEP) (109). Health Sector Development Program (HSDP)
is one sector among others that plans and executes the health sector activities. Ethiopia is now on
the HSDP 111 (2005/06-2009/10) aiming at accomplishing the national and international MDG
goals. It has committed itself to attain UN declarations of MDG by 2015, including Target 9 of
Goal 7 to ensure the transition from biomass fuel use to modern household energy uses. Health

Services Extension Program (HSEP) is integrated with HSDP 11l as a vehicle to carry out the
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implementation of PHC components at household level, greatly focusing on behavioral changes
towards sanitation, disease prevention, and child and maternal health promotion (111).

The potential health service coverage is about 89.6% with the provision of health posts and
health centers. Ethiopia follows 4-tier health delivery system. Primary Health Care units,
composed of one health center with 5 satellite health posts, are found at the grassroots. District,
Zonal and specialized referral hospitals are the subsequent health facilities serving the nation
(112). The Ethiopian Health Policy focuses on the provisions of comprehensive and integrated
Primary Health Care (PHC) services using a decentralized approach. Major PHC activities
include prevention and control of communicable diseases, promotion of environmental health
and hygiene, promotion of nutrition, and child and maternal health (104, 113). About 1.8 billion
ET Birr was consumed for the health expenditure in the 1999 Ethiopian fiscal year, of which
72% was on recurrent expenditure. The share of the health expenditure (recurrent and capital) in
the national economy was about 13%. The per capita expenditure on health was 23.1 Birr for the
same year (111). The total outpatient utilization of government health facilities in the country
was 0.32 per person per year in 2006/07. Only 10% of persons reporting illness had treatment for
their conditions from any health institution, government or private, in 1997 (111). Acute
respiratory and helminthic infections were the leading causes of outpatient visits, while malaria,
maternal conditions, pneumonia, and TB were the leading causes of hospital admissions and
deaths. Prevalence of HIV/AIDS has stabilized at 2.1% nationally (112). Analysis of burden of
diseases in Ethiopia indicated that about 71-72% of the DALY is caused by communicable,
maternal, perinatal and nutritional causes which are greatly preventable (114, 115). Basic health

indicators are provided in Table 7.
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Table 7: Vital health indicators of Ethiopia

Health indicators Value
Crude death rate, per 1000 pop. 15.0
Crude birth rate, per 1000 pop. 35.7
Infant mortality rate, per 1000 live births 77
Child mortality rate, per 1000 live births 50
Under five mortality rate, per 1000 live births 123
Maternal mortality ratio, per 100000 live births 673
Total fertility rate 54
Health service coverage (by health center and health posts)  89.6
HIV prevalence, % 2.1
Adult HIV incidence, % 0.27
Access to sanitation, % 37.0
Access to safe water, % 59.5
Life expectancy at birth, years 54

Source: Central Statistical Agency (CSA Ethiopia) and ORC Macro. Ethiopia Demographic and Health
Survey 2005. Addis Ababa, Ethiopia and Calverton, Maryland, USA: Central Statistical Authority and
ORC Macro 2006 (25)

Federal Ministry of Health, Ethiopia. Health Sector development Programme (HSDP) I1I, 2005/06-
2009/10. June 2005 (112)
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4. INDOOR AND TRAFFIC AIR POLLLUTION
STATUS IN ETHIOPIA

Studies assessing indoor air pollution in households of Ethiopia are strictly limited. Only
assessing proxies are available in addition to few quantitative attempts with AP measurements

using small samples of households.

Over 99% of the Ethiopian rural population relies on biomass fuel as source of household energy
(24). Wood and leaves with animal dung are primary sources of fuel for cooking each
contributing 81% and 11.5% respectively. The use of cleaner type of cooking fuel is very much
limited. Kerosene is only used in about 3%, while electricity with LPG and natural gas is very
negligible, <1% (112). DHS of Ethiopia has indicated slightly different figures at national level:

about 88% and 7.4% of households use wood and animal dung respectively (25).

The crowding status in housing units is very high. About 90% of the Ethiopian rural households
use the same room for cooking as that used for daily and night activities (116, 117). Over 90% of
households in rural areas use a three stoned traditional stove which is open and poorly ventilated
resulting in high emission of pollutants. The absence of windows in the majority of households

(>85%) to ventilate homes is inherent in rural villages of Ethiopia as well (118, 119).

In the Amhara Region of Ethiopia, 15% of DALY was due to respiratory infections that affected
87% of under-five children (120). The two-week prevalence of ARI (cough and rapid breathing
symptoms) was 13% among under-five children. WHO estimated that 4.9% of the national
burden of diseases (DALY) was attributed to the use of solid fuels in Ethiopia (114) implying
that the continued sufferings of children and mothers with acute and chronic respiratory diseases
will not end until there is a major change in energy technology and conditions of their use in
households.

A rapid assessment using grab sampling of indoor air in rural villages of Ethiopia suggested an

excess level of CO, total respirable particulate matter and smoke (118). Pilot samples in urban

and rural settings had also indicated increased concentrations of indoor CO, PM,s and PMyg
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(121-125). The mean concentrations of these pollutants ranged from 640 to 2170 pg/m?® for
PM;s, and from 22.1 to 70.5 ppm for CO, which by large exceeded the international guideline.

Household energy sources

Households both in rural and urban areas need energy for two basic reasons: cooking and
lighting as shown in Table 8 (116). Overall, wood and combination of leaves with dung and crop
residues were the predominant types of biomass fuel used for cooking while kerosene and fire
wood were used for indoor lighting. Households in urban areas are largely dependent on
kerosene for cooking. Indoor air pollution from the use of biomass fuel is expected to be high.
Wood-fueled traditional stoves were 5 to 10% energy efficient while the figure for electric stoves
was 80-90% (125).

Table 8: Distribution of households by type of fuel used for cooking and lighting, Ethiopia, 2007

Type of fuel % of households for Cooking % of households for lighting
Urban Rural Countrylevel Urban Rural Country level

Fire wood 65.4 84.4 81.4 0.3 18.5 15.7

Charcoal 7.7 0.2 1.3

Leaves/dung/cr 5.3 12.7 115

op residues

Kerosene 13.8 0.2 2.4 23.2 80.1 71.1

Butane gas 2.7 0.1 0.5

Electricity 2.4 0.1 2.1 75.3 1.2 12.9

Generally, biomass fuel and petroleum products meet 94% and 5% of the country’s energy needs
respectively. Of the total energy demand in Ethiopia, households consumed about 89%, while a
mere 4.6% was used by industry. These patterns are expected to continue with a growth rate of
2.6% for biomass, 8% for electricity, and 8.7% for petroleum between the years 2001 and 2010
(126).

The transport sector and traffic air pollution

Ethiopia is currently undertaking huge investments to improve its urban and rural road networks.
The country's road network has been estimated (end 2006) at 39,477 km, of which about 19,313
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km are federal roads and 20,164 regional roads (127). According to PASDEP, the Ethiopian
Government is planning to construct about 2,715 kms of new federal roads and 8,226 kms of
new regional roads, upgrade 4890 federal roads, and maintain 4152 kms of federal and regional
roads (109).

Addis Ababa is currently undergoing rapid urbanization with huge investment in transport
sectors with the purpose of increasing the road network and quality of service. The Ethiopian
Road Authority report for the 1990-2002 years indicated that 60% of all national vehicles were
automobiles. The overall annual vehicles increase rate was 7.7%, giving about 4700 new on-road
vehicles every year (128). Of the total 116,415 vehicles in the country in 2002, only 20.5% had
less than ten years of service, while nearly 40% were more than 30 years old. Vehicles with 15
years old produce five times more hydrocarbons and four times nitrogen oxides than those of
new ones (129). The number of vehicles retired each year in Addis Ababa is very low, as
vehicles serve long period of time.

By the end of 2007 there were 184,249 vehicles nationwide, of which 76% were found in Addis
Ababa. Petrol engine users were 56% and 60% in the country sides and Addis Ababa,
respectively. The on-road vehicle increase rate in Addis Ababa varied from 4 to 6% per year
(about 4000-5000 annually). The traffic volume along major roads is increasing at 20% per year,

well above the forecasted level (109).

The increasing street venders, road side shoppers, drivers, commuters, pedestrians, traffic police,
and residents within the vicinity of road networks are at the greatest risk to traffic air pollution
exposure. According to urban mobility study, 70%, 21%, 8%, and 1% of the total population
walk on foot, use public buses, taxis, and private cars, respectively (128). Nowadays, many
streets are over-crowded with pedestrians either waiting for taxis and buses or walking along the
foot paths or crossing these streets. Pedestrians sharing the streets are increasing from time to

time due to influxes of large population to the city in search of work.

Ambient air pollution assessment on the streets of Addis Ababa is very limited. It was possible to
access only one study. This study had ambient air sampling on 12 different sites and concluded
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that the 24-hourly PM;o and 8-hr average of CO were below US-EPA permissible levels, while
the annual PMj, concentrations could exceed the guideline. The study found that the level of
PM1o ranged from 35 to 97ug/m® and peak 1-hr average CO concentrations were less than 7
ppm. The hourly average concentration of CO was less than 2 ppm. The study had limitations in
that the samples were limited and were taken at a distance of 50-100 meters away from streets,
many of them representing low traffic densities (130).

The urban infrastructure of Ethiopia is inadequate to accommodate the large and growing
number of vehicles. According to the Addis Ababa Road Authority, the city possesses one-laned
streets of 3.5 to 4.0 meters wide, with an average of 3.5-meter width. The average speed of
vehicles in Addis Ababa is about 20-30 km per hour on many roads, especially at peak hours
during 7.50-9:00 am and 14:00-19:00 pm (128). The topography in Addis Ababa has a slope
varying between 0.5 and 12.0% which also affects the speed and use of fuel. Frequent stopping,
repeated accelerations and decelerations reduce engine efficiency, and therefore, increase

emissions on the road.
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5. GENESIS OF THE THESIS WORK

The investigation of determinants of under-five mortality in Butajira DSS showed that the
absence of window in a house had significant association both in the bivariate and multivariate
logistics regression analysis (131). Lack of window was associated with 2.7 fold relative risk of
infant mortality. The same study concluded that lack of window in a traditional hut had a five-
fold ARI mortality risk among infants. ARI and diarrhea were isolated as the chief causes of
under-five mortality in Butajira DSS. Project idea looking at factors explaining increased
mortality risk due to lack of window was generated in the early 1990’s, and subsequently came
out with a research project entitled Indoor air pollution and acute respiratory infections among
children in the Butajira area in Ethiopia. Pilot studies were run in 1995 to establish the
feasibility of this epidemiological study (132). ARI is known to be associated with indoor air
pollution (2, 3, 5, 7, 9, 10, 26). Indoor air pollution and ARI project is a collaborative research
between the Umea University and School of Public Health of Addis Ababa University. The two
key research tasks were to define the household exposure to indoor air pollution by measuring
NO, and to link this exposure with ARI. Both tasks were accomplished, and this thesis reflects

the first task. The second task is underway.
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6. THE RATIONALE OF THE THESIS

There is a growing demand for energy in Ethiopia due to population growth and rapid
industrialization. On the other hand, the use of improved energy technology is very much limited
especially in rural settings. The increased demand in energy implies the generation of wastes in a
form of indoor air pollutants that could affect users. Living in crowded and poorly ventilated
housing, and limited access to separate cooking and living areas in rural and urban homes are
visible features of living conditions in Ethiopia. The use of biomass fuel for cooking by the
majority of families in poorly designed houses is another major cause of exposure to IAP. These
socio-economic factors play a major role in substantiating exposure to IAP. The knowledge of
the magnitude of IAP problem is important for understanding the link between IAP and burden
of diseases. Previous studies indicated that AP is the chief determining factor of infant and child

morbidity and mortality.

The urban setting in Ethiopia has its own inherent characteristics as demonstrated by the
conditions in Addis Ababa. The number of vehicles is growing at 4000-5000 per year. The traffic
volume along major road is also growing by 20% every year (109). The increasing demand to
vehicles is not coping with the road network expansion, although in recent times visible effort is
well progressing to alleviate the problem. The road development is often accompanied with the
increasing of traffic side activities such as shops, markets, and entertainments. The assessment of
traffic side air pollution is vital given those conditions.

Limited attempts were made to explore the level of both indoor and ambient air pollution. These
studies, with their own methodological limitations, however, are just snap shots often not useful
for generalizing. The absence of epidemiological and exposure data on air pollution makes the
magnitude of the problem totally unknown implying the need for base line data. A continuous
ambient air monitoring may represent a course of future action based on the assessed background
air pollutant concentrations. This is believed to enhance the development of air pollution
epidemiological studies and air quality surveillance system in the long run. Experience from the
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developed countries indicates that air pollution is a sensitive matter that could end up with
handling of undesired emergencies (4, 46, 133 ).

Given favorable conditions for the presence of indoor air pollution in rural settings of Ethiopia
and traffic air pollution in Addis Ababa, this thesis attempted to fill the gap in assessing of the
magnitude and factors affecting both indoor air pollution and urban traffic pollution using
appropriate and feasible study methods. The thesis was initiated on the background of unknown
or limited knowledge of the extent of pollution. The rationale for the selection of NO2 proxy for

the IAP and CO for traffic air pollution is indicated in the respective methodology sections.
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7. THEORETICAL FRAMEWORK FOR THE INDOOR
AIR POLLUTION

The above reviewed papers and reports can be condensed into the following framework (Figure
8). Assessing the magnitude of indoor air pollution and its variations in rural areas where the
primary use of household energy is represented by solid biomass fuel is the focus of this study.
The thesis assessed the exposure covariates in terms of describing the concentration of nitrogen
dioxide from the use of solid fuels and environmental factors that could explain the variation in
NO, concentration across the households observed during the two-year study period. Fuel use
characteristics, housing and ecology were also assessed. The measurement of personal exposure

could not be done without the overall knowledge of the level of indoor air pollution.

Figure 8: Conceptual framework of the indoor air pollution for Butajira study area, Ethiopia.
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8. OBJECTIVES OF THE THESIS

8.1 General Objective
This thesis assesses the situation of indoor air pollution in rural areas of Ethiopia and urban

traffic-related air pollution in Addis Ababa.

8.2 Specific Objectives
1. To assess the magnitude of indoor air pollution in a rural area of Butajira, South West
Ethiopia, using nitrogen dioxide as an indicator of pollution (Paper 1).
2. To describe sources of variation of indoor air pollution, and its temporality and spatiality
(Paper 11).
3. To examine the level of traffic air pollution and its variation in Addis Ababa using CO

continuous measurement (Paper I11).
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9. SUBJECTS AND METHODS

9.1 Study Areas and Population

This dissertation generated two data sets, one from Butajira rural setting for the indoor air
pollution, and the other from Addis Ababa for the traffic air pollution. The two study areas are
described separately below.

9.1.1 Meskanen and Mareko District: Population and health

Butajira is located 130 Kms away south of Addis Ababa (Figure 9). The district represents all the
three agro-ecology sites of Ethiopia: kola which is warm, woyina dega which is temperate, and
dega, which is cold, respectively. Population of the study site in 2007 was about 48,000 with
annual growth rate of 2.7%. The area is mainly inhabited by ethnic Gurage population speaking
varying dialects of Guragigna. Majority of the population follows Islamic Religion. About 77%
of the District population is illiterate. More than 95% of the rural population lives in traditional
housing units designated as tukul with thatched roof and circular wall shape (Figure 10). The
wall is mud plastered wooden structure that occasionally has very small opening for ventilation.

Agriculture is the only source of income in the district though petty trades are widely practiced.

Butajira District has one rural public hospital, one private hospital, two government health
centers, two government clinics, nine functional health posts in the BRHP sites, and a few
private clinics and rural drug shops (personal communication March 2009). Health posts serve as
the first entry point to the health referral system, linking the health centers and the district
hospital. Malaria, ARI, diarrhea and intestinal infections are the major causes of morbidity. An
average of 1.13 (0.16 episode was on ALRI) and 1.17 episodes of ARI and acute diarrhea,
respectively, were observed among under-five children in a one-year community based study
(134). Under-five mortalities were 80, 160 and 219 deaths per 1000 person-years in urban, rural
high land, and low land areas respectively. Life expectancy at birth is about 51 years, which is
not very different from the national figure. Infant mortality varied from 80 to 110 deaths for rural
highland and lowland areas (132).
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The Demographic Surveillance System (DSS) in Butajira has been operational since the mid of
1980's for the purpose of generating continuous demographic surveillance data of deaths, births,
and migration as epidemiological population events. The DSS site has 10 clusters called kebeles
of which nine (5 in the highland and 4 in the lowland) are in the rural sites and one is in an urban
community. Ecology in the Butajira DSS sites is defined by altitude. Sites with 2000 masl and
above are categorized as highland (dega) and those with less than 2000 masl are lowlands (kolla)
(135). The established surveillance system with its demographic data, the appropriateness of
different climate representation and socio-economic profiles of the area were reasons for the
selection of Butajira for the indoor air pollution. The indoor air pollution exposure assessment
was undertaken in all nine villages of the Butajira Rural Health Project (BRHP). The study on
Indoor air pollution and acute respiratory infections among children in the Butajira area,
Ethiopia has been actively underway since 2000 with the approval of the concerned local and
national institutions. The study was initiated with collaboration between the School of
community Health of Addis Ababa University and the Department of Public Health and
Epidemiology of the Umea University, Sweden. The collaboration was a result of the long
standing and productive cooperation between the two institutions. Data collection on IAP was

accomplished in late March 2002.

DSS of Butajira follows an open cohort prospective design for the surveillance of vital statistics
since 1986 (Figure 11). The cohort individual enters (birth and in-migration) and leaves (death
and out-migration) the system any time. Individual’s stay in the DSS is well tracked and his
contributed person-time is calculated based on records of movement. The IAP study followed

this system for the selection and inclusion of study subjects.
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Figure 9: Map of study area: Rural Butajira and Urban Addis Ababa.

Figure 10: Typical tukul in Butajira and interior floor with traditional stove and axis pole
at the center
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Figure 11: Study design-prospective-surveillance of vital events, DSS Butajira
Source: Berhane Y, Stig Wall, Derege Kebede, et al. Establishing an epidemiological field
laboratory in rural areas - potentials for public health research and interventions, the
Butajira rural health programme. Ethiopian Journal of Health Development 1999;13: 1-13
(132)

Addis Ababa population and administration

Addis Ababa is the capital city of Ethiopia with 2.74 million inhabitants in 2007 (108) and with a
population density of 5070 persons per sq km. Male to female ratio is about 1.0 to 1.0. The
annual population growth is 1.5%, and is largely contributed by in-migrants from other parts of
the country. Total fertility rate (TFR) in the city is 1.4. Under-15 years of age population are
24%. Life expectancy at birth is 62 years, which seemed to be 8 years higher than the national

average of Ethiopia (112).

The city is administratively divided into 10 sub-zones with 100 kebeles, the smallest
administrative units having approximately 15,000-20,000 population. Kebeles are also the basic
units for socio-economic infrastructural developments. A City Council with its branches of local

councils at the periphery leads the political and socio-economic life of the city.

Health services in Addis Ababa

The situation of health service coverage and access to preferred health institution is much better
in the city than in other parts of the country, despite the negligible difference in disease

distribution and mortality patterns compared to the rural population. Privates and NGOs are also
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involved in the health infrastructure management. There were 11 public hospitals, 28 private
hospitals, 29 public health centers (24 are public), 442 private clinics, 236 pharmacies and drug
shops in 2008 (data by courtesy of Addis Ababa Health Bureau, March 2009). About 168 million

Birr was spent in the form of recurrent expenditures on health (112).

Geography and climate of Addis Ababa

Addis Ababa is located in the center of the country at an altitude of 2200-2800 meters above the
sea level (masl), spreading between 9 degrees North latitude and 18 degrees East longitude, with
a rising slope from South to the North, North East and North West. The average maximum and
minimum temperature were 23.2°C and 10.8°C, respectively, with a total mean monthly rainfall
of 78.5 mm in 2007 (23). It has three months of moist season (June-August) and nine months of
dry season. A cold season prevails between October and January when a relatively humid air
forms dew at nights and sometimes with fog observed occasionally in early mornings (personal

observation).

The city of Addis Ababa, with an area of 54 000 hectares, is located at the foot of Mountain
Intoto with a number of low-lying pockets. The area with its present expansion approximates a
circular shape with a diameter of about 30-40 kms. Its elevation of 2800 to 2200 meters above
sea level with a varying degree of vegetation is a factor for the facilitation of natural ventilation
system of the air mass in the city. Cold wind flows unevenly from the mountain sides to lower
sides in early mornings and throughout the nights, leaving some pockets with stagnated air
density. Such localities are found in valleys that follow the basins of streams crossing the city.
Sites of low lying places that are found behind hills like the land mass below Terara Hotel
located on the way to Kotebe could not be effectively ventilated by the air mass around it. This
implies that the residence time for air pollutants is sustained for some times in local air mass.
The relative rapid cooling effect of the land mass makes the air around it condense and form fog,
usually in the early mornings. This is usually observed in wet season (July-August, had few
personal observations) and during the months of October-January. The fog is sustained until the
land gets relatively warmer than the surrounding air. This is the reason that fog collects traffic
pollutants and makes visibility very difficult. It is known that peak exposures to air pollutants

can happen during the times of fog formation.
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The present city’s vegetation coverage is about 11%, which is much lower than the master plan
of 41% coverage (data by courtesy of Addis Ababa Regional Government). This is an indication
that the natural cleaning capacity of an inner urban environment in which vegetation is involved

is minimal.

Street conditions in Addis Ababa

The City Administration estimated the existence of 436-km asphalted and 1725-km gravel roads
in 2001, satisfying only 70% of the assumed needs. More than 70% of the roads are below
standard with respect to width, which contributes to the congestion of vehicle traffics. Another
data source indicated that 48%, and 52% of the asphalted roads have width of 6-8 meters, and 8-
12 meters respectively (128). A 14-km travel (from home in Kotebe to work place in Black Lion
Hospital) took about 25 minutes in 2000, while in 2004-2008 the travel time reached 40-60
minutes on the average using the same departure time of 7-8 am from home (personal
observation). Such an observation has become common at present, an indication that vehicular
emissions per traveled unit distance is increasing from time to time. The increase in the number
of vehicles without the corresponding expansion of road infrastructures is a possible factor for
traffic congestion, and therefore, enhancing the increase of traffic pollution level.
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9.2 Materials and Methods

9.2.1 Indoor air pollution assessment

Study design

The research involved a longitudinal design with community-based series of cross-sectional
quantitative study to measure NO; in all households with under-five children for the period of
March 2000 to April 2002 in the rural settings of Butajira. Background data were collected prior
the measurement of NO,. NO, measurement was made quarterly. In consistent with Butajira
DSS cohort design, households with new births and under-five in-migrants occurring during the
study period were included, while households with children above 5 years of age and out-
migrants were excluded from this study. In this manner, changes in exposure to indoor air
pollution and in the characteristics of fuel use were tracked over two years using repeated cross-

sectional surveys.

Study subjects

The study units were households with under-five children. Only households with refusals were
planned to be excluded, although this was not found to be a concern. A household in this study
was a family living independently and sharing the same roof and food. Respondents were

mothers of under-five children and caregivers in the absence of mothers.

Sample size

All households with under-five children in Butajira DSS site were included in the study for a
quarterly surveillance of the concentrations of NO, and household socio-economic factors. The
consideration of involving all households with under-five children was made on the basis of
getting about 1000-1500 cases of acute lower respiratory infections (ALRI) for a nested case
referent study whose data is linked to NO, exposure assessment. The ALRI study considered
detection of an odd ratio of 1.5 over the background incidence of ALRI with an exposure of
moderate exposure of 80% and in order to detect 1500 new cases of ALRI over two years time
which required the involvement of all households with under-five children. ALRI episode per

child was 0.16 (134). These two studies, exposure assessment and the case-referent study, were
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run simultaneously. The number of such households at the beginning of the study was 3,300.
Considering the 3,300 households was not changed over time (this is not actually true due to the
dynamic nature of the cohort), then there could be about 26,400 records in two years time

involving on the average four times per household.

Sampling method

No sampling method was employed for the choice of study subjects as all households with

under-five children were considered.

Nitrogen dioxide sampling and equipment

NO; was used to measure the aerial concentrations of indoor air pollution in the study area. NO;
is released as a by-product of any combustions process. The selection of households with
children aged less than 5 years was purposely made in order to estimate the level of

environmental burden to ARI among children in one of the forthcoming papers.

A 24-hour structured indoor sampling was taken by an air monitor called Willems badge which
was developed at the University of Wageningen in the Netherlands (136-138). Willems badge
was used for measuring NO, as an indicator of air pollution in European Union countries (38,
139). The sampler has a glass fiber impregnated with triethanolamine to absorb the indoor NO,.
The air sampling dates, badge 1D, name of PA, starting and completing times were recorded in a
separate sheet that was later used for analysis. All field Willems badges in a cold box reached the
central laboratory located in Addis Ababa in less than a week after sampling. Different parts of

the Willems badge are indicated in Figure 12.

The use of NO, for the indoor air pollution assessment has many justifications. The ability to
handle large sample size, portability, cheapness, ease of handling in a field that does not require
high human skill, absence of frequent calibration, and usability in remote rural areas where
electricity is limited are the features of Willems badge (136-138).
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Figure 12: Passive air sampler device and assembling (Willems badge or diffusive sampler)

Laboratory method to measure NO, concentration

A modified Saltzmann colorimetric method was used to estimate NO, concentrations using
standard laboratory methods. The glass fiber after sampling was extracted by Saltzmann solution
which provides a pink color after the mix because of the NO;™ ions. A spectrometer at 540 nm
wave length was used to determine the absorbance of the colored solutions. A standard curve
using nitrite solution was used to estimate the concentration of indoor nitrogen dioxide. The

following equation was used.
C = 10°*Mass/ (exposure minutes * 40),

where ‘C’ is indoor air concentration of NO, in ug/m3; ‘Mass’ is mass of NO, on the glass fiber
used for air sampling after subtracting mass of NO, of the blank glass fiber; ‘expmin’ is indoor
air sampling duration in minutes (‘exposure in minutes’), and 40 is a constant of air sampling
rate for the diffusive sampler, 40 ml/min (137). The detection limit of Willems badge depends on
the mass of absorbed NO, of exposed badges and mass of NO, on the blank badge. The
aggregated data for standard calibration curves (n=642) were used to sort out the detection limit
through the analysis of lowest value of absorbance of the blank and the respective lowest mass of
NO; on the blank. In this way, it was possible to fix the above equation to provide the minimum

NO, concentration equivalent to 0.
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The use of Willems badge using Saltzman modified colorimetric method for NO, measurement
was well validated in Sweden (137, 138). Those sources showed recommended the use of

Willems badge for the indoor NO2 assessment and personal exposure assessment in factories.

All chemicals used for the preparation of standard NO, and Saltzman solution came from
Sweden. The collaborating partner from the University of Umea purchased all necessary
chemicals from approved sources. The quality of chemicals was checked before shipping to
Ethiopia. The use of chemicals (99% of ethanol, double distilled water, acetone) that were

locally purchased were of analytical type.

Household data collection

A structured and pre-tested questionnaire was used to collect data related to socio-economic and
demographic characteristics of each eligible household. The questionnaire was administered to
mothers immediately after 24-hrs indoor air sampling. Cooking habits characterized by type of
fuels, purpose and timing for using the fuel, and type of food cooked on the same day of indoor
air sampling, a week and 3 months before that were included in the questionnaire. These data
were used to check variations in NO, over the study duration.

The physical dimensions (radius, axis, and wall height) of the study homes were taken from the

1999 Butajira DSS census, which was launched just before the beginning of the study.

Data quality

The laboratory data quality was maintained using various methods. Laboratory technicians were
properly trained and supervised on each day of laboratory analysis. The internal validity of the
laboratory procedures were checked by analysis of standard solution, blank absorbance, and
control chart for NO,. The inter laboratory variation was also checked by the analysis of exposed
badges in the indoor and outdoor situations and looking at NO, concentration variations between
morning and afternoon sessions of laboratory analysis. All data quality activities were properly

recorded for follow up evaluations.
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Data management and analysis

Indoor air pollution data were entered and cleaned using the Epi Info version 6.04d statistical
package (version 6.04; Center for Diseases Control and Prevention, Atlanta, GA, USA and
World Health Organization, Geneva, Switzerland). The Butajira DSS database was used for
cross checks of IDs of respondents and household numbers. The data base was also used to
identify new households entering and leaving the study. Consistency and completeness of each
questionnaire was checked both at the field and during data entry. Data were analyzed using EPI
INFO, and SPSS (version 15; SPSS Inc., Chicago, IL, USA). STATA (version 9.0; STATA Corp
LP, College Station, TX, USA) was used to adjust the effect of clustering of NO, on the same
household. The data set was exported first to dbf and then to SPSS sav files for advanced
statistical analysis. Mean values and 95% CI of NO, concentrations were calculated to compare
with relevant data. NO, concentration was transformed into log10 to meet the assumptions of
normality in assessing the difference in mean NO, concentrations by selected variables. Box
plots and stem plots were intensively used to identify outliers when comparing mean values of

NO, concentrations.

Analysis of variance (one way ANOVA and one way repeated measures of ANOVA) was
employed for the detection of any difference and change in NO, concentrations in the presence
of fuel-use characteristics. A multiple linear regression (Enter method) was run to find out the
relative importance and predicting power of household physical characteristics after checking
assumption of normality and multicollinearity. Linear mixed model was used to evaluate fire-use
determinants related to NO, concentrations. This analysis was useful to adjust the effects of
repeated measurements. Descriptive statistics, tables, and charts were used to present major

findings.
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Ethical Considerations

The study had ethical approval from both countries, Sweden and Ethiopia. The local ethical
clearance was obtained from the Faculty of Medicine, Addis Ababa University, and the then
Science and Technology Agency of Ethiopia. The purpose of the study was verbally
communicated to each respondent and verbal consent was secured once agreement on the
interview was obtained. Inconveniences for the provision of air sampling and refusals were very
much respected, although the study did not face any serious problem in this regard. Results of the

study are planned to be communicated to the local authorities and community after publication.
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9.2.2 Traffic air pollution assessment

Study design
An urban based cross-sectional study for the traffic air pollution assessment was taken in the
months of July 2007 and January 2008 in Addis Ababa. July and January represented the wet and
dry seasons of the Ethiopian calendar, respectively.

Study subjects
Roadside shops and kiosks were selected to host the sampler for about 10 hours of sampling

duration in order to avoid loss of samplers.

Sample size

A literature based purposive judgment was used to involve 80 traffic air samples, 40 samples
each for the moist and dry months. A sample size of 40 was assumed to be adequate for the
exploration of CO real time concentration in the two time series. CO monitor availability was the

main limiting factor to this optimum sample size

Sampling method

Addis Ababa traffic count was consulted for the selection of traffic density. Roadside sampling
sites were selected purposely in high traffic density areas in order to detect the maximum
possible traffic pollution. All sampling sites were located on the road side with 2-10 meters from
the nearest road edge. The absence of any barrier between the traffic line and the sampling site
was ensured at the time of sampling. Once the traffic line is identified, a transient walk was made
to identify the presence of kiosks and shops that could satisfy the selection criteria. Exact
locations were identified using GPS taking (GPS 12 XL, Garmin 12 channel). The estimated

traffic density of sampling points and GPS locations are indicated in Table 9.
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Table 9: Traffic counts per 24 hours along sampling points, Addis Ababa 2005

SN Sampling sites Traffic count UTM X UtM'Y

Coordinate  Coordinate

1 Legehar Megenagna Mini bus stop 17,752 472863 995952
2 Churchil, Pepsi Kiosk infront of Post Office 10,184 472660 996938
3 Autobus Tera-Andnet shop near Mesgid 12,332 471416 998417
4 Black Lion Hospital gate, in front of SIM 17,877 472315 996962
5 Autobus Tera shop, next to Z music 12,332 470463 998360
6 Autobus Tera Ismael shop near Z Music 12,332 470454 998362
7 Piassa Awash Stationary 14,239 473090 999061
8 Paissa infront of Commercial Bank 8,714 472939 998309
9 Gotera intersection, bread retailer 13,889 473522 992078
10 Gotera, infront of 3F, General shop 14,311 473971 989923
11 Bole road near Flamingo, Electronic shop 14,465 474051 995592
12 Bole Printing Press Coka Cola Kiosk 12,670 474814 994357
13 Kazanchis, Grocery, near Awash Bank 21,655 474463 996479
14 Kazanchis, ceramic shop, Urael direction 17,752 474999 995958
15 Megenagna, Yaekob Mobile center 16,362 477855 996793
16 Haya Hulet Mazoria, general shop 14,875 476560 996417
17 Kotebe College infront, dairy kiosk 12,722 482325 998813
18 Gofa intersection, Kokeh Fashion 13,662 472508 992968
19 Gofa intersection, Mebrat Halil 13,662 472387 992681
20 Saris, Blue Nile shoes, infront of Red Cross 14,997 473939 989571
21 Harer Fruit shop named Harer, Saris Chimad 17,992 474207 988558
22 Mesalemia Mimi Bakery shop 13,815 469548 998515
23 Autobus Tera, Alfa public book 12,332 470177 998354
24 Giorgis intersection Pepsi kiosk 10,583 472680 998838
25 Giorgis, Ato Teklu Barber Verandah 10,583 472742 998557
26  Giorgis Church translation and PC service 10,583 472680 998709
27 Dej. Bela Road, Marvlous PC center 8,010 472124 999803
28  Sidist kilo total, Hiwot stationary 3673 473900 999419
29 Medhanialem School, MN shoe repair shop 13815 469057 1000341
30 Kotebe College end of fence, Harer shop 12,722 482647 998872
31 Teklehamanot, Kurtu Tyre shop 12,877 472066 997242
32 Teklehaimanot, Tsion Spare parts 13,255 471800 997712
33 Leghar, Watch and eye glass kiosk 21,384 472518 995950
34  Sengatera, electric shop 19,344 472182 996227
35 Lideta, Tele Center 6,192 470724 996089
36 Lideta, Temesgen shop, infront of Balcha 24,738 471192 995863
37 Lideta, near Desse Hotel Pepsi kiosk 20,630 470633 995927
38 Mexico Square Pepsi kiosk 21,384 471880 995830
39  Kera Discovery shop near Genet Hotel 10,391 472099 994742
40 Kera, Teka shop near Bulgaria Mazoria 10,391 472180 994047
41 Olympia Traffic Post light 19672 474431 995099
42 Legehar Traffic Post light 17752 472746 995958
43 Urael Traffic Post light 17122 475133 995861
44 Post Office Traffic post light 17877 472676 997004

Source: Addis Ababa Roads Authority, 2005.



Data collection and Instruments

A structured check list was used to collect basic data such as starting and ending time, date,
sampler code, and location. Two portable CO USB data loggers (Figure 13) were used to
measure the level of CO in each sampling site. The USB CO monitor had a detection limit of O to
1000 ppm, storing capacity of 32510 measurements with an operating temperature range of -10-
40°C and humidity of 15-90% . The CO logger had an internal resolution of 0.5 ppm and
accuracy of +6%of reading (140). The CO monitor operated based on electro-chemical reaction,
in which the CO was oxidized internally by a sensor into CO, and registered at a given time
interval. The CO monitor had many features which included portability, inexpensiveness, easy
manageability during data collection, not requiring frequent calibration, and ease of getting CO
data using an inbuilt software (133). In addition, there was a preference to look first on the more
toxic emission agent, which is CO, and then look for alternatives. Theses advantages are reasons
for selecting this equipment. The use of Willems badges was not indicated as NO, measurements
is affected by the outdoor wind (137-138).

Two samples were collected daily using the two CO monitors. A user-friendly CO monitor with
inbuilt software was used to stop the data logging, download the data, and fix the logging rate,
starting time and date. Sampling interval of 10 seconds (10s) was set in order to pick any varying
level of CO. A data sheet was used to record the date, USB ID code, name of site of sampling,

and the time at which the air sampling in the office and sampling site was set and stopped.

CO monitors were set at 2-meter height in a visible location of the selected local roadside
sampling point after ensuring the free flowing of air from the immediate traffic towards the
sampler. Sampling duration for the actual analysis in all sites was set between 7:00 am and 18:00

pm in order to get maximum possible CO concentration from vehicular activities.

Sampling was done from Monday to Saturday for each on-traffic line sampling site between
March 31 and April 12/2008. The on-line traffic was similarly done by placing the CO monitor
at 2-meter height just under the traffic light post (Figurel4 and 15), which was located at the

center of the road serving vehicles in both directions.
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Figure 13: EL-USB-CO (carbon monoxide data logger)

Figure 14: Field location of CO monitor in road side sampling sites, Addis Ababa, Ethiopia, July 2007
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Figure 15: Field location of CO monitors on a traffic light stand, Addis Ababa, Ethiopia, April 2008

Data quality assurance

A factory-calibrated two CO-data loggers were used to measure CO. These CO loggers were
checked for validity in a gas chamber with known CO concentration at Bowling Green State
University, Ohio, USA. In addition, a quality control protocol was used to evaluate the
performance of the two CO loggers during the study time. The protocol was to check the
consistency and reliability of measurement of the two loggers by placing them in the same
location and same sampling characteristics (timing, height). The consistency and reliability of
CO measurements were checked for the time fraction between the monitor login setting and the
actual sampling. The second time fraction was between completion of actual sampling and
downloading of the data. All these time fractions were on the road while traveling to the
sampling sites. There were 17 different tests, each having duration of about 1.5-3 hours of

sampling.
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The third quality control protocol involved the traffic air sampling for all day along roadside
sites that were selected based on medium and high traffic density. There were 12 such
measurements, each taken for 10-11 hours sampling duration. The data quality control chart is

indicated in Figure 16.

The 4™ method involved the use of CO monitor variant called Hobo, which was used for the
measurement of CO in a project evaluating stove efficiency. Hobo and USB CO logger were
placed at the same conditions to measure CO for 24 hrs. Hobo was assumed to validate the CO

USB logger as it had better calibration procedures.
The level of agreement between the two monitors was evaluated by the correlation coefficient. A
scatter plot and linear regression analysis were employed to evaluate the pattern and direction of

the relationship. The correlation coefficients were more than 0.90 and beta coefficients for the
regression were closer to unity. Details of summary statistics are indicated in Paper IlI.

a /b
| [ ]

6:00 7.00 Sampling time  18:00 21:00

Figure 16: CO-monitor data quality control protocol: (a) and (c) had 17 sampling tests for a duration
of 1-3 hours; (b) had 12 sampling tests for a duration of 11 hours

Data management and analysis

Traffic air data from the CO data logger was immediately downloaded using Excel format after
each episode of sampling using EI-USB-CO software. The 10 seconds original averaging time
was transformed into 15 minutes averaging time in order to manage the data with better
resolution. Excel line charts were mainly used to evaluate CO pattern by time and characterize
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sampling sites. Summary statistics were calculated using Excel software (Microsoft Office Excel
2003), while SPSS (version 15; SPSS Inc., Chicago, IL, US) was used to evaluate the data
quality performance using correlation coefficients and beta values of linear regressions. Graphs
and tables were used to summarize the data. Weighted mean, maximum averages, tables and
graphs were used to describe the data. US-EPA and WHO ambient air quality guidelines were
used to compare the research findings.

Ethical Considerations

Willingness of road side shop owners to host the traffic air sampler was requested after
explaining the purpose, the reason for selection, and demonstrating how the instrument operates.
The air sampling was arranged only after getting their verbal agreement. Addis Ababa Traffic
Police Department was formally consulted for the selection of appropriate traffic light posts. The
Department had communication with branch traffic offices about the study after securing
permission. Preliminary results were communicated to the Traffic Police Department in
September 2009.
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10. MAJOR FINDINGS

Main findings of this thesis are outlined in Table 10. Important major findings for both indoor

and traffic air pollution are presented in some depth.

Table 10: Major findings of the Thesis

Research questions

Major findings

Paper |

1.

What is the magnitude of indoor air
pollution using NO, as an indicator?

The overall 24-hour mean NO, (97ug/m?®) concentration was
about 2.5 times more than the 2005 WHO proposed air quality
guideline for NO,

2. s there a variation in NO, by type
of ecology? (Spatial variation?) There is a spatial and temporal variation in NO,. Increased
3. s there a variation in NO2 by time? concentration was found in “Dega” areas during wet season.
(temporal variation)
Biomass fuels of wood and crop residues are the dominant source
Paper 11 of household energy in the study area.
1. What are sources of NO, variation Household use fuel characteristics, ecology, and season were
in households using biomass fuel? important household variables to explain the variations in the daily
2. s there a defined relationship NO, concentration
between sources of variation and
NO, concentrations? Highland ecology is a major predictor of NO, concentrations.
Physical structure of housing unit, its volume and the presence of
separate Kitchen, have weak association with indoor NO,
concentrations.
Repeated measurements of 24 hr averaged NO, concentrations
varied over time (within household to household variation)
The 15 minutes, 1-hr and 8-hr average CO concentration did not
Paper 111 exceed the WHO guideline for the roadside sampling points.
1. What is the level of traffic air
pollution using CO as an indicator Six in 40 road side sampling sites and 3 in 4 on-road sampling
in road side shops and kiosks? sites had exceeded 50% of the 2005 WHO 8-hr guideline.
2. Does road side CO vary by season?
3. What is the level of CO under the The weighted mean (+SD) of CO in wet season (July 2007) and
traffic light post? dry season (January 2008) were 2.03 (1.94) and 2.64 (2.53) ppm.
4. s there a link between the road side The mean CO concentrations did not vary by season.

and on-road CO concentration?

The overall daily mean of CO concentration measured under the
center of the traffic light post (5.7 ppm) did not exceed the WHO
8-hr guideline of 10 ppm. Average CO concentrations of Monday
through Friday were similar, but 50% more than Saturday’s.
“Olympia” traffic site had increased CO concentrations compared
to other there sites involved in the study

Similarity in the daily pattern of CO concentration is an indication
that on-line traffic sources are related to road side CO
concentrations.
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Main findings of Papers I-111

10.1 Paper I: Magnitude of Indoor NO2 from Biomass Fuels in Rural
Settings of Ethiopia®

The magnitude of indoor air pollution can be measured using various indicators. The use of

proxy indicators to measure the exposure were popular until the mid of the 20™ century. Such

proxy indicators were widely used because of their simplicity. The technology of air pollutant

measurement is now available to explore both environmental and personal exposures. NO, was

used as an indicator of biomass smoke components.

Magnitude of NO,

A 24-hr weighted mean (+SD) was 97.0 pg/m?® (91.41) involving 17,215 NO, measurements.
The distribution of the mean NO, concentration was highly positively skewed, making the
median (inter quartile range) 68.4 (97.7) pg/m®. NO, concentrations varied significantly from
one sampled household to another. The variation was so wide including as low as 0 and as high
as 978 ug/m® among all measurements (Figure 17). This between-household variations is
acceptable as no smoke provided no measurement and intense smoking provided very high

concentration. This is a characteristic of findings by many environmental sampling.

Variation in NO;

Comparing average level of NO, meaningfully was important for this study. Data was
aggregated and initially compared by agro-ecology after adjusting the dependency of
measurements. Highland villages had adjusted mean (95%Cl) 76.48 (73.9,79.1) pg/m?, while
low land villages had 49.9 (47.8,51.4). A difference of 26.6 pg/m® was big enough to conclude
for the presence of significant difference. Figure 18 indicates the arithmetic mean distribution of
NO; by ecology. A reflection of this difference is found in variation in NO, between wet and dry
seasons, which had mean (95%Cl) 66.4 (64.54, 68.3) pug/m® and 58.58 (56.87,60.34) ug/m?,

respectively, although the magnitude of the difference was a bit lower in the extent compared to

*Publication: Submitted 15 December 2008; accepted 8 June 2008; on line published 6 Oct 2008; Published as “Volume 19
Issue 1, pages 14-21’; PubMed Indexed Feb 2009 as “Indoor Air 2009 19(1):14-21”
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the ecology. However, the magnitude of variation as measured by variance in all cases was too
big, has almost similar magnitude with the corresponding mean indicating the presence of high

variability in NO, concentrations.

Temporal variation in NO, concentration by month was visible. January, May, June, July, and
August had showed increased NO, concentrations over the yearly average. The increasing rate
ranged from 1% to 13%, the highest being for July. The months of June-August are wet seasons
for the Ethiopian climate. The difference in NO, average concentrations between dry and wet
months is an indicative of that the use of biomass fire is related to climatic condition,

temperature and moisture in particular.

Monthly rainfall and minimum and maximum temperature were sought for the town of Butajira
during the study period (2000-2002) to relate with the monthly average NO, concentrations.
Assuming these data work for the rural settings with minimal variation, maximum temperature
and rainfall had good correlation (r=0.61, r=0.82, respectively) with NO, concentration (Figure
19 and 20). Correlation between 0.50 and 0.69 is moderate, and between 0.70-0.89 is high (141).
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Figure 17: Distribution of NO2 concentration by percentiles, Butajira, Ethiopia, 2000-02
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Figure 18: Indoor NO2 concentrations by village and ecology, Butajira, Ethiopia, 2000-2002
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Figure 19: Monthly rainfall related to monthly NO, concentrations, Butajira, Ethiopia, 2000-2002
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10.2 Paper II: Sources of Variation for Indoor NO, in Rural Residences of Ethiopia2

Household energy sources

The dominant source of household energy was biomass fuel. Firewood and crop residues were
largely used. The distribution of biomass fuel (as defined by used “only” or “mostly”) was 51%,
45%, and 2.4% of the observations (n=16899) for fire wood, crop residues, and cow dung, while
29%, 16%, and 0.4% had exclusive use, respectively. Kerosene was used only in the majority of
households to illuminate the lamp for the interior. There was a difference in the types of biomass
fuel used: the use of wood predominated in the dega ecology (74%), while crop residues and
animal dung were mostly used in the kolla ecology (71% and 79%, respectively).

Purpose of fire use

Among the quarterly interviewed households asked for a multiple response (n=16899
interviews), cooking, heating, and insect repelling were found to be the main purposes of
biomass fuel use in 98%, 35%, and 13% of the samples, respectively. Cooking one type of food
per day was an uncommon practice, only 4% of the interviewed cases practiced it. More
common was cooking two and three types of food per day, 16% and 77%, respectively. Types of
food frequently cooked included gomen, coffee (for traditional ceremony), bread and kocho.
Three times a day use of fire was common: morning, midday and evening. The use of fire at

night and once a day was uncommon.

Sources of variation: Bivariate and multivariate analysis

(Biomass fuel use related variables)

24-hr averaged NO, concentrations varied by type of biomass fuel used. In a one-way ANOVA,
higher concentrations were observed with wood and cow dung users compared to those that
employ crop residues, accounting for 21 pg/m? difference (arithmetic mean: 107 Vs 86 pg/m®)
(Figure 21). In addition, the purpose of fire use, frequency of food, and timing for use showed

increased NO, concentrations in a one-way ANNOVA.

2 Status: Submitted to BMC on 27 November 2008, Environmental health Journal type; Reviewers comment received on
4 April 2009; Under review.
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A linear mixed model was employed in order to isolate relevant variables affecting indoor air
pollution. In addition to the above indicated variables, ecology and season were included as
distinct parameters following the findings of Paper I. Almost all t-variables were found to
significantly contribute to the differences in NO, average concentrations. Higher concentrations
were found in highlands (by ecology) and during wet season in households that use crop
residues, use fire at least once a day, and cook any number of food items in a day. The purpose
of fire use (cooking, heating, or repelling insects) did not come out as main effect to impact NO,
Figure 22 indicates the relationship between the number of food items cooked and NO,

concentration demonstrating the gradient of NO».

Sources of variation (housing physical structures)

There was an initial null hypothesis that the physical structure of tukul affects the NO,
concentration: the larger the volume it has, the less likely would be NO, concentrations and vice
versa. Measurements of radius, axis, and wall height were extracted from Butajira census data of
1999, which was conducted just before the present study. The same data source was also used to
extract the presence of window and type of kitchen. These housing variables were considered to
explore their effect on indoor air pollution. When the relationship of these variables with
weighted mean of NO, was subjected in a hierarchical multiple linear regression Model,
“volume” and presence of separate kitchen had significant association with NO, concentration.
However, only volume factor was found to be a strong predictor as it, compared to the kitchen

variable, contributed to larger explainable variation in the outcome variable.

Repeated measurements of NO,

About 3,300 households at the beginning and 3,924 households with under-five children at the
end of the 26™ month of study were contained in the research. The mean (+SD) number of NO;
measurements was 4.37 (1.90) per household, while the median was closer to 5. Measured five
NO, concentrations at different times were compared using repeated ANOVA to explore the
presence of any difference over a series of time. The compared five NO, measurements in order
of time 1 to time 5 were GM (+GSD): 68.6 (2.58), 70.3 (2.54), 69.1 (2.47), 70.1 (2.49), 65.2

(2.62) pg/m® (n=2051). Post hoc pair-wise comparison showed that the difference was accounted

65



between time 2 and time 5, time 4 and time 5. mparison showed the difference was accounted
between time 2 and time 5, time 4 and time 5. There was a significant difference in the
repeated measurements of NO;, concentrations over time, Wilk's Lambda=0.993,
(F(4,2047)=3.46, p<0.05 with multivariate eta squared=0.007 and observed power of
89%. The repeated NO, measurements also differed by ecology, (F(1,2049)=260.5, p
<0.05) and by location of households (“peasant associations”), F(8,2042)=48.9, p<0.05).
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Figure 21: 24-hr averaged NO; concentration by type of biomass fuel, Butajira, Ethiopia,
2000-2002
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Butajira, Ethiopia, 2000-2002
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10.3 Paper I11: The Level of Traffic Air Pollution as Measured by CO in the
City of Addis Ababa, Ethiopia®

Magnitude of CO on roadside sampling sites

The 10 seconds averaging used for original sampling was converted to 15 minutes to meet two
advantages: smoothening the data for better time trend analysis, and comparing the averages with
international guidelines. In the majority cases of roadside air sampling, the CO measurement
duration was between 7:00 am and 18:00 pm. This was purposely made in order to maximize the
presence of high vehicles activity on the road.

The 15-minute mean of (+SD) 2.03 (1.94) ppm for the wet month of July 2007 and the 2.53
(2.53) ppm mean for the dry month of January 2008 did not show any difference. The daily CO
profile for both sampling times was similar. Temporal variation in CO concentrations was
observed. There was increased CO concentration above the average during increased on-road
vehicular activities which was commonly observed between 8:30-9:00 am and between early and
late afternoon (14:30-18:00 pm) for July 2007, and 7:30-8:30 am and 14:20-16:30 pm for
January 2008. The month of January had a third component of exceeding the daily average:
lunch time between 12:30-13:20 pm. Excess of CO concentrations during lunch time was

uncommon.

The spatial variation of CO concentration was visible in that the study sites had as low as 0 ppm
(CO monitor could not detect any concentrations) and as high mean as 7.75 ppm. The maximum
reached as high as 18 ppm in one of the sampling sites. There were six pocket roadside sites
where increased CO concentrations were consistently observed during both sampling months.
The sites were located on Kera Road, Gofa intersection, Bole Road (two sites), Haya Hulet
Mazoria on Megenagna Road, and Legehar mini bus stop sampling sites (Figure 23). They had
between 5.1 and 6.4 ppm average for the two months, representing about 60% of the WHO 8-hr

limit. Roadside sampling aerial location by the weighed mean of CO is indicated in Figure 24.

® Submitted to Journal of Environmental and Public Health, Hindawi Publishing Corporation,
20 April 2009, under review by Editor in Chief.
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The 15 minutes, 30 minutes, 1 hr and 8 hrs of WHO guidelines for CO were not exceeded.
However, 15% of the roadside samples and 3 in 4 of the on-road side samples had exceeded 50%
of the 8-hrs WHO guideline.

Four on-traffic line samplings were included to evaluate the average and time trend of CO
concentrations. The four sites, namely, Main Post Office, Legehar, Urael, and Olympia traffic
light posts, were included after physical observation by counting traffic densities for a brief time
and consulting the on-duty traffic police. The mean (+SD) 15-minute averaged CO
concentrations are indicated in Table 11. The overall 15-minute average for each day looked
similar, except for Saturday, which was about 50% less, implying the presence of higher rate of
traffic air pollution during Monday through Friday. However, the spatial variation was

significant: Olympia traffic post had visible increased CO concentration (Figure 25).
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Figure 23: Averaged CO concentrations for the two sampling periods, Addis Ababa, Ethiopia
(July 2007 and January 2008) (35-“Discovery Kera road”, 36-Kokeb Fashion Gofa
intersection”, “37-Bole Printing Press Bole road”, “38-Legehar mini bus stop” , 39-“Haya Hulet
Mazoria Megenagna road”, , 40-‘Bole Flamingo Bole road™).
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Table 11: Daily minutes averaged CO concentration by traffic light posts, Addis
Ababa, Ethiopia, March 2008, Ethiopia

Post Office Legehar Urael Olympia  Total
Day mean SD mean SD mean SD mean SD mean SD
Monday 425 204 534 201 625 167 754 189 585 19
Tuesday 3.19 19 522 135 6.31 2 95 232 6.06 1.89
Wednesday 325 249 605 16 542 148 797 216 567 1.93
Thursday 2 117 542 133 502 155 973 232 554 159
Friday 303 182 502 154 475 145 0903 206 547 172
Saturday 131 097 453 115 363 107 542 167 372 122
Total 284 173 526 15 523 154 82 207 538 171
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6.0
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Figure 25: Weekly averaged CO concentration in four traffic light posts, Addis Ababa,
Ethiopia (Sampling dates: 31 March - 5 April in the Main Post Office and

Legehar; April 7-12 in Urael and Olympia areas)
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Figure 26: Temperature inversion: The road to Legehar: Smoky early morning and clear
road in the day time

Figure 27: Temperature inversion: One of the Addis site: Smoky early morning and clear
road in the day time

72



COlevel, Haya Hulet Mezoria, 15 Jan 2008

—15min

4.66ppm; SD = 1.83ppm

Ivlean

|
i,

[

A
L

1w

J

12

10
o

dd ‘09

Time

Figure 28: CO peaks in early morning, Addis Ababa, 30 January 2008
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11. DISCUSSION

The predominant source of rural household energy in the study area was biomass fuel, which was
largely represented by wood fuel and crop residues. This was not surprising given the national
dependency on this type of fuel serving over 98% of households (25, 116). Crop residues such as
stalks of corn, barley, wheat, etc, are abundant just after harvest, often following December. The
use of cow dung was relatively less in magnitude, and was only used in one third of the
households. Ethiopia, an agrarian country as it is, the use of crop residues and cow dung is
common in all rural areas. Biomass fuel has larger intensity of emissions compared to cleaner
fuels such as kerosene and natural gas. PM emissions from the use of dung, crop residues and
wood are 4-15 times more than that of kerosene. Gas stoves emit indoor air pollutants 50 times
less than the traditional stoves (4). Because of this intensity, personal exposure due to these fuel
types is also high. In an Indian study, the calculated average personal daily exposure in the
kitchen to respirable particulate matter was more than 1000 pg/m® (18) compared to negligible
amount by kerosene users. World Health Organization was generous in the comparison of rate of
outdoor air pollution of developed countries and the indoor air pollution levels in developing
countries. It concluded that there existed a difference of 10-20 times (23). The implication of this
conclusion is very relevant to appreciate the very poor conditions of living in developing
countries like Ethiopia. Generally, biomass fuel is rich in emissions of pollutants in a greater
degree than cleaner type of fuels, hence enhancing higher rate of exposures to indoor air
pollutants. The national burden of diseases attributable to biomass fuel in Ethiopia is 2.5 more
than the global average (28). Many African countries share similar experiences. There is truth in
this burden given the high extent use of biomass fuel in households for various activities
requiring heat energy. However, this subjective assumption does not concretely guarantee the

presence of exposure to indoor air pollution unless measurements are taken.

Assessing the level of indoor air pollutants in this thesis was conducted using NO, air monitors.
The overall 24-hour mean (+SD) concentration of NO», 97 (91.41) ug/m® was high in the study
settings. The study found that about 36% and 70% of NO, measurements exceeded the US-EPA
standard of 100 pg/m® and WHO guideline of 40pg/m®, respectively (28, 44). Given only the
70% measurements exceeding 40pg/m?, the mean (+SD) NO, was 130.3 (101.9) pg/m®, which is
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a lot worse taken the WHO guideline into consideration. NO, concentration for the assessment
of indoor air pollution is not commonly used in developing countries. Very few available data in
developed countries indicated that average NO, concentrations are within the limit of
international and local standards (34, 38, 39). Such achievement was possible due to the use of
cleaner type of fuels such as gas and electricity. Developing countries including Ethiopia
probably need many decades to reach the level that developed nations have currently attained.
The study population average of NO, exceeded 2.4 times that of the WHO standard. The
difference in the rate of violations could only be explained by the prevailing use of biomass fuel
in Ethiopia. Indoor nitrogen with the presence of oxygen and high temperature is first oxidized
into nitric oxide, and then into a more harmful NO,. The formation of NO, depends on the
quality of fuel, and duration and intensity of combustion. It is not possible to say that the source
of measured indoor NO2 could be other things than biomass fuel during combustion. The
possibility of photochemical reaction is very unlikely in the study traditional homes where the
penetration of direct sunlight is very limited.

This thesis found out a difference in average NO, concentrations by ecology type and season,
higher concentration being observed in dega ecology and during wet seasons compared to kolla
and dry months. This is due to temperature and moisture difference between the two ecological
categories. The average minimum and maximum temperature and rainfall for Butajira ranged
between 11.8-13.3°C, 23.7-27.5°C, and 16.4-159.0 mm respectively (Ethiopian Meteorology
Agency, 2000-2002, personal communication). It is believed that rainfall and cold days provide
opportunities to stay longer in the house (indoor) and this enhances the use of fire for heating and
cooking. Residents are likely to continue heating once cooking started at these times. Extended
cooking and heating implies the use of more fuel, hence more emissions of pollutants. The
altitude from sea level and monsoon based rainfall are major factors for climate characteristics in
Ethiopia (106). Given the study’s hypothetical assumption of other unknown variables, ambient
temperature explains the temporal variations in NO, and hence determines the amount of

biomass fuel used for cooking and heating. The dega areas are colder in wet seasons.
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In air pollution epidemiology, the identification of factors affecting the level of environmental
insults is very important. One of the research questions of this study was related to what
condition (s) is making a difference in the level of NO, concentrations other than ecology and
season. Household variables related to the use of biomass fuel were used to characterize the
variation in NO; levels for the study period. Such variables were type of fuel, purpose of fire
use, type and number of food items cooked, and frequency of fire use in addition to ecology and
season variables as described above. The contribution of physical characteristics of the
traditional housing was also evaluated. The thesis was then able to relate the immediate,
intermediate, and remote factors affecting the level of indoor air pollution as measured by NO,
concentrations. The type of stove was not included, as it was homogenously represented by
traditional stove in all households. Immediate factors in the study were type of fuel, purpose of
fire events, frequency of fire events, and type and loads of cooked food. The intermediate factors
were housing variables, while the remote factors were those represented by ecological and

seasonal variables.

The tendency of using one type of fuel for fire per given day is common in the study area. The
type of biomass fuel data was strongly related to log transformed NO; concentrations. The use of
“only wood” and “only cow dung” were accompanied with increased NO; by a factor of 1.25
over NO; of crop residue households. The use of cow dung had smaller contribution to the
overall NO, concentration as its use was generally less than 3%, compared to wood use of 51%.
The gradient of change seemed not be consistent with PM whose emission is higher in cow dung
and crop residues than in wood fuels (9, 17). In Bangladesh the emission of PMj, was higher for
dung and fire wood than for straws by a factor of 1.3-1.5 times (20). Studies conducted in the
USA showed income, ventilation, occupant density, stove type, cooking time, housing factors,
and type of stove were closely related to measured NO, concentrations (36, 37, 142, 143). The
rate of pollutant’s emission varies by type and physical conditions of biomass fuel. Biomass
fuels with low moisture content burn relatively easier than those with high moisture content.
Generally, low grade fuels emit more pollutant than the relatively cleaner ones. In the case of
NO., it is the atmospheric nitrogen which is trapped by the combustion process and oxidized into
nitrogen dioxide. The higher the temperature of the combustion, the more NO; is generated.
Wood fuel is in higher energy ladder compared to dung and crop residues, and therefore has
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better energy potential capable of oxidizing atmospheric nitrogen. Crop residue, considering its
use in the homes of 45% of the interviewees, is the next important fuel type to affect NO;
concentrations. The multivariate analysis, however, showed that the use of crop residues was a

factor to affect NO, concentrations after controlling other factors.

The purpose of fire use for cooking, heating, or insect repellent was also associated with NO,
concentration. Many homes were unlikely to initiate only one type of fire use activity. The
cooking activity often was linked with heating the home and insect repelling at the same time.
The cost and availability of fuel might encourage getting a combined type of service per any fuel
used. The multiple nature of this combination was taken into consideration for the analysis as
well. In a bivariate analysis, either a single use or combined ones were important factors. In a
linear mixed model regression analysis, this relationship was lost, and only heating activity was
on the borderline for the association with NO, concentration. However, when the combination of
any one purpose was observed, 98% of responses were on cooking. The contribution of cooking
even in the “any two” activity was dominant representing 99% of the responses, implying
cooking was the major determining factor for the increased level of NO, concentration compared

to heating

The time and food load were also important factors to affect the level of indoor NO,. The
general trend is that the more the frequency of timing to initiate fire use (single or in combination
with two or three involving the times in reference to morning, midday, afternoon or night), the
more NO, was in the indoor. Likewise, the frequency of cooked food items per day showed
positive relationship with NO, concentrations. These two variables are indicators of the burden
of work load measured by the frequency of fire events (time) and frequency of cooking. The
gradient of the association was obvious: the frequent use of fire and cooking naturally increases
indoor NO, concentration. However, any one time of fire use and any frequency of food were
determinants in a mixed linear model analysis in the presence of other factors in the Model.

The other dimensions of looking at associations were to evaluate the role of housing structures,

such as volume of tukul and the presence of window and kitchen. Volume and kitchen were
found to affect NO,, while window did not. The research hypothesis was that volume has a
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reciprocal association with NO, concentration. This hypothesis was statistically refuted. There
was 1.27 mg/m® increase for each 10m® of tukul volume. It is difficult to tell the impact of this
relationship on exposure to IAP, as the multiple correlations between the two factors and NO,
concentration is very weak, presenting only 0.078. In addition, the explainable variation on the
dependent variable was less than 1%, which implied that other factors might be important to look
other than the physical dimensions of “Tukul”. The statistical association might just be explained
by large sample size. A smaller magnitude of built up NO, concentration can be explained by
ventilation inefficiency that is facilitated by the structure of the local housing (tukul). The walls
of many tukuls were not air tight. The presence of open space under the eve is another air outlet.
At the time of biomass combustion in tukuls, the chance of building up of smoke is minimal as
the smoke continuously escapes through these outlets. In addition, emitted pollutants are
absorbed by the thatched roof, which serves as a good smoke cleaner. The roof also acts as home

heater as it absorbs and reradiates the smoke heat.

A study in Bangladesh has demonstrated the presence of inter-household (between households)
differences in PM1o concentrations due the difference in location of stoves, structural differences
of housing, and efficiency of ventilation while cooking (20). Some households using dirty fuels
such as firewood, dung, and jute had PMi, exposures resembling those for natural gas. The
presence of windows, opened doors, open spaces on mud walls and thatch roofs that were active
at the time of cooking was responsible for the reduced PMyo concentration at a range of 16-55%
for different types of fuel. The lower reduction rate was for biomass fuel, while the higher
extreme was for cleaner fuels. However, the comparison of PM1, reduction by the type of fuel
was just relative, which otherwise could not rule out the excess PMj, above the international

guideline.

One of the purposes of quarterly measurement was to observe the presence of any difference
among the averaged values of NO, concentrations by time. This assessment found an overall
difference among the five repeated NO, measurements. This implies that the major factors
affecting the level of indoor air pollution, such as type of fuel, purpose of fire use, timing,

frequency of food items and the type of housing structural factors were different by time. This
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research confirmed that increased NO, concentrations above an international guideline occurred
in the traditional home settings of Ethiopia.

At the inception of this thesis plan, there was a similar idea to explore the status of urban air
pollution through the assessment of traffic air pollution. The presence of old on-road cars, the
ever increasing number of vehicles and the limited road infrastructures in Addis Ababa were the
motives to undertake traffic air pollution assessment. The assessment was made using CO
measurement due to resource limitations to other methods such as PM measurement. The use of
NO, employing Willems badge was not possible due to the systematic influence of outdoor wind
on the diffusion constant (138). Sampling of CO was preferred because of its short-term toxicity
and the need for exploring the level of air pollutants given the availability and simplicity of the

instrumentation.

July and January were represented in this thesis research to explore the gradient of difference of
air pollution in wet and dry seasons. In addition, the increased rainfall in July is likely to affect
the CO on road concentration, either washing it down or becoming an obstacle for the rapid
dispersion of CO into air because of the poor ambient ventilation. The provision of CO sampling
during the day time (for 10-11 hours) in both sampling periods is justified to maximize the
trapping of CO during high traffic activity.

An overall 15 minutes mean (+SD) CO concentrations were 2.03 (1.94) ppm and 2.64 (2.53)
ppm for the months of July and January respectively. The difference between these means was
not statistically significant. Only speculation was possible to explain this difference. The traffic
density in July was understood to be less than that in January. The majority of schools in July
were closed which implied less demand for vehicles. However, the presence of rainfall could be
the major factor to affect the dispersion of vehicular CO emissions in July (29). The traffic
density in January was higher than in July (communication with the Addis Ababa Traffic Police
Office). The on-road wind might be a factor to explain the quick vertical and horizontal CO
dispersion. This might reduce the built up CO on the roadside, hence contributing to the low

level at respective sampling points.

80



The photochemical reaction that takes place in the daytime might be another factor to explain the
low level of CO in January. The sunlight energy under bright radiation has the capacity to
transform CO into CO;, in the presence of emitted hydrocarbons, thereby limiting the detection
of CO by the air sampler. However, identifying whether or not a photochemical process

contributed to the low level is beyond the scope of this research.

Calculated 15 minutes, 30 minutes, 1 hour, and 8 hr averaged CO concentrations measured at the
roadsides did not exceed the WHO proposed guidelines (23). However, this should not be
considered as a healthy condition of traffic air, as vehicular emission is a complex mix
containing a number of toxic gases, vapors, and particulate matter in addition to CO (28-30).
Moreover, there were pocket sites demonstrating high level of CO concentrations exceeding 50%
of the WHO guideline.

The profiles of 15 minutes averaged CO concentrations had similar pattern of fluctuations for
both episodes of CO sampling. The presence of increased CO concentrations in early mornings
and afternoons was characteristics for both sampling periods, although there was a difference in
the timings. Frequent peaks of CO concentration were common in January during early
afternoons, while this was not a major event in July. However, late afternoon elevated CO
concentration was seen in July which was not characteristics for January. The peaks of CO
concentrations by time could probably be explained by three major factors: temperature
inversion, traffic density, and photochemical oxidation process. The phenomenon of low
temperature inversion is inherent in Addis Ababa in the early mornings of many days and that
might perhaps start after mid night. The inversion occurs when the land cools more rapidly than
the next layer of air mass affecting the vertical movement or slowing it down. Then , air
pollutants emitted from the ground surface do not go upwards and in horizontal direction. The
phenomenon of this inversion is usually reversible when the sun heats the ground surface. One
can observe a kind of dim or smog and visible air mass in early mornings near bridges, around
the horizon of Intoto mountain, and along side of the roads (Figures 26-28) (personal
observations on many occasions). The low temperature inversion type in Addis Ababa is likely
to be related to daily temperature variations, when there is a shift from low to high temperature
(Figure 29). Smoke and dust plumes are visible when dispersing horizontally and not vertically
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in early mornings. Temperature inversion was known to affect the urban air pollution in Canada
(144).

The traffic density is another obvious factor to make a difference in the levels of CO. Traffic
activity was assumed high during the month of January. Rush hours in mornings, lunch time, and
early to late afternoons explain the peak of CO at these hours. However, high level of CO
concentration was sustained even without the presence of the assumed high traffic activity in
early mornings as observed in January due to the sustained and frequent occurrence of
temperature inversion. The CO source in this condition could be individual households at night

time.

The other question this thesis attempted to answer was the relationship between the roadside and
on-traffic line CO concentrations. The measurement of CO concentration in 4 selected traffic
light standing posts was assumed to explore this relationship. Although, these sites may not be
representative of all the sampled spots (n=40), the study covered few roadside samplings around
these traffic lights during the two-month study period. The sample size for the on-traffic line
sampling was 24 which is a reasonable figure to be related to the 40 sites. The overall 15-minute
mean (+SD) of CO concentrations on the four sites was 5.38 (1.71) ppm which is 2 times greater
than the July and January averages taken together. The research also found out the presence of
spatial and weekly variations for the on-traffic CO measurements. Saturdays tend to have less
concentration than Monday through Friday, on the average 50% less, while Olympia site had
shown increased concentration, almost closer to the 8-hr USA-EPA standard and 3 times greater
than the Main Post Office traffic post level. High traffic volume and ventilation differences are
factors to explain this difference. The ventilation condition in the sampling site of the Main Post
Office traffic light was much better than that of the Olympia site. In addition, the Olympia traffic
post lies on the way to Bole Air Port, which is under intensive vehicular movement all day. The
Main Post Office traffic light post lies in a wider intersection area inhabited by few construction

densities along the roadsides.

The profile of 15-minute averaged on-road CO concentrations mimicked exactly the profile of
the roadside based CO samplings. Increased CO concentrations in early mornings and from early

82



to late afternoon were the characteristics for both conditions. Peaks of CO concentrations during
lunch time were not visible. This perhaps explains the close linkage between the roadside and
on-road CO concentration by having the same source as designated by vehicular emissions.

The assessment of both indoor and ambient air pollution through traffic air pollution has an
important contribution to Goal 7 of the international MDG to which Ethiopia has committed. The
findings could be used as baseline data for future directions. The methods used for the
assessment of air pollution in the rural and urban study settings are assumed to be scientific that
followed adequate sample size and valid methodology. In addition, strict data quality assessment
was performed in order to closely estimate the extent of air pollution while minimizing
systematic errors. The size and type of variables explored in parallel with IAP measurement were

also adequate to explain the variation in the dependent variable.

Large sample size coverage over adequate study duration involving different ecological settings
and rigorous data quality were well addressed to make the findings more useful. The findings of
indoor air pollution can be generalized to other rural settings as the socio-economic conditions in
many ways are very similar (25, 108, 116, 119). The CO data, which were gathered in Addis
Ababa, may be difficult to generalize to other major cities of Ethiopia. Addis Ababa is found in a
highland ecology characterized by various slopes of topography. Moreover, about 70% of the
country’s vehicles are found in Addis Ababa and this contributes to the high traffic volume in the

roads of the city.
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12. Public health significance

The exposure time patterns of children were studied in 120 households having under-5 children
just before the initiation of NO, assessment. A significant variation was observed. The number
of hours the fire kept burning per day varied between 1 and 23, the median being 9 hours, while
the duration children were kept near the stove varied between 1 and 15 hours a day, the median
being 5 hours. The exposure time of children, 5 hours out of 9 per day, is significant combined
with the measured high concentrations of NO,. Given these exposure profiles, there really is no
reason why indoor air pollution could not be a factor to ARI and mortality among children in
Butajira. In addition to these pilot findings, the thesis has found the presence of increased indoor
NO; concentrations in 70% of sample measurements. However, the link between ARI among

under-5 children and NO, exposure needs to be further researched in Butajira DSS.
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13. Validity and Generalizability

This section tries to discuss validity and generalizability of the findings. Validity is concerned
whether the findings are the reflection of the truth in the study settings while generalizability is

concerned whether the findings can be inferred to other settings, if found valid.

The extent to which the research findings were a true reflection of population parameters
depends largely on the data quality at all stages of the study and the relevance of the study
design. The involvement of well-experienced data collectors, field testing of the methodology for
nearly three months before the start of the main survey, and strict field supervisions enforced
during data collection were some of the measures taken to increase the quality of the data. Thus,

there is very little room for generating poor quality data at the field level.

Laboratory works that measure the concentration of nitrogen dioxide were another area that was
aggressively monitored. Unless properly monitored errors due to inter-observers, intra-observers,
and variations in the instruments could be a potential sources of biases. The provisions of
training, repeated daily supervisions, and the implementation and management of lab quality
control protocols were important tools that were used to maintain laboratory data quality. The
use of known and validated method in reference to the application of Willems air monitor
(136,137) makes the procedure comparable with other similar studies.

The studies were conducted in all households with under-five children in the study area; the
Butajira Demographic Surveillance sites. The database is supervised and updated on a regular
basis. Thus, selection bias that could arise from non-response and omission of households during
field work is unlikely to happen in this study because of the repeated visits. There is no total

refusal to participate in the study.

The potential confounding effects of some selected variables were handled in this thesis in a
number of ways. This thesis used advanced statistical analysis, such as stratified analysis,
multiple regression, and linear mixed model in order to determine the relative importance of each

independent variable on the main outcome variables of the study.
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It is important to recognize some the drawbacks of this thesis. The use of NO, as proxy indicator
to measure indoor air pollution level is not the best choice. Other indicators such as PM could
determine indoor air pollution in a much better way. However, the cost of measuring PM in the
field was prohibitive; especially for the large sample needed for this study. The use of NO; in the
study was preferred because the technology was simple and affordable. It is however important
to note the need for further exploration of affordable technology for measuring PM in rural
settings of Ethiopia. Personal air pollutants exposure assessment is a critical epidemiological
indicator to determine exposure dose and isolate the most exposed. This thesis could not address

this issue because of the different methods involved.

The exposure assessment of using Willems badge has also another drawback. Because of the
inherent air sampling strategies attached to Willems badge air monitor, it was not possible to
observe the exposure profile by time. As a result, the peak intensity of NO, and the usual time
for the use of fire events were not established. The study had only weighted mean values all the

time during the quarterly NO; survey.

Researches on the measurement of indoor NO, and traffic CO were somehow limited in the
literature of developing countries. A number of studies were primarily on particulate matter, both
PMyo and PM;s, with the focus on the latter. This has limited comparison with the thesis

findings.

Lack of complete traffic counts at the time of the study is another area of concern of limitations.
Only very limited efforts were made to record the traffic count at the beginning of each
sampling, just for 3-5 minutes duration. This cannot represent the needs of the sampling

duration. Available routine data on traffic volume is hardly available in Addis Ababa.

The establishment of Butajira DSS site is a unique opportunity to undertake public health
researches like the one in this thesis. The database setting, the availability of trained enumerators
and supervisors, and the rural infrastructure are real incentives to handle data quality and sustain
data collection. Despite the overwhelming evidence of possible high exposure to indoor air
pollution using proxy indicators, little attention was given to a large sample size. This thesis

undertook a quantitative study for nearly two years in the rural settings of Butajira. The NO,
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measurements could be maintained in the DSS data base in order to relate them with some other
health outcomes like cases of ARI and infant mortality. This is planned to be undertaken after

this thesis defense.

The study area resembles many parts of rural Ethiopia in its use of fire. Although studies on
indoor air pollution are rare in Ethiopia from personal observations the type of biomass fire fuel
used and the purpose of fire appear to be similar to many parts of the country. The pattern of
biomass use, the housing design, the absence of separate kitchen, and lack of openable window
are also similar to other parts of the country (117-119, 131). Thus, the findings of this study can
be reasonably generalized to many setting in Ethiopia.

Traffic air pollution in particular and ambient air pollution in general are untouched territories of
public health in Ethiopia. This study has attempted to look into the level of CO at two different
time intervals involving forty major roads of Addis Ababa. The CO data undertaken in Addis
Ababa may be difficult to infer to other major cities of Ethiopia. Addis Ababa is found in a
highland ecology characterized by various slopes of topography. About 70% of the country’s
vehicles are found in Addis Ababa, making the major roads entertain high traffic volume. Thus,
the finding of this thesis with regard to traffic air population cannot be generalized to other major

regional urban centers.
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14. CONCLUSIONS AND RECOMMENDATIONS

The major conclusions in reference to the three studies are as follows.

1. There is strong evidence that indicates the presence of increased exposure to indoor air
pollution. The use of biomass fuel in over 98% of the households, and the increased NO,
concentrations in over 70% of the study samples, both indicating higher value than the
international practice, suggest that household members are highly exposed to indoor air

pollution in the rural settings of Ethiopia.

2. Household fuel use characteristics such as the type of fuel, purpose and frequency of fire
events, and type and food load are important determinants of indoor air pollution other than
ecological and seasonal variables. These factors concluded the temporal and spatial NO,
concentrations. Housing physical factors like the volume of tukul, and the presence of
window and separate kitchen were not important factors in this research to explain the
variation in NO, concentration. The homogeneity of these factors should have hidden the
apparent association with NO, concentrations. Ecology among other factors was the

dominant factor impacting NO, concentration.

3. The assessment of CO on the road-sides and on-road lines was explorative in nature.
Although the overall averaged concentrations of CO in both sampling periods were within
US-EPA and WHO limits, there is a reasonable indication that these guidelines might be
exceeded in the long run. The sites in concern are located in major roads of Addis Ababa and
the traffic light posts at Olympia. Traffic volume and temperature inversions in Addis Ababa
are assumed to determine the levels of traffic air pollution along the roadsides. The link
between the roadside and on-road CO concentrations was obvious from the observation of

CO concentrations profiles.
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The following operational and policy recommendations are suggested based on the above major
findings.

1. The current knowledge generated by this research on the magnitude of indoor air pollution as
measured by NO, concentrations is not acceptable by any air pollution standard. However,
the use of additional air pollutants measurement like PMy, and PM,s are most useful to
further validate the research findings. PMyo and PM, s are the common pollutants that have
attention in recent times.

2. Exposure assessment using proxies and NO, measurements indicated strong association with
ARI. The study involved a fairly large size of household measurement of NO, for nearly two
years. There is possibility that the data can be linked with ARI incidence that has already
been collected in parallel with the NO, exposure assessment.

3. Given the high contribution of IAP to increased level morbidity and mortality among under-5
children and adult women, the introduction of interventions would be highly relevant.
Changing the type of fuel is unlikely either in the short or medium term plan. Improving the
stove-fuel efficiency is an important aspect to bring positive results in the reduction of indoor
air pollution to an acceptable level. Such efforts as improving stoves, modifying the cooking
area to have chimneys and good ventilation, and placing kitchen separately from main
housing rooms are most possible interventions that can be intensified and harmonized in the
field practice. There is known intervention effort made by the health extension program and
similar activities run by NGOs. The findings of the thesis can be used to direct this effort.

4. Given the high proportion of old cars and on-road diesel engine vehicles, the use of PM in
traffic air pollution assessment is highly commendable. The emission of PM on the road has
fine aerodynamic size, in many cases less than 2.5 pum that are mainly characteristics of a
diesel exhaust. It is understood that CO emissions quickly dissipate after generation.
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Magnitude of indoor NO, from biomass fuels in rural settings

of Ethiopia

Abstract Half of the world’s population and about 80% of households in Sub-
Saharan Africa depend on biomass fuels. Indoor air pollution due to biomass
fuel combustion may constitute a major public health threat affecting children
and women. The purpose of this study was to measure levels of indoor NO,
concentration in homes with under-five children in rural Ethiopia. The study was
undertaken in the Butajira area in Ethiopia from March 2000 to April 2002. 24-h
samples were taken regularly at about three month intervals in approximately
3300 homes. Indoor air sampling was done using a modified Willems badge. For
each sample taken, an interview with the mother of the child was performed. A
Saltzman colorimetric method using a spectrometer calibrated at 540 nm was
employed to analyze the mass of NO, in field samples. Wood, crop residues and
animal dung were the main household fuels. The mean (s.d.) 24-h concentration
of NO, was 97 ug/m?® (91.4). This is more than double the currently proposed
annual mean of WHO air quality guideline. Highland households had signifi-
cantly higher indoor NO, concentration. This study demonstrates high levels of
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Respiratory infection is a major cause of morbidity and mortality, globally. Acute respiratory symptoms are also
related to high levels of air pollution. Interventions aimed at reducing exposure to indoor air pollution should focus on
cooking and heating practices in developing countries. This study is not undermining the role of other biomass smoke

constituents in determining respiratory infections.

Introduction

Indoor air pollution in developing countries due to
domestic biomass fuel has become the focus of
increasing concern due to potential health and envi-
ronmental impacts. About 50% of the population
globally and 77% of the population in Sub-Saharan
African countries rely on biomass fuels for cooking,
heating, and lighting purposes (Rehfuess et al., 2006).

Respiratory infections together with chronic obstruc-
tive lung diseases caused 12.9% of all deaths, while
lower respiratory infections were the leading cause of
DALYs world wide in 1990 (Murray and Lopez,
1997a,b). Murray also found that respiratory infections
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are the third leading cause of mortality worldwide,
accounting to 4.3 million deaths (8.5% of all deaths) in
1990, of which 91% of deaths occurred in developing
countries (Murray and Lopez, 1997b). The World
Health Organization acknowledged that indoor air
pollution was associated to 1.6 million premature
deaths annually and stands 4th in rank of risk factors
(WHO, 2002). The burden of diseases due to respira-
tory infections in developing countries can be attrib-
uted to the level of indoor air pollution assuming
ambient air pollution has relatively less importance.
Acute lower respiratory tract infections (ALRI) have
long been identified as one of the two major causes of
death among children in low income countries.



Respiratory infections are major causes of morbidity
among adults and children in Ethiopia, standing out as
one of the top ten diseases (Planning and Programming
Department, Ministry of Health, 1999). A 1-year
weekly follow up study in the Butajira area showed
that acute respiratory infections (ARI) predominated
among under-five children (Muhe et al., 1997). ARI
was also shown to be a major cause of under-five
mortality in Butajira (Shamebo, 1994).

Among the more commonly suspected risk factors,
exposure to smoke from unvented cooking fires indoor
has ranked high, whether described as ‘indoor air
pollution’ or as ‘smoke from biomass fuels’ (Chretien
et al., 1984, 1984; Zhang and Smith, 2003). Several
studies have addressed the question of exposure to
biomass combustion products in relation to ALRI,
using proxies of exposure such us the type and use of
biomass fuel for cooking. However, there are few
studies from developing countries using actual mea-
surements of indoor air pollution (Emmelin and Wall,
2007; Smith, 2002).

Over 95% of the Ethiopian rural population is
dependent on biomass fuel as a source of household
energy (Central Statistical Agency, 2004, 2006). Wood
and animal dung are primary sources of household
energy in this country. In addition a majority of rural
Ethiopian households live in traditional single-room
houses. Over 95% of households in rural areas use the
‘three stones’ traditional fireplace on the floor. Few
homes in rural villages have a window or other opening
for ventilation and none have a smoke-vent in the roof
(Faris, 2002; Shamebo, 1994).

Against the background of possible high levels of
exposure to indoor air pollution and given high
prevalence of respiratory infections among children
accompanied, the assessment of the level of indoor air
pollution in the context of Ethiopia is currently a
necessity. This study was undertaken to show lev-
els of concentration of NO, as an indicator of indoor
air pollution in traditional homes in central Ethiopia.

Materials and methods
Study area and population

The study was done in the Butajira district in central
Ethiopia, approximately 130 km south of the capital,
Addis Ababa. Butajira has been the site of the
Demographic Surveillance System, DSS, since 1987.
Surveillance is done in one urban and nine rural
communities (Peasants’ Associations, PAs) as a cluster
sample from a total of 88 such PAs at the time of
sampling in 1987. The Peasants’ Association is the
lowest administrative unit in Ethiopia. The DSS
generates a database of past and current population,
to be used as a sampling frame for demographic and
health research (Berhane et al., 1999).

Magnitude of indoor NO, from biomass fuels

The Butajira district lies on the western rim of the
Great Africa’s Rift Valley with the Gurage mountains
rising to 3500 m in the westernmost PAs of the district,
dropping eastwards to a plateau approximately 1700 m
above sea level. Traditionally, two agro-ecological
areas, highland and lowland, are used to categorize
PAs using 2000 m above sea level as the dividing
altitude (Berhane et al., 2000). Highland and lowland
in our study have an average altitude of 2110 and
1860 m, respectively.

More than 95% of the rural population lives in
traditional houses known as Tukuls. A Tukul is has a
circular wall shaped and plastered with mud and a
thatched roof (Figure 1). The wall only occasionally
has a small opening, for natural ventilation and light.
The roof is held up by a pole in the centre of the house.
In some houses there is a partitioning wall connecting
the pole and the outer wall up to 1-1.5 m. This
provides storage space at the back of the house. Often
the same space is also used to keep small livestock,
calves, sheep, and goats during the night. Cooking is
done indoors on a traditional open hearth. The
fireplace is also used to provide light and heating.

The current study is a part of an ongoing epidemi-
ological study of acute respiratory illness among
under-five children in relation to indoor air pollution
exposure. That study had to be limited to the nine rural
PAs of the DSS in all homes with under five children.
The choice of NO, as the indicator of indoor air
pollution was necessitated by two factors: (i) the lack of
electricity in the entire rural areas of the district and
(ii) the need for large numbers of samples taken in a
large number of homes during an extended period.
Under the circumstances, passive sampling was the
only feasible measurement method, technically and

Fig. 1 Traditional “Tukul” in Butajira, Ethiopia
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economically. The availability of a validated method
for passive sampling of NO,, together with the fact that
the substance in itself had been implicated in respira-
tory health studies in mobile homes in the USA made it
a useful indicator (Petreas et al., 1988).

Indoor air pollution measurements

Sampling. Sampling was done by locally recruited data
collectors, ‘enumerators’, according to a rotation
scheme, where each home was visited at 3 months
intervals (Figure 2). Samples were taken for approxi-
mately 24 h, with exact records of the date, start and
finishing time (hh:mm) of each sample. Digital watch
was provided to enumerators to accurately record the
sampling time. At the time of terminating the sampling,
the enumerator made an interview using a question-
naire concerning conditions relating to fire (fuels,
times, purpose of having a fire) during the hours of
sampling.

The air sampler was fixed in a standardized position
by the field worker to the central post at 2 m above the
floor. The sampler was positioned off the post, hung by
a cord from a nail fixed at an angle of 90° to a line from
the centre of the hearth to the center of the post, away
from the partitioning wall (Figure 3). This position was
chosen to avoid screening by the post itself and if
possible avoid turbulence caused by the partition. The
height 2 m was necessary in order to put the sampler
out of reach of children, and for reasons to approx-
imate breathing zone, which made the position on the

post the only possibility. Samples were only taken if the
family was at home.

For reasons of logistics, the closed and packaged
samplers had to be stored in the house of the
enumerator for few days before and after sampling.
The field office of the DSS in Butajira town stored
samplers in a refrigerator while waiting for transport to
the laboratory in Addis Ababa.

Household interview. A structured and pre-tested ques-
tionnaire was used to collect data related household
location, fire use and type of fuel. The questionnaire
was administered immediately after indoor air sam-
pling in each home. Fourteen enumerators were
recruited and trained by project staff from Addis
Ababa University to do air sampling and interview the
head of household. The running of data collection was
managed locally from the Butajira office by five
supervisors working with quality control of interview
data and overseeing the sampling. Informed consent
was obtained from each interview, who signed a
consent form.

Laboratory method

The sampler. NO, concentration was measured using
Willems badge developed at the University of Wagen-
ingen in the Netherlands, originally developed for
ammonia measurements, and later for measuring NO».
Willems badge has been tested for both indoor and
outdoor use in both laboratory and field experiments

Householdsinclusion Sampling time
scenarios

2000 2001 2002
Family participated for A A A |A A A A A A

the whole duration of the
study

Family present at the start | A A
of the study but left at
any time

Family moved in at any
time during the study
period

Family give birth during
the study period and join
the study

Child reached the 5th A A
birthday and no more
eligible for the study

A indicates indoor air sampling in a quarter in homes with under 5 children with scenarios
of inclusion into the study. The maximum number of sample collection point is nine.
Actual sampling duration between any two NO, subsequent measurements in a household

on the average was: 3.83 £ 0.73 months.

Fig. 2 Household sampling framework for NO, measurement in homes with under-five children, Butajira, Ethiopia, 2000-2002
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position of

partition
sampler

doorway

Fig. 3 Layout of a Tukul with standardized position of sampler

(Hagenbjork et al., 1996, 1999, 2002; Willems and
Adema, 1992). The passive (diffusive) sampler used in
this study, consists of a cylindrical ‘cup’ open in one
end. Its inner diameter is 26 mm and its depth 6 mm.
At the bottom of the sampler a fibreglass filter
(Whatman GF-A) impregnated with triethanolamine
as a collecting agent for NO, is inserted. The filter is
held in place by a fixation ring. A distance ring is
placed on top and Teflon filter (Schleicher & Schuell,
TE 38, 5 um), held in place by another fixation ring, is
fitted at the opening. The role of the Teflon filter is to
limit the influence of turbulent air movements. After
assembling, the badge is closed with a lid made of
polyethene. The badge and the fixation/distance rings
are made of polyacetal (POM). Sampling is started by
removing the lid from the sampler, and interrupted by
putting the cap back in place after 24 h of sampling.
The sampling rate for this badge has been found to be
40 ml/min (Hagenbjork et al., 1999).

Analysis. After exposure the absorption filter is
extracted with an acid solution of sulphanilamide
and N-(1-naphtyl) ethylenediammonium dichloride
(NEDA). Absorbed nitrogen dioxide on the filter is
converted to NO,™ ions. If nitrite ions are present in
the solution, a red colour will develop. The solution is
centrifuged at 1790 RCF (relative centrifugal force,
Beckman CPR centrifuge) and the absorbance of the
solution is measured at 540 nm (Beckman DU® .64
Spectrophotometer).

The nitrite concentration of the solution is
determined by comparing it with a standard curve
(absorbance against concentration) made with
0.00-0.25-0.50-1.00-1.50 mg/l NO,". When a batch
of samplers arrived at the laboratory in Black Lion
Hospital, Addis Ababa University, it was immediately
stored in a refrigerator awaiting analysis, which took
place as soon as possible. For each batch a new
standard curve was constructed resulting in a total of
610 standard curves. The agreement between the curves

Magnitude of indoor NO, from biomass fuels

position of
sampler
/ .................................... .A/

partition

doorway
hearth :

was very good and therefore the decision was taken to
apply linear regression to the combined absorbance
measurements of the standard solutions. The result was
a straight line with the equation abs = 0.0070 +
0.9665*conc. A 99% confidence interval for the line
was 0.97341 + 7¥10™* (conc = 1.00 mg/l). The limit
of detection based on the calibration line is 3 pug/m? for
a 24-h sampling period. The indoor NO, concentration
was then calculated using the equation:

C = (10°*mass)/(expmin*40),

where ‘C’ is indoor air concentration of NO, in
micrograms per cubic meter, ‘mass’ is mass of NO,
on the glass fibre used for air sampling after subtract-
ing mass of NO, of the blank glass fibre, ‘expmin’ is
indoor air sampling duration in minutes, and 40 is a
constant of air sampling rate for the diffusive sampler,
40 ml/min.

Standard methods for quality control were applied
using the following methods.

1. Four laboratory technicians were properly trained
and supervised on each day of laboratory analysis.
Procedure of standard laboratory work was fixed.

2. Instrumentation and standard calibration curve
checking at each day of laboratory analysis were the
main concerns. 99% CI for the regression coefficient
of the standard curve was used as a guide to mon-
itor the standard solution preparations. R*> was set
as 0.998 or greater corresponding to 99% CI of
regression coefficient: 0.932-0.999 which were gen-
erated during pilot testing of the data collection
tools. Laboratory procedures and instrumentation
were checked in the event of R> < 0.998.

3. Ten blanks were prepared weekly during field sam-
pler preparation in a laboratory setting. The mass of
NO, on the blank was closely monitored not to
exceed laboratory operating guideline value The
3s.d. of ten blanks of mean of NO, mass should not
exceed 0.27 ug.
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4. Onmonthly basis, a control chart was used to monitor
the possible variations of control solution of NaNO,
solution (0.8 mg/l, its 95% and 99% CI (called alarm
and action limits) for the standard solution were set to
monitor outliers. If unusual spread and outlier is
observed, the laboratory session was stopped until the
problem was sorted out and fixed.

5. Twenty field exposed air samplers were periodically
exchanged between two laboratory settings (Addis
Ababa, Ethiopia and Umea, Sweden) to validate
laboratory performances.

6. The intra-observers variation was also checked by
the analysis of duplicate exposed badges in similar
indoor and outdoor situations and looking at NO,
concentration variations between morning and
afternoon sessions of laboratory analysis. Only
random variation should be possible.

In all cases of quality control, operating guidelines
were monitored not to be violated.

Data management and analysis

Data were entered and cleaned using the Epilnfo version
6.04d statistical package. The Butajira DSS database
was used for cross checks of IDs of respondents and
household numbers and for adding new households
entering during the project. In addition, consistency and
completeness of each questionnaire was checked. Data
were analyzed using EPI INFO (version 6.04; Center for
Diseases Control and Prevention, Atlanta, GA, USA
and World Health Organisation, Geneva, Switzerland),
and spss (version 14; SPSS Inc., Chicago, 1L, USA).
STATA (version 9.0; STATA Corp LP, College Station,
TX, USA) was used to adjust the effect of clustering of
NO> on the same household. Mean values and 95% CI
of NO, concentrations were calculated to compare data.
NO, concentration was transformed into log10 to meet
the assumptions of normality to assess if mean NO,
concentrations differ by selected variables. Box plots
and stem plots were used to identify outliers when
comparing mean values of NO».

Results

A total of 17,995 samples in nine Peasant Associations
(PA) were involved in this study. Seven hundred eighty
(4.3%) households were excluded from the analysis due
to incompleteness of data, leaving a total of 17,215
samples for analysis. Records beyond 60,000—108,000 s
and below the detection absorbance limit were labeled
as incomplete.

The average sampling duration was 24.5 h with a
minimum of just over 18 h to a maximum of nearly
30 h. The mean interval between subsequent NO,
samples was 3.8 months, which means that the
intended quarterly sampling was not reached. How-
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Table 1 Indoor NO, concentrations (ug/m°) by village, ecology and overall, Butajira,
Ethiopia, 2000-2002 (n = 17,215)

Ecology PA code n 25%-ile  Median 75%-ile Min Max Mean (s.d.)
Highland
005 1721 48 98 169 0 664 119(93)
04B 1264 40 88 175 0 608 119(102)
06A 1722 39 97 186 0 896 129(119)
06B 3155 48 85 156 0 978 117(98)
01 1338 25 64 121 0 629 87(84)
Mean highland 9500 40 86 161 0 978 116 (101)
Lowland
007 2621 25 47 84 0 553 66(62)
008 1824 32 62 113 0 671 82(7)
09A 1440 28 64 148 0 898 102 (103)
09B 2130 24 45 88 0 623 65(59)
Mean lowland 8015 27 55 108 0 898 76(74)
All Overall means 17,215 33 68 131 0 978 97 (91)

ever, 90% and 10% of all samples had duration
between 3-4 months and 5-6 months, respectively.
Median and mode sampling duration were 3.7 and
2.9 months, respectively.

Nearly all samples, 16,899 (98.2%), were accompa-
nied with household firing activities for the last 24 h
prior to indoor smoke sampling. Biomass fuel use in our
study area was the dominant source of household energy
that was used in all households mainly for cooking.
Kerosene was the only fossil fuel used for lighting the
night using a traditional lamp. The use of kerosene and
charcoal as a fuel for cooking were insignificant,
generally less than 0.5% of the households.

Concentrations vary between 0 and 978 ug/m?®, with
an overall mean (s.d.) for the entire 26 months, all PAs,
of 97 (91.41) ug/m>. The median (IQR) of NO, was 68
(97.7) pg/m’. NO, concentrations by agro-ecology
differed significantly after adjusting the clustering effect
of repeated measurements of NO, mean (95% CI):
76.48 ug/m® (73.93, 79.11) for the highland, mean
(95% CI): 49.61 (47.85, 51.42) ug/m> for the lowland.
The variation over the highland-lowland areas is
shown in Table 1. The significance of NO, concentra-
tion by ecology and season was consistent even when
outliers were included.

In the months of January, and May through August
the annual average was exceeded (Figure 4). On the
other hand, significantly lower than yearly average was
observed in the month of February. Averaging the
measures by 2 months help avoiding minor monthly
variations. Significant variations between dry and wet
months were observed; mean (95% CI) for dry season
was 58.58 (56.87, 60.34) ug/m® and 66.4 (64.54, 68.3)
pug/m® for wet season. The period from June to
September is rainy season in Ethiopia.

Discussion

This study is the first to attempt relatively large scale,
long term, measurements of an indoor air pollution
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Fig. 4 Monthly mean level of NO,, Butajira, Ethiopia, 2000-2002 (n = 17,215)

indicator in rural areas in a developing country. All the
study households used biomass fuels, mainly firewood,
but also crop residues and animal dung. The use of
biomass fuel in the majority was consistent with other
studies indicated for developing countries (Balakrish-
nan et al., 2002, 2004; Dasgupta et al., 2006; Faris,
2002; Rehfuess et al., 2006). Biomass fuels emit con-
siderably more pollutants compared to fossil fuels
(Smith, 2000a). The magnitude of the health risk due to
biomass combustion may be as much as two- to three
times greater compared to the risk associated with
emissions from clean fuels (Chretien et al., 1984; Smith
et al., 2000b; Zhang and Smith, 2003).

The mean level of 97 ug/m® exceeded the annual
WHO air quality guideline of 40 ug/m* (WHO, 2005)
by almost 2.5 times. The exceedance is consistent for all
months of the survey. Close to 70% of the samples
exhibited NO, levels over this guideline. This propor-
tion goes down to 36% when compared to the
National Ambient Quality Standard of USA annual
mean of 100 ug/m® (EPA, 1990). The current EPA
(USA) annual limit is twice more than that of WHO
guideline. Studies in developing countries consistently
indicated an increased level of measured indoor air
pollution due to biomass fuel combustion (Balakrish-
nan et al., 2002, 2004; Ezzati and Kammen, 2002a;
Shrestha and Shrestha, 2005; Smith, 2002; Wafula
et al., 1990). The peak concentration at times of biofuel
combustion in our study could be speculated to exceed
the 1-h WHO guideline of 200 ug/m’. Ezzati has
demonstrated that the peak levels of PM;, were very
high during brief high-intensity emission episodes
(Ezzati and Kammen, 2002b; Ezzati et al., 2000).

The level of NO, differs between highlands and
lowlands. To what extent this is an effect of altitude-
based temperature gradients or of cultural differences
giving rise to different practices is impossible to tell.
Available rainfall and temperature data do not

distinguish between local highland and lowland areas
(Ethiopian Meteorology Service, unpublished). The
seasonal variation in NO, concentration shown in
Figure 4 is reasonably consistent with rainfall and
temperature seasonality. Allowing for the fact that the
study covers only 2 years, the pattern follows a pattern
expected from rainy season patterns, with Small Rains
expected within the period March-May and Big Rains
in July—September. We believe that wet biomass fuels
tend to take relatively longer time for cooking and
heating and are less efficient, hence resulting in higher
concentration of indoor air pollutants. The effect of
season on indoor smoke further supports the evidence
that relatively cooler PAs had higher concentration of
indoor air pollution than those of in the lowland,
which better have access to relatively drier type of
biomass fuel. The efficiency of poor ventilation due to
the absence of windows (Kumie and Berhane, 2002;
Shamebo, 1994) in almost all homes is believed to have
synergistic effect on indoor NO, concentrations.
Locally, keeping smoke indoor is generally believed
to maintain warmth. Wet season in the study area is
accompanied with cooler daily temperature and steady
rainfall at times. The gradient of temperature with
wetting environment makes residents to stay longer
and cook indoor, limiting the outdoor firing activities.
This also explains the high level of NO, during wet
season. The low level in February was consistent for
the two years (2001 & 2002) that can be only explained
by the high level of ambient temperature during this
time. February in Ethiopia represents to be the end of
the dry season. Households occasionally tend to smoke
outside in the open air at the time when day time was
difficult to undertake cooking indoor due to increased
temperature.

The major limitation of this study is the use of NO,
as the sole indicator of indoor air pollution from
biomass fuels. Whether NO, is sufficient as an
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indicator for the epidemiological study of childhood
ALRI remains to be shown, but for more general
purposes, other pollutants should also be studied under
empirical conditions in developing countries. Model
calculations based on literature data on relations
between the concentrations of NO, and of other
pollutants such as particulate matter, whether mea-
sured as PM, or as other fractions of suspended
particles could be a possible approach.

However, the use of NO, as the indicator is what
made a study of this size feasible. We can present data
from approximately 3300 homes, visited six- to eight
times over more than 2 years for 24 h sampling. The
concentration levels shown indicate that large groups
in the rural population of Ethiopia are exposed to NO,
concentrations close to or above levels that are

regarded as potentially harmful in the urban environ-
ments of more affluent countries.
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Abstract

Background: Unprocessed bi omass fuel i s the p rimary s ource of i ndoor air pol lution i n dev eloping
countries. The use of biomass fuel has been linked with acute respiratory infections. This study assesses
sources of variations associated with the level of indoor NO,,.

Materials and Methods: This study assesses household factors affecting the level of indoor pollution by
measuring nitrogen dioxide. Repeated measurements of indoor NO, were made using a passive diffusive
sampler. A Saltzman colorimetric method using a s pectrometer calibrated at 540 nm was employed to
analyze the mass of NO, on the collection filter that was then subjected to a mass transfer equation to
calculate the level of NO, for the 24 hours of sampling time. Structured questionnaire was used to collect
data on fuel use characteristics. Data entry and cleaning was done in EPI INFO version 6.04, while data
was an alyzed using SPSS v ersion 15.0. Analysis of variance, m ultiple linear regression anal ysis and
linear m ixed m odel were usedt oi solate det ermining f actors contributing t o t he v ariation of N O,
concentration.

Results

A total of 17,215 air samples were made during the study period. Wood and crop were principal source of
household energy. Biomass fuel characteristics were strongly related to indoor NO, concentration in one-
way ANOVA. There was variation in repeated measurements of indoor NO, over time. In a linear mixed
model regression analysis, highland setting, wet season, cooking, use of fire events at least twice a day,
frequency of cooked food items, and interaction between ecology and season were predictors of indoor
NO, concentration. The volume of the housing unit and the presence of kitchen showed little relevance in
the level of NO, concentration.

Conclusions

Agro-ecology, season, p urpose of fire e vents, frequency of fire a ctivities, frequency of ¢ ooking an d
physical ¢ onditions of housing are predictors of NO, concentration. Improved k itchen ¢ onditions and
ventilation are highly recommended.

Background

Biomass fuel is the primary source of household
energy in developing countries. Fifty two percent
of the global population and more than 90% of
rural hom es in dev eloping ¢ ountries us e solid
biomass fuels for cooking, heating, and lighting
purposes [1]. Biomass fuel, also designated as
unprocessed o rdi rty solid bi ofuel, m ainly
includes firewood, ani mal dung, a gricultural
residues and plant leaves.

Indoor air pollution (IAP) is considered as one of
the risk factors causing high burden of diseases
and of premature deaths in developing countries
[2-5]. IAP is recognized as a silent and
unprotected killer among rural women and
children w ho s pend m uch of theirtimeinthe
kitchen [6]. The burden of diseases due to |AP
is high in developing nations using biomass fuel.
Smith estimated that | AP in India accounted for
4.2-6.1% of the total national burden of disease,
which is considered to be a major public health
concern. T his p roportion w as a ssumedtob e
equivalentt o t he saving of abo ut half mi llion
premature annual deaths [7].

The h ealth risk of direct exposure to bi omass
combustion i s v isible i n the pr esence of t he
overwhelming practice of cooking in poorly
ventilated and crowded single room in
developing c ountries [4, 8, 9]. Pr oxy factors
related t o s ocio-economic st atus | ike i hcome
education, and use of biomass fuel were highly
associated with the level of IAP [7,4,10, 11].
Despite the prevailing knowledge that exposure
to biomass combustion p roducts is high [4, 9,
12-19], quantitative studies on factors affecting
the level of IAP are limited in developing
countries [13].

Dataont he m easurement of indoor NO, is
limited in developed c ountries. Them ean
concentration of NO, in ki tchens usinga g as
stove varied between 26 ppb and 112 ppb [20,
21], while t hisw as 18 ppbin kitchens us ing
electric stoves [20]. Median NO, concentrations
in living rooms were 5.8 ppb in Ashford (UK), 6.1
ppb in Minorca and 23.8 in B arcelona ( Spain)
[22] and 11 pg/m® (5.8 ppb) in Umea (Sweden)
[23]. In low income homes of USA, mean
concentrations of NO, were 43 ppb and 36 ppb
in k itchens a nd | iving r ooms, r espectively [24]



and3 Op pb inc hildren’s bedroom [25].
Increased level of NO, was related to the
difference in fuel type and ventilation e fficiency
[26]. Those studies ¢ onsistently demonstrated
that the type of fuel, purpose of fuel use, and
location of indoor activities are associated with
increased N O,. The u se of gas stoves a nd
heaters were of ten accompanied w ith the
exceeding oft hepr esentW orldH ealth
organization (WHO) Air Quality Guideline (AQG)
of 21 ppb for 8 hours [27].

Apar ticulate m atter( PM)of v arious
aerodynamic sizes is also used to measure the
levelo flI AP. The m ean c oncentration of
respirable suspended particles (RSP) in homes
using biomass fuel had v ariation d epending on
the t ype of kitchen a nd fuel u sed: 500-2000
pg/m” in kitchens of India [28], 1200 |.|g/m3 in
Mozambique [29], 850-1560 pg/m3 in Guatemala
[16], and 1400 pg/m3 in Kenya [30]. The average
concentration of PM of aerodynamic diameter of
10 microns (PMyg) in k itchens u sing biomass
fuel varied between 237 and 291 in Bangladesh
[10]. Smith showed thatthe c oncentration of
PM4, commonly varied between 200-5000
pg/m3 [4]. The average concentrations of PM, 5
varied between 320-650 g/ m® in G hana an d
Nicaragua [31, 32]. These studies indicated that
the type of kitchen (whether inside or outside),
the type of stove (traditional or improved),
ventilation ¢ ondition, pl ace of m easurement
(kitchen or sleeping room), and type of biomass
fuel (wood, dung, or residues) were major
factors affecting the concentrations of indoor air
pollutants. The above cited aerial concentrations
related to RSP, PM4, and PM, 5 exceeded by a
factor of 2 to 40 times of the standards set by
Environmental Protection Agency of USA (EPA-
USA) for 24-hr and annual standards [33] and by
a factor of 10 to 80 times of the present WHO
8hr AQG [27].

Biomass fuel in the form of firewood, agricultural
residues and animal dung is the primary source
of hou sehold energy in Ethiopia [34, 35]. The
majority of rural homes have o nly o ne r oom
serving all t ypes of hou sehold a ctivities [36].
Cooking takes pl ace inthe s ame room using
traditional unvented stoves. Such rooms do not
have functional ventilation outlets [3, 37]. Pocket
studiesi n E thiopia showed highl evel of

exposure to indoor air p ollution t hat ex ceeded
the WHO one hour and eight hours AQG [27,
38-40]. However, the results of these studies

could not be generalized to a | arger population
due to their methodological limitations.

Increased indoor N O, concentrationsw ere
revealed inour recents tudy [41]. T hat study
alsoi ndicated ec ologyands eason were
affecting NO, concentrations. The present
study was a continuation of an effort to further
exploring other factors associated with indoor in
the rural E thiopian rural context. Considering
that hi gh ex posuret ol AP i s ikelyi n poo rly
ventilated ho using units, itis possible thatthis
contributes to increased burden of diseases and
deaths due to ARl among the general population
and u nder-five c hildren [3, 42]. Therefore, t he
study will have great op erational relevance for
efforts t o a chieve t he M illennium D evelopment
Goal 7 (MDG 7, target 9, indicators 27 & 29) in
thatit could generate i mportant i nformation on
feasible interventions for the reduction of IAP in
the Ethiopian rural homes.

Materials and Methods

Study setting, indoor air sampling and
analysis for nitrogen dioxide

Al ongitudinal s tudy w as ¢ onducted t o as sess
the | evel of indoor air pollution, by m easuring
NO, level, in rural households over a p eriod of
two y ears ( March 20 00-April 200 2) inar ural
district ( Meskan and Mareko) in mid -southern
Ethiopia. The pr esence of aD emographic
Surveillance S ystem that w as instituted in t he
District since 1986 w as a n oppo rtunity for the
assessment of i ndoor N O, concentrations.
Indoor air s amples for ni trogen dioxide w ere
taken in approximately 3,300 homes with under
five children.

NO, was detected using a modified colorimetric
Saltzman method. A2 4 hou rs indoor air
sampling was done by trained local enumerators
at about three months interval to collect data on
the dat e, s tart and f inishing t ime ( hh:mm) of
each sample. A digital watch was used to record
the time. NO, concentration was measured
using Willems Badge that was developed at the
University of Wageningen in the N etherlands
[43-45]. The polyethylene passive sampler
consists of a small cylindrical cup equipped with
two rings, chemically impregnated fibreglass
placed at the bottom of the cup and Teflon to
serve as a wind barrier. The sampler was set in
a central w ooden post oft he rural housing
(locally c alled “tukul”) after en suring the room



was used for sleeping. The samplers in a batch
were s enttothe field after pr oper as sembly.
Sampling in the house was started by opening of
the lid of the diffusive sampler (Willems Badge)
and finished by closing it back after 24 hours of
sampling.

Samplers from the field sites were transported to
Addis A babaw heret hec entrallyl ocated
laboratory was used for analysis. The absorption
filter f rom t he s ampler was extracted with an
acid solution of s ulphanilamidea nd N -(1-
naphtyl) et hylenediammonium di chloride
(NEDA) w hich c onverts t he ab sorbed ni trogen
dioxide into N O, ions. T he presence of these
ions develops ared coloured s olution whose
absorbance was measured at 540 nm (Beckman
DUR 64 S pectrophotometer). A standard curve
NO, solutions w as developed t o calculate t he
NO, concentrations using the equation:

C = ((10"6*mass)/(expmin*40), where:

‘C’i si ndoorai r concentration of NO, in
micrograms per cubic meter, ‘mass’ is mass of
NO, onthe glass fibre u sed f or airs ampling
after subtracting mass of NO, of the blank glass
fibre, ‘“expmin’ is indoor air sampling duration in
minutes, and40i s a constant of air sampling
rate for the diffusive sampler, 40 mimn-1 [45].

The laboratory data quality was maintained
using v arious m ethods. L aboratory technicians
were p roperly trained an d s upervised on each
day of laboratory analysis. Laboratory protocols
were structured and monitored by standard
practices. internal v alidity w as checked by the
analysis of standard solution, blank absorbance,
and control chart for N O,. T he i nter-laboratory
variation w as controlled by ¢ omparingt he
variations of NO, concentrations of dupl icate
samples and exposed samples that were taken
at different conditions.

Detail d escription of the s tudy area, s ampling
procedures, ai rs amplel ocation,andt he
analytical method is available elsewhere [41].

Assessment of determinants of indoor
nitrogen dioxide

A hous ehold s tructured ques tionnaire w as
administered immediately after the completion of
the air sampling to collect fuel use related data
and ev ents that occurred at t he time of NO,
sampling. Type of ho usehold f uel, p urpose of
having fire, type of cooked food and i ts timing
were m ainv ariables collected duringd ata
collection. Ecological and seasonal factors were

also considered due to their importance to affect
indoor N O, [41]. The phy sical d imensions
(radius, axis, and wall height), the presence of
window and separate kitchen in the study homes
were extracted from the 1999 census data of the
study setting.

Data management and analysis

Data were entered and cleaned using the E PI
INFO (version 6.04; Center for Diseases Control
and P revention, A tlanta, G A, U SAand W orld
Health Organization, G eneva, S witzerland).
Consistency and completeness of each
questionnaire was checked during data
collection, entry and analysis. The data set was
exported first to data Base File (DBF) and then
to Statistical P ackage f or S ocial S ciences
(SPSS) files (version 15.0; SPSS Inc., IL, USA)
for advanced statistical analysis.

After dat a e xploration, t he original data set of
indoor air N O, concentration w as t ransformed
into logarithmic b ase 10 (log10) to m eet the
assumptions of analysis of variance ( ANOVA)
and linear mixed model regression analysis. In
addition, box plots and stem plots were used to
observet her elevance of out liers when
comparing mean values of N O, by categorical
variables. V ariables describing f iring ev ents
were categorized in such a way to avoid multiple
responses. These v ariables were type o f f uel,
purpose a nd time of fire ev ents, and type of
cooked food. One way ANOVA was employed
for the detection of any differences and changes
int he dep endentv ariable r epresented by

average indoor NO, concentration int he
presence of categorical biomass fuel variables.

A mixed linear model was used to find out the
relative importance of household characteristics
on NO, after ensuring assumption of nor mality
int he d ependent v ariable, linearity bet ween
dependent andi ndependentv ariables,a nd
collinearity between variables. A unique
identifier for each household and the time
variable at tached t o ea ch NO, measurement
were created for this analysis. Ecology, season,
type of biomass fuel, purpose and the time of
the fire vents, and t he frequency of food items
were used for a fixed effect, while the quarterly
measurements of NO, were considered for the
repeated ef fect. T he i ntercept m odel was only
used f or t he r andom ef fect a s al | h ouseholds
with unde r-five ¢ hildren were i nvolved in the
study. Theus e of unstructured c ovariance



structure w as found to be the bestfit for the
linear mixed model.

One way repeated m easures of A NOVA w as
employed to analyze the presence of any
difference i n N O, across time per iods after
structuring the data lay out. The effect of
housing characteristics (calculated indoor
volume of each home, presence of window and
kitchen) oni ndoor N O, level was as sessed
using hierarchical model f or a mu ltiple linear
regression analysis. Descriptive statistics, tables
and i nferential s tatistics were mainly usedt o
present t he findings.  Further details on data
management and dat a qual ity c ontrolar e
available elsewhere [41].

Results

Characteristics of fuel use

The s tudy w as c onducted for 2 years period
involving 17215 indoor ai rs amples in 3300
households with no refusal of participation.
About 98% of air samples were taken at times of
fire events in households. Biomass fuel in a form
of wood, c rop r esidues, and ¢ ow d ung w ere
largely used in 71%, 65%, and 32% of samples,
respectively. Other type of fuels that were
seasonally used include eucalyptus dry | eaves,
corncobs, and leaves of false banana in 2.6% of
households. The use of mixed type of fuel was a
common p attern (Figure 1). All firing e vents,
whether for cooking or n ot, t ook pl ace m ainly
indoor.

Cooking, | ighting, heating, and i nsect r epellent
were reported ast he reasons f or havingfire
events in households in the last 24 hours during
the time of air sampling (Table 1). Cooking foods
and heating the space, (in 98% and 34% of the
samples, respectively), were the major activities
for the fuel use. The use of biomass smoke for
insect repellent was o bserved in about 13% of
samples. Cooking and heating activities
simultaneously t ook pl ace i none t hird of t he
samples, while ot her a ctivities i n ¢ ombination
were rarely practiced representing less than 2%
of the samples. Households had the practice of
fire use three times a day. T here were fewer
activities at night that required the use of
biomass fuel. Respondents in 73% of the
samples perceived that firing at home took place
relatively longer in the evenings than other
times.

With regardt o c ooked f ood i tems, ¢ abbage
cooking, traditional coffee ceremony, bread and
local staple diet (locally c alled “kocho”) b aking
were the usual type of traditional foods that were
prepared duringt he 24 hour s of i ndoor NO,
sampling. Traditional flatb read ( locally c alled
“‘injera”) and its accompanying sausage (locally
called “wat”) were rarely cooked, and only
observed in less than 10% of the samples. Over
90% of cooking activitiest ook place int he
mornings and ev  enings,w hilet hisw as
insignificant f or t he ni ghts. C ommonly ¢ ooked
food items were cabbage (“gomen”), traditional
coffee ceremony, and br ead in 82%, 8 1% and
68% of samples, respectively. Other rarely
cooked traditional food items were pea and bean
roasting and boi ling ( locally ¢ alled “kolo” an d
“nifro”), b oiling o f mi lk, cucumber cooking and
maize boiling reported in 7.5% of the samples.

The association of fuel characteristics with
ecological setting is presented in Table 2. There
was a difference in the type of biomass fuel and
its pur poseof us e.T heus eo fw ood
predominatedi nt he highland, w hile c rop
residues prevailed in the lowland. Heating of the
housing space w as m ore frequentin highland
(40%) than the lowland (28%). C ooking of any
three food items and having three fire events per
indoor ai r samplingd ay were commonly
practicedi n73% an d80% of samples,
respectively. Ecology was strongly related to all
fuel use characteristics (p<0.05).

Consistency of fire use events

There w as n ot any di fference in the time and
frequency of fire use, type of fuel and type of
cooked f ood i tems t hat occurred bet ween t he
sampling time and one week recall period prior
to that. It was o nly pos sible to identify thata
religious holiday related to “Romodan” (the
Moslem fasting month) was i mplicated to be a
factor for additional cooking food items such as
vegetable an d m eat's oup, w hicht ook place
relatively longer than the usual days of cooking.

The level of NO, by the characteristics of fuel
use

The relative difference in NO, concentration by
proxy fuel factors is indicatedin Table 3. T he
concentration of NO, was found to significantly
differb yt ypeof f uel. O nt he average,
households us ing wood had geometric m ean
(GM) and geometric standard deviation (GSD) of

71.2 (2.8) pg/m3, for c ow dung of 67.5(2.9)



ug/m3, and f or crop residues of 56.1 (2.7)

pg/m3. Any combination of biomass fuel use did
not significantly impact NO, concentration.

The GM (GSD) concentration of NO,
representing a single purpose of having af ire

in a hous ehold was 69.2 (2.7) pg/m3, any two
purposes was 57.1(2.9) pg/m3 and any three or

more purposes was 55.6 (2.8) pg/m3. Multiple
comparisons i ndicated t hat hi gh | evel of N O,
was related to only single purpose compared to
combination of them (p<0.05). The concentration
of NO; had a declining linear trend from a single
activity to combined activities (p-value for linear
trend (p < 0.05).

Multiple f ood ¢ ooking was strongly r elated t o
NO, indoor | evel compared to any single food
preparation (p<0.05). An increasing linear trend
with the number of cooked food was also
observed ( p-value for |l ineartrend (p <0 .05).
Coffee drinking as well as bread and “Kocho”
baking were the usual types of food that were
frequently cooked.

Increased | evel of N O, was s ignificant am ong
households that frequently used firing (p < 0.05).
One time of fire use per day was related to GM

(GSD) NO, of 30.8 (3.34) pg/m3, while this was

64.3 (2.79) pg/m3 for any combination of timing
of fireinr eferencet ot he morning, day time,
evening or nighttime. N O, had an increasing
trend with the frequency of cooking time (p-value
for linear trend (p < 0.05).

Ina mixed m odel | inear regression, type of
ecology, season, type of fuel, frequency of fire
events a nd number of foods c ooked per d ay
were abl e t o ex plain overall v ariations in N O,
concentrations (Table 4). A household being in a
highland, wet season, use of crop residues, any
time of having af ire event, frequency of food
items, and interaction between ecology and

season em erged a s predictors of indoor NO,
concentration. The p urpose of fire ev ents did
not make any effect.

Level of NO, by time of measurement and
housing structure

Thet imef or NO, measurement from our
database and v ariables on hou sing ( calculated
volume, window, and kitchen) from Butajira
Demographic  Surveillance database were
extracted for the analysis. The mean (SD) NO,
measurements during our study period was 4.37
(1.90) per household, while the median was 5.
Nearly 70% and 56 % of the households had at
least4an d5m  easurementso fN O,
respectively. T here was a significant difference
int her epeated m easurements of NO,
concentrations over time [Wilk’'s Lambda=0.993,
(F(4,2047) =3 .46, p <0.05 with mu ltivariate e ta
squared=0.007 and observed p ower of 89% ].
The compared five NO, measurements in order
oftime 1to time 5 (n=2186) were GM ( GSD):
68.6 (2.58), 70.3 (2.54), 69.1 (2.47), 70.1 (2.49),
65.2 (2.62) ug/m3 (n=2051) Post hoc pair-wise
comparison s howed the overall difference w as
accounted to time 2 and time 5, and time 4 and
time 5. The repeated NO, measurements also
differed by ecology, (F(1,2049)=260.5, p <0.05)
and by | ocation of h ouseholds (“peasant
associations”), [F(8,2042)=48.9, p<0.05)].

The c alculated volume o f “tukul” w as linearly
related to NO, concentration [ (95% CI): 0.104
(0.055, 0.153]. The addition of window in the 2
model did not show any association, while
kitchen in t he 3™ model s howed a's ignificant
relationship with indoor NO,. The indoor volume
showed positive relationship, w hile kitchen was
negatively related to indoor NO, Indoor volume
alone indicated NO, to vary by about 1.0 pg/m®
for every 10 m®. Both volume and kitchen were
able to explain less than 1% variations in NO,
[adjusted R*=0.008] (Table 5).
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Figure 1: Type of fuel and its use pattern that was observed during 24 hours of indoor NO,
sampling, Butajira, Ethiopia, 2000-2002 (n= 16899). For each type of fuel, the numberin brackets
indicates t he pr oportion of t ype f uel us ed s ingly and i n ¢ ombination with ot hersi nr eferencet o
respondent’s judgment comparing with the usual days.



Table 1: Distribution of purpose of having fire and its timing that were observed during the 24
hours indoor NO, sampling, Butajira, Ethiopia, 2000-2002 (n= 16899)

Purpose of Morning Mid day Evening Night Total
having fire # (%)* # (%)* #(%)* # (%)* # (%)*
Cooking 15670 (98.9) 14583 (99.1) 16325 (98.8) 934(94.9) 16622 (98.4)
Lighting 668 (4.2) 615 (4.2) 684 (4.1) 95 (9.7) 703 (4.2)
Heating 5529 (34.9) 5185 (35.2) 5718 (34.6) 331 (33.6) 5838 (34.5)
Insect repellent 1945 (12.3) 1527 (10.4) 2009 (12.2) 212 (21.5) 2122 (12.6)
Total use of fire 15836 (93.7) 14714(87.1) 16520 (97.8) 984 (5.8) 16899

*Percentages did not add up 100% due to multiple responses

Table 2: The characteristics of fuel use by ecological setting, Butajira, Ethiopia, 2000-2002
(n=16899)

Ecology type

Characteristics Highland, Lowland, P value for X* Total
# (%)* # (%0)* # (%0)*
Type of fuel
Only wood 6209 (73.5) 2183 (8.5) P<0.05 8392 (52.1)
Only Crop residue 2180 (25.8) 5231 (68.4) 7411 (46.0)
Only dung 63 (0.7) 234 (3.1) 297 (1.8)
Total 8452 (52.5) 7648 (47.5) 16100
Purpose of having fire
Cooking 8905 (98.6) 7717 (98.1) 16622 (98.4)
Lighting 304 (3.4) 399 (5.1) P<0.05 703 (4.2)
Heating 3609 (40.0) 2229 (28.3) 5838 (34.5)
Insect repellent 360 (4.0) 1762 (22.4) 2122 (12.6)
Total 9031 (53.4) 7868 (46.7) 16899
Food frequency
Any one food item 318 (3.6) 331 (4.5) P<0.05 649 (4.0)
Any two food items 1022 (11.6) 1423 919.2) 2445 (15.1)
Any three food items 6393 (72.9) 5433 (73.3) 11826 (73.1)
Any 4 & + food items 1040 (11.9) 224 (3.0) 1264 (7.8)
Total 8773 (54.2) 7411 (45.8) 16184
Frequency of having fire
Any one time 147 (1.6) 175 (2.2) P<0.05 322 (1.9)
Any two times 1088 (12.0) 1333 (16.9) 2421 (14.3)
Any three times 7386 (81.8) 6164 (78.3) 13550 (80.2)
Any four times 410 (4.5) 196 (2.5) 606 (3.6)
Total 9031 (53.4) 7868 (46.6) 16899

*Percentages did not add up 100% due to multiple responses.



Table 3: 24 hr indoor NO, concentrations related to household characteristics in a bivariate

analysis, Butajira, Ethiopia, 2000-2002 (n=16899)

log NO, GM (GSD)
Characteristics mean(SD) XZ linear
n p-value trend
Hg/m® ug/m*
Ecology
Highland 9018 1.89 (0.45) 77.2 (2.82)
Lowland 7857 1.70 (0.43) 50.5 (2.67) P<0.05
16875 1.80 (0.45) 63.3 (2.81)
Biomass fuel type
Only wood 8379 1.85 (0.45) 71.2(2.8)
Only cow dung 297 1.83 (0.47) 67.5(2.9 P<0.05
Only Crop residues 7400 1.75 (0.44) 56.1 (2.7) P <0.001
Total 16076 1.80(0.45) 63.7 (2.8)
Purpose of having fire
Any one activity 9256 1.84 (0.44) 69.2 (2.7)
Any two activity 6657 1.76 (0.46) 57.1 (2.9) P<0.05
Any three and above 886 1.75 (0.45) 55.6(2.8) P < 0.001
Total 16799 1.80 (0.45) 63.4 (2.8)
Type of foods cooked
Any one food item 649 1.76 (0.46) 58.1 (2.9)
Any two food item 2442 1.74 (0.44) 54.7 (2.7)
Any three food item 11806 1.81 (0.45) 65.3 (2.8) P<0.05
Any 4 food & above 1263 1.90 (0.43) 80.0 (2.7) P<0.001
Total 16160 1.81 (0.45) 64.3 (2.8)
Time of having fire
Any one time 322 1.50 (0.52) 30.8 (3.3)
Any two time 2418 1.75(0.42) 56.2 (2.6) P<0.05
Any three time 13530 1.82 (0.45) 65.7 (2.8)
Any four times 605 1.82 (0.42) 66.2 (2.6) P<0.001
Total 16875 1.80 (0.45) 63.3 (2.8)
Season
Dry season 8160 1.78 (0.45) 59.64 (2.8) P<0.05
Wet season 8715 1.83 (0.45) 70.0 (2.8)
16875 1.80 (0.45) 63.3 (2.8)




Table 4: Estimates of fixed effects of fire use characteristics in households having fire
events during last 24 hours, Butajira, Ethiopia, 2000-2002 (n=3849)

Parameter 95% Confidence Interval
Estimate Lower Upper
Indoor Fire use characteristics (Slope) Std. Error t p-value Bound Bound
Intercept 1.806 0.034 53.48 p<0.05 1.740 1.872
ECOLOGY
Highland 0.189 0.012 15.75 p<0.05 0.165 0.212
Lowland reference
SEASON
Dry -0.030 0.009 -3.33 p<0.05 -0.048 -0.012
Wet Reference
BIOMASS FUEL TYPE
Only wood -0.019 0.025 -0.79 p>0.05 -0.067 0.029
Only Crop residues -0.048 0.024 -198 P<0.05 -0.096 -0.001
Only dung Reference
PURPOSE OF FIRE EVENTS
Cooking 0.026 0.016 1.65 p>0.05 -0.005 0.057
Heating -0.029 0.016 -1.87 p=>0.05 -0.060 0.001
Insect repellent Reference
FREQUENCY OF FIRE EVENTS
One time per day -0.146 0.032 452 p<0.05 -0.209 -0.083
Two times per day -0.00001 0.019 0.00 p>0.05 -0.038 0.038
Three times per day 0.020 0.017 1.16 p>0.05 -0.014 0.054
Four times per day Reference
FREQUENCY OF FOOD ITEMS
One food item -0.068 0.021 -3.32 p<0.05 -0.109 -0.028
Two food items -0.093 0.015 -6.39 p<0.05 -0.122 -0.065
Three food items -0.050 0.012 -4.09 p<0.05 -0.074 -0.026
Four food items Reference
Highland * Dry season -0.066 0.012 -5.39 p<0.05 -0.090 -0.042
[Highland * wet season Reference

Dependent Variable: indoor concentration transformed to log 10

Table 5: A relationship between indoor NO, and housing physical structures, Butajira, Ethiopia,

2000-2002 (n= 2882)

Regression Std. P value Model R?
Model Variables Coefficients Error t-statistics for beta  (adjusted) Standardi
(Beta), (95%CI) of Beta zed
beta
1 Volume 0.104 (0.055,0.153) 0.025 4.16 p<0.05 0.006 0.077
2 Volume 0.112 ((0.061,0.162)  0.026 4.35 p<0.05 0.006 0.083
Window -0.018 (-0.046,0.010) 0.014 -1.28 p>0.05 -0.024
3 Volume 0.102 (0.51,0.152) 0.026 3.93 p<0.05 0.008 0.076
Window -0.022 (-0.05,0.005) 0.014 -1.58 p>0.05 -0.030
Kitchen -0.5.3 (-0.89,-0.018) 0.018 -2.94 p<0.05 -0.055
Condense  Volume 0.093 ((0.043,0.142)  0.025 3.66 p<0.05 0.008 0.069
d Kitchen -0.050(-0.085,-0.015) 0.018 -2.79 p<0.05 -0.052

10



Discussion

Selected household characteristics affecting the
level of indoor air pollution have their own role in
changing the level of NO, in the context of our
study area. N early all households in ther study
area used biomass fuel in the form of firewood,
crop r esidues, and ani mal dung am ong w hich
the first two predominated. P eople in the study
area are known for using wood most of the time
throughout the y ear, c rop residues s uch as
stocks of maize and barley during harvest times,
and a nimal dung during s ummer [ 46]. W hile
biomass f uel s ources are r elatively cheap and
easily available locally, fuels of fossil origin such
as kerosene was only used to light local lamps
for the interior of housing units at night. The cost
of kerosene is less affordable for rural residents
tous ei tf or c ooking purposes comparedt o
residents of urban areas such as Addis Ababa
[47]. T he us e of bi omassfuelas a primary
source of ho usehold ene rgy is c onsistent with
findings of studies in other developing countries
[1,10, 19, 28, 38, 48].

Biomass fuel was extensively used for cooking
traditional foods compared to other purposes of
having f ire events. Cooking a ctivity | argely
absorbed t he | argest s hare of household f uel
use taking place in all times of the day. Heating
ranked the 2™ purpose, while only about a tenth
of the households us ed biomass fuel to repeal
mosquitoes at night. The use of heating indoor
space predominated in colder villages, mainly in
the hi ghlands, whiler epealing m osquitoes
prevailed in the lowlands. Itis evident from the
data that home heating in the highland caused
an ad ditional f uel us e bu rden, which pos sibly
contributed t o t he i ncreased ¢ oncentration of
indoor NO, compared to the relatively low fuel
use bu rdenr equiredf or repellingi nsects
repellent in thel owlands. Theex treme
temperature di  fference [49] mighthav e
contributed to the variation in the use of fuel for
heating between t he t wo ec ological settings.
Low temperature in early mornings and nights is
usual in the highlands of Ethiopia. Villages in the
lowlands i nherently p ossess a risk t o m alaria
caused by mosquito bites and, therefore, there
is a c ultural practice in the study area for using
indoor firing events to repel mosquitoes [42, 50].

Traditional foods that do n ot require a s tock for
more t han a day were routinely c ooked. T he
cooking time was equally important in all cases
of c ookingw hichi nvolved commonly the

mornings, middays an d ev enings. Traditional
coffee and b read making are al so amongthe
daily practice of people in the study area.
Coffee i n e ach h ousehold w as s erved f or a
group of nei ghborhoods nearly on da ily basis,
which i s a c ultural heritage of Ethiopia. T he
relative time and c ost of preparing t hese f ood
items are a bitless than thatfor “injera” and
“‘wat” wh ich are widely used in ot her par ts of
Ethiopia, es peciallyi n thet emperate and
highland areas. The practice of “injera” and “wat”
is expensive and the raw material, locally called
“teff’ is considered as a cash crop for the rural
residents int he studyar ea. The linear
relationship b etween the number of food items
cooked and frequency of cooking with the level
of IAP is obvious given the increased respective
amount of biomass fuels and the corresponding
higher emission of other pollutants in addition to
nitrogen di oxide. This is justar eflection of
“‘dose-response” relationship.

Cooking and heat ing a ctivities ar e t he m ain
household factors that lead to the excess NO,
concentration due t o solid biomass fuel usein
general, and in the highland areas in particular.
In other studies, given the range of the purpose
of bi omassf uelu se,c ookingh as been
implicated a st he m ain factor f or t he gr eater
proportion of ex posuret ol AP i n developing
countries [4, 51]. Biomass fuel e mits about 50
times more pollution during cooking compared to
cleaner fuels [4], while the exposure magnitude
of breathing in pollutants could be twice more for
the same popul ation [7]. Therefore,t he
magnitude of healthr iskd uet obi omass
combustion canr eachas muchas 2-3times
greater than the risk among clean fuel users [4,
9]. Indoor smoke from biomass fuel is attributed
to l oss of healthy life in poor countriesdue to
known he alth out comes s uch a s A RI, ac ute
lower respiratory infections, and chronic
obstructive lung diseases [52]. Itis possible to
speculate ba sed on ou rf indings t hat hi gher
degree of exposure to indoor air smoke goes to
mothers and children who often s pend most of
theirt ime indoors. Thisi mpliest hatt he
attainment of C hild H ealth M DGs w ould be a
challenge in developing countries, like Ethiopia.

Assumption of the within-subjects (within a
household o ver t ime) variation i ni ndoor N O,
concentration by time w as c ertainly i mportant
given the possible differences in the exposure to
various fuel ¢ haracteristics within households.
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This d etermined the presence of differencesin
exposure factors. The repeated between subject
difference i n N O, demonstrated by ec ological
factors and s easonality is a ni mportant e ffect
that r equires c loser at tention f or designing an
appropriate intervention, as well. The study
revealed only an interaction bet ween ec ology
and s easonality affecting thei ndoorN O,
concentration by time. This was s upported by
our data that indicated v ariations of NO, to be
dependent on the type of fuelin the bivaraite
analysis, although this association remained
significant for a c rop residue in a linear mixed
model.

Ecology, season, type of biomass fuel, the
purpose and time of having fire events, and the
frequency of cooked food items were all found to
affect the level of indoor air ina bivariate
analysis, while this association was consistent in
alinear m ixed m odel exceptforthetypeo f
biomass fuel for wood. In western countries, the
type of fuel (gas or electricity), occupancy
density, the number of cooked meals, frequency
of c ooking, s eason and income w ere found to
significantly i mpact i ndoor N O, concentrations
[20, 24-26, 53]. T hose s tudies have indicated
the presence of strong link among factors
responsible f ort he i ncreased | evel o fi ndoor
NO, both int he developed and developing
countries. T he new finding inour study isthe
presence of ecology as a factor that
predominately affects the level of NO,. The high
level of NO, in the highland areas can also be
explained by high proportion of wood fuel use.
Wood is at |east better than crop residues and
animal dung int he energy ladder [54] and
provides relatively bet ter energy ef ficiency.
When wood is used, it oxidizes relatively more
indoor air nitrogen because of the relatively high
combustion temperature.

The effect of housing volume was found to show
little importance in affecting IAP as measured by
NO,,w hichw asa gainstou rhy pothesis.
Together w ith the presence of window and
kitchen in the multiple linear models, there was
onlyv ery smallpr oportion ofex plainable
variance (lessthan 1% ) in N O, concentration
despitet hes ftatisticals ignificance. T he
computed m odel was n ot abl et oi ndicate a
practical relevance i n ex plaining t he direction
and strength of t he a ssociation bet ween t he
magnitudes of indoor air pollution and the
physical h ousing characteristics i n o ur study
area. The significant difference, however, could

be only explained due to large sample size that
could have picked up small differences for
calculating p -value. Rural housing units, due to
their n ature of c onstruction, allow the e asily
passage of indoor smoke through their thatched
roof, ope n e ves an d u nplastered or partially
plastered wall, restricting the continued built up
of indoorai r pollutants. | t is very usual to
observe visuallyth e penetrationo fi ntense
smoke t hrough s uch structures during ac tive
cooking times in e arly mornings when there i s
good visual contrast (personal observation).
Windows in the majority of housing units in the
area are represented by just small circular holes
(usually < 5% of the floor area, which are often
closed duet ot hef earof winddr afts).
Furthermore, openi ng of w indows i s ¢ ulturally
believed to affect resident’s heath in our s tudy
settings.

Lack of assessment for additional air pollutants
sucha s PM andt he a bsence of real time
measurement f or t he i ndoor ai r pol lution w ere
major limitations of this study. Nevertheless, the
present study has shown that e cology, season,
purpose of fire events, the frequency of cooked
food items and the frequency of fire events as
being predictors of indoor NO,, in a rural setting.

Based on these findings, further study on
personal e xposure as sessment using NO, and
PM is highly recommended. In addition, relating
indoorN O, levelsw ithc ommonlys een
childhood diseases, such as respiratory
symptoms, i san other area ofs ignificant
relevance for a research given the high level of
IAP in our study settings. Finally, the provision
of separate kitchen, improved stoves with hood,
and presence of window in kitchens are highly
advised to manage low level of IAP.
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Abstract
Background: Air pol lution I evels in urban centers of E thiopia are presumed to be hi gh duetothe
prevailing old vehicles and substandard road infrastructures. This study assesses CO concentration as

surrogate for traffic air pollution along road sides and on-road of Addis Ababa.

Materials and Methods: A total of 80 r oad side and 24 on-road traffic air samples on t he month of
July/2007 and J anuary 2 008 w ere taken using CO data | ogger. P urposive criteria were set for the
selection of these sites. On road CO assessment was used in order to evaluate the link with the road

side CO concentrations. A structured checklist was used to document the sampling sites, starting and
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finishing sampling times, and t he location from the edge of the road. D ownloaded XLS CO data was
used for the analysis of CO concentrations. Summary statistics and graphs were mainly used to present

data. Data quality of CO measurement was ensured during data collection.

Results: The weighted mean (SD) for 15 minutes averaged CO concentrations were 2.03 ppm (1.94)
and 2.64 ppm (2.53) for wet and dry seasons, respectively. The two means did not differ significantly.
The CO profiles b etween t he t wo m onths and on-road CO concentrations w ere s imilar. G enerally,
increased CO c oncentration i n ea rly m ornings an d | ate af ternoons ar e ¢ haracteristics of daily C O
distribution. There was a very clear spatial and temporal variation among 40 samples after categorizing
the sites by the level of CO concentration in reference to the 8hr CO concentrations guideline. One third
of sites had indicated high Ievel of CO concentration (>4ppm) for the two months. The temporal and
spatial variation of CO concentration profiles between on the road and roadside air samples was similar.
The overall mean (SD) on-road CO concentration was 5.38 (1.71) ppm. International CO guideline was

not exceeded. 1hr and 8hr CO concentration did not exceed international standard.

Conclusions: There is a link between the roadsides and on-road measured CO concentrations. Vehicle
density, atmospheric moisture, temperature inversion, and v entilation s eemed to affect the level and
variations in CO concentration. Some on-road sites might exceed the 8 h r WHO guideline for CO in
future.

Key words: Addis Ababa, CO, traffic air pollution, temporal and spatial variation, July, January

Background

Increasing demand on transportation service
and ¢ hallenges of t he prevailing poverty are
basic problems in emerging cities of developing
countries, | ike A ddis A baba. Markets i n urban
centers of third world countries are attractive for
used vehicles t o s atisfy t he gr owing needs of
transportation. More t han 50% of cities w ith
increased level of ambient urban air pollution are
found i n d eveloping c ountries [1]. Urbanai r
pollutant related t o Particulate Matter ( PM)q
mass ¢ oncentration wasf oundt oex ceed
international li mitsi n cities of developing
countries [2-4]. The presence of old cars
accompanied w ith poo r h andling i n o ne han d,

limited and slowly ex panding ur ban road net

works on the other hand, are present challenges
that could not sustain cleaner urban air around
traffic zones in many developing countries [5].
The m easurement of either P Mo or C arbon
Monoxide (CO) along the roadsidesi n
developing c ountries exceeded often the | ocal
and international guidelines [6-9]. Data inventory
among world w ide m ega c ities m ade by the
World Health Organization (WHO) indicated that
urban air pollution due to vehicular emissions is
visible i n de veloping countries [4]. Vehicular
sourcesa ret hed ominants ourcesof C O
emission contributing to urban air pollution. On-
road transportation for 1970-1975 in the U nited
States of America(USA) was about 70 % of the

total CO emissions [10]. Whereas, this was 57%



in European countries in 2000 [4].

Studies hav e i ndicated t hat d istance bet ween
motorway and home, traffic density as measured
by c arsan d| orries as proxies oft raffic a ir
pollution were associated w ith reduced | ung
functions a ndr espiratory di seasesam ong
children | ivingnea rm ajor m otorways [11].
Spending at | east one y earin s chools | ocated
closert o ar oad w ith hi gh t raffic den sity w as
associated with as thma a mong s choolchildren
[12]. Traffic density within distance of 90 to 150
metres was found to be related with increased
respiratory i liness [13-16]. Work r elated t 0 an
exposure to vehicle emissions was strongly
associatedw  ithr  espiratorydi  seases.
Occupations such as truck and taxi driving were

related with an increased risk of cancer [17,18].

Addis A baba is on e of the em erging citiesin
Africa, w hich is ¢ urrently under going rapid
urbanization with huge investmentin transport,
buildings and road sectors. The Ethiopian Road
Authority for the years 1990-2002 indicated that
there were four categories of v ehiclesinthe
country: ¢ ars (automobiles), | ight duty t rucks,
heavy-duty  trucks, and m otorc ycles.
Automobiles contributed about 60% of the total
vehicles. The ann ual growth rate of vehicles
varied b etween 0. 32% a nd 19.45%, w ith an
annual meanincreaserate of 7.7% in the 12
yearsd uration[ 19]. Theb aselineof t he
estimation was 60,576 vehicles for 1990. Of the
total 116 ,415 r egistered v ehicles i n 2002 by

plate number, 39.4 % of them were above 30
years of age, 9.4% of the cars were between 20
and 30 years old, 25.7% of them were between

10 and 20 years; while only 20.5% of them being

less than 10 years old. [19]. Nearly 50% of all
vehicles had age of 20 years and above. The
age of a vehicle is very important in the
evaluation of traffic air pollution. Research has
shown that v ehicles with 15 years old produce
five t imes m ore hy drocarbons and f our t imes
nitrogen oxides than that of new ones [5]. T he
number o fv ehicles i n A ddis A baba that had
annual vehicle inspection by Addis Ababa Road
Authority in 2003 was 89,716, out of which about
80% had petrol engines and 90% were privately
owned [20]. In 2007, this number had gone up to
105,246, showing ani ncrease of 17% over 4
years period. If we assume United Nations (UN)
and Federal plated vehicles are spending much
of their time in A ddis Ababa, the total number
then is 139,535 with 40% diesel engined. Given
the pr esent age of v ehicles a ndt he growing
traffic d ensity that is not accompanied with the
corresponding expansion of road infrastructure,
traffic air pollution has become a major concern
in Addis Ababa as 77% of the Country’s vehicles

are located in the City

The growing number of street venders, road side
shoppers, d rivers, commuters, pedestrians,
traffic polices, and residents within the vicinity of
road networks are at the greatestrisk to traffic
air pollution exposure. According to Addis Ababa
City Administration, t he u rban m obility pat tern
was 70%, 21%, 8%, and 1% of the total
population: walk on foot, use public buses, taxis,
and p rivate c ars, r espectively [20]. It has now
become part of the city’'sl| ifet oob serve
pedestrians and vehicles sharing the same road

in all times of the day.

There i s limited b ody of ev idence describing
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urban ai r pollutioni n E thiopia. T o our best
knowledge, we are only aware one s tudy t hat
has undertaken the measurement of PM o, CO,
airborne | ead, ozone, and S O, in t he am bient
environment [21]. That study concluded that the
24 hr PMy,, ranging from 35t 0 97ug/m®, in 12
sampled sites of t he u rban core, is| ikely to
exceed the annual Environmental Protection
Agency (EPA)-USA standard of 50 p g/m3, while
other pollutants were assumed to be reasonably
lowert hant he respective standards. Th e
authors also found the existence of site to site
and temporal variations in the level of pollutant
concentrations. T he study, however, had air-
sampling sites that w ere 50-100 meters aw ay
from t he m ain ar terial r oads. T he study had
limitations t o i ndicate t he m agnitude of t hose
measured p ollutants within t he v icinity of t he

traffic zone.

The present study focused on the exploration of
the level, temporal, spatial variations of traffic air
pollution as measured by proxy CO in selected
air sampling sites along the road side of the City
of A ddis A baba. Addis Ababa i s i ncreasingly
becoming an i mportant City f or R egional a nd

International events.

Materials and Methods

Study setting

Addis Ababa is the capital City of Ethiopia and
working center of African Union. Its population in
2007 was 2.74 million [22]. The C ity of A ddis
Ababa, with an area of 54 thousands hectares,
is located at the foot of Mountain of “Intoto”. The
area approximates a circular shape with a
diameter of about 30-40 kms. The varying

elevation between 2,200 and 2,800 meters

above sea level (masl) with an average of 2,400
masl is the characteristic of the topography. The
city s preads between 9 d egrees north latitude
and 38 d egrees longitude east, with a rising
slope f rom southt ot he north. T he av erage
maximum a nd min imumt emperatures were
23.2°C and 1 0.8°C, r espectively, w ith monthly
mean r ainfall of 78.5 mmin 2 007 [23]. The
climate is c haracterized by three continuous
months of moist season (June-August) and nine
months of dry season. A relatively colder season

of “Wurch” exists between October and January.

The C ity Administration e stimated that there is
436 k m asphalted (20%) and 1725k m non-
asphalted road (80%). About 48% and 52 % of
the as phalted roads h ave w idth of 6-8 m eters
and 8-12meters, respectively. Gravel roads are
often s ource of or ganic dus t particles tot he
city’s at mosphere [20]. Dataonai r emission

inventory for each source is not available.

Sampling site description
A totalo f 20 m ajorr oad networks were
purposely selected to measure the daily level of
carbon m onoxide over40 roadside sampling
sites. The sites largely represented busy traffic
lines | ying mostly in the road side urban core
and few int he periphery of t he C ity. Each
sampling site was selected using of the following
purposely-designed criteria:
¢ Road side distance less than 10 meters
from t he edges of the road s ide: t his
criterion is used to approximate the
immediate t raffic zone. A bout 85% of
our sampling s ite | ocation had less or
equal to 5 meters.

e Presence of shopping centers or kiosks
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with substantial pr esence 0 f
pedestrians: this criterion isus ed to
relate CO exposure with road side
population. All 40 s ampling sites were
either s hops or kiosks dealing with the
sales of stationary, g eneral i tems, and
vehicle spare parts.

o Presence of adequate traffic density in
ordert o detect C O ade quately: t hese
sites w ere dec ided after consulting
City’s t raffic counts with the hel p of
traffic polices and personal
observations.

e Absence of Vvisible barriert hat could
impairt he air sampling process:
considerationi sgi ven to abar rier
standing between the sampler and the
edge of the road so that the air sampler
was in a free zone in all directions.

e Willingness of the owner of the sampling
site to host the CO m onitorf ort he
sampling time: this was very relevant to
secure the monitors for subsequent use
and safeguarding against possible

wetting by rain.

Figure 1 indicates Addis Ababa’s road networks
and locations of air sampling s ites. Exact
locations werei dentifiedus ing Global
Positioning System ( GPS) taking (GPS 12 X L,
Garmin 12 ¢ hannel).The r oad t hat go es from
East to West (from “Megenagna” to “Lideta” and
further to “Jimma” road) of the city intersects the
ring road on both ends. T his road is the major
artery that divides the road network roughly into
two parts. The Northern road net work is denser
than t he s outhern r oad network. W e had 10

samples on the East-West main artery, 20

samples on the Northern network (represented
by “Belay Zeleke” Road, “ Teklehaimanot’t o
“Autobus T era” road), and 10 s amples on t he
southern road network (represented by “ Saris”

road, “Kera” road, “Bole” road).

After | ooking at the pr eliminary r esults of C O
concentration in 40 sites in July 2007, there was
aneedto relatet he source of C Ow iththe
temporal and spatial pattern of the already
measured CO. Four traffic lights (“Olympia”,
“Legehar”, “Urael’, and Post office traffic light
posts) w ere s elected for t his purpose. One of
them takes to the international ai rport ( “Bole’);
two of them lie on the main artery running from
East to West of the City, the fourth one entering
to t his artery. These s ites hav e he avier t raffic
densities than other traffic line sites (judged by

observation and interviewing traffic polices).

CO measuring

Road side CO measurements were performed at
two different time lines: from July 7 to 27, 2007
representing the w ettest month, andf rom
January 1 to 26, 2008 r epresent the dr iest
month of the year. On-road sampling was made
from March 31 through April12, 2008. Sampling
was done on six days of the week (i.e. Monday
to Saturday). Sunday's was excluded after
evaluating the relevance of traffic density during

pre-testing.

Two portable CO USB real dataloggers [24]
were used to measure the level of CO in each
sampling site. These C O m onitors w ere made
available byt he Department of E nvironmental
Health of State Green Bowling

University(BGSU) . The m onitors were factory

5



calibrated and rechecked the calibration using of
standard CO c oncentrations at the research
laboratory o fBG SU priort ot heir use. T he
present USB C O m onitor ha s det ection | imit
between 0 to 10 00 ppm, s toring capacity of
32510 measurements with an operating
temperature range of -10-40°C and hu midity of
15-90% . The CO logger has an internal
resolution o f0 .5 ppm an d a ccuracy of +6%of
reading. The logger has a s ensor that oxidizes
COi ntoC O, electro-chemically. T he
measurement of CO, by the instrument is
proportional to the amount of CO that is

oxidized.

A user friendly CO monitor built in software was
used toz eroed the C O monitoran d fixt he
logging r ate, starting time and dat e. Sampling
intervals of 10 seconds (10s) were set in order
to pick any varying levels of CO. A d ata sheet
was usedtorecordthe date, USBID code,
name of site of sampling, and the time at which
the air sampling in the field was set and

stopped.

The CO monitors were set uniformly at 2 meters
height in a visible location of the selected local
sampling site after ensuring the free flowing of
air from the immediate ftraffic towards the
sampler. Permission for s ampling was secured
from t he | ocal t raffic aut horities. Consent f or
sampling was obtained after explaining the
purpose of the survey to each owner of sampling
sites. Sampling duration for the actual anal ysis
in all sites was set between 7:00am and
18:00pm in order to get maximum possible CO
concentration due t o v ehicular sources. The

location of the sampler in one of the typical road

side sites is indicated in Figure 2. The traffic light
post is located at the center of the road serving

vehicles in both directions (Figure 3)

Data management and Analysis

Stored data was immediately downloaded using
XLS format after each sampling using the USB
soft ware. The data was then edited to fix the
appropriate analysis timei nterval forC O
concentrations. Three data sets were c reated,
one for July of 2007 , an d ot hers f or J anuary
2008 and on-road samplings. The 10s sampling
interval was averaged by 15 minutes in order to
smoothen short lived peaks of C O.T his
averaging time w as al so used to analyzethe

temporal and spatial variations.

Minimum, maximum, an d weighted averages
that w ere u sed t o ev aluate t he pr ofiles of C O
concentrations were generated for both wet and
dry m onths s ampling p eriods. We had 90% of
them having 30 and above measurements.
Moving av eraging time i nterval of 15 min, 30
min, 1 hr and 8 hr CO c oncentration was
calculated for eac h s ampling s ite in o rder to
evaluate the concentrations in reference to the
World Health gui delines, 90 ppm, 50 ppm, 25
ppm, and 10 ppm, respectively [25].

Line charts were m ainly used to ev aluate CO
pattern by time and sampling sites. Summary
statistics w ere calculated using X LS ( Microsoft
Office Ex cel 2003), w hile SPSS ( version 1 5,
SPSS Inc., Chicago, IL, US) was used to
evaluate the data quality performance us ing
correlation coefficients and beta value for linear
regressions. Graphs a nd tables w ere usedto

summarize the data.



CO data quality evaluation

CO data logger has a calibration guarantee for
two years when we started this study. However,
frequently checking of the wvalidity of
measurements were important in order to track
the quality of CO measurement through out the
sampling duration. Three strategies of data

quality assurance were used. These were:

1. Data quality checking based on daily CO
measurements

Thet wom onitorsw ere subjectedt oC O
measuring in actual road side sampling sites by
setting the two monitors at similar height f rom
the ground surface (2m) for sampling duration of
9-11 hrs. There w ere such 12 measurements
from d ifferent s ampling s ites. Given t he s ame
starting and finishing time of C O sampling, we
were able to project a regression line where “X”
represents the CO level measured by one of the
loggers, and “Y” represents CO level of the other
logger. In this way, it was possible to calculate
the correlation coefficients. (“r"). Overall
average, using the 10 seconds interval of C O
measurement “r" was 0.818 (95%ClI: 0.807,
0.828), w hich dem onstrated a very high
correlation of CO measurements. If we were to
smoothen t he data using one minute or more
logging r ate, the ov erall ¢ orrelation coefficient

was greater than 0.90.

2. Checking the performance during and
after the actual air sampling episodes

Purposeful CO dat a c omparison between t he
two monitors was made on 17 occasions on the
same dates through the exposure of these
monitors on road side sites while the investigator

was traveling to sampling site and when going

home after routine sampling. The 10s sampling
duration v aried bet ween 1-5 hr s. Correlation
coefficients w ere about 0.906
(95%Cl:0.893,0.918)

agreement i nt he m easurement of CO. Data

indicating a good
smoothening by 15 minutes interval had “r’ more
than 0.95.

3. Data comparison between two variants of
CO loggers

A similar CO data logger (MicroDAQ.com, Ltd.,
Contoocook, N H03 229, U .S A)wasus edto
evaluate t he per formance of U SB E ASY dat a
logger. Hobo C O m onitors ar e u sed by G aia
Association i n A ddis A baba to evaluatet he
efficiency of clean ethanol stove project through
the m easurement of C O. At otal of four d ata
loggers (2 from each variant of C O m onitors)
weres etat 2m heightfor24ho urs in a
household using kerosene and charcoal for
cooking on D ecember 13-14/2008. C orrelation
coefficient be tween the two weighted data was
0.967 (95% ClI: 0.965, 0.968). There was nearly
a perfect match in concentrations between 0 and
45 ppm. The scatter plot for the two types of CO

monitors is shown in Figure 4.

Our understanding was that both USB CO data
loggers were reasonably measuring CO
concentrations. Any technical f ailure was no t
accounted including battery life at all time

of CO sampling.

Results

CO variation Characteristics

The average C O concentrations for 15 minutes
during the wet and d ry months are indicated in

Table 1 and Figure 1. The profiles of weighted
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mean and averaged maximum CO concentration
based on 15 minutes for the two multiple
sampling periods (n=40) are indicated in Figure
5a and5 b. Overall, the mean( SD) CO
concentration for the dry season was2.64 ppm
(2.53),. Similar amount was observed for the wet
season( 2.03 (1.94)pp m). Thet emporal
variation observed for bo th s ampling seasons
was similar. The average CO levels during wet
season were characterized by el evated pea ks
during rush hours in the morning (about 8: 00-
9:00 am local time), early afternoon (about 15:00
-16:00 pm), and late afternoon ( 17:15 -18:15
pm). Similar patterns were observed for the dry
season although high levels were observed over
wider range in afternoon times: from as early as
14:00 to the late hours of 18:24. Daily maxima
for the month of July occurred at around 17:30-
18:00pm, while this was around 8:00 am for the
month of J anuary. Earlyhour s of CO
measurements in J uly didn’t hap pen as kiosks
and shops selected for CO sampling were
commonly closed due to the protracted seasonal
rain. Shoppers were also restricted to come for

shopping until rainwas subsidized.

The 1 5m inutes averagem aximum CO
concentrations generally r anged between 3. 30
and 31.46 ppm for the wet month, w hile these
were, 9.78 ppm and 19.28 ppm, respectively, for
the dry month. The maximum 15 minutes
average CO mean (SD) concentration for July
and January were, 15.58 (4.64) ppm and 13.42
(1.57) ppm, respectively. There was a statically
significant  difference bet ween these two
observations (p<0.01). The averaged minimum
CO concentration level was not visible in Figure

5,asitwas0 ppm during all samplingtime

intervals.

Our study i ndicated a s patial v ariationin C O
concentration. Of all 40 samples, 12 sites had
more than 2-4 times of the aggregated mean of
the 40 sites of CO concentrations compared to
others. Five sampling s ites ( “a gene ral s hop
Haya Hulet Mazoria”, “Legehar” Minibus station,
“Gofa” Mazoria Kokeb”, “Bole Printing Press and
“Kera Discovery”) consistently showed high level
of C O for both months, while four sites (“Bole

Flamingo” , “Lideta Tele center’, “Mexico Square
Pepsi Ki osk”, and “Mesalemia M imi br ead
seller’) ex hibited higher level of CO inthe dry
month. All these sites were located in high traffic
zones of A ddis A baba. Three sites ( “Autobus
TeraZ M usic” shop a nd “ Ismael” s hop, and
“Gofa MebratHail”) had high level of CO during
the wet month compared to the dry month . The
horizontal s ampling di stance bet ween the
sampler and edge of the road did not correlate
with t he m easured CO c oncentration i n bot h

months.

Characterizing CO concentrations by WHO
guideline

CO concentrations by 15 minutes, 30 minutes, 1
hour, and 8 hours were generated using the ten
seconds s ampling i nterval dat a as s hown in
Tables 2-4. No data were found that exceeded
the 2000 WHO standard guideline. T he 50%
guideline of 8 hr exceededin6 (15%)and 8
(20%) sampling sites for the month of July and
January, respectively. T his was al so consistent
for the 3 traffic posts out of the 4, excluding only
the “Post Office” traffic post.

Concentration characterization in selected
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traffic lines

The 15 m inutes av eraged, maximuma nd
minimum CO ¢ oncentrations f or t he f our on-
traffic sites are indicated in Figure 6. An
increased trend was observed during early
morning and from early to | ate afternoon. Low
level of CO concentration during lunch time was
the c haracteristic of temporal v ariation for both
maximum and averaged CO concentrations. The
time trend was almost similar with the samples
taken from road sides, e xcept the presence of
difference in the rate of variability and the overall

weighted averages. The averaged traffic line CO

concentration (5.4 pp m) was more t han twice
that of July and January samples taken together
(2.3 ppm averaged for both)

The t raffic | ine sampling assessed the d aily
variation in CO c oncentration. T he summary
data by days is indicated Figure 7. The level of
CO concentration w as consistent from M onday
through Friday. The declining trend towards
Saturday was obvious from the data. “Olympia”
and “Legehar” Traffic Lights s howed increased
level of C O concentration al | al ong t he day s.
Post Office site had the least CO level.



Table 1: Distribution of 15 minutes averaged CO concentrations for the two

sampling periods, July 2007and January 2008, Addis Ababa

Sampling July 2007 January
Sampling sites distance, 2008 Average
SN meter CO, ppm CO, ppm
Mean (SD)  Mean (SD)
1 Legehar Megenagna Mini bus stop 2 6.93 (3.55) 5.12(2.31) 6.03
2 Churchil, Pepsi Kiosk infront of Post Office 4 1.0 (1.0)  0.53(0.70) 0.77
3 Autobus Tera-Andnet shop near Mesgid 4 0.41(0.77) 2.90(2.32) 1.67
4 Black Lion Hospital gate, in front of SIM 10 0 0 0
5 Autobus Tera shop, next to Z music 4 4.40(2.13) 1.84(1.48) 3.12
6 Autobus Tera Ismael shop near Z Music 5 428 (2.02) 1.03(1.72) 2.67
7 Piassa Awash Stationary 5 2.23(1.55) 0.78(0.72) 1.51
8 Paissa infront of Commercial Bank 3 2.86 (2.48) 0.09(0.30) 1.48
9 Gotera intersection, bread retailer 4 1.51 (1.12) 0.50 (0.90) 1.12
10 Gotera, infront of 3F, General shop 5 0.97 (0.99) 0.72(1.34) 0.74
11 Bole road near Flamingo, Electronic shop 9 2.12(2.91) 10.61(0.80) 6.37
12 Bole Printing Press Coka Cola Kiosk 10.2 4.09 (4.95) 7.32(2.45) 5.71
13 Kazanchis, Grocery, near Awash Bank 5 1.07 (1.11) 4.28(2.07) 2.68
14 Kazanchis, ceramic shop, Urael direction 3 2.31(2.06) 0.13(0.24) 1.22
15 Megenagna, Yaekob Mobile center 7 0.35(0.48) 1.62(0.82) 0.99
16 Haya Hulet Mazoria, general shop 3 7.72 (6.43) 4.66(1.82) 6.19
17  Kotebe College infront, dairy kiosk 2 0.20 (0.34) 0.05(0.09) 0.13
18 Gofa intersection, Kokeb Fashion 4 4.92(3.53) 5.39(2.58) 5.16
19 Gofa intersection, Mebrat Hail 3 5.61 (5.27) 0.81(0.90) 3.21
20 Saris, Blue Nile shoes, infront of Red Cross 5 0.18 (0.12) 2.34(1.71) 1.26
21 Harer Fruit shop named Harer, Saris Chimad 4 1.0 (0.79) 1.86(0.94) 1.43
22 Mesalemia Mimi Bakery shop 5 2.25(1.86) 4.67(2.06) 3.46
23 Autobus Tera, Alfa public book 4 0.48 (0.64) 2.62(1.94) 1.55
24 Giorgis intersection Pepsi kiosk 2 1.57 (0.87) 1.24(0.64) 1.41
25 Giorgis, Ato Teklu Barber Verandah 5 1.61(1.78) 0.27 (0.40) 0.94
26  Giorgis Church translation and PC service 3 0.28 (0.58) 0.09 (0.17) 0.19
27 Dej. Bela Road, Marvlous PC center 5 0.65(0.72) © 0.33
28  Sidist kilo total, Hiwot stationary 4 0.18 (0.50) 0.75(0.77) 0.47
29 Medhanialem School, MN shoe repair shop 5 0.35(0.43) 3.45(2.61) 1.9
30 Kotebe College end of fence, Harer shop 7 0.08 (0.19) 0.04 (0.08) 0.06
31 Teklehamanot, Kurtu Tyre shop 5 1.74 (1.11)  3.01(2.10) 2.38
32 Teklehaimanot, Tsion Spare parts 4 2.46 (1.78) 4.07 (2.04) 3.27
33  Leghar, Watch and eye glass kiosk 2 2.96 (1.80) 3.10(1.40) 3.03
34 Sengatera, electric shop 4 2.1(1.93) 3.95(1.89) 3.03
35 Lideta, Tele Center 5.5 0.39 (0.81) 6.04 (2.14) 3.215
36 Lideta, Temesgen shop, infront of Balcha 7.5 1.05(0.95) 2.95(1.89) 2
37 Lideta, near Desse Hotel Pepsi kiosk 3.5 0.94 (1.48) 3.31(1.30) 2.13
38 Mexico Square Pepsi kiosk 7.5 0.46 (0.77) 7.55(1.70) 4.01
39  Kera Discovery shop near Genet Hotel 25 4.48 (3.68) 5.84(2.11) 5.16
40 Kera, Teka shop near Bulgaria Mazoria 5 2.97 (2.47) 0.19(0.48) 1.58
Over all 4.68 (2.05)  2.03(1.94) 2.64(2.53) 2.34(1.84)
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Table 2: Distribution of maximum aver ages of CO concentrations on theroad sides, July
2007, Addis Ababa, Ethiopia

15 minutes 30 minutes max. 1 hr max. 8 hrs max.
SN max. averages  averages (range), averages averages (range),
Sampling sites (range), ppm ppm (range), ppm* ppm*

1 Legehar Megenagna mini bus stop 18.2 (0-18.2) 14.5(0.1-14.5) 12.1(1.7-12.1) 7.2 (6.2-7.2)

2 Churchil, Pepsi Kiosk infront of Post Office 5.9(0-5.9) 3.4(0-3.4) 2.3(0-2.3) 1.3(0.8-1.3)

3 Autobus Tera-Andnet shop near Mesgid 3.9(0-3.9) 3.3(0-3.3) 1.7(0-1.7) 0.4 (0.35-0.4)

4 Black Lion Hospital gate, in front of SIM 0 0 0 0

5 Autobus Tera shop, next to Z music 2(0.2-9.2) 7.5(0.4-7.5) 4 (0.6-7.4) 1(4.2-5.1)

6 Autobus Tera Ismael shop near Z Music 9.5(0.4-9.5) 8.1(0.6-8.1) 5(1.2-7.5) 6 (4.3 (4.6)

7 Piassa AwashStationary 6.4 (0-6.4) 5.7 (0-5.7) 7(0-4.7) 3(2.2-2.3)

8 Paissa infront of Commercial Bank 11.0 (0-11.0) 8.2(0-8.2) 7.0 (0.2-7.0) 0(2.7-3.0)

9 Goteraintersection, bread retailer 5.0 (0-5.0) 4.3 (0-4.3) 3(0.43-3.3) 8(1.4-1.8)
10 Gotera, infront of 3F, General shop 4.3 (0-4.3) 3.6 (0-3.6) 2(0.1-3.2) 1(0.8-1.1)
11  Bole road near Flamingo, Electronic shop 9.7 (0-9.7) 8.4 (0-8.4) 8.2(0-8.2) 3(2.3-2.3)
12 Bole printing press Coka Cola Kiosk 31.0(0-31.0) 22.0 (0.5-22.0) 14.9 (0.8-14.9) 2(3.0-4.2)
13  Kazanchis, Grocery, near Awash Bank 6.8 (0-6.8) 4.3 (0-4.3) 2.3(0.2-2.3) 1(1.0-1.1)
14 Kazanchis, ceramic shop, Urael direction 9.0 (0-9.0) 6.2 (0-6.2) 4.6 (0.3-4.6) 4(2.1-2.4)
15 Megenagna, Yaekob Mobile center 2.5(0-2.5) 2.0 (0-2.0) 1.4(0-1.4) 4(0.3-0.4)
16  Haya Hulet Mazoria, general shop 25.1(0-25.1) 19.6 (0-19.6) 17.7 (0.4-17.7) 2(6.9-8.2)
17  Kotebe College infront, dairy kiosk 1.8 (0-1.8) 0.9 (0-0.9) 0.5 (0-0.5) 3(0.2-0.3)
18 Gofa intersection, Kokeb Fashion 16.6 (0.3-16.6) 14.1(0.7-14.1) 12.8 (1.6-12.8) 1(4.8-5.1)
19 Gofa intersection, Mebrat Hail 21.9(0.2-21.9) 19.6 (0.3-19.6) 15.1(0.5-15.1) 6.1(5.3-6.1)
20 Saris, Blue Nile shoes, infront of Red Cross 0.5(0-0.5) 0.4 (0-0.4) 0.3(0.1-0.3) 2(0.1-0.2)
21 Fruit shop named Harer, Saris Chimad 3.8(0-3.8) 2.9(0-2.9) 25(0.1-2.5) 1(1.0-1.1)
22 Mesalemia Mimi Bakery shop 7.5(0-7.5) 6.7 (0.1-6.7) 5.5(0.5-5.5) 5(2.0-2.5)
23 Autobus Tera, Alfa public book 4.1(0-4.1) 2.4 (0-2.4) 1.4 (0-1.4) 5(0.4-0.5)
24  Giorgis intersection Pepsi kiosk 4.5(0.1-4.5) 3.9(0.2-3.9) 3.3(0.6-3.3) 6 (1.4-1.6)
25 Giorgis,Ato teklu Barber Verandah 9.4 (0-9.4) 7.0(0.1-7.0) 4.1(0.2-4.1) 7(1.4-17)
26  Giorgis church translation and PC service 3.4(0-3.4) 2.2(0-2.2) 12(0-1.2) 2(0.1-0.2)
27  Dej. Belaroad, Marvious PC center 3.9(0-3.9) 3.2(0-3.2) 2.3(0.1-2.3) 7(0.5-0.7)
28  Sidist kilo total, Hiwot stationary 3.3(0-3.3) 1.9 (0-1.9) 1 2(0-1.2) 2(0.1-0.2)
29 Medhanialem School, MN shoe repair shop 2.4(0-2.4) 1.3(0-1.3) 1(0-1.1) 0.4 (0.3-0.4)
30 Kotebe College end of fence, Harer shop 1.0 (0-1.0) 0.5(0-0.5) 0 3 (0-0.3) 0.09 (0.08-0.09)
31 Teklehamanot, Kurtu Tyre shop 4.4 (0-4.4) 3.5(0-3.5) 3.4(0-3.4) 1.8 (1.7-1.8)
32 Teklehaimanot, Tsion Spare parts 7.7(0-7.7) 6.4 (0.2-6.4) 5.2(0.2-5.2) 6 (2.4-2.6)
33 Leghar, Watch and eye glass kiosk 7.7(0.3-7.7) 6.7 (0.5-6.7) 6.1(0.8-6.1) 9(2.7-2.9)
34  Sengatera, electric shop 6.1(0-6.1) 5.2(0-5.2) 4.6 (0-4.6) 2.5(1.7-2.5)
35 Lideta, Tele Center 4.1(0-4.1) 4.0 (0-4.0) 2.8(0-2.8) 5(0.2-0.5)
36 Lideta, Temesgen shop, infront of Balcha 7.5(0-7.5) 4.4 (0.2-4.4) 3.0(0.3-3.0) 2(0.9-1.2)
37 Lideta, near Desse Hotel Pepsi kiosk 6.8 (0-6.8) 5.1(0-5.1) 4.6 (0-4.6) 1(0.6-1.1)
38 Mexico square Pepsi kiosk 5.0 (0-5.0) 3.3(0-3.3) 2.0(0-2.0) 5(0.4-0.5)
39  Kera Discovery shop near Genet Hotel 12.8 (0-12.8) 11.6 (0.1-11.6) 10.8 (0.2-10.9) 1(3.6-5.1)
40 Kera, Teka shop near Bulgaria Mazoria 11.4 (0-11.4) 10.6 (0.2-10.6) 8.9 (0.9-8.9) 0(2.3-3.0)

No (%) exceeding 100% of the WHO guideline  None None None None
No (%) exceeding 50% of the WHO guideline None None 4 (10) 6 (15.0)

*WHO guidelines for CO: 15 minutes: 90 ppm; 30 minutes: 50 ppm; 1hr: 25ppm; 8hr: 10 ppm; bolded numbers

indicates values more than 50% of WHO guidelines.
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Table 3: Distribution of maximum aver ages of CO concentrations on theroad sides, January
2008, Addis Ababa, Ethiopia

15 minutes 30 minutes 1 hr averages 8 hrs averages
SN Sampling sites averages averages (range), ppm* (range), ppm*
(range), ppm (range), ppm
1 Churchil, Pepsi Kiosk infront of Post Office 3.8(0-3.8) 3 1(0-3.1) 9(0.0-1.9) 5(0.4-0.5)
2 Leghar, Watch and eye glass kiosk 6.5 (0.6-6.5) .9(1.3-5.9) 2(1.5-5.2) 5(2.8-3.5)
3 Legehar Megenagna mini bus stop 11.4 (0.3-11.4) 5(.1-9.5) 7.6 (2.0-7.6) 5.8 (4.7-5.8)
4 Sengatera, electric shop 7.9(0.2-7.9) 2(0.4-7.2) 7(0.6-6.7) 5(3.5-4.5)
5 Black Lion Hospital gate, in front of SIM 0 O 0 0
6 Teklehamanot, Kurtu Tyre shop .0(0-7.0) 1(0.1-6.1) 1(0.2-6.1) 3(2.9-3.3)
7 Teklehaimanot, Tsion Spare parts 9.2(0.1-9.2) .6 (0.7-7.6) 8(1.1-6.8) 7(4.1-4.7)
8 Autobus Tera shop next to Z Music 9.4 (0.2-9.4) 8.1(0.4-8.1) 3(0.6-6.3) 0(1.4-2.0)
9 Mesalemia Mimi Bakery shop 10.3(0.2-10.3) 4(0.6-9.4) 7(1.8-7.7) 2(4.4-5.2)
10 Autobus Tera Ismael shop near Z Music 8.4 (0-8.4) 7.4(0-7.4) 4(0.1-6.4) 4(0.4-1.4)
11  Autobus Tera-Andnet shop near Mesgid 17.5(0.4-17.5) 13.0 (0.6-13.0) 7.8(0.8-7.8) 3.4(25(3.4)
12 Autobus Tera, Alfa public book 11.8(0.04-11.8)  8.2(0.3-8.2) 9(1.0-5.9) 0(2.7-3.0)
13 Kera Discovery shop near Genet Hotel 10.9 (1.4-10.9) 10.4 (1.7-10.4) 4(2.9-9.4) 5.9 (5.5-5.9)
14 Kera, Teka shop near Bulgaria Mazoria 3.8(0-3.8) 2.3(0-2.3) 1.6 (0-1.6) 0.24 (0.03-0.24)
15 Gofa intersection, Kokeb Fashion 14.5(0.1-14.5) 14.0 (0.8-14.0) 11.6 (2.5-11.6) 6.0 (4.6-6.0)
16  Gofa intersection, Mebrat Halil 5.5(0-5.5) 3.6 (0-3.6) 2.4(0.6-2.4) 0(0.6-1.0)
17  Gotera, infront of 3F, General shop 5.9 (0-5.9) 5(0-5.5) 8(0-4.8) 9(0.2-0.9)
18 Gotera intersection, bread retailer 5.6 (0-5.6) 4(0-4.4) 6 (0.04-2.6) .6 (0.4-0.6)
19 Kazanchis, Grocery, near Awash Bank 15.1(0.9-15.1) 9(1.3-9.9) 5 (1.5-6.5) 4.2 (3.7-4.2)
20 Kazanchis, ceramic shop, Urael direction 1.2(0-1.2) 0.7 (0-0.7) 0.6 (0-0.6) 1(0.1-0.2)
21 Megenagna, Yaekob Mobile center 41(0.2-4.1) 3.6 (0.6-3.6) 3(0.7-3.3) 7(1.4-1.7)
22 Haya Hulet Mazoria, general shop 11.0(1.1-11.0) 10.5(2.1-10.5) 7(2.8-8.7) 8 (4.1-4.8)
23  Paissa infront of Commercial Bank 1.8 (0-1.8) 1.3(0-1.3) 2(0-1.2) 2(0-0.2)
24 Piassa AwashStationary 4.5 (0-4.5) 2 9(0.1-2.9) 8(0.2-1.8) 8(0.7-0.8)
25 Giorgis intersection Pepsi kiosk .8(0.03-3.8) .8(0.3-2.8) 3(0.5-2.3) 3(1.2-1.3)
26  Giorgis,Ato teklu Barber Verandah 2.5(0-2.5) 4(0-1.4) 8(0-0.8) 3(0.2-0.3)
27  Giorgis church translation and PC service 2(0-1.2) O 9(0-0.9) 6 (0-0.6) 1(0.03-0.1)
28 Dej. Belaroad, Marvlous PC center 0 0 0 0
29 Kotebe College infront, dairy kiosk 0.5(0-0.5) 0.4 (0-0.4) 0.3(0-0.3) 0.1(0.03-0.1)
30 Kotebe College end of fence, Harer shop 0.4 (0-0.4) 0.2 (0-0.2) 0.1(0-0.1) 0.1(0.04-0.1)
31 Bole road near Flamingo, Electronic shop 12.7 (8.5-12.7) 12.1(9.1-12.1) 11.4(9.8-11.4) 10.7 (10.6-10.7)
32 Bole printing press Coka Cola Kiosk 14.7 (3.1-14.7) 14.3 (3.4-14.3) 13.7 (4.5-13.7) 7.7 (7.5-1.7)
33 Mexico square Pepsi kiosk 13.7 (5.0-13.7) 12.5(5.1-12.5) 11.7 (5.4-11.7) 5(7.0-7.5)
34 Lideta, Temesgen shop, infront of Balcha 12.4 (0.1-12.4) 8.8 (0.3-8.8) 5.3(0.5-5.3) 3(3.0-3.3)
35 Lideta, Tele Center 10.0 (1.4-10.0) 9.3(1.7-9.3) 8.9(2.2-8.9) 8 (5.4-6.8)
36 Lideta, near Desse Hotel Pepsi kiosk 6.1(0.5-6.1) 5.6 (0.7-5.6) 5.2(1.6-5.2) 7(3.3-3.7)
37  Sidist kilo total, Hiwot stationary 4.3(0.1-4.3) 2.5(0.1-2.5) 1.7(0.2-1.7) 0.9 (0.8-0.9)
38 Medhanialem School, MN shoe repair shop 12.0(0.9-12.0) 11.7 (1.2-11.7) 10.8 (1.5-10.8) 8 (2.4-3.8)
39  Fruit shop, named Harer, Saris Chimad 3.9(0-3.9) 3.4(0.03-3.4) 3.0(0.07-3.0) 2(1.7-2.2)
40 Saris, Blue Nile shoes, infront of Red Cross 6.3 (0-6.3) 5.8 (0.1-5.8) 5.3(0.3-5.3) 8(2.1-2.8)
1(2.5)
No (%) exceeding 100% of the WHO guideline None None None
1(2.5) 8 (20.0)
No (%) exceeding 50% of the WHO guideline None None

*WHO guidelines for CO: 15 minutes: 90 ppm; 30 minutes: 50 ppm; 1hr: 25 ppm; 8hr: 10ppm. Bolded numbers
indicate values more than 50% of WHO guidelines.
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Table 4: Distribution of maximum aver ages CO concentrations on traffic light posts, M ar ch-
April 2008, Addis Ababa, Ethiopia

Sampling 15 minutesmax 30 minutesmax 1 hr max 8 hr max
Days Sampling sites  average(range) average average average
(range) (range) (range)
Day 1 1 (Post Office) 9.3(0.8-9.3) 8.4 (1.3-8.4) 7.5(1.8-7.5) 4.3(3.4-4.3)
2 (Post Office) 9.1 (0.1-9.1) 7.8 (0.2-7.8) 5.9 (0.8-5.9) 3.2(2.5-3.2)
Day 2 3 (Post Office) 11.6 (0.4-11.6) 10.1(0.7-10.1) 9.2 (0.9-9.2) 3.7 (2.1-3.7)
4 (Post Office) 6.8 (0.3-6.8) 4.9 (0.4-4.9) 4.0 (0.8-4.0) 2.2 (1.8-2.2)
Day 3 5 (Post Office) 9.5 (0.2-9.5) 8.4 (0.6-8.4) 6.8 (0.7-6.8) 2.9 (2.3-2.9)
6 (Post Office) 4.4 (0-4.4) 3.3 (0-3.3) 2.8 (0.1-2.8) 1.6 (1.1-1.6)
Day 4 7 (Legehar) 10.1 (2.0-10.1) 9.8 (2.5-9.8) 9.0(3.2-9.0) 5.5 (4.3-5.5)
8 (Legehar) 9.1(2.1-9.1) 8.0 (2.9-8.0) 7.3(3.6-7.3) 5.3(4.9-5.3)
Day 5 9 (Legehar) 10.1 (3.2-10.1) 9.7 (3.7-9.7) 9.2 (4.0-9.2) 6.1 (5.5-6.1)
10 (Legehar) 8.6 (1.8-8.6) 8.2(2.9-8.2) 7.5 (3.5-7.5) 5.4 (5.1-5.4)
Day 6 11 (Legehar) 10.9 (2.0-10.9) 9.7 (2.8-9.7) 8.3(3.0-8.3) 4.9 (4.5-4.9)
12 (Legehar) 7.3(1.9-7.3) 6.8 (2.7-6.8) 6.2 (2.9-6.2) 4.9 (4.4-4.9)
Day 7 13 (Urael) 11.0 (2.5-11.0) 10.1 (3.7-10.1) 9.4 (4.1-9.4) 6.2 (5.6-6.2)
14 (Urael) 12.1(2.9-12.1) 11.6 (3.5-11.6) 11.0 (4.0-11.0) 6.2 (5.5-6.2)
Day 8 15 (Urael) 9.3(1.2-9.3) 8.2 (2.2-8.2) 7.4 (2.6-7.4) 5.9(5.2-5.9)
16 (Urael) 8.7 (2.2-8.7) 8.1(2.6-8.1) 7.7 (3.2-7.7) 5.1(4.5-5.1)
Day 9 17 (Urael) 8.6 (1.5-8.6) 7.8 (2.4-7.8) 7.0 (3.0-7.0) 4.7 (4.5-4.7)
18 (Urael) 6.3 (0-6.3) 5.9 (0.2-5.9) 4.9 (2.3-4.9) 3.9 (3.6-3.9)
Day 10 19 (Olympia) 14.0 (3.9-14.0) 13.3 (4.4-13.3) 11.6 (4.8-11.6) 7.5(6.8-7.5)
20 (Olympia) 17.9 (5.6-17.9) 16.6 (6.4-16.6) 14.8 (7.0-14.8) 9.5(8.6-9.5)
Day 11 21 (Olympia) 16.1 (3.45-16.1) 12.4 (4.2-12.4) 11.4 (5.3-11.4) 8.3(7.4-8.3)
22 (Olympia) 15.2 (4.5-15.2) 14.8 (5.2-14.8) 14.1 (6.7-14.1) 9.7 (9.0-9.7)
Day 12 23 (Olympia) 14.9 (4.0-14.9) 14.6 (5.5-14.6) 12.8(6.4-12.8) 9.3(8.4-9.3)
24 (Olympia) 9.5 (0.9-9.5) 8.4 (1.6-8.4) 7.9 (2.6-7.9) 5.9 (5.2-5.9)
Number (%) exceeding 100%
of the WHO guideline None None None None
Number (%) exceeding 50% 14 (58.3)
of the WHO guideline None None 3(12.5)

*WHO guidelines for CO: 15 minutes: 90 ppm; 30 minutes: 50 ppm; 1hr: 25 ppm; 8hr: 10 ppm. Bolded humbers

indicate values more than 50% of WHO guidelines.
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Figure 2: Field location of CO monitor in road side sampling sites, Addis Ababa,
Ethiopia, July 2007

Figure 3: Field location of CO monitors on a traffic light stand, Addis Ababa,
Ethiopia, April 2008

15



200

4+ — = — 41
$
&
1801~ e
140 [ yEemaczasty T
1204 ——— R’=09362 _ __ oSN
ioro4+ - ——————— — P L —

80 +-—-———————— e >3 235 WA S S

Hobo CO, ppm

5 + STRENE W,
680 +——-—"-—— oS e e — — — -
MQ4+——————— = ; ; *y

20 - - x , ——
5 ] .

0 20 40 60 80 100 120 140

EL-USB-CO Loggere CO, ppm

Figure 4: Scatter plot for two variants of CO data loggers: Hobo and EL-USB,
December 2008



_|||.l||..|...|...ﬂ...1|||_ ||||||||
_ - = e
_Iu.ll-.luﬂa.._lhh.!._l —
_ il S
_ TN
_ | ulf-
| £ E — \.\l\!
| 552 o
_ = M “..lll_nlu-
_ & = = azl
| I _ n
| I £
_ .umv....l s =
_ e s
| = g S
| e _ g
_ ST ——— ——— £ m
_ 5 ﬂ .mh. £ o
_ .m £ _ w N
Ly
_ £g ...V e 9
_ g | - gz
| 53 Jw ° 5
[¥e] e -
| e
_ a -
| 5o |_-
_ ss 4
_ S =
| == \|rl\
_ o 2
_ l-.ll-lj.l.l-l—lul”
| =
_ .nn.._;fv
_
_ >
_ T
_ I Lo
_ II-!I&—\JI!.IJI.I.I
_ e~
_ - B
_ T T T T T T T _— T T T T ,lull_..l T
N O 00 O T NNO W O <TTNOOWWNO
DO N ANANANN ™ ™
wdd ‘0>

or:vigl
0¢:9%: L1
00:8¢: L)
ov:6L-LL
0z 10 L1
00:£¥:91
[} 8 4318
02:90:91
00:8%:61
0t:62:51
0 LS
00:£5:71
or:vevi
02-91:¥1
00:85:¢1
0t:6E:€L
0Z:12:¢L
00:£0:€1
18 2 44"
02:92:21
00:80:¢1
or:6¥- LI
0 1 L)
00:EL:LE
or:ve0l
0¢:9¢:01
00:81:01
01656

0Z: 116

00:£2:6

0r:¥0:6

0¢:9%:8

00:8¢:8

Hour of sampling time

Figure 5a

e i ——— — — — — — — — ——

- I
_ e’ CE
_ )
| pal
| &
_ 1~
| 2
_ .m_._.....
_ &0
_ =
s
| 2 £ 5l 2%
_ S EEL_=>
| TE &
_ a4 = W l.m\l.l.
| | =
| gt
_ s
_ q.w.\\...lm..ll
| e |
_ T,
(-
_ A..I\.ulll
_ a....hru. ! s
| g e S £
S E ¢ T =
3BTy
_ eE b °<
[= - = %
_ ° ™ E<
o~ . ol
_ m = = <5
[3r]
_ TS - & c
@@
| EG 2 g8
D ==
_ m mrﬂrw < =
| T o & .
224
_ < |
_ -a.u..l\lllMl
o W © = N O w <
o~ - - - - -
wdd ‘0o

00-12:81
0L:00:81
0Z:6¢€:L1
0£:81:LL
01:16:91
06:9¢:91
00:91:91
0156 61
0Z:1E61
0¢:EL:61
[ a4 4
05 1EFL
00:1L1:¥1
0L:06:€1
0Z:6¢:€1
0£:80:€1
01121
05:92:21
00:90:21
0L:STiLL
0C:¥C: L1
0£:£0: 11
ov:Ztiol
05:12:01
00:10:01
01016

0Z:61:6

0£:86:8

0v-1¢:8

05:91:8

00:96:/

0):6¢:L

Hour of sampling time

Figure 5b
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month of Ethiopia in July 2007 (n=40); (5b): CO measured during dry season of

Ethiopia, January 2008 (n=40)
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Discussion

This studyi st he second at temptt ol ookt he
situation of urban pollution in a r apidly growing
City of Addis Ababa. The first effort was made by
Etyemezian et al in 2004 (26 Jan-28 Feb 2004) in
which only 12 air sampling residential sites with
COan dot herp roxy m easurements were
addressed. The c urrent study indicated t wo
important finding: the presence of temporal and
spatial variation and the likelihood of 24-hr PM 4,
to ex ceed t he a nnual EPA/USA guideline ( 50
pgm'3). The profile of CO concentrations by time
was not similar between the earlier study and our
study. The occurrence o f hi gh pe aks in early
mornings and |l ate afternoons for both s ampling
months were apparent due to vehicular sources
that actively c ommuted duringt hoset ime
periods. O thert hanv ehicular sources,
temperature stagnation t hat us ually s tarts after
midnight | ocalt imeis anotherf actor that
contributed to the increased CO concentrations in
early mornings [21]. The phenomenon “low level
radiation inversion” occurs in Addis Ababa when
the ea rth rapidly c ools r elative to t he air m ass
during both winter and summer months. T hus,
air pol lutants i ncluding C O ar e t rapped by t he
relatively w armer ai r m ass, w hich ex plains t he
continued high level of CO concentration in early
mornings until that time when the ground surface
becomes r elatively warm. Thisis u sually
observed during the winter season (July-August)
and months of October-January (. The presence
of | ow level temperature inversion is us ually
observed at a distant when the air space
between mountain sides in Addis Ababa is filled
up by yellowish to cloudy foggy air mass in early

mornings. This mass is expected to contain much

soil dust particles because of the high nature of
organic matter blown to the air [21] and other air
pollutants. A thin layer brown haze was used to
be o bservedov ert hea irof T oronto C ityi n
summer months of early mornings and
afternoons when the air was highly polluted

during those times [26].

The lack of difference in the weighted averaged
CO concentrations bet ween July an d J anuary
was against our hy pothesis. Three important
events might explain this finding. First, although
the traffic density in July is commonly less than
thatof J anuary (personal ob servation and

communication), the increased moisture is likely
to be a factor for the dispersion of CO vehicular
emission. Second, in January when ftraffic
density i s hi gher, the t urbulence of wind pl ays
major role in the dispersion of CO concentration.
Third, the photochemical reaction that takes
place in the daytime might be anot her factor to
explaint hel owl evel of COinJ anuary. T he
sunlight ene rgy und er bright r adiation ha s a

capacity to transform CO into CO, in the
presence of emitted hydrocarbons, there by
limiting the d etection of CO by the air sampler.
However examining whethera photochemical
process contributed ornottothe lowlevel CO
concentration is bey ond thes cope of this

research.

Schools are commonly closed during wet season
andt his could h ave minimized the transport
needs, t here by dec reasing t he num ber of on -
road vehicles. The observed maximum average
CO concentration during the month of July might

be at tributablet ot hep oorai rv entilation

19



prevailing on the traffic zone and the underlying
seasonal rain and temperature inversion. Rainfall
andw ind s eemed to pl ay important roles in
characterizing the distribution of v ehicular
emissions. Forinstance, in cities, | ike Toronto,
Kuwait, and Ontario [7, 26-27], increased on-road
vehicles w ere main c ontributing factors to high

levels of air pollutants.

The 1h ourand8 hours averagedC O
concentrations for each site was far less than the
international practice (25) and the USA National
Ambient Air Q uality Standard [28]. However,
there were six sampling sites (15% of total of 40)
that dem onstrated 5 7-69% of t he 8 hours
standard (10.0 ppm) representing the Air Quality
Index to be moderate by EPA-USA CO indexing
[29]. T hose sites were located on “Kera” r oad,
“Gofa” intersection, “Bole” road, and t he road to
“Megenagna”. Those r oads with hi gh v ehicle
density were t he m ajor arteries bridging m any
other tributaries and explaining the difference in
CO concentration between the two months. The
low level of CO below the 1 hourand 8 hours
standard, which was against our hypothesis, was
in ag reement with the recent findings [21]. Our
assumption wast hatw e c ould f ind high CO
concentrations due to the prevailing old vehicles
in Addis Ababa and apparent congestion of
vehicles in narrow roads. Our results, how ever,
are in consistent w ith those reported by ot her
investigators. The dai ly m ean ¢ oncentration of
CO concentrations i n 88% o f traffic s ampling
locations (n=21) in the City of Kuwait had greater
than or equal to 8 ppm [7] which was accounted
to high level of traffic density. The level of CO in
7 kiosk venders located on traffic side out of 16

exceeded permissible limits of CO [8]. One out
of 9 sites sampled at 7.5 m from the road side for
CO had only greater than 50% 8 hours standard
of 9 ppminahi ghwayinP akistan [9 ]. The
difference i n the road s ide CO c oncentration
levels in different studies might be in part due to
difference i n vehicle de nsity, meteorological
conditions, methods of C O sampling techniques
and variationi n equipment usedf orC O
monitoring. Itis clear that CO after its emission
from t he exhaust pi pe of t he v ehicles has t he
capacity to quickly disperse in air with its

proximity of generation.

There is a possible link b etween t he traffic line
andr oad sides amplings itesi n theirC O
concentration t emporality. Three ¢ haracteristics
in pattern e merged on t he t raffic | ine pol lution:
short duration with highest peak in early morning,
low level in lunch time, and extended but weakly
plateaued CO c oncentration in t he af ternoons.
The s imilarity i n t his pattern ( Figure 5and 6)
explains that the source of road side traffic
pollution i s mainly of v ehicular nature. We c an
speculate that this observed pattern of CO
distribution by time could be s ustained f rom
Monday to Friday for the road side pollution given
our o bservation of CO m easurements takenin
just t raffic I ight z ones for ea ch d ay, w here t he
vehicular emission is supposedly sampled by the
monitor. Vehicular sources of traffic air pollution
were obvious in a similar study in Addis Ababa
[21]. Vehicles in T oronto contributed about 82%
of traffic pollution. Generally, traffic pollution
contributes 60-85% of the urban ambient air [30-
32]. Although we have not found C O emission

data inventory by source, exclusion of vehicular
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emission as am ajor source of CO inroads of
Addis Ababa could not be possible.

Assuming da ys f rom M onday t o S aturday ar e
with high traffic activity, the weekly traffic on-road
15 minutes averaged CO concentration was 5.38
pmm (range 2.84-7.87 ppm), while the weighted
mean for the two road-side sampling periods was
about 2. 34 ppm. A lthough w e could not f ind
correlation b etween s ampling di stance and t he
level of CO concentration, we can guessinthe
worst ¢ ondition t hat C O concentration w ithin 5
meters road side could be at least half less than
that of the traffic lines. Meteorological conditions
like m oisture, w ind speed and direction m ight

explain the lack of correlation.

Of al | traffic lines, B ole road at O lympia t raffic
light attracts more attention as its 8 hrs maximum
mean (SD) CO concentration observed in 5 out of
6 days in the day time was between 7.5-9.8 ppm.
These values are in agreement with the WHO 10
ppm gui deline and the U SA EPA 9ppm CO
standardf or8hr s. Ther oads ide CO
concentrations at Bole road were also elevated
compared t o ot her sampling s ites. Bole R oad,
directly leading to the air port and subsequently
to the ring road, is usually busy to entertain high
vehicular de nsity through out t he da y. T raffic
Polices are always present in this sampling site
to watch out and manually instruct the flow of the
traffic.  Fortunately their placement on work
based on shift ( personal communication) m ight
not expose them above the 8 hr standard level of
CO.OurjudgmentisthatC Olevel very soon
might exceed this level given the continued traffic

density in t he city accompanied w ith 8 -12% of

annual growth rate.

In ¢ onclusion, al though this study found low
levels of CO concentration on b oth on-road and
road side traffic zones in reference to 15 minutes,
1 hour, and 8 hours standards, it is reasonable
to as sume that c ertain road c orridors will likely
exceed these reported values in future, given the
continued increase of vehicles in the city. These
corridorsar ef ound ont he “Bole” road,
“Megenagna” to “Lideta” road, and “Kera” road on
which the highestt raffic densities are
routinelyobserved. In addi tion, temperature
inversion, seasonal rain, and road ventilation are
specific f actorst oex plaint he presence of

temporality and spatial variation in CO
concentration in the roads of Addis Ababa. This
studyi st hes econdof i tst ypew hich
demonstrated that traffic CO concentration in the
city of A ddis A babais belowt he 1 houra nd
8hours guideline value. Since the city is packed
with diesel e ngined old v ehicles an d pr evailing
gravel r oads t hat di sperse or ganic soil dust on
the z one of t raffic | ines, t he m easurement of
organic carbon and particulate matter along the
proximity o f t raffic lines is r elevant. | n addi tion,
the m easurement of personal ex posure through
PM and C O using traffic polices and street

vendors are another future direction for research.

Several important limitations must be considered
when interpreting t he r esults from our s tudy.

The sampling might have missed some important
sites under which the investigators were not very
much aware, despite the fact that we assumed to
maximize t he opp ortunity of us ing 4 0 di fferent

sites. In addition, the sampling distance from the
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proximity edge of the side of the road could not

be uniformly structuredf or reasonable
comparisons between CO levels of different sites.
The sampling time duration was only fixed to the
day time to maximize the presence of high traffic
activity. Given all these important methodological
limitations, we can not de ny t he c ontribution of
this s tudy i n as sessing t he | evel of trafficair
pollutiont hrought he measurementof C O

concentrations.
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