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Fine particulate pollution concentration in Addis 
Ababa exceeds the WHO guideline value
Results of 3 years of continuous monitoring and health impact assessment
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Introduction
Air pollution is one of the single largest determinants of envi-
ronmental health risks, causing substantial premature mortality 

and morbidity. Worldwide, about one in every nine deaths annu-
ally are attributable to air pollution.1 Household and ambient 
air pollution were responsible for about 7 million deaths in 
2016, which is about 16% of all global deaths. Air pollution is a 
known risk factor for noncommunicable diseases.2 About 94% 
of the attributable deaths occurred in low-and middle-income 
countries where the impact of air pollution has received insuffi-
cient attention. In urban areas of low-income countries, partic-
ulate matter and the gaseous pollutants result from the use of 
biomass and fossil fuels by households, vehicles, power genera-
tion, manufacturing plants, boilers, and local microenterprises.3

Ambient air pollution affects the poor and vulnerable popula-
tion groups such as children and older people to a larger extent,4 

What this study adds

Our study contributes novel primary data on levels and trends 
of ambient air pollution (focusing on fine particulate matter, 
PM2.5) in a time series design in a Sub-Saharan African country 
where exposure to air pollution is not routinely monitored but 
has become a serious health threat. The study is ground-break-
ing in using high quality and continuous measurement and has 
the potential to inform policy makers so that they can make 
evidence-based decisions toward the mitigation of excess expo-
sure. Our findings showed that levels of PM2.5 exceeded the 
daily WHO guideline value almost two-fold, also exceeding four 
times the annual value. Our data showed significant proportion 
of premature death that is attributable to the current level of 
PM2.5 air pollution. The novel findings from this study about 
high daily PM2.5 concentrations and their temporal patterns, 
as well as the health impact assessment findings, have great 
potential to inform policy, hopefully leading to interventions to 
achieve clean air for the urban population.

aSchool of Public Health, College of Health Sciences, Addis Ababa University, 
Addis Ababa, Ethiopia; bDepartment of Statistics, College of Natural and 
Computational Sciences, Addis Ababa University, Addis Ababa, Ethiopia; 
cDepartment of Physics , College of Natural and Computational Sciences, 
Addis Ababa University, Addis Ababa, Ethiopia; dEPA South Coast Air Quality 
Management District (USA), Los Angeles, California; eUniversity of Southern 
California (USA), Los Angeles, California; fGlobal Health Institute, University of 
Wisconsin–(USA), Wisconsin, Madison; gSchool of Public Health, University 
of Colorado (USA), Denver, Colorado hDepartment of Biostatistics, Columbia 
University (USA), New York City, New York

Sponsorships or competing interests that may be relevant to content are 
disclosed at the end of the article.

Supported by NIH Fogarty International Center, NIEHS, CDC/NIOSH, Canada’s 
IDRC, GACC Grant # 5R24 TW009552; 5R24 TW009548; 1U01TW010094; 
U2RTW010125.

K.B., J.S., and A.K. were involved in the design of the research protocol. A.K., 
W.T., S.T., A.W., Z.T., D.S., M.M., and G.B. were involved in the data collection, 
data management, and data analysis. A.K., A.W., J.P., Z.T., K.Z., J.S., and K.B. 
were involved in writing the manuscript. In addition, K.B., J.S., J.P., and S.T. were 
involved the training in research methods and air pollution sampling.

*Corresponding Author: Address: School of Public Health, College of Health 
Sciences, Addis Ababa University. E-mail: aberakumie2@yahoo.com (A. Kumie).

Written work prepared by employees of the Federal Government as part of their 
official duties is, under the U.S. Copyright Act, a "work of the United States 
Government" for which copyright protection under Title 17 of the United States 
Code is not available. As such, copyright does not extend to the contributions of 
employees of the Federal Government.

Environmental Epidemiology (2021) 00:e155

Received: 10 November 2020; Accepted 29 March 2021

Published online 7 June 2021

DOI: 10.1097/EE9.0000000000000155

Background: Real-time monitoring of fine particulate matter (PM2.5) concentrations and assessing the health impact are limited 
in Ethiopia. The objective of this study is to describe current levels of PM2.5 air pollution in Addis Ababa and examine temporal pat-
terns and to consider the health impact of current PM2.5 exposure levels.
Methods: PM2.5 concentrations were measured using a centrally-located Beta Attenuator Monitor (BAM-1022) for 3 years (1 April 
2017 to 31 March 2020), with data downloaded biweekly. Deaths attributable to current PM2.5 concentration levels were estimated 
using the AirQ+ tool. The daily average was estimated using hourly data.
Results: The daily mean (SD) PM2.5 concentration was 42.4 µg/m3 (15.98). Two daily extremes were observed: morning (high) and 
afternoon (low). Sundays had the lowest PM2.5 concentration, while Mondays to Thursdays saw a continuous increase; Fridays 
showed the highest concentration. Seasons showed marked variation, with the highest values during the wet season. Concentration 
spikes reflected periods of intensive fuel combustion. A total of 502 deaths (4.44%) were attributable to current air pollution levels 
referenced to the 35 µg/m3 WHO interim target annual level and 2,043 (17.7%) at the WHO 10 µg/m3 annual guideline.
Conclusion: PM2.5 daily levels were 1.7 times higher than the WHO-recommended 24-hour guideline. The current annual mean 
PM2.5 concentration results in a substantial burden of attributable deaths compared to an annual mean of 10 µg/m3. The high PM2.5 
level and its variability across days and seasons calls for citywide interventions to promote clean air.
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particularly those living in big cities of low- and middle-income 
countries. Worldwide, most cities in these poorer countries did 
not meet the World Health Organization (WHO) air quality 
guideline for the annual mean concentration of PM2.5 (atmo-
spheric particulate matter with diameter of 2.5 μm or smaller) 
in 2018, compared with at least half of cities in high-income 
countries.5 However, there has been limited monitoring for 
PM2.5 in the cities of Africa, particularly in Sub-Saharan Africa. 
The 2018 WHO air pollution database for Africa includes only 
10 countries with 41 monitoring sites.6 This database includes 
reports on annual mean PM2.5 concentrations only for Kenya, 
Uganda, and Tanzania among countries in Eastern Africa; for 
these countries, there was only 1 fixed monitoring station in 
each capital city. The expected trend of rapid growth in urban 
populations and urbanization in general is likely to lead to 
substantial increases in pollution levels, as urbanization inher-
ently demands growing service sectors in energy use, increased 
transportation, additional industries, and energy production, all 
leading to worsening air pollution.3 WHO has raised concern 
about increasing air pollution in cities of developing countries.7 
It has developed the AirQ+ tool to estimate the likely impact of 
air pollution on disease burden due to the existing level of air 
pollution.8 The tool has been used in cities of Europe.9

Here, we report PM2.5 concentrations measured over 3 years 
in Addis Ababa, the capital of Ethiopia, where air quality 
measurements have been limited. Due to rapid urban growth, 
increase in vehicles, and physical factors such as high altitude 
and hills/valleys causing temperature inversions, air quality 
management in Addis Ababa is challenging and real-time mon-
itoring is needed. As part of the activities of the Eastern Africa 
GEOHealth Hub, a monitor for airborne particulate matter was 
placed centrally in Addis Ababa to describe air quality in the 
city and to support a program of epidemiological research. We 
will also report findings from a related health impact assessment 
based on the AirQ+ tool described earlier.

Methods

Study site

Addis Ababa is the largest city in Ethiopia regarding size and 
population. An estimated 4.6 million people lived there in 
2019,10 in an area of around 527 km2 and at an estimated popu-
lation density of 5,165 per square kilometer.10 It has two distinct 
seasons characterized by high and low rainfalls. The wet season 
usually starts in June and ends in September, while the dry sea-
son extends between October and May. Wet months in 2020 
had an average of 340.5 mm precipitation, while the dry season 
had 64 mm.11 Addis Ababa is located at a latitude of 9° 0’ 19’’ 
N, and a longitude of 38° 45’ 48’’ E at an average altitude of 
8,000 feet above sea level.12

The PM2.5 sampling site is located on the premises of Tikur 
Anbessa Specialized Referral Hospital (TASH) in an urban zone 
of the city located at a latitude of 9° 1’ 13’’ N, and a longitude 
of 38° 44’ 58’’ E.

Study design and PM2.5 measurement

The study data came from continuous real-time measure-
ment of PM2.5 concentration. The ambient air pollution data 
were generated by a Beta Attenuation Monitor (BAM-1022) 
installed in March 2017 at a central site in the City. The instru-
ment is manufactured by MetOne Instruments, Inc.  (Grant 
Pass, OR), and is designated as an automated equivalent PM2.5 
mass monitor by the United States Environmental Protection 
Agency.13,14 The site selection for the BAM-1022 followed 
recommended site specification criteria.14,15 In addition, avail-
ability of sustained power, height from the ground, instrument 
safety, and lack of any physical barrier that may restrict the 

free flow of air were considered (Figure 1). Data were logged 
at 1-hour intervals, yielding 24 data points daily. This interval 
was set after exploring the variability of PM2.5 concentration 
over 1-hour intervals. The BAM-1022 has an internal working 
environment that maintains a steady flow rate (at 15.8 < FR 
< 17.5 liters per minute) and a range of meteorological condi-
tions: relative humidity (10 % < RH < 80%), temperature (1 < 
T < 40 °C), and barometric pressure (525 < BP < 640 mm Hg). 
For quality control, the instrument provides error messages 
so that problems could be addressed when needed. The study 
used data for the period 1 April 2017 to 31 March 2020.

Two BAM-1020 PM2.5 monitors are managed by the US 
Embassy as part of the US State Department’s monitoring pro-
gram, one at the site of the embassy and the other at the site of 
an international school. We used the concentration data from 
these monitors to compare with our results. The BAM-1020 on 
the premises of the US Embassy in Addis Ababa is located at a 
relatively “clean” site, whereas the second BAM-1020, at the US 
Embassy-International Community School, is located in down-
town Addis Ababa, presenting a more polluted site regarding 
air pollution. The locations of the three BAMs are shown in 
Figure 2. The daily PM2.5 concentrations measured by the two 
US BAMs were accessed freely at the website https://aqicn.org/
city/ethiopia/addis-ababa/us-embassy/.

Data management

Data were downloaded biweekly from the BAM-1022 and eval-
uated according to a standard operating procedure. For analy-
sis, we used data for days with at least 18 of 24 hours available, 
for example, 75% of the 24 hours. The missing data primarily 
came from power outages and periods of routine maintenance. 
Missing data were detected in the system software records by 
a signal for a sampling error resulting from data outside of the 
acceptable ranges for the following selected parameters: flow 
rate, concentration, temperature, barometric pressure, relative 
humidity, and sampling time interruption.

Among the techniques proposed in the literature for replacing 
missing values, we selected substitution of the mean, an impu-
tation technique often used for air pollution data.16 We adapted 
the “before-after-mean” method, which replaces all missing val-
ues with the mean of one datum before the missing value and 
one datum after the missing value. If at least one of the before-
and-after data points were not available, we moved to a 2-day 
window to complete the data. We recovered 77 days (11%) of 
the expected data, while we had 7.4% of days missed in the 3 
years of analyzed data. Log-transformed data were used to com-
pare the PM2.5 concentration by days (normality Kolmogorov 
Smirnov test, P = 0.234). With regard to the US Embassy data, 
a few negative concentrations were removed from the dataset.

Data quality assurance

Data quality was evaluated on an ongoing basis using an estab-
lished protocol. The data manager validated the downloaded 
PM2.5 data by manually checking the set parameters of flow rate, 
temperature, barometric pressure, and relative humidity, and 
the PM2.5 concentration itself. A comprehensive quality check of 
the raw data was conducted to reduce the impact of uncertain 
data points, including duplicated data records, missing mea-
surements, and implausible values. In particular, extremely high 
PM2.5 concentrations (>700 μg/m3) were considered as implausi-
ble, and, therefore, such data points were removed from the anal-
ysis. This was based on the routine reviews.17 In addition, any 
data points with accompanying error messages were set aside. 
The final data set included the variables date (year, date, hour/
minute/second), hourly average PM2.5 concentration (µg/m3),  
relative humidity (%), ambient temperature (°C), and baromet-
ric pressure (mm Hg).
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Data analysis

The averaged continuous ambient PM2.5 measurements were 
used for statistical analysis. The R statistical software (R 3.6.2; 
https://www.r-project.org/) was used to conduct descriptive 
analyses, including time series plots and box-plots. The 1-hour 
BAM-1022 data were aggregated to create the daily averaged 
data sets for PM2.5. Time series line graphs were used to explore 
the daily pattern and seasonality.

Assessing the impact/effect of the current level of PM2.5 
concentration

We used the WHO AirQ+ tool8,18 to calculate the attributable 
deaths to the exposure levels of the three BAMs separately. We 
employed averaged concentrations over a 3-year period from 
our BAM-1022 and the US-Embassy BAM-1020 on embassy 
premises, while an average for 2 years was available for the 
BAM-1020 at the international school site. The total popu-
lation of Addis Ababa in 2020 was taken from UN popula-
tion data sources (4.8 mln).10 We considered that 34% of the 
total population was adult of 30 years old and above (Addis 
Ababa Health Bureau, personal communication, February 2, 
2021). The annual mortality for the year 2020 was taken from 
Addis Ababa Mortality Surveillance Program.19 A 7% of the 
incidence of injury was taken from published articles address-
ing the mortality surveillance program.20,21 We used the three 
WHO annual interim target options and the WHO annual 
mean air quality guideline as cut-off reference values to esti-
mate the excess deaths because of PM2.5 pollution as measured 
by the three BAMs separately.3

Ethical considerations

This study had an ethical clearance from the Institutional 
Review Board of the College of Health Science at Addis Ababa 
University. The clearance followed a yearly renewal.

Results

Data description

Over the 3 years of the study, data were available for 1,012 days 
(Table 1).

Hourly and daily variability of PM2.5 concentration

The hourly PM2.5 concentrations in Addis Ababa exhibited dis-
tinct diurnal, day-of-week, and seasonal patterns of variation. 
The overall diurnal PM2.5 concentration patterns (with boot-
strap 95% confidence intervals) showed morning and afternoon 

Figure 1. BAM 1022, Tikur Anbessa Hospital site, GEOHealth Hub, Addis Ababa, Ethiopia.

Figure 2. Locations of BAM in Addis Ababa.

https://www.r-project.org/
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peaks (Figure 3). The wider confidence intervals in the afternoon 
reflect a substantial variation of PM2.5 levels. On Sundays, the 
diurnal variation was less prominent compared with the other 6 
days of the week (Figure 4).

Table 2 provides summary statistics for PM2.5 concentrations 
across the day, highlighting the far higher morning hourly values 
and increased variability. The substantial variability of levels is 
described by the standard deviation.

Daily time series: BAM-1022

A daily time series of PM2.5 values is plotted in Figure 5. Line 
interruptions indicated days with missing PM2.5 values. The 
daily PM2.5 levels varied between 11.8 and 131.1 µg/m3 with 
an arithmetic mean (SD) of 42.4 ± 15.9 µg/m3 represented by 
the horizontal broken blue line in the plot. Most values (90% 
of days) are above the WHO PM2.5 daily guideline of 25 µg/m3.3 
About 27.3% of the observed days were above 50 µg/ m3—
twice the WHO daily guideline. As shown in Figure 5, the maxi-
mum 24-hour average PM2.5 value of 131.1 µg/m3 was observed 
on 10 September 2017, aligned with the eve of Ethiopian New 
year. A second spike was evident on 7 April 2018, with a peak 
value of 118.1 µg/m3, while smaller peaks were observed on 
other days without a clear pattern. The rainy months, including 
July, August, and September, had relatively high levels of PM2.5, 
while the lowest levels were in April and May.

The 3-year average PM2.5 values for working (weekdays) and 
nonworking (weekend) days, showing the distribution of PM2.5 

values across the days, are displayed in box plots in Figure 6. 
The average PM2.5 is represented by the blue dot. In general, 
the ambient PM2.5 concentration during working days was 
higher than during nonworking days. The lowest values were 
often observed on Sundays and Mondays. Relatively increased 
PM2.5 values were observed on Fridays and Saturdays, but the 
increases were not statistically significant (data not shown). The 
Sunday low level was followed by an increase on Monday and a 
further increase across the week to a Friday maximum, followed 
by a weekend decline.

Comparison of PM2.5 levels across monitors in Addis 
Ababa

We compared the findings of the GEOHealth Hub BAM-1022 
with the data from the two monitors maintained by the US 
Embassy, located 4.5 and 3.6 km (aerial distance) from our 
BAM-1022, respectively. The temporal patterns of variation in 
the PM2.5 concentrations across the three PM2.5 monitors were 
consistent. The concentrations were lower at the Embassy sites 
compared to those at the GEOHealth Hub BAM-1022, and 
were consistently the lowest for the US Embassy BAM-1020 
located within the “clean” US Embassy premises. With regard to 
peaks, the findings at the three BAMs were consistent, capturing 
peak values of PM2.5 on 10 September 10, 7 April 2018, and 
other, smaller peaks.

Daily time series plots for PM2.5 are shown for all three mon-
itoring sites in Addis Ababa in Figure 7.

Table 1.

The number of observed/available daily PM2.5 concentrations per month monitored by BAM-1022, Addis Ababa, Ethiopia, 2017–2020.

Site Year

Month

Total Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

TASH 2017    30 31 30 31 31 30 31 24 29 267
 2018 28 28 31 30 31 25 31 31 26 24 30 31 346
 2019 29 28 6 1 31 30 31 31 30 31 30 31 309
 2020 31 28 31          90
 Total 88 84 68 61 93 85 93 93 86 86 84 91 1012
US Embassy 2017    30 31 30 31 26 29 31 30 29 267
 2018 28 24 22 30 27 30 31 31 28 31 30 31 343
 2019 31 28 31 28 31 23  23 23 31 30 13 292
 2020 30 28 30          88
 Total 89 80 83 88 89 83 62 80 80 93 90 73 990
School 2017    30 31 12 1  19 30 22 27 172
 2018 16 9 5 28 31 11 29 5 12 24 4  174
 Total 16 9 5 58 62 23 30 5 31 54 26 27 346

TASH: “Tikur Anbessa Hospital” with BAM 1022; Central-location BAM-1020 in the premises of US Embassy; School-International School hosting BAM-1020.

Figure 3. Overall diurnal pattern of PM2.5 concentrations monitored by BAM, Addis Ababa, Ethiopia, 2017–2020.
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The health impact of long-term exposure to PM2.5 pollution

The calculated attributable death to air pollution is presented 
in Table 3. A substantial number of deaths can be prevented by 
achieving the WHO annual PM2.5 guideline (10 µg/m3), given 
the high level of current level of pollution (42.4 µg/m3).

Discussion
In this study, we have documented high levels of PM2.5 in Addis 
Ababa and characterized the diurnal, weekly, and longer-term 
variation in PM2.5 concentration. The observed daily mean of 
PM2.5, 42.4 µg/m3, exceeds the 2005 daily WHO Air Quality 
Guideline of 25 µg/m3 and is between the interim target 2 and 
3 levels of 50 and 37.5 µg/m3, respectively.3 Over the 3-year 
period, there was no clear upward trend. The findings from the 
health impact assessment that have been conducted in this study 
demonstrate that effective policy-driven interventions to reduce 
PM2.5 concentrations in Addis Ababa have the potential to lead 
to appreciable reduction in premature deaths.

Fine particulate pollution concentrations in African cities 
with ground monitoring stations exceeding the WHO guidelines 
have been documented previously.22 Visibility, a proxy index of 
particulate matter air pollution, continually decreased, indicat-
ing worsening air pollution since the 1970s in Addis Ababa, as 
well as in Kampala and Nairobi.23 The trend of worsening air 
pollution can likely be attributed to increasing sources of air 
pollution such as daily traffic density and other sources. The 
scarcity of data on air pollution in African cities is an inherent 
challenge, but available data indicate that many cities in Africa 
exceed the WHO annual guideline value, as in other large cities 
in low- and middle-income countries. The 3 years of data pro-
vided in our study exceeded this guideline as well.

The relatively high PM2.5 concentrations on weekdays are 
likely to reflect the number of vehicles on the road during these 
days. The number of newly registered vehicles in Addis Ababa 
increased by 185% on average during 2010–2015,24 which 
reflects the trend in most capital cities in Sub-Saharan Africa. 
The number of vehicles in Addis Ababa increased at the rate of 
10% per year from 2012 to 201625 and about 13% per annum 
from 2014 to 2019.26 This increase undoubtedly impacts PM2.5 
concentration and has implications for the trend of air pollution 
in the city. Diesel vehicles are a particular concern. Based on 
tailpipe emissions, it is estimated that 55% and 33% of the total 
vehicular PM2.5 emissions come from heavy-duty vehicles (diesel 
users) and passenger cars (petrol fuel users), respectively, in use 
on the roads of Addis Ababa.24

The daily profile of PM2.5 concentration was characterized 
by two peaks, observed during morning and afternoon with the 

morning peak about 50% greater than the afternoon peak. The 
morning peak reflects the contribution of household pollution 
and vehicular emissions from the preceding day. Pollution from 
these sources stays close to the ground because of the morning 
temperature inversion.27,28 At the city’s high altitude, the ground 
surface after midnight consistently cools faster than the upper 
atmospheric layer, thereby creating a layer of relatively warmer 
and stable air mass sitting over a layer of colder air. This process 
slows and, sometimes in severe cases, prevents the vertical mix-
ing of air. The temperature inversion may also increase the rel-
ative humidity at the surface, which may accelerate particulate 
matter suspension and formation. The temperature inversion 
keeps the inversion layer close to the ground, thereby reducing 
the mixing volume available to pollutants and reducing dilution. 
This phenomenon is well described elsewhere.29,30 This context 
creates sufficient time for increased exposure to high level of 
PM2.5 pollution, including other air pollutants in the morning 
times.

The increasing trend of PM2.5 usually starts at about 1 am, 
reaching its highest point at 7 am and declining after 10 am. The 
PM2.5 concentration usually decreases after 9 am once the morn-
ing sunlight radiation breaks the inversion layer by heating that 
allows the vertical mix of air in the atmosphere. The tempera-
ture change allows an upward movement of air pollution, hence 
improving vertical air ventilation. Although not as high as the 
morning peak, the peak in the afternoon is likely explained by 
the increased level of traffic, with the period after 3 pm marked 
by the return of schoolchildren and workers to their homes. A 
study in Addis Ababa in 2005, which used portable PM10 dust 
monitors, showed a similar pattern for PM10.

31 We noted that 
the diurnal behavior of particulate matter pollution in Addis 
Ababa is consistent with that in Nairobi, Kenya,32 Ethiopia’s 
neighbor to the south.

In addition, we cannot exclude the possible effect of the study 
monitor’s location (i.e., TASH) being along the path of air mass 
movement so that the PM2.5 mass is trapped at our sampling 
site. The local wind moves often from East to West and North 
East to West.33

The seasonal variability is likely to be explained by the pres-
ence of moisture in the air mass and hence attributed to meteo-
rological differences, more evident due to rains during the wet 
season in Ethiopia. The natural cloud cover during most of the 
day, accompanied by rain that leaves suspended droplets in the 
air, increases the relative humidity, which is likely to hamper 
the vertical aeration of suspended fine PM2.5. This stagnation 
increases the relative concentration of PM2.5 because of the con-
tinuous influx of air pollutants from household and vehicular 
emissions. Studies in India,34 Mongolia,35 and California/United 
States36 showed similar variability in PM2.5 by season. In these 

Figure 4. Diurnal pattern of PM2.5 concentration by day of the week, Addis Ababa, Ethiopia, 2017–2020.
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countries, PM2.5 concentration during the wet months exceeded 
concentrations during months when rainfall and/or relative 
humidity were high.

Our data showed lower levels of PM2.5 concentrations in the 
months of April and May when the daily temperature was high 
relative to other months. The presence of improved air mixing 
relative to wet months could be a factor in the background of 
continued emissions from vehicles and households. Variation 
in the PM2.5 profiles comparing dry and wet seasons was simi-
lar to data from the US Embassy BAM monitors. However, we 
found two local studies reporting that the PM2.5 concentration 
was higher during dry months compared with wet months.31,37 
Two factors might explain this difference related to the num-
ber of vehicles in Addis Ababa and the methods of measuring 
particulate pollution. First, the number of vehicles in 2019 
was 4.6 times that of 2005, and twice that of 2010 (2019, n 
= 596,084).26 Assuming the proportion of diesel engine vehi-
cles is at least 50% of the available fleet and that about 50% 
of the vehicles are at least 20 years old, the amount of PM2.5 
emission in the air is substantial: it can be easily trapped and 
suspended for a period of time in the presence of temperature 
inversion which plays a synergistic role. Second, local studies 
had limited duration of sampling time, while our study used 

a reference equivalent instrument with real-time measurements 
over 3 years. The real-time measurement over 24 hours in a day 
provides an opportunity to document the profile of the concen-
tration by time and weighted averages.

The occurrence of different levels of peaks on particular days 
can be linked to high levels of use of household fuels. Biomass 
fuel is used extensively as an energy source in 70% of house-
holds in urban communities in Ethiopia.38 The peak during 10 
September 2018, for instance, corresponds to the Ethiopian 
New Year’s Eve when cooking is intensive throughout the city, 
and neighborhoods hold campfire ceremonies. These traditions 
involve almost every household in the Ethiopian community. 
Smaller peaks may be explained by local changes in traffic den-
sity in the proximity of our monitoring stations.

Continued growth of Addis Ababa has resulted in a demand 
for energy use that also increases air pollution. For example, 
fuel consumption in Addis Ababa in 2016 doubled that of 
2012.25 The development of road network Addis Ababa is get-
ting improved from time to time.39 We believe that the quality of 
the roads, many unpaved, and widespread construction activity 
have increased the level of inert dust in the urban atmosphere.

Our health impact assessment demonstrated variations in the 
number and proportion of premature deaths in reference to the 

Figure 5. Daily pattern of 24-hour average PM2.5 concentrations in Addis Ababa, Ethiopia, 2017–2020.

Table 2.

Summary statistics of PM2.5 concentration monitored by BAM-1022 across the hours of the day, Addis Ababa, Ethiopia, 2017–2020.

 Time Time descriptiona Minimum Median Mean Maximum SD

TASH Before 5h00 Midnight 1 35 37.8 366 23.4
 6h00 to 9h00 Early morning 3 54 63.4 295 37.6
 10h00 to 15h00 Day time 0 26 30.9 260 18.5
 16h00 to 19h00 Late afternoon 0 26 38.2 234 33.5
 After 20h00 Night 1 34 49.6 452 31.4
US Embassy Before 5h00 Midnight 0 15 17.5 246 11.1
 6h00 to 9h00 Early morning 0 23 27.3 354 18.2
 10h00 to 15h00 Day time 0 20 24.6 248 15.9
 16h00 to 19h00 Late afternoon 0 19 24.3 375 18.5
 After 20h00 Night 1 24 29.7 402 16.5
School Before 5h00 Midnight 0 32 35.9 332 22.5
 6h00 to 9h00 Early morning 4 48 52.6 309 27.6
 10h00 to 15h00 Day time 0 18 21.5 98 12.3
 16h00 to 19h00 Late afternoon 1 21 26.0 203 19.0
 After 20h00 Night 5 30 44.1 347 24.0
aThis is to customize the daily profile PM

2.5
 concentration in reference to Figure 3 in order to show the likely of exposure given human mobility according the context of local time. The increased PM concen-

tration was indicative during early morning (6:00-9:00 am) and relatively low peaks during late afternoon, around 20:00 pm.
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different targets of WHO guideline, the highest being at the 10 
µg/m3 cut-off. The percentage of annual attributable deaths due 
to present PM2.5 pollution levels varied between an excess of 
8% and 18%. The calculations from the study monitoring site 
at TASH are most likely to represent the PM2.5 concentration 

to which the city’s residents are exposed, implying that there 
are substantial excess annual attributable deaths. Ambient air 
pollution could be a factor as a contributor to the changes from 
communicable to noncommunicable diseases in Addis Ababa.20 
The impact of air pollution will continue as long as the quality 

Figure 6. Distribution of PM2.5 concentrations across weekdays in Addis Ababa, Ethiopia, 2017–2020.

Figure 7. Time series patterns of PM2.5 based on BAMs at TASH, the US Embassy-ICS and the US Embassy-Center Addis Ababa, Ethiopia, 2017–2020. ICS 
indicates International Community School.

Table 3.

Estimated annual attributable deaths from long-term exposure to PM2.5 air pollution in 2020.

BAM location

Annual mean PM2.5  
concentration, µg/m3  

(2017–2020)

Annual attributable deaths with 95% CI

N (%)

WHO annual 
Interim 1 (35 µg/m3)

WHO annual  
Interim 2 (25 µg/m3)

WHO annual  
Interim 3 (15 µg/m3)

WHO annual  
Mean (10 µg/m3)

N (95% CI) % N (95% CI) % N (95% CI) % N (95% CI) %

“TASH” 42.4 502 (330, 661) 4.4 1147 (761, 1495) 9.9 1753 (1176, 2265) 15.2 2043 (1377, 2627) 17.7
School 34.7 0 0 654 (431, 859) 5.7 1290 (858, 16770) 11.2 1598 (1065, 2063) 13.8
US Embassy 24.2 0 0 0 0 613 (403, 805) 5.3 936 (620, 1225) 8.1

“0” shows that the current level is below the WHO cut off with zero risk.
CI indicates confidence interval.
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of vehicles and roads do not improve. Health matters need to 
be addressed in conjunction with development efforts, includ-
ing new and/or improved roads and policies that affect vehicle 
importation and handling. The Ethiopian government has taken 
important steps to allow new vehicles to be imported into the 
country at reduced taxes, as well as promoting the assembly of 
new cars.40

This study has several strengths. Using US EPA–approved 
PM2.5 monitors, the real-time temporal measurements and rigor-
ous quality control have contributed to the collection of 3 years 
of valid data. The validity of our data is supported by compara-
bility with data from the US Embassy’s BAM 1020. Our moni-
tor’s location downwind relative to the wind’s easterly direction 
resulted in higher measurements than the Embassy BAM, but 
with a similar temporal profile.

Unfortunately, we lack data on traffic flow and do not have 
an up-to-date emissions inventory. This limits our ability to 
place our findings in the context of the present distribution of 
sources. We also acknowledge that there are substantial uncer-
tainties in the estimates of disease burden. We have acknowl-
edged the limited use of traffic flow in evaluating the trend of 
PM2.5 concentration.

Overall, the findings show that particulate matter air pol-
lution in Addis Ababa is well above the WHO Air Quality 
Guideline values and at concentrations known to be associated 
with increased risk for adverse health effects. We have also 
shown the feasibility of implementing high quality monitor-
ing in Sub-Saharan Africa. While further monitoring is needed, 
there is a clear imperative for air quality control as cities grow 
and have ever-increasing vehicle fleets.
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