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ARTICLE INFO ABSTRACT

Keywords: Ground measurements and satellite observations over Addis Ababa airshed show a deteriorating
Addis Ababa trend of air pollution, especially for PM, 5 (all particulate matter under 2.5 pm). In this paper, we
Ethiopia

present a review of available monitoring data; a model-ready multi-pollutant (PM;o, PM3 5, SO2,
NOy, CO, non-methane VOCs, and CO5) emissions inventory at 0.01° resolution for the designated
airshed; a heatmap of PMj 5 concentrations and an estimate of source contributions constructed
using WRF-CAMx chemical transport modelling system; and a discussion on proposed actions

Air quality

PMy5

Ambient monitoring

Urban air quality management

WRF-CAMx towards establishing an air quality management plan for the city. Emissions from road transport;
Source apportionment residential and commercial cooking; resuspended dust on roads and from construction activities;
Emissions inventory residential and industrial heating; open waste burning; and other industrial activities contributed

to annual average ambient PMy 5 pollution levels ranging 20-60 pg/m°. Particularly, vehicle
exhaust is estimated to contribute up to 29 % of total PMy s, followed by biomass combustion in
the residential and industrial sectors.

1. Introduction

A successful urban air quality management (AQM) plan begins by comprehending the sources of air pollution, identifying op-
portunities to reduce emissions, and prioritizing local and regional initiatives aimed at enhancing air quality [1-4]. For example, in
areas with high levels of vehicle emissions, efforts can focus on promoting alternate transport modes such as public transit, carpooling,
and cycling; in areas with heavy industrial pollution and substantial contributions from biomass use for cooking and heating, efforts
can focus on promoting efficient technologies and cleaner fuels. An informed AQM plan with baseline information on emission sources,
emission inventories, pollution heatmaps, and a network of monitoring stations, lays a strong foundation for cost-benefit analysis of
emission control options and public-policy dialogues. Efforts to development these knowledge baselines and analytical methodologies
for AQM are limited and at the nascent stage in the low- and middle-income countries, especially among the African cities [5].

Ethiopia has experienced a 10 % annual urbanization rate since 2008 and is projected to have 40 % of its population living in urban
areas by 2050. Despite economic progress, air pollution remains the second leading risk factor for premature death [6]; [7-10]. Be-
tween 1998 and 2021, Ethiopia’s annual average PM2.5 concentrations increased by 30-40 %, based on global reanalysis combining
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satellite data, ground measurements, emission inventories, and chemical transport models [11]. Between 1990 and 2021, annual
premature deaths in Ethiopia due to PM2.5 exposure shifted from 109,000 (ranked 2nd) to 76,000 (ranked 1st), including both indoor
and outdoor pollution. In Addis Ababa, ambient air pollution alone causes an estimated 2,000 premature deaths annually. The rise in
commercial, economic, and industrial activities in cities like Addis Ababa is driving increased energy and transport demand, leading to
higher air pollution levels [5,12-15]. An analysis of visibility data in Addis Ababa shows a declining trend since the 1970s, raising
growing concerns [16].

Quantification of contribution of sources inside and outside a city is accomplished using sampling and chemical analysis-based
receptor models and using emission inventory-based chemical transport models. For this study, we utilized the latter approach. In
this paper, we present an analysis of the current state of air quality in Addis Ababa, including (a) a review of available monitoring data,
(b) a multi-pollutant emissions inventory, (c) a heatmap of PM, 5 concentrations and source contributions constructed using a chemical
transport modelling system and validated against ground monitoring data, and (d) a list of proposed actions towards establishing an
AQM in the city. The multi-pollutant emissions inventory in model-ready gridded (0.01°) format for the designated airshed is included
in the supplementary, along with a copy of the results from the WRF-CAMx simulations for PMj 5 concentrations and source appor-
tionment. For the Addis Ababa region, this is the first open-access high resolution emissions inventory and pollution modeling attempt
in the published literature.

2. DATA and METHODS

The multi-pollutant emissions inventory includes the following: particulate matter (PM) in two size fractions — everything under
2.5 pm (PMg5) and everything under 10 pm (PM;(); black carbon (BC); organic carbon (OC); sulfur dioxide (SO2); nitrogen oxides
(NOx) — combination of nitrogen dioxide (NO3) and nitric oxide (NO); carbon monoxide (CO); and volatile organic compounds (VOC).
The target pollutant and metric for chemical transport modeling and policy discussions in this paper is total PMs 5 concentrations.

Other most used abbreviations in this paper are the following: air quality management (AQM); carbon dioxide (CO2); Compre-
hensive Air Quality Model with Extensions (CAMx); Federal Transport Authority (FTA); greater Addis Ababa Airshed region (GAAR);
greenhouse gas (GHG); geospatial information systems (GIS); Weather Research Forecasting (WRF) model.

Table 1
Publications and online data repositories accessed to establish necessary activity information for energy and emissions analysis and the models
utilized for pollution analysis (all links were last accessed on June 26th, 2024).

Category Resource
Publications 1 Addis Ababa 2016 Greenhouse Gas Emissions Inventory Report, by the C40 Cities program (London, UK)
2 Urban Air Quality Management in Ethiopia: A Guidance Framework, by Center for Science and Environment (New Delhi, India)
3 Motorization management in Ethiopia, by The World Bank (Washington DC, USA)
4 Addis Ababa City Air Quality Management Plan, by Addis Ababa Environmental Protection and Green Development Commission, with

support from the US EPA, the United States Embassy in Addis Ababa, and UN Environment Program (UNEP).
Monitoring data 5 AirNow program operating ambient monitors at the US Embassy locations in the city (https://www.airnow.gov/international/us-
embassies-and-consulates)

6 AddisAir low-cost sensor network (https://airquality.addisabeba.info)
Statistics 7 EthioInfo dashboard of the Statistical Office of Ethiopia (http://www.dataforalldemo.org/dashboard/v1/ethioinfo/ethioinfo# /)
8 Federal Transport Authority (FTA) Ethiopia via staff communications
9 STATISTA online commercial data respotiry (https://www.statista.com)
Open access 10 Open Street Maps (OSM) database (https://www.openstreetmap.org)
databases 11 Global human settlements (GHS) program for urban-rural classification (https://ghsl.jrc.ec.europa.eu/datasets.php)

12 LANDSCAN program for gridded population (https://landscan.ornl.gov)

13 FlightStats (https://www.flightstats.com)

14 Google Earth application for image scanning for points of interests like industrial estates and quarries (https://earth.google.com)

15 Google Earth Engine platform, to access two satellite products, ultraviolet aerosol index (UVAI) from TROPOMI and aerosol optical
depth (AOD) from MODIS-MAIAGC, to correlate trends in particulate pollution and energy consumption in the region. (https://
developers.google.com/earth-engine/datasets)

Models 16 Pollution modeling was conducted using the CAMx (https://camx.com), an Eulerian photochemical transport model, which supports
advection, scavenging (dry and wet deposition), chemical solvers for multiple chemical mechanisms including conversion of gases to
aerosols, such as SO to sulfates, NO to nitrates, and VOCs to secondary organic aerosols; and plume rise calculations for point sources
using 3-dimensional meteorological data. The CAMx modeling system is open-source, modular, and supports source apportionment
calculations. The boundary conditions for the airshed were obtained from the MOZART/CAMchem global system (https://www2.
acom.ucar.edu/gem/cam-chem), for which a pre-processing module is available, along with other useful tools for post-processing of
the model results. The model results were compared against all the available ambient air quality data to evaluate the emission in-
ventory qualitatively and quantitatively.

17 The meteorological data was extracted from WRF modeling system (https://github.com/wrf-model/WRF) at the spatial and temporal
resolution necessary for the CAMx model simulations. A summary excel file for the airshed is included in the supplementary and the
model-formatted files are available upon request via email. Global input fields for the model are available from NCEP’s Global Data
Assimilation System (GDAS - https://www.ncei.noaa.gov/products/weather-climate-models/global-data-assimilation). This data is
available at multiple spatial resolutions — 1.0°, 0.5° and 0.25° to suit regional and urban scale downscaling exercises.
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2.1. Data resources

All the activity data necessary for emissions analysis is collated from the best available open resources including census infor-
mation, satellite feeds, open GIS datasets, and published literature. No primary surveys were conducted for this study, such as surveys
for in-use vehicle characteristics [17] or surveys for fuel consumption at the household level [18]. Published literature and supporting
online databases used to collate necessary information on energy consumption and sectoral activities are listed in Table 1. A copy of the
documents and data extracted (in standard GIS format) is included in the supplementary. These studies and databases were used to
establish activity information necessary for building an operational emissions inventory, such as household energy consumption,
vehicle stock and usage numbers, waste management, and overall air quality.

2.2. Designated airshed region

For the Greater Addis Ababa Region (GAAR), the designated airshed spans between 38.5°E to 39.1°E in longitude and 8.7°N to
9.2°N in latitude, at a grid resolution of 0.01°. This area covers the main city, satellite cities, industrial estates, landfill, and quarries
(Fig. 1a). This extended airshed allows for estimating the source contributions from inside and outside the city boundaries. The purple
lines represent the ten districts (1) Akaki Kality in the southeast is known for sits industrial areas and large low-income residential
developments (2) Arada is the central commercial district (3) Bole is the city’s fastest-growing district, with a high concentration of
modern residential developments and shopping centers (4) Gulele in the west of the city hosts most of the embassies (5) Kirkos in the
north is known for its universities (6-7) Kolfe Keranio in the southwest and Mekanisa in the northwest are known for hosting gov-
ernment offices and diplomatic missions (8) Nefas Silk in the west of the city is a new development (9-10) Yeka in the east and
Sengatera in the south are the old towns.

The black lines in Fig. 1a represent 1350 km of primary roads (including highways), and grey lines are 17,600 km of all mapped
roads (from OSM database) in the airshed. The road density (km/grid) information is segregated into highways, arterial roads,
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Fig. 1. (a) Extent of the greater Addis Ababa airshed covering the main city province and the neighborhood with potential to directly influence the
urban air quality (b) location of the ambient air monitoring stations (c) urban built-up area for 1990 and 2014 from ESA’s Global Human Set-
tlements program and (d) gridded population density from the LANDSCAN program.
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secondary roads, and feeder roads, and is a representation of the personal and freight movement corridors. A total of 11,430 com-
mercial activity points were extracted from OSM database, including apartment complexes, banks, cafes, commercial complexes, fuel
stations, hotels, hospitals, industries, malls, markets, office complexes, parking lots, restaurants, and shops. These layers were used as
spatial proxies for emissions distribution from heavy-duty vehicles (mainly on highways) and passenger cars (across city roads), with
commercial activity density serving as variable grid weights where vehicles idle for pickups and drop-offs. The assumption is that the
vehicle kilometers traveled in each grid are proportional to the road length mapped within it.

The brown and orange shades in Fig. 1c represent the built-up area information for 1990 and 2014, which increased 190 % with 18
% of the GAAR designated as urban. The built-up area and the road network density coincides with the higher population density grids
(Fig. 1d). Most of the area outside the urban grids is designated for agriculture and vegetation. In 2018, the airshed population was 4.9
million, projected to reach 6.6 million by 2030. The urban-rural population split was 87-13 % in 2018 and is expected to be 88-12 % in
2030. This limited change is due to the absence of major plans to expand city limits or relocate urban populations. In 2018, 56 out of
3,000 grids had a population density exceeding 30,000 per square kilometer. This gridded population data is used to estimate total
emissions and spatially disaggregate emissions across multiple sectors. For instance, population density and household size are key
inputs for estimating the energy required by each grid for residential activities. Population density also serves as an initial proxy for
commercial and transport activity, further refined by data on road and commercial activity density to map vehicle exhaust emissions.

2.3. Ambient air quality data

Since 2014, the National Meteorological Administration has operated three ambient monitoring stations. The USEPA’s AirNow
International program runs two Beta Attenuation Monitoring (BAM) stations at the US Embassy—one in Central Addis since 2016 and
another in Jacros since 2020. The monitoring network in GAAR has gradually expanded to include both reference-grade and low-cost
sensor stations (Fig. 1b). While the initial phase of low-cost sensors faced power and internet connectivity issues, they ultimately
enhanced the spatial coverage of the ambient monitoring network.

2.4. Activity data for emissions inventory

The emissions inventory was established using activity-based methodology modified for different sources. The approach involves
identifying all activities that result in emissions and disaggregating the emissions into the model grids using spatial proxies. This is a
globally accepted and applied approach at urban, national, and regional scales for analyzing emissions and pollution, conducting cost-
benefit analysis of scenarios, and evaluating health impacts [2,3,8,19,20]. The methodology for putting together the activity data, the
equations for calculating the emissions, and the methodology for spatial disaggregation of the emissions are documented in Refs. [4];
[21,22]. Representative sector average emission factors are extracted from regional models [20,23]. A detailed database of these
factors are included in Refs. [24]. In addition to accessing the resources listed in the data section, Google Earth Imagery was used for
identifying the sources not immediately available for scrutiny. A composite presentation with a summary of the emissions sources
identified and supporting information is included in the supplementary. A library tools for emission calculations and for capacity
building are available at https://urbanemissions.info/tools.

Vehicle fleet information by type and by age was collated from FTA Ethiopia. The raw list includes 25 vehicle types ranging from 2-
wheelers to trailers. These 25 categories were clubbed into 11 broad vehicle categories (Table 2) for the ease of overall emission
calculations. Ethiopia’s total registered vehicle fleet size in 2020 was 1.2 million, with approximately 50 % registered in Addis Ababa
[25]. Geographically, the central location of Addis Ababa allows for regular inter-regional transport of vehicles registered in the re-
gions of Afar, Amhara, and Oromia. Overall, the city vehicle fleet is dominated by 4-wheelers, followed by freight vehicles and buses.
The 2- and 3-wheelers are limited in the current fleet but are expected to increase in the future fleet. The modal share of passenger
km-traveled is split between motorized and non-motorized transport — with walking and cycling at 46 %, public transport using
mini-buses at 45 % and private vehicles at 9 %. In the transport sector, volume of diesel sales is 6-7 times the petrol sales, with most of
the consumption by all the buses. Information on vehicle usage characteristics and vehicles split by fuel is extracted from the reports
from C40 cities program and the World Bank (Table 1) [24]. The second-hand vehicle sales market is strong in the region, and it is
reflected in the age mix of the vehicles. A large portion of diesel buses and more than 50 % of the passenger vehicles are older than 10
years [26]. Older vehicles, irrespective of the inspection and maintenance programs in the city, are known to observe higher emission
rates and lower fuel efficiency in Addis Ababa and other cities [27]; [28].

According to the international Energy Agency outlook for Ethiopia, while only 50 % of the population has access to electricity,
nearly 100 % of the electricity generation is met via renewables in the form of hydro and biomass-based power. The residential cooking
and heating demand and industrial energy needs are met using the abundant biomass resources (~88 %), followed by oil combustion
in the transport sector (~9 %) and the rest via renewables [29]; [30]. Total estimated biomass consumption in Addis Ababa in the form
of wood, crop residue, saw dust, and dung is approximately 2.5 million tons, supporting the energy demand of approximately 10-14
GJ/household/year [31]. This demand is higher in the rural areas, especially for heating needs, with limited access to alternative fuels.
The urban-rural classification from the GHS program was overlayed with the gridded population and gridded 2m-temperature profiles
to estimate the energy demand and emissions at the grid level. The temperature profile provides seasonality information in modulating
the total emissions over a year.

Google Earth platform was utilized for visual information on sources across the airshed, which was later used to correlate with the
existing databases. This process also led to an understanding of the landscape of the region. For example, Fig. 2 presents a summary of
mapped industrial estates from manual scanning of the airshed grids. The scanning process is designed to identify all known industrial
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Table 2

Number of registered vehicles in Ethiopia in 2020 by clubbed category and region (AA = Addis Ababa; AM = Amhara; AF = Afar; BN = Benishangul; DD = Dere Dawa; SO = Somali; TG = Tigari; GM =
Gambela; HA = Harari; SN = South People; OR = Oromiya; 2Ws = 2-wheelers; 3Ws = 3-wheelers; MUVs = multi-utility passenger vehicles; BUS1 = small buses; BUS2 = big buses; HDV = heavy duty
vehicles; LDV = light duty vehicles).

Description AA AM AF BN DD SO TG GM HA SN OR Total
2Ws 25,726 45,137 1,355 6,108 7,656 1,651 14,405 2,370 1,076 76,565 61,386 243,435
3Ws 372 19,661 3,925 2,662 3,095 8,773 18,521 0 4,909 11,325 55,466 128,709
Cars 218,229 1,750 81 52 2,313 635 1,954 316 1,277 96 5,153 231,856
MUVs 96,407 5,785 896 534 2,040 2,138 3,660 323 353 1,870 6,237 120,243
Taxis 6,421 154 20 12 89 57 115 13 33 40 232 7,186
BUS1 28,432 9,197 493 375 1,656 979 5,656 2,125 80 13,300 27,315 89,608
BUS2 17,707 13,953 678 467 786 871 4,473 859 3,000 9,617 32,289 84,700
HDV 125,898 3,980 296 110 4,763 2,790 5,806 0 0 3,679 7,677 154,999
LDV 44,898 3,597 338 105 1,041 1,104 1,298 0 0 1,577 1,839 55,797
Offroad 34,774 817 69 143 530 10 3,885 0 0 17 986 41,231
Others 31,576 2,403 126 87 541 571 1,027 231 0 338 5,446 42,346
Total 630,440 106,434 8,277 10,655 24,510 19,579 60,800 6,237 10,728 118,424 204,026 1,200,110
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Fig. 2. (a) Mapped industrial areas (b) Mapped landfill area (c) mapped rock quarries. Images sourced from the Google Earth platform (d) an
example rock quarry (e) brick kiln (f) repi landfill.

structures like a cement factory, a cluster of small industrial units (Fig. 2a) and quarries (Fig. 2c—d), brick kilns (Fig. 2e), and a landfill
(Fig. 2b—f). The Mugar cement plant, established in 1983, is located 10 km from Addis’s western administrative boundary with an
installed capacity to produce 1.5 million tons of clinker and 2.3 million tons of cement per year [32]; [33]. In Addis, approximately 30
% of waste is reported uncollected, with an open waste burn rate of 30 % and 50 % of the uncollected waste in the urban and rural areas
respectively [34]; [35]. The landfill, commonly known as “repi” covers an area of 0.5 km? and has a collection and processing capacity
of 2,000 tons per day (Fig. 2b). Instances of quarries are presented in Fig. 2c, which represent a total area of 9 km? spread across the
airshed. These quarries, during the non-rainy season, are hotspots for dust resuspension from rock crushing and processing activities
[36]; [37]. GIS layers of the mapped industrial estates and quarries are included in the supplementary.

3. Results and discussion
3.1. Meteorological data

GAAR falls under a subtropical highland climate, with an average elevation of 2,300 m above sea level. The meteorological
summary in Fig. 3 is modeled using WRF (version 4.3), incorporating inputs from the National Centers for Environmental Prediction
(NOAA/NCEDP) at a 0.25° resolution under the Global Data Assimilation System (GDAS) program (Table 1). The model set-up in 15-3-1
km nested mode was parameterized with Kain-Fritsch scheme (option 1) for cumulus physics, Yonsei University scheme (option 1) for
boundary layer physics, WRF Single-Moment 6-class scheme (option 6) for microphysics, Rapid Radiative Transfer Model (option 4)
for shortwave and longwave radiation and adaptive timesteps. The conversion of WRF outputs to model-ready formats at 0.01° spatial
resolution and 1 h temporal resolution was done using CAMx pre-processors. A comparison of WRF output patterns and historical
weather patterns is included in a composite presentation in the supplementary.

The model output provides all necessary meteorological fields for chemical transport modeling using CAMx. Prevailing wind di-
rection shifts from westerly during June to August to easterly for the rest of the year, influencing GAAR’s energy and emissions
patterns. Wind speed remains consistent year-round. Nighttime winter temperatures often drop below 10 °C, sometimes as low as 5 °C,
necessitating continuous space heating, primarily from combustion of wood, crop residue, coal, and cow dung. Mixing heights (not
shown here), lowest during June to August, increase pollution levels by restricting emission dispersion. On average, nighttime mixing
layers are half the height of daytime layers. Despite cold temperatures and rainy summers, the city enjoys sunny, clear weather, making
it ideal for outdoor activities. Summary animations of these meteorological features are included in the supplementary material.
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Fig. 3. Percent hours in variations bins in each month for (a) wind direction (b) wind speed and (c) 2m-temperature and (d) total precipitation by
month, extracted from WRF meteorological modeling system.

3.2. Ambient monitoring data and satellite observations

A summary of PM; 5 concentrations from the two US Embassy stations and all the data from the reference-grade stations and the
low-cost sensor network in GAAR is presented in Table 3 and Fig. 4 (orange bars). Six Kunak-cloud sensors were installed by the United
Nations Environment Programme (UNEP) and ten sensors were installed by Addis-Air to measure PM; 5 concentrations using the light-
scattering method. Between the BAMs and the low-cost sensors, there is representative spatial coverage for ambient PM; 5 pollution
monitoring.

All the data shows highs during June to August and tapering off on either side. This is an unusual occurrence in a monitoring trend
when the aerosol concentrations are higher during the rainy months (JJAS months - Fig. 3d). A similar pattern is observed in the
columnar AOD values indicating higher aerosol loading during this period. On average, the change in the concentrations is 40-50 %.
The unique spike during the rainy season is due to an increase in biomass burning rates, which corresponds to a rise in the number of
hours when the 2-m temperature is below 10 °C and 15 °C (Fig. 3c), a threshold for household space heating demand. The percentage
of hours under 15 °C is approximately 50 % compared to 30-40 % for the rest of the year and the percentage of hours under 20 °C is
more 90-95 % compared to 70-80 % for the rest of the year. Most of the heating demand in the region is compensated via biomass
burning.

The annual airshed average TROPOMI UVAL shown in the table, indicates a 60 % increase in its residual value. A negative residual
UVAI value suggests the presence of non-absorbing aerosols like sulfates, while a positive residual value indicates absorbing aerosols
such as dust and smoke. The positive shift in values for 2023 compared to 2019 points to increased dust and smoke in the city, which
may be due to more road dust from vehicle movement, increased construction activities, higher diesel combustion producing black
carbon, and increased biomass burning generating organic carbon. The negative shift in 2020 likely reflects reduced vehicle activity
during the COVID-19 lockdown and subsequent periods. Between 2019 and 2023, annual average PM2.5 concentrations increased by
30 %.

A source apportionment study conducted by the Eastern Africa Global Environmental and Occupational Health (GEOHealth) Hub
from Nov-2015 to Nov-2016, measured daily PM; 5 concentrations of 53.8 + 25.0 pg/m3 at one location in the city [38]; [39]. 90 % of
the samples collected during this exercise exceeded the WHO guideline of 5 pg/m®. A similar monthly average trend, as shown in Fig. 4,
was also observed in the samples collected at this station.



Table 3
Monthly and annual average PM, 5 concentrations for the period of 2016-2024 measured at the US Embassy in Addis Ababa under the AirNow International program; annual airshed average of TROPOMI
ultraviolet aerosol index (UVAI) for the period of 2019-2023; and monthly and annual airshed average of MODIS-MAIAC aerosol optical depth (AOD) for the period of 2019-2023.

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC Annual UVAI
Year
PM; s ambient monitoring data (pg/mB) Annual
2016 35.4 32.8 20.3 20.8 16.9
2017 18.4 189 17.7 19.8 25.3 37.4 39.2 27.5 35.8 22.9 21.3 23.5 25.7
2018 30.0 19.3 25.3 23.6 28.4 42.8 34.5 29.9 23.4 16.3 15.8 18.1 25.8
2019 17.9 15.2 17.9 20.2 18.5 33.6 28.1 30.1 15.4 17.4 18.6 20.7 —0.99
2020 23.0 21.0 25.8 19.9 24.1 37.2 29.6 25.9 31.8 20.2 18.4 18.2 24.5 -1.28
2021 23.6 26.0 16.8 21.6 22.1 32.7 31.6 30.5 35.2 22.7 20.5 18.8 249 —1.00
2022 19.6 26.2 26.0 25.2 35.0 40.4 36.4 31.7 37.3 23.2 21.1 21.9 28.0 —0.26
2023 18.8 20.6 20.1 19.8 28.0 38.7 35.7 34.0 37.5 21.5 19.6 23.5 26.7 —0.40
2024 26.6 22.0 20.3 24.8 31.2 325
MODIS-MAIAC AOD
2019 0.18 0.25 0.26 0.24 0.12 0.48 0.39 0.35 0.37 0.17 0.22 0.11 0.18
2020 0.17 0.21 0.35 0.23 0.23 0.36 0.42 0.42 0.34 0.18 0.15 0.15 0.18
2021 0.21 0.21 0.21 0.26 0.17 0.30 0.37 0.34 0.32 0.15 0.17 0.15 0.19
2022 0.10 0.20 0.25 0.31 0.25 0.42 0.37 0.36 0.21 0.13 0.11 0.13 0.16
2023 0.16 0.21 0.28 0.20 0.19 0.34 0.39 0.27 0.34 0.15 0.11 0.18 0.17
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Fig. 4. Variation in the PM, 5 concentrations among all the ambient monitoring stations (orange lines), modeled monthly average PM, s con-
centrations from the WRF-CAMx system (black line), and variation in the PM; 5 concentrations among all the urban grids in the airshed in a month
(blue band).

3.3. Total emissions

The multi-pollutant emissions inventory summarized in Table 4 had major contributions from vehicle exhaust and dust resus-
pension from vehicle movement; residential and commercial activities like cooking, lighting, and baking; resuspension of dust from
construction activities and erosion from quarries; open waste burning; and industrial biomass and fossil fuel combustion. In the main
urban area, vehicle exhaust is the highest contributor with up to 29 % of total PM3 5, 16 % of PM1, 97 % of NOy, 71 % of SO, and 96 %
of CO,. The transport sector is the primary contributor to SO, NOy, and CO, emissions. The diesel-based heavy-duty and light-duty
vehicles and passenger buses are responsible for 80 % of the total PM5 5 emissions and on a fuel basis. With diesel sales at 6-7 times
petrol sales and a higher emission rate associated with diesel exhaust, PMj 5 emissions from diesel combustion is 95 %. While emissions
from open waste burning and diesel generator sets are small at the airshed level, they are mostly concentrated in the core urban parts of
the city. Due to the coarse nature of the dust, its contribution is higher in the total PM;( emissions. Biomass burning in the domestic and
industrial sectors dominates total CO and VOC emission rates. Open biomass fires were detected over in VIIRS satellite observations
over the region and are an important emission source in Ethiopia. However, the fire instances had limited influence on GAAR. SO,
emissions are expected to drop between 2018 and 2030, due to an expected improvement in the fuel quality reducing the average
sulfur content in diesel from the current 500 ppm-50 ppm or less in 2030.

The emissions inventory is maintained in gridded CAMx model-ready format (Fig. 5a). The spatial distribution of emissions
combines total emission calculations and multiple layers of GIS feeds for various sectors. For convenience, only PM, 5 maps are
presented in the figure. Monthly total emission maps and temporal profiles are included in the composite presentation in the sup-
plementary materials. For the sectors with strong temporal profiles, the calculations were linked to the meteorological fields. For
example, the heating energy demand was linked to the surface temperature with a threshold of 14 °C — lower the running mean,
especially during the colder months and night times, higher the demand for heating and subsequently the emissions. The road dust
emissions were modulated using the precipitation fields — for example, the grids and the hours with a threshold precipitation of 0.1
mm, the resuspended emissions were zeroed to avoid any overestimations, despite the active wet-deposition scheme in the CAMx
model. This monthly and hourly modulation improved the temporal representation of the emissions.

In the absence of a published gridded emissions inventory representing GAAR at this spatial resolution, no direct or indirect
comparisons were made with studies discussing an emissions inventory for the city. The final spatial disaggregation pattern of the total
emissions is validated with a comparison of modeled and measured concentrations from the airshed. For this emissions inventory, no
primary surveys were conducted for any of the sectors and all the analysis relied on available publications from official and unofficial
sources. Overall, there is an average uncertainty of +20-30 % in the total emissions. The emissions inventory and the spatial disag-
gregation procedures will be updated as and when new information is available for any or all the sectors.

Previous studies were limited in scope to make direct comparisons for all pollutants. Based on the available results from two studies,
we summarized the overlaps and differences here. (a) C40 cities program report (C40report) presented, for the base year 2016, es-
timates of GHG emissions only, along with energy consumption rates and patterns. C40report showed total CO, emissions from the
transport sector as 8.0 million tons, excluding non-CO» gas estimates, which is in the same ballpark as this study’s estimate (8.6 million
tons). A similar comparison is not possible for domestic and industrial sectors, because this study assumed "zero" CO; emission rate for

Table 4

Modeled total emissions for the greater Addis Ababa airshed region.
tons/year PMy 5 PMio NOx COo VOC SO, CO4
All transport 7850 8050 120,100 94,200 10,750 4550 8,683,250
Residential 7300 7450 100 101,500 15,100 900 157,800
All industries 6650 7700 2950 47,000 13,700 850 92,250
All dust 3950 26,100 - - - - -
Open waste burning 850 900 - 4050 800 - 5400
Diesel generator sets 200 200 1250 3950 1750 50 120,000
Total 26,800 50,400 124,400 250,700 42,100 6,350 9,058,700
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Fig. 5. (a) Estimated annual gridded PM,s emissions for GAAR and (b) Modeled annual average PM,s concentrations from WRF-CAMx
modeling system.

renewable biomass fuel (anything wood). C40report did not present total or gridded emission estimates or modeled pollution estimates
for the city or the airshed for other pollutants like PM, SO3, NOx, CO, and VOCs. (b) CSE’s urban AQM guidance report (CSEreport)
presented, for the base year 2002 and projections to 2014-15, estimates of total PM and NOx emissions from road transport only.
CSEreport showed total PM and NOy emissions in 2014-15 from the transport sector as 3000 and 65,000 tons respectively and this
study estimated double these numbers for 2018-19, which can be attributed to an increase in both the total number of registered
vehicles and their usage between 2014 and 2018. The geographical sizes in the studies are also different, as this study includes the
provinces in the immediate vicinity of Addis city with potential to contribute to the daily emission loads from vehicles not registered in
the city. CSEreport also did not present total or gridded emission estimates or modeled pollution estimates for the city or the airshed for
other sectors and other pollutants. While both the studies (C40report and CSEreport) presented an exponential increase in the total
emissions of PM; 5 and NOy from the transport sector, it is our understanding that the total emissions from the transport sector are
likely to decrease due to an improvement in the vehicle technology of both the new vehicles and the imported secondhand vehicles
from Japan and Europe. After 2024, assuming the average age of a secondhand vehicle is between 5 and 10 years, the new secondhand
vehicles will have to be of Euro-3 or better technology, and thus improving the overall vehicle fleet quality and fleet average emission
factor, thus reducing the total emissions. Similar improvements are not expected in the domestic and industrial sectors.

3.4. Modeled PMy 5 concentrations, validation, and source apportionment

Estimated annual average PM, 5 concentrations for GAAR from the WRF-CAMx modeling system are presented in Fig. 5b and
monthly average concentration maps are presented in Fig. 6a. These concentrations include contributions of primary PM2.5 emissions,
secondary contributions from chemical conversion of SO3 and NOy emissions in the form of sulfates and nitrate aerosols, and con-
tributions from sources outside the airshed in the form of boundary conditions. The annual average concentration profile overlaps with
the gridded population, road density, and urban-rural classification patterns of the city. The peaks during the winter and rainy months
overlap with the months with the highest share of hours with low 2m-temperatures, low wind speeds, and low mixing layer heights
(Fig. 3).

The WRF-CAMx modeling system, coupled with the gridded emissions inventory, effectively reproduces both the spatial and
temporal variations observed in the available ambient monitoring data (Fig. 4). This validates the baseline confidence in the estimated
emission totals and spatial distribution patterns in the GAAR inventory. The blue band represents the variation in concentrations across
all 600 urban grids each month. The solid black line shows the modeled monthly average concentration, while the dashed orange line
indicates the measured monthly average concentration and its intra-month variation from monitoring stations (including regulatory
and sensor data). Discrepancies arise from variations in the modeled meteorological fields, the modeled emissions inventory, and the
locations of the monitoring stations. All the monitoring stations, reference-grade and low-cost sensors are in the northern sector of the
city (Fig. 1b) which typically record lower concentrations compared to the city center and the southern sector with most of the in-
dustrial and commercial activities. Since the modeled data covers a larger area of the urban agglomeration, variations are evident
when comparing concentration fields. Moving forward, the comparison should be expanded to include a more extensive monitoring
network covering a broader range of representative locations. This will help refine the initial emissions inventory for GAAR. The
qualitative and quantitative overlap between existing monitoring data and modeled concentrations can serve as a foundation for
analyzing potential emission control strategies and their anticipated benefits, such as reductions in ambient concentrations, im-
provements in public health outcomes, and mitigations against environmental degradation costs.

The WRF-CAMx modeling system was used to estimate the contribution of different source blocks (Table 4). We employed the
brute-force method for source apportionment, which involves running multiple simulations—one with all emissions and others with
each sector’s emissions removed. This approach estimates source contributions by comparing the all-sector emissions simulation with
simulations excluding one sector at a time. For GAAR, six simulations were conducted: one with all emissions and five with each
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Fig. 6. (a) Modeled monthly average PM, s concentrations from the WRF-CAMx modeling system (b) Modeled source apportionment shares for
PM, 5 annual average concentrations and (c) modeled source apportionment shares for annual average PM;, concentrations.

sector’s emissions removed. The boundary conditions for the CAMx simulations are extracted from the global chemical transport
model MOZART/CAM-chem (Table 1) to account for contribution of sources outside the airshed. These boundary conditions remain
constant for all the simulations. The results presented in Fig. 6b—c represent only the grids within the district lines (Fig. 1a) and not the
entire airshed. Modeled source contributions for GAAR reveal (a) annually, PM; 5 pollution is primarily from vehicle exhaust, biomass
combustion, and dust, with vehicle exhaust consistently as the main source (b) dust significantly contributes to PM;o annually,
particularly from resuspended road dust due to vehicle movement (c) biomass fuels, including wood, crop residue, cow dung, and
charcoal, dominate non-transport sources, used widely for residential cooking, baking, and some rural space heating (d) Open waste
burning and diesel generator sets make minor but noticeable contribution (e) the "boundary" indicates pollution transported from
outside the airshed, influencing local pollution levels. The overall boundary contribution remains below 10 % throughout all months,
suggesting a minor impact from sources outside the city airshed. This contribution tends to be higher during months with easterly
winds. The source apportionment estimates by month are included in the supplementary. The peak PM; 5 season in the airshed (June to
September months) corresponds to an increased use in biomass burning to support the space heating demand.

Similar findings were observed in the only source apportionment study, where samples were collected at a single station [39].
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While these findings are based on data from a single location and may not be representative of the entire airshed, the higher presence of
carbon components suggests significant contributions from biomass and diesel combustion, with additional contributions from crustal
dust elements. Total carbon components contribution was 50 % more during June to September months, compared to the rest of the
sampling period, along with a peak in the overall concentrations, again linking it to lower 2m-temperatures (Fig. 3c) and higher
biomass combustion rates. The fraction of secondary sulfates, nitrates, and ammonium aerosols is small, indicating limited long-range
contribution — conclusions consistent with the emissions-based modeling results (Fig. 6b). A summary comparison between the two
approaches is included in a composite presentation in the supplementary.

4. Way forward

This study presents the first open-access information baseline for GAAR, including model-ready emissions inventories, an appli-
cation of a chemical transport model for generating pollution heatmaps, and source contribution estimates. To strengthen these results,
a top-down chemical analysis-based study at multiple representative locations across the airshed is needed. This will enhance con-
fidence in the findings and support long-term policy planning. Additionally, the modeling system could be expanded to enable short-
term air quality forecasting. By simulating daily weather and pollution patterns for the next 3-5 days, this platform could provide
timely pollution and health alerts to the public.

Addis Ababa’s city council is advancing its first AQM plan (as of 2024), which highlights gaps in basic information, analytical work
on ambient air quality monitoring, and weak institutional capacity. Recognizing the link between air pollution and public health, these
initiatives underscore the importance of improving air quality for the well-being of urban residents. Some key components discussed in
the preparation of an AQM plan for Addia Ababa and in other Ethiopian cities are: (a) Strengthening of institutional arrangements,
environmental regulations, policy reforms, including new ambient air quality standards, industrial and tailpipe emission standards,
governance structure, capacity building, and financial obligations; (b) Replication of the AQM plans in other Ethiopian cities following
the example of Addia Ababa, to develop a national clean air plan with robust information baseline to guide, implement, and audit the
emission control programs; (c) Expanding the ambient monitoring network using a combination of regulatory and sensor networks in a
hybrid fashion, coupled with the emerging techniques to include satellite observations and other global model results; (d) Approving a
national air quality index mechanism to initiate regular public awareness activities (e) Deepen the analytical skills at the environ-
mental agencies in Addis Ababa (and Ethiopia) to establish capacity to routinely conduct consumption pattern surveys, emission
inventories, air pollution modeling, source apportionment, and cost-benefit analysis of options; (f) Explore emission control options for
sectors most using biomass (residential and industries) and vehicle exhaust, as these two are prioritized as major contributing sources
to the ambient air pollution in Addia Ababa.
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