
 
 

University of Birmingham

Visibility as a proxy for air quality in East Africa
Singh, Ajit; Avis, William; Pope, Francis

DOI:
10.1088/1748-9326/ab8b12

License:
Creative Commons: Attribution (CC BY)

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (Harvard):
Singh, A, Avis, W & Pope, F 2020, 'Visibility as a proxy for air quality in East Africa', Environmental Research
Letters, vol. 15, no. 8, 084002. https://doi.org/10.1088/1748-9326/ab8b12

Link to publication on Research at Birmingham portal

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 23. May. 2023

https://doi.org/10.1088/1748-9326/ab8b12
https://doi.org/10.1088/1748-9326/ab8b12
https://birmingham.elsevierpure.com/en/publications/8c3cde9b-e7c3-41a4-938e-afd0c3463624


Environmental Research Letters

LETTER • OPEN ACCESS

Visibility as a proxy for air quality in East Africa
To cite this article: Ajit Singh et al 2020 Environ. Res. Lett. 15 084002

 

View the article online for updates and enhancements.

This content was downloaded from IP address 147.188.216.59 on 07/08/2020 at 17:17

https://doi.org/10.1088/1748-9326/ab8b12


Environ. Res. Lett. 15 (2020) 084002 https://doi.org/10.1088/1748-9326/ab8b12

Environmental Research Letters

OPEN ACCESS

RECEIVED

12 February 2020

REVISED

9 April 2020

ACCEPTED FOR PUBLICATION

20 April 2020

PUBLISHED

15 July 2020

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOI.

LETTER

Visibility as a proxy for air quality in East Africa
Ajit Singh1, William R Avis2 and Francis D Pope1
1 School of Geography, Earth and Environmental Sciences, University of Birmingham, Birmingham B15 2TT, United Kingdom
2 International Development Department, School of Government, University of Birmingham, Birmingham B15 2TT, United Kingdom

E-mail: f.pope@bham.ac.uk

Keywords: visibility, air pollution, environmental kuznet’s curve, particulate matter, East Africa, PM

Supplementary material for this article is available online

Abstract
Many urban areas in Africa do not have sufficient monitoring programs to understand their air
quality. This study uses visibility as a proxy for PM pollution to provide insight into PM air
pollution in three East African cities: Addis Ababa, Nairobi and Kampala, from 1974 to 2018.
Overall, a significant loss in East African visibility was observed since the 1970s, where Nairobi
shows the greatest loss (60%), as compared to Kampala (56%) and Addis Ababa (34%). These
changes are likely due to increased anthropogenic PM emissions. Correspondingly, PM pollution
levels, in Kampala, Nairobi and Addis Ababa, are estimated to have increased by 162, 182 and 62%,
respectively, since the 1970s to the current period.

Distinct variations in seasonal visibility are observed, which are largely explained by changing
PM sources and sinks in rainy and dry seasons. Average PM hygroscopicity is investigated by
comparing average visibilities under different RH conditions. It is observed that PM hygroscopicity
has decreased over time in all three cities, which is consistent with increasing emissions of PM with
hygroscopicity lower than the ambient background. A large urban increment in PM is observed,
with poor visibility typically occurring when the wind brings air from densely populated urban
areas.

To investigate the intersection between increasing pollution, population and economic growth,
changes in pollution are compared to available population growth and GDP statistics. Significant
positive correlations between increasing PM and national GDP (and city population) were found
for all three study cities. These cities have undergone rapid increases in population and national
GDP growth (driven predominantly by study cities’ economies) during the study period. This has
resulted in increased rates of citywide fuel use and motorization, which provides a direct link to
increased PM emissions and thus visibility loss. The study suggests that socio-economic forecasts
may enable future air quality projections.

1. Introduction

Ambient air pollution is a major environmental issue
across the world (WHO 2016, HEI 2018, Landrigan
et al 2018). In recent years, a growing body of evidence
indicates that ambient air quality in urban African
locations is often poor (Petkova et al 2013, Desouza
et al 2017, Pope et al 2018, Simwela et al 2018, WHO
2018, Kalisa et al 2019). High rates of urbanisation
and population growth are affecting African air qual-
ity (Cohen et al 2017, Pope et al 2018) via processes
associated with development such as large scale con-
struction, increased energy use, vehicular emissions

(Raj́e et al 2018) and industrialization. Particulate
matter (PM) air pollution is a major concern in East
Africa because of the impacts upon human health
(Petkova et al 2013, Pope et al 2018). Currently, there
are relatively few air quality monitoring sites and
networks established in East Africa; resulting in a
lack of long-term air quality data to understand both
air quality trends and their influences upon public
health. The main obstacle to measuring and mon-
itoring the air pollutants in these countries is the
high cost of air qualitymonitoring equipment includ-
ing their appropriate calibration and certification
(Crilley et al 2018, 2020, Pope et al 2018). To this
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end, there are increasing efforts to make air quality
monitoring networks in the various African coun-
tries (Gaita et al 2014, Desouza et al 2017, Pope et al
2018, Raj́e et al 2018) but historical data is almost
non-existent. To fill this crucial data gap, visibility
measurements that are recorded atmajor cities in East
Africa can be used as a proxy for particulate matter
(PM) air pollution (Singh et al 2017).

Visibility is a common atmospheric measure-
ment, which can serve as a visual index for air qual-
ity (Kuo et al 2013). Visibility is the ‘distance at which
the contrast of a given object with respect to its back-
ground is just equal to the contrast threshold of an
observer’ (International Meteorological Vocabulary,
World Meteorological Organization 1992, WMO
2015). Light scattering and absorption by PM and
gases change the contrast between the object of
interest and background. In the polluted atmosphere,
visibility mainly depends upon the optical proper-
ties of PM (Bäumer et al 2008, Singh and Dey 2012).
Almost all PM in the atmosphere display some degree
of hygroscopicity, where particles absorb and adsorb
water as a function of local relative humidity (RH)
conditions. Increases in PM water content increase
the size, volume, and weight of the PM (Liu et al
2012, Titos et al 2014, Singh et al 2017). Changes in
the physical properties of particles, including size and
composition dependent refractive index (e.g. Pope
et al 2020), directly affect the ability of PM to scat-
ter and absorb light and thus determines the visibility
distance. Meteorological parameters such as temper-
ature, wind direction, and wind speed can affect PM
sources and sinks thereby influencing visibility.

Visibility data is typically available at airports,
which are often located within or close to cities. This
study uses historic visibility measurements as a proxy
for PM in three East African cities: Addis Ababa,
Kampala andNairobi. Visibility data is typically avail-
able from at least the 1970s to present. Air quality data
products from satellites are available for approxim-
ately 15–20 years (van Donkelaar et al 2016, 2018).
Where they exist, satellite data are often poorly calib-
rated for the African region due to a relative lack of
ground truthing (Wei et al 2019).

In this paper, changes in visibility are used to
infer changes in PMproperties. Differences in particle
hygroscopicity are used to infer changes in aero-
sol composition. Finally, we compare the visibil-
ity derived PM data with socioeconomic factors, to
investigate the potential links between them.

To date, no studies have provided a sufficiently
long air quality time series to be able to assess the
role of socio-economic factors upon the evolution
of air pollution in East Africa. This multidisciplin-
ary work provides the data through which to generate
insight into the relationship between environmental
and social-economic factors. Furthermore, this work
provides a much needed baseline for East African
urban air quality that can be used to assess future

air quality improvement interventions in the region.
The analysis techniques developed and discussed in
the paper are translatable to other regions worldwide.
The data gathering, analysis and data synthesis tech-
niques developed in this paper will be of the utmost
help in other regions worldwide that are similarly
lacking in high quality, long term air quality monit-
oring.

2. Data

2.1. Data collection
The hourly horizontal visibility data along with
other meteorological parameters, such as RH, wind
speed (ws) and wind direction (wd), were down-
loaded from National Oceanic and Atmospheric
Administration (NOAA), Integrated Surface Data-
base (ISD) system using the worldmet package in R
(https://github.com/davidcarslaw/worldmet) (Lott
et al 2008, Smith et al 2011, Carslaw 2017). The
study sites: Kampala (Entebbe International Air-
port), Addis Ababa (Bole International Airport),
and Nairobi (Jomo Kenyatta International Air-
port) are shown in figure 1. Data were downloaded
for 45 years (1974 to 2018). For the same time
period, the population data for study sites were
obtained from the United Nations, Department of
Economic and Social Affairs, Population Division
(http://www.un.org/en/development/desa/population/),
and national GDP data was obtained from the World
Bank (https://data.worldbank.org/).

Hourly mean PM2.5 (PM with diameter less than
2.5 µm)mass concentration data were obtained from
Airnow (airnow.gov) observing stations, located at
the US Embassy locations in Kampala (Ggaba Road)
and Addis Ababa (Entoto Street) for the (available)
period of 2017–2018. Airnow observational stations
at Kampala and Addis Ababa are located approxim-
ately 34 and 10 km from the meteorological sites,
respectively. Airnow is run by the U.S. Environ-
mental Protection Agency, National Oceanic and
Atmospheric Administration (NOAA), National Park
Service, NASA, Centers for Disease Control, and tri-
bal, state, and local air quality agencies (White et al
2004, White 2010).

2.2. Study sites
2.2.1. Nairobi (kenya)
Meteorological data were collected at Jomo Kenyatta
International Airport (JKIA) (site ID 634 500–
99 999). The airport is situated in Embakasi suburb,
15 km southeast of central Nairobi (1.32◦S, 36.92◦E).
Nairobi is the capital and largest city of Kenya, which
currently accommodates more than 3.5 million
inhabitants (http://worldpopulationreview.com).
The major anthropogenic sources of air pollution
in Nairobi are traffic, industry, and solid waste, char-
coal, wood burning (Egondi et al 2013, Gaita et al
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Figure 1. Geographical location of measurement sites used are shown by red circles (Nairobi, Kampala and Addis Ababa). Also
presented are mean wind rose statistics averaged over the whole study period for study stations.

2014). In general, there are two rainy and two dry
season in Nairobi, see table 1.

2.2.2. Kampala (uganda)
The weather station is based at Entebbe Interna-
tional Airport, Kampala (site ID 637 050–99 999).
The airport site is located on the shores of Lake
Victoria in Entebbe (0.04◦N, 32.44◦E), which is
about 40 km south-west of Kampala city centre.
Entebbe itself is a significant urban centre. Kampala
(0.34◦N, 32.58◦E) is the national and commercial
capital of Uganda. This is the largest urban area in
Uganda, where more than two million inhabitants
live (http://worldpopulationreview.com). In general,
Kampala has a tropical rainforest climate (Matagi
2002) with two wet and two dry season (table 1).
The city has significant commercial and industrial
activities. Over the last few years the air quality of
Kampala has been significantly affected due to a
growing population, industrialization, and exhaust

from unregulated cars, trucks, buses and motor bikes
(Schwander et al 2014). Other air pollution sources
like waste and charcoal burning also influence the air
quality of Kampala (Ekeh et al 2014).

2.2.3. Addis ababa (ethiopia)

Meteorological data were collected at Bole Inter-
national Airport (site ID 634 500–99 999), which
is located about 5 km southeast of the Addis
Ababa city centre. Addis Ababa (8.98◦N, 38.76◦E)
is the capital and largest city of Ethiopia,
which has a population of over 3.3 million
(http://worldpopulationreview.com). Addis Ababa
has subtropical highland climate (Araya et al 2010,
Fazzini et al 2015) with four seasons in a year: sum-
mer, autumn, winter and spring (table 1). Major
sources of air pollution in Addis are transport, indus-
tries and household andwaste burning (Tarekegn and
Gulilat 2018).

3
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Table 1. Approximate seasonal dates for addis ababa, kampala and nairobi.

Study location Season 1 Season 2 Season 3 Season 4

Kampala Dry 1 (Dec-Feb) Wet 1 (Mar-May) Dry 2 (Jun-Aug) Wet 2 (Sept-Nov)
Nairobi Dry 1 (Hot) (Jan-mid

Mar)
Wet 1 (Heavy) (mid
Mar-May)

Dry 2 (Cooler) (Jun-
Sep)

Wet 2 (Light) (Oct-
Nov)

Addis Ababa Winter (Dec-Feb) Spring (Mar-May) Summer (Jun-Aug) Autumn (Sep-Nov)

Figure 2. Historical trend of annual visibility at three East African study sites derived from 45 years of hourly data (1974–2018).

3. Methodology

3.1. Mathematical explanation of visibility
PM and light absorbing gases can influence the vis-
ibility via the scattering (sca) and absorption (abs)
of radiation at specific wavelengths (Huang et al
2009). In general, visibility (V) can be represented as
a function of the extinction coefficient (βext) using
equation (1), where visibility is inversely proportional
to the βext (Koschmieder 1924).

V= K/βext (1)

Here, is the Koschmieder constant, equal to 3.912,
which assumes a visual contrast threshold of 2%. βext

is the total extinction coefficient and can be explained
via equation (2).

βext = βgas,sca +βgas,abs +βparticle,sca +βparticle,abs (2)

Typically, the contribution of aerosol particle
extinction to the visibility loss far outweighs the con-
tribution of gases (Singh and Dey 2012, Singh et al
2017). Nitrogen dioxide (NO2) is the only gas with
a significant visible absorption coefficient (Groblicki
et al 1981, Singh et al 2017), but its contribution to
the extinction coefficient/visibility is typically minor
compared to the extinction caused by PM.

3.2. Long term temporal trends in visibility and
meteorology
Trend analysis is performed upon the visibility and
meteorology data set. The visibility along with other

meteorological parameters at 12:00 noon for each
day was averaged (mean) to determine trends over
annual, decadal, seasonal and monthly cycles. The
seasonal periods of all three sites are slightly different,
as defined in table 1.

To understand the influence of hygroscopic
growth of aerosol particle on visibility change, the
data set were disaggregated into 5% RH bins. Data
with RH > 97.5% is excluded because of increased
likelihood of visibility disrupting fog and mist (Singh
et al 2017).

4. Results and discussion

4.1. Annual and seasonal visibility trends
45 years (1974–2018) of visibility data for the three
study locations is investigated. Overall, the lowest
mean yearly visibility (± 1 σ), over the whole study
period, was in Kampala (15.2± 7.4 km) compared to
Nairobi (18.6 ± 6.7 km) and Addis (19.8 ± 8.7 km).
Figures 2 and 3 provide the annual and seasonal
visibility for the three sites. Individual regressions
for yearly average visibility versus year are shown in
figure S1(avaliable online at stacks.iop.org/ERL/15/
084002/mmedia). Clear downward trends in annual
mean visibility is observed for all study sites (fig-
ure 2), which is understood to be due to increas-
ing concentrations of PM. Visibility in Kampala,
Nairobi and Addis Ababa decreased at a rate of
0.45, 0.52, and 0.26 km yr−1, respectively, see
figure S1. Nairobi has the greatest visibility loss (60%)

4
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Figure 3. Decadal seasonal visibility over all the three study sites: (a) Kampala, (b) Nairobi and (c) Addis Ababa. The inset box
provides the average visibilities over the whole study period.

over the study period compared to Kampala (56%),
and Addis Ababa (34%).

Clear trends in seasonal visibility are observed
for Kampala and Addis Ababa, where relatively
high visibility is observed during wet/rainy periods

(figures 3(a) and (c)). In particular, lower visibility
with higher RH is observed during summers in Addis
Ababa, while in winter higher visibility with lower RH
was found. In Kampala, overall visibility was higher
in both the wet seasons as compared to dry seasons.

5
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Figure 4.Monthly and day-of-week variation of visibility at Kampala, Addis Ababa and Nairobi derived from daily data of
1974–2018. The shaded areas represent the 95% confidence interval.

Negligible seasonal changes in Nairobi (figures 3(a)
and (b)) were observed. Overall, average visibilities
for all seasons have shown a general decline for all sites
from 1970s to 2010s (figures S2 and S3).

4.2. Monthly and day-of-week effects on visibility
Monthly and day-of-week averaged trends of visibil-
ity andRHwere determined at each study site over the
whole time period. Figure 4(a) provides the monthly
averaged values of visibility, where a clear and strong
monthly cycle is observed for all three sites. In partic-
ular, monthly visibility trend patterns were nearly the
same forKampala andAddis Ababa, wherein visibility
during the wet seasons were higher than dry months.
However, due to its distinct seasons, monthly visib-
ility trends in Nairobi were different from Kampala
and Addis Ababa but the wet seasons show relatively
higher visibilities compared to dry months. This sug-
gests that wet deposition of PM is a significant factor
in improving visibility and hence air quality in the
region. In a previous study, Gaita et al (2014) found
similar results in Nairobi, where air quality improved
during wet months compared to dry months.

Day-of-the-week visibility is analysed using the
whole study period. No significant day-of-week
effects are observed for all three study sites. However,
visibilities on Sundays are relatively higher compared
to weekdays, which is likely due to lower traffic and
industrial emissions on Sundays.

4.3. Dependence of visibility onmeteorology
RH and wind are key meteorological parameters to
understand the seasonal visibility variation. Wind
can influence PM concentrations by generating
and depositing PM, windy conditions also lead to

dilution of pollution by bringing fresh air into the
city. RH influences the aerosol scattering efficiency
via the hygroscopicity effect (Zhao et al 2011, Li
et al 2014, Singh et al 2017). Relationships between
visibility and RH and wind speed are shown in
figure 5. Overall, a strong negative correlation
between monthly visibility and RH was observed in
Nairobi and Addis Ababa (figure 5, panels b2 and c2).
However, low correlation between monthly visibility
and RH was noted in Kampala, which is likely due to
the small observed range of RH, which makes it dif-
ficult to observe trends above noise. Kampala’s com-
plex topographical and geographical situation may
also contribute. The monitoring station in Kampala
is located at the shore of the very large Lake Victoria
(surface area of 68 800 km2), which influences the
local meteorology of Kampala. In figure 5, panels: a3,
b3 and c3 show the correlation between wind speed
and visibility with good correlations for Nairobi and
Addis Ababa observed, while a poor correlation was
observed for Kampala, which is again likely due to
smaller range of wind speed and geographical com-
plexities of Kampala.

4.3.1. Particle hygroscopicity effect upon visibility
RH influences visibility by changing particle prop-
erties (size, volume and weight). Figure 6 shows the
visibility variations at different RH bins for the three
study sites. Overall, a similar pattern was observed for
all three sites, with visibility showing a clear depend-
ence upon RH (figure 6(a)), indicating the bulk PM
composition is hygroscopic. Figure 6(b) shows the
normalized visibility trends, it indicates that the PM
hygroscopicty of the bulk aerosol are similar at each
site. The bulk hygroscopicity is found to be lower in

6
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Figure 5. Seasonal (monthly) correlation between visibility and meteorological variables (RH and wind speed).

Figure 6.Mean visibility disaggregated by relative humidity (5% bins). Data is averaged over the whole study period (1974–2018).
Panel (a) provides the absolute mean visibility, and panel (b) the normalized visibility.

East Africa when compared to sites in the UK (Singh
et al 2017). Following the approach of Singh et al
(2017), a hygroscopicity parameter (γ) for the bulk
aerosol can be derived, see discussion and figure S4
in the supplementary material for more information.
In general, the aerosol hygroscopicity, as parameter-
ized by γ, at the three sites decreases over time indic-
ating that the aerosol is becoming less hygroscopic.
This could indicate an increasingly greater fraction
of the aerosol coming from resuspension of relatively
non-hygroscopic dust from traffic emissions. Other

sources of low hygroscopicity PM could be biomass
burning.

4.4. Influence of meteorology (wind and RH) and
PM pollution upon visibility
To understand the distribution of wind speed and dir-
ections at the three study sites, wind rose plots are
provided in figure 1. All three sites have distinct dom-
inant wind directions, where the predominant wind
directions in Kampala, Nairobi and Addis Ababa are

7
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Figure 7. Bivariate Polar plots of (i) PM2.5 Mass concentration, (ii) Visibility, and (iii) Relative Humidity, derived from two years
(2017–2018) of hourly data.

from the southwest, northeast and eastern directions,
respectively.

Bivariate polar plots of visibility, relative humid-
ity and PM2.5 mass concentration were generated
using the openair tool (Carslaw and Ropkins 2012) in
RStudio (Allaire 2012) to explore the effect of both
wind speed and wind direction upon PM concen-
tration. In general, bivariate polar plots provide an
effective graphical presentation of emission sources
with wind speed and wind direction and allows for
simple PM source apportionment. Figure 7 provides
the graphical information on the variation of visibil-
ity and RH (and PM mass concentration) with wind
speed and direction for all three study sites using two
years of data (2017–2018). The length of the time
period analysed here was constrained by the availab-
ility of the PM2.5 data. Bivariate polar plots of PM2.5

mass concentration were performed only for Kam-
pala and Addis Ababa since no long-term continuous
data were available for Nairobi to undertake a similar
analysis.

4.4.1. Kampala
—Overall, high PM2.5 concentrations are seen
with low and moderate wind speed, particularly
when wind was coming from west to east direction
(figure 7(a-i)). This implies a local urban emission
source as this direction lies within the city area. Cor-
respondingly, the impact of PM pollution can also
be seen as visibility loss in figure 7(a-ii), where poor
visibility values are observed when wind was from

the same urban area. It is noted that whilst visibility
reducing poor air quality comes from the direction
of the major Kampala metropolitan region, the wind
rose in figure 1 indicates that wind from this direc-
tion is comparatively rare. Relative humidity was also
observed to be higher when wind was from this par-
ticular direction (figure 7(a-iii)). Increased visibility
can be observed in high wind speed conditions, and
whenwindwas from southeast to southwest direction
(Lake Victoria area).

4.4.2. Addis Ababa
—Like Kampala, similar results for Addis Ababa were
observed, where a strong visible influence of pollut-
ants emissions from local and city sources can be
seen in figure 7(b). In particular, high PM pollution
with poor visibility coincide when airmasses are from
the direction (south to west) of densely populated
urban area (figure 7(b-i)). Similarly, RH was high
from this direction (figure 7(b-iii)). Higher visibility
is observed with high wind speed and when wind was
from north to east direction (green land and low pop-
ulation area) (figure 7(b-ii)).

4.4.3. Nairobi
—Overall, low visibility is typically observed at lower
wind speeds and when the wind direction was from
the west (densely populated urban area). Visibil-
ity values were relatively low when wind speed was
lower than 4 m s−1 in any direction, which indic-
ates local source(s) of visibility degrading pollution

8
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Figure 8. Decadal index of PM pollution for all three study sites, calculated from historical visibility data.

(figure 7(c-ii)). Relatively good visibility along with
low RH values were observed when the wind origin-
ated from the northeast to southeast directions, par-
ticularly under high wind speed (>4 m s−1) condi-
tions. A clear negative spatial correlation between RH
on visibility can be seen in figure 7(c-iii), in agree-
ment with temporal observations seen in figure 6.

Overall at the three study sites, it is found that
wind speed and wind direction significantly affect the
PM and hence visibility. All three sites have distinct
geographical behaviour, however, poor visibility was
always seen when air masses come from the direction
of populated or metropolitan areas, while higher vis-
ibility was noted when air masses come from lower
populated areas. It is noted, that airports themselves
can become a hub for construction and urbanization,
so the airports will create their own sources of PM
pollution, including aircraft emissions e.g. Stacey et al
(2020). Clear spatial impacts of RH upon visibility
were observed at all sites, where greater visibility typ-
ically coincides with lower RH, and poorer visibility
with higher RH conditions.

4.5. Index of historical air pollution in East African
cities
The paucity of historic air pollution data in East
African sites makes it is difficult to assess the evolu-
tion of urban air quality in the region. However, in
this paper we have shown that visibility can be used
as a proxy for PM pollution since visibility depends
on particle scattering and absorption and is inversely
related to the extinction coefficient (βext) via the
Koschmeider equation (1) (i.e. low visibility = high
particle loading). To understand the changes in long
term air quality, a decadal pollution index was cal-
culated using visibility data for all three sites, see
figure 8. The index is referenced to the visibility levels
observed in the 1970s, using a simple mean over all

data. Significant increases in the pollution index are
observed for all three study sites. The index, sug-
gests that PM pollution levels have increased by 162
%, 182% and 62% from the 1970s to 2010s at the
Kampala, Nairobi, and Addis Ababa sites, respect-
ively. Changes in pollution levels in these cities are
likely due to a combination of increasing popula-
tion, fuel use, motorization, industrialization and
construction.

4.6. Influences of social and economic factors on
visibility
Socio-economic factors contribute to the causes of
PM air pollution and hence they influence visibil-
ity. The much debated Environmental Kuznets Curve
(EKC) hypothesis suggests a relationship between
environmental degradation and economic develop-
ment (Stern et al 1996, Li et al 2007). The inver-
ted U-shaped EKC hypothesis suggests that environ-
mental degradation initially increases with economic
growth, until an inflexion point is reached, and then
further economic growth results in reduced envir-
onmental degradation, see figure S5 for a hypothet-
ical EKC. Thus, the EKC implies economic develop-
ment can be a significant and powerful factor for
the environment throughout a region’s development.
Previous studies mention that EKC hypothesis can be
explained factors such as adoption/diffusion of clean
technologies, globalisation, foreign trade and invest-
ment (Copeland andTaylor 1995, Reppelin-Hill 1999,
Dasgupta et al 2002). The inverted U-shape predicted
by the EKCcanbe approximated by a lognormal curve
(Gangadharan and Valenzuela 2001, Kahuthu 2006,
Halkos 2011).

To investigate the influences of socio-economic
factors upon visibility, the relationship between study
city population, countrywide GDP and visibility
for the study sites are analysed (figures 9 and S6).
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Figure 9. Relationship between (a) decadal city population and visibility (b) decadal average extinction coefficient (βext) and
national GDP for all three East African cities.

Major increases in population growth and national
GDP are observed over the last five decades in
all three study cities. GDP data for the individual
cities were not available, but it is noted that the
country GDP is predominantly driven by capital
cities in the countries of interest. A clear decline
in visibility is found to coincide with population
growth over the last five decades (figure 9(a)), with
a significant anti-correlation between city population
and visibility in all three cities observed: Kampala
(R2 = 0.81), Nairobi (R2 = 0.91), and Addis Ababa
(R2 = 0.98). The growth in population and GDP res-
ults in increased rates of fuel use and motorization
(Sachs et al 2004, Floater et al 2014), which provides
a direct and causal link to increased PM emissions
and thus visibility loss. In future studies, if the data
becomes available, it would be good to investigate the
role of population density in addition to total popula-
tion on air pollution. In figure 9(b) (and S6b), βext is
compared to GDP using decadal means. For all three

study cities, an increasing trend of βext with GDP is
observed in which the relationship over the available
data range is well modelled using a natural log func-
tion. Overall, the results suggest that the observed
shape of the curves are consistent with EKC hypo-
thesis with East African urban areas entering a phase
of a weakening positive relationship between outdoor
air quality and GDP. However, these results do not
definitively prove the EKC hypothesis for the region
and pollutant studied.

5. Conclusions

The long-term trends in visibility for three East
African sites have been analysed, where study loca-
tions are within or close to the capital cities of Uganda
(Kampala), Kenya (Nairobi) and Ethiopia (Addis
Ababa). Overall, the lowest long-term average (from
45 years of data) visibility was found in Kampala
(15.2± 7.4 km) followed by Nairobi (18.6± 6.7 km)
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and Addis Ababa (19.8± 8.7 km), which is likely due
to higher PM pollution in Kampala as compared to
the two other cities. In the last five decades, a signific-
ant reduction in visibility at the study sites has been
observed, where Nairobi has shown highest visibility
loss (60%) as compared toKampala (56%), andAddis
Ababa (34%). Correspondingly, the rate of change
of visibility particularly in Nairobi (0.52 km yr−1)
was higher compared to Kampala (0.45 km yr−1) and
Addis Ababa (0.26 km yr−1). Visibility was found
to be lowest during the dry months and highest in
wet months. Strong correlations between monthly
RH and visibility were found for Nairobi and Addis
Ababa. Kampala with a more constant RH through-
out the seasons did not show a similar correlation.
At all study sites, visibility is found to be higher on
Sundays as compared to the other days of week, which
is most likely due to reduced traffic and industrial
emissions on Sundays. PM hygroscopicity could be
inferred from the RH dependence on the visibility
data, with a similar hygroscopicity observed for all
study sites. Moreover, aerosol hygroscopicity at the
three sites decreases over time indicating that the
aerosol is becoming less hygroscopic in East African
urban areas.

Using visibility as a proxy for PM air pollution,
it is observed that the three studied East African cities
have undergone significant changes in pollution levels
over the past five decades. The conversion of visibility
to extinction coefficient, suggests that the PM levels of
Kampala, Nairobi and Addis Ababa have increased by
162%, 182% and 62%, respectively, since the 1970s.

To identify locations and sources of visibility
influencing PM, the relationship between visibility
and wind (speed and direction) was analysed using
bivariate polar plots. Overall, poor visibility was
found when air masses passed over urban area, while
improved visibility was observed when airmasses ori-
ginated from low populated areas. In addition, the
bivariate polar plots provided further evidence of
anti-correlation between visibility and PM pollution
(and RH) for all three sites.

Air pollution is a pressing and multi-sectoral
development challenge, representing a major health,
economic and social threat to cities globally. It is inex-
tricably linked to how we plan, manage and live in
these cities. To understand the effect of changes in
social and economic factors, the relationship between
visibility (a proxy for PM and hence air quality) and
country GDP and study city population was investig-
ated. A significant anti-correlation between city pop-
ulation and visibility was found in all three study
cities. PM pollution was measured by the changes
in the extinction coefficient (βext). The populations
of study cities have increased rapidly over the study
period. In addition to themassive population growth,
the GDP per capita in these cities also grew signific-
antly resulting inmuch increased rates of fuel use and
motorization, which provides a direct and causal link

to increased PM emissions and thus visibility reduc-
tion in these cities.

The three study cities are rapidly developing and
over at least the short-term will likely experience
further increases in PM pollution due to increas-
ing urbanization and economic development. Poor
air quality acts as a brake on development through
increasing market costs, including: higher expendit-
ure on health, loss of labour productivity, and the
impact of illness on education. To reduce the impacts
of future air pollution upon these cities, a systematic
approach should be applied to understand the causes
and effects of air pollution, through which air quality
degradation can be decoupled from future economic
development.
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