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Abstract. Air pollution poses an increasing public health
risk in many African cities, where systematic monitoring is
limited by the high cost of reference-grade instrumentation.
Satellite-based sensors such as TROPOMI on Sentinel-5P
provide global coverage of atmospheric pollutants, including
nitrogen dioxide (NO2), but their limited vertical resolution
complicates the estimation of surface-level concentrations.

Palmes diffusion tubes offer a low-cost, low-tech alterna-
tive for measuring NO2 at the ground level. Combining satel-
lite observations with data from ground-based diffusion tubes
presents a promising approach for generating regional air
quality maps, particularly in resource-limited settings. This
study reports on the implementation of a pilot network of
Palmes tubes in Kumasi, Ghana. To ensure sustainability and
scalability, a local air quality laboratory was established to
prepare and analyse the tubes using locally sourced materi-
als and equipment.

Validation against tubes prepared and analysed by an ac-
credited external laboratory demonstrated satisfactory agree-
ment. Measurements from March 2025 revealed a wide range
of NO2 concentrations, from an average of 7 µg m−3 in resi-
dential areas away from traffic and industry to peak values of
88 µg m−3 at heavily trafficked intersections – substantially
exceeding the WHO 2021 guideline limits of 25 µg m−3 for
24 h exposure and 10 µg m−3 for annual mean concentra-
tions.

Averaged satellite data showed the accumulation of NO2
plumes downwind of the city, though the relationship with
surface-level measurements remains complex and needs fur-
ther investigation. Column-to-surface ratios in Kumasi are
significantly lower than those typically observed in European
cities. Using a parametrization method based on ground-
based measurements and TROPOMI retrievals, we find that
TROPOMI underestimates tropospheric NO2 column densi-
ties by roughly a factor of 2.5 in March 2025. This underes-
timation is attributed to higher aerosol loading over Ghana,
which reduces retrieval sensitivity in the troposphere and in-
creases reliance on unrepresentative a priori profiles.

1 Introduction

Ambient air pollution, in combination with household air
pollution, is recognized by the World Health Organization
(WHO) as a major global health threat, contributing to an es-
timated 6.7 million premature deaths each year. These deaths
are primarily attributed to chronic health conditions such as
cardiovascular diseases, respiratory disorders, and lung can-
cer, all of which reduce life expectancy (WHO, 2023).

Among the major air pollutants, nitrogen dioxide (NO2)
is of particular concern (Wang et al., 2024). It is primarily
produced through high-temperature combustion processes
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(Koziel et al., 2024), including emissions from vehicles,
power generation, industrial operations, and various forms
of biomass and waste burning (Huang et al., 2015; Qi et al.,
2024; Chong et al., 2024). Prolonged exposure to elevated
NO2 levels has been associated with respiratory illnesses
such as bronchitis and emphysema, as it irritates the mucous
membranes in the respiratory tract (Dons et al., 2018; Kim
et al., 2020; Filonchyka and Peterson, 2025). Nitrogen ox-
ides (NOx) are not only a precursor of particulate matter, but
also play a key role in atmospheric photochemical reactions
that produce tropospheric ozone (O3) (Strížik et al., 2016;
Jin et al., 2023; Chameides et al., 1994), a pollutant which is
also linked to respiratory diseases, especially aggravation of
asthma in asthmatic patients (De Vries, 2021).

Beyond its impacts on human health, NO2 also contributes
to environmental degradation. High concentrations have ad-
verse impacts on the growth of vegetation and agricultural
crops through acid rain, and which may lead to reductions in
crop yield in high concentration areas (Van der Eerden and
Duym, 1988).

In line with broader demographic trends across the African
continent, Ghana – one of West Africa’s leading economies
– has undergone rapid population growth, with its popula-
tion rising from approximately 25 million in 2010 to an es-
timated 35 million by 2025 (UN DESA, 2024). During the
same period, the urbanization degree increased from 50 %
to 59 %. This rapid urban expansion, coupled with grow-
ing transportation and industrial activity, has likely led to in-
creasing levels of air pollution, particularly in urban centres.

According to WHO (2025) health statistics, stroke, is-
chemic heart disease, and lower respiratory infections are
among the leading causes of death in Ghana – conditions that
are strongly linked to long-term exposure to air pollution. To
better understand and address these health burdens, localized
and reliable data on air pollutant concentrations is urgently
needed.

Continuous monitoring of ambient NO2 is essential to in-
form effective policy and public health responses (Takte et
al., 2023; Ling et al., 2025). Dense measurement networks
are preferred (Bi et al., 2020; Gao et al., 2015; Huang et al.,
2022; Schneider et al., 2017; Fua et al., 2023) as concen-
trations vary strongly over space, especially near emission
sources such as traffic and industrial zones. Globally, thou-
sands of regulatory air quality monitoring stations (AQMs)
provide NO2 data on hourly basis. However, the high costs
of establishing and maintaining these stations limit their de-
ployment, even in high-income countries. To the best of our
knowledge, apart from the South African Air Quality Infor-
mation System (Gwaze and Mashele, 2018), there are cur-
rently no other operational AQMs openly reporting NO2
measurements in Sub-Saharan Africa (OpenAQ, 2025).

Alternatively, air pollution levels can be measured using
low-cost air quality sensors (LCSs). Most active LCSs for
NO2, however, rely on electrochemical sensing elements,
which are susceptible to cross-sensitivity with other reactive

gases and are strongly influenced by temperature and humid-
ity (Li et al., 2021; WMO, 2024). Their sensitivity can drift
over the course of only few weeks (Mijling et al., 2018),
necessitating a regular recalibration strategy – ideally per-
formed alongside an AQM.

Passive samplers, such as Palmes diffusion tubes (PDTs),
have been in use since 1976 (Palmes et al., 1976). These
cost-effective devices are widely employed by environmental
agencies to monitor NO2, particularly in areas that are other-
wise undersampled (Medlanda et al., 2025). PDTs have also
been used in citizen science monitoring campaigns across
Europe, for example to measure local air quality and eval-
uate the street canyon effect in the city of Antwerp, Belgium
(Voordeckers et al., 2021). Their low-cost and low-tech na-
ture makes them also well-suited for continuous monitoring
across the African continent. Although passive samplers have
been deployed in temporary monitoring campaigns in cities
such as Accra, Ghana (Wang et al., 2022), reliance on remote
(often foreign) laboratories for the preparation and analysis
of the samplers has posed a significant barrier to sustained,
long-term monitoring.

To address this limitation, this study presents the devel-
opment and first deployment of a locally managed and op-
erated air quality laboratory at Kwame Nkrumah University
of Science and Technology (KNUST) in Kumasi, Ghana’s
second-largest city. The facility enables local preparation, de-
ployment, and analysis of NO2 diffusion tubes, supporting
sustainable, cost-effective, and regionally scalable air quality
monitoring.

In-situ measurements of NO2 are essential for a better in-
terpretation of satellite-based measurements. Polar-orbiting
satellite instruments such as TROPOMI use remote-sensing
techniques to determine column densities of NO2 worldwide.
However, without ground-based validation, the relationship
between these column measurements and surface-level con-
centrations remains uncertain. In one of the few validation
studies for sub-Saharan tropical cities, Yombo Phaka et al.
(2023) show that incorrect a priori profile information in the
TROPOMI retrievals leads to significant underestimation of
the NO2 column densities over Kinshasa. Local measure-
ments improve understanding of how satellite data should be
interpreted in this part of the world, thereby enabling mean-
ingful monitoring of regional surface concentrations from
space.

The remainder of this paper is organized as follows: Sect. 2
describes the materials and methods used, including de-
tails of the diffusion tube deployment, laboratory procedures,
and data analysis techniques. Section 3.2 presents the first
in-situ NO2 measurement campaign conducted in Kumasi.
Section 3.3 evaluates the performance of the KNUST lab-
oratory in comparison to an accredited reference lab. Fi-
nally, Sect. 4 compares the ground-level measurements with
satellite-derived NO2 columns to explore potential synergies
for regional monitoring.
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Figure 1. Components of the diffusion tube used in this study.

2 Material and methods

2.1 Palmes diffusion tubes

The measurement principle of a Palmes tube (Fig. 1)
is based on molecular diffusion. The tube contains two
fine stainless-steel grids impregnated with triethanolamine
(TEA), a reagent that chemically binds NO2 upon contact,
forming nitrite (NO−2 ). Diffusion takes place as there is a
concentration difference between the open bottom of the tube
(at ambient NO2 concentration) and the closed top (at zero
concentration). After exposure, the tube is sealed and brought
to the laboratory, where the accumulated nitrite on the grids
is quantified through chemical analysis. This mass is then
used to calculate the average ambient NO2 concentration at
the sampling site over the exposure period. Due to the slow
diffusion rate, PDTs are typically deployed for a four-week
sampling duration. Shorter intervals, such as two weeks, are
feasible but result in an increased measurement uncertainty.

2.2 Kumasi NO2 monitoring network

Kumasi is the capital of the Ashanti Region in southern
Ghana and serves as a major metropolitan and commercial
hub. As of 2024, the city has an estimated population of ap-
proximately 3.5 million, making it the second-most populous
city in Ghana. Geographically, Kumasi is situated at approx-
imately 6.69° N latitude and 1.62° W longitude, at an eleva-
tion of about 250 to 300 m above sea level. The city experi-
ences a tropical rainforest climate, characterized by high hu-
midity and relatively stable temperatures throughout the year,
ranging between 21 and 31 °C. Kumasi has a bimodal rainfall
pattern, with major rains typically occurring from March to
July, and a shorter rainy season from September to Novem-
ber. Annual rainfall averages between 1300 and 1500 mm.

The dry season, associated with the Harmattan winds, usu-
ally spans December to February, though residual precipita-
tion may occur.

We strategically selected 20 monitoring sites across Ku-
masi to capture the spatial variability of NO2 pollution, such
as high-traffic areas around marketplaces, health-sensitive
zones such as hospitals, major industrial locations, and some
urban background areas (Table 1). This categorization was
intended to reflect the range of anthropogenic activities con-
tributing to NOx emissions within the city and to assess po-
tential exposure risks to different population groups. The lo-
cation and classification of the sites is shown in Fig. 2.

2.3 Creation of a local air quality laboratory

The objective was to establish the first independent, locally
operated air quality (AQ) laboratory in Kumasi, capable of
preparing and analysing diffusion tubes without dependence
on foreign laboratories. The lab was designed with a focus
on simplicity and economy – minimizing the use of costly
equipment and consumables and avoiding complex analyti-
cal techniques.

The methodology for PDT preparation, deployment, and
analysis followed the best practices outlined by Targa and
Loader (2008), which served as the foundation for the lab’s
protocols. These guidelines were adapted as needed to suit
local conditions (see Sect. 2.3.1 and 2.3.2).

The laboratory was developed collaboratively by three
teaching assistants from the Chemical Engineering Depart-
ment at KNUST and three master’s students from the Faculty
of Industrial Design Engineering at TU Delft, Netherlands.
A comprehensive lab manual was created (published as Eck-
ert et al., 2025) detailing all procedures step by step. This
manual, along with instructional videos, now forms the core
training resource for new local staff.

A Hach DR5000 spectrophotometer was donated by the
Utrecht University, Netherlands. A 10 g bottle of N-(1-
naphthyl) ethylenediamine dihydrochloride (NEDA) was im-
ported to Ghana, which is sufficient for extended use. All
other chemicals could be sourced locally. Tube holders were
made from two pieces of wood (around 20 cm long) nailed
together in an L-shape, see Fig. 4. The top part has 2 cm
diameter holes to accommodate the tubes. The lower part,
mounted to the poles, includes two holes for zip ties to se-
cure it to a pole at the measurement site.

2.3.1 Diffusion tube preparation

Before assembling and preparing the diffusion tubes, all
components undergo thorough cleaning to minimize the risk
of cross-contamination. The cleaning process involves wash-
ing the parts with soap and warm water, followed by immer-
sion in a 10 % hydrochloric acid (HCl) solution to remove
any remaining residues or contaminants. The components

https://doi.org/10.5194/amt-19-3063-2026 Atmos. Meas. Tech., 19, 3063–3081, 2026



3066 B. Mijling et al.: Ground-based monitoring of nitrogen dioxide in Kumasi

Table 1. Sites in Kumasi where Palmes diffusion tubes were deployed along with their coordinates.

Location ID Name Type Latitude Longitude Description

KU-001 Casley Hayfort
T-junction

Traffic 6.67473 −1.56743 Busy junction on campus with bus stops where
KNUST shuttle stops

KU-002 Kotei Road
Junction
(Ayeduase)

Traffic 6.67585 −1.55884 Busy junction on a small road close to campus, with
little sidewalk shops around

KU-003 Tech Junction
(KNUST hospital
side)

Traffic/
Hospital

6.68675 −1.57425 Very busy place with busy road coming from Accra,
one of the main junctions in the city

KU-004 Krank High
Business (Olam)

Industrial 6.64868 −1.60946 In the corner outside the factory, mainly busy with
trucks and waste collectors

KU-005 Guinness Brewery Industrial 6.65128 −1.60650 Next to the entrance to the Guinness factory, on the
other side of plastic bottles waste collection

KU-006 Kumasi City Mall
Roundabout

Traffic 6.67169 −1.60557 In the turn to enter the mall car parking, semi busy area

KU-007 Asafo Market Traffic/
Marketplace

6.68936 −1.61513 Important junction along Accra Road

KU-008 Kejetia Market
Roundabout

Traffic/
Marketplace

6.69734 −1.62196 Very busy place with the biggest market in West Africa
next to it

KU-009 Adum Prison Traffic 6.69433 −1.62331 Semi-busy roundabout, ending of the market

KU-010 Hospital KATH Residential/
Hospital

6.69602 −1.62761 Calmer area behind the hospital parking lot, emergency
generator nearby

KU-011 Patasi Roundabout
(Santase)

Traffic 6.67239 −1.64117 Busy roundabout with one main road crossing, tubes
inside the roundabout area, green roundabout

KU-012 Ahoydo
Roundabout
(Ahodwo)

Traffic 6.66929 −1.61758 Tubes inside the green roundabout area, connecting
residential area, in front of gas station

KU-013 Sofoline
Interchange

Traffic 6.69999 −1.65053 In between the two directions of a highway

KU-014 Suame Circle Traffic 6.71111 −1.62729 Dusty roundabout, tubes in the side of the roundabout
close to where minibuses stop

KU-015 Airport Traffic 6.70878 −1.59893 Closest roundabout to the airport entrance, a river
nearby, in the gas station area

KU-016 Kings Palace
(Manhyia)

Residential 6.70431 −1.61194 Between the King’s palace entrance and the
roundabout, on the outer part of the garden

KU-017 Ashawase Traffic 6.69840 −1.59455 In the sidewalk of a big two-directional road

KU-018 Accra Road
(Anloga Junction)

Traffic 6.68852 −1.59605 Very high traffic, very busy junction in the main road
from Kumasi to Accra

KU-019 Asokwa (KNUST
Main entrance)

Traffic 6.68501 −1.57064 Main entrance for cars to the university campus,
roundabout

KU-020 Engineering Guest
House

Residential 6.67018 −1.57953 End of a quiet road on university campus, surrounded
by a forest
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Figure 2. Network locations and their classification within the city of Kumasi, Ghana. Satellite basemap taken from Google Maps © 2025
Google. Map accessed November 2025.

are rinsed thoroughly with deionised water to eliminate any
traces of the acid or impurities.

Once cleaned and dried, the stainless-steel grids are coated
with the sticky TEA solution. This coating can be applied us-
ing one of two methods. In the pipetting method, a solution
of 20 % TEA in deionised water is used, with approximately
50 microlitres of TEA solution applied to each tube. Alter-
natively, the dipping method involves immersing the grid in
a TEA solution mixed with 50 % acetone. The grids are thor-
oughly mixed in the solution and then air-dried on an ab-
sorbent surface (paper towel) to allow the coating to adhere
properly.

2.3.2 Diffusion tube analysis

After exposure, the batch of collected samples are analysed
at the laboratory. The procedure involves three main steps:
(1) extraction of nitrite from the coated grids of the ex-
posed tubes using Saltzman/Griess reagents as colorimetric
reagents, (2) spectrophotometric analysis of the resulting so-
lution to quantify the mass of nitrite formed, and (3) calcu-
lation of the average ambient concentration of NO2 based on
the amount of nitrite detected (absorbance at 542 nm) and the
known exposure duration.

First, 3 mL of Griess reagent is added to the grids of each
test tube to extract the nitrite and facilitate colour develop-
ment. The Griess reagent is prepared by mixing equal vol-
umes of two solutions: 0.14 mg L−1 NEDA, and 0.02 g L−1

sulphanilamide solution. This solution was prepared by dis-
solving sulphanilamide in 95 % (v/v) deionized water and
5 % (v/v) hydrochloric acid (37 % concentrated HCl).

Before analysing a new batch of samples, and after prepar-
ing fresh reagent, a calibration curve is established to define
the relationship between absorbance and nitrite mass. This

involves measuring the colour development (colourification)
of standard sodium nitrite (NaNO2) solutions at known con-
centrations. The absorbance of each standard solution is
recorded at 542 nm using a spectrophotometer. The calibra-
tion always includes a blank (zero standard) to correct for
any offset.

Once the calibration curve is constructed, the absorbance
values of the extracted diffusion tube samples can be used to
determine the amount of nitrite formed during exposure.

2.3.3 Calculation of ambient NO2 concentration

The average temperature and pressure during exposure is
needed in the calculation of the ambient NO2 concentration
from the nitrite mass. The following formula is used:

C =
ms−mb

θt

T

Tref

Pref

P
(1)

here, C is the average concentration of NO2 during the mea-
surement (in µg m−3) at reference temperature Tref (293 K)
and reference pressure Pref (1013 hPa). ms is the mass of ni-
trite in the sample measured in the laboratory (µg), and mb
is the mass of nitrite measured in a blank sample in the lab-
oratory (µg). The blank sample is taken from the same batch
of tubes but has not been exposed to the environment. T and
P represent the average temperature and atmospheric pres-
sure at the measurement location in Kelvin and hPa, respec-
tively. t is the exposure time, i.e. the time between opening
and closing the sampling tubes (s). θ is the sampling uptake
rate (m3 s−1), determined by diffusion in the tube:

θ =D
A

L
(2)

D is the diffusion coefficient of NO2 (m2 s−1),A is the cross-
sectional area of the tube (8.1×10−5 m2), and L is the length
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of the tube (7.9× 10−2 m). D is temperature-dependent and
is calculated from a reference diffusion coefficient Drefd
(1.54× 10−5 m2 s−1 at 298 K) using:

D =Drefd

(
T

Trefd

)n
(3)

where T is again the average temperature at the measure-
ment location (in K). Trefd is the reference temperature (here
298 K), and n= 1.81 is the empirical best fit for NO2 in air
(Massman, 1998).

2.4 Satellite observations

TROPOMI is a nadir-viewing imaging spectrometer aboard
the Sentinel-5P satellite (Veefkind et al., 2012). Launched in
October 2017, it is orbiting the Earth in a sun-synchronous
orbit at an altitude of approximately 800 km. The overpass
time is around 13:30 local solar time.

The chemical composition of the atmosphere is obtained
from hyperspectral measurements of sunlight backscattered
by Earth’s atmosphere. From the position and depth of the
absorption lines the column density of trace gases like NO2
can be determined (e.g. van Geffen et al., 2020). The retrieval
algorithm converts the so-called slant column density into a
total vertical column density and separates the total column
density in a stratospheric and a tropospheric part.

The tropospheric column density Vtrop represents the total
number of NO2 molecules contained within a vertical col-
umn with unit area in the troposphere. If n(l) represents the
number density at height l, then the column density is given
by

Vtrop =

∫
trop

n(l)dl (4)

In practice, the satellite retrieval algorithm provides an es-
timate V̂trop of this value. The retrieved column depends on
how sensitive the measurement is to concentrations at dif-
ferent altitudes. This vertical sensitivity is described by the
averaging kernel A(l), such that

V̂trop =

∫
trop

A(l)n(l)dl (5)

The averaging kernel (AK) quantifies how a perturbation in
the true (but unknown) atmospheric profile at height l af-
fects the retrieved column (Eskes and Boersma, 2003). Val-
ues larger than 1 imply high sensitivity to that layer, while
values near 0 indicate low sensitivity.

In discrete form, for an atmosphere divided into a finite set
of layers, Eq. (5) becomes

V̂trop =
∑

l
AlVl (6)

where Vl represents the partial column density in layer l. The
elements Al are calculated using a radiative transfer model

that incorporates an a priori profile, scattering and absorp-
tion by clouds and surface, as well as observation-specific
parameters such as the solar zenith angle and the instrument’s
viewing geometry.

We use the latest level-2 retrieval product for TROPOMI
tropospheric NO2 column densities and their associated AKs,
version 2.4 (Eskes et al., 2022; van Geffen et al., 2022),
which can be downloaded at the Copernicus Data Space
Ecosystem (https://dataspace.copernicus.eu/, last access: 13
April 2026). The averaging kernel calculation of the retrieval
is based on a priori profiles from the global chemistry model
TM5-MP (Williams et al., 2017), run at a 1°×1° spatial res-
olution.

Maps of average tropospheric column densities V corre-
sponding to the Palmes measurement period are created by
stacking all footprints of retrievals marked with a quality
value > 0.75, i.e. valid retrievals with cloud radiance frac-
tion below 50 %. Each overpass, a given location is sampled
by a different satellite footprint, see Fig. 3. As larger foot-
prints are less representative for the area, we take a weighted
average of individual retrievals V̂i covering that location

V̄ =

∑
iwi V̂i∑
iwi

(7)

taking weighting factor wi = 1/Ai , with Ai representing the
area of footprint i.

2.5 Kumasi measurement campaign

For the Kumasi measurement campaign, we used two
batches of 50 tubes, prepared and analysed by Buro Blauw
Luchtkwaliteit – an ISO 17025-accredited air quality labo-
ratory based in Wageningen, the Netherlands. The tubes (re-
ferred to as “remote-lab tubes”) were prepared within two
weeks prior to deployment and analysed within four weeks
following exposure. In addition, 100 unprepared tubes of the
same type and material were brought from Buro Blauw to
Ghana. These were prepared and analysed at the newly es-
tablished laboratory facility at KNUST (referred to as “local-
lab tubes”). By conducting side-by-side measurements, the
performance and reliability of the local laboratory could be
evaluated (see Sect. 3.2). After use, the local-lab tubes were
cleaned and recycled in subsequent measurement cycles.

To explore scalable solutions for Palmes networks in
Ghana and other countries on the continent, we also tested
diffusion tubes made from materials available at local mar-
kets. Development and validation of these locally made tubes
is ongoing and will be presented in a separate study.

The tube holders were mounted on existing poles using
tie wraps, positioned at a height of approximately 3.5 m (see
Fig. 4). The remote-lab diffusion tubes were deployed across
all 20 selected monitoring sites. To assess the precision of the
method, duplicate (duplo) measurements were conducted at
each location.

Atmos. Meas. Tech., 19, 3063–3081, 2026 https://doi.org/10.5194/amt-19-3063-2026
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Figure 3. Sampling of location KU-016 (red dot) by TROPOMI during the measurement campaign (7 March–3 April). The left panel shows
all satellite footprints in this period for a 28×28 km2 area (n=27); the right panel shows only satellite footprints from valid retrievals under
sufficiently cloud-free conditions (n=13).

Figure 4. Deployed Palmes diffusion tubes mounted on site: one
blank sample and two tubes measuring in duplo.

In addition, blank tubes were installed at 8 of the sites.
These tubes were sealed (i.e., not exposed to ambient air) by
keeping their end plugs in place. This allowed for the eval-
uation of potential degradation of the TEA coating over the
course of the measurement period.

The measurement campaign consisted of two sampling cy-
cles, each lasting approximately two weeks (see Table 2). At
the start of Cycle 1, remote-lab diffusion tubes were placed
in tube holders mounted on signposts or lamp posts found at
the 20 monitoring sites. At the end of Cycle 1, the tubes were
retrieved and replaced with those designated for Cycle 2. For
this cycle, additional local-lab tubes were deployed alongside
the remote-lab tubes at 10 of the sites to enable side-by-side
comparison. All tubes were successfully retrieved at the end
of both cycles, with none missing. No insects or spiders were

found inside. Following the recommendations of Targa and
Loader (2008), the tubes were stored in a dark and, as much
as possible, cool location both before and after deployment.

3 Results of the campaign

Historical hourly meteorological data for Kumasi Airport
(287 m above sea level), obtained from Open Meteo’s
Historical Forecast API (https://open-meteo.com/en/docs/
historical-forecast-api, last access: 13 April 2026), indicate
that weather conditions were comparable across both sam-
pling cycles. The average temperature during the measure-
ment period was 28.3 °C, with an average surface pressure of
978 hPa (see Table 2). Prevailing winds in March were pre-
dominantly south-westerly, as illustrated by the wind roses in
Fig. 5. Average wind speeds at 10 m were 6.8 and 6.2 km h−1

for Cycle 1 and 2, respectively. The total precipitation in Cy-
cle 1 was 35 mm, accumulated in 35 rainy hours. The to-
tal precipitation in Cycle 2 was 114 mm, accumulated in 88
rainy hours.

3.1 Precision and measurement bias

A total of 40 duplo measurements were conducted across the
monitoring locations. As shown in Fig. 6, 15 duplos (37.5 %)
exhibited a difference of less than 1 µg m−3, while 26 du-
plicates (65 %) showed a difference of less than 2 µg m−3.
Using the variance of the differences in the duplo measure-
ments, we estimate the precision of the method at 3.0 µg m−3.

It should be noted that the exposure period was relatively
short – only two weeks. For the more commonly used four-
week exposure period, a higher level of precision is expected.

Eight on-site blank measurements were performed, 4 at
each sampling cycle. One tube, 070-035, was kept as a lab
blank, shielded from sunlight under room temperature con-
ditions. The results are listed in Table 3.
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Table 2. Meteorological data with mean temperature and pressure during the NO2 measurement cycles.

Period Days Start End Mean temperature (°C) Mean surface pressure (hPa)

Cycle 1 13 7 March 2025 20 March 2025 28.6 978
Cycle 2 14 20 March 2025 3 April 2025 28.0 978

Figure 5. Wind roses for Kumasi Airport for March 2025.

The average of the on-site blank samples is 2.47 µg m−3

in Cycle 1 and 2.48 µg m−3 in Cycle 2. The nitrite mass
of the lab blank was found to be below the detection limit
of 0.02 µg. The nitrite formation found in the other tubes is
therefore assumed to originate from degradation of the TEA
once exposed to elevated temperatures and solar radiation at
the sampling site. Assuming that a similar degradation effect
also occurs in the exposed (non-blank) tubes, we account for
this bias by subtracting 2.47 µg m−3 in the results.

Consistent exposure across sites was ensured by mount-
ing all diffusion tubes on free-standing poles using identical
holders. Nevertheless, the simple design of the tube hold-
ers provides little protection against radiation and wind. In
particular, wind-induced turbulence can shorten the effective
diffusion path and increase the uptake rate. Heal et al. (2019)
identify wind as the largest contributor to bias, potentially
leading to overestimations of several tens of percent. In addi-
tion, local temperature differences – such as between shaded
and sun-exposed locations – may introduce site-specific bias.
A better-designed mounting system that shields the tubes
from wind and radiation should help reduce this bias in future
measurements.

3.2 Kumasi network measurements in March 2025

Table 4 lists the NO2 concentrations found at the network lo-
cations, where the duplo measurements have been averaged
and bias-corrected by 2.47 µg m−3. Differences between the
two measurement periods are minimal. This is consistent

with the nearly identical meteorological conditions during
both cycles, in terms of temperature, wind speed and wind
direction. Notably, the more frequent light rain in Cycle 2
hardly influences the NO2 concentrations. Averaging the re-
sults for each site provides a more robust dataset, considered
to be representative of air quality conditions in Kumasi dur-
ing March 2025.

A wide range of NO2 concentrations was observed across
Kumasi, as illustrated in Fig. 7. The spatial distribution
clearly indicates that NO2 levels are predominantly influ-
enced by road traffic.

The lowest NO2 concentration – 7 µg m−3 – was recorded
at KU-020 (Engineering Guest House), located within the
green and relatively traffic-free KNUST campus. In contrast,
the highest concentrations were found at traffic-dense loca-
tions, including KU-018 (Anloga Junction, 69 µg m−3), KU-
013 (Sofoline Interchange, 77 µg m−3), and KU-014 (Suame
Circle, 88 µg m−3).

Measurements taken at industrial sites (KU-004 and KU-
005) did not show outstanding concentrations, suggesting
that industrial emissions are not a major contributor to am-
bient NO2 levels in these areas.

3.3 Validation of locally prepared and analysed tubes

During Cycle 1, the air quality laboratory facility at KNUST
was established and became operational. For Cycle 2, 10
locally prepared tubes were deployed alongside remote-lab
tubes at 10 sites within the measurement network. The local-
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Figure 6. Results of duplo measurements done in the Kumasi network, sorted from small to large NO2 concentrations (left). Most duplos
agree within 2 µg m−3 (right).

Table 3. NO2 concentration of Blank measurements.

Period Location ID Tube ID Nitrite mass (µg) NO2 conc (µg m−3)

Cycle 1 KU-001 069-001 0.0431 2.56
Cycle 1 KU-004 069-020 0.0407 2.42
Cycle 1 KU-011 069-007 0.0453 2.70
Cycle 1 KU-020 069-009 0.0357 2.21
Cycle 2 KU-001 070-041 0.0489 2.68
Cycle 2 KU-004 070-017 0.0571 3.06
Cycle 2 KU-011 070-020 0.0476 2.54
Cycle 2 KU-020 070-013 0.0306 1.62
Cycle 2 Lab blank 070-035 < 0.02 –

Average 2.47

Figure 7. NO2 concentrations measured in Kumasi by PDTs in
March 2025. (Basemap taken from Google Maps © 2025 Google.).

lab tubes were analysed shortly after their collection at the
end of Cycle 2. Since they are made from the same mate-
rials and have identical dimensions as the remote-lab tubes,
they are assumed to experience similar degradation and were
therefore corrected by subtracting 2.47 µg m−3.

The scatter plots in Fig. 8 show data pairs closely aligned
with the 1 : 1 line, indicating strong agreement between the
two sets of measurements. The relatively low scatter demon-
strates that the KNUST laboratory can reliably reproduce re-
sults comparable to those of the accredited laboratory.

The measured values for each data pair are presented in
Table 5. Note that the remote laboratory results are gener-
ally lower than those from the local laboratory, possibly due
to sample degradation during the 27 d delay before analysis,
compared with 2 d for the local lab. The uncertainty in the
differences, however, is too large to claim a real bias.

To estimate the uncertainty in NO2 concentrations deter-
mined by the local laboratory, we calculate the variance of
the differences Di between paired measurements. This al-
lows us to approximate the error associated with the PDT
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Figure 8. Comparison of results between tubes prepared and analysed at the local KNUST lab and tubes prepared and analysed at the remote
accredited lab. (left) The mass determination, and (right) the conversion to ambient NO2 concentration.

Table 4. Estimated NO2 concentrations at the network locations
after bias correction, sorted from small to large values, for 7–20
March 2025 (Cycle 1) and 20 March–3 April 2025 (Cycle 2).

Location NO2 (Cycle 1) NO2 (Cycle 2) NO2 (averaged)
ID (µg m−3) (µg m−3) (µg m−3)

KU-020 6.5 7.5 7.0
KU-001 11.4 10.5 10.9
KU-004 19.8 16.0 17.9
KU-019 27.8 23.4 25.6
KU-015 24.2 30.0 27.1
KU-011 28.8 26.5 27.7
KU-003 31.3 27.6 29.4
KU-010 33.8 32.6 33.2
KU-009 44.7 36.8 40.7
KU-005 43.6 40.6 42.1
KU-006 40.2 45.9 43.0
KU-007 47.9 49.4 48.7
KU-016 47.4 50.0 48.7
KU-002 49.8 50.2 50.0
KU-012 51.9 52.6 52.2
KU-017 52.2 53.7 53.0
KU-008 64.4 64.7 64.5
KU-018 68.0 69.6 68.8
KU-013 78.6 75.0 76.8
KU-014 83.0 92.4 87.7

Average 42.8 42.8 42.8

results from the local lab, σlocal, using the following relation:

σ 2
local+ σ

2
remote =

1
n− 1

∑n

i=1

(
Di −D

)2
(8)

whereD is the mean of the differences, here 2.0 µg m−3, and
σremote represents the estimated uncertainty of duplicate mea-
surements analysed at the accredited (remote) laboratory, es-

Table 5. Comparison between local and remote lab results.

Location NO2 remote-lab NO2 local-lab NO2 difference
ID (µg m−3) (µg m−3) (µg m−3)

KU-001 15.6 14.3 −1.3
KU-002 50.2 51.8 1.6
KU-003 27.6 31.4 3.8
KU-004 23.7 31.2 7.6
KU-007 49.4 39.3 −10.2
KU-008 64.7 70.7 6.0
KU-010 32.5 35.4 2.8
KU-015 30.0 33.2 3.2

KU-018 69.6 79.9 10.3
KU-020 11.6 7.5 −4.1

Average 37.5 39.5 2.0

timated in Sect. 3.1 to be 3.0 µg m−3. Based on this approach,
the resulting uncertainty in NO2 concentration for the local
laboratory is estimated at 5.1 µg m−3.

It should be noted that this estimate is not very robust due
to the small sample size (n= 10) and the relatively short ex-
posure period of two weeks.

4 Comparison with satellite retrievals

Satellite observations of tropospheric NO2 obtained from
TROPOMI and averaged over the Kumasi region for the pe-
riod 7 March–3 April 2025 are presented in Fig. 9. Clearly
visible is the build-up of NO2 column densities downwind
(northeast) under the prevailing south-westerly winds. Also
visible are the pockets of cleaner air in the unbuilt areas be-
tween the suburbs west and south of Kumasi.
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Figure 9. Averaged satellite measurement of tropospheric NO2 columns density over Kumasi from 7 March to 3 April 2025. The map
represents an area of 38× 38 km2. Contour lines are shown for the measurement field smoothed with a Gaussian kernel of σ = 400 m.
(Basemap taken from Google Maps © 2025 Google.).

4.1 Column-to-surface ratio

Comparison of Figs. 7 and 9 shows no clear spatial rela-
tion between the satellite column measurements and the sur-
face concentrations. The elevated NO2 levels found in down-
wind regions are not readily apparent in the surface measure-
ments, although they might be detectable with a more ex-
tended ground-based monitoring network that includes more
urban background stations.

The main reason for the poor spatial relation is the scale
mismatch: TROPOMI’s footprint (5.5× 3.5 km2 at best) av-
erages the sharp local gradients found near strong emission
sources such as traffic arteries. The relationship is further
complicated by the unknown vertical distribution of NO2, as
tropospheric columns integrate contributions from air masses
of different origins, ages, and mixing states. Additional at-
mospheric modelling would therefore be needed to resolve
fine-scale structures in surface air pollution from satellite ob-
servations (see, e.g., Mijling et al., 2025).

Other limitations for direct comparison include the once-
daily overpass of TROPOMI, which captures NO2 concen-
trations around 13:30 local solar time, which might not
be representative for daily averages. Furthermore, since the
satellite retrievals rely on sufficiently cloud-free conditions,
the lack of data under cloudy conditions can introduce a sam-
pling bias in monthly averages (see e.g. Glissenaar et al.,
2025).

Nevertheless, it is interesting to look at the ratio between
average tropospheric column densities and average ground
concentrations on an urban scale, as TROPOMI retrievals of
tropospheric columns have been shown to correlate strongly
with in-situ surface measurements, particularly in urban en-
vironments (Cersosimo et al., 2020; Goldberg et al., 2021;

Ialongo et al., 2020; Jeong and Hong, 2021). Understand-
ing this relationship provides a basis to monitor surface con-
centrations using satellite measurements alone. Table 6 com-
pares the column-to-surface ratio for Kumasi with those of
European cities of similar size for March 2025.

Surface NO2 concentrations were extracted from the Eu-
ropean Environment Agency (EEA) database (EEA, 2025)
for March 2025. Urban averages are calculated from all reg-
ulatory monitoring stations located within 10 km of each city
centre, having at least 80 % completeness in its hourly mea-
surements. To put our Kumasi measurements further in per-
spective, we included the average surface concentration for
Accra in March 2020, measured by Ogawa passive samplers
(Arku, 2021) from the study by Wang et al. (2022).

Average tropospheric column concentrations were ob-
tained from maps of stacked tropospheric NO2 columns (as
described in Eq. 7), calculated within a 10 km radius of each
city centre. The background column concentration is defined
as the minimum value within a 15 km radius.

Table 6 shows that the column-to-surface ratios in Kumasi
and Accra are significantly lower than those in the European
cities. As illustrated in Fig. 10, this is a notable finding: small
columns observed by TROPOMI over West Africa do not
necessarily correspond to low surface concentrations – con-
trary to what one might intuitively conclude from NO2 maps
when presuming a fixed column-to-surface ratio.

4.2 Averaging kernels and NOx lifetime

The low columns over Ghanaian cities can be partly ex-
plained by the reduced sensitivity of the retrieval method
near the surface in combination with coarse a priori NO2
profiles from TM5-MP. Averaging kernels over Accra and
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Table 6. Comparison between average tropospheric column densities from TROPOMI and surface concentrations for different cities in March
2025, sorted from high to low column.

City Populationa Number of in- Average NO2 Average NO2 Background NO2 Column-to-surface
(million) situ stationsb surface columnc columnd ratio (µmol m µg−1)

concentration (µmol m−2) (µmol m−2)
(µg m−3)

Milan 1.4 (3.2) 7 (5) 38.4 138.7 88.4 3.6
Paris 2.1 (11.4) 21 (8) 32.2 107.6 68.9 3.3
Brussels 1.3 (2.1) 16 (8) 32.4 88.4 64.4 2.7
Warsaw 1.9 (3.1) 4 (1) 32.2 78.2 51.1 2.4
Berlin 3.7 (4.3) 9 (5) 28.5 71.6 48.2 2.5
Athens 3.0 (3.7) 7 (3) 38.0 64.2 28.9 1.7
Kumasi 3.4 (4.0) 20 (17) 42.8 29.9 17.3 0.7
Accra 1.8 (5.5) 9 (5) 70.4e 26.8 17.0 0.4

a Estimated urban population. Between parenthesis the metropolitan population. b Within 10 km radius; between parenthesis the number of reference stations
classified as traffic station. c Area averaged tropospheric column density, radius 10 km around city centre. d Lowest tropospheric column concentration found
in a radius of 15 km around city centre. e Average for March 2020 from Ogawa passive samplers (Wang et al., 2022).

Figure 10. Comparison between averaged NO2 tropospheric column retrievals by TROPOMI and surface concentration measurements for
selected cities in March 2025. (Note that the Accra surface data is for March 2020.)

Kumasi (Fig. 11a) confirm a reduced sensitivity throughout
the troposphere. This reduction is closely associated with the
high aerosol loading in the region, as reflected by elevated
aerosol optical depth (AOD) values.

Table 7 presents the mean TROPOMI AOD at 494 nm
(KNMI et al., 2025) in March 2025 for a 30× 30 km2 area
centred on each city. Values well above 1 suggest the pres-

ence of substantial haze, resulting primarily from long-range
dust transport from the Sahara and Sahel regions, as well as
smoke from biomass burning, which remains active during
March. The resulting decrease in atmospheric transparency
effectively obscures near-surface urban pollution from satel-
lite detection, thereby contributing to the decrease in vertical
sensitivity towards the surface.
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Figure 11. (a) Tropospheric averaging kernels from TROPOMI over selected cities, averaged over March 2025. (b) Average OH profiles
around satellite overpass time from TM5-MP simulations at 1°× 1° resolution for March 2008.

Another reason for the relatively low tropospheric column
densities over Kumasi can be found in the NOx chemistry.
During the day chemical loss of NOx is dominated by the
oxidation of NO2 by the hydroxyl radical (OH):

NO2+OH+M→ HNO3+M (R1)

The associated lifetime of NO2 is

τ = 1/k [OH] , (9)

where k is the reaction rate and [OH] the hydroxyl concentra-
tion, expressed in molec. m−3. The primary daytime source
of OH is the photolysis of ozone (O3) followed by a reaction
with water vapor:

O3+hv (λ < 320nm)→ O
(

1D
)
+O2 (R2)

O
(

1D
)
+H2O→ 2OH (R3)

Compared to mid-latitudes, OH production is enhanced in
the tropical lower troposphere due to stronger solar radia-
tion, more abundance of water vapor, and higher tempera-
tures. This is confirmed by simulations of the global chem-
istry model TM5-MP for March 2008, conducted around
the satellite overpass time at a 1°× 1° spatial resolution
(Fig. 11b). Average OH concentrations between 1000 and
850 hPa are shown in Table 7. The corresponding lifetime
τ is estimated using Eq. (9), assuming a typical rate constant
k = 1.1× 10−11 cm3 molec.−1 s−1 (Sander et al., 2006). In
the lower troposphere, k is only weakly dependent on tem-
perature within the 250–300 K range. It should also be noted
that these lifetimes represent averages over a relatively large

1°× 1° grid cell, whereas lifetimes within urban areas can
be considerably shorter (Beirle et al., 2011; Lorente et al.,
2019).

From the table, it can be seen that lifetimes found in Ku-
masi are 1.1–4.9 times shorter than found in European cities.
This means that while NO2 concentrations found at the sur-
face close to emissions sources can be high, NO2 column
densities will be lower, as the tropospheric column contains
air parcels of different origins, with more aged chemistry.

4.3 NO2 height-distribution model

To better quantify the differences in column-to-surface NO2
ratios between European and Ghanaian cities, information
on the vertical distribution of NO2 is required. Although
this distribution is not directly known without dedicated at-
mospheric modelling, we can approximate it by introducing
a simplified height-distribution model (Fig. 12) and fitting
it to surface measurements and tropospheric column densi-
ties, explicitly incorporating their averaging kernels in the
retrieval.

The model assumes that background NO2 is well-mixed
within the planetary boundary layer (PBL) of height hPBL
at the time of the satellite overpass, consistent with NO2
sonde observations (Sluis et al., 2010). Contributions from
free-tropospheric NO2 to the tropospheric column density
are considered negligible.

The urban NO2 component, originating from local emis-
sions, is assumed not to be fully mixed vertically. Observa-
tions from the Eiffel Tower, for example, show that NO2 con-
centrations at 300 m height in central Paris are about 45 %
lower than surface levels around the satellite overpass time
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Table 7. Differences in Aerosol Optical Depth (March 2025) and NO2 lifetime due to loss against OH (March 2008).

City AOD @ 494 nm [OH]∗ (ppt) [OH]∗ (106 molec. cm−3) Lifetime (h)

Milan 0.23 0.12 2.8 9.2
Paris 0.19 0.08 1.9 13.3
Brussels 0.17 0.04 1.1 23.1
Warsaw 0.25 0.04 1.1 23.7
Berlin 0.21 0.04 0.9 27.3
Athens 0.63 0.17 4.1 6.2
Kumasi 1.96 0.20 4.5 5.6
Accra 2.73 0.27 6.1 4.2

∗ Average concentrations between 850–1000 hPa.

Figure 12. Vertical distribution model for urban NO2 (blue line)
with two fit parameters: the background is assumed to be well-
mixed throughout the boundary layer with mixing ratio cbg, while
the urban contribution is only well-mixed up to an effective height
hmix. There is no NO2 in the free troposphere.

(Dieudonné et al., 2013, Fig. 1b). Accordingly, we repre-
sent the urban plume as being well-mixed within an effective
layer of height hmix, located below the PBL.

First, we determine the background surface concentration
cbg. We estimate the background column density V̂bg from
the lowest TROPOMI retrieval value found within a 15 km
radius around the city centre (see Fig. 10), and take hPBL
taken from the ERA5 reanalysis (Hersbach et al., 2023). For
a given concentration cbg (in ppb), the partial background
column in an atmospheric layer l is

Vbg,l = cbg× 10−9 NA

Mairg
1P PBL

l , (10)

where NA is Avogadro’s number, Mair the molar mass of dry
air, and g the gravitational acceleration. The term 1P PBL

l is
the pressure thickness of the layer within the PBL: for the

layer containing hPBL, only the portion below the PBL top
is used, and for layers entirely above the PBL, 1P PBL

l = 0.
Using Eq. (6), we find the relation between cbg, the observed
V̂bg, and the AK elements Al , which allows us to solve for
cbg.

In the second step, we determine the mixing layer height
hmix. We estimate the urban column density V̂ from the mean
TROPOMI retrieval within a 10 km radius of the city centre,
and take the surface concentration csurf from the in-situ mea-
surements. For the block profile (blue curve in Fig. 12), the
partial column in layer l is

Vl = Vbg,l +
(
csurf− cbg

)
× 10−9 NA

Mairg
1Pmix

l , (11)

where1Pmix
l is the pressure thickness up to the mixing-layer

height hmix, and zero above it. Using Eq. (6), we determine
the value of hmix for which the profile matches the observed
V̂ , given the averaging kernel Al .

Note that surface concentrations must correspond to the
satellite overpass time. For the European cities, hourly mea-
surements at 13:00 UTC are used; these are lower than the
daily mean values by factors ranging from 0.63 (Warsaw,
Berlin) to 0.76 (Milan, Paris). For Kumasi and Accra, we ap-
ply a factor of 0.69 to estimate values at overpass time from
mean surface concentrations.

Table 8 presents the fit results and the recalculated col-
umn densities, derived by vertically integrating the profiles
without applying the averaging kernel (Eq. 4). Comparing
with the results from Table 6, the recalculated tropospheric
column densities for Paris, Milan, Brussels, Berlin in March
2025 increase by 30 %–40 %. This is consistent with Douros
et al. (2023), who attribute the underestimation of retrievals
over emission hot spots to the coarse (1°×1°) TM5-MP pro-
files taken as a priori.

In contrast, the recalculated tropospheric NO2 column
over Kumasi increases by a factor of 2.5. This larger cor-
rection can be attributed to a combined effect of the coarse
a priori profile and a possible underestimation of the urban
emissions in TM5-MP, and the reduced retrieval sensitivity
caused by the high aerosol loading.
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Table 8. Recalculated tropospheric NO2 column densities obtained by fitting the vertical distribution model to combined column and surface
observations.

City Surface Fitted Fitted Boundary Recalculated Recalculated Surface Wind speedc

concentration background effective layer height tropospheric tropospheric temperaturec (km h−1)
at 13:00 UTC concentration mixing at 13:00 UTCb column background (°C)

(µg m−3) (µg m−3) height (m) (m) (µmol m−2) column
(µmol m−2)

Milan 29.2 3.8 151 1250 179.9 97.3 10.6 6.6
Paris 24.5 4.2 152 950 150.1 83.6 8.4 9.8
Brussels 22.3 3.3 110 1050 116.6 71.5 8.3 11.4
Warsaw 20.4 2.3 144 1300 117.5 61.5 7.1 11.4
Berlin 17.9 2.1 128 1200 95.5 51.9 6.5 12.0
Athens 24.5 1.1 192 1500 130.9 34.3 15.0 7.4
Kumasi 29.5a 1.1 70 1500 75.8 32.5 28.8 10.4
Accra 48.6a 1.2 25 1200 54.4 29.1 29.4 16.0

a Estimated from daily average by applying a ratio 0.69 as found on average for European cities. b Estimated from ERA5 reanalysis. c Monthly average for March 2025, taken from
https://meteostat.net (last access: 13 April 2026).

Despite this increase, the recalculated NO2 columns over
Kumasi (76 µmol m−2) and Accra (54 µmol m−2) remain
substantially smaller than those observed over the European
cities (132 µmol m−2 on average). The lower vertical mixing
height hmix suggest that the shorter chemical lifetime – dis-
cussed in the previous section – is likely a contributing factor.

The resulting lower effective mixing height might seem
counterintuitive, as one would expect stronger convection
due to higher surface temperatures. Note that the very low
value over Accra may partly result from an overestimation
of the surface concentration (March 2020 may not represent
March 2025) or from the reduced air mass residence time
over the city due to stronger winds.

5 Discussion and conclusion

We established the first-ever Palmes diffusion tube measure-
ment network in Kumasi, comprising 20 monitoring sites se-
lected to reflect a diverse mix of urban environments, includ-
ing traffic intersections, industrial zones, markets, hospitals,
and residential areas. Tubes are replaced every month.

Blank samples revealed that PDTs are subject to degrada-
tion of triethanolamine (TEA) when exposed to ambient con-
ditions. To account for this, a correction of 2.47 µg m−3 was
uniformly applied to all measurements. From the duplo sam-
ples, we estimate the measurement precision of the method
to be 3 µg m−3 for exposure times of 2 weeks. It should be
noted that the minimal tube holder design does not shield
the tubes from solar radiation and wind, which are the domi-
nant sources for potential (positive) biases (Heal et al., 2019).
Therefore, future measurements should ideally be done in
protective housings. Other sources of offset may arise from
TEA degradation under longer exposure periods in tropical
conditions. To better understand and correct biases in the Ku-
masi network, we plan to conduct validation measurements
against local reference instruments.

A wide range of ambient NO2 concentrations was
recorded across Kumasi during March 2025, ranging from
7 µg m−3 in low-traffic, green areas (e.g., the KNUST
campus) to 88 µg m−3 at major traffic intersections (e.g.,
Suame Circle). According to the World Health Organiza-
tion (2021), the recommended air quality guidelines for NO2
are 25 µg m−3 for a 24 h mean and 10 µg m−3 for an annual
mean. Assuming that March is reasonably representative of
annual conditions, nearly all monitored sites in Kumasi ex-
ceed both WHO thresholds, highlighting a significant public
health concern.

As observed in many African cities, economic activity in
Kumasi is highly concentrated along major roads and high-
ways, more so than in many cities in the Global North. The
informal roadside economy is a defining urban feature, with
markets, kiosks, street vendors, and transport hubs densely
clustered along traffic corridors. As a result, large numbers
of pedestrians and roadside workers are exposed to traffic-
related air pollution on a daily basis.

Elevated NO2 levels were also detected near hospitals,
raising further concern given the vulnerability of patients re-
covering from illness. The recorded concentrations at these
healthcare facilities substantially exceeded WHO guidelines,
underscoring the urgency of addressing transport-related air
quality issues in densely populated and sensitive areas.

The citywide average NO2 concentration in Kumasi was
43 µg m−3, which is lower than values reported for Accra by
Wang et al. (2022). Their 2019–2020 campaign using Ogawa
passive samplers recorded an annual average of 68 µg m−3

(ranging from 28 to 98 µg m−3 between sites), with a sea-
sonal variation of 60 µg m−3 during the wet season and
87 µg m−3 in the dry season. It remains unclear whether the
observed difference between Kumasi and Accra reflects dif-
ferences in site selection, emissions intensity, meteorological
conditions, or urban structure.
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Side-by-side comparisons show that PDTs prepared and
analysed at the newly established KNUST laboratory yield
results that closely match those from an accredited reference
laboratory. The measurement uncertainty of the KNUST-
processed PDTs is estimated at 5.1 µg m−3, though this es-
timate is based on a small sample size (n= 10) and should
be interpreted with caution.

The KNUST facility marks a significant advancement in
regional air quality monitoring by enabling the local prepa-
ration, deployment, and analysis of NO2 diffusion tubes.
This capability supports sustainable, affordable, and scal-
able monitoring efforts across Ghana and beyond. Beyond
the technical achievement, this initiative contributes to the
long-term development of local expertise, empowering insti-
tutions to independently assess spatial and temporal trends in
NO2 concentrations, identify pollution hotspots (such as con-
gested roads and industrial zones), and evaluate compliance
with international air quality standards.

Ongoing monitoring is needed to assess seasonal variabil-
ity, including the effects of wet and dry season meteorol-
ogy and biomass burning, as background levels observed in
March likely differ during the December–February burning
season.

Satellite measurements over Kumasi in March reveal the
presence of a downwind NO2 plume driven by dominant
south-westerly winds. This plume is not clearly resolved by
the existing Kumasi ground monitoring network. Expanding
the network to include more urban background stations is
necessary to accurately assess the impact of this urban plume
on surface concentrations.

Column-to-surface ratios in Kumasi and Accra are sig-
nificantly lower than those typically observed in European
cities. This can only partly be attributed to shorter NOx life-
times driven by higher OH abundances. The higher aerosol
loading over Ghana reduces retrieval sensitivity in the lower
troposphere, increasing the reliance on a priori profiles that
are both spatially coarse and likely based on underesti-
mated emissions in TM5-MP. This confirms earlier studies
by Yombo Phaka et al. (2023), showing the large impact of
the a priori profiles on NO2 retrievals over sub-Saharan trop-
ical cities.

To address this, we introduced a simplified height distri-
bution model that links tropospheric column observations
to in-situ measurements. The resulting profiles indicate that
columns in Kumasi are underestimated by a factor of 2.5 in
March 2025, and that the vertical mixing layer over tropical
cities is substantially shallower than in mid-latitude urban en-
vironments.

The underestimation of tropospheric NO2 columns leads
to a distorted picture of surface concentrations when rely-
ing solely on satellite retrievals, potentially missing high
surface pollution levels. Improving the application of satel-
lite measurements in low-latitude urban areas therefore re-
quires a more robust understanding of column-to-surface ra-
tios. Long-term vertical profiling (e.g., by drones or sondes)

would enable a more accurate characterisation of the urban
pollution dome. Our findings also show the essential role
of in-situ networks, such as the one established in Kumasi,
for interpreting satellite retrievals and improving our under-
standing of regional air quality dynamics.
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