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Introduction 
Ambient particulate matter (PM) is used as an air quality 
indicator (Chen & Hoek, 2020) and has impacts on phenomena 
such as haze formation and climate change (Liu et al., 2018). PM 
is commonly categorised based on its size as PM2.5 (aerosol with 
an aerodynamic diameter of 2.5 µm or less) and PM10 (aerosol 
with an aerodynamic diameter of 10 µm or less) (Kastury et al., 
2017; Kastury et al., 2018). The distribution and physicochemical 
properties of PM particles in the atmosphere vary horizontally 
and vertically. This is due to their uneven source distribution and 
short lifetime, which is typically less than 10 days for particles <1 
µm and even shorter for particles >1 µm (Klopper et al., 2020). A 
variety of primary sources, both natural and anthropogenic, may 

emit PM. It can also be formed as secondary particles through 
photochemical processes involving the primary precursors (Dai 
et al., 2019; Zalakeviciute et al., 2020; Khan et al., 2021). These 
sources include biomass burning, road traffic, sea salt, and dust, 
amongst others (Squizzato et al., 2017; Zalakeviciute et al., 2020; 
Psistaki et al., 2023). Given the various possible sources, the 
PM concentration and composition at a site depend on several 
factors such as the regional background and its meteorology 
(Yang et al., 2020; Zalakeviciute et al., 2020).

The Namibian coast is one of the areas of interest for PM studies 
and their impact on the climate. A recent study found that 
Namibian coastal areas have predominant PM inputs from sea 
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Figure 2: E-samplers (mounted on tripod stands) that were used to 
concurrently measure PM2.5 (left) and PM10 (right). 

salt (75%) and mineral dust (16%) (Klopper et al., 2020). The 
production of primary marine aerosols is largely influenced by 
local wind stress, with pure sea salt being the major constituent. 
This production yields marine particles with a diameter of <20 
µm ranging from 2000 to 10000 T/yr (de Leeuw et al., 2011; 
Fuzzi et al., 2015). Ultra-fine marine particles (<1 µm) may be 
transported over long atmospheric distances while the larger 
particles are deposited close to where they were produced 
(Fuzzi et al., 2015). The local meteorology in the arid region is 
influenced by the adjacent cold Benguela ocean current and 
semi-permanent stratocumulus cloud layer. The Benguela region 
is known for its high marine biogenic productivity which emits 
sulphur-containing compounds such as dimethyl sulphide and 
hydrogen sulphide into the surrounding atmosphere (Klopper 
et al., 2020). Once in the atmosphere, these compounds may be 
oxidised and produce secondary particles which then contribute 
to cloud droplet formation of the stratocumulus cloud (Andreae 
et al., 1995). 

Anthropologically induced land surfaces, desert regions, and 
ephemeral dry lakes or riverbeds are the primary sources 
of dust globally (Mahowald et al., 2009). Specifically, most 
of its budget originates from fluvial dust sources (Poulton & 
Raiswell, 2002). Dry ephemeral lakes found in arid and semi-arid 
localities, such as Makgadikgadi and Etosha pans in Southern 
Africa, are the major global sources of aeolian dust to the ocean 
(Prospero et al., 2002). These sources have been hypothesised 
to be significant for fertilising the adjacent ocean (Piketh et al., 
2000). Other important Southern African dust sources are the 
Kuiseb, Huab, Tsauchab, and Omaruru ephemeral riverbeds in 
Namibia. They may also play a noteworthy fertilisation role in 
phytoplankton in the adjacent Benguela (Jacobson et al., 2000; 
Jacobson & Jacobson, 2013; Dansie et al., 2017). Analyses using 
remote sensing have also revealed that these riverbeds are 
significant sources of dust plumes transported to the southern 
Atlantic (Eckardt & Kuring, 2005; Vickery et al. 2013).

The Henties Bay Aerosol Observatory (HBAO) continuously 
monitors aerosol measurements, including their chemical 
composition and concentrations (Klopper et al., 2020). This study 
expands on previous research at the HBAO by identifying coastal 
episodes of high and low PM concentrations, and the weather 
conditions that favour the occurrence of these episodes.

Methods
Sampling
Concentrations of particulate matter (PM) were sampled at the 
University of Namibia's Sam Nujoma campus (S22°5’43.944”; 
E14°15'9552”) between 15 and 29 July 2019 (Figure 1) (Figure 2).  
The campus is located next to the Omaruru riverbed, southwest 
of the Etosha Pan and Huab riverbed and northwest of the 
Kuiseb- and Tsauchab riverbeds. The sampling was done by 
concurrently operating two E-samplers mounted on tripods (Met 
One Instrument, 2011). The E-samplers have a particle size range 
of 0.1–100 µm and a measurement range between 0 and 65 mg/

m3 with a precision of 2%. The measurements were converted 
from mg/m3 to µg/m3 by multiplying each value by 1000. One 
sampler continuously measured PM2.5 and the other measured 
PM10 (Figure 2). Measurements were taken in 15-minute intervals 
at a flow rate of 2 L/min. 

Unfortunately, the meteorology during the sampling period was 
not measured at the site. However, the Wlotzkasbaken weather 
station from the “Southern African Science Service Centre for 

Figure 1: Location of the Sam Nujoma campus, the Wlotzkasbaken 
weather station, and important Namibian dust sources.

Figure 3: Time series showing the observed PM2.5 (blue) and PM10 (red) 
concentrations (µg/m3) during the sampling period. The red boxes 
indicate the days on which HAEs were identified while the blue boxes 
indicate the LAEs. 
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Figure 4: The prevailing daily wind speed and direction at the Sam Nujoma campus during the sampling period. The dates highlighted in red represent 
the days on which there were HAE events while LAEs are highlighted in blue.

Climate Change and Adaptive Land Management” (SASSCAL) is 
located about 32 km southeast of the monitoring site (Kaspar 
et al., 2015). An hourly wind speed and wind direction dataset 

for the weather station was obtained from the SASSCAL website, 
given its proximity to Henties Bay. This dataset was used to 
create both daily and hourly windroses for the sampling period.
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Figure 6: Diurnal variation in PM2.5 (left) and PM10 (right) concentration (µg/m3) observed during the sampling period. The white dots indicate the mean 
while the black dots indicate outliers. Please note that the graphs are on different y-axis scales.

Figure 5: Polar plots illustrating potential PM2.5 and PM10 emission 
sources affecting observed concentrations at Henties Bay.

Dust event identification
Presently, there is no clear and agreed-upon method for defining 
dust events based on PM data (Wiggs et al., 2022). Therefore, in 
this study, we identified a dust event where the average hourly 
PM10 measurements remained at or above 20.055 µg/m3 for 
80% of the day. This concentration represents a “severe dust 
storm” according to the classification by Leys et al. (2011) and 
is a very conservative identifier of a dust event. We chose this as 
the most appropriate classification for this study as the hourly 
PM10 concentrations never reached the thresholds of the other 
classes. Days which met these criteria were classified as high 
aerosol episodes (HAEs) while days which did not were classified 
as low aerosol episodes (LAEs). 

HYSPLIT back trajectory analysis
For this study (Stein et al., 2015),  the National Oceanic and 
Atmospheric Administration's (NOAA) Hybrid Single-Particle 
Lagrangian Integrated Trajectory (HYSPLIT) model ran 72-hour 
back-trajectories, which were initiated at a height of 250 m 
above ground level. The purpose of starting at this height was 
to model the transport of air masses into the marine boundary 
layer, which has a minimum height of approximately 500 m 
over the Namibian region (Klopper et al., 2020). The chosen 
height of 250 m corresponds to the first and second vertical 
levels in the model, which are situated at 1000 hPa (around 
110 m above mean sea level (masl)) and 975 hPa (roughly 300 
masl), respectively. The Global Data Assimilation System (GDAS) 
reanalysis dataset, which is provided by the National Centre 
for Environmental Prediction (NCEP) and has a resolution of 
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1°x1°, was used to model these trajectories. The modelling was 
conducted using the Rstudio interface for Windows and relied 
on the rich_iannone/splitR and Openair packages from the 
open-source libraries (splitR is available from https://github.
com/rich-iannone/SplitR; Carslaw & Ropkins, 2017).

Results and discussion
Daily PM concentrations
Figure 3 shows a time series of the 15-minute PM2.5 and PM10 
concentrations between 15 and 29 July 2019. The figure also 
highlights days when HAEs were observed. During the sampling 
period, the PM2.5 concentrations ranged from 1.00–105.00 µg/
m3 with a mean value of 17.70 ± 14.38 µg/m3. On the other 
hand, PM10 concentrations ranged from 1.00–239.00 µg/m3 with 
a mean value of 41.12 ± 35.31 µg/m3. According to the ‘dust 
event’ criteria, 17, 18, 19, 20, 24, and 25 July were classified 
as HAEs and the rest as LAEs. During the HAEs, the mean PM2.5 
concentration was 24.70 ± 18.20 µg/m3 and the mean PM10 
concentration was 57.70 ± 44.20 µg/m3. In contrast, during LAEs, 
the mean PM2.5 and PM10 concentrations were 12.7 ± 7.70 µg/m3 
and 28.20 ± 17.80 µg/m3, respectively. The daily windrose plots 
in Figure 4 provide additional insight into the meteorological 
factors that may have affected the observed differences in PM2.5 
and PM10 concentrations during HAEs and LAEs. On days with 
HAEs, the wind rose plots show predominant southerly and 
southwesterly winds at speeds exceeding, on most days, 6 m/s. 
These speeds were the highest during the sampling period and 
agree with Klopper et al. (2020). Given the location of the study 
site, of course, the dominant PM source located upwind in those 
directions is the adjacent ocean. On 20 and 25 July, however, 
there were winds exceeding 4 m/s from the north and northeast 
suggesting a second potential emission source.
 
This is expected as the study by Klopper et al. (2020) showed 
that aerosol concentrations at the site are influenced mainly by 
sea salt (74.7%) followed by mineral dust (15.7%), ammonium 

Figure 7: Stacked bar graph illustrating the predominant wind directions 
per hour.

(6.1%), fugitive dust sources (2.6%), and emissions from industry 
(0.9%). However, on 16 and 22 July, the predominant wind 
directions were also southwesterly and westerly, during an LAE. 
This suggests that other factors may also have influenced the 
observed PM concentrations and subsequent HAEs and LAEs.

For example, PM10 is mostly made up of particles that are 
directly emitted into the atmosphere (Wong et al., 2022). 
However, some of its constituents may also be formed 
through secondary processes. For example, when nitric acid, 
produced by the oxidation of nitrogen oxides reacts with pre-
existing alkaline aerosols like sea salt and dust particles (Bian 
et al., 2014). According to Klopper et al. (2022), another factor 
might be present at the synoptic scale. In their study synoptic 
meteorology was shown to influence the land and sea breezes 
at the site (Klopper et al., 2020). We created polar plots to 
examine and display the potential sources of PM2.5 and PM10 
emissions during HAEs and LAEs (Figure 5). These plots illustrate 
the variations in PM concentrations based on the wind speeds 
and directions using polar coordinates, indicating emissions 
that may affect the receptor site. In addition to the expected 
dominant contribution of marine sources during HAEs, there 
appear to be potential continental sources located to the north-
northwest and north-northeast of the site. As shown in Figure 1, 
the Huab riverbed is a potential major source in that direction. 
 
There is also a possible source to the south-southeast and 
southeast of the site, which may be attributed to contributions 
from the Kuiseb riverbed. There’s also a contribution around 
and to the east of the site which is most likely the adjacent 
Omaruru riverbed. 

Table 1: Summary of the synoptic meteorology during the study period. 
The days on which there were HAEs are highlighted in yellow.

Date Episode Synoptic Condition Transport Origin

15-16 July LAE West coast trough, 
easterly transport

No long-range trans-
port from further east

17-19 July HAE
West coast trough, 
strong pressure 
gradient

Transport of air from 
central South Africa, 
Zimbabwe, Zambia

20-21 July LAE
West coast trough, 
strong pressure 
gradient

Transport of air from 
central South Africa, 
Zimbabwe, Zambia

22 July LAE High pressure directly 
over the study site

Very little air transport 
from the subcontinent

23 July LAE Onshore flow along 
South-Atlantic High

Dominant circulation is 
driven onshore

24-25 July HAE
West coast trough, 
strong pressure 
gradient

Transport of air from 
central South Africa, 
Zimbabwe, Zambia

26 July LAE
West coast trough, 
strong pressure 
gradient

Transport of air from 
central South Africa, 
Zimbabwe, Zambia

27-28 July LAE Stable weather, no 
pressure gradient

No pressure gradient 
near Henties Bay, 
stable weather
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Figure 8: Back-trajectories of 72-hours during 15-28 July 2019 (the different colours indicate the different computed trajectories). The scale to the right 
indicates the height above ground level (m). The dates on which there were HAEs are highlighted in yellow.

Hourly PM concentrations
The boxplots in Figure 6 show the hourly variation in PM2.5 and 
PM10 concentrations over the 2-week sampling period. The 
plots for both fractions show two clear periods in the diurnal 

concentrations. This indicates that the peaks observed in 
the morning and the beginning of the evening between the 
two studies are ascribed to different sources. The mean PM 
concentrations are generally lower during the early morning 
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An earlier version of this paper was presented at the National Association of Clean Air (NACA) Conference in October 2022 and was published in its 
Proceedings.

hours (01:00–09:00) and then increase throughout the day, 
reaching their highest values during the late afternoon and 
evening hours (16:00–21:00). The maxima and minima also show 
a large range which indicates that there is a lot of variability in 
the data. Figure 7 shows the predominant hourly wind directions 
with a clearly defined and very strong day-night signal. During 
the day, the predominant wind directions were from the south 
and southwest while at night, northerly and northeasterly winds 
were predominant. This agrees with the observation by Klopper 
et al. (2020) in July 2016 at the site. They found that these day 
and night wind patterns are associated with sea breezes and 
land breezes, respectively. The high PM concentration from 
09:00 to 21:00 may, therefore, be explained by the dominant sea 
breezes from the south and southwest during this time. This, in 
other words, signifies the importance of marine sources to HAE 
in the region.

Back-trajectories and synoptic 
meteorology
Figure 8 illustrates the 72-hour back-trajectories computed 
for the sampling period from 15 to 29 July. During most of the 
study period, air masses were predominantly transported 
from the interior. During HAEs, air masses were predominantly 
transported from the northeastern interior with some from the 
adjacent ocean. During LAEs, the transport was more varied – 
on some days air masses were transported from the ocean and 
on other days from the continent. The lowest PM concentrations 
were observed between 23-24 July (LAE) and during these days, 
the dominant transport pathway was from the adjacent ocean. 

The synoptic conditions during the sampling period are 
summarised in Table 1. Generally, HAEs occurred under west 
coast trough conditions, requiring a strong pressure gradient, 
and enhanced easterly winds from the central regions. The 
sources of the aerosols might be as far as southern Zambia, 
the Caprivi, and dry western Namibian regions, as indicated 
by the back-trajectory. These conditions were also present on 
July 25 and 26, with transport from as far as central Zimbabwe. 
Transport during July may coincide with large veld fires over the 
region, which can explain why circulation with an inland origin 
is associated with high aerosol concentrations. 

Conclusions
This study presents the results of a detailed analysis of daily 
PM2.5 and PM10 concentrations between 15 and 29 July 2019 
at Henties Bay, Namibia. The results show that during HAEs, 
the mean PM2.5 concentration was 28.40 ± 18.10 µg/m3 and 
the mean PM10 concentration was 68.20 ± 44.3 µg/m3. During 
LAEs, the mean PM2.5 and PM10 concentrations were 13.3 ± 9.52 
µg/m3 and 30.00 ± 23.00 µg/m3, respectively. During HAEs, the 
predominant southerly and southwesterly winds are from the 
adjacent ocean. The results also show three other sources of PM 

emissions to the north and southeast of the site which are most 
likely the Namibian ephemeral river valleys. Hourly, the highest 
PM concentrations were observed during the late afternoon 
and evening hours (16:00–21:00). These concentrations may 
be explained by the dominant sea breezes from the south and 
southwest during this time. 

During most of the study period, air masses were predominantly 
transported from the interior. During high aerosol episodes 
(HAEs), air masses were predominantly transported from the 
northeastern interior with some from the adjacent ocean while 
during low aerosol episodes (LAEs), the transport was more 
varied with air masses being transported from both the ocean 
and the continent. HAEs generally occurred under west coast 
trough conditions, requiring a strong pressure gradient and 
enhanced easterly winds from the central regions. The sources 
of aerosols might be as far as southern Zambia, the Caprivi, 
and dry western Namibian regions, as indicated by the back-
trajectories. The occurrence of winter veld fires may explain why 
circulation with an inland origin is associated with HAEs.
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