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Abstract: Nitrogen oxides, particularly NO,, are emitted through a variety of industrial and transport
processes globally. The world’s continuous economic development, including in developing countries,
results in an increasing concentration of those gases in the atmosphere. Yet, there is scant information
on the current state and recent evolution of these atmospheric pollutants over a range of spatial and
temporal scales, especially in Africa. This, in turn, hinders the assessment of the emissions and the
evaluation of potential risks or impacts on societies and their economies, as well as on the environment.
This study attempts to fill the gap by leveraging data from a Pandora-2S ground-based, column-
integrating instrument located in Wakkerstroom in the Mpumalanga Province of South Africa and
space-based remote sensing data obtained from the TROPOMI instrument onboard the ESA Sentinel-
5P satellite. We compare these two spatially (horizontal) representative data sets using statistical tools
to investigate the concentrations of emitted and transported NO, at this particular location, expecting
that a significant positive correlation between the NO, tropospheric vertical column (TVC) data
might justify using the TROPOMI data, available globally, as a proxy for tropospheric and boundary
layer NO; concentrations over the Highveld of South Africa more generally. The data from the two
instruments showed no significant difference between the interannual mean TVC-NO, in 2020 and
2021. The seasonal patterns for both instruments were different in 2020, but in 2021, both measured
peak TVC-NO, concentrations in late winter (week 34). The instruments both detected higher TVC-
NO; concentrations during transitions between seasons, particularly from winter to spring. The
TVC-NO; concentrations measured in Wakkerstroom Mpumalanga are mostly contributed to by
the emission sources in the low troposphere, such as biomass burning and emissions from local
power stations.

Keywords: Pandora-2s; nitrogen dioxide; TROPOMI; Sentinel-5P; air quality; validation

1. Introduction

Developing countries contribute increasing amounts of pollution to the
atmosphere [1,2], adding to the existing burden of air pollution from developed coun-
tries. In the United Kingdom (UK), nitrogen oxide (NOx) emissions totalled 6433 tonnes in
2022 and 6.1 million tonnes in the United States of America (US) in 2023 [3]. The presence
of NOy in the atmosphere, particularly the lower troposphere, is detrimental to the environ-
ment (e.g., acidic deposition) and has negative health impacts, including cardiovascular and
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respiratory diseases [4-7]. The World Health Organization (WHO) reports that pollutants
such as particulate matter (PM), carbon monoxide (CO), ozone (O3), nitrogen dioxide (NO;)
and sulphur dioxide (SO,) show the most evidence of having an impact on public health,
in addition to any environmental impacts. The distribution patterns of these pollutants
differ, with NO, showing a distinct urban-rural gradient of higher concentrations in more
densely populated urban areas [8] and highly industrialised regions [9]. The only way to
minimise these impacts is to regulate the emissions into the atmosphere [10].

Nitrogen dioxide (NO;) is the most prevalent form of NOy in the atmosphere. An-
thropogenic activities such as biomass burning, incomplete combustion of coal (power
generation) and transport lead to the generation of NO [10], which is then rapidly con-
verted to NO, [11]. During the day, the formation of NO; is favoured, which then catalyses
the formation of nitric acid (HNOg3). At night, ozone reacts with NO, to yield reactive
nitrogen in the form of nitrate (NO3; ™) [12]. Reactive nitrogen is removed from the atmo-
sphere through wet or dry deposition in the environment, contributing to the nitrogen
status of terrestrial and aquatic ecosystems [13]. Studies show that South Africa’s highly
industrialised Highveld area has high tropospheric NO; concentrations, exceeding the na-
tional air quality standards [14]. These elevated concentrations are comparable to those of
severely polluted regions of North America and Southeast Asia (between 1.30 x 10~% and
3.72 x 10~* mol/m?) [4,15].

Consequently, cities near the industrialised Highveld, such as Johannesburg, ex-
perience higher annual NO, column concentrations than coastal cities away from the
Highveld [16]. NOy emissions reported in the South African Mpumalanga (MP) Highveld
are dominated by those emanating from coal-fired power stations and industrial activi-
ties [17,18] and contribute to the observed high levels of tropospheric NO; [4,7]. In addition
to coal-burning power stations, other significant emission contributions to the Highveld
tropospheric NO; column concentrations include biomass burning (particularly in the
austral spring), the transport sector, and wood burning from informal household cooking
and heating [16,19]. Power station emissions in the MP Highveld occur at ca. 250 m above
the surface [20] and rise to altitudes of 500 m to 1000 m due to their heat content but are
mixed downwards to the surface due to vertical mixing in the boundary layer under high
solar radiation conditions [21]. These tropospheric pollutants are subjected to chemical and
physical processes, which are highly dependent on meteorological conditions, resulting in
their dispersion and transport [22].

The literature shows that NOy concentrations in the Highveld of South Africa peak di-
urnally at midday [14]. These peaks can be influenced by transboundary transported
emissions [16], depending on the air mass’ long- and short-range transport over the
Mpumalanga Highveld. According to Freiman and Piketh [23], four major pollution
transport pathways to the Highveld have been identified, depending on the source regions.
Airflow to the region is driven by pathways from subtropical Africa, the Atlantic and the
Indian Oceans, and flow over southern Africa. Emissions in the Highveld are recirculated
or transported out of the region into the south Indian Ocean [23].

However, since temporally and spatially resolved instruments for trace gas moni-
toring are still sparse in Africa [24], we are faced with an incomplete understanding of
the atmospheric chemistry in the tropospheric and total column. The available data in
Africa, usually scanty in comparison to the northern hemisphere, is from campaigns testing
novel technologies for a short period [25]. The transport of pollutants from neighbour-
ing countries into South Africa can be documented using satellite remote sensing data
combined with atmospheric circulation information generated by weather forecasting
models [7,26,27].

There is a rich legacy of monitoring atmospheric NO, global distributions using re-
mote sensing. From the late 1970s, limb-viewing and solar-occultation instruments were
used [28,29]. However, these instruments have been replaced with satellites with higher
spatial resolution, and improved retrieval methods have been implemented. The TROPO-
spheric Monitoring Instrument (TROPOMI), on board the European Space Agency (ESA)
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Sentinel-5 Precursor (S5P) payload, has a higher spatial resolution than its predecessor, the
Ozone Monitoring Instrument (OMI). This feature, in turn, allows the documentation of
NOy emissions in individual cities and effectively identifies NO; hotspots [30]. Scientific
investigations and accumulated expertise have shown that satellite data can be combined
effectively with atmospheric circulation models and knowledge about chemical reactions
to detect and monitor highly polluted areas against the prevailing background values.

TROPOMI uses the differential optical absorption spectroscopy (DOAS) technique
to quantify the total trace gas amount along the effective light path from the sun through
the atmosphere to the instrument [31]. TROPOMI produces high-resolution data
(~5.5 x 3.5 km?) [31] for the UV-Vis spectral range. This instrument is able to yield
near-global measurements daily due to its 2600 km swath [31].

The proper interpretation of TROPOMI data requires a deep understanding of the
transfer of solar radiation in the atmosphere, particularly the specific absorption bands of
atmospheric NO, pollutants. Such a radiation model can be inverted against satellite data,
and the latter can be used to document the spatial and temporal distribution of those NO,
trace gases over the area of interest. This process, therefore, also requires prior knowledge
of the underlying topography to determine the true extent of the slanted atmospheric
columns in which radiation scattering and absorption are taking place for each grid cell of
the satellite data [32,33].

The quantitative information retrieved from the satellite data can be compared subse-
quently with the independently acquired data from ground-based measurements, such as
Pandora instruments [34], paying particular attention to the differences in spatial, temporal,
and accuracy characteristics of those instruments. Due to TROPOMI's global coverage, it
lacks temporal resolution. Therefore, data from ground-based instruments such as Pandora
complement these high-quality, spatially resolved satellite data products.

Ground instruments can capture localised measurements, enabling researchers to
study events at specific locations using high temporal resolution. The ability of ground-
based instruments to vertically profile the measured trace gases in the atmosphere allows
access to the integrated vertical profile concentrations from the satellite-derived measure-
ments. Not only is it important to understand the horizontal distribution of NO, across the
globe, but the vertical distribution is extremely important as it identifies the high-impact
layers that impact atmospheric chemistry and environmental and health impacts.

Pandora instruments employ direct sun (DS) and multi-axis differential optical absorp-
tion spectroscopy (MAX-DOAS) techniques to measure atmospheric trace gas amounts [35].
The DS technique quantifies trace gas abundances in the atmospheric total column (TC) by
using scattered light received from one viewing direction at a time: the sun. However, the
MAX-DOAS technique uses scattered light from multiple viewing directions and angles.
When using the standard Pandora routines for DS measurement, the instrument points
directly at the sun for approximately 60 s at a time. For MAX-DOAS measurements, the
instrument scans the sky at various elevation angles for a fixed pointing azimuth (PAZI) for
30 s per angle. The MAX-DOAS technique is more sensitive to atmospheric constituents
abundant in the lower troposphere, such as NO;. Literature shows that a detailed evalu-
ation of satellite-derived NO, concentrations using ground-based instruments has been
carried out using DS measurements since they are more vertically representative of the
satellite-derived measurements. These evaluations show that TROPOMI underestimates
NO, tropospheric vertical column (TVC) concentrations [1,29,36]. The global negative
biases observed between TROPOMI and MAX-DOAS measurements are reported as high
as 37% in clean to slightly polluted areas and can increase to 51% in highly polluted ar-
eas [29]. These biases differ by region and specific ground-based stations. The measurement
biases observed are attributable to the different viewing geometries between these two
instruments, biases in the satellite retrieval of cloud pressure, the surface albedo climatol-
ogy, and the low resolution of the a priori profiles derived from global simulations of the
TM5-MP chemistry model [29,37,38]. Duoros et al. [28] showed that replacing the global
a priori information with local a priori information decreased the overall bias by 5% to
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12%. Additionally, DS measurements are not horizontally representative of the TROPOMI
footprint because measurements are taken at one point, and the field of view of the Pandora
instrument is small, ~1.5°.

Dimitriopoulou et al. [39] show that using MAX-DOAS instruments to measure
tropospheric NO, concentrations in different directions improves the spatial colocation
of ground-derived measurements with satellite-derived measurements. In addition, the
Pandora instrument’s temporal resolution can capture the NO, diurnal variation that
isn’t captured by satellite measurements due to the polar-orbiting nature of the satellite
instrument [4].

Since Pandora TVC measurements can be retrieved at very high temporal frequency, it
is possible to select the values corresponding to the time of passage of TROPOMI over an
area of interest and compare data sets acquired quasi simultaneously. A reasonable compar-
ison between the TROPOMI- and Pandora-derived MAX-DOAS measurements can indicate
the balancing association of these two datasets, indicating the need for ground instruments
to supplement the temporally lacking, column-integrated TROPOMI measurements.

This study evaluates the heterogeneity of the TVC-NO; concentrations over Wakker-
stroom in the Mpumalanga Highveld region of South Africa using Pandora, now known as
Pan159, MAX-DOAS measurements. In addition, the TROPOMI-derived TVC measure-
ments are presented and evaluated alongside the Pandora-derived measurements. The
purpose of this comparison is to assess whether or not the TROPOMI data can be used as a
reliable proxy for the tropospheric and boundary layer concentrations of NO, of the South
African Highveld, a hotspot of emissions at a global scale.

2. Materials and Methods
2.1. Study Site Description

Wakkerstroom (27°21'17.7" S, 30°08'37.8" E) is located in the Mpumalanga Province
of South Africa (Figure 1). The town covers an area of 87.68 km?, with a population of
~7000 and a minimum elevation of approximately 1730 m a.s.l. The study site is relatively
close to 12 coal-fired power stations (within ~48 km to 214 km). The power stations in the
Highveld are direct emission sources of NO. Wakkerstroom is downwind of the majority of
the power stations. The closest power stations to Wakkerstroom are Majuba and Camden.
Camden is located northeast, while Majuba is located northwest of Wakkerstroom. The NOx
agricultural emissions from neighbouring townships and surrounding agricultural areas
also increase the pollution load in the atmosphere [40]. As a result of this concentration of
power stations, the Highveld has long been identified as a major source of NO; pollution,
even on a subcontinental scale (Figure 2).

%5 20 25 00 05 310 as %o

Figure 1. Map of South Africa depicting the (a) Mpumalanga (MP) and Gauteng (GP) Provinces
with (b) the Mpumalanga Province of South Africa showing the coal-fired power stations in the MP
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Highveld and Wakkerstroom where the Pandora instrument (Pan159) is situated. Source of shapefiles:

https:/ /www.igismap.com/south-africa-shapefile-download-boundary-line-polygon/ (accessed
on 11 December 2022).
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Figure 2. Map of the tropospheric column NO, concentrations (mol/m?) over southern Africa, as
derived from an analysis of TROPOMI data from the 7-20 June 2021. Source: https://browser.
dataspace.copernicus.eu/ (accessed on 26 September 2024).

2.2. Research Techniques and Methods
2.2.1. Pandora-2s Instrument

The Pandora instrument installed in Wakkerstroom is part of the ground-based
standardised Pandora sun photometer network (Pandora Global Network-PGN). The
Pandora-2Spectrometer (2s) instrument is a dual ultraviolet (UV) and visible (VIS) spec-
trometer system that delivers integrated column direct sun/moon and sky-scanned ob-
servations of various trace gases, including O3, NO,, SO, and CH,O [41]. It is also
possible to derive an atmospheric profile of the selected trace gases. This device is a
small, cost-effective instrument capable of providing high-precision observations from
280 nm to 530 nm. The Pandora instrument used in this study (Pan159) was deployed
in Wakkerstroom in December 2019. It has a spectral range of 270 nm to 530 nm and
400 nm to 900 nm and a resolution of 0.6 nm/UV and 1.1 nm/VIS. The Pandora-2s
is mounted on an azimuth and elevation tracker that is controlled by a microproces-
sor (https:/ /sciglob.com/wp-content/uploads/2023/12 /Pandora2S_datasheet-1.pdf (ac-
cessed on 15 July 2021), making it possible to point the instrument in any direction.

Trace gases absorb solar radiation at specific wavelengths in the ultraviolet to visible
spectrum range, resulting in spectral signatures [42]. Trace gas concentrations can, there-
fore, be determined by measuring their specific spectral signatures using the differential
optical absorption spectroscopy (DOAS) method. The DOAS method is used to determine
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atmospheric trace gas concentrations from direct sun DOAS (DS-DOAS) observations,
multi-axis DOAS (MAX-DOAS), or both. It is possible to repeat the measurements every
80 s. The measured scattered sunlight spectra are analysed using “L2 direct” and “L2
Air-Ratio Sky” algorithms, respectively [43]. The latter algorithm compares observed and
reference spectra to determine concentration profiles of atmospheric trace gases [43].

The DS-DOAS technique delivers total column trace gas amounts using direct sun
(DS) geometry, which means that it points directly at the sun when measuring spectral
signatures of the trace gases. The MAX-DOAS technique, an extension of the traditional
DOAS method, scans the sky at various elevations and azimuth angles. This allows for the
quasi-simultaneous observation of scattered light in different line-of-sight (LOS) directions
from the horizon to the zenith, depending on the sun’s position during observations [44].
The various elevation angles enable measurements at different horizontal distances and
provide sensitivity to different atmospheric altitudes. Lower elevation angles are more
sensitive to the lower atmosphere because the path length of light is longer in the low
troposphere than at higher altitudes. The longer light path length enhances atmospheric
constituents’ light absorption, increasing sensitivity to trace gases primarily found in the
lower troposphere, such as NO,, O3, and CH;,O. As a result, the MAX-DOAS data are only
measured in the lower troposphere, up to approximately 5.5 km above ground level [45].

2.2.2. Pandora (Pan159) Data

The Pandora instrument at Wakkerstroom, Pan159, uses both DOAS techniques to
measure the concentrations of NO,, O3 SO;, and CH,O. During the setup of the Pan-
dora instruments for MAX-DOAS measurements, one to three pointing azimuth (PAZI)
directions were selected: one direction over the more polluted area and another in the
opposite direction. Pan159 was set at a 270° PAZI (west), which looks across the vlei
(valley) to the neck of the Volksrust road. Volksrust is a town approximately 45 km from
Wakkerstroom and serves as a stopover for travellers commuting between Johannesburg
and Durban. Therefore, the set azimuth for Pan159 is in the direction of expected pollution
relative to its location. The sky scans are detailed or quick and use an open-hole or a
U340 filter. Measurements from detailed sky scan zenith angles [0, 40, 50, 60, 70, 75, 80,
82, 85, “MAX-2", “MAX-1", “MAX”, “MAX-1", “MAX-2", 85, 82, 80, 75, 70, 60, 50, 40,
0] and quick sky scan elevation angles [0, 60, 75, “MAX-1", “MAX”, “MAX-1", 75, 60, 0]
using a U340 filter were taken for a total of 30 s at each position; each position is scanned
twice for 15 s. Pan159 employs an open-hole filter for quick scans at 0, 60, 75, “"MAX-1”,
“MAX”, “MAX-1", 75, 60 and 0-degree zenith angles also for a total of 30 s. Therefore, the
measurement frequency is approximately 13 min, depending on the routine schedule and
sun searches for the DS measurements. The maximum angle (MAX) was set at 88° as this
is the maximum angle of unobstructed view that the instrument can point and measure.
The Pan159 angles determine the atmospheric vertical distance that the instrument can
sample during measurements. The Pandora instrument in MAX-DOAS mode measures
trace gases in the lower troposphere, where the majority of the significant trace gases
are concentrated in the atmosphere. At higher altitudes, the signal-to-noise ratio of the
trace gas measurements decreases because of the reduced air density and scattering effects.
Therefore, Pandora MAX-DOAS measurements are optimised in the lower troposphere
only. This study analyses the tropospheric vertical column (TVC) NO; concentrations
(mol/m?) from 2020 to 2021.

The quasi-continuous Pan159 data are assigned data quality flag (DQF) values to
qualify their uncertainty and usability; see Table 1. Pandora level 2 (L2) data quality flags
are discussed in [45]. This study uses high-quality data with DQFs of 0/10 only.
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Table 1. Pandora instrument data quality flags (DQFs) and their meanings.
Data Quality Flag (DQF) Value Explanation

0 High-quality data (quality assurance applied)

1 Medium-quality data (quality assurance applied)

2 Low-quality data (quality assurance applied)

10 High-quality data (quality assurance not applied)
11 Medium-quality data (quality assurance not applied)
12 Low-quality data (quality assurance not applied)
20 Unusable data
21 Unusable data
22 Unusable data

2.2.3. TROPOMI Instrument

The TROPOspheric Monitoring Instrument (TROPOMI) is a sensor aboard the Eu-
ropean Space Agency’s (ESA’s) polar-orbiting Sentinel-5 Precursor (S5P) satellite [31,46].
It was launched in 2017 to provide atmospheric trace gas, cloud and aerosol property
measurements using shortwave infrared (SWIR), near-infrared (NIR), ultraviolet (UV) and
visible (VIS) spectroscopy [31] from an ascending sun-synchronous polar orbit, with the
equator crossing about 13:30 local time at the location of overpass [31]. The solar radiation
is measured within the 405 nm to 465 nm wavelength range, and retrieval algorithms
are used to derive the tropospheric NO, column density at ~5.5 x 3.5 km? spatial reso-
lution from August 2019 [47]. The first public release of TROPOMI data sets, including
NO,, was in July 2018 [31,48]. The offline (OFFL) level-2 (L2) tropospheric NO; column
density data can currently be accessed via the Copernicus Data Space Ecosystem (CDSE;
https:/ /dataspace.copernicus.eu/, last accessed on 21 June 2022). The S5P data processor
has been upgraded since the start of the mission. With respect to NO, column amounts,
the measurement process starts with the retrieval of slant column densities (SCDs). This
is followed by separating the total SCDs into stratospheric and tropospheric components,
depending on a priori vertical profile information using air-mass factors (AMFs), consid-
ering atmospheric cloud cover. The correct interpretation of TROPOMI data requires an
understanding of the transfer of solar radiation in the atmosphere, particularly the specific
absorption bands of the NO; pollutants.

2.2.4. TROPOMI Data

This study used NO, data product version 2.4.0 [31,48,49] from January 2020 to
December 2021. The TROPOMI satellite output for each ground pixel, including the TVC-
NO, concentrations measured in the visible spectral range, was assigned a quality indicator,
“quality assurance value”, to indicate the quality of the retrieved trace gas amount [31].
Pixel output with ga-value > 0.75 are expected to originate from cloud-free areas and are
considered error-free [48] and are used in this study. The original TROPOMI data were re-
gridded to 0.01°, allowing us to select an area around Wakkerstroom that is representative
of the area measured by the Pandora instrument using MAX-DOAS. A 0.1° x 0.05° area
around Wakkerstroom was selected and averaged. The non-normally distributed data
were averaged weekly, and the means, medians and standard deviations (variations) are
reported in this study.

2.2.5. Data Evaluation

The traditional evaluation method [1,50] applied in this study used Pandora-2s tropo-
spheric NO, concentrations (1) & 5 min of the TROPOMI overpass time and (2) an hour
within the TROPOMI overpass time for analyses. For the purpose of this study, only data
from the TROPOMI pixel closest to the Wakkerstroom site were extracted.
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All TROPOMI data used to compute the regression statistics were of ga-
values > 0.75, and the Pandora data were of DQF 0 or 10. In general, the use of TROPOMI
data with qa-values > 0.75 excludes data observed over cloudy scenes (cloud radiance
fraction > 0.5), scenes covered by snow/ice, and retrievals considered unreliable for any
number of reasons. The + 5 min Pandora coincidence measurements were 5 min before
or after the TROPOMI overpass time. The 1 h coincidence measurements were Pandora
measurements retrieved within the TROPOMI overpass hour. These measurements were
averaged and used as the 1 h coincidence data.

Theil Sen regression analyses (Rstudio ®) were used to compute all the regression
statistics (R; p-value and regression line), Equation (1) was applied to compute the nor-
malised mean bias (NMB), and Equation (2) for the NMB percentage. The Relative Squared
Errors (RSEs) for all the regressions were computed to validate the regression models in
this study.

n

Y(M-0)
Normalised Mean Bias = 1n7 @)
£(0)
1
L(M-0)
Normalised Mean Bias (%) = 1ﬂ7 x 100 (2)
;(O)

O = Pandora-2s measurements M = TROPOMI measurements.

2.2.6. A Priori Profiles Data

The NO, profiles (a priori profile shapes) were extracted from the TM5-MP (Tracer
Model, version 5), a chemistry-transport model employed to derive highly resolved ver-
tical profiles of NO, and other trace gases used in satellite retrievals [51]. The profiles
were extracted using the Python tool developed by the Koninklijk Nederlands Meteorolo-
gisch Instituut (KNMI). The .py code for the auxiliary product can be accessed from the
Product User Manual (see https://sentinel.esa.int/web/sentinel /user-guides/sentinel-5p-
tropomi/software-tools (accessed on 10 November 2022)).

2.2.7. Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) Frequency
Cluster Data

The HYSPLIT model is a complete system that computes simple air parcel trajectories
and complex transport, dispersion, chemical transformation, and deposition simulations us-
ing meteorological data [52,53]. It was developed by the National Oceanic and Atmospheric
Administration (NOAA) Air Resources Laboratory (ARL) [52,54]. This model can track
and forecast the release of dust, ash, volcanic ash and pollutants from various stationary
and mobile emission sources [52]. The simulations were produced as trajectories, which
could be clustered and presented by their mean trajectory. Trajectories were clustered using
the similarity principle: data objects with higher similarity were grouped, while those
with higher heterogeneity were separated into different groups [53]. The trajectories were
combined until the total variance of the individual trajectories about their cluster mean
started to increase substantially [54].

Version 5.2.0 of the HYSPLIT model was used to determine the trajectories of the
air masses that arrived at Wakkerstroom during 2020 and 2021, possibly loaded with
pollutants, affecting the NO, tropospheric levels. The backward trajectories were simulated
at 700 hPa and 550 hPa. These levels were informed by the a priori profile shapes from
the TROPOMI retrieved TVC-NO, concentrations and the atmospheric partial profiles
of the Pandora-derived TVC-NO, concentrations from January 2020 to December 2021.
The HYSPLIT model simulated and merged five-day backward trajectories to produce
backward trajectory clusters for 2020 and 2021, respectively. The trajectories were merged
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into 4 clusters according to their spatial variance. The resultant clusters were used to
determine the nature and extent of primary air mass transport to Wakkerstroom. They
distinguish between oceanic, clean continental, and polluted continental air mass transport.
Transport pathways concerning synoptic circulation patterns assume that air masses mix
as part of these circulation patterns [55].

This study used five-day backward trajectories instead of one- or two-day backward
trajectories, even in light of the short lifetime of atmospheric NO,. Five-day backward
trajectories were used because South Africa’s atmosphere is predominantly stable under
the influence of the continental high-pressure system that prevails for most days of the
year. Short timescale backward trajectories might not show the recirculation patterns or the
source of the TVC-NO, concentrations.

3. Results
3.1. Tropospheric Vertical Column NO;, Concentrations

This section reports the integrated tropospheric vertical column nitrogen dioxide
concentrations observed by the Pandora-2s and the TROPOMI satellite instruments at
Wakkerstroom, Mpumalanga, from January 2020 to December 2021.

3.1.1. Annual Concentrations

The annual mean and median NO, concentrations in the lower tropospheric vertical
column (LTVC) (1780 m to 6730 m a.s.]) retrieved using the MAX-DOAS Pandora technique
are given in Table 2, together with the TROPOMI-derived TVC-NO, concentrations in
Table 3.

Table 2. Interannual comparison of integrated MAX-DOAS tropospheric vertical column nitro-
gen dioxide mean and median diurnal concentrations measured by the ground-based Pandora at
Wakkerstroom in 2020 and 2021.

Tropospheric Vertical Column NO, (mol/m?)
Year Annual Mean (£Stdev) Annual Median
2020 5.06 x 1075 £8.97 x 107> 2.10 x 107°
2021 5.03 x 107> £9.40 x 107° 144 x 1075
p-value >0.05 <0.05

Table 3. The diurnal mean and median tropospheric vertical column nitrogen dioxide concentrations
in 2020 and 2021 measured in Wakkerstroom using the TROPOMI satellite.

Tropospheric Vertical Column NO, (mol/m?)
Year Annual Mean (£Stdev) Annual Median
2020 6.17 x 107> £ 1.06 x 10~* 2.86 x 107°
2021 7.06 x 107> +1.04 x 10~* 2.94 x 107°
p-value >0.05 >0.05

The  Pandora-derived  concentrations at  Wakkerstroom  for 2020
(5.06 x 107° £ 8.97 x 10~° mol/m?) were statistically similar (p-value > 0.05) to those in
2021 (5.03 x 1075 4 9.40 x 107> mol/m?) (Table 2). These values also align with the Ozone
Monitoring Instrument (OMI)-derived results reported by Matandirotya and Burger [16]
for 2019 and 2020 over Johannesburg. Johannesburg is adjacent to the Highveld area and
the two air sheds are known to influence one another [56]. It also indicates that the values
are, on average, representative of this hotspot of NO; emissions in South Africa.

Compared with other commercial and industrial regions around the world, the annual
mean concentrations at Wakkerstroom in 2020 are similar to mean concentrations at sites in
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midwestern Brazil in the same year measured using the OMI satellite instrument and not a
ground-based instrument [57].

Due to the gamma distribution pattern of atmospheric NO;, concentrations and
other atmospheric variables, the median is a more reliable measure of central tendency.
However, the median values measured at Wakkerstroom for the two years are not the
same. The median concentrations in 2020 (2.10 x 10> mol/m?) are significantly higher
(p-value < 0.05) than in 2021 (1.44 x 10~° mol/m?) (Table 2).

The mean and median TROPOMI-derived annual TVC-NO, concentrations were
6.17 x 107> £ 1.06 x 10~* mol/m? and 2.86 x 10> mol/m?, respectively, in 2020 (Table 3).
They were not significantly different (p-value > 0.05) from the values measured during 2021
(7.06 x 1075 + 1.04 x 10~* mol/m? and 2.94 x 10~ mol/m?).

The annual mean and median TVC-NO, concentrations derived from TROPOMI
are higher than the Pandora-derived TVC-NO; concentrations. This is expected since
the Pandora instrument only accounts for approximately 1/3 of the tropospheric column
compared to the total tropospheric column derived from the TROPOMI instrument. The
similar interannual mean concentrations found in this study from both instruments sug-
gest the dominance of regionally significant factors influencing tropospheric NO; levels,
particularly in the low troposphere, over the Highveld.

The ground-based Pandora data at Wakkerstroom indicate that the emissions in the
LTVC were significantly higher in 2020 than in 2021, but in the total tropospheric column
data from the TROPOMI instrument, there were no significant changes.

The TVC-NO; concentrations at Wakkerstroom are highly variable, as shown by the
large standard deviation around the mean concentrations of the highly temporally resolved
data (Tables 2 and 3). The variation can be attributed to anthropogenic and natural factors
such as changes in local emissions, atmospheric circulation and stability, air mass transport,
and weather patterns [23,58].

To explore this variability, we analysed the seasonality of the data. In South Africa, the
seasons are delineated as follows: summer (December to February, DJF), autumn (March
to May, MAM), winter (June to August, JJA), and spring (September to November, SON).
Spring is characterised by the onset of rainfall over the region, while summer is the wet
season. Autumn and winter are dry over the Highveld [59,60].

An overall season pattern emerges out of the weekly average MAX-DOAS data over
Wakkerstroom. The early summer and early spring (late winter) seasons recorded the
highest mean concentrations of LTVC-NO, over Wakkerstroom for both years. The highest
Pandora-derived LTVC-NO, concentrations in 2020 were observed in the summer during
week 50 (mean: 1.68 x 1074 + 1.88 x 10~% mol/m?; median: 9.33 x 10~° mol/m2)
(Figure 3).

While Figure 3 (2020 data) shows peak LTVC-NO, concentrations in austral summer,
Figure 4 for 2021 data shows contrasting patterns of peak seasonal LTVC-NO, concentra-
tions (mean: 1.63 x 10™% 4 8.67 x 107> mol/m?; median: 1.36 x 10~% mol/m?) in late
winter (week 34). The lowest mean (5.51 x 107° £ 3.18 x 10~ mol/m?) and median
(4.83 x 10~° mol/m?) LTVC-NO, concentrations were measured during the autumn and
the early winter months, with the exception of one episode in week 23 (Table A1).

The TROPOMI data show a distinctly different seasonal pattern of highest and lowest
concentrations of tropospheric NO;. The observations from the satellite-based instrument
show an early winter and early spring peak in both years. The lowest concentrations
between 2020 and 2021 do not coincide. In 2020, the lowest concentrations are observed
in late summer and early autumn (this is more or less the same as the ground-based
data). In 2021, minimum concentrations are observed in the late summer period. The
weekly aggregated TROPOMI-derived data show peak weekly mean TVC concentrations
(1.75 x 107* £ 3.71 x 10~* mol/m?) in the winter (in week 27) (Figure 5).
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Figure 3. Boxplot of weekly averaged MAX-DOAS Pandora-derived low-tropospheric nitrogen
dioxide concentrations (mol/m?) in Wakkerstroom, Mpumalanga, for January to December 2020. A
star denotes the weekly mean and the black dots represent all mean values higher than the upper
quartile. The vertical dashed lines indicate the start of the four seasons: autumn, winter, spring and
summer. The y-axis scale was cut between 3 x 10~% and 8 x 10~* mol/m? to make the figure more
legible at low (<3 x 10~% mol/m?) NO, concentrations where the majority of the NO, concentrations
measured. The data are expressed in full in Appendix B.

Further inspection of the TROPOMI-derived weekly data shows that during week
27, six out of the seven weekly measured concentrations were in the magnitude of x10~°
except one, which was x10~3. However, during week 39, only two of the six available daily
concentrations were in the x 10> magnitude, and the rest were in the x 10~*. This indicates
that a one-day event drove the high mean TVC-NO; concentration seen in week 27 (winter),
while the elevated concentrations in spring were probably driven by the biomass-burning
episodes during that week, as reported by [61].

The minimum mean (3.33 x 107°® 4+ 447 x 107® mol/m?) and median
(247 x 107® mol/m?) concentrations in 2020 were measured in week 13, autumn
(Figure 5). This is due to the advection of clean air from the Southern Ocean observed at
lower tropospheric levels during this time [61].

The 2021 TROPOMI-derived TVC-NO, data (Figure 6) show weekly mean
(3.16 x 107* £ 2.44 x 10~* mol/m?) and median (2.68 x 10~* mol/m?) peaks in the
late winter (week 34). The full data set can be seen in Appendix B. The similarity of
this finding to that of the Pan159 LTVC-NO, concentrations (Figure 4) in the same year
indicates that the low tropospheric sources contributed more to the integrated column
concentrations.
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Figure 4. Weekly averaged boxplots of MAX-DOAS Pandora-derived low tropospheric nitrogen
dioxide concentrations (mol/m?) in Wakkerstroom, Mpumalanga, for 2021. A star denotes weekly
means. The vertical dashed lines indicate the start of the four seasons: autumn, winter, spring and
summer. The y-axis scale was cut between 3 x 10~% and 8 x 10~% mol/m? to make the figure more
legible at low (<3 x 10~* mol/m?2) NO, concentrations where the majority of the NO, concentrations
measured. The data are expressed in full in Appendix B.

The elevated concentrations observed from the ground-based instrument were not
the expected results. Although the concentrations in early summer 2021 are lower than
in 2020, the concentrations remain higher than in winter. Previous studies have found
elevated concentrations during the winter [56,62]. The difference is that the previous studies
used ground-based in situ measurements that have no way of looking at the integrated
tropospheric column. The elevated summer concentrations are surprising because this is
the wet and warm season, associated with unstable meteorological conditions, increasing
the vertical motion and dispersion of trace gases in the atmosphere [63,64]. In addition, the
increased precipitation during the wet seasons increases the removal of pollutants from the
atmosphere through wet deposition [17,56]. A key difference between the two seasons is
the atmospheric stability, which determines the mixing of NO, from major sources through
the column. It was expected that NO, measured in the tropospheric column would be
integrated, thus not really showing a big difference between the seasons, especially summer
and winter. It seems that the vertical mixing is impacting the detected concentrations.
This is coupled with the transport pathways of NO, from the main source region, the
industrialised Highveld, to the site. During summer, the transport pathway is controlled
by the easterly wave perturbations [65].
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Figure 5. TROPOMI-derived tropospheric nitrogen dioxide concentrations over Wakkerstroom,
Mpumalanga, averaged weekly for 2020. The means are represented by a star. The vertical
dashed lines indicate the start of the four seasons: autumn, winter, spring and summer. The y-
axis scale was cut between 3 x 10~% and 8 x 10~% mol/m? to make the figure more legible at low
(<3 x 10~* mol/m?3) NO, concentrations where the majority of the NO, concentrations were mea-
sured. The data are expressed in full in Appendix B.

In contrast, winters are characterised by the formation of surface inversion layers
inhibiting vertical atmospheric mixing and effectively trapping the primary pollutants [17].
The winters in the Highveld are dry and cold, resulting in additional combustion of coal
and wood for domestic heating [17]. Furthermore, the transition from winter to spring and
the spring are also characterised by occurrences of biomass burning [56].

These conflicting findings challenge the established understanding of TVC-NO, con-
centration patterns during the winter season.

Due to the lack of pollutant measurements in South Africa and the spatial and temporal
variability, it would be extremely useful if the TROPOMI data could be utilised as a proxy
of gaseous pollutant concentrations over the most polluted regions of South Africa. From
the data presented in Figures 3-6, this seems not to be an ideal practice. On average (not
considering the extreme values), however, if we compare the Pandora and TROPOMI
tropospheric column data (Figure 7), we see that it is possible to use a longer-term average
value (weekly) as a proxy of the state of gaseous pollutants over the Highveld. There
are some differences, as one would expect, but overall, the TROPOMI data give a fair
estimate of the NO, concentrations over Wakkerstroom, as they capture the majority of the
integrated concentrations from the lower troposphere. The highest concentrations occur
in the late winter and early spring, with early summer and winter also showing elevated
levels of NO,. The question that remains is whether Wakkerstroom is a representative
site of the industrialised Highveld. Wakkerstroom is in close proximity to some of the
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largest power plant emissions in South Africa. The site is also downwind of the industrial
and urban complex of the Highveld. As with most sites over the Highveld, the site is also
influenced by a series of other sources, namely local burning as well as the seasonal peak
of biomass burning. We would argue that this analysis shows that TROPOMI can be used
to generate proxies of indexes of air quality weekly or longer when longer-term average
data are utilised.
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Figure 6. TROPOMI-derived tropospheric nitrogen dioxide concentrations over Wakkerstroom,
Mpumalanga, averaged weekly for 2021. The means are represented by a star. The vertical
line indicates the start of a new season. The vertical dashed lines indicate the start of the four
seasons: autumn, winter, spring and summer. The y-axis scale was cut between 3 x 10~* and
8 x 10~* mol/m? to make the figure more legible at low (<3 x 10~* mol/m?) NO, concentrations
where the majority of the NO, concentrations were measured. The data are expressed in full in
Appendix B.

For both instrument measurements, the mean TVC-NO, concentrations for 2020
and 2021 (Figure 7) at Wakkerstroom increased consistently during seasonal transitions,
specifically from winter to spring. A more variable increase is seen in the transition between
autumn and winter. Another consistency between the TROPOMI and Pandora TVC-NO,
concentrations is the increase in concentrations in 2021 during the austral summer season
(Figure 7). The high Pandora measurements reflect the local variability diurnally and
temporally in the lower tropospheric column NO, concentrations. The TROPOMI data, in
contrast, do not show that because of its daily overpass, unlike the Pan159 instrument that
measures more frequently.
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Figure 7. Comparison of weekly averaged TVC-NO, concentrations over Wakkerstroom,
Mpumalanga, in 2020 (top panel) and 2021 (bottom panel), measured using TROPOMI (solid lines
with solid circle) and Pandora instruments (MAX-DOAS) (dash lines with open circle).

3.1.2. TROPOMI and Pandora-Derived Tropospheric NO, Concentrations

The TROPOMI-derived annual mean and median TVC-NO, concentrations in 2020
and 2021 were higher than the Pandora-derived concentrations for the same years
(Tables 2 and 3). This is expected since the two instruments are sensitive at different
tropospheric levels and retrieved TVC-NO,; concentrations from two different integrated
TVC volumes. The data sets were evaluated to further elucidate the complementary
relationship between the two instruments’ TVC-NO; data products.

The Theil Sen Regression analyses were performed using 5 min (+5 min) (Figure 8
left panel) and £1 h (&1 h) (Figure 8 right panel) Pandora-derived coincidence data to
the TROPOMI sensing time to compare the TROPOMI and Pandora-derived TVC-NO,
concentrations over Wakkerstroom. The two coincidence data sets (Figure 8) show a
positive correlation between the TROPOMI and Pandora-derived data sets (p-value < 0.05).
The +5 min (n = 48) coincidence data show a strong determination coefficient (R?) of 0.64
with a slope of 1.1. The correlation between the TROPOMI and Pandora %1 h coincidence
data (n = 149) (Figure 8 right panel) is strong (R% = 0.57) but less than that of the £5 min
data. There is a stronger correlation between the TROPOMI and the Pandora data sets
when TVC-NO, concentrations are lower (Figure 8). This is probably because the majority
of the concentrations measured are from the low troposphere where both instruments
are measuring.

The RSE values were used to validate the regression models, and all models are valid
with RSE values approaching zero.

Further analyses of the =1 h coincidence data show that concentrations in summer
are better correlated than during other seasons (Figure 9).
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Figure 8. Theil Sen regression analysis of +5 min (left panel) and +1 h (right panel) coincidence
TROPOMI and Pandora data over Wakkerstroom in 2020 and 2021. The black dashed line is the 1:1
line, and the black solid line is the regression line (&5 min NMB%~54%; +=1 h NMB%~64%).
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Figure 9. The seasonal correlation between the TROPOMI sensing time and the +1 h Pandora
coincidence data over Wakkerstroom using the Theil Sen regression analysis. The black dashed line
is the 1:1 line, and the black solid line is the regression line.

Diverse factors play a role in this disagreement between TROPOMI and Pan159 data
sets, including averaging differences [2], different viewing geometries of the instruments,
and NO, concentrations that are not uniformly mixed throughout the troposphere due
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to emissions and vertical atmosphere mixing [66]. The Pandora-derived MAX-DOAS
concentrations are predominantly in the lower troposphere, whereas the TROPOMI-derived
concentrations are aggregated for the entire tropospheric column. The last of the factors
explaining the disagreement in the TVC-NO; concentrations of the two instruments is
especially important in the southern African context, where three dynamics exacerbate the
problem of vertical stratification. Firstly, the interior of the South Africa Highveld is on an
elevated plateau that is approximately 1700 m or more above sea level. Those elevations
mean the major local emissions can be trapped closer to the ground due to temperature
inversion [67,68]. In addition, the dispersion of pollutants on the Highveld may not be
as efficient at lower elevations due to the low air density at higher elevations. Secondly,
southern Africa has been shown to have a highly stratified vertical atmospheric structure
that prevails for many months of the year. The atmospheric stratification is driven by
subsidence, creating distinct and substantial thermodynamic barriers at approximately
3000 m and 5000 m a.s.1 [69]. Finally, two major sources of NO, over the subcontinent
include biomass burning, with ground emissions that can be carried up to the middle
troposphere by turbulence, and power station emissions that have stacks designed to
release emissions at a height above the stable layer to avoid downward mixing of the
emissions in the presence of surface layer conversions. These factors create conditions,
especially over the Highveld, of distinctly elevated plumes of concentrated pollution that
can persist in the atmosphere for many days [70].

The inconsistency in the seasonal trends of atmospheric trace gas concentrations in the
Highveld, particularly for short-lived pollutants such as NO,, from satellite and ground-
based instruments, indicates that the persistent stable layers in the Highveld atmosphere
contribute to the complexity and disparity of the measurements.

3.2. Tropospheric Vertical Column Nitrogen Dioxide Profiles

Figure 10 shows the Pandora MAX-DOAS LTVC-NO; concentrations as a function
of altitude in 2020 and 2021. It confirms that the Pan159 instrument measures LTVC-NO,
concentrations aggregated from ~50 m to 4.5 km above the ground. Between the maximum
vertical distance of 2.5 km and 3.5 km a.g.l is where the Pandora instrument measured the
highest concentrations of NO; in the low troposphere. At altitudes above 4 km a.g.l and
below ~1.5 km a.g.l, the concentrations were low (Figure 10). Some of the highest Pandora
MAX-DOAS LTVC-NO,; concentrations were measured at ~3 km a.g.1.

There are several stable layers in the Highveld atmosphere that could act as a vertical
barrier [69], interfering with the mixing of the emitted NO, concentrations in the atmo-
sphere. The boundary layer is at approximately 1300 m a.g.1 (700 hPa), followed by the
500 hPa stable layer, which is at approximately 3800 m a.g.l. The 500 hPa stable layer
coincides with the decrease in concentrations higher than 4 km a.g.l. If emissions are
released above the boundary, there is less possibility of those emissions mixing down since
the layer traps pollutants separating the emissions above and below the layer [69]. This is
possibly why high concentrations are seen between the 700 hPa and 500 hPa stable layers.

The Tracer Model version 5, massively parallel version (TM5-MP) chemistry transport
model a priori profile shape data of the TROPOMI-derived TVC-NO; retrievals over
Wakkerstroom, Mpumalanga, in South Africa, are presented in Figure 11. These data show
the a priori profile shapes for the stratospheric and the tropospheric vertical columns in
2020 and 2021. The highest concentrations were recorded in the lower atmosphere, between
800 and 600 hPa.
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Figure 10. The maximum height Pandora MAX-DOAS tropospheric vertical column nitrogen dioxide
profiles at Wakkerstroom, Mpumalanga Province. The vertical distance measured by Pan159 is
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3 km a.g.l = ~550 hPa; 4 km a.g.1 = ~500 hPa).
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Figure 11. TROPOMI a priori profiles over the Wakkerstroom Highveld in 2020 and 2021.
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3.3. Backward Trajectories (HYSPLIT)

In this research, three periods of elevated concentrations of NO, have been identified
over Wakkerstroom. It is important to establish the atmospheric transport pathways
associated with these increases in pollution to understand the potential contributing sources.
Five-day backward trajectories have been used for this purpose.

In 2021, the late winter and early spring LTVC-NO,; concentration peaks (week 34)
were characterised by 50% air masses transported from the north of Wakkerstroom passing
through the secondary hotspot over the Gauteng-Tshwane metro and coal-fired power
station emissions at 550 hPa (Figure 12b). The air mass circulation was also dominated
by continental recirculation patterns. The early summer LTVC-NO; concentration peaks
in 2020 were associated with recirculation of air masses at the lower troposphere from
Mozambique over Limpopo Province and the Johannesburg and Ekurhuleni urban Metros
before reaching Wakkerstroom at an altitude of 3 km a.g.l. (Figure 12a). Additionally,
32% of the westerly air masses also pass over the Johannesburg-Tshwane metro and the
clustered power stations over the MP Highveld before reaching Wakkerstroom at 550 hPa
during early summer. These main trajectories (3 and 2) were approximately at or below the
550 hPa level.
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Figure 12. Five-day backward trajectories to Wakkerstroom, Mpumalanga, at 550 hPa for (a) week 50
in 2020 and (b) week 34 in 2021 for the observed peak LTVC-NO, concentrations measured by the
Pan159 instrument.

These backward trajectories indicate sources of low-level emitters, such as biomass
burning from southern Mozambique and local emissions from the Highveld. In addition,
there are coal-fired power stations along that (from the west) transport pathway, causing
additional loading of NO, concentrations as the air parcels are transported to Wakker-
stroom. Fluctuations in local emissions are affected by shifts in commuting patterns of
travellers passing through Volksrust from Johannesburg to KwaZulu-Natal or vice versa,
the frequency of fossil fuel combustion and biomass burning. The literature has shown
that fossil fuel combustion and biomass burning follow seasonal patterns, with increased
fossil fuel combustion during the colder months (winter) and biomass burning from June
to September in southern Africa [71,72].

The highest concentration of TVC-NO; identified from the TROPOMI satellite instru-
ment was at ~700 hPa (Figure 11), which is more representative of the lower tropospheric



Atmosphere 2024, 15, 1187

20 of 29

column. Therefore, backward trajectories at 700 hPa were investigated to find out what the
major air mass trajectories were at that atmospheric level. In 2020, the transport patterns to
Wakkerstroom were dominated by westerly and southwesterly winds (Figure 13a) from
above 2500 m a.g.l. This was not surprising as westerly airflow increases significantly to
the Highveld during the early winter season [23]. This type of transport is associated with
air masses free of industrial emissions [23]. However, the trajectories in week 27 linger over
land as they pass over the Gauteng-Tshwane metro and the clustered power stations before
they reach Wakkerstroom, allowing for the accumulation of emissions. In 2021, the main
transport (63%) was recirculated African flow (Figure 13b, cluster 1). This type of transport
is prevalent at the 700 hPa level to the Highveld [23] in the early winter season. It promotes
the accumulation of pollutants from neighbouring countries and areas around Wakker-
stroom. This is an indication that most of the TROPOMI-derived TVC-NO, concentrations
detected at Wakkerstroom in 2021 are due to emissions from elevated plumes caused by
power stations, biomass burning, and other industries. These plumes easily reach the base
of the 700 hPa stable layer.

Source

Meters AGL

at 27.36S 30.14E

Cluster means - Standard Cluster means - Standard
backward traj_ectorles backward trajectories
GDAS Meteorological Data GDAS Meteorological Data
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Figure 13. Five-day backward trajectories to Wakkerstroom, Mpumalanga, at 700 hPa for (a) week 27
in 2020 and (b) week 34 in 2021.

4. Discussion

The operation of the Pandora-2s instrument in the Mpumalanga Highveld of South
Africa as part of the Pandonia Global Network (PGN) is significant as it is one of the only
two Pandora instruments installed on continental Africa (https:/ /blickm.pandonia-global-
network.org/livemaps/pgn_stationsmap.png (accessed on 10 August 2024)), and it is
located in an area subject to significant industrial pollution [56]. This is especially relevant
because poor and deteriorating air quality is a major public health threat in this country.
Furthermore, the high frequency of measurements available from the Pandora instrument
effectively complement the wide spatial coverage but low frequency of data acquisitions
from low earth orbiting (LEO) satellites, such as the TROPOMI satellite. Pandora-derived
concentrations in this study are measured to an approximate maximum vertical atmospheric
distance of 5 km above the ground (a.g.l). The highest concentration identifies the altitude
of the highest concentrations of NO; as it was identified by the MAX-DOAS observations.


https://blickm.pandonia-global-network.org/livemaps/pgn_stationsmap.png
https://blickm.pandonia-global-network.org/livemaps/pgn_stationsmap.png
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In contrast, the entire tropospheric column extends from the planetary surface (sea
level or continental altitude) to 12 or 15 km.

The highest concentrations of tropospheric NO; are observed in the spring (late winter).
Concentrations during this season are highly variable (Figures 3 and 4). The variability
is likely associated with a source that is not fixed in space and variable in time. Biomass
burning is the most likely source, as it is known to be transported over the Highveld during
the spring season. From a previous analysis of lower tropospheric data derived from the
Pandora instrument, it was shown that the emissions are transported towards the site from
neighbouring South African countries—Mozambique and eSwatini—which contribute to
the atmospheric NO; loading in the Highveld [61].

The reported elevated TVC-NO, concentrations can be attributed to the well-defined
inversion layers that are present during winter, which trap pollutants, the slow wind
speeds and recirculation patterns that limit dispersion as well as the absence of rainfall
to scavenge the pollutants from the atmosphere [58,73,74]. In contrast, the 2020 median
(1.52 x 10~* mol/m?) peaked in spring (week 39). The spike in the TVC-NO, concentration
median indicates an event that elevated the measured concentrations. This is similar to the
elevated surface NO, concentrations reported in 2020 over Wakkerstroom, which resulted
from biomass burning in eSwatini [61].

Biomass-burning emissions have been identified to represent a large perturbation
to global atmospheric chemistry [75]. NO, concentrations peaking in September can be
attributed to biomass-burning emissions from the east of Wakkerstroom and other sources
from the surrounding low-cost townships. In addition, considering the location of the
Pandora instrument-downstream from major NO, pollutant sources, but not located next
to or within those sources—the changes in emissions from the surrounding power stations
are also possible contributors to the observed NO, concentrations.

The use of Pandora MAX-DOAS measurements to compare the TROPOMI-derived
TVC-NO, concentrations has shown that the Pandora MAX-DOAS technique increases
the spatial and temporal compatibility of the two data sets. Implementing two or more
azimuthal directions for sky-scan measurements will further close the gap of scarce, highly
spatially and temporally resolved air quality data and complement the relatively high
spatial resolution global data from the TROPOMI satellite.

The Pandora-derived MAX-DOAS concentration seasonal patterns changed from a
seasonal high in the summer of 2020 to the winter of 2021, while the TROPOMI seasonal
pattern showed high NO; concentrations in the winter of both years. The similarity in
the 2021 peak winter TVC-NO; concentrations for both instruments (even though the
TROPOMI instrument measured higher TVC-NO; concentrations) indicates the aligned
spatial resolution between the two data sets attributed to the sky scan measurements at
various elevation angles and the contribution of the regional low troposphere sources to
the measured total TVC-NO; concentrations. The similar seasonal variations between the
Pandora-derived LTVC-NO, concentrations and the TROPOMI-derived concentrations
indicate that the sources in the lower troposphere contribute a larger portion to the tropo-
spheric column than sources higher in the troposphere, such as transported NO,-laden air
masses. This is evident when interrogating the weekly averaged data instead of the annual
data. Both instruments identified peak concentrations in the lower troposphere, showing
that the TROPOMI instrument is a good proxy of NO; distribution over Wakkerstroom.

Recirculation, transport from southern Mozambique, and northern and westerly air-
flow to Wakkerstroom were identified as the air mass transport pathways contributing
significantly to the measured elevated LTVC- and TVC-NO; concentrations in Wakker-
stroom.

The temporal heterogeneity of NO, over the Mpumalanga Highveld can be seen
using the Pandora-2s and the TROPOMI satellite instruments. This study showed that
MAX-DOAS measurements from Pandora correlate positively (R > 0) with the TROPOMI
satellite data when using 5 min and 1 h contemporaneous data, respectively. Ascertaining
the bias between TROPOMI and ground-based instrument measurements is more complex
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for individual measurement stations. The overestimated TROPOMI measurements of the
Pandora coincidence data are expected due to the sensitivity of the two instruments at
different atmospheric levels during measurements. However, this shows that MAX-DOAS-
derived TVC-NO, concentrations can represent the area of satellite-derived TVC-NO,
concentrations even when measuring in one azimuthal direction; hence, similar mean
seasonal patterns but different median-informed seasonal patterns.

This can be attributed to the spatiotemporal heterogeneity of NO, and the sensitivity
of the instruments at different atmospheric levels and that of the satellite in highly polluted
areas—reflection, absorption, refraction and scattering are increased throughout the col-
umn during high pollution events. The presence of aerosols and other pollutants in the
atmosphere, particularly in the stable layers, causes the satellite instrument to be more sen-
sitive to NO; at the high atmospheric layers where the MAX-DOAS-derived concentrations
are not measured. This is caused by the path length of the light to the instrument in the
presence of other pollutants, resulting in more light absorption by the NO, trace gas.

5. Conclusions

The Pandora-2s instrument data complement TROPOMI satellite data due to its high
temporal resolution data. These complementary data sets have shown similar seasonal TVC
NO; concentration peaks despite indicating a significant local lower troposphere source in
the Wakkerstroom area. Power stations and other local sources, such as biomass burning,
contribute to the observed NO; levels in the Highveld. Seasonal TVC-/LTVC-NO; spikes,
particularly in winter, are linked to inversion layers, low wind speeds, recirculation, and a
lack of rainfall, which trap pollutants. The elevated LTVC-NO; concentrations in the early
spring are attributed to biomass burning in neighbouring regions like Mozambique and
eSwatini. This source is transported to the Highveld and contributes to the atmospheric
NO; load. The spatiotemporal heterogeneity of NO, and the sensitivity differences between
MAX-DOAS (ground-based) and satellite instruments make it challenging to compare
measurements directly. However, both can provide important data on NO, distribution in
Wakkerstroom.
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Appendix A

Table A1. Pandora MAX-DOAS retrieved weekly frequency (n) data capture in 2020 and 2021 over
Wakkerstroom, South Africa.

Week n_2020 n_2021
1 0 6
2 2 7
3 0 7
4 0 5
5 0 0
6 0 0
7 0 1
8 0 7
9 1 5
10 7 6
11 3 6
12 3 5
13 3 4
14 2 7
15 0 6
16 3 7
17 4 6
18 5 3
19 5 6

20 4 5
21 0 7
22 0 5
23 0 1
24 0 3
25 1 6
26 3 5
27 4 4
28 5 6
29 4 6
30 6 3
31 6 5
32 5 7
33 7 2
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Table Al. Cont.

Week n_2020 n_2021
34 7
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

Total 171 279
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Figure A1. Boxplot of weekly averaged MAX-DOAS Pandora-derived low-tropospheric nitrogen
dioxide concentrations (mol/ mz) in Wakkerstroom, Mpumalanga, for January to December 2020.
A star denotes weekly means and the black dots represent all mean values higher than the upper
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quartile. The vertical dashed lines indicate the start of the four seasons: autumn, winter, spring and
summer. The y-axis scale was cut between 3 x 10~* and 8 x 10~% mol/m? to make the figure more
legible at low (<3 x 10~% mol/m?) NO, concentrations where the majority of the NO, concentrations
measured.
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Figure A2. Weekly averaged boxplots of MAX-DOAS Pandora-derived low-tropospheric nitrogen
dioxide concentrations (mol/m?) in Wakkerstroom, Mpumalanga, for 2021. A star denotes weekly
means. The vertical dashed lines indicate the start of the four seasons: autumn, winter, spring and
summer. The y-axis scale was cut between 3 x 10~% and 8 x 10~% mol/m? to make the figure more
legible at low (<3 x 10~* mol/m?) NO, concentrations where the majority of the NO, concentrations
measured.
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Figure A3. TROPOMI-derived tropospheric nitrogen dioxide concentrations over Wakkerstroom,
Mpumalanga, averaged weekly for 2020. The means are represented by a star. The vertical dashed
lines indicate the start of the four seasons: autumn, winter, spring and summer.
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Figure A4. TROPOMI-derived tropospheric nitrogen dioxide concentrations over Wakkerstroom,
Mpumalanga, averaged weekly for 2021. The means are represented by a star. The vertical line
indicates the start of a new season. The vertical dashed lines indicate the start of the four seasons:
autumn, winter, spring and summer.
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