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HIGHLIGHTS

o Statistical analyses revealed correlations between rain chemistry and air mass history, and highlighted the complexity.

e Higher concentrations of ionic species were associated with air masses at 100 m a.g.l. passing over anthropogenic sources.
e No significant correlations between air mass histories at cloud base height and ionic composition were evident.

o Below-cloud atmospheric chemical composition was more significant to rain chemistry in this part of South Africa.

o Case studies signified the influence of several factors on rain chemistry.

ARTICLE INFO ABSTRACT
Keywords: Precipitation chemistry is influenced by a number of complex processes, which include the temporal and spatial
Rain chemistry evolution of air masses. Previous wet deposition studies in South Africa could not distinctly relate the influence

Wet deposition
Cloud base height
Air mass history
Welgegund

of air mass history on rain chemistry in order to substantiate the influence of different sources. The Welgegund
atmospheric monitoring station in South Africa measures several atmospheric parameters, which include vertical
profiling of the atmosphere that could assist in relating rain chemistry to air mass history. Therefore, the aim of
this study was to conduct an advanced assessment on factors influencing chemical composition of rain in the
South African interior by relating individual rain events at Welgegund to air mass history at cloud base height
(CBH) and arrival heights below clouds, as well as supplementary in situ measurements conducted at the site.
Hierarchical cluster analysis was performed through two approaches, i.e. clustering based on the chemical
composition of rain, as well as grouping based on air masses arriving at CBH and 100 m above ground level (a.g.
1.). Although statistical analyses highlighted the complexity associated with correlating rain chemistry to sources
of chemical species, it proved useful to determine some correlations between rain chemistry and air mass history.
Clustering according to the chemical composition of rain events grouped rain events from high to low volume
weighted mean (VWM) concentrations. Correlation of air mass histories to these clusters indicated that higher
VWM concentrations were associated with air masses at 100 m a.g.l. passing over anthropogenic source regions.
Air mass history clustering grouped air masses passing predominantly over predefined source regions. The rain
chemistry of clusters determined for air masses at 100 m a.g.l. arrival heights could be related to the influence of
different source regions, with the impact of large point sources, the clean western background region and oceans
especially evident. No significant correlations between air mass histories at CBH and ionic composition were
evident. It was concluded that below-cloud atmospheric chemical composition was more significant to the
chemical composition of rain in this part of South Africa. A few case studies were also conducted in order to
further explore factors influencing the chemical composition of rain.
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L. Kok et al.
1. Introduction

Precipitation chemistry reflects the major physical and chemical
mechanisms in the atmosphere, while it also corresponds to changes in
atmospheric chemical composition associated with anthropogenic ac-
tivities and changes in meteorological patterns (Galy-Lacaux et al.,
2009; Laouali et al., 2012; Schwab et al., 2016). Precipitation chemistry
is influenced by a number of complex processes occurring in the water
cycle between the surface of the earth and the atmosphere (Hall, 2003;
Pauliquevis et al., 2012), as well as the temporal and spatial evolution of
air masses (Fedkin et al., 2019; Lutgens and Tarbuck, 1982; Uchiyama
et al., 2019). These processes include cloud nucleation, microphysical
droplet interactions, cloud mechanics and precipitation, as well as
emissions, chemical reactions and transport of species (Al-Khashman,
2009; Zhang et al., 2012).

Water-soluble chemical compounds can be introduced into droplets
during cloud formation and lifetime, or during the precipitation event.
Typical cloud condensation nuclei (CCN) include dust, sea salt, sulphate
(SO%_) and organic species (Christner et al., 2008; Feltracco et al., 2019;
Uchiyama et al., 2019; Wallace and Hobbs, 2006). These species can
either be primarily emitted from local sources or can be formed as sec-
ondary particulates in the atmosphere, which can be associated with
long-range transport of air masses (Orué et al., 2019; Seinfeld and
Pandis, 2006; Wallace and Hobbs, 2006). After a cloud is formed,
in-cloud mixing occurs between different droplets, while various
aqueous reactions take place that can be catalysed by species in inter-
stitial cloud air (Brimblecombe, 2003; Hall, 2003; Pauliquevis et al.,
2012). The inclusion of particulates or gaseous species into a cloud or
droplet is referred to as scavenging. In-cloud scavenging entails the
absorption of species into the droplet during droplet formation and/or
from the interstitial atmosphere, while typical below-cloud scavenging
processes include collision-coalescence, sweep-out, wake-capture, and
diffusio- and thermophoresis. Scavenging efficiency depends on
numerous factors, which include terminal velocity of the raindrops,
collision efficiency, diffusivity, raindrop and particle size distributions,
the electric field and polarisation, and rain intensity. Smaller droplets,
for instance, will scavenge more efficiently due to slower terminal ve-
locities and larger mass transfer coefficients (Hall, 2003; Lutgens and
Tarbuck, 1982; Pauliquevis et al., 2012; Preston-Whyte and Tyson,
1988; Xu et al., 2017), while higher scavenging ratios are also associated
with larger particles and increased rain intensity (Gonzalez and Aris-
tizabal, 2012; Kulshrestha et al., 2009).

The South African interior holds numerous large anthropogenic
point sources of sulphur (S) and nitrogen (N), which include 12 coal-
fired power plants, petrochemical industries and pyrometallurgical
smelters (Lourens et al., 2012; Meth, 2018; Stern, 2006). In addition,
domestic burning and open biomass burning are also important sources
of atmospheric pollutants (Chiloane et al., 2017; Yao et al., 2015). A
recent study by Conradie et al. (2016) reported wet deposition compo-
sition at four regionally representative background sites in the
north-eastern interior of South Africa from 2009 to 2014, which was also
compared to previous wet deposition studies in this region (Mphepya
et al., 2004, 2006). An increase in the total ionic concentration and
corresponding wet deposition fluxes was observed, which was attributed
to increased anthropogenic activities and population growth. Kok et al.
(2021) also assessed rain chemistry and wet deposition fluxes at Wel-
gegund, which is a regional background atmospheric monitoring station
impacted by the major source regions in the interior of South Africa
(Jaars et al., 2016; Venter et al., 2017). At all these sites, which included
two rural background sites, it was shown that SO~ dominated rain
chemistry, while relatively high contributions were also determined for
nitrate (NO3) and ammonium (NHZ). In addition, the average pH of rain
at all these sites were well below the natural value, signifying the in-
fluence of anthropogenic activities on rainwater chemical composition
in the South African interior (Conradie et al., 2016; Kok et al., 2021).
Mompati et al. (2022) also quantified wet deposition at four sites from
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the far northern savanna through to the fynbos of the southern coast of
South Africa, which also indicated high levels of S and N deposition.

In these above-mentioned wet deposition studies different source
groups influencing the chemical composition of rain were determined
with statistical and empirical methods. Back trajectories could not be
effectively utilised to determine the influence of air mass history on
individual rain events due to logistical constraints. In addition, since
these sites were remote, they were equipped with basic instrumentation
required for deposition studies. However, in situ measurements of
numerous atmospheric parameters are conducted at Welgegund (Beukes
et al., 2015), which allows advanced assessment of precipitation
chemistry. Specific measurements that could assist in interpreting the
chemical composition of rain samples include vertical profiling of the
atmosphere and a rain intensity meter. Vertical profiles can be utilised to
determine cloud base height (CBH) during the onset of a rain event,
which can be associated with air mass history in order to evaluate the
influence of source regions on specific rain events (Sun et al., 2010; Xu
et al., 2017). Other ancillary measurements at Welgegund, such as
gaseous and particulate measurements, could also assist in under-
standing the chemical composition of rain. Therefore, the aim of this
study was to conduct an advanced assessment on factors influencing
chemical composition of rain in the South African interior by relating
individual rain events at Welgegund to air mass history at CBH and
arrival heights below clouds, as well as supplementary in situ measure-
ments conducted at the site.

2. Experimental
2.1. Sampling site

Rain samples were collected at the Welgegund atmospheric mea-
surement station (26°34'10"S, 26°56'21"E), which is a regional back-
ground site located on a commercial farm approximately 100 km west
from the Johannesburg-Pretoria megacity (Fig. 1). There are no large
point sources within proximity of Welgegund, but it is impacted by air
masses passing over the major source regions in the interior of South
Africa (Kok et al., 2021), which include the Johannesburg-Pretoria
conurbation, the western Bushveld complex (pyrometallurgical
smelters and mines), the Mpumalanga Highveld (nine coal-fired power
stations and petrochemical plant) and the Vaal Triangle (petrochemical
plant, coal-fired power station, pyrometallurgical smelters). In addition,
Welgegund is also impacted by a relatively clean region in the
south-west to northern sector where no large point sources are located
(Fig. 1), which include the Nama-Karoo biome (desert and xeric
shrubland) that is a regional source of wind-blown dust (Venter et al.,
2017, 2018). Detailed descriptions on the source regions impacting
Welgegund and the regional meteorology, as well as the surrounding
vegetation, soil and agricultural activities have been presented (e.g.
Booyens et al., 2015; Jaars et al., 2016; Kok et al., 2021; Venter et al.,
2017).

Welgegund experiences a typical subtropical climate (temperatures
ranging from sub-zero during winter up to maximum temperatures well
over 30 °C in summer), while it is also characterised by distinct wet and
dry seasons typical of the South African Highveld. The dry season cor-
responds with the colder months from mid-May to mid-October, while
the wet season coincides with warmer months from mid-spring to mid-
autumn (Tyson and Preston-Whyte, 2017). More pronounced inversion
layers occurring during winter also causes pollutant build-up in the at-
mosphere during these months, with these air masses being recirculated
through the dominant high-pressure system over this region (Tosen and
Jury, 1988; Tyson et al., 1976). Rainfall in this region is mainly
convective, with convective rainfall events predominantly occurring
during the afternoon or early evenings (Harrison, 1986; Hart et al.,
2010; Tyson and Preston-Whyte, 2017). The annual average rainfall
over subtropical southern Africa is approximately 500 mm (Harrison,
1986).
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2.2. Measurements

2.2.1. Rain sampling and analyses

Detailed descriptions of the collection and chemical analysis of rain
samples at Welgegund, as well as the quality control and -assurance
procedures are presented by Kok et al. (2021) and Conradie et al. (2016).
In short, rain sampling procedures, chemical analysis and data pro-
cessing complied with the field protocols and data quality objectives
(DQOs) for precipitation chemistry measurements of the World Meteo-
rological Organisation (WMO and WATCH, 2004). A custom-made
automated wet-only sampler (based on the Aerochem Metrics model
301) was used to collect event-based rain samples. Samples were
collected immediately after a rain event, which was stored frozen until
analysis. After thawing and filtering the rain samples, the pH and elec-
trical conductivity (EC) (Hanna Instruments HI 255) was measured,
whereafter samples were analysed with a Dionex ICS 3000 ion chro-
matograph (IC). Inorganic ionic species measured included SO%_, NOs3,
chloride (C17), fluoride (F7), NHZ, calcium (Ca2"), potassium (K¥),
magnesium (Mg2+) and sodium (Nat), while water-soluble organic acids
(OAs), i.e. acetic- (CH3COO™), formic- (HCOO™), oxalic- (CZO%’) and
propionic acid (C3Hs03) were also determined. Volume weighted mean
(VWM) concentrations (peq.L’l) of these species were determined,
while deposition fluxes were calculated by multiplying VWM concen-
trations with rainfall depth (Conradie et al., 2016; Kok et al., 2021).

Two tipping-bucket rain gauges, i.e. a Vaisala QMR102 and a Casella
0.1 mm were used to determine starting times of rain events, rain depth
(mm) and rain intensity (mm.h™1). Measurements from both in-
struments were combined in this study.

2.2.2. Cloud base height (CBH)

CBH was measured with a Vaisala CT25K ceilometer, which uses
LIDAR (light detection and ranging) technology (Gierens et al., 2019). A
short pulse laser is emitted and a returning signal is detected, from
which the profile of the attenuated backscatter coefficient (") can be
retrieved (Emeis et al., 2012; Vaisala, 1999). The ceilometer has a 15 s
temporal and 30 m vertical resolution up to 7.5 km in the atmosphere,
which was averaged to 15 min and 210 m (Gierens et al., 2019). The
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instrument was also tilted four degrees from the vertical towards the
south to avoid reflection from ice clouds.

Three respective CBH layers can be obtained from the backscatter
values determined with the ceilometer. However, clouds can occur in
more than three distinct layers or in merged layers, while different
layers can also obscure each other (Costa-Suros et al., 2013). Therefore,
in this study, an assumption was made to only consider the lowest CBH
detected by the ceilometer. Other CBH layers were only detected in a
few instances, which were not significantly higher than the lowest CBH.
This can be attributed to merging of cloud layers or other layers being
obscured by the lowest layer. An average CBH was calculated for the 2-h
period prior to the onset of a rain event, which enabled calculation of
three hourly-arriving back trajectories at CBH during the beginning of a
rain event in order to reduce error margins associated with individual
back trajectories, which will be explained later (Section 2.3).

2.2.3. Ancillary measurements

Ancillary measurements continuously performed at Welgegund were
used to assist in elucidating factors influencing the chemical composi-
tion of rain. General meteorological parameters measured in addition to
precipitation included temperature (T), relative humidity (RH), wind
speed (WS) and -direction (WD), and atmospheric pressure (P). Atmo-
spheric trace gas measurements included SO (Thermo-Electron 43S SOy
analyzer), NOy (Teledyne 200AU NOy, analyser), O3 (Environment SA41M
O3 analyser) and CO (Horiba APMA-360 CO analyzer). Particulate
measurements included PM;jo concentrations with a Synchronized
Hybrid Ambient Real-time Particulate Monitor (Thermo Scientific Model
5030 SHARP), while equivalent black carbon (eBC) measurements were
conducted with a Multi-Angle Absorption Photometer (Thermo Scientific
Model 5012 MAAP).

In addition to ancillary measurements conducted at Welgegund,
daily fire distribution data was derived from satellite retrievals of the
National Aeronautics and Space Administration’s (NASA) Moderate
Resolution Imaging Spectrometer (MODIS) mounted on the polar-
orbiting Earth Observation System’s (EOS) Terra satellite. Burn scar
data for 4 days prior to a rain event for the entire southern Africa was
retrieved from the NASA Distributed Active Archive Centres (DAAC)
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Fig. 1. A map of southern Africa indicating the 2010 population density estimate for South Africa (CIESIN, 2010), the MODIS burned areas (red areas) for 4 days
prior to a rain event, major point sources (black dots) impacting Welgegund (black star), and the source regions defined in this study. The purple lines separate the
source regions into the relatively clean north-west to south-western sector with no large point sources, and an eastern region that is densely populated, has extensive
open biomass burning occurrences and includes major point sources in the South African interior. The blue polygon indicates the source region including only the

major point sources and the JHB-PTA conurbation.
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(Kaufman et al., 2003), which are presented in Fig. 1. The South African
population density estimate for 2010 was obtained from the Centre for
International Earth Science Information Network and are also indicated
in Fig. 1 (CIESIN, 2010). Each rain event was also related to surface
synoptic charts obtained from the South African Weather Service
(SAWS) (SAWS, 2019) and infrared satellite images from the European
Organisation for the Exploitation of Meteorological Satellites (EUMET-
SAT, 2019).

2.3. Relating rain events to air mass history

Back-trajectories were calculated using the National Oceanic and
Atmospheric Administration (NOAA) Air Resource Laboratory’s (ARL)
Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model (version 4.8) (Fleming et al., 2012; Stein et al., 2015), while
meteorological input data for the model was retrieved from the Global
Data Assimilation System (GDAS) archive of the US National Weather
Service’s National Centre for Environmental Prediction (NCEP). Three
hourly-arriving 96-h back trajectories were calculated at two arrival
heights i.e. 100 m and CBH for each rain event sampled. A back tra-
jectory was calculated at the starting time of the rain event, with an
additional two trajectories calculated one and 2 h prior to the onset of
the rain event at the two heights indicated. This was done in order to
reduce the 15-30% uncertainty associated with individual back trajec-
tories (Stohl et al., 2002). Back trajectories associated with the 100 m a.
g.l. arrival height were considered representative of air mass history
related to below-cloud scavenging. Since orography is not well defined
in the HYSPLIT model, arrival heights lower than 100 m a.g.l. increase
the estimated error margins on individual trajectories (Stohl et al.,
2002). The boundary layer was also considered to be well mixed during
the wet season, which is supported by Gierens et al. (2019) who indi-
cated rapid evolution of the boundary layer after sunrise.

The time that air masses arriving at 100 m a.g.l. and CBH spent over
predefined source regions prior to arrival at Welgegund was determined.
These source regions are presented in Fig. 1, which included an area to
the west and a region to the east of Welgegund demarcated by the purple
lines. The sector to the west represents the relatively clean background
region with no large point sources. The eastern area includes the major
point sources in the interior of South Africa, while this region is also
densely populated with extensive biomass burning occurring in this
sector (Fig. 1). This eastern area was further separated into two source
regions. The first source region included the major point sources in the
interior of South Africa, i.e. coal-fired power stations, pyrometallurgical
smelters and petrochemical industries, as well as the JHB-PTA conur-
bation (indicated by the blue polygon in Fig. 1). The second source re-
gion excluded these large point sources, which represented the regional
impacts associated with large point sources, household combustion and
open biomass burning. The total time that air masses spent over oceans
was also quantified.

2.4. Statistical analysis

The chemical composition of wet deposition (Kok et al., 2021), as
well as air mass histories at CBH and 100 m a.g.l., were subjected to
hierarchical cluster analysis (HCA) (STATISTICA, (StatSoft, 2006) and
SPSS Statistics). Two approaches were followed, i.e. (1) clustering based
on the chemical composition of rain and, (2) clustering according to air
mass history at 100 m a.g.l. and CBH. The first approach determined
clusters of strong correlations between ionic species in rainwater, which
was then related to air mass history at CBH and 100 m a.g.l., as well as
rain intensity and ancillary measurements. The second approach clus-
tered the average time that back trajectories arriving at Welgegund at
CBH and 100 m a.g.l. spent over different source regions (Fig. 1), which
was then associated with ionic composition of rainwater, as well as rain
intensity and ancillary measurements. The method of Ward was fol-
lowed in which the squared Euclidean linkage distances were
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determined to reveal optimum cluster solutions, which also minimises
the loss of information contained in each cluster. Since the ideal cluster
solution is subjective and subject to some variability, the agglomerate
schedule coefficients — a measure of heterogeneity between groups —
were plotted, which revealed relatively ideal cluster solutions descrip-
tive of the data within each group and are not too specific for a particular
sample, i.e. meaningful solutions. The most significant decrease in the
coefficient differences were considered optimum cluster solutions.
Three clusters were determined to be optimum solutions for the each of
the approaches followed in this study. Higher than three-cluster solu-
tions resulted either in increased or negligible changes in heterogeneity.

An analysis of variance in cluster solutions was conducted by eval-
uating the statistical and substantive significance of different clusters, i.
e. P-values <0.05 were regarded to be statistically significant, while
effect sizes were also considered. Effect sizes enables a standardised
metric regardless of scale, which allows comparisons and identification
of relationships between quantities with different units and sizes (Ellis
and Steyn, 2003). Furthermore, it limits the possible overestimation
associated with only considering statistical significance. Cohen’s
d values were utilised in this study, which describe the standardised
mean difference of the effect as presented in Equation (1) (Cohen, 1988;
Ellis and Steyn, 2003; Lakens, 2013):

_ k%

d 1

Smax

where d = Cohen’s effect size, x; and X, are the means of two samples
being compared, and s,y is the maximum standard deviation of the two
groups. Effect sizes are considered small for d = 0.2, medium for d = 0.5,
and large for d = 0.8 (Cohen, 1988; Ellis and Steyn, 2003; Lakens, 2013).
A large effect size implies considerable variances for a variable in
different clusters, which is an important factor characterising different
clusters. Effect sizes can also be used to determine the significance of
overlap between different clusters, which were therefore also used in
this study to relate clusters determined with the different approaches to
each other.

3. Results and discussion

Only rain events for which collected samples passed the WMO DQO
criteria were considered. In addition, rain events coinciding with gaps in
ancillary data collected at Welgegund (e.g. due to power failures), as
well as for which no back trajectories were available (e.g. due to gaps in
the GDAS archive), were also excluded. In total, 86 rain events were
considered. All three hourly-arriving 96-h air mass back trajectories
calculated for Welgegund at 100 m a.g.l. and CBH for all rain event
during the entire sampling period were overlaid, while the total time
that air masses at both arrival heights spent over the predefined sources
regions prior to the afore-mentioned rain events were also calculated
(Figure A1). Air masses arriving at both arrival heights at Welgegund
spent most time over the eastern sector. A larger fraction of air masses at
an arrival height of 100 m a.g.l. passed over the source region wherein
the large point sources are located compared to CBH air mass arrival
heights, whereas more air masses arriving at CBH at Welgegund passed
over the western background region. This is indicative of below-cloud
scavenging possibly being an important factor contributing to chemi-
cal composition in rain samples collected at Welgegund, which will be
further explored. Furthermore, air masses arriving at CBH spent rela-
tively more time over oceanic regions compared to air masses at an
arrival height of 100 m a.g.l.

3.1. Clustering chemical composition of rain

As mentioned above, clustering analysis based on ionic composition
of rainwater revealed three significant clusters. In Table 1 the VWM
concentrations of ionic species in each of these clusters are presented,
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while pH, electrical conductivity (EC), rainfall depth and ancillary
measurements at Welgegund associated with each cluster are also
included. These clusters, i.e. CHEM-A, CHEM-B and CHEM-C repre-
sented 70, 25 and 5% of all rain samples, respectively.

It is evident from Table 1 that the optimum three clusters determined
represent varying levels of VWM concentrations of ionic species, i.e.
VWM concentrations of species in cluster CHEM-A were the lowest with
the corresponding lowest total VWM concentration, while the VWM
concentrations of ionic compounds in cluster CHEM-C were the highest
(with the exception of H") with a resultant highest total VWM concen-
tration. Furthermore, cluster CHEM-C also had the highest EC value.
Cluster CHEM-A represented that largest number of rain events, while
cluster CHEM-C comprised the lowest number of events. Cluster CHEM-
B had higher H' levels (and lowest pH) compared to that of CHEM-C,
which can be attributed to decreased neutralisation of acidic species
by Ca?" in this cluster. The ratios of Ca>" levels compared to concen-
trations of other species in cluster CHEM-C were significantly higher
compared to similar ratios in the other two clusters. The extent of
neutralisation of acidic species through Ca?* in rain samples collected at
Welgegund was indicated by Kok et al. (2021). Cluster CHEM-A is
associated with the highest rainfall depth, while cluster CHEM-C cor-
responds to the lowest rainfall depth. In Kok et al. (2021) and Conradie
etal. (2016), the lower rainfall depths were associated with higher VWM
concentrations at Welgegund and other sites in the interior of South
Africa. Cluster analyses according to ionic composition of rainwater did
not reveal any significant chemical compositional differences between
clusters, with the exception of proportionally higher Ca?* and Mg?*
concentrations in cluster CHEM-C compared to other species. The cluster
analyses simply grouped rain events in relation to total VWM concen-
trations of ionic species from high to low.

Table 1
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Comparison of the ancillary measurements in each of the clusters
indicated that the concentrations of most pollutant species (e.g. SOz, CO,
eBC, PM;) were higher in CHEM-B and CHEM-C. Although it is difficult
to directly quantify the influence of primary emitted species on rain
chemistry, these measurements reflect the influence of the eastern
pollution source regions on rain chemistry at Welgegund. In addition,
higher PM;( concentrations could have a more direct influence on the
chemical composition of rain. A more distinct correlation is observed
between the VWM concentrations of ionic species and rain intensity in
Table 1 with higher VWM concentrations associated with increased rain
intensity. Cluster CHEM-C, with the higher VWM concentrations and the
highest rainfall intensity, also corresponded to lower average CBH 15
min prior to a rain event, as well as to the greatest difference between
the 2-h and 15-min CBH averages, and lowest RH. CHEM-A had the
smallest difference in CBH averages, as well as the lowest rainfall in-
tensity and the highest RH.

An analysis of variance on the levels of each of these ancillary
measurements, as well as pH and EC in the three clusters was also
conducted to establish statistical and substantive significance. The p-
values and size effect (Cohen’s d-value) for measurements for which
significant differences between different clusters were calculated were
considered (Table Al). The effect sizes indicate the effect of the variable
on the distinction between events in different clusters. No meaningful
statistical and substantive differences were determined EC, SO, and eBC
when comparing cluster CHEM-B and CHEM-C, while pH and rain in-
tensity differed significantly. Comparison of cluster CHEM-A with
clusters CHEM-B and CHEM-C revealed meaningful differences between
all the measurements considered (Table Al). The major ancillary factors
not included in the cluster analysis that differed significantly between all
three clusters were pH and rain intensity.

VWM concentrations (peq.L 1) of ionic species in each cluster determined, as well as average pH, electrical conductivity (EC), total rainfall depth over the sampling
period, average rainfall depth per rain event, as well as averages of ancillary measurements in a 2-h period before the rain event. The standard deviations are indicated

in brackets.

CHEM-A CHEM-B CHEM-C

# of samples 68 24 5
H* 20.38 [23.35] 39.06 [25.51] 31.04 [23.35]
Na™ 11.48 [19.09] 22.69 [57.60]1 47.37 [19.09]
NHj 22.28 [16.60] 28.07 [22.74] 34.85 [16.60]
K" 4.26 [6.87]1 8.88 [22.91] 11.68 [6.87]
Mg2+ 4.79 [7.11] 5.92 [12.05] 76.60 [7.11]
Ca®* 15.84 [17.15] 21.98 [35.571] 85.08 [17.15]
NO3 24.91 [19.041 33.54 [28.47] 58.24 [19.04]
Ccl™ 11.71 [18.26] 24.16 [60.36] 39.38 [18.26]
SO?f 33.8 [24.11] 57.59 [32.22] 86.41 [24.11]
F~ 0.30 [0.24] 0.87 [1.01] 0.84 [0.24]
tOA* 8.89 [13.38] 9.21 [22.50] 20.35 [13.38]
Total VWM 158.64 251.96 491.84
pH 4.8 [0.52] 4.59 [1.94] 5.96 [1.94]
EC 25.04 [20.37] 55.81 [57.85] 59.64 [42.97]
SO, (ppb) 0.5 [0.68] 1.91 [3.64] 0.97 [0.81]
NO (ppb) 0.12 [0.29] 0.00 [0.20] —-0.01 [0.17]
NOy (ppb) 2.72 [2.09] 3.15 [3.83] 1.91 [1.30]
O3 (ppb) 32.17 [11.76] 34.38 [11.08] 34.58 [7.74]
CO (ppb) 123.39 [36.70] 129.00 [40.99] 145.92 [25.93]
eBC (ug.m73) 0.26 [0.27] 0.49 [0.68] 0.40 [0.27]
PM;, (ug.m~>) 14.5 [11.79] 18.03 [9.49] 23.40 [12.17]
RH (%) 65.1 [21.70] 59.88 [20.08] 64.94 [19.00]
Average (max) rain intensity (mm.h ) 4.04 (12.27) [3.10] 5.27 (20.88) [4.62] [19.00] 7.22 (43.36) [4.22]

[7.80] [27.78]
Total (avg) rainfall (mm) 809.50 (11.9) [9.40] 614.50 (25.60) [18.90] 193.00 (38.6) [23.54]
CBH 2hr (m) 2284.84 [1032.47] 2263.18 [735.43] 2394 [669.09]
CBH_15 min (m) 1961.72 [893.66] 1870.91 [751.40] 1412 [563.27]
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In Figs. 2 and 3, air mass histories at 100 m a.g.l and CBH associated
with each rain event in the three clusters determined through cluster
analysis of the ionic composition of rain samples are presented. It is
evident that air masses with a 100 m a.g.l. arrival height at Welgegund
for rain events associated with cluster CHEM-B and CHEM-C spent
similar periods over the source region containing the large point sources,
while air masses determined for cluster CHEM-A spent relatively less
time over this source region. All air masses arriving at 100 m a.g.l. spent
similar times over the eastern source region excluding the large point
sources, while a relatively higher percentage of these air masses passed
over oceans for cluster CHEM-C. The main difference between air masses
arriving at Welgegund at 100 m a.g.l. in the three clusters relates to the
time spent over the clean western sector. Air masses with an arrival
height of 100 m a.g.1. in cluster CHEM-C spent significantly more time
over the western source region compared to cluster CHEM-B, and
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relatively more time than that of cluster CHEM-A. Therefore, this could
explain the significantly higher Ca%t and Mg2+ in cluster CHEM-C in
relation to the other species. Kok et al. (2021) attributed the increased
neutralisation of rainwater at Welgegund compared to other site in the
South African interior to air masses passing over this background region
west of Welgegund where areas such as the Karoo and Kalahari are
located. No significant differences are observed for air masses arriving at
CBH at Welgegund for the three clusters, with the exception of air
masses arriving at CBH determined for cluster CHEM-C spending more
time over the source region containing large point sources. Therefore,
this could partially contribute to higher VWM concentrations of ionic
species in the cluster.

Although air mass histories and ancillary measurements explain
some variances between the clusters to a certain extent, the total rainfall
depth associated with each of these clusters seems to be the major factor

Hours 100m trajectories spent over defined areas: CHEM-A

Hours

Hours 100m trajectories spent over defined areas: CHEM-B

Hours

WESTERN CONTINENT EASTERN CONTINEN SOURCE POLYGON

Hours 100m trajectories spent over defined areas: CHEM-C

Hours

OCEAN WESTERN CONTINENT EASTERN CONTINENT SOURCE POLYGON

Fig. 2. 96-h overlay back trajectories for air masses arriving at 100m a.g.l. for each rain event in cluster CHEM-A, CHEM-B and CHEM-C at Welgegund. The colour
scale bar presents the frequency (percentage) of air masses passing over a region. Boxplots presents the total time that air masses spent over the defined regions with
the median (red line), average (black dot), 25th and 75th percentiles (blue box), and +2.7 times the standard deviation (whiskers) indicated.
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Hours CBH trajectories spent over defined areas: CHEM-A

OCEAN WESTERN CONTINENT EASTERN CONTINENT SOURCE POLYGON

Hours CBH trajectories spent over defined areas: CHEM-C

Hours

OCEAN WESTERN CONTINENT EASTERN CONTINENT SOURCE POLYGON

Hours CBH trajectories spent over defined areas: CHEM-B

Hours

OCEAN WESTERN CONTINENT EASTERN CONTINENT SOURCE POLYGON

Fig. 3. 96-h overlay back trajectories for air masses arriving at CBH for each rain event in cluster CHEM-A, CHEM-B and CHEM-C at Welgegund. The colour scale bar
presents the frequency (percentage) of air masses passing over a region. Boxplots presents the total time that air masses at the two arrival heights spent over the
defined regions with the median (red line), average (black dot), 25th and 75th percentiles (blue box), and +£2.7 times the standard deviation (whiskers) indicated.

contributing to the observed differences in the VWM concentrations. In
addition, increased rain intensity also corresponded to higher VWM
concentrations. It has been indicated that scavenging ratios are usually
higher for larger atmospheric particles (Galloway et al., 1993; Gonzalez
and Aristizabal, 2012). Kulshrestha et al. (2009), for example, reported
that a shorter, more intensive rainfall event more effectively removed
coarser particles from the atmosphere. Gonzalez and Aristizabal (2012)
indicated a positive correlation between scavenging ratios of SO3~ and
NO3 and rain intensity. In a study conducted in China by Zhao et al.
(2015), it was shown that larger particles (500-1000 nm) were effec-
tively scavenged through thunderstorms, whereas smaller particles
(10-50 nm) were more effectively scavenged through rain events with
longer durations and lower raindrop velocities. Thunderstorms are
commonly associated with larger raindrop size distribution and higher
rainfall intensities, which could explain the more efficient scavenging

(Zhao et al., 2015). Xu et al. (2017) also related higher below-cloud
scavenging with increased rain intensity.

3.2. Clustering air mass history

Clustering according to the ionic composition of rainwater did not
distinctly reveal the influences of sources on rain chemistry. Therefore, a
different approach was followed where air mass history was clustered
and possible differences in the chemical composition of rainwater were
assessed. The average time that air masses arriving at Welgegund at 100
m a.g.l. and CBH spent over different defined source regions (Fig. 1) was
clustered in this approach.

3.2.1. 100 m a.g.l arrival height
In Fig. 4, clustering according to the time that air masses arriving at
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100 m a.g.l. spent over the defined source regions prior to arrival at
Welgegund are presented. The three clusters, i.e. 100m-A, 100m-B and
100m-C comprised 43, 34 and 23% of all rain events, respectively.
Clusters 100m-B and 100m-C represented air masses spending signifi-
cantly more time over the eastern source regions, with air masses in
cluster 100m-B spending more time over the eastern source region
including the large point sources, and 100m-C spending more time over
the eastern source region excluding the large point sources. Air masses
in these two clusters spent very little time over the oceans and the clean
western background region. Cluster 100m-A represents air masses
spending more time over oceans and the clean western background re-
gions, and less time over the eastern source region in comparison to
clusters 100m-B and 100m-C. Overlaid back trajectories of air mass
movements in each of these clusters are presented in Figure A2.

The chemical composition of rain samples in each of the three clus-
ters obtained for air mass history at a 100 m arrival height are presented
in Table 2 together with the pH, EC and ancillary measurements asso-
ciated with each cluster. Cluster 100m-A had the highest total VWM
concentrations of ionic species. It is also of interest to note that cluster
100m-A and 100m-B had similar rain depths, which indicate that
observed differences in VWM concentrations of ionic species in rain-
water were indicative of the influence of different sources. Furthermore,
cluster 100m-C had the lowest total VWM concentrations associated
with the lowest rainfall depth. VWM concentrations of Na* and Cl~
generally associated with oceanic air masses were the highest in cluster
100m-A. Ca%* and Mg?* levels were also significantly higher in this
cluster, which can indicate the influence of crustal sources from the
clean western background region (Figure A2). VWM concentrations of
Mg%" and K* that are mainly associated with oceanic or crustal sources
(Kok et al., 2021; Conradie et al., 2016; Sun et al., 2010) were also
higher in cluster 100m-A. Relatively higher Ca®* and Mg?" concentra-
tions in cluster 100m_B can possibly be attributed to fly ash emissions
from industrial activities (Laakso et al., 2012). Cluster 100m-B had the
highest H' levels, which is indicative of the influence of large point
sources on rain chemistry, as well as decreased neutralisation of acidic
species by Ca®* for air masses associated with this cluster. However,
relatively small differences in the average pH of rain events in the three
clusters were evident. Furthermore, the VWM concentrations of
anthropogenic acidic species, i.e. SOF~ and NO3 were similar in all three
clusters, which signify the regional impacts of anthropogenic activities
in the north-eastern interior on rain chemistry as indicated by Kok et al.
(2021). SO3~ levels were, however, marginally higher in cluster
100m-B. NOj3 levels were higher in clusters 100m-A and 100m-C, which
also point to the regional impacts of household combustion for space
heating and cooking. Cluster 100m-A also had the highest VWM con-
centrations of species typically associated with biomass burning, i.e.
OAs, K" and Cl~, while CO and eBC levels were also slightly higher in
cluster 100m-A. 21% of the rain events in cluster 100m-A coincided with
the biomass burning season (mid-May to mid-October) (Kok et al.,
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2021). NHj levels in all three clusters reflect the influence of local and
regional agricultural activities on atmospheric processes in this part of
South Africa.

No real significant differences were observed between the ancillary
measurements in each of the back trajectory clusters. Mean SO, con-
centrations in cluster 100m-B were marginally higher than levels thereof
associated with the other two clusters. Similar concentration of NOy in
all three air mass clusters also emphasize the influence of anthropogenic
activities on air quality in this region. In contrast to the clustering ac-
cording to ionic composition of rain, rain intensity had no significant
correlation to observed differences in the three 100 m a.g.l. air mass
arrival height clusters. The lowest average CBH 15 min prior to a rain
event in cluster 100m-A also corresponded to higher total VWM con-
centrations than observed for cluster CHEM-C (Section 3.1). Analysis of
variances of the ionic composition and ancillary measurements in these
three clusters only revealed statistically significant variances and effect
sizes concerning H' concentrations between cluster 100m-B and the
other two clusters. Trajectory analyses at an arrival height of 100 m a.g.
1. confirmed the influence of residence time of air masses over source
regions on the variability in rainwater chemistry. Movement of air
masses over the major point sources in 100m-B, similar to that of CHEM-
B, are related to higher SO3~ concentrations and low pH, which are
associated with anthropogenic activities.

3.2.2. Cloud base arrival height

Cluster solutions according to the time that air masses arriving at
CBH spent over the defined source regions prior to a rain event at
Welgegund are presented in Fig. 5. As mentioned, three clusters labelled
CBH-A, CBH-B and CBH-C were determined which contained 34, 43 and
23% of all rain events. Cluster CBH-A contained air masses predomi-
nantly passing over the clean western background region and western
oceans, with <8% of back trajectories passing over the eastern source
regions and no back trajectories passing over the region wherein the
large point sources are located. Air masses in cluster CBH-B spent
significantly more time over the eastern source region, excluding the
large point sources, with very few air masses passing over oceans.
Cluster CBH-C represents air masses passing predominantly over the
eastern continent (including and excluding large point sources), while
air masses also spent time over eastern oceanic regions. In Figure A3
overlaid back trajectories of these air masses at CBH in the three
different clusters are presented.

The chemical composition of rain samples in each of the three clus-
ters obtained for air mass history at CBH are presented in Table 3
together with the pH, EC and ancillary measurements associated with
each cluster. Based on the clustering according to air masses arriving at
CBH, CBH-A, representing air masses spending most time over the clean
western background region, had the highest total VWM concentrations
of ionic species. However, the total VWM concentrations of ions in
cluster CBH-B were marginally lower, which could be attributed to
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Fig. 4. Time air masses at a 100 m a.g.l. arrival height spent over defined source regions in each cluster.
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Table 2
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Air mass history clustering at 100m arrival height: VWM concentrations (peq.L ") of ionic species in each cluster, as well as average pH, electrical conductivity (EC),
rainfall depth and ancillary measurements. The standard deviations are indicated in brackets.

100m-A 100m-B 100m-C
# of samples 37 29 20
H 20.68 [16.07] 36.49 [30.671 28.77 [29.78]
Na* 25.82 [35.98] 19.7 [55.23] 11.12 [10.47]
NHj 28.14 [23.80] 23.76 [15.77] 29.02 [16.26]
K" 9.8 [14.67] 5.77 [19.48] 4.73 [4.44]
Mg2 ' 19.95 [65.15] 14.43 [59.53] 4.64 [3.77]
Ca?* 38.63 [64.28] 22.96 [46.59] 17.03 [10.63]
NO3 35.81 [59.45] 30 [32.50] 34.66 [17.09]
Cl 25.75 [32.63] 19 [56.38] 11.18 [8.59]
S0%~ 50.85 [37.23] 52.28 [32.51] 46.47 [29.14]
F 0.51 [0.64] 0.79 [0.93] 0.47 [0.30]
tOA* 16.8 [20.57] 6.26 [19.53] 7.4 [8.89]
Total VWM 272.75 231.45 195.49
pH 4.87 [0.71] 4.81 [0.88] 4.76 [0.53]
EC (pS) 33.19 [26.94] 46.53 [55.52] 26.34 [24.28]
03 (ppb) 32.47 [11.93] 32.82 [10.65] 31.54 [9.45]
SO, (ppb) 0.8 [1.64] 1.25 [2.85] 0.44 [0.66]
NO (ppb) 0.06 [0.16] 0.04 [0.21] 0.1 [0.34]
NOy (ppb) 2.72 [2.62] 2.76 [2.65] 2.85 [1.96]
CO (ppb) 135.99 [41.97] 124.25 [32.59] 116.66 [34.95]
PMjo (Hg.m 3 16.6 [10.06] 14.34 [9.79] 16.93 [16.33]
eBC (pg.m>) 0.4 [0.38] 0.3 [0.52] 0.26 [0.37]
Total rain depth (avg) (mm) 570 (15.41) [14.27] 631 (21.74) [19.32] 240 (11.98) [7.03]
Average (max) rain intensity (mm.h™ 1) 4.92 (15.10) [4.00] 4.92 (19.92) [4.24] 3.62 (13.66) [11.46]
[12.36] [20.21] [2.43]

CBH_2hr (m) 2332.3 [1081.42] 2075 [835.49] 2632.5 [791.08]
CBH_15min (m) 1835.14 [785.13] 1735.17 [899.97] 2358.95 [814.11]
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Fig. 5. Time air masses at CBH spent over defined source regions in each cluster.

higher rainfall depth recorded for rain events in this cluster compared to
cluster CBH-A. Cluster CBH-C had the lowest total VWM concentrations
associated with rainfall depth, similar to that of cluster CBH-A. VWM
concentrations of Nat, C1~, Mg?*, Ca®*, NO3 and SOZ~ were the highest
for rain events grouped in cluster CBH-A, with Ca®" levels being
significantly higher. Rain events in CBH-B had the highest H" and cor-
responding lowest pH, which are most likely due to significantly lower
Ca?" in comparison to levels thereof in rain grouped in cluster CBH-A.
The extent of neutralisation of rain at Welgegund by Ca®" is also
signified by clustering of these air masses. Although the concentrations
of species typically associated with oceanic air masses, i.e. Na™ and Cl~,
were higher in cluster CBH-A, no noteworthy difference was observed
compared to levels thereof in the other clusters. Higher concentrations
of CI” and K* in cluster CBH-B that has the least frequent impacts by
oceanic air masses, together with the highest total OA VWM concen-
trations in this cluster, are indicative of the influence of biomass burning

on rain chemistry. Higher concentrations of anthropogenic acidic spe-
cies, i.e. SOF~ and NOj3 in cluster CBH-A and CBH-B in comparison to
cluster CBH-C, which represents air masses at CBH spending more time
over the point sources, points to the regional influence of anthropogenic
activities in this region. Since higher concentrations of these anthropo-
genic species are associated with air masses at CBH passing over a
relatively clean background region prior to a rain event, below-cloud
scavenging can be considered more important in influencing the
chemical composition of rain in this part of South Africa. Xu et al. (2017)
showed that SO~ deposited during the initial moments of a rain event
corresponded to concentrations thereof in ambient aerosols. Further-
more, higher concentrations of Na>* and CI~ in cluster CBH-B, repre-
senting air masses spending <8% over oceans, also point to the more
prominent influence of below-cloud air mass movement and
-scavenging.

Comparison of ancillary measurements associated with rain events in
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Table 3
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Air mass history clustering at CBH arrival height: VWM concentrations (peq.L™") of ionic species in each cluster, as well as average pH, electrical conductivity (EC),
rainfall depth and ancillary measurements. The standard deviations are indicated in brackets.

CBH-A CBH-B CBH-C

# of samples 29 37 20
H" 19.7 [17.41] 36.67 [27.77] 24.93 [22.60]
Na' 24.58 [38.44] 19.12 [50.10] 17.3 [35.94]
NHj 26.97 [21.22] 31.73 [19.53] 16.09 [13.46]
K* 7.65 [16.50] 8.15 [15.82] 4.81 [15.40]
Mg?* 23.59 [71.68] 6.65 [10.52] 16.94 [74.72]
Ca?* 39.79 [62.66] 21.88 [21.22] 23.42 [65.61]
NO3 41.41 [40.71] 31.94 [18.98] 23.37 [36.45]
Cl 23.32 [37.43] 20.59 [52.70] 15.5 [29.11]
S0%~ 53.68 [37.22] 52.02 [24.13] 43.13 [38.70]
F~ 0.47 [0.49] 0.6 [0.57] 0.77 [1.09]
tOA* 9.84 [20.62] 15.58 [22.30] 3.57 [5.97]
Total VWM 271.01 244.94 189.83
pH 5.04 [0.80] 4.65 [0.50] 4.91 [0.87]
EC (pS) 35.62 [36.37] 34.9 [39.54] 33.99 [40.31]
O3 (ppb) 35.68 [8.99] 34.07 [10.14] 23.99 [11.61]
SO, (ppb) 0.55 [0.72] 0.79 [1.64] 1.67 [3.46]
NO (ppb) 0 [0.13] 0.06 [0.17] 0.24 [0.48]
NOy (ppb) 2.05 [1.57] 2.97 [2.24] 3.86 [3.98]
CO (ppb) 117.07 [37.47] 129.39 [36.42] 140.12 [37.16]
PM; (ug.m ) 15.56 [11.76] 16.31 [11.34] 15.75 [12.06]
eBC (pg.m ) 0.25 [0.28] 0.39 [0.37] 0.38 [0.66]
Total rainfall depth (avg) (mm) 424.00 (14.62) [13.01] 611.50 (16.53) [14.82] 442.50 (22.13) [19.11]
Average (max) rain intensity (mm.h’l) 5.88 (18.30) [4.91] 4.43 (15.69) [3.00] 3.55 (18.40) [2.73]

[16.77] [10.05] [20.42]
CBH_2hr 2741.72 [861.62] 2296.22 [776.03] 1606.5 [1060.65]
CBH_15min 2189.29 [905.68] 1930 [739.44] 1415.26 [878.01]

these clusters obtained for air masses arriving at CBH, indicate that
mean concentrations of species associated with anthropogenic activities,
i.e. SOy, NOy and CO, were higher in cluster CBH-C. However, average
PM; and eBC concentrations were similar in all three clusters although
the time air masses spent over point sources differed, which also signify
the influence of below-cloud scavenging on rain chemistry measured at
Welgegund. Furthermore, since air masses associated with the highest
SO, and NOy ambient concentrations corresponded to rainfall with
relatively lower SO%’ and NO3 VWM concentrations, it is also indicative
that in-cloud oxidation of SO5 and NOy has a smaller contribution to rain
chemistry. It is generally considered that between 48% and 84% of all
the SO, conversion to HySOy4 in the troposphere occurs within clouds
(Halsall, 2003), which is not that evident in rainwater chemistry when
events are clustered according to air mass history at CBH. Furthermore,
NOy are not highly water-soluble and are not easily absorbed into cloud
water (Finlayson-Pitts and Pitts, 2000). Similarly to that observed for
cluster analysis according to the chemical composition of rain, average
rain intensities in the three clusters determined for air masses arriving at
CBH corresponded to total VWM concentrations of ionic species in each
cluster, with the average rain intensity being the highest in cluster
CBH-A. Lower O3 concentrations in cluster CBH-C, are also expected due
to titration of atmospheric Oz within proximity of NOy sources (Laban
et al., 2018). EC measurements of rain events in each cluster correspond
to the total VWM concentrations. Analysis of variance of ancillary
measurements in these three clusters only revealed significant statistical
and substantive variances for O3 and NO concentrations in cluster
CBH-C compared to the other two clusters.

Similarly to the clustering of the chemical composition of rain
events, although some differences in ionic composition could be
observed in the three clusters determined for air masses arriving at 100
m a.g.l. and CBH, statistical analysis did not explicitly reveal distinct
differences between the ionic compositions associated with air masses

10

passing over different source regions. However, the important influence
of below-cloud scavenging on rain chemistry in this region was evident
as indicated by relating air masses arriving at 100 m a.g.l. to the
chemical composition of rain.

3.3. Comparing synoptic patterns

This section aims to explore the relationship between rain events
associated with different synoptic systems at the mesoscale. Analysing
synoptic charts could give some indication of the type of convection on
the rain event day, in contrast with the 96-h back trajectories deter-
mined in the previous sections which incorporated the progression of
synoptic patterns and the influence thereof on surface flow. All rain
events were characterized by a surface trough extending from the north.
Surface troughs associated with tropical disturbances can be related to
strong convective rainfall, which are often associated with high rain
intensities and -depths (in many instances thunderstorms) over the
plateau in the austral summer (Mogale and Dyson, 2017; Tyson and
Preston-Whyte, 2017). Lynn et al. (2005) have reported that convective
clouds scavenge 60% of the available CCN, with the most CCN scav-
enged within the first 30 min of cloud formation. Some rain events in
this study corresponded to a coastal low pressure in addition to the
surface trough, while there were also rain events that were characterised
by westerly waves that are associated with cold fronts passing over this
region from the south-west to the south-east. Coastal lows and westerly
waves are temperate perturbations to the stable conditions that prevail
over continental South Africa. Westerly waves typically advect polar
maritime air from behind the cold front, and cloud bands commonly
form through convection. Rainfall associated with these types of
temperate westerly waves has relatively low rainfall intensities (Tyson
and Preston-Whyte, 2017). Rain events related to surface troughs,
coastal low pressures and westerly waves disturbances represented 49,
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33 and 17%, respectively of the rainfall events collected at Welgegund.

In Table 4, the VWM concentrations of ionic species in rain events
associated with each of the three synoptic systems are listed. In
Figure A4 CBH, rain depth and -intensity, pH and EC of collected rain
samples, as well as other ancillary measurements related to the three
synoptic systems are presented. In general, rain events corresponding
with coastal low pressures had the highest VWM concentrations of ionic
species, while the lowest VWM levels were determined for rain events
associated with westerly waves. In addition, higher average concentra-
tions of CO, Os, eBC and PM;, highest average pressure, as well as the
largest difference 2-h and 15-min averages of CBH corresponded with
rain events related to coastal low pressures (Figure A4). These rain
events also had the smallest rainfall depth. Events related to westerly
wave disturbances and cold fronts had the lowest rain intensity, which
could, as indicated above, contribute to lower VWM concentrations of
ionic species. Small differences between the 2-h and 15-min CBH aver-
ages, and the narrow pressure range reflect large-scale cloud bands
associated with these type of rain events corresponding to low rainfall
intensity with longer duration (Figure A4). These rain events did,
however, had the highest H' levels, which can be ascribed to signifi-
cantly lower Ca?* and Mg?" concentrations. In addition, relatively
higher VWM concentrations of NOgz, SO3~ and NH7 in rain events
associated with westerly waves can be attributed to higher relative hu-
midity contributing to the scavenging of hygroscopic aerosols e.g.
(NH4)2SO4 (Figure A4). Westerly wave rain events also corresponded to
the lowest average concentrations of SO3, NOy, CO and eBC, but the
highest O3 concentrations (Figure A4). The highest SO~ VWM con-
centrations were determined in rain events related to surface troughs.
However, neutralisation with species such as Ca?" and NHY is reflected
by low H™ levels (and the higher pH). These rain events also coincided
with the highest EC, SO, and NOy concentrations, while these events
also had high rainfall intensities (Figure A4).

3.4. Inter-comparison of rain event clustering

The three-cluster solutions determined with the different approaches
in this study were inter-related in order to establish whether rain events
grouped in one cluster according to a specific approach also occurs in a
cluster determined with another approach. Clusters determined by
grouping of the air masses at 100 m a.g.l. arrival heights suggested a
statistical overlap with clusters obtained by grouping according to the
ionic composition of rain, i.e. p = 0.059. Therefore, rain events grouped
together according to ionic composition of rain events could also be
clustered together when events are clustered according to air mass his-
tory at an arrival height of 100 m a.g.1. However, the clusters determined
for air masses at CBH did not statistically correspond to any clusters
determined for air masses arriving at 100 m a.g.l. or with clusters
determined for the chemical composition of rain events, i.e. p = 0.239

Table 4

VWM concentrations (peq.L™) of ionic species associated with rain events
corresponding to three dominant synoptic patterns. Standard deviations are
indicated in brackets.

Surface Troughs Coastal Lows Westerly Waves
# of samples 47 32 17
H* 28.00 [26.00] 25.97 [15.25] 36.10 [36.51]
Na™ 20.85 [51.85] 21.66 [24.77] 14.99 [20.05]
NHj 23.87 [18.39] 31.66 [21.98] 22.75 [11.85]
K" 6.93 [18.63] 8.18 [11.69] 4.87 [4.47]
Mg>* 12.86 [53.18] 22.19 [68.77] 3.44 [5.12]
Ca?* 27.05 [54.66] 32.38 [50.04] 15.30 [16.29]
NO3 29.96 [31.62] 40.03 [35.27] 26.66 [20.43]
cl 20.29 [31.62] 21.41 [35.27] 15.43 [20.43]
50‘2.7 51.50 [35.05] 47.75 [30.50] 43.46 [31.52]
F- 0.69 [0.87] 0.47 [0.57] 0.40 [0.34]
tOA* 9.00 [21.90] 15.11 [14.14] 7.42 [8.98]
Total VWM 231.02 266.80 190.83
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and 0.874, respectively. Therefore, inter-comparison between different
clustering approaches also reflects the significance of below-cloud
scavenging on chemical composition of rain samples collected at
Welgegund.

The events in the three synoptic groups were also compared to the
clusters determined according to the ionic composition. The amount of
overlap between the compositional and 100 m a.g.l. air mass history
clusters showed noteworthy similarities to the amount of overlap be-
tween the compositional and synoptic groups. This could indicate the
influence of convection type on rainwater chemistry. The overlap be-
tween the chemical clusters and synoptic patterns could signify the
relationship of certain ancillary measurements, which showed statisti-
cally significant differences between the groups within the HCA clusters,
with the rainfall type or type of uplift associated with the precipitating
cloud. These included maximum rainfall intensity, pressure, average
CBH, RH, wind speed and temperature. However, the mesoscale factors
influencing rain chemistry are complex and a definitive relationship
between the type of convection and rainwater chemistry could not be
established in the scope of this study. Modelling studies or field mea-
surement studies of convection processes such as those by Tost et al.,
2007); Fuentes et al. (2016) could be more appropriate to determine
these relationships. The nuances between the synoptic pattern pro-
gression and surface flow determined through trajectories appear to be a
better method to link surface air flow and rainwater chemistry.

In view of the results of the clustering analysis of rain chemistry and
air mass history at Welgegund, the influences of different source regions,
below-cloud scavenging, rain intensity and pollution build-up were
further explored in the subsequent section by conducting case studies of
specific rain events. Here the advantages associated with the availability
of CBH measurements in conjunction with rain sampling is further
investigated.

3.5. Case studies

In these case studies, rain events are assessed by presenting the ionic
composition together with the event air mass histories arriving at Wel-
gegund at 100 m a.g.l. and CBH. In each of the back trajectory maps
presented in this subsection, 96-h back trajectories calculated at the
median CBH prior to the rain event are plotted in gold, while blue lines
represent the 96-h back trajectories with a 100 m a.g.l. arrival height.
The Welgegund atmospheric research station is represented as a black
star, the large pollution point sources as black dots, the Johannesburg-
Pretoria conurbation as an area shaded in grey, and the burn scar
areas four days prior to the rain events shaded in red.

3.5.1. Anthropogenic sources

The influence of the densely populated eastern source region, where
the major pollution point sources in the interior of South Africa are
located, on rain chemistry determined at Welgegund is illustrated in two
examples presented in this case study. In Fig. 6, back trajectories at CBH
and 100 m a.g.l. calculated for rain events on 7 and 9 January 2015 are
presented, while Table 5 lists the concentrations of ionic species asso-
ciated with these rain events. It is evident from Fig. 6 that below-cloud
air masses passed over the eastern source region prior to both rain
events. The air masses associated with the CBH only passed over this
source region on 7 January 2015, while air masses at CBH bypassed most
of the eastern source region on 9 January 2015. Both rain events illus-
trate the influence of anthropogenic sources on the chemical composi-
tion, especially as indicated by the elevated levels of SO3~ and NO3.
Although the statistical analyses discussed previously did not point to a
significant contribution of CBH on rain chemistry, this case study shows
that air mass history associated with the precipitating cloud could
contribute to the chemical composition as indicated by the higher SOF~
and NO3 concentrations in the event of 7 January 2015. These elevated
concentrations are possibly related to both in-cloud scavenging pro-
cesses and to the below-cloud pollutant scavenging that is explored in a
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Fig. 6. 96-h back trajectories at CBH and 100 m a.g.l. indicating air mass movement over anthropogenic sources for rain events occurring on 7 January 2015 (top)

and on 9 January 2015 (bottom).
following case study.

3.5.2. Below-cloud scavenging

The influence of below cloud scavenging is assessed through two case
studies where the VWM concentrations of ionic species in rain samples
collected during two sequential rain events are compared. In Tables 6
and 7 the rain chemistry for subsequent rain events in February 2017
and September 2015 are presented (air mass histories at CBH and 100 m
a.g.l. of these rain events are presented in Figure A5 and A6). Air masses
at CBH and 100 m a.g.l. passed over the eastern anthropogenic source
region prior to the rain event on 20 February 2017. This rain event was
followed up a few hours later on the next day with a rain event with

12

similar air mass history at both arrival heights, as well as rain depth and
-intensity. It is evident that the VWM concentrations of ionic species
were lower in the rain event on 21 February 2017. The influence of
below-cloud scavenging is also illustrated by two successive rain events
on 4 and 5 September 2015, which also corresponded to similar air mass
histories over the eastern source region. Here more significant differ-
ences in the VWM concentrations of ionic species were determined with
levels of ionic species being substantially lower in rain on 5 September
2015, especially for VWM concentrations of SO3~, NO3 and NHj. This
case study of successive rain events also presents examples of rain events
that were grouped into different clusters according to chemical
composition, while clustering according to air mass history grouped
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Table 5
Rainwater ionic concentrations (jeq.L ™), rain depth and -intensity associated
with rain events on 7 and 9 January 2015.
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Table 7
Rainwater ionic concentrations (peq.L’l), rain depth and -intensity for the event
on 4 September 2015 and a follow-up event on 5 September 2015.

7 January 2015 9 January 2015 4 September 2015 5 September 2015
Rain depth (mm) 70.0 40.0 Rain depth (mm) 30 5
Max (avg) Intensity (mm.h’l) 92 (12.8) 51.2 (10.4) Max (avg) Intensity (mm.h’l) 4.8 (2.1) 1.6 (0.9)
pH 4.20 4.10 pH 4.43 4.50
S03~ 5285 3024 S03~ 1273 211
NO3 2453 1444 NO3 502 147
NHj 2442 1386 NHi 559 97
Ca** 1221 514 Ca** 419 119
Mgt 442 68 Mgt 138 46
Na* 1670 95 Na* 117 173
Ccl 1439 112 Cl™ 166 173
K" 510 32 K" 51 89
tOA* 17 14 tOA* 456 197
Table 6
Rainwater ionic concentrations (peq.L™1), rain depth and -intensity for the rain Table 8

events on 20 and 21 February 2017.

Rainwater ionic concentrations (peq.L’l), rain depth and -intensity associated

20 February 2017 21 February 2017 with two rain events in winter in 2016.
Rain depth (mm) 60 38 13 June 2016 24 July 2016
: -1
MI:x (avg) Intensity (mm.h™") ‘2‘992 (5.6) 2903 (3.8) Rain depth (mm) 10 55
1;02 1'319 9'32 Max (avg) Intensity (mm.h™1) 8.8 (3.0) 23.2 (4.8)
NOs 350 270 PH 509 4.90
NHi 299 205 S03~ 338 2931
a2t 585 55 NO3 152 1672
M2t 0 2 NH; 121 2168
o v36 s Ca2* 366 3112
e 141 128 Mg** Hi 137
Rk <6 14 Na* 169 1518
{OA* 3 o cl- 171 1667
K" 42 670
tOA* 184 2470
these events together. This also signifies the complexity associated with
factors influencing rain chemistry and substantiates the suitability of the
Table 9

different statistical clustering approaches followed in this study.

3.5.3. Pollution build-up

During winter, an increase in the concentrations of chemical species
in the atmosphere occur in the South African interior due more pro-
nounced low-level inversion layers trapping pollutants near the surface
in conjunction with anti-cyclonic recirculation of air masses through a
persistent high-pressure system over this region (Laakso et al., 2012;
Tyson and Preston-Whyte, 2017). In addition, increased household
combustion for space heating and open biomass burning also contribute
to additional emissions of atmospheric pollutants (Laban et al., 2018).
Winter rainfall, although rare over the Highveld, can therefore have
greater scavenging efficiencies (Tyson and Preston-Whyte, 2017). Two
winter rainfall events that occurred on 13 June and 24 July 2016 are
considered in this case study with the VWM concentrations of ionic
species determined for these rain events presented in Table 8. Air mass
history associated with these two rain events are shown in Figure A7. It
is evident that rainwater collected in July had a much higher ionic load
than the rain event in June. This increased scavenging of chemical
species in the atmosphere by rainwater can be attributed to pollution
build-up during winter since no rain events occurred between these two
events. In addition, the air mass histories at the two arrival heights on 25
July 2016 spent a small amount of time over the eastern anthropogenic
source region, signifying increased scavenging of atmospheric pollutants
associated with pollutant build-up. The rain event on 4 September 2015
presented in the below-cloud scavenging case study above is also
indicative of pollution build-up since it was the first event after winter
and corresponded to higher concentrations of ionic species.

3.5.4. Rain intensity
The statistical analysis in the previous section indicated statistically

13

Rainwater ionic concentrations (peq.L™!), rain depth and -intensity associated
with the rain events with the highest maximum rain intensity (7 January 2015),
the highest average rain intensity (28 February 2016), and the lowest average
rain intensities (5 September 2015 and 18 December 2014).

7 January 28 February 18 December 5 September
2015 2016 2014 2015
Rain depth (mm) 70 30 5 5
Max (avg) 92 (12.8) 66.4 (20.5) 1.6 (0.9) 1.6 (0.9)
Intensity (mm.
h™)
pH 4.20 4.37 4.08 4.50
SOz~ 5285 2449 767 211
NO3 2453 1173 503 147
NHy 2442 1570 409 97
Ca** 1221 770 325 119
Mg>* 442 187 112 46
Na® 1670 481 490 173
Ccl™ 1439 536 389 173
K* 510 154 304 89
tOA* 17 221 14 93

significant differences for rain intensity in each of the clusters with
higher VWM concentrations of ionic species associated with increased
rain intensity. Therefore, in this case study, the rain events that had the
highest average and maximum rain intensities are compared to two rain
events with the lowest average rain intensities. In Table 9, the VWM
concentrations of ionic species in the rain events that recorded the
highest maximum rain intensity (7 January 2015), the highest average
rain intensity (28 February 2016), and the lowest average rain in-
tensities (5 September 2015 and 18 December 2014) during the sam-
pling campaign are presented, while air mass histories at the two arrival
heights for each of these rain events are presented in Figure A8. It is
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Fig. 7. Back trajectories at CBH and 100 m a.g.l. for rain events corresponding to open biomass burning.
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Table 10
Rainwater ionic concentrations (peq.L’l), rain depth and intensity associated
with two rain events during the peak open biomass burning season.

20 September 2015 21 September 2015

Rain depth (mm) 11 13
Max (avg) Intensity (mm.h’l) 5.2 (2.0) 10.4 (4.6)
pH 4.49 451
S03~ 513 583
NO3 905 1049
NHj 1108 1280
Ca?* 424 452.5
Mgt 180 196
Na* 630 680
a- 913 1018
K" 457 501
tOA* 548 594

evident that the rain events associated with higher rain intensities had
significantly higher loadings of ionic species compared to the events
related to lower rain intensities. The rain event with the highest
maximum rain intensity recorded also had the highest measured rainfall
depth of all rain events collected during this study. Furthermore, it is
also apparent that air masses passed over the anthropogenic eastern
source region prior to each of these rain events. Therefore, observed
differences in chemical composition of rain cannot be attributed to
different air mass histories. Strong convective rainfall over the Highveld
often associated with high rain intensity, large rain depths, hail and
thunderstorms has been related to increased scavenging (Wallace and
Hobbs, 2006; Hart et al., 2013; Zhao et al., 2015; Mogale and Dyson,
2017).

3.5.5. Open biomass burning

Kok et al. (2021) indicated that the influence of open biomass
burning on the chemical composition of rainwater was less pronounced
due to the open biomass burning season not corresponding with the wet
season on this part of South Africa. The open biomass burning season is
typically from June to mid-October (Harrison, 1986). However, a case
study is presented in order to show the possible influence of open
biomass burning on rain chemistry. Open biomass burning is generally
associated with emissions of OAs, while it can also be related to C1~ and
Kt (Galy-Lacaux et al., 2009). In Fig. 7, the air mass histories associated
with two rain events that occurred during the peak burning season on 20
and 21 September 2015 are presented, which indicate air masses passing
over open biomass burning prior to these rain events. It is evident from
the ionic concentrations determined for these two rain events, presented
in Table 10, that air masses passing over open biomass burning
contributed to increased levels of OAs, CI~ and K™ in rainwater. Elevated
Cl™ levels from biomass burning are also supported by the Cl™ concen-
trations being higher than Na™ levels, since concentrations of Na* and
Cl” are mostly similar in rain collected in this part of South Africa
(Conradie et al., 2016; Kok et al., 2021). It is also evident form the air
mass histories associated with these two rain events that the long-range
transport of air masses passing over distant fires that do not occur during
the open biomass burning season in South Africa can have an impact on
precipitation chemistry in this region.

4. Summary and conclusion

The aim of this study was to conduct an advanced assessment on
factors influencing chemical composition of rain in the South African
interior by developing a novel method to relate rain events at Welge-
gund to air mass history at arrival heights below clouds and at CBH. HCA
were performed following two different approaches, i.e. clustering
based on the chemical composition of rain that was related to air mass
histories at the two arrival heights, as well as grouping based on air
masses arriving at 100 m a.g.l. and CBH that was then associated with
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chemical composition. Cluster solutions were also related to ancillary
measurements conducted at Welgegund. In each of the approaches in
this study, the optimum solutions yielded three clusters.

Clustering analysis was useful in establishing some correlations be-
tween rain chemistry and the source regions that air masses pass over
prior to a rain event. Clustering conducted according to the ionic
composition of rain events grouped rain events together in relation to
their total VWM concentrations, i.e. from high to low VWM concentra-
tions. Correlation of air mass histories to the three clusters indicated to
an extent that higher VWM concentrations were associated with air
masses at 100 m a.g.l. passing over anthropogenic source regions. Air
mass history clustering grouped air masses passing predominantly over
predefined source regions. The rain chemistry of clusters determined for
air masses at 100 m a.g.l. arrival heights could mainly be related to the
influence of large point sources, the clean western background sector
and oceans. Clustering according to chemical composition and air
masses with an arrival height of 100 m a.g.l. also reflected the regional
impact of anthropogenic activities in the north-eastern part of South
Africa. Although air masses arriving at CBH did partially contribute to
rain chemistry, no significant correlations between air mass histories at
CBH and ionic composition were evident. Therefore, it could be
concluded from the statistical analysis that below-cloud atmospheric
chemical composition was more significant in contributing to the
chemical composition of rain in this part of South Africa.

Considering the surface synoptic charts and satellite imagery of the
rain event days, rain events were categorised according to three main
synoptic patterns. The highest total VWM was measured for events
corresponding with coastal low pressures, while the lowest VWM was
measured for rain events related to westerly wave disturbances. Events
related to strong convective uplift, high rain intensity and -depth, and
wind speed had the highest VWM concentrations. Since surface flow
patterns vary greatly, even in the specific groups identified, it is
concluded that surface flow trajectories are a more reliable method to
relate air mass history to rainwater chemistry.

A few case studies are presented, in order to further illustrate factors
influencing the chemical composition of rain in this part of South Africa.
The influence of the anthropogenic source region on rain chemistry at
Welgegund, as revealed through statistical analysis could be confirmed,
while the effect of below-cloud scavenging on rain chemistry at Wel-
gegund was highlighted through investigation of the chemical compo-
sition of successive rain events associated with similar air mass histories.
A case study also revealed the impact of pollution build-up during
winter, with rainfall associated this period corresponding to higher
loading of ionic species. In addition, the correlation between higher
ionic concentrations and increased rain intensity, as suggested by sta-
tistical analyses, was also supported. Finally, the impact of open biomass
burning was also indicated, while it was also suggested that long-range
transport of species associated with open biomass burning could influ-
ence rain chemistry in the South African interior.

Although statistical analyses could be successfully employed in this
study, it also highlighted the complexity associated with correlating rain
chemistry to sources of chemical species, as well as the limitations
associated with statistical analyses of the entire datasets. It is recom-
mended that future studies also consider other advanced statistical
methods. Other input parameters could also be considered, e.g. upper
atmospheric conditions. Some uncertainties can also be associated with
the exact CBH during the onset of a rain event due to assumptions made
in this study. In addition, there is also uncertainty associated with back
trajectory analysis, which was mitigated through compiling three back
trajectories for each rain event. However, it is recommended that future
studies utilise newly developed and more advanced dispersion models,
e.g. FLEXPART, to calculate air mass histories. Furthermore, microscale
and mesoscale factors associated with the cloud environments could not
be assessed in this study.
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Fig. A1. 96-h overlay back trajectories for air masses arriving at 100m a.g.l. (left) and CBH (right) for each rain event at Welgegund. The colour scale bar presents the
frequency (percentage) of air masses passing over a region. Boxplots presents the total time that air masses at the two arrival heights spent over the defined regions
with the median (red line), average (black dot), 25th and 75th percentiles (blue box), and +2.7 times the standard deviation (whiskers) indicated.
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Fig. A2. 96-h overlay back trajectories for air masses clustered according to the time the air masses at 100 m a.g.1. arrival height spent over defined source regions.

The colour scale bar presents the frequency (percentage) of air masses passing over a region.
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Fig. A3. 96-h overlay back trajectories for air masses clustered according to the time air masses at CBH spent over defined source regions. The colour scale bar

presents the frequency (percentage) of air masses passing over a region.
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Fig. A4 (a). Average concentrations of gaseous species prior to rain events associated with three synoptic systems (ST: Surface Trough; CL: Coastal Low Pressure;

WW: Westerly Waves).
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Fig. A4 (b). Average concentrations of PM;( and eBC prior to rain events, as well as the pH and EC of rain events associated with three synoptic systems (ST: Surface

Trough; CL: Coastal Low Pressure; WW: Westerly Waves).
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Fig. A4 (c). Average pressure, RH and wind speed prior to rain events associated with three synoptic systems (ST: Surface Trough; CL: Coastal Low Pressure; WW:
Westerly Waves).
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Fig. A4 (d). Rain depth and -intensity, as well as averaged 2-h and 15-min CBH measured for rain events associated with three synoptic systems (ST: Surface Trough;
CL: Coastal Low Pressure; WW: Westerly Waves).
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Fig. A5. Back trajectories at CBH and 100 m a.g.l. for rain events on 20 February 2017 (top) and 21 February 2017 (bottom), indicating below-cloud scavenging
of pollutants.

21



L. Kok et al. Atmospheric Environment 318 (2024) 120246

Event: 2015-09-04-10:00

100 O 100 200 300 400 500 km

S

Event: 2015-09-05-09:00

100 0 100 200 300 400 500 km

Fig. A6. Back trajectories at CBH and 100 m a.g.l. for rain events on 4 September 2015 (top) and 5 September 2015 (bottom), indicating below-cloud scavenging
of pollutants.
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Fig. A7. Back trajectories at CBH and 100 m a.g.l. for rain events occurring in the South African winter on 13 June 2016 (top) and 24 July 2016 (bottom).
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Fig. A8(a). Back trajectories at CBH and 100 m a.g.l. for rain events with the highest maximum (top) and highest average (bottom) rainfall intensities.
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Fig. A8(b). Back trajectories at CBH and 100 m a.g.l. for two rain events with the lowest average rainfall intensities.

Table A1
Analyses of variance of ancillary measurements in the three cluster solutions based on ionic composition of rain

Variable p-Value Effect Sizes
A with B A with C B with C

pH 0.000 0.37 0.60 0.71
EC 0.001 0.53 0.81 0.07
SOy 0.016 0.39 0.58 0.26
eBC 0.084 0.34 0.49 0.14
Intensity Max 0.000 0.45 1.12 0.81
Intensity Avg 0.084 0.27 0.75 0.42
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