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Abstract

This study is based on 18 months (20 July 2006–5 February 2008) of continuous mea-
surements of aerosol particle size distributions, air ion size distributions, trace gas
concentrations and basic meteorology in a semi-clean savannah environment in Re-
public of South Africa. New particle formation and growth was observed on 69% of5

the days and bursts of non-growing ions/sub-10 nm particles on additional 14% of the
days. The new particle formation and growth rates were among the highest reported
in the literature for continental boundary layer locations; median 10 nm formation rate
was 2.2 cm−3 s−1 and median 10–30 nm growth rate 8.9 nm h−1. The median 2 nm
ion formation rate was 0.5 cm−3 s−1 and the median ion growth rates were 6.2, 8.0 and10

8.1 nm h−1 for size ranges 1.5–3 nm, 3–7 nm and 7–20 nm, respectively. Three different
approaches were used to study the origin of the formation and growth rates: seasonal
variation, air mass history analysis and estimated sulphuric acid contribution to the
growth. The growth rates had a clear seasonal dependency with minimum during win-
ter and maxima in spring and late summer and the air mass history analysis indicated15

the highest formation and growth rates to be associated with the area of highest VOC
(Volatile Organic Compounds) emissions rather than the highest estimated sulphuric
acid concentrations. The relative contribution of estimated sulphuric acid to the growth
rate was decreasing with increasing particle size and could explain more than 20% of
the observed growth rate only for the 1.5–3 nm size range. The implication is that the20

sulphuric acid alone is not enough to explain the growth, but the highest growth rates
seem to originate in VOC emissions following from biological activity. The frequency
of new particle formation, however, increased nearly monotonously with the estimated
sulphuric acid reaching 100% at H2SO4 concentration of 4×107 cm−3, which suggests
the formation and growth to be independent of each other.25
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1 Introduction

The aerosol particles affect the radiation budget in two ways: directly by scattering
the solar radiation and indirectly via acting as cloud condensation nuclei and therefore
modulating the properties of the clouds. Besides that aerosol particles affect signifi-
cantly also human health and visibility in urban areas (Pope and Dockery, 2006; Hand5

and Malm, 2007; Anderson, 2009). Actually the largest current uncertainties in the
anthropogenic changes in the Earth radiation budget arise from aerosols – the uncer-
tainty in the total aerosol effect on earth radiative forcing is larger than the combined
effect of the long-lived greenhouse gases CO2 and methane (Forster et al., 2007).

To reduce the uncertainty of the aerosol effects on global radiation budget measure-10

ments of the atmospheric aerosols have to be conducted globally, because the aerosol
population in the atmosphere is largely inhomogeneous due to the relatively short at-
mospheric lifetime of the aerosol particles. Therefore regional conditions, as well as
seasonal changes in the regional conditions, have a large effect on processes which
affect the regional aerosol properties.15

The concentrations of climatically important aerosol particles are due to their differ-
ent sources and sinks. The sources of the aerosol particles in the size range where
they can effectively contribute to the direct or indirect radiative effect include primary
emissions from natural processes, anthropogenic primary emissions and new particle
formation from gaseous compounds in the atmosphere, which has been observed in20

a variety of environments around the globe (Kulmala et al., 2004). The importance of
new particle formation to the global aerosol budget has also been confirmed by global
models (Spracklen et al., 2008).

Although the need is evident, there is only a limited amount of aerosol observations
from Africa (Swap et al., 2003) and other less developed areas (Laakso et al., 2006).25

On the other hand, the number of long-term continuous measurements of aerosol par-
ticle properties in Europe and North America, observations are increasing (e.g., Manni-
nen et al., 2010). For instance the only reported observations of new particle formation
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and growth from continental Africa so far are by Laakso et al. (2008), who gave an
overview of the first complete year of the measurements in Botsalano game reserve
in North-West Province in Republic of South Africa. Laakso et al. (2008) reported
new particle formation to take place on almost every sunny day with formation and
growth rates among the highest observed in continental environments. Therefore the5

paper concluded that new particle formation in savannah environment is likely to have
a regional effect on cloud condensation nucleus budget and on the properties of the
clouds.

In this study, supporting the EUCAARI project South African component (Kulmala et
al., 2009), we give a more detailed analysis on the new particle formation observed10

on background savannah (Laakso et al., 2008). The measurements utilized in this
study are for the period 20 July 2006–5 February 2008 with the main focus being on
aerosol particle and air ion formation and growth rates. The seasonal variation of the
formation and growth rates is studied and, in order to understand the processes be-
hind the observations, the measurements are combined with air mass history analysis,15

ion recombination calculations and estimates of sulphuric acid concentrations using
a recently developed proxy (Petäjä et al., 2009).

2 Measurements

2.1 Measurement location

The measurements for this study were conducted in Botsalano game reserve (Laakso20

et al., 2008), latitude 25.54◦ S, longitude 25.75◦ E, 1400 m a.s.l., from 20 July 2006 until
5 February 2008.

Botsalano game reserve is located in the North-West Territory of the Republic of
South Africa, Fig. 1, 10 km from the border of Botswana and 50 km from the nearest
towns, Mafikeng, population 260 000, in the south and Zeerust, population 140 000,25

in the east. Gaborone, population 200 000, capital of Botswana, lies 100 km north of
measurement site and Rustenburg, population 400 000, 150 km east of the site.
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The region east of Botsalano is quite sparsely populated next to the game reserve,
but has heavy industry in the Rustenburg area. Rustenburg is considered as one of the
large regional pollution sources in the North-West Province (Piketh et al., 2005; Laakso
et al., 2008) due to its large platinum group metal mines and refineries. Other major
sources in the east impacting the measurement site are the megacity of Johannesburg5

approximately 220 km east with more than 10 million inhabitants, and especially the in-
dustrialized Highveld southeast of Johannesburg with high emissions from coal-based
power plants and petrochemical industry.

The region west and south of Botsalano, on the Botswana side and the Karoo region
in South Africa, has little industrial or other anthropogenic activities and forms the clean10

sector. In addition to industrial sources, the site is affected by emissions from regular
wild fires during the dry season (June–October). The major fires are in the north;
however, fires may take place in any direction from the site.

2.2 Instrumentation

The mobile measurement trailer and the instrumentation in the trailer are described in15

detail by Petäjä et al. (2010). In this study we utilize aerosol particle size distributions
from the differential mobility particle sizer (DMPS) (Hoppel, 1978; Jokinen and Mäkelä,
1997), size range 10–840 nm, air ion size distributions from the air ion spectrometer
(AIS) (Mirme et al., 2007), size range 0.8–42 nm, sulphur dioxide concentration from
the Thermo 42S analyser (Thermo Environmental Instruments Inc., 1992) and the ba-20

sic meteorological quantities including solar radiation from the photosynthetically active
radiation (PAR) sensor (LiCor LI-190SB).
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3 Methods

3.1 New particle formation classification

New particle formations events were determined in the DMPS measurements along
the guidelines set in Dal Maso et al. (2005). The aerosol particle size distribution data
from the DMPS measurements was divided in new particle formation or “event days”,5

“non-event days”, when no new particles were formed and “undefined days”, when it
was not possible to determine with complete certainty whether there was new particle
formation or not.

To classify a day as a new particle formation day, new particles were required to
appear in the size range smaller than 25 nm and the new mode was required to grow in10

mean diameter. These days were further divided into three sub-categories IA, IB and
II, depending on how smooth the size distribution was. For the classes IA and IB it was
possible to calculate formation and growth rates from the measurements, whereas for
class II determination of one or the other was not possible due for instance to gaps or
fluctuations in the size distribution.15

New particle formation was determined from the ion spectra obtained from AIS mea-
surements according to the classification presented by Yli-Juuti et al. (2009). The five
main classes, see above, were the same for ions and aerosol particle spectra from the
DMPS, but in addition four more classes were defined to describe some characteris-
tics typical for the ion spectrum but not seen in DMPS. These extra classes belong to20

the undefined category in the DMPS aerosol particle classification. The detailed new
particle formation classification criteria are presented in Table 1.

Ion bursts caused by rain in sizes 1–25 nm (Hirsikko et al., 2007) were encountered
frequently during the wet season and the so called Mixed-type ion bursts throughout
the period, but the classes Apple and Hump are included in the study mainly for con-25

sistency with earlier studies by Vana et al. (2008) and Yli-Juuti et al. (2009). Days
when there were gaps in the data so that they could not reliably be classified in above
classes were classified as bad data and left out from the analysis.
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3.2 Aerosol particle formation and growth rates

The 10 nm aerosol particle formation rate – the 10 nm set by the DMPS detection limit
– and the aerosol particle growth rate were determined from DMPS measurements
similarly as in Dal Maso et al. (2005), who expressed

J10 =
dN10−30

dt
+Fcoag+Fgrowth . (1)5

The first term,
dN10−30

dt , was obtained from a linear fit to the 10–30 nm particle concen-
tration during the time at the beginning of the new particle formation when the con-
centration increase is nearly linear. The coagulation loss term, Fcoag, was calculated
according to the formulae given by Dal Maso et al. (2005) and the last term, Fgrowth,
representing the losses from particles growing out of the size range, was taken to equal10

zero, as the 10–30 nm size range is wide enough so that the particles do not grow past
the upper limit of the size range during the period when formation rate is determined.

For the growth rate calculation Dal Maso et al. (2005) used a log-normal size distri-
bution fit to the measured aerosol particle size spectrum to follow the time evolution of
the distribution. Now a one to three modal log-normal fit was calculated using a method15

described in detail by Vartiainen et al. (2007).
The actual growth rate is obtained by tracing the maximum of the log-normal fit to

the nucleation mode as it grows from 10 to 30 nm and making a linear fit to the ob-
tained data points. The upper limit for the growth rate calculation was increased from
the 25 nm used by Dal Maso et al. (2005) to 30 nm because of the high growth rates20

observed (Laakso et al., 2008). Only the modal peaks above the 10 nm detection limit
of the DMPS were used for calculating the growth rate – fitting a mode when most of
the mode is outside the measurement range can lead to ambiguous results.
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3.3 Formation and growth rates of charged particles and ions

The charged particle and ion formation and growth rates were determined according
to Kulmala et al. (2007) and Hirsikko et al. (2005).

The 2 nm ion formation rate J±
2 obtained from the AIS measurements was calculated

according to Kulmala et al. (2007) as5

J±
2 =

dN±

dt
+CoagS2−3 ·N±+

GR±

3nm−2nm
·N±+α ·N± ·N∓

<3nm−β ·N ·N±
<3nm, (2)

where ± refers to the polarity of the ions, N± to 2–3 nm ion concentration of respective
polarity, N to the concentration of 2–3 nm neutral particles, CoagS2−3 to the coagula-
tion sink for 2–3 nm particles, GR± to the growth rate of respective polarity 1.5–3 nm
ions, α to the ion-ion recombination coefficient and β to the ion-aerosol recombination10

coefficient.
The first term, dN±

dt , was calculated similarly as for the 10 nm formation rate, i.e. by
a linear fit to the concentration of 2–3 nm ions. GR± was calculated for the size interval
1.5–3 nm as described below. For the calculation of J±

2 N was assumed to be a hun-
dred times the sum of the total 2–3 nm ion concentration N± as recent observations15

from boreal forest suggest (Manninen et al., 2009a). The values for coefficients α and
β were 1.6×10−6 cm3 s−1 and 0.01×10−6 cm3 s−1 (Tammet and Kulmala, 2005). The
total 2 nm ion formation rate J2(ions) is the sum of positive and negative ion formation
rates.

The ion-ion recombination yield of neutral 2–3 nm particles was calculated similarly20

as in Manninen et al. (2009b). The recombination rate was calculated for the complete
measurement period. For the new particle formation events ion-ion recombination rate
is given as median value during the linear growth of the 2–3 nm ion concentration, i.e.
the period when the first term in Eq. (2) was defined. The upper limit of ion induced
nucleation was estimated as a sum of recombination rate and the total ion formation25

rate J2(ions).
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The AIS ion spectra were analysed for the growth rates using the method described
by Hirsikko et al. (2005) by following the position of the maximum concentration (in
time) for each size channel of the AIS in a size interval. For the ion spectrum three size
regions were selected for calculating the growth rate: 1.5–3 nm, 3–7 nm and 7–20 nm.
These are commonly used to account for the change of growth rate during the growth5

of the particles and were used also by Hirsikko et al. (2005).
To compare the 10–30 nm particle growth rate with the corresponding growth rate

obtained from AIS measurements, we determined the 10–30 nm ion growth rate using
the log-normal fitting method described for DMPS measurements in Sect. 3.2. For
the comparison also the formation rate of 10 nm ions was determined with the same10

method as applied to the DMPS spectrum.

3.4 Sulphuric acid proxy

Sulphuric acid concentration was estimated with a proxy calculated according to the
Eq. (4) by Petäjä et al. (2009) as

H2SO4 proxy=k3
[SO2] ·Glob

CS
, (3)15

where SO2 is the measured sulphur dioxide concentration, Glob is the measured global
radiation, CS is the condensation sink calculated from the aerosol particle size distri-
bution measured with the DMPS (see Dal Maso et al., 2005) and the empirical scaling
factor (Petäjä et al., 2009)

k3 =8.4×10−8 ·Glob−0.68 . (4)20

This sulphuric acid proxy has been developed based on measurements in boreal forest
and thus the absolute values are not necessary valid for Southern African conditions.
Despite this significant uncertainty, it provides valuable information on the spatial vari-
ability and annual cycles of sulphuric acid.

30785

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/30777/2010/acpd-10-30777-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/30777/2010/acpd-10-30777-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 30777–30821, 2010

New particle
formation events in
semi-clean South
African savannah

V. Vakkari et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

3.5 Air mass history

The air mass history was investigated using back-trajectories. The back-trajectories
were calculated using the HYbrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) version 4.8 model developed by the National Oceanic and Atmospheric Ad-
ministration (NOAA) Air Resources Laboratory (ARL) (Draxler and Hess, 2004). The5

model was run with the GDAS meteorological archive produced by the US National
Weather Service’s National Centre for Environmental Prediction (NCEP) and archived
by ARL (Air Resources Laboratory, 2009). The HYSPLIT model was run for 96-h back-
trajectories at every hour throughout the complete measurement period.

The accuracy of trajectories greatly depends on the quality of the underlying mete-10

orological data in use (Stohl, 1998). The errors accompanying single trajectories are
currently estimated as 15 to 30% of the trajectory distance travelled (Stohl, 1998; Rid-
dle et al., 2006). Studying regional patterns and using a large dataset this accuracy is
sufficient.

For the air mass history study the Southern Africa was divided to a 0.5◦×0.5◦ grid.15

Each back-trajectory was assigned the parameters observed at the measurement site
when the trajectory arrived. The grid cells were then allocated an average value of the
observed quantities assigned to the trajectories passing through the cell. A minimum
of five trajectories per cell was required for the statistical reliability.

4 Results20

4.1 New particle formation and growth rates

New particle formation and growth was observed on 69% of the days during the mea-
surement period 20 July 2006–5 February 2008. In addition to this, on 14% of the
days, non-growing ion bursts were observed. This reanalysis of the data shows lower
values than the 90% new particle formation frequency reported by Laakso et al. (2008),25

but the new particle formation frequency in Botsalano is still the highest reported from
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continental boundary layer so far. On only 6% of the days there certainly was no new
particle formation, which leaves 11% of the days as undefined. The new particle forma-
tion frequency did not have seasonal variation but remained rather constant throughout
the measurement period, Fig. 2.

The growth rates determined from the DMPS measurements varied from 2.1 to5

30 nm h−1 with the mean of 9.7 nm h−1 and median 8.9 nm h−1. The annual behaviour
of the growth rates is presented in Fig. 3. For January and February the values are
averaged over 2007 and 2008 and for July to December over 2006 and 2007. The
growth rate clearly peaks in spring and late summer, from September to November
and February, and has a minimum in winter, from May to August. This is in accordance10

with earlier observations from Northern Hemisphere (e.g., Kulmala et al., 2004; Dal
Maso et al., 2005) where the seasonal variation of particle growth rates is explained by
changes in biogenic VOC-emissions (e.g., Mäkelä et al., 1997; Dal Maso et al., 2005).
In case of Southern Africa, the similar annual biogenic emission cycle can be explained
by precipitation pattern and respective changes in vegetation (Otter et al., 2002, 2003;15

Güenther et al.,1996).
The formation rate of 10 nm particles, J10, from the DMPS measurements varied

from 0.1 to 28 cm−3 s−1 with mean of 3.8 cm−3 s−1 and median 2.2 cm−3 s−1. Also the
annual behaviour of the J10 shows peaks in the spring and in the late summer and
a minimum during the winter, which is in line with previous observations in Northern20

Hemisphere (e.g., Dal Maso et al., 2005). This is likely to be caused by the seasonal
difference in the growth rate as with higher growth rate a bigger fraction of the nucleated
1–2 nm particles get to grow to 10 nm instead of being scavenged by larger particles.

The ion growth rates were determined from the AIS measurements for three size
ranges, 1.5–3 nm, 3–7 nm and 7–20 nm. The mean, minimum and maximum values25

are given in Table 2. Monthly averages of these growth rates are presented in Fig. 4
left panel. The values for each month are averaged over both polarities. The new
particle formation was not always as clear in the smallest size range of 1.5–3 nm as
in larger sizes and thus that size range has fewer observations than the larger size
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ranges. The number of events analysed for GR is presented for each month in the left
panel of the Fig. 4.

The ion growth rates show the same shape of annual behaviour as DMPS in all size
ranges, that is, a maximum during the spring and in the summer and a minimum in
the winter. Between February and May 2007 the AIS data coverage was limited due5

to instrument maintenance and customs problems. During the whole measurement
period the growth rate of 3–7 nm ions was highest with the most pronounced annual
cycle. The seasonal variation of the growth rate of 1.5–3 nm ions is the smallest in the
three size ranges.

The seasonal behaviour of the 2 nm ion formation rate, J2(ions), is presented in the10

right panel of Fig. 4. The J2(ions) does not have much of a seasonal variation. The
J2(ions) has been calculated as a sum of positive and negative J2 for the days when it
was possible to calculate growth rate of 1.5–3 nm ions. The fifth term in Eq. (2), which
carries the assumption of the neutral cluster concentration being hundred times the
measured total ion cluster concentration, is on average 25% (maximum 90%) of the15

sum of the terms 1–4 in Eq. (2). The values of J2(ions) range from 0.07 to 1.6 cm−3 s−1

with mean of 0.5 cm−3 s−1. The formation rate of neutral 2 nm clusters from the ion-
ion recombination was on average 0.3 cm−3 s−1 during new particle formation periods
and 0.03 cm−3 s−1 during the whole period. The upper limit of ion induced nucleation
calculated as sum of J2(ions) and ion-ion recombination is on average 0.8 cm−3 s−1.20

Figure 5 presents the growth and formation rates for both polarities separately. The
annual behaviour of the polarities does not have significant differences except that the
positive ion J2 seems to be slightly elevated during the spring.

To study the seasonal variation in the condensation sink the median CS was calcu-
lated daily for period 09:30–10:30 LT, which is the hour following the median observed25

new particle formation onset. The CS is clearly elevated during the dry season from
May to October with highest values before the beginning of the rainy season in Septem-
ber, Fig. 6. The all time average of the CS was 4.3×10−3 s−1 during the measurement
period.
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The 10–30 nm growth rate increases slightly with increasing CS, but the J10 does not
have as clear dependency, Fig. 7. Here the CS is the median during the period when
the new particle formation and growth rates have been defined. Now that the J10 is not
correlated with CS and the seasonal cycle of J10 does not follow the seasonal cycle of
CS, it is unlikely that the CS could explain the observed seasonal variation in formation5

rates. The same applies for the growth rate: the seasonal cycles do not follow each
other and the dependency of the GR on the CS is so weak that it is unlikely that the CS
could explain the observed seasonal variation.

Finally we compared the 10 nm formation and 10–30 nm growth rates determined
from the DMPS and AIS measurements. This was done because in many locations only10

the ion spectrometer exists (or is operational) and without additional observations J10
or growth rates cannot be determined. This intercomparison also serves as a quality
check for the measurements.

For the comparison the mean of positive and negative measured ion growth rates
was used. Also events when the growth rate for only one of the AIS polarities was15

calculated were included. One outlier with DMPS GR 18 nm h−1 and AIS GR 44 nm h−1

was excluded. This left 58 cases for the intercomparison. The growth rates from the
AIS and the DMPS and a linear fit are presented in Fig. 8. The slope was 1.0 and the
constant +1.8. The standard errors were 0.1 and 0.8, respectively.

For the 10 nm formation rate we used the sum of J10 determined from positive and20

negative AIS polarities. Three outliers with DMPS J10 28, 23, 21 cm−3 s−1 and AIS J10

2.2, 3.6, 1.6 cm−3 s−1, respectively, were excluded. This left 40 cases for the intercom-
parison shown in Fig. 8 with a linear fit to the observations. The slope was 6.6 and the
constant −2.1, and the standard errors 0.6 and 0.7, respectively. For both the growth
and formation rate the fittings were done using the implementation of the York bivariate25

fitting method (York et al., 2004) presented by Cantrell (2008).
At sizes above 10 nm the ion formation rate does not reflect the actual ion formation,

but the charged fraction of the size distribution (Iida et al., 2006; Laakso et al., 2007).
Note also that here the AIS formation and growth rates are determined using the same
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methods as for the DMPS. The observed linear dependency indicates that the mea-
surements with DMPS and AIS are consistent although the operation principles are
not identical.

4.2 Sulphuric acid

New particle formation frequency was calculated as a function of estimated sulphuric5

acid concentration by dividing the concentration into logarithmically evenly spaced bins
and calculating the frequency of new particle formation and growth – i.e. days classified
as IA, IB or II according to Table 1 – in each bin. Also the frequency of non-event days
was calculated in each bin. The estimated sulphuric acid concentration was calculated
as the median during the first hour after the observed onset of the formation for event10

days. For all other days the concentration was calculated as the median during 09:30–
10:30 LT, because 09:30 is the median of the observed formation onset times.

The effect of sulphuric acid on new particle formation frequency is illustrated in Fig. 9,
which clearly indicates how increasing sulphuric acid concentration increases the fre-
quency of new particle formation and growth and correspondingly decreases the fre-15

quency of non-event days. At concentrations higher than 2×107 molecules cm−3 we do
not observe any more non-event days and above 4×107 molecules cm−3 there are only
clear new particle formation and growth days.

The sulphuric acid contribution to the growth rate of aerosol particles was estimated
using the following simple relations: for particles smaller than 3 nm, a concentration20

of 6×106 molecules of H2SO4 corresponds to 1 nm h−1 growth rate, for particles be-
tween 3 and 7 nm 1×107 molecules of H2SO4 corresponds to 1 nm h−1 growth rate and
for particles larger than 7 nm 1.37×107 molecules of H2SO4 corresponds to 1 nm h−1

growth rate (Kulmala, 1988; Kulmala et al., 2001).
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The estimated sulphuric acid calculated according to Petäjä et al. (2009) has a clear
seasonal cycle in Botsalano with maximum during the dry season from May to July,
Fig. 10. This cycle is nearly the opposite of the cycle of the 10–30 nm aerosol par-
ticle growth rates, which is also seen in the fraction of observed 10–30 nm growth
rate explained by the estimated sulphuric acid, Fig. 11. However, the fraction of 10–5

30 nm growth rate explained by the estimated sulphuric acid is at maximum only around
16–17%, so clearly sulphuric acid alone cannot explain the observed aerosol particle
growth. For this comparison the estimated sulphuric acid values are medians for the
period when the growth rates are determined.

In the smaller size range growth rates from the AIS measurements the fraction of10

growth rate explained by the estimated sulphuric acid is increasing with decreasing
size, but the seasonal dependency seems to vanish, Fig. 11. On average, the esti-
mated sulphuric acid concentration can explain 33% of the 1.5–3 nm growth rate, 16%
of the 3–7 nm growth rate, 12% of the 7–20 nm growth rate and 12% of the 10–30 nm
growth rate.15

4.3 The effect of air mass history on growth and formation rates

Figure 12 gives an overview of the meteorological patterns in Botsalano. The anticy-
clonic flow around the Highveld area (Garstang et al., 1996) is clearly the dominant
flow pattern. The semi-permanent continental anticyclone leads to air re-circulating
over the sub-continent from a week up to 20 days (Tyson et al., 1996). During the dry20

season this re-circulation together with long-lasting temperature inversion preventing
vertical mixing of the air causes the atmosphere to be often layered with alternating
layers of clean air and air polluted from industrial sources or from biomass burning
(Hobbs, 2003).

The high SO2 emissions from the industry in the Highveld, see discussion in25

Sect. 2.1, show clearly on the SO2 source areas based on the air mass history, Fig. 13.
The emissions from the Highveld are so large that they screen the emissions before
the Highveld and even generate artificial sources due south of Botsalano, Fig. 13 left
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side. Therefore all back-trajectories passing over the highest sources in the Highveld
– the blue polygon in Fig. 13 right-hand map – were cut so that the tail of the back
trajectory before it passed over Highveld was left out from the analysis. This removes
the artificial sources in the left-hand map in Fig. 13 and results in the right-hand map.
This map compares well with the SO2 emission inventory, Fig. 1. Sources of SO2 on5

the south western coast over 1000 km away from Botsalano (in Western Cape) are not
visible, but otherwise the SO2 source areas follow the shape of the emission inventory.
The same cut was applied to air mass history studies of aerosol particles and other
variables as well.

The highest aerosol particle formation and growth rates determined from the DMPS10

measurements show up in the north-easterly directions from the Botsalano game re-
serve, Fig. 14. This is the region where the VOC emission inventory by Otter (2004)
presents the highest monoterpenes emissions. The semi-arid Karoo region southwest
of Botsalano produces slightly lower growth rates and clearly lower formation rates.
The Highveld and the Rustenburg–Johannesburg area east of Johannesburg do not15

stand out as high growth or formation rate sources even though the highest SO2 con-
centrations originate in these areas, Fig. 13.

The 2 nm ion formation rates show a same kind of pattern as the 10 nm aerosol par-
ticle formation rate, Fig. 15. The highest ion formation rates originate in the North-
Eastern Limpopo valley whereas the South-Western Karoo direction yields clearly20

lower formation rates. The areas with most anthropogenic activities show formation
rates slightly below average.

The ion growth rates are also generally smaller when air masses are coming from
the South-Western Karoo direction and higher for the north-eastern direction, Fig. 16.
The 1.5–3 nm negative ion growth rate, however, has a maximum at the Rustenburg–25

Johannesburg area and the 3–7 nm growth rates of both polarities show slightly el-
evated values for the Rustenburg–Johannesburg area. The difference in 1.5–3 nm
growth rates may be related to ion chemistry favouring condensation of sulphuric acid
on negative ions.
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The 7–20 nm ion growth rates follow the same pattern as the 10–30 nm aerosol par-
ticle growth rates with highest growth rates originating in the north-eastern direction
and the lowest from the south-western direction.

The condensation sink source areas have same kind of general pattern as the
aerosol particle growth rate. The South-Western Karoo region produces a very low5

condensation sink whereas the highest values of CS originate in the northern and
eastern directions. The highest CS values come, however, from the Highveld region,
Fig. 17, not the North-Eastern Limpopo valley where the highest growth rates originate.

The source area distribution of the estimated sulphuric acid is presented in Fig. 18.
The highest concentrations originate quite naturally in the areas of highest SO2 emis-10

sions, i.e. the Highveld region east of Johannesburg. In the south western direction the
concentrations are the lowest.

The contribution of sulphuric acid to the growth rate is largest for all size ranges
for air masses originating in the Highveld region and smallest for the south-western
direction, Fig. 19. The decrease in the relative significance of H2SO4 with increas-15

ing size is clearly seen. The estimated sulphuric acid can explain over 25% of the
10–30 nm growth rate only for air masses coming from the Johannesburg–Highveld
region whereas for the smallest size range, 1.5–3 nm, it can explain a major fraction
of the observed growth also for air masses coming from the north-eastern direction
and occasionally also from the south-western direction. However, one should keep in20

mind that the sulphuric acid concentration is only indicative as it is estimated based on
a proxy developed for a different environment.

5 Conclusions

We have presented here the first detailed analysis on new particle formation in semi-
clean savannah environment based on one and half years of continuous measure-25

ments of air ions, aerosol particle size distribution, trace gases and basic meteorologi-
cal variables. New particle formation and growth was observed on 69% of the days. In
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addition to this, bursts of intermediate ions were observed on 14% of the days. Only
6% of days could be classified as clear non-event days. The new particle formation fre-
quency was found to increase with increasing sulphuric acid concentration estimated
with a proxy developed by Petäjä et al. (2009). With estimated sulphuric acid con-
centrations above 2×107 cm−3 no non-event days were any more observed. The new5

particle formation frequency did not depend on the season.
The 10 nm particle formation rate and the growth rates, however, have a clear sea-

sonal dependency with minimum during the Southern Hemisphere winter and maxima
in spring and late summer, suggesting biological activity to contribute significantly to the
growth of the particles. The annual cycles of the 3–7 nm and 7–20 nm ion growth rates10

and the 10–30 nm aerosol particle growth rate were significantly more pronounced
than the cycle of the 1.5–3 nm ion growth rate. The 1.5–3 nm growth rate was also the
smallest of the observed growth rates with mean of 7.5 nm h−1, while the mean 3–7 nm,
7–20 nm and 10–30 nm growth rates were 9.7, 9.9 and 8.9 nm h−1, respectively.

The 2 nm ion formation rate, on the other hand, did not have seasonal variation,15

but stayed rather constant throughout the measurement period. The upper limit of
ion formation, the sum of J2(ions) and ion-ion recombination rate, was on average
0.8 cm−3 s−1, while the mean observed 10 nm aerosol particle formation rate was
3.8 cm−3 s−1. However, as the detection limit of neutral particles was 10 nm, the ra-
tio of ion formation to neutral particle formation cannot be quantitatively estimated.20

The seasonal variation of the fraction of growth rate explained by estimated sulphuric
acid was minimal and could only be seen in the 10–30 nm growth rates. However, the
fraction of growth rate explained by estimated sulphuric acid had a clear dependency
on the size range of the growth rate. The contribution of sulphuric acid on the growth
rate decreases with increasing particle size: for the 1.5–3 nm size range the estimated25

sulphuric acid can explain on average 33% of the growth rate, but for the 10–30 nm
size range only 12%.

Also the source areas of the observed growth rates showed a clear dependency
on the size range of the growth rate. The highest negative 1.5–3 nm ion growth rates
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originated in the same area as the highest SO2 and estimated sulphuric acid concen-
trations whereas the highest 3–7 nm and 7–20 nm ion and 10–30 nm aerosol particle
growth rates originated in the same region where the VOC emission inventory by Otter
(2004) presents the highest monoterpene emissions.

The three different approaches used to study the origin of the observed high growth5

rates – seasonal variation, sulphuric acid estimates and source areas – all indicate that
sulphuric acid alone is not enough to explain the growth. The seasonal variation and
the source areas suggest the growth to originate in VOC emissions following from bio-
logical activity. On the other hand, the occurrence of new particle formation and growth
was strongly dependent on sulphuric acid and the contribution of sulphuric acid to the10

growth immediately after nucleation was significant, which implies that the formation
and growth processes are to a large degree independent of each other.
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Mirme, A., Mirme, S., Laakso, L., Kerminen, V.-M., and Kulmala, M.: Long-term field mea-
surements of charged and neutral clusters using Neutral cluster and Air Ion Spectrometer
(NAIS), Boreal Environ. Res., 14, 591–605, 2009a.

Manninen, H. E., Nieminen, T., Riipinen, I., Yli-Juuti, T., Gagné, S., Asmi, E., Aalto, P. P.,
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Table 1. New particle formation criteria. The ion burst criteria, the four last classes, are repro-
duced after Yli-Juuti et al. (2009).

IA New mode with growing mean diameter appears in particle size range smaller than 25 nm.
DMPS and No or little fluctuation in mode particle number and mean diameter.
AIS Low background concentration, suitable for modelling studies.

IB New mode with growing mean diameter appears in particle size range smaller than 25 nm.
DMPS and Possible to calculate growth rate.
AIS

II New mode with growing mean diameter appears in particle size range smaller than 25 nm.
DMPS and Disturbances in the growth of the new mode or in the data make it impossible to determine
AIS growth rate.

Non-event No new particles appear below 25 nm and no growing Aitken-size mode.
DMPS and
AIS

Undefined Uncertain days when it cannot be determined with full certainty if there was new particle
DMPS and formation or not.
AIS New particles appear below 25 nm but do not grow.

Apple There is a new mode below 25 nm but the mean diameter of the mode does not grow.
AIS only There is a clear gap between the new mode and other modes.

Hump There is a nucleation burst starting from the cluster mode but the growth does not
AIS only continue to larger sizes than 10 nm.

Rain Rain-induced ion bursts in nucleation mode size range.
AIS only

Mixed-type There are new particles in the size range smaller than 25 nm. The day does not have
AIS only features of class I, II, apple or hump, or it has features of many of these classes.
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Table 2. The mean, minimum and maximum for the growth and formation rates of aerosol
particles and ions. The ion growth rates are averaged over both polarities. Total ions indicates
the sum of J2(ions) and ion-ion recombination rate and is an approximation of the upper limit of
the ion induced nucleation.

Mean Median 25 75 Min Max
percentile percentile

GR10−30 [nm h−1] 9.7 8.9 6.3 12 2.1 30
GR±

1.5−3 [nm h−1] 7.5 6.2 4.3 9.3 1.4 31
GR±

3−7 [nm h−1] 9.9 8.0 5.4 12 1.3 60
GR±

7−20 [nm h−1] 8.9 8.1 5.3 11 2.0 29
J10 [cm−3 s−1] 3.8 2.2 1.0 4.4 0.1 28
J−2 [cm−3 s−1] 0.2 0.2 0.1 0.3 0.02 0.9
J+2 [cm−3 s−1] 0.2 0.2 0.1 0.3 0.02 1.1
J2(ions) [cm−3 s−1] 0.5 0.5 0.3 0.6 0.07 1.6
Ion-ion recombination 0.3 0.2 0.1 0.4 0.01 1.7
rate [cm−3 s−1]
Total ions [cm−3 s−1] 0.8 0.7 0.5 1.0 0.1 2.4

30802

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/30777/2010/acpd-10-30777-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/30777/2010/acpd-10-30777-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 30777–30821, 2010

New particle
formation events in
semi-clean South
African savannah

V. Vakkari et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

 Rustenburg 

 Johannesburg 

SOUTH AFRICA

NAMIBIA
BOTSWANA

ZIMBABWE

MOSAMBIQUE

SWAZILAND

LESOTHO

BOTSALANO

Gaborone

Mafikeng

S
O

2 [G
g 

ye
ar

-1
 g

rid
 c

el
l-1

]

0.0001

0.001

0.01

0.1

1

10

100

1000

Fig. 1. Location of Botsalano game reserve and SAFARI 2000 SO2 emission inventory (Flem-
ing and van der Merwe, 2002). The resolution of the emission inventory is 20 km.
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Fig. 2. New particle formation frequency combined from both DMPS and AIS measurements.
Classes I and II show clear new particle formation and growth. Ion bursts include all periods
when non-growing ions were observed in the 2–25 nm size range.
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Fig. 3. Annual behaviour of aerosol particle formation and growth rates averaged over
18 months. Number of events analysed for each month is indicated in the left hand side panel.
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Fig. 4. The left panel of the figure presents the monthly averages of the ion growth rates from
the AIS measurements for three size ranges. The growth rates are averaged over both polar-
ities. The seasonal variation is strongest in the 3–7 nm size range. The right panel presents
the ion formation rate J2(ions) and the ion-ion recombination rate, which give an estimate of
the upper limit of the ion formation (e.g., Manninen et al., 2009b). The formation rate does not
have a seasonal dependence. The number of events analysed for each month and size range
are also shown.
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Fig. 5. Positive and negative ion formation and growth rates presented separately for both
polarities. The differences between the polarities are negligible.
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Fig. 7. J10 and GR10−30 as a function of CS. The GR10−30 increase slightly with increasing
condensation sink, but the observations are too scattered for a linear fit. The CS is the median
during the period when the J10 and GR10−30 have been determined.
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Fig. 8. Comparison of formation and growth rates from DMPS and AIS measurements. The
AIS GR10−30 is mean of both polarities.
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Fig. 9. Frequency of new particle formation and growth days and non-event days as a function
of estimated sulphuric acid concentration. The frequency is calculated for logarithmically evenly
distributed bins of H2SO4 concentration.
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Fig. 10. Seasonal behaviour of the estimated H2SO4 concentration. Only values from daytime
between 08:00 and 14:00 LT are included.
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Fig. 11. Observed aerosol particle growth rates and growth rates from the estimated sulphuric
acid concentration. The ion growth rates have been averaged over both polarities. The mean
of the growth explained by the sulphuric acid as well as the number of events studied is shown
for each month and size range.
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Fig. 13. SO2 source areas. The black dots represent (from left to right) Botsalano, Rustenburg
and Johannesburg. The left-hand map presents the source areas with full-length 96-h back-
trajectories. In the right-hand map the trajectories passing over the industrial sources in the
Highveld (blue polygon) were cut so that the back-trajectory history before it passed through
the polygon was ignored.
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Fig. 14. The source areas of the observed 10 nm formation rate and 10–30 nm growth rate from
the DMPS measurements. The black dots represent (from left to right) Botsalano, Rustenburg
and Johannesburg. The highest values originate in the north-eastern direction from Botsalano.
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Fig. 15. The source areas of the 2 nm ion formation rates for positive and negative ions sep-
arately and the total 2 nm ion formation rate. The black dots represent (from left to right) Bot-
salano, Rustenburg and Johannesburg. The highest values originate in the north-eastern di-
rection from Botsalano.
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Fig. 16. The source areas of the ion growth rates for size ranges 1.5–3 nm, 3–7 nm and 7–
20 nm from the AIS measurements. The black dots on the map represent (from left to right)
Botsalano, Rustenburg and Johannesburg. The highest values originate in the north-eastern
direction from Botsalano, except for the 1.5–3 nm growth rate, which exhibits higher values also
for the Johannesburg-Highveld area.
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Fig. 17. Condensation sink. The CS originating in the Karoo south west from Botsalano
are very low, whereas the CS from north-easterly directions are slightly above the average
of 4×10−3 s−1. The highest CS originates in the Highveld.
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Fig. 18. The source areas of the estimated H2SO4 concentration. The black dots represent
(from left to right) Botsalano, Rustenburg and Johannesburg.
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Fig. 19. The source areas of the fraction of growth rate explained by estimated H2SO4. The
black dots represent (from left to right) Botsalano, Rustenburg and Johannesburg.
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