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[1] We present a dust plume source inventory for southern
Africa. In order to locate and track the local, short-lived
plume events, source and frequency data have been derived
from Meteosat Second Generation (MSG) thermal infrared
composite data (4 km data using 8.7, 10.8, and 12.0 um) and
Moderate Resolution Imaging Spectroradiometer (MODIS)
visible composite data (0.25 km data utilizing 0.620 — 0.670 pm,
0.545 — 0.565 um, and 0.459 — 0.479 pm). Between January
2005 and December 2008, a total of 328 distinct daytime
dust plumes more than 10km in length were detected.
These plumes were attributed to 101 distinct point sources,
consisting largely of ephemeral inland lakes, coastal pans
as well as dry river valleys in Namibia, Botswana, and
South Africa. These data also provided sub-basin scale
source observations for large basins such as Etosha and
Makgadikgadi Pans. Citation: Vickery, K. J., F. D. Eckardt, and
R. G. Bryant (2013), A sub-basin scale dust plume source frequency
inventory for southern Africa, 2005-2008, Geophys. Res. Lett., 40,
doi:10.1002/gr].50968.

1. Introduction

[2] The emission of dust (mineral aerosol) can play an
important role in the land-atmosphere-ocean system [e.g.,
Washington et al., 2009; Okin et al., 2011; Ravi et al., 2011;
Knippertz and Todd, 2012] through interaction with biogeo-
chemical cycles [e.g., Mahowald et al., 2009; Gabric et al.,
2010; Schulz et al., 2012], and direct and indirect radiative
forcing of the atmosphere [e.g., Mahowald, 2011; Skiles
et al., 2012]. The relative impact of dust in the Earth’s system
depends on characteristics such as particle size, shape, and
mineralogy [e.g., Mahowald et al., 2009; Kok, 2011]. Whilst
these characteristics can change during dust transport [e.g.,
Carslaw et al., 2010], they are initially determined by the ter-
restrial sources from which particles are entrained [e.g.,
Kohlfeld and Tegen, 2007]. Our principal means of predicting
the impacts of dust emission on future weather and climate are
through the use of numerical models [e.g., Mahowald et al.,
2011; Shao et al., 2011; Knippertz and Todd, 2012].
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[3] At the global scale, remote sensing has been instrumen-
tal in allowing sources of dust and their behavior to be identi-
fied. TOMS (Total Ozone Mapping Spectroradiometer) and
other global aerosol index (Al)-based studies [e.g., Prospero
et al., 2002; Bryant, 2003; Washington et al., 2003; Bryant
et al., 2007] have produced dust maps which emphasize aero-
sol dispersion, rather than explicit dust origin. Engelstaedter
and Washington [2007] made a significant advance on the
foundational TOMS-based studies by Prospero et al. [2002]
and Washington et al. [2003] by adding surface gustiness in
their global analyses. The FEngelstaedter and Washington
[2007] study established 131 global hotspots, six of which
were in southern Africa, most of which due to the coarse
resolution remained largely unspecified domains with lim-
ited geomorphological understanding of sources. Even with
higher resolution products, Ginoux et al. [2012], who
presented a synthesis of global-scale high-resolution (0.1°)
dust source locations based on Moderate Resolution
Imaging Spectroradiometer (MODIS) Deep Blue aerosol
measurements [Hsu et al., 2004; Hsu et al., 2006], still did
not improve upon the specifications of southern African
sources. It is clear that inherent seasonal and diurnal dust
emission variations along with the spatial heterogeneity of
dust sources in global and mesoscale models are poorly
constrained due to inexact source allocation and quantification
[e.g., Zender et al., 2003; Mahowald et al., 2007; Bullard
et al., 2011]. Regional observations utilizing higher-temporal
and spatial resolution data have been more successful in deriv-
ing information pertaining to the dust sources and activation
frequency. For example, studies using Meteosat Second
Generation (MSG)-SEVIRI (Spinning Enhanced Visible and
Infrared Imager) in northern Africa point toward a series of
approaches that may be taken to match remote sensing data
of dust events or more generally “dustiness” to the temporal
signature of metrological emission drivers [see Schepanski
et al., 2007; Ashpole and Washington, 2012]. Outside of the
Sahara dust belt, very few inventories of dust sources at
the sub-basin scale exist. Nevertheless, it is apparent that the
detection of spatially discrete and intermittent sources can be
undertaken using moderate resolution polar-orbiting data,
e.g., SeaWiFS (Sea-viewing Wide Field-of-view Sensor)
[Eckardt and Kuring, 2005], MODIS [Bullard et al., 2008,
Baddock et al., 2009], and a combination of GOES
(Geostationary Operational Environmental Satellite) and
MODIS [Lee et al., 2009; Rivera Rivera et al., 2010].

[4] Initial southern African aerosol research had focused
on the industrial Highveld, where the role of mineral aerosols
was found to be marginal [e.g., Ichoku et al., 2003].
Nevertheless, SAFARI-92 and SAFARI 2000 established a
greater understanding of both air-transport patterns and the
temporal variability of regional aerosols [e.g., Maenhaut
et al., 2002; Ichoku et al., 2003]. These initiatives identified
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Figure 1.

(a) Newly identified active south west Kalahari plume sources seen between 2005 and 2008 depicted in

clear MODIS image. Subset 1b) Hakskeenpan (HKS) “true color” plume in MODIS (Terra 07:15 GMT) and 1c¢) dis-
persed “pink” dust around HKS later in the day seen in MSG (13:00 GMT) (both 19 May 2007, Julian Day 139).
Sources in alphabetical order are: DNV: Donavan se Pan, FSH: Fish River, GMN:Gamanas Pan, GMSk: Gemsbokbrak,
GMSn: Gemsbokhoorn, GRS: Grasheuwel Pan, GRT: Groot — Witpan, HKS: Hakskeenpan, KBM: Kuubmaansvlie,
KLN: Klein-Aarpan, KMK: Koemkoep, KNB: Kanibes River, KNG: Kongapan, KNP: Koipan, KPP: Koppieskraalpan,
KRS: Kiriis Ost Pan, MRC: Marcel Pan, MRG: Morgenzon Pan, NNP: Noenieput, SKM: Skemerhoek Pan, SLS:
Soulstraatpan,SLT: Salt Pan, SLZ: Salztal Pan, SMH: Samahaling Pan, SWR: Swaartput se Pan, VRY: Vrysoutpan.

that; aerosol loads peak during August and September, in-
clude a component of aeolian dust [Piketh et al., 1999], and
coincide with the period of significant biomass burning
[Abel et al., 2005]. The main sources of the regional mineral
aerosol load are from the Etosha Pans in Namibia and the
Makgadikgadi Pans in Botswana [Prospero et al., 2002;
Washington et al., 2003; Bryant et al., 2007]. These two
ephemeral lake basins are amongst the southern hemi-
sphere’s most significant dust sources. The aim of this study
is to provide the first unified, subcontinental, and detailed
dust plume source location inventory for southern Afica,
using a combination of MSG-SEVIRI and MODIS data.

2. Method

[5] Regional observations of dust events and sources out-
side of the dust belt of the Sahara involve a range of challenges
[see Bryant, 2013]. In order to detect spatially and temporally
discrete dust events (i.e., plumes) using remote sensing data, it
is clear one has to take account of: (i) the varying performance
of dust detection algorithms with variable dust thickness,
height, and mineralogy [e.g., Baddock et al., 2009] (ii) lags
that may exist between the timing of satellite overpass and
dust plume emission, (iii) cloud and water vapor effects, and
(iv) subjectivity in identifying events and pinpointing dust
storm emission locations [e.g., Baddock et al., 2009;
Brindley et al., 2012]. To overcome some of these issues,
combined use of remote sensing data providing high spatial
resolution and high sample frequency was considered [Banks
et al., 2013]. We use a similar multisensor approach to Lee
et al. [2009] and Rivera Rivera et al. [2010] by combining
MODIS visible composite data (utilizing 0.620 — 0.670 um,
0.545 — 0.565 pm, and 0.459 — 0.479 pm at 0.25 km) derived

from NASA Terra and Aqua platforms. Terra (~08:30 GMT)
and Aqua (~13:30 GMT) orbits provided images with a na-
dir resolution of 0.25 km representing morning and after-
noon conditions. This was combined with data from the
SEVIRI instrument on-board the MSG satellite utilizing
the Brightness Temperature Difference (BTD) product
using the 8.7 um, 10.8 um, and 12 pm channels at 4 km resolu-
tion. Three daily images representing morning (07:00 GMT),
noon (10:00 GMT), and afternoon (13:00 GMT) were
extracted. Ackerman [1997] and Baddock et al. [2009] pro-
vided a comprehensive review of dust detection in the visible
and infrared wavelengths also used here, while Schepanski
et al. [2007] and Brindley et al. [2012] provided a summary
of the advantages and disadvantages of MSG-SEVIRI BTD
algorithm for dust detection. Dust plumes occurring under-
neath clouds were unlikely to be detected.

[6] In order to build a plume and source location inventory
for southern Africa between 2005 and 2008 (Figure 1),
images were visually examined for dust plumes. Sequential
viewing of MODIS images permitted the identification of
plumes due to the obscuring of darker surface features by
pale dust. Applying the BTD algorithm to SEVIRI data gave
airborne dust plumes a characteristic pink hue which in
sequential imagery were also noted to move. Consistent
dispersion headings and patterns, as well as the short-lived
nature of coherent plume pulses facilitated source identifica-
tion. On occasions, dispersed haze was evident which was
not attributed to a discrete source or cause. However
active fires are flagged in the MODIS online product mak-
ing confusion with dust plumes highly unlikely. Not all
plumes were observed to be attached to a source but could
still be attributed to likely emission points based on head-
ing and dispersion patterns. Furthermore, the interpreted
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Table 1. Dust Plume Source Types for Each of the Five Regions Identified in This Study®

Total
Pan River Marsh Mine n (%)
Makgadikgadi, Botswana Sources 1 1
Plumes 53 53 16
Etosha, Namibia Sources 20 2
Plumes 32 32 10
Namib Desert, Namibia Sources 29 39 1° 14 70
Plumes 85 111 6 1 203 61
South West Kalahari, S.Africa, Namibia Sources 24 2 26
Plumes 35 2 37 11
Free State, S. Africa Sources 2 2
Plumes 3 3 1
Total sources n 58 41 1 1 101
(%) 58 40 1 1
Total plumes n 208 113 6 1 328
(%) 64 34 2 0

“Pans dominate in terms of sources count (57%) and number of detectable plumes (64%). The Makgadikgadi Pan Complex accounts for 16% of all detect-
able plumes, which do originate from several clusters in the Sua and Ntwetwe sub-basins. The Namib Desert hosts 70 of the 101 sources producing 62% of all
detectable plumes. Ephemeral rivers accounted for more than half of all plume sources in this region.

°Onanzi Pan was active beyond the main shore of the Etosha Pan and was counted separately.

“This marsh represents the interdune oasis in the Lower Hoanib River.

9This source is located near the Orange River mouth and could be the result of mining.

transport directions were generally supported by daily
synoptic charts. Geo-referenced MODIS and MSG images
allowed the position of plume sources to be scrutinized
against Landsat imagery and topographic data which
helped us to collocate plume sources to specific land
surface features. GIS allowed for plume metrics such as
timing and length to be captured and enabled dust plume
frequency to be compiled.

3. Results and Discussion

3.1. Spatial Observations

[7] Between 2005 and 2008, the multisensor approach
detected 328 dust plumes greater than 10km in length
(Table 1). On average, our plumes measured only 96 km
and even the longest plumes were only around 400 km long,
which generally remained well defined, local in extent, and
short lived in nature, lasting for a few hours at most. This
along with their limited dispersion pattern made source
identification relatively easy. We were therefore able to
attribute these plumes to 101 source locations (Supporting
Table S1) from five principle source regions (Figure 2 and
Supporting Figure S2) which can be ranked by dust plume
counts per source as follows: (1) The Makgadikgadi Pan
(Botswana) produced 53 distinct plumes on 31 days
originating from four ephemeral sub-basins in northern and
southern Sua and Ntwetwe Pans. (2) The Etosha Pan region
(Namibia) generated 32 dust plumes on 22days with
dominant emissive clusters in the western and eastern sub-
basin. (3) The 1500 km long Namibian coastline (Namibia)
emitted 203 plumes on 39days from 70 unique plume
sources including pans (sabkhas and playas), ephemeral
rivers, wetlands, and possibly a mine. (4) In addition, the
300km long, south-western Kalahari Pan Belt (South
Africa and Namibia), hosted 37 events on 9 days from 24
pans and two associated drainage lines (Figure 1a). (5) The
pans of the Free State (South Africa) only yielded three
plumes on three separate days from two distinct sources with
agriculture possibly also being a contributing factor.

[8] Our source inventory adds considerable detail to the
two major dust domains first flagged by TOMS [e.g.,
Prospero, 1999; Washington et al., 2003]. While confirming
the magnitude of Etosha and Makgadikgadi pans [Bryant,
2003; Bryant et al., 2007], this study for the first time
identifies persistent sub-basin clusters of sources which
are responsible for emissions within these large pans.
Furthermore, observations here not only extend the dust
plume record for Namib sources, (1972—1995 Space Shuttle
photography in Eckardt et al. (2001) and 1998-2001 from
SeaWiFS in Eckardt and Kuring [2005]) but also add 39
previously unidentified source points to the inventory. The
Kuiseb River was first identified as highly productive in
Eckardt and Kuring [2005], an observation we can now con-
firm with the Kuiseb accounting for 20% of all Namibian
River plumes seen here. Vickery and Eckardt [2013] have
recently examined the controls which could make this the
dustiest river in southern Africa. Our observations also cap-
tured active pans in the south-western Kalahari; a region ten-
tatively flagged in an earlier TOMS product [Engelstaedter
and Washington, 2007] with Hakskeenpan in South Africa
being its largest and most productive source (6 plumes).
Despite the vast number of pans in the Karoo and Free
State, and known dust events having been observed at ground
level [Holmes et al., 2008], this region produced only a few
detectable plumes in our imagery for the observation period.

[9] Interms of plume frequency over the study period, our
study compares to source inventories from the Chihuahuan
Desert, Lake Eyre Basin (LEB), and the Sahara [Bullard
etal.,2011] (Table 1). The multisensor approach used here
has identified large and small pans, some of which are only a
few km? in size, as the most prolific regional sources of
plumes (57%), with the remaining attributed to rivers and
wetlands including the Hoanib Oasis. This trend was consis-
tent across data types, with MSG also resulting in the
attribution of ~50% of all sources as pans; accounting for
52 of the 65 events which is more than elsewhere
(Chihuahuan Desert Pans, 30%; LEB, 11%; and Sahara,
3%). Clearly, different land surfaces play different roles in
the dust cycle across regions, which has further implications
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Figure 2. Southern African dust plume source locations. Plume frequency and timing for the various regions: (a) Etosha
Basin, (b) Makgadikgadi Basin, (c) Namib Coastal Sources, (d) South Western Kalahari Sources, (e) Free State Sources.
Circles indicate the weighted frequency of the number of dust plumes, clearly indicating the dominance of the
Makgadikgadi and Etosha Pans in detected plume frequency. Sub-basin clusters can be identified in Auxiliary Figure 1.
Rivers and Pans along the Namibian coastline contribute to multiple detected plumes during the 4 year period. The bar charts
represent the number of days on which each region had detected dust plumes. The Etosha basin peaks in June and August, the
Makgadkgadi in August, the Free State was only seen to emit in December, while the South Western Kalahari peaked in

September, and the Namibian coastline in June and August.

for the appropriate treatment of dust sources within global
models [Bullard et al., 2011].

3.2. Temporal Considerations.

[10] From our MSG-SEVIRI data inventory, we can see that
the inland basins and pan source regions (Makgadikgadi,
Etosha, and the south West Kalahari) are active during the
dry winter with peak plume frequency around August and
September which it is consistent with observations made by
Bryant [2003] and Bryant et al. [2007]. The Namibian coastal
sources are active from April to September, seemingly driven
by favorable winter Bergwinds which occur slightly earlier in
the year [Eckardt et al., 2001; Eckardt and Kuring, 2005].

[11] While our data focus chiefly on inventories derived
from plumes detectable in daytime, some simple diurnal pat-
terns were still apparent. For MODIS, we found that 90%
(241) of plumes were identified at morning overpass
(Terra), with the remaining 10% only apparent in the after-
noon (Aqua) stressing the short-lived nature of events. A
similar cycle was apparent for MSG. Noon images revealed
the greatest number of detectable plumes, with 51% (33) of
all plumes, while the 09:00 images showed 31% of the
plumes (20), the remaining 18% (12 plumes) occurred at
15:00. These data help to quantify some of the spatial and
temporal bias inherent in global dust source products derived
from remote sensing data.

[12] The combined use of two image data sets here is not
without some bias. A total of 1889 MSG images (three per

day) were analyzed which featured a total of 65 dust plumes
from 23 inland sources (Supporting Figure S2). The 4486
MODIS tiles (2 tiles per day) generated the remaining 263
plumes on 56 days, attributable to 93 sources, many of them
coastal. Of all MSG imagery, 2.1% depicted plumes
compared to 1.3% of all MODIS imagery. A proportion of
these differences can be attributed to data gaps and detection
characteristic of each sensor. Twelve inland sources were
detected on MSG that were not detected using the MODIS,
which include the two Free State plume sources and an addi-
tional 10 sources in the south-western Kalahari Pan belt. The
remaining 11 MSG-derived source locations matched well
with MODIS detection and include the large Makgadikgadi
and Etosha Pans as well as nine sources in the south-western
Kalahari Pan belt. Along the Namibian coastline, MODIS
detected 70 coastal sources which were not visible on the
MSG composite due to specific limitations of the algorithm
[Legrand et al., 2001; Brindley et al., 2012]. There was
relatively close agreement between the two products for
Makgadikgadi and Etosha pans, with coincidental plumes on
both data sets. Coincidental detection (Supporting Figure S1
and Supporting Table S1) was limited by the retrieval of
MSG data on local servers (Supporting Figure S2). The
current development of improved algorithms to enhance
the weak, transient dust signals in SEVIRI false color
imagery forms the basis of ongoing research in this region
[Banks ef al., 2013] which should improve event retrievals
in future.
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4. Conclusions

[13] Our regional source inventory for southern Africa pre-
sents 101 plume source points representing considerably more
detail than the two sources determined by Prospero et al.
[2002], to six in Washington et al. [2003] and more recently
10 sources by Ginoux et al. [2012]. This demonstrated that
combined use of visually interpreted MODIS and MSG-
SEVIRI data can build significantly upon prior dust observa-
tions using global TOMS, OMI and MODIS products. Our
plume observations have identified sub-basin scale source
clusters for the Etosha and Makgadikgadi Pans and have for
the first time detected active plumes in the south western
Kalahari pan belt. We can also report that more than half of
all the plumes detected in southern Africa originate from pans.
This figure is considerably higher than for any other previ-
ously interrogated source regions (e.g., Chihuahuan Desert,
LEB, Sahara). The multitemporal observations for southern
Africa also show that dust plumes are most active before noon
in all source regions. Such detailed observations are crucial in
guiding ground-based observations seeking to investigate
controls on emission due to surface characteristics and
sediment supply dynamics, as well as to inform a range of
modelling activities [Bryant, 2013]. Our findings here have
already guided field monitoring to emissive locations at the
Makgadikgadi Pans [2011 and 2012] as well as the Huab,
Kuiseb, and Tsauchab Rivers (2013) in the Namib Desert.
Without significant field observations, it cannot be ascertained
to what extent anthropogenic factors contribute to the emis-
sions observed here.

[14] The manual analysis of MODIS and MSG composite
data is effective, but not time efficient and certainly not
devoid of user and subjectivity constraints. Our study also
demonstrates [in line with Baddock et al., 2009] that no
single remote sensing product is currently able to provide a
systematic dust source map which can pinpoint plume origin
to within a few km at a continental or regional scale; and that
a synergistic approach to remote sensing data and algorithm
use is often appropriate [Bryant, 2013]. Further improve-
ments to methods and retrieval approaches to aid dust source
detection and characterization using both MSG-SEVIRI and
MODIS form the basis of ongoing research. In general point
sources, even small playas were readily identifiable in the
250 m resolution true color MODIS imagery and source
attribution in MSG was more difficult if there were no coin-
cidental plumes with MODIS. It appears that MODIS true
color plumes may well be younger and lower and that MSG
is better at detecting aged, elevated, and cooler plumes.
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