
1. Introduction

Mineral aerosol (dust) has the ability to disturb atmospheric radiative transfer (Haywood & Boucher,  2000; 

Mahowald & Kiehl,  2003), fertilize marine and terrestrial ecosystems (Jickells et  al.,  2005; Koren 

et  al.,  2006;  Mahowald et  al.,  2005; Wagener et  al.,  2008) and impact upon human health (Goudie,  2014; 

Middleton,  2017). For these reasons, dust constitutes an important component of the earth system, and so it 

is essential that it is accurately represented in state-of-the-art climate models (Boucher et al., 2013). In most 

coarse-resolution models, dust emission is parameterized, and is given as a function of the cube of surface wind 

speed u above a specified threshold ut, so that;

𝑞𝑞 = (𝑢𝑢 − 𝑢𝑢𝑡𝑡)
3
, 𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑢𝑢 𝑤 𝑢𝑢𝑡𝑡 (1)

where q is the vertical sand flux (Knippertz & Todd, 2012; Kok et al., 2012). Realistic simulation of the emission 

process is therefore dependent on capturing the surface wind speed distribution in dust source areas, however 

evaluation studies show that models tend to miss the tail of low-frequency, high wind speed events that drive 

uplift (Evan, 2018; Roberts et al., 2017), an inevitable consequence of their inability to resolve some key atmos-

pheric processes (Allen & Washington, 2014; Garcia-Carreras et al., 2013).
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Southern Hemisphere, although very little is known about its meteorology outside of the peak dust season 

(August–October). Emissions in December (AI = 1.6) are shown to be comparable to those in September 

(AI = 1.7), the dustiest month in the TOMS record. Unlike in September however, when a nocturnal low-level 

jet is the primary emission mechanism, uplift in December is associated with an anabatic-sea breeze that 

develops along the Namib coast, and propagates inland to reach Etosha during the evening. The system is 

a response to the thermal contrast between the elevated interior plateau and the adjacent waters of the cool 

Benguela Upwelling System, and so is at its strongest during austral summer, when the area of maximum 

diabatic heating shifts south over southern Africa. Topographic channeling of the flow through the east-west 

orientated Hoanib River valley is shown to facilitate the inland propagation of the anabatic-sea breeze, and 

explains the persistence of the system at Etosha's latitude. Evening surface winds at Etosha, associated with the 

anabatic-sea breeze, are significantly stronger in the dustier December months, when diabatic heating over the 

subcontinent and hence the zonal thermal gradient are enhanced.
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year. Etosha is an important source of dust in the Southern Hemisphere, however very little work has been 

conducted there outside of the winter season, when emissions are at their highest. From the satellite data, it 

is shown that December is just as dusty as some of the winter months, however there is a difference in the 

low-level winds between the two seasons; in winter, emissions are driven by a morning peak in surface wind 

speeds, whereas emissions in December are driven by maximum surface winds during the evening. This 

evening peak in surface winds is shown to coincide with the arrival of a sea breeze at Etosha, with the system 

a response to the strong heating of the southern African plateau at this time of year. Evening surface winds 

associated with the sea breeze are stronger during the dustiest December months at Etosha, and are driven by 

enhanced heating over the subcontinent.
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These key processes include the mix-down of momentum from nocturnal low-level jets (NLLJs) (Fiedler 

et al., 2013; Knippertz & Todd, 2012; Washington & Todd, 2005), downdrafts from convective storms (cold pool 

outflows) (Caton Harrison et al., 2021; Heinold et al., 2013; Marsham et al., 2013) and microscale dust devils or 

dry convective plumes (Jemmett-Smith et al., 2015; Knippertz & Todd, 2012). The current state of knowledge 

regarding these emission mechanisms comes largely from work conducted in a Saharan context, either through 

intensive observational campaigns (Washington et al., 2006), remote sensing (Schepanski et al., 2007, 2009) or 

modeling studies (Heinold et al., 2013; Todd et al., 2008). There are however other important dust source areas 

outside of North Africa (Prospero et al., 2002; Washington et al., 2003), and given the inability of models to 

capture salient features of the Saharan dust climatology (Evan et al., 2014; Roberts et al., 2017), it is necessary to 

investigate dust-emitting mechanisms, and test model fidelity in other geographical regions.

Remote sensing studies have identified a number of dust source areas across southern Africa (Prospero et al., 2002; 

Vickery et al., 2013), the most prominent of which is the Etosha Pan (Washington et al., 2003), located in north-

ern Namibia. Whilst annual emissions are lower than those from the major North African sources (e.g., the 

Bodélé Depression), they are amongst the highest in the Southern Hemisphere, with comparable dust loadings 

to the Lake Eyre Basin in Australia (Washington et al., 2003). Whilst previous work has detailed some of the 

hydrological controls on the availability of sediment from the pan surface (Bryant, 2003; Mahowald et al., 2003), 

and developed detection algorithms of dust plumes from satellite derived data (Murray et al., 2016), very little 

attention has been given to the atmospheric processes contributing to the observed dust loadings. Observational 

data has shown a NLLJ to be a persistent feature of the boundary layer from August–October (Clements & 

Washington, 2021; Zunckel et al., 1996), with the mix-down of momentum during the morning breakdown of the 

jet identified as the primary emission mechanism during this season (Clements & Washington, 2021). It is not 

yet known however the extent to which the NLLJ sustains dust emissions beyond austral winter, or whether other 

atmospheric processes drive uplift at other points in the annual cycle.

Given the need to understand the atmospheric controls on dust emission, and subsequently refine the representa-

tion of relevant processes in numerical models, this paper aims to investigate the range of dust-emitting mecha-

nisms operating throughout the annual cycle, in a relatively understudied yet regionally significant source area, 

by addressing the following key questions: (a) What is the annual cycle of dust emissions from the Etosha Pan? 

(b) How do the atmospheric processes responsible for driving dust emission from the Etosha Pan vary through 

the annual cycle? (c) What are the spatial and temporal characteristics of the dust emission mechanisms operating 

at the Etosha Pan, and what controls their variability? (d) How does variability in the processes described help 

to account for variability in austral summer dust emissions from the Etosha Pan? The remainder of the paper is 

structured as follows: Section 2 describes the location and climatic setting of the study area and details the data 

sources and methods employed. Results are presented in Sections 3–6, with each of the key questions addressed 

in turn. The results are discussed in Section 7 and the papers main findings are summarized.

2. Data and Methods

2.1. Physical Setting

The Etosha Pan is a flat salt pan situated in northern Namiba, covering an area of ≈4,800  km 2 (Prospero 

et al., 2002). It sits in a topographic depression, and drains a network of ephemeral channels (locally known as 

oshanas), with the catchment stretching north into the southern Angolan highlands (Preston-Whyte et al., 1994). 

Rainfall in the catchment and hence inundation of the pan is limited to October–April, when the area of tropical 

convection moves south. Stable, dry conditions preside over the subcontinent during austral winter, resulting from 

strong subsidence associated with the descending limb of the overturning Hadley circulation (Reason, 2017).

2.2. TOMS AI Data

Aerosol Index (AI) data from the Total Ozone Mapping Spectrometer (TOMS) instrument is used to monitor dust 

emissions from the Etosha Pan between 1980–1992 (key question a). During this time, the TOMS instrument was 

onboard the NASA Nimbus 7 polar-orbiting satellite and took measurements in six ultraviolet (UV) wavelengths, 

with the initial objective to track changes in the Earth's ozone (McPeters et al., 1996). However, given the absorb-

ing properties of dust in UV wavelengths, the TOMS instrument has been used in numerous studies to identify 

major source areas (Prospero et al., 2002; Washington et al., 2003). The advantage UV remote sensing has over 



Journal of Geophysical Research: Atmospheres

CLEMENTS AND WASHINGTON

10.1029/2022JD036815

3 of 26

visible and infrared (IR) wavelengths is its low reflectivity over land surfaces (including deserts), making for 

efficient detection of airborne dust particles (Torres et al., 2002). For a more detailed analysis of the TOMS 

instrument, see McPeters et al. (1996).

AI data is given in non-dimensional units, with absorbing aerosols returning positive values, and for dust, the 

magnitude of the AI signal reflects the optical depth of the aerosol (Bryant, 2003; Herman et al., 1997). The 

temporal frequency of the data is daily, and it has been projected onto a latitude-longitude grid of resolution 

1.0° × 1.0°. In order to monitor dust emissions at Etosha, AI data from the central grid point (18.5°S, 15.625°E) 

of the plume is used. In Section 3, dust emissions at Makgadikgadi are also evaluated, with AI data also coming 

from the central grid point (20.5°S, 25.625°E) of the respective plume.

2.3. Reanalysis and Gridded Precipitation Data

ERA5 reanalysis data from the European Centre for Medium-Range Weather Forecasts (ECMWF) is used to 

identify the atmospheric processes contributing to dust emission at Etosha (key question b), and investigate their 

spatial and temporal characteristics, as well as the controls on their variability (key question c). ERA5 data covers 

the period 1950–present, with analysis fields output at hourly intervals, at a spatial resolution of ≈31 km, and 137 

model levels in the vertical. Parameters extracted from the ERA5 data set for analysis include u and v components 

of wind (10 m and model level), temperature (2 m, model and pressure level), specific humidity (model level), 

top net thermal radiation and divergence (model level). Wind speed was calculated as the square root of the sum 

of the squared u and v components at each grid point (ws = 
√

𝑢𝑢2 + 𝑣𝑣2 ), outgoing longwave radiation (OLR) was 

calculated as the negative of top net thermal radiation, divided by the averaging period (3600 s), whilst potential 

temperature was calculated from the Poisson equation 
(

𝜃𝜃 = 𝑇𝑇 (𝑃𝑃0∕𝑃𝑃 )
𝑘𝑘
)

 , where T is air temperature, P0 is a refer-

ence pressure of 1,000 hPa, P is the atmospheric pressure and k is the Poisson constant. Where atmospheric data 

is presented for Etosha, the grid point closest to the centre of the pan (18.5°S, 15.625°E) is used.

The ERA5 data set benefits from over a decade of research and development since the release of the previous ECMWF 

reanalysis (ERA-Interim), with an increase in horizontal resolution, an improved data assimilation methodology and 

refined parameterization schemes (Hersbach et al., 2020). Upgrades to model parameterisations include the adoption 

of the “McRad” radiation scheme (Morcrette et al., 2008), improvements to the original precipitation and convective 

schemes (Bechtold et al., 2014), as well as advances in the treatment of subgrid turbulent mixing and orographic 

drag effects (Hersbach et al., 2020). ERA5 also features a new land surface scheme (HTESSEL), which, through the 

adoption of satellite derived vegetation datasets, has improved the representation of variables such as temperature and 

humidity at the surface (Boussetta et al., 2013; Hersbach et al., 2020). For a detailed discussion of the ERA5 reanal-

ysis, including data assimilation systems, model setup, and an overview of performance, see Hersbach et al. (2020).

In Section  3, precipitation data from the Climate Hazards Group InfraRed Precipitation with Station data 

(CHIRPS) version 2.0 is used to investigate the effect of inundation on dust emissions at Etosha. CHIRPS utilizes 

satellite derived rainfall estimates in conjunction with station gauge data to produce a daily gridded precipita-

tion data set from 1981 to near-present with a 0.05°, 0.05° horizontal resolution (Funk et al., 2015). In southern 

Africa, gauge data is provided by the Southern African Science Service Centre for Climate Change and Adap-

tive Land Management (SASSCAL) (Funk et al., 2015). For a full discussion of the CHIRPS data set, see Funk 

et al. (2015).

3. Annual Cycle of Dust Emissions at Etosha

The following sections address key question a: What is the annual cycle of dust emissions from the Etosha Pan?

3.1. Annual Cycle of Dust Emissions

Mean AI data from the TOMS instrument shows two major dust source areas in southern Africa (Figure 1); 

these are the Etosha and Makgadikgadi Pans, located in northern Namibia (18.75°S, 16.25°E) and north-eastern 

Botswana (20.75°S, 25.50°E) respectively. Previous studies have utilized TOMS data to demonstrate the 

predominance of these two source areas in their contribution to total southern African dust emissions (Prospero 

et al., 2002; Washington et al., 2003), with higher-resolution satellite data exposing more minor contributions 

from coastal Namib sources and the Kalahari (Murray et al., 2016; Vickery et al., 2013). The high (>1.5) mean 

AI values observed along the coast of Angola and northern Namibia from June to September (Figure 1) are not 

indicative of dust aerosol emissions, but are instead the result of savannah fires in the interior of the subcontinent 
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Figure 1. Mean Total Ozone Mapping Spectrometer AI data for 1980–1992. Mean precipitation data for 1981–1992 from the CHIRPS data set is plotted as 4 mmday −1 

(light blue), 6 mmday −1 (blue) and 8 mmday −1 (purple) contours.
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(Herman et al., 1997; Sinha et al., 2003). The biomass burning aerosols are 

subsequently transported north-westward out over the Atlantic by the tropical 

easterlies which form part of the inflow toward the convective regions further 

north (Reason, 2017).

Figure  2a shows a time series of AI data for the Etosha Pan between 

1980–1992, with monthly mean and standard deviation data plotted in 

Figure  2b and also summarized in Table  1. For reference, AI data for the 

Makgadikgadi Pan, southern Africa's other major dust source area, is also 

included. Dust emissions across the subcontinent increase through the winter 

months (Figure 2b), and peak at the end of the dry season (September), when 

the highest mean AI values are recorded at both Etosha (AI = 1.7) and Makg-

adikgadi (AI = 1.7) (Table 1), with a plume also stretching between the two 

source areas across the northern Kalahari (Figure 1). Mean AI values remain 

high (>1.5) at Etosha through spring and into summer; indeed, other than 

September, December (AI = 1.6) is the dustiest month in the TOMS record. 

This is in contrast to Makgadikgadi, where mean AI values fall to below 1.0 

by December, and remain low (<1.0) through the rest of the summer months. 

Dust emissions across southern Africa reach a minimum from March to May, 

with mean AI values below 1.0 recorded for both major source areas.

Figure 2. (a) Time series of AI data for the Etosha and Makgadikgadi pans, 1980–1992. (b) Monthly mean and standard 

deviation of AI for the Etosha and Makgadikgadi pans.

Table 1 

Total Ozone Mapping Spectrometer AI Statistics 1980–1992

Etosha Makgadikgadi

Month AI Mean AI SD AI Mean AI SD

January 1.3 0.3 0.7 0.4

February 1.1 0.2 0.6 0.5

March 0.9 0.4 0.5 0.5

April 0.7 0.5 0.6 0.5

May 0.9 0.5 0.8 0.6

June 1.1 0.3 1.1 0.4

July 1.2 0.3 1.3 0.3

August 1.4 0.3 1.6 0.2

September 1.7 0.3 1.7 0.3

October 1.5 0.3 1.3 0.2

November 1.5 0.3 1.0 0.4

December 1.6 0.3 0.8 0.3
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3.2. Austral Summer Dust Emissions

The annual cycle of dust emissions at Etosha (and Makgadikgadi) described 

in Section  3.1 is closely linked to the annual cycle of wetting and drying 

across southern Africa, with fluvial input to the pan regulating the availa-

bility of erodible sediment (Bryant,  2003; Murray et  al.,  2016). Precipita-

tion contours are shown on Figure 1, and reflect the southward migration 

of the tropical rainbelt during spring and summer, as well as the transition 

of the Angola Low from a dry to a moist convecting system (Howard & 

Washington, 2018; Munday & Washington, 2017; Reason, 2017). Shallow 

inundation events occur at Etosha during the wet season (October–April), 

and whilst initially suppressing dust emissions, they provide material that is 

readily deflated once dry (Bryant, 2003; Mahowald & Kiehl, 2003). Previ-

ous remote sensing studies have documented the resulting peak in dust emis-

sions toward the end of the dry season (August–October) at Etosha (Prospero 

et  al.,  2002; Vickery et  al.,  2013; Washington et  al.,  2003), however very 

little attention has been given to summer dust emissions; this is despite the 

observation presented in Section 3.1 that mean AI values in December are the 

second highest for any month in the TOMS record.

Table 2 shows mean AI data for each December at Etosha between 1980–1992, 

with the number of individual days where values exceeded 2.0 also reported. 

The three dustiest December months (1987, 1989, 1992) and the three least 

dusty (1986, 1988, 1991) were used to construct composites of AI and precipitation (from the CHIRPS data 

set) (Figure 3). Precipitation composites for the preceding summer season (DJF-1) are also shown. Difference 

composites were calculated by subtracting the low AI composite from the high AI composite. As well as a more 

substantial plume at Etosha, greater AI values are observed across other parts of southern Africa in the high AI 

composite, with increased dust emissions at Makgadikgadi, across the southern Kalahari and along the Namib 

coast (Figure 3a). It is also drier in the Etosha catchment during the dusty December months, whereas elevated 

precipitation totals stretch into northern Namibia and southern Angola in the low AI composite (Figure 3b).

These findings, as well as the fact that the three dustiest December months at Etosha (1987, 1989, 1992) are 

immediately preceded by the three least dusty (1986, 1988, 1991) (Figure 2a, Table 2), suggest a strong hydro-

logical influence on the availability of sediment during summer. A possible explanation is that increased precip-

itation in the Etosha catchment in the preceding DJF results in intermittent flow events and fluvial input into the 

pan. This at first suppresses dust emissions, but replenishes the supply of sediment, which is then deflated in 

the following year. Due to the increased wetting of the pan surface, the deposited sediment requires a prolonged 

period of drying before it can be entrained, hence shifting the timing of peak dust emissions from late winter to 

December. There is however very little difference in the preceding DJF precipitation between the high and low 

AI composites (Figure 3c), and so a far more likely explanation is that precipitation has an immediate impact in 

suppressing summer dust emissions, as is the case in the least dusty December months (Figure 3b). This reason-

ing is also corroborated by the coincidence of the dustiest December month (1987) with strong El Niño condi-

tions; these events are associated with suppressed tropical convection over southern Africa, and hence reduced 

input to the Etosha pan. The decrease in AI values at Makgadikgadi through the spring and summer months owes 

to the location of the catchment area (further north and east), which results in earlier inflow to the pan, hence 

precluding dust emissions.

4. Atmospheric Controls on Dust Emissions at Etosha

The following sections address key question b: How do the atmospheric processes responsible for driving dust 

emission from the Etosha Pan vary through the annual cycle?

4.1. Nocturnal Low-Level Jet

Previous work at Etosha has focused on dust emissions at the end of the dry season, with the mix-down of 

momentum from a NLLJ identified as the primary emission mechanism (Clements & Washington, 2021). In 

Table 2 

Etosha Total Ozone Mapping Spectrometer AI Statistics

September December

Year AI Mean Days AI > 2 AI Mean Days AI > 2

1980 1.4 2 1.6 7

1981 2.2 19 1.9 14

1982 1.2 0 1.4 4

1983 1.9 12 1.5 8

1984 1.5 2 1.6 10

1985 1.5 0 1.6 9

1986 1.4 2 1.3 4

1987 1.7 10 2.1 16

1988 2.1 19 1.3 3

1989 1.8 6 2.0 15

1990 1.7 2 1.5 6

1991 1.7 7 1.2 0

1992 1.9 13 2.0 18
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order to investigate whether the NLLJ is a driver of summer dust emissions, composite wind speed-height profiles 

have been constructed using ERA5 data for the three dustiest December months in the TOMS record (1987, 1989, 

1992) (Figure 4a); for reference, profiles for the three dustiest September months (1981, 1988, 1983) (Table 2) 

are also shown. September was chosen as it is the dustiest month in the TOMS record, and in situ observational 

data has shown the NLLJ to be a persistent feature of the nocturnal boundary layer during the month (Clements 

Figure 3. December high AI, low AI and difference composites of (a) AI, (b) December precipitation and (c) precipitation in the preceding DJF. The difference 

composites were calculated by subtracting the low AI from the high AI. In (b and c), the approximate location of Etosha's catchment is given by the black polygon and 

Makgadikgadi's by the gray.
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& Washington, 2021; Zunckel et al., 1996). Model level data from ERA5 has also been shown to capture well the 

main features of the NLLJ at Etosha (Clements & Washington, 2021), and so is a pragmatic choice of reanalysis. 

The diurnal cycle of 10 m wind speed for the September and December composites are shown in Figure 4b, also 

constructed from ERA5 data.

Figure 4. (a) Wind speed-height profiles for high AI September and December composites at Etosha. (b) Diurnal cycle of 10 m wind speed for high AI September and 

December composites at Etosha. All data from ERA5.
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A wind speed-height profile akin to a NLLJ is evident in the December composites (Figure 4a), however the 

timing of its development and breakdown are not consistent with the theory of frictional decoupling typically 

associated with jets that form in dryland environments (Blackadar, 1957; Fiedler et al., 2013). A jet profile is 

first observed at 2100, however this is also the time of peak core wind speeds, with the structure beginning to 

erode long before sunrise (≈0415) and the onset of surface heating. This is in contrast to the evolution of the 

NLLJ in September, which strengthens through the nocturnal period, peaks in the hours around sunrise (≈0500) 

and is subsequently eroded with the increase of eddy viscosity in the daytime boundary layer. These contrasts 

are reflected in the diurnal cycle of surface winds (Figure 4b); in September, there is a peak between sunrise and 

midday (≈0900) associated with the mix-down of momentum from the NLLJ as it is eroded, however no such 

peak is evident in December. Instead, surface wind speeds increase during the evening and peak at 2100, around 

the time at which the jet profile is also at its strongest (Figure 4a).

4.2. Austral Summer Dust Event Case Study: 19 December 1987

The findings presented in Section 4.1 suggest that processes other than the mix-down of momentum from a NLLJ 

are responsible for driving dust emission at Etosha during December. In order to further investigate, Figures 5 

and 6 present ERA5 data from midday on 18 December 1987 to midday on 19 December 1987; the 19 Decem-

ber (AI = 3.3) is the second dustiest December date in the TOMS record and the joint second dustiest date for 

any month. Figure 5 shows time-height cross sections of wind speed, u, v, temperature and specific humidity at 

Etosha, whilst Figure 6 shows 10 m wind speed and vectors for a selected area of southern Africa.

Peak wind speeds (>15 ms −1) are recorded at Etosha during the evening of the 18 December in a core ≈300–500 m 

above the surface (Figure 5a). This is consistent with the December composites shown in Figure 4a, which also 

displayed a core of enhanced wind speeds at ≈500 m peaking in the 2100 profile. This flow is associated with an 

integrated sea breeze-topographic wind (hereinafter referred to as an anabatic-sea breeze) which develops along 

the Namib coast from 1200 on the 18 December, and propagates inland to reach Etosha by 2100 on the same 

evening (Figure 6). By the time the sea breeze front has reached Etosha, the flow has been deflected by Coriolis 

to give a large southerly component (Figure 5c), and the arrival of air from the Atlantic is accompanied by a drop 

in temperature (Figure 5d) and sharp increase in the moisture content of the atmosphere (Figure 5e). The inland 

propagation of the sea-breeze front provides the only intensification of surface wind speeds at Etosha prior to the 

TOMS signal on the 19 December (Figure 6), and is a plausible atmospheric driver of summer dust emissions.

5. Climatology of Dust Emission Mechanisms at Etosha

The following sections address key question c: What are the spatial and temporal characteristics of the dust emis-

sion mechanisms operating at the Etosha Pan, and what controls their variability?

5.1. Annual Cycle

Figures 7 and 8 show seasonal climatologies of 10 m wind speed and 2 m temperature respectively, for selected 

areas of southern Africa, both constructed from ERA5 data. OLR contours are also included on Figure 8. The 

mix-down of momentum from a NLLJ is evident at 0600 and 1200 during winter (JJA) and is manifest as a 

region of enhanced wind speeds across northern Namibia, embedded within the prevailing anticyclonic flow 

around southern Africa (Figure 7). A detailed analysis of the characteristics of the NLLJ and the controls on its 

variability has been given by Clements and Washington (2021), and so is not addressed any further in this section.

The anabatic-sea breeze system is present throughout the year, however its strength and the extent of its inland 

propagation varies considerably by season. In autumn (MAM) and winter, when diabatic heating over the interior 

of southern Africa is at a minimum (Figure 8), the system is confined to the coastal plains of the Namib below 

the level of the escarpment, and can be seen as a slight onshore rotation of the trade winds at 1200 and 1800 

(Figure 7). Also prominent during winter along the escarpment is an easterly katabatic-land breeze that develops 

through the nocturnal period (0000) and is at its strongest in the early morning (0600).

As the area of maximum diabatic heating moves south over the central plateau during spring (SON) (Figure 8), 

the anabatic-sea breeze system strengthens, and subsequently peaks in intensity during summer (DJF) (Figure 7). 

At this time of year, the area of maximum diabatic heating is over the southern Kalahari and Northern Cape region 
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Figure 5. Time-height cross sections of (a) wind speed, (b) u, (c) v, (d) temperature and (e) specific humidity for the period 

1200 18 December 87–1200 19 December 87 at Etosha. The 19 December is the second dustiest December date in the Total 

Ozone Mapping Spectrometer record. All data from ERA5.
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of South Africa, establishing a strong thermal contrast between the warm, elevated plateau, and the relatively cool 

waters of the Benguela Upwelling System (BUS). The BUS extends from the southwestern tip of South Africa 

to the Angola-Benguela Front (ABF) (≈15°S–17°S), with south-easterly wind stress imparted by the trade winds 

and subsequent offshore Ekman transport driving upwelling of nutrient-dense waters from below the thermocline 

(Colberg & Reason, 2006; Reason, 2017). The annual cycle of sea surface temperatures (SSTs) lags the latitudinal 

shift in diabatic heating (Figure 8), so that maximum SSTs are recorded in the BUS from February–March (when 

interannual variability in the position of the ABF is also at a maximum (Florenchie et al., 2004)); in the early 

summer months (e.g., December), conditions are therefore optimal for the development of the anabatic-sea breeze 

south of the ABF, with intense heating of the interior plateau coupled with relatively cool SSTs. After setting in 

at the coast by midday, the system propagates inland through the afternoon, so that by 1800, a 300 km-wide band 

of south-westerly winds associated with the anabatic-sea breeze stretches from southern Angola to the Karoo 

Figure 6. 10 m wind speed and vectors for the period 1200 18 December 87–1200 19 December 87. Etosha's location is given by the white cross. The 19 December is 

the second dustiest December date in the Total Ozone Mapping Spectrometer record. All data from ERA5.
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Desert. Through the evening, the sea breeze front separates from the coast as it continues to move inland, and can 

be observed in a number of preferential latitudinal bands by 0000.

5.2. Spatial and Temporal Characteristics in Austral Summer

In order to further examine the structure of the anabatic-sea breeze and its diurnal evolution, this section 

focuses on its characteristics during summer, the season in which it is best developed. Figures  9 and  10 

show DJF climatologies of zonal wind and divergence/convergence (contours), plotted as latitude-height and 

Figure 7. Seasonal climatologies (1981–2010) of 10 m wind speed and vectors for 0000, 0600, 1200, and 1800. Etosha's location is given by the white cross. All data 

from ERA5.
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longitude-height respectively. In some instances, the meridional component of the flow associated with the 

anabatic-sea breeze will be greater than the zonal component (e.g., as it propagates inland and is deflected 

by the Coriolis force), however it is the positive zonal wind that distinguishes the system from the back-

ground flow over southern Africa and the trade winds over the south Atlantic, which are both easterly in 

nature. Hence, for the purposes of identifying the anabatic-sea breeze, the choice of zonal wind in these plots 

is pragmatic. Figure  11 shows latitude-height DJF climatologies of temperature and potential-temperature 

(contours).

Figure 8. Seasonal climatologies (1981–2010) of 2 m temperature and outgoing longwave radiation (OLR) for 0000, 0600, 1200, and 1800. OLR contours are plotted 

at 200 Wm −2 (white), 225 Wm −2 (gray) and 250 Wm −2 (black). Etosha's location is given by the white cross. All data from ERA5.
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Figure 9. Longitude-height cross section climatology (1981–2010) for DJF of the zonal wind component and divergence (convergence). Areas of divergence 

(convergence) greater than (less than) 1.0 × 10 −5 s −1 (−1.0 × 10 −5 s −1) are shown by the black (yellow) contours. The cross section is plotted at Etosha's latitude 

(−18.75), with Etosha's longitude given by the white cross. All data from ERA5.
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Figure 10. Latitude-height cross section climatology (1981–2010) for DJF of the zonal wind component and divergence (convergence). Areas of divergence 

(convergence) greater than (less than) 1.0 × 10 −5 s −1 (−1.0 × 10 −5 s −1) are shown by the black (yellow) contours. The cross section is plotted at 14°E, with Etosha's 

latitude given by the white cross. All data from ERA5.
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Figure 11. Longitude-height cross section climatology (1981–2010) for DJF of temperature and potential temperature (contours). The cross section is plotted at 

Etosha's latitude (−18.75), with Etosha's longitude given by the white cross. All data from ERA5.
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The anabatic-sea breeze sets in at the coast by 0900 (Figure 9) and strengthens during the morning and early 

afternoon, so that by 1500 the system presides through the lowest ≈250 hPa of the atmosphere. A plume of 

divergence is evident up to ≈550 hPa as the flow is accelerated up the escarpment (≈1400 m at Etosha's latitude), 

with an area of convergence in its immediate lee as the flow is decelerated by friction with the surface. The 

establishment of the anabatic-sea breeze is a direct response to the uneven diabatic heating of the landmass and 

the adjacent ocean (Figure 11); at 850 hPa (just above the surface) a zonal gradient in temperature exists at 0900, 

and is at its most pronounced at 1,500 (when the anabatic-sea breeze is best developed). The daytime profiles of 

potential temperature are consistent with the modeling work of Smith and Spengler (2011), with a well-mixed 

layer over the landmass (potential temperature constant with height), and a strong zonal gradient close to the coast 

(12°E–14°E) demarking the position of the sea breeze front.

Through the afternoon, the anabatic-sea breeze and its associated areas of divergence and convergence propagate 

inland (Figure 9) so that by 1800, the system has deteriorated below the level of the escarpment, and the topo-

graphically generated plume of divergence has collapsed. As the anabatic-sea breeze continues to move inland, 

it is deflected by the Coriolis force, producing a rotation of the wind vectors from westerly to south-westerly 

(Figure 7), hence diminishing the zonal component of the flow as it propagates eastwards (Figure 9). The varying 

extent of the systems inland propagation at different latitudes is partly a consequence of the topography of the 

Namib coastline, which features deeply incised river valleys running from east-west. These act to channel the 

anabatic-sea breeze and accelerate the flow, an effect that is illustrated by the structure of the zonal wind contours 

in Figure 10. The sea-breeze front is therefore evident in a select number of latitudinal bands at 0000 (Figure 7); 

one south of ≈25°S and another at ≈19°S, coincident with the location of the Etosha Pan.

The persistence of the system at Etosha's latitude is due to the Hoanib River valley, and is illustrated by the 

enhanced zonal wind component in the topographic low to the south of Etosha's location at 1500 and 1800 

(Figure 10). Topographic channeling of winds has been observed along other Namib river valleys, with maximum 

flow enhancement recorded downwind of the valley edge (Vickery & Eckardt, 2013; Wiggs et al., 2002). Local 

scale, north-westerly valley winds can also develop during the daytime independent of the anabatic-sea breeze 

system (Lindesay & Tyson, 1990), further aiding the inland propagation of the onshore flow.

6. Variability in Austral Summer Dust Emissions at Etosha

The following sections address key question d: How does variability in the processes described in Section 5 help 

to account for variability in austral summer dust emissions from the Etosha Pan?

6.1. Variability in Dust Emission Mechanisms

Figure 12 shows composite diurnal cycles of 10 m wind speed and 2 m temperature at Etosha for the three dust-

iest (1987, 1989, 1992) and three least dusty (1986, 1988, 1991) December months (Table 2). Both composites 

show an increase in surface wind speed from 1800 onwards (Figure 12a), with peak values recorded at 2100 

and 2000 in the high and low AI years respectively. Results for unpaired, one-tailed t-tests, testing for difference 

in the high and low AI mean wind speeds are presented in Table 3. Significant differences were found for all 

hours at α = 0.05, and for all hours from 1200–0600 at α = 0.01, with a much greater peak in the high AI years 

(5.47 ± 2.58 ms −1) compared to the low AI (3.40 ± 2.02 ms −1). Time-height cross sections of wind speed, u and 

v at Etosha for high AI, low AI and difference composites are shown in Figure 13; a stronger flow is recorded 

through the lowest ≈1  km of the atmosphere in the dustiest December months (Figure  13c), with a core of 

enhanced wind speeds in excess of 10 ms −1 developing at ≈400 m from 1800 onwards in the high AI composite 

(Figure 13a).

The relative strength of the flow at Etosha through the evening hours in the dustiest December months is the result 

of a better developed anabatic-sea breeze system. Figure 14 shows high AI, low AI and difference composites of 

10 m wind speed and vectors for a selected area of southern Africa. As the anabatic-sea breeze develops at the 

coast through the afternoon (1200 and 1500), it is stronger in the high AI years, especially north of ≈23°S, whilst 

the background easterly flow over the interior of southern Africa is weaker, aiding the subsequent inland propaga-

tion of the system. By 1800, the sea breeze front has almost arrived at Etosha in the high AI composite, consistent 

with the timing of increasing wind speeds presented in Figures 12a and 13a. In the low AI composite, the system 

begins to dissipate much earlier at Etosha's latitude, with a weak front evident ≈80 km west of the pan at 2100.
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6.2. Controls on Variability

The differences in the strength of the anabatic-sea breeze between high and 

low AI Decembers outlined in Section 6.1 can be accounted for by consid-

ering the pattern of diabatic heating over the interior of southern Africa, a 

process that was identified as a key control on the development of the system 

in Section 5. Figure 15 shows high AI, low AI and difference composites of 

2 m temperature and OLR for a selected area of southern Africa. Diabatic 

heating is stronger in the high AI composite across the southern Kalahari/

Northern Cape region identified in Section 5.1 as critical to the development 

of the anabatic-sea breeze, however there is a more substantial difference in 

heating between the two composites across northern Namibia and southern 

Angola (Figure 15). This is also reflected in the diurnal cycle of temperature 

at Etosha (Figures 12b and 13j–13l), with an ≈ 4°C difference in surface 

temperature between the high and low AI composites at 1400 (Figure 12b).

The contrast in diabatic heating is the result of a south-westward shift in 

the area of tropical convection during the low AI years, illustrated by the 

OLR contours in Figure 15, and a moistening of the atmosphere at Etosha 

(Figures 13m–13o). This acts to disrupt the pattern of diabatic heating, espe-

cially across northern Namibia and southern Angola, and helps to explain 

the inability of the anabatic-sea breeze to propagate as far inland at Etosha's 

latitude. Benguela Niños, characterized by positive SST anomalies along the 

Namib-Angolan coastline (Florenchie et al., 2004; Rouault, 2012), as well as 

Table 3 

Results of T-Test Calculations Performed on High and Low AI December 

Hourly Composite Surface Wind Speeds

WS 

(ms −1)

WS 

(ms −1)

t-stat p-value

t-crit t-crit

Time High AI Low AI (α = 0.05) (α = 0.01)

0000 4.54 3.20 5.76 1.84 × 10 −8 1.65 2.35

0200 3.78 2.92 4.29 1.45 × 10 −5 1.65 2.35

0400 3.23 2.66 3.51 2.81 × 10 −4 1.65 2.35

0600 3.47 2.88 2.95 1.78 × 10 −3 1.65 2.35

0800 3.52 3.13 1.76 4.03 × 10 −2 1.65 2.35

1000 3.13 2.77 1.77 3.91 × 10 −2 1.65 2.35

1200 3.03 2.42 2.96 1.73 × 10 −3 1.65 2.35

1400 3.15 2.32 3.87 7.93 × 10 −5 1.65 2.35

1600 3.73 2.69 4.47 6.91 × 10 −6 1.65 2.35

1800 3.70 2.93 3.06 1.26 × 10 −3 1.65 2.35

2000 5.17 3.40 4.89 1.19 × 10 −6 1.65 2.35

2200 5.04 3.20 6.14 3.09 × 10 −9 1.65 2.35

Figure 12. Composite diurnal cycle of (a) 10 m wind speed and (b) 2 m temperature for high AI and low AI December 

months at Etosha. All data from ERA5.
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La Niña events, which are associated with a strengthening of the Angola Low (Howard & Washington, 2018), 

could both drive the observed shift in tropical convection in the low AI composites; indeed, the low AI (1.3) 

December of 1988 was contemporaneous with a strong La Niña event in the tropical Pacific, for example, The 

timing of these events does not necessarily coincide with low AI December months however, with for instance 

the December of 1986 (AI = 1.3) concurrent with negative SST anomalies in the eastern Atlantic (Florenchie 

et al., 2004).

7. Discussion and Conclusion

This paper has utilized TOMS AI and ERA5 reanalysis data in order to investigate the atmospheric controls on 

dust emission from the Etosha Pan throughout the annual cycle. Four key questions were posed in the introduc-

tion: (a) What is the annual cycle of dust emissions from the Etosha Pan? (b) How do the atmospheric processes 

responsible for driving dust emission from the Etosha Pan vary through the annual cycle? (c) What are the spatial 

and temporal characteristics of the dust emission mechanisms operating at the Etosha Pan, and what controls their 

variability? (d) How does variability in the processes described help to account for variability in austral summer 

dust emissions from the Etosha Pan? The results presented in Sections 3–6 will now be discussed, and the main 

findings of the paper summarized, addressing each of the key questions in turn.

Mean AI data for the Etosha Pan shows a peak in dust emissions in September (AI = 1.7) (Figure 1, Table 1), 

however unlike at Makgadikgadi, southern Africa's other major source area, AI values remain high at Etosha 

Figure 13. Time-height cross sections of (a–c) wind speed, (d–f) u, (g–i) v, (j–l) temperature and (m–o) specific humidity for December high AI, low AI and difference 

composites at Etosha. The difference composites were calculated by subtracting the low AI from the high AI. All data from ERA5.
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Figure 14. December high AI, low AI and difference composites of 10 m wind speed and vectors. Etosha's location is given by the white cross. The difference 

composites were calculated by subtracting the low AI from the high AI. All data from ERA5.
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Figure 15. December high AI, low AI and difference composites of 2 m temperature and outgoing longwave radiation (OLR). In the high AI and low AI composites, 

OLR contours are plotted at 200 Wm −2 (white), 225 Wm −2 (gray) and 250 Wm −2 (black). In the difference composites, the red (blue) contour denotes areas with 

a + 25 Wm −2 (−25 Wm −2) difference. Etosha's location is given by the white cross. The difference composites were calculated by subtracting the low AI from the high 

AI. All data from ERA5.
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through spring and into summer, with a secondary peak recorded in December (AI  =  1.6) (key question a). 

The peak in September is consistent with the findings of other remote sensing studies (Prospero et al., 2002; 

Washington et al., 2003), including those utilizing other satellite data (Vickery et al., 2013), however the dust 

activity observed during summer has received relatively little attention, and hence was the focus of much of 

this paper. Precipitation composites showed greater rainfall in the Etosha catchment in the low AI December 

months compared to the high AI months, and very little difference in rainfall in the preceding summer wet season 

(Figure 3). These results are similar to the findings of Bryant (2003), who showed that inundation events during 

1997/98 and 1999/2000 resulted in an immediate reduction of AI values at Etosha.

During the dustiest December months (key question b), surface wind speeds increase through the evening and peak 

at 2100, whilst a core of enhanced wind speeds develops at ≈400 m and peaks at the same time (Figure 4). This is 

in contrast to September, with the findings of this study, and previous work utilizing in situ observations at Etosha 

(Clements & Washington, 2021; Zunckel et al., 1996) showing the typical evolution and breakdown of a NLLJ and 

associated morning peak in surface winds. These results preclude the possibility of a NLLJ being the primary emis-

sion mechanism during summer; indeed, a case study of a dust event (Figures 5 and 6) demonstrates the potential 

role of an anabatic-sea breeze system that develops along the Namib coast and propagates inland to reach Etosha 

during the evening, concurrent with the observed peak in surface winds during the dustiest December months.

The anabatic-sea breeze is evident along the Namib coast during all seasons (key question c), however it is strongest 

during summer, when it also propagates furthest inland (Figure 7). The system is a response to the thermal contrast 

between the elevated interior plateau of southern Africa, and the cool waters of the BUS, and hence is best developed 

when the area of maximum diabatic heating is situated over the southern Kalahari/Northern Cape region, and to the 

south of the ABF (Figure 8). The west coast of the subcontinent south of ≈15°S therefore provides an ideal physical 

setting for the development of such a system; whilst the topography of the escarpment is not as extreme in the west as 

it is along the eastern slopes of Natal, there is a much greater thermal contrast in the west owing to the relatively cool 

waters of the BUS (December mean SST of ≈17°C at 20°S) compared to the warm Agulhas current of the Indian 

Ocean (December mean SST of ≈27°C at 20°S) (Lindesay & Tyson, 1990). The position of the South Atlantic Anti-

cyclone (SAA), centered at ≈ 30°S, 5°W in austral summer, and the anticlockwise rotation of air associated with the 

high-pressure cell gives south-easterlies along the southwest coast of southern Africa; the stress imparted by these 

surface winds drives offshore Ekman transport and hence the upwelling of cold water from below the thermocline 

(Colberg & Reason, 2006; Reason, 2017). The inland propagation of the anabatic-sea breeze is facilitated at Etosha's 

latitude by the presence of the Hoanib River valley (Figure 10), with topographic channeling of winds a process 

that has been observed in some of Namibia's other ephemeral rivers (Vickery & Eckardt, 2013; Wiggs et al., 2002).

Surface wind speeds at Etosha are significantly stronger in the dustiest December months when compared to 

the least dusty (Figure 12, Table 3) (key question d), a manifestation of a better developed anabatic-sea breeze 

(Figure 14). The contrasting strength of the system between the two sets of composites is driven by differences in 

the pattern of diabatic heating over southern Africa, with a south-westward displacement of the area of tropical 

convection disturbing the heating over northern Namibia and southern Angola in the low AI years (Figure 15).

Given the predicted future warming across southern Africa (Boucher et al., 2013; Reason, 2017), along with 

the sensitivity of the anabatic-sea breeze to the degree and location of maximum diabatic heating, there is the 

potential for longer-term variability in the strength of the system and hence dust emissions at Etosha. In order to 

explore this possibility, we present 10 m wind speed (Figure 16) and 2 m temperature (Figure 17) anomalies for 

December, for the previous four decades, against the 1981–2010 climatology. OLR contours are also included 

on Figure 17.

The anabatic-sea breeze was best developed during the 1980s (Figure 16), with positive wind speed anomalies 

and westerly vectors coincident with the position of the sea breeze front as it propagates inland through the 

evening. Despite the general warming trend observed across southern Africa since 1981 (Figure 17), the strength 

of the anabatic-sea breeze has not changed appreciably; indeed, the system was relatively weak during the last 

decade, as shown by the negative wind speed anomalies and easterly vectors coincident with the position of the 

front. This is partly due to the south-westward shift in the area of tropical convection (indicated by the nega-

tive OLR anomaly over northern Namibia/southern Angola) which disturbs the pattern of diabatic heating and 

modulates the degree of warming across a region of southern Africa shown to be crucial to the development of 

the anabatic-sea breeze (Section 5.1). Another possible explanation for the multi-decadal trends observed in the 

strength of the system is variability in the position and strength of the SAA, given the role the feature plays in 
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sustaining the BUS and hence the cool SSTs off of the coast of subtropical southern Africa. For example, Venegas 

et al. (1997) show zonal and meridional oscillations in the position of the SAA with periods of 6–7 and 4 years 

respectively, whilst Vizy and Cook  (2016) report a general poleward shift of the high-pressure cell since the 

1980's and a subsequent reduction in upwelling along the Angolan coast.

Whilst the anabatic-sea breeze has been identified in previous work (Howard & Washington, 2018; Lindesay 

& Tyson, 1990), this is the first time it has been shown to be associated with dust uplift from southern African 

source areas. Lindesay and Tyson (1990) document the predominance of topographically induced plain-mountain 

winds, and a thermally induced sea breeze during the daytime in the summer months (both westerly in nature) 

at a site in the central Namib, with a tendency for these onshore flows to drift inland through the evening. The 

Figure 16. Decadal anomalies of 10 m wind speed and vectors for 1200, 1500, 1800, and 2100, for December, with respect to the 1981–2010 climatology. Etosha's 

location is given by the white cross. All data from ERA5.
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results presented here suggest that this integrated system is extensive, covering a latitudinal range of up to 15° 

and propagating up to 5° inland from the coast.

The findings of this study do not preclude other atmospheric processes contributing to summer emissions at 

Etosha, especially given the importance of convective cold pools in other dust source areas (Allen et al., 2013; 

Caton Harrison et al., 2019). The inland propagation of the anabatic-sea breeze to Etosha's longitude is contem-

poraneous with dust uplift from the pan, however it is also plausible that the system plays a key role in triggering 

convection, which subsequently drives emission from the surface. More work is therefore required, especially 

across the rest of the summer season, to fully explore the range of atmospheric processes operating at Etosha.

Data Availability Statement

Data—ERA5 data is maintained by ECMWF and is available online from the Copernicus Climate Change Service 

(CDS, 2018) (https://doi.org/10.24381/cds.adbb2d47). Translation available via browser plug-in. Data—TOMS 

AI data is available online from the IRI data library (IRI,  1996) (https://iridl.ldeo.columbia.edu/SOURCES/.

Figure 17. Decadal anomalies of 2 m temperature and outgoing longwave radiation (OLR) for 1200, 1500, 1800, and 2100, for December, with respect to the 

1981–2010 climatology. The red (blue) contour denotes areas with a + 10 Wm −2 (−10 Wm −2) OLR anomaly. Etosha's location is given by the white cross. All data 

from ERA5.
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NASA/.GSFC/.TOMS/.NIMBUS7/.monthly/.ai/). Translation available via browser plug-in. Data—CHIRPS 

data is maintained by the Climate Hazards Centre and is available online (CHC, 2014) (https://data.chc.ucsb.edu/

products/CHIRPS-2.0/). Translation available via browser plug-in.
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