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Abstract Ephemeral lake beds are globally significant sources of atmospheric mineral dust aerosols, yet
emissions from these landforms exhibit considerable spatial and temporal variability. The complex interactions
between climatic drivers and surface properties that govern dust emissions remain poorly understood,
contributing to uncertainties in model predictions of atmospheric dust concentrations and their global effects. In
this study, we used multitemporal satellite remote sensing combined with model reanalysis data from 2018 to
2022 to investigate the mineralogical, hydrological, and climatic controls on dust emission “hotspots” at Etosha
Pan, Namibia. A record of dust source locations derived fromMODIS andMSG‐SEVIRI observations was used
to identify spatially discrete clusters (hotspots) of recurrent dust emission. Surface mineral composition at these
sites was analyzed through linear spectral unmixing of Landsat 8–9 Operational Land Imager data to estimate
the relative abundance of evaporite and clay mineral endmembers, with results validated against X‐ray
diffraction analyses of field‐collected sediment samples. Our findings indicate that dust emission hotspots are
associated with the formation of evaporite crusts, produced by salt efflorescence following wet‐season
precipitation and ephemeral flooding. Strong winds during the dry season can disrupt these crusts, exposing
large quantities of fine sediments that are extremely susceptible to aeolian entrainment. These results highlight
the critical role of surface crust mineralogy, influenced by hydrological history, in controlling dust emission
dynamics. This approach provides a transferable framework for identifying and characterizing hydrological and
mineralogical controls on dust source regions in other dryland playa environments, with potential applications
for improving regional and global dust emission modeling.

Plain Language Summary When dry, lake beds are significant sources of windblown dust that affect
climate, ecosystems, air quality, and human health. However, the amount of dust they release varies depending
on weather conditions and their surface properties, making it difficult to predict atmospheric dust levels and
their impacts. In this study, we used satellite images and modeled weather data from 2018 to 2022 to understand
the causes of dust emissions from Etosha Pan in Namibia, a major dust source in the Southern Hemisphere. We
identified where dust originates (“hotspots”) and analyzed the minerals present at these sites. Our results show
that dust is mainly produced when salt crusts form after flooding during the wet season. In the dry season, strong
winds break these crusts apart, releasing fine dust particles into the air. We found that the type of crust and the
area's flooding history are key factors controlling dust emissions. This understanding could help improve
predictions of dust storms from dry lake beds and potentially help to mitigate their wide‐ranging impacts.

1. Introduction
Windblown mineral dust from arid and semi‐arid regions is a key component of the Earth's land‐atmosphere‐
ocean‐biosphere system, influencing climate, biogeochemistry, and human health (Adebiyi et al., 2023; Mid-
dleton & Kang, 2017). Dust alters the global radiation balance (Kok et al., 2023, 2025; L. Li et al., 2025),
contributes to ocean fertilization and terrestrial nutrient cycling (Dansie et al., 2022; Hamilton et al., 2022), and
degrades air quality and visibility with adverse health effects (Aboagye‐Okyere et al., 2025; Prospero et al., 2021;
Tong et al., 2023). Given that dust emissions are sensitive to climate and land‐use change, a process‐based un-
derstanding of their surface controls is essential (Hennen et al., 2024; Mona et al., 2023).

Accurately representing dust emissions in atmospheric models remains challenging. Emission processes are
nonlinear, reflecting interactions among surface properties, sediment supply, and meteorological forcing (Klose
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et al., 2021). Coarse‐resolution inputs and simplified parameterizations lead to systematic errors in the timing,
magnitude, and spatial distribution of dust in global and regional models (Kok et al., 2021a, 2021b). These errors
underscore the need for field‐scale, process‐oriented studies to improve model parameterizations of dust source
dynamics (Chappell et al., 2023).

Ephemeral lake beds (playas or pans) are globally significant dust sources (Prospero et al., 2002; Song &
Ginoux, 2025; Washington et al., 2003; Zucca et al., 2021). These seasonally flooded, internally drained basins
accumulate fine‐grained sediments through fluvial deposition and evaporative concentration (Shaw & Bry-
ant, 2011). When dry, their salt‐enriched, sparsely vegetated surfaces can become highly emissive (Baddock
et al., 2021; Goudie, 2018). However, dust models rarely resolve the rapid local‐scale processes, including
seasonal inundation and desiccation cycles, crust formation and breakdown, and shifting wind erosion thresholds,
that strongly influence emissions in these systems (Bucher & Stein, 2016). Limited consideration of these pro-
cesses in dust emission models persists despite evidence that accounting for such dynamics can substantially
improve emission estimates (Banks et al., 2022).

Evaporite crust formation and degradation is a first‐order control on playa dust activity. Crust mineralogy and
morphology govern both sediment availability and erodibility (Baddock et al., 2011; Gill, 1996; Zhang
et al., 2021). Fragile, poorly interlocked sulfate‐ and carbonate‐rich crusts are highly erodible (De Deckker, 2019;
Nield, Neuman, et al., 2016; Reynolds et al., 2007, 2009), whereas halite‐rich crusts often form harder, cemented
surfaces resistant to deflation (Goldstein et al., 2017; Nickling & Ecclestone, 1981). Microstructural properties
such as crystal size, shape, and interlocking can be more critical than bulk mineralogy in determining erodibility
(Buck et al., 2006, 2011; Lee & Kurtis, 2017). These properties vary dynamically with hydroclimatic conditions
(Dai et al., 2022; King et al., 2011; Milewski et al., 2019). Yet most models neglect these interacting controls,
leaving emission processes poorly constrained (Karami et al., 2021; Sweeney et al., 2022). As a result, they fail to
capture small (1–10 km) and highly localized sub‐basin scale dust emission “hotspots” that produce intense,
discrete dust plumes that can merge into regional‐scale events (Gillette, 1999; Walker et al., 2009).

Etosha Pan in northern Namibia is among the most active dust‐emitting playas in the Southern Hemisphere
(Formenti et al., 2019; Vickery et al., 2013). Satellite observations have shown that dust emissions from Etosha
Pan are highly seasonal and spatially discrete, driven by rainfall variability, flooding, surface drying, and wind
conditions (Wallum et al., 2025). Field studies have confirmed the presence of evaporite‐rich sediments and salt
crusts at Etosha Pan (e.g., Bhattachan et al., 2015; Buch & Rose, 1996; Z. Li et al., 2018), and recent work has
examined dust emission processes at the source (Clements & Washington, 2021; Wallum et al., 2026; Wiggs
et al., 2022). However, the specific linkages between surface mineralogy, hydrology, and dust emission remain
poorly resolved at sub‐basin scale.

In this study, we address this gap by analyzing the mineralogical, hydrological, and climatic controls on discrete
dust emission hotspots at Etosha Pan from 2018 to 2022. We combine multitemporal satellite remote sensing, X‐
ray diffraction (XRD) of surface sediments, and climate reanalysis data to: (a) identify the locations and surface
characteristics of dust emission hotspots relative to non‐emissive areas; (b) quantify the mineral composition of
hotspot surfaces using linear spectral unmixing (LSU) validated against XRD data; and (c) assess the hydrological
and climatic drivers of hotspot formation, capturing spatial and temporal variability in surface conditions and
emission activity. Our results provide new insights into the processes controlling dust emissions from ephemeral
lake beds and support improved representation of these dynamic sources in both Earth system and regional dust
models.

2. Study Area
Etosha Pan is a ∼4,800 km2 endorheic basin situated in northern Namibia (Figure 1). It forms the terminal
depositional environment of the Cuvelai‐Etosha drainage system, which spans ∼130,000 km2 across southern
Angola and northern Namibia (Mendelsohn et al., 2013; Miller, 1997). Seasonal rainfall during the austral
summer (November to March) generates a network of ephemeral channels, locally known as iishana (plural) or
oshana (singular), that converge into the Ekuma River and discharge into the northwestern margin of the pan.
Additional inflows may occasionally originate from the Oshigambo, Oshangulu, and Owambo Rivers, contrib-
uting runoff to the northern and eastern sectors of the basin (Hamunyela et al., 2022; Hipondoka et al., 2018).
These ephemeral systems are considered the primary source of fine‐grained fluvial sediments delivered to the pan
during periods of shallow inundation (Bryant, 2003; Mahowald et al., 2003).

J. A. Leidelmeijer, J. M. Nield,
M. C. Baddock
Methodology:N. S. Wallum, R. G. Bryant
Project administration: N. S. Wallum
Resources: R. G. Bryant, R. L. Reynolds,
H. L. Goldstein, J. A. Leidelmeijer
Supervision: R. G. Bryant, G. F. S. Wiggs
Visualization: N. S. Wallum
Writing – original draft: N. S. Wallum
Writing – review & editing:
N. S. Wallum, R. G. Bryant,
G. F. S. Wiggs, R. L. Reynolds,
H. L. Goldstein, J. A. Leidelmeijer,
J. M. Nield, M. C. Baddock

Journal of Geophysical Research: Earth Surface 10.1029/2026JF009216

WALLUM ET AL. 2 of 19

 21699011, 2026, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2026JF009216 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [07/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



During the dry austral winter (March to October), the water table declines and surface water evaporates, exposing
extensive areas of the pan floor. The exposed surface comprises predominantly fine‐grained, clay‐ and silt‐rich
sediments of the Andoni Formation (Miller et al., 2010; Pickford et al., 2009) interspersed with widespread
evaporite (salt) deposits formed under arid conditions (Bhattachan et al., 2015; Buch & Rose, 1996; Hipondoka
et al., 2014; Rahm & Buch, 1997). These surface materials exhibit pronounced spatial heterogeneity and seasonal
variability in mineralogical composition, moisture content, and crust development. Due to extreme salinity and
limited water availability, vegetation is sparse (Cunningham & Jankowitz, 2010), and exposed sediments are
highly susceptible to aeolian erosion under the prevailing E‐NE winds, frequently leading to the development of
intense dust emission events (Murray et al., 2016; Vickery et al., 2013; Wallum et al., 2025; Wiggs et al., 2022).

3. Data and Methods
3.1. Dust Source Hotspot Mapping and Surface Classification

A 20‐year record (2000–2022) of dust source point locations over Etosha Pan, derived from MODIS Collection
6.1 (MOD09GA/MYD09GA) and MSG‐SEVIRI imagery (Wallum, 2025a), was used to identify statistically
significant clusters of points that delineated dust source areas (hotspots) at the sub‐basin scale through Average
Nearest Neighbor (ANN) analysis (Kandakji et al., 2020) in ArcGIS Pro® 3.4 (Esri®, Redlands, CA). These
hotspot regions were subsequently examined using Landsat imagery to characterize surface conditions and their
temporal evolution. Moderate‐resolution Landsat 8–9 Operational Land Imager (OLI) satellite imagery (30 m
spatial, 8‐day temporal resolution) was then used to characterize the surface properties of these dust hotspot

Figure 1. Location of Etosha Pan, Namibia. The inset shows sediment sampling sites at dust emission hotspots (orange) and
non‐emissive areas (blue), sampled in 2018 and 2022 (Sites 1–5; see Table S1 in Supporting Information S1 for
descriptions). The background is a true‐color Landsat 8 Operational Land Imager image acquired on 5 July 2018, showing
westward‐moving dust plumes emanating from hotspot sources (indicated by arrows).

Journal of Geophysical Research: Earth Surface 10.1029/2026JF009216

WALLUM ET AL. 3 of 19

 21699011, 2026, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2026JF009216 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [07/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



clusters and to compare them with non‐emissive regions during the 2018–2022 period. Since Landsat acquisitions
occurred at discrete intervals, image dates were not required to coincide exactly with individual MODIS/MSG‐
SEVIRI dust plume observations. Rather, the Landsat time series was used to examine changes in surface
conditions within hotspot regions associated with recurrent dust emission activity. A total of 74 cloud‐free
Landsat 8–9 OLI Collection 2 Level‐2 surface reflectance scenes covering the austral winter dry (dust) sea-
sons (March–October) from 2018 to 2022 were obtained from the U.S. Geological Survey Earth Explorer data
portal (www.earthexplorer.com). Each scene comprised nine spectral bands in the VNIR–SWIR range
(0.4–2.5 μm). A complete list of image acquisition dates and scene identifiers is provided in Table S2 in Sup-
porting Information S1.

False‐color composite (bands 5, 4, 3) image time series were generated to enhance visual discrimination of
sediment surface conditions based on spectral response. These composites were examined throughout the
2018–2022 study period to identify temporal and spatial variations in surface texture, color, and morphology
associated with the development of recurrent dust emission hotspots.

3.2. Geochemical Analysis and Mineral Mapping by Spectral Unmixing

To quantify surface mineral composition, a fully constrained LSU model was applied to the Landsat 8–9 OLI
image series from 2018 to 2022. This supervised approach estimates sub‐pixel abundances of distinct mineral
phases by modeling each pixel's reflectance as a linear, additive combination of predefined “pure” spectra
(endmembers) weighted by their fractional contributions (Ferrier et al., 2002; Kodikara et al., 2023; Settle &
Drake, 1993). Fully constrained LSU ensures physically meaningful results by enforcing non‐negativity and
abundance sum‐to‐unity constraints (Bryant, 1996; Jin et al., 2019). The approach is well suited to ephemeral
playa environments, where mineral assemblages form through predictable hydrochemical precipitation pathways,
as determined by groundwater chemistry and evaporation sequences (Drake et al., 1994; Hubbard & Crow-
ley, 2005; Milewski et al., 2020).

Unlike unsupervised or machine learning classifiers, LSU allows direct quantification of specific minerals, has
lower computational overhead, handles noise and residual spectral variation effectively, and supports iterative
time‐series analysis, making it especially well‐suited for monitoring mineralogical changes linked to hydrological
and climatic variability (Milewski et al., 2017). While hyperspectral sensors (e.g., Hyperion, EMIT, PRISMA)
offer higher spectral resolution and enhanced mineral discrimination (Cogliati et al., 2021; Green et al., 2019,
2023; Kodikara et al., 2012), their spatial and temporal coverage over Etosha are currently limited. In contrast, the
consistent revisit frequency and moderate spatial resolution (30 m) of Landsat 8–9 OLI multispectral data pro-
vided a practical balance of spectral detail and temporal coverage for resolving mineralogical change across the
2018–2022 study period (Kruse & Perry, 2013; Radwin & Bowen, 2021).

LSU model calibration and validation were based on XRD analyses of 20 surface sediment samples collected
during field campaigns in July–September 2018 and September 2022, respectively (Figure 1 and Table S1 in
Supporting Information S1). Samples represented three sediment types: surface crust (0–2 cm), subsurface
sediment (2–5 cm), and ripple features (0–0.1 cm). The 2018 campaign focused on a single emissive hotspot in the
central pan region during peak and late dust season phases to assess intra‐seasonal compositional variability
associated with dust activity. In 2022, five sites were strategically sampled along a transect sampling variable
hydrological conditions (from frequently inundated to dry salt‐encrusted surfaces) and surface emissivities
(ranging from non‐emissive to highly emissive hotspot regions) along the southern pan margin (Table S1 in
Supporting Information S1). Site selection was informed by prior remote sensing analysis to capture represen-
tative variability of surface conditions and presumed sediment mixtures on the pan while ensuring field
accessibility.

XRD analysis of air‐dried, <2 mm sieved sediment samples was conducted using an X’Pert PRO diffractometer
(PANalytical BV, Almelo, the Netherlands). Diffractograms were processed using HighScore software (PAN-
alytical BV), enabling both qualitative phase identification and semi‐quantitative determination of mineralogical
composition (by weight %) for each sample. The mineral content identified through XRD analysis of surface
sediments collected during field campaigns in July and September 2018 formed the basis for selecting spectral
endmembers used in the LSU model. Eight dominant mineral phases were identified based on their consistent
occurrence across samples and distinct spectral features: halite (NaCl), calcite (CaCO3), gypsum (CaSO4·2H2O),
thenardite (Na2SO4), muscovite [KAl2(AlSi3O10)(F,OH)2], analcime (NaAlSi2O6·H2O), montmorillonite [(Na,
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Ca)0.33(Al,Mg)2Si4O10·nH2O], and saponite [(½Ca,Na)0.33(Mg,Fe2+)3(Si,Al)4O10(OH)2·4H2O]. Spectral signa-
tures for each endmember were sourced from the USGS Spectral Library (Kokaly et al., 2017). The VNIR–SWIR
reflectance spectra of the selected mineral endmembers are shown in Figure 2 together with the spectral positions
of the Landsat 8–9 OLI bands used in the unmixing analysis. The endmembers were grouped into (a) evaporite

Figure 2. VNIR–SWIR reflectance spectra for the eight mineral endmembers identified from X‐ray diffraction analyses of
surface sediments at Etosha Pan and used in the linear spectral unmixing model. Markers indicate the spectral positions and
bandwidths of the Landsat 8–9 Operational Land Imager bands used in the analysis.
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minerals and (b) clays and related silicates (Table 1). This classification reflects both geochemical origin and
stratigraphic distribution. Evaporite minerals (e.g., halite, calcite, thenardite), formed by evaporation of surface
and shallow (0–3 m) groundwater, were concentrated in surface crusts (Table S3). Clay and silicate minerals
(e.g., montmorillonite, analcime, saponite) were more prevalent in subsurface and ripple samples (Table S3),
likely due to accumulation of fine detrital material and early diagenetic alteration through porewater interactions
(Shaw & Bryant, 2011). This vertical mineral layering, characteristic of ephemeral saline lakebeds, significantly
influences both the spectral reflectance properties and erodibility of surface materials (Drake et al., 1994;
Goldstein et al., 2017; González‐Romero et al., 2024).

Linear spectral unmixing was then applied to Landsat 8–9 OLI surface reflectance data from the 2018–2022
austral winter dry seasons (Figure 3). Image pre‐processing involved masking vegetation and surface water
using the Normalized Difference Vegetation Index (NDVI; Rouse et al., 1973) and Modified Normalized Dif-
ference Water Index (MNDWI; Xu, 2006). The constrained LSU model, implemented in ENVI® 6.1 (Harris
Geospatial®, Boulder, CO), performed least squares fitting of the endmember spectra to reflectance values in
bands 1–7 of the unmasked Landsat pixels, with mineral abundances constrained to sum to 100%. The model
generated one abundance map per mineral endmember per scene in the Landsat 8–9 OLI image time series, with
output values representing the estimated percent surface composition (0%–100%) of each mineral endmember
within each pixel. Mineral abundance maps were rendered as RGB (red‐green‐blue) composites to visualize the
spatiotemporal trends of key mineral phases across dust seasons (Figure 3).

Model validation was performed by comparing LSU‐predicted mineral abundances with XRD‐derived compo-
sitions from an independent set of sediment samples collected in September 2022. These samples were not used in
the definition or calibration of the spectral endmembers, which were derived exclusively from 2018 XRD data,
thereby ensuring an unbiased, out‐of‐sample validation with no information leakage between training and
evaluation data sets. Statistically significant correlations across all mineral phases (R2 = 0.76, p < 0.001)
confirmed the robustness and predictive accuracy of the unmixing model (Bryant, 1996; White & Eckardt, 2006;
Jin et al., 2019; Milewski et al., 2019; see Text S1 in Supporting Information S1).

3.3. Hydrological and Meteorological Drivers of Emissivity

To assess the hydrological and climatological influences on pan surface properties and dust emissivity, the
Landsat 8–9 OLI imagery and mineralogical maps were compared with surface wetness indicators and climate
data across the 2018–2022 dust seasons.

Daily time series of surface inundation extent and frequency derived fromMODIS satellite data (Wallum, 2025a)
were used to characterize hydrological conditions for emission hotspots and non‐emissive regions. Daily pre-
cipitation inputs were obtained from the Integrated Multi‐Satellite Retrievals for GPM (GPM‐IMERG) gridded
precipitation data set, with a spatial resolution of 0.1° × 0.1°, accessed via NASA's Goddard Earth Sciences Data
and Information Services Center (http://disc.gsfc.nasa.gov/).

Atmospheric conditions were evaluated using ERA5‐Land reanalysis data produced by the European Centre for
Medium‐Range Weather Forecasts (ECMWF) (Muñoz Sabater, 2019; Muñoz‐Sabater et al., 2021). Hourly es-
timates of 2 m air temperature, 2 m dew point temperature, and 10 m horizontal (u) and vertical (v) wind

Table 1
Mineral Endmembers Used in Linear Spectral Unmixing, Grouped by Mineral Type

Group Mineral Chemical formula Mineral type

(i) Evaporite minerals Halite NaCl Sodium chloride (evaporite)

Calcite CaCO3 Calcium carbonate (carbonate evaporite)

Gypsum CaSO4·2H2O Calcium sulfate dihydrate (sulfate evaporite)

Thenardite Na2SO4 Sodium sulfate (anhydrous evaporite)

(ii) Clays and related silicates Muscovite KAl2(AlSi3O10) (F,OH)2 Potassium mica (phyllosilicate)

Analcime NaAlSi2O6·H2O Sodium aluminosilicate (zeolite)

Montmorillonite (Na,Ca)0.33(Al,Mg)2Si4O10·nH2O Smectite‐group clay (aluminosilicate)

Saponite (½Ca,Na)0.33(Mg,Fe2+)3(Si,Al)4O10(OH)2·4H2O Smectite‐group clay (magnesium‐rich aluminosilicate)
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components were extracted for Etosha Pan from the Copernicus Climate
Change Service Data Store (https://cds.climate.copernicus.eu/). Relative
humidity (RH, in %) was calculated from 2 m air temperature (t) and 2 m dew
point temperature (td) using the revised Magnus (1844) formula:

RH = 100 ×

⎛

⎜
⎜
⎜
⎝

e β × td
λ + td

e β × t
λ + t

⎞

⎟
⎟
⎟
⎠

(1)

where β = 17.625 and λ = 243.04°C (Alduchov & Eskridge, 1996; Law-
rence, 2005; Mateus et al., 2021). Calculated u and v vector components were
corrected with relevant off‐set and scaling factors, from which wind speed
(ws =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
u2 + v2

√
, in m s− 1) was calculated. Hourly values were aggregated to

produce daily mean time series to enable direct comparison with the daily dust
emission and hydrological data sets used in this study.

The resulting daily time series of hydroclimatic parameters were analyzed
alongside satellite‐derived surface changes (i.e., variations in color, texture,
and mineral composition) to identify environmental drivers associated with
the formation and persistence of dust‐emissive surface conditions on the pan.

4. Results and Discussion
4.1. Identification of Dust Emission Hotspots

Statistical point pattern analysis of dust plume source locations between 2018
and 2022 revealed significant spatial clustering of emissions at the sub‐basin
scale (Figure 4). These clusters consistently originated from a limited number
of discrete regions toward the central part of Etosha Pan. Such localized, high‐
frequency emission zones (hotspots) emerged as visually distinctive features
on the pan surface in Landsat 8–9 OLI false‐color composites (bands 5, 4, 3),
particularly during the relatively dry and highly emissive years of 2018, 2019
and 2022 (Figure 4a). Hotspot regions appeared as brown‐toned surface
patches with distinct color and texture contrasts relative to surrounding areas,
indicative of altered surface conditions. In contrast, these features were absent
during the relatively wetter, non‐emissive years of 2020 and 2021 (Figure 4b),
underscoring their temporal variability and association with active dust
emission years (see Section 4.3).

Of the 91 dust emission days recorded during the 2018–2022 analysis period,
the majority (83 dust days) were directly linked with dust plumes recorded by
MODIS and MSG‐SEVIRI during the 2018–2022 analysis period originating
from ANN‐defined localized hotspot regions. On days with active dust
emission that coincided with Landsat 8–9 OLI acquisitions, dust plumes were
consistently observed emanating from these distinct surface patches, further
evidencing their role as dominant dust source regions. However, the size and
distribution of these hotspot regions varied between emissive years. In 2019,

hotspots expanded to diameters of up to 30 km, forming more extensive and dispersed emission zones compared
to the smaller, more clustered hotspots observed in 2018 and 2022, which typically ranged from 1 to 10 km in
diameter (Figure 4a).

Despite interannual variability in areal extent, a consistent trend observed across all emissive years was the
enlargement of hotspot areas following major dust emission events. This pattern suggests a positive feedback
whereby the expansion of hotspot regions increases the area of exposed, erodible sediments available for wind
erosion, promoting the emission of additional dust plumes and further hotspot growth (see Section 4.2 for dis-
cussion of the associated surface mineralogical changes). Consequently, years characterized by more extensive

Figure 3. Workflow diagram illustrating the processing pathway for mineral
mapping using a fully constrained linear spectral unmixing method on
Landsat 8–9 Operational Land Imager data.
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hotspot development corresponded with increased dust emission activity. In 2019 (the most emissive year), 107
dust plume events were recorded across 54 dust days, coinciding with the largest combined hotspot extent on the
pan surface (1,261 km2; ∼26% of the total pan area). In comparison, fewer plume events were recorded from
smaller and more clustered hotspot regions in 2018 (42 plume events over 25 dust days; maximum hotspot area:
491 km2,∼10% of the total pan area) and 2022 (22 events over 10 dust days; maximum hotspot area: 95 km2,∼2%
of the total pan area). These results demonstrate a strong relationship between the spatial dynamics of hotspot
regions and the magnitude and frequency of dust emissions from Etosha Pan.

4.2. Surface Mineralogy of Dust Emission Hotspots

Comparative RGB composite map time series highlight pronounced differences in the distribution of dominant
mineral phases (saponite, montmorillonite, and halite) across the pan surface during the relatively dry, emissive
2018 dry season and the wetter, non‐emissive 2021 dry season (Figures 5 and 6; see Figures S3–S5 in Supporting
Information S1 for 2019, 2020, and 2022 time series).

The temporal evolution of emissive hotspot regions in Landsat 8–9 OLI false‐color composites is illustrated in
Figure 5 alongside corresponding RGB mineral abundance maps generated from LSU. Time slices were selected
from the Landsat image time series to provide representative coverage of early‐, mid‐, and late‐season surface
conditions and key stages of hotspot development throughout the dust season (see Figure S2 in Supporting In-
formation S1 for seasonal image sequences from all study years). The RGB composites for the 2018 dust season
suggest that bright blue tones in early‐season composites (Figure 5a) reflect the formation of an extensive halite
(evaporite) crust following the austral summer wet season. As the austral winter dry season progressed

Figure 4. Landsat 8–9 Operational Land Imager false‐color (bands 5, 4, 3) image composites of Etosha Pan showing (a) the occurrence and distribution of dust plumes
sourced from emission hotspots (polygons) during emissive years (2018, 2019 and 2022) and (b) non‐emissive years (2020 and 2021). Locations of field sample sites are
indicated on the 2018 and 2022 imagery and in Figure 1 and Table S1 in Supporting Information S1. Insets show all dust plume source points identified from MODIS
and MSG‐SEVIRI observations during the corresponding dry season (March–October) of each year (Wallum et al., 2025).
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Figure 5. Temporal comparisons of Landsat 8 Operational Land Imager (OLI) false‐color composite (bands 5, 4, 3) images of surface change at Etosha Pan across the
2018 winter dry season showing the development of dust emission hotspots (outlined in upper panels), and linear spectral unmixing model output RGB image composite
maps (lower panels) for corresponding image dates, where RGB channels delineate estimates of relative mineral abundances (%) for saponite (Red), montmorillonite
(Green) and halite (Blue) minerals, respectively. Note: Some linear or vivid bright features in the northeast and southern portions of the unmixing outputs are sensor‐
related artifacts associated with Landsat OLI image processing.

Figure 6. Temporal comparisons of Landsat 8 Operational Land Imager (OLI) false‐color composite (bands 5, 4, 3) images of surface change at Etosha Pan across the
2021 winter dry season (upper panels) and linear spectral unmixing model output RGB image composite maps (lower panels) for corresponding image dates, where
RGB channels delineate estimates of relative mineral abundances (%) for (R) saponite, (G) montmorillonite and (B) halite minerals, respectively. Note: Some linear or
vivid bright features in the northeast and southern portions of the unmixing outputs are sensor‐related artifacts associated with Landsat OLI image processing.
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(Figures 5b–5d), increasing green tones in identified hotspot areas indicated enhanced surface exposure of
montmorillonite‐rich sediments, particularly following major dust emission events. Concurrently, the halite
signal diminished in these regions while remaining dominant in surrounding non‐emissive areas. Similar trends
were observed in emissive years 2019 and 2022 (Figures S3 and S5 in Supporting Information S1), suggesting
that the absence or degradation of evaporite surface crusts, coupled with increased clay mineral exposure, is
characteristic of highly emissive zones on the pan surface. This seasonal shift in mineralogical composition is
consistent with the progressive exposure of clay‐ and silicate‐rich subsurface and surface wind ripple sediments
following degradation of the overlying evaporite crust, rather than widespread accumulation of newly deposited
material at the surface, as documented by field observations at Etosha Pan (Wallum et al., 2026).

Observed differences in surface mineralogy correspond with the distinct color and texture of emissive hotspot
areas relative to their surroundings, as detected in the false‐color satellite imagery. The prominence of green tones
in these regions in the RGB composites reflects higher surface concentrations of montmorillonite, consistent with
exposure of underlying clay‐ and silicate‐rich sediments. This interpretation is supported by XRD analysis of
crust and near‐surface samples collected from hotspot regions at the end (September) of the 2018 and 2022 dry
seasons, which identified analcime (zeolite), muscovite, and montmorillonite as dominant mineral phases
(Table 2).

Although saponite and montmorillonite were not consistently dominant in XRD analyses, they frequently
appeared as major components in the spectral unmixing outputs. This apparent overrepresentation reflects the
limited number of predefined endmembers, which grouped spectrally similar minerals into the closest matching
category (e.g., montmorillonite or saponite), even though they represent a broader suite of spectrally similar
minerals in the sediments, including smectites (e.g., nontronite) and other silicate phases (e.g., loughlinite,
phlogopite, orthoclase; Table S3). These minerals exhibit overlapping absorption features near 1.4, 1.9, and
2.2 μm in the VNIR–SWIR range, constraining their discrimination as discrete phases independent of endmember
selection (Figure 2; Kokaly et al., 2017). SEM–EDX analysis (Breit, 2022) further shows that montmorillonite
and saponite commonly form thin coatings on analcime grains, obscuring diagnostic absorption features. Since
LSU assumes pixel reflectance is a linear combination of surface‐dominated endmember spectra (Ferrier
et al., 2002; Settle & Drake, 1993), such coatings can lead to misclassification of analcime‐rich sediments as
smectite clays. These factors contribute to systematic misclassification bias in LSU‐derived maps (Bryant, 1996;
Crowley, 1991; Milewski et al., 2020). Even with more comprehensive endmembers or unsupervised approaches,
the moderate spectral resolution of Landsat 8–9 OLI limits phase‐level discrimination (Kruse & Perry, 2013).

Table 2
X‐Ray Diffraction (XRD) Results for Surface Crust and Sediment Samples Acquired From Dust Emission Hotspots in July and September 2018 and Dust Emission
Hotspots (Sites 1 and 4) in September 2022, Showing Abundances for Dominant Mineral Types (Endmembers) Used in Spectral Unmixing Analysis

Mineral

Sample ID

July 2018 September 2018

September 2022

(Site 1) (Site 4)

CS SS RS CS SS RS CS SS RS CS SS

% (v/v)

Analcime (zeolite) (NaAlSi2O6⋅H2O) 28.4 45.6 46.5 29.0 45.0 11.0 32.0 7.0 25.0 24.0 34.0

Calcite (CaCO3) 17.8 30.8 34.9 12.0 6.0 13.0 12.0 9.0 14.0 11.0 15.0

Gypsum (CaSO4⋅2H2O) 1.0 2.2 – – – – – – – – –

Halite (NaCl) 43.9 8.7 6.1 – – 3.0 27.0 26.0 10.0 – –

Montmorillonite [(Na,Ca)0.33(Al,Mg)2Si4O10⋅n(H2O)] 7.8 11.0 10.7 – – – – 4.0 – – –

Muscovite [(KAl2(AlSi3O10) (F,OH)2] – – – 39.0 25.0 45.0 – 29.0 32.0 20.0 28.0

Saponite [(½Ca,Na)0.33(Mg,Fe2+)3(Si,Al)4O10(OH)2⋅4H2O)] 1.1 1.7 1.8 Trace – – – 6.0 – – –

Thenardite (Na2SO4) Trace Trace Trace – – – – – – – –

Note. For the location of field sample sites, see Figure 1. XRD results for all mineral types present in (emissive and non‐emissive) field sediment sample sites are given in
Table S3. CS = Crusted surface (0–2 cm depth); SS = Soft subsurface (2–5 cm depth); RS = Rippled surface features.
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Consequently, LSU outputs are best interpreted as indicators of broader clay‐ and silicate‐rich surface compo-
sition rather than precise mineral abundances at specific points.

In contrast, the RGB composites for the non‐emissive 2021 dry season exhibit markedly different surface mineral
dynamics (Figure 6). Surface moisture was still evident toward the end of the wet season in April, with grey tones
indicating residual surface water in isolated regions (Figure 6a). As the dry season progressed, bright blue tones
became more widespread across the pan surface, indicating the later development of a halite‐rich crust that
persisted through August and September (Figures 6b–6d). A similar pattern of delayed halite crust formation was
observed during the non‐emissive 2020 dry season (see Figure S4 in Supporting Information S1).

The RGB composite maps and XRD data together confirm halite as the predominant evaporite mineral phase on
the pan surface in both emissive and non‐emissive years (Figures 5 and 6), with measured abundances in crust and
surface sediments ranging from 3.0% to 43.9% (Table 2). Calcite was also consistently detected, with abundances
of 6%–35% across crusted and subsurface samples. Halite predominance in spectral unmixing outputs reflects its
efflorescence at the uppermost surface layers driven by evaporative concentration of shallow brines, resulting in a
stronger spectral expression relative to other evaporite minerals. By contrast, calcite exhibits a more vertically
distributed contribution, present across both crusted and subsurface sediments (Table 2). These findings are
consistent with previous investigations at Etosha Pan that reported halite and other evaporite minerals in surface
crusts and groundwater. Buch and Rose (1996) identified and analyzed thin surface crusts along the pan margins,
recovering stable evaporite phases including halite (NaCl), thenardite (Na2SO4), trona (Na3(CO3) (HCO3)⋅
2H2O), and hanksite (Na22K(SO4)9(CO3)2Cl) through brine crystallization. Rahm and Buch (1997) also found
strong geochemical signatures for sodium (Na), potassium (K), chloride (Cl‐), sulfate (SO4) and bicarbonate
(HCO3) in sediment samples. More recently, Bhattachan et al. (2015) analyzed a salt sample from the surface of
Etosha Pan and found a clear Cl/SO4 component, which they attributed to halite, thenardite, or double salts such as
sulphohalite. Z. Li et al. (2018) investigated the geochemistry of regional groundwater, noting the likely
occurrence of halite and sodium phases in the brine underlying the pan. However, these prior studies primarily
focused on borehole or pan‐margin samples, whereas the current study is the first to report mineralogical data
directly from known dust emission sources in the central pan region.

The implications of mineralogical composition for dust emissivity have been widely recognized in the literature
(e.g., Buck et al., 2011; Langston & McKenna Neuman, 2005; Nickling & Ecclestone, 1981; Nield, Neuman,
et al., 2016; Nield, Wiggs, et al., 2016). Efflorescent mixed halite crusts are common in several major playa dust
sources globally (Bowen et al., 2017; R. Li et al., 2020; Mees & Singer, 2006; Milewski et al., 2017, 2019, 2020)
and while sulfate and other carbonate salts such as thenardite and trona often form soft, porous “puffy” or “hairy”
crusts that are highly susceptible to wind erosion (Buck et al., 2011; Goodall et al., 2000; Teller & Last, 1990),
halite‐calcite crusts can reduce emission potential by cementing sediment particles and increasing threshold
friction velocity (Crowley, 1991; Sweeney et al., 2011). However, crusts that form directly after brief inundation
or wetting during the early dry season are often friable and prone to cracking upon drying, producing aggregates
small enough to be saltated and potentially destabilizing the surface further (Gillette et al., 2001; Reynolds
et al., 2007, 2009; Sweeney et al., 2011). This mechanism may explain why dust emissions in Etosha Pan
frequently originate from areas where a halite‐calcite crust forms following ephemeral wetting early in the dry
season (i.e., March to April) but later breaks down, exposing subsurface sediments rich in silicate minerals
(Figure 5; see also Figures S3 and S5 in Supporting Information S1). By contrast, in non‐emissive years such as
2020 and 2021, halite crust development appears delayed until later in the dry season (i.e., June to September),
potentially forming a denser, more coherent crust resistant to wind erosion (Figure 6; see also Figure S4 in
Supporting Information S1).

4.3. Hydrological and Meteorological Drivers of Emissivity

Satellite remote sensing analyses of surface morphology and mineralogy across Etosha Pan indicate that dust
emission hotspots are closely linked to changes in surface mineralogy, particularly the disruption of evaporite
crusts. The formation and subsequent breakdown of these evaporative mineral crusts is widely recognized as a
primary control on dust emissions from ephemeral desert playas globally (e.g., Baddock et al., 2009, 2011, 2015;
Bullard et al., 2008; Klose et al., 2019; Macpherson et al., 2008; Nield et al., 2015, 2016a; Niemeyer et al., 1999;
Reynolds et al., 2007, 2009; Sweeney et al., 2011, 2016). Characterizing the environmental controls on the
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formation and destabilization of these surface crusts is therefore critical to understanding the spatiotemporal
development of emission hotspot regions within broader playa dust sources.

The interannual variability in dust emission hotspots across Etosha Pan is illustrated in Figure 7 alongside
regional hydrometeorological conditions. Emissive activity was recorded during the dry seasons of 2018, 2019,
and 2022, whereas the dry seasons of 2020 and 2021 were notably non‐emissive. While the spatial extent and
distribution of hotspots varied across emissive years, their timing and duration were consistently regulated by
seasonal precipitation and surface moisture dynamics (Figures 7a and 7b). Hotspots typically emerged between
May and June, following the onset of the austral winter dry season, and persisted until the onset of the austral
summer wet season began between October and November.

As shown in Figure 7b, mean daily precipitation across the central pan during wet seasons of emissive years
(2018, 2019, 2022; average 1.83 mm ± 4.13 mm) was lower than during non‐emissive years 2020
(3.24 mm ± 7.43 mm) and 2021 (2.96 mm ± 7.04 mm). Pan flooding was also more frequent and extensive in
2020 (eight events) and 2021 (four events) than in emissive years (one to two events; Figure 7b). In emissive
years, hotspot development consistently followed a drying phase of 1–3 months after precipitation and

Figure 7. Daily time series of (a) dust emission hotspot extent and dust day occurrences (Landsat 8–9, MODIS, andMSG‐SEVIRI); (b) flooding events and precipitation
totals (MODIS and GPM‐IMERG); and climatological parameters including (c) surface air temperature, (d) relative humidity, and (e) wind speed (ERA5‐Land climate
reanalysis) over Etosha Pan for 2017–2022. Grey shaded areas indicate the duration of dust emission hotspot activity and vertical grey lines mark individual dust
emission days, displayed consistently across all panels. The horizontal line in panel (e) indicates the approximate 10 m wind speed threshold (∼6 m s− 1) associated with
dust emission from Etosha Pan.
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2–5 months after flooding events (Figures 7a and 7b). In non‐emissive years, prolonged wet conditions into the
dry season maintained residual surface water into April–May, limiting dust emissions (three dust days in 2020; six
in 2021; Figure 7a) and preventing the development of visually or mineralogically distinct hotspots.

Despite variations in precipitation and flooding regimes, widespread halite‐rich crusts were detected in all dry
seasons between 2018 and 2022 (Figures 5 and 6; Figures S3–S5 in Supporting Information S1). This indicates
that crust formation is not solely dependent on salt redistribution from flooding, as observed in other playas
(e.g., Artieda et al., 2015; Bowen et al., 2017; Mees, 1999). Rather, capillary‐driven evaporation from shallow
groundwater (0–3 m) and nocturnal humidity cycles likely play key roles in crust formation through salt efflo-
rescence (Buck et al., 2011; Goodall et al., 2000; Reynolds et al., 2007). Diurnal temperature variations typical of
the dry season, where night‐time cooling promotes brine formation through deliquescence followed by daytime
warming driving salt crystallization, are particularly important for producing weak, emissive crusts (Nield,
Neuman, et al., 2016; Nield, Wiggs, et al., 2016; Milewski et al., 2020).

In emissive years (2018, 2019, 2022), crust formation occurred earlier in the dry season (March–April), coin-
ciding with cooler temperatures (∼15°–25°C; Figure 7c) and higher Relative humidity (RH) (>60%; Figure 7d),
conditions conducive to the development of loose, efflorescent evaporite crusts susceptible to aeolian erosion
(Gillette et al., 2001; Reynolds et al., 2007, 2009). Crusts formed under these conditions were strongly associated
with the development of dust emission hotspot regions during periods of increased aeolian activity. Dust emission
events from these regions occurred when daily wind velocities exceeded ∼6 m s− 1 at 10 m height (Figure 7e),
aligning with critical thresholds reported in previous studies (e.g., Murray et al., 2016; Vickery et al., 2013;
Wallum et al., 2025, 2026) and associated with low‐level jet activity (Clements & Washington, 2021; Wiggs
et al., 2022).

In contrast, during non‐emissive years (2020 and 2021), elevated surface and subsurface moisture from ante-
cedent precipitation and flooding delayed desiccation and subsequent formation of evaporative crusts. The late
dry season formation of mixed halite‐calcite crusts (August–September) under warmer (∼30°C; Figure 7c), drier
(∼10%–20% RH; Figure 7d) conditions may have reduced the susceptibility to wind erosion. Microstructural
characteristics, particularly salt crystal habit, are strongly influenced by the environmental conditions during crust
formation, including soil moisture, temperature, and humidity (Dai et al., 2022; Warren, 2010, 2016). Without the
nocturnal moisture input typical of cooler, more humid periods of earlier dry seasons, these mixed halite‐calcite
crusts may have developed into denser, interlocking surfaces with greater cohesion (Buck et al., 2011; Goldstein
et al., 2017; Langston & McKenna Neuman, 2005). Repeated rehydration and dehydration cycles can further
modify salt morphology, enhancing crust integrity and resistance to deflation (Gillette et al., 2001; Lee &
Kurtis, 2017; Zhang et al., 2021). Field and laboratory studies confirm that halite‐dominated playa crusts formed
under prolonged aridity and low humidity can develop into continuous, erosion‐resistant surfaces that inhibit dust
emission (Gill, 1996; McLaurin et al., 2011; Pelletier & Cook, 2005; Quick & Chadwick, 2011; Reynolds
et al., 2007). It is plausible that these processes occurred at Etosha Pan in 2020 and 2021, preventing dust source
activation despite the occurrence of erosive winds. Although seasonal elevations in daily wind speeds in 2020 and
2021 were comparable to emissive years (6–8 m s− 1), dust emissions were infrequent and did not result in
persistent hotspot formation (Figure 7e).

In addition to these seasonal‐scale differences, interannual variability in diurnal conditions (Figures 7c and 7d)
may contribute to variations in surface erodibility. Across 2018–2022, both the day–night temperature difference
(ΔT ) and the day–night RH difference (ΔRH) were consistently smaller in emissive years. Average ΔT ranged
from 3.08°C (2022) to 3.26°C (2019) in emissive years, compared to 3.36°C (2020) and 3.49°C (2021) in non‐
emissive years. Average ΔRH followed the same pattern, with emissive years ranging from 5.85% (2019) to
6.37% (2018) versus 8.44% (2020) and 9.27% (2021) in non‐emissive years. These reductions (on the order of
0.1°–0.4°C for ΔT and 2.0%–3.0% for ΔRH) may reflect more stable overnight atmospheric conditions during
dusty years. This pattern aligns with the crust stability framework of Milewski et al. (2020), where reduced
nocturnal cooling and weaker humidity recovery limit overnight crust rehydration and strengthening. Under such
conditions, efflorescent mixed halite crusts remain friable for longer, maintaining a readily entrainable dust
supply. Conversely, larger diurnal swings in non‐emissive years likely reflect stronger radiative cooling and
higher nighttime humidity, promoting thin wetting films or recrystallization that temporarily armor the surface.
These diurnal effects may shorten the interval between post‐flood crust formation and destabilization in emissive
years, extending the seasonal window for dust release, and could be further enhanced by dust–radiation feedbacks
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that reduce diurnal variability (Milewski et al., 2020). The absolute temperature and RH conditions may also be
important, as transitions between evaporite mineral stability thresholds can promote repeated crystallization and
dissolution cycles that weaken surface crusts (Nield, Wiggs, et al., 2016). Although the temperature and humidity
records shown in Figure 7 are broadly consistent with conditions that may influence such transitions, direct
assessment of mineral‐specific stability thresholds and phase changes was beyond the scope of the present study.

Taken together, the results highlight a series of interacting climatic controls on dust emission from Etosha Pan. At
the broadest scale, antecedent precipitation and flooding (Figure 7b) determine whether and when crusts can
form. Seasonal temperature and humidity conditions during crust formation (Figures 7c and 7d) influence the type
of crust produced, ranging from friable efflorescent crusts formed under cool, humid early dry‐season conditions
to dense, cohesive surfaces formed under hot, dry late dry‐season conditions. Superimposed on these broader
controls are diurnal‐scale effects (Figures 7c and 7d), where reduced differences between day and night tem-
perature and humidity limit overnight crust rehydration and strengthening. These conditions accelerate surface
weakening and prolong emissivity by maintaining friable crusts more prone to wind entrainment. The interplay
between hydrological setting, seasonal climate, and diurnal atmospheric stability thus governs pan surface
erodibility and dust emission potential.

While this study provides robust evidence for the climatic regulation of dust emissivity based on satellite remote
sensing and reanalysis data, a comprehensive understanding of the mineralogical and microstructural properties
of the pan surface remains limited. In situ monitoring is essential to resolve the complex interactions among
hydrological processes (such as precipitation and flooding), local meteorological conditions (including temper-
ature and humidity), and their combined influence on efflorescent salt crust formation and subsurface properties
(such as crust thickness, soil structure, and mineral composition). Such knowledge is critical for determining the
specific conditions that govern surface susceptibility to wind erosion. Nonetheless, these findings underscore the
importance of crust formation timing, modulated by seasonal and diurnal hydrometeorological conditions, as a
key determinant of dust source activation from this globally significant ephemeral lake bed.

5. Conclusions
This study advances understanding of dust emission dynamics in ephemeral saline playa systems by identifying
the mineralogical and hydroclimatic controls on source activation at Etosha Pan, Namibia. Using an integrated
approach that combines satellite remote sensing, reanalysis data, field observations, and laboratory analyses of
surface sediments, we show that dust emissions are spatially heterogeneous and originate from discrete,
temporally variable hotspots formed through deflation of efflorescent salt crusts under specific environmental
conditions. Point pattern analysis revealed clustered hotspots (1–30 km in diameter) during dry seasons of
emissive years (2018, 2019, 2022) that were absent in non‐emissive years (2020, 2021). Mineralogical analyses
(XRD and spectral unmixing) indicate that these hotspots are characterized by exposed subsurface clay‐ and
silicate‐rich sediments (e.g., analcime, montmorillonite, muscovite, saponite) beneath evaporite crusts dominated
by halite and calcite. These results provide the first direct mineralogical characterization of dust sources at Etosha
Pan and demonstrate the utility of remote mineral mapping for identifying emission‐prone surfaces. We also show
that hydrological variability governs crust evolution and dust emission dynamics. Seasonal flooding and desic-
cation drive crust formation and breakdown, with early dry‐season desiccation facilitating deflation during peak
wind periods in emissive years. In contrast, delayed desiccation and crust development in non‐emissive years
suppressed emissions despite favorable wind conditions. Crust erodibility is further modulated by surface
moisture, air temperature, and RH at the time of formation, all of which influence crust cohesion and structural
integrity. Collectively, these findings provide a process‐based framework for understanding dust source dynamics
in saline playa environments and underscore the importance of incorporating salt crust processes and hydro-
climatic controls into dust emission models to improve projections of dust flux and related impacts under future
climate scenarios. The integrated methodology presented here is readily transferable to other dust‐bearing
ephemeral lake systems where surface mineralogy and crust dynamics exert a strong influence on dust emis-
sion processes.
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