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Abstract: Salt Lakes, having a salt concentration higher than that of seawater and hosting unique
extremophiles, are predominantly located in drought-prone zones worldwide, accumulating diverse
salts and continuously emitting salt dust or aerosols. However, knowledge on emission, chemical
composition, and health impacts of Salt Lake aerosols under climate change is scarce. This review
delves into the intricate dynamics of Salt Lake aerosols in the context of climate change, pointing out
that, as global warming develops and weather patterns shift, Salt Lakes undergo notable changes in
water levels, salinity, and overall hydrological balance, leading to a significant alteration of Salt Lake
aerosols in generation and emission patterns, physicochemical characteristics, and transportation.
Linked to rising temperatures and intensified evaporation, a marked increase will occur in aerosol
emissions from breaking waves on the Salt Lake surface and in saline dust emission from dry lakebeds.
The hygroscopic nature of these aerosols, coupled with the emission of sulfate aerosols, will impart
light-scattering properties and a cooling effect. The rising temperature and wind speed; increase
in extreme weather in regard to the number of events; and blooms of aquatic microorganisms,
phytoplankton, and artemia salina in and around Salt Lakes, will lead to the release of more organic
substances or biogenic compounds, which contribute to the alteration of saline aerosols in regard
to their quantitative and chemical composition. Although the inhalation of saline aerosols from
Salt Lakes and fine salt particles suspended in the air due to salt dust storms raises potential health
concerns, particularly causing respiratory and cardiovascular disease and leading to eye and skin
discomfort, rock salt aerosol therapy is proved to be a good treatment and rehabilitation method for
the prevention and treatment of pneumoconiosis and chronic obstructive pulmonary disease (COPD).
It is implied that the Salt Lake aerosols, at a certain exposure concentration, likely can delay the
pathogenesis of silicosis by regulating oxidative stress and reducing interstitial fibrosis of the lungs.
It emphasizes the interconnectedness of climate changes, chemical composition, and health aspects,
advocating for a comprehensive and practical approach to address the challenges faced by Salt Lake
aerosols in an ever-changing global climate.

Keywords: Salt Lake aerosol; climate change; chemical composition; health impacts

1. Introduction

On Earth’s surface, two main types of saltwater exist: marine waters, constituting the
vast oceans, and epicontinental (inland surface) Salt Lakes. Salt Lakes are permanent or
temporary bodies of water with a salinity level exceeding 3 g L−1, disconnected from the
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marine environment. These lakes are found in various conditions, including extreme tem-
peratures, and are especially common in drylands, particularly arid and semi-arid regions
with low precipitation and vulnerable ecosystems [1]. The term “Salt Lake aerosols” refers
to microscopic particles suspended in the air, originating from these Salt Lakes and their
water bodies. These particles form through pathways like water spray [2], wind erosion [3],
and anthropogenic processes [4]. Saline lakes and playas [5,6] are significant, dynamic
sources of inland salt aerosol particles, often mixed with mineral dust, both externally
and internally. These particles can undergo long-distance transport [7–10]; participate
in atmospheric heterogeneous chemistry; and influence radiative balance [11], precipi-
tation patterns [12], and climate systems [13], playing active roles in aerosol and cloud
formations [14] due to their high hygroscopicity [15] and contributing to the formation of
secondary aerosols, which degrade air quality.

Semi-arid and arid climate zones are expected to experience significantly reduced net
precipitation and runoff due to global warming. Climate projections suggest an increase
of 2.5 ◦C–3.7 ◦C in the average global surface temperature by the end of the twenty-first
century [16]. This temperature rise, with an annual rate of 0.02 to 0.0325, could lead to a
significant increase in evaporation—by about 190 mm, rising from 1300 mm in 1990–2010
to 1490 mm in 2070–2090. This increase is attributed to a temperature rise ranging from
1.7 ◦C to 3.2 ◦C [17]. Consequently, lakes and rivers in drylands will undergo changes in
both water yield and water quality in response to considerable global shifts in temperature
and precipitation patterns due to climate change. Such changes may profoundly affect the
structure, functioning, and biodiversity of inland aquatic ecosystems. Inland Salt Lakes
are particularly vulnerable, facing significant impacts. Climate change exerts profound
and multifaceted effects on these lakes, altering their physical, chemical, and ecological
characteristics. The ecosystems of Salt Lakes are especially susceptible to disturbances
caused by climate change and global warming, further exacerbated by unsustainable human
activities [18]. The impact is particularly pronounced in instances of desiccation [19,20].
Globally, the warming associated with climate change has been linked to reduced primary
production, leading to diminished nutrient input into surface waters from mixing [21]. The
extensive consequences of such disruptions are well-documented in cases like the Aral Sea,
Lake Urmia [22], and other similar instances [23].

As global temperatures rise and weather patterns shift, Salt Lakes undergo notable
changes in water levels, salinity, and overall hydrological balance. In recent decades, water
bodies like Lake Eyre, Lake Mead, Lake Poopó, the Dead Sea, and the Aral Sea have
experienced substantial shrinkage, primarily due to drought and human activities [24].
Additionally, the emissions and transportation of aerosols derived from Salt Lakes are
significantly altered. Factors such as climate change, increased lake water temperature, and
enhanced evaporation tend to amplify aerosol emissions. The drying of Salt Lakes has led
to the occurrence of salt-dust storms, increased emission of aerosols, and soil degradation,
all of which negatively impact human health and the environment [25,26].

Despite the vast extent of dry regions globally, comprising about one-third of the total
land area, and the numerous Salt Lakes within these areas, limnologists and others inter-
ested in inland freshwater have largely overlooked Salt Lakes until recently. This oversight
may stem from misunderstandings about their distribution, global volume, and value, all
of which have been underestimated. Recognizing their pervasive influence on atmospheric
processes, this body of work serves as a foundation for our broader exploration into aerosol
dynamics over Salt Lakes, as there has been limited research on aerosol emissions from dry
Salt Lakes, and studies on emissions from wet Salt Lakes are notably absent. Regarding
the climate change makes great influences on Salt Lakes, as well as their aerosol emission,
we conduct this comprehensive review, aiming to recognize the importance of Salt Lake
aerosols and address their up-to-date progress on emission; components; physicochem-
ical characteristics; and multifaceted impacts on climate, air quality, human health, and
environmental processes.
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This review article set out with the following objectives: Firstly, to identify major
Salt Lakes around the globe and assess their importance from environmental, health, and
social perspectives. Secondly, to conduct a comprehensive examination of changes in Salt
Lake aerosol emissions under varying climatic conditions. Furthermore, the review aims
to characterize the chemical composition changes of Salt Lake aerosols, with a focus on
shifts in size distribution and elemental components. A crucial goal of this article is to
evaluate the health implications of these climate-induced changes in Salt Lake aerosols,
considering both immediate and long-term effects on respiratory and cardiovascular health.
The outcomes of this review are expected to provide valuable insights into the role of Salt
Lakes in ecosystem sustainability and health. Additionally, this review explores the diverse
conditions of different Salt Lakes and their aerosols, offering future predictions regarding
their ecosystems in light of the challenges posed by global warming.

2. Global Distribution of Salt Lakes

A Salt Lake, or saline lake, is a landlocked body of water with a salt concentration that
is significantly higher than that of most lakes, typically defined as at least 3000 milligrams
of salt per liter. These salts include primarily sodium chloride, as well as sodium sulfate,
sodium nitrate, and sodium carbonate. Often, Salt Lakes have a salt concentration higher
than that of seawater. To form a Salt Lake, two essential criteria must be met. First, the
lake must be part of a closed (endorheic) drainage system. Second, there needs to be a
balance between hydrological inputs, which include surface and subsurface inflows, as
well as precipitation over the lake, and outputs such as evaporation and seepage into
sediments. This balance is especially pertinent in arid and semi-arid regions. Figure 1
illustrates the general relationship between solute concentrations in lake waters and inflow
concentrations, highlighting the delicate equilibrium between evaporation and precipita-
tion, assuming no solute loss through seepage. This balance, denoted as f 1, is represented
by the following equation:

f1 =
[(v) evap − (v)prec

]
(v)in f ll

where f 1 represents the balance, (v)evap is the average volume of water lost by evaporation,
(v)prec is the average volume of water gained from precipitation, and (v)infll is the average
volume of water flowing into the lake. The greater the net evaporation, the more concen-
trated the lake solutes become, with the relationship being hyperbolic. The major ions
found in Salt Lakes are the same as those in fresh waters, namely Na+, K+, Ca2+, Mg2+, Cl−,
SO4

2−, and CO3
2−/HCO3

−, but their ionic proportions differ [27].
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It is important to note that Salt Lakes are widespread and found in both cool/cold and
warm/hot dry regions on all continents, including Antarctica, as shown in Figure 2A. Global
estimates suggest that the volume of freshwater lakes is approximately 105,000 km3, while
the volume of inland saline water is estimated at around 85,000 km3 [28]. Notably, Salt Lakes
display diverse features, including the Caspian Sea, the largest lake globally, with an area of
371,000 km2 and a salinity of 12–13 g per liter (g L−1). These lakes can also be found at extreme
altitudes, over 3000 m above sea level, in regions such as the Altiplano of South America and
Tibet. Additionally, the Dead Sea, located approximately 400 m below sea level, is recognized
as the lowest lake on Earth [29]. The salinity of saline lakes varies widely, ranging from
3 ppt (parts per thousand) to more than 300 ppt, and these lakes are present in equatorial
regions and across both hemispheres (Table 1). In arid Central Asia, various types of lakes
are mainly located in the central and western parts. China’s arid land is dotted with more
than 700 lakes, predominantly in Xinjiang. Kazakhstan is home to 48,262 lakes, of which
45,248 are smaller than 1 km2, collectively accounting for 40% of the total area of the lake
region [30]. Hypersaline lakes (Figure 2B) are unique water bodies that lack natural outlets,
constituting approximately 23% of the total lake area on our planet [31,32]. These lakes are
typically small and shallow, exhibit dynamic variations in water parameters, and are prone to
frequent drying. Found across various regions globally, especially in arid and desert areas,
they have been critical in meeting water supply needs through well utilization.
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Figure 2. (A) Global distribution of Salt Lakes (shaded areas using black lines and dots). (B) World-
wide Salt Lake areas with the main hypersaline hotspots. (a) Great Salt Lake (Utah, USA), (b) Dead
Sea (Israel), (c) Crimean Salt Lake (Crimea), (d) Dangxiong Co Salt Lake (Tibet, China), (e) Laguna
Puilar, Salar de Atacama (Chile), (f) Gaet’ale Pond (Ethiopia), (g) Kati Thanda-Lake Eyre (Australia),
and (h) Deep Lake (Antarctica). Oceania is illustrated in black within the rectangle at the bottom left
corner of the map (adapted from Mattia Saccò 2021 [33]).
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Salt Lakes possess significant aesthetic, cultural, economic, recreational, scientific, con-
servation, and ecological values [34]. Historically, they have played essential roles in various
human activities and served multiple purposes. These lakes have been utilized for salt pro-
duction and serve as critical water sources in arid regions where groundwater resources
are limited. Additionally, they have contributed to food provision and climate regulation,
supported avifauna populations, attracted tourism, and provided visually appealing land-
scapes [35]. A key species found in these environments is the brine shrimp, Artemia salina,
which is an effective initial food source for many aquacultural organisms [36,37]. Artemia
plays a vital role in regulating the hydromineral regime of Salt Lakes. As a filter-feeding
crustacean, it participates in the transformation and utilization of various minerals and types
of organic matter in these basins. It serves as a crucial link in the food chain and in the
biogenic migration of elements, including xenobiotics. These roles underscore the value
of Salt Lakes to human communities. Salt Lakes are unique and extraordinary aquatic
ecosystems, characterized by both abiotic and biotic parameters that are susceptible to
environmental changes. These changes, influenced by factors such as air and water tem-
perature, oxygen concentration, pH, and chemical composition, can occur on both annual
and daily scales. Since Salt Lake aerosols are closely linked with the water quality, it is
important to gain knowledge of the Salt Lakes’ distribution, location, function, and abiotic
and biotic parameters for a better understanding the Salt Lake aerosols’ physicochemical
characteristics and environmental behaviors.

Besides from the representative Salt Lakes in the world, as listed in Table 1, more
attention has been paid to a colorful Salt Lake, which shows red, pink, orange, blue, green,
and cyan in summer, autumn, and even winter (Figure 3). Nestled within the vibrant
tapestry of China’s landscape, the Yuncheng Salt Lake, with an area of around 132 km2,
stands as a captivating natural wonder. It is renowned for its long history, with a mining
history of more than 4600 years, and unique and special characteristics such as different
separated pools with different colors (Figure 3b), creating distinctive and mesmerizing
scenery. Located in the middle inland of China, it lies close to the Zhongtiao Mountain
(Figure 3a), and a strong south wind blows over the water surface year by year, leading to
high evaporation and a large amount of Salt Lake aerosols generated. The Yuncheng Salt
Lake is particularly known for its abundant salt reserves, which form expansive crystalline
fields that shimmer under the radiant sunlight. Beyond its economic significance, the lake
is ecologically important, providing a habitat for a diverse range of bird species (Figure 3c)
and exhibiting remarkable resilience to environmental challenges. The algae community
in the lake, particularly the halophilic algae, distinguishes it from freshwater and marine
systems. The secretions produced by the growth and reproduction of these halophilic algae
in high-salt environments contribute significantly to the lake’s colorful appearance. Also,
they contribute to the algal toxins, which are likely contained in the Salt Lake aerosols and
influence human health. With global warming, great changes will occur regardless of the
water quality or water yield of the lake. Under this condition, it is important to characterize
Salt Lake aerosols from different colors of pools in quantity and components and assess
their roles played in climate change, the atmospheric environment, and human health.
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Table 1. Major characteristics of representative Salt Lakes in the world.

Lake Country Area
(km2)

Maximum Depth
(m)

Salinity
(%) References

Caspian Sea Azerbaijan, Iran, Russia,
Turkmenistan, Kazakhstan, 371,000 1015 15 Pervov et al. (2003) [38]

Urmia Lake Iran 5800 16 300 Babkin (2003) [39]

Aral Sea Kazakhstan, Uzbekistan 8550 28 100 Micklin (2007) [40]

Dead Sea Israel, Jordan, Palestine 940 320 340 Yechieli et al. (1998) [41]

Balkhash China, Kazakhstan 17,000 27 7 Williams (1996) [29]

Dabuxun China 184 0.4 360 Yu et al. (2001) [42]

Qinghai China 4278 26 14 Lister et al. (1991) [43]

Van Turkey 3570 450 22 Kempe et al. (1991) [44]

Great Salt Lake United States 4660 14 250 Wurtsbaugh & Berry (1990) [45]

Salton Sea United States 891 12 33 Williams (1996) [29]

Mono Lake United States 158 46 95 Williams (1996) [29]

Mar Chiquita Argentina 5770 8.6 360 Reati et al. (1996) [46]

Salar de Uyuni Bolivia 10,500 - 271 Schmidt (2010) [47]

Natron Tanzania 1040 0.5 12 Schagerl (2016) [48]

Assal Djibouti 54 40 277 Schagerl (2016) [48]

Nakuru Kenya 42 4.6 62 Jirsa et al. (2013) [49]

Bogoria Kenya 33 9 36 Jirsa et al. (2013) [49]

Eyre Australia 8430 5.7 310 Jankowski & Jacobson (1989) [50]

Corangamite Australia 233 4.9 50 Williams (1996) [29]

Tyrrell Australia 300 0.5 160 Heidelberg et al. (2013) [51]

Elton Russia 155 0.6 300 Argaman et al. (2012) [52]

Gallocanta Spain 6 0.1 37 Pearson et al. (2008) [53]

Chiprana Spain 0.3 5.6 73 Vila et al. (2002) [54]

Fuente de Piedra Spain 14 0.5 220 García & Niell (1993) [55]

Pétrola Lake Spain 2 2 50 Valiente et al. (2018) [56]
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3. Production Mechanism of Salt Lake Aerosols

Salt Lake aerosols are produced through various processes, including lake-water spray,
evaporation-induced salt crystallization, wind-driven dust emissions, microbial activities,
chemical reactions, and anthropogenic influences. The primary mechanism involves the
breaking of wind-driven waves at the lake surface. As the wind blows across the water, it
generates waves. When these waves reach a critical size, they break and release tiny droplets
into the air, which become airborne particles and form aerosols (Figure 4a). The generation of
Salt Lake spray aerosols (LSAs) is governed by a mechanism akin to that of sea spray aerosols
(SSAs) in saltwater [57]. LSAs form through the entrainment of air bubbles by breaking water
waves, followed by the bursting of these bubbles at the water’s surface (Figure 4b) [58]. LSAs
were first identified above the surface of the Laurentian Great Lakes in North America during
an aircraft sampling campaign in the summer of 2009 [59]. This discovery has since sparked
increased research interest for different types of lakes [60,61].

Apart from the Salt Lake spray aerosols, salt-dust storms are a significant source of aerosols
from desiccated surfaces and dried bottoms of Salt Lakes, playing a crucial role in the Earth’s
energy balance and hydrological cycle by altering solar and terrestrial radiation [62,63]. During
dust storms, the salt-containing particles can transport far away from their sources, making
great impacts on air quality, vegetation growth, soil salinization, local climate, and human
health [64]. Studies examining the physicochemical characteristics of atmospheric particles in
Beijing during Asian dust storms showed that the particles enriched with S, Cl, and Na were
likely from the surface soils of dried Salt Lakes and saline soils enriched with chloride and
sulfate, demonstrating that, besides deserts, the surface soils from dry Salt Lakes and saline soils
of arid and semi-arid areas were also sources of particulates in dust storms [65]. These halite-
containing particles from dry Salt Lakes and saline soils of arid and semi-arid areas would have
global climate impacts during long-range transport [66,67] and contribute to airborne PM2.5
and PM10 pollution in cities [68]. Characterizations of bulk aerosols and individual particles
in dust storms even showed that nearly all the particles from dry Salt Lakes and saline soils
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experienced an ageing process through heterogeneous reactions, morphometric modifications,
and compositional transformations during long-range transport [69–72]. Cahill et al. [73]
reported that the Owens Lake (dry) lakebed is likely the largest single source of PM10 in
the United States, with estimates suggesting emissions of 0.9 × 106 to 8 × 106 metric tons
per year [74]. Wind gusts exceeding 40 m s−1 can propel tons of sediment across the playa,
resulting in PM10 levels as high as 40,620 µg m−3 during a 2 h sampling period. Ebinur Lake
has seen a sharp reduction in inflow due to the expansion of irrigated agriculture and the
damming of surface runoff, leading to a significant decrease in the lake area to a range of
500–1200 km2. The now dried lakebed, exceeding 500 km2, expels around 4.8 × 106 tons of dust
annually [75], becoming a significant source of aerosol emission. The Aral Sea is another notable
example, annually releasing approximately 1.0 × 106 tons of saline dust. In short, it is suggested
that one globally significant source of saline dust is dry lakebeds (i.e., playas), which emit high
mass concentrations of saline dust to the atmosphere compared to their small spatial extents.
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4. Chemical Composition of Salt Lake Aerosols

Endorheic saline lakes are common features in arid and semi-arid regions. On the
one hand, the Salt Lake spray aerosols (LSAs) are generated through the entrainment of air
bubbles by breaking water waves, followed by the bursting of these bubbles at the water’s
surface; on the other hand, the saline aerosols can be formed from the dry lakebed due to
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desiccated Salt Lakes and the saline soils near them. Lake desiccation is associated with
increased water salinity, as well as the exposure of easily erodible sandy soil that is bare of
vegetation, which promotes increased primary aerosol emissions. Thus, resuspension becomes
the predominant mechanism to emit saline and crustal emissions aloft above the lakebed,
leading to nearly 60% of PM10 [7]. Whether for the LSAs or the resuspended saline dust, their
chemical composition depends on the characteristics of the lake and the source of emission.
In a study on the spatial distribution of water-soluble ion concentrations in wet deposition
samples around Lake Urmia, the world’s second largest hypersaline lake, it was found that the
most dominant ions are as follows: Ca2+ > Cl− > SO4

2− > Na+ > NO3
−. Meanwhile, organic

acids and methanesulfonate (MSA) contributed negligibly to the total ion concentrations [76].
A principal component analysis (PCA) and correlation coefficient (CC) analyses showed
that a majority of ions throughout the region were associated with salt and crustal particles
comprising Cl−, Br−, SO4

2−, Na+, Ca2+, and Mg2+, with the minority of ions (e.g., NH4
+ and

NO3
−) stemming from anthropogenic emissions. Concurrent measurements of water-soluble

ions in aerosol samples were also taken at two sites in the north and southeast of Lake Urmia
from January 2013 to September 2013 [77]. Particulate matters (PMs) were measured using
a high-volume sampler and HAZ-DUST EPAM-5000 particulate air monitors. The results,
supported by backward trajectories and correlation analysis, indicated that the concentrations
of SO4

2−, organic carbons (OCs), As, Pb, and Zn were at their maximum levels. Another
investigation of aerosol properties near Lake Eyre in Central Australia, a dominant mineral
dust source in the southern hemisphere, also highlighted the dominance of SO4

2−, Ca2+, Na+,
and Cl−; in the aerosols, implying that halite or reacted halite particles were included [78].
Previous research at Qinghai Lake, the largest saline lake in China, primarily focused on
paleoclimate and paleoenvironmental information derived from lake sediments [79,80] and
water chemistry [81]. A study conducted on Qinghai Lake by Zhang et al. [82] explored
the chemical composition of PM2.5 and total suspended particulate (TSP) samples from June
to September 2010, showing that the predominant anions and cations in both PM2.5 and
TSP samples were SO4

2− and Ca2+, followed by NO3
−, Na+, K+, and Cl−. Therein, the

recorded mass concentrations were 21.27 ± 10.70 µg/m3 for PM2.5 and 41.47 ± 20.25 µg/m3

for TSP, with a mean PM2.5/TSP ratio of 0.51. It is implied that the water-soluble ions in PM2.5
and TSP were not only affected by lakewater but by acid gases from anthropogenic sources.
Concentrations of the major ions in different Salt Lake aerosols are shown in Table 2.
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Table 2. Concentration of major ions (µg m−3) in different Salt Lake aerosols.

Site Sampling Period Size Fraction Na+ NH4
+ K+ Mg2+ Ca2+ Cl− NO3− SO42− Reference

Urmia Lake Jan–Sep (2013) TSP-(PM10)
(Mean value) 1.99 0.87 0.47 0.17 2.09 1.88 2.81 4.20 [77]

Nov (2007), (Sample A) TSP 0.13 0.13 0.04 0.02 0.13 0.11 0.13 0.39
Lake Eyre Sample (E) TSP 0.14 0.20 0.04 0.02 0.23 0.08 0.17 0.58 [78]

Qinghai Lake June–Sep (2010) PM2.5 0.13 - 0.12 0.06 0.23 0.07 0.38 4.45
[82]TSP 0.48 - 0.13 0.26 0.72 0.39 1.3 5.04
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The typical NaCl- and Na2SO4-containing aerosols were identified from the individual
particle samples collected over the Yuncheng Salt Lake (Figure 5). Through SEM-EDX, not
only the morphology and chemical compositions of NaCl- and Na2SO4-containing particles
were illustrated, but also the elemental atomic concentrations were obtained using Monte
Carlo Simulations by a modified CASINO Monte Carlo program [83,84]. The quantitative
elemental composition analysis by low-Z particle EPMA revealed the atomic concentrations
of a NaCl-containing particle as C 58.52%, Cl 21.96%, Na 17.48%, O 1.77%, and of a Na2SO4-
containing particles as O 52.03%, Na 23.74%, S 14.48%, Mg 5.21%, and C 4.50% (Figure 5B).
It is noted that a high concentration of C is included in the NaCl-containing particles, and
dark shades encircle particles in the secondary electron images (Figure 5A,B), suggesting
that a large amount of organic substance is included in the Salt Lake aerosols.
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(A) The secondary electron images (SEIs) of Salt Lake aerosols collected over the Yuncheng Salt Lake,
Shanxi Province, China, in September 2022. (B) The typical SEIs by SEM-EDX and elemental atomic
concentrations of (a) a NaCl-containing particle; (b) a Na2SO4-containing particle, in Yuncheng Salt
Lake aerosols collected on Al foil in September 2022 by the authors. The high aluminum peak in
the EDX spectrum is attributed to the Al foil, used to collect the atmospheric aerosols. (C) The
SEIs and EDX spectra of atmospheric aerosols collected during a dust storm episode: (a) a Na-, S-,
and Cl-rich particle, likely from dried salt-lakes and saline soils; and (b) a common dust particle
(Zhang et al., 2009 [7]).

Regarding the fact that Salt Lake aerosols can be transported to the downwind area in
the atmosphere, desiccated Salt Lakes and saline soils become the primary contributors
to salt dust storms in arid regions. A comparative study was conducted on individual
particles derived from a significant super dust storm (DS) with non-dust storm (NDS)
aerosols in urban Beijing and a desert region located at Duolun, China [7]. A particle
analysis, particularly through a Positive Matrix Factorization (PMF) analysis, revealed that
the major components in (Na + S + Cl)-rich particles were Na2SO4 and NaCl, constituting
9% of the total particles and demonstrating a significant positive correlation between S
and Cl. The identification of (Na + S + Cl)-containing particles was confirmed through
both energy-dispersive X-ray spectroscopy (EDX) and scanning electron microscopy (SEM)
images (Figure 5(Ca), compared with the common dust particles shown in Figure 5(Cb)),
suggesting that the S-, Cl-, and Na-rich particles during the dust storm were likely not of
desert origin but rather from dried Salt Lakes and saline soils in northern or northwest
China [7].

5. Impact of Climate Change on Emissions and Chemical Composition of Salt
Lake Aerosols
5.1. Impact of Climate Change on Salt Lake Aerosol Emissions

The changing climate significantly influences aerosol emissions from Salt Lakes, ush-
ering in a new era of environmental dynamics and atmospheric composition. These effects
extend to emissions, transport, and atmospheric chemistry, impacting tropospheric ozone
and aerosol levels. Biogenic emissions of NOx and hydrocarbons are temperature-sensitive.
Additionally, emissions of dimethyl sulfide (DMS), organic matter, and mineral dust are
all affected by changes in surface winds [85]. Temperature influences the emissions of
precursors, the rates of chemical reactions, and the partitioning of semi-volatile species
between gases and aerosols, thereby impacting PM2.5 concentrations. As temperatures rise,
ammonium and nitrate tend to partition to the gas phase, affecting nitrate aerosol levels.
Higher temperatures may also accelerate gas-phase reactions and increase oxidants, influ-
encing sulfate levels and the formation of non-sea-salt sulfate (nss-SO4

2−) aerosols [86,87].
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In these scenarios, aerosols are expected to contain a significant amount of PM10, largely
due to salt crusts, salt particles, and windblown dust. This coarse particulate matter may
include fragments of salt, mineral particles, and other debris, especially under conditions
of increased temperature and evaporation (Figure 6).
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Figure 6. Emission pathways of Salt Lake aerosols.

Wind stress and surface temperature are the primary influencers of Salt Lake aerosol
emission [88,89]. A notable study by Slade et al. [59] in 2009 explored substantial particle
generation from the surface of the Great Lakes, specifically over Lake Michigan. This
involved vertical profiling of submicron particle size distributions. The study revealed
significant increases in concentrations of ultrafine particles, with their source identified at
or near the lake surface. The observed correlation between Aitken mode aerosol concentra-
tion and temperature (Figure 7A) follows an exponential pattern. This suggests that the
particle formation observed is likely attributed to breaking waves along the lake surface,
influenced by both temperature and wind speed. Another study, which was focused on
the Western Antarctic Peninsula (WAP), analyzed satellite-retrieved marine aerosols over a
12-year period, using proxies such as the coarse-mode aerosol optical depth (AODC) and
marine aerosol optical depth (MAOD) across open ocean regions [90]. The study found
that the MAOD showed strong correlations with wind speed, indicating a relationship
between wind-driven aerosol production and open ocean conditions. Additionally, a sig-
nificant correlation with wind speed and a weak but notable correlation with sea surface
temperature (SST) were observed. These findings contribute to a better understanding of
marine aerosol dynamics in the unique environmental conditions of the Western Antarctic
Peninsula. Furthermore, a statistical analysis of a global dataset of airborne sea salt aerosol
(SSA) measurements, collected at 150 to 200 m above the ocean surface during the NASA
Atmospheric Tomography Mission, revealed that incorporating SST significantly improves
the predictability of observed SSA concentrations compared to using wind speed alone.
These results underscore the importance of including SST in SSA source functions in global
models to enhance our understanding of the atmospheric burden of SSA [91].
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Similar to the process of generating SSAs in saltwater, Salt Lake spray aerosols can be
generated through the entrainment of air bubbles by breaking water waves, followed by
the subsequent bursting of these bubbles on the water surface. Harb et al. [92] conducted
an experiment to develop a Lake Spray Source Function (LSSF) based on measurements of
foam area and the corresponding emission flux of lake spray aerosols in a Marine Aerosol
Reference Tank (MART). For comparative purposes, a Sea Spray Source Function (SSSF)
was also developed. These functions were then integrated into the Community Multiscale
Air Quality (CMAQ) model to simulate particle emissions from the surface of the Great
Lakes from 10 November to 30, 2016. The model outcomes indicated that the lake spray
aerosol emission flux from the Great Lakes could reach approximately 105 m−2 s−1 during
high wind-speed episodes (Figure 7(Ba–c)). Although these emissions increased the total
aerosol number concentrations in the region by up to 1.65% on average, their impact was
more substantial on coarse-mode aerosols, with a potential 19-fold increase in certain areas.
The model showed that aerosol loading was primarily concentrated near the source region
but could be transported up to 1000 km inland. Above the lakes, the lake spray aerosol
particles could reach the cloud layer, causing increases of up to 3% and 98% in total and
coarse-mode particle concentrations, respectively. This study is significant in quantifying
lake spray aerosol emissions and understanding their impact on regional aerosol loading
and cloud layers.

Many researchers have cited salt aerosol emissions from dried lakebeds influenced
by wind effects. A case study on Lake Urmia, which is undergoing rapid drying, exempli-
fies this wind erosion effect [93]. Threshold values for aerosol optical depth (AOD) and
the Ångström exponent were used to classify particle types over the Lake Urmia basin
(Figure 7(Ca–d)), revealing distinct monthly patterns for desert dust and marine aerosol
types. The relevance of dust events and background conditions in the basin highlights the
need for comprehensive assessments with observations and potentially different threshold
values [94]. From 2000 to 2021, dust storms increased the AOD550 above average around
Urmia Lake. The vertical profile of aerosols indicated the most significant contribution
to total aerosol loading over the lake at altitudes of 1.5–3 km, 1.5–4 km, 1.5–5 km, and
1.5–3 km during the winter, spring, summer, and autumn seasons, respectively [95]. Taking
the example of the Salton Sea in California as a natural experiment that is shrinking, it is
observed that each 0.3048 m decline in lake elevation corresponds to a 0.28 µg m−3 (2.6%)
increase in PM2.5 concentrations [96].

The increasing temperatures, wind speeds, and heightened evaporation associated
with climate change are contributing to a more arid environment. This aridity facilitates
wind action, which becomes a prominent factor in the enhanced production of aerosols
from Salt Lakes. As the salinity levels in the lakes rise, more salt-containing fine particles
will be formed and entrained into the air. In the Salt Lake region, the dust aerosols, often
containing salts and other minerals, become a significant component of the overall Salt
Lake aerosol load. In addition, changes in the Salt Lake ecosystem due to climate shifts
can impact biological processes therein. This will lead to modifications in the release of
biogenic compounds from algae, bacteria, and other microorganisms present in the water,
which further contribute to changes in the size, number, and chemical composition of Salt
Lake aerosols.

5.2. Impact of Climate Change on Chemical Composition of Salt Lake Aerosols

Climate change intricately links the chemical composition of Salt Lake aerosols to
the complex dynamics within these unique ecosystems. Rising temperatures and altered
precipitation patterns influence evaporation rates, impacting the concentration of dissolved
salts and subsequently shaping the aerosol composition. Extensive studies conducted
on saline lakes revealed a dominance of Na, Cl, and sulfate ions in larger lakes [97–99],
implying that the Salt Lake aerosols mainly consisted of NaCl and Na2SO4. Fluctuations
in the water levels and quality of saline waters lead to noticeable changes in the aerosol’s
chemical composition, potentially reflecting regional climatic shifts [100]. The elemental
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composition of particulate matter in the southeast and north of Lake Urmia identifies the
lake’s crustal soil as the primary source of NaCl; BaCl2; and elements such as Al, Ti, Ca, P,
Mn, K, F, and Si [101]. However, direct evidence of Lake Urmia’s involvement in regional
dust events is limited, partly due to the absence of air pollution monitoring stations near
the lake.

Saline dust storms represent a unique phenomenon, transporting significant quantities
of saline, alkaline, and potentially harmful particulate matter from dried lakebeds to
neighboring regions [102]. Strong winds carry large-scale aerosol particles predominantly
towards the downwind direction, impacting the atmospheric chemistry over the downwind
region. Wind speeds exceeding 8 m s−1 result in particle emission rates of approximately
106 m−2 s−1. In the Great Lakes region, the composition of these large-scale aerosol
particles is mainly dominated by CaCO3, which accounts for about 58% of the mass. These
particles also include components such as CaSO4, Ca(NO3)2, Na2SO4, NaCl, NaNO3, and
organic carbon (OC) [103]. Less than 24% of the mass fraction comprises elements with
anthropogenic origins [103]. Given that cations and other inorganic species constitute the
majority of large-scale aerosol emissions, they can potentially alter the thermodynamic
equilibrium of the local aerosol population.

Wind erosion significantly influences sediment emission and their chemical composition
from lake surfaces. A study conducted on QeHan Lake (114◦45′–115◦04′ E, 43◦22′–43◦29′ N),
a closed Salt Lake located in the northern part of the Otindag sandy land region on the
Inner Mongolia Plateau, examined aerosol particle emission and their chemical composi-
tion under wind erosion from two dried surfaces (permanently and intermittently dried
surfaces) [104]. It was found that the proportion of salt in the dust was higher for the
intermittently dried surfaces than for the permanently dried surfaces. The dust content
varied linearly with the height of the intermittently dried surface and exponentially with
the height of the permanently dried surface. The salt dust particles collected from both
surfaces were below PM10 in size, and the unit mass concentration of each ion (mainly
Na+, Cl−, and SO4

2−) in the salt dust was also higher for the intermittently dried surface
than for the permanently dried surface. The results indicate that salt dust emission is a key
factor in salt dust aerosol emission, particularly under the influence of wind speed.

As reported by Qingmin Meng [105], climate changes, especially local warming and
extreme weather including both precipitation and temperature, drive the dynamics of the
Great Salt Lake (GSL) surface levels. The annual increasing rate of 0.0313 in temperature
from 1971 to 2016 could result in more than 40% loss of its total water storage each year.
It can be deduced that climate change significantly impacts the chemical composition of
Salt Lake aerosols through various interconnected processes. Changes in temperature and
precipitation patterns alter evaporation rates, influencing the concentration of salts and
dissolved substances in Salt Lakes, and thereby shaping the aerosols’ composition during
evaporation. Shifts in salinity, resulting from climate-induced variations in freshwater
input and evaporation, affect the types and concentrations of salts in aerosols. Additionally,
climate-driven changes in wind patterns, soil moisture, and vegetation cover can influence
dust emissions from surrounding areas, introducing new chemical components to Salt
Lake aerosols. Furthermore, the impact of climate change on microbial activity within
Salt Lake ecosystems can lead to the production of organic compounds and gases, further
contributing to aerosol composition. These complex interactions underscore the interrelated
nature of climate change, hydrology, and aerosol chemistry in Salt Lake environments.

6. Health Effects of Salt Lake Aerosols

The inhalation of aerosols from Salt Lakes, formed from fine salt particles suspended in
the air, raises potential health concerns, particularly for respiratory and cardiovascular well-
being. Originating from dry lakebeds or Salt Lakes, these aerosols can cause respiratory
irritation and, in high concentrations, may lead to eye and skin discomfort. Research
focusing on air pollution from Salt Lakes’ saline flow resources has gained prominence. A
notable example is Lake Urmia, which has seen a significant increase in aerosol pollution
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over the past decade [106]. This concern is primarily linked to the extraction of deposited
salts from the exposed saline flows on the lakebed. Alizadeh et al. [107] reported an inverse
correlation between fluctuations in the water level of Lake Urmia and aerosol pollution.
They observed an increase in the mean aerosol optical depth from 2010 to 2019, reaching
0.42, and a significant post-2013 surge in the annual mean PM10 concentration (this value
is 15 µg m−3, from WHO global air quality guidelines [108]), peaking at approximately
876.13 µg m−3 in December 2015. It means that the decrease in the water level in Salt Lake
might lead to an increase in ambient particulate matter, likely making hazardous effects on
local people’s health. Harmful algal blooms (HABs), when whipped onto land by winds,
can spray aerosolized toxins directly into the upper respiratory tract. Backer et al. [109]
documented brevetoxins in nasal–pharyngeal swabs from people exposed to red tides. This
highlights the potential health implications of inhaling aerosolized HAB toxins during
such events (Figure 8). It is estimated that about 15% of asthma cases worldwide could be
attributed to inhaling aerosolized HAB toxins in coastal areas, while a 2012 red tide outbreak
in Florida was associated with approximately 11,000 hospitalizations and 4000 emergency
room visits.

The Aral Sea region experiences strong, salty winds about 10 times a year, leading
to the erosion of the dried lake bottom and the dispersion of large quantities of dust
in the surrounding area. As Glantz (1999) reported [110], inhaling airborne dust has
triggered various health problems, ranging from respiratory and skin issues to serious
pulmonary diseases. The escalating levels of salt and inorganic substances in the lake have
severe environmental impacts. Examining the effects of Salt Lake aerosols on Artemia
parthenogenetica, a small crustacean thriving in Siberian lakes, is crucial for understanding
the ecological impacts of elevated salinity levels [111]. A study investigating 27 populations
of Artemia delves into the relationship between aerosol-induced salinity variations, the
reproductive biology of Artemia females, and various biometric parameters [112]. With
salinity levels ranging from 50 to 265 g L−1 in the study lakes, the research reveals intriguing
patterns in shrimp biomass, cyst numbers, and brood characteristics across different salinity
gradients of 70–144 g L−1, shedding light on the intricate ecological dynamics of this unique
crustacean in response to aerosol-induced changes in its habitat.
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Though salt dust storms from Salt Lakes have deleterious effects on nearby popula-
tions, such as those living near the Aral Sea, some studies suggest potential health benefits
of Salt Lake aerosols, particularly in children [113]. Numerous studies have indicated that
salt-containing aerosols can damage the respiratory system, cardiovascular system, lungs,
liver, etc. However, there is contrasting evidence, including a study from the Aral Sea
region showing that children living nearby have a lower chance of suffering from lung
function injuries [113]. In China, there is direct evidence that Salt Lake aerosols are bene-
ficial for lung therapy, and the positive effects of salt vapor therapy have been discussed



Atmosphere 2024, 15, 212 18 of 26

in various studies. In the Occupational Disease Hospital of Xinjiang Uygur Autonomous
Region, Urumqi, China, the clinical efficacy and safety of salt rock aerosol in the treatment
of occupational pneumoconiosis were analyzed from 1 July 2018 to March 2010 [114]. A
total of 120 patients with occupational pneumoconiosis who were treated were randomly
selected as the main subjects. Twenty patients were in each group. The same basic treat-
ment was given separately, and the treatment group applied conventional intervention as
a basis for the treatment of rock salt aerosol, twice a day for 30 min. The results showed
that not only the percentage improvement of the above indicators in the treatment group
was significantly higher than that of the control group (p < 0.05), but also the cure time
was significantly short compared with the control group: (13.6 ± 2.1) days vs. (20.4 ± 2.2)
days, suggesting that, in the treatment options of occupational pneumoconiosis, the salt
rock aerosol therapy is a non-drug, safe, and nontoxic method. In another study, a total of
452 subjects from six hospitals were divided based on the multilevel hierarchical random
design [115]. The patients in the treatment group received “conventional comprehensive
treatment + rock salt aerosol therapy”. Rock salt aerosol therapy showed more of a signif-
icant effect compared with the routine method. The clinical symptoms tend to be stable
after two weeks of treatment with rock salt aerosol therapy. The curative effect increases
with the extension of the treatment time. Two-to-four weeks for one course of treatment
can improve the curative effect. It is concluded that rock salt aerosol therapy can effectively
improve the quality of life of pneumoconiosis patients, suggesting that it is a good treat-
ment and rehabilitation method for the prevention and treatment of pneumoconiosis; thus,
it is worthy of clinical application. Hu and Li (2021) [116] reported that, compared with
the routine clinical treatment, a routine clinical treatment such as bronchodilator combined
with rock salt aerosol could significantly improve the forced expiratory volume in the first
second (FEV1), the ratio of FEV1/Forced Vital Capacity (FVC), and other lung function
indexes, and the clinical total effective rate reached 95.0%, implying that the bronchodilator
combined with rock salt aerosol has outstanding clinical effect on the patients with pneu-
moconiosis and chronic obstructive pulmonary disease (COPD). A toxicological experiment
indicated that the rock salt aerosol intervention can delay the pathogenesis of silicosis by
improving the inflammatory response, regulating oxidative stress, and reducing interstitial
fibrosis of lungs [117]. This suggests, in the future, the need for a broader discussion on the
health effects of Salt Lake aerosols, incorporating large-scale epidemiological studies and
conducting detailed investigations. Different therapies, such as Halotherapy and Inhaled
Hypertonic Saline, are commonly used for treating respiratory disorders. Halotherapy
involves inhaling salty air to clear mucus, which is a thick and sticky material in the lungs,
nose, and other parts of the body, causing breathing problems. Inhaling salty aerosols
reduces mucus thickness because the moisture in Salt Lake aerosols helps in thinning
mucus (Figure 9). Inhaled Hypertonic Saline, a therapy involving the inhalation of a saline
solution with a higher salt concentration than typically found in the body, is commonly
used to manage certain respiratory conditions, particularly cystic fibrosis (CF) in younger
children. It is a well-established therapy for individuals with CF.

Atmosphere 2024, 15, x FOR PEER REVIEW  19  of  27 
 

 

 

Figure 9. Some possible health benefits of salt aerosols. 

7. Interactions between Salt Lake Aerosols and Climate Change 

Rising temperatures, shifting precipitation patterns, and increased evaporation asso-

ciated with climate change can disrupt the delicate balance of Salt Lake ecosystems. Miti-

gation strategies aimed at tackling climate change, such as reducing greenhouse gas emis-

sions and promoting sustainable practices, indirectly affect the dynamics of Salt Lake aer-

osols. Preserving the health of Salt Lake ecosystems necessitates adaptive measures and 

sustainable water management practices. The feedback loops between Salt Lake aerosols 

and the global climate system underscore the need for a comprehensive and interdiscipli-

nary approach to understand and address these interdependencies. A potentially signifi-

cant atmospheric change injurious to Salt Lakes involves the decrease in ozone concentra-

tion in the atmosphere’s upper strata [29]. This decrease is crucial, as it leads to increased 

penetration of ultraviolet radiation, which can adversely affect biota if excessive. Ultravi-

olet radiation (UV-B) is rapidly absorbed in the upper layers of water in lakes, but in shal-

low lakes, such as many temporary Salt Lakes, absorption may be minimal before impact-

ing the biota. Lake Cantara South, a shallow Salt Lake in South Australia, is one example 

of a lake likely to be affected in this manner. 

Lake-surface water temperature and evaporation are closely interlinked and contrib-

ute to increased aerosol emissions. The surface water temperature of European lakes has 

risen by +0.32 °C per decade from 1973 to 2014 [118]. Projections suggest that the antici-

pated rise in air temperature could lead to an 8% net increase in evaporation rates in Aus-

tralian reservoirs by 2040, compared to the 1991–2010 average [17]. Additionally, regional 

climate models predict a potential 10% reduction  in water supply from Brazilian reser-

voirs by 2100 due to increased evaporation [119]. In a study examining the influential fac-

tors of climate change, namely evaporation and lake surface temperature, on the saline 

Lake Qarun, Elaf et al.  [120] used data from climate reanalysis and remote sensing da-

tasets, specifically ERA5 and MODIS11A1. This study revealed that the minimum annual 

evaporation rate was 143.5 cm year−1  in 1983, while the maximum evaporation reached 

187 cm year−1 in 2016, averaging an increase of 35 mm per decade. The researchers devel-

oped a model that offers a reliable and less time-consuming approach for estimating lake 

evaporation compared to traditional methods and field estimates. Additionally, the study 

noted an increase in the lake’s surface temperature over the 19-year period, with an aver-

age rise of 0.4 °C per decade. In the past two decades, the lake’s surface temperature fluc-

tuated between approximately 31.9 °C and 33.9 °C, with the minimum value recorded in 

2003 and the maximum in 2018. These variations in lake surface temperature and evapo-

ration might be attributed to the impacts of climate change. 

The dynamics of aerosols play a crucial role in atmospheric processes. While marine 

aerosols have received considerable attention, there are intriguing parallels with aerosols 

Figure 9. Some possible health benefits of salt aerosols.



Atmosphere 2024, 15, 212 19 of 26

7. Interactions between Salt Lake Aerosols and Climate Change

Rising temperatures, shifting precipitation patterns, and increased evaporation as-
sociated with climate change can disrupt the delicate balance of Salt Lake ecosystems.
Mitigation strategies aimed at tackling climate change, such as reducing greenhouse gas
emissions and promoting sustainable practices, indirectly affect the dynamics of Salt Lake
aerosols. Preserving the health of Salt Lake ecosystems necessitates adaptive measures and
sustainable water management practices. The feedback loops between Salt Lake aerosols
and the global climate system underscore the need for a comprehensive and interdis-
ciplinary approach to understand and address these interdependencies. A potentially
significant atmospheric change injurious to Salt Lakes involves the decrease in ozone con-
centration in the atmosphere’s upper strata [29]. This decrease is crucial, as it leads to
increased penetration of ultraviolet radiation, which can adversely affect biota if excessive.
Ultraviolet radiation (UV-B) is rapidly absorbed in the upper layers of water in lakes, but
in shallow lakes, such as many temporary Salt Lakes, absorption may be minimal before
impacting the biota. Lake Cantara South, a shallow Salt Lake in South Australia, is one
example of a lake likely to be affected in this manner.

Lake-surface water temperature and evaporation are closely interlinked and contribute
to increased aerosol emissions. The surface water temperature of European lakes has risen
by +0.32 ◦C per decade from 1973 to 2014 [118]. Projections suggest that the anticipated
rise in air temperature could lead to an 8% net increase in evaporation rates in Australian
reservoirs by 2040, compared to the 1991–2010 average [17]. Additionally, regional climate
models predict a potential 10% reduction in water supply from Brazilian reservoirs by 2100
due to increased evaporation [119]. In a study examining the influential factors of climate
change, namely evaporation and lake surface temperature, on the saline Lake Qarun,
Elaf et al. [120] used data from climate reanalysis and remote sensing datasets, specifically
ERA5 and MODIS11A1. This study revealed that the minimum annual evaporation rate
was 143.5 cm year−1 in 1983, while the maximum evaporation reached 187 cm year−1 in
2016, averaging an increase of 35 mm per decade. The researchers developed a model
that offers a reliable and less time-consuming approach for estimating lake evaporation
compared to traditional methods and field estimates. Additionally, the study noted an
increase in the lake’s surface temperature over the 19-year period, with an average rise
of 0.4 ◦C per decade. In the past two decades, the lake’s surface temperature fluctuated
between approximately 31.9 ◦C and 33.9 ◦C, with the minimum value recorded in 2003 and
the maximum in 2018. These variations in lake surface temperature and evaporation might
be attributed to the impacts of climate change.

The dynamics of aerosols play a crucial role in atmospheric processes. While marine
aerosols have received considerable attention, there are intriguing parallels with aerosols
derived from Salt Lakes. Saline aerosols can act as seeds for cloud droplet production,
altering cloud properties and influencing solar radiation [121]. Similarly, Salt Lake aerosols,
which include salt particles, possess characteristics that can contribute to cloud dynamics
and radiative effects in a manner analogous to marine aerosols. Globally, increases in
tropospheric chlorine (Cl) and bromine (Br) concentrations (20–40%) were observed, leading
to a decrease in ozone levels (−3 to −6%) and a subsequent decrease in the hydroxyl radical
(·OH) concentration (−3 to −5%), resulting in an extended methane lifetime (3–6%). While
the study’s findings suggest that the chemistry of Salt Lake aerosols has a minor impact
on total radiative forcing compared to sea salt aerosols (approximately 2%), it may have
potential implications for surface ozone pollution in the Salt Lake regions [122]. The
primary objective of such geoengineering methods is to reduce temperatures by reflecting
sunlight away from the Earth. The release of halogens from sea salt particles and Salt Lake
aerosols is an important aspect to consider. Examining Salt Lake aerosols, their composition,
and their potential impacts on atmospheric chemistry could provide valuable insights into
their role as contributors to aerosol-induced alterations in the Earth’s energy balance and
atmospheric composition.
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Sulfate aerosols, which result from the oxidation of dimethyl sulfoniopropionate
(DMSP), a compound produced by various species of phytoplankton, play a significant
role in influencing atmospheric radiation effects, as highlighted in a study [123] (Figure 10).
These aerosols contribute to cloud albedo by becoming a component of clouds and serving
as cloud condensation nuclei (CCN). A study investigating the influence of dimethyl sulfide
(DMS) emissions at higher altitudes of 12 km and under varying boundary conditions
focused on contrasting seasons, specifically winter (February) and summer (July). The study
found that DMS emissions lead to sulfate enhancements across the entire oceanic expanse
at different altitudes, as shown in Figure 10a,b. In February, DMS emissions elevate surface-
layer sulfate levels by approximately 0.2 µg m−3, while in July, this enhancement increases
to about 0.4 µg m−3. Notably, these emissions consistently yield higher sulfate levels in
summer compared to winter. The impact of DMS-induced sulfate enhancements is most
pronounced at the surface and gradually diminishes with altitude, reaching approximately
10–20% at around 5 km. As a result, DMS emissions augment sulfate concentrations in the
surface layer (Figure 10c) and have an impact aloft; however, the effect is more restrained
in the lower troposphere. DMS was found to increase mean annual sulfate concentration
over both seawater and land, with a larger impact observed over seawater [124].
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8. A Compendium of Findings and Future Recommendations

The conclusion of this review article highlights several key points regarding Salt Lake
aerosols. These unique lakes, characterized by a salt concentration exceeding 3.5%, are
mainly located in drought-prone zones worldwide and accumulate diverse salts, including
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sodium, chloride, and sulfate. Notably, lakes such as the Caspian Sea, Owens Lake, and
QeHan West Lake are significant contributors to aerosol emissions, with Owens Lake
being particularly recognized for its role in wind-driven dust emission in the USA. The
exposure and drying of saline flows, as exemplified by Lake Urmia, lead to substantial
aerosol pollution, a phenomenon exacerbated by climate change-induced alterations in
precipitation patterns and evaporation rates. The hygroscopic nature of these aerosols,
coupled with the emission of sulfate aerosols, imparts light-scattering properties and a
cooling effect. In addition, Salt Lake aerosols can be generated from the breaking of wind-
driven waves at the lake surface. Their morphology and chemical composition are closely
related to both abiotic and biotic components of lake water. Apart from inorganic ions,
these include organic substances and microcystins produced by certain cyanobacteria or
green alga species and artemia salina. Sometimes, harmful algal blooms can occur in some
Salt Lakes, leading to algal toxins produced and transported.

The review highlights a marked increase in aerosol emissions linked to rising temper-
atures and intensified evaporation, impacting Salt Lake ecosystems. Dust emission from
dry lakebeds has become a primary source of aerosols. Rising temperatures and changing
precipitation patterns can influence the salinity of Salt Lakes, thereby affecting aerosol
composition. Higher salinity levels can lead to the formation of fine particles that can
be entrained into the air. Additionally, changes in lake ecosystems may affect biological
processes, releasing biogenic compounds from algae, bacteria, and other microorganisms,
which further contribute to the aerosol’s chemical composition. The inhalation of Salt
Lake aerosols derived from lake water or from fine salt particles suspended in the air
during salt-dust storms raises potential health concerns, particularly regarding respiratory
and cardiovascular disease and eye and skin discomfort. However, the rock-salt aerosol
therapy is thought to be a good treatment and rehabilitation method for the prevention
and treatment of pneumoconiosis and COPD since it can effectively improve the quality of
life of pneumoconiosis patients and can delay the pathogenesis of silicosis by regulating
oxidative stress and reducing interstitial fibrosis of lungs. It means that the effects of Salt
Lake aerosols on health need further observing and researching.

In conclusion, our review contributes to the growing body of knowledge surrounding
global Salt Lake aerosols under climate change. It emphasizes the interconnectedness of
climate changes, chemical composition, and health aspects, advocating for a comprehensive
and practical approach to address the challenges faced by Salt Lake aerosols in an ever-
changing global climate.
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