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Abstract
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Mineral dust aerosols impact the energy budget of Earth through
interactions with radiation, clouds, atmospheric chemistry, the
cryosphere and biogeochemistry. In this Review, we summarize these
interactions and assess the resulting impacts of dust, and of changes
in dust, on global climate and climate change. The total effect of dust
interactions on the global energy budget of Earth — the dust effective
radiative effect —is —0.2 + 0.5 W m™(90% confidence interval),
suggesting that dust net cools the climate. Global dust mass loading
hasincreased 55 + 30% since pre-industrial times, driven largely by
increases in dust from Asia and North Africa, leading to changesin the
energy budget of Earth. Indeed, thisincrease in dust has produced a
global mean effective radiative forcing of —0.07 + 0.18 W m 2, somewhat
counteracting greenhouse warming. Current climate models and
climate assessments do not represent the historical increase in dust
and thus omit the resulting radiative forcing, biasing climate change
projections and assessments of climate sensitivity. Climate model
simulations of future changes in dust diverge widely and are very
uncertain. Further work is thus needed to constrain the radiative
effects of dust on climate and to improve the representation of dust

in climate models.
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Introduction

Mineral dust aerosols are small rock-derived particles suspendedin the
atmospherewith diameter, D, <-100 pm (refs.?). Most dust is produced
by the ballistic impacts of wind-driven sand grains on sparsely veg-
etated and dry soils’, ejecting and fragmenting soil particles™*. Owing
to these mechanical impacts, dust is a relatively coarse aerosol, with
most of its mass contained in the coarse (D > 2.5 pm) and super-coarse
(D>10 pm) size ranges*®.

Dust is produced in copious amounts in the deserts of the world,
with a total atmospheric loading of -26 million tonnes, constituting
a large majority of the atmospheric aerosol burden by mass”®. The
SaharaDesert and the Sahel contribute ~50% of global dust emissions
(2,100 Tg per year) and mass loading (-13 Tg), the Asian deserts con-
tribute ~40% (-2,000 Tg per year and ~10 Tg) and the North American
and SouthernHemisphere deserts and high-latitude regions contribute
another ~10% (-500 Tg per year and -3 Tg)*"° (Fig. 1). Although much
of the dust is deposited close to source regions, a substantial frac-
tion is transported vast distances. For example, plumes of African
dust regularly travel across the tropical North Atlantic, reaching the
southwestern USA and the Amazon Basin".

Theabundance and long-range transport of dust cause it toimpact
climate through various mechanisms. During transport, dust scat-
ters and absorbs solar shortwave (SW) and terrestrial longwave (LW)
radiation”?, modifies cloud properties through seeding cloud droplets
and ice crystals™", mixes with other aerosols®” and serves as a sink for
radiatively important atmospheric trace gases” '*, On deposition, dust
darkens snow and ice packs'**° and stimulates ecosystem productivity

and CO, drawdown through the delivery of iron and phosphorus?.
These mechanisms both cool and warm the climate system™>?, the
net effect of which is uncertain. Accordingly, the sign and magnitude
of radiative perturbations arising fromincreases in dust since the pre-
industrial era”** are also uncertain, meaning thatitisunknownwhether
dust changes have enhanced or opposed anthropogenic warming.

Inthis Review, we examine the impacts of dust, and of changesin
dust, onglobal climate and climate change. We first summarize the vari-
ous mechanisms through which dustimpacts the radiation budget of
Earthand assess the radiative effect produced by each mechanism. We
thenconstraintheincreaseindustloadingsince pre-industrialtimesand
assess theradiative perturbation produced by this historical increase
in dust. We further discuss the radiative perturbation arising from
possible future changes in dust, before ending with recommendations
for future research priorities.

Mechanisms by which dust impacts climate
Dust perturbs the energy balance of the Earth through various mecha-
nisms. In each case, aradiative effect is produced, defined as the imbal-
ance between incoming net solar radiation and outgoing infrared
radiation atthetop of atmosphere (TOA), resulting from the presence
of an atmospheric constituent (in this case, dust)?. These effects can
be eitherinstantaneous, such as scattering and absorbing SW and LW
radiation, or an adjustment, such as altering cloud cover?®.

We calculate the radiative effect in the modernclimate from mech-
anism i, r;(W m™), as the change in the energy balance of the Earth,
Af;(Wm™), produced per change in global dust mass loading from
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Fig.1|Sources and sinks of dust in the global dust cycle. Emission fluxes
(blue arrows) from the main dust source regions of the world, and deposition
fluxes (orange arrows) in regions where dust impacts surface albedo or
biogeochemistry. Fluxes are for dust with geometric (volume-equivalent)
diameter up to 20 um and are based on constraints for 2004-2008 (ref. **);
emissions from high-latitude regions are not included. Shading represents
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dryland classification on the basis of the aridity index (Al): hyper-arid regions

(Al < 0.05; red shading), arid regions (0.05 < Al < 0.20; orange shading), semi-
arid regions (0.20 < Al < 0.50; light-brown shading) and dry subhumid regions
(0.50 < Al < 0.65; purple shading)**. Most dust is emitted from drylands in North
Africaand Asia, collectively known as the ‘dust belt’.
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modernlevels, AL;(Tg), multiplied by the global modern dust loading,
L (Tg). Thatis,

ar,

AL 1)

I

Thesum of all radiative effects then equals the effective radiative effect
of dust, R(W m™), which includes instantaneous radiative effects and
adjustments®”:

R=2,1 @
Equations (1) and (2) define the dust effective radiative effect such that
itcanbeusedtoobtainthe radiative perturbation, AF, owing toachange
industloading, AL, fromits value in the modern climate:

AL
AF=R="

I 3

The effective radiative forcing of dust arising from the change in dust
mass loading over pre-industrial to modern times, AL canthenbe
defined as

p>m

ALy,
L

AF, (4)

pom=R

Use of the term radiative forcing here deviates slightly from previ-
ouswork®*?, inwhichitdenotes radiative perturbations entirely from
anthropogenic forcing agents. However, because dust is a natural
aerosol affected by climate changes and human land-use changes,
aradiative perturbation from historical changesin dust can be partially
related to human land-use changes (aforcing) and natural and anthro-
pogenic climate changes (a feedback). These two contributions are
difficult to disentangle, and so the entire radiative perturbation aris-
ing from historical changes in dust is referred to as the dust effective
radiative forcing.

Radiative effects from dust arise through interactions with
radiation, atmospheric chemistry, clouds, the cryosphere and
biogeochemistry (Fig.2). Each of these mechanisms are now discussed.

Interactions with radiation

The best understood mechanism by which dust impacts climate is
through the dust direct radiative effect (DRE), the perturbation of
the energy balance of Earth by scattering and absorption of radiation
(Fig. 2a). As dust sizes vary from ~-0.1to 100 pm?, it interacts with SW
(centred around 550 nm wavelength) and LW (centred around 10 pm
wavelength) radiation®>*,

The sign and magnitude of the dust DRE depend on the balance
between these interactions. For instance, scattering of SW radiation
coolsthe climate, whereas SW absorption warms the climate; the over-
all net effect is cooling”®. By contrast, scattering and absorption of LW
radiation warms the climate as both decrease the transparency of the
atmosphere to terrestrial LW radiation®. Thus, the balance between
cooling from SW scattering and warming from SW absorption and LW
scattering and absorption dictate the dust DRE.

For SW radiation, the balance between scattering and absorption
isinfluenced by dust particle size. Absorption increases more strongly
with particle size than scattering, and so the single-scattering albedo
(SSA, the ratio of scattered radiation to total extinguished radiation)

decreases with particle size. Indeed, submicron dust has an SSA close
to 1, whereas supermicron dust absorbs a substantial fraction of the
extinguished radiation, exhibiting SSAs of -0.95 at D=2 pm, ~0.80 at
D =10 pm and even lower for super-coarse dust**.

However, the exact SSA of dust aerosols depends on their complex
refractive index, determined by particle mineralogy°. Absorption
increases approximately linearly with iron oxide content, primarily
provided by hematite and goethite®*. Dust optical properties can also
be affected by mixing with other aerosols, especially black carbon®.
Observations suggest that this mixing has alimited impact on the opti-
cal properties of most African dust***, but could substantially affect
those of East Asian dust™,

Although dust particle size and mineralogy determine the balance
between SW scattering and absorption, the efficiency with which these
processes perturb the TOA radiative flux depends on the albedo of
the underlying surface. Indeed, the cooling effect of SW scattering is
enhanced ifthe dustis situated above dark (low albedo) surfaces, such
astheoceanandforests, that would otherwise absorb most of the radia-
tion®. Conversely, the warming effect of SW absorptionis enhancedif
the dust is situated above clouds or above high albedo land surfaces,
suchassnow, iceand deserts, that would otherwise scatter most of the
radiation back to space*®*.

Dust microphysical properties and mineralogy alsoinfluence the
extinction of LW radiation. For example, with its longer wavelengths,
LW radiation is extinguished primarily by coarse dust**>*’, The sen-
sitivity of LW extinction to mineralogy is less important than for SW
interactions owing to the smaller variability in LW optical properties
between minerals and because LW scattering and absorption both
warm the planet®*+***,

The efficiency with which dust extinction of LW radiation perturbs
the TOA radiative flux also depends on the transparency of the atmos-
phere to LW radiation and the elevation of the dust layer. Indeed, the
TOA flux is only substantially impacted if the atmosphere is at least
somewhat transparent to LW radiation, asis the case in the absence of
cloudsinthe~8-13 pm‘atmospheric window>*. Furthermore, because
LW emission depends on temperature, LW warming depends on the
temperature difference between the dust layer and the source of
the LW radiation — usually the surface or clouds below the dust layer.
In addition, the transparency of the atmosphere to LW radiation
decreaseswiththe concentrationof watervapourandthusincreaseswith
height. Assuch, dust warming by LW extinctionincreases approximately
linearly with the height of the dust layer®>**#>4¢,

Although the processes by which dust interacts with SW and LW
radiation arerelatively wellunderstood, the resulting radiative effects
are poorly constrained. For dust interactions with SW radiation, cen-
tral estimates of SW DRE are —0.40 W m™ (-0.10 to —0.70 W m 2, 90%
confidenceinterval)”"*-! (Fig. 3); these estimates are based on assess-
ments that used optical properties and dust size distributions thatare
consistent with experimental constraints*®”*%**3>% The wide range
reflects substantial uncertainties in the dust size distribution” and
optical properties**.

Best estimates of LW DRE are +0.25 W m2with arange of +0.10 to
+0.40 W m™2 (refs. 7>1#447-0) (Fig. 3); these estimates use realistic opti-
cal properties**and size distributions that are consistent with satellite
constraints onthe LW DRE****, The range reflects uncertainties in dust
LW optical properties*, the height of dust plumes**°, the dust size
distribution and contribution of super-coarse dust***”**and the effect
of LW scattering by dust (the latter is neglected in climate models®*
andis sometimes accounted for using asimple correction factor”?#+°),
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Fig.2|Mechanisms through which dustimpacts climate. a, Dust direct
interactions with shortwave (SW; yellow) and longwave (LW; red) radiation.

b, Dustinteractions with atmospheric chemistry and their corresponding
warming or cooling effects. ¢, Dust indirect effects on warm clouds via
modifications to cloud condensation nuclei (CCN) and cloud droplet number
concentration (CDNC). d, Dust indirect effects on mixed-phase clouds via
changes in the partitioning of cloud water between liquid and solid phases.

e, Dustindirect effects on cirrus clouds, separated by the dominantice crystal
formation mechanismin the absence of dust, occurring through dust changing

the number and size of ice crystals. f, Dust semi-direct effect (SDE) on low
clouds, separated by location of dust relative to clouds, owing to local heating
generated by dust absorption. g, Radiative effects of dust deposited on snow
and ice through changes in reflectivity and absorption. h, Effect of dust on CO,
drawdown via interactions with ocean biogeochemistry. Dust affects climate
through a wide range of mechanisms that alternately cool and warm the climate,
making the magnitude and sign of the net radiative effect of dust on climate
uncertain. Parts d and e adapted with permission from ref. >, Annual Reviews.

It is thus unclear whether the dust DRE exerts a net cooling or
warming effect. Combining the SW and LW DRE yields a net dust DRE of
-0.15+0.35 W m?, consistent with other calculations™***~*° (Fig. 3).
Assuch, the dust DRE could either slightly warm or substantially cool
the planet, or it could have little net impact. We assign medium con-
fidence to this assessment owing to the large body of research and
availability of satellite-based constraints.

Interactions with atmospheric chemistry

Dust affects atmospheric chemistry through interactions with atmos-
pherictrace gases and aerosols. Although freshly emitted mineral dust
isconsideredinsoluble, itis reactive towards trace acidic gases derived
from anthropogenic pollutants and seasalt. Mineral dust particles are
notably associated with nitrate>*®, Nitric acid interacts with the non-
volatile mineral cations of dust, forming salts to maintain the charge
balance in the aerosol phase®’. The uptake of such acidic vapours is
rapid owing to simple acid-base interactions with carbonates and
other minerals®’. Over continents, suchinteractions of mineral cations
with anthropogenic sulfuric acid cause the accumulation of substantial
amounts of sulfate on dust surfaces®'. By contrast, over oceans, mineral
cations are commonly associated with chloride derived from sea salt®.

Mineral dust also provides surfaces for the adsorption of inorganic
(notably SO,, NO, and O,) and organic trace gases'®, influencing the
optical properties, hygroscopicity and atmospheric residence time of
dust and anthropogenic aerosols. Therefore, dust particles provide a
substantial sink for the direct removal ofimportant atmospheric con-
stituents such as O,, affecting the oxidative capacity of the atmosphere
and ozone radiative forcing®***. Dust particles also provide reaction
sites for the oxidation of SO, to sulfuric acid® and for the formation of
nitrousacid through heterogeneous reactions of NO, (ref. °°). However,
given that acid anhydrides do notinitially contain any acidic protons®°,
such heterogeneous formation of salts occurs at a much slower pace
than through the direct uptake of acidic vapours. Additionally, high
pH values on alkaline mineral particles can promote the formation of
ammonium nitrate on their surface®”®, These dust-gas interactions
transformthe surface and even the bulk chemical composition of dust
particles®®’°. This chemical processing is highly dependent on the gas
phase composition and the dust chemical composition®*”, the latter
influenced by source soil mineralogy”.

The chemical ageing of dust through these reactions creates a
soluble coating that increases hydrophilicity, which in turn affects
dust residence time and interactions with clouds. For example, the
interaction of a calcite-containing dust particle with nitric acid converts
the insoluble calcium carbonate to the highly hygroscopic calcium
nitrate’. The enhanced hygroscopicity increases water adsorption
efficiency, accelerating growth under humid conditions, thus causing
more efficient cloud droplet formation and extinction of radiation. On
the contrary, increased water uptake by the large, aged dust particles

depletes in-cloud supersaturation, thereby reducing the number of
smaller anthropogenic particles that areactivated and grow into cloud
droplets™. Chemical ageing of mineral dust can further reduce its
ice-nucleating ability™.

These heterogeneous and multiphase reactions affect the atmos-
phericloading of both dust and non-dust aerosols. Nitrate formation
associated with the mineral cations removes nitric acid from the gas
phase, decreasing the formation of ammonium nitrate aerosols>’.
Similarly, sulfate formation on dust decreases SO, abundance and
thus the formation of sulfate aerosols”. As such, dust can reduce the
concentration of anthropogenic cloud condensation nuclei (CCN) by
adsorption of precursor gases and coagulation with anthropogenic
aerosols. The hygroscopic growth of aged dust can also increase its
scavenging and deposition rate, reducing its atmospheric residence
time and loading'®”. However, modelling suggests that these effects
enhance the total accumulation mode dust burdenthroughareduced
loss by coagulation with coarse dust particles™.

The physicochemical interactions of mineral dust with atmos-
pheric composition thus influence the direct and indirect radiative
forcing of dust and non-dust aerosols (Fig. 2b). These effects can
be negative or positive depending on the region and the prevail-
ing impacts on aerosol loading and composition'®". For example,
the enhanced burden of the accumulation mode dust aerosols and the
decreased absorption of SW radiation owing to the modified aerosol
composition have been linked to a net cooling effect of -0.05 W m™
(ref.’®). However, observations of dust during transport indicate that
thessize distribution of dust with diameters <5 pm remains remarkably
constant and that the optical properties change little®***”. Moreover,
a critical effect of heterogeneous chemistry on dust surfaces is to
reduce the atmospheric loading of anthropogenic aerosols, thereby
decreasing their direct radiative cooling, resulting in a net warming
of +0.12to +0.20 W m2 (refs. 77%77),

Overall, theimpact of dust interactions with atmospheric chemis-
try onthe aerosol DRE is highly uncertain. The resulting radiative effect
isassessedat 0.10 + 0.15 W m (Fig. 3), encompassing the possibility of
slight cooling' as alower bound and larger warming'”*”” as an upper
bound. We assign very low confidence to this assessment.

Interactions with clouds

Dust particlesinfluence clouds by changing the thermodynamic envi-
ronment and by serving as CCN and ice-nucleating particles (INPs).
Radiative perturbations produced by dust effects on warm clouds,
mixed-phase clouds, cirrus (ice) clouds and by semi-direct effects
(SDEs) are now discussed.

Dust indirect effects on warm clouds. There are three main pathways
through which dust particles affect warm clouds: increasing the con-
centration of CCN, with unprocessed mineral dust possessing amodest
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Fig. 3| Global mean radiative effects and forcing of dust at the top of
atmosphere. Dust-related perturbations to the radiation budget through
direct radiative effects, dust-mediated cloud radiative effects (pink bars),
other radiative effects (green bars), their sum (effective radiative effect;
purple bar) and the proportion of the latter linked to dust increases since
pre-industrial times (effective radiative forcing; orange bar). Error bars
denote the 90% confidence range. The level of scientific understanding
describes confidence in the assessment of each radiative effect, following
past practice”. The global mean dust effective radiative effect and radiative
forcing are uncertain in sign and magnitude, but are more likely to cool the
climate than to warm the climate. SW, shortwave; LW, longwave.

ability to act as CCN’®”’, further enhanced by ageing®’; reducing the
concentration of non-dust CCN through coagulation and adsorption
of precursor gases; and acting as giant CCN, forming cloud droplets at
relatively low supersaturation and thus depleting water vapour such
that overall cloud droplet formation is suppressed.

These different pathways have opposing effects: the firstincreases
cloud droplet number concentrations (CDNCs), enhancing cloud
albedo and lifetime and producing a net cooling effect. By contrast,

the second and third pathways reduce CDNC, and thereby cloud albedo
and lifetime, producing a net warming effect (Fig. 2c). Some modelling
suggests that the pathways that lower CDNC dominate, decreasing the
global mean CDNC by as much as 11% (ref. '*). However, most modelling
indicates that dust slightly increases global mean CDNC abundance,
albeit with large differences in magnitude®*"*2, For example, global
simulations with CAMS (ref. *?) suggest that a threefold increase in dust
emissions increases CDNC by ~1%, which in turn produces a negative
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forcing of —0.01 W m™. Such aneffect is supported by estimates based
on satellite observations®.

Although the net global effects of dust on warm clouds are con-
tradictory, there is broad agreement that the sign and magnitude of
the dust contribution to CDNC are highly heterogeneousin space and
time'*?, Given this disagreement and the relatively sparseresearch, the
corresponding perturbation to TOA radiation budget of Earth through
changesto liquid clouds s likely to be negative but close to zero, with
anuncertainty range of —0.10 to +0.10 W m2 (Fig. 3). This assessment
is based on scaling the estimates of CDNC changes***"%? with the
forcing estimate per change in CDNC?. We assign low confidence to
this assessment.

Dust indirect effects on mixed-phase clouds. Although the ability
of dust to act as CCN is somewhat ambiguous, their ice-nucleating
ability is undisputed®*®. Dust particles are efficient INPs, including in
theimmersion mode (freezing cloud droplets fromwithin) relevant to
mixed-phase clouds. Mixed-phase clouds have temperatures between
approximately-38 and 0 °C, consisting of supercooled liquid droplets,
ice crystals or a mixture of both. As such, they are generally optically
thick and efficiently reflectincoming SW radiation with a cooling effect.
However, their optical thickness also allows absorption of virtually all
outgoing LW radiations, reducing the amount of LW radiation emitted
to space and so causing a warming effect. The SW effect dominatesin
the global mean®.

In an INP-limited (pristine) environment, mixed-phase clouds
will be optically thick and usually have liquid cloud tops®, with only
smallamounts of ice residing in the cloud interior or below cloud base
(Fig. 2d). By contrast, in a dust-enriched environment, mixed-phase
clouds will be partly or completely glaciated depending on the dust
abundance and INP efficiency. This cloud glaciation resultsinan over-
all reduction of cloud albedo and thus a positive (warming) radiative
effect (Fig. 2d).

Anincreasein dustloading therefore probably producesawarm-
ing effect by reducing the cooling effect of mixed-phase clouds.
Modelling of these effects generally agree qualitatively but differ
quantitatively. For example, global simulations with E3SM® found
TOA radiation budget perturbations owing to the total atmospheric
dustloading of +0.05t0+0.26 W m ™2 For comparison, CAMS5 estimates
thatgoing fromavery pristine state with only 10% of current dust emis-
sions to present-day dust emissions induces a perturbation of only
0.01-0.10 W m~2 through dust-INP effects on mixed-phase clouds?;
asthe atmospheric dustloading changeis smaller thanin E3SM, these
estimates are broadly consistent. These modelling results are further
supported by satellite observations, indicating that dust-enriched envi-
ronments tend to have mixed-phase clouds with alarger proportion of
ice than their dust-free counterparts®*°. Thus, a perturbation to the
TOA radiation budget of approximately 0.10 W mfrom dust effects on
mixed-phase clouds is supported, but with arelatively large assessed
uncertainty range of 0-0.20 W m™ (Fig. 3). We assign low confidence
inthis assessment owing to limited research.

Dust indirect effects on cirrus clouds. Dust particles are also the
dominant INP for the formation of cirrus cloud®** — pure ice clouds
residing in the upper troposphere at temperatures below approxi-
mately -38 °C. Inthese clouds, dust particles act as INPsin the deposi-
tionmode, in whichice nucleation occurs through vapour deposition,
possibly triggered by freezing of condensed water in dust particle
pores®. Cirrus clouds reduce emission of LW radiation to space more

effectively than they reflect SW radiation and thus have anet warming
effect’. Cirrus clouds form through homogeneous or heterogeneous
nucleation®. For homogeneous nucleation, small solution droplets
freeze spontaneously, requiring high supersaturation but no INPs,
typically resulting in high concentrations of small ice crystals'™. For
heterogeneous nucleation, crystals form on INPs, requiring modest
supersaturation but sufficient INPs, typically resulting in low concen-
trations of large ice crystals. The transition from homogeneous to
heterogeneous freezing is estimated to occur at INP concentrations
between10and 100 L (ref. **).

Theimpact of duston cirrus cloudsis highly dependent onwhether
non-dust INPs are present. In conditions that favour homogeneous
freezing (low INP concentration), additional dust shifts nucleation to
occurring heterogeneously, reducing the number of ice crystals and
increasing their size®” (Fig. 2e). This scenario would make cirrus clouds
optically thinner and reduce their lifetime. By contrast, in conditions
that favour heterogeneous freezing (high INP concentration), addi-
tional dust INPs would add ice crystals and reduce their size, making
cirrus clouds optically thicker and extend their lifetimes® (Fig. 2¢). Per-
turbationsto the TOA radiation budget would be oppositein these two
scenarios, and at present itis unclear which effect dominates globally.

However, model simulationsincorporating up-to-date laboratory
results of ice nucleation on dust particles”® generally find that adding
dust results in optical thinning of cirrus clouds. This thinning yields
large opposing perturbations to both LW and SW radiations at the
TOA, but the LW effect tends to dominate, producing net cooling®””.
Using CAMS5, the corresponding overall radiative effect is estimated
at -0.4 Wm™ (ref. ”’). However, simulations with a more moderate
dust change (going from 10% to 100% of the present emissions) with
amodified version of the same model* suggest a range from —0.32
to +0.05 W m™. Thus, the perturbation of the TOA radiation budget
owing to dust effects on cirrus clouds is assessed at —0.20 W m2, with
a90% confidence interval of —0.40 to +0.10 W m (Fig. 3). We assign
low confidence to this assessment because of inadequate research.

Dust semi-direct effects on clouds. Absorption of radiation by min-
eral dust also modifies the atmospheric temperature profile’®, chang-
ing atmospheric stability, moisture profiles and secondary circulations,
in turn altering cloud distributions®'°°. Given that dust accounts for
aboutathird of SWabsorptionby allaerosols, its contribution to these
processes, known as aerosol SDEs'”!, is crucial to quantifying the overall
dust effective radiative forcing'>'°*>, The magnitude of the dust SDE, and
whetheritresultsina positive or anegative radiative effect, is depend-
ent on two factors: the relative position of the dust and cloud layers
withinthe atmospheric column and the amount of radiation absorbed
by the dust layer®*'°°. When dust is located above boundary-layer
clouds, local heating stabilizes the boundary layer by strengthening
its capping inversion, increasing build-up of moisture in the bound-
ary layer. This increased moisture enhances cloud cover, resulting in
anegative SDE'°*'** (Fig. 2f). Conversely, when dust is located within
or near boundary-layer clouds, local heating results in a reduction of
relative humidity, evaporating the cloud and resulting in a positive
SDE'%'% (Fig. 2f). Finally, when dust is located below boundary-layer
clouds, local heating enhances convergence and available moisture,
increasing cloud cover and producing a negative SDE'**'”’ (Fig. 2f).
Radiationabsorption by dust also generates SDEs for mid-altitude
and high-altitude clouds. These SDEs involve compensation between
the warming effect by dust absorption (which tends to decrease
cloud cover) and an increase in moisture convergence (which tends
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toincrease cloud cover)®. Although enhanced moisture convergence
can overwhelm the warming effect, resulting in increased globally
averaged high-altitude cloud cover during the summer, the overall
annual-mean dust SDE is to decrease high cloud cover?'°s,

Understanding of dust SDEs assumes that dust, such as other
absorbing aerosols, warms the atmospheric layer in which they are
present'®’, This assumption is based on evidence that dust radia-
tive warming from SW absorption dominates over cooling from LW
emission"", However, the amount of coarse dust, which emits LW radi-
ation more strongly than fine dust, has likely been underestimated*”*>.
Because accounting for the observed abundance of coarse dust could
add substantial LW radiative cooling of the atmosphere®**, the
understanding of the different pathways through which dust can
semi-directly impact clouds remainsincomplete.

Owing to uncertainties in the pathways by which dust absorption
semi-directly influences cloud cover, a global observational estimate
of dust SDE is not currently available. Instead, observationally based
assessments have focused on dust-dominated regions'*®'*'"?, reveal-
ing negative (-1.2 + 1.4 W m?) annual dust SDE over the North Atlantic
Ocean'’. Scaling such observationally based regional dust SDE esti-
mates to global values is difficult, given strong spatial variability and
contrasting mechanisms for ocean and land”. In addition, accurate
retrievals of dust microphysical properties are lacking from global-
scale satellite and ground-based platforms'*®, making it difficult to
obtain global estimates of dust SDE.

Inthe absence of global observational estimates, climate models
have reported a net positive global annual-mean dust SDE' varying
between 0.01 and 0.16 W m~ depending on the model used®>">"™,
These positive SDE estimates are consistent with an overall decrease
incloud coverinthese simulations. Although model estimates of dust
SDE and cloud changes are thus relatively consistent, they could be
biased by unaccounted for uncertainties in dust absorption proper-
ties, the vertical distributions of dust and clouds, an underestimate
of LW radiative cooling by coarse dust and the parameterization of
cloud processes®***'°2, Therefore, on the basis of the above model
simulations, the dust SDE is estimated at 0.07 + 0.07 W m (Fig. 3),
but with low confidence.

Interactions with the cryosphere

Dust interactions with the cryosphere impact climate via dust DRE
and indirect radiative effect and by darkening snow and ice surfaces
after deposition (Fig. 2g). This dust-induced snow albedo effect
accelerates snow and glacier melting'>'™, triggering a strong, posi-
tive surface albedo feedback™. The dust-induced snow albedo effect is
influenced by dust concentration in snow" "8, dust optical properties
(asdetermined by its size distribution and chemical composition)"$",
dust-snow mixing state’?*'?!, snow grain size and shape'®’, snowpack
properties’?>'?* and illumination conditions"®'**,

Observations indicate strong heterogeneity in dust concentra-
tionsinsnow andice and thereby large variations in associated surface
radiative effects. For instance, the springtime dust-induced snow
albedo effectis <0.5 W m~2for the Arctic’>'**, up to 5 W mfor remote
mid-latitude snowpacks (such as the Tibetan Plateau)'*'*” and about
10-50 W m™ over polluted mid-latitude snowpacks (such as the US
Rocky Mountains)'*'*, Insome extremely polluted mid-latitude moun-
tains, the local instantaneous snow albedo effect can be as high as
100-300 W m2(refs. %), Owing to the stronger light penetration and
hence larger light absorption by dust in aged snow, the dust-induced
snow albedo effectis typically larger in aged snow thanin fresh snow”.

There are only limited estimates of the global annual-mean dust-
induced snow albedo effect, with a central forcing of +0.013 W m2and
a90% confidence interval of 0.007-0.03 W m (refs. 2719 (Fig. 3).
These estimates are associated with large uncertainties owing to com-
plicated and poorly constrained dust-snowpack-radiation interac-
tions. Indeed, variations in dust-snow mixing state, snow grainshape,
dust size distribution and dust chemical composition can cause up to
afactor of 2 uncertainty in the dust-induced snow albedo effect'**'?,
Limited knowledge of dust evolution within the snowpack also adds to
the uncertainty. Considering these uncertainties and limited global-
scale research, we assign low confidence to the dust-induced snow
albedo effect.

Interactions with biogeochemistry

Dust further influences ocean and land biogeochemistry, directly
through the addition of nutrients and pollutants to ecosystems and
indirectly through modifying precipitation, temperature and radia-
tion?. For instance, atmospheric deposition of dust onto oceans
provides iron, a limiting nutrient in high-nutrient low-chlorophyll
regions”"*? and for nitrogen-fixing organisms*"**. The deposition
of important soluble iron has increased since pre-industrial times
because of enhanced iron solubilization during transport®*, as well
as historical increases in dust. The resulting alleviation of iron limita-
tion increases ecosystem productivity, in turn lowering atmospheric
CO, concentrations and its radiative forcing (Fig. 2h).

These atmospheric inputs of iron to the ocean modulate eco-
system productivity and carbon sequestration on the timescale of
decades™*"*. Ocean biogeochemical models”"*® suggest that the
increased deposition of soluble iron over the twentieth century
resulted in the uptake of ~4 ppm of CO,, producing a radiative per-
turbation of —0.07 + 0.07 W m™ (refs. ?*%). As approximately half of
thisincreaseinsolubleiron was estimated to be due to asimulated ~40%
increasein dust over the twentieth century, the dust-biogeochemistry
radiative effectis estimated at—0.12 + 0.12 W m2(Eq. 1and Fig. 3); this
effectincreases over time, and so the radiative perturbationis depend-
entontimescale. As this estimate isbased on one study, confidencein
the assessmentis very low.

Dustalso contains phosphorus, alimiting nutrientin some tropi-
cal forests, grasslands'“'*' and ocean ecosystems”*'**, Indeed, phos-
phorus from North African dust might help maintain productivity of
the Amazon rainforest'*>. However, because inputs are thought to be
important on millennial timescales™*, any contribution to dust radia-
tive forcing since pre-industrial timesis likely negligible. Dust further
serves as a ballast, enhancing downward transfer of organic material
within the ocean; no quantitative estimates of these impacts in terms
of productivity or carbon uptake feedback are currently available'*>'*¢,
In addition, desert dust could include elements that can be toxic to
ocean or land ecosystems, such as Cu, but current estimates suggest
that this effect is notimportant to the radiation budget of Earth'"’.

The dust effective radiative effect

Todetermine the climaticimpact of past and future changes in atmos-
pheric dust, it is critical to assess the dust effective radiative effect,
R (Eq.2) —the sumof the various dust-related radiative effects (Fig. 3).
Many of these radiative effects oppose one another, resulting in a
median estimate of -0.2 W m~2and a 90% confidence interval of 0.7
to +0.3 W m™% note that some rapid adjustments were neglected in
this calculation, including responses by water vapour and the lapse
rate to dust DREs, but these adjustments are likely small**. As such,
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the net effect of dust on the global radiation budget of Earth could be
negligible, a substantial net cooling or a small net warming.

On regional scales and for different seasons, the dust effective
radiative effect can differ substantially from its global and annual
mean. This variability occurs because radiative effects are sensitive
to the spatiotemporal variability in dust concentration, microphysi-
cal properties (mineralogy and size distribution) and environmental
conditions (surface albedo and cloud cover). For instance, dust over
reflective deserts probably produces substantial warming given the
high dust concentration and coarse size distribution® and because
reflective surfaces reduce cooling produced by SW scattering and
enhance warming produced by SW absorption*®™*°, Similarly, dust likely
produces net warming over snow-covered and ice-covered regions,
given that the high surface albedo enhances warming produced by
dustabsorption of SW radiation and because dust deposition decreases
the surface albedo®”'". By contrast, dust over oceans usually produces
cooling owing to the finer dust and low ocean albedo in the visible
spectrum®. To determine the climate impacts of dust, it is thus critical
to constrain not only the global annual mean dust effective radiative
effect butalsoits spatiotemporal pattern.

Dust radiative forcing

Given that dust has a potentially large effective radiative effect,
changes in dust loading since pre-industrial times could have pro-
duced a substantial effective radiative forcing. Indeed, many deposi-
tionrecords reveal suchincreases in dust deposition, sometimesuptoa
quadrupling®°2_ These changes can be linked to climate change
and human land-use changes (Box 1).

Dust reconstruction

Combining 19 dust deposition records with constraints on the
modern-day dust cycle®*?, we reconstruct the evolution of global dust
massloading since pre-industrial times (Supplementary information).
Thisdustreconstructionuses bootstrap resamplingto propagate uncer-
tainties in the experimental deposition records and the constraints
on source region-resolved deposition fluxes to each deposition site;
nonetheless, errors should be interpreted as alower bound.

This reconstruction reveals that atmospheric loading of dust
with a volume-equivalent diameter <20 pm increased from19 + 6 Tg
inthe pre-industrial period (1841-1860) to 29 + 8 Tginthe modern cli-
mate (1981-2000), representing a 55 + 30% change (Fig. 4a). Although
substantial, this increase is less than the doubling of dust suggested
previously**?*. Asian dust is a large contributor to this global change,
increasing by 74 + 37% from 8 + 3t0 13 + 5 Tg (Fig. 4b).

North African dust changes are smaller, rising 46% (2-102%), from
10 +4to014 + 4 Tg (Fig. 4c). Dust alsoincreased 28% (-14 to 88%) in the
Southern Hemisphere, from 1.2 (0.6-2.2) to 1.6 (0.9-2.5) Tg (Fig. 4d).
For both African and Asian reconstructions, mass loading peaked in
the 1980s and decreased thereafter, consistent with long-term dust
concentration measurements, visibility records and satellite obser-
vations™*', Satellite observations further suggest that global dust
mass loading has been relatively stable since 2000, the end point of
the reconstruction, with notable regional trends such as in Central
and East Asia'®°.

This large historicalincrease in dust mass loading isinadequately
accounted for in current climate models and climate assessments.
Indeed, 12 CMIP6 models with prognostic dust cycles reveal little
change (2 +11%) in dust mass loading since pre-industrial times (Fig. 5).
If the dust increase was largely driven by natural and anthropogenic

24,150-152

Box 1

Drivers of the historical dust
loading increase

The large historical increase in dust (Fig. 4) can be linked to natural
and anthropogenic climate changes or human land-use changes®®.

Observations indicate that dust is highly sensitive to climate.
Indeed, dust increased two to four times between interglacial and
glacial periods®°®*” and has varied a similar amount in some regions
owing to twentieth-century climate variability'***>"*%, As such,
changes in aridity, vegetation cover and wind speed arising from
natural climate variability could have driven the long-term increase
in dust loading, at least in part, as suggested for North Africa’*"*>%¢,
Anthropogenic changes to climate and atmospheric composition
could have additionally affected dust loading through changes
to aridity and plant fertilization at desert margins®®.

Human land-use changes, primarily the increase in the fraction
of ice-free land area used for agriculture from ~9% in 1850 to ~35%
in 2000 (ref. #'°), could also have increased dust emissions. This
large-scale conversion of wildlands to agricultural land included
many semi-arid and arid regions, where land-use changes can result
in huge increases in dust emission®""®, Additional anthropogenic
contributions to dust emissions could be related to changes in
water management and the resulting drying of inland bodies
of water, as with Owen'’s Lake in California in the early twentieth
century?* and the Aral Sea in Central Asia?>?'®.

Modelling has been unable to determine whether this historical
increase in dust is primarily driven by climate or land-use changes.
Indeed, the fraction of the global dust burden in the current climate
emitted from anthropogenically disturbed sources ranges from
0% to 50% (refs. 7180205217219 "Gimjlarly, modelling of the effects
of changes in climate and CO, concentrations on dust loading vary
from a decrease of 20% to an increase of 60% (refs. '7#295220),

Although large uncertainties remain in how climate and land-use
changes have contributed to the historical increase in dust loading,
observational findings suggest that anthropogenic land-use change
was a key driver. First, the timing of increases in dust deposition in
various sedimentary records coincides with the rise of industrialized
agriculture in source regions®. Second, satellite observations
suggest that ~25% of modern dust emissions originate from regions
heavily impacted by human land use?®'. This finding implies that
human land-use changes have increased dust mass loading by
~33% since pre-industrial times, accounting for the majority of the
55+30% increase. Moreover, satellite observations indicate that
the fraction of dust emitted from anthropogenically disturbed
surfaces is substantially higher for Asian than for North African
source regions®”, qualitatively consistent with historical increases.
Nonetheless, additional work is needed to determine the exact
causes of the historical increase in dust for each of the main dust
source regions of the world.

climate changes, this model failure could be linked to inaccurate rep-
resentation of these changes or insufficient sensitivity to changes
in climate. The latter possibility is suggested by the common use of
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Fig. 4| Atmospheric dust mass loading changes since pre-industrial times.
a, Globally integrated dust mass loading reconstruction, produced by
combining 19 records of dust deposition with constraints on spatially resolved
dust deposition fluxes from the main dust source regions”** (Supplementary
information). The solid line denotes the median dust loading, shading the
90% confidence range, and the dotted line denotes the average pre-industrial
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(1841-1860) dust loading. b, Asin parta, but for loading contributed by dust from
Asia.c, Asin parta, but for loading contributed by dust from North Africa.d, Asin
parta, but for loading contributed by dust from the Southern Hemisphere. Dust
hasincreased in North Africa, Asia and the Southern Hemisphere, translating toa
55+30%risein global dust massloading in modern times (1981-2000) compared
with pre-industrial times.

empirical dustsource functions to parameterize the spatial distribution
of dust emissions'*'*2, masking physical links between changeable sur-
face properties and dust emissions'®®. Conversely, if the dustincrease
was driven by human land-use changes, then the model failure could
be caused by an underestimation of land-use and land-cover changes
indrylands and the resulting increases in dust emissions (Box 1).

Radiative forcing owingto dustincrease

This historical increase in dust loading, as indicated with the recon-
struction, could have produced a substantial radiative forcing. Indeed,
combining an R of —0.2 + 0.5 W m™ with the 55 + 30% historical dust
loading increase yields a dust effective radiative forcing, AF,, .,
of -0.07 £ 0.18 W m 2 from 1841 t0 2000. Dust radiative forcing could
thus have substantially contributed to, or slightly opposed, the total
aerosol effective radiative forcing of -1.1 (-1.7 to -0.4) W m2 for
1750-2019 (ref.'*%).

These calculations of Rand Af ,  are subject toimportant limita-
tions. First, they assume that radiative effects increase linearly with
aerosol loading”'® (Egs. 3 and 4). However, the increase of radiative
effects with aerosol loading is usually less than linear, especially for
interactions with clouds and biogeochemistry??>'°°, Moreover,

the radiative effects of dust vary in space, such that AF,,, depends
onthe spatial pattern of dust increases, which this simple calculation
doesnotaccount for. Forinstance, Asian dust probably has anoutsized
impact onNorthern Hemisphere cirrus clouds®. Moreover, high-latitude
dustemissions are probably importantin controlling the glaciation of
mixed-phase clouds'*”“® but are not explicitly included in the dust
reconstruction. Careful simulations with coupled climate models that
reproduce the historical dustincrease are therefore needed to better
constrain dust radiative forcing.

As current climate models do not reproduce the historical dust
increase, these models omit the potentiallyimportant radiative forcing
fromincreased dust interactions with radiation, clouds, atmospheric
chemistry and the cryosphere; changes in CO, and other greenhouse
gases from dust interactions with biogeochemistry are inherently
included in climate model runs forced by observed greenhouse gas
concentrations. Dust radiative forcing was thus not accounted for
in constraints on the total aerosol effective radiative forcing in the
IPCC Sixth Assessment Report'**. As a result, the failure by models
and climate assessments to account for the historical increase in dust
could have biased constraints on climate sensitivity and projections
of future climate changes'®.
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Future changes in dust radiative forcing

Future changes in dust radiative forcing are likely to be dominated by
changesinatmospheric dustloading, whichinturn willbe determined
by several factors. One such factor is changes in soil moisture, which
are largely driven by precipitation'”° — drier soils are more susceptible
to aeolian erosion owing to reduced soil cohesive forces and vegeta-
tion cover'?. Increased evaporative demand over land"” will also act
toreduce soil moisture. However, the effects of reduced soil moisture
could be countered by CO, fertilization, reducing plant water losses and
thereby dust emissions by expanding vegetation into arid regions'?,

although the magnitude of this effect is uncertain'”®. Terrestrial still-

ing, the observed downward trend in surface wind speeds over land
surfaces", could also affect dust emissions, with models suggesting a
future reductionin Northern Hemisphere winds'”. However, changes
in atmospheric circulation patterns thought to impact surface wind
speeds over dust-producing regions might be more important®,
Anincrease in precipitation variability'’®, and thus extreme rainfall
events'’, could potentially enhance sediment supply — and aeolian
erosion — via alluvial and fluvial recharge'. Finally, future climate
and land-use changes could drive a decline in biological soil crusts
that reduce dust emissions, amechanism unaccounted for in current
models™”.

Model estimates of future changes in dust are sensitive to meth-
odology™’ and range from an increase owing to increasing aridity'® to
adecrease from CO, fertilization>'**, Regional'®*'*"® and global'*®
analyses of CMIP5 models reveal that the simulated dust mean state
has substantial biases, that historical dust variability is not reproduced
and thatmodelled dust emissions areinsufficiently sensitive to changes
in surface conditions. These simulations show no secular trends in
dust over land under the high emissions RCP 8.5 scenario'®®. Many of
these model deficiencies also exist in CMIP6 models (Fig. 5). Moreover,
intermodel differencesin dustincreased relative to earlier CMIP efforts,

suggesting enhanced model divergence in future projections of dust
with increased model complexity'®.

Given the inability of models to reproduce historical dust
changes and the large spread in projections of future dust change,
estimates of changes in dust radiative forcing per degree planetary
warming, the dust-climate feedback, are also uncertain. Indeed, six
CMIP6 models differ in the sign of the dust-climate feedback'®®, with
amultimodel mean of 0.0026 + 0.0048 W mK™. These results are
consistent with those from CMIP5, whereby the feedback was not
statistically different from zero'®’. However, a feedback with the range
-0.04 to +0.02 W m2Kis estimated when using a dust emission
scheme that responds more realistically to changes in climate'®. Ona
regionalscale, the dust climate feedback close to source regionsis likely
anadditional order of magnitude larger™’.

Given the lack of confidence in model projections of future
changesin the dust burden, and the substantial uncertainties in dust
DRE and indirect radiative effect, there is a low degree of confidence
inthe ability of models to predict future changes in the dust radiative
forcing.

Summary and future perspectives

In the modern climate, the global mean effective radiative effect of
dust, R, is estimated as —0.2 + 0.5 W m™ (Fig. 3). As such, despite con-
siderable uncertainty in the signand magnitude of R, which arises from
the numerous uncertain and sometimes opposing mechanisms, it is
more likely that dust cools the climate than warms the climate. Global
dustloadingalsoincreased 55 + 30% from pre-industrial times (Fig. 4),
exerting a global mean effective radiative forcing, AF,,,, of
-0.07 £ 0.18 W m™2. The historical increase in dust has therefore pro-
bably somewhat counteracted greenhouse warming. Current climate
models fail to capture this historical increase in dust loading (Fig. 5)
and thus inadequately account for dust radiative forcing, biasing
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Fig. 5| Climate model representations of historical changes in dust
loading. Changes in global dust loading relative to 1841-1860 from the dust
reconstruction (solid black line) and 12 CMIP6 models with prognostic dust
aerosol cycles'® (coloured lines, and dashed black line for the ensemble mean).

CMIP6 data are 10-year running means from historical runs®**. Grey shading

denotes the 90% confidence interval for the dust reconstruction. Allmodels
and the ensemble mean fail to reproduce the large historical increase in dust
loading.
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assessments of climate sensitivity and projections of future climate'***’,
Additional research is thus needed to better constrainRand AF,, ,and
to enable climate models to reproduce the historical increase in dust.

The dust DRE contributes most to the uncertainty in Rand AF,,
(Fig.3).Futureresearch should thus focus onreducing its uncertainty
by better constraining dust optical properties through in situ and
remote-sensing observations. For instance, the information on soil
mineralogy to be provided by the Earth Surface Mineral Dust Source
Investigation mission of NASA could help constrain dust optical pro-
perties'”’. Additionally, models likely underestimate the atmospheric
concentration of super-coarse dust greatly>>*”*3, This limitation should
be addressed by obtaining more measurements of emitted and trans-
ported dust that extend to the difficult-to-measure super-coarse dust
size range®****>? and by developing improved parameterizations of
super-coarse dust emission'” and deposition and implementing those
in climate models.

Another priority for future researchis better constraining the radi-
ative effects of dust owing to interactions with clouds, anthropogenic
aerosols and biogeochemistry, together contributing the remaining
uncertainty in R. Owing to the dearth of observational constraints, the
assessment of radiative effects here mostly used modelling studies.
However, models struggle to correctly account for interactions of
dust with clouds and anthropogenic aerosols, in part because of the
mismatchinscales between the relevant processes and climate model
grid boxes®'**'*>, As such, there is an urgent need for comprehensive in
situand satellite observations to constrain these interactions™*’. For
instance, more satellite and in situ observations of cirrusinteractions
with dust and other INPs”*? could elucidate the relative importance
ofhomogeneous and heterogeneous nucleation of ice crystals, which
determines the sign of the radiative effect of dust interactions with
cirrus” (Fig. 2e). Furthermore, dust radiative effects due to interactions
with clouds could bebetter constrained with future model simulations
atasufficiently high (kilometre-scale'”) resolution to resolve critical
subgrid scale turbulence and cloud processes thatare currently parame-
terized"*. Finally, constraining radiative effects due to dustinteractions
with biogeochemistry requires animproved characterization of dust
compositionand how this evolves during transport, aswellasaccurate
knowledge of which land and ocean regions are nutrient-limited"®.

We also recommend that the community conducts multimodel
experiments to obtain robust estimates of the various dust radiative
effectsand of Rand AF,, ... These experiments should investigate the
uncertainty in radiative effects that result from model differences in
dust optical properties, size distribution, model resolution, meteorol-
ogy, the spatiotemporal distribution of dust emission fluxes and param-
eterizationsfor dust deposition and dust interactions. Suchmultimodel
experiments could be done in the context of the Aerosol Model
Intercomparison project (AeroCom)**'*°,

Future research should also prioritize addressing the failure of
models to reproduce the historical increase in dust (Fig. 5). Doing so
requires animproved understanding of the factors driving changesin
the atmospheric dust loading, including the relative roles of changes
in land use, wind speed, soil properties, sediment supply and veg-
etation cover™"”, Additionally, new observations and modelling are
neededto clarify the meteorological processes that generate the high
wind speeds that produce dust, such as cold pool outflows from moist
convection'”®2°°, and to improve the representation of those pro-
cessesin climate models. Finally, more physically based dust emission
schemes needtobe developed andimplemented into climate models.
These schemes should explicitly account for dust emissions from high

latitudes, which have an outsize effect on climate through interac-
tions with clouds'”'*®, Furthermore, dust emission schemes should
avoid using empirical dust source functions as these do not respond
to changes in climate; instead, emission schemes should use process
understanding to account for the dependence of the spatiotemporal
pattern and mineralogical composition of dust emissions on wind, soil
properties, sediment supply and vegetation coverage'*>*°?%2, A chal-
lenge will be to achieve this without making these schemes too sensi-

tive to parameters such as soilmoisture that nonlinearly increase dust

emissions'?and that have considerable variability in climate models'°.

These fundamental improvements in dust emission schemes are also
needed for meaningful predictions of future changes in dust and for
more accurate predictions of dustimpacts on regional climate.

Data availability
The datafor the dust reconstruction in Figs 4 and 5 are available at
https://doi.org/10.15144/S4VC7X.
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