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Abstract
Purpose of Review Climate factors may considerably impact on natural aerosol emissions and atmospheric distributions. The
interdependencies of processes within the aerosol-climate system may thus cause climate feedbacks that need to be understood.
Recent findings on various major climate impacts on aerosol distributions are summarized in this review.
Recent Findings While generally atmospheric aerosol distributions are influenced by changes in precipitation, atmospheric
mixing, and ventilation due to circulation changes, emissions from natural aerosol sources strongly depend on climate factors
like wind speed, temperature, and vegetation. Aerosol sources affected by climate are desert sources of mineral dust, marine
aerosol sources, and vegetation sources of biomass burning aerosol and biogenic volatile organic gases that are precursors for
secondary aerosol formation. Different climate impacts on aerosol distributions may offset each other.
Summary In regions where anthropogenic aerosol loads decrease, the impacts of climate on natural aerosol variabilities will
increase. Detailed knowledge of processes controlling aerosol concentrations is required for credible future projections of aerosol
distributions.

Keywords Natural aerosols . Atmospheric chemistry . Biogeochemical cycles . Climate forcing . Climate change

Introduction

Atmospheric aerosols are recognized as important climate fac-
tors. Much attention has been focused on the various direct
and indirect effects of aerosol particles on the Earth’s radiation
balance and ecosystems. Such impacts—including the scatter-
ing and absorption of solar radiation, change of cloud proper-
ties, and modifications of atmospheric chemical reactions, as
well as the role of aerosol particles in delivering nutrients to
ecosystems—have been topics of many studies that are regu-
larly summarized in the reports of the Intergovernmental
Panel of Climate Change [1]. However, in addition to the
aerosol effects on climate, climate variables in turn also influ-
ence processes that control atmospheric aerosol distributions,
including emissions, transport, transformation, and deposition
of aerosol particles. The various impacts of climate on aerosol

distributions were summarized in several reviews in recent
years [2–4]. While those reviews were mainly motivated by
surveying the role of climate variability on air quality changes
and concentrations of cloud condensation nuclei (CCN), var-
iability and trends in aerosol optical depth (AOD) ([5],
Fig. 1a) are also an important factor for studies of the role of
aerosol articles in climate [7].

Aerosols consist of mixtures of different particle species
from specific natural and anthropogenic sources (e.g., primary
particles like sea salt, mineral dust, biological particles, and
soot; particles secondarily formed from precursor gases like
ammonium sulfate, ammonium nitrate, and secondary organic
aerosols (SOA)) (e.g., [8]). The high variability of the aerosol
mixture in space and time makes quantification of global dis-
tributions of the different aerosol species difficult. Furthermore,
understanding and disentangling the interactions of the different
aerosol types and climate variables is very challenging.

Anthropogenic aerosols like sulfates and carbonaceous
aerosol particles originating from burning of fossil fuels have
received considerable attention as climate forcing factors, but
variability and trends of aerosols originating from natural
sources like mineral dust emitted from desert surfaces, marine
aerosol emitted from oceans, and carbonaceous aerosols from
wildfires must also be understood to correctly assess the
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impact of anthropogenic aerosols within the climate system.
The normalized regional distributions of aerosol AOD from
different source types are indicated in Fig. 1b, where the aero-
sol source contributions were derived from the global aerosol-
climate model ECHAM-HAM (Hamburg AerosolModel) [6].
The shown individual aerosol contributions are normalized to
their respective global maximum to highlight regions where
these aerosol types are most prevalent. Anthropogenic aerosol
emissions are changing in response to economic develop-
ments and environmental policies. In the past decades, anthro-
pogenic aerosol concentrations have strongly increased in
eastern Asia, but decreased in Europe and North America
since the mid-1980s [7]. Not only fossil fuels but also changes
in land use and agricultural emissions contribute to aerosol
trends. While the anthropogenic emission changes mask pos-
sible climate effects influencing aerosol concentrations, in
other regions like North Africa and Middle East, aerosol var-
iations can be attributed to meteorological modifications of
natural aerosol emissions [9].

The variability of aerosols from natural sources will be-
come increasingly relevant for the aerosol mixture in regions
where anthropogenic aerosol concentrations decrease.
Evidence of possible significant changes in natural aerosol
concentrations in changing climates is found in ice core and

marine sediment records. Particularly dust concentrations
have changed by as much as an order of magnitude between
glacial and interglacial climate periods (e.g., [10]). Such var-
iations may also be expected in a warming climate, but to
assess the magnitudes or even the direction of the related
changes with any confidence, the climate controls on aerosol
processes must be understood in detail.

Processes describing emission and thus entrainment into
the atmosphere, deposition processes, and atmospheric trans-
formation rates determine the atmospheric concentrations and
lifetimes of the different aerosol species. Atmospheric trans-
formations include atmospheric chemical reactions and micro-
physical processes like secondary particle formation and
growth. In turn, these processes depend to various degrees
on meteorology and climate. Aerosol particles typically reside
in the atmosphere few hours to about 2 weeks [11]. Changes in
dust atmospheric residence time, e.g., due to wet removal
processes or atmospheric static stability, will modify the dis-
tributions and concentrations of aerosol particles. Aerosol
concentrations are a commonly used parameter for assessing
and representing the variability of their life cycles.

The interdependencies of aerosols and climate can result in
feedbacks between aerosol concentrations, aerosol effects,
and climate variables. An example for such aerosol-climate
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Fig. 1 a Average aerosol optical
depth from the Monitoring
Atmospheric Composition and
Climate (MACC) reanalysis for
the year 2010 [5]. b Aerosol
distribution from different source
types. Aerosol fractions of the
total AOD from different source
types were derived from the
global aerosol-climate model
ECHAM-HAM (Hamburg
AerosolModel) [6] and applied to
the MACC AOD distribution.
The AODs for individual aerosol
types are normalized to the
respective maximum AOD
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interactions is the suspected role of deposited dust in provid-
ing iron as micronutrient to the ocean ecosystem and thus
affecting ocean biogeochemistry. A possible increase in
plankton productivity by increased dust deposition may in-
crease the CO2 uptake by the ocean, causing feedback effects
on climate and ultimately dust production [12].

While the individual aerosol species are affected by trans-
port, mixing, and deposition processes in similar ways, cli-
mate controls on natural aerosol sources vary considerably.
Emissions of anthropogenic aerosol and aerosol precursors
as well as volcanic aerosol emissions are unaffected by cli-
mate. In contrast, natural aerosol emissions may be directly
influenced by atmospheric variables like wind speed and tem-
peratures, or indirectly by climatic controls on source efficien-
cies, for example vegetation biomass or sediment availability.
Typically, these dependencies are non-linear. The various
main climate impacts on the major natural aerosol sources
are described in the following section.

Climate Impacts on Aerosol Sources
and Emission

Mineral Dust

Dust emission is determined by both surface characteristics and
the state of the atmosphere: surface characteristics describe the
supply and availability of sediments prone to wind erosion. The
state of the atmosphere, in particular near-surfacewind speeds and
static stability, determines the forces acting on erodible soil ele-
ments necessary tomobilize and uplift dust particles, the so-called
entrainment, and the capacity of the atmosphere to transport
entrained dust particles off the source regions. Dust emission
fluxes increase with wind speed, whereas no dust is mobilized
for wind speeds below a local threshold, which is determined by
the soil properties [13]. Thereby, knowledge on the surface char-
acteristics is essential in order to determine spatial and temporal
variabilities in dust emission fluxes. Recent studies illustrate the
relevance of alluvial sediment deposits acting as dust source and
emphasize the potential of this source type to modulate the inter-
annual variability in atmospheric dust loading due to interannually
changing sediment variability [14, 15]. Furthermore, alluvial dust
sources potentially link the atmospheric dust life cycle to the
atmospheric water cycle as precipitation drives the formation of
fresh alluvial deposits. This way, variability in atmospheric dust
burden is not only determined by atmospheric circulation
[16–18], but also by sediment supply and availability.

Dust concentrations are a commonly used parameter for
assessing and representing the variability of the dust life cycle.
Impacts on one element of the dust life cycle consequently will
alter atmospheric concentrations. A changing climate results in a
changing environment,which has diverse influences on the nature
of the dust life cycle in general as well as on individual elements

of the life cycle in particular. Changes in the current climate are
commonly expressed as the energy available or conserved in the
Earth system. Increases, respectively decreases, in temperature
and atmospheric water vapor content or precipitable water are
prominent examples. Although there is no direct impact of air
temperature on dust entrainment and dispersion, the global tem-
perature distribution stimulates global atmospheric circulation pat-
terns, which for their part may affect local conditions enhancing
or reducing processes characterizing the dust life cycle.

The atmosphere over the Sahara Desert, the world’s largest
dust source region in terms of both geographical extent and
annual dust emission flux, is warming faster than the mean
warming rate over the tropics. This amplification prompts to
changes in atmospheric circulation affecting soil characteris-
tics and atmospheric circulation ultimately resulting into
changed dust emission fluxes and transport routes [19]. An
amplified surface warming affects both summer and winter
circulation regimes over the Sahara: during summer, it
strengthens the Saharan heat low and the African easterly
jet; during winter, it weakens the sub-tropical anticyclone
and the Harmattan winds [20]. These results suggest that the
amplified warming over the North African desert leads to a
decrease in global atmospheric mineral dust loading.

Hoffman et al. [21] illustrate that global atmospheric
teleconnection patterns controlled by sea surface temperature
(SST) patterns drive variability in dust emissions. Processes
and conditions controlling dust emission are modified by these
teleconnection responses. In particular, via teleconnection pat-
terns, SSTanomalies alter near-surface atmospheric circulation
over source regions and thus modify wind speed distribution,
precipitation, vegetation, and soil moisture, which to their part
affect dust emission, transport routes, and deposition fluxes.
For the six examined dust source regions in northern and
southern Africa, and Australia, the response is strongest to
Indian Ocean (Indian Ocean Dipole, IOD) and Pacific (El
Niño Southern Oscillation, ENSO) SST anomalies. Results
from Hoffman et al. [21] suggest that with changing
teleconnection patters, e.g., enhanced ENSO frequency and
IOD or even superimposed teleconnections, dust source activ-
ity will change and consequently dust concentrations in the
atmosphere will change as well. Tong et al. [22] analyzed a
multi-year record of dust storm activity reports and found an
increase in dust storm activity over the American deserts dur-
ing 1988–2011. This positive trend correlates with the Pacific
Decadal Oscillation (PDO), which was in a cold phase during
the referring decade and promoted anomalously dry and strong
wind conditions over the North American deserts. However, a
quantification of changes in dust emission flux and dust con-
centration is still missing.

The local wind speed distribution is a predominant control
on local dust emission fluxes and transport pathways.
Consequently, changes in wind speeds affect regional dust
emission fluxes in particular and global dust distribution in
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general [23]. Weaker winds result into lower dust emission
fluxes and consequently lower dust concentrations in the
atmosphere.

The nature of the atmospheric dust life cycle and thus the
atmospheric dust load is determined by both surface charac-
teristics and the state of the atmosphere. Thereby, the variabil-
ity of sediment supply and availability, and atmospheric trans-
port capacity in concert stimulate the variability in dust aero-
sol concentrations. The complexity of interactions among the
impacting states and processes suggest that assessments on
dust variability require a comprehensive view in order to iden-
tify first-order determinants and balancing feedbacks.

Biomass Burning Aerosol

Burning biomass (fires) emit various particulate and gaseous
aerosols. Fire activity is part of different land ecosystems such
as savannas, temperate and boreal forest, and agricultural re-
gions. Prerequisites for fires are the supply and availability of
fuel (biomass) and ignition, which can be natural or human-
driven. An example is the strong change in boreal fires in
recent decades [24].

The influence of climate on fires is strong but complex for
the following reasons: it determines the primary productivity
and vegetation and hence the supply and availability of bio-
fuel, which is the major control for biomass burning aerosol
emission ([25] and reference therein). The availability and
supply of bio-fuel is additionally controlled by human activity,
in particular agricultural practice, land management, and fire
prevention [26]. Thus, climate-related controls on fire activity
are beyond the supply/availability paradigm. Shifts in vegeta-
tion zones and predominant vegetation type (biomes) are nat-
ural consequences of a changing climate and thus an intrinsi-
cally driven factor impacting fire emissions. Following the
fuel amount versus fuel moisture limitation paradigm, in a
climate less favorable for plant growth like arid regions, low
primary productivity will limit fuel supply and fires. In climate
regions favorable for plant growth and thus with high primary
productivity, unfavorable (wet) weather conditions will limit
fire ignition and spread due to moisture. In the context of
climate change, the occurrence of antecedent drought periods
contributes to an increase fire activity. However, regions
encompassing a variety of vegetation types may respond dif-
ferently to climate change. The same is evident for areas
which fire activity is controlled by more than one mechanism.

Changes in predominant weather regimes and thus precip-
itation rates have consequences on vegetation type and varie-
ty, which feedbacks on fire intensity and frequency. For future
climate scenarios, Veira et al. [27] suggest fuel availability to
be the major driver for changes in emissions in extra-tropical
regions. Thus, the authors suggest a general increase in wild-
fire activity in the extra-tropics. In tropical regions, a general

decrease in fire activity is expected due to land use change and
a strong decrease in human-driven ignitions.

The injection height affects the transport route and thus the
distribution within the atmosphere. It is controlled by the fire
intensity, which depends on the type and supply of bio-fuel.
For future climate scenarios, an increase in atmospheric static
stability is predicted, which tends to dampen the fire plume
height slightly. This is expected to slightly decrease the long-
range transport of the biomass burning aerosol [27].

In conclusion, in order to estimate the impact of climate on
the fire activity and vice versa, the human impact on ignition
and spread of fire cannot be ignored. It is expected that
human-driven ignitions in the low latitudes will decrease in
future. However, land management practice and changes in
fuel availability due to changes in bio-diversity are supposed
to modulate fire activity as well, which requires examining
fire activity in a broader context including processes
impacting on the bio-productivity of land ecosystems.

Biogenic Aerosol

Biogenic Volatile Organic Gases and Secondary Organic
Aerosols

The terrestrial biosphere is not only a source of carbonaceous
particles due to biomass burning, but also for primary biolog-
ical aerosol particles (PBAP) and biogenic volatile organic
gases (BVOC) that partly oxidize to form condensable low
volatility organic compounds that partition into secondary or-
ganic aerosols (SOA). Natural SOA is mainly produced from
the plant-emitted BVOC species isoprenes and monoterpenes.
BVOC emissions depend on environmental factors like tem-
perature, light, leaf areas, and vegetation type [28, 29]. A frac-
tion of BVOC is converted to SOA. BVOC emissions are
estimated to lie in the range of 440–720 Tg/year for the sum
of isoprenes and monoterpenes, while SOA production from
BVOC is estimated to be between 20 and 380 Tg/year [1].

The understanding of the atmospheric processes leading to
SOA formation is still incomplete. Investigations of climate
impacts on SOA concentrations mostly focus on influences on
BVOC emissions. Generally, BVOC emissions increase with
rising temperature and decrease with higher atmospheric CO2

concentrations [29]. Human-induced land use changes by,
e.g., deforestation or agriculture influence BVOC emissions,
as do variations in natural vegetation due to climate change
impacts like droughts causing alterations in vegetation types
and cover. Carslaw et al. [3] summarize several earlier publi-
cations that show that projections of future changes in iso-
prene emissions from climate effects (i.e., increasing temper-
atures) from year 2000 to 2100 range from an increase by 20
to 55%, increasing up to 90% when dynamic vegetation is
included [30]. The response to land use changes ranged in
different studies from − 20 to + 30%, while a decrease of 8%
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was predicted in response to increasing CO2 concentrations
[31]. Monoterpene emissions were projected to increase from
20 to 60% considering the effect of changed climates [32–34].

Generally, plant stresses that may be induced by a warming
climate increase BVOC emissions [35]. This includes the
emission increase in response to temperature increase, but also
to indirect consequences like insect infestations or droughts. A
recent investigation that relates biogenic organic species con-
centrations in ice cores to the Arctic Oscillation supports the
view that warmer temperatures lead to higher SOA concentra-
tions [36]. Further recent publications highlight offsetting ef-
fects of the different influences but generally agree that rising
temperatures lead to increasing BVOC emissions and SOA
concentrations. Asmi et al. [37] analyze a multi-year aerosol
record from an Arctic station in Russia. They also find from
the measurements that warmer conditions in Siberia/Russia
lead to higher emissions of organic species (as well as more
wildfires) and thus cause increasing aerosol concentrations in
the Arctic. Investigating the decadal trend of biogenic emis-
sions with an interactive terrestrial biosphere model suggests
that the CO2 inhibition offsets the effects caused by warming
climates despite the CO2 fertilization effect on terrestrial veg-
etation [38]. Similarly, Lin et al. [39] project an increase by
18% in isoprene emissions by 2100 from an Earth system
model, but while climate change alone would result in a
25% increase in SOA concentrations, projected changes in
anthropogenic emissions would offset this trend leaving future
SOA nearly unchanged. Also, natural and anthropogenic veg-
etation changes influence BVOC emissions such that changes
may act in concert or cancel out [40, 41]. The wetting trend in
the Tibetan Plateau since the 1980s is related to increased
plant growth and higher BVOC emissions by Fang et al.
[42] who hypothesize a positive feedback with warming
trends. In contrast, Hantson et al. [41] find that monoterpene
and isoprene emissions have decreased since the beginning of
the twentieth century due to land use change, with these an-
thropogenic changes leading to decreasing isoprene emis-
sions, and natural vegetation changes causing decreasing
monoterpene emission trends. The authors point out that fu-
ture emission trend projections strongly depend on land use
and climate scenarios, but conclude that a future increase in
global BVOC emissions is unlikely.

In addition to the effects on BVOC emissions, the atmo-
spheric SOA production is also influenced by climatic condi-
tions. Young et al. [43] compare conditions for the years 2010
and 2013 in San Joaquin Valley in California and find in-
creased photochemical production of SOAwhen solar irradi-
ance was enhanced. Zhao et al. [35] note that increases in
BVOC concentrations under warming conditions increase
particle sizes and thus CCN activities.

In summary, these studies show different climate impacts
on BVOC emissions and SOA formation that may cancel each
other. Future projections depend strongly on climate and land

use scenarios. Investigations of the net effects of climate on
SOA concentrations should focus on better understanding of
the individual control mechanisms, but also on interpreting
observed trends of BVOC and SOA concentrations at regional
and global scales to separate the various underlying causes.

Primary Biological Aerosol Particles

Recent interest on atmospheric distributions of PBAP is mo-
tivated by their potentially important role in cloud ice forma-
tion and precipitation development (e.g., [44]). Number con-
centrations of biological particles were found to decrease by
about two orders of magnitude from near-surface to the free
troposphere [45]. Airborne biological particles can consist of
pollen, fungal spores, and microorganisms such as bacteria, as
well as fragments of biological organisms. Knowledge of the
atmospheric amounts and emission processes of these parti-
cles is still incomplete, but it can be expected that PBAP
emissions are related to characteristics of vegetation phenolo-
gy that in turn depend on climate conditions. Understanding
emission processes including release mechanisms of PBAP is
needed to improve their emission and concentration estimates.

Fungal spores provide a considerable part of the PBAP
[46]. Climate influence on the fungal spore release has been
the subject of several recent publications [47]. However, since
investigations focus on specific species and regions, general-
izations remain problematic.

A clear enhancement of emissions of pollen and fungal
spores during strong rainfall events has been observed [48].
Similarly, raindrops that impact on soils can disperse organic
soil particles and soil bacteria into the air and thus provide an
important emission mechanism [49, 50].

To study the impact of PBAP on ice formation, their trans-
port by vertical mixing in altitudes where they can impact on
clouds must be clarified.While in recent years the understand-
ing of controls on PBAP emission and concentration has ad-
vanced, further field measurements are required. It has been
noted that homogeneous sampling and analysis techniques for
PBAP remain a challenge [51].

Marine Aerosol

Marine aerosol consists of sea salt, primary organics from
surface films and secondary sulfate aerosols produced from
DMS released by phytoplankton [52, 53]. Emission fluxes of
primary marine aerosol species depend predominantly on sur-
face wind speeds. The wind action leads to the formation of
tiny air bubbles in the surface water, which form primary
aerosol consisting of sea salt and organics when bursting at
the surface [54]. DMS gas transfer from the ocean water to the
atmosphere is enhanced by surface winds due to mixing of
surface waters [55]. DMS emissions have received consider-
able attention as main player in the CLAW hypothesis [56],
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which however has not been supported by observations [57].
Recent results related DMS emissions to the El Niño Southern
Oscillation (ENSO), as consequence of surface wind speed
patterns changes for the different ENSO phases [58]. Tesdal
et al. [59] find that aerosol precursor DMS concentrations in
the surface waters control its fluxes into the atmosphere, in
addition to the surface winds.

Sea surface temperatures modify marine aerosol emissions.
While phytoplankton productivity and thus, e.g., DMS pro-
duction depend on the water temperatures (together with light
and nutrient supplies), the temperature dependence of primary
aerosol emissions was recognized only in the recent years.
The temperature influence was detected in laboratory experi-
ments and confirmed by field measurements [60–62]. At con-
stant wind speeds, warmer temperatures lead to higher emis-
sions and to larger particle sizes. The underlying physical
cause of this dependency remains uncertain [63]. It may be
related to the temperature dependence of water surface ten-
sion, viscosity or density, or to the solubility of air in water that
influences the number and size of air bubbles in the surface
water, which produce the primary aerosol when bursting.
Oceanic surface wind speeds are not expected to change
strongly in the future; therefore, it can be expected that marine
primary aerosol emissions will increase due to increasing sea
surface water temperatures [64].

The oceanic primary organic aerosol component dominates
the submicron component of marine aerosol particles that may
be transported over large distances and impact on clouds [65].
The contribution of primary organics has been related to ma-
rine microbiology, but the actual role of phytoplankton pro-
ductivity for organic emissions is not yet clarified. Recent
findings provide conflicting results about the relationship of
organic marine aerosol emissions to phytoplankton photosyn-
thesis as indicated by chlorophyll-a concentrations in surface
water. Kasparian et al. [66] analyzed field measurements over
the North Atlantic and relate organic ocean emissions directly
to sea surface temperature and salinity. O’Dowd et al. [67]
find that the organic aerosol content and phytoplankton pro-
ductivity are better correlated on monthly rather than daily
timescales. They suggest that the termination of a phytoplank-
ton bloom releases large quantities of organic material such as
transparent exopolymer particles, which form surface films
and may be transferred into the marine aerosol. In contrast,
strong correlation of organic aerosol and chlorophyll-a has
been found in Mediterranean field measurements [68]. Since
plankton productivity as well as species composition responds
to changing climatic conditions, this connection should be
clarified before believable conclusions on the potential change
in organic marine aerosol for changing climates can be drawn.

Considering that large areas of the Earth are covered by
ocean, marine aerosols have received less attention compared
to their terrestrial counterparts. Dependencies of primary ma-
rine aerosol on temperature in addition to surface wind speeds

have become increasingly evident. However, processes con-
trolling emissions of aerosol species that are associated with
oceanic biological activities are not fully understood and
should therefore be studied in greater detail.

Climate Impacts on Aerosol Transport
and Deposition

While the emission processes of the diverse aerosol species
can vary considerably, all aerosol particle types are similarly
affected by atmospheric transport and deposition. Boundary
layer stability impacts vertical mixing of aerosols from the
surface, controlling heights of aerosol layers, which in turn
influence the impacts of aerosols on clouds and radiation
(e.g., [69]). Aerosol particles are transported from their surface
sources to higher altitudes by turbulent mixing and convec-
tion. Kipling et al. [70] emphasized the importance of convec-
tive mixing controlling the aerosol vertical profile for all types
except dust. Simulations using a plume model to assess future
changes in volcanic aerosol transport suggest that a future
increase in tropopause height due to strengthened convection
will lead to reduced transport of volcanic aerosol into the
stratosphere reducing its lifetime and cooling effect [71].

The distribution of aerosol particles is predominantly deter-
mined by wind regimes determined by the atmospheric circula-
tion. Depending on the injection height and vertical mixing
related to atmospheric stability, aerosols can be transported over
long distances to remote continents before they are removed
from the atmosphere by dry and/or wet deposition. Large-
scale weather systems control transport patterns from aerosol
sources to remote regions. Aerosols from biomass burning and
mineral dust from desert sources are thus found to travel across
oceans and to remote continents. In turn, weather systems may
respond to climate modes like the North Atlantic Oscillation
(NAO) or ENSO. In this context, the transport of aerosol to
the Arctic region is of particular interest due to the suspected
role of absorbing aerosol in Arctic climate warming [72].

Many publications have examined the role of aerosol direct
and indirect forcing on monsoon circulations (e.g., [73]).
Recent interest has also focused on the role of monsoon cir-
culations on aerosol transport, particularly in East Asia. High
pollution conditions have been associated with stagnant
weather conditions, and wind stilling connected to a weaken-
ing monsoon has been related to an increase in aerosol con-
centrations [74]. These conditions imply less aerosol disper-
sion and shallow planetary boundary layers, which are both
connected to higher aerosol concentrations of pollutants com-
pared to better ventilated conditions [39].

For the USA, Tai et al. [75] find from amulti-model study that
future projections of a slowing circulation in the east with sta-
tionary conditions and less frequent ventilationwill lead to slight-
ly increased aerosol concentrations. High aerosol concentrations
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in the USA are related to positive phases of the Pacific-North
America teleconnection by influencing boundary layer height
and precipitation [76]. While changes in emissions will remain
the main factor in aerosol trends, climate change may enhance
aerosol particle concentrations. However, not only shifts in mean
climate should be considered but the influence of variations of
meteorological episodes is of great importance to understand
climate impacts on aerosol [77].

Climate modes also influence precipitation patterns, which
control removal of aerosol from the atmosphere by wet depo-
sition processes. Cloud processing and photochemical aging
of hydrophobic aerosols like soot or mineral dust particles
may change their hygroscopic properties, in turn modifying
growth and atmospheric lifetimes of the particles [78]. A
multi-model study of climate impacts on aerosol finds that a
global increase in most aerosol species is explained by a de-
crease of large-scale precipitation over land in a warmed cli-
mate. This would lead to less wet deposition, increasing aero-
sol lifetimes and burdens [79]. The importance of initial hy-
groscopicity and aerosol aging, e.g., by nitric acid, on particle
for wet removal efficiency and thus the remote distribution of
soot aerosol has been shown by [80, 81].

In polluted regions, projected emission changes due to
changes in environmental policies are expected to dominate
changes in aerosol concentrations in response to climate var-
iations [82]. Further untangling of the roles of atmospheric
processes like transport, chemical processes, and wet removal
in contrast to changes in emissions that due to either anthro-
pogenic changes or natural causes will require a detailed un-
derstanding of the atmospheric controls on particle processes
together with long-term observations.

Conclusions

While aerosol impacts on climate remain a major uncertainty
factor in the climate system despite having been extensively
studied, the climate controls on aerosol concentrations con-
tribute large uncertainties to the understanding of the climate
system as well. However, these controls are less studied.

The interdependencies of aerosol and climate processes
encompass the potential of climate feedbacks that so far are
only partly explored. In regions that are strongly affected by
anthropogenic pollution (Fig. 1), impacts of climate aerosol
variability are masked by changes in anthropogenic emissions
that are a consequence of economic developments or environ-
mental policies. In addition to impacts of climate variations on
transport and deposition of aerosol, emissions and production
of individual natural aerosol species are strongly affected by
climate in different ways. The non-linear interdependencies of
aerosol and climate require a comprehensive understanding of
the whole aerosol-climate system considering the individual
linkages. Understanding aerosol changes in a changing

climate will require (1) improving the detailed knowledge of
climate controls on individual aerosol processes; (2) not only
considering individual processes but viewing the multi-
species aerosol mixture as an integral part within the climate
system that should be studied with coupled multi-scale
models; and (3) using long-term aerosol records to interpret
past aerosol changes in terms of climate variability. Such
knowledge would be prerequisite for robust future projections
of aerosol distributions and feedbacks.

Compliance with Ethical Standards

Conflict of Interest On behalf of all authors, the corresponding author
states that there is no conflict of interest.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. IPCC. Climate change 2013: The physical science basis.
Contribution of Working Group I to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change. Cambridge,
United Kingdom and New York: Cambridge University Press;
2013.

2. Jacob DJ, Winner DA. Effect of climate change on air quality.
Atmos Environ. 2009;43(1):51–63. https://doi.org/10.1016/j.
atmosenv.2008.09.051.

3. Carslaw KS, Boucher O, Spracklen DV, Mann GW, Rae JGL,
Woodward S, et al. A review of natural aerosol interactions and
feedbacks within the Earth system. Atmos Chem Phys.
2010;10(4):1701–37. https://doi.org/10.5194/acp-10-1701-2010.

4. von Schneidemesser E, Monks PS, Allan JD, Bruhwiler L, Forster
P, Fowler D, et al. Chemistry and the linkages between air quality
and climate change. Chem Rev. 2015;115(10):3856–97. https://doi.
org/10.1021/acs.chemrev.5b00089.

5. Bellouin N, Quaas J, Morcrette JJ, Boucher O. Estimates of aerosol
radiative forcing from the MACC re-analysis. Atmos Chem Phys.
2013;13(4):2045–62. https://doi.org/10.5194/acp-13-2045-2013.

6. Zhang K, O'Donnell D, Kazil J, Stier P, Kinne S, Lohmann U, et al.
The global aerosol-climate model ECHAM-HAM, version 2: sen-
sitivity to improvements in process representations. Atmos Chem
Phys. 2012;12(19):8911–49. https://doi.org/10.5194/acp-12-8911-
2012.

7. Chin M, Diehl T, Tan Q, Prospero JM, Kahn RA, Remer LA, et al.
Multi-decadal aerosol variations from 1980 to 2009: a perspective
from observations and a global model. Atmos Chem Phys.
2014;14(7):3657–90. https://doi.org/10.5194/acp-14-3657-2014.

8. Seinfeld JH, Pandis SN. Atmospheric chemistry and physics: from
air pollution to climate change. J. Wiley: Hoboken; 2006.

9. Pozzer A, de Meij A, Yoon J, Tost H, Georgoulias AK, Astitha M.
AOD trends during 2001–2010 from observations and model sim-
ulations. Atmos Chem Phys. 2015;15(10):5521–35. https://doi.org/
10.5194/acp-15-5521-2015.

10. Winckler G, Anderson RF, Fleisher MQ, McGee D, Mahowald N.
Covariant glacial-interglacial dust fluxes in the equatorial Pacific

Curr Clim Change Rep (2018) 4:1–10 7

https://doi.org/10.1016/j.atmosenv.2008.09.051
https://doi.org/10.1016/j.atmosenv.2008.09.051
https://doi.org/10.5194/acp-10-1701-2010
https://doi.org/10.1021/acs.chemrev.5b00089
https://doi.org/10.1021/acs.chemrev.5b00089
https://doi.org/10.5194/acp-13-2045-2013
https://doi.org/10.5194/acp-12-8911-2012
https://doi.org/10.5194/acp-12-8911-2012
https://doi.org/10.5194/acp-14-3657-2014
https://doi.org/10.5194/acp-15-5521-2015
https://doi.org/10.5194/acp-15-5521-2015


and Antarctica. Science. 2008;320(5872):93–6. https://doi.org/10.
1126/science.1150595.

11. Textor C, SchulzM, Guibert S, Kinne S, Balkanski Y, Bauer S, et al.
Analysis and quantification of the diversities of aerosol life cycles
within AeroCom. Atmos Chem Phys. 2006;6(7):1777–813. https://
doi.org/10.5194/acp-6-1777-2006.

12. Jickells TD, An ZS, Andersen KK, Baker AR, Bergametti G,
Brooks N, et al. Global iron connections between desert dust, ocean
biogeochemistry, and climate. Science. 2005;308(5718):67–71.
https://doi.org/10.1126/science.1105959.

13. Marticorena B, Bergametti G.Modeling the atmospheric dust cycle:
1. Design of a soil-derived dust emission scheme. J Geophys Res:
Atmos. 1995;100(D8):16415–30. https://doi.org/10.1029/
95JD00690.

14. Schepanski K, Flamant C, Chaboureau JP, Kocha C, Banks JR,
Brindley HE, et al. Characterization of dust emission from alluvial
sources using aircraft observations and high-resolution modeling. J
Geophys Res: Atmos. 2013;118(13):7237–59. https://doi.org/10.
1002/jgrd.50538.

15. Schepanski K, Tegen I, Macke A. Comparison of satellite based
observations of Saharan dust source areas. Remote Sens Environ.
2012;123:90–7. https://doi.org/10.1016/j.rse.2012.03.019.

16. Wagner R, Schepanski K, Heinold B, Tegen I. Interannual variabil-
ity in the Saharan dust source activation—toward understanding the
differences between 2007 and 2008. J Geophys Res: Atmos.
2016;121(9):4538–62. https://doi.org/10.1002/2015JD024302.

17. Tegen I, Schepanski K, Heinold B. Comparing two years of
Saharan dust source activation obtained by regional modelling
and satellite observations. Atmos Chem Phys. 2013;13(5):2381–
90. https://doi.org/10.5194/acp-13-2381-2013.

18. Schepanski K, Mallet M, Heinold B, Ulrich M. North African dust
transport toward the western Mediterranean basin: atmospheric
controls on dust source activation and transport pathways during
June–July 2013. Atmos Chem Phys. 2016;16(22):14147–68.
https://doi.org/10.5194/acp-16-14147-2016.

19. Vizy EK, Cook KH. Seasonality of the observed amplified Sahara
warming trend and implications for Sahel rainfall. J Clim.
2017;30(9):3073–94. https://doi.org/10.1175/jcli-d-16-0687.1.

20. Cook KH, Vizy EK. Detection and analysis of an amplified
warming of the Sahara Desert. J Clim. 2015;28(16):6560–80.
https://doi.org/10.1175/jcli-d-14-00230.1.

21. Hoffman AL, Forest CE, LiW. Estimating the sensitivity of region-
al dust sources to sea surface temperature patterns. J Geophys Res:
Atmos. 2014;119(17):10,160–10,74. https://doi.org/10.1002/
2014JD021682.

22. Tong DQ, Wang JXL, Gill TE, Lei H, Wang B. Intensified dust
storm activity and valley fever infection in the southwestern United
States. Geophys Res Lett. 2017;44(9):4304–12. https://doi.org/10.
1002/2017GL073524.

23. Ridley DA, Heald CL, Prospero JM. What controls the recent
changes in African mineral dust aerosol across the Atlantic?
Atmos Chem Phys. 2014;14(11):5735–47. https://doi.org/10.
5194/acp-14-5735-2014.

24. Mouillot F, Field CB. Fire history and the global carbon budget: a
1°× 1° fire history reconstruction for the 20th century. Glob Chang
Biol. 2005;11(3):398–420. https://doi.org/10.1111/j.1365-2486.
2005.00920.x.

25. Urbieta I, Zavala G, Bedia J, Gutiérrez J,Miguel-Ayanz J, Camia A,
et al. Fire activity as a function of fire–weather seasonal severity
and antecedent climate across spatial scales in southern Europe and
Pacific western USA. Environ Res Lett. 2015;10(11):114013.
https://doi.org/10.1088/1748-9326/10/11/114013.

26. Andela N, Morton DC, Giglio L, Chen Y, van der Werf GR,
Kasibhatla PS, et al. A human-driven decline in global burned area.
Science. 2017;356(6345):1356–62. https://doi.org/10.1126/
science.aal4108.

27. Veira A, Lasslop G, Kloster S. Wildfires in a warmer climate: emis-
sion fluxes, emission heights, and black carbon concentrations in
2090–2099. J Geophys Res: Atmos. 2016;121(7):3195–223.
https://doi.org/10.1002/2015JD024142.

28. Guenther A. Seasonal and spatial variations in natural volatile or-
ganic compound emissions. Ecol Appl. 1997;7(1):34–45.

29. Steinbrecher R, Smiatek G, Köble R, Seufert G, Theloke J, Hauff
K, et al. Intra- and inter-annual variability of VOC emissions from
natural and semi-natural vegetation in Europe and neighbouring
countries. Atmos Environ. 2009;43(7):1380–91. https://doi.org/
10.1016/j.atmosenv.2008.09.072.

30. Arneth A, Miller PA, Scholze M, Hickler T, Schurgers G, Smith B,
et al. CO2 inhibition of global terrestrial isoprene emissions: poten-
tial implications for atmospheric chemistry. Geophys Res Lett.
2007;34(18) https://doi.org/10.1029/2007GL030615.

31. Heald CL,WilkinsonMJ,MonsonRK, Alo CA,WangG,Guenther
A. Response of isoprene emission to ambient CO2 changes and
implications for global budgets. Glob Chang Biol. 2009;15(5):
1127–40. https://doi.org/10.1111/j.1365-2486.2008.01802.x.

32. Lathière J, Hauglustaine DA, De Noblet-Ducoudré N, Krinner G,
Folberth GA. Past and future changes in biogenic volatile organic
compound emissions simulated with a global dynamic vegetation
model. Geophys Res Lett. 2005;32(20):n/a-n/a. https://doi.org/10.
1029/2005GL024164.

33. Liao H, Chen W-T, Seinfeld JH. Role of climate change in global
predictions of future tropospheric ozone and aerosols. J Geophys
Res: Atmos. 2006;111(D12):n/a-n/a. https://doi.org/10.1029/
2005JD006852.

34. Heald CL, Henze DK, Horowitz LW, Feddema J, Lamarque JF,
Guenther A et al. Predicted change in global secondary organic
aerosol concentrations in response to future climate, emissions,
and land use change. J Geophys Res: Atmos. 2008;113(D5):n/a-n/
a. https://doi.org/10.1029/2007JD009092.

35. Zhao DF, Buchholz A, Tillmann R, Kleist E, Wu C, Rubach F et al.
Environmental conditions regulate the impact of plants on cloud
formation. 2017;8:14067. https://doi.org/10.1038/ncomms14067.

36. Seki O, Kawamura K, Bendle JAP, Izawa Y, Suzuki I, Shiraiwa T
et al. Carbonaceous aerosol tracers in ice-cores recordmulti-decadal
climate oscillations. 2015;5:14450. https://doi.org/10.1038/
srep14450.

37. Asmi E, Kondratyev V, Brus D, Laurila T, Lihavainen H, Backman
J, et al. Aerosol size distribution seasonal characteristics measured
in Tiksi, Russian Arctic. Atmos Chem Phys. 2016;16(3):1271–87.
https://doi.org/10.5194/acp-16-1271-2016.

38. Yue X, Unger N, Zheng Y. Distinguishing the drivers of trends in
land carbon fluxes and plant volatile emissions over the past 3
decades. Atmos Chem Phys. 2015;15(20):11931–48. https://doi.
org/10.5194/acp-15-11931-2015.

39. Lin C, Yang K, Huang J, Tang W, Qin J, Niu X et al. Impacts of
wind stilling on solar radiation variability in China. 2015;5:15135.
https://doi.org/10.1038/srep15135.

40. Fu Y, Tai APK, Liao H. Impacts of historical climate and land cover
changes on fine particulate matter (PM2.5) air quality in East Asia
between 1980 and 2010. Atmos Chem Phys. 2016;16(16):10369–
83. https://doi.org/10.5194/acp-16-10369-2016.

41. Hantson S, Knorr W, Schurgers G, Pugh TAM, Arneth A. Global
isoprene and monoterpene emissions under changing climate, veg-
etation, CO2 and land use. Atmos Environ. 2017;155:35–45.
https://doi.org/10.1016/j.atmosenv.2017.02.010.

42. Fang K, Makkonen R, Guo Z, Zhao Y, Seppä H. An increase in the
biogenic aerosol concentration as a contributing factor to the recent
wetting trend in Tibetan Plateau. 2015;5:14628. https://doi.org/10.
1038/srep14628.

43. Young DE, KimH, Parworth C, Zhou S, Zhang X, Cappa CD, et al.
Influences of emission sources and meteorology on aerosol chem-
istry in a polluted urban environment: results fromDISCOVER-AQ

8 Curr Clim Change Rep (2018) 4:1–10

https://doi.org/10.1126/science.1150595
https://doi.org/10.1126/science.1150595
https://doi.org/10.5194/acp-6-1777-2006
https://doi.org/10.5194/acp-6-1777-2006
https://doi.org/10.1126/science.1105959
https://doi.org/10.1029/95JD00690
https://doi.org/10.1029/95JD00690
https://doi.org/10.1002/jgrd.50538
https://doi.org/10.1002/jgrd.50538
https://doi.org/10.1016/j.rse.2012.03.019
https://doi.org/10.1002/2015JD024302
https://doi.org/10.5194/acp-13-2381-2013
https://doi.org/10.5194/acp-16-14147-2016
https://doi.org/10.1175/jcli-d-16-0687.1
https://doi.org/10.1175/jcli-d-14-00230.1
https://doi.org/10.1002/2014JD021682
https://doi.org/10.1002/2014JD021682
https://doi.org/10.1002/2017GL073524
https://doi.org/10.1002/2017GL073524
https://doi.org/10.5194/acp-14-5735-2014
https://doi.org/10.5194/acp-14-5735-2014
https://doi.org/10.1111/j.1365-2486.2005.00920.x
https://doi.org/10.1111/j.1365-2486.2005.00920.x
https://doi.org/10.1088/1748-9326/10/11/114013
https://doi.org/10.1126/science.aal4108
https://doi.org/10.1126/science.aal4108
https://doi.org/10.1002/2015JD024142
https://doi.org/10.1016/j.atmosenv.2008.09.072
https://doi.org/10.1016/j.atmosenv.2008.09.072
https://doi.org/10.1029/2007GL030615
https://doi.org/10.1111/j.1365-2486.2008.01802.x
https://doi.org/10.1029/2005GL024164
https://doi.org/10.1029/2005GL024164
https://doi.org/10.1029/2005JD006852
https://doi.org/10.1029/2005JD006852
https://doi.org/10.1029/2007JD009092
https://doi.org/10.1038/ncomms14067
https://doi.org/10.1038/srep14450
https://doi.org/10.1038/srep14450
https://doi.org/10.5194/acp-16-1271-2016
https://doi.org/10.5194/acp-15-11931-2015
https://doi.org/10.5194/acp-15-11931-2015
https://doi.org/10.1038/srep15135
https://doi.org/10.5194/acp-16-10369-2016
https://doi.org/10.1016/j.atmosenv.2017.02.010
https://doi.org/10.1038/srep14628
https://doi.org/10.1038/srep14628


California. Atmos Chem Phys. 2016;16(8):5427–51. https://doi.
org/10.5194/acp-16-5427-2016.

44. Hoose C, Möhler O. Heterogeneous ice nucleation on atmospheric
aerosols: a review of results from laboratory experiments. Atmos
Chem Phys. 2012;12(20):9817–54. https://doi.org/10.5194/acp-12-
9817-2012.

45. TwohyCH,McMeekingGR, DeMott PJ, McCluskey CS, Hill TCJ,
Burrows SM, et al. Abundance of fluorescent biological aerosol
particles at temperatures conducive to the formation of mixed-
phase and cirrus clouds. Atmos Chem Phys. 2016;16(13):8205–
25. https://doi.org/10.5194/acp-16-8205-2016.

46. Winiwarter W, Bauer H, Caseiro A, PuxbaumH. Quantifying emis-
sions of primary biological aerosol particle mass in Europe. Atmos
Environ. 2009;43(7):1403–9. https://doi.org/10.1016/j.atmosenv.
2008.01.037.

47. Sadyś M. Editor’s note. Aerobiologia. 2016;32(1):1–2. https://doi.
org/10.1007/s10453-016-9428-4.

48. Rathnayake CM, Metwali N, Jayarathne T, Kettler J, Huang Y,
Thorne PS, et al. Influence of rain on the abundance of bioaerosols
in fine and coarse particles. Atmos Chem Phys. 2017;17(3):2459–
75. https://doi.org/10.5194/acp-17-2459-2017.

49. Joung YS, Ge Z, Buie CR. Bioaerosol generation by raindrops on
soil. 2017;8:14668. https://doi.org/10.1038/ncomms14668.

50. Wang B, Harder TH, Kelly ST, Piens DS, China S, Kovarik L, et al.
Airborne soil organic particles generated by precipitation. Nat
Geosci. 2016;9(6):433–7. https://doi.org/10.1038/ngeo2705.

51. Després V, Huffman JA, Burrows SM, Hoose C, Safatov A, Buryak
G, et al. Primary biological aerosol particles in the atmosphere: a
review. Tellus Ser B Chem Phys Meteorol. 2012;64(1):15598.
https://doi.org/10.3402/tellusb.v64i0.15598.

52. O'Dowd CD, Facchini MC, Cavalli F, Ceburnis D, Mircea M,
Decesari S, et al. Biogenically driven organic contribution to ma-
rine aerosol. Nature. 2004;431(7009):676–80. https://doi.org/10.
1038/nature02959.

53. O'Dowd CD, Langmann B, Varghese S, Scannell C, Ceburnis D,
Facchini MC. A combined organic-inorganic sea-spray source
function. Geophys Res Lett. 2008;35(1):n/a-n/a. https://doi.org/10.
1029/2007GL030331.

54. de Leeuw G, Andreas EL, Anguelova MD, Fairall CW, Lewis ER,
O'DowdC et al. Production flux of sea spray aerosol. Rev Geophys.
2011;49(2):n/a-n/a. https://doi.org/10.1029/2010RG000349.

55. Kloster S, Six KD, Feichter J, Maier-Reimer E, Roeckner E, Wetzel
P et al. Response of dimethylsulfide (DMS) in the ocean and atmo-
sphere to global warming. J Geophys Res: Biogeosci.
2007;112(G3):n/a-n/a. https://doi.org/10.1029/2006JG000224.

56. Charlson RJ, Lovelock JE, AndreaeMO,Warren SG. Oceanic phy-
toplankton, atmospheric sulphur, cloud albedo and climate. Nature.
1987;326(6114):655–61. https://doi.org/10.1038/326655a0.

57. Quinn PK, Bates TS. The case against climate regulation via oce-
anic phytoplankton sulphur emissions. Nature. 2011;480(7375):
51–6. https://doi.org/10.1038/nature10580.

58. Xu L, Cameron-Smith P, Russell LM, Ghan SJ, Liu Y, Elliott S,
et al. DMS role in ENSO cycle in the tropics. J Geophys Res:
Atmos. 2016;121(22):13,537–13,58. https://doi.org/10.1002/
2016JD025333.

59. Tesdal J-E, Christian JR, Monahan AH, von Salzen K. Evaluation
of diverse approaches for estimating sea-surface DMS concentra-
tion and air–sea exchange at global scale. Environ Chem.
2016;13(2):390–412. https://doi.org/10.1071/EN14255.

60. Jaeglé L, Quinn PK, Bates TS, Alexander B, Lin JT. Global distri-
bution of sea salt aerosols: new constraints from in situ and remote
sensing observations. Atmos Chem Phys. 2011;11(7):3137–57.
https://doi.org/10.5194/acp-11-3137-2011.

61. SofievM, Soares J, PrankM, de LeeuwG, Kukkonen J. A regional-
to-global model of emission and transport of sea salt particles in the

atmosphere. J Geophys Res: Atmos. 2011;116(D21):n/a-n/a.
https://doi.org/10.1029/2010JD014713.

62. Salter ME, Nilsson ED, Butcher A, Bilde M. On the seawater tem-
perature dependence of the sea spray aerosol generated by a con-
tinuous plunging jet. J Geophys Res: Atmos. 2014;119(14):9052–
72. https://doi.org/10.1002/2013JD021376.

63. Grythe H, Ström J, Krejci R, Quinn P, Stohl A. A review of sea-
spray aerosol source functions using a large global set of sea salt
aerosol concentration measurements. Atmos Chem Phys.
2014;14(3):1277–97. https://doi.org/10.5194/acp-14-1277-2014.

64. Soares J, SofievM,Geels C, Christensen JH, AnderssonC, Tsyro S,
et al. Impact of climate change on the production and transport of
sea salt aerosol on European seas. Atmos Chem Phys. 2016;16(20):
13081–104. https://doi.org/10.5194/acp-16-13081-2016.

65. Facchini MC, Rinaldi M, Decesari S, Carbone C, Finessi E, Mircea
M et al. Primary submicron marine aerosol dominated by insoluble
organic colloids and aggregates. Geophys Res Lett. 2008;35(17):n/
a-n/a. https://doi.org/10.1029/2008GL034210.

66. Kasparian J, Hassler C, Ibelings B, Berti N, Bigorre S, Djambazova
Vet al. Assessing the dynamics of organic aerosols over the North
Atlantic Ocean. 2017;7:45476. https://doi.org/10.1038/srep45476.

67. O’Dowd C, Ceburnis D, Ovadnevaite J, Bialek J, Stengel DB,
Zacharias M et al. Connecting marine productivity to sea-spray
via nanoscale biological processes: phytoplankton dance or death
disco? 2015;5:14883. https://doi.org/10.1038/srep14883.

68. Schwier AN, Rose C, Asmi E, Ebling AM, LandingWM, Marro S,
et al. Primary marine aerosol emissions from theMediterranean Sea
during pre-bloom and oligotrophic conditions: correlations to sea-
water chlorophyll a from a mesocosm study. Atmos Chem Phys.
2015;15(14):7961–76. https://doi.org/10.5194/acp-15-7961-2015.

69. Yu H, KaufmanYJ, ChinM, Feingold G, Remer LA, Anderson TL,
et al. A review of measurement-based assessments of the aerosol
direct radiative effect and forcing. Atmos Chem Phys. 2006;6(3):
613–66. https://doi.org/10.5194/acp-6-613-2006.

70. Kipling Z, Stier P, Johnson CE, Mann GW, Bellouin N, Bauer SE,
et al.What controls the vertical distribution of aerosol? Relationships
between process sensitivity in HadGEM3–UKCA and inter-model
variation from AeroCom Phase II. Atmos Chem Phys. 2016;16(4):
2221–41. https://doi.org/10.5194/acp-16-2221-2016.

71. Aubry TJ, Jellinek AM, Degruyter W, Bonadonna C, Radić V,
Clyne M, et al. Impact of global warming on the rise of volcanic
plumes and implications for future volcanic aerosol forcing. J
Geophys Res: Atmos. 2016;121(22):13,326–13,51. https://doi.
org/10.1002/2016JD025405.

72. Serreze MC, Barry RG. Processes and impacts of Arctic amplifica-
tion: a research synthesis. Glob Planet Chang. 2011;77(1):85–96.
https://doi.org/10.1016/j.gloplacha.2011.03.004.

73. Ramanathan V, Chung C, Kim D, Bettge T, Buja L, Kiehl JT, et al.
Atmospheric brown clouds: impacts on South Asian climate and
hydrological cycle. Proc Natl Acad Sci U S A. 2005;102(15):5326–
33. https://doi.org/10.1073/pnas.0500656102.

74. Zhang Y, Ding A, Mao H, Nie W, Zhou D, Liu L, et al. Impact of
synoptic weather patterns and inter-decadal climate variability on
air quality in the North China Plain during 1980–2013. Atmos
Environ. 2016;124:119–28. https://doi.org/10.1016/j.atmosenv.
2015.05.063.

75. Tai APK, Mickley LJ, Jacob DJ. Impact of 2000–2050 climate
change on fine particulate matter (PM2.5) air quality inferred from
a multi-model analysis of meteorological modes. Atmos Chem
Phys. 2012;12(23):11329–37. https://doi.org/10.5194/acp-12-
11329-2012.

76. Feng J, Liao H, Li J. The impact of monthly variation of the
Pacific–North America (PNA) teleconnection pattern on winter-
time surface-layer aerosol concentrations in the United States.
Atmos Chem Phys. 2016;16(8):4927–43. https://doi.org/10.5194/
acp-16-4927-2016.

Curr Clim Change Rep (2018) 4:1–10 9

https://doi.org/10.5194/acp-16-5427-2016
https://doi.org/10.5194/acp-16-5427-2016
https://doi.org/10.5194/acp-12-9817-2012
https://doi.org/10.5194/acp-12-9817-2012
https://doi.org/10.5194/acp-16-8205-2016
https://doi.org/10.1016/j.atmosenv.2008.01.037
https://doi.org/10.1016/j.atmosenv.2008.01.037
https://doi.org/10.1007/s10453-016-9428-4
https://doi.org/10.1007/s10453-016-9428-4
https://doi.org/10.5194/acp-17-2459-2017
https://doi.org/10.1038/ncomms14668
https://doi.org/10.1038/ngeo2705
https://doi.org/10.3402/tellusb.v64i0.15598
https://doi.org/10.1038/nature02959
https://doi.org/10.1038/nature02959
https://doi.org/10.1029/2007GL030331
https://doi.org/10.1029/2007GL030331
https://doi.org/10.1029/2010RG000349
https://doi.org/10.1029/2006JG000224
https://doi.org/10.1038/326655a0
https://doi.org/10.1038/nature10580
https://doi.org/10.1002/2016JD025333
https://doi.org/10.1002/2016JD025333
https://doi.org/10.1071/EN14255
https://doi.org/10.5194/acp-11-3137-2011
https://doi.org/10.1029/2010JD014713
https://doi.org/10.1002/2013JD021376
https://doi.org/10.5194/acp-14-1277-2014
https://doi.org/10.5194/acp-16-13081-2016
https://doi.org/10.1029/2008GL034210
https://doi.org/10.1038/srep45476
https://doi.org/10.1038/srep14883
https://doi.org/10.5194/acp-15-7961-2015.
https://doi.org/10.5194/acp-6-613-2006
https://doi.org/10.5194/acp-16-2221-2016
https://doi.org/10.1002/2016JD025405
https://doi.org/10.1002/2016JD025405
https://doi.org/10.1016/j.gloplacha.2011.03.004
https://doi.org/10.1073/pnas.0500656102.
https://doi.org/10.1016/j.atmosenv.2015.05.063.
https://doi.org/10.1016/j.atmosenv.2015.05.063.
https://doi.org/10.5194/acp-12-11329-2012.
https://doi.org/10.5194/acp-12-11329-2012.
https://doi.org/10.5194/acp-16-4927-2016
https://doi.org/10.5194/acp-16-4927-2016


77. Dawson JP, Bloomer BJ, Winner DA, Weaver CP. Understanding
the meteorological drivers of U.S. particulate matter concentrations
in a changing climate. Bull Am Meteorol Soc. 2014;95(4):521–32.
https://doi.org/10.1175/bams-d-12-00181.1.

78. Peng J, Hu M, Guo S, Du Z, Zheng J, Shang D, et al. Markedly
enhanced absorption and direct radiative forcing of black carbon
under polluted urban environments. Proc Natl Acad Sci.
2016;113(16):4266–71. https://doi.org/10.1073/pnas.1602310113.

79. Allen RJ, Landuyt W, Rumbold ST. An increase in aerosol burden
and radiative effects in a warmer world. Nat Clim Chang.
2016;6(3):269–74. https://doi.org/10.1038/nclimate2827.

80. Zhang J, Liu J, Tao S, Ban-Weiss GA. Long-range transport of
black carbon to the Pacific Ocean and its dependence on aging
timescale. Atmos Chem Phys. 2015;15(20):11521–35. https://doi.
org/10.5194/acp-15-11521-2015.

81. Lund MT, Berntsen TK, Samset BH. Sensitivity of black carbon
concentrations and climate impact to aging and scavenging in
OsloCTM2–M7. Atmos Chem Phys. 2017;17(9):6003–22. https://
doi.org/10.5194/acp-17-6003-2017.

82. Westervelt DM, Horowitz LW, Naik V, Tai APK, Fiore AM,
Mauzerall DL. Quantifying PM2.5-meteorology sensitivities in a
global climate model. Atmos Environ. 2016;142:43–56. https://doi.
org/10.1016/j.atmosenv.2016.07.040.

10 Curr Clim Change Rep (2018) 4:1–10

https://doi.org/10.1175/bams-d-12-00181.1
https://doi.org/10.1073/pnas.1602310113
https://doi.org/10.1038/nclimate2827
https://doi.org/10.5194/acp-15-11521-2015
https://doi.org/10.5194/acp-15-11521-2015
https://doi.org/10.5194/acp-17-6003-2017
https://doi.org/10.5194/acp-17-6003-2017
https://doi.org/10.1016/j.atmosenv.2016.07.040
https://doi.org/10.1016/j.atmosenv.2016.07.040

	Climate Feedback on Aerosol Emission and Atmospheric Concentrations
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Climate Impacts on Aerosol Sources and Emission
	Mineral Dust
	Biomass Burning Aerosol
	Biogenic Aerosol
	Biogenic Volatile Organic Gases and Secondary Organic Aerosols
	Primary Biological Aerosol Particles

	Marine Aerosol

	Climate Impacts on Aerosol Transport and Deposition
	Conclusions
	References


