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Executive Summary
A workshop was held at U.S. Department of Energy (DOE) Headquarters on January
20-21, 2016, during which experts within and outside DOE were brought together to
identify knowledge gaps in modeling and measurement of the contribution of absorbing
aerosols (AA) to radiative forcing. Absorbing aerosols refer to those aerosols that absorb
light, whereby they both reduce the amount of sunlight reaching the surface (direct
efect) and heat their surroundings. By doing so, they modify the vertical distribution of
heat in the atmosphere and afect atmospheric thermodynamics and stability, possibly
hastening cloud drop evaporation, and thereby afecting cloud amount, formation,
dissipation and, ultimately, precipitation. Deposition of AA on snow and ice reduces
surface albedo leading to accelerated melt.
Te most abundant AA type is black carbon (BC), which results from combustion of
fossil fuel and biofuel. Te other key AA types are brown carbon (BrC), which also
results from combustion of fossil fuel and biofuel, and dust (crustal material). Each of
these sources may result from, and be strongly infuenced by, anthropogenic activities.
Te properties and amounts of AA depend upon various factors, primarily fuel source
and burn conditions (e.g., internal combustion engine, faming or smoldering wildfre),
vegetation type (in the case of BC and BrC), and in the case of dust, soil type and ground
cover (i.e., vegetation, snow, etc.). After emission, AA undergo chemical processing in the
atmosphere that afects their physical and chemical properties. Tus, attribution of
sources of AA, and understanding processes AA undergo during their atmospheric
lifetimes, are necessary to understand how they will behave in a changing climate.
Tree questions guided the workshop:
1. What are the most important underlying knowledge gaps regarding AA that limit
our understanding of them and their roles in climate-relevant radiative,
thermodynamic, and dynamic processes in the atmosphere?
2. What factors currently limit a robust representation of AA properties and
processes in large-scale models?
3. How may these knowledge gap(s) be addressed with current and feasible new
DOE resources, including observations from the Atmospheric Radiation
Measurement (ARM) Climate Research Facility? What specifc additional
resources would be appropriate, and what value would be added by them?
A number of topical research areas that the DOE Atmospheric System Research (ASR)
program is well positioned to address were identifed:

• Characterization of the direct radiative forcing by AA and attribution of forcing
to aerosol type (e.g., BC, BrC, dust)

• Improvement of measurement and retrieval of AA
iii
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• Representation of AA properties and processes within models
• Properties and evolution of AA from biomass burning
• Impacts of AA on atmospheric dynamics, thermodynamics, and circulation;
cloud formation and life cycle; and the hydrological cycle.
Te science questions behind each of these topical areas, along with key research
activities that will address these questions, were proposed that involved laboratory
studies, feld measurements, and modeling activities.
Finally, the synergy between the ARM Facility climate observatories and the ASR
science program was recognized as a unique and powerful combination of
complementary capabilities that will ensure that DOE will continue to actively
contribute to absorbing aerosol climate science and will remain a leader in this area.
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Te U.S. Department of Energy (DOE) Climate and Environmental Sciences
Division (CESD) aims to advance the development of robust predictive
understanding of Earth’s climate and environmental systems to inform the
development of sustainable solutions to U.S. energy and environmental challenges.
Within this framework, the DOE Atmospheric System Research (ASR) program
supports activities that will advance process-level understanding of the interactions
among and between aerosols, clouds, precipitation, radiation, dynamics, and
thermodynamics, and that can ultimately serve to reduce uncertainties in radiative
forcing of climate.
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1.0 Introduction
Atmospheric aerosols exert a large infuence on Earth’s climate. Te role of atmospheric
aerosols in radiation and cloud processes is complex and the quantitative impacts of
aerosols have many uncertainties. Trough their ability to absorb and scatter radiation
(direct efect) and alter cloud properties (indirect efect), aerosols infuence the global
radiation budget and thermodynamic balance of the planet, and consequently global
climate. Tese infuences of aerosols on climate from aerosol-radiation interactions (ARI)
and aerosol-cloud interactions (ACI) are characterized by their radiative forcing, which
can lead to either warming or cooling on local, regional, or global scales. In addition,
these interactions can lead to changes in the hydrological cycle. Radiative forcing by
aerosols can act in concert with, but often opposes, the radiative forcing by greenhouse
gases. Te response of the Earth system to the combined forcing by aerosols and
greenhouse gases is a key factor that determines the magnitude and impacts of current
climate change.
Te net contribution of anthropogenic aerosols to radiative forcing from 1750 to the
present is estimated by the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC AR5) to be strongly negative (-0.9 W/m2), but with a wide
uncertainty range (-1.9 to -0.1 W/m2). Tis can be compared with the much more
certain net radiative forcing by greenhouse gases of +3.2 W/m2 (+2.6 to +3.8 W/m2).
Te contributions to the net radiative forcing by aerosols from ARI and ACI have
been assessed separately. Both are negative, with the net ARI forcing estimated to be
-0.23 W/m2 (-0.77 to +0.23 W/m2) and the net ACI forcing to be -0.55 W/m2
(-1.33 to -0.06 W/m2). Tus, the substantial uncertainties in both the net ARI and
ACI radiative forcings dominate the uncertainty in the total radiative forcing from
aerosols and greenhouse gases. Tis large uncertainty limits the extent to which the
modern-day forcing-temperature response relationships and the spatial variability of
this relationship are understood, and challenges predictions of the impacts of future
climate change on, among other factors, global temperatures and the hydrologic cycle.
One particular class of aerosols, light-absorbing aerosols, continue to contribute
substantially and disproportionately to this net uncertainty in aerosol forcing despite
their small relative abundances compared to non-absorbing aerosol types. Teir
importance and infuence on climate are directly determined by their ability to absorb
solar radiation, both in the atmosphere and after their deposition to the surface, and
by the substantial redistribution of energy in the atmosphere that results from this
absorption. Previous studies have identifed three main aerosol types that absorb solar
radiation: black carbon (BC), brown carbon (BrC), which is a subset of organic aerosol
(OA), and mineral dust. Together, these absorbing aerosols will be referred to as AA,
although each is distinct in terms of its sources and distribution in the atmosphere.
Tese AA result from both anthropogenic and natural activities and sources.
Quantifying the radiative impact of AA separately from other aerosol types has proven
challenging (Bond et al. 2013, IPCC 2013). BC and mineral dust are directly emitted
1
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into the atmosphere and can undergo additional chemical and physical transformations.
Key sources of BC are fossil fuel combustion, cooking, industrial processes, and
biomass burning (Bond et al. 2004). BrC can be emitted directly as primary organic
aerosol (POA), of which organic material in biomass burning is a signifcant source, but
it can also be produced through secondary organic aerosol (SOA) formation and
transformation via chemical reactions in the atmosphere. Mineral dust is emitted
primarily from wind action over arid regions.
Te infuence of each of these absorbing aerosol types on the climate system varies over a
range of temporal (hourly to daily to seasonally) and spatial (local to regional to global)
scales, and can change as AA undergo chemical processing in the atmosphere. Both the
properties and amounts of AA are afected by various factors such as fuel source and
burn conditions, vegetation type (in the case of BC and BrC), and in the case of dust,
soil type and ground cover (i.e., vegetation, snow, etc.). Each of these aerosol types is
produced directly by anthropogenic activities, such as industrial combustion, as well as
by natural activities. Production of each aerosol type is also indirectly afected by
anthropogenic activities such as land use changes that, for example, make biomass
burning (i.e., forest fres) or surface dust exposure more prevalent. Climate forcing by
AA (both from anthropogenic and perturbed natural sources) occurs on top of a natural,
background state. To understand and quantify absorbing aerosol efects on and
responses to a changing climate, attribution of their sources and understanding of the
processes that transform them during their atmospheric lifetimes are necessary.

Absorbing aerosols in the atmosphere and the various
ways they interact with incoming solar radiation, clouds,
and the dynamic and thermodynamic state of the
atmosphere are illustrated here.
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Te net radiative forcing by AA is generally
positive (warming), results from a variety of
specifc efects, and is impacted by diferent
atmospheric processes, illustrated in this graphic.
Absorbing aerosols typically suppresses the
overall cooling impacts of ARI and ACI on both
global and regional scales. Compared with
greenhouse gases, the concentrations of aerosols
in general, and those of AA in particular, vary
greatly spatially and temporally due to their
formation mechanisms (e.g., forest fres) and
comparably short atmospheric lifetimes (days to
weeks). Tus, the regional forcing by aerosols can
be dramatically diferent than the global average,
even difering in sign. It is important to
recognize, however, that a net forcing near zero
does not imply that the net efect of aerosols is near
zero, as BC, BrC, and dust afect diferent
processes in the atmosphere at diferent vertical/
horizontal spatial and temporal scales.

Because of the importance of AA on climate, it is crucial to develop a predictive
understanding of their properties and life cycles to characterize and quantify their
specifc roles in Earth's radiative budget, the hydrological cycle, the cryosphere,
atmospheric dynamics, and climate. Activities that lead to improved knowledge and
parameterization of AA must include instrument development and targeted laboratory
studies to understand the processes and factors that control the properties and
atmospheric lifetimes of AA. Specifc examples are surface- and aircraft-based feld
studies to investigate the evolution of AA abundances and properties from diferent
sources, remote sensing to extend these laboratory and feld studies to larger regions
(including global), and modeling studies at all scales to test and integrate our
understanding of these various aspects of AA and their climate impacts.

1.1 State of Absorbing Aerosol Understanding
Absorbing aerosols impact climate by directly absorbing solar radiation inside and
outside of clouds or after deposition onto bright surfaces, especially snow and ice.
Absorption by AA can lead to a reduction of solar radiation to the surface, warming of
atmospheric layers, and darkening of bright surfaces (ice and snow) on which AA is
deposited. Tese processes can lead to changes in cloud properties and cloud cover,
surface heat and moisture fuxes, melt rates of snow and ice, and overall atmospheric
stability. Te diferent AA types each exert a distinctive control on the global radiation
and energy budget due to diferences in their atmospheric distributions (both vertically
and horizontally), mixing state and morphology, lifetimes, and their intrinsic ability to
absorb or scatter radiation of diferent wavelengths. General understanding of the three
major AA types (BC, BrC, and dust) and their characterization along with gaps in this
understanding, are summarized briefy below.

1.1.1 Types
Black Carbon: Of the three AA types, BC is an especially strong absorber of solar
radiation and is unique in its ability to absorb light across the entire solar spectrum. Te
absorptivity of pure BC is fairly well established, and depends on the morphology
(compactness) of the BC particle, although uncertainties remain regarding the exact
spectral dependence. Further, the efective absorptivity of BC depends upon the extent
to which it is internally mixed with other aerosol components (including water) and on
the morphologies of the mixed particles, making this an evolving property in the
atmosphere. Such mixing can enhance the absorptivity of BC, thereby increasing its
climate impacts. Enhancement of BC absorption by absorbed materials on
BC-containing particles has been demonstrated in laboratory studies. However,
ambient measurements of the magnitude of the enhancement and the dependence of
the enhancement on mixing with other components and on morphology have given
conficting results, and the infuence of water and the morphology of the mixed particle
are under-characterized. Unmixed BC is hydrophobic, but BC becomes more
hydrophilic as it mixes with other aerosol components. Understanding the processes
3
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and factors that drive atmospheric variability in BC absorption and properties, both in
and out of clouds, is a critical need, so that robust model parameterizations of the ARI
and ACI and associated thermodynamic feedbacks can be developed.
A recent comprehensive assessment of the ARI forcing by BC found that the magnitude
of solar absorption by BC in many models is lower than estimates derived from remote
sensing of the aerosol absorption optical depth (AAOD) by roughly a factor of three
(Bond et al. 2013). Tis diference results from uncertainties in BC emission inventories,
atmospheric lifetime, vertical distributions, intrinsic absorptivity, and the ability to
confdently apportion AAOD into contributions from BC, BrC, and dust. After
increasing BC absorption in models to agree with observations, the ARI radiative
forcing of BC was estimated to be strongly positive, but highly uncertain, and equal to
+0.71 W/m2 (+0.08 to +1.27 W/m2). Although such a posteriori model tuning (scaling),
as in Bond et al. (2013), can potentially allow for improved estimates of the climate
efects of BC specifcally, and AA in general, there is a substantial concern that the
improved agreement is being obtained for incorrect reasons and masks real uncertainties
in the processes that contribute to the model/observation mismatch. Te combined net
radiative forcing of BC from ARI and ACI efects is even more positive, with an even
wider uncertainty range: +1.1 W/m2 (+0.17 to +2.1 W m-2). Reducing this range of
uncertainties presents a large, yet important, challenge.
Brown Carbon: Te primary characteristic of BrC, or absorbing organic carbon (OC),
is the strong wavelength dependence of the absorptivity, with absorptivity increasing
rapidly with decreasing wavelength from the mid-visible through the ultraviolet range.
A key challenge in understanding the climate impacts of BrC is that, unlike BC, BrC is
not one chemical component, but rather a mixture of individual organic compounds
that have a range of individual properties. Further, BrC is chemically reactive, both
being formed and degraded over time in the atmosphere. As such, the optical properties
of BrC remain highly uncertain—and highly variable—thus limiting accurate
estimation of BrC forcing from models. Te absorptivity of BrC tends to be much lower
than that of BC even at shorter wavelengths (where the absorptivity of BrC is increasing
rapidly). However, because OA is typically much more abundant than BC, the total
absorption by BrC can nonetheless be substantial, and recent studies indicate that BrC
forcing can be signifcant and even comparable to BC forcing in some regions (Feng et
al. 2013). Understanding the diversity in BrC properties, emissions, and susceptibility
to chemical transformation between sources is a key need.
Dust: Mineral dust absorbs moderately in the visible and long wavelengths, with an
absorptivity that depends on the dust source. Dust is distinct from BC and BrC in that
the bulk of the emissions by mass are associated with particles with diameters greater
than one micrometer. Consequently, the atmospheric lifetime tends to be shorter than
those of BC and BrC, although dust can still undergo interhemispheric transport and
thus be of both regional and global importance. Recent satellite data analysis suggests
that Saharan dust may induce radiative heating on the order of 2-4 K in the
4

transatlantic dust layer (Davidi et al. 2012). Te estimated global radiative forcing of
dust is about –0.1 W m-2 with an uncertainty range of –0.3 to +0.1 W m-2 (IPCC
2013).

1.1.2 Measurement Characterization
Observational methods for characterization and quantifcation of AA can generally be
categorized into passive remote sensing, active remote sensing, and in situ. Passive
remote-sensing methods provide regional or even global assessment of AA column
burdens, whereas active remote-sensing and in situ methods provide detailed
information on (typically) smaller spatial scales.
Passive remote sensing of aerosol abundance and properties can be conducted from the
surface, aircraft, or satellite, and provides column-integrated (or line-of-sight) values of
aerosol optical depth (AOD). Passive remote sensing can also provide values of AAOD
or single-scatter albedo (SSA) when signal levels are sufciently large. Surface-based
networks of passive sun photometers (such as the Aerosol Robotic Network
[AERONET], the SKYNET observing network, and those operated by the
Atmospheric Radiation Measurement [ARM] Climate Research Facility) provide
semi-continuous characterization of aerosol and atmospheric properties during daytime
under cloud-free conditions. Satellite retrievals of AA properties (from, e.g., the Ozone
Monitoring Instrument [OMI] and OMI/Aura Aerosol Optical Tickness & Single
Scattering [OMAERUV]) provide information similar to that provided by the surfacebased networks, but at the global scale for cloud-free regions. Tus, passive remote
sensing can provide a picture of the vertically integrated, temporally varying spatial
distribution of AA, but with signifcant limitations from the perspective of informing/
improving models. Specifcally, passive retrievals do not provide information on vertical
structure, have difculty in apportioning AA absorption among BC, BrC, and mineral
dust, are not able to distinguish traits such as morphology or mixing state, and typically
require high aerosol loadings. Tis last issue raises concerns of the representativeness of
AAOD retrievals from AERONET, despite its broad spatial coverage with hundreds of
sites distributed around the world. In contrast, SKYNET and the ARM Facility employ
instrument techniques and retrievals applicable to lower aerosol burdens but have much
less comprehensive spatial coverage.
Active remote sensing of aerosols by surface-based sophisticated multi-wavelength lidar
(European Aerosol Research Lidar Network [EARLINET], Combined HSRL and
Raman Measurement Study [CHARMS] at ARM's Southern Great Plains [SGP] site)
and aircraft (National Aeronautics and Space Administration [NASA] Langley, Space
Science and Engineering Center, University of Wisconsin–Madison [SSEC UW])
allows determination of vertically resolved (as opposed to column-integrated) profles of
extinction and SSA, as well as rudimentary determination of particle shape (allowing
inference of mineral dust). However, active remote-sensing retrievals are also limited in
their ability to ascertain particle morphology (beyond asphericity) and mixing state, and
to apportion AA into constituent types, especially within a given particle size range.
5
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More generally though, both the passive and active retrievals sufer, as compared to
direct in situ measurements, from a lack of comprehensive assessment of aerosol
properties within the atmospheric column.
In situ methods allow for characterization of aerosol properties at a single location,
which may be either fxed at the surface or on a mobile platform (e.g., aircraft, ships),
and sample only at the location of the platform. Tis characterization may be performed
in real time or may involve sample acquisition and subsequent laboratory analysis.
Continuous in situ measurements at fxed locations (e.g., the DOE ARM SGP site,
North Slope of Alaska [NSA], and several mobile deployments of 1 to 2 years) have been
used to develop understanding of long-term trends. In addition, when collected at
relatively high temporal resolution, such measurements can be used for characterization
over shorter time periods (weeks to a few months) to develop process-level
understanding. Process studies beneft most from co-located measurements of a range of
aerosol properties, such as size distribution, chemical composition, and optical
properties. Critically though, in situ methods—whether at the surface or from aircraft—
are still challenged to provide measurements of the optical properties of ambient AA
with the accuracy necessary to assess or validate the remote-sensing retrievals.

1.1.3 Model Characterization
Observations indicate that ambient aerosol populations exhibit much greater
compositional and morphological complexity than are currently accounted for in
regional and global models, due to computational constraints and gaps in process-level
understanding. Aerosol models necessarily make simplifying assumptions, which
ultimately impact the calculation of optical properties, including absorption. A modeling
framework used in many global models is to approximate the aerosol size distribution by
several overlapping log-normal modes with particle size as the independent variable.
Typically, number and mass concentrations of a mode are allowed to vary, but the
width of the mode is held constant. An inherent assumption of this approach is that
each mode is “internally mixed,” meaning that all particles within a given mode have
the same composition, which is equal to the average composition of the mode.
Compositional diferences within the population can be resolved to some extent by
having several modes, even within a given size range, with aerosol aging represented by
allowing interactions between modes. For example, the Modal Aerosol Model in CAM
(MAM4) uses four modes to represent the aerosol population: an Aitken, accumulation,
and coarse mode, each of which contains diferent aerosol species as internal mixtures,
and a fourth mode that contains freshly emitted carbonaceous aerosol (BC and OC).
Carbonaceous aerosol can “age” from the fresh mode to the internally mixed
accumulation mode, and only the internally mixed modes are subject to removal by wet
deposition. Calculation of optical properties of particles within a mode requires
additional assumptions regarding article shape and morphology. It is commonly
assumed that particles are spherical and optical properties are calculated using Mie
theory. When BC is present, a core-shell morphology is typically assumed, with BC
6

forming the core, and the other material forming the coating. However, it is known
from observations that the optical properties of BC-containing particles do not
necessarily conform to a core-shell morphology, and thus it is unclear when and under
what conditions such an assumption is justifed (Cappa et al. 2012).
It is currently an open research question how much error the various assumptions
(regarding size, composition/mixing state, particle shape/morphology) introduce to
estimates of the aerosol impact on climate in general, and of aerosol absorptivity in
particular. A recent study (Kaiser et al. 2014) shows, for example, that large
discrepancies can exist between the simulated size distributions of a modal model
(MADE3) and a particle-resolved, “benchmark” model (PartMC-MOSAIC). Such
discrepancies in size distribution and mixing state will then propagate into the
calculation of optical properties. In addition to these “immediate” impacts of errors in
aerosol population on optical properties, there are indirect ways that details of aerosol
aging may afect estimates of aerosol absorption, such as the dependence of wet
scavenging of BC on its mixing state.

2.0 Workshop on Absorbing Aerosols
Recognizing the importance of AA to global climate, DOE BER organized a workshop
to discuss the radiative efects of AA and obtain guidance from experts to identify
knowledge gaps that currently limit our ability to resolve some of the questions and
reduce uncertainties. Te workshop was held on January 20-21, 2016, in Germantown,
Maryland. A description of the workshop agenda and participants that led to the
development of this report is provided in Appendices A and B. Prior to the workshop,
the organizers solicited input from the attendees in the form of white papers, in
response to three guiding questions:
Question 1: What are the most important underlying knowledge gaps regarding
absorbing aerosols that limit our understanding of these species and their roles in
climate-relevant radiative, thermodynamic, and dynamic processes in the atmosphere?
Question 2: What factors currently limit a robust representation of these absorbing
aerosol processes in large-scale models?
Question 3: How may these knowledge gap(s) be addressed with current and feasible
new DOE resources, including observations from the ARM Climate Research Facility?
What specifc additional resources would be appropriate, and what value would be
added by them?
Tis report summarizes the primary scientifc challenges and high-priority research
topics identifed during the workshop and in the solicited white papers. A summary of
the science themes and questions, as well as key research activities, can be found in
Appendix C.
7
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3.0 Workshop Discussion
3.1 Overview of Science Themes
Scientifc controversies, challenges, and opportunities in understanding absorbing aerosols
contribution to forcing
Workshop attendees concluded that uncertainties in estimates of the radiative forcing
by AA (due to both ARI and ACI), and in cloud and atmospheric responses to the
distribution of AA in the atmosphere, can be reduced by advances and activities in a
number of areas. Key challenges for reducing these uncertainties were identifed as:
i) limitations associated with point measurements and with remote sensing and
retrieval; (ii) making meaningful extrapolations from sparse measurements; and
iii) development and evaluation of models at the spatial and temporal scales that
capture AA life cycle processes (generation, transformation, transport, and removal).
Based on these challenges, the following critical themes and motivating questions were
identifed during the workshop:

• What are the contributions of black carbon, brown carbon, and dust to aerosol

absorption across the solar and terrestrial spectrum and how do these vary with
atmospheric conditions (e.g., relative humidity [RH])? How can these
contributions be attributed to source (e.g., natural versus anthropogenic)?
How might these contributions change in a changing climate?

• Tere are large model/measurement discrepancies in ARI forcing by BC.

Measurements of AAOD using existing surface-based, remote-sensing networks
(AERONET, SKYNET, ARM Facility) also include contributions from BrC and
dust, which must be subtracted to quantify BC specifcally. What are the
contributions to these discrepancies from uncertainties/inaccuracies in the
measurements, in AAOD separation (BC versus BrC versus dust), and in BC
inventories, versus those that are intrinsic to the models (e.g., transport, aging
timescales, relating concentration to absorption)? Can these discrepancies be
reduced with current in situ techniques?

• What are the spatial and temporal scales necessary to accurately capture AA

processes? What is the best way to represent AA size distributions, optical and
microphysical properties, and their evolution in models? To what extent are
model/measurement discrepancies due to model representation versus
measurement uncertainty? What factors govern the vertical distribution of AA on
local and regional scales?

• Combustion of biomass and biofuels is a major source of AA. However, other

co-emitted species can alter the optical properties, life cycle, and thus net forcing
from AA. What factors and processes control the net radiative efects of AA? How
do these factors and processes vary by region and across scales? How might they
behave in a changing climate?

8

• Given the unique ability of AA to redistribute energy through the atmospheric
column via localized heating from absorption, what are the impacts of AA on
atmospheric thermodynamics, atmospheric circulation, and surface-atmosphere
feedbacks (especially cloud responses)? How might these responses change in a
changing climate? How do these impacts afect the hydrological cycle, both
regionally and globally? What are the impacts of surface albedo change due to
deposition of AA and how might this change in the changing climate?
Tese issues illustrate that development of a detailed understanding of the
fundamental processes and associated physical, chemical, and optical properties of
AA, and their efects on the dynamics and thermodynamics of the atmosphere,
including land-atmosphere and ocean-atmosphere feedbacks, is critical. Improved
understanding remains necessary to reduce the uncertainty in both ARI and ACI
radiative forcing and feedbacks due to greenhouse warming in the current climate
and for evaluating the anthropogenic infuence on climate change over the past
several hundred years and into the future. Te following sections address ways
identifed by workshop participants that ASR is uniquely situated to address the issues
enumerated above.

3.2 Improving Understanding of Absorbing Aerosols
and their Climate Impacts
Topical areas that leverage ASR strengths and expertise

3.2.1 Direct Radiative Forcing from Absorbing Aerosols
Development of an observationally constrained global picture of AA burdens and
properties (e.g., apportionment) is necessary to fully quantify AA radiative efects and
understand how these will change into the future. Tis
picture can be obtained by integrating in situ and remotesensing observations. It was concluded that a high-value
activity in this area would be a targeted efort to improve
surface-based measurements, both in situ and remote
sensing, culminating in a feld study at an appropriate
location. Key considerations as to location are the
likelihood of encountering mixed AA sources and particle
types, expected signal levels of sufcient magnitude that
the AOD threshold for AERONET level 2 AAOD
retrievals will be exceeded on a regular basis (it was
suggested that preference be given to locations where the
discrepancy between AERONET and satellite retrievals or
An ARM Mobile Facility deployment is needed
between AERONET and models is large), the extent to
in a region where aerosol absorption optical
depth is routinely above the detection
which the campaign will complement and take advantage
threshold to fully quantify absorbing aerosol
of existing long-term data records, and logistical issues
radiative effects.
surrounding deployment.
9
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Several DOE ARM fxed sites (SGP site in north-central Oklahoma, NSA [Alaska],
and the recently-established Eastern North Atlantic [ENA] site on Graciosa Island in
the Azores) have both in situ surface measurements and sun photometer remotesensing measurements. Tere have also been several 1 to 2-year ARM Mobile Facility
(AMF) deployments, but at locations that were intentionally in more remote regions. It
was concluded that such a study should make use of one of the ARM mobile facilities
and take place in a region where AAOD is routinely above the detection threshold. In
addition, selection of a region that is likely to be impacted by the diferent AA types
with varying contributions would be important to development of AAOD
apportionment methods.

Increased in situ vertical profile measurements of absorbing
aerosol abundances and properties using both manned
aircraft (e.g., G-159) and unmanned aerial systems
(e.g., DataHawk2) are needed to reduce uncertainty in
the radiative impacts and bridge scientific gaps.

For any deployment, in situ measurements
should be made at both the surface and
vertically through the atmosphere. Te in
situ vertical characterization should involve
measurements from aircraft, and also
potentially from smaller platforms such as
unmanned aerial systems (UASs), including
drones or tethered balloons. A key beneft
of including aircraft-based measurements is
that they can allow for a comparably
large payload, facilitating the deployment
and validation of state-of-the-science
instrumentation for characterization of
aerosol optical properties and composition
for both quantifcation of abundances and
the investigation of process-level
relationships. A key beneft of including
alternative, smaller-payload platforms (UAS)
is that they potentially allow for greater
temporal coverage—i.e., higher time
resolution—although with decreases in
sensitivity, accuracy, and capabilities.

Next-generation remote-sensing techniques should be simultaneously deployed for
co-validation and testing, in addition to more commonly used methodologies such as
sun photometers, which form the basis of the AERONET network and the core of
some global estimates of BC radiative efects (Bond et al. 2013) and improved
retrievals combining complementary measurements from multiple sun photometers
and radiometers. In addition, continued use of multiple remote spectral methods,
such as the combination of Raman lidar and high spectral resolution lidar (HSRL)
measurements, should be made, as these may allow for retrieval of vertically resolved
aerosol absorption. Use of mobile AERONET-proxy methods, such as the
Spectrometer for Sky-Scanning, Sun-Tracking Atmospheric Research (4STAR)
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instrument, can allow for regional-scale spatial profling of AAOD and AOD during
measurement campaigns and targeting of aloft aerosol layers, while collocated
airborne measurements of spectral fuxes (up, down, and omnidirectional) collected
above and below aerosol layers ofer potential for additional independent retrievals.

Key research activities identifed by the workshop that can help address scientifc
gaps associated with quantifcation of the direct radiative impacts of absorbing
aerosol are:
1. Retrieval validation. Assess the performance of current remote-sensing
AAOD retrievals, especially those from AERONET because of its quasiglobal coverage and current use in constraining both satellite retrievals and
model results, through a targeted feld study.
2. Attribution. Develop methodologies and techniques for the apportionment
of the contributions of the diferent AA types (BC, BrC, and dust) to
AAOD retrievals.
3. Enhanced AAOD retrievals. Develop next-generation AAOD retrieval
methods having lower detection thresholds and the ability to provide vertical
resolution in addition to column-average properties.
4. Surface-column relationships. Examine the extent to which surface in situ
measurements of SSA are representative of the entire column, and how such
relationships vary in time and space.
5. Vertical distribution development. Develop methodologies to determine the
factors that govern the vertical distribution of AA on local and regional scales.

3.2.2 Measurement Needs
Te contributions from the several AA types will vary spatio-temporally due to
variations in emissions and formation, transport, removal, and transformations.
Apportionment and quantifcation of the contributions of the diferent AA types to
total absorption under various atmospheric conditions, including at elevated relative
humidity, requires new measurement capabilities and analysis techniques (both in situ
and remote sensing) that can characterize and quantify ambient AA properties and
concentrations. As the accuracy of each measurement technique difers, it is necessary
to establish the accuracy and/or precision that is required to address a particular science
question. Modeling-based sensitivity studies could help to address measurement
accuracy requirements. Brief discussion of current limitations and future opportunities
regarding the measurement needs to address science questions associated with AA is
provided below.
11
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3.2.2.1 In Situ Absorbing Aerosol Characterization

Absorption Measurements: Tere exist a variety of methods to measure aerosol
absorption, with a range of sensitivities, accuracies, and feld deployment potential.
Most existing methods measure absorption by dry particles, as the presence of liquid
water can lead to difcult-to-quantify measurement issues. Measurements from flterbased techniques, such as the particle soot absorption photometer (PSAP), form the core
of long-term records, including those at ARM sites. Te PSAP can be deployed at surface
sites or on aircraft. Concerns have arisen regarding biases in the PSAP absorption
measurements (Cappa et al. 2008, Lack et al. 2008, Subramanian et al. 2007) that have
not yet been satisfactorily resolved. However, the ability to deploy the PSAP on aircraft
allows for at least a qualitative understanding of the vertical variability in absorption.
An additional concern is that production of the PSAP has been discontinued, thus
impacting the long-term viability of this method even in the absence of potential biases,
although the recent development of more compact sister instruments such as the tri-color
absorption photometer (TAP) and the continuous light absorption photometer (CLAP)
(Ogren et al. 2013), which are based on the same principle, may alleviate this concern to
some extent. Given the importance of long-term records of absorption, it is necessary to
understand the extent to which the ARM PSAP measurements have been biased and to
correct for such biases. In addition, understanding the dependence of measured
absorption on relative humidity is required for meaningful interpretation of
measurements from flter-based instruments deployed on UASs.

In situ characterizations from surface sites or on
aircraft allow for a qualitative understanding of the
vertical variability in aerosol absorption.
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Measurement of absorption by suspended ambient
particles, without deposition on a flter, provides a means
to circumvent the bias issues that afect the PSAP.
Photoacoustic and photothermal interferometric (PAS
and PTI, respectively) measurements of suspendedparticle absorption have seen increased development and
usage. Commercial instruments, such as the
3-wavelength photoacoustic absorption soot
spectrometer (PASS-3) and single-wavelength
photoacoustic eXtinctiometer (PAX) are now available.
Although these instruments are well suited for
measurement in areas where absorption levels are
reasonably high, they are generally not as sensitive as
research-grade (i.e., custom) instruments, and thus their
performance in remote regions (such as the ARM SGP or
Barrow, Alaska, sites) has not been adequate. As a result,
the ARM Facility has discontinued routine surface- and
aircraft-based PASS-3 measurements. Custom PAS and
PTI instruments have been deployed on aircraft
platforms with variable results; they have successfully
quantifed absorption within biomass burning plumes,

but further development is necessary if they are to be used to fully characterize vertical
profles from aircraft under a wide range of conditions and concentration levels. Tese
instruments allow selection of the wavelengths of measurement through use of diferent
lasers. Measurements are most often made at 405 nm, 532 nm, 780 nm, or 870 nm, dictated
in part by available laser technology. Other wavelengths have been used in research
(non-commercial) applications, but the sensitivity has typically proven to be relatively low.
Extension of the wavelength range into the ultraviolet is needed to understand the full impact of
AA across the solar spectrum, and would further facilitate attribution among diferent AA types.
Light extinction is the sum of absorption and scattering. Terefore, absorption can be
measured as the diference between extinction and scattering, both of which can readily
be measured. Historically, extinction and scattering measurements were made using
separate instruments, leading to substantial concerns about the accuracy of this
“diference” method. Recently developed instrumentation, such as the aerosol
albedometer (Tompson et al. 2008) or commercial cavity-attenuated, phase-shift, singlescatter albedo (CAPS-SSA) (Onasch et al. 2015), characterize extinction and scattering of
the same volume of air, thus alleviating some of this concern and making the diference
method a viable one for absorption measurement. However, scattering measurements
require “truncation” correction to account for the small-angle scattering from larger
particles that cannot be detected due to overlap with the incident light beam, and thus
concerns over accuracy for absorption measurement remain, especially when the SSA is
close to unity. Te CAPS-SSA, which has seen limited deployment on aircraft, may
provide a means towards in situ measurement of vertical profles of absorption.
Unlike BC and dust, BrC (which is not a unique substance) may be soluble, at least to
some extent, in water and other solvents such as methanol. As such, its spectrally varying
absorption properties can be characterized by either collecting particles on flters and then
performing solvent extraction or by direct dissolution into a solvent for online analysis
[(Zhang et al. 2011). Such solvent-based methods provide a means to characterize the
absorption properties of BrC separately from BC and dust, and samples can be collected
from aircraft platforms (Liu et al. 2015). However, it is not established whether the
dissolution process infuences the BrC absorptivity, and the total absorptivity and spectral
variation depend on the solvent used (Zhang et al. 2013). Further eforts to quantitatively
understand the relationship between measurements of solvent-extracted absorption and
suspended-particle absorption may help in apportionment of BrC absorption.
Apportionment of Absorption: Te total absorption is the sum of the absorptions of all
contributing components (BC, BrC, and dust), and the climate impacts will depend on the
integration of these contributions over the entire solar spectrum. Quantifying the
contributions from each AA type is important to attribute impacts to sources, and to
understand how these might change in the future due to changes in emission sources
resulting from technological advances or in response to climate change. Eforts to allow for
quantitative sampling and measurement of AA as a function of particle size would facilitate
improved apportionment of in situ absorption. For example, such eforts can likely separate
13
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dust from BC and BrC, since dust contributions are typically from larger particles. However,
quantitative characterization of particles with diameters greater than one micrometer is
challenging because of inertial losses during sampling, especially on aircraft, and can be
further exacerbated by losses within instruments that are not designed to maximize
transmission of such particles. Other techniques to apportion BC and BrC absorption are
making use of the diferences in the wavelength dependence of absorption of these two
types, and heating of the suspended particles to drive of the presumably more volatile BrC
(i.e., denuding). It was concluded that future studies with concurrent use of multiple
methodologies would facilitate improved apportionment of BrC and BC absorption.
Infuence of Water on Particle Absorption: Most measurements of particulate light
absorption have been made under dry conditions. However, the efects of particulate water
on light absorption by AA particles, both within and outside of clouds, can substantially
alter the climate impacts of AA (Jacobson 2001, 2014), because water, like other nonabsorbing particulate components, can serve as a coating on BC or dust, and can dissolve
BrC, each of which leads to an increase in the calculated
per-particle absorptivity (Redemann et al. 2001). Despite the
importance of water uptake on absorption, experimental studies
on this topic are extremely limited. One study on water uptake
on BC particles concluded that this process led to a substantial
increase in absorption, but the uncertainty on these
measurements was sufciently large as to render the results
inconclusive (Mikhailov et al. 2006). Another study, using a
somewhat water-soluble BrC surrogate (nigrosin), found that
absorption increased continuously as RH increased, by about
30% from dry to 95% RH (Brem et al. 2011). Tese
investigators also found that absorption for BrC-containing
Experimental understanding of the
influence of water uptake on absorption by
(and BC-free) particles generated from wood pyrolysis increased
absorbing aerosols, including black carbon
notably only when the RH was greater than 90%, albeit with
as illustrated here, remains limited.
relatively large measurement uncertainties.
A key experimental challenge to the characterization of the infuence of water on absorption
has been the ability to accurately measure absorption under high RH conditions.
Direct absorption measurement techniques are typically not well suited to such measurements.
Te diference method was identifed as the most promising avenue towards quantifcation,
both in the laboratory and ultimately in the feld, although this approach is not without
difculties (i.e., taking the diference of two larger numbers that increasingly approach each
other at higher RH values). Te ability of new instrumentation to measure extinction and
scattering on the same volume of air alleviates many of the concerns regarding diferences in
RH between instruments, but the infuences of changes in particle size resulting from water
uptake will still require careful attention to detail. Instrument development and testing
coupled with laboratory process-oriented experiments will serve as reference understanding
for ultimate feld deployment, both at surface sites and on aircraft platforms.
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Such RH-dependent measurements are critical, both to ultimately understand and validate
results from remote-sensing methods, which characterize particle absorption in the ambient
environment, and to quantify the radiative forcing of AA in real-world conditions.
Quantifcation and Chemical Characterization: Global models typically simulate mass
concentrations and size distributions, which are then used to calculate light absorption.
Terefore, quantifcation of the abundance of atmospheric AA, in addition to absorption
measurements, is necessary so that relationships between amount and absorption can be
established and variability in these relationships can be understood.
Non-optical quantifcation of BC abundance is typically performed using one of a few
available methods. So-called “elemental carbon” (EC) concentrations are determined by
collection of particles on flters followed by conversion to CO2 and detection. It is
typically assumed that EC and BC are equivalent, which may not be correct, and the
EC method is not well suited for aircraft measurements, although flter samples
collected in situ (including on UASs) can in principle be returned to the lab for analysis.
Uncertainties and biases in the EC method are only reasonably well established. Te
concentration of so-called “refractory BC” (rBC) is determined by optically heating particles
in situ through absorption of laser light and measuring their subsequent incandescence, the
assumption being made that the intensity of this incandesced light is directly proportional to
the mass of rBC. Te commercial Single-Particle Soot Photometer (SP2) characterizes the
mass of rBC in individual particles by this method, from which mass concentrations and
size distributions of rBC in ambient aerosol can be determined. Te SP2 is suitable for use
on mobile (i.e., aircraft) platforms. Advanced analysis of SP2 data can provide some
information on the relative amount of non-rBC material in a given particle, although
interpretation of this information has proven challenging (Sedlacek et al. 2012, 2015). Te
recently developed commercial Soot Photometer Aerosol Mass Spectrometer (SP-AMS)
also characterizes rBC by optical heating, but measures the carbon molecules that
evaporate as the rBC-containing particles reach their sublimation temperature (Onasch et
al. 2012). Te quantitative capability of the SP-AMS is an active area of investigation. Te
SP-AMS can be deployed on aircraft, although it is currently better suited for in-plume
measurements than for background-level measurements. Te SP-AMS also characterizes
other chemical components in the rBC-containing particles, and thus can provide additional
information about the chemical nature and evolution of rBC in the atmosphere.
Overall, greater efort to understand the comparability of the BC measured by these
diferent methods is needed, as is understanding of the limitations and biases of these
methods in diferent environments.
Quantifcation of BrC is challenged by the fact that BrC is not a unique substance, but
rather any organic aerosol substance (other than BC) that absorbs light. Understanding
the chemical nature of BrC is needed to establish the extent to which BrC
characteristics and emissions difer between sources (e.g., open burning versus
residential wood combustion) and how the light absorption properties of BrC evolve
through atmospheric processing, either through formation of BrC or degradation. It is
clear that diferent components of OA have diferent inherent absorptivities, but we
15
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currently have limited understanding of what chemical factors drive this variability and
what is characterized as “BrC”. A current question is the number of classes of BrC
necessary to accurately characterize and parameterize its optical properties. New
methods and approaches, both phenomenological and molecular, are needed.
Characterization and quantifcation of mineral dust and its absorption is limited by a
lack of quantitative, in situ methods for determination of both abundance and chemical
composition. Te use of single-particle aerosol mass spectrometers can provide some
perspective on abundances and chemical characteristics of mineral dust within a
complex mixture of particles, but these instruments are substantially limited by their
semi-quantitative nature. Because diameters of mineral dust particles are often greater
than one micrometer, particle size can be used to estimate dust concentrations in areas
where dust dominates aerosol mass in that size range. However, such an estimate would
not include the contribution from smaller dust particles and thus would underestimate
the total absorption from dust. Particles can be collected on flters and analyzed using
ofine methods, as is done by the IMPROVE network, for example. However, such an
approach is not suited for aircraft measurements of absorption.
Te workshop identifed improvements and new developments in in situ
measurement of aerosol absorption and of absorbing mass concentrations that are
needed to help address scientifc gaps in the radiative impacts of absorbing aerosol:
1. Adequacy of long-term records. Determining the extent to which long-term
records of particulate light absorption made using flter-based methods are
subject to biases.
2. Instrument development and validation. Development of robust, non-flterbased methods for long-term monitoring and aircraft-deployable in situ
absorption measurements, and extension of the range of wavelengths used.
Quantitative understanding of the comparability of diferent BC measurement
techniques, including their limitations and biases in diferent environments.
3. Attribution. Improvement in the attribution of absorption among the
diferent AA types.
4. Water-uptake efects. Determining the extent to which water uptake impacts
absorption by AA and how such efects depend on particle composition.
5. BC-containing particle characterization. Identifcation of BC-containing
particle shape and morphology (i.e., location of various components within the
particle) and examination of their efects on the particle optical properties.
6. Brown carbon composition. Identifcation of which chemical components
of the total organic aerosol contribute most to the BrC burden, and how these
are altered by chemical processing.
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3.2.2.2 Remote Sensing of Absorbing Aerosols

Both passive sun photometry retrievals and active lidar retrievals infer aerosol
absorption from the diference between remotely sensed quantities characterizing
extinction and scattering. In the case of sun photometry, the “extinction” is the
column-integrated, line-of-sight extinction (equal to the AOD divided by the cosine
of the solar zenith angle) and the “scattering” is the difuse sky radiance. For active
lidar retrievals, the “extinction” is the distance-resolved particulate extinction
coefcient and the “scattering” is the particulate backscatter coefcient.
Qualitatively, both of these retrieval approaches yield information on aerosol size
distribution primarily from the magnitude and wavelength dependence of the
observed extinction. Te angularly resolved scattering (in the case of the AERONET
and SKYNET retrievals), or the hemispheric difuse fux (in the case of the ARM
multi-flter rotating shadowband radiometer [MFRSR] retrievals), or the wavelengthdependent 180-degree backscatter (in the case of the 3b-2a lidar), permits inference
of the real and imaginary parts of the refractive index, and thus of the various bulk
optical properties via a radiative transfer code. Te size distribution together with
the complex index of refraction (and to an extent the particle shape or “sphericity”)
then dictate the angular distribution of scattered light. Ultimately, average, efective
values of the real and imaginary refractive index of the particles, which characterize
their absorptivity, are retrieved through numerical inversion. In the case of
AERONET, the refractive index is assumed to be size-independent, which limits the
ability to separately retrieve AAOD values for “fne” and “coarse” mode particles and
therefore the apportionment of absorption among the diferent components. “Fine”
and “coarse” correspond qualitatively to smaller and bigger particles, respectively; in
terms of absorption, these size ranges can be approximately interpreted as BC- and
BrC-dominated (fne) and dust-dominated (coarse).
Several diferent sets of radiative-transfer code underpin the AA retrievals from
various observation networks (AERONET, SKYNET, ARM MFRSR-CIP, OMI,
AIR-MISR), and it is conceivable that diferences in these radiative-transfer code
packages might generate disagreement between retrievals from these diferent
sources. However, while diferences do exist between AA retrievals from these
networks, controlled sensitivity studies suggest that their magnitudes are greater
than model diferences can explain, and instead indicate diferences in instrument
calibration as the primary source of retrieval diferences, with diferences in assumed
surface albedo as the second source.
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Te workshop identifed improvements and new developments in remotesensing retrievals of aerosol absorption that would address scientifc gaps in the
radiative impacts of absorbing aerosol:
1. Validation. Improved validation of remote sensing of absorbing aerosol
optical depth measurements through targeted feld studies.
2. Absorbing aerosols vertical profles. Extension of remote-sensing methods
to allow for retrieval of vertical profles of AA.
3. Instrument calibration. Improvements in calibration methods associated
with surface-based, remote-sensing methods.

3.2.3 Modeling Needs
Determining the climate impacts of AA from regional and global models requires
accurate representation of the atmospheric aerosol and its life cycle as a whole, including
the spatial distribution of AA concentrations and the AA absorptivity. Tis section
illustrates the challenges that regional and global models face in this regard. Te
macroscale impacts of AA (e.g., on heating rates) are ultimately determined by particlescale processes. Tus, the task of aerosol modeling is a prime example of a multiscale
problem, with two distinct aspects: i) representation of the aerosol population itself (size
distribution, composition, particle shape) and its optical properties, and ii) spatial
resolution and the representation of sub-grid processes in a model with coarse grid
spacing. An important issue is that the aerosol representation in global models must
adequately represent the impacts of both AA and cloud condensation nuclei (CCN) and
ice nuclei (IN) activity to account for the various competing direct and indirect efects.
Aerosol Aging and the Evolution of Aerosol Mixing State and Morphology: Field
campaigns show a large variation in composition and morphology of individual
particles (China et al. 2013) that refects diversity in particle sources and in atmospheric
processing. Aerosol populations evolve dynamically in the atmosphere as a result of
“aging” processes such as formation of secondary aerosol and photochemical processes.
Individual aerosol particles rarely consist of a single species but rather of mixtures of
species, meaning that an individual aerosol particle can contain black carbon and other
species such as sulfate, mineral dust, or brown carbon (Adachi and Buseck 2008).
Adding complexity, these constituents can be arranged within the particle in diferent
ways, resulting in diferent internal morphologies that can also evolve. Importantly,
these details can be important for the particles’ optical properties and the overall
aerosol radiative impact, and they can also afect the aerosol radiative impact indirectly
by modifying the lifetimes of absorbing aerosol particles; accumulation of hygroscopic
material makes a particle more prone to removal from the atmosphere through
cloud processes.
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Spatial Resolution and Sub-grid Processes: Even if the model representation of
aerosol aging were perfect, the problem of representing the aging processes in a model
with coarse spatial resolution remains. Te reason for this is that most processes that
contribute to aerosol aging, such as coagulation or the chemical production of
secondary aerosol, are non-linear in concentration. Depending on the spatial
heterogeneity of the aerosol and gas-phase emissions and on the complexity of the
terrain and wind fow, the grid resolution can have an appreciable impact on the
magnitude of the simulated radiative forcing. For example, (Gustafson et al. 2011)
compared WRF-Chem simulations at two diferent model resolutions, 75 km and 3
km, and determined an average daytime mean diference of over 30% in top-ofatmosphere shortwave ARI radiative forcing for a large percentage of central Mexico.

Key activities identifed during the workshop that would help improve
understanding of the processes that drive temporal and spatial variability in
absorbing aerosols and in absorbing aerosol properties are:
1. Process-level model development and developing upscaling methods for
physics-based parameterization on the regional and global scale.
Development of an integrated multi-scale model hierarchy that connects
microscale models with meso- and macro-scale models in rigorous, quantitative
ways would improve understanding of how to compare models on diferent
scales and how to use fne-scale models with rigorous upscaling techniques.
2. Integrated laboratory and process-modeling studies targeting absorbing
aerosol evolution. Chamber studies conducted in close collaboration with
process-level model development eforts would improve fundamental
understanding of the relevant physical and chemical processes that underlie the
evolution of AA in the atmosphere.
3. Laboratory and feld studies to constrain model inputs. Laboratory and feld
studies that collect information on near-source AA properties such as size
distribution and chemical composition would be useful to constrain model
inputs. Measurements on the source-specifc, wavelength-dependent refractive
indices of the diferent chemical species, in particular those that comprise
“BrC,” are also required.

3.2.4 Biomass Burning Life Cycle
BC and BrC are formed during combustion of fossil fuels, biofuels, and biomass.
Globally, current production of BC from these sources is split roughly 40%/20%/40%,
respectively (Bond et al. 2013), whereas that of BrC is not well established. Biomass
combustion encompasses controlled burns, such as burning of crop stubble, and
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uncontrolled burns, i.e., wildfres, the frequency and intensity of which may change in
response to climate change. Te amount and properties of the BC and BrC produced in
biomass combustion depends on a variety of factors, primary among which are burn
conditions, fuel source, and other factors such as moisture content.
Biomass burning conditions are often classifed as “faming” (or “active burning”)
or “smoldering.” More BC is produced under faming conditions, whereas under
smoldering conditions more organic aerosol (OA), which can include BrC, is produced.
Te relative abundance of OA and BC largely determines the relative amounts of
scattering and absorption. Biomass burning also produces other substances such as
non-absorbing inorganic substances and gaseous organic compounds that can react
within plumes to form SOA.
Emissions from biomass burn (BB) events are large yet poorly quantifed (De Gouw
and Jimenez 2009). Bottom-up (inventory-based) and top-down (remote-sensing
observation-based) estimates of global BB emissions difer substantially, potentially
due to inaccuracies in BB emission factors, poor representation of BB aerosol
processes in models, and/or errors in BB aerosol optical properties (Kaiser et al. 2012).
Biomass burn events are highly sporadic in time and space, with large interannual
variability and regional diferences in their atmospheric impacts (Park et al. 2007).
Te impacts of BB emissions will be exacerbated under a changing climate, which is
likely to increase not only the frequency of these events, but also their magnitudes
(Dennison et al. 2014). Moreover, the injection height of BB emissions depends on the
burn and meteorological conditions, leading to a corresponding range of impacts
depending on whether the absorbing aerosol ends up below, above, or within clouds.
For all of these reasons, accurate modeling of biomass burning events and their efects
over a range of temporal (daily to seasonally) and
spatial (regional to global) scales is extremely
challenging.

Total climate forcing for three biomass fuel sources
continuously emitting at year 2000 rates are scaled to
match observations in 2005. The forcing estimate
includes contributions from ARI and ACI from both
absorbing and non-absorbing aerosol components.
The black circle is best estimate; bars denote 1-s
uncertainty. Colored regions drawn from zero to best
estimate show sign of the forcing: blue regions
denote negative forcing (cooling), whereas red
regions denote positive forcing (warming). Adapted
from Figure 37 in Bond et al. 2013.
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Even though biomass burning is a dominant
source of BC and BrC, its net efect on Earth's
radiation budget is not well understood, and the
sign of the forcing is not constrained. BC and BrC
exert positive forcings (i.e., warming) through
direct absorption of solar radiation and semi-direct
efects such as more rapid evaporation of clouds.
However, co-emitted substances can modify the
hygroscopic and optical properties of BC and BrC
aerosol particles, which can lead to either a
reinforcement of the positive forcing through
enhanced absorption, or to a negative forcing
though increased light scattering and cloud
formation. Te IPCC AR5 concluded that BB

aerosols are net climate neutral (0.0 ± 0.2) W m-2 (IPCC 2013), whereas Bond et al.
(2013) estimated total climate forcing by biomass burning to be slightly negative
(approximately -0.15 W m-2) with an uncertainty that included the possibility of
positive forcing. Determining the magnitude (and sign) of the forcing and reducing the
uncertainty will require more detailed process-level understanding of these events.
Improved understanding of the transformation (“aging”) processes that AA undergo in
biomass burning plumes was identifed at the workshop as an important need. Both the
hygroscopic and optical properties of particles within BB plumes evolve with time. BC
particles are hydrophobic when formed, but their hygroscopicity, which afects their
ability to form cloud drops, evolves as the plume
dilutes and cools, enabling the condensation of
other co-emitted species on these particles.
Similarly, condensation controls the evolution
of the compositional and morphological mixing
states of BC particles, which determine their
optical properties and thus their ability to
scatter and absorb light. However, the time
scales for the evolution of the hygroscopic
and optical properties are not well constrained
and can difer from one BB event to another.
Determination of the evolving hygroscopic and
optical properties of BC and their respective
rates of evolution thus remain essential to
reducing uncertainty of BB efects on climate.
The Government Flats Complex fire was sampled during
It was concluded that these topics can be
the ARM Climate Research Facility Biomass Burning
addressed through process-oriented, targeted
Observation Project, or BBOP, on August 21, 2013.
laboratory and feld studies.
BrC particles from BB events have several formation mechanisms: they can be a
component of the primary organic aerosol (POA) particles emitted directly from the
burn, they can be formed when initially non-absorbing POA particles undergo chemical
reactions that modify their light-absorption properties, and they can be produced
downwind of a BB event as SOA when co-emitted gaseous species condense on existing
particles. Finally, tar balls, a specifc type of BrC particles found only in some wildfres,
likely result from yet another formation pathway (Hand et al. 2005, Pósfai et al. 2004).
Tis range of formation mechanisms is expected to lead to BrC having a range of
optical properties, depending on the characteristics of the fre, fuel source, and
environmental conditions. Tese properties and their spectral dependences may evolve
with time through physical processes (condensation or evaporation, as well as
coagulation) and through chemical processes (reactions within the particle). In
addition, photochemical “bleaching” due to solar radiation can afect the optical
properties of BrC, reducing its light absorption.
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Despite being composed of countless diferent compounds with a wide range of
formation mechanisms, BrC is typically considered as a unique substance with a single
set of optical properties. However, observations show that what is referred to as BrC
actually encompasses a range of spectral dependencies (Lewis et al. 2008). An open
question is how best to describe this range of variability. For instance, how many
subcategories of BrC are required to accurately capture the variability of optical
properties and their spectral dependences? Once this has been established, the
evolution of the spectral dependences of the optical properties of various BrC
subclasses can be examined.

Key research activities identifed during the workshop that can help address
scientifc gaps and reduce the uncertainty in the radiative impacts of absorbing
aerosol from BB events on Earth's climate are:
1. Attribution of BC and BrC absorption. Improved measurement of light
absorption by AA in the UV is necessary to facilitate both attribution of
BC and BrC absorption and development of a robust classifcation scheme
of spectral dependencies of optical properties. In addition, greater
consideration of IR absorption will help separate dust from BC and BrC.
2. BB aerosol evolution. Focused laboratory studies and feld campaigns
aimed at developing a detailed, process-level understanding of BB aerosol
evolution (especially absorption), and how this evolution depends on the
mix of combustion processes that formed the aerosol, fuel source, actinic
fux (i.e., day/night diferences), and other factors, is necessary to obtain
data required for model inputs.
3. Measurement needs. Instrument development and targeted laboratory
studies to comprehensively map the instrumental performance envelope
towards BB-centric aerosols (e.g., tar balls) are required to attribute BB AA
to sources, to study their evolution, to quantify their radiative impacts,
and to accurately represent BB absorbing aerosol properties and processes
in models. In addition (as noted above), development of techniques that
can measure AA at ambient RH is required.
4. Vertical distribution of BB aerosol and absorption. Characterization of
the vertical distribution of BB aerosol and aerosol absorption can best be
done through 1) increased in situ vertical profle measurements of
absorbing aerosol abundances and properties using both manned aircraft
(e.g., G-1) and UASs, and 2) improving retrievals from existing surfacebased ARM measurements by combining multi-wavelength optical data
with aerosol size distributions and composition data.
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3.2.5 Absorbing Aerosol-Cloud-Surface Interactions
Absorbing aerosols change the heating rates in the
atmosphere, afecting the atmospheric stability and thus
vertical transport of water, and thus modifying the
cloud and thermodynamic structure of the atmosphere.
A number of feedbacks between clouds and AA have
been discussed: 1) interactions of aerosols, including
AA, with atmospheric dynamics, especially for
boundary-layer clouds and likely for deep convection
(e.g., Rosenfeld et al. 2008, Stevens and Feingold 2009),
2) efects of the chemical and physical properties of
aerosols that are entrained into a cloud system on cloud
optical properties, thermodynamics, and life cycle
(Koren et al. 2008, Shrivastava et al. 2013, Wood 2012),
and 3) land, ocean, and biosphere responses to aerosol
forcing and consequently the formation of clouds (e.g.,
Menon et al. 2002, Ramanathan et al. 2005, Shindell et
al. 2012). In addition, feedbacks between AA and
surface can afect Earth’s radiative balance through
deposition on high-albedo surfaces (Flanner 2013,
Hansen and Nazarenko 2004).
Although the aerosol concentration typically decreases
rapidly from the top of the boundary layer to the
mid-troposphere, layering of the aerosols just above the
boundary layer (2-3 km) and mid-troposphere (5-7 km)
has been frequently observed in many locations. When
AA are present above or below the cloud layer, they
stabilize the boundary layer by heating the layer in
which they are contained and cooling the layer below,
leading to suppressed moisture and heat fuxes from
the surface and hence suppressed cloud formation
inside or below the aerosol layer. If enhanced
absorption due to the presence of these aerosols inside
the cloud elements results in radiative heating,
evaporation of cloud drops might lead to shrinking
of the cloud elements and possibly reduced cloud
coverage. Hence, the absorption characteristics of these
aerosols generally tend to result in thermodynamic
stabilization and reduction in cloud cover. However,
AA can also afect cloud properties through indirect
efects that lead to decreases in cloud drop sizes and
increases in cloud cover. In addition, it has been

(a)

(b)

(c)
Hypothesized impact of absorbing aerosols on (a)
boundary-layer inversion, (b) convective inhibition,
and (c) cloud size and drops is shown here. CIN,
convective inhibition, is a quantitative measure of
the inhibition of convective activity; lower CIN
implies lower stability.
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suggested that stratocumulus clouds thicken beneath layers of absorbing smoke aerosols.
Hence, AA exhibit multiple competing efects on cloud and thermodynamic structure
(semi-direct versus indirect), and the extent of their impact is still a matter of debate.
One of the major issues confronting aerosol climate simulations of the Arctic and
Antarctic cryospheres is the lack of detailed data on the vertical and spatial distribution
of aerosols with which to test these models. Tis is due, in part, to the inherent difculty
of conducting such measurements in extreme environments. However, given the
pronounced sensitivity of the polar regions to radiative balance perturbations, it is
incumbent upon our community to better understand and quantify these perturbations,
and their unique feedbacks, so that robust model predictions of this region can be
realized. With respect to AA, the cryosphere is a truly unique region in that it provides
these aerosols types two radiative forcing routes: atmospheric and non-atmospheric.
In the atmospheric route, light-absorbing aerosols are expected to exert their radiative
forcing impact much as they do in the mid-latitudes—through mid-altitude warming
(direct efect) and alteration of cloud lifetime (semi-direct efect) collectively causing
surface dimming and subsequent surface cooling (Flanner 2013). In addition, deposition
of AA on the surface decreases the albedo, increasing surface-light absorption, thus
leading to more snow melt (Hansen and Nazarenko 2004).
Te workshop identifed efects of absorbing aerosols on shallow clouds as a key
area of further research. Primary challenges are:
1. High-resolution measurements. Measurement of aerosols chemical and
physical properties on very short time scales and at very high spatial
resolutions is necessary to address the fast atmospheric response to absorbing
aerosol perturbations.
2. Measurements of AA vertical distribution. Measurements of the vertical
distribution of AA amounts and their speciation together with co-located
measurements of atmospheric state and radiative balance are required to
investigate the interactions of AA and clouds.
3. Model development. Development of models with the necessary spatial
resolution to accurately represent the interactions among meteorology,
radiative transfer, aerosols, and cloud formation is necessary. Overall,
developing the theoretical and conceptual framework for separating the fast
atmospheric response to aerosol perturbation from other known aerosol
radiative feedbacks to meteorology is necessary for understanding the
importance of these feedbacks in climate projections of the past and future.
4. Efects on surface albedo. Increased concurrent in situ measurements of
surface albedo and absorbing aerosol abundance, especially over bright
surfaces (e.g., snow and ice), is required to quantify the efects of AA
deposition on surface albedo.
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4.0 Summary
Te ASR-sponsored workshop on absorbing aerosol brought together modeling and
observational experts from within and outside of DOE to identify knowledge gaps and
pinpoint research themes that can leverage the unique modeling and measurement
capabilities available within the ASR program and the ARM Facility to further our
understanding of the climatological impacts of AA. Tis workshop reafrmed the
importance of and continuing need for improved measurement capabilities and
expanded laboratory studies and feld campaigns. Tese eforts can serve to further
inform models and allow development of improved representations of absorbing aerosol
processes and properties in models. Specifcally, this workshop identifed fve topical
areas that the ASR program is well positioned to address:
1. characterization of the direct radiative forcing by AA and attribution of forcing to
aerosol type (e.g., BC, BrC, dust);
2. improvement of measurement and retrieval of AA;
3. representation of AA properties and processes within models;
4. properties and evolution of AA from biomass burning; and
5. the impacts of AA on atmospheric dynamics, thermodynamics, and circulation;
cloud formation and life cycle; and the hydrological cycle.
Te science questions behind each of these topical areas, along with key research
activities that will address these science questions discussed in the sections above, are
synthesized into science themes in Appendix C. It was further recognized that success
in any of these science themes is predicated on strong communication between the
modeling and observational/experimental communities in both the design and the
execution of feld campaigns and targeted laboratory studies.
Finally, the synergy between the ARM Facility climate observatories and ASR science
program was recognized as a unique and powerful combination of complementary
capabilities that will ensure that DOE will continue to actively contribute to the area
of absorbing aerosol climate science and remain a leader in this area.
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Appendix A: Workshop Agenda
Wednesday, 20 January 2016
8:30 am

Arrive at DOE for Badging

Morning sessions will be in Room A-410
8:30–9:00 am
9:00–9:10 am
9:10–9:30 am

Cofee/Registration (full breakfast will be available at the hotel)
Welcome and logistics (DOE)
Brief introductions (1-minute each)
• Name
• What you work on (two sentences)
• What is really difcult about what you are working on?
(Related to workshop themes)

9:30–10:00 am

Ashley/Shaima/Dorothy
• ASR Program Managers views on absorbing aerosols and
the role of BER
• Possibilities, constraints, and path forward
• Role of this workshop to DOE, relationship to ACME

10:00–10:15 am

Cofee Break

10:15–12:15 pm

Plenary Session
• Plenary Presentation – Tami Bond
(30 min, including questions)
• Overview of white papers synthesis – Chris Cappa (30 min)
• Plenary Discussion: Prioritize research areas identifed in the
white paper and during introduction – categorize the priorities
and impediments into ‘topic’ areas

12:15–1:15 pm

Lunch Break (DOE Cafeteria)
Afternoon sessions will be in Rooms E-401 and G-209

1:15–1:30 pm

Reconvene in Room E-401
Outline goals/objectives for breakout sessions and assign breakout
group membership and introduce overarching breakout themes
(subject to refnement based on plenary discussion)
Teme 1: Bridging Measurement/Modeling Gaps

• Path forward to bridging the gap between point sensing
(e.g., PAS, PSAP, SP2, etc.) and larger-scale/column/global
measurements (satellite, MFRSR, 4STAR, LIDAR)?

• Path(s) forward on model scaling (e.g., particle-resolved
to bulk)
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Teme 2: Knowledge gaps in atmospheric efects of
absorbing aerosols

• What are the gaps in our understanding of how absorbing
aerosols infuence atmospheric stability, circulation, and,
ultimately, cloud properties?

Teme 3: Emissions (fux) and/or inventories (concentrations):
sources, properties, and factors that afect these

• What are the observational/knowledge gaps that still persist
in top-down and bottom-up comparisons?

1:30–2:30 pm

Breakout Session #1
Green Working Group: (Room E-401) – Led by Art
Blue Working Group: (Room G-209) – Led by Rao

2:30–2:45 pm

Cofee Break (Room E-401)
Breakout session chairs/rapporteur distill discussion fndings

2:45–4:00 pm

Breakout Session #1 (continued)
Green Working Group: (Room E-401) – Led by Art
Blue Working Group: (Room G-209) – Led by Rao

4:00–4:15 pm

Chair catch-up period (Room E-401)

4:15–5:00 pm

Reconvene in Room E-401
• Breakout session chairs/rapporteur distill discussion
and upload to Google Drive
• Working Group Blue walks to E-401
• Presentation by breakout discussion fndings (Session Chairs)
• Outline plan for next day

6:00 pm

Dinner on your own

Thursday, 21 January 2016
Morning will be in Plenary Room A-410
8:30–9:00 am

Check in/cofee

9:00–9:30 am

Ashley/Shaima: Briefng for the day (Expectations/overall
impressions so far)

• Outline Breakout Temes: Implementation
For the prioritized list of science questions identifed during
previous day’s breakout sessions identify:
• What resources, time, and connections are vital for addressing
knowledge gaps
• Connections with ARM/ASR instrument/modeling capabilities
and requirements for additional resources
• Technical/scientifc roadblocks that must be overcome
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9:30–11:00 am

Breakout Session #2
• Purple Working Group: (Room A-410)
• Red Working Group: (Room G-209)

11:00–11:15 am

Cofee Break (Room A-410)
Breakout session chairs/rapporteur distill discussion fndings
and upload to Google Drive

11:15–12:30 pm

Reconvene in room A-410
Merge topics across the groups
Attendees review and add comments to breakout
session summaries

12:30–1:30 pm

Lunch on your own at the cafeteria

1:30–2:30 pm

Reconvene in Room E-401 for wrap up and next steps
(Ashley/Shaima)

2:30 pm

Transportation to airports/end of the meeting

2:30–5:00 pm

Assemble Absorbing Aerosols Workshop Writing Team
(Co-Chairs and Writing Team) (J-108)
Draft workshop highlights and summary
Outline fnal report writing timeline and writing assignments

33

Absorbing Aerosols Workshop Report

Appendix B: Workshop Participants
Organizers
Shaima Nasiri

DOE Atmospheric System Research Program Manager

Ashley Williamson

DOE Atmospheric System Research Program

Participants
Allison Aiken

Los Alamos National Laboratory

W. Pat Arnott

University of Nevada

Tami Bond

University of Illinois at Urbana-Champaign

Christopher Cappa

University of California, Davis

Manvendra Dubey

Los Alamos National Laboratory

Yan Feng

Argonne National Laboratory

Richard Ferrare

NASA Langley Research Center

Mark Flanner

University of Michigan

Connor Flynn

Pacifc Northwest National Laboratory

Mary Gilles

Lawrence Berkeley National Laboratory

Rao Kotamarthi

Argonne National Laboratory

Ernie Lewis

Brookhaven National Laboratory

Allison McComiskey

National Oceanic and Atmospheric Administration

Tim Onasch

Aerodyne Research, Inc.

Nicole Riemer

University of Illinois at Urbana-Champaign

Arthur Sedlacek

Brookhaven National Laboratory

Stephen Springston

Brookhaven National Laboratory

Rahul Zaveri

Pacifc Northwest National Laboratory

Observers

34

Gary Geernaert

DOE Climate and Environmental Sciences Division Director

Dorothy Koch

DOE Earth System Modeling Program Manager

Sally McFarlane

DOE ARM Climate Research Facility Program Manager

Rick Petty

DOE ARM Aerial Facility Program Manager

Appendix C: Science Themes,
Questions, and Key Research Activities
Science Teme 1: Direct Radiative Forcing from Absorbing Aerosols
[Science Questions

Key Research Activities

• What are the absolute and relative contributions at
a given time/location of various absorbing types
(black carbon, brown carbon, and dust)?

• Assess the performance of current remote-sensing
AAOD retrievals through a targeted feld study.

• How do these contributions depend on
atmospheric conditions?
• How can these contributions be attributed to
source (e.g., natural versus anthropogenic)?
• How might these contributions change in a
changing climate?

• Develop methodologies and techniques for the
apportionment of the contributions of the
diferent AA types (BC, BrC, and dust) to AAOD
retrievals.
• Develop next-generation AAOD retrieval
methods having lower detection thresholds and
improved vertical resolution.

• Examine the extent to which surface in situ
measurements of AA are representative of the
entire column, and how such relationships vary
• What factors govern the vertical distribution of AA
in time and space.
on local and regional scales?
• Develop methodologies to determine the factors
that govern the vertical distribution of AA on
local and regional scales.
• To what extent are point, especially surface,
measurements representative of column values?

• Improve calibration methods associated with
surface-based remote-sensing methods.

Science Teme 2: Absorbing Aerosols Measurement Needs
[Science Questions
• How do AA properties depend upon ambient
conditions (especially RH)?
• How does absorption of various AA types depend
on wavelength?
• What is the compositional/morphological (i.e.,
mixing state) dependence of absorption?

Key Research Activities
• Quantify limitations and biases of diferent AA
measurement techniques over a range of
environmental conditions.
• Improve attribution of absorption among
diferent AA types.

• Determine the extent to which absorption is
infuenced by water uptake and how this depends
• What are the contributions to model/measurement
on particle composition.
discrepancies in AAOD attribution (BC versus
BrC versus dust), and BC inventories versus those • Determine the dependence of optical properties
of BC-containing particles on shape and
that are intrinsic to the models (e.g., transport,
morphology.
aging timescales, relating concentration to
absorption)?
• Identify which chemical components of the total
• Can these discrepancies be reduced with current in
situ techniques?

organic aerosol contribute most to the BrC
burden.

• Extend remote-sensing methods to allow for
retrieval of vertical profles of AA.
• Improve calibration methods associated with
surface-based remote-sensing methods.
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Science Teme 3: Absorbing Aerosols Modeling Needs
[Science Questions
• What are the spatial and temporal scales necessary
to accurately capture AA processes?

Key Research Activities
• Develop an integrated multi-scale model
hierarchy that connects microscale models with
meso- and macro-scale models.

• What is the best way to represent AA size
distributions, optical and microphysical properties, • Conduct chamber studies in coordination with
process-level model development to improve
and their evolution in models?
understanding of AA evolution.
• To what extent are model/measurement
discrepancies due to model representation versus
measurement uncertainty?

• Conduct laboratory and feld studies to constrain
model inputs.

• What factors govern the vertical distribution of AA • Measure source-specifc, wavelength-dependent
refractive indices of various BrC substances.
on a local and regional scale?

Science Teme 4: Biomass Burning Life Cycle
[Science Questions
• What factors and processes control the net
radiative efects of BB aerosols?
• How do these factors and processes vary by region
and across scales?
• How might they behave in a changing climate?
• What are the semi-direct impacts of BB emissions
on clouds lifetime?
• What is the role of BB entrainment and
evaporation in clouds?

Key Research Activities
• Extend range of wavelengths over which AA is
measured to improve attribution, especially of
BrC.
• Conduct laboratory studies and feld campaigns
to investigate the dependence of BB aerosol
evolution on various factors such as combustion
conditions, fuel source, and actinic fux (i.e., day/
night diferences).

• Determine instrument detection and
characterization capabilities of BB aerosols (e.g.,
• What role does the diurnal cycle play in BB aerosol
for tar balls).
processing and evolution?
• Develop techniques to measure AA at ambient
• What is the optimal classifcation of absorbing
RH.
aerosols (e.g., number of types of brown carbon,
• Measure the vertical distribution of BB aerosols
tar balls, etc.)?
and AA using both manned aircraft and UASs.
• Improve retrievals from existing surface-based
ARM measurements by combining multiwavelength optical data with aerosol size
distributions and composition data.

Science Teme 5: Absorbing Aerosols-Cloud-Surface Interactions
[Science Questions
• How do the spatial and temporal distributions of
AA impact atmospheric thermodynamics and
circulation?

Key Research Activities
• Conduct measurements of aerosol chemical and
physical properties on very short time scales and
at very high spatial resolutions.

• Measure the vertical distribution of AA and its
• How might responses of atmospheric
speciation together with co-located measurements
thermodynamics and circulation to AA change in a
of atmospheric state and radiative balance.
changing climate?
• Develop models with the necessary spatial
resolution to accurately represent the interactions
among meteorology, radiative transfer, aerosols,
• What factors govern the vertical distribution of AA
and cloud formation.
on local and regional scales?
• How do the spatial and temporal distributions of
AA impact the water cycle regionally and globally?

• What are the impacts of surface albedo change due
to deposition of AA and how might this change in
the changing climate?
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• Conduct in situ measurements of surface albedo
over snow and ice with concurrent AA
measurements.

Appendix D: Acronyms
AA
AAOD
ACI
AERONET
AIR-MISR
AMF
ANL
AOD
ARI
ARM
ASR

absorbing aerosols
aerosol absorption optical depth
aerosol-cloud interactions
Aerosol Robotic Network
airborne multi-angle imaging spectroradiometer
ARM Mobile Facility
Argonne National Laboratory
aerosol optical depth
aerosol-radiation interactions
Atmospheric Radiation Measurement Climate Research Facility
Atmospheric System Research

BB
BBOP
BC
BER
BNL
BrC

biomass burning
Biomass Burning Observation Project
black carbon
Biological and Environmental Research
Brookhaven National Laboratory
brown carbon

CAPS-SSA
CCN
CESD
CHARMS
CIN
CIP
CLAP

cavity attenuated phase shift single scatter albedo
cloud condensation nuclei
Climate and Environmental Science Division
Combined HSRL and Raman Measurement Study
convective inhibition
column intensive properties
continuous light absorption photometer

DOE

U.S. Department of Energy

EARLINET
EC
ENA
ERASMUS

European Aerosol Research Lidar Network
elemental carbon
Eastern North Atlantic
Evaluation of Routine Atmospheric Sounding Measurements
Using Unmanned Systems

G-1

Gulfstream-159 aircraft
37

Absorbing Aerosols Workshop Report

38

HSRL

High- Spectral Resolution Lidar

IN
IPCC AR5
IR

ice nuclei
Fifth Assessment Report of the Intergovernmental Panel
on Climate Change
infrared

km

kilometer

LANL
LBNL
LES
lidar

Los Alamos National Laboratory
Lawrence Berkeley National Laboratory
large-eddy simulation
light detection and ranging

m
MD
MFRSR
MODIS

meter
mineral dust
multi-flter rotating shadowband radiometer
moderate resolution imaging spectroradiometer

NASA
nm
NOAA
NSA

National Aeronautics and Space Administration
nanometer
National Oceanic and Atmospheric Administration
North Slope of Alaska

OA
OC
OMAERUV
OMI

organic aerosol
organic carbon
OMI/Aura Aerosol Optical Tickness & Single Scattering
ozone monitoring instrument

PAS
PASS-3
PAX
PNNL
POA
PSAP
PTI

photoacoustic spectrometer
photoacoustic absorption soot spectrometer
photoacoustic extinctiometer
Pacifc Northwest National Laboratory
primary organic aerosol
particle soot absorption photometer
photothermal interferometer

rBC
RH

refractory black carbon
relative humidity

4STAR

Southern Great Plains
radiometer network with sites in East Asia, Europe, and India
secondary organic aerosol
single-particle soot photometer
soot photometer aerosol mass spectrometer
single scatter albedo
Space Science and Engineering Center
(University of Wisconsin–Madison)
Sky-Scanning, Sun-Tracking Atmospheric Research

TAP
UAS
UV

tri-color absorption photometer
unmanned aerial system
ultraviolet

W

watt

SGP
SKYNET
SOA
SP2
SP-AMS
SSA
SSEC
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