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Abstract

The Two-Column Aerosol Project (TCAP) field campaign will provide a detailed set of observations with
which to (1) perform radiative and cloud condensation nuclei (CCN) closure studies, (2) evaluate a new
retrieval algorithm for aerosol optical depth (AOD) in the presence of clouds using passive remote
sensing, (3) extend a previously developed technique to investigate aerosol indirect effects, and

(4) evaluate the performance of a detailed regional-scale model and a more parameterized global-scale
model in simulating particle activation and AOD associated with the aging of anthropogenic aerosols. To
meet these science objectives, the Atmospheric Radiation Measurement (ARM) Climate Research Facility
will deploy the ARM Mobile Facility (AMF) and the Mobile Aerosol Observing System (MAOS) on
Cape Cod, Massachusetts, for a 12-month period starting in the summer of 2012 in order to quantify
aerosol properties, radiation, and cloud characteristics at a location subject to both clear and cloudy
conditions, and clean and polluted conditions. These observations will be supplemented by two aircraft
intensive observation periods (IOPs), one in the summer and a second in the winter. Each IOP will deploy
one, and possibly two, aircraft depending on available resources. The first aircraft will be equipped with a
suite of in situ instrumentation to provide measurements of aerosol optical properties, particle
composition and direct-beam irradiance. The second aircraft will fly directly over the first and use a
multi-wavelength high spectral resolution lidar (HSRL) and scanning polarimeter to provide continuous
optical and cloud properties in the column below.

Each mission will consist of the aircraft making measurements within two columns of air. One column
will be located over the AMF/MAOS Cape Cod site, while a second column will be located a few
hundred kilometers east of Cape Cod. The in situ aircraft will make a series of stair-step profiles within
the first column, followed by sampling within and above the marine boundary layer as it transits to the
second, more remote column for a second set of stair-step profiles. The second aircraft will provide
concurrent downward profiling measurements from above.
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Acronyms and Abbreviations

Spectrometer for Sky-Scanning, Sun-Tracking Atmospheric Research
ARM Aerial Facility

14- channel Ames airborne tracking sunphotometer
aerosol chemistry speciation monitor

atmospheric emitted radiance interferometer
Aerosol Comparisons between Observations and Models
Aerosol Robotic Network

aerosol optical depth

ARM Mobile Facility

aerosol mass spectrometer

asymmetry parameter

Atmospheric Radiation Measurement

Advanced Very High Resolution Radiometer
Community Atmospheric Model

Cloud, Aerosol, and Precipitation Spectrometer
Carbonaceous Aerosol and Radiative Effects Study
cloud condensation nuclei

cloud condensation nucleus chamber

cloud droplet number concentration

Cumulus Humilis Aerosol Processing Study

carbon monoxide

Comparison of Large-Scale Atmospheric Sulphate Aerosol Models
counter-flow virtual impactor

Department of Energy

Environmental Molecular Science Laboratory
Federal Aviation Administration

general circulation model

high spectral resolution lidar

humidified tandem differential mobility analyzer
intensive observation period

Intergovernmental Panel on Climate Change
infrared

Indirect and Semi-Direct Aerosol Campaign
Mobile Aerosol Observing System
Multiconfiguration Aerosol Tracker of Mixing State

multifilter rotating shadowband radiometer
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MILAGRO Megacity Initiative: Local and Global Research Observations
MOSAIC Model for Simulating Aerosol Interactions and Chemistry
MVCO Martha’s Vineyard Coastal Observatory

MWR microwave radiometer

NIMFR normal incidence multifilter radiometer

PAS photo-acoustic spectroscopy

PASS photo-acoustic soot photometer

PI principal investigator

PILS-IC-WSOC Particle In Liquid Sampler-Ion Chromatography-Water Soluble Organic Carbon
PNNL Pacific Northwest National Laboratory

PSAP particle soot absorption photometer

PTI photothermal interferometry

RSP research scanning polarimeter

SpP2 Single Particle Soot Photometer

SSA single scattering albedo

TCAP Two-Column Aerosol Project

TOA top of atmosphere

TSI total sky imager

USCCSP U.S. Climate Change Science Program
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1.0 Introduction

There is a high degree of uncertainty in the understanding of how atmospheric aerosols affect climate
(e.g., IPCC 2007, USCCSP 2009, and references therein), including the direct absorption or scattering of
radiation (“aerosol direct radiative effects”), and cloud precipitation efficiency, cloud brightness, and
cloud lifetime (“aerosol indirect radiative effects). Adding to the complexity of the problem is the large
variability of aerosol composition, hygroscopicity, and particles ranging in size from nanometers to
micrometers (e.g., Seinfeld and Pandis 1998). As a result of the computational resources needed to
describe this complex variability, a number of simplifications are built into models used to assess the
effects of aerosols on radiative forcing and the hydrological cycle. The immediate result of TCAP will be
a self-consistent set of measurements with which to evaluate and improve many of these assumptions and
thereby reduce the uncertainty in understanding of aerosol-climate interactions.

1.1 Aerosol Radiative Properties (direct effects)

Mixing state refers to the distribution of compounds among a population of particles. In an external
mixture, each particle is composed of a single compound. In an internal mixture, each particle of a given
size has the same mixture of compounds. Mixing state affects the optical properties of particles, as can be
seen in Figure 1, which shows the variation in mass scattering efficiencies for spheres of pure (NH,4),SO,,
NH4NO;, carbon, water, and silica. Hand and Malm (2007), in a comprehensive review of aerosol mass
scattering efficiencies evaluated since 1990, note that mass scattering is dependent on particle
composition and size distribution, with the refractive index being strongly dependent on composition.
Kinne et al. (2006) found in their intercomparison of aerosol optical properties from twenty models that
there is a “surprisingly” good agreement between models when predicting AOD, which is a function of
mass scattering. However, they argue that the level of agreement of these models was fortuitous because
the chemical constituents that compose the aerosol loading differ considerably between models.
Furthermore, it is not only composition but vertical distribution that is in need of refinement. In the
Comparison of Large-Scale Atmospheric Sulphate Aerosol Models (COSAM) study, which compared

11 general circulation and chemical transport models, Barrie et al. (2001) found an order of magnitude
variation in the simulated distribution of combined “SO,” (defined as the sum of sulfate aerosols + SO,
gas). These gaps and uncertainty are relevant to climate modeling work because aerosol composition and
distribution is closely linked to AOD.

Other observations and modeling studies show that mixing state and morphology of the aerosol
constituents can have a strong influence on the optical (for example, Bond et al. 2006, Fuller et al. 1999,
Hand et al. 2005, Hopkins et al. 2007) and activation properties of aerosols through their effect on mass
scattering and on their effectiveness as CCN (Prenni et al. 2007, Petters et al. 2006). Yet despite the
development of detailed chemical process models (e.g., Pacific Northwest National Laboratory’s Model
for Simulating Aerosol Interactions and Chemistry [MOSAIC] (Zaveri et al. 2008) or Goddard’s
Multiconfiguration Aerosol Tracker of Mixing State [MATRIX] (Bauer et al., 2008)), there remains a
large element of uncertainty in the descriptions of the mixing state of particles and their effect on climate
due to a paucity of real-world observations against which these models can be constrained and evaluated.
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Figure 1. Mass scattering efficiencies of homogeneous spheres (see text). From Seinfeld and
Pandis (1998).

Several recent studies have explored in detail the role of the mixing state for CCN closure studies
(Ervens et al. 2009, Wang et al. 2010). These studies concluded that it is only when spatially close to
pollution sources that hydrophobic freshly emitted particles are externally mixed and that CCN number
concentrations are overestimated if internal mixtures are assumed. In contrast to this result, current large-
scale models use fixed time-scales of ~ 1-2 days to convert hydrophobic particles into hygroscopic
particles (and thus potential CCN). Although the recent work by Ervens et al. (2009) and Wang et al.
(2010) suggest that these time scales are significantly shorter (~ hours), the extent to which these time
scales depend on specific conditions, such as photochemical activity, location, and season, has not yet
been fully explored.

Closely related to the interest in particle composition and microphysical properties is the geographical
extent to which continental aerosols influence the optical depth over marine areas and the ability of
regional- and global-scale models to reproduce this feature off the coast of continents, including North
America. As noted above, Kinne et al. (2006) in their study of 20 global-scale models, found generally
good agreement in AOD, but only for annual global AOD; no such agreement existed over smaller
geographical areas. Along the same lines, IPCC (2007) presents an evaluation of simulated AOD from
North America. Such studies have produced a wide range of radiative forcing estimates at both the top of
the atmosphere (TOA) and at the surface, with surface cooling being about 37% larger than top-of-the-
atmosphere cooling. These differences are much smaller than the measurement-based estimate of surface
and TOA difference of 60%. USCCSP (2009, page 41) summarizes these problems by noting that “...on a
global average, the measurement based estimates of aerosol direct radiative forcing are 55-80% greater
than the model-based estimates. The differences are even larger on regional scales.” Bellouin et al. (2005)
showed a significant discrepancy between the clear-sky direct radiative forcing measured with satellite
and that estimated from models (-10.9 Wm™ vs. -0.5 to -0.9Wm™), while a number of other studies



(e.g., Kinne et al. 2006, Textor et al. 2006) argue that uncertainty in calculations of AOD results in
uncertainties in estimates of radiative forcing. More recently, Myhre (2009) has suggested that earlier
discrepancies between simulated and observed forcing may be explained by a relatively greater increase
in anthropogenic black carbon (BC) aerosols within the total mix of anthropogenic aerosols. Moreover,
for direct forcing, the accuracy requirements for aerosol optical properties are stringent, as pointed out in
McComiskey et al. (2008), which shows the need to predict AOD to within 0.02 and single scattering
albedo (SSA) to within 0.02 in order to reduce local radiative forcing uncertainties to less than 1 Wm™.,
For this reason, we are applying state-of-the-art instrumentation and long averaging times to the requisite

measurements.
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Schultz et al. (2006) presented a comparison of several general circulation model predictions of aerosol
radiative forcing, illustrating the need to focus on measuring aerosol properties off the eastern coast of
North America (Figure 2, above). As expected, regions with the highest anthropogenic emissions also
have the highest aerosol loading (Figure 2a) and consequently the greatest cooling associated with aerosol
radiative forcing (Figure 2b). The models produce a gradual decrease in AOD and aerosol radiative
forcing over the northeastern Atlantic Ocean as particles are transported eastwards towards Europe.
However, there are relatively large variations in the magnitude of the predicted aerosol radiative forcing
in this region (Figure 2c). The zonal-averaged direct radiative forcing, shown in Figure 3, shows that the
midlatitudes (including the proposed study region) have the largest variations of forcing among the
climate models.

Recognizing that satellite observations form the basis for many model evaluations, our research team is
also interested in the apparent enhancement of AOD in the vicinity of clouds detected by both airborne
remote sensing (Su et al. 2008, Redemann et al. 2009) and satellite measurements (Redemann et al.
2009). It has been established that satellite observations of AOD are hampered by issues of effective
cloud clearing (Coakley et al. 2005) (i.e., cloud contamination of pixels assumed to be cloud-free) and
enhanced scattering in cloud-free pixels due to scattering of sunlight reflected from nearby clouds
(Marshak et al. 2008, Kassianov et al. 2009). A recent study by Twohy et al. (2009) used data acquired
during the INDOEX campaign to estimate the potential increase in radiative forcing over oceans caused
by enhanced scattering of aerosols near clouds. In that study, Twohy et al. estimated the enhancement to
scattering and radiative forcing due to swelling of the ambient aerosol in reaction to increasing RH with
decreasing distance from cloud. They concluded that aerosol scattering and radiative forcing are larger by
35-65% in partly cloudy environments over that inferred for large (>20 km) cloud-free ocean areas.
However, this important study employed many simplifying assumptions with a goal of bounding the
effect rather than quantifying it more precisely or exploring other potential contributions such as in-cloud
particle production and cloud processing of aerosol. Koren et al. (2007), using AERONET data,
determined that visible and near-infrared (IR) AOD was higher by 13% and 22% respectively near cloud
relative to AOD away from cloud, and that 30—60% of the free atmosphere is affected by this
phenomenon. Using airborne lidar measurements, Su et al. (2008) found that AOD increased by 8% to
17% near cloud (~100 m) relative to measurements made further from cloud (~4.5 km). These studies, in
conjunction with the observation that 25% of all MODIS cloud-free pixels are within 500 m of a cloud,
and 38% are within 1 km (Lorraine Remer, private correspondence, 2009) imply that this effect can occur
over a significant fraction of the Earth with a potentially large increase in global radiative forcing. High
spatial resolution observations of the variation of AOD and aerosol microphysical and optical properties
as a function of distance from cloud are needed to understand and model the radiative forcing in cloudy
environments that cover much of the globe. Making measurements with which to evaluate a recently
developed technique to improve AOD calculations in the vicinity of clouds is one of the main operational
goals for our field campaign and is described later in this proposal.

1.2 Aerosol Activation (indirect effects)

Many aerosol indirect radiative effects stem from the ability of particles to serve as CCN. Twomey (1977)
was one of the first investigators to relate an increase in the number of aerosols to a decrease in cloud
drop effective radius, ref, resulting in an increase in cloud optical depth and albedo. A number of factors
have since been implicated in relating how cloud albedo varies with increases in aerosol loading, such as
the combination of increased cloud absorption of shortwave radiation and enhanced evaporation of cloud
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droplets in polluted clouds (Ackerman et al. 2000, Coakley and Walsh 2002). Liu and Daum (2002)
showed a systematic increase in the width (e.g. dispersion) of the cloud droplet spectrum associated with
increasing number of anthropogenic aerosols. The associated increase in effective drop radius was
postulated to negate the effect of increased aerosol concentrations on cloud albedo. Inclusion of this
dispersion in a general circulation model (GCM) was shown to reduce the magnitude of the first indirect
effect by between 12-35% (Rotstayn and Liu 2003). The simultaneous increase in the relative dispersion
and droplet concentration with higher aerosol loading may be due to a number of reasons, including
complex chemical heterogeneity of anthropogenic aerosols, broader size distribution, and larger number
of smaller drops in polluted clouds (Liu and Daum 2002). Detailed, size-resolved measurements of the
chemical composition of aerosols and mixing state are needed to understand these effects and form a
central part of the field campaign described in this proposal.

Ghan and Schwartz (2007), in their overview article on aerosol properties and processes, note that “4th
Generation Models”, defined as models used in the 4th IPCC Report (2007), assume aerosols to be
externally mixed. Particles that are emitted directly to the atmosphere (“primary particles”) usually are
externally mixed but are then subject to coagulation and changes associated with internal chemical
processes and the condensation of semi-volatile gases to their surface. These “aging” processes result in a
spectrum of mixing-states with a range of climate-affecting hygroscopic properties. These changes are
thought to play a major role in the ability of particles to act as CCN. Recent studies have shown that
particle aging occurs primarily by physical processes, i.e., coagulation and condensation of semi-volatile
species that result in both an increase of particle size and hygroscopic mass. In contrast, chemical aging,
i.e., the oxidation of particulate matter resulting in more hygroscopic products, has been shown to be too
slow to efficiently convert aerosol mass (Petters et al. 2006, DeGouw and Jimenez 2009).

The results of CCN closure experiments, in which predictions of CCN concentrations are compared with
measurements, are highly variable, even in detailed process modeling studies (e.g., Chuang et al. 2000,
Cantrell et al. 2001, Stroud et al. 2007). Depending on air mass properties, understanding the particle
mixing state is thought to play a key role in the success of these closure studies (see, for example, Ervens
et al. 2009 and references therein). Medina et al. (2007), after examining many such CCN closure studies,
concluded that there is a strong need for closure studies that cover a wide range of seasons and aerosol
types and questioned many simplifying assumptions made in models, including aerosol mixing state and
variations of composition with size. They also draw attention to the need for closure studies that include
direct measurements of aerosol mixing state and size to allow an improved understanding of the
significance of model assumptions used to assess CCN spectra and the resulting properties of clouds
forming from these activated particles.

Several studies have shown that uncertainties in CCN studies result in many cases with much smaller
errors in predicted cloud droplet numbers (e.g., Sotiropoulou et al. 2006, Ervens et al. 2009). However,
simulations done in highly polluted regions (Riverside, California) have shown that for fresh, externally
mixed aerosol, the error in cloud droplet number might be as high as for a CCN closure study. Again, this
emphasizes the importance of mixing state and the need for its inclusion when studying aerosol effects on
clouds.
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1.3 Project Description

The preceding discussions have highlighted the importance of chemical composition and mixing state on
the radiative properties of the atmosphere and the properties of particle activation. The overarching goal
of TCAP is to provide measurements of the radiative, chemical, and microphysical properties of particles
within one of two columns of air over 12 months and within both columns of air and a low-altitude
transect connecting the two columns during one summer and one winter campaign. The data will be used
to evaluate and improve the representation of these observations in both small-scale process models and
large-scale climate models. Our goals for the aircraft IOPs and the 12-month deployment of the AMF and
MAOS are tightly linked to specific goals of our research team, all of which are focused on quantifying
the local radiative uncertainties in a GCM, and which are described in more detail in Section 2
(“Scientific Objectives”) of this proposal. We have five broadly defined operational goals associated with
the field study.

Aircraft IOPs Goals

¢ To measure slab-AOD within clear and cloudy columns of air, in both clean and dirty air, at different
altitudes in the atmosphere.

e To measure columnar AOD and other key aerosol properties in the vicinity of clouds using aircraft
and surface-based remote sensors.

¢ To measure particle mixing state and activation potential via sampling through a counterflow virtual
impactor (CVI) as an aircraft flies through clouds within and directly above the marine boundary
layer off the coast of North America.

AMF/MAOS Goals

o To measure the annual cycle of aerosol mixing state, aerosol optical properties, cloud macroscale and
microscale properties, and radiation.

e To measure the annual cycle of columnar AOD in both clear and partly cloudy conditions during both
clean and polluted periods.

To meet these operational goals, the ARM Facility is providing support for a campaign to include (a) the
deployment of the AMF/MAOS for 12 months starting in the summer of 2012, and (b) two aircraft IOPs,
one in the summer and one in the winter. The sampling domain will encompass one ~8-km deep column
of air over Cape Cod (Massachusetts) and a second ~8-km deep column of air in a semi-remote marine
environment to the east of Cape Cod. This depth will be determined by the nominal sampling altitude of
the (potential) second, high-altitude aircraft (9 km) with measurements of backscatter and extinction
extending up to ~1 km below the aircraft. A four-season deployment of the AMF and (possibly) MAOS at
Cape Cod will provide measurements spanning all four seasons of the campaign. The summer IOP is
designed to characterize particle composition during warm, photochemically active, relatively cloud-free
periods of the year, while the winter IOP is intended to characterize particle composition during cloudy,
less photochemically active periods having a different mix of emissions than in the summer.

The basis for requesting two aircraft [OPs in conjunction with an extended deployment of the AMF is
simply that AOD near the east coast of North America has a large annual cycle, and understanding the
details of AOD for one season does not provide assurance that the same processes dominate in another
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season. Along the east coast of North America, the AOD is generally the smallest during the winter and
largest during the summer. For example, at the Martha’s Vineyard Coastal Observatory (MVCO) Aerosol
Robotic Network (AERONET), the summertime AOD values are approximately 80% larger and show
much greater variability than their wintertime values (Figure 4). Similar results have been reported in
other studies that were based on both surface and satellite measurements (e.g., Prados et al. 2007,
Stegmann 2004).
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Figure 4. Monthly average AOD at 500 nm observed at the MVCO AERONET site near Martha’s
Vineyard based on Level 2 data collected during 2004, 2005, and 2008.

Seasonal changes in the AOD could be attributed to changes in the particle loading and do not necessarily
indicate a systematic change in the aerosol optical properties. Using retrievals from the Advanced Very
High Resolution Radiometer (AVHRR), Higurashi et al. (2000) showed systematic changes in the
Angstrdm Exponent off of the entire east coast of the United States as a function of season, while
Stegmann (2004) showed seasonal changes in the Angstrom Exponent over a number of specific locations
in the north Atlantic. Both studies found the largest values of Angstrém Exponent near the east coast of
North America during the spring and summer, indicating the presence of an increased number of small
particles relative to the number of large particles, and reduced values of Angstrdm Exponent in the winter
and fall. Such behavior can possibly be a result of the increase in accumulation mode particles associated
with gas-to-particles conversion. The seasonal changes of the Angstrém Exponent indicate changes in the
particle size distribution and seasonal variations in the aerosol properties; the change in AOD is not
associated simply with an increase in particle loading. These seasonal changes may also reflect changes in
the ability of particles to act as CCN. Unfortunately, measurements of only the AOD and Angstrém
Exponent, as exist from the AERONET or satellite based observations, preclude a determination of the
role of each of these factors.

The preceding discussions present arguments for a two-season aircraft campaign that, when combined,
will allow for (a) closure studies associated with the different summertime and wintertime aerosol
populations, (b) a detailed comparison of the summertime and wintertime aerosol chemical composition
and mixing state, (c) evaluating the seasonal dependence of time scales associated with the transition from
externally to internally mixed particles, and (d) complement the long-term observations made with the
AMF/MAOS.

In the following sections we will describe the sampling strategy and motivation for both the AMF/MAOS
deployment and the aircraft IOPs.
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1.3.1  Sampling Strategy: AMF/MAOS

The combination of the AMF and MAOS will provide measurements of the entire annual cycle of
particle composition and optical properties, columnar AOD, cloud microphysical and macrophysical
properties, and radiation. We selected Cape Cod for deployment of the AMF and MAOS because it is not
subject to large sources of local emissions, as would be a site within or adjacent to Boston Harbor, yet it
is within the circulation pattern of the Bermuda High such that it will receive processed emissions from
the well-known “Ozone Corridor” of eastern North America. During the course of 12 months we also
expect Cape Cod to be subject to a variety of synoptic flow conditions that will provide a corresponding
variety of aerosol and cloud conditions, making it the ideal location for an extended deployment which in
turn will let us include seasonality and air mass properties in our follow-up research activities (described
in Section 2).

The measurements from AMF’s multifilter rotating shadowband radiometer (MFRSR) and normal
incidence multifilter radiometer (NIMFR) will provide time series of columnar aerosol optical depth in
clear and partly cloudy conditions with hourly or better time resolution. One use of these observations
will be through a CCN Chemical Closure study (see Section 2) that will be completed using the particle
size distributions, chemical composition, and CCN number concentration measured by the instruments
included in the