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Abstract

Clouds strongly influence three-dimensional aerosol distributions by 1) wet scaveng-
ing and subsequent deposition to the earth’s surface, and 2) processing and subse-
quent release to the atmosphere by evaporation processes. In this study, physically
detailed size-dependent representations of below-cloud and in-cloud scavenging for
mixed phase clouds are introduced into the ECHAMS5-HAM global climate model. As
well, a stratiform cloud aerosol processing scheme is extended to convective clouds.

Below-cloud impaction scavenging is found to contribute strongly to the global
and annual mean mass deposition for sulfate (14%), black carbon (13%), particulate
organic matter (10%), sea salt (23%), and dust (24%). The modeled global mean
aerosol optical depth, and sea salt burden are reduced by about 15% for the more
vigorous size-dependent parameterization of below-cloud scavenging by rain and snow.

In stratiform clouds, aerosol mass is found to be primarily (>90%) scavenged by
cloud nucleation processes for all aerosol species, except for dust (50%). Uncertainties
in the representation of in-cloud scavenging processes change the predicted annual,
global mean aerosol mass burdens by 20 to 30%, and change the predicted aerosol
mass concentrations by up to one order of magnitude in the middle troposphere where
mixed phase clouds exist. Closer agreement with observations of black carbon profiles
from aircraft is found for the new in-cloud scavenging scheme.

Convective and stratiform clouds contribute about equally to the global, annual
mean aerosol processing, but wet deposition is primarily attributed to stratiform
clouds (75%). Sulfate and carbonaceous aerosols undergo 1-3 cloud cycles before
deposition. Aerosol burdens and optical depth (AOD) increase by a factor of 3-
5 with the explicit representation of cloud/precipitation evaporation. Revised sea
salt emissions and more vigorous in-cloud impaction scavenging reduce the AOD by
a factor of three to give closer agreement with satellite retrievals. Observed marine
boundary layer accumulation mode size distributions, and vertically integrated aerosol
size distributions from AERONET observations are more closely approximated with

the aerosol processing scheme than for the standard ECHAM5-HAM.

Xiv
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Chapter 1

Introduction

1.1 Our Warming Planet

Over the past one hundred years (1905-2005), the global mean earth surface temper-
ature has increased by 0.76 °C; and over the last 50 years, the warming rate is 0.13
°C per decade [Solomon et al., 2007]. There is now a very high level of confidence
that the global average net effect of human activities since 1750 has been one of
warming. The earth’s atmosphere plays a key role in modulating the earth’s surface
temperature. Without an atmosphere, the global mean surface temperature of the
earth would be about 255 K, as opposed to the current 288 K. Thus, the knowledge
of atmospheric processes is crucial towards understanding the response of our earth
system to anthropogenic activities.

Unknowingly at first, mankind embarked on a global experiment in climate mod-
ification. At the present-day, society is becoming increasingly aware of these anthro-
pogenic climate changes, and increased efforts are being devoted towards understand-
ing and controlling these changes. This current work contributes towards the under-
standing of certain atmospheric processes related to aerosol and cloud interactions.
The Intergovernmental Panel on Climate Change [Solomon et al., 2007] identified
that the full range of processes related to the modification of cloud properties by
aerosols (airborne particles) are not well understood. They are a key uncertainty in
our understanding of climate change.

The earth’s climate system is composed of several sub-systems, including the at-
mosphere, hydrosphere (oceans, rivers, and lakes), cryosphere (sea ice, ice sheets and
glaciers), biosphere, and land surface. Radiation from the sun powers this system.
The interactions within, and between these various subsystems are complex. This
makes the understanding and prediction of climate change a challenging problem.

Climate change can be driven by a variety of factors including the anthropogenic
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(human-induced) changes in the emissions of gases and particles to the atmosphere,
changes to the land surface, and natural changes such as fluctuations in solar irra-
diance. A dominant factor in the current climate change is the emission of carbon
dioxide. The atmospheric concentration of carbon dioxide has increased from a pre-
industrial value of 280 ppm to 379 ppm in the present day. Carbon dioxide is an
important greenhouse gas, which absorbs out-going terrestrial radiation and warms
the earth’s surface. However, the problem of global warming is much more than
a carbon dioxide problem. The following sections give a brief introduction to the
atmosphere, and processes that are relevant towards understanding the subsequent

chapters.

1.2 Earth’s Atmosphere

The earth’s atmosphere is generally considered as being divided into four layers, the
troposphere, stratosphere, mesosphere, and thermosphere. The troposphere extends
from the earth’s surface up to 10 - 15 km. Temperature decreases with height in this

layer. The processes examined in this study occur in this layer.

1.2.1 Gases

The atmosphere of the earth is a mixture of gases and particles. The primary gases
are Ny and O,, which account for 78 and 21%, respectively, of the total volume of the
atmosphere. The remaining 1% is mainly argon, but there are numerous, important
trace gases. The trace gases include compounds of sulfur, nitrogen, carbon, and
halogens, as well as ozone. The greenhouse gases are trace gases, including water
vapor, carbon dioxide, methane, ozone and nitrous oxide. These gases absorb out-
going terrestrial radiation and thereby keep the surface of the earth warmer. The
atmospheric gases participate in physical and chemical cycles during their residence
time in the atmosphere. Sources of these gases include biological and volcanic activity,
radioactive decay, human industrial activity, and also chemical production in the
atmosphere. Eventually, all gases are removed from the atmosphere by dry and wet
deposition processes; but their lifetimes can vary from seconds to millions of years

for nitrogen and the noble gases [Seinfeld and Pandis, 1998|. The major greenhouse



Table 1.1: Global mean aerosol and aerosol precursor emissions (Tg yr—!, except Tg
S yr~! for sulfur species).

Reference Tg yr~!

Andres and Kasgnoc [1998] 14.6
Halmer et al. [2002]
van der Werf et al. [2003] 2.1

Species Source
SOy Volcanoes

Vegetation Fires

Industry, Fossil Fuel, Cofala et al. [2005] 54.2
Bio-fuels

DMS Marine Biosphere Kettle and Andreae [2000]  23.4

Nightingale et al. [2000]

Terrestrial Biosphere Pham et al. [1995] 0.3

Black Carbon  Vegetation Fires van der Werf et al. [2003] 3.0
Fossil Fuels Bond et al. [2004] 3.0
Bio-fuels Bond et al. [2004] 1.6

Organic Matter Biogenic Guenther et al. [1995] 19.1
Vegetation Fires van der Werf et al. [2003]  34.7
Fossil Fuels Bond et al. [2004] 3.4

Bio-fuels Bond et al. [2004] 9.1
Sea Salt Wind-driven Schultz et al. [2004] 5350
Dust Wind-driven Tegen et al. [2002] 330

gases have lifetimes of many years, except for water vapor (close to one week), and

tropospheric ozone (days to weeks).

1.2.2 Aerosols

Aerosols are the particulate matter that is suspended in the atmosphere. Primary
aerosols are emitted directly from the surface, and include sea salt, dust, sulfate, black
carbon and particulate organic matter. Secondary aerosols are produced within the
atmosphere by the oxidation of gaseous precursors, and include sulfate from SOs, or-
ganic matter from semi-volatile organic compounds and nitrates from NO, emissions.
There are considerable uncertainties in the estimates of global emission inventories.
Table 1.1 shows the annual and global mean present-day aerosol emission inventory
used for this study. Recent work by Heald et al. [2010] suggests that our inventory

may under-estimate organic aerosol by about a factor of two.

Atmospheric aerosols have an important role in the climate system since they
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scatter and absorb incident solar radiation. These are termed the direct aerosol
effects [Charlson et al., 1992]. Black carbon and dust absorb solar radiation and have
a warming influence, particularly over high albedo surfaces [Chylek and Wong, 1995],
whereas the other aerosol species scatter solar radiation and have a cooling effect on
climate. Additionally, aerosols act as the nuclei for the formation of cloud droplets
and ice crystals. In this latter role, the aerosols can modify cloud properties and
precipitation, and thus indirectly influence the earth’s radiation budget. These are
the indirect aerosol effects [Twomey, 1991, Lohmann and Feichter, 2005|. Clouds are
important components of the climate system since they scatter and absorb both solar
and terrestrial radiation.

The size spectrum of aerosols is described with a size distribution function. The

lognormal distribution is one of the most commonly used functions. This is given by

dN N (Inr — In7,,)?
- - 1.1
dlnr  /27n o P < 21n? o ) (1.1)

where NV is the total aerosol number concentration, r is the aerosol radius, 7,, and
o, are parameters of the lognormal distribution, the geometric mean aerosol radius
and the geometric standard deviation, respectively. The natural aerosol spectrum
is typically multi-modal. Thus, a superposition of two or more lognormal modes is
needed to describe natural aerosol spectra [Vignati et al., 2004, Stier et al., 2005].
Typical aerosol size ranges for these modes are: 1) nucleation (radius <5 nm) 2)
Aitken (radius 5 - 50 nm) 3) accumulation (radius 50 - 500 nm), and 4) coarse (radius
> 500 nm).

Aerosols can be considered as externally or internally mixed. If each aerosol par-
ticle in a sample consists of one chemical compound, but that composition varies
between aerosol particles, we consider those aerosols to be externally mixed. If the
aerosols in a sample each contain a similar distribution of chemical compounds, then
those aerosols are said to be internally mixed. Aerosols that have been in the atmo-
sphere for longer periods of time (aged aerosols) typically are internally mixed since
they have coagulated with other aerosols, or had additional chemical compounds con-
dense upon them. The mixing state of aerosols is important since internally mixed
aerosols are generally more soluble than certain externally mixed species such as black

carbon, primary organic matter and dust. The solubility of an aerosol will determine
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how readily that aerosol can take up water vapor and act as a nucleus for conden-
sation of a cloud droplet or ice crystal [Pruppacher and Klett, 1997, Seinfeld and
Pandis, 1998].

1.2.3 Aerosol-Cloud Interactions

Aerosols that contain some fraction of soluble material will take up water and grow
in size in moist air. The Kohler equation [Ko6hler, 1936] is used to describe the
equilibrium size of an aerosol particle as a function of the supersaturation (the ratio
of the ambient to the saturation vapor pressure). For the case of an aqueous solution

drop [Pruppacher and Klett, 1997|, this equation is given as

e A B
=14+ ——-— 1.2
Cws + r o r3 (12)
where
20 M,
A= (1.3)
RT py,
and
3mM,
B =_—_""5"v 1.4
A M pr, (1.4)

e is the ambient vapor pressure at the particle surface, e, s is the saturation vapor
pressure such that the net flux of water molecules at the drop’s surface would be
zero, 1 is the wet aerosol radius, o is the surface tension, and p,, is the density of
water. M,, and M, are the molecular weights of water and of the solute, respectively
and T' is the temperature and R is the universal gas constant. The second term in
Eqn. 1.2 is commonly called the curvature (Kelvin) term and indicates that smaller
aerosols require greater supersaturation to be in equilibrium with the environment.
The last term is the solution (Raoult’s) term, which indicates that the equilibrium
vapor pressure is lower over droplets that contain more relatively more soluble mate-
rial. Figure 1.1 shows the equilibrium size for a wet 1076 g NaCl aerosol. There is
competition between the curvature and solution terms, which results in a maximum
in the Kohler curve for a certain wet aerosol radius depending on the solute mass,
and temperature. Aerosols that take up water more readily than others are said to

be more hygroscopic.
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Figure 1.1: Equilibrium aerosol wet radius as a function of supersaturation for a
10716 g NaCl aerosol, and the separate curvature and solution terms.

If the number of aerosols in the atmosphere is increased, such as in the case of
anthropogenic pollution, there are more aerosols to compete for the available water
vapor. As a result, the cloud droplets that form will tend to be smaller and more
numerous than for a pristine case with lower aerosol numbers. Thus, clouds that
form in polluted regions with higher aerosol concentrations tend to be more reflective
of solar radiation due to the more numerous and smaller cloud droplets than for a
cloud that forms in cleaner conditions. This effect is called the first aerosol indirect
effect or Twomey effect [Twomey, 1991]. The Intergovernmental Panel on Climate
Change in the most recent Fourth Assessment Report (2007) states that relative to
pre-industrial times, the radiation balance has been perturbed by between -0.3 and
-1.8 W m~2 due to the Twomey effect [Solomon et al., 2007]. However, due to the
complexity of the processes involved, there is low level of scientific understanding
associated with this estimate. This motivates the need for ongoing research into the

field of cloud-aerosol interactions. There is a slightly better (moderate to low) level
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of scientific understanding associated with estimates of the perturbation of the global
radiation balance since pre-industrial times due to the direct effect of aerosols (-0.1

to -0.9 W m~2) [Solomon et al., 2007].

In addition to the first indirect effect, there are a variety of other ways that aerosols
can modify cloud properties [Lohmann and Feichter, 2005|. 1) The cloud lifetime ef-
fect refers to the delayed onset of precipitation, and increased cloud lifetime that is
expected in the case of smaller and more numerous cloud droplets or ice crystals. This
occurs since the relative size and number of cloud hydrometeors influences the rate of
collision and coalescence of those hydrometeors, which in turn strongly controls the
development of precipitation. This effect was first hypothesized by Albrecht [1989]
and is also sometimes called the Albrecht or second indirect effect. However, newer
studies did not find evidence for an increased lifetime, but suggest that the smaller
droplets evaporate more readily [Jiang et al., 2006]. 2) The thermodynamic effect is
the delay of freezing in clouds that have more numerous and smaller droplets. Par-
ticularly for convective clouds, if small droplets are more numerous, this delays the
onset of warm rain formation, and delays freezing. As a result, freezing and latent
heat release occur at higher altitudes in the cloud. This invigorates the convection
[Rosenfeld and Woodley, 2000, Khain et al., 2001, 2005]. The net impacts on pre-
cipitation, and on cloud radiative effects for this process are still not conclusively
determined. 3) The glaciation indirect effect [Lohmann, 2002| refers to the increase
in precipitation production efficiency in the case of more numerous ice nuclei since a
cloud that glaciates more readily will produce precipitation more readily. 4) Finally,
the riming indirect effect is the reduced riming efficiency that occurs in mixed liquid
and ice phase clouds due to smaller droplets [Borys et al., 2003]. Riming refers to the
collision of droplets with crystals in clouds that contain both droplets and crystals,
and the subsequent freezing of the droplets onto the crystal surface. Cloud droplets
that are smaller and more numerous have a smaller riming efficiency and this re-
duces the rate of production of snow in polluted clouds. Thus, aerosols modify cloud

properties by several mechanisms.



1.2.4 Radiation Budget

Clouds and aerosols strongly influence the earth’s radiation budget. In an equilib-
rium climate, the input of solar radiation to the earth-atmosphere system is exactly
balanced by outgoing longwave radiation. However, the earth is currently gradually
warming; and there is a current imbalance of about +0.85 W m™2 [Hansen et al., 2005,
Trenberth et al., 2009]. The incoming solar radiation is reflected by the atmosphere,
clouds and surface. The remainder is absorbed by the atmosphere, and at the surface.
The surface emits outgoing longwave radiation that is absorbed and re-emitted by
the atmosphere and clouds. There are also fluxes of sensible heat from the surface,
and latent heat release associated with the phase changes of water in the atmosphere.
Current estimates of the global radiation budget considering all of these properties,
and based on satellite retrievals are summarized by Trenberth et al. [2009].

As we have seen in the previous section, aerosols influence cloud radiative proper-
ties. The shortwave cloud forcing (SCF') at the top of the atmosphere [Ramanthan
et al., 1989] is defined as

SCF = SWey — SWaiisky (1.5)

where SW,, is the outgoing shortwave radiation in the case of no clouds, and SWsk,
is the outgoing shortwave radiation considering a sky that includes clouds. The loss
of shortwave radiation to space is greater when clouds are included, and thus the
SCF is negative. Clouds have a net cooling effect in terms of shortwave radiation.
The longwave cloud forcing (LCF) at the top of the atmosphere [Ramanthan et al.,
1989] is given as

LOF = LW, — LW ayghy (1.6)

where LW, and LWy, are the outgoing longwave radiation at the top of the atmo-
sphere for clear sky only and including clouds, respectively. The outgoing longwave
radiation is reduced since clouds absorb longwave radiation and re-emit at lower tem-
perature. This is particularly true for high-level clouds. The global and annual mean
SCF and LCF cloud forcing are estimated from satellite retrievals as -50 W m~2, and
30 W m~2, respectively [Kiehl and Trenberth, 1997]. Additionally, clouds influence
the global radiation budget due to water phase changes, which release latent heat

associated with the condensation of water vapor, and freezing. To summarize, the
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net effect of aerosols and clouds on the climate system is believed to be in opposition
to the warming effects of greenhouse gases, but the level of scientific understanding

is low to moderate [Solomon et al., 2007].

1.2.5 Wet Scavenging and Cloud Processing of Aerosols

In the previous sections, we have seen that aerosols influence clouds and precipitation
processes. Conversely, clouds and precipitation also influence the physical and chem-
ical properties of aerosols. Wet scavenging of aerosols refers to the processes that
incorporate aerosols into cloud hydrometeors and precipitation. This can ultimately
lead to the removal of aerosols from the atmosphere as the aerosol-laden precipita-
tion falls to the earth’s surface. Early interest in wet scavenging processes developed
with the advent of nuclear bomb testing in the 1950s since the rates of removal of
radio-active debris from the atmosphere became a concern |Greenfield, 1957]. Later
interest continued with concern about acid rain in the 1970s and 1980s [Grover and
Pruppacher, 1977, Wang et al., 1978, Slinn, 1984]. Aerosols may be incorporated in
clouds and precipitation by two primary mechanisms 1) by acting as a cloud conden-
sation or ice nucleus for the formation of a cloud droplet or ice crystal, respectively,
which may then grow to precipitation size (nucleation scavenging) and 2) by colliding
with cloud hydrometeors or precipitation (impaction scavenging). Wet scavenging
accounts for a large fraction of the global and annual mean removal of aerosols from
the atmosphere, and strongly controls three-dimensional aerosol distributions. Thus,
understanding these processes is relevant towards understanding the role of aerosols
in the climate system [Rasch et al., 2000, Textor et al., 2006].

Pioneering work in the field of impaction scavenging was conducted by Green-
field [1957]. We use the term collision efficiency to refer to the efficiency that falling
particles of different sizes collide with each other. Considering the dimensions of the
colliding partners, the collision efficiency is defined as the ratio of the actual colli-
sion cross-section to the geometric cross-section. For spherical particles, the collision
efficiency is

Bo Ve (1.7)
(r1 +19)?

where y. is a radius of the grazing trajectory and r; and ry are the radius of the
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Figure 1.2: Collision efficiency for drop-aerosol collisions as a function of aerosol
radius and collector rain drop size

2 collision partners, representing the geometric cross-section. Figure 1.2 shows an
example of collision efficiency as a function of aerosol size for a variety of drop sizes.
There are a variety of forces involved in this problem. As a result of this interplay
of forces, Greenfield [1957] found that there is a minimum aerosol size (generally,
the accumulation mode) that is least efficiently collected by cloud and precipitation
hydrometeors. With decreasing aerosol size in the submicron size range, Brownian
motion increases the collision efficiency. For aerosols about one micron in radius and
larger, inertial forces cause the collision efficiency to increase with increasing aerosol
size. The collision efficiency minimum is commonly referred to as the 'Greenfield
Gap’. Investigations have also been conducted for collision efficiencies for crystal-
aerosol collisions [Pitter, 1977, Martin et al., 1980, Murakami et al., 1985, Miller and
Wang, 1989, Sauter and Wang, 1989, Miller and Wang, 1991, Song and Lamb, 1994,
Bell and Saunders, 1995, Wang and Lin, 1995|. One important feature shown by Fig.

1.2 is that the collision efficiency ranges over several orders of magnitude for aerosols
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in the Aitken, accumulation and coarse mode size ranges. This motivates the need
for physically detailed representations of the collision scavenging process in models

that simulate this process.

For aerosols near the Greenfield gap size, other forces can more strongly influ-
ence the collision efficiency. This includes phoretic effects (thermophoresis and dif-
fusiophoresis), electrical and turbulent effects. Thermophoretic effects enhance the
collision efficiency when a hydrometeor is evaporating. Evaporative cooling at the
collector’s surface produces a temperature gradient between the hydrometeor surface
and the ambient air, which induces aerosol motion towards the collector [Grover and
Pruppacher, 1977, Wang et al., 1978|. The collision efficiency increases as the am-
bient relative humidity decreases. Diffusiophoresis refers to aerosol motions induced
by concentration gradients in gaseous mixture [Pruppacher and Klett, 1997]. For the
systems of interest here, water vapor gradients induce aerosol motion in the same
direction as the vapor flux. Thus, thermophoresis and diffusiophoresis have oppos-
ing effects on the collision efficiency, but the thermophoretic effects are generally
of larger magnitude. If the collision partner have opposing charges, this will also
increase the collision efficiency [Wang et al., 1978, Tinsley et al., 2006]. Similarly,
turbulence can enhance the collision efficiency relative to that for laminar flow [Vohl
et al., 1999]. Collection efficiency is the product of the collision efficiency and the
coalescence efficiency. The coalescence efficiency is the probability that aerosols that
have collided with each other will coalesce. Coalescence efficiencies are commonly
assumed to be unity for collisions between aerosols and atmospheric hydrometeors
[Pruppacher and Klett, 1997]. Thus, collision efficiencies and collection efficiencies

are commonly treated as being identical.

Nucleation scavenging depends on the aerosol size, and additionally on the chem-
ical composition, as described by the Koéhler equation [K6hler, 1936] in the previous
section. Internally mixed particles that contain some soluble material will nucleate
cloud droplets more readily than insoluble dust and carbonaceous aerosols, which do
not nucleate cloud droplets at typical atmospheric supersaturations [Lin and Leaitch,

1997, Lohmann et al., 2007, Lohmann, 2008]. The ice nucleating ability of various
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aerosol species is the ongoing subject of research, but generally dust and black car-
bon are considered as species with the ability to nucleate ice crystals [Young, 1974,
Cotton et al., 1986, Pruppacher and Klett, 1997, Diehl and Wurzler, 2004, Lohmann
and Diehl, 2006].

Cloud processing refers to the set chemical and physical processes that modify
aerosols as they as pass through clouds. Various chemical reactions occur in cloud
droplets, which can ultimately produce aerosols. Oxidation of sulfur dioxide by ozone
and hydrogen peroxide in cloud droplets are important pathways for the production
of sulfate aerosols |Feichter et al., 1996]. Additionally, organic aerosols are produced
by the in-droplet oxidation of organic compounds [Blando and Turpin, 2000, Kanaki-
dou et al., 2005, Kroll and Seinfeld, 2008, Hallquist et al., 2009]. Also, within cloud
droplets and ice crystals, insoluble aerosols are mixed with soluble species. As the
droplets (crystals) evaporate (sublimate), the insoluble aerosols are coated with sol-
uble material [Wurzler et al., 2000, Crumeyrolle et al., 2008, Hoose et al., 2008a,b].
Thus, the passage through clouds increases the fraction of aerosols which may nucle-
ate droplets and crystals at a subsequent point in time. Additionally, cloud processing
modifies aerosol size distributions. Often there is more than one aerosol in a droplet
or crystal, and when the hydrometeor evaporates, the aerosols coagulate together to
produce one larger aerosol. These processes contribute towards the aging of aerosols.
An aged aerosol is an aerosol than has resided in the atmosphere long enough to

become mixed with other aerosol species.

1.3 Global Climate Models - The ECHAM5-HAM GCM

As the previous sections have pointed out, there are many non-linear processes in-
volved in aerosol-cloud-precipitation interactions. Also, there are many feedbacks
between these processes. As a result, models are valuable tools for understanding
how changes in certain aspects of the climate system may influence the state of the
entire system. Global climate models (GCMs) are used to represent the entire earth-
atmosphere-ocean system. For this study we use the ECHAM5 GCM [Roeckner et al.,
2003].
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GCMs are different from other global models, such as the weather forecast mod-
els and chemical transport models. Weather forecast models rely strongly on initial
conditions. A small change in the initial conditions can cause the model solutions to
diverge widely after several days of model integrations. For this reason, weather fore-
casts can only be extended a few days into the future since a complete description of
the global initial conditions is impossible. This is often termed the 'butterfly’ effect.
A small change in the initial conditions, such as butterfly’s moving wings can cause
solutions for the equations of motion to diverge. Conversely, a climate model depends
strongly on boundary conditions. This includes detailed descriptions of the surface
type, typography and albedo, radiation inputs to the system, and sea surface tem-
peratures (in the case that an ocean model is not coupled to the atmospheric model).
The boundary conditions keep the model constrained such that typical monthly mean
conditions are predicted for each GCM grid box. Due to computational constraints,
the typical size grid box size of a GCM is generally larger than for a weather fore-
cast model (a few hundreds of km and a few tens of kilometers, respectively). A
chemical transport model (CTM) also differs from a GCM. A CTM uses assimilated,
as opposed to prognosed, meteorological fields such that the emphasis is on detailed

representations of the atmospheric chemistry and composition.

The ECHAMbS-HAM GCM, used for this study, is the fifth generation atmospheric
GCM developed at the Max-Planck Institute for Meteorology [Roeckner et al., 2003],
and evolved from the model of the European Centre for Medium Range Weather Fore-
casting (ECMWF). The model solves prognostic equations for atmospheric motion
(vorticity and divergence), temperature and surface pressure using spheric harmon-
ics with triangular truncation. Water vapor, cloud liquid and ice water are also
prognostic variables and are transported using a semi-Lagrangian scheme [Lin and
Rood, 1996]. The solar radiation scheme has 6 spectral bands [Cagnazzo et al., 2007]
and the infrared has 16 spectral bands [Mlawer et al., 1997, Morcrette et al., 1998].
The GCM is coupled to the Hamburg Aerosol Module (HAM), which is a detailed
aerosol microphysics scheme [Stier et al., 2005] that considers five aerosol species. The
aerosols are described as the superposition of seven lognormal modes. There are four

soluble/internally mixed modes in the size ranges of nucleation (NS), Aitken (KS),
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accumulation (AS) and coarse (CS), and three insoluble modes (Aitken (KI), accu-
mulation (AI), and coarse (CI)). The mass of each species and the aerosol number for

each of the seven modes are prognostic tracers in the model.

1.4 Goals of this Present Work

The preceding sections have given a brief introduction, and provide the background
necessary to understand this work, and to put this project into context. This section
outlines the motivation for conducting the project. The ultimate goal of this work
is to make a contribution towards the understanding of aerosol-cloud-precipitation
interactions in the climate system. Since there is a low level of scientific understand-
ing with respect to aerosol-cloud-precipitation interactions [Solomon et al., 2007],
there is a low level of confidence in predictions about the extent that aerosols and
clouds can moderate the warming associated with future increases in greenhouse gas
concentrations.

Models are useful tools to predict future climate change since many non-linear and
coupled feedback processes are involved. Examination of simulations of present-day
aerosol and cloud three-dimensional distributions allows us to examine and identify
the aspects of our knowledge, which need further research. This project uses one of
the world-leading global aerosol-climate models (ECHAMS5-HAM), and examines the
performance of the wet scavenging and cloud processing schemes for simulations of
our present-day climate. Physically detailed representations of these processes are
developed and introduced into the GCM.

Wet scavenging processes strongly influence three-dimensional aerosol distribu-
tions. However, these processes are represented with a variety of approaches between
global models. This contributes to considerable differences in the predicted aerosol
distributions [Rasch et al., 2000, Textor et al., 2006]. Koch et al. [2009] showed that
vertical profiles of predicted black carbon concentrations differed by up to 2 orders of
magnitude between global models. This study investigates the extent that the repre-
sentation of wet scavenging and cloud processing can contribute to these differences.
Wet scavenging processes are generally represented in global models with either 1)

prescribed fractions or 2) a scheme that links the scavenging more explicitly with the
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cloud microphysics. The standard ECHAMS5-HAM model uses prescribed fractions
to represent the wet scavenging processes both below and in clouds. This approach is
typical of many global models [Barth et al., 2000, Chin et al., 2000, Takemura et al.,
2002, Stier et al., 2005, Tie et al., 2005]. Since wet scavenging is a size-dependent
process, the scavenging rates can vary over several orders of magnitude for the nucle-
ation, Aitken, accumulation and coarse size ranges. Prescribed scavenging fractions
can not capture this intra-modal variability. With the recent development of models
that predict aerosol size [Stier et al., 2005, a more physically detailed representation
of the size-dependency of the wet processes is now possible. The goals of the first of
the three sub-projects conducted for this project are to 1) introduce a size-dependent
representation of below-cloud impaction scavenging by both rain and snow into the
ECHAMS5-HAM model, 2) evaluate the impact of these changes on the predicted
aerosol distributions, and 3) evaluate the model performance in comparison with ob-
servations. Finally, 4) this project can provide useful guidance to other global models
in regard to the performance of prescribed scavenging fraction schemes relative to

more physically detailed approaches.

The second sub-project of this work focuses on in-cloud scavenging. In-cloud scav-
enging is also commonly treated with prescribed fractions to represent the uptake of
aerosols in to cloud hydrometeors [Stier et al., 2005]. Alternatively, there may be a
more explicit link to the cloud microphysics of the model [Adams and Seinfeld, 2002,
Gong et al., 2003, Tost et al., 2006]. The goals of this project are to 1) introduce an
explicit representation of the size dependence of the in-cloud impaction scavenging
into the ECHAMS5-HAM model (based on the size of the aerosol and cloud hydrom-
eteors, and also on the cloud droplet and ice crystal number concentrations), and
2) develop a new parameterization of the processes of nucleation scavenging, which
depends on the size and composition of the aerosols. With these developments, the
relative importance of nucleation and impaction scavenging in the global removal of
aerosols from the atmosphere can be quantified. 3) This will allow an examination
of how uncertainties in the representation of in-cloud scavenging processes contribute

to differences in predicted aerosol vertical profiles of concentrations and deposition.
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4) Based on this work, guidelines can be provided to global modelers about the rep-
resentation of in-cloud scavenging, and the strengths and weaknesses of the various
approaches for representing these processes. Finally, 5) this work can identify those
processes that need future research both through modeling, laboratory and field stud-

ies.

The final part of this project addresses the cloud processing of aerosols. Cloud
processing and wet scavenging are the two primary ways that clouds can influence
aerosol size distributions. While wet scavenging focuses on the removal of aerosols
from the atmosphere, cloud processing focuses on the passage of aerosols through
clouds followed by release to the atmosphere by evaporation. Evaporation processes
are very important in the atmosphere. Pruppacher and Jaenicke [1995] and Hoose
et al. [2008a] showed that in the annual and global mean, about 85% of clouds will
evaporate, as opposed to dissipating by precipitation. The goals of this final part of
the project include 1) to extend the stratiform cloud processing approach of Hoose
et al. [2008a,b] to convective clouds. There are a limited number of other global
models that make an explicit representation of cloud processing of aerosols [Jones
et al., 2001, Easter et al., 2004, Koch et al., 2006]. The treatment of Hoose et al.
[2008a,b]| is unique in that the aerosol mass in droplet and in crystals are treated as
separate prognostic variables in the model. The recent development of the double-
moment convective cloud microphysics scheme of Lohmann [2008] makes an extension

of this approach possible for convective clouds.

A further goal of this final sub-project is 2) to conduct an examination of the rel-
ative importance of aerosol cycling through convective versus stratiform clouds from
a global perspective. Early work by Pruppacher and Jaenicke [1995] found that an
aerosol remote to source has cycled through clouds about 3 times. Hoose et al. [2008a]
showed that in the global, and annual mean, stratiform cloud processing contributes
to less than 1 cycle through clouds. Thus, convective cloud processing is expected to
contribute significantly to the cycling of aerosols through clouds. Earlier modeling
and field studies have shown that processing by convective clouds can strongly mod-
ify aerosol size distributions and hygroscopicity (the tendency of an aerosol to take

up water) |[Wurzler et al., 2000, Ekman et al., 2006, Crumeyrolle et al., 2008]. The
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final goal of this third sub-project is 3) to quantify the extent that an explicit rep-
resentation of convective processing of aerosols modifies predicted three-dimensional
aerosol distributions, and to examine the relative importance of these processes for
convective as compared to stratiform clouds. This work provides guidance to other

modelers about the relevance of the inclusion of cloud processing in global models.
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2.1 Abstract

Wet deposition processes are highly efficient in the removal of aerosols from the at-
mosphere, and thus strongly influence global aerosol concentrations, and clouds, and
their respective radiative forcings. In this study, physically detailed size-dependent
below-cloud scavenging parameterizations for rain and snow are implemented in the

ECHAMS5-HAM global aerosol-climate model. Previously, below-cloud scavenging by
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rain in the ECHAM5-HAM was simply a function of the aerosol mode, and then
scaled by the rainfall rate. The below-cloud scavenging by snow was a function of
the snowfall rate alone. The global mean aerosol optical depth, and sea salt burden
are sensitive to the below-cloud scavenging coefficients, with reductions about 15%
when the more vigorous size-dependent below-cloud scavenging by rain and snow is
implemented. The inclusion of a prognostic rain scheme significantly reduces the frac-
tional importance of below-cloud scavenging since there is higher evaporation in the
lower troposphere, increasing the global mean sea salt burden by almost 15%. Ther-
mophoretic effects are shown to produce increases in the global and annual mean num-
ber removal of Aitken size particles of about 10%, but very small increases (about
1%) in the global mean below-cloud mass scavenging of carbonaceous and sulfate
aerosols. Changes in the assumptions about the below-cloud scavenging by rain of
particles with radius smaller than 10 nm do not cause any significant changes to the
global and annual mean aerosol mass or number burdens, despite a change in the
below-cloud number removal rate for nucleation mode particles by about five-fold.
Annual and zonal mean nucleation mode number concentrations are enhanced by
up to 30% in the lower troposphere with the more vigourous size-dependent below-
cloud scavenging. Closer agreement with different observations is found when the
more physically detailed below-cloud scavenging parameterization is employed in the
ECHAMS5-HAM model.

2.2 Introduction

Atmospheric aerosols significantly influence climate since they both reflect and ab-
sorb radiation (direct effects), and modify cloud properties (indirect radiative effects)
[Twomey, 1991, Charlson et al., 1992]. A general circulation model (GCM) must
correctly quantify the global 3-dimensional distribution of the various aerosol species
in order to accurately predict climate. Global aerosol distributions are strongly con-
trolled by the rate of removal of aerosols from the atmosphere by wet scavenging
processes [Rasch et al., 2000], and these processes are represented with a great di-
versity between models [Textor et al., 2006]. To date, the below-cloud scavenging

coefficients in the ECHAMbS-HAM model have been a function of the aerosol mode
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(nucleation, Aitken, accumulation and coarse), and then scaled by the precipitation
flux. However, in reality these scavenging coefficients can vary over one or two orders
of magnitude within any given size mode [Greenfield, 1957, Wang et al., 1978]. This
variability is due to a variety of physical processes, including an interplay of Brown-
ian motion, and inertial impaction that produces a scavenging minimum for aerosols

about 0.1 ym in radius.

Previous modeling studies have implemented size-dependent below-cloud scaveng-
ing parameterizations for rain into regional and global models [Gong et al., 1997, Tost
et al., 2006, Henzing et al., 2006]. Tost et al. [2006] assumed a mean raindrop size
as opposed to introducing a raindrop size distribution. Observational studies [An-
dronache, 2003, Andronache et al., 2006] have shown that below-cloud scavenging
does depend on the aerosol and raindrop distribution. In this study, we include both
the aerosol and raindrop distributions in the parameterization of the below-cloud scav-
enging coefficients, and investigate the deposition budgets for sulfate, black carbon,
particulate organic matter, sea salt, and dust, and the 3-dimensional distributions
of these aerosols in global simulations with the ECHAM5-HAM model. Since the
ECHAMS5-HAM model predicts the median radius of the log-normal distribution for
each of seven aerosol modes, the detailed dependency of below-cloud scavenging on

aerosol size can be included in the model.

Below-cloud scavenging by snow is more difficult to represent in models since more
assumptions about the size and the shape of the crystals are required in order to esti-
mate the collection efficiency of the snow. Previous global studies have typically used
fixed mean below-cloud scavenging coefficients that are scaled by the snow flux [Stier
et al., 2005, Tost et al., 2006]. Gong et al. [1997] did apply an aerosol size-dependent
below-cloud scavenging parameterization for snow following Slinn [1984] into a re-
gional model for sea salt. This study uses a similar parameterization, following Slinn
[1984| and Dick [1990] but extends the approach to global simulations of five aerosol

species.

The goal of this study is to investigate the impacts of below-cloud scavenging

parameterizations for both rain and snow on the vertical profiles of aerosol mass and
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number in the framework of a global model. For this study, we use the term below-
cloud scavenging since the aerosol impaction scavenging by rain and snow is examined
only below cloud base. We will consider the impacts of these parameterizations
on global aerosol deposition, burdens, concentrations, and also on cloud properties,
cloud radiative properties, and precipitation. Section 2.3 provides an overview of
the ECHAM5-HAM model, and presents the collection efficiencies and below-cloud
scavenging coefficients required for the aerosol size-dependent below-cloud scavenging
parameterizations. Section 2.4 presents the results and discussion, comparing the
various aerosol size-dependent below-cloud scavenging parameterizations in terms of
their impacts on aerosol wet deposition, burdens, vertical profiles of aerosol mass and

number concentrations, and clouds. Section 2.5 is the summary and conclusions.

2.3 Model Description

ECHAMS is a fifth generation atmospheric general circulation model (GCM) devel-
oped at the Max-Planck Institute for Meteorology [Roeckner et al., 2003], and evolved
from the model of the European Centre for Medium Range Weather Forecasting
(ECMWF). The model solves prognostic equations for vorticity, divergence, tempera-
ture and surface pressure using spheric harmonics with triangular truncation. Water
vapor, cloud liquid water and ice are transported using a semi-Lagrangian scheme
[Lin and Rood, 1996]. Prognostic equations for cloud water and ice follow Lohmann
et al. [2007]. The model includes the cirrus scheme of Lohmann and Kércher [2002].
Convective clouds, and transport are based on the mass-flux scheme of Tiedtke [1989]
with modifications following Nordeng [1994]. The solar radiation scheme has 6 spec-
tral bands [Cagnazzo et al., 2007| and the infrared has 16 spectral bands [Mlawer
et al., 1997, Morcrette et al., 1998|. The GCM is coupled to the Hamburg Aerosol
Model (HAM), which is described in detail in Stier et al. [2005]. The aerosols are
represented by seven log-normal modes, 4 internally mixed/soluble modes (nucle-
ation (NS), Aitken (KS), accumulation (AS), and coarse (CS)) and 3 insoluble modes
(Aitken (KI), accumulation (Al),and coarse (CI)). The median radius for each mode
is calculated from the aerosol mass and number distributions in each mode. Aerosol

mass and number are transferred between the modes by the processes of sulfuric acid
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condensation, and also coagulation between aerosols. All results presented in this
study are from a one year simulation, following a three months spin-up period, and
are nudged towards the meteorological conditions of the year 2001. The nudging
approach, combined with aerosol-radiation de-coupling, was chosen in order to have
the same dust and sea salt emissions in all simulations. We chose the year 2001 since
that was a neutral year for the El Nino Southern Oscillation. The natural emissions
of sea salt, dust, and DMS from the oceans are calculated on-line, based on the me-
teorology of the model. Emissions for all other aerosol species are taken from the
AEROCOM emission inventory, and are representative for the year 2000 [Dentener
et al., 2006b|. The aerosol emissions and the removal processes of in-cloud scavenging,

sedimentation, and dry deposition are described in detail in Stier et al. [2005].

2.3.1 Below-Cloud Scavenging Parameterizations
Current below-cloud scavenging parameterization

The below-cloud scavenging parameterization in the control (CTL) simulation of the
ECHAMS5-HAM model follows Stier et al. [2005]. The below-cloud scavenging coef-
ficients are a function of the aerosol mode, and are scaled by the respective rain, or
snow flux in each model layer. These coefficients are shown in Table 2.1, and for
rain assume a fixed rain drop diameter of 4 mm, and a lognormal aerosol distribu-
tion, following Fig. 20.15 in Seinfeld and Pandis [1998|. The tracer tendency due to
below-cloud scavenging is
AC;
At

= Comb fprecip(REET 1 RS FS) (2.1)

where C?™ is the ambient mixing ratio of the ith tracer in the cloud-free air. F"
and F* are the fluxes of rain and snow, respectively. fPP is the fraction of the grid
box affected by precipitation. R} and R; are the below-cloud scavenging coefficients

normalized by the precipitation flux for rain and snow, respectively.

New Below-Cloud Scavenging Parameterization for Rain

The more physically detailed size-dependent below-cloud scavenging parameterization

for rain used in all model simulations except CTL does not assume a fixed collector
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Table 2.1: Prescribed below-cloud scavenging coefficients (m? kg™') as a function of
aerosol mode, for the four internally mixed/soluble modes, nucleation (NS), Aitken
(KS), accumulation (AS), coarse (CS), and the three insoluble modes, Aitken (KI),
accumulation (AI), and coarse (CI).

Rain Snow
NS 5x107* 5x1073
KS 1x10™* 5x1073
AS 1x107% 5x1073
CS 1x107' 5x10°3
KI 1x10™* 5x1073
Al 1x10™% 5x1073
CI 1x107' 5x10°3

drop size, but instead assumes that the raindrops follow the distribution of Marshall
and Palmer [1948],
N(D,) = n,exp(—AD,) (2.2)

where
A =41R7%% (2.3)

*mm™, and D, is the drop diameter in mm, and R is the rainfall

and n, is 8x10°m™
rate in mm hr—.

The below-cloud scavenging coefficients as a function of aerosol size (r,) are given
by .

A(ry) :/ WR;Ut(Rp)E(vaTP)N(Rp)dRp (2.4)

following Slinn [1984]; Pruppa,(z:her and Klett [1997] and Seinfeld and Pandis [1998],
where E(R,,r,) is the collection efficiency as a function of the drop and aerosol radii,
R, and r,, respectively, and U;(R,) is the drop’s terminal velocity.

The collection efficiencies used in this study are compiled in a look-up table as
a function of aerosol and collector drop size from the sources that are outlined in

Table 2.2. The collection efficiency due to Brownian diffusion follows Young [1993]

and is o
47“bD f a

Enrownian =
Brownian (Ts + Tb)2lvoo,b _ VOQS’

where D is the diffusion coefficient for small particles and f, is the ventilation coef-

(2.5)

ficient. The terminal velocities, Vi, ; and Vi s for the collector and aerosol particles,
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Table 2.2: Collision efficiencies as a function of the radii of the bigger and smaller
collision partners, r, and rg, respectively.

rp (pm) rs (pm) collision efficiency

7>300 rs>10 1.

300>7;,>10 rs>10 modified tables from Hall [1980] (see Table 2.3) and
grid square method with bilinear interpolation

rp>300 10>r,>0.2  values interpolated between Brownian diffusion and
Wang et al. [1978] data using logarithmic interpola-
tion

300>7r,>42 10>r,>0.2  values from Wang et al. [1978], Fig. 4, curves 4-D
and grid square method with bilinear interpolation

42>1r,>10 10>r,>0.5 values interpolated between Brownian diffusion,
modified Hall table and Wang et al. [1978] data us-
ing grid square method with bilinear interpolation

42>7,>10 0.5>r,>0.2 Brownian diffusion

<10 10>r,>0.5 values interpolated between Brownian diffusion,
modified Hall table and Wang et al. [1978] data us-
ing logarithmic interpolation

rp<10 0.5>r,>0.2 Brownian diffusion

all values of r, 7, < 0.2 Brownian diffusion

respectively, are dependent on particle size. For particles of radius, » <10 um, the

terminal velocity is
1.26,

r

Ve = (14 W, (2.6)

where V; is the Stokes flow velocity and A, is the mean free path of air molecules.
For particles of radius 10<r<500 um,

(IN €
V, = bk
20,7

(2.7)

is the terminal velocity where 7, and p, are the dynamic viscosity and density of air,
respectively, and Ng. is the Reynolds number [Beard and Pruppacher, 1969|. Finally
for the case where >500 pum, the terminal velocity is given by the empirical approach
for deformed drops based on Gunn and Kinzer [1949], Garner and Lihou [1965], and
Beard [1976].

The modified Hall table, which is referred to in Table 2.2 is shown in Table 2.3.
These values are from Hall [1980] except for collector drop radii <30 um new efficien-

cies were generated by averaging from the values in Lin and Lee [1975], Schlamp et al.
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Table 2.3: Collision efficiencies from Hall [1980] and modified for drop radii <30 pm.
The bigger and smaller collision partners are 7, (um) and rg (um), respectively.

T 300 200 150 100 70 60 50 40 30 20 10

rs/Th

005 097 0.87 0.77 0.5 0.18 0.05 0.005 0.001 0.0001 0.0001 0.0001
o0 1.0 096 093 079 056 043 0.40 0.07 0.002 0.0001 0.0001
o5 1.0 098 097 091 080 0.64 0.60 0.28 0.02 0.005  0.0001
o20 1.0 1.0 097 095 088 0.77 0.70 0.50 0.04 0.015 0.013
o2s 1.0 1.0 1.0 095 090 084 0.78 0.62 0.08 0.023 0.016
o3 1.0 1.0 10 1.0 091 087 0.83 0.68 0.17 0.032  0.02
o35 1.0 1.0 10 1.0 094 089 0.8 0.74 0.27 0.043 0.024
o40 1.0 1.0 1.0 1.0 095 090 0.88 0.78 0.40 0.054  0.028
045 1.0 1.0 1.0 1.0 096 091 0.90 0.80 0.50 0.065 0.031
o0 1.0 1.0 1.0 1.0 097 091 0.90 0.80 0.53 0.075  0.034
o055 1.0 1.0 1.0 1.0 098 091 090 0.80 0.54 0.081  0.035
o60 1.0 1.0 1.0 1.0 098 091 090 0.78 0.54 0.084 0.036
o6s 1.0 1.0 1.0 1.0 098 091 0.89 0.77 0.54 0.082  0.037
oo 1.0 1.0 1.0 1.0 099 092 0.88 0.76 0.53 0.078  0.037
o5 1.0 10 1.0 1.0 1.0 093 0.88 077 0.51 0.07 0.037
oso 1.0 1.0 1.0 1.0 1.05 095 0.89 0.77 048 0.06 0.037
oss 1.0 1.0 10 1.0 1.10 1.0 0.92 0.78 046 0.05 0.036
oo 1.0 10 10 1.0 1.3 1.03 1.01 0.79 043 0.042  0.034
095 1.0 10 1.0 1.0 20 1.7 1.3 0.95 0.44 0.035 0.032
too 1.0 1.0 1.0 1.0 4.0 3.0 23 1.4 0.52 0.027  0.027

[1976] and Klett and Davis [1973|. The final assumption is that all collisions result
in collection. Thus, the coagulation efficiency is assumed to be unity.

Examples of the collection efficiencies for certain collector partner sizes are shown
in Fig. 2.1. Aerosols with radii less than about 0.1 um are more efficiently collected
due to their Brownian motion, and larger aerosols are more efficiently collected due to
their inertia. Thus, there is a minimum collection efficiency for particle radius about
0.1 um, as first presented by Greenfield [1957], which is often called the Greenfield
gap. Aerosols in this size range are most readily swept around the falling drop.
Equations to parameterize these collection efficiencies do exist [Slinn, 1984, Jung
and Lee, 1998]. These equations parameterize the collection efficiency due to the
processes of Brownian diffusion, interception, and inertial impaction. One advantage

of our approach is that the code can be readily modified to introduce tables that
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Figure 2.1: Collision efficiency for raindrop-aerosol collisions as a function of aerosol
radius and collector rain drop size is shown on the left panel. Also on the left is the
snow-aerosol collision efficiency (Snow A: Dick, 1990; Snow B: Slinn, 1984). Coagu-
lation efficiency is assumed to be unity. Mean mass (solid lines) and number (dashed
lines) below-cloud scavenging coefficients (s™!) as a function of aerosol modal radius
and rainfall rate are shown on right panel.

include the effects of thermophoresis, as has been done in this study, or additionally
turbulence or electric charge, and the approach can be more readily extended over a

wider range of size of collision partners, such as for in-cloud impaction scavenging.

To obtain the mean below-cloud scavenging coefficients for the mass distributions
as a function of aerosol median diameter, A,,(r,,), a second integration over the

aerosol size distribution n(r,) is done,

fooo A(Tp)rin(rp)drp.

Am m) — 9
(rpm) fo rin(ry)dr,

(2.8)

Similarly, the mean below-cloud scavenging coefficients for the number distributions
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are,

fooo A(rp)n(ry)dry,
fooo n(rp)dr,

The resulting mass and number distribution scavenging coefficients are shown in

A (rpm) = (2.9)

Fig. 2.1. These coefficients have a minimum for aerosol sizes about 0.1 um due to
the collection efficiency minimum. Scavenging coefficients are higher for higher rain-
fall rates. A look-up table of these scavenging coefficients as a function of aerosol size
and rainfall flux is used in the model. These coefficients are applied as R} F" in Eqn.
2.1.

Figure 2.2 shows how the assumption of an exponential raindrop distribution as
opposed to assuming all the raindrops are either 0.4 mm or 4.0 mm can give differences
in the below-cloud scavenging coefficients of more than an order of magnitude. The
differences in the scavenging coefficients, assuming various exponential distributions
for drizzle, thunderstorm and the standard Marshall-Palmer distribution, are not as
great as the difference in the coefficients if all the raindrops are assumed to be one size.
The exponential raindrop distributions generally give coefficients that are between the
coefficients for unimodal 0.4 and 4.0 mm raindrops, except for the scavenging of ultra-
fine particles, which is greatest in the case of drizzle. The exponential distributions
are from Joss and Waldvogel [1969]. The equations for the scavenging coefficients
assuming unimodal raindrops are given in Seinfeld and Pandis [1998|. For mass
scavenging of aerosols with radii over 50 nm, all coefficients shown in Fig. 2.2 exceed
those used by Stier et al. [2005] by up to 2 orders of magnitude.

Figure 2.3 shows how these scavenging coefficients are influenced by lower relative
humidity. Based on the collection efficiencies of Wang et al. [1978], the mean mass and
number scavenging coefficients have been re-calculated. Decreasing relative humidity
increases scavenging in the Greenfield gap since the evaporating raindrops are cooler
at the surface, and this sets up a thermal gradient that induces motion of the aerosols
towards the cooler raindrop surface. Away from the Greenfield gap, other physical
processes such as Brownian motion and inertial impaction dominate the collection,
and so the influence of relative humidity is less pronounced. This is particularly
evident at lower rainfall rates.

Andronache et al. [2006] found that observed scavenging coefficients for ultrafine
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Figure 2.2: Mean below-cloud scavenging coefficients for a precipitation rate of
Immhr=!, assuming exponential distributions for thunderstorm, drizzle, and the
standard Marshall Palmer. Also, assuming unimodal distributions for raindrop radii
of 4 mm and 0.4 mm, and a fixed snow crystal radius. Mass scavenging coefficients
are on left panel and number scavenging coefficients are on the right panel. Red and
green steps: modal coefficients of Stier et al. [2005] for rain and snow, respectively.

particles exceeded model calculations for below-cloud scavenging based on Brownian
motion, interception, and typical phoretic and charge effects. Here, we present two
sensitivity studies for the below-cloud scavenging of particles with radius smaller than
10 nm, and investigate the impact on global aerosol concentrations and deposition.
Figure 2.4 shows the scavenging coefficients for the extreme assumption that the
collection efficiency is zero for ultra-fine particles that are smaller than 10 nm in
radius. These coefficients are used in the sensitivity study BCS2-ULOW. As an
additional sensitivity test, we assume that the collection of particles smaller than 10

nm radius can be described by the mass transfer coefficient, K., for the transfer of a
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Figure 2.3: Mean below-cloud mass and number scavenging coeflicients for rain with

thermophoretic effects included for relative humidities of 50%, 75%, 95% and 100%,
and for rainfall rates of 0.01 and 1 mm hr=*.

gaseous molecule to a falling rain drop [Seinfeld and Pandis, 1998].

D oR,UNY? /v \Y?
K.=—9% |9406 (2222t — 2.1
°7 2R, +06( y ) D (2.10)

g

where D, is the diffusivity coefficient for the gas in air (cm? s™'), v is the kinematic
viscosity (em? s7!), Uy is the terminal velocity of the falling rain drop, and R, is the
rain drop radius. We assume that the particles behave as the gas water vapor. The
mass transfer coefficients are used in place of Uy(R,)E(R,,7,) in Eqn. 2.4, and the
mean mass and number scavenging coefficients are found following Eqns. 2.8 and 2.9.
For aerosol particles about 10 nm in radius, the mean mass and number scavenging
coefficients are increased by about two orders to magnitude for this assumption. These

coefficients are used in the sensitivity simulation BCS2-UHIGH.
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Figure 2.4: Mean below-cloud mass and number scavenging coefficients for rain, as-
suming the standard Marshall-Palmer raindrop distribution for five rainfall rates, and
for three assumptions about the collection of particles with radius smaller than 10
nm: collection due to Brownian motion (solid lines), zero collection efficiency (dashed
lines), and collection behavior similar to an irreversibly soluble gas (dotted lines).

New Below-Cloud Scavenging Parameterization for Snow

For the below-cloud scavenging by snow, the CTL simulation of the ECHAM5-HAM
follows Eqn. 2.1 and the value of R¢ is fixed at 0.005 m? kg™! for all aerosol modes. To
make the below-cloud scavenging by snow depend on the aerosol size, a size-dependent
collection efficiency for snow is required. Following Dick [1990] the collection efficiency
is
_ mU;
6mrnR

+4Pe7 (1 4 0.4Re'/0 Pel/3) (2.11)

where m is the aerosol particle mass, U, is the terminal velocity of the snow crystals,
r is the radius of the aerosol particles, n is the absolute viscosity of air, Ry, is the
radius of the snow crystals, Re is the Reynold’s number and Pe is the Peclet number.

Following Dick [1990], we assume that all snow crystals are 30 ug in mass and have a
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radius of 0.5mm and fall at a terminal velocity of 80cms™. The Reynold’s number

is

aRsnowU
Re = Patonowt (2.12)
n
where p, is the air density. The Peclet number is
2RsnowUt
Pe= —— 2.13
o= 2 (213)

where D is the aerosol diffusivity. Again following Dick [1990], the scavenging coef-
ficient normalized by the precipitation flux is the collection efficiency multiplied by

the cross-sectional area of a snow crystal divided by the snow crystal mass M,

R2
R (r) =~ i (2.14)

As an alternative, the collection efficiency equation of Slinn [1984] may be used.

The collection efficiency for snow is given by,

1 r? St — S, \3/2
( )

E(r) = (@)@ +(1-exp (= (14 Re)?)) wtssiz (2.15)

where Sc is the Schmidt number, Re is the Reynold’s number and St is the Stokes
number and r is the aerosol size. The parameter S, is given as

_ 12/10 4 (1/12) In(1 + Re)

S
1+ In(1 + Re)

(2.16)

where Re is the Reynold’s number. The parameters o and A depend on the type of
snow crystals. For this study, the crystals were assumed to be rimed crystals, and
thus o and A were fixed at 100 um and 2/3, respectively. Following Slinn [1984], the
scavenging coefficient as a function of aerosol size r, and normalized by the snow fall
rate is given by,

R(r) = (2.17)

where D,, is a characteristic length of 2.7x1073 cm for rimed particles and 7 is a fixed
parameter of order unity (0.6). Figure 2.1 shows the collection efficiencies for snow
from both Dick [1990] (Snow-A) and Slinn [1984] (Snow-B). Figure 2.2 shows how
these scavenging coefficients for snow compare to the fixed coefficient for a precipita-

tion rate of 1 mmhr~!, which is shown as the horizontal green line. The conversion
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from precipitation flux was made by assuming the snow density was 0.1 of the water
density. These size dependent scavenging coefficients for snow are higher than the
coefficients used in the CTL simulation by a few orders of magnitude, particularly for
the nucleation and coarse modes. The scavenging minimum is at a different radius
and has a different width for the two parameterizations. This is due to differences
in the assumptions about the morphology of the snow particles, similar to that pre-
sented by Miller and Wang [1991] and Feng [2009]. This study has implemented the
coefficients of Slinn [1984|. The parameterization of below-cloud scavenging by snow
is difficult since there are many assumptions to be made about the snow crystal prop-
erties. While our assumptions are reasonable, there remains considerable uncertainty
since the variability in the size and shape of the snow crystals is neglected.

All below-cloud scavenging parameterizations require a representation of the pre-
cipitation fraction. The stratiform precipitating fraction is found starting from the
top layer of the model and descending the vertical column. The precipitation fraction
is set to the cloud fraction in the first precipitating layer. Thereafter, the precipitat-
ing fraction remains the same in subsequent layers until the amount of precipitation
formed in any layer exceeds the amount of precipitation formed in the overlying layers.
In the latter case, the precipitation fraction is set to the cloud fraction of that layer
and so forth down the vertical column. The precipitation fraction is further adjusted
if the cloud fraction exceeds the precipitating fraction from the overlying layer, but
the precipitation generated in that layer does not exceed that from overlying layers.
In this case, the new precipitation fraction is the weighted sum of the precipitation
fraction and precipitation generated from the over-lying layers, and the cloud fraction
and precipitation generated in the given layer. In all simulations except BCS2-CPF,

the convective precipitation fraction in the kth model layer is,

P (k) = — (2.18)
Vup (k) pair (K)

where M F,, is the updraft mass flux, vy, (k) is a prescribed updraft velocity (2ms™),

and p,;, is the air density. Since below-cloud scavenging is parameterized to occur

only in completely clear layers, this might under-estimate the scavenging because

PF o (k) is likely to be lower in cloud-free layers than in cloudy layers. Thus, in

the sensitivity simulation, BCS2-CPF, the convective precipitating fraction is found
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Table 2.4: The simulations presented in this study are summarized in this table.

Simulation Description

CTL Control simulation using prescribed rain and snow below-
cloud scavenging coefficients from Table 2.1

BCS1 Prescribed scavenging coefficients for rain replaced by size-
dependent rain scavenging

BCS2 Same as BCS1 but prescribed scavenging coefficients for

snow replaced by size-dependent snow scavenging
BCS2-M0.4 Same as BCS2 but assumes all raindrops are 0.4 mm
BCS2-M4.0 Same as BCS2 but assumes all raindrops are 4.0 mm
BCS2-PR Same as BCS2 but implements the Posselt and Lohmann
[2008] prognostic rain scheme
BCS2-CPF Same as BCS2 but revised convective precipitation fraction
BCS2-T Same as BCS2 but includes thermophoretic effects
BCS2-ULOW  Same as BCS2 but assumes zero collection of ultra-fine par-
ticles with radius < 10 nm
BCS2-UHIGH Same as BCS2 but assumes ultra-fine particles with radius
< 10 nm are scavenged like an irreversibly soluble gas

using a maximum overlap assumption, and a precipitation-based weighting of the

precipitating fractions from overlying layers. That is,

k
= PFCOHVk'POrmk
pFCr;envzf/(k) _ sztopk ( ) fi ( )
Zz:ktop Pform(k)

where P, is the precipitation formed in the kth layer.

(2.19)

2.4 Results and Discussion

2.4.1 Mass Deposition Budgets

Table 2.4 summarizes the model simulations. Figures 2.5 and 2.6 show the geo-
graphic distribution of the annual mean mass wet deposition of sulfate, black carbon
(BC), particulate organic matter (POM), sea salt (SS) and dust (DU) for the sim-
ulation BCS2, which has size-dependent below-cloud scavenging for both rain and
snow. These figures also compare the wet deposition between the BCS2 and CTL
simulations. Modification to the below-cloud scavenging parameterization is shown to

produce the greatest changes in the sea salt and dust wet deposition. Wet deposition
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S04 Wet Deposition (kg S hectare™)— BCS2 % Change S04 WD (BCS2 vs. CTL)
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Figure 2.5: The geographic distribution of annual mean wet deposition of sulfate,
black carbon and particulate organic matter for the BCS2 simulation is shown on
the left panels. The percent change in the wet deposition relative to the control
simulation ((BCS2-CTL)/CTL) is shown on the right panels.
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SS Wet Deposition (kg hectare™) BCS2 % Change SS WD (BCS2 vs. CTL)
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Figure 2.6: The geographic distribution of annual mean wet deposition of sea salt and
dust and total precipitation for the BCS2 simulation is shown on the left panels. The
percent change in the wet deposition and total precipitation relative to the control
simulation ((BCS2-CTL)/CTL) is shown on the right panels.
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of these aerosols is increased close to source regions for the BCS2 simulation. Henz-
ing et al. [2006] also showed that below-cloud scavenging is an important sink for sea
salt particles, about 12% of global removal, and should be included in a size-resolved

parameterizations, such as was also done by Gong et al. [1997].

In terms of mass, the wet deposition of the carbonaceous aerosols and sulfate is
shown to be least influenced by the below-cloud scavenging parameterization on a
global scale, but there are regional changes. Unlike sea salt and dust, wet deposition
is not significantly increased at the major source regions. However, in the zonal band
near 20° N there is increased wet deposition. This latter feature is associated with an
aerosol-precipitation feedback triggered by the below-cloud scavenging parameteriza-
tions and will be discussed further in the following sub-sections. Additionally, there
is reduced wet deposition of dust and carbonaceous aerosols in the latitude band near
60° S, which is indicative of reduced poleward transport of these aerosols in response
to increased wet deposition somewhat closer to their sources. To better understand
whether these changes in wet deposition are due to the revised parameterizations, or
due to differences in the precipitation rates, the change in total precipitation rates
between the simulations BCS2 and CTL is shown in Fig. 2.6. Over the southern
oceans, the precipitation is not changed by more than 5%, and so increases to the sea
salt deposition here are primarly due to the new parameterizations. However, over
regions of Northern Africa, and small, local regions in the tropics, there are changes

to the precipitation that do contribute to the differences in the wet deposition.

Tables 2.5-2.9 present the annual and global mean mass deposition budgets for
the various simulations. The annual and global mean mass removal by below-cloud
scavenging is shown to be highly sensitive to the choice of below-cloud scavenging
coefficients, with an increase of between one and two orders of magnitude for the
BCS2 simulation as compared to the CTL simulation for the various aerosol species.
The mass deposition budgets for sea salt and dust are controlled by the scavenging of
the coarse mode, whereas the sulfate, black carbon, and particulate organic matter
mass deposition budgets are dominated by the accumulation mode scavenging. Fig-
ure 2.2 shows that the CTL simulation uses much lower coefficients for accumulation

and coarse mode mass scavenging than the other simulations with size-dependent
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Table 2.5: The global and annual mean sulfate mass deposition rates (Tg S yr—!)
for the processes of below-cloud scavenging (BCS), in-cloud scavenging (ICS), dry
deposition, and sedimentation, and sulfate burdens (Tg S), and lifetimes (days) for
the model simulations. See Table 2.4 for descriptions of the simulations. The annual

emission and production of sulfate is about 73.5 Tg Syr—".

Sulfate Deposition BCS ICS Dry Dep Sed Burden Lifetime

CTL 0.23 694 232 1.59 0.88 4.37
BCS1 7.02 63.0 212 1.35 0.85 4.24
BCS2 9.90 60.2 2.09 1.29 0.84 4.17
BCS2-M0.4 16.2  54.1 1.93 1.14 0.81 4.03
BCS2-M4.0 6.96 629 2.18 1.42 0.85 4.24
BCS2-PR 3.79 65.3 235 1.53 0.86 4.29
BCS2-CPF 9.99 60.1 2.08 1.28 0.84 4.17
BCS2-T 9.99 60.1 2.09 1.29 0.84 4.17
BCS2-ULOW 9.90 60.2 2.09 1.28 0.84 4.17
BCS2-UHIGH 9.90 60.2 2.08 1.29 0.84 4.17

scavenging. As a result, this low mass removal in the CTL simulation is expected.
Tables 2.5-2.9 show that the mass removal by below-cloud scavenging is highly sen-
sitive to the assumptions about the raindrop distribution with differences up to 60%
between the BCS2, BCS2-M0.4 and BCS2-M4.0 simulations. Assuming all the rain-
drops are 0.4 mm in size gives the highest removal of mass by below-cloud scaveng-
ing. These effects occur for all aerosol species. Increases in the mass removal by
below-cloud scavenging are associated with decreases in the mass removal by in-cloud
scavenging. This is expected since the greater aerosol removal below cloud base al-
lows less aerosol to be available for transport upward to the altitudes where in-cloud
scavenging occurs. Sedimentation and dry mass deposition rates are also reduced in
response to the lower aerosol concentrations. For sea salt, the global and annual mean
fraction of mass removal by below-cloud scavenging for the simulation BCS2 (23%) is
higher than that reported by Henzing et al. [2006] (12%) using the global chemistry
transport model TM4, and considerably higher than for the CTL simulation (3%).

Table 2.10 shows the relative contributions of both stratiform and convective rain
and snow to the total mass removal by below-cloud scavenging for all 5 aerosol species.

Stratiform rain accounts for the majority of the below-cloud scavenging, about 60%
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Table 2.6: Global and annual mean black carbon mass deposition rates (TgCyr™1!)
for the processes of below-cloud scavenging (BCS), in-cloud scavenging (ICS), dry
deposition, and sedimentation, and black carbon burdens (TgC), and lifetimes (days)
for the model simulations. See Table 2.4 for descriptions of the simulations. The

annual emission of black carbon is 7.7 Tg Cyr~1.

BC Deposition BCS ICS Dry Dep Sed Burden Lifetime

CTL 0.01 7.01 0.72 0.027 0.120 5.69
BCS1 0.68 6.35 0.70 0.025 0.119 5.64
BCS2 0.98 6.06 0.70 0.024 0.118 5.59
BCS2-MO0.4 1.68 5.37 0.69 0.023 0.114 5.54
BCS2-M4.0 0.70 6.33 0.71 0.025 0.120 5.69
BCS2-PR 0.39 6.63 0.72 0.026 0.116 5.50
BCS2-CPF 0.99 6.05 0.70 0.024 0.117 5.54
BCS2-T 0.99 6.05 0.70 0.024 0.117 5.54
BCS2-ULOW  0.98 6.06 0.70 0.024 0.118 5.59
BCS2-UHIGH 0.98 6.06 0.70 0.024 0.118 5.59

for dust and up to 80% for sea salt for the simulation BCS2. Convective scaveng-
ing accounts for less than 1% of the global below-cloud removal since convective
precipitation covers a much smaller fraction of the model grid boxes as compared
to the stratiform precipitation. Simulation BCS2-CPF shows that an alternative to
the convective precipitation fraction, as given in Eqn. 2.19, can increase the annual
mean convective scavenging by 3-4 times, but the contribution to total below-cloud
scavenging is still only about 1%. We have used a relatively high and fixed vertical
velocity, and this contributes to relatively low convective precipitation fractions, and
low convective below-cloud scavenging rates for this study. As convective parameter-
izations develop, and the representation of subgrid scale effects related to convective
clouds is advanced, then improvements can be made to the treatment of convective

below-cloud scavenging.

2.4.2 Column Mass Burdens and Lifetimes

Figures 2.7 and 2.8 show the geographic distribution of the aerosol burdens for the
BCS2 simulation, and a comparison between the CTL and BCS2 simulations. The

sea salt and dust burdens are reduced more by the invigorated below-cloud scavenging
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Table 2.7: Global and annual mean particulate organic matter mass deposition rates
(Tgyr~!) for the processes of below-cloud scavenging (BCS), in-cloud scavenging
(ICS), dry deposition, and sedimentation, and particulate organic matter burdens
(Tg), and lifetimes (days) for the model simulations. See Table 2.4 for descriptions of
the simulations. The annual emission of particulate organic matter is 66.1 TgCyr—1.

POM Deposition BCS ICS Dry Dep Sed Burden Lifetime

CTL 0.08 60.0 5.91 0.21 1.05 5.78
BCS1 5.11  55.1 5.87 0.20 1.03 5.69
BCS2 6.58 53.6 5.86 0.20 1.02 5.64
BCS2-M0.4 12.6  47.7 5.80 0.19 0.99 5.48
BCS2-M4.0 4.42  55.7 5.89 0.20 1.03 5.69
BCS2-PR 2.02 581 5.98 0.20 1.01 2.56
BCS2-CPF 6.66 53.5 5.85 0.20 1.02 5.64
BCS2-T 6.66 53.5 5.85 0.19 1.02 5.64
BCS2-ULOW 6.58 53.6 5.86 0.20 1.02 5.64
BCS2-UHIGH 6.57 53.6 5.87 0.20 1.02 5.64

than the sulfate and carbonaceous aerosol burdens. Dust burdens are changed by less
than 10% near the major source regions, except for Eur-Asian dust. This is expected
since dust is often emitted in regions with low precipitation, and also may be lofted
above levels where below-cloud scavenging occurs. However, dust burdens are reduced
poleward, and away from the major source regions by up to 30% in response to the
invigorated below-cloud scavenging in the simulation BCS2. One must remember
that percent changes should be interpreted by keeping in mind that in some cases the
magnitude of the burden and deposition is small, such in this case for dust deposition
away from source regions. However, sea salt burdens are reduced by 20-30% over
the major ocean source regions in the BCS2 simulation as compared to the CTL
simulation.

Tables 2.5-2.9 also present the annual and global mean aerosol burdens and life-
times. The global and annual mean sea salt burden, and lifetime are reduced by 15—
20% when the size-dependent scavenging parameterizations are implemented. The
reductions for the other aerosol species are between 5-10%. Sea salt is most strongly
influenced by the size-dependent below-cloud scavenging parameterizations since this
aerosol species has a considerable fraction of total mass in the coarse mode, and the

scavenging coefficients for this mode are greatly enhanced, by one to two orders of



S04 Burden (mg S m™) % Change S04 (BCS2 vs. CTL)

Figure 2.7: The geographic distribution of the annual mean burdens of sulfate, black
carbon and particulate organic matter for the BCS2 simulation is shown on the left.
The percent change relative to the CTL simulation is shown on the right.
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SS Burden (mg m™) % Change SS (BCS2 vs. CTL)

Figure 2.8: The geographic distribution of the annual mean burdens of sea salt and
dust for the BCS2 simulation is shown on the left. The percent change relative to the
CTL simulation is shown on the right.
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Table 2.8: Global and annual mean sea salt mass deposition rates (Tgyr™!) for the
processes of below-cloud scavenging (BCS), in-cloud scavenging (ICS), dry deposition,
and sedimentation, and sea salt burdens (Tg), and lifetimes (days) for the model
simulations. See Table 2.4 for descriptions of the simulations. The annual emission

of sea salt is about 5350 Tgyr—.

SS Deposition BCS ICS  Dry Dep Sed Burden Lifetime

CTL 153, 2440. 1220. 1600. 9.95 0.67
BCS1 1040. 2070. 987. 1310. 8.60 0.58
BCS2 1250.  1930. 950. 1270. 8.37 0.57
BCS2-M0.4 1870. 1670. 774. 1090. 7.27 0.49
BCS2-M4.0 755.  2140. 1080. 1430. 9.21 0.62
BCS2-PR 366 2200. 1190. 1610. 9.65 0.66
BCS2-CPF 1260. 1930. 949. 1270. 8.36 0.57
BCS2-T 1250. 1930. 950. 1270. 8.38 0.57
BCS2-LOW 1250.  1930. 950. 1270. 8.37 0.57
BCS2-HIGH  1250. 1930. 950. 1270. 8.37 0.57

magnitude, as compared to the prescribed coefficients of Stier et al. [2005] (shown in
Fig. 2.2). Dust also has a considerable mass in the coarse mode, but the lifetime
reduction is less, 7% as opposed to 15%, for sea salt between the BCS2 and CTL
simulations. This occurs since dust tends to be emitted in regions of lower precipi-
tation, and is lofted above the altitudes of below-cloud scavenging while being aged
to a soluble/mixed state, which can be scavenged by cloud nucleation processes. On
the other hand, sea salt emissions are generally in regions of stratiform precipitation,
and are more susceptible to removal by below-cloud scavenging shortly after emission.
Figure 2.9 shows that for the BCS1 simulation, which had invigorated below-cloud
scavenging by rain only, the dust and sea salt burdens are reduced by less compared
to the CTL simulation than for the BCS2 simulation. Particularly poleward of 45° N
and 45° S, the dust and sea salt burdens are reduced by 10 to 20% or less in the BCS1
simulation, as opposed to in excess of 20% for the BCS2 simulation.
Implementation of the prognostic stratiform rain scheme of Posselt and Lohmann
[2008] in simulation BCS2-PR has the greatest impact on the annual and global mean
sea salt burden. The BCS2-PR simulation is the only simulation that the rain formed
in one time-step is not completely removed in that same time-step. Table 2.8 shows

that the sea salt burden is increased as compared to the BCS2 simulation, and is only
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Figure 2.9: The percent change of the annual mean burdens of sea salt and dust for
the BCS1 and BCS2-PR simulations relative to the CTL simulation.
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Table 2.9: Global and annual mean dust mass deposition rates (Tgyr~') for the pro-
cesses of below-cloud scavenging (BCS), in-cloud scavenging (ICS), dry deposition,
and sedimentation, and dust burdens (Tg), and lifetimes (days) for the model sim-
ulations. See Table 2.4 for descriptions of the simulations. The annual emission of
dust is about 330 Tgyr—1.

DU Deposition BCS ICS Dry Dep Sed Burden Lifetime

CTL 12.7 169. 234 129. 3.78 4.15
BCS1 51.4 137. 21.6 124. 3.64 3.99
BCS2 782 113. 21.2 121. 3.52 3.86
BCS2-M0.4 101.  93.8 20.2 117. 3.39 3.72
BCS2-M4.0 60.6 123. 22.0 123. 3.62 3.97
BCS2-PR 39.2  143. 243 128. 3.65 4.00
BCS2-CPF 79.9 113. 21.1 121. 3.55 3.89
BCS2-T 79.2  113. 21.3 121. 3.54 3.88
BCS2-LOW 782 113. 21.2 121. 3.52 3.86
BCS2-HIGH 78.0 113. 21.3 121. 3.53 3.87

about 3% lower than for the CTL simulation. Similar to the other simulations with
size-dependent below-cloud scavenging, the below-cloud scavenging is increased and
the in-cloud scavenging is reduced for the BCS2-PR simulation relative to the CTL
for all aerosol species, but the magnitude of these changes is reduced by about 50%.
Figure 2.9 shows the geographic distribution of the change in the sea salt and dust
burdens in the BCS2-PR simulation relative to the CTL simulation. In comparison
to the BCS2 simulation, shown in Fig. 2.8, there is less reduction in the sea salt
mass in the tropics and mid-latitudes. These effects occur since there is increased
evaporation fluxes, particularly in the lower troposphere in the BCS2-PR simulation
at these warmer latitudes. So there is more efficient release of the aerosols back
to the atmosphere, reducing the mass removal by below-cloud scavenging when the
prognostic rain scheme is implemented. The dust burden change for the BCS2-PR
simulation, as compared to the BCS2 simulation is not as great. This is expected
since dust is often lofted higher in the atmosphere prior to wet deposition, or not
emitted in regions with high rainfall. Thus, the dust burden is less sensitive to the

enhanced evaporation in the lower tropical troposphere in the BCS2-PR simulation.
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Table 2.10: Global and annual mean deposition rates (Tgyr—!) for the processes of
below-cloud scavenging by stratiform rain (Strat-Rain), stratiform snow (Strat-Snow),
convective rain (Conv-Rain) and convective snow (Conv-Snow). The five aerosol
species are sulfate (SO4), black carbon (BC), particulate organic matter (POM),
dust (DU), and sea salt (SS). See Table 2.4 for descriptions of the simulations.

Strat-Rain  Strat-Snow Conv-Rain Conv-Snow

SO4-CTL 0.20 0.03 0.002 <0.00001
SO4-BCS1 6.97 0.02 0.03 <0.00001
SO4-BCS2 6.97 2.93 0.03 0.001

SO4-BCS2-CPF 6.96 2.94 0.11 0.003
BC-CTL 0.006 0.005  <0.00001 <0.00001
BC-BCS1 0.68 0.004 0.003 <0.00001
BC-BCS2 0.68 0.30 0.003 0.00007
BC-BCS2-CPF 0.68 0.30 0.012 0.0002
POM-CTL 0.05 0.02 0.0006 <0.00001
POM-BCS1 5.1 0.02 0.03 <0.00001
POM-BCS2 5.1 1.4 0.03 0.0003
POM-BCS2-CPF 5.1 1.4 0.12 0.0007

DU-CTL 12.3 0.2 0.2 <0.00001
DU-BCS1 50.6 0.19 0.6 <0.00001
DU-BCS2 49.7 28.3 0.6 0.02

DU-BCS2-CPF 49.5 28.8 1.9 0.03
SS-CTL 151. 1.0 0.64 0.001
SS-BCS1 1040. 0.9 2.7 0.001
SS-BCS2 1020. 238. 2.7 0.9
SS-BCS2-CPF 1020. 238. 11.7 2.8

2.4.3 Vertical Profiles of Aerosol Mass and Number

The vertical profiles of the zonal and annual mean mass mixing ratios for the BCS2
simulation are shown in Fig. 2.10. These mixing ratios are high near their surface
sources and decay with altitude, except for the sulfate production at high altitudes in
the upper troposphere/lower stratosphere region. In the BCS2 simulation, there is a
noted decrease in the mass of dust and sea salt in the middle and upper troposphere
(up to 50%) as compared to the CTL. This is expected as the below-cloud scavenging
is more vigorous in the BCS2 simulation. Again, while the percent change is large, the
magnitude of the sea salt and dust burden is small in these regions of the troposphere.

Nevertheless, dust acts as an ice nuclei at these levels, and so concentration changes
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Table 2.11: Global and annual mean number burdens (10'°m™2) for the 7 aerosol
modes for the model simulations. See Table 2.4 for descriptions of the simulations.

Number NS KS AS (CS KI Al CI

CTL 18400 830. 74.4 0.46 858 0.032 0.068
BCS1 18430 830. 74.5 0.46 852 0.031 0.068
BCS2 18510 832. 74.3 0.45 848 0.031 0.066

BCS2-M0.4 18570 831. 74.3 0.43 839 0.031 0.066
BCS2-M4.0 18430 832. 745 0.45 853 0.031 0.067

BCS2-PR 18222 837. 74.8 0.46 820 0.031 0.066
BCS2-CPF 18470 832. 743 0.45 849 0.031 0.067
BCS2-T 18490 832. 745 0.45 849 0.031 0.066

BCS2-ULOW 18510 832. 74.3 0.45 848 0.031 0.066
BCS2-UHIGH 18440 831. 74.5 0.45 845 0.031 0.066

at these altitudes are relevant. The sulfate and carbonaceous aerosol mass is also
reduced, particularly by the invigorated below-cloud scavenging by snow. However,
this reduction is only up to 20% and is confined to below 5km and poleward of 45° N
and 45°S.

The vertical profiles of the aerosol number concentration for all insoluble and the
coarse aerosol modes are shown in Fig. 2.11. The aerosols in the insoluble accumu-
lation, and coarse modes are less numerous by up to 50% in the BCS2 simulation
as compared to the CTL simulation, particularly at those latitudes most influenced
by below-cloud scavenging by snow. Aerosols in the insoluble Aitken mode are less
changed between the two simulations. Aerosols in the internally mixed/soluble Aitken
and accumulation modes were changed by less than 10% between the BCS2 and CTL
simulations, and so are not shown. These aerosols are more efficiently removed by
in-cloud scavenging, and are less influenced by the below-cloud scavenging parameter-
izations. Comparing the BCS1 and CTL simulations, the changes in aerosol number
were less than 10% for all aerosol modes, and are not shown.

Aerosol number burdens are shown in Table 2.11, the global and annual mean
changes are less than 10%. The insoluble aerosols from all modes, and the internally
mixed /soluble aerosols of the accumulation and coarse modes are less numerous in
all BCS simulations as compared to the CTL simulation. Table 2.12 shows that the

global and annual mean removal of soluble/internally mixed accumulation aerosol



Zonal Mean S04 Mass (ug S kg™') — BCS2

100
200
300
400
500

600
700
800
900

805

0.001  0.01 0.1 1 2 5 10

Zonal Mean BC Mass (ug C kg™) — BCS2

100
—
o 200
Q- 00
<
~— 400
?5’ 500
2 600
@ 70
G 800

900

60S

0.001  0.01 0.1 1 2 5 10

Zonal Mean OC Mass (ug kg™) — BCS2

% Change S04 Mass (BCS2 vs. CTL)

60S 308

o
SIS
g

=75 -50

|
g

-20 -10 10 2

% Change BC Mass (BCS2 vs. CTL)

% Change OC Mass (BCS2 vs. CTL)

— —
=) 200 (=) 200
Q. 300 . 300
= =
~— 400 ~— 400
g 500 g

2 600 2

g 7o 8

& 800

808 308

0.001  0.01 0.1 1 2 5 10

Zonal Mean SS Mass (ug kg™')— BCS2

S 200
Q- 00
<

~— 400
?5’ 500
2 600
@ 700

& 800

o
o
2
o
2
o
N
o
°

Zonal Mean Dust Mass (ug kg™)— BCS2

< 200

Q. 300
=
= a0

E
8 600
D 700

& 800

60S

=75 -50

% Change SS Mass (BCS2 vs. CTL)

|
&

U
N
o
L
o
B
N
o
&

% Change Dust Mass (BCS2 vs. CTL)

47

Figure 2.10: The annual and zonal mean vertical profiles of the mass mixing ratios
of sulfate, black carbon, particulate organic matter, sea salt, and dust for the BCS2
simulation are shown on the left. The percent change relative to the CTL simulation
for the BCS2 simulation is shown on the right.
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Figure 2.11: The annual and zonal mean vertical profiles of number concentration
for all insoluble modes, and the internally mixed/soluble coarse mode at standard
temperature and pressure for the BCS2 simulation are shown on the left. The percent
change relative to the CTL simulation for BCS2 simulations is shown on the right.
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Table 2.12: Global and annual mean number removal by below-cloud scavenging
(103m~2s71) for the 7 aerosol modes for the model simulations. See Table 2.4 for
descriptions of the simulations.

Deposition NS KS AS CS KI Al CI

CTL 33.8 7.2 1.2 1.6 041 0.002 0.09
BCS1 193. 100 1.1 1.9 0.61 0.002 0.10
BCS2 572. 146 135 4.3 0.84 0.007 0.21

BCS2-M0.4 699. 14.8 13.0 6.5 0.80 0.007 0.20
BCS2-M4.0 574. 127 136 3.6 0.66 0.007 0.22

BCS2-PR 660. 13.8 134 28 0.73 0.006 0.22
BCS2-CPF 758.  15.7 136 4.3 0.89 0.007 0.22
BCS2-T 753. 157 13.7 4.3 0.88 0.007 0.21

BCS2-ULOW  575. 146 135 4.3 0.84 0.007 0.21
BCS2-UHIGH 2320. 135. 13.6 4.3 6.59 0.007 0.21

number by below-cloud scavenging increases most in response to invigorated below-
cloud scavenging by snow, with increases by about one order of magnitude for the
BCS2 simulation compared to the CTL simulation. Inclusion of thermophoretic ef-
fects (simulation BCS2-T) most strongly influences the below-cloud scavenging of the
Aitken size particles. This is expected since Aitken size aerosols lie in the Greenfield
scavenging gap, and thus are most sensitive to thermophoretic effects. The global and
annual mean number removal of Aitken size aerosols by below-cloud scavenging was
increased by about 10% for the BCS2-T simulation compared to the BCS2 simulation.
Table 2.12 shows that the enhanced ultra-fine scavenging in simulation BCS2-UHIGH
gives the highest below-cloud number removal of the nucleation mode, but the num-
ber burden for this mode is slightly increased, by less than 1% relative to the CTL
simulation (see Table 2.11). The nucleation mode number burden is dominated by
upper tropospheric concentrations [Stier et al., 2005] that are not strongly influenced

by scavenging by below-cloud scavenging processes.

To better understand the increase in the global and annual mean nucleation num-
ber burden, we present Fig. 2.12. Figure 2.12 shows the vertical profile of the frac-
tional change in the zonal and annual mean nucleation mode number concentrations
for the various simulations as compared to the CTL simulation. In the lower tropo-

sphere, as below-cloud scavenging is more vigorous we find that zonal mean nucleation
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Figure 2.12: The annual and zonal mean vertical profile of nucleation mode number
concentration at standard temperature and pressure, and the percent change rela-
tive to the CTL simulation for the simulations BCS2, BCS2-UHIGH, BCS2-ULOW,
BCS2-T, BCS2-M0.4, BCS2-M4.0 and BCS1.
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mode number concentrations are increased by up to 30%. This is expected since the
more vigorous below-cloud scavenging will reduce the available condensation surfaces
of the accumulation and coarse modes, and new particle formation will be enhanced,
as opposed to sulfuric acid condensation on available surfaces. The competing, but
less dominant factor is the higher nucleation mode below-cloud scavenging for the
size-dependent simulations relative to the control, which would reduce the nucleation
mode number. The lower tropospheric nucleation mode number concentrations have
the greatest increase for the simulation BCS2-M0.4, which had the strongest scav-
enging of the accumulation and coarse modes. This is particularly evident over the
southern oceans. For the simulation BCS2-UHIGH, the invigorated scavenging of
particles less than 10 nm has reduced the magnitude of this effect over the south-
ern oceans. Unfortunately, our simulations did not diagnose vertical profiles of new
particle nucleation rates. However, Fig. 2.2 shows that the size-dependent simula-
tions use higher below-cloud scavenging coefficients for the nucleation mode relative
to the CTL simulation, except for simulation BCS2-M4.0. Thus the increase in nu-
cleation mode number can not arise from lower nucleation mode scavenging for the
size-dependent scavenging simulations, but rather enhanced particle formation in the

lower troposphere.

2.4.4 Impacts on Cloud Properties and Precipitation

We have seen that changes in the below-cloud scavenging parameterization can cause
changes in the aerosol number vertical profiles. These effects are greatest for the
insoluble aerosols, which do not act as cloud condensation nuclei in our model, but
can be ice nuclei. In this section we investigate if the changes in aerosol number
cause any feedback on the cloud properties. In our framework of nudged simulations,
we will only see changes in the clouds that occur primarily in response to changes
in the aerosol number. Changes in the clouds in response to dynamical changes will
not be significant since the large-scale meteorological state of the model is nudged to
the observations. Additionally, we must use caution in interpreting these feedbacks
since the nudging of the meteorological state of the model can reduce the magnitude

of the aerosol-cloud-precipitation feedbacks themselves. Thus, this can not be a true
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Figure 2.13: The annual and zonal mean precipitation, mean liquid water path
(LWP), ice water path (IWP), cloud cover (CC), short wave cloud forcing (SCF),
long wave cloud forcing (LCF), vertically integrated cloud droplet number concentra-
tion (CDNC) and vertically integrated ice crystal number concentration (ICNC) for
the BCS2 simulation and observations. The sources of the observations are described
in Table 2.13. For precipitation, dashed line:stratiform, dotted line:convective. For
LWP observations, solid black: Weng and Grody [1994], dashed black: Greenwald
et al. [1993]. For LCF, solid black: ERBE, dashed black: TOVS data. The SCF is
from ERBE data.

feedback study and should not be interpreted in a broad sense. In this section we aim
to investigate the extent that these aerosol-cloud feedbacks did occur in the framework

of our nudged simulations.

Figure 2.13 shows the annual and zonal mean liquid and ice water paths, cloud
cover, precipitation, cloud droplet and ice crystal number concentrations and cloud
forcing from the BCS2 simulation and from observations. We can see that there is a
reasonable agreeable with observations. The changes in these properties between the
various simulations are easier to appreciate in terms of the percent change relative to
the CTL simulation, which is shown in Fig. 2.14. For the BCS1 and BCS2 simulations

compared to the CTL simulation, changes in the various cloud properties are 2% or
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Figure 2.14: The percent change in convective and stratiform precipitation, liquid
water path (LWP), ice water path (IWP), shortwave cloud forcing (SCF), longwave
cloud forcing (LCF), stratiform cloud cover, vertically integrated cloud droplet num-
ber concentration (CDNC), and vertically integrated ice crystal number concentration
(ICNCQ) relative to the CTL simulation for the BCS1 and BCS2 simulations.

less, except for the ice crystal number concentration, which fluctuates by up to 10%.
Ice crystal number concentrations are sensitive to the changes in insoluble aerosol
concentrations, which are influenced to a greater extent by the below-cloud scavenging
parameterizations. In the zonal band near 20° N, there appears to be an invigoration
of the convective precipitation of about 2%. This contibutes to the increased wet
deposition near these latitudes seen in Figs. 2.5 and 2.6. This regionally increased

precipitation is also shown on Fig. 2.6.
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Table 2.13: Global and annual mean liquid water path (LWP) (kgm™2), ice water path
(IWP) (kgm™2), cloud cover (CC), precipitation, cloud droplet number concentration
(Ng) (em™3), and ice crystal number concentration (N;)(em™2). LWP observations
are from SSM/I [Greenwald et al., 1993, Weng and Grody, 1994, Ferraro et al., 1996].
IWP has been derived from ISCCP [Storelvmo et al., 2008|. Total cloud cover is
from ISCCP [Rossow and Schiffer, 1999| and total precipitation is from the Global
Precipitation DataSet. Observations of N, are from ISCCP [Han et al., 1998|.

LWP IWP CC Precip N, N; AOD

OBS 49-84 62-67 2.64-2.7 4 0.15
MODIS/TOVS 94-109 6567 0.18-0.19
CTL 66.7 9.42 61.7  2.88 256 0.199 0.161
BCS1 66.6 9.42 616  2.88 256 0.202 0.148
BCS2 66.7 943 616  2.88 258 0.204 0.143
BCS2-M0.4 66.7 944 616  2.88 259 0.206 0.129
BCS2-M4.0 66.8 9.43 61.7  2.88 257 0.202 0.151
BCS2-PR 49.8 929 616  2.87 217 0.180 0.151
BCS2-CPF 66.8 9.44 616  2.88 258 0.205 0.143
BCS2-T 66.7 944 616  2.88 257 0.204 0.143
BCS2-ULOW  66.7 943 616  2.88 258 0.204 0.143
BCS2-UHIGH  66.4 942 616  2.88 256 0.201 0.143

Table 2.13 shows the annual and global mean cloud liquid and ice water paths, pre-
cipitation, cloud droplet, and ice crystal number concentrations. Invigorated below-
cloud scavenging by snow in the BCS2 simulations as compared to the CTL simu-
lations is associated with very small, (about 1%) increases in the global and annual
cloud droplet and ice crystal number concentrations, and ice water path. This is
associated with a small increase in the number of internally mixed/soluble Aitken
size aerosols as shown in Table 2.11. In the global mean, the longwave cloud forcing
is slightly increased, but the magnitude of this change on a global scale is less than
1% and is not shown in the table. Thus, for these nudged simulations we find that
changes in the aerosol number induced by different below-cloud scavenging parame-
terizations are not sufficient to alter the global mean cloud properties by themselves
alone without feedbacks on the meteorology. Nevertheless, though the large-scale
cloud properties are not strongly affected by the modified below-cloud scavenging for
our simulations, there are smaller scale local events, such as over Northern Africa,

that due to model non-linearities can increase and modify the climate system. These
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Figure 2.15: The annual and zonal mean aerosol optical depth at 550 nm from the
CTL, BCS1, BCS2, BCS2-M0.4, BCS2-M4.0, and BCS2-PR simulations is shown in
comparison to the composite of observations from MODIS, MISR and AERONET
prepared by Kinne [2009].

small local changes in the hydrological cycle can additionally impact on dust mobi-
lization that is dependent on recent occurrences of rainfall. These are factors that
can not be completely controlled between our simulations, but contribute to differ-
ences in the aerosol wet deposition to a limited extent for our nudged simulations.
While simulations with fixed cloud droplet and ice crystal number concentrations are
possible, the climatology of the model deteriorates with such simulations, which is

not desirable for comparisons with observations, such as in the following section.

2.4.5 Comparison with AOD and Deposition Observations

Figure 2.15 shows the annual and zonal mean aerosol optical depth (AOD) at 550 nm
from a composite of MODIS (over oceans), MISR (over land), and AERONET obser-
vations [Kinne, 2009], and for the various simulations. The invigorated below-cloud
scavenging produces a reduction in the AOD by about 15%. This is also shown in the
global and annual mean in Table 2.13. The change in AOD between simulations is
greatest in the southern hemisphere where the AOD is dominated by sea salt, which
has a mass burden that is most strongly influenced by below-cloud scavenging. The

used version of the ECHAMbS-HAM model has a bias towards excessive sea salt AOD
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Figure 2.16: The geographic distribution of the annual mean aerosol optical depth at
550nm for the MODIS MISR AERONET composite observations, and for the BCS2
simulation is shown on the left. On the right is the percent difference for the CTL
and BCS2 simulations as compared to the observations.
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that is not fully corrected by modifications to the below-cloud scavenging parame-
terization. However, the implementation of size-dependent below-cloud scavenging
does reduce this bias. In the northern hemisphere the simulations agree more closely
with the observations. Figure 2.16 shows the geographic distribution of the AOD,
and a comparison with the observational composite dataset. In general, AOD is over-
predicted over the oceans and under-predicted over the land. Hoose et al. [2008a]
have shown that this over-prediction, particularly over the southern oceans can be
corrected with improvements to the water uptake on the aerosols. A new scheme for

particle growth due to ambient humidity will be available in subsequent versions of
the ECHAM5-HAM and will address this issue.
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Figure 2.17: The observed annual mean sulfate deposition for 2001

(kgSO;?ha~! yr~!) from the National Atmospheric Deposition Program (NADP) of
the United States in comparison to the CTL and BCS2 simulations is on the top 2
panels. The observed annual mean sodium ion deposition for 2001 (ka Nat ha='yr~!)
from the NADP in comparison to the CTL and BCS2 simulations is on the bottom
2 panels. Red and green asterisks: Modelled precipitation over- and under-predicts
observed precipitation, respectively, by a factor of two or greater, and excluded from
statistics.
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Figure 2.17 compares the annual mean wet deposition of sulfate and sodium ions
from the National Atmospheric Deposition Program of the United States with the
simulations BCS2 and CTL. We assume that sea salt is the only source for sodium
ions. For sulfate and sodium ions, both simulations give similar agreement with
the observations. A similar agreement with observations was also found for all the
remaining simulations that we conducted in this study (not shown). However, a more
physically detailed below-cloud scavenging parameterization is desirable in global
models, and our results show that the implementation of such a parameterization

gives very reasonable results.

2.5 Summary and Conclusions

This study has examined the impacts of below-cloud scavenging parameterizations for
rain and snow on global and annual mean vertical profiles of aerosol concentrations,
and the geographic distribution of aerosol burdens and wet deposition. The aerosol
species most sensitive to changes in the below-cloud scavenging parameterizations was
sea salt. The global and annual mean sea salt burden was shown to change by about
15% depending on the parameterization used. Sea salt and dust mass burdens were
found to be sensitive to the below-cloud scavenging coefficients used for the coarse
mode scavenging. These coarse mode coefficients were shown to vary over several
orders of magnitude depending on whether the rain drops are assumed to be unimodal
and 0.4 or 4.0 mm in diameter, or having an exponential distribution. Thermophoretic
effects were shown to produce increases in the global and annual mean below-cloud
number removal of Aitken size particles of about 15%, but very small increases (about
1%) in the global below-cloud mass scavenging of carbonaceous and sulfate aerosols.
Annual and zonal mean nucleation mode number concentrations were enhanced by
up to 30% in the lower troposphere for the more vigorous size-dependent below-cloud
scavenging since there was a reduction in the available condensation surface from
the accumulation and coarse modes. Between the various below-cloud scavenging
parameterizations, the global mean cloud properties did not change significantly since
the internally mixed/soluble Aitken and accumulation mode number concentrations

were changed by less than 10%.
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Future work should be directed towards improving our understanding of the below-
cloud scavenging by snow, and developing more physically detailed representations
of this process in global models. Changes to the parameterization of the below-cloud
scavenging by snow was found to change the insoluble accumulation and coarse aerosol
number concentrations by up to 50% poleward of 45° N and 45°S. Additionally, in
this study we assumed that all of the snow was the same size and shape, which
does affect the below-cloud scavenging efficiency. The impact of these factors on a
global scale requires further investigation. We also did not implement a prognostic
scheme for the treatment of snowfall in the model, which may be even more important
than prognostic rain since fall velocities for snow are generally smaller than for rain.
Ultimately, more physically based parameterizations of the below-cloud scavenging by
both rain and snow in global climate models will improve confidence in our estimates

of the direct and indirect radiative forcing of aerosols.
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3.1 Abstract

A diagnostic cloud nucleation scavenging scheme, which determines stratiform cloud

scavenging ratios for both aerosol mass and number distributions, based on cloud

60
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droplet, and ice crystal number concentrations, is introduced into the ECHAMS5-
HAM global climate model. This scheme is coupled with a size-dependent in-cloud
impaction scavenging parameterization for both cloud droplet-aerosol, and ice crystal-
aerosol collisions. The aerosol mass scavenged in stratiform clouds is found to be pri-
marily (>90%) scavenged by cloud nucleation processes for all aerosol species, except
for dust (50%). The aerosol number scavenged is primarily (>90%) attributed to
impaction. 99% of this impaction scavenging occurs in clouds with temperatures less
than 273 K. Sensitivity studies are presented, which compare aerosol concentrations,
burdens, and deposition for a variety of in-cloud scavenging approaches: prescribed
fractions, a more computationally expensive prognostic aerosol cloud processing treat-
ment, and the new diagnostic scheme, also with modified assumptions about in-cloud
impaction and nucleation scavenging. Our results show that while uncertainties in the
representation of in-cloud scavenging processes can lead to differences in the range of
20-30% for the predicted annual, global mean aerosol mass burdens, and about 50%
for accumulation mode aerosol number burden, the differences in predicted aerosol
mass concentrations can be up to one order of magnitude, particularly for regions of
the middle troposphere with temperatures below 273 K where mixed and ice phase
clouds exist. Different parameterizations for impaction scavenging changed the pre-
dicted global, annual mean number removal attributed to ice clouds by seven-fold,
and the global, annual dust mass removal attributed to impaction by two orders of
magnitude. Closer agreement with observations of black carbon profiles from aircraft
(increases about one order of magnitude for mixed phase clouds), mid-troposphere
210Ph vertical profiles, and the geographic distribution of aerosol optical depth is
found for the new diagnostic scavenging scheme compared to the prescribed scaveng-
ing fraction scheme of the standard ECHAM5-HAM. The diagnostic and prognostic
schemes represent the variability of scavenged fractions particularly for submicron
size aerosols, and for mixed and ice phase clouds, and are recommended in preference

to the prescribed scavenging fractions method.
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3.2 Introduction

Atmospheric aerosols significantly influence climate since they both reflect and ab-
sorb radiation (direct effects), and modify cloud properties (indirect radiative effects)
[Twomey, 1991, Charlson et al., 1992|. Aerosols enter cloud droplets, or ice crystals
by the nucleation process when they act as cloud condensation, or ice nuclei, and
secondly by the process of impaction with the cloud droplets or ice crystals [Prup-
pacher and Klett, 1997]. A fraction of these droplets and crystals will then grow into
precipitation particles that are removed from the atmosphere. Global climate mod-
els (GCMs) must accurately represent these nucleation and impaction processes that
incorporate aerosols into cloud droplets and ice crystals in order to predict reason-
able three-dimensional aerosol distributions, and deposition. Differences in aerosol
prediction between global models have been attributed in part to differences in the
representation of these removal processes [Textor et al., 2006].

This study will present a comparison between the variety of treatments for in-
cloud nucleation and impaction scavenging that have been implemented in global
models, including prescribed fractions, and diagnostic and prognostic treatments for
the in-droplet and in-crystal aerosols. Using the ECHAMS5-HAM GCM, we will ex-
amine the strengths and weaknesses of the various parameterization and investigate
whether uncertainties in in-cloud scavenging parameterizations lead to any significant
differences in predicted aerosol concentrations, burdens and deposition. Earlier work
by Ghan and Easter [2006] showed that a diagnostic scheme under-predicted global
mean aerosol burdens by 20% as compared to a prognostic representation of the in-
droplet aerosols. However, that study did not explore the bias of using prescribed
scavenging fractions, and did not examine sensitivities related to the scavenging of
aerosols by ice crystals as we will do for this study.

Prescribed aerosol scavenging fractions have traditionally been implemented in
many GCMs, including ECHAM5-HAM, and some models have simply assumed that
100% of the aerosol in a cloud is scavenged into the cloud droplets and ice crystals
le.g., Barth et al., 2000, Chin et al., 2000, Takemura et al., 2002, Stier et al., 2005,
Tie et al., 2005]. This approach is desirable for the low computational expense.

Other global models use diagnostic in-cloud scavenging schemes, which diagnose the
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total aerosol scavenged fraction at each model time-step based on selected parameters
related to cloud droplet and ice crystal nucleation and impaction processes, such as
the supersaturation, updraft speed, and aerosol size and composition [e.g., Adams and
Seinfeld, 2002, Gong et al., 2003]. By the term diagnostic, we mean that the total
aerosol fraction scavenged into the cloud droplets and ice crystals is diagnosed at each
model time-step, and unlike in a prognostic scavenging scheme, aerosol in-droplet and
in-crystal concentrations are not passed between model time-steps. Prognostic aerosol
cloud processing schemes have also been recently developed, which do pass aerosol
in-droplet, and in-crystal aerosol concentrations between model time-steps [e.g., Ghan
and Easter, 2006, Hoose et al., 2008a,b]. In this study, we introduce a new diagnostic
aerosol scavenging scheme into the ECHAM5-HAM, and compare with additional
simulations that treat in-cloud scavenging either by the prescribed fractions, or with

the prognostic scheme of Hoose et al. [2008a,b].

Our new diagnostic scavenging scheme includes a physically detailed size-dependent
parameterization of in-cloud impaction scavenging. This will allow us to examine the
relative contributions of the nucleation and impaction scavenging processes to total
in-cloud scavenging in the global context. Jacobson [2003] found for a one-dimensional
study that aerosol mass was primarily scavenged by nucleation, whereas aerosol num-
ber was primarily scavenged by impaction processes. Recently, Baumgardner et al.
[2008| have suggested that for black carbon, scavenging by ice crystals is dominated

by impaction as opposed to nucleation processes.

Currently, the representation of impaction scavenging varies considerably between
global models, and is a source of uncertainty in the in-cloud scavenging parameteriza-
tions. Some global models include impaction scavenging implicitly in the prescribed
scavenging ratios [Stier et al., 2005]. Other models have an explicit impaction scaveng-
ing parameterization. For example, Gong et al. [2003] used a parameterized equation
as a function of the mean cloud droplet and aerosol radii, and cloud droplet num-
ber concentration. Hoose et al. [2008a,b| used prescribed collection kernels for each
aerosol mode of ECHAM5-HAM. In this study, we compare the prescribed kernel
approach of Hoose et al. [2008a,b| with our physically detailed size-dependent cloud

droplet-aerosol, and ice crystal-aerosol impaction scavenging parameterization, and
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additional sensitivity simulations that have zero impaction scavenging. Our new phys-
ically detailed parameterization selects mean mass and number impaction scavenging
coefficients from a look-up table as a function of mean cloud droplet radius (assum-
ing a gamma distribution), median radius of the lognormal aerosol mass or number
distribution, and cloud droplet number concentration. This is coupled with an ice-
crystal-aerosol in-cloud impaction scavenging parameterization that depends on the
monodisperse ice crystal radius, ice crystal number concentration, and the median
aerosol radius of the mass and number distributions. In this study, we will examine
the relative uncertainty in predicted aerosol concentrations that may be attributed
to either nucleation or impaction processes for all cloud temperatures.

The next section gives a description of the ECHAM5 GCM, coupled to the aerosol
scheme HAM, and includes the details of the various in-cloud scavenging parameter-
izations. Section 3.4 summarizes the impacts of the in-cloud scavenging parame-
terizations on the global aerosol three-dimensional distributions and removal rates.
Section 3.5 presents a comparison with observations of aerosol wet deposition, verti-
cal profiles of black carbon concentrations, marine boundary layer size distributions,
and aerosol optical depth. This also includes a sub-section on the global modeling
of "Be and 2!°Pb, which are useful as passive tracers to examine in-cloud scavenging

parameterizations. Section 3.6 gives a summary and conclusions.

3.3 Model Description

ECHAMS is the fifth generation atmospheric general circulation model (GCM) devel-
oped at the Max-Planck Institute for Meteorology [Roeckner et al., 2003], and evolved
from the model of the European Centre for Medium Range Weather Forecasting
(ECMWF). The model solves prognostic equations for vorticity, divergence, tempera-
ture and surface pressure using spherical harmonics with triangular truncation. Water
vapor, cloud liquid and ice water are transported using a semi-Lagrangian scheme |Lin
and Rood, 1996]. Additionally, for this study we have implemented the prognostic
equations for cloud liquid and ice water, mass and number following Lohmann et al.
[2007], and the cirrus scheme of Lohmann and Kércher [2002]. Convective clouds,

and transport are based on the mass-flux scheme of Tiedtke [1989] with modifications
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following Nordeng [1994]. The solar radiation scheme has 6 spectral bands [Cagnazzo
et al., 2007] and the infrared has 16 spectral bands [Mlawer et al., 1997, Morcrette
et al., 1998|.

The GCM is coupled to the Hamburg Aerosol Model (HAM), which is described
in detail in Stier et al. [2005]. The five aerosol species (sulfate, black carbon, partic-
ulate organic matter, sea salt and dust) are represented by seven log-normal modes,
4 internally mixed/soluble modes (nucleation (NS), Aitken (KS), accumulation (AS),
and coarse (CS)), and 3 insoluble modes (Aitken (KI), accumulation (AI),and coarse
(CI)). The count median radius for each mode is calculated from the aerosol mass
and number concentrations of each mode, which are allowed to vary independently,
and with a fixed standard deviation for each mode. Aerosol mass and number are
transferred between the modes by the processes of sulfuric acid condensation, and
also coagulation between aerosols. All results presented in this study are from a one
year simulation, following a three months spin-up period, except 6 months spin-up
period for simulations with 2°Pb and "Be. All simulations are nudged towards the
meteorological conditions of the year 2001. The nudging approach, combined with
aerosol-radiation de-coupling, was chosen in order to have the same dust and sea salt
emissions in all simulations. We chose the year 2001 since that was a neutral year for
the El Nino Southern Oscillation. The natural emissions of sea salt, dust, and DMS
from the oceans are calculated on-line, based on the meteorology of the model. Emis-
sions for all other aerosol species are taken from the AEROCOM emission inventory,
and are representative for the year 2000 [Dentener et al., 2006b]. The aerosol emis-
sions and the removal processes of sedimentation, and dry deposition are described in
detail in Stier et al. [2005]. For this study, the below-cloud scavenging parameteriza-
tion of Croft et al. [2009] has been implemented. This physically detailed below-cloud
impaction scavenging parameterization uses look-up tables to select scavenging coef-
ficients that represent the collection of aerosols by rain and snow below clouds based

on aerosol size and precipitation rates.
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Table 3.1: In-cloud scavenging ratios for each of the seven log-normal modes of the
ECHAMS5-HAM dependent on the cloud type and temperature (warm: T>273.15 K,
mixed: 238.15<T<273.15 K, ice: T<238.15 K) following Stier et al. [2005].

Mode Warm Mixed Ice Convective
Stratiform  Stratiform Stratiform
Nucleation Soluble (NS) 0.10 0.10 0.00 0.20
Aitken Soluble (KS) 0.25 0.40 0.10 0.60
Accumulation Soluble (AS)  0.85 0.75 0.10 0.99
Coarse Soluble (CS) 0.99 0.75 0.10 0.99
Aitken Insoluble (KI) 0.20 0.10 0.10 0.20
Accumulation Insoluble (AI) 0.40 0.40 0.10 0.40
Coarse Insoluble (CI) 0.40 0.40 0.10 0.40

3.3.1 In-Cloud Aerosol Scavenging Parameterizations
Current In-Cloud Scavenging

In the standard ECHAM5-HAM model, in-cloud scavenging ratios are prescribed for
each of the seven log-normal modes. These ratios depend on the cloud temperature,
distinguishing between warm, mixed and ice clouds, and also depend on the cloud
type, either stratiform or convective. The cloud scavenging ratios are presented in
Table 3.1. The control (CTL) simulation is conducted with these prescribed ratios of
the standard ECHAM5-HAM model. The rate of change of tracer 7 is

% = Ricifd<

fliaylia . ficeQice)

1
Oliq Oice (3 )

where R; is the prescribed in-cloud scavenging ratio, C; is the mixing ratio of tracer
i, fis the cloud fraction, Chiq and Ciee are the cloud liquid and ice water mixing
ratios, respectively, Q"4 and Q' are the respective sums of the conversion rates of
cloud liquid and ice to precipitation by the processes of autoconversion, accretion and
aggregation, and f9 and fi are the respective liquid and ice fraction of the cloud
water, and At is the time-step. Each prescribed in-cloud scavenging ratio treats
impaction scavenging implicitly together with nucleation scavenging in the current

model.
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New Diagnostic In-Cloud Nucleation Scavenging

For the new nucleation scavenging parameterization, the scavenging ratios for strati-
form clouds are diagnosed from the cloud droplet number concentration (CDNC), and
the ice crystal number concentration (ICNC). The convective in-cloud scavenging for
all simulations uses the prescribed ratios given in Table 3.1, and described in detail
in Stier et al. [2005]. For stratiform clouds, both the CDNC and ICNC are prognostic
variables in the version of the ECHAMS5-HAM model used here, and the cloud mi-
crophysics is described in detail in Lohmann et al. [2007|. In our model version, and
for all simulations presented in this study, the activation of aerosol particles to form
cloud droplets is parameterized using the Ghan et al. [1993] scheme. The number of

activated aerosols Nyct,chan 18 given by

WN>35nm

Nac an — T o7 3.2
beh w + BN>35nm ( >
and

w=w+0.7VTKE. (3.3)

w is the updraft velocity, @ is the large-scale vertical velocity, TKE is the turbulent ki-

1 and Nx35,,, is the total number of soluble/internally

netic energy, 3 is 0.0034 cm® s~
mixed aerosols with radii >35nm.

For the new diagnostic nucleation scavenging scheme, the total number of aerosols
to be scavenged into the cloud droplets and ice crystals at each time-step is the sum
of the CDNC and ICNC. For clouds with temperatures >238.15 K, the liquid cloud
droplets, and those frozen heterogeneously to ice crystals in our model, both originate
from Ghan et al. [1993] activation scheme. Thus, we can treat the total number of
droplets and crystals as the total number of aerosols scavenged by nucleation. This
total number must be apportioned between the four soluble/internally mixed aerosol
modes in a manner that is consistent with the activation scheme as follows,

Njseay = (CDNC + ICNC) - Nyz35nm (3.4)
N> 350m
where Ny is the total number of aerosols to be scavenged from the jth mode,

for j=NS, KS, AS, CS. Nj.35.m is the aerosol number for the jth mode having

radii greater than 35nm, and N.35,,, is the number of aerosols having radii greater
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than 35nm summed over all the soluble/internally mixed modes. Thus, if tracer i
is a soluble/internally mixed number mixing ratio, we have the following nucleation

scavenging fraction,

Nj,scav
N;

where N; is the total number of aerosols in the jth mode. The insoluble modes are

Ri,nuc = (35)

assumed to have nucleation scavenging ratios of zero, but the impaction scavenging
ratio might not be zero.

The scavenged fraction of the mass distribution is not set equal to the scavenged
fraction of the number distribution. To determine the fractional scavenging of the
mass distribution, the aerosols in each mode are assumed to be scavenged progres-
sively from the largest to the smallest size. Thus, for each mode a critical radius,
Tjerit, can be determined that has exactly Njgcav in the lognormal tail of the number
distribution. The total aerosol mass to be scavenged from the jth mode is that mass
of the lognormal tail that lies above 7 cit.

To calculate 7 o, the cumulative log-normal size distribution, Fin (7 cit), 1S em-

ployed, where

Putryn) = Ny = N = 4 et (gl ) 3.6
and 7, is the count median radius for the jth mode, o, is the standard deviation
for the respective mode and erf refers to the error function. By taking a rational
approximation to the inversion of the error function, the above equation can be solved

for r; aig. Thus, the critical radius is given by,

Terit = Tpg * (eXP (ﬁm 7y erf™! (1 — (2 - (CDNC + ICNC) - %ﬂ))))
j4V¥>35nm
(3.7)

where N ¢y has been replaced the explicit expression in Eqn. 3.4. Therefore, if tracer
i is a soluble/internally mixed mass mixing ratio we have the following nucleation

scavenging fraction for the mass distribution,

o
RLnuc _ frjg;it mlv] (rp)drp

fo m j(rp)dry

where m; ;(r,) is the lognormal mass distribution for the ith aerosol species of the jth

(3.8)

mode, and 7, is the aerosol radius. The lognormal mass distribution has the same
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standard deviation as the number distribution for any given mode, as described in
Stier et al. [2005], and the mass median radius for the lognormal distribution (7pgm)

is related to the count median radius (r,y) following
Tpgm = Tpg - €Xp(31n° a,). (3.9)

The nucleation scavenging for temperatures below 238.15 K is different, since the
ice crystals originate from homogeneous freezing at these temperatures. Homogeneous
freezing does not require an ice nucleus. The version of the ECHAM5-HAM model
used here includes the cirrus scheme described in Lohmann and Kércher [2002]|. The
total ICNC is assumed to be equal to the total number of aerosols to be scavenged,
but the modes are scavenged progressively from the largest soluble/internally mixed
mode (CS) to the smallest (IKS), which is consistent with the homogeneous freezing
parameterization of our model. As a result, the calculation of the critical radius, is
only done for the mode that is found to be partially scavenged, after all larger modes
are fully scavenged. The nucleation scavenging ratio is set to zero for all modes

smaller than the partially scavenged mode, and for all insoluble modes.

New Size-Dependent In-Cloud Impaction Scavenging

For the aerosol-cloud droplet impaction scavenging, the mean mass scavenging coef-

ficients, in units of inverse time, are

fooo A(rpg,m)rgn(rp)drp

Am Tpem) = 0 s 3.10
Upgim) fo ron(ry)dry ( )
and the mean number scavenging coefficients are
A d
An(rpg) = Jo Upe)n(ry)dry (3.11)
fo n(rp)dry

where n(r,) is the aerosol lognormal number distribution, r, is the aerosol radius, and
Tpg, and 7pg 1 are the median aerosol radius for the number and mass distribution,
respectively. The scavenging coefficient A(rpg), also in units of inverse time, is defined

as

Arpg) = / 7 B2 U Risa) E(Rig, 7)1 Rua) A R (3.12)



70

where Ry is the cloud droplet radii, U;(Rjq) is the terminal velocity of the cloud
droplet, E(Ryq,rp) is the collision efficiency between the aerosol and cloud droplet,
and n(Ryq) is the cloud droplet number distribution, which is assumed to be a Gamma
distribution. We find the collision efficiencies and terminal velocities following the
approach outlined in detail in Croft et al. [2009]. Figure 3.1 shows the impaction
scavenging coefficients for a CDNC of 40cm™3 as an example. Note that for this
figure, the aerosol radii are the geometric mean radii for the assumed lognormal
aerosol distribution. The scavenging coefficients have a minimum for aerosol radii
about 0.1 yum. For aerosols with radii smaller than 0.1 ym, Brownian motion increases
their collection by the cloud droplets, whereas the inertia of larger aerosols increases
their collection. At the minimum, neither of these forces is dominant. The impaction
scavenging coefficients are compiled in look-up tables. Thus, if tracer ¢ is a mass

mixing ratio, the scavenging fraction for cloud droplet-aerosol impaction is
Ri,imp,liq == Am(Tpgym)At (313)

and likewise if tracer ¢ is a number mixing ratio, but using A,(rpe). Both solu-
ble/internally mixed, and insoluble aerosol modes are scavenged similarly by im-
paction.

Since the ECHAMS5-HAM model assumes that the ice crystals are monodisperse,
we do not integrate over an ice crystal number distribution to determine the scav-
enging ratio. The scavenged fraction due to aerosol-ice crystal impaction is defined
as

Ri,imp,ice = K(Ricea Tpg) . ICNC . At (314)

where ICNC is the ice crystal number concentration, and R;. is the radius of the
maximum dimension of the ice crystal, and r,, is the median radius of the aerosol

number, or mass distribution, and K (R, p) is the collection kernel given by,

K(Rice> Tpg) = 7TR2 Ut(Rice)E(Ricea rpg) (315>

1ce

where U(Rice) is the ice crystal terminal velocity and E(Rice, rpg) is the collection
efficiency for ice crystal-aerosol collisions. The size of the monodisperse crystals is

calculated depending on the ice water content and the ICNC as described in Lohmann
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Figure 3.1: In-cloud mean mass (dashed lines) and number (solid lines) impaction
scavenging coefficients (s™') as a function of geometric mean aerosol radius, for a
cloud droplet number concentration of 40 cm=3, and for a range of mean cloud droplet
radii from 5 to 50 um. The prescribed cloud droplet collection coefficients of Hoose
et al. [2008a,b| are shown by the red thick steps.

et al. [2008]. The collection kernels are taken from Miller and Wang [1991] in units of
cm?®s™! and are compiled in look-up tables in our model. For temperatures less than
238.15 K, we assume that all crystals are columns, and for temperatures greater than
238.15 K, all crystals are assumed to be plates [Lohmann et al., 2008]. There is a lack
of collection data for ice crystals with radii less than about 30 um. For these crystal
sizes, we use the same collection kernels as for liquid droplets, as described in detail
in Croft et al. [2009]. Ice crystals of this size are often assumed to be quasi-spherical
[Spichtinger and Gierens, 2009].

Figure 3.2 shows the collection kernels for ice plates and columns for a selection of
Reynold’s numbers, and also for droplets with radii of 30 um and less. In our look-up
table approach, the Reynold’s number is related to the size of the ice crystals follow-
ing the crystal dimensions given in Martin et al. [1980], and Miller and Wang [1989)].
Similar to droplets, ice crystals have a scavenging minimum, but this minimum shifts

due to the various geometries of the crystals. For particle sizes near the scavenging



72

Ice Plate Impaction Ice Column Impaction
10 T T T 10 T T T

10

|
&
/

N
o
/

5
IS
T
| ;
I
)
{
N / g
/
|
| \ ‘
o
<Dl
S
T T
| |
I
)

/
/
)
Collection Kernel [cm35_1]
/

Collection Kernel [cm®s™"]
/
N

_ _ _R=1um SN ;!
1073 L i ~ N | A 10—3 R=1um
~ — _R=5um \\\ L4 - — —R=Tu
| =
_ _R=10um| W\ g N ~ — _R=5um B
H _ N Ll 3 B R
wll--- Ri=20 um N t(\/ I Wl R=10 um | 14‘/ I
T Il 1 U H = I i
10 Ri=30 um \,l‘m 10 o Ri 20 um \/“U/
Re=0.1 11\1; R=30 um 11\“
Re=1 . Re=0.5 J
107H Re=5 D 10721 Re=1 -
Re=10 Re=5
Re=20 Re=10
Re=50 Re=20
10'14 T L L 10"4 T L L
10 107 10” 10° 10’ 10° 102 107 10° 10"
Aerosol Radius [um] Aerosol Radius [um]

Figure 3.2: Impaction scavenging kernels (cm® s™!) for in-cloud ice crystal-aerosol
collisions as a function of aerosol radius, and ice crystal Reynold’s number (Re)
following Miller and Wang [1991] (solid lines), and for both columns and plates. The
dashed lines are for droplet-aerosol collisions. R, indicates collector radius. The
prescribed ice crystal collection kernels of Hoose et al. [2008a,b] are shown by the red
thick steps.

minimum, plates are more efficient scavengers than columns. Miller and Wang [1991]
attribute this to the formation of eddies in the flow around the plate geometry, which
increases their collection. There is also a zone of zero-scavenging (ZSZ) for aerosols
in the 1-2 pum size range, which occurs since the sum of all forces at work results
in a near-zero probability of collision between the aerosol and falling crystal. While
the scavenging coefficients presented in Figs. 3.1 and 3.2 are reasonable, there are
considerable uncertainties associated the parameterization of impaction scavenging.
Assumptions about the collector particle size distribution, and the collection effi-
ciency, particularly associated with thermophoretic, turbulent, and electric forces can
cause the scavenging coefficients to differ by up to an order of magnitude [Wang et al.,
1978, Miller and Wang, 1989|. For the parameterization of impaction scavenging of
aerosols by cloud droplets, we use separate scavenging coefficients for aerosol mass

and number, but we do not make this separation for ice-crystal-aerosol impaction



73

scavenging. This is an additional uncertainty related to the scavenging of aerosols
by ice crystals that we do not address here, but that should be considered in future

work.

Similar to Eqn. 3.1, the local rate of change of the tracer C; due to in-cloud

scavenging by both nucleation and impaction is

AC;
At

_ Cifd<(Ri,nuc + Ri,imp,liq)thQliq n (Rinue + Ri,imp,ice)ficeQice> (3.16)
Ciiq Cice

where f19 and fi° are the respective liquid and ice water fractions of the total cloud

water, f°is the cloud fraction, Cyq and Cic. are the cloud liquid and ice water content,

respectively, and Q" and Q'°® are the respective sums of the conversion rates of

cloud liquid and ice to precipitation by the processes of autoconversion, accretion

and aggregation. This diagnostic scavenging approach is implemented in simulation

DIAG-FULL.

Prognostic In-Cloud Scavenging

In this study, we also use the prognostic in-cloud aerosol processing scheme for strati-
form clouds developed by Hoose et al. [2008a,b| (simulation PROG-AP). This scheme
treats the aerosol mass and number concentrations in the cloud droplets and ice crys-
tals as prognostic species, which are passed between model time-steps. The processes
of nucleation and impaction scavenging, evaporation, sublimation, freezing and melt-
ing are represented for this parameterization. The methodology is described in detail
in Hoose et al. [2008a,b]. Unlike the new diagnostic scheme, the prognostic scheme
currently applies the same nucleation scavenging ratio to both the aerosol mass and
number distributions for any given aerosol mode, grid box and time-step, as opposed
to having separate mass and number nucleation scavenging ratios. One other dif-
ference is that the in-cloud impaction scavenging for the time being implements the
prescribed kernels of Table 3.2 as opposed to the physically detailed size-dependent
impaction parameterization of the new diagnostic scheme in the simulation DIAG-
FULL.



Table 3.2: In-cloud impaction scavenging kernels (

3

m-° s
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1) for aerosol-droplet and

aerosol-ice crystal collision for each of the seven log-normal modes of the ECHAMS5-
HAM following Hoose et al. [2008a,b].

Mode Droplets Crystals

Nucleation Soluble (NS) 25x 107 50x 1071
Aitken Soluble (KS) 25x 107 50x 107!
Accumulation Soluble (AS)  2.0x 107" 2.0 x 1072
Coarse Soluble (CS) 0.0 2.0 x 10713
Aitken Insoluble (KI) 25x107? 50x 1071
Accumulation Insoluble (AI) 2.0 x 107 2.0 x 1072
Coarse Insoluble (CI) 0.0 2.0 x 1071

In-Cloud Scavenging Sensitivity Simulations

We implement several variations to the new diagnostic scheme as sensitivity tests.
All simulations conducted for this study are summarized in Table 3.3. Simulation
DIAG?2 replaces the size-dependent in-cloud impaction parameterization of simula-
tion DIAG-FULL with the prescribed impaction kernels of Hoose et al. [2008a,b]
given in Table 3.2. DIAG2 is otherwise the same as DIAG-FULL. Simulation DIAG1
differs from simulation DIAG2 only in that the nucleation scavenging is changed such
that the the mass nucleation scavenging ratios are set equal to the diagnosed number
nucleation scavenging ratios. Two additional sensitivity studies are done to examine
the prescribed ratio approach. 100% of the aerosols in clouds are assumed to be scav-
enged into the droplets or crystals for the simulation F100. This simplistic assumption
has been used in global models [e.g., Barth et al., 2000]. The simulation F100-INT
is similar except that 100% of the soluble/internally mixed aerosols in clouds are as-
sumed to be cloud-borne, and 0% of the insoluble aerosol is scavenged into the cloud
droplets or crystals. All of our simulations that implement scavenging by prescribed
fractions treat the process of impaction implicitly together with nucleation in the
prescribed fractions. To examine the relative importance of impaction, particularly
related to aerosol vertical profiles, we set all in-cloud impaction scavenging to zero
for the simulations DIAG-FULL-noimp and PROG-AP-noimp, which are otherwise
identical to DIAG-FULL and PROG-AP, respectively.
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Table 3.3: The simulations conducted for this study are summarized in this table.

Simulation

Description

CTL
F'100

F100-INT

DIAG1

DIAG2

DIAG-FULL

DIAG-FULL-noimp
PROG-AP

PROG-AP-noimp

Control simulation using prescribed in-cloud scavenging ra-
tios from Table 3.1

Assuming 100% of aerosols in clouds are cloud-borne for all
aerosol modes

Assuming 100% of soluble/internally mixed aerosols in
clouds are cloud-borne, and 0% of insoluble aerosols are
cloud-borne

In-cloud nucleation scavenging ratios diagnosed from cloud
droplet and ice crystal number concentrations, equating the
mass with the number nucleation scavenging ratios, and
using Hoose et al. [2008a,b| impaction scavenging kernels
from Table 3.2

Same as DIAGI, but with separate mass and number nu-
cleation scavenging ratios (see text for details)

Same as DIAG2, but using physically detailed size-
dependent in-cloud impaction scavenging coefficients, and
kernels for cloud droplets and ice crystals shown in Figs. 1
and 2.

Same as DIAG-FULL except no in-cloud impaction scav-
enging

Prognostic stratiform aerosol processing scheme of Hoose
et al. [2008a,b|

Same as PROG-AP except no in-cloud impaction scaveng-

ing
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Figure 3.3: Histograms of the frequency of occurrence of the stratiform in-cloud
mass and number scavenging ratios for the simulation DIAG-FULL (Table3.3), in-
cluding both nucleation and size-dependent impaction scavenging for the internally
mixed /soluble Aitken (KS), accumulation (AS), and coarse (CS) aerosol modes, and
for warm (T>273.15 K), mixed (238.15<T<273.15 K) and ice (T<238.15 K) phase
clouds. The dashed line indicates the prescribed ratios of Stier et al. [2005] used for
the CTL simulation.

3.4 Results of the Global Simulations

3.4.1 Aerosol Scavenged Fractions

Figure 3.3 shows a frequency plot of the aerosol mass and number scavenged fractions
for the DIAG-FULL simulation as compared to the prescribed ratios of Stier et al.
[2005], which are implemented for the CTL simulation. Particularly for mixed phase
clouds, the scavenged fractions deviate considerable from the prescribed ratios, and
are <0.1 for about 50% of the occurrences for number scavenging. As the clouds
glaciate, the Bergeron-Findeisen process causes rapid growth of the few ice crystals
at the expense of the cloud droplets, which reduces the CDNC, and hence results in

lower scavenged fractions for simulation DIAG-FULL. For warm phase clouds, the
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Aitken and accumulation mode scavenged fractions for simulation DIAG-FULL are
greater than the prescribed ratios for 75% of the scavenging events. For ice clouds,
the scavenging of the coarse mode is greater than the prescribed ratio of 0.1 for
about 60% of the scavenging occurrences, suggesting that the prescribed fraction for
scavenging the coarse mode in ice clouds might be too low. Figure 3.3 also shows
that the scavenged fractions for the mass distributions are higher than for the number
distributions. This is physically correct since the median radii of the aerosol mass
distributions are higher than for the respective number distributions, and so mass
distributions should be scavenged with higher fractions. As opposed to equating
the mass with the number scavenging ratios, our approach will alter the aerosol size
distribution to produce smaller aerosols. The impact of in-cloud scavenging on aerosol

size is examined further in the following subsection.

Figure 3.4 shows the zonal and annual mean aerosol mass scavenged into the
cloud droplets and ice crystals averaged over clear and cloudy regions, comparing the
simulations CTL, DIAG-FULL, and PROG-AP. The mass scavenged is greatest near
the surface sources of the aerosols where warm phase clouds occur. In these regions,
there are generally differences of <10% for the DIAG-FULL relative to the CTL
simulation, but there are reductions of up to 50% for sulfate and sea salt scavenged
mass over the southern oceans. For the PROG-AP simulation, the mass scavenged for
all aerosol species in the regions of warm clouds is lower by about 50% compared to the
CTL simulation. Hoose et al. [2008a| explained this is a result of the dependence of
scavenged fraction on cloud history in an aerosol processing simulation. Alternatively,
for the diagnostic and prescribed fraction scavenging approaches, all of the aerosol
is assumed to be available for scavenging at each time-step since the in-droplet and
in-crystal aerosol concentrations are not passed between model time-steps. Both the
DIAG-FULL and PROG-AP simulation behave similarly in the colder regions of the
troposphere where mixed and ice phase clouds occur. These more physically detailed
parameterizations indicate that the mass scavenged, particularly in ice clouds, is
greater by up to two-fold as compared to the mass scavenged using the prescribed
scavenging fractions of the CTL simulation. This aerosol mass scavenged into the

cloud droplets and ice crystals may not necessarily be removed by precipitation, since
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Figure 3.4: Zonal and annual mean sulfate (SO4), black carbon (BC), particulate
organic matter (POM), sea salt (SS), and dust (DU) mass (g m™3, except g S m~3
for sulfate) contained in cloud droplets and ice crystals for the simulation CTL and
the percent change in these scavenged masses for the simulations DTIAG-FULL and
PROG-AP as compared to the CTL simulation.
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the rates of formation of precipitation, and the evaporation rates also ultimately

control the aerosol mass that is removed from the atmosphere.

For the simulation PROG-AP, the mass transfer rates between the interstitial
and in-droplet and in-crystal modes are shown in Fig. 3.5. This figure is similar to
that shown in Hoose et al. [2008a]. However, for this study we have used a more
recent model version, and our dust and sea salt emissions are different with nudged
meteorological conditions as compared to Hoose et al. [2008a]. Similar to Hoose
et al. [2008al, cloud droplet nucleation is a dominant process for transfer to aerosol
mass into the in-droplet mode. Our results differ in that collisions are shown to
dominate over nucleation or freezing for transfer of aerosol into the ice crystals. This
is in agreement with recent work by Baumgardner et al. [2008], who suggested that
impaction scavenging might dominate over nucleation scavenging for black carbon
scavenging into ice crystals. Our study also implemented the below-cloud scavenging
parameterization of Croft et al. [2009], which accounts for the higher aerosol removal
by below-cloud scavenging in comparison to the results in Fig. 6 of Hoose et al.
[2008a]. Hoose et al. [2008a| implemented the prescribed below-cloud scavenging
coefficients that are included in the standard ECHAMS5-HAM model. Croft et al.
[2009] show that the below-cloud scavenging with these prescribed coefficients is less
vigorous than for the new physically detailed aerosol size-dependent parameterization
of Croft et al. [2009]. Sensitivity tests included in Hoose et al. [2008a] also show this
same comparison, and find better agreement with observations for the detailed aerosol

size-dependent parameterization of Croft et al. [2009].

3.4.2 Impacts on Predicted Aerosol Size

Figure 3.6 shows the zonal and annual mean count median dry radius for the CTL
simulation, and the percent difference for the simulations DIAG?2 relative to DIAGI,
and also for the simulations DIAG-FULL and PROG-AP relative to the CTL. As op-
posed to using the same nucleation scavenging ratios for the aerosol mass and number
distributions (simulation DIAG1), the implementation of separate mass and number

scavenging ratios gives annual and zonal mean soluble accumulation and coarse mode
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Figure 3.5: The zonal and

annual mean transfer rates (ug m~2s

—1 except ug S

m~2s~! for sulfate) between the interstitial, in-droplet and in-crystal aerosol modes
for the simulation PROG-AP due to the processes of emission/formation from gas
phase, droplet and ice crystal nucleation, droplet freezing, aerosol collisions with
droplets and ice crystals, below-cloud and in-cloud wet deposition, dry deposition,
and sedimentation.



81

Zonal Meon NS Rodius - CTL

% Change NS Radius (DIAG2 vs DIAG1) % Change NS Radius (DIAG-FULL vs CTL) % Change NS Radius (PROG-AP vs CTL)

8 &8 3 8 & 8 85 % &

L3 E3 EQ 3

——
o8 1 15 2 28 3

Zonal Mean KS Radius - CTL % Chonge KS Radius (DIAG2 vs DIAG1) % Change KS Radius (DIAG-FULL vs CTL)

g 8 % 8 8§ 3 g ¥ &

g & 3 8 K 8 & ¥ &

Il
El EQ EQ

—— e —
§ 10 15 20 2

Zonal Meon AS Rodius — CTL % Change AS Radius (DIAG2 vs DIAGT) % Change AS Radius (DIAG-FULL vs CTL)

% Change CS Radius (DIAG-FULL vs CTL)

% Change AS Radius (PROG-AP vs CTL)

g 8 % 8 8§ 3 & ¥ &

g § 3 8 K 8 & ¥ &

|l!!li!i!i
.

% 6 70 8 9 100 150 200

Zonal Mean CS Radius - CTL % Change CS Radius (DIAG2 vs DIAG1)

‘l!!l!ti!!
of
‘[Il[f!i!i
E

 e—
=50 40 -30 -20 -10 -6 6 10 20 & 100

PR
4

3

§

§=

§

§

§

~50 40 -3 20 -10 -5 5 10 20 8 100 ~80 40 -3 -20 -10 -6 & 10 20 80 100

Figure 3.6: Zonal and annual mean count median dry aerosol radius (nm) for the
CTL simulation for the four soluble/internally mixed modes, nucleation (NS), Aitken
(KS), accumulation (AS), and coarse (CS), and the percent change of the zonal and
annual mean count median aerosol radius for the simulation DIAG2 relative to the
simulation DIAG1, and for DIAG-FULL and PROG-AP simulations relative to the
CTL simulation.
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count median radii that are smaller by up to 40% and 50%, respectively (simula-
tion DIAG2). The regions of mixed and ice phase clouds in the middle and upper
troposphere show the greatest sensitivity for the count median aerosol radius to the
implementation of separate scavenging ratios for aerosol mass and number distribu-
tions. Thus, the implementation of separate mass and number nucleation scavenging
ratios is worthwhile, particularly for mixed and ice phase clouds. This sensitivity is
not as great for the near surface warm phase clouds since warm phase clouds had
mass and number scavenging ratios of about unity for the soluble/internally mixed
accumulation and coarse modes in more than 90% of the scavenging occurrences (see
Fig. 3.3). Figure 3.6 shows that the soluble/internally mixed Aitken mode radius does
not change by more than 10% with the implementation of separate mass and number
nucleation scavenging ratios. This lower sensitivity is expected since the number of
occurrences of nucleation scavenging for the soluble/internally mixed Aitken mode is
about one order of magnitude smaller as compared to the larger soluble/internally
mixed accumulation and coarse modes.

Figure 3.6 also shows how the zonal and annual mean count median radius is
changed for the simulations DIAG-FULL and PROG-AP as compared to the CTL
simulation. For the DIAG-FULL simulation, the zonal and annual mean soluble ac-
cumulation and coarse mode count median radii are reduced by up to 50% in regions
of mixed and ice phase clouds, but the soluble Aitken mode radius is increased by up
to 30%. Conversely, for the PROG-AP simulation the zonal and annual soluble accu-
mulation and coarse mode radii are increased by about 100% throughout much of the
lower and middle troposphere. This increased radius is typical for prognostic aerosol
cloud processing simulations, which include the process of coagulation of in-droplet
and in-crystal aerosols followed by evaporation or sublimation. This is associated

with the release of larger aerosol particles to the atmosphere [Hoose et al., 2008a].

3.4.3 Impacts on Predicted Aerosol Mass

The zonal and annual mean aerosol mass mixing ratios comparing the simulations
CTL, DIAG-FULL and PROG-AP are shown in Fig. 3.7. In comparison to the CTL
simulation, both the DIAG-FULL and the PROG-AP simulations show an increase
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Figure 3.7: The zonal and annual mean sulfate (SO4), black carbon (BC), particulate
organic matter (POM), sea salt (SS), and dust (DU) mass mixing ratios (ugkg™'),
except pugSkg™! for sulfate) for the simulation DIAG-FULL and the percent change
in these masses for the simulations DIAG-FULL and PROG-AP as compared to the
simulation CTL.
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in dust and carbonaceous aerosol mass mixing ratios by more than five-fold, and
up to two-fold for sea salt and sulfate near the middle troposphere, and towards
the poles where mixed phase and ice clouds occur. Dust and carbonaceous aerosols
exist partly in the insoluble modes, which are not scavenged by nucleation processes.
Differences in the parameterization of impaction scavenging has a greater influence
on these species. It is not intuitive whether an increase to the scavenged mass (shown
in Fig. 3.4) should be associated with an increase or a decrease in the respective
mass mixing ratio for any given aerosol species since there are a variety of processes,
including rates of scavenging at other altitudes, evaporation, precipitation removal
and transport, which interact to ultimately control the mass mixing ratio. Figure
3.4 shows that the scavenged mass was increased for all aerosol species towards the
upper troposphere, but the sea salt mass mixing ratios in the upper troposphere are
decreased by up to 50%, whereas for the other aerosol species, the mass mixing ratios

were increased at these altitudes.

Table 3.4 presents the annual and global mean mass burdens and lifetimes for the
five aerosol species, and for all the simulations conducted. The aerosol mass burdens
are lower for the simulation DIAG-FULL, by 7%, 2%, 16%, and 30% for sulfate,
particulate organic matter, dust, and sea salt, respectively, as compared to the PROG-
AP simulation. Similarly, Ghan and Easter [2006] showed that a diagnostic scavenging
scheme under-estimated aerosol burdens by about 20% as compared to a prognostic
treatment of in-droplet aerosol. Aerosols are kept within the cloud droplets and
ice crystals between time-steps for the prognostic aerosol processing simulation, and
this affects the mass and number of aerosols available for scavenging into the cloud

droplets and crystals at each time-step, and ultimately the mass distribution.

The simulation F100 allows us to compare the prescribed ratio approach of Stier
et al. [2005] with the simplistic assumption that 100% of the aerosols in clouds are in
the droplets and crystals. This simplistic approach has been used in global models
[Barth et al., 2000]. We find that the global and annual mean aerosol mass burdens
in simulation F100 are lower in comparison to the CTL simulation, by up to 10%
for sulfate. The greatest mass burden difference between all simulations was 32% for

the global and annual mean sea salt burden, between the F100 simulation and the
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Table 3.4: Annual and global mean mass burdens (Tg, except Tg S for sulfate) and life-
times (days) given in brackets immediately following the burdens, for the five aerosol
species, and for the simulations described in Table 3.3. POM refers to particulate
organic matter.

Burden Sulfate Black POM Dust Sea
(Lifetime) Carbon Salt

CTL 0.843 (4.2) 0.119 (5.6) 1.04 (5.7) 3.60 (3.9) 8.28 (0.56)
F100 0.749 (3.7) 0.109 (5.2) 0.99 (5.4) 3.40 (3.7) 7.86 (0.53)
F100-INT 0.750 (3.7) 0.116 (5.5) 1.10 (6.1) 3.77 (4.1) 7.85(0.53)
DIAG1 0.965 (4.8) 0.133 (6.3) 1.17 (6.5) 4.10 (4.3)  8.39 (0.57)
DIAG2 0.867 (4.3) 0.122 (5.8) 1.08 (6.0) 3.93 (4.2) 7.99 (0.54)
DIAG-FULL 0.886 (4.4) 0.132(6.3) 1.11 (6.1) 3.69 (3.9) 7.95(0.54)
DIAG-FULL-  0.991 (4.6) 0.135(6.4) 1.13(6.2) 3.95(4.2) 8.01 (0.54)
noimp

PROG-AP 0.952 (4.8) 0.129 (6.1) 1.13 (6.2) 4.41 (4.6) 11.4 (0.77)
PROG-AP- 1.228 (6.1) 0.186 (3.8) 1.46 (3.1) 4.78 (5.0) 12.9 (0.87)
noimp

PROG-AP simulations. Assuming that only the soluble/internally mixed aerosols
are cloud-borne for the simulation F100-INT as compared to F100 does not affect
the sulfate and sea salt burdens significantly, since these aerosols do not exist in
the insoluble modes. However, the annual and global mean black carbon and dust
burdens are higher by about 10% when none of the insoluble aerosols are allowed to
be cloud-borne.

Comparing the simulations DIAG1 and DIAG?2 illustrates the impact of diag-
nosing separate stratiform nucleation scavenging ratios for aerosol mass and number
distributions. The global and annual mean mass burdens are higher by about 10%
and 8% for sulfate and carbonaceous aerosols, and 5% for sea salt and dust for the
simulation DIAG1 as compared to DIAG2, which diagnoses separate mass and num-
ber scavenging ratios. Thus, particularly for sulfate, diagnosing separate mass and
number nucleation scavenging ratios is of importance.

Table 3.4 also includes two simulations with the in-cloud impaction processes
turned off, DTAG-FULL-noimp and PROG-AP-noimp. In comparing these two simu-
lations with DIAG-FULL and PROG-AP, respectively, impaction scavenging is found

to have a greater influence on the mass burdens for the aerosol species that occur in
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the submicron size modes (sulfate and carbonaceous aerosols), and for the prognostic
simulations. Impaction scavenging is particularly relevant for black carbon, which
has a significant mass fraction in the insoluble Aitken mode, which is not scavenged
by nucleation processes. The annual and global mean sulfate, particulate organic
matter, and black carbon mass burdens were reduced by 22%, 23%, and 30%, respec-
tively, for the PROG-AP simulation as compared to PROG-AP-noimp. When the
in-droplet and in-crystal aerosol concentrations are treated prognostically, impaction
has a greater effect on the predicted burdens since impaction continues to add aerosols
to the existing in-droplet and in-crystal concentrations over successive time-steps, un-
like for DIAG-FULL simulation. To further examine the relevance of the impaction
parameterization, Section 4 will present a comparison of model predictions of black

carbon vertical profiles with observations.

3.4.4 Impacts on Predicted Aerosol Number

Figure 3.8 shows the geographic distribution of the ratio of the number burdens be-
tween the F100, DTAG-FULL, and PROG-AP simulations, and the CTL simulation.
For the PROG-AP simulation only the interstitial number burdens are shown. The
accumulation mode number burdens in the DIAG-FULL and PROG-AP simulations
increase by about 2 and 5 times, respectively, as compared to the CTL in the regions
of greater stratiform cloud cover, poleward of 30°. Ghan and Easter [2006] also found
accumulation mode number burdens higher by up to two times towards the poles for
a prognostic as compared to diagnostic in-cloud aerosol scavenging treatment. For the
F100 simulation, the accumulation mode number burdens are lower by up to 20% over
the regions of stratiform cloud cover in comparison to the CTL simulation. However,
for the F100 simulation, the nucleation number burdens are significantly increased by
up to five times over the polar regions in comparison to the CTL simulation. Despite
the increased in-cloud scavenging coefficients used in F100, the reduction in surface
area available for sulfate condensation on to the larger aerosol modes leads to an
increase in new particle formation. The annual and global mean new particle nucle-
ation rate was about three times greater for the F100 simulation as compared to the

DIAG-FULL simulation. For the PROG-AP simulation, the interstitial coarse mode
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Figure 3.8: The geographic distribution of the ratio of the vertically integrated number
burdens for the four soluble/internally mixed modes (nucleation (NS), Aitken (KS),
accumulation (AS), and coarse (CS)) for the simulations F100, DIAG-FULL, and
PROG-AP as compared to the CTL simulation. For the PROG-AP simulation, these
are interstitial mode number burdens only.



88

is reduced by up to half over the southern oceans. This occurs since the in-droplet
and in-crystal modes (not shown here) contain these aerosols.

Table 3.5 summarizes the global and annual mean number burdens for the seven
standard modes of the ECHAMS5-HAM. The accumulation mode number burden is
increased by about 30% and 50% for the DIAG-FULL and PROG-AP simulations,
respectively, relative to the CTL simulation. Ghan and Easter [2006| showed that
smaller changes in global aerosol burdens (about 20%) changed the magnitude of the
direct and indirect radiative forcing of aerosols on climate by considerably less than
the magnitude of the current uncertainty associated with these forcings. However,
since we find greater changes to the aerosol number burdens, future work should
address the impact of changes of this magnitude on the direct and indirect aerosol ef-
fects predicted by our model. Comparing the number burdens for the PROG-AP and
PROG-AP-noimp simulations illustrates the importance of the impaction parameteri-
zation in a global model. Without any impaction scavenging for the PROG-AP-noimp
simulation, the global, annual mean accumulation number is increased by about 60%.
As a consquence of this increased surface area, the number of nucleation mode par-
ticles is halved. The F100 simulation has a nucleation mode number burden that
is about double that for the DTAG-FULL simulation since the surface area available
for condensation on to the larger modes is reduced. Since the F100 simulation had
more vigourous scavenging, the accumulation mode number is about 30% less for the
F100 simulation relative to DIAG-FULL. A complete examination of the impacts of
this enhanced new particle formation on modeled radiation and chemistry is beyond
the scope of this paper, but should be examined in future studies. This excessive
fine mode particle production in response to enhanced scavenging is of additional

relevance from an air quality perspective.

3.4.5 Impacts on Predicted Aerosol Wet Deposition

The geographic distribution of wet deposition for the five aerosol species is shown in
Fig. 3.9. For the species that exist only in the soluble/internally mixed modes, sea
salt and sulfate, there is very little change to the geographic distribution of wet depo-

sition for the DIAG-FULL simulation as compared to the CTL. For the DIAG-FULL
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Figure 3.9: The geographic distribution of sulfate (SO4), black carbon (BC), partic-
ulate organic matter (POM), sea salt (SS) and dust annual mean wet deposition (kg
hectare™, except kg S hectare™! for sulfate), and total annual precipitation (m) for
the DTAG-FULL simulation, and the percent change for the simulations DIAG-FULL
and PROG-AP as compared to the CTL simulation.
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Table 3.5: Global and annual mean number burdens (10" m~2) for the nine sim-
ulations and for the seven aerosol modes. CD and IC refer to the in-droplet and
in-crystal modes of the prognostic simulation. Abbreviations are defined in Tables 1
and 3.

Number NS KS AS CS KI Al CI Ch IC
CTL 18800. 870. 75.1 0.441 8.29 0.031 0.068

F100 31500. 1170. 659 0.414 6.84 0.028 0.063

F100-INT 31500. 1160. 67.0 0.430 8.69 0.047 0.081

DIAG1 17600. 668. 87.2 0.476 &8.12 0.054 0.089

DIAG2 18700. 737. 88.9 0.483 &8.03 0.052 0.088

DIAG-FULL 16700. 610. 94.2 0470 9.21 0.047 0.083
DIAG-FULL- 15300. 604. 98.6 0.483 10.0 0.056 0.090

noimp

PROG-AP 22500. 726. 115. 0.366 6.11 0.055 0.099 5.65 0.457
PROG-AP- 10500. 605. 179. 0.375 11.2 0.069 0.116 10.5 0.683
noimp

simulation, dust and the carbonaceous aerosol wet deposition is generally changed by
less than 10% close to the major source regions, but increases poleward and over the
more remote oceans by about 100%. Over these more remote regions, these aerosols
will have aged into the soluble/internally mixed modes, which are scavenged by cloud
droplet and ice nucleation. However, the magnitude of the wet deposition is quite
small in these regions. For the PROG-AP simulation, there are reductions in the wet
deposition of sulfate and carbonaceous aerosols up to 25% close to the source regions.
The total precipitation, which is also shown in Fig. 3.9 does not change significantly
between simulations, and so these differences in wet deposition occur in response to
the changes to the in-cloud scavenging parameterization, as opposed to changes to

the rate of precipitation.

Aerosol Mass Deposition Budgets

Tables 3.6-3.10 summarize the deposition budgets for the five aerosol species. The
simulation DTAG-FULL shows that aerosol mass removal by stratiform in-cloud scav-
enging is primarily by nucleation as opposed to impaction processes. Nucleation

scavenging accounts for 98%, 94%, 96%, 51%, and 99% of the total deposition due
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to stratiform in-cloud scavenging for sulfate, black carbon, particulate organic mat-
ter, dust, and sea salt, respectively. The remainder is due to in-cloud impaction
scavenging. Below-cloud scavenging accounts for 13%, 14%, 11%, 25%, and 23% of
the total annual and global mean deposition of sulfate, black carbon, particulate or-
ganic matter, dust, and sea salt, respectively for the simulation DIAG-FULL. For
the DTAG-FULL simulation, in-cloud scavenging accounts for about 80% of the total
removal of sulfate and carbonaceous aerosols, and close to 35% of the total removal of
sea salt and dust. Stratiform, as opposed to convective, in-cloud scavenging accounts
for about 65% of the total removal of sea salt and sulfate, but about 40% of the total
removal of carbonaceous aerosols and dust, which have greater sources towards the
tropics. Removal by warm phase nucleation (temperatures >273.15K) is about twice
that of mixed phase nucleation (temperatures between 273.15K and 238.15K) for
sulfate and the carbonaceous aerosols, whereas for sea salt and dust these processes
are about equivalent.  Differences to the parameterization of the impaction scaveng-
ing process between simulations DIAG2 and DIAG-FULL, increased the annual and
global mean dust and sea salt removal by impaction by about 2 orders of magnitude
for the simulation DIAG-FULL. For black carbon, and particulate organic matter,
the impaction scavenging is reduced by about half in DIAG-FULL as compared to
DIAG2. However, since the global and annual mean aerosol mass removal is not
primarily attributed to stratiform impaction processes, the global and annual mean
mass burdens (see Table 3.4) change by less than 10% for all aerosol species between
simulation DIAG-FULL and DIAG2.

For the simulation PROG-AP compared to the CTL simulation, the total aerosol
removal by in-cloud scavenging is reduced by 20 to 25% for all aerosol species, with
the greatest changes for sulfate and sea salt, with a sea salt mass burden increase
of 35%. Evaporation releases considerable aerosol mass back to the atmosphere for
the PROG-AP simulation. Increased aerosol burden for prognostic aerosol cloud pro-
cessing simulations has been shown by Hoose et al. [2008a] and Ghan and Easter
[2006]. The aerosol load that remains in the stratiform cloud droplets is not avail-
able for the convective scavenging, and so the convective in-cloud scavenging is also

reduced by about 10% for sulfate. Only dust is affected in the opposite sense and the
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Table 3.6: Annual mean deposition of sulfate (Tg S yr~') due to the processes
of in-cloud nucleation and impaction scavenging for warm (T>273.15 K), mixed
(238.15<T<273.15 K) and ice phase (T<238.15 K) stratiform clouds, combined nu-
cleation and impaction scavenging for warm, mixed, and ice phase convective clouds,
total in-cloud scavenging (ICS), below-cloud scavenging (BCS), dry deposition, and
sedimentation. * indicates that stratiform nucleation and impaction are included
together in the result shown for stratiform nucleation.

Sulfate CTL  F100 F100 DIAGl DIAG2 DIAG PROG
-INT -FULL -AP

Stratiform clouds
Warm nucleation 23.7%  24.6* 24.7* 23.6 24.6 24.4 18.9*
Mixed nucleation 13.8* 14.1* 14.2* 10.9 12.2 12.1 8.21*

Ice nucleation 0.171% 0.388* 0.388* 0.544 0.420 0.444 0.624*
Warm impaction 0.256 0.119 0.265

Mixed impaction 0.364 0.255 0.392

Ice impaction 0.093 0.079 0.005
Convective clouds

Warm 9.33 9.02 9.02 9.33 9.11 9.06 8.26
Mixed 12.4 12.0 12.0 12.9 12.3 12.4 11.2
Ice 0.72 0.70 0.70 0.78 0.73 0.77 0.70
Total ICS 60.1 60.8 61.0 58.8 59.8 59.9 48.0
Total BCS 9.67 8.96 8.91 10.9 9.97 9.91 14.9

Dry Deposition 2.02 2.00 1.98 1.94 1.91 1.89 3.72
Sedimentation 1.22 1.32 1.24 1.10 1.06 1.04 6.11
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Table 3.7: Similar to Table 3.6 except for black carbon deposition (Tg yr—!). *
indicates that stratiform nucleation and impaction are included together in the result
shown for stratiform nucleation.

Black CTL F100 F100 DIAG1 DIAG2 DIAG PROG
Carbon -INT -FULL -AP
Stratiform clouds

Warm nucleation  1.86*  2.10* 1.86* 1.49 1.61 1.75 1.39*
Mixed nucleation 1.16* 1.14* 1.17* 0.635 0.766 0.861 0.582*

[ce nucleation 0.014* 0.017* 0.031* 0.055 0.039 0.052  0.073*
Warm impaction 0.439 0.413 0.088

Mixed impaction 0.217 0.197 0.081

[ce impaction 0.012 0.009 0.001
Convective clouds

Warm 1.04 1.00 1.03 1.06 1.03 1.04 0.972
Mixed 1.86 1.79 1.87 1.92 1.85 1.94 1.77
Ice 0.121  0.116  0.122  0.126 0.121 0.132  0.121
Total ICS 6.06 6.17 6.08 5.95 6.03 5.94 4.96
Total BCS 0.980 0.886 0.955 1.09 1.02 1.09 1.53

Dry Deposition 0.706  0.684 0.711  0.687 0.687 0.701  0.828
Sedimentation 0.024 0.023 0.024 0.024 0.024 0.024  0.436
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Table 3.8: Similar to Table 3.6 except for particulate organic matter (POM) depo-
sition (Tg yr~!). * indicates that stratiform nucleation and impaction are included
together in the result shown for stratiform nucleation.

Organic CTL  F100 F100 DIAG1 DIAG2 DIAG PROG
Matter -INT -FULL -AP
Stratiform clouds

Warm nucleation  14.9* 16.3* 15.3* 12.9 14.0 14.3 9.85*
Mixed nucleation 6.36* 6.20* 6.29* 3.94 4.66 4.83 3.14*

Ice nucleation 0.082* 0.110* 0.169* 0.376 0.277 0.318  0.476*
Warm impaction 1.71 1.53 0.417

Mixed impaction 0.698 0.606 0.299

Ice impaction 0.066 0.045 0.004
Convective clouds

Warm 10.1 9.86 9.99 10.3 10.0 10.1 9.51
Mixed 20.6 20.1 20.5 21.2 20.5 21.1 19.6
Ice 1.40 1.37 1.40 1.45 1.41 1.50 1.40
Total ICS 53.4 53.9 53.7 52.6 53.0 52.9 44.2
Total BCS 6.75 6.32 6.48 7.53 7.12 7.30 11.3

Dry Deposition 5.92 5.88 5.91 5.82 5.83 5.80 7.05
Sedimentation 0.194 0.186 0.187  0.200 0.199 0.203  3.71
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Table 3.9: Similar to Table 3.6 except for dust deposition (Tg yr=!). * indicates that
stratiform nucleation and impaction are included together in the result shown for
stratiform nucleation.

Dust CTL  F100 F100 DIAG1 DIAG2 DIAG PROG
-INT -FULL -AP

Stratiform clouds
Warm nucleation 25.8*  31.5* 16.4* 154 16.8 15.2 10.2*
Mixed nucleation 29.5* 31.7* 17.7* 10.6 13.8 11.0 7.72*

Ice nucleation 0.308* 0.474* 1.04* 2.05 1.24 0.964  0.936*
Warm impaction 0.030 0.027 12.1

Mixed impaction 0.191 0.172 13.6

Ice impaction 0.088 0.085 0.002
Convective clouds

Warm 23.7 22.5 244 24.6 24.7 23.2 26.1
Mixed 34.4 32.9 36.0 37.1 36.9 35.1 39.3
Ice 2.31 2.18 2,37  2.41 2.45 2.45 2.69
Total ICS 116. 121. 97.9 925 96.2 114. 87.2
Total BCS 81.8 77.4 95.2  103. 99.7 86.8 104.0

Dry Deposition 21.1 20.9 217 221 22.0 214 23.4
Sedimentation 122. 120. 124, 126. 126. 123. 129.
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Table 3.10: Similar to Table 3.6 except for sea salt (Tg yr=!). * indicates that
stratiform nucleation and impaction are included together in the result shown for

stratiform nucleation.

Sea CTL F100 F100 DIAG1 DIAG2 DIAG PROG
Salt -INT -FULL -AP
Stratiform clouds

Warm nucleation  740.* 753.* 753.* 763. 7. 776. 494.*
Mixed nucleation 624.* 701.* 704.* 572. 622. 629. 310.*
Ice nucleation 0.41* 1.05* 1.04* 3.06 1.50 1.54 2.64*
Warm impaction 0.044 0.019 2.64

Mixed impaction 0.096 0.056 3.53

[ce impaction 0.001 0.0004 0.022
Convective clouds

Warm 285. 282, 282, 284. 280. 282. 304.
Mixed 328. 322, 321. 334. 324. 333. 371.
Ice 9.65 949 949 10.0 9.67 10.2 11.9
Total ICS 1990. 2070. 2070. 1970. 2010. 2040. 1500.
Total BCS 1240. 1200. 1200. 1290. 1260. 1250. 1530.
Dry Deposition 933. 913. 913. 915. 912. 910. 1020.
Sedimentation 1250. 1230. 1220. 1220. 1220. 1210. 1330.
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convective scavenging is actually increased by a few percent. This is expected since
stratiform in-cloud scavenging of dust is a less important sink compared to other re-
moval processes, and Fig. 3.1 shows that the Hoose et al. [2008a,b] impaction scheme
also scavenges coarse mode particles, such as dust, into the cloud droplets relatively
inefficiently. These results point to the relevance of developing a convective aerosol
processing treatment in the future that should be coupled with the stratiform aerosol

processing treatment of Hoose et al. [2008a,b].

Aerosol Number Deposition Budgets

Table 3.11 shows the annual and global mean number deposition attributed to the
various physical processes. The diagnostic simulations show that aerosol number scav-
enged in stratiform clouds is primarily attributed to impaction scavenging processes,
as opposed to nucleation processes. This is in agreement with the findings of the
one-dimensional study of Jacobson [2003]. For our diagnostic scavenging simulations,
impaction scavenging rates for aerosol number exceed the nucleation scavenging rates
by more than one order of magnitude for mixed and ice phase clouds, which account
for 99% of the total number removal in stratiform clouds. This result is expected since
the majority of the aerosol number is in the nucleation mode that contains aerosols
that are too small to be scavenged by cloud nucleation processes, and these aerosols
are most abundant in the middle and upper troposphere at the altitudes of mixed
and ice phase clouds. Differences to the parameterization of impaction scavenging
between simulations DTIAG2 and DIAG-FULL reduced the number scavenging for ice
clouds by about 7 times for the simulation DIAG-FULL. These results suggest that
global modelers should give careful attention to the parameterization of impaction
scavenging in predicting aerosol number scavenging in mixed and ice phase clouds.
Considering all aerosol scavenging processes, in-cloud scavenging is the primary re-
moval mechanism for aerosol number, exceeding dry deposition by up to one order of

magnitude.
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Figure 3.10: The annual mean sulfate wet deposition (kg SO;2ha~'yr™') grouped
by regions from observations [Dentener et al., 2006a] as compared to the simulations
CTL, DIAG-FULL and PROG-AP. The first row compiles data from all regions of
this figure and Fig. 3.11. NADP is the National Atmospheric Deposition Program of
the United States, EANET is the Acid Deposition Monitoring Network in East Asia,
and EMEP is the European Monitoring and Evaluation Program.
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Table 3.11: Global and annual mean aerosol number deposition (10° m~2 s™1) summed
over all aerosol modes. * indicates that stratiform nucleation and impaction are
included together in the result shown for stratiform nucleation.

Number Dep CTL F100 F100-INT DIAG1 DIAG2 DIAG-FULL
Stratiform clouds
Warm nucleation 1.35* 21.3* 19.4* 0.61 0.64 0.56

Mixed nucleation 16.0* 259.5* 249.7* 0.49 0.53 0.44
Ice nucleation 22.7 779.00  T77.8* 0.07 0.08 0.06

Warm impaction 1.19 1.33 0.17
Mixed impaction 6.11 8.03 6.32
[ce impaction 36.7 46.3 6.68
Total ICS 45.4  1080. 1070 48.0 59.9 16.8
Total BCS 0.62  4.02 3.90 0.41 0.46 0.30
Dry Deposition 4.86  22.2 21.4 3.06 3.20 2.56
Sedimentation 0.002 0.002  0.002 0.002 0.002 0.002

3.5 Comparison with Observations

Figures 3.10 and 3.11 show the comparison of the modeled wet deposition of sulfate
with the observations compiled by Dentener et al. [2006a], and grouped according to
geographic region. We do not find any statistically significant difference between the
CTL, DIAG-FULL, and PROG-AP simulations in comparison to these observations.
For all these simulations, the modeled deposition is within a factor of two of the
observations for at least 75% of the sites. However, we must bear in mind the majority
of sulfate mass, and thus the majority of the sulfate mass deposition is associated with
scavenging in the near surface layers where cloud temperatures are frequently greater
than 273 K. Figure 3.3 shows that the scavenged fractions for the soluble accumulation
and coarse aerosol modes (containing the majority of sulfate mass) are about unity for
warm phase clouds for both the CTL and DIAG-FULL simulations. Thus we would
expect the simulations to compare equally well with observations for observations of

sulfate wet deposition.

Figure 3.12 shows the geographic distribution of the aerosol optical depth (AOD)
for the years 2001-2006, created from a combination of MODIS [Levy et al., 2007]
and MISR [Diner et al., 2005, Martonchik et al., 2002| retrievals, as described in
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Figure 3.11: The annual mean sulfate wet deposition (kg SO;*ha~'yr—!) grouped
by regions from observations [Dentener et al., 2006a] as compared to the simulations
CTL, DIAG-FULL and PROG-AP. Galloway refers to collection of sites from remote
regions of primarily from the Australian and South American regions, and IDAF
refers to a collection of data from Africa (Agac Debits Africa).
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van Donkelaar et al. [2010]. The composite MODIS and MISR dataset is created
from the ensemble of individual retrievals that exhibit little bias versus ground-based
AERONET [Holben et al., 1998] AOD observations. More specifically, the accuracy
of the MODIS and MISR AOD retrieval over land is evaluated relative to AERONET
AOD on a monthly basis for nine land types defined using the MODIS BRDF /Albedo
product at three different wavelengths (470 nm, 660 nm and 2.1 gm). Daily MODIS
and MISR AOD retrievals over land types that exhibit a mean monthly bias in ex-
cess of either 0.1 or 20% are rejected. The remaining retrievals over 20012006 are
averaged. The composite dataset is driven by MISR observations over bright surfaces
where MODIS is biased [Abdou et al., 2005|, and over dark surfaces by MODIS (higher
temporal sampling). MODIS AOD is used over the ocean due to high sampling fre-
quency and accuracy [Remer et al., 2005]. Annual mean AOD enhancements of >0.5
reflect a combination of mineral dust over and downwind of Africa, as well as large
anthropogenic signals over India and East Asia. Sea salt contributes to moderate

AOD enhancements at southern high latitudes.

Figure 3.12 also shows the geographic distribution of the ratio of the aerosol optical
depth (AOD) for the simulations CTL, DIAG-FULL, and PROG-AP compared to the
observational dataset. Both the DTAG-FULL and CTL simulations perform similarly.
However, the number of grid points within 25% of the observations is increased by
about 20% over the oceans for the DTAG-FULL simulation as compared to the CTL.
The PROG-AP simulation has slightly lower AODs (10 to 20%) over the land, which
improves the agreement with observations over eastern North America and eastern
Europe, but the AOD is considerably over-predicted over the oceans (up to a factor
of two). Hoose et al. [2008a] have shown that the agreement over the oceans can be
improved with changes to the water uptake on the aerosols, which will be implemented

in future versions of the ECHAM5-HAM.

Hoose et al. [2008a] showed that a prognostic in-cloud scavenging scheme modified
zonal mean aerosol size distributions in the marine boundary layer to produce better
agreement with the observations of Heintzenberg et al. [2000], particularly for the
accumulation mode. These observations are shown in Fig. 3.13. The observations

of Heintzenberg et al. [2000] are a compilation of data from different mobility, and
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Figure 3.12: The geographic distribution of aerosol optical depth (AOD) at 550 nm
from the composite MODIS, MISR, AERONET dataset compiled by van Donkelaar
et al. [2010] representing the years 2001 to 2006, and the percent difference of the an-
nual mean AOD for the simulations CTL, DIAG-FULL, and PROG-AP as compared
to the observations.
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Figure 3.13: Zonal mean aerosol size distributions in the marine boundary layer for
the simulations CTL, DIAG-FULL, and PROG-AP as compared to the observations
of Heintzenberg et al. [2000], and similar to Fig. 8 of Hoose et al. [2008a].
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aerodynamic sizing techniques, operated at relative humidities of <40%, and a multi-
modal lognormal distribution was fitted to the observations. The same methodology
as described in Hoose et al. [2008a] was used for comparison with the simulations
CTL, DIAG-FULL, and PROG-AP. Figure 3.13 shows that the DIAG-FULL simu-
lation, unlike the PROG-AP simulation, does not modify the marine accumulation
mode size distribution significantly as compared to the CTL simulation. The Aitken
mode number concentrations are under-estimated by up to five times over the south-
ern oceans for all simulations in comparison to the observations. A considerable
reduction in the under-estimation could be made with changes to the treatment of
new particle formation in the marine boundary layer, which will be implemented in
future ECHAM versions. For the DIAG-FULL simulation, the Aitken mode numbers
are reduced by half in the Southern Hemisphere relative to the CTL simulation, which
is a consequence of the more vigorous scavenging in the marine boundary layer for the
diagnostic scheme. Both Stier et al. [2005] and Hoose et al. [2008a] have shown that
the size distributions for the ECHAMS5-HAM model compare quite reasonably with
observations. Accurate simulation of the aerosol size distributions in global models is
also essential for the size-dependent in-cloud scavenging parameterizations to perform

correctly.

Recently Koch et al. [2009] presented black carbon profiles observed from air-
craft in comparison to various global models. Figures 3.14 and 3.15 compare this
same aircraft data with our model simulations, CTL, DTIAG-FULL, and PROG-AP.
Additionally we have included two sensitivity simulations that have the in-cloud im-
paction processes turned off for both the diagnostic and prognostic in-cloud scavenging
schemes, DIAG-FULL-noimp and PROG-AP-noimp, respectively. Figure 3.14 shows
profiles from the tropics and mid-latitudes taken between the equator, and 50 °N
and between 120 °E and 60 °E and averaged for the same points as shown in Koch
et al. [2009, 2010]. Figure 3.15 presents profiles from the high latitudes taken between
50 °N and 80 °N and between 180 °E and 60 °E and averaged for the same points
as shown in Koch et al. [2009, 2010]. These figures show that the predicted black

carbon profiles, particularly in the middle troposphere differ from the observations,
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Figure 3.14: Black carbon concentrations (ng kg™!) from the tropical and mid-latitude
aircraft campaigns over the Americas between the equator and 50°N, and 120 °E and
60 °E, for the same locations as described in Fig. 9 of Koch et al. [2009], and for the
simulations CTL, DIAG-FULL, and PROG-AP, and with no impaction scavenging
for DTAG-FULL-noimp and PROG-AP-noimp. AVE-Houston: NASA Houston Aura
Validation Experiment, CR-AVE: NASA Costa Rica Aura Validation Experiment,
TC4: NASA Tropical Composition, Cloud, and Climate Coupling, CARB: NASA
initiative in collaboration with California Air Resources Board.
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and between each other, by up to two orders of magnitude depending on the treat-
ment of in-cloud scavenging. Changes of this magnitude could influence predictions
of both the direct and indirect effects of aerosols, particularly related to black carbon
in the middle and upper troposphere. These effects should be investigated in future
studies. For the high latitude profiles shown in Fig. 3.15, where mixed phase and ice
clouds are more prevalent, the CTL simulation underestimates the concentrations by
up to two orders of magnitude, and both DIAG-FULL and PROG-AP improve the
agreement to within one order of magnitude. For the simulation PROG-AP, black
carbon concentrations are lower by up to a factor of five, and two in the middle and
upper troposphere, respectively, as compared to the simulation PROG-AP-noimp.
Thus, the parameterization of impaction scavenging is particularly relevant for black
carbon in mixed and ice phase clouds.

For black carbon, the parameterization of impaction scavenging is of importance
since this aerosol has considerable mass in the insoluble Aitken mode, which is scav-
enged only by impaction processes. This parameterization also relies on the correct
representation of black carbon aging to determine the correct distribution of mass be-
tween the soluble/internally mixed and insoluble modes, making prediction of black
carbon concentrations challenging. For seven of the ten of the profiles presented, the
black carbon profile is closer to the observations for the DIAG-FULL and PROG-AP
simulations as compared to the CTL simulation (changes up to one order of magni-
tude), suggesting that the mixed phase prescribed scavenging fractions of the CTL
simulation might be too large. For the three profiles of Fig. 3.14 that show closer
agreement with observations for the prescribed coefficient scheme of the CTL simu-
lation, the PROG-AP simulation is a better match to the observations than for the
DIAG-FULL simulation.

3.5.1 Simulation of ?°Pb and "Be

"Be and 2'"Pb have been simulated in global models, and used as passive tracers
for the validation of deposition parameterizations [e.g., Brost et al., 1991, Liu et al.,
2001, Feichter et al., 1991, Koch et al., 1996, 2006]. Recently, simulation of "Be and
210Ph have been introduced into the ECHAM5-HAM [Heikkil4 et al., 2008, 2009]. The
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Figure 3.15: Black carbon concentrations (ng kg™') from the high latitude aircraft
campaigns over the Americas between 50 °N and 80°N, and 180 °E and 60 °E, for
the same locations as described in detail in Fig. 10 of Koch et al. [2009], and for the
simulations CTL, DIAG-FULL, and PROG-AP, and with no impaction scavenging
for DIAG-FULL-noimp and PROG-AP-noimp. ARCTAS: NASA Arctic Research of
the Composition of the Troposphere from Aircraft and Satellites, ARCPAC: NOAA
Aerosol Radiation and Cloud Processes affecting Arctic Climate.
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methodology is described in detail in Feichter et al. [1991], Heikkild [2007], Heikkila
et al. [2008]. The production rates for “7Be were taken from Masarik and Beer
[1999]. The 2!°Pb/radon source is from soils and was taken to be 1 atoms cm™2 s,
following Feichter et al. [1991], Liu et al. [2001], Koch et al. [2006]. "Be and '°Pb are
not explicitly distributed into the aerosol modes of the ECHAM5-HAM. However, the
scavenging fractions for "Be are found by taking the ratio of the total sulfate mass
scavenged to the total aerosol mass, whereas for 2'°Pb the scavenging fractions are
determined by the ratio of the total aerosol mass scavenged to the total aerosol mass.
The rationale is that near the surface where ?'°Pb is formed, particles are composed

of many chemical compounds, whereas for the "Be source in the stratosphere, and

upper troposphere, sulfate is the dominant chemical compound. These tracers have
been coupled with the CTL and DIAG-FULL simulations.

Figure 3.16 compares the surface layer concentrations and wet deposition of these
tracers for the simulations CTL and DIAG-FULL with the observations described in
Heikkild [2007], Heikkild et al. [2008]. The comparison with observed surface layer
concentrations and wet deposition is more robust for 21°Pb than for “Be since ?'°Pb
originates from surface sources and rarely reaches the stratosphere. ?°Pb has a rela-
tively long half-life with respect to radioactive decay processes (22.4 years), but a rel-
atively short atmospheric residence time (3-5days) due to wet deposition processes.
Conversely, the "Be source is in the upper atmosphere and "Be has a shorter half-life
(few months). The longer transport path from source to the cloud levels or surface,
coupled with the shorter half-life, increases the uncertainty associated with compar-
isons between the modeled and observed deposition and surface layer concentrations
for "Be. Nevertheless, Fig. 3.16 shows that both tracers are simulated reasonably in
comparison with observations of deposition and surface layer concentrations. We not
find any statistically significant improvement for the DIAG-FULL scheme in compar-
ison to the CTL. This is not unexpected since as discussed in reference to Figs. 3.10
and 3.11, the surface layer concentrations and mass deposition are strongly controlled
by warm cloud scavenging processes, which do not change as significantly between
the various scavenging parameterizations as does the scavenging in mixed and ice

phase clouds. In making these comparisons, we must also keep in mind that the
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Figure 3.16: Annual mean surface layer concentrations (mBq m™ at STP) and wet
deposition (atoms m~2 s71) of 2°Pb and "Be from observations described in Heikkil3
[2007|, Heikkila et al. [2008] compared to the simulations CTL and DIAG-FULL.
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deposition observations presented do not have a global coverage as extensive as for
the surface layer concentration observations. Additionally, there are uncertainties in
the comparison with observations related to discrepancies between the modeled and
observed meteorological conditions at the measurement sites, and the grid size of the
model which does not resolve local conditions at the measurement sites. The best
correlation coefficients, slope and offset parameters are for the case of 2!°Pb surface
layer concentrations. However, for both deposition and surface layer concentration,
the DIAG-FULL and CTL simulations are within a factor of two of the observations
at more than 75% of the sites.

Since aerosol concentrations in the middle and upper troposphere are most sen-
sitive to differences in the parameterization of in-cloud scavenging, we present addi-
tional comparisons with observed vertical profiles of 2!Pb, "Be and sulfate in Figs.
3.17 and 3.18. Figure 3.17 repeats the comparisons of Liu et al. [2001] for a variety of
sites in the Pacific. We have made this comparison for the same months and regions
as defined in Liu et al. [2001]. Particularly for the middle latitude sites (WPML and
CPML), 2'9Pb concentrations are underestimated by the model in the middle tropo-
sphere. The new diagnostic scavenging for the simulation DIAG-FULL increases the
concentrations by up to 30%, which improves the agreement. However, since these
are sites that are also influenced by convective scavenging, revisions to the convective
scavenging could improve the agreement further. Figure 3.18 shows that the modeled
210Ph concentrations for the middle troposphere of the more northerly latitudes are
most sensitive to changes to the stratiform in-cloud scavenging. There is improved
agreement between the modeled annual mean, and the mean of the Kownacka [2002]
multi-year (1987-1998) dataset from Poland between the altitudes of 4 and 8 km,
as shown by the right hand column of Fig. 3.18. The two left hand columns of
Figure 3.18 show aircraft data from the Environmental Measurement Laboratory de-
scribed in detail in Heikkild [2007]. The modeled zonal and annual mean "Be and
210Ph concentrations above 15 km (shown in the two left columns) are not sensitive
to the differences between our in-cloud scavenging schemes, but are shown to match
well with the observations. "Be is underestimated near the tropopause as was also

found by Liu et al. [2001], Koch et al. [2006], Heikkild et al. [2008]. Figure 3.18 also
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Figure 3.17: Vertical profiles of °Pb and "Be concentration (mBq m~3 at STP)
observed by PEM-Tropics A and PEM-West B aircraft campaigns and for the same
regions of the Pacific described in detail in Liu et al. [2001] and compared with
simulations CTL and DIAG-FULL. PEM-Tropics A: NASA Pacific Exploratory Mis-
sion includes CPML: Central Pacific mid-latitude, WPML: West Pacific mid-latitude,
CPLL: Central Pacific low latitude, WPLL: West Pacific low latitude, EP: East Pa-
cific. PEM-West B: NASA Pacific Exploratory Mission in the western Pacific includes
RP: remote Pacific, NA1: near Asia. Red: DTAG-FULL simulation, Blue: CTL sim-
ulation, Black: Observations.
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Figure 3.18: Vertical profiles of ?!°Pb and "Be concentration (mBq m™* at STP) ob-
served by aircraft campaigns from the Environment Measurements Laboratory (EML)
High Altitude Sampling Program (HASP) are shown in the two left columns, and the
mean of the multi-year (1987-1998) dataset of Kownacka [2002] is shown in the right
column. Modeled concentrations are zonal means for the two left columns, and for
the grid box over Poland for the panels labeled Poland. The bottom right panel
shows sulfate (ng kg™!) observations from the TRACEP campaign (http://www-
gte.larc.nasa.gov/) for March 2001 and for the region between 120 to 140 °E, and 20
to 35 °N. For TRACEP panel only: Green: PROG-AP, Dashed: DIAG-FULL-noimp
and PROG-AP-noimp. Note: if DIAG-FULL overlaps CTL, only red is shown; for
TRACEP, DIAG-FULL-noimp nearly overlaps DIAG-FULL.
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shows a comparison with sulfate data from the TRACEP campaign of 2001. Sulfate
concentrations are increased by about 50% for the PROG-AP, as compared to CTL
simulation, for altitudes near 5 km. This is a smaller change than was found for black
carbon profiles. While this change does not appear to be in better agreement with
the observations, this does not necessarily indicate a problem with the scavenging
parameterizations since SO concentrations (not shown) were also similarly high in
our model for this same comparison. We must be careful not to over interpret results
from comparison to aircraft campaigns since the spatial and temporal averaging differs
between the model and observations. However, these comparisons do illustrate that
the new diagnostic scavenging parameterization for stratiform clouds works quite rea-
sonably, and particularly at mid- and high latitudes does produce results that agree

equally or better with many of the observed middle troposphere profiles.

3.6 Summary and Conclusions

A cloud nucleation scavenging scheme that diagnoses scavenging ratios for aerosol
mass and number distributions based on cloud droplet and ice crystal number concen-
trations has been coupled with a physically detailed size-dependent in-cloud impaction
scavenging parameterization, and implemented for stratiform clouds in the ECHAMS5-
HAM model. In the global and annual mean, the aerosol mass scavenged in stratiform
clouds was found to be primarily (>90%) scavenged by nucleation processes, except
for dust (50%). The aerosol number scavenged was found to be primarily (>90%)
attributed to impaction processes. Scavenging in clouds with temperatures below
273 K accounted for more than 99% of this number scavenging. The majority of the
aerosol number resides in the nucleation mode size range, which is too small to be
scavenged by cloud nucleation processes, and is most abundant in the colder regions
of the middle and upper troposphere.

Predicted aerosol concentrations, burdens and deposition have been compared be-
tween simulations that implemented the new diagnostic scheme, the prescribed scav-
enging fractions of the standard ECHAM5-HAM, and the prognostic aerosol cloud

processing approach of Hoose et al. [2008a,b|. The prescribed fractions approach was
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the least computationally expensive, but was not as physically detailed as the diagnos-
tic and prognostic schemes, and was not able to represent the variability of scavenged
fractions, particularly for submicron size particles and for mixed and ice phase clouds.
As a result, the diagnostic and prognostic schemes are recommended as preferable to
the prescribed fraction scheme. The global and annual mass burdens increased by
up to 30% and 15%, for sea salt and dust, respectively, and the accumulation mode
number burden increased by about 50%, for the prognostic scheme relative to the
diagnostic scheme. Aerosol mass concentrations in the middle troposphere were in-
creased, by up to one order of magnitude for black carbon, for the diagnostic and
prognostic schemes compared to the prescribed scavenging fraction approach. Thus,
uncertainties in the parameterization of in-cloud scavenging can lead to significant
differences in predicted middle troposphere aerosol vertical profiles, particularly for
mixed and ice phase clouds. Additionally, we recommend that the next generation
of aerosol microphysical models should give careful attention to the representation of
impaction processes, particularly in mixed and ice phase clouds, and for dust at all
cloud temperatures. Different impaction parameterizations changed the global and
annual mean stratiform dust mass removal attributed to impaction by more than
two orders of magnitude, which illustrates the considerable uncertainty related to in-
cloud impaction scavenging. For the prognostic scheme, exclusion of parameterized
impaction increased the the global, annual accumulation mode number burden by

about 60%.

In comparison with observations, the prescribed scavenging ratio scheme of the
standard ECHAMS5-HAM under-estimated black carbon profiles observed from air-
craft by up to two orders of magnitude. The revised diagnostic and prognostic scav-
enging schemes improved the agreement to within one order of magnitude. This
strengthens our recommendation of the diagnostic and prognostic schemes as prefer-
able to the prescribed scavenging ratio approach. In comparison with observed profiles
of 219Ph, the new diagnostic scheme increased ?'°Pb concentration by up to 30% in
the middle troposphere, which improved the agreement for several mid- and high
latitude sites. Comparing with observations of sulfate and 2'Pb wet, deposition, the

new diagnostic scheme was found to perform similarly to the prescribed scavenging
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coefficient approach of Stier et al. [2005]. This was not unexpected since the majority
of aerosol mass resides in the lower troposphere where warm clouds are most frequent.
Our results show that the in-cloud scavenging parameterizations are quite similar for
warm phase clouds, and for the scavenging of the accumulation and coarse aerosol
modes that contain the majority of the mass. The diagnostic scheme increased the
number of grid points within 25% of the observed aerosol optical depth over the oceans
by 20%, as compared to the CTL simulation that also over-predicted aerosol optical
depth over the oceans. For these comparisons, we have used a new aerosol optical
depth climatology (2001-2006) produced from a combination of MODIS, MISR, and
AERONET observations.

The prognostic aerosol cloud processing scheme used for this study does require 10
additional tracers, and thus diagnostic scavenging schemes can be desirable in global
models due their relative simplicity. However, prognostic aerosol processing schemes,
such that of Hoose et al. [2008a,b| are beneficial, and future work should be directed
towards extending this prognostic approach to convective clouds, particularly since
convective scavenging does account for about 50% of global wet scavenging. We also
recommend that the more physically detailed impaction scavenging parameterization
of the diagnostic scheme should be coupled with the prognostic cloud processing
scheme. Since the global annual mean sulfate mass burdens increased by 10% for
the diagnostic scheme when the mass and number nucleation scavenging ratios were
equated, as opposed to determined separately, we recommend that the prognostic
scheme should be developed to implement separate nucleation scavenging ratios for

aerosol number and mass.

Finally, in a more general sense future work should be directed towards examining
the influence of these uncertainties in the parameterization of in-cloud scavenging on
the aerosol direct and indirect effects upon the climate system, particularly given the
sensitivity of the predicted middle and upper tropospheric aerosol concentrations to
the in-cloud scavenging parameterization. Additionally, efforts should be ongoing to
improve understanding of the impaction scavenging process, particularly in clouds
with temperatures below 273 K. This is relevant since aerosol number scavenging in

stratiform clouds was found to be primarily attributed to the impaction process in
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mixed and ice phase clouds, and dust mass scavenging in stratiform clouds was found

to be attributed equally to nucleation and impaction scavenging processes.
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4.1 Abstract

A physically detailed representation of aerosol processing by convective clouds is in-
troduced into the ECHAM5-HAM model, and coupled with a stratiform aerosol pro-
cessing scheme. Based on the modeled cloud microphysics, this scheme explicitly rep-
resents the processes of nucleation and collision scavenging that incorporate aerosols
into cloud droplets and crystals, aerosol-aerosol coagulation within the droplets and
crystals, as well as evaporation and precipitation processes that remove aerosols from
the in-droplet and in-crystal phases. In the global and annual mean, an aerosol un-
dergoes 0.4 to 1 cloud cycles before being removed in our simulations. The number of
cycles is greater (1 to 3 times) for smaller aerosols, such as sulfate and carbonaceous
aerosols. Considering the global and annual mean evaporation and source rates, con-
vective and stratiform clouds contribute about equally to the global, annual mean
aerosol processing. Aerosol concentrations, burdens, and optical depth are strongly
sensitive to the representation of cloud processing in ECHAMS-HAM, and increase
by a factor of 3-5 for the coupled convective-stratiform scheme. Relative to satellite
observations of aerosol optical depth, these increases are excessive by at least a fac-
tor of 2. The global, annual mean aerosol optical depth is also highly sensitive to

the representation of sea salt emissions, and in-cloud impaction scavenging for these
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aerosol processing simulations. Revisions to these later two processes yield a global,
annual optical depth that is about 0.9 of the satellite retrieval for the aerosol process-
ing simulations. However, the role of impaction scavenging could be over-estimated if
nucleation scavenging is under-estimated in our model. Particularly, the method for
apportioning the number of activated aerosols between the soluble/internally mixed
modes should be re-examined in future studies since the nucleation scavenging for
the accumulation and coarse modes could be under-estimated. Global and annual
mean aerosol wet deposition is attributed primarily to stratiform (about 70-80%), as
opposed to convective precipitation. The majority of this wet deposition is related
to scavenging in the warm, and mixed phase clouds, about 70% and 30%, respec-
tively. The observed marine boundary layer accumulation mode size distribution is
more closely represented with the implementation of the coupled convective-stratiform
aerosol processing scheme as compared to the standard ECHAMS5-HAM, or with the
stratiform aerosol processing alone. Vertically integrated aerosol size distributions for
the coupled aerosol processing scheme agree more closely with AERONET observa-
tions than for the standard ECHAM5-HAM. However, the volume median accumu-

lation mode wet radius is slightly over-predicted for all simulations.

4.2 Introduction

Aerosols have important impacts on the Earth’s global climate system: 1) directly
since they absorb and reflect radiation, and 2) indirectly since they modify cloud prop-
erties by acting as cloud condensation and ice nuclei [Twomey, 1991, Charlson et al.,
1992, Lohmann and Feichter, 2005]. Conversely, clouds also modify aerosol concentra-
tions, size distributions, and hygroscopicity [Hoose et al., 2008a,b, Croft et al., 2010].
Global climate models (GCMs) and chemical transport models (CTMs) must repre-
sent these processes correctly in order to predict accurate three-dimensional aerosol
distributions. However, the Intergovernmental Panel on Climate Change [Forster
et al., 2007] has identified that the full range of processes related to the modification
of cloud properties by aerosols are not well understood. They are a key uncertainty
in our understanding of climate change.

This study focuses on the physical processing of aerosols by both stratiform and
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convective clouds. We consider how the explicit representation of these processes in a
GCM can change the predicted aerosol size distributions and burdens, which in turn
influence cloud properties. Recently, Hoose et al. [2008a,b| implemented a stratiform
aerosol processing scheme in the ECHAMS5-HAM model, but that study did not
consider convective clouds. Hoose et al. [2008a| showed that the predicted global and
annual mean number of accumulation mode aerosols was enhanced by about two-fold
following the explicit representation of cloud processing in stratiform clouds. Since
Lohmann [2008] introduced a double-moment convective cloud microphysics scheme
in the ECHAM5-HAM GCM, we can now extend the cloud processing approach
of Hoose et al. [2008a,b| to convective clouds using this model. In this study, we
examine the relative importance of convective and stratiform clouds in the processing

of aerosols from a global perspective.

Aerosol cloud processing refers to a set of processes by which aerosols are taken
up into, or formed in cloud droplets and ice crystals, transferred between droplets
and crystals, and ultimately either released back to the atmosphere by evaporation
of clouds and precipitation, or removed from the atmosphere by precipitation. A
larger fraction of the cloud droplets and ice crystals evaporate as opposed to forming
precipitation. Pruppacher and Jaenicke [1995] estimated that an aerosol sampled in
a location remote to the source has undergone three cloud cycles. Our study will use
the ECHAM5-HAM GCM to quantify the annual and global mean cloud cycling of

aerosols.

Aerosols are taken up into clouds either 1) by acting as cloud condensation and
ice nuclei, or 2) by colliding with droplets and crystals. Thus, each droplet or crystal
may take up more than one interstitial aerosol particle. When the droplets or crystals
evaporate, assuming each droplet or crystal releases only one internally mixed aerosol,
the resultant aerosols can be larger in size, less numerous, and insoluble aerosols can
be coated with a soluble layer. Crumeyrolle et al. [2008| presented observations of
ratios of cloud condensation nuclei (CCN) to condensation nuclei (CN) and showed
that following the passage of a convective system, the CCN/CN ratio was increased,
despite the overall reduction in CN. Thus, cloud processing internally mixes aerosols,

and increases the relative number of aerosols that are able to act as cloud condensation
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or ice nuclei.

Global models account for the influences of clouds on aerosol size distributions with
varying approaches. Most global models include some representation of the processes
of sulfate formation within cloud droplets [Barth et al., 2000, Adams and Seinfeld,
2002, Park et al., 2005, Stier et al., 2005, Gong et al., 2006, Roelefs et al., 2006]. The
mass produced in the aqueous phase is typically treated as additional mass in the
accumulation or coarse modes. The formation of organic aerosol, although likely an
important source, is not well represented in the current generation of global models
[Blando and Turpin, 2000, Kanakidou et al., 2005, Kroll and Seinfeld, 2008, Hallquist
et al., 2009]. The number of global models that treat in-cloud aerosols as additional
tracers is limited and includes, the Hadley Center climate model (HADAM4) [Jones
et al., 2001], the Goddard Institute for Space Studies (GISS) ModelE [Koch et al.,
2006], the Model for Integrated Research on Atmospheric Global Exchanges (MI-
RAGE) modeling system |Easter et al., 2004, and the ECHAM5-HAM GCM [Hoose
et al., 2008a,b|.

The ECHAMS5-HAM GCM stratiform aerosol processing scheme [Hoose et al.,
2008b] is unique in that aerosol mass in the liquid and ice hydrometeors is considered
separately. Also, the influence of aerosol processing on aerosol size is treated ex-
plicitly since the scheme is coupled to the Hamburg Aerosol Module (HAM) scheme
of Stier et al. [2005]. In this model, cloud droplet number concentration depends
on the number and size of the available aerosol particles, and heterogeneous freez-
ing is parameterized as a function of aerosol chemical composition and mixing state
[Lohmann et al., 2007, 2008, Lohmann, 2008]. The double-moment convective cloud
microphysics scheme in the ECHAM5-HAM model used for this study considers both
the liquid and ice phase. Likewise our convective aerosol processing scheme includes
an explicit representation of the aerosol mass in both liquid and ice hydrometeors,
and considers the influence of convective cloud processing on aerosol size. Section 4.3
gives an overview of our model including the convective aerosol processing scheme.
Section 4.4 summarizes the results from global simulations, and examines the impacts

of aerosol processing on three-dimensional aerosol distributions, as well as mass and
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number burdens, and aerosol optical depth. Section 4.5 presents comparisons with ob-
servations, including size distributions from a sun photometer network (AERONET).

Section 4.6 gives the summary and outlook.

4.3 Model Description

The global climate model (GCM) used in this study is the ECHAMS5, which is the
fifth generation atmospheric general circulation model (GCM) developed at the Max-
Planck Institute for Meteorology [Roeckner et al., 2003|, and evolved from the model
of the European Centre for Medium Range Weather Forecasting (ECMWF). The
model solves prognostic equations for vorticity, divergence, temperature and surface
pressure using spheric harmonics with triangular truncation. Water vapor, cloud
liquid and ice water are transported using a semi-Lagrangian scheme [Lin and Rood,
1996]. The solar radiation scheme has 6 spectral bands |[Cagnazzo et al., 2007| and
the infrared has 16 spectral bands [Mlawer et al., 1997, Morcrette et al., 1998].

The GCM is coupled to the Hamburg Aerosol Model (HAM), which is described
in detail in Stier et al. [2005]. The five aerosol species (sulfate, black carbon, partic-
ulate organic matter, sea salt and dust) are represented by seven log-normal modes:
4 internally mixed/soluble modes (nucleation (NS), Aitken (KS), accumulation (AS),
and coarse (CS)), and 3 insoluble modes (Aitken (KI), accumulation (AI), and coarse
(CI)). The count median radius for each mode is calculated from the aerosol mass
and number concentrations of each mode, which are allowed to vary independently,
and with a fixed standard deviation for each mode. Aerosol mass and number are
transferred from the insoluble modes to the internally mixed/soluble modes depend-
ing on the processes of sulfate condensation, and coagulation with other internally
mixed /soluble aerosols. Table 4.1 illustrates the modal set-up. The natural emissions
of sea salt, dust, and DMS (dimethyl sulfide) from the oceans are calculated on-line,
based on the meteorology of the model. Emissions for all other aerosol species are
taken from the AEROCOM emission inventory, and are representative for the year
2000 [Dentener et al., 2006b]. The aerosol emissions and the removal processes of
sedimentation, and dry deposition are described in detail in Stier et al. [2005].

For this study, the below-cloud scavenging parameterization of Croft et al. [2009]



122

Table 4.1: The modal structure of the Hamburg Aerosol Module (HAM). N; is the
aerosol number of the mode 4, and M? is the mass of the j* compound in mode i.
The ranges for 7 are the aerosol sizes included in each respective mode.

Modes Soluble /Mixed Insoluble

7 [pm]

Nucleation

7 0.005 Ny, MY

Aitken

0.005 <7 < 0.05 Ny,M5V MPC MPOM N5, MEZC MEPOM
Accumulation

0.0 <7<0.5 N3, M5V MBC MEOM NI MOV Ng, MPY
Accumulation

05 <7 N, MY MPC MPOM NFS MPY - N, MPY

has been implemented for all simulations. This physically detailed below-cloud im-
paction scavenging parameterization uses look-up tables to select scavenging coeffi-
cients that represent the collection of aerosols by rain and snow below clouds based
on aerosol size and precipitation rates. This scheme gives more vigorous below-cloud
scavenging than for the prescribed coefficient scheme of the standard ECHAM5-HAM
model. One additional modification to the standard model is the use of a kappa-
Kohler water uptake scheme to represent aerosol wet size for all our simulations.
This follows the approach of Petters and Kreidenweis [2007]. Growth factors are
in a look-up table as a function of the relative humidity, particle size, a composite

hygroscopicity parameter (kappa), and temperature.

Additionally, for this study we have implemented the prognostic equations for
cloud liquid and ice water, mass and number for both stratiform and convective
clouds following Lohmann et al. [2007], and Lohmann [2008], and the cirrus scheme
of Lohmann and Kércher [2002]. Cloud water detrainment in the upper part of the
convective updrafts is used as a source term in the stratiform cloud water equations.
Convective clouds and transport are based on the mass-flux scheme of Tiedtke [1989]
with modifications following Nordeng [1994]. All results presented in this study are
from a one year simulation, following a three months spin-up period, and are nudged

to the meteorological conditions of the year 2001. We chose to use the nudging
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technique to keep the sea salt and dust emissions the same between simulations.

4.3.1 Convective Aerosol Processing Scheme

The new convective aerosol processing scheme explicitly represents the following mass
transfer processes: 1) aerosol uptake into cloud droplets and ice crystals by both nucle-
ation and collision processes, 2) aerosol transfer from droplets to crystals by freezing,
3) aerosol release from droplets by evaporation (including the Bergeron-Findeisen
process), from crystals by sublimation, and from precipitation due to below-cloud
evaporation, and 4) aerosol removal from the atmosphere by wet deposition. In our
model, the lifetime of the convective clouds is one time-step (30 minutes). This may be
a reasonable approximation since the life cycle of shallow cumulus and cumulonimbus
clouds is about 30-60 minutes |[Gambheer and Bhat, 2000, Zhao and Austin, 2005].
However, meso-scale convective systems can persist for longer (about one day) [Chen
and Houze, 1997], but those clouds do not dominate the global population of con-
vective clouds. Additionally, we account for longer lived convective clouds through
the process of detrainment. The convective microphysics in the version of ECHAMS5-
HAM that we used for our simulations explicitly includes the detrainment of the cloud
droplet and ice crystal number concentration from convective clouds as a source for
stratiform clouds. As described in Lohmann [2008], when the clouds are detraining,
and the cloud droplet or ice crystal number concentration from the convective clouds
exceeds the respective number concentration in stratiform clouds, then the difference
is added to the respective number concentration for the stratiform clouds.

We account for aerosol release to the atmosphere by droplet evaporation, and crys-
tal sublimation as the convective clouds collapse after each time-step. The in-droplet
and in-crystal aerosol masses are released to either of the three soluble/internally
mixed aerosol modes (Aitken, accumulation, and coarse). The convective in-droplet
and in-crystal aerosol masses for the five aerosol species are treated as ten additional
temporary variables, which are not carried between model time-steps since the life-
time of the convective clouds is one time-step. The microphysics inside convective
clouds are only calculated in the rising updrafts. Therefore, we consider only the

aerosol mass that is in the convective updrafts for the convective aerosol processing
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Table 4.2: In-cloud impaction scavenging kernels (m3 s™!) for aerosol-droplet, and
aerosol-ice crystal collisions for each of the seven log-normal modes of the ECHAMS5-
HAM, following Hoose et al. [2008a,b] and assuming monodisperse droplets and crys-
tals of radius 10 pum, and 15 pm, respectively. Last column shows enhanced scavenging
kernels for evaporating droplets from a sensitivity test of Hoose et al. [2008a).

Mode Droplets Crystals Droplets (sensitivity test)
Nucleation Soluble (NS) 25x 1072 50x 1071 3.0x 107"
Aitken Soluble (KS) 25x 1072 5.0x 107 3.0 x 10712
Accumulation Soluble (AS) 2.0x 107 2.0x 107" 4.0x 1071°
Coarse Soluble (CS) 0.0 20x 107" 2.0x1071°
Aitken Insoluble (KI) 25x107"% 50x 107" 3.0x 107
Accumulation Insoluble (AI) 2.0 x 107" 2.0x 107" 4.0x 1077
Coarse Insoluble (CI) 0.0 2.0x 107 2.0x 10710

scheme.
For the convective clouds, the activation of aerosols follows the Ghan et al. [1993]

scheme. The number of activated aerosols N ghan 1S given by

("-)N>25nm
Nayct.Ghan = ——— 4.1
Lo w + BN>25nm ( )
and
w =@ + 0.7V TKE + 2v/CAPE. (4.2)

w is the updraft velocity, @ is the large-scale vertical velocity, TKE is the turbulent
kinetic energy, CAPE is the convective available potential energy, 3 is 0.0034 cm*s™1,
and N5, is the total number of soluble/internally mixed aerosols with wet radii
>25nm. This is similar to the treatment of aerosol activation in stratiform clouds
except that the term for CAPE has been added following Lohmann [2008]. Also, for
stratiform clouds only soluble /internally mixed aerosols larger than 35 nm participate
in the activation. For the convective clouds, updraft velocities are larger, and so
smaller aerosols may potentially be activated. The total number of activated aerosols
is apportioned between the modes based on the fractional contribution of each mode
to the total number of soluble/internally mixed aerosols larger than 25 and 35 nm,
for the convective and stratiform clouds, respectively.

For the convective cloud microphysics scheme, ice crystals are formed only by

the freezing of cloud droplets. We include heterogeneous contact and immersion
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freezing in our model. Supercooled cloud droplets can exist down to temperatures
of -35 °C in the model. This is similar to the treatment for stratiform clouds as
described in Lohmann et al. [2007, 2008]. When the convective cloud droplets freeze,
the convective in-droplet aerosol mass is transferred to the in-crystal aerosol mass
variables. The melting of ice crystals to form droplets is not included for convective
clouds due to the short lifetime of the convective clouds. Aerosol mass is also taken
up into the convective droplets and crystals by the process of collisions between
aerosols and the cloud hydrometeors. The collection kernels of Hoose et al. [2008b]
are used to represent the collection rates. These are summarized in Table 4.2. We
remove a calculated fraction of the aerosol mass from the droplets and crystals to
account for precipitation scavenging based on the rates of autoconversion, accretion
and aggregation. Following these processes, the remainder of the in-droplet and in-
crystal aerosol mass is released to the atmosphere by evaporation or sublimation. We
assume that each droplet (crystal) that evaporates (sublimates) releases one aerosol
particle. Depending on the size of the released aerosols, this aerosol mass and number
is added to either of the three largest soluble/internally mixed aerosol modes (KS,
AS, CS).

In summary, the aerosol mass transfer processes related to cloud droplets for the

convective aerosol processing scheme are

dmm cbcv My, j act,] @
E nuc
N Zk 1 Nact ik

Mgy cpcv

_T(Qﬂ‘z + QBFeUap) +

Mg cDCV =
it bl Q
qi

where m, cpcy is the aerosol mass for each of the aerosol species = 5SO4, BC,

EN|

coll,j

mg.cpcv @
rain evap
Ny

(4.3)

POM, SS, DU contained in the convective cloud droplets. @, is the rate of forma-

nuc

tion of convective cloud droplets by nucleation, Qfm is the rate of droplet freezing,
Qp Fevap 15 the rate of cloud droplet evaporation due to the Bergeron-Findeisen pro-

cess, @, is the rate of rain formation, and Q is the rate that droplets take

coll,j

up aerosol mass by collision processes. @ is the cloud evaporation rate. At each

evap
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time-step, we assume that the convective clouds evaporate to release all in-droplet
and in-crystal mass after all of the other processes are taken into account. N; is the
aerosol number, and the index j runs from 1 to 7 for the modes NS, KS, AS, CS, KI,
Al and CI. N, ; is the number of activated aerosols for each of the soluble/internally
mixed modes, and Zizl Nact ;- 1s the number of activated aerosols summed over all
of the soluble/internally mixed modes. ¢ is the cloud liquid water content and N,
is the cloud droplet number concentration. This is quite similar to the stratiform
aerosol cloud processing scheme of Hoose et al. [2008a,b|. However, unlike for the
convective scheme, the stratiform in-droplet and in-crystal aerosol masses are treated
as additional prognostic tracers that are carried between model time-steps, and the
additional processes of transport, and melting are included. This treatment is pos-
sible since the stratiform cloud droplet number and liquid and ice water content are
prognostic species in the model, unlike for convective clouds. Also, our model does
not yet account for the in-cloud production of sulfate for convective clouds due to the

short time-scale, whereas this process is included for stratiform clouds.

The processes related to ice crystals for the convective aerosol processing scheme

are

7

dmg, icov m:v,ICCVQ . Z mx,j@ B mx,lCCV@ B mx,ICCV@ (4.4)

dt Nl frz — Nj colli,j 4 snow Nz sub .
]:

where m, jccv is the aerosol mass for each of the aerosol species x = SO4, BC,
POM, SS, DU contained in the convective ice crystals. Qg0 is the rate of snow

formation, Q is the rate that crystals take up aerosol mass by collision processes,

colli,j

and @Q,,, is the rate of sublimation. ¢; is the cloud ice water content and N the

ice crystal number concentration. Since the convective clouds collapse after each

dmg 1ccv
dt

dmg cpcov

o and

time-step, equal zero in our model.

A detailed description of the stratiform aerosol processing scheme is given in Hoose
et al. [2008a,b]. We have used this scheme for the stratiform clouds with one modifi-
cation. In the original Hoose et al. [2008b]| scheme, the nucleation rate terms included

those droplets and crystals that originated from convective anvil detrainment. For
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our simulations we have treated the detrainment rate as a separate term for the strat-
iform in-droplet and in-crystal tracers. Thus, we can explicitly diagnose the influence

of detrainment on the stratiform in-droplet and in-crystal aerosol masses.

4.3.2 Summary of Simulations

Table 4.3 summarizes the simulations that were conducted for this study. All sim-
ulations are conducted with the ECHAM5-HAM GCM, and implement the double-
moment cloud microphysics for both stratiform and convective clouds as presented by
Lohmann et al. [2007], and Lohmann [2008]. The model is tuned to have top of atmo-
sphere radiation balance for simulation NOAP. There is no re-tuning for any of the
subsequent simulations in order to isolate the influence of our revisions. Simulation
NOAP is a control simulation with neither the stratiform, nor the convective aerosol
processing included. Simulation SAP has only the stratiform aerosol processing of
Hoose et al. [2008a,b]. Simulation CVAP+SAP includes the new convective aerosol
processing scheme, as well as the stratiform aerosol processing.

We present two additional sensitivity simulations. Previous evaluations of the
stratiform aerosol processing scheme of ECHAM5-HAM versus AERONET have re-
vealed large biases over the ocean sites [Hoose et al., 2008a, Croft et al., 2010]. Sim-
ulation CVAP+SAP-+ss is the same as CVAP+SAP but includes a revised sea salt
parameterization following Jaeglé et al. [2010]. This revision is also used for simu-
lation CVAP-+SAP-+ss+imp. For these simulations, the sea salt source function in

2

units of particles m=2 s7! yum~! is given as

dF

pe (0.3 + 0.17 — 0.007672 + 0.000217°)1.373ud;tL rg5 (1 + 0.057r3;15) 101607 "

(4.5)
where T is the sea surface temperature in °C, uyq,, is the 10 m wind speed, rgq is the

particle radius at 80% relative humidity, and A and B are given below.
A — 47(1 4 9,,,,80)70.0171“51;044 (46)

and
. 0.433 — lOglO (7180)

0.433

B
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where 6 is an adjustable parameter, which is assumed to be 30, following Gong et al.
[2003]. For the other simulations, the sea salt source function follows that described
in Schultz et al. [2004]. The notable difference between the source functions for simu-
lations CVAP+SAP+ss, and CVAP+SAP+ss+imp relative to the other simulations
is that the global and annual mean number of emitted accumulation and coarse mode
aerosols is reduced by factors of 0.65 and 0.07, respectively. Additionally, the tem-
perature dependence of sea salt emissions is included. This results in lower sea salt
emissions for lower sea surface temperatures, by up to 30%.

Simulation CVAP+SAP+ss+imp includes a change to the assumptions about in-
cloud impaction scavenging. The aerosol-droplet collection kernels of Hoose et al.
[2008b] are relatively low as compared to the collection kernels presented in Croft
et al. [2010]. Croft et al. [2010] assumed that the cloud droplets follow a gamma
distribution, as opposed to being monodisperse, and did not neglect the influence of
particle inertia on impaction scavenging. This gave non-zero impaction scavenging
kernels for the coarse mode. For the simulation CVAP+SAP-+ss+imp, we use en-
hanced collection kernels for cloud droplets. These values are taken from a sensitivity
test of Hoose et al. [2008a] for evaporating droplets, and are shown in Table 4.2.
Wang et al. [2010] showed for below-cloud impaction scavenging, there are consid-
erable uncertainties related the parameterization of impaction scavenging processes.
Our sensitivity simulation allows us to examine how the global aerosol burdens, con-
centrations and size distributions are influenced by the assumptions about the in-cloud

impaction scavenging processes.

4.4 Results of Global Simulations

4.4.1 Aerosol Mass Transfer Processes

Figures 4.1 - 4.5 show the zonal and annual mean mass transfer rates, into and out of
the interstitial, in-droplet, and in-crystal phases, for each of the five aerosol species
for the simulation CVAP+SAP-+gss. The results for simulation CVAP-+SAP are very
similar (not shown). A similar analysis was presented by Hoose et al. [2008a], but

for stratiform clouds only. These figures highlight the importance of evaporation
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Table 4.3: The simulations presented in this study are summarized in this table.

Simulation Description

NOAP Control simulation of ECHAM5-HAM GCM without
aerosol processing

SAP Stratiform aerosol processing of Hoose et al. [2008a,b| im-
plemented

CVAP-+SAP Convective aerosol processing coupled with the stratiform
processing

CVAP+SAP-+ss Same as CVAP+SAP but with revised sea salt emissions

following Jaeglé et al. [2010]
CVAP-+SAP-+ss+imp Same as CVAP-+SAP-+ss but with revised assumptions
about impaction scavenging

processes related to both clouds and precipitation. For all aerosol species the zonal
mean evaporation rates in the tropics and mid-latitudes exceed the wet deposition
rates, by up to an order of magnitude. The only exception is for convective in-crystal

particulate organic matter.

Similar to the finding of Hoose et al. [2008a|, for sulfate (Fig. 4.1) the rate of
aerosol release to the interstitial phase by stratiform cloud evaporation exceeds the
combined rate of emission and interstitial production by up to a factor of 3 for the
mid-latitude Northern Hemisphere. At those same latitudes, sulfate production rates
in stratiform cloud droplets exceed the rate of uptake by both nucleation and collision
processes by up to a factor of three. For simulation CVAP+SAP-+ss, droplet nucle-
ation is the dominant process for taking aerosol mass into convective cloud droplets,
by up to an order of magnitude. Sulfate mass leaves droplets by either wet deposition
or cloud/precipitation evaporation. For both stratiform and convective clouds, the
zonal and annual mean evaporation rates exceed the wet deposition rates, by up to
five times for the convective droplets. For all aerosol species, uptake into ice crystals
is primarily by collisions, exceeding freezing by an order of magnitude. Freezing of
droplets is relatively more important for dust and sea salt in convective clouds but is
still not more than half of the collision uptake rate. This differs from the findings of
Hoose et al. [2008a] that aerosol uptake into stratiform crystals by collision processes

was a relatively minor mass transfer process. However, for our simulations we have
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used a more recent ECHAMS5-HAM model version coupled with the cirrus scheme
of Lohmann and Kércher [2002], Lohmann et al. [2008], which contributes to this
difference. For our simulations, detrainment contributes negligible amounts to the

uptake of aerosol mass into stratiform droplets and crystals.

Figures 4.2 and 4.3 show that for black carbon (BC) and particulate organic matter
(POM), the rates of aerosol mass uptake into droplets for collision processes about
equal those for nucleation processes. Carbonaceous aerosols can be smaller, and exist
partially in the insoluble aerosol modes, which makes uptake by nucleation processes
relatively less important than for the larger and more soluble aerosols. Carbonaceous
aerosols, similar to dust, have a considerable portion of their total emissions in the
tropics where convective clouds are more prevalent. As a result, the uptake rates of
these aerosols into stratiform and convective cloud droplets are roughly equivalent,
unlike for sulfate and sea salt that have a convective uptake rate that is roughly
half of the stratiform uptake. Unlike the other aerosols species, for the carbonaceous
aerosols, the rates of aerosol release by evaporation from convective clouds in the
tropics exceed those for stratiform clouds by up to a factor of three, and about equal
the rate of emissions. Recent work by Heald et al. [2010] suggests that organic aerosol
emissions are likely under-estimated. Implementation of an enhanced organic source,
particularly for secondary production, could change these budgets. If the mid-latitude
organics source was increased, then the relative importance of stratiform processing

of organics would be increased as compared to our current simulations.

Figures 4.2 and 4.3 also show that for carbonaceous aerosols the transfer rates
into, and out of the in-crystal phase are larger for the stratiform as compared to the
convective clouds. For these aerosols, the uptake into the stratiform in-crystal phase
relative to the stratiform in-droplet phase is the largest among all aerosol species, but

uptake into the crystal phase is still only half of that for the in-droplet phase.

Fig. 4.4 shows the mass transfer rates for dust for the simulation CVAP+SAP+ss.
Dust emissions are characterized by strong emission peaks in narrow latitude bands.
Below-cloud scavenging is relatively more important for removal of dust from the
interstitial phase as opposed to uptake into clouds, by more than a factor of five at

northern mid-latitudes. Nucleation is the dominant process for transfer of aerosol
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Figure 4.1: The zonal and annual mean sulfate (SU) mass transfer rates (ng S m~—2
s7!) into (positive) and out of (negative) the interstitial, in-droplet and in-crystal
phases for both stratiform and convective clouds for the simulation CVAP-+SAP+-ss.
See Table 4.3 for a description of the simulations. Note: Black dashed line is residual.
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phases for both stratiform and convective clouds for the simulation CVAP-+SAP+-ss.
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mass into the droplets for simulation CVAP+SAP-+ss, but impaction scavenging
might be underestimated by using the zero collection kernels of Hoose et al. [2008b]
for the coarse mode. Rates of release from droplets by evaporation exceed rates of
wet deposition by a factor of at least five in the tropics for dust. Similar to the other
aerosol species, rates of wet deposition associated with the in-crystal phase roughly
equal evaporation rates poleward of 50 °N and 50 °S, but elsewhere evaporation rates

dominate by up to an order of magnitude.

Sea salt mass transfer rates are shown in Fig. 4.5 for the simulation CVAP+SAPss.
Sea salt uptake into droplets is greatest in the mid-latitude Southern Hemisphere.
Stratiform uptake exceeds convective uptake by a factor of about 1.5 in this region.
However, in the tropics uptake by convective droplets exceeds stratiform droplets by
a factor of two. Wet deposition from the in-droplet phase is largest for the Southern
Hemisphere mid-latitudes, but is only about one quarter of the evaporation rate. Re-
sults for simulation CVAP-+SAP are similar, but the mass uptake into the droplets
is relatively greater (by about a factor of 2) in the tropics, and lower by about 25%
over the southern oceans for simulation CVAP+SAP-+ss due to the temperature de-

pendence of the revised sea-salt emissions.

Similar results for these mass transfer rates are found for simulation
CVAP-+SAP-+ss+imp (not shown), except that for this simulation the aerosol mass
uptake into cloud droplets is dominated by collision processes, which disagrees with
previous work by Jacobson [2003] and Croft et al. [2010]. Implementation of a more
physically detailed representation of the uptake by collision processes, which depends
on the cloud droplet radii, as well as the count median aerosol radii will likely change
this result. Thus, our results for simulation CVAP+SAP-+ss-+imp should be viewed as
an upper limit for the representation of aerosol uptake into cloud droplets by collision

processes.

Figure 4.6 shows vertical profiles of the zonal and annual mean fraction of the
total in-cloud sulfate mass that is contained in the stratiform and convective cloud
droplets. These scavenged fractions are generally largest in the lower troposphere,
and at the latitudes between 50 °N and 50 °S where warm phase clouds exist. This

pattern is in agreement with the prescribed in-cloud scavenging fractions of Stier
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Figure 4.4: The zonal and annual mean dust (DU) mass transfer rates (ng m=2 s™!)
into (positive) and out of (negative) the interstitial, in-droplet and in-crystal phases
for both stratiform and convective clouds for the simulation CVAP+SAP-+ss. Note:

Black dashed line is residual.
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et al. [2005]. For simulation CVAP-+SAP-+ss the convective scavenged fractions for
warm clouds are generally 0.35 or less, whereas for stratiform clouds these fractions
are up to 0.85. The results for simulation CVAP+SAP are very similar (not shown).
These scavenging ratios are lower than the prescribed fractions of Stier et al. [2005].
Future work should examine the source for this bias. There should be a re-evaluation
of the nucleation scavenging scheme, particularly the method of apportioning the
number of activated aerosols between the soluble/internally mixed modes, which may
bias the nucleation scavenging to be too low for the accumulation and coarse modes
and too high for the Aitken mode. The enhanced impaction scavenging for simula-
tion CVAP+SAP+ss+imp, increases the convective scavenged fractions to above 0.9
throughout much of the lower tropical and mid-latitude troposphere. However, the
role of impaction scavenging might be over-estimated if the nucleation scavenging is

biased low by the current methodology.

Figure 4.6 also shows vertical profiles of the zonal and annual mean stratiform and
convective cloud fraction. The convective cloud fractions are greatest in the lower
troposphere between 50 °N and 50 °S (but only about 0.01), whereas the stratiform
cloud fractions are greatest at higher latitudes, and also in the upper troposphere
(and up to 0.4). Interestingly, for stratiform clouds, the maxima for the cloud fraction
are not coincident with the maxima for the scavenged fractions, which are essentially
temperature dependent. However, for convective clouds, these maxima are coincident,
showing the significance of processing of sulfate by convective clouds. We do not show

these figures for the other aerosol species as the results are similar.

Figure 4.7 is similar to Fig. 4.6, but shows the scavenged mass fractions for
sulfate in ice crystals. For stratiform clouds, the fraction of in-cloud sulfate mass
that is scavenged into the crystals is greater throughout the troposphere between 50
°N and 50 °S (about 0.65) and also in the upper troposphere. However for convective
clouds, the scavenged fraction maxima are in the middle troposphere. For simulations
CVAP-+SAP-+ss and CVAP+SAP-+ss+imp, the maximum convective scavenged mass
fractions are about 0.1 and 0.3, respectively. Similar results were found for the other

aerosol species (not shown here).
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Figure 4.6: The zonal and annual mean fraction of in-cloud sulfate mass scavenged
into the stratiform (Strat.) and convective (Conv.) cloud droplets for the simulations
CVAP+SAP-+ss and CVAP+SAP-+ss+imp. The bottom row shows the zonal and
annual mean stratiform and convective cloud fraction.
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4.4.2 Aerosol Mass Burdens, Concentrations and AOD

Table 4.4 shows the annual and global mean aerosol mass burdens and lifetimes for
the five aerosol species, as well as the aerosol optical depth at 550 nm, for the five
simulations. Aerosols burdens are enhanced by a factor of 3 to 5 when an explicit rep-
resentation of aerosol processing is introduced in our model (simulation CVAP+SAP
relative to NOAP). This is similar to the finding of Hoose et al. [2008a| for stratiform
aerosol processing, but is of a greater magnitude since we include both stratiform
and convective aerosol processing. This enhancement occurs since we now explicitly
represent the processes of aerosol-aerosol coagulation in droplets and crystals, fol-
lowed by cloud/precipitation evaporation, which releases aerosols to the atmosphere.
Also, we have explicitly linked the uptake of aerosols into droplets and crystals to the
cloud droplet and ice crystal number concentrations. This approach is quite different
from the simulation NOAP, which uses the prescribed fractions of Stier et al. [2005]
to represent the uptake of aerosols into droplets and crystals, and does not include

size-dependent release by evaporation.

For simulation CVAP-+SAP relative to NOAP, the annual and global mean aerosol
optical depth (AOD) has increased by 5-fold. This occurs since the aerosol-aerosol
coagulation within the cloud droplets and ice crystals produces accumulation mode
aerosols that are released by cloud evaporation, and then contribute strongly to AOD.
Relative to the annual and global mean observed AOD (0.17) from the
MODIS/MISR/AERONET dataset of van Donkelaar et al. [2010], the global and an-
nual mean AOD for simulation CVAP-+SAP is a significant over-prediction, by more
than a factor of 3. Simulation NOAP under-estimates the global, annual mean AOD
by a factor of two. This AOD value is lower relative to other standard ECHAM5-HAM
simulations by Stier et al. [2005], and Hoose et al. [2008a] since we have implemented a
more vigorous below-cloud scavenging scheme, and new aerosol water uptake scheme,
which gives lower AODs, particularly over the oceans. However, the AOD for simu-
lation CVAP-+SAP is definitely excessive. Revisions to the sea salt parameterization
(emission of fewer accumulation mode aerosols) for simulation CVAP+SAP-+ss yield
an AOD increase by a factor of about 2.5 relative to simulation NOAP, thus an im-

portant correction. Revisions to the parameterization of impaction for simulation
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CVAP-+SAP-+ss-+imp yield an AOD under-prediction by a factor of 0.9 relative to
the satellite retrieval. Given that recent work by Heald et al. [2010] suggests that
our source of organic aerosols might be under-estimated by a factor of two, AOD
under-estimation is not unexpected. The aerosol lifetimes are on the order of a few
days for the simulation CVAP+SAP-ss+imp, which is an increase of about 10%
relative to simulation NOAP, but a decrease by a factor of 2-3 relative to simula-
tion CVAP+SAP. Thus, predicted aerosol burdens and AOD are strongly sensitive
to the representation of aerosol processing, as well as the representation of impaction

scavenging and sea salt emissions in our model.

The clear-sky AODs are also shown in Table 4.4. We require the entire GCM
grid-box column to be clear for this calculation. While satellite retrievals are for
clear-sky conditions, the spatial extent of the clear sky could only be on the order
of some tens of kilometers, as opposed on the order of a few hundred kilometers for

our GCM clear-sky results. Thus, we expect the satellite retrieval of AOD should lie
between the GCM AOD and CS-AOD values.

We find a relatively greater increase in the aerosol burdens for the implementation
of coupled convective and stratiform aerosol processing (simulation CVAP+SAP) as
compared to the stratiform aerosol processing only (simulation SAP). Several factors
contribute to this. Firstly, cloud evaporation is more important for convective clouds
than for stratiform clouds. The rates of aerosol release from cloud droplets due to
evaporation for convective clouds often exceed or about equal that for stratiform
clouds at the tropical latitudes (see Figs. 4.1 - 4.5). Additionally, if we implement
stratiform aerosol processing alone, the convective wet removal of aerosols can increase
and moderate the burden increase. However, if both stratiform and convective aerosol
cloud processing are explicitly represented, the aerosol scavenging and burdens are
very dependent on cloud microphysical processes. Convective wet deposition is more
constrained by the cloud microphysics and can not increase to compensate for the
decreased stratiform wet deposition. This point is examined further in a following

subsection, which shows the wet deposition budgets.

Simulation CVAP+SAP-+ss+imp demonstrates that the parameterizations of in-

cloud collision scavenging does strongly influence the predicted burdens, lifetimes,
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Table 4.4: Global and annual mean aerosol burdens (Tg, except Tg S for sulfate),
lifetimes (days) in brackets after the burdens, all-sky aerosol optical depth (AOD)
at 550 nm, and clear-sky aerosol optical depth (CS-AOD) at 550 nm, for the five
simulations presented in Table 4.3.

NOAP SAP CVAP CVAP CVAP
+SAP +SAP +SAP
+ss “+ss-Himp
SO4 0.741 (3.6) 0.974 (4.8) 2.32 (11.2)  2.04 (9.9) 0.78 (3.9)
BC 0.113 (5.4) 0.136 (6.4) 0.312 (14.8) 0.292 (13.8) 0.127 (6.0)
POM 0.986 (5.4) 1.17 (6.4) 3.09 (17.1) 2.89 (15.9) 1.19 (6.6)
DU 2.88 (3.4) 3.37(3.9) 6.01 (7.4) 5.15 (6.3) 3.25 (3.8)
SS 8.49 (0.58) 12.4 (0.85) 41.0 (2.8) 48.3 (1.3) 17.0 (0.5)
AOD 0.091 0.205 0.492 0.240 0.154
CS-AOD 0.088 0.170 0.420 0.389 0.164

and optical depth for our model. There are reductions between 2 to 3-fold for these
quantities with more vigourous impaction scavenging of the accumulation and coarse
modes. The original impaction scavenging kernels of Hoose et al. [2008b]| were based
on the work of Young [1974], which ignored the influence of inertial impaction. Thus,
the impaction scavenging for the accumulation and coarse modes is likely under-
estimated for the simulations SAP, CVAP-+SAP, and CVAP+SAP-+ss. Based on the
work of Schlamp et al. [1976], Lin and Lee [1975], and Klett and Davis [1973|, we know
that droplets of radius between 10 to 50 um have a collision efficiency for super-micron
size collision partners that can be about 0.1. Despite the low fall speeds for droplets
of this size, there are non-negligible collection kernels for collisions between droplets,
and accumulation and coarse mode aerosols, particularly under the assumption that

the droplets will have a size distribution [Croft et al., 2010].

The annual and zonal mean vertical profile of the aerosol mass mixing ratios for
the five aerosol species is shown in Fig. 4.8. Similar to the findings presented in
Hoose et al. [2008a], and Croft et al. [2010], we find that for the aerosol processing
simulation CVAP+SAP+ss relative to NOAP, the mass mixing ratios for all aerosol
species are increased by up to 5-fold, particularly in the regions of mixed and ice

phase clouds, poleward of 50 °N and 50 °S, and in the upper troposphere. This mass
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increase may be associated with an under-estimation of the nucleation scavenging,
particularly for aerosol species that have considerable mass in the soluble/internally
mixed accumulation and coarse modes, such as sea salt. The current method of
apportioning of the number of activated aerosols between the three largest soluble
modes may bias the nucleation scavenging to be under-estimated for the coarse and
accumulation modes, and over-estimated for the Aitken mode. Thus, the high sea salt
mass mixing ratios shown in the middle and upper troposphere in Fig. 4.8 could be
an artifact of this bias. The results for simulation CVAP+SAP are very similar (not
shown). With the revisions for simulation CVAP+SAP-+ss+imp, the concentration
increase is still focused on the same regions, but is about 50 to 100% relative to
simulation NOAP. In comparison with Fig. 4.6, we see that these regions are about

coincident with the regions of maximum stratiform cloud cover.

4.4.3 Aerosol Cycling Through Clouds

Table 4.5 summarizes the annual and global mean rates of uptake of aerosol mass
into cloud hydrometeors (droplets and crystals), and rates of release of aerosol mass
due to evaporation of cloud hydrometeors and precipitation. For this table, all rates
are summed over the five aerosol species. Considering simulation CVAP+SAP, the
ratio of total evaporation to uptake is higher for convective clouds than for stratiform
clouds, 0.94 and 0.84, respectively. Below-cloud evaporation contributes strongly to
the total evaporation (about 10-25%). Changing the assumptions about in-cloud im-
paction scavenging reduces the total evaporation to uptake ratio to 0.80 for simulation
CVAP-+SAP-+ss+imp. This occurs since the wet deposition of aerosols is increased
for the simulation CVAP+SAP-+ss+imp. This is examined further in a following
section, which presents the wet deposition budgets. This sensitivity to the param-
eterization of in-cloud impaction scavenging indicates the importance of developing
physically detailed representations of size-dependent impaction scavenging in models
that explicitly represent the nucleation scavenging processes.

Similar to Hoose et al. [2008a| and Pruppacher and Jaenicke [1995], we consider
the ratio of the rate of release of aerosol mass by evaporation to the source rate as an

indicator of the number of times that an aerosol sampled remote to source has cycled
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Figure 4.8: The zonal and annual mean sulfate (SO4), black carbon (BC), particulate
organic matter (POM), sea salt (SS), and dust (DU) mass mixing ratios (ug kg™,
except pg S kg~! for sulfate) for the simulation CVAP+SAP-+ss-+imp, and the percent
change in these masses for the simulations CVAP+SAP-+ss and CVAP+SAP+ss+imp
as compared to the simulation NOAP.
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Table 4.5: Annual and global mean rates of aerosol emission (source), uptake and
evaporation (Tg yr ~1) for stratiform clouds for the simulation SAP, and for both
stratiform and convective clouds for the simulations CVAP+SAP, CVAP+SAP+ss,
and CVAP+SAP-+ss+imp. All clouds refers to the summation of the rates for both
stratiform and convective clouds. Evap/Uptake is the ratio of the summed evapora-
tion rates, in-cloud (IC) and below-cloud (BC), to the uptake rate. The below-cloud
evaporation rate includes only aerosol that was in precipitation due to in-cloud scav-
enging processes, excluding aerosol in precipitation due to below-cloud scavenging.
Evap/Source is the ratio of the summed evaporation to the emission rate and gives
the number of times an aerosol, sampled remote to source, has cycled through clouds.
Rates are summed over the five aerosol species.

Stratiform Stratiform Convective All clouds All clouds

(SAP) (CVAP (CVAP (CVAP (CVAP
+SAP) +SAP) +SAP +SAP
+s8) +ss-+Hmp)
Source 5790. 5790. 5790. 14100. 14100
Uptake 1450. 2480. 2140. 5940. 18800
Evap(IC) 990. 1630. 2010. 4700. 13500
Evap(BC) 206. 442. 0.40 564. 1560
Evap/Uptake 0.82 0.84 0.94 0.89 0.80
Evap/Source  0.21 0.36 0.35 0.37 1.07

through clouds in an annual and global mean sense. For simulations CVAP+SAP+-ss
and CVAP+SAP-+ss+imp, the number of cycles is 0.4 and 1., respectively. The esti-
mate of Hoose et al. [2008a] was 0.53, considering stratiform clouds only. We attribute
about equal contributions from stratiform and convective clouds to this cycling. Prup-
pacher and Jaenicke [1995] estimated 3 cloud cycles. However, as reviewed by Hoose
et al. [2008a], the Pruppacher and Jaenicke [1995] model had excessive global cloud
liquid water content, and was a simpler calculation. These factors contribute to the

difference relative to our simulations.

The results presented in Table 4.5 are strongly dominated by sea salt, which
constitutes at least 95% of the total aerosol mass in our simulations. Table 4.6
presents similar annual and global mean results for simulations CVAP+SAP-+ss
and CVAP-+SAP-+ss-+imp, considering each aerosol species separately. The aerosol

species that exist in the smaller modes, sulfate, black carbon, and particulate organic
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Table 4.6: Annual and global emission (Source), uptake and evaporation rates (Tg
yr~1, except Tg S yr~! for sulfate) and the ratio of the rates of evaporation to uptake,
and evaporation to source as described in the previous table, for each of the five
aerosol species and for the simulations CVAP+SAP-+ss+imp, and CVAP+SAP+ss
in brackets. Results shown include both stratiform and convective clouds.

504 BC POM DU SS
Source 743 (741) 7.7 (7.7)  66.1 (66.1) 315. (297.) 13600. (13600.)
Uptake 193. (107.) 27.8 (13.2) 249. (100.) 430. (92.5) 17900 (5670.)
Evap(IC) 101. (61.3) 17.9 (9.04) 157. (65.4) 249. (63.8) 12900. (4380.)

)

)
Evap(BC)  47.0 (21.9) 5.15 (2.13) 50.6 (20.1) (15.5) 1360. (504.)
Evap, Uptake 0 77(0.78)  0.83 (0.85) 0.83 (0.86) 0.80 (0.86) 0.80 (0.86)
Evap/Source 2.0 (1.1)  3.0(1.5) 3.1(1.3)  1.1(0.27) 1.1 (0.36)

matter are found to cycle through clouds more times (between 1 - 3 times for simula-
tions CVAP+SAP-+ss and CVAP+SAP+ss-+imp). Dust and sea salt had the smallest
number of cycles through clouds, between 0.3 and 1. for simulations CVAP+SAP+ss,
and CVAP+SAP-+ss+imp, respectively. Both dust and sea salt have a large fraction
of removal from the atmosphere by dry deposition and sedimentation processes, as
opposed to wet scavenging. As a result, the cloud cycling for dust and sea salt is lower
than for the other aerosol species. Table 4.6 shows that the global and annual mean
ratio of evaporation to uptake is lowest for sulfate, 0.77. The in-cloud production of
sulfate is included in the uptake rate for this species. This contributes to the rela-
tively higher uptake rate as compared to the evaporation rate for sulfate. For the other
aerosol species, the ratio of evaporation to uptake is above 0.8. The number of cloud
cycles is greater by about a factor of about two for simulation CVAP+SAP+ss+imp
relative to CVAP+SAP-+ss. This is due to the increased aerosol uptake rates due to

more vigorous in-cloud impaction scavenging.

4.4.4 Aerosol Number

The annual mean geographic distributions of the number burdens for the four insol-
uble/internally mixed modes, comparing the simulations CVAP+SAP-+ss and
CVAP-+SAP-+ss-+imp with the NOAP simulation, are shown in Fig. 4.9. The number

of soluble /internally mixed accumulation mode aerosols is increased by up to 2-5 times
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for the simulation CVAP+SAP-+ss compared to NOAP. This increase is greatest in
the mid-latitudes and poleward. The number of soluble/internally mixed Aitken and
nucleation mode aerosols is reduced by about 0.1 for the simulation CVAP+SAP-+ss
as compared to NOAP. The aerosol processing simulations explicitly represent aerosol-
aerosol coagulation within the cloud droplets and crystals, followed by evaporation,
which releases larger aerosols to the atmosphere. The increased available surface area
of the accumulation and coarse modes favors condensation of sulfate as opposed to nu-
cleation of new particles. For the CVAP+SAP-+ss+imp simulation, the accumulation
mode number burden is increased by only up to 2-fold, primarily over the oceans.
Table 4.7 summarizes the annual and global mean aerosol number burdens for the
aerosol modes of our model. The number of soluble/internally mixed accumulation
mode aerosols is climatologically relevant since aerosols in this size range dominate
the modification of the radiation budget and cloud properties. The global and annual
mean number of accumulation mode aerosols is enhanced by about 2.5 times for the
simulations CVAP+SAP, and CVAP-+SAP-+ss compared to the NOAP simulation.
Conversely, there is a reduction in the number of nucleation (by 80%) and soluble
Aitken mode aerosols (by 90%) for the simulation CVAP-+SAP relative to simulation
NOAP. Nucleation of new particles is not favored by the enhanced surface area in
the larger aerosol modes. For the simulation CVAP+SAP-ss-+imp, the number of
accumulation mode aerosols is enhanced by about 10% relative to the simulation
NOAP. These results indicate that the prediction of the number of accumulation
mode aerosols is strongly dependent on the representation of aerosol processing by
clouds, but also on the representation of in-cloud impaction scavenging and the sea

salt emissions.

4.4.5 Wet Deposition

Figure 4.10 shows the geographic distribution of the annual mean aerosol wet de-
position and precipitation, and the changes for the simulations CVAP+SAP-+ss and
CVAP-+SAP-+ss-+imp relative to the NOAP simulation. The results for simulation
CVAP+SAP (not shown) are very similar to the results for simulation CVAP+SAP+ss.
However, the changes for simulation CVAP-+SAP relative to NOAP are greater by
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Figure 4.9: The geographic distribution of annual mean number burdens (10 m~2)
for the four soluble/internally mixed modes: nucleation (NS), Aitken (KS), accumu-
lation (AS), and coarse (CS) for the simulation CVAP+SAP+ss+imp, and the ratio
of the number burdens for simulations CVAP+SAP+ss and CVAP+SAP+ss+imp
relative to simulation NOAP.
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Table 4.7: Global and annual mean number burdens (10'° m~2) for the five simulations
and for the seven aerosol modes. CD and IC refer to the stratiform in-droplet and
in-crystal modes. Acronyms are defined in Table 4.2.

Number NS KS AS CS KI Al CI Cch IC
NOAP 47900. 1040. 59.8 0.39 6.9 0.027 0.057

SAP 50200. 817.  90.3 0.40 5.5 0.047 0.081 5.45 0.49
CVAP+SAP 8740. 125. 169. 1.5 8.2 0.055 0.12 856 0.68

CVAP-+SAP+ss  8720. 120. 153. 0.79 8.2 0.055 0.12 6.14 0.62
CVAP+SAP
-+ss-Himp 58000. 1000. 66.2 0.33 6.6 0.024 0.051 2.49 0.42

10-20%, with the greatest differences for sea salt. Wet deposition is reduced closer to
the source regions (50% for CVAP+SAP+ss, and 10-25% by CVAP+SAP+ss+imp) .
Wet deposition is increased in the regions more remote to the sources (up to 4-fold for
CVAP-+SAP-+ss, and 10-50% for CVAP+SAP+ss+imp). The longer aerosol lifetimes
for simulation CVAP-+SAP-+ss allow aerosol transport to more remote regions before
deposition. The geographic distribution of the annual mean precipitation shows that
the precipitation maxima occur at the tropical latitudes and over the oceans, which
are not, exactly co-incident with the maxima for the aerosol wet deposition.

For the simulation SAP relative to the NOAP simulation, the global and annual
mean stratiform wet deposition is reduced between 20 - 40% for all aerosol species.
However, the convective wet deposition increases by a comparable amount such that
the total wet deposition is quite similar between the simulations SAP and NOAP.
For simulation CVAP+SAP, the global and annual mean convective wet deposition
decreases by about 90% relative to simulations NOAP and SAP for all aerosol species
because simulations NOAP and SAP use the prescribed scavenging fractions of Stier
et al. [2005]. Simulation CVAP+SAP-+ss+imp suggests that global and annual wet
deposition of aerosols is dominated by stratiform cloud scavenging, which accounts
for 65 - 80% of the total wet deposition, depending on the aerosol species. This is in
agreement with the findings of Fang et al. [submitted|, that stratiform wet deposition
makes the dominant contribution to the global, annual mean aerosol wet deposition.
However, this contrasts with the results for simulation SAP, which attributes the

global, annual mean aerosol wet deposition about equally between stratiform and
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Figure 4.10: The geographic distribution of sulfate (SO4), black carbon (BC), par-
ticulate organic matter (POM), sea salt (SS) and dust annual mean wet deposition
(kg hectare™, except kg S hectare™ for sulfate), and total annual precipitation (m)
for the CVAP+SAP+ss+imp simulation, and the percent change for the simulations
CVAP-+SAP-+ss and CVAP-+SAP-+ss+imp as compared to the NOAP simulation.



151

convective clouds. For the interested reader, these deposition budgets are summarized
in Tables A.1 - A.5.

The predicted wet deposition depends strongly on the parameterization of in-
cloud impaction scavenging, which is associated with uncertainty for several reasons.
Firstly, this is a strongly size-dependent process, and collection kernels can change
over several orders of magnitude with quite small changes in the size of the collision
partners. Secondly, as clouds evaporate, thermophoretic processes associated with
lowering relative humidity enhance the collection of interstitial aerosol by droplets
and crystals in a complex manner that is not straightforward to represent in a global
model. Using the enhanced collection kernels for simulation CVAP+SAP-+ss+imp,
increases the uptake of aerosols by convective clouds, and increases the convective
wet deposition between 3 to 5-fold relative to simulation CVAP+SAP-+ss. However,
this sensitivity to the parameterization of impaction scavenging may also arise due
to an under-estimation of the nucleation scavenging in our model. This could be
related to biases associated with the current method of apportioning of the number
of activated aerosols between the three largest soluble modes, which could lead to over-
estimation of the nucleation scavenging for the Aitken mode and under-estimation for

the accumulation and coarse modes.

Warm phase scavenging dominates the removal of aerosols for both convective
and stratiform clouds for our simulations. Considering stratiform and convective
clouds together, warm phase in-cloud scavenging account for about 70% of the total
aerosol removal attributed to in-cloud scavenging processes in the annual and global
mean. Mixed phase in-cloud scavenging accounts for between 25 to 30% of the total
aerosol removal attributed to in-cloud scavenging. For simulation CVAP+SAP-+ss,
the less vigourous impaction scavenging scavenging gives lower in-cloud scavenging
rates, by a factor of 2-3 for warm and mixed phase clouds relative to simulation
CVAP-+SAP-+ss+imp. Since the reductions are greatest for the convective clouds,
this reduces the contribution of convective wet scavenging to annual and global mean

wet deposition to about 10%.
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4.5 Comparison with Observations

4.5.1 Cloud Properties

Table 4.8 summarizes the annual and global cloud properties for the five simulations.
Figure 4.11 shows the annual and zonal mean distribution of the cloud properties. The
liquid water path (LWP) is largest (91.6 g m~2) for the CVAP-+SAP simulation, which
had the largest aerosol burdens, and smallest for simulation CVAP+SAP-+ss+imp
(34.9 g m™2). Observations from Greenwald et al. [1993], Weng and Grody [1994],
and Ferraro et al. [1996] give the LWP as 49-84 ¢ m™2. The latitudinal distribu-
tion of the LWP for all simulations agrees well with the observations, except for
an over-estimation, about two-fold, over the southern mid-latitude oceans, which is
corrected for simulation CVAP+SAP-+ss+imp. This over-estimation is greatest for
the simulations CVAP+SAP and CVAP+SAP+ss. The modeled global and annual
cloud droplet number concentration agrees within a factor of two with the estimate
of Han et al. [1998], and the latitudinal distribution is well represented, except over
the southern oceans. The modeled annual global mean ice water path (IWP) is low
(about 8 g m™2) relative to the estimate from ISCCP data of Storelvmo et al. [2008]
(29 g m™?), and from CloudSat data of Austin et al. [2009] (75 g m~2). This is also
evident in Fig. 4.11.

The simulated cloud cover is slightly lower (56%) than the range estimated by
Rossow and Schiffer [1999] from ISCCP (62-67%). The annual and global shortwave
and longwave cloud forcing (SCF and LCF) has been estimated by Kiehl and Tren-
berth [1997] as -50 and +30 W m~2, as shown in Table 4.8. Our simulations have a
low LCF (about 26 W m™~2), which is expected since the modeled IWP is low. The
SCF is also low (-40 to -45 W m~2) for our simulations, which is also expected since
the modeled cloud cover is low (55-58%). The observed latitudinal distribution of
SCF and LCF from ERBE are in close agreement with our model.
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Figure 4.11: The annual and zonal mean precipitation, mean liquid water path
(LWP), ice water path (IWP), cloud cover (CC), short wave cloud forcing (SCF),
long wave cloud forcing (LCF), vertically integrated in-cloud droplet number concen-
tration (CDNC) and vertically integrated ice crystal number concentration (ICNC)
for the NOAP, CVAP+SAP+ss and CVAP-+SAP-+ss+imp simulations and observa-
tions. The sources of the observations are described in Table 4.8. For precipitation,
dashed line:stratiform, dotted line:convective. For LWP observations, solid black:
Weng and Grody [1994], dashed black: Greenwald et al. [1993]. For LCF, solid black:
ERBE, dashed black: TOVS data. The SCF is from ERBE data.
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Figure 4.12: The annual and zonal mean clear-sky aerosol optical depth at 550
nm over land and over the oceans for the simulations NOAP, SAP, CVAP+SAP,

CVAP+SAP+ss and CVAP+SAP+ss+imp and observations from MODIS, MISR
and AERONET compiled by van Donkelaar et al. [2010].



155

Table 4.8: Annual and global mean liquid water path (LWP in g m~2), ice water path
(IWP in g m~2), cloud cover (CC in percent), precipitation (mm day ~!), vertically
integrated cloud droplet number concentration (Ng in 10° m~2), vertically integrated
ice crystal number concentration (N; in 10 m~2), and top of the atmosphere short-
wave cloud forcing (SCF in W m™2), and longwave cloud forcing (LCF in W m™2).
LWP observations are from SSM/I [Greenwald et al., 1993, Weng and Grody, 1994,
Ferraro et al., 1996]. IWP has been derived from ISCCP [Storelvmo et al., 2008] .
Total cloud cover is from ISCCP [Rossow and Schiffer, 1999, and total precipitation
is from the Global Precipitation Data Set. Observations of N, are from ISCCP [Han
et al., 1998]. SCF and LCF observations are from Kiehl and Trenberth [1997].

LWP IWp CC Precip  Ng; N SCF LCF

OBS 49-84 29 62-67 2.64-2.7 4 -50 30
MODIS/TOVS  94-109 6567

NOAP 77.1 7.57 56.3 291 4.86 0.67 -48.2 26.1
SAP 67.8 792 56.5 291 3.87 0.48 -44.2 26.1
CVAP+SAP 91.6 8.13 58.2 285 597 0.67 -46.7 26.3
CVAP+SAP

+88 65.5 8.04 573  2.86 428 0.61 -446 26.2
CVAP+SAP

+ss-+Hmp 34.9 751 55.0 291 1.84 041 -38.9 259

4.5.2 Aerosol Optical Depth

Figure 4.12 shows the annual and zonal mean clear-sky aerosol optical depth (AOD)
at 550 nm for the five simulations and satellite observations from the 6-year climatol-
ogy (2001-2006) dataset compiled by van Donkelaar et al. [2010]. A land-ocean mask
has been applied to extract AOD over land and ocean separately. Simulation NOAP
under-predicts the observations by about a factor of 2. These AODs are lower than
for simulations by Stier et al. [2005] since we have implemented the more vigourous
below-cloud scavenging scheme of Croft et al. [2009], and a also a revised aerosol wa-
ter uptake scheme following Petters and Kreidenweis [2007]. The inclusion of aerosol
processing in our model increases the AOD to give better agreement with the obser-
vations. The simulation CVAP+SAP-+ss+imp agrees closest with the observations
for the Southern Hemisphere land, and also agrees closest with oceans observations
relative to the other aerosol processing simulations. Simulation CVAP+SAP+ss+imp

appears to under-predict the Northern Hemisphere dust maximum, but is in closer
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Figure 4.13: The zonal mean aerosol size distributions in the marine bound-
ary layer for the simulations NOAP, SAP, CVAP+SAP, CVAP-+SAP-+ss, and
CVAP+SAP+ss+imp and the observations of Heintzenberg et al. [2000], and sim-
ilar to Hoose et al. [2008a].

agreement with the observations than for simulations NOAP and SAP.

4.5.3 Marine Boundary Layer Size Distributions

A comparison with the observed marine boundary layer aerosol size distributions of
Heintzenberg et al. [2000] is shown in Figure 4.13. A similar comparison was shown
by Hoose et al. [2008a] to demonstrate the increase in the number of accumulation
mode aerosols with the implementation of a stratiform aerosol processing scheme.
The implementation of convective aerosol processing does also influence the marine
boundary layer size distributions. The agreement with the observed accumulation
mode size distribution is best for the CVAP+SAP+ss simulation. The Aitken mode
is under-predicted for all of our simulations, but agrees closest with the NOAP sim-
ulation. Aerosol processing reduces the Aitken mode since those aerosols coagulate

with other aerosols in the stratiform and convective droplets, and are released by
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droplet evaporation as larger aerosols. Future work to improve the boundary layer
nucleation scheme and implementation of sea salt emissions into the Aitken mode in
the model should help to reduce this under-prediction of the Aitken mode. This could
also help improve the agreement for the simulation CVAP+SAP+ss+imp.

4.5.4 AERONET Size Distributions

Figures 4.14 shows the regional mean vertically integrated volume size distributions
for 48 Aerosol Robotic Network (AERONET) sites for the year 2001 and for the
simulations NOAP, SAP, CVAP+SAP+ss, and CVAP+SAP+ss+imp. AERONET
is a world-wide network of automated ground-based sun photometers [Holben et al.,
1998|. For the interested reader, a site-by-site comparison for these 48 sites is shown in
Figs. B.1 - B.3. The retrieved aerosol optical parameters are used to derive vertically
integrated aerosol size distributions. We have calculated these size distributions for

our simulations following Hoose et al. [2008a].

7

dvi(r) 4T N; i 2(r — rwetjk)? Apy,
dlnr _;<Z?T3\/ﬂjlngj exp(— N )) (48)

p
= In“o; 9Pair k

where the index k runs over all vertical levels. INV;; is the aerosol number concentration
of mode j and level k, 7y ;% is the count median wet radius of mode j and level £,
o, is the standard deviation of the lognormal distribution of the jth mode, Apy, is the
pressure difference between adjacent layers, g is the acceleration due to gravity, and
Pair 15 the air density.

The volume median accumulation mode wet radius is over-estimated in all sim-
ulations relative to the observations. Figure 4.13 also shows that the count median
radius for the accumulation mode was over-estimated in the marine boundary layer.
However, the modeled volume median coarse mode wet radius agrees closely with
the AERONET observations in all simulations, except for the ocean sites. Applying
separate scavenging fractions for the aerosol mass and number distributions could
help to reduce the volume median accumulation mode radius, as was shown by Croft
et al. [2010]. For all regions excepting those near the oceans, the volume of accumu-

lation and coarse mode particles is under-estimated for the NOAP simulation. The
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Figure 4.14: The annual and regional mean vertically integrated aerosol volume
size distributions (dV(r)/dlnr in pm™3 pm=2) for the simulations NOAP, SAP,
CVAP+SAP-+ss and CVAP+SAP-+ss+imp and AERONET observations, compiling
the site results from Figs. B.1 - B.3. The sites included in the regions are as follows:
North America: All sites from Fig. B.1 except Guadaloup; South America: First 2
rows of Fig. B.2 and Mexico City. Oceanic: Remainder of Fig. B.2 and Guadaloup;
Africa: First row of Fig. B.3 and Skukuza and Thala; Mediterranean and Middle
East: third row of Fig. B.3 and El Arenosillo and IMC Oristano; India and Asia:
Last row of Fig. B.3. The black dots are one standard deviation for the observations.

simulations CVAP-+SAP-+ss and CVAP+SAP-+ss+imp agree more closely with the
observations than for the NOAP and SAP simulations.

For the ocean sites, the coarse mode volume is over-estimated. For simulation
CVAP+SAP (not shown), the over-estimation was severe, by almost two orders of

magnitude relative to the observations. However, the revised sea salt emissions, and
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in-cloud impaction for simulation CVAP+SAP+ss+imp give similar agreement as for
simulation NOAP. As noted by Hoose et al. [2008a], assumptions about the emitted
size of the sea salt particles in ECHAM5-HAM strongly influences these comparisons.

Further improvements are still needed in this regard.

4.6 Summary and Outlook

A convective aerosol processing scheme has been coupled with the stratiform aerosol
processing scheme of Hoose et al. [2008b| and implemented in the ECHAM5-HAM
GCM. We found that aerosol cycling through convective clouds contributes signifi-
cantly to global aerosol processing. For our simulations, in a global and annual mean
sense, an aerosol cycled through clouds 0.4 to 1 times prior to removal from the
atmosphere. Stratiform and convective clouds contributed about equally to this cy-
cling. For our model, this estimate was shown to depend strongly on the assumptions
about the rates that aerosol mass was taken up into cloud hydrometeors by collision
processes and on the sea salt emissions parameterization. However, the nucleation
scavenging for the accumulation and coarse modes may be under-estimated by our
model as a result of the current method of apportioning of the number of activated
aerosols between the three largest soluble/internally mixed modes. Thus, the role of
impaction scavenging could be over-estimated for these simulations. Our estimate is
lower than the previous estimate of Pruppacher and Jaenicke [1995] (3 cycles). How-
ever, as noted by Hoose et al. [2008a|, the Pruppacher and Jaenicke [1995] estimate
might be biased high due to an overestimate in the global liquid water path. For our
simulations, the number of cycles through clouds was greater (1-3 cycles) for aerosol
species that exist in the smaller size modes (sulfate, black carbon and particulate
organic matter) as opposed to dust and sea salt (about 0.4-1 cycles).

The annual and global mean aerosol optical depth (AOD) was under-estimated by
a factor of two for our standard model relative to satellite retrievals. The AOD was
found to be strongly sensitive to the representation of aerosol processing by clouds.
With the implementation of the convective-stratiform aerosol processing scheme, the
global, annual mean AOD was overestimated by a factor of about three. The aerosol

processing scheme represented the processes of aerosol-aerosol coagulation within



160

cloud droplets and crystals, followed by release by evaporation of clouds and pre-
cipitation. This particularly enhanced the number of accumulation mode aerosols
(by a factor of about 2.5 for our simulations), which in turn enhanced the AOD. For
these aerosol processing simulations the global, annual AOD was also highly sensitive
to the sea salt emissions and in-cloud impaction scavenging parameterizations. Revi-
sions to these latter two parameterizations yielded a global annual mean AOD for the
aerosol processing simulation that was 0.9 of the satellite retrieval. The remaining
AOD under-estimation was primarily over land, suggesting possible missing aerosol

sources such as for organics.

Considering the sensitivity of our results to the representation of aerosol uptake
into cloud droplets and crystals by impaction scavenging, we recommend future work
to couple a more physically detailed size-dependent representation of collision scav-
enging, with the aerosol processing scheme. Future work should also examine the
parameterization of nucleation scavenging for our model since the apportioning of
the number of activated aerosols between the modes based on the fractional contri-
bution of each mode to the total number of soluble/internally mixed aerosols larger
than 25 and 35 nm for convective and stratiform clouds, respectively, could introduce
biases. Particularly, the nucleation scavenging could be over-estimated for the Aitken
mode and under-estimated for the accumulation and coarse modes. This bias could
be greatest in regions of the middle troposphere where Aitken mode aerosols are most
numerous. Additional work should also be directed towards making laboratory and
field measurements of the collection rate of aerosols by cloud droplets and crystals
for the size ranges typically found in the atmosphere. Particularly, thermophoretic,
electric and turbulent forces can modify this collection, and should be incorporated in
global models in a more physically detailed manner. Our results indicated that evap-
oration processes (and thus thermophoretic effects) are very important for clouds.
The global and annual mean rate of aerosol mass release attributed to evaporation
of both clouds and precipitation was about 0.8 of the rate of aerosol mass uptake,

slightly lower than the Pruppacher and Jaenicke [1995] estimate of 0.91.
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We conducted an analysis of the rates of aerosol mass transfer between the in-
droplet, in-crystal and interstitial phases for our global simulations of coupled convec-
tive and stratiform aerosol processing. The rate of aerosol mass uptake into droplets
by collision processes was about equal to the rate for nucleation processes for the
carbonaceous aerosols. Collision processes dominated over nucleation for the rates
of uptake into ice crystals for all aerosol species. For stratiform clouds, below-cloud
evaporation of precipitation accounted for 10 to 25% of the total aerosol release by
evaporation, whereas for convective clouds this fraction was less than 5%. Particularly
for stratiform clouds, a more physical size-dependent treatment of below-cloud evap-
oration should be developed by coupling with the prognostic rain scheme of Posselt
and Lohmann [2008]. Our results suggest this coupling is less important for convec-
tive clouds. Additionally, since convective clouds can have lifespans longer than the
30 minute time-step for our simulations, future work should examine the sensitivity
of the modeled evaporation rates, and number of aerosol cloud cycles to the assumed

time-step.

For the coupled stratiform-convective aerosol processing scheme, convective wet
deposition was found to make a relatively smaller contribution to annual and global
mean aerosol wet deposition (about 30%). Assuming less vigourous in-cloud collision
scavenging of aerosols decreased the contribution of convective wet deposition to

about 10% of the annual and global mean wet deposition.

Comparison with observations demonstrated that the coupled convective and
stratiform aerosol processing scheme enhanced the number of accumulation mode
aerosols in the marine boundary layer to give closer agreement with observations
as compared to a simulation with no aerosol processing. Comparisons with Aerosol
Robotic Network (AERONET) size distributions showed that the median wet radius
of the accumulation mode was slightly overestimated for our simulations relative to
the observations. The model agreed closely with the observations for the median
coarse mode wet radius for all sites, except over the oceans. The volume of ac-
cumulation and coarse mode aerosols was enhanced and simulated best relative to
the AERONET retrieval for simulations with the coupled convective and stratiform

aerosol processing scheme.
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Chapter 5

Conclusion

5.1 Summary of this Present Work

Clouds influence aerosol distributions by 1) wet scavenging and subsequent deposition
to the earth’s surface and 2) processing and subsequent release to the atmosphere by
evaporation processes. In this study, physically detailed size-dependent representa-
tions of below-cloud and in-cloud scavenging have been introduced into the ECHAMS5-
HAM global climate model. As well, the stratiform cloud aerosol processing scheme
of Hoose et al. [2008a,b] was extended to convective clouds. Below-cloud impaction
scavenging was found to contribute strongly to the global and annual mean mass de-
position for sulfate (14%), black carbon (13%), particulate organic matter (10%), sea
salt (23%) and dust (24%). Look-up tables were prepared that provide size-dependent
below-cloud scavenging coefficients for both rain and snow. The tables were a compi-
lation of work by Grover and Pruppacher [1977], Wang et al. [1978|, Hall [1980]. For
rain, the tables are a function of aerosol median radius for the lognormal mass and
number distributions, and the rainfall rate. Separate coefficients were used to scav-
enge the mass and number distributions. For snow, the look-up tables are a function
of the aerosol median radius and a fixed size for the snow was assumed. The pre-
dicted below-cloud scavenging was found to depend strongly on assumptions about
the size distribution function for the rainfall. Assuming a distribution function for
the raindrops as opposed to assuming monodisperse raindrops reduced the predicted
global and annual sea salt burden by about 15%.

In the second part of this study, a size-dependent representation of in-cloud scav-
enging was introduced into the ECHAMS5 HAM GCM. This included both nucleation
and impaction scavenging. The representation of in-cloud scavenging was shown to
strongly control predicted vertical profiles of aerosol mass mixing ratios. For the mid-

dle troposphere, the black carbon concentrations changed by more than one order of
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magnitude. The in-cloud scavenging for mixed and ice phase clouds was found to be
less vigorous for the more physically detailed parameterization as compared to the
prescribed fractions of Stier et al. [2005]. The more physically detailed scheme gave
closer agreement with vertical profiles of aerosol concentrations from recent aircraft

campaigns.

In the final part of this study, a convective aerosol processing scheme was de-
veloped as a companion to the Hoose et al. [2008a,b] stratiform aerosol processing
scheme. Considering stratiform and convective clouds together, an aerosol remote to
source was found to cycle through clouds about 0.4 to 1 times prior to removal from
the atmosphere. The modeled global and annual mean aerosol optical depth, and
the predicted number of accumulation mode aerosols were found to depend strongly
on the representation of aerosol processing by stratiform and convective clouds, and
on the parameterizations for sea salt emissions, and in-cloud impaction scavenging.
With the implementation of the convective-stratiform aerosol processing scheme, the
global, annual mean AOD was overestimated by a factor of about 3 relative to satel-
lite observations. Revisions to the sea salt emissions and parameterization of in-cloud
impaction yielded an annual, global mean optical depth that was 0.9 of the satellite
retrieval. This sensitivity to impaction scavenging could be over-estimated for our
model since the nucleation scavenging of the accumulation and coarse modes could
be under-estimated by the current methodology for apportioning the number of acti-
vated aerosols between the three largest soluble/internally mixed modes. Convective
wet deposition was found to account for about 30% of the global and annual mean
aerosol wet deposition. The remainder is attributed to stratiform wet deposition.
Better agreement with AERONET size distributions was found with the implemen-
tation of the coupled stratiform-convective aerosol processing scheme as compared to

the standard model without aerosol processing.
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5.2 Outlook

5.2.1 Below-Cloud Scavenging by Rain

Following publication of this study on below-cloud scavenging, Wang et al. [2010]
published an uncertainty assessment for current below-cloud scavenging by rain pa-
rameterizations. Our new parameterization was included in these comparisons. Wang
et al. [2010] agreed with the result of this project that assumptions about the repre-
sentation of the size-dependence of this process can strongly control predicted aerosol
concentrations. This also motivates the need for ongoing field and laboratory studies
coupled with modeling studies to validate that this process is represented correctly in
global models for the full spectrum of collision partner sizes, and conditions of electric

charge, turbulence and relative humidity.

5.2.2 Below-Cloud Scavenging by Snow

For this study, the assumption was made that the snow crystals were monodisperse.
Future studies are needed to introduce a representation of different snow crystal
habits and examine the influence that assumptions about snow crystal habit and
size can have on the predicted scavenging. As well on-going field and laboratory are
needed to provide a solid database on the scavenging efficiency of snow of various
sizes and habits. For both snow and rain, there should be further investigations of

the coalescence efficiency as a function of aerosol hygroscopicity and size.

5.2.3 In-Cloud Impaction Scavenging

There have been numerous theoretical studies on the collision efficiency for various size
hydrometeors and aerosols. However, the available laboratory studies are a patchwork
of collision partners sizes. Ongoing research is need to fill in the gaps. Particularly,
laboratory studies are needed to measure collision efficiencies for the full spectrum of
atmospheric aerosol sizes coupled with the full-spectrum of cloud droplet sizes, and
under varying, and carefully controlled conditions of relative humidity, turbulence

and electric charge. Recent work by Ladino et al. [submitted| is contributing towards
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extending the laboratory data available in this field. There is also a need for labora-
tory and field studies on the collision efficiency for aerosol and ice crystal collisions
for the full spectrum of collision partner sizes. Field studies by Baumgardner et al.
[2008| showed that aerosol-ice crystal impaction was an important process for the
incorporation of aerosols into crystals. This current work also found that collisions
dominate over the nucleation processes for the rate of aerosol uptake into ice crystals,
which motivates the need for ongoing laboratory and field investigations to increase

understanding of this process.

5.2.4 Aerosol Processing

For the ECHAMS5-HAM model, future work should include coupling a size-dependent,
representation of collision scavenging in clouds with the aerosol processing schemes.
Also, the representation of nucleation scavenging should be re-examined. Particularly
there should be a re-examination of the methodology for apportioning the number
of activated aerosols between the modes based on the fractional contribution of each
mode to the total number of soluble/internally mixed aerosols larger than 25 and
35 nm for convective and stratiform clouds, respectively. The current methodology
could bias the nucleation scavenging to be over-estimated for the soluble/internally
mixed Aitken mode, and under-estimated for the soluble/internally mixed accumu-
lation and coarse modes, particularly for regions of the middle troposphere where
Aitken mode aerosols are most numerous. The nucleation scavenging scheme should
also be developed to include separate scavenging fractions for the aerosol mass and
number distributions for the case of aerosol processing. This study found that convec-
tive clouds contribute rather comparably with stratiform clouds to the global mean
processing of aerosols. This motivates the need for ongoing field studies coupled with
modeling work related to aerosol processing by convective clouds. Additionally, since
convective clouds can have lifespans longer than the 30 minute time-step for our simu-
lations, future work should examine the sensitivity of the modeled evaporation rates,
and number of aerosol cloud cycles to the assumed time-step. This was not possible
to test for our simulations since low-resolution simulations with the GCM are subject

to deteriorating meteorology.
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5.2.5 Improving Aerosol Representation in ECHAM5-HAM

This study found that the aerosol optical depth over the oceans was highly sensitive
to the sea salt emissions parameterizations for the aerosol processing simulations. A
preliminary revision was made to the sea salt emissions scheme. Future work should
be directed towards evaluating and refining the implementation of this temperature-
dependent, scheme. Additionally, comparison with marine boundary layer observa-
tions showed that the number of Aitken mode aerosols was under-estimated. Con-
sideration should be given to the implementation of sea salt emission for this size
range. Aerosol optical depth was under-estimated over the land. This may reflect
missing aerosol sources such as for organics, nitrate, ammonium and convective in-
cloud production of sulfate. Future work should be directed towards examining the

representation of these sources in the ECHAM5-HAM.
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Appendix A

A.1 Wet Deposition Budgets

The following tables present the deposition budgets related to simulations included

in Chapter 4. Descriptions of the simulations are given in Table 4.3.

Table A.1: Annual and global mean deposition of sulfate (Tg S yr~!) due to the pro-
cesses of in-cloud scavenging (ICS) for warm (T>273.15 K), mixed (238.15<T<273.15
K), and ice phase (T<238.15 K) clouds, and below-cloud scavenging (BCS) for strat-
iform (Strat.) and convective (Conv.) clouds, and dry deposition and sedimentation
for the five simulations presented in Table 4.3. Wet Dep. is the total wet deposition,
summing ICS and BCS for stratiform and convective clouds separately.

Sulfate NOAP SAP CVAP CVAP CVAP
+SAP +SAP +SAP
+ss +ss+imp
Stratiform clouds
Warm ICS 23.5 11.0 13.5 12.7 21.8
Mixed ICS 14.2 5.28 5.86 5.67 12.1
Ice ICS 0.17 0.78 2.00 1.78 0.65
Convective clouds
Warm ICS 13.7 174  2.06 2.06 8.1
Mixed ICS 11.3 13.4 0.27 0.25 1.57
Ice ICS 0.48 0.54 negl. negl. negl
Total ICS 63.4 48.8 24.2 22.5 44.2
Strat. BCS 8.26 17.3 373 33.0 15.5
Conv. BCS 0.03 0.06 0.15 0.14 0.10
Total BCS 8.28 174 37.5 33.1 15.6
Strat. Wet Dep. 46.1 34.4 587 53.2 50.1
Conv. Wet Dep.  25.5 31.4 2.5 2.45 9.8
Dry Deposition 2.07 3.27 4.43 5.92 4.21
Sedimentation 1.18 4.85 8.92 13.1 9.79
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Table A.2: Annual and global mean deposition of black carbon (Tg yr~!) due
to the processes of in-cloud scavenging (ICS) for warm (T>273.15 K), mixed
(238.15<T<273.15 K), and ice phase (T<238.15 K) clouds, and below-cloud scaveng-
ing (BCS) for stratiform (Strat.) and convective (Conv.) clouds, and dry deposition
and sedimentation for the five simulations presented in Table 4.3. Wet Dep. is the
total wet deposition, summing ICS and BCS for stratiform and convective clouds

separately.
Black Carbon NOAP SAP CVAP CVAP CVAP
+SAP +SAP +SAP
+ss “+ss-Himp
Stratiform clouds
Warm ICS 1.81 0.58 0.86 0.81 1.88
Mixed ICS 1.09 0.23 0.34 0.32 0.93
Ice ICS 0.01 0.09 0.30 0.27 0.07
Convective clouds
Warm 1CS 1.62 2.20 043 0.44 1.32
Mixed ICS 1.69 2.00 0.08 0.08 0.38
[ce ICS 0.08 0.09 negl. negl. negl
Total ICS 6.30 5.22  2.06 1.92 4.58
Strat. BCS 0.79 1.63 4.12 3.8 1.72
Conv. BCS negl. negl. 0.01 0.01 negl.
Total BCS 0.79 1.63 4.13 3.87 1.72
Strat. Wet Dep. 3.7 2.5 5.6 5.2 4.6
Conv. Wet Dep. 3.4 4.3 0.52 0.53 1.7
Dry Deposition 0.72 0.77 0.94 1.03 0.95
Sedimentation 0.02 0.24 0.60 0.90 0.78
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Table A.3: Annual and global mean deposition of particulate organic matter (Tg
yr1) due to the processes of in-cloud scavenging (ICS) for warm (T>273.15 K),
mixed (238.15<T<273.15 K), and ice phase (T<238.15 K) clouds, and below-cloud
scavenging (BCS) for stratiform (Strat.) and convective (Conv.) clouds, and dry
deposition and sedimentation for the five simulations presented in Table 4.3. Wet
Dep. is the total wet deposition, summing ICS and BCS for stratiform and convective

clouds separately.

Organic Matter NOAP SAP CVAP CVAP CVAP
+SAP +SAP +SAP
+ss +ss+imp
Stratiform clouds
Warm ICS 13.8 2.80 5.51 5.04 14.7
Mixed ICS 5.99 0.88 1.86 1.70 5.85
Ice ICS 0.05 0.63 2.67 2.42 0.58
Convective clouds
Warm ICS 18.8 25.6 3.85 3.99 14.9
Mixed ICS 17.2 19.6  0.60 0.59 3.54
[ce ICS 0.85 0.90 negl. negl. negl
Total ICS 56.7 50.5 15.0 13.7 39.6
Strat. BCS 5.26 10.7  37.0 34.7 14.7
Conv. BCS 0.02 0.04 0.14 0.14 0.11
Total BCS 5.28 10.8 37.1 34.8 14.8
Strat. Wet Dep.  25.1 15.0 47.0 43.9 35.8
Conv. Wet Dep.  36.9 46.1 4.6 4.7 18.6
Dry Deposition 6.02 6.37 8.04 8.78 8.16
Sedimentation 0.19 1.62 5.31 8.16 6.82
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Table A.4: Annual and global mean deposition of dust (Tg yr~!) due to the processes
of in-cloud scavenging (ICS) for warm (T>273.15 K), mixed (238.15<T<273.15 K),
and ice phase (T<238.15 K) clouds, and below-cloud scavenging (BCS) for stratiform
(Strat.) and convective (Conv.) clouds, and dry deposition and sedimentation for
the five simulations presented in Table 4.3. Wet Dep. is the total wet deposition,

summing ICS and BCS for stratiform and convective clouds separately.

Dust NOAP SAP CVAP CVAP CVAP
+SAP +SAP +SAP
+ss +ss+imp
Stratiform clouds
Warm ICS 18.3 1.65 3.82 2.71 27.0
Mixed ICS 25.8 1.52  1.99 1.68 24.5
Ice ICS 0.19 0.48 1.70 1.39 1.21
Convective clouds
Warm 1CS 30.8 38.0 4.76 4.10 24.6
Mixed ICS 35.3 39.9 0.58 0.51 6.11
[ce ICS 1.74 1.87  negl. negl. negl.
Total ICS 112. 83.6 13.3 10.4 83.4
Strat. BCS 64.7 85.1 126. 114. 70.8
Conv. BCS 1.0 1.0 1.2 1.2 1.1
Total BCS 65.7 86.1 127. 115. 71.9
Strat. Wet Dep. 109. 88.8 134. 120. 124.
Conv. Wet Dep.  68.8 80.8 6.5 5.8 31.8
Dry Deposition 21.1 22.5 251 27.9 26.4
Sedimentation 114. 121.  131. 144. 133.
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Table A.5: Annual and global mean deposition of sea salt (Tg yr~—!) due to the pro-
cesses of in-cloud scavenging (ICS) for warm (T>273.15 K), mixed (238.15<T<273.15
K), and ice phase (T<238.15 K) clouds, and below-cloud scavenging (BCS) for strat-
iform (Strat.) and convective (Conv.) clouds, and dry deposition and sedimentation
for the five simulations presented in Table 4.3. Wet Dep. is the total wet deposition,
summing ICS and BCS for stratiform and convective clouds separately.

Sea Salt NOAP SAP CVAP CVAP CVAP
+SAP +SAP +SAP
+ss -+ss-Himp
Stratiform clouds
Warm ICS 711. 206.  279. 293. 1120.
Mixed ICS 544. 96.2  111. 88.7 654.
Ice ICS 0.18 2.05 184 15.8 11.9
Convective clouds
Warm ICS 742. 908. 94.0 239. 1450.
Mixed ICS 562. 676. 13.1 24.2 349.
[ce ICS 4.92 5.46  negl. negl. negl.
Total ICS 2560. 1900. 525. 661. 3590.
Strat. BCS 963. 1300. 2160.  2630.  1800.
Conv. BCS 6.2 6.5 11.1 18.2 14.1
Total BCS 969. 1310. 2170. 2650. 1810.
Strat. Wet Dep. 2220. 1600. 2570. 3030.  3590.
Conv. Wet Dep. 1320. 1600. 118. 281. 1810.
Dry Deposition 819. 949. 1060.  3530.  2500.
Sedimentation 1090. 1260. 1570. 6790. 5710.




Appendix B

B.1 Comparison with AERONET Size Distributions

The following figures show aerosol size distributions for 48 AERONET sites for the

year 2001, and for four simulations described in Table 4.3.
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Figure B.1: The annual mean vertically integrated aerosol volume size distributions
(dV(r)/dlnr in gm~3 ym~2) for North American sites for the simulations NOAP, SAP,
CVAP-+SAP+ss and CVAP+SAP-+ss+imp and AERONET observations.
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Figure B.2: The annual mean vertically integrated aerosol volume size distributions
(dV(r)/dlnr in gm=2 gm~2) for South American and oceanic sites for the simulations
NOAP, SAP, CVAP+SAP+ss and CVAP+SAP-+ss+imp and AERONET observa-

tions.
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Figure B.3: The annual mean vertically integrated aerosol volume size distributions
(dV(r)/dlnr in pm™ pm™2) for African, Mediterranean, Middle East and Asian
sites for the simulations NOAP, SAP, CVAP+SAP+ss and CVAP+SAP-+ss+imp

and AERONET observations.
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