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Abstract

Black carbon (BC) and mineral dust particles are among the most important atmospheric
aerosol types forming ice crystals by heterogeneous nucleation, the so called potential ice
nuclei (PIN). When emitted, most BC and dust particles are externally mixed with other
aerosol compounds. Through coagulation with other particles and condensation of gases,
externally mixed particles gain a liquid coating and are, therefore, transferred to an internal
mixture. This ageing process is essential for the direct and indirect effect of BC and dust
particles on the climate, since the coating changes their radiative and hygroscopic properties
and consequently their cloud activation ability and lifetime. Moreover, laboratory studies
have shown that a liquid coating influences the freezing properties of the particles and hence
their behavior as ice nuclei. Due to large computational resources required, global climate
models mostly parameterize the particle ageing by using estimated turnover times rather
than simulating the ageing processes explicitly.

In the present study the population of PIN in the global upper troposphere and low-
ermost stratosphere (UTLS) is characterized. To reach this goal the new aerosol model
ECHAMS5/MESSy-MADEsoot is developed. The aerosol module MADEsoot is able to
simulate separately BC and dust particles in their different states of mixing (internally
or externally mixed) and BC and dust free aerosols, as well as the relevant ageing pro-
cesses of externally mixed particles. MADEsoot is implemented in the global climate model
ECHAMS5/MESSY. The resulting system is evaluated with aircraft and surface measure-
ments and performs well both in the boundary layer and in the UTLS. ECHAM5/MESSy-
MADEsoot (E5/M-MADEsoot) is the only existing model able to resolve the mixing state
of BC and dust particles while giving a reliable representation of the UTLS.

E5/M-MADEsoot is applied to characterize the PIN through their number and mass
concentration, composition and mixing state. The results of this study show that PIN
contribute only up to 0.7% to the total aerosol number concentration in the UTLS. At surface
level PIN contribute between 10% and 50% to the total aerosol number concentration, where
the highest values are reached over the major emission areas. Nearly all PIN in the UTLS
are internally mixed with soluble material, while only up to the 3% of PIN is externally
mixed. E5/M-MADEsoot allows also for the investigation of the ageing process of BC and
dust particles and for the determination of its timescale, showing that the ageing process is
mainly driven by the condensation of vapor. The timescale of the ageing process is calculated
with E5/M-MADEsoot to be around some hours at surface level and some days in the UTLS,
but shows a high geographical variability, especially in the boundary layer and in the lower
troposphere. The timescale of the ageing process shows also a less pronounced seasonality,
with higher values in winter and lower in summer.






Kurzfassung

Globale Modellstudien zur Verteilung und Zusammensetzung
potentieller atmosphéirischer Eiskerne

Rufs- und Mineralstaubpartikel gehéren zu den wichtigsten atmosphérischen Aerosolspe-
zien, die Eiskristalle durch heterogene Nukleation bilden konnen, die so genannten potenti-
ellen Eiskerne. Ruf- und Mineralstaubpartikel werden meist in einer externen Mischung mit
anderen Aerosolspezies emittiert. Nach ihrer Emission konnen die extern gemischten Parti-
kel durch Koagulation mit anderen Partikeln oder durch Kondensation von Gasen mit einer
fliissigen Hiille beschichtet werden und folglich intern gemischt sein. Dieser Alterungsprozess
ist sehr wichtig fiir den direkten und indirekten Effekt von Ruf- und Mineralstaubparti-
keln auf das Klima, da die fliissige Hiille die optischen und hygroskopischen Eigenschaften
der Partikel dndert und daher auch ihre Lebenszeit und ihre Fahigkeit als Wolkenkonden-
sationskern zu dienen. Aufserdem zeigen Laborstudien, dass sich eine fliissige Hiille auf die
Gefriereigenschaften der Partikel und daher auf ihr Verhalten als Eiskern auswirken kann.
Wegen des grofsen Rechnenzeitbedarfes globaler Klimamodelle wird die Alterung der Parti-
kel nur selten explizit simuliert, stattdessen wird sie oft durch eine feste Transformationszeit
parametrisiert.

In dieser Arbeit werden die potentiellen Eiskerne der globalen oberen Troposphére und
unteren Stratosphéire (UTLS, aus dem Englischen upper troposphere - lowermost stratosphe-
re) charakterisiert. Um dieses Ziel zu erreichen, wurde das Aerosolmodell ECHAM5/MESSy-
MADEsoot (E5/M-MADEsoot) entwickelt. Das Aerosolmodul MADEsoot kann Ruf- und
Mineralstaubpartikel in ihren verschiedenen Mischungszusénden (intern oder extern gemischt)
sowie die Partikel, die weder Ruf noch Mineralstaub enthalten, getrennt simulieren. Dies
erlaubt dann die relevanten Alterungsprozesse von extern gemischten Ruf- und Mineral-
staubpartikeln mit MADEsoot explizit zu simulieren. Das neu entwickelte Modell wurde mit
Flugzeug- und Bodenmessungen evaluiert. Es zeigt sich eine gute Ubereinstimmung mit Be-
obachtungen sowohl in der Grenzschicht als auch in der UTLS. E5/M-MADEsoot ist derzeit
das einzige globale Modell, das den Mischungszustand von Rufs- und Mineralstaubpartikeln
auflosen kann und eine gute Beschreibung der UTLS erlaubt.

E5/M-MADEsoot wurde hier angewendet, um sowohl die Anzahl- und Masskonzentrati-
on, als auch die Zusammensetzung und den Mischungszustand der potentiellen Eiskerne zu
beschreiben. Es zeigt sich, dass die potentiellen Eiskerne in der UTLS nur bis zu 0.7% zur
gesamten Aerosolsanzahlkonzentration beitragen. Bodennah liegt ihr Beitrag bei 10%-50%,
wobei die maximalen Werte iiber den Hauptemissionregionen erreicht werden. In der UTLS
sind nur bis zu 3% der potentiellen Eiskerne extern gemischt. E5/M-MADEsoot ermdglicht
auch die Untersuchung der Alterungsprozesse von Rufi- und Mineralstaubpartikeln und die
Bestimmung ihrer Zeitskala. Die Simulationen zeigen, dass die Alterung hauptséichlich durch
Kondensation von Gasen verursacht wird. Die mit E5/M-MADEsoot berechnete Zeitskala
des Alterungsprozesses betrigt einige Stunden am Boden und einige Tage in der UTLS,
aber zeigt eine hohe rdumliche Abhéingigkeit, besonders in der Grenzschicht und der unteren
Troposphire. Die Zeitskala zeigt eine geringere saisonale Abhéngigkeit, mit hoheren Werten
im Winter und niedrigeren im Sommer.
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Chapter 1

Introduction

1.1 The scientific problem

With the beginning of the industrialized era the composition of the atmosphere has changed
substantially due to anthropogenic emissions. Industry, road, air and sea traffic, house heat-
ing, land management: these are only a few examples of all the human activities that cause
emissions of large amounts of chemicals in the atmosphere (Olivier et al., 2002). Extensive
research has been focusing for long time on the chemistry of the atmospheric gas components,
developing comprehensive models able to quantify the influence of man-made gas emissions
on the climate (Harvey et al., 1997). The level of confidence in the knowledge of the green-
house gases climate effect is such to convince policy makers to undertake measures for their
limitation, as in the Montreal (UNEP, 2006) and Kyoto (UNFCC, 2008) protocols in 1987
and 1997, respectively. The anthropogenic contribution, however, does not modify only the
gas components of the atmosphere, but also the atmospheric aerosol, i.e. the suspension
of particulate matter in the atmosphere: Land management activities such as deforestation
or intensive farming destabilize the surface to wind erosion and increase the amount of soil
dust risen into the atmosphere. Fuel combustion processes produce massive amounts of sul-
fate, particulate organic matter and black carbon particles that change the proportion of the
aerosol compounds in the atmosphere (Dentener et al., 2006; Kloster et al., 2008).

Effect of atmospheric aerosol on climate. Fig. 1.1 provides the estimation of the ra-
diative forcing! (RF) of the different forcing agents for 2005 (Forster et al., 2007) published
by the Intergovernmental Panel on Climate Change (IPCC), the international committee of
scientists that periodically reviews the state of the art of climate research. The radiative
forcing is a measure of the influence that a change in a component of the atmosphere induces
on the radiation budget, and therefore on the temperature, of the Earth-atmosphere system:
a positive radiative forcing corresponds to a warming, a negative one to a cooling. On the
global scale, changes in aerosol concentrations cause a large negative contribution to the
total radiative forcing, comparable to the effect of the changes in long-lived greenhouse gas
concentrations, but the uncertainty on this estimation is the largest among all the forcing
agents. There are still many open questions concerning the effect of changes in aerosol load-
ing, and any contribution to the subject may lead to important steps forward to understand
the human-induced changes of climate.

The effect of aerosol on the Earth-atmosphere system is a rather complex issue. Besides

'From Forster et al. (2007): “Radiative forcing is a measure of how the energy balance of the Earth-
atmosphere system is influenced when factors that affect climate are altered. Radiative forcing is usually
quantified as the rate of energy change per unit area of the globe as measured at the top of the atmosphere,

and is expressed in units of Watts per m?2.
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Figure 1.1: Global average radiative forcing estimates and uncertainties in 2005, relative to
year 1750. No COs time scale is given in column 4, as its removal from the atmosphere
involves a range of processes that can span long time scales, and thus cannot be expressed
accurately with a narrow range of lifetime values. Figure from Forster et al. (2007).

the direct absorption and scattering of solar radiation, atmospheric aerosol indirectly affect
the climate by changing the properties of clouds (Lohmann and Feichter, 2005). Aerosol
particles, or, more simply, aerosols, foster the condensation of cloud droplets, making the
existence of clouds possible at all. Their ability to initiate clouds and changing the properties
of the resulting cloud, as well as their interaction with radiation, depend not only on the mass
of aerosols, but also on their size and their number concentration. A climate model aiming
to investigate the aerosol climate effect cannot avoid keeping track of these parameters.
This poses new challenges compared to the study of the gaseous species, whose effect is
mainly determined by their mass concentration in the air. Furthermore the variability of
the concentration of aerosols, on the geographical and temporal scales, is very high, making
the calculation of a global aerosol radiative forcing an excessive simplification: Even if the
aerosol radiative forcing is negative on the global scale, there may be regions or seasons
where its sign is positive.

Anthropogenic contribution to the atmospheric aerosol. Dentener et al. (2006)
have developed inventories of the emissions of aerosol species (black carbon, dust, particulate
organic matter and sulfate) for the pre-industrial era, identified with the year 1750, and for
the year 2000. The data for the pre-industrial era result from an extrapolation done on the
basis of changes in population, crop production and wood consumption. While the emissions
of dust are supposed to stay roughly the same, the increase of the emitted amount of other
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species due to the anthropogenic contribution is dramatic. The emissions of particulate
organic matter have increased from 33.5 to 66.1 Tg per year, the emissions of sulfur dioxide
(SO,), of which roughly 25% is converted to liquid sulfate (SO3™), have increased from 30.2
to 142 Tg per year and those of black carbon from 1.41 Tg per year to 7.7 Tg per year, a
fivefold increase.

Black carbon, also called soot, is a strongly light-absorbing carbon compound that is the
result of any kind of combustion processes: while its natural emissions are bound only to
wildfires, every human activity where combustion processes are involved implies the emission
of soot. The anthropogenic emission of soot differs from the natural ones not only in the
amount, but also in the kind of particles emitted: while black carbon particles from wildfires
are quite large, with a diameter of around 100 nanometers and more, those from fuel com-
bustion are smaller, with a diameter of some 10 nm. Such small particles can accumulate
more easily in the lungs and are more harmful for human health (WHO, 2003). Addition-
ally, the massive man-made injection of small soot particles changes the size distribution of
atmospheric soot aerosols, modifying their influence on clouds and their effect on climate in
a way that is still to be investigated.

Potential atmospheric ice nuclei. Black carbon and other insoluble particles (mainly
mineral dust) can foster the formation of ice crystals at lower supersaturation than those
needed for a liquid particle to freeze (DeMott et al., 1999, 2003; Sassen et al., 2003; Mdhler
et al., 2006; Kanji et al., 2008). The solid, insoluble particles initiating the nucleation of an ice
crystal are called ice nuclei. However, only a small fraction of the insoluble particles actually
act as ice nuclei, therefore all insoluble particles that can potentially initiate ice nucleation
are called potential ice nuclei. The number concentration of the potential ice nuclei is a
crucial factor: If ice crystals nucleate rather around insoluble particles than around the
soluble ones, which are much more abundant in the atmosphere, the available water vapor
will more likely form fewer and larger ice crystals around the insoluble particles than more
and smaller ones out of the liquid phase, as schematically depicted in Fig. 1.2. As for warm
clouds, formed by liquid water droplets, the number and size of the ice crystals influences
the optical properties of cirrus clouds. A relevant region for the formation of cirrus is the
upper troposphere and lowermost stratosphere (UTLS), at around 10 km altitude, where the
conditions are favorable to the ice nucleation. Black carbon and dust particles emitted at
surface are transported to the UTLS by the ascending air masses. Additionally, air traffic
injects black carbon particles directly at this altitude. Hendricks et al. (2004) have shown
that aviation can cause a regional increase in the black carbon particle number concentration
of more than 30% at this altitude in areas with high flight density. The air traffic sector
has experienced such a dramatic growth in the last decades, and there are currently no
indications of a slowdown, that its influence on the climate deserves intensive investigation.

Lohmann (2002b) discussed the hypothesis that anthropogenic soot particles can modu-
late the indirect aerosol effect in mixed-phase clouds, i.e. clouds containing both liquid and
ice particles. She claims that an increase in the number concentration of hydrophilic black
carbon particles, assuming that they efficiently act as ice nuclei, can lead to an increase of
precipitation via the ice phase. As a consequence, the cloud fraction would decrease thus
allowing more short-wave radiation to be absorbed in the surface-atmosphere system. The
number concentration of potential ice nuclei is the critical parameter to determine whether
this effect may counteract the other indirect aerosol effects.

Mixing state of potential ice nuclei. There is another issue that makes the description
of aerosols even more complex: Besides the geographical distribution, the seasonal variation,
the mass and the number concentrations and the size distribution, also the mixing state
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Figure 1.2: Schematic representation of homogeneous (above) and heterogeneous (below)
freezing. The presence of insoluble particles (ice nuclei) fosters the formation of ice crystals
limiting their number concentration. Figure by Johannes Hendricks.

of black carbon and dust particles influences their interaction with the Earth-atmosphere
system. Black carbon and dust particles may be externally mixed, i.e. appear as homoge-
neous particles composed only by one species, or internally mixed, i.e. each particle contains
black carbon and/or dust together with other species. This is the case, for instance, for a
particle composed of an insoluble core of black carbon or dust surrounded by a coating of
soluble material. Freshly emitted particles are mainly in an external mixture, but, during
their life, condensation of vapor and coagulation with soluble particles may transfer them to
an internal mixture (Kotzick and Niessner, 1999; Weingartner et al., 1997, 2000). Initially
insoluble aerosols can be activated to form cloud droplets once they are transformed in an
internal mixture with soluble material (Khalizov et al., 2009), therefore internally mixed
insoluble particles will be more efficiently removed by rain than the externally mixed ones
(Hitzenberger et al., 2001; Zuberi et al., 2005).

Different studies, both experimental and theoretical, have shown that the presence of a
soluble coating changes the ability of black carbon of absorbing solar radiation (Jacobson,
2001; Schnaiter et al., 2005; Bond et al., 2006; Shiraiwa et al., 2008; Naoe et al., 2009). Other
studies have focused on the potential of black carbon and dust particles to act as ice nuclei,
and reached contradictory results: some studies conducted on black carbon particles under
cirrus conditions have concluded that a soluble coating may enhance the ability of black
carbon to act as ice nuclei (DeMott et al., 1999), others that it may make the heterogeneous
nucleation of ice crystals less efficient (Mdhler et al., 2005, 2008). Hoose et al. (2008) have
investigated the effect of a soluble coating on dust particles, concluding that coating with
soluble material can lead to quasi-deactivation of dust ice nuclei in mixed-phase clouds.

Scientific objectives. Fig. 1.3 shows the radiative forcing from aviation for 1992 and
2000 (Sausen et al., 2005). The present knowledge of the influence of aircraft emissions on
the concentration of ice nuclei and of their ability of nucleating ice particles is too poor to
provide a reliable estimate of cirrus cloud coverage induced by soot from aviation (Sausen
et al., 2005). Potentially, however, the RF from aviation-induced cirrus could be as large
as the RF from all other forcing agents. More experimental and theoretical studies are
required to characterize the ice nuclei population and the relation between aerosols and
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Figure 1.3: Radiative forcing from aviation for 1992 and 2000, based on Penner et al. (1999)
and on the results of the TRADEOFF project (Sausen et al., 2005). The whiskers denote
the 2/3 confidence intervals introduced by Penner et al. (1999). The lines with the circles
at the end display different estimates for the possible range of RF from aviation induced
cirrus clouds. The value calculate by Minnis et al. (2004) is also reported. In addition the
dashed line with the crosses at the end denote an estimate of the range for RF from aviation
induced cirrus. The total does not include the contribution from cirrus clouds. The figure
is taken from Sausen et al. (2005).

ice clouds, in order to provide an estimation of the climate effect of aviation and of cirrus
clouds in general. It is important to quantify which fraction of the atmospheric aerosol is
contributed by potential ice nuclei. Furthermore, the mixing state and the size distribution
of the potential ice nuclei has to be determined as one of the first steps in the investigation
of the effects of ice nuclei on clouds and climate.

1.2 State of the art of global aerosol-climate modeling

The simplest way of treating aerosols in global models is to prescribe a standard climatology
for the aerosol distribution, as it was done in the standard version of the global climate
model ECHAM4 (Roeckner et al., 1996) and in the original ECHAMS5 (Roeckner et al.,
2003). A fixed climatology does not allow for feedbacks from any atmospheric process to the
aerosol distribution, so that changes in weather or climate cannot induce modifications of the
aerosol population. A better simulation of the interaction between aerosol and atmosphere
is obtained with the introduction of an online representation of aerosols, i.e. the coupling
between aerosol and atmospheric processes as dynamics, chemistry, radiation and cloud
formation. Feichter et al. (1996), for instance, introduced the coupling between aerosols and
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sulfate chemistry in ECHAM in order to simulate the formation of sulfate aerosols. The full
life cycle of sulfate aerosols was represented in the model, which was later on extended with
dust, organic carbon, black carbon and sea salt (Lohmann et al., 1999). Adams et al. (1999)
extended the Goddard Institute for Space Studies General Circulation Model (GISS GCM
[I-prime) with sulfate, nitrate, ammonium and water, and Koch et al. (1999) with black
carbon. Chin et al. (2000) developed the Georgia Tech/Goddard Global Ozone Chemistry
Aerosol Radiation and Transport (GOCART) model which is driven by the meteorological
data from the Goddard Earth Observing System Data Assimilation System (GEOS DAS)
for the simulation of the global sulfuric cycle. Other examples of aerosol models coupled to
global climate models can be found in Textor et al. (2006).

However, most of these models were capable only of simulating the aerosol mass, but
neither the number concentration nor the size distribution. Methods to simulate these vari-
ables were developed and applied first within regional models, as for instance the Regional
Particulate Model RPM (Binkowski and Shankar, 1995) and the European Air pollution
Dispersion model EURAD coupled with the two moment (mass and number) Modal Aerosol
Dynamics model for Europe MADE (Ackermann et al., 1998). Nevertheless these methods
were too expensive for applications in global climate models. With the increase in computer
capacities, attempts have been made also on the global scale. Adams and Seinfeld (2002)
incorporated the TwO-Moment Aerosol Sectional (TOMAS) model in the GISS GCM II-
prime to simulate also the number concentration and the microphysics of aerosols, though
limited to sulfate aerosols. Lauer et al. (2005, 2007) coupled the microphysical aerosol model
MADE to ECHAM4 and to ECHAMS5 in the MESSy framework (Jackel et al., 2005). Vignati
and Wilson (2004) and Stier et al. (2005) developed the two-moment (mass and number)
microphysical aerosol module HAM and implemented it in ECHAMS5. Recently Ayash et al.
(2008) implemented the sectional Canadian Aerosol Module (CAM) into the Third Genera-
tion Canadian Climate Center General Circulation Model (CCC GCM III).

Although these models represent the aerosol mass and number concentrations, they rep-
resent the mixing state of the aerosol components in a very simplified manner. Some models
treat aerosols as completely internally mixed (Adams et al., 1999), others as externally mixed
(Chin et al., 2000), and some track separately hydrophobic, i.e. externally mixed, and hy-
drophilic, i.e. internally mixed, black carbon, while assuming a fixed turnover rate from the
external into the internal mixture. Lauer et al. (2005), Lohmann et al. (1999) and Koch
(2001) assume for this transfer an exponential decay with an e-folding time of 24, 40 and 43
hours respectively.

Only a few models resolve the mixing state of black carbon particles by simulating the
ageing processes explicitly: Jacobson (2001) developed a model that differentiates between
the two states of mixing, and even among particles with different core to shell thickness ratio.
However, this model is computationally too expensive to be used for long term global climate
simulations. The aerosol model MADRID-BC (Oshima et al., 2009) can simulate changes in
the black carbon mixing state resulting from condensation and evaporation processes, but
up to now it has not been implemented in any regional nor global model. KAMM /DRAIS-
MADEsoot (Riemer et al., 2004) is a regional model that can simulate mass and number
concentration of soluble aerosol, of internally mixed and of externally mixed black carbon
particles.

Among the global aerosol climate models the only ones able to resolve the mixing-state
of BC particles are ECHAM5/HAM (Stier et al., 2005) and GISS-ModelE/MATRIX (Bauer
et al., 2008). HAM makes a distinction between internally and externally mixed black
carbon and dust, but cannot predict which fraction of the total aerosol is free from any
insoluble component. MATRIX can simulate an aerosol population composed by soluble
particles, externally and internally mixed black carbon and externally and internally mixed
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dust. Additionally the internally mixed particles are divided depending on the different
insoluble to soluble mass ratio. However, the model does not perform well when compared to
measurements, especially above the boundary layer. The mass concentration of black carbon,
for instance, which is particularly relevant in the investigation of ice nuclei, is systematically
too large when compared to the vertical profiles by Schwarz et al. (2006) and Schwarz et al.
(2008b).

A global aerosol climate model that could be the appropriate tool to investigate the
population of potential ice nuclei is still missing. Such a model needs to be able to simulate
the composition, mass concentration, number concentration and size distribution of aerosol,
and, additionally, to determine the mixing state of the potential ice nuclei and the fraction
of the total aerosol population that they represent. Such a model must perform well not only
in the boundary layer, but also in the UTLS. Furthermore, this must be accomplished while
keeping the computational demand low enough to allow for long-term climate simulations.

1.3 Aim of the thesis

To reduce the uncertainty of the climate effect of cirrus clouds, a more detailed knowledge
of the ice nucleation potential of atmospheric aerosol is needed. This work aims to provide
a detailed characterization of atmospheric aerosol, with particular focus on the population
of potential ice nuclei in the upper troposphere and lowermost stratosphere on the global
scale. The behavior of aerosol in the atmosphere is dependent on its mass and number
concentration, chemical composition, size distribution and mixing state. The aim is to
quantify the global characteristics of all these parameters.

To reach this goal a new aerosol model is developed. This aerosol model is able to describe
the life cycle of aerosols resolving all the above mentioned parameters, while keeping the
needed computational resources to a level low enough to allow for global climate simulations.
In this model, the mass concentration, number concentration and chemical composition are
simulated separately for soluble particles, externally mixed black carbon and dust as well as
black carbon and dust particles in an internal mixture with soluble material.

This aerosol model is implemented in the global climate model ECHAM5/MESSy. The
new model system is applied to the characterization of the global aerosol and of the atmo-
spheric ice nuclei. The model system performs well compared to measurements both in the
boundary layer and in the UTLS, which is the region of interest for the description of the
ice nuclei population.

With the model developed in this work the number concentration of the potential ice
nuclei is explicitely calculated. For the first time it can be determined which fraction of the
total aerosol number concentration is composed by potential ice nuclei. Furthermore the
mixing state of the potential ice nuclei is investigated, determining the mass and number
concentrations of the potential ice nuclei in each state of mixing and the amount of soluble
material that constitutes the coating of the internally mixed black carbon and dust particles.
With this unique model it is possible to provide a robust representation of the aerosol
population at all altitudes and to study the interaction between aerosols and warm, mixed
and ice clouds.

1.4 Structure of the thesis

The second chapter of this work presents a short overview of the atmospheric aerosol, its
main characteristics and its life cycle. It provides the necessary theoretical knowledge and
the definitions of the fundamental concepts needed in this work.



8 Introduction

The model developed in this thesis is described in the third and fourth chapters: Chap-
ter 3 describes the mixing-state resolving aerosol microphysical model, MADEsoot, and
Chapter 4 the global climate model ECHAM5-MESSy, and the implementation of MADEsoot
within it. Chapter 4 also presents the modification introduced in ECHAM5/MESSy during
this work to reach a better representation of the UTLS.

The evaluation of ECHAM5/MESSy-MADEsoot with experimental data is reported in
Chapter 5. Chapter 6 presents the studies done with the newly developed model system to
characterize aerosols and potential ice nuclei and to investigate the transfer of black carbon
and dust particles from the external into the internal mixture.

The conclusions of this study and an outlook to possible future investigations are provided
in Chapter 7.



Chapter 2

Atmospheric aerosol

Aerosol is defined as a suspension of particles, liquid and/or solid, in gases. People refer to
aerosol with many different terms, as dust, smoke, mist, haze, soot or smog, reflecting the
huge variety of origin and composition that aerosol particles, simply referred to as aerosols,
have and the impression they have made on humans from early times (Friedlander, 2000).
Dust usually refers to solid particles produced by disintegration processes, smoke is composed
of smaller particles from condensing vapor, mist and haze denote a suspension of liquid
droplets in humid or dry air respectively, soot refers to small carbon particles generated in
fuel combustions, smog is used for aerosols with anthropogenic origin.

2.1 Characterization of atmospheric aerosol

The most important properties determining the behavior of aerosol particles are size, number
concentration and chemical composition. These are the main parameters that allow for a
description of the life cycle of aerosols and for the determination of their properties, e.g.
their optical or hygroscopic properties.

2.1.1 Particle size and concentration

The diameters of aerosol particles span orders of magnitude from 1 nm to 100 gm, corre-
sponding to a variation in mass of 15 orders of magnitude. Particles of the size of some
nanometers are, for instance, freshly nucleated sulfate particles, while the largest particles
are usually windblown dust, pollen, plant fragments and sea salt. Particles smaller than
2.5 pm, particularly important in health studies, are usually referred to as fine, and particles
larger than 2.5 pum as coarse. The lives of fine and coarse particles are in general quite
independent from each other (Whitby, 1978).

The aerosol population can be roughly divided into modes: the nucleation mode, that
comprises particles with diameter up to 10 nm, the Aitken mode, for particles with diameter
between 10 nm and 0.1 pm, the accumulation mode, for particles between 0.1 pum and
2.5 pum, and the coarse mode, for particles larger than 2.5 um. The definition of diameter,
however, is straightforward only for spherical particles, may be liquid droplets or nuclei
surrounded by a thick liquid coating, but it is not for solid crystal fragment or agglomerate.
To characterize the size of such particles the equivalent diameter is often used, which is
the diameter of a spherical particle that would have the same behavior with respect to the
property of interest. The most common equivalent diameters are the aerodynamic diameter
and the mobility diameter: The aerodynamic diameter is defined as the diameter of a unit
density sphere with the same terminal settling velocity of the measured particle, while the
mobility diameter is the diameter of a spherical particle having the same mobility of the
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Percentage Composition

Region Mass [pg/m?] BC 0C NH; NO3; SO3~
Remote 4.8 0.3 11 7 3 22
Non-urban continental 15 5 24 11 4 37
Urban 32 9 31 8 6 28

Table 2.1: Typical mass concentration and composition of fine tropospheric aerosol as re-
sulting from measurements (Heintzenberg, 1989; Seinfeld and Pandis, 2006).

particle under consideration, where the mobility is defined as the ratio between the velocity
of the particle and the force to which the particle is subjected. The model used in this work
assumes that all particles are spherical, using the mass equivalent diameter, i.e. the diameter
of a spherical particle with the same mass of the observed one.

The transfer of energy and mass between the particle and the carrier gas depends on
the relation between the size of the particle and the mean free path of the surrounding
gas molecules. The dimensionless number used to describe the regime of the particle with
respect to the fluid is the Knudsen number Kn, defined as 2)\/D,, where X is the mean free
path of the gas molecules and D,, the diameter of the particle. A depends on the molecular
density of the gas. It is about 0.065 pum in air for normal temperature 7" = 293 K and
pressure P = 1013 hPa and molecular density 2.5 x 10! molecules/cm?, calculated through
the ideal gas relationship (Friedlander, 2000). The two asymptotic cases for Kn = 0 and
Kn — oo are called near-continuum and free molecular regime respectively. The treatment
of the transition between the two regimes is a very complex topic.

While the nucleation and the Aitken modes account for the largest part of the total
aerosol number, the accumulation and the coarse modes provide the major contributions to
the total aerosol mass. Particles smaller than 1 pm usually have number concentrations in
the range from 10 to thousands particles/cm3, while particles larger than 1 ym are generally
found at concentrations of less than 1 particle/cm? (Seinfeld and Pandis, 2006).

2.1.2 Chemical composition

Stratospheric and tropospheric aerosol are significantly different. Since the main sources
of aerosol particles are not uniformly located at surface, and since the aerosol residence
time in the troposphere is generally low, the concentration and composition of tropospheric
aerosol is very inhomogeneous. Tropospheric aerosol is mainly composed by sulfate (SO?[),
ammonium (NH ), nitrate (NO3), sodium (Na), chloride (CI7), trace metals, carbonaceous
material both as black (BC, see Sec. 2.1.3) and organic carbon (OC), crustal elements and
water. While crustal element and sea salt make up the major part of the coarse fraction,
the dry mass of the fine fraction of tropospheric aerosol is mainly composed by sulfate,
ammonium, nitrate, BC and OC. Tab. 2.1 reports the mass concentration and composition
of fine tropospheric aerosol.

Stratospheric aerosol is more homogeneous than tropospheric aerosol and mainly com-
posed of sulfuric acid. Stratospheric aerosol is frequently perturbed by volcanic eruptions,
which inject large amount of sulfur dioxide (SOs) in the lower stratosphere. The eruption of
Mt. Pinatubo in June 1991, the largest in the 20" century, injected 30 Tg of aerosol mass in
the stratosphere and led to enhanced stratospheric aerosol levels for over two year (Seinfeld
and Pandis, 2006). Due to the inefficiency of stratospheric sinks, stratospheric aerosols have
a very long residence time, allowing for a long range transport that results in an efficient
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mixing of the stratospheric layer.

2.1.3 What is it meant by black carbon and dust?

As pointed out by Bond et al. (2006), the nomenclature used for carbonaceous particles
is quite confusing. Usually, the term black carbon refers to the strongly light absorbing
component of carbonaceous aerosol. The less absorbing part is generally called organic
carbon, subsuming with this term a very broad spectrum of compounds.

Strongly-absorbing carbon is often called elemental carbon or soot: FElemental carbon
identifies in atmospheric chemistry the carbonaceous material that does not volatilize below a
certain temperature, usually about 550°C, even though a more correct name for the material
defined through this operative definition would be refractory carbon. Soot generally refers
to any light-absorbing, combustion-generated carbonaceous material, and in this meaning
is used by the Intergovernmental Panel on Climate Change (IPCC). In this work the term
black carbon will be employed, as the most widely used among climate modelers.

The term dust is used in this work as a catchall term for all different species that may
be found in soil dust, i.e. mainly quartz, clays, calcite, gypsum and iron oxides.

2.1.4 Morphology

As already mentioned, aerosol particles are not always spherical. Dust particles originated by
wind erosion, for instance, often have a highly irregular shape. Freshly emitted soot appears
usually as chains of small particles. Through condensation of vapor or coagulation with
other particles a coating of soluble material can form at the soot surface, and the chain-like
particles contract assuming a shape more similar to a sphere, that they maintain also when
the coating evaporates (Zhang et al., 2008; Saathoff et al., 2003), as shown in Fig. 2.1.

The distribution of strongly-absorbing and less-absorbing material inside a single particle
is important for the optical properties of aerosols. The idealized case in which the aerosol
population is composed by a heterogeneous ensemble of homogeneous particles is called
external mizture, while the expression internal mizture is used to describe any occurrence of
multiple species in the same particles. The term internal mixture, however, does not define
completely the state of mixing of the aerosol population: it may describe a homogeneous
population of homogeneous particles, where all species are perfectly mixed with the others
inside each particle at a molecular level, or it may refer to a particle that is internally
heterogeneous, having for instance a core of black carbon surrounded by a shell of less
absorbing material. These idealized cases are illustrated Fig. 2.2. The review by Bond and
Bergstrom (2006) gives a very complete overview on the influence of the state of mixing of
black carbon on the aerosol optical properties. This work focuses on the characterization
of the hygroscopic behavior of black carbon and dust particles: in this respect an internally
mixed black carbon or dust particle is meant as a particle with an insoluble core and a
shell of soluble material (Fig. 2.2c¢). Externally mixed black carbon and dust particles are
considered hydrophobic, internally mixed ones hydrophilic. However, the optical properties
of aerosol are here calculated assuming that aerosol particles are an homogeneous internal
mixture (Fig. 2.2b). This assumption simplify the coupling with radiation and reduces the
computational demand of the model.
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Figure 2.1: Tmages of soot particles taken with a transmission electron microscope (TEM).
(a) Fresh soot particle. (b) Soot particle after exposure to HySO,4 vapor. The cloud of small
droplets surrounding the soot particle corresponds to the HoSO,4 that was shaken off the
coated soot particle because of the impaction against the TEM grid. The picture was taken
from Zhang et al. (2008).

2.2 Sources of aerosol: emissions, coagulation and nucle-
ation

Aerosols are emitted directly (primary aerosol) or form via the oxidation of precursor gases
(secondary aerosol). Primary aerosols arise in the atmosphere from natural sources, such
as desert wind-born dust, sea spray, volcanoes and natural fires, or from anthropogenic
activities, such as combustion of fossil fuels, e.g. by industry or traffic. Secondary aerosols
are produced by the gas-to-particle conversion of low volatile species, which results from the
oxidation of precursor gases. These low volatile species may then condense on preexisting
particles, modifying the optical, physical and chemical properties of their surface. If not
enough surface is available, they may nucleate to new fine particles with diameter between
3 and 4 nm (Weber et al., 1997). Condensation is a source mainly of aerosol mass, while
nucleation to new particles increases the number concentration of the aerosol population
and only slightly the mass concentration. Especially in the upper troposphere lowermost
stratosphere (UTLS) the contribution of nucleation to the number concentration of aerosol
can be of substantial magnitude. On the other hand, the freshly nucleated particles are so
small that the contribution of single nucleation events to the total aerosol mass is almost
negligible.

Important precursor gases are SO, dimethyl sulfide (DMS = (CHj3),S) and H,S, that,
after reacting with OH radicals, give sulfuric acid (H3SOy), which may condense or nucleate
into sulfate (SO37). Other precursor gases are nitrogen oxide (NOy, corresponding to the
sum of NO and NO,), which can be oxidized into nitric acid (HNOj3), ammonia (NH3) and
several organic compounds. A significant fraction of HNO3z and NHj3 can be present in the
aerosol phase in the form of nitrate (NOj3 ) and ammonium (NH} ), respectively. In the same
way volatile organic compounds (VOC), a term that broadly refers to any organic compound
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(a) (b) (c)

Figure 2.2: Idealized relationships between absorbing and non-absorbing material. (a) Exter-
nal mixture, i.e. a heterogeneous population of internally homogeneous particles containing
only one compound; (b) Internal mixture as homogeneous population of internally homoge-
neous particles containing more than one compound; (c¢) Internal mixture as heterogeneous
population of internally heterogeneous particles. Figure by Bond and Bergstrom (2006).

that evaporate readily under normal conditions, can be transformed to condensable species
by photodissociation.

About 10% of global atmospheric aerosol mass is generated by human activity. This
aerosol fraction is concentrated in the immediate vicinity or downwind of sources (Chin
et al., 2009). The major anthropogenic sources of aerosols and precursor gases are urban
and industrial emissions, domestic fire and other combustion products, smoke form agri-
cultural burning and soil dust created by any land management activity (e.g. overgrazing,
deforestation, draining of inland water bodies and farming) that destabilizes the surface to
wind erosion. Most of the natural sources of aerosol mass are wind-driven, like the erosion of
the crust, the raising of dust from the desert and the raising of sea salt from the sea surface
into the atmosphere. Next to the wind-driven ones, important natural sources of aerosols
are wildfire and volcanic activities. DMS is produced by marine phytoplankton on the sea
surface, and organic compounds are emitted by plants.

2.3 Sinks of aerosols: dry and wet deposition, coagula-
tion and ageing

Aerosol particles are eventually removed from the atmosphere due to direct settling to the
Earth’s surface by dry or wet deposition. The expression dry deposition refers to the removal
processes that do not involve any precipitation event. Besides sedimentation, which is the
accumulation of particles at surface because of gravity, an important sink is also the impact
of aerosols against a surface following the Brownian motion of a particle. This is what
is properly called deposition. Sedimentation is particularly effective on coarse particles,
deposition on particles with diameter smaller than 1 pm (Seinfeld and Pandis, 2006).

Wet deposition, or scavenging, indicates removal processes involving precipitation (snow
or rain). Aerosol particles can be incorporated in a precipitating particle in different ways: A
cloud droplet may incorporate an aerosol particle after the collision due to the aerosol Brow-
nian motion or to the sedimentation of the cloud particle (impact scavenging), or the cloud
particle may form around an aerosol particle (nucleation scavenging), which is then defined
as activated (see Sec. 2.4). The mechanisms of wet deposition are often called in-cloud
and below-cloud scavenging, referring to where the process takes place rather than to the
process itself. In-cloud scavenging comprises both nucleation and impact scavenging, while
below-cloud scavenging can take place only through impact scavenging. These definitions
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are not employed in this work, since the adopted scavenging parameterization depends on
the process itself and not on where it takes place.

Strictly speaking, the term sink is applied to the processes that remove aerosol mass
from the atmosphere. In a more general sense, it may be used also for those processes,
as coagulation, that conserve the aerosol mass in the atmosphere but lower its number
concentration. Coagulation is the process for which two aerosol particles stick together after
colliding, forming a single particle. It is particularly effective when the particles involved
have very different size, while its efficiency is minimum between particles of the same size.
The term sink may also be used for those processes that cause a loss of particles in a specific
aerosol state, as e.g. the transformation of particles from externally to internally mixed. In
this case the transformation, called ageing, is a sink for externally mixed particles.

2.4 The role of aerosols in cloud formation

Aerosol are essential for the formation of clouds, since cloud droplets form in the atmosphere
through condensation of supersaturated water vapor on aerosol particles (heterogeneous
nucleation). The formation of cloud droplets is highly favored by the presence of soluble
aerosols. As extensively explained by Andreae and Rosenfeld (2008), the homogeneous nu-
cleation of supersaturated water vapor, i.e. the condensation of water molecules without a
foreign condensation nucleus, would require the initial formation of very small droplets. Due
to the Kelvin effect, over such small droplets the equilibrium vapor pressure is extremely
high (Pruppacher and Klett, 2000): This makes homogeneous nucleation possible only at
very high supersaturation values. However, the equilibrium vapor pressure over a solution
is much lower than that over pure water (the Raoult effect), making the formation of cloud
droplets over soluble particles easier. Depending on supersaturation, the Kéhler theory of
cloud droplet formation predicts for each dry soluble particle size and composition a critical
wet particle size. Particle larger than this critical size are said activated and grows spon-
taneously into droplets. The aerosols that can potentially induce the formation of cloud
droplets are called cloud condensation nuclei (CCN).

Ice particles can form in the atmosphere via homogeneous or heterogeneous freezing.
For homogeneous freezing to take place, i.e. for ice particles to nucleate directly out of the
liquid phase, temperature lower than -36°C are required (Rosenfeld and Woodley, 2000).
Heterogeneous freezing, i.e. freezing in the presence of an insoluble particle, can occur at
temperatures well above those typical for homogeneous freezing. The insoluble particles ini-
tiating the freezing are called ice nuclei (IN). Such IN particles may be dust, soot, organic
or metallic particles, mixed or not with soluble material, and are generally present in the
atmosphere at concentrations of 0.01 particles/cm3, which is orders of magnitudes lower
than the typical aerosol number concentrations (Andreae and Rosenfeld, 2008). The het-
erogeneous freezing of an ice particles can take place through different processes. When the
freezing process is initiated by an ice nucleus immersed in a supercooled cloud droplet, we
speak about immersion freezing. Impact freezing refers to the freezing process initiated from
outside, when the supercooled cloud droplet collides with an ice nuclei. The case of a liquid
layer condensing on the ice nucleus and subsequently freezing is called condensation freezing,
and the case of ice growth directly on the dry ice nucleus is called deposition freezing. The
relative importance of the different nucleation modes is still unclear (Hoose et al., 2008).
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Figure 2.3: Aerosol effect on climate. Figure from Forster et al. (2007)

2.5 The climate effects of aerosol

Besides the possible effects that aerosol can have on human health when concentrated near
the surface (e.g. WHO (2003)), aerosol also affects the radiation balance of the atmosphere,
as schematically illustrated in Fig. 2.3. First, aerosols scatter and absorb the shortwave
solar radiation (direct effect), causing a brightening of the planet when viewed from space.
Second, acting as CCN, they modify the microphysical properties of clouds and their amount
and lifetime (indirect effect). Finally, absorbing aerosol warms the atmosphere changing
the atmospheric stability, and this is thought to suppress cloudiness (semi-direct effect,
Ackerman et al. (2000)). A detailed review of the aerosol indirect effect is given by Lohmann
and Feichter (2005). The cloud albedo effect is related to the number of cloud droplets inside
the cloud: A higher number of aerosols, i.e. of CCN, with respect to the unperturbed case
leads, keeping constant the cloud liquid water content, to more and smaller cloud droplets,
and therefore to an increase in the reflected solar radiation (cloud albedo effect or first
indirect effect, Twomey (1977)). An increase of aerosols is also supposed to decrease the
precipitation efficiency thereby prolonging the cloud lifetime (cloud lifetime effect or second
indirect effect, Pincus and Baker (1994); Albrecht (1989)). Lohmann (2002b) has hypothized
also another kind of indirect effect caused by hydrophilic black carbon particles in mixed
clouds. She claims that, if no potential ice nuclei are present, more aerosols lead to less
precipitation, a prolongation of the lifetime of clouds and an increase of the cloud fraction.
On the other hand, if the aerosol is composed by a sufficient number of potential ice nuclei,
more ice particles can be formed at the expenses of the droplets, since in favorable conditions
ice crystals grow more rapidly than droplets. This leads to a situation with some large ice
crystals and less small liquid droplets, implying a higher precipitation rate via the ice phase
and a decrease of the cloud fraction (glaciation indirect aerosol effect), hence more solar
radiation can be absorbed by the Earth-atmosphere system and the temperature increases.

The overall impact of aerosol is an increase in Earth’s reflectance, leading to a reduction
of sunlight reaching the Earth’s surface and consequently producing a net climate cooling.
The estimates of the magnitudes of these effects given by the different climate models,
however, are very different and there is a very large uncertainty on the net radiative forcing
of aerosol (Forster et al., 2007). Furthermore, the aerosol spatial and temporal distribution
is highly heterogeneous, so that the magnitude and even the sign of their climate effects vary
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immensely with location and season (Chin et al., 2009).



Chapter 3

The aerosol model: MADEsoot

A global climate model simulates the atmosphere using a three dimensional grid. The phys-
ical and chemical processes take place in each box of the grid, and quantities like mass and
number concentration are transported between neighboring boxes due to advective, diffusive
and convective transport.

The first stage of the development of the new model happens at the level of the box model:
thanks to the much smaller computational resources needed, many tests can be performed
to check if the model is robust in the whole range of possible values of the model variables
and parameters. Once tested, the box model is implemented in the three dimensional one,
previously modified to give a good description of the region of interest.

This chapter presents the box version of the aerosol model MADEsoot and its repre-
sentation of the aerosol dynamics and chemistry. Chapter 4 introduces the three dimen-
sional model ECHAMS5/MESSy, the modifications done to simulate the upper troposphere-
lowermost stratosphere, and the implementation of MADEsoot in it.

MADEsoot is a model for aerosol dynamics that allows for simulations of distribution
and composition of the atmospheric aerosol. Following the concept that Riemer et al. (2003)
implemented in the frame of a regional model for the south-west part of Germany, MADEsoot
enhances the Modal Aerosol Dynamics Model for Europe MADE, developed as a part of the
European Air Pollution Dispersion model system (EURAD) by Ackermann et al. (1998).
The core of MADE goes up to the the Regional Particulate Model (RPM) of Binkowski and
Shankar (1995), that used a modal representation of aerosol dynamics (Whitby et al., 1991)
for studies in the northern American region. MADE was coupled to the general circulation
model ECHAM4 (Lauer et al., 2005; Lauer and Hendricks, 2006), and later to ECHAMS5 in
the framework of the Earth model system MESSy (Jickel et al., 2005; Lauer et al., 2007).
This second version has been used as the basis for the development of ECHAMb5/MESSy-
MADEsoot.

3.1 Description of the aerosol population

Aerosol models generally represent the size distribution of aerosol by means of sectional or
moment-based methods. The sectional method (Adams and Seinfeld, 2002; Jacobson, 2001)
divides the size domain into bins and calculates the number concentration in each size bin.
It is the most general method, because it explicitely calculates the aerosol size distribution
instead of making assumptions on its shape. It is very accurate when a large number of size
bins is used, but, on the other hand, it is computationally very expensive. The moment-based
methods keep tracks of the moments of the aerosol size distribution instead of tracking the
distribution itself. Moment-based methods are the quadrature method of moments (QMOM)
(McGraw, 1997) and the modal method (Whitby and McMurry, 1997). QMOM calculates
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the aerosol properties and their evolution from the moments of the distribution without
requiring the knowledge of the distribution itself, while the modal method describes the
aerosol population through one or more lognormal size distributions, whose parameters are
derived from the moments. This is the method adopted in this work, and is explained in
details in the following.

MADE. The aerosol model MADE, in the version described by Lauer et al. (2007), is the
starting point for the development of MADEsoot. MADE describes the aerosol population
through three modes, depending on the particle size, under the assumption that all particles
are spherical and internally mixed. The three modes are:

e an Aitken mode, for particles with diameter between about 10 nm and 100 nm and
composed of SOZ_, NH;, NOj3, particulate organic matter (POM), H,O, black carbon
(BC) and sea salt (SS);

e an accumulation mode, for particles with diameter between about 100 nm and 1pum,
composed of SO3~, NH;, NO3, POM, H,0, BC, SS and mineral dust (DU);

e a coarse mode, for particles with diameter larger than about 1pm, composed of HyO,
DU and SS.

In the Aitken and in the accumulation mode two mass tracers are used to keep track of
the mass of hydrophilic and hydrophobic BC. The transfer from the hydrophobic to the
hydrophilic is assumed to be an exponential decay with e-folding time of one day ( see
Sec. 3.2.6). Mineral dust is assumed to be hydrophobic. A detailed description of MADE
is presented in Lauer et al. (2005) and Lauer and Hendricks (2006). Since MADE focuses
on the characterization of sub-micrometer aerosols, whose evolution is quite independent of
coarse mode particles ( Whitby, 1978), the coarse mode has no interaction with the smaller
modes.

MADEsoot. The aerosol model MADEsoot maintains the assumption of spherical parti-
cles, but makes a distinction between internally and externally mixed BC and sub-micrometer
dust. Internally and externally mixed BC and dust particles are assumed to be hydrophilic
and hydrophobic, respectively. The aerosol population is described through seven modes:

e an Aitken mode (akng,) for internally mixed soluble particles with diameter between
about 10 nm and 100 nm. akng, particles are composed of SOZ‘, NH;, NO3, POM,
H-0, SS;

e an accumulation mode (accy,) for internally mixed soluble particles with diameter
between about 100 nm and 1pum. accg, particles are composed of the same species as
aknsol;

e an Aitken mode (akne) for externally mixed BC particles with diameter between
about 10 nm and 100 nm;

e an accumulation mode (accex) for externally mixed BC and dust particles with diam-
eter between about 100 nm and 1um;

e an Aitken mode (aknp,;,) for internally mixed BC and dust particles, i.e. BC and dust
particles covered by a coating of soluble material, with diameter between about 10 nm
and 100 nm. The coating is composed of the species present in akng;
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e an accumulation mode (accy;y) for internally mixed BC and dust particles with diam-
eter between about 100 nm and 1pum. The coating is composed of the species present
in accg;

e a coarse mode (cor) containing particles with diameter larger than about 1um and
composed of HyO, SS and dust.

As in MADE, the coarse mode does not interact with the Aitken and the accumulation
modes. The chemical composition of the individual modes in MADE and in MADEsoot is
summarized in Tab. 3.1

Through coagulation between different modes and condensation of soluble material, ex-
ternally mixed BC and dust particles gain a cover of soluble material and, if the coating is
sufficiently large, are transferred to an internal mixture. In MADEsoot this ageing process
corresponds to the transfer of the mass and number concentration from the externally mixed
modes to the internally mixed ones, as explained in detail in Sec. 3.2.6.

Mathematical aspects. The particle number concentration n(D) within each mode is
represented as a function of the diameter D by a log-normal distribution:

AN N <_(h1D—h1Dg)2)
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n(D) (3.1)
where N, is the total number concentration of the mode, D, the median diameter and o,
the standard deviation of the mode. N;, Dy and o, completely determine each mode. The
number of particles with diameter smaller than D is given by the integral of Eq. [3.1] between
0 and D and is equal to:
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where the error function erf(z) is defined as

exf(z) = % /0 ey (3.3)

with erf(0) = 0 and erf(oo) = 1.

The surface and volume distribution corresponding to a log-normal number distribution
are also log-normal. From Eq. [3.1] the surface distribution ng(D) can be written for
spherical particles as
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which is a log-normal distribution with standard deviation o, and median diameter given by
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Likewise the volume distribution ny (D)

™
ny (D) = 5 D*n(D) =
N,
= 7t%exp 3InD, + gln2 ag} exp {—

v2rDlIno,

In D — (InD, + 3In°0,)]?
21n? o4

(3.6)
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MADE
Mode Species
SOF~ NH; NO3 POM H50O SS BC DU
akn X X X X X X X
%
ace X X X X X X X X
cor X X X
MADEsoot
Species
NH; NO3 POM H50O SS BC DU
X X X X X
X X X X X
X X X X X X
X X X X X X X
X X X X X X
X X X X X X X
cor X X X

Table 3.1: Chemical composition of the modes in MADE and in MADEsoot. POM stands
for particulate organic matter, BC for black carbon, DU for mineral dust and SS for sea salt;
akng, and accg, indicate the soluble Aitken and accumulation modes, akng and accey the
modes for externally mixed BC and dust, akn,,;x and acc,,, the modes for internally mixed
BC and dust, cor the corse mode.
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Figure 3.1: Number, surface and volume distribution of three log-normal modes in the range
of atmospheric Aitken, accumulation and coarse modes. The median diameters are 50 nm,

0.5 pm and 5 pm, the total number concentrations 50000 cm =3, 5000 cm ™3 and 50 ecm ™ and
the standard deviations 1.7, 2.0 and 2.2, respectively.
is log-normally distributed with standard deviation o, and median diameter given by

In D,y = In D, + 3In’ o, (3.7)

Fig. 3.1 shows the number, surface and volume distribution of three log-normal modes
in the typical range of the atmospheric Aitken, accumulation and coarse modes. While the
Aitken mode gives the larger contribution to the number concentration, the coarse mode
dominates the volume distribution.

In MADEsoot the standard deviation of the modes is fixed and set to 1.7, 2.0 and 2.2
for the Aitken, accumulation and coarse modes, respectively, therefore only two parameters,
Ny and D, are needed to characterize the modes. However, solving the equations directly
for the diameter D, is not simple, therefore MADEsoot solves those for the 0" and 3™
moment, which allow to characterize the mode as N; and D, do. The k™ moment M®) of
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a distribution is defined as
“+oo

M®) = DFn(In D)d(In D)

—00

+oo
= / D" n(D)dD
0

/{32
= N, D,fexp (? In? O'g) , (3.8)

where the last equivalence is true if n(D) is a log-normal distribution. In particular, MO
and M® are related to total number N, and total volume V; of the mode:

MO = N, (3.9)
6
M® = 2V, (3.10)
m
From Eq. 3.8 and Eq. 3.9 the median diameter of the mode is equal to
M®)
Dy = ——g—5— (3.11)

M(O)€% In? og

The prognostic variables of the model are the 0'" moments of the modes, corresponding to
their total number concentrations, and the mass concentrations of the single species present
in each mode. This sums up to 21 prognostic variables in MADE, and to 52 in MADEsoot.
The number of the prognostic variables in MADEsoot is given by the number concentrations
of the seven modes plus the mass concentrations of the chemical species in each mode, which
are six in akng,), Six in accg,), seven in akney, eight in accey, seven in akn,;,, eight in accpy;x
and three in the coarse mode.

3.2 Representation of aerosol microphysics

The aerosol processes simulated in MADE and in MADEsoot are the following:

e gas/aerosol partitioning, which is the partitioning between nitric acid (HNOj3) and
ammonia (NH3) in the gas phase and their salts in the liquid phase, i.e. nitrate (NO3)
and ammonium (NH] ), and the partitioning between the gas and particulate phase of
water;

e condensation of sulfuric acid (H,SO,) and organic material on preexisting aerosols;
e nucleation of HySOy in fresh aerosol particles;

e coagulation, which consists in the coagulation between two particles belonging to the
same mode (intramodal coagulation) or between two particles belonging to two different
mode (intermodal coagulation);

MADEsoot, as most aerosol models, uses the operator splitting approach, i.e. treats the
microphysical processes independently within each time step. The succession of the processes
is chosen depending on their typical time scale. Gas/aerosol partitioning is assumed to
act as first, followed by condensation, nucleation and coagulation. These processes change
the aerosol mass and number concentration, which can results in variations of the median
diameters of the respective mode. In this way the Aitken mode can grow into the size range
of the accumulation mode. If this happens, the aerosol model assigns a part of the mass and
number concentration of the Aitken mode to the accumulation mode:
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e particle growth from the Aitken modes into the accumulation modes.

Furthermore, gas/aerosol partitioning, condensation and coagulation create a coating on
externally mixed BC and dust particles which may transform them in an internal mixture.
MADEsoot, but not MADE, simulates also this ageing process:

e ageing of BC and dust particles from external to internal mixture (only in MADEsoot).

These processes determine the evolution of the prognostic variables. The prognostic equa-
tions for the number concentration of each mode are

8N,~ (9N, nucl aNZ coag aNZ growth (9NZ ageing
8NC0T
= NCOI‘ ) 1
g~ FHeor) (3.13)

where 7 = akn, acc in MADE and ¢ = akngg), acCe1, akNey, CCayxt, akNpiy, aCCmiy in MADES-
oot. R(N;) represents the change in the number concentration of the mode i due to transport,
emissions, dry and wet deposition. These processes are not included in the aerosol model,
but are simulated in the three-dimensional system ECHAM5/MESSy-MADE(soot) by other
sub-models (see Ch. 4). ON; /9", ON;/9t* and ON;/H*" ™" corresponds to the change
in the number concentration due to nucleation of HySOy, coagulation, and growth of the
Aitken mode into the accumulation mode size range, respectively. The terms ON;/Ot*8“"¢
which are present only in MADEsoot, describe the ageing of BC and dust particles, i.e. the
transfer of particles from akn. and accey to akng;, and acciy.
The prognostic equations for the mass concentration of the species in each mode are

0C, IC, ;™ 0C, 5P 0C, ;%  0C,; ™ IC, oM 90, e
? l : . ? ? ? ) ) ) . 14
ot (Ca) ot ot ot ot ot ot (3.14)
0C% cor
cor _ 1
2 = R(Clcor) (3.15)

where z identifies the species in each mode (Tab. 3.1), and 7 the mode, as for Eq. [3.12].
R(C,;) represents the change in the mass concentration of the species = in the mode i due
to transport, emissions, dry and wet deposition and chemistry. Besides the terms describing
the change in the mass concentration due to nucleation, coagulation, growth and ageing,
which are included also in Eq. [3.12], Bq. [3.14] includes also the terms 9C,;/0t** and
0Cx,i/8tcond, which describe the changes in the mass concentration of NO;, NH; and H,O
due to mass exchange between gas and particles and the increase in SOi_ and POM mass
due to condensation of gases, respectively. As in Eq. [3.12], C,;/0t**" is present only
in MADEsoot. Intramodal coagulation does not affect the mass concentration in the mode.
The explicit equations for each prognostic variable are shown in App. A.

The treatment of these processes in MADE and MADEsoot is described in the following.
The description focuses on the modification introduced in MADE related to the new ability
of MADEsoot to simulate the different mixing states of aerosols. A detailed description of
the approach used by MADE is provided by Lauer (2005) and Lauer et al. (2005).

3.2.1 Gas/aerosol partitioning

The partitioning between gas and particulate phase of water, gaseous nitric acid (HNOj3) and
ammonia (NH3) and their particle phase, nitrate (NO3) and ammonium (NH) respectively,
is calculated using the computationally efficient equilibrium model EQSAM (Metzger et al.,
2002a,b). The basic concept of EQSAM is that the activities of atmospheric aerosol species,
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when in equilibrium with the ambient air, are governed by the relative humidity (RH), allow-
ing for a parameterization of single solute molalities and activity coefficients only dependent
on the type of solute and RH. The two main assumptions of EQSAM are that aerosols are
internally mixed and that the system is in thermodynamical equilibrium. Meng and Seinfeld
(1996) have shown that the equilibration time of relevant aerosol species in atmospheric
conditions is typically of the order of minutes, reaching one hour at low relative humidity.
The assumption of thermodynamic equilibrium is therefore feasible in global climate models,
where the time step is typically between 0.5 and 1 hour.

In order to reduce computational costs, EQSAM defines four different domains, depend-
ing on the abundance of sulfate with respect to sodium, ammonium, potassium, calcium and
magnesium. In each domain, several parameters are defined. One parameter is, for instance,
the stoichiometric coefficient of ammonium, which is used to determine the amount of avail-
able ammonia after the neutralization of the total sulfate. Additionally, each concentration
domain is divided into sub-domains, defined through the comparison between RH and rela-
tive humidity of deliquescence (RHD). Depending on whether RH is larger or smaller than
RHD, the partitioning is done between gas and liquid or between gas and solid aerosol.

MADE. Since the equilibrium time is shorter for smaller than for larger particles (Meng
and Seinfeld, 1996), MADE applies EQSAM first to the Aitken mode, and subsequently
to the accumulation mode. The mass concentrations of SO7~, NO;, NHJ and sea salt in
the Aitken mode is given as input to EQSAM, together with the gas concentration of NHj
and HNO3z. The output is the new concentration of aerosol water, NO; and NHJ in the
Aitken mode. The same procedure is applied afterwards to the accumulation modes, taking
as input the concentrations of NHs and HNO3 which are left from the first call of EQSAM.
After EQSAM has been called, the concentration of the species z = NHf, NO3, HyO in the
mode ¢ = akn, acc is

Tt

Coi(t + At) = MEQSAM(CSC)?’Z.(t), Cxog i), Oy (1), Css i(t), RH), (3.16)

where MPQSAM jg the output concentration of the species x calculated by EQSAM.

MADEsoot. Since the size order of the three MADEsoot Aitken modes is not fixed, it
is not possible to set a priori if EQSAM has to be called first for akng,, akne; or akny.
The same problem occurs in the case of the accumulation mode. Therefore, in MADEsoot
the EQSAM input concentrations of SO3~, NO;, NH and sea salt are the total concentra-
tions summed over the three respective modes. The output concentrations of aerosol water,
NOy, NH} is then divided among the three modes proportionally to the concentration of
soluble material before EQSAM was called. This is done first for the three Aitken mode and
afterwards for the three accumulation mode.

CE,?SAM(t + At) = MESSAM(CSOE*,V@% CNOg,fy(t>v CNHZ,«,(t)v CSS,’Y(t>7 RH) X

" Oso?;,z'(t) + CNog,i(t) + CNHI,i(t) + Css.4(1)
Z?:l Cso?[,z'(t) + CNO;,i@) + CNHI,i(t) + CSS,i(t)

(3.17)

where, if v = akn, i = akng,, akne,,akny;, and, if v = acc, © = accgy), ACCexs, ACCHix. The
. . . _ EQSAM .
index z refers to the species, with o = NH,, NO3 ', HyO, and M, ann is the output concen-

tration of the species x calculated by EQSAM. A certain amount of NO;, NH; and water
mass is assigned also to the externally mixed modes, concurring to increase their coating.
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The terms corresponding to the gas/particle equilibrium in the prognostic equations
Eq. [3.14] are

9Cyoy; i 80 Oyoo ' (t+ At) = Oyos i(t)

NOj i 3
5 = - Al (3.18)
(9C'NH+7Z- g/p C’SEEIEM(t + At) — CNH},i(t)
a At (3:19)
9Ch,0,:%'° B Cg?os,?M(t + At) — Cryo,i(t) (3.20)
ot At '
8050?(#’ e _ ICpowm,i B/ _ 0Css,i 8/p _ 8CBC,ig/p _ 8CDU,ig/p —0 (3.21)

ot ot ot ot ot

3.2.2 Condensation of sulfuric acid and organic material

The growth of the aerosol mass due to condensation of sulfuric acid and organic vapor is
explicitly calculated by MADE and by MADEsoot. The mass concentration of sulfuric acid
gas evolves following the analytic solution of the equation

d CH2304 (t)

=P—-L.-C t 3.22
dt H2504( )a ( )

where P is the production rate of HySO, in the gas phase and L is the loss due to condensa-
tion. The amount of condensing sulfuric acid AC " can be calculated from Eq. [3.22] and
is equal to

Accond — ACHQSO4 o Acproductlon

_ (% — Cinso, (to)) (1— e 5% — pAL. (3.23)

The calculation of the loss coefficient L is shown in App. B.1. AC®" is divided among
the aerosol modes proportionally to the third moment growth coefficients GE?’) = 8Mi(3) /Ot
where i is the index of the mode. The coefficients GZ(.?’) are calculated as the harmonic mean
between the free-molecular and near-continuum regimes, and depend on the first and second
momentum of the modes, on the sticking coefficients of H,SOy4, on the mean molecular veloc-
ity and on the diffusion coefficient. The complete expression of the condensation coefficients
is derived in App. B.1.

The condensation of organic material is calculated in the same way. The amount of
condensing gas Csoa, however is provided to the aerosol module as an external field rather
than derived by an equation as Eq. |3.22].

The terms in the prognostic equations relative to the condensation of sulfuric acid and
organic compounds are the following:

MADE. . .
0C 2 icon .3 A cond
% — (3)G2 & CA ’ (324)
t Gakn + Gacc t

con 3
0Cromi ™ _ Gt Cs0a (3.25)
- 3 3 : :
ot Gé(%A, akn + Gé(%A, acc At
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MADESsoot. . .
80 2— icon G.3 ACcond
— - T A (3.26)
e
8CPOMiC0nd GggAz’ Csoa
o Ty A (321
Zj:l GSOA,j

3.2.3 Nucleation of new particles

The binary nucleation of water and sulfuric acid is parameterized following Vehkamdki et al.
(2002). The nucleation rate of new particles J is parameterized by temperature, relative
humidity and concentration of sulfuric acid in the gas phase. The HySO4 concentration used
to parameterize J is the amount left in the gas phase after condensation has taken place.

The parameterization of Vehkamdki et al. (2002) is valid in the temperature range of
190.15 - 300.15 K, in the relative humidity range of 0.01%-100% and in the sulfuric acid
concentration range of 10* - 10! particles/cm?. The resulting nucleation rate is in the range
of 1077 —10'% particles/(¢cm?®s). The mass production corresponding to the nucleation rate .J
is calculated assuming that the freshly nucleated particles are log-normally distributed with
wet median diameter of 3.5 nm (Weber et al., 1997) and standard deviation of the Aitken
mode. The sulfate mass ms 5 contained in a sphere with wet diameter 3.5 nm is calculated
as a function of the relative humidity fitting experimental data. The nucleation of new
particles can give a large contribution to the number of particles in the Aitken mode, but
rarely increase substantially the mass concentration of the mode, given the small diameter
of the freshly nucleated particles (Lauer and Hendricks, 2006).

MADE. The freshly nucleated particles are assigned to the Aitken mode.

8Na nnucl
8tk = J(T,RH, Ci1,s0,), (3.28)

80 > rlnucl
% = J(T,RH, Ci,s0,) ms 5 (RH) e3 " 7 (3.29)

MADEsoot. The freshly nucleated particles are assigned to the BC and dust free Aitken
mode.

nucl
aNakn sol

ot
8030421*7 nucl

= J(T,RH, Cii,50,), (3.30)

aknsol

ot = J(T,RH, Cu,s0,) mas(RH) e 10" anggr (3.31)

3.2.4 Particle coagulation

Coagulation is the process of collision of aerosol particles and the subsequent creation of a
larger particle. This process conserves the total mass of the coagulating particles, but low-
ers the number concentration, shifting the aerosol population towards larger diameters. A
complete description of the coagulation process is very complicated and requires large com-
putational resources. The problem considerably simplifies if one considers only coagulation
due to Brownian motion, ignoring the motion produced by other forces as the hydrody-
namic, electromagnetic and gravitational forces, and assumes that the aerosol distribution
keeps log-normal after the coagulation process (Binkowski and Shankar, 1995). The coagu-
lation rates are calculated for spherical particles, following Binkowski and Shankar (1995),
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as a function of the median diameter of the coagulating modes. They are higher between
particles with different diameters than between particles of the same size. The coagulation
rates Ci(f;-) describe the changing rate of the moment & of the mode [ due to the coagulation
between the mode 7 and j

o) _ aMl(k)
" ot

]

(3.32)

Their calculation is shown in App. B.2.

MADE and MADEsoot describe bimodal coagulation of particles belonging to the same
mode (intramodal coagulation) or to two different modes (intermodal coagulation). Both
aerosol models assume that particles resulting from intramodal coagulation belong to the
same mode of the coagulating particles, therefore intramodal coagulation is simulated in a
is very similar way in MADE and in MADEsoot. On the other hand, the simulation of
intermodal coagulation is very different, given the higher number of possible coagulation
events. Tab. 3.2 shows all possible coagulation events in MADE and in MADEsoot and the
destination of the particles resulting from each coagulation process.

MADE. MADE assumes that the coagulation between an Aitken mode particle and an
accumulation mode particle results in an accumulation mode particle, while the coagulation
between particles belonging to the same mode results in a particle that still belongs to the
same mode. This implies that the intramodal coagulation lowers the number concentration of
both modes but leaves the mass concentration unchanged, while the intermodal coagulation
lowers the Aitken mode number and mass concentration and increases the accumulation
mode mass concentration, but not its number concentration. The coagulation terms in the
prognostic equations Eq. [3.12] for the number concentrations are

8N kn cons 0 0
8: = _ngk)n, akn Ca(ukzl, acc (333)
coa,
8‘7;;“ ) = _Cag(c)()‘, acc (334)

The coagulation terms for the mass concentrations in Eq. 3.14 are related to the changing
rate of the third momentum

coa, 3
8Ox,akn & o 1 8M;§1?<’21 C o C;Ekzl, acc C 3.35
ot N _M(3) ot z,akn = T MW @,akn (3.35)
akn akn
3)
8C'm,acc cons 80{2,31{11 cons C'akn, acc
ot - ot N M(3) Cx’akn’ (3'36)

akn

where the sign of the coagulation rate C’i(j) is explicitely written.

MADEsoot. The simulation of the intermodal coagulation is more complicated in MADEs-
oot than in MADE. Besides shifting the modes towards larger values of the median diameter,
BC and dust free particles may coagulate with BC and dust containing particles, and ex-
ternally mixed particles may coagulate with particles containing enough soluble material to
transform them in an internal mixture. When such coagulation events take place and the
amount of soluble material contained in the coagulation modes is large enough, the resulting
particle is assigned to the internally mixed modes containing BC and dust, otherwise to the
externally mixed modes. The criterion to define a particle as internally mixed is explained
in Sec. 3.2.6.
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MADE

akn acc
3 |4

akn .
akn acce
D

acc

@ acce

MADEsoot

akng, | acceo) | aknNext | aCCext | akNpix | ACCHiIx

® 6p @ @ |®

akn,,; aknDmix | ACCmix
@ akng, | accs OR OR aknix | aCCmix

akneygr | ACCext

ACCmix ACCmix
ACCgol OR OR ACCmix | ACCmix
akng | acCext

aknix | aCCmix
akne | accexr | OR OR
akngy | akneg

ACCmix aACCmix
acCeyt | OR OR

ACCext ACCext

aknix | aCCmix

ACCix

@ ACCmix

Table 3.2: Intermodal and intramodal coagulation events in MADE and in MADEsoot. The
first row and the first column report the coagulating modes, and the body of the table the
destination of each coagulation event.

The coagulation term in the prognostic equation for the the number concentration of the
mode [ is given by

=L =00+l (3.37)

Cz((z]) describes the intramodal coagulation events, hence it is always negative. C’Z-(,(;-), on the

other hand, can be positive, negative or equal to 0. If 7, 7 and [ are different from each other,
C’Z-(g-) is positive. This is for instance the case of an externally mixed BC or dust particle
coagulating with a soluble one to give an internally mixed particle with BC and dust. If
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1=1orj=I, CZ.(S) can be negative or equal to zero, depending on [ being mode that loses

or receives the resulting particle, respectively. Ci(,(;') is symmetric with respect to switching
i and 7. Writing explicitly the terms of Eq. |3.37|, the prognostic equations for the number
concentrations of the soluble modes are

coag
8Naknsnl _ _C(O) (3 38)
at a'knsnlvaknsnl :
_ 0 _ O _c© _ _ O
a'knsnl ,aCCy0l a'knsnl 7aknext akl’lsnl ,aCCext a'knsol 7aknmix afknsnl ,aCCmix’
coag
aNaCCsnl _ _C(O) (3 39)
8t ACCg0],aCCx0] )
(0) (0) (0) (0)
_Caccsolvaknext - Caccsohaccext - C'i‘]'(zcsolva'knmix - C’accsolvaccmix7

where the sign of the coagulation coefficients is explicitely written. All the possible coagu-
lation events lower the number concentrations of the soluble modes.

The result of a coagulation event involving an externally mixed mode is not always
assigned to the same mode. The coagulation between akng, and akney, for instance, can
give a particle in akn,; or in akne, depending on the ratio of soluble to insoluble mass
involved in the coagulation process. The number concentration of akng, becomes lower in
both cases, while the number concentration of akn.; becomes lower in the first case and
stays the same in the second case. In the following the prognostic equations for the modes
containing BC and dust are explicitely written. For each coagulation event whose resulting
mode is not fixed, the two possible terms are written: The upper term in the curly bracket
corresponds to the case where the resulting particle is internally mixed, the lower to the case
where it is externally mixed. Each term corresponds to a different coagulation event.

aNgl;next cons _ _Cég)nemaknm —l—{ (;Ca(ul(glsol,aknext +{ (;Ca(u(c]():sol,aknext (3‘40)
_Cg)nemaccm +{ (;C;l(zilext,aknmix I { (;ngg)next,accmix ’

D™ s 4] O )
+{ e +{ B

There are no coagulation events that increase the number concentrations of the externally
mixed modes. On the other hand the number concentrations of the internally mixed modes
with BC and dust can increase following the coagulation of externally mixed BC and dust
with soluble particles.

ONyen, . O Lo
81; - = _C;ﬁlmix,aknmix + { 0 Akson aknext _Céggsnhaknmix (342)
0 (0) (0)
+ { 0) —C KD —C KD !
_Céhltaml, aCCext,akN iy akn yix,aCCmix
(0) (0) (0)
%Coag = _C;g?g i5,ACCmi _'_CakHSOhaCCEXt + _'_CaCCSOI’akHEXt + +CaCCsol,aCCex(3-43)
ot eniracnis T A .

aknexhaccmix aCCext ,dCCmix

0 +c© 0
0 ext,dKTMmix
+Cé§cgsol,akﬂmix + { _C(o) + { 0 acCCext,ak + _C(O)
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The changing rate of the mass concentration of the species x in the mode [ due to
coagulation is

aCx J coag

Cm (3.44)

o K2,
DI

where ¢ and 7 identifies the coagulating modes in events where the mode [ is involved,
as coagulating mode or as outcome of the event. Since the intramodal coagulation does
not change the mass of the mode, the changing rate of M depends only on intermodal
coagulation. C is not symmetric with respect to switching ¢ and j. If the particles resultlng
from the coagulatlon between the mode ¢ and j are assigned to the mode £, then C’i’j is
related to the moment that is transferred from the mode ¢ to the mode £, and C’ﬁ) to the
moment transferred from the mode j to the mode k. K7 is the mass of the species 2 which
is transferred from the mode 7. If i = [, K7 is negative or equal to zero.

Writing explicitely the sign of the single terms, the terms in the prognostic equations for
the mass concentrations of the soluble modes are

coa
aCx,aknsol 8

ot
coa,
aC’:Byaccsol &

ot

_Kaknsol,accsol o Kaknsol,aknext o Kaknsol,accext o Kaknsol,aknmix
T T T T

o ngnsol ’acflgi345)

_I_Kaknsolvaccsol .
xr

F(accsol,aknext o Kaccsol,accext o F(accsol,aknmix o
T T T

Kgccsol 7a(:(:.-,\-(ig-éj:(i)

As for the prognostic equations for the number concentrations, the terms describing the
coagulation events involving an externally mixed mode depend on the amount of soluble
material involved. The upper term in the curly brackets is valid in case the resulting particle

is internally mixed, the lower if it is externally mixed.

_ Kaknext ,aknsol
xT

o { +Kaknsnlyaknext
x

' {
_Kaccext,aknsol

T
+Kaknsnl ,dCClext

T

0

Ccoa,
ac\’ﬂ'd'va'knext &

ot
_ Kaknext ,aknmix
xT

+Kaknlllix7aknext
x

Ccoa,
acYﬂ'd‘vaccext &

ot
— J{@CCext ,akn iy

+Kaknlllix7accext
x

_Kaknext,accsol
T

+ +Kaccsolyaknext
T

_KaCCext ,aCCg01
xT

+ +Kaccsolyaccext
x

Kaknext ,dCCext
x

(3.47)

_Kaknext,accmix
x

_l— _I_Kaccmixyaknext
xT

F(aknext ,aCCext
T

(3.48)

_Kaccext ,dCCmix
x

+ _I_Kaccmi)uaccext
€T

If the resulting particle is externally mixed, the number concentration of the involved ex-

ternally mixed mode does not change, but its mass concentration does.

The prognostic
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equations for the internally mixed modes with BC and dust are

- 4 Kaknsol,aknmix o Kaknmix,accsol 349

+Kaknext ,aknmix
+ €T

_ Kaknmix ,aknext
x

8Cm,aknmix coag { _'_K;knsolyaknext + K::knextyaknsol

_ K aknu]ixyaccext _ l’( aknn]ixyaccmix
x x

coa aknggr,accex aCCext,akn
8vaaccmix & _'_KSC ol et _'_ KSE o ! a'knsnl aCCmix
— + K2K0sol (3.50)
ot 0
. _i_K;CCsolvaknext + K;knextvaccsol . _i_K;CCsolvaCCext + Kgccextyaccsol
0 0

+ Kaknext,accmix
X

_Kaccmixvaknext
X

aknix,acCqo1 ACCg0],aCCmix
R ACtol | ACCol A

R aknmixyacclnix
€T

{ + J acCext aknmix + J @KNmix,aCCext | J{ aCCext ,ACCmix
X X X
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3.2.5 Particle growth

Condensation of vapor and coagulation with other particles increase the volume of individual
aerosol particles, and therefore shift the modes toward larger diameters. Since the evolution
of the Aitken and of the accumulation mode are calculated independently, the diameter of
the Aitken mode can grow into the size range of the accumulation mode. If this happens,
a fraction of the Aitken mode containing large particles is transferred to the accumulation
mode. To achieve this, the aerosol model transfer to the accumulation mode the number
concentration of the Aitken mode particles with diameter larger than D,, where D, is
the intersection diameter between the Aitken and accumulation mode number distributions
(Fig. 3.2). In the same way, the mass concentration of the Aitken mode particles with
diameter larger than Dy, where Dy is the intersection diameter between the Aitken and
accumulation mode volume distributions, is transferred to the accumulation mode. The
number and mass of the particles with diameter larger than D, or Dy is calculated by
means of Eq. [3.2] This operation is called mode merging.

MADE. A part of the number and mass concentration of the Aitken mode is transferred
to the accumulation mode. From Eq. [3.2],

8Nakn growth B _8Nacc growth - Nakn(D > Dn>

= .5l

ot ot At ’ (3:51)
aCx akn growth aCx acc growth C:c akn(D > DV)

. b = — 2 = — ’ . 2

ot ot At ’ (3.52)

MADEsoot. The merging between the Aitken and the accumulation mode applies only
to modes with the same mixing state, i.e. akng, merges with accg, , akng; with accey and
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Figure 3.2: Model representation of the merging between Aitken and accumulation modes.

akn,,ix with accmix.

aNaknsol growth _ aNaccsol growth (3 53)
ot ot '
aNaknext growth B aNaccext growth (3 54)
ot B ot '
8Naknmix growth B 8Naccmix growth (3 55)
ot B ot '
8Cm,aknsol growth B 8Cm,accs,,1 growth (3 56)
ot B ot '
growth growth
aCygc,alknext _ aCx,accext (3 57)
ot B ot '
aC N growth oC growth
T,akNmix - _ ZT,aCCmix (358)
ot ot

3.2.6 Ageing of black carbon and dust particles

Coagulation and condensation of gases on externally mixed particles create a coating around
externally mixed BC and dust particles, and can therefore transfer them to an internal mix-
ture (e.g. Okada et al. (2005); Moteki et al. (2007)). Also photochemical reactions can
contribute to the ageing of externally mixed BC particles, transforming the surface from
being hydrophobic to hydrophilic. Weingartner et al. (1997) show that ageing through
photochemical reactions is mostly less efficient than the ageing through coagulation or con-
densation, while Kotzick and Niessner (1999) state that oxidation of ozone could be more
important than coagulation in the change of the hygroscopic behavior. However, Kotzick and
Niessner (1999) use a quite high ozone concentration compared to usual tropospheric values.
MADEsoot simulates explicitly the condensation of SO2~ and organic material (Sec. 3.2.2),

intermodal coagulation (Sec. 3.2.4) and heterogeneous nucleation of condensable compound
(Sec. 3.2.1).

MADE. MADE does not simulate explicitely the ageing of black carbon and dust parti-
cles and, in the handling of the microphysical processes, does not keep track separately of
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Figure 3.3: Model representation of the ageing of the externally mixed modes.

externally and internally mixed BC and dust. However, while dust is supposed to be com-
pletely hydrophobic, MADE assumes for BC an exponential decay from the hydrophobic into
the hydrophilic state, here used as synonym of externally and internally mixed, rispectively.
Technically, MADE uses two different tracers for the mass concentration of BC, one for each
state of mixing. Before the aerosol microphysics is simulated, the ageing is calculated as

Mgc,,i(t+6t) = Mypc,, i(t)(1 — e 27), (3.59)
My i(t + 0t) = My, () + Mpc,,.i(t)e 27, (3.60)

where the e-folding time 7 is arbitrarily set to one day. The mass of hydrophobic and
hydrophilic BC are then added up, and the aerosol microphysics is calculated for the total
BC. The number concentration of the modes is not affected.

MADEsoot. Given the new modes available in MADEsoot, which allow to keep track of
externally and internally mixed BC and dust during the calculation of aerosol microphysics,
MADEsoot simulates explicitely the ageing of BC and dust. After all aerosol processes have
been simulated, MADEsoot calculates the amount of soluble mass (SOZ‘, NH;, NO;, POM,
H,0, SS) in each externally mixed mode ¢. If it is larger than a critical fraction x of the
total mass of the mode 7, where z is a free parameter of the mode, the mass and the number
concentrations of the mode 7 are transferred to the internally mixed Aitken and accumulation
modes with black carbon and dust. To achieve this the diameter D at which the number
distribution of akn,,;. intersects that of acc,,, is calculated, and the aged externally mixed
particles with diameter larger than D, obtained by means of Eq. [3.2], are assigned to accp;,,
the others to akny,;, (Fig. 3.3). This is a step process, since it does not act as long as the
ratio of soluble to total mass in the externally mixed mode 7 is lower than 2. When the mass
ration exceeds x, the whole externally mixed mode is transferred to the internally mixed
ones. Therefore if there is no ageing the relative terms in the prognostic equations are 0.
Defining for each externally mixed mode ¢ the ratio r; of soluble material as

ri=—— (3.61)
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the ageing terms in the prognostic equations are
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As a consequence of the aging process, the mass and number concentrations of the externally
mixed modes are set to 0.

The parameter x can be chosen depending on the aerosol properties to investigate. Bond
et al. (2006) studied from a theoretical point of view the influence of a soluble shell on the
radiative properties of an aerosol particle, finding very different values of the absorption
amplification for different shell to core ratios. Weingartner et al. (1997) and Khalizov et al.
(2009) presented experimental studies on the hygroscopic properties of externally and in-
ternally mixed BC, and set to 10% the fraction of soluble mass in a particle beyond which
the particles show a more hygroscopic behavior. In the present study three simulations have
been performed, with x=5%, 10% and 50%, respectively. For each of them the evaluation
tests shown in Ch. 5 have been performed. The concentration of total BC and dust have
not shown sensible variations among the three runs. More details about these studies are
reported in Sec. 6.1.4.



Chapter 4

The three-dimensional model:
ECHAMS5/MESSy-MADEsoot

The global climate model used in this work is the ECHAMS5/MESSy system (E5/M). ECHAM5
(version 5.3.01) is the general circulation model (GCM), responsible for the movement of air
masses, the transport of the tracers as e.g. the mass of the chemical species and the number
concentration of the modes, and for the atmospheric physics as radiation or precipitation.
The interface MESSy (version 1.4), on the other hand, couples the processes, which are
simulated by the different sub-models, to each other and to the GCM.

In this chapter the global aerosol-chemistry model E5/M-MADE, which is the starting
point of the the implementation of MADEsoot in a global climate model, is presented,
as well as the modifications that were introduced to obtain a better description of the
aerosol concentrations in the upper troposphere-lowermost stratosphere (UTLS), and also
the implementation of the aerosol box model MADEsoot in E5/M is described.

4.1 The starting point: the ECHAMS5/MESSy-MADE
aerosol-chemistry model

The ECHAM5/MESSy model is a numerical chemistry and climate simulation system that
includes sub-models to describe physical and chemical processes of the troposphere and
middle atmosphere (Jickel et al., 2006). The model was extended with the aerosol module
MADE by Lauer et al. (2007).

ECHAMS (Roeckner et al., 2003) is the atmospheric general circulation model developed
at the Max Planck Institute for Meteorology, Hamburg. The first version of ECHAM was
developed following the weather prediction model of the European Center for Medium Range
Weather Forecasts (ECMWE).

ECHAMS5 is a spectral model based on the so called primitive equations, i.e. the
differential equations for momentum, temperature and moisture. The prognostic variables
are vorticity, divergence, temperature, specific humidity and logarithm of the surface pres-
sure. Except for the specific humidity, that is calculated in the grid point space, the prognos-
tic variables are represented in the spectral space by a truncated series of spherical harmonics.
The standard truncations used in ECHAMSJ5 are at 21, 31, 42, 63, 85, 106 and 159 harmonics,
and the chosen truncation determines the horizontal resolution of the model. The horizontal
resolution used in this work is T42, which corresponds to a grid of 64 cells along the latitude
and 128 along the longitude, with a cell width of approximately 2.8° x 2.8°.
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The atmosphere up to 10 hPa is divided vertically in non-equidistant levels with a hybrid
vertical representation that follows the orography close to the surface and flattens the UTLS.
The pressure at each level boundary is defined through the two constant hybrid parameters
A and B as a function of the surface pressure p, as

pi = Ay + Bips, (4.1)
Ao =By, 41 = AN, 1 =0,  By=1,

where the index k& = N, + 1 refers to the upper boundary of the upper level, and k£ = 0
to the lower boundary of the lower level. The possible vertical resolution are 19, 41, 39
and 90 levels. In this work the vertical resolution L19 was chosen, which is precise enough
for the studies here performed and keeps low the amount of computational time required.
The time step of the model is dependent on the chosen horizontal and vertical resolution
to fulfill the Courant-Friedrich-Levy (CFL) criterion, a condition for the numerical solution
of partial equations. The CFL criterion applied to this model prescribes that the time step
must be shorter than the time for an air parcel to travel adjacent grid points. The standard
ECHAMS5 time step for the resolution T42L19 is 30 minutes, but it has been set here to 24
minutes in order to reach a higher model stability.

MESSy is the acronym for Modular Earth Sub-model System (Jéckel et al., 2005, 2006),
developed at the Max-Planck-Institute for Chemistry, Mainz. MESSy is the link between
the sub-models and the base model, ECHAMS in this case, and among the sub-models
themselves. MESSy is composed by four levels:

e the Base Model Layer, which comprises the GCM;

e the Base Model Interface Layer, which is responsible for the control of the sub-models,
for the transfer of data to and from the sub-models, and for the model output;

e the Sub-Models Interface Layer, which handles the internal data transformation in
each sub-model and the sub-model specific procedures as the call of subroutines;

e the Sub-model Core Layer, which consists of the box models of each sub-model and
can be used independently from the other layers.

The sub-models used in this work are listed in Tab. 4.1. Those relevant for aerosol dynamics
and chemistry are presented in Sec. 4.3, apart from MADEsoot that has been described in
detail in Ch. 3. The version of MESSy used in this work is the version 1.4.

MADE has been briefly described in Sec 3.1. The aerosol processes are simulated by
MADE in a similar way as MADEsoot does. A detailed description of MADE is presented
in Lauer et al. (2005) and Lauer and Hendricks (2006).

4.2 Modifications for modeling the upper troposphere

The studies conducted with E5/M-MADE in Lauer et al. (2007) aimed to quantify the
impact of ocean-going ships on aerosols. They focused on the aerosol concentrations in
the boundary layer, where the model had been rigorously evaluated and performs well.
On the other hand, the vertical profile of the aerosol concentration calculated with E5/M-
MADE showed a deficiency in the UTLS above 500 hPa, a region where the formation of ice
particles is particularly evident. Since this study focuses on the concentration of ice nuclei,
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Sub-model Function Reference
CONVECT  Original ECHAMS5 convection schema — Tiedtke (1989); Nordeng (1994)
CVTRANS  Transport of tracers caused by convec-  Tost (2006)
tion
DRYDEP gas phase and aerosols dry deposition  Kerkweg et al. (2006a)

H20 Initialization of HyO in the strato- Lelieveld et al. (2007)
sphere and mesosphere from satellite
observations and feedback with specific

humidity
JVAL Calculation  of  photolysis  rate Landgraf and Crutzen (1998)
coefficients
LNOX Production of NO, by lightening Price and Rind (1992)
MADE Aerosol microphysics Lauer et al. (2005)
MADEsoot  Aerosol microphysics this study
MECCA Tropospheric and stratospheric chem- Sander et al. (2005)
istry
OFFLEM Offline emissions Kerkweg et al. (2006b)
ONLEM Online emissions Kerkweg et al. (2006b)
RAD4ALL  Original ECHAMS5 radiation model Roeckner et al. (2003)
SCAV Wet deposition and liquid phase chem-  Tost et al. (2006)
istry
SEDI Sedimentation of aerosols Kerkweg et al. (2006a)
TNUDGE  Nudging of tracers Kerkweg et al. (2006b)
TROPOP Calculation of the altitude of the -
tropopause
Cloud Cloud physics Lohmann (2002a)

Table 4.1: List of the sub-models that has been used in this work. The sub-model responsible
for cloud physics has been developed by Lohmann (2002a) and is not included in the standard
ECHAMS5/MESSy 1.4.

the performance of the model in that region had been improved before implementing the
new aerosol sub-model MADEsoot.

To obtain a reliable description of the aerosol population in the UTLS, the model had to
be modified in particular in the depiction of the cloud scavenging processes, i.e. the uptake
of aerosols by cloud droplets or ice crystals through the collision between aerosols and falling
cloud particles or through the nucleation of new cloud particles around them. Scavenging is
described in E5/M by the sub-model SCAV (Tost et al., 2006).

Scavenging of aerosols by ice crystals. The version of SCAV included in the standard
E/M-v1.4 describes separately the uptake of aerosol particles by liquid water droplets and
by ice particles, but the amount of aerosol that is washed out is weighted in both case with
the rain flux. If scav; and scav,, are the scavenging coefficients for ice and water respectively,
the total scavenging coefficient is the sum of the two

SCavy, = scav; + scavy,. (4.3)
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Figure 4.1: Vertical profile of the globally averaged rain (solid line) and snow (dotted line)
precipitation rate, for a global average of a two years simulation with E5/M-MADE.

The concentration of interstitial aerosol, i.e. the aerosol that has not been taken up by cloud
particles, is
c(t + At) = ¢(t) emavterAt (4.4)

and the concentration of scavenged aerosol, i.e. the aerosol that has been taken up by cloud
droplets but not yet washed out, is

Cseav = C(t) — c(t + At). (4.5)

The amount of the aerosol that is washed out is obtained multiplying the scavenged aerosol
by the rain formation rate f,
Cwashed out = Cscav X fr- (46)

If the snow flux is negligible with respect to the rain flux, as it mostly happens in the lower
troposphere, this simplification does not cause any problem; in the UTLS, however, the snow
flux is larger than the rain flux, as shown in Fig.4.1, and this simplification is not acceptable.

The modified version of SCAV developed in this study takes into account both the snow
and the rain fluxes and provides a description of the wash out of aerosols through the uptake
by ice particles suitable also for the UTLS. The amount of aerosol that is scavenged by ice
crystals and by cloud droplets is calculated separately:

Cscav.ice _ C(t) (1 o escaviAt) (47)

a0 = 1) (1 ),

and the amount of aerosols that is removed by precipitation is calculated taking into account
both the rain and the snow formation rate f, and f:

ice liquid
Cwashed out — Cscav X fs + Cscav. q X fr- (49)
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Figure 4.2: Vertical profile of BC and total aerosol mass concentrations simulated by
ECHAMS5/MESSy-MADE before and after the modification introduced to apply the model
to the UTLS. The experimental data are from Schwarz et al. (2006, 2008b). Solid and open
circles correspond to two different flights.

Ice scavenging in convective clouds. SCAV simulates the uptake of aerosol particles by
liquid water droplets through nucleation and impact scavenging with two different param-
eterizations. On the contrary, the distinction between impact and nucleation scavenging is
not done for ice scavenging, which is simply parameterized by assuming that 5% of the given
aerosol is taken up by ice particles, both in stratiform and in convective clouds. Assuming
higher supersaturation, the ice scavenging coefficient in convective clouds is here set to 90%
(Ekman et al., 2004).

Ice scavenging by heterogeneous freezing. To simulate the higher ability of BC and
dust particles to act as ice nuclei (Seinfeld and Pandis, 2006), different ice scavenging pa-
rameters for hydrophilic and hydrophobic species were introduced. According to Verheggen
et al. (2007) and fitting the vertical profile of BC and total aerosol presented in Schwarz
et al. (2006, 2008b), it is assumed here that the aerosol fraction that is scavenged by ice in
stratiform clouds is 10% for the mass of BC and dust and 5% for all other tracers. Only
5% of the number concentration is scavenged by ice. This brings to an inconsistency in
the treatment of the number concentration, since MADE does not allow to simulate which
number fraction of particles contains BC or dust. This inconsistency will be resolved with
the implementation of MADEsoot.

Fig.4.2 shows the vertical profile of BC and total aerosol mass concentration calculated
with the original and the modified version of E5/M-MADE, compared to airborne measure-
ments. The experimental data were taken with a single particle soot photometer during a
campaign over Texas in November 2004 (Schwarz et al., 2006) and over Costa Rica in Febru-
ary 2006 (Schwarz et al., 2008b). The version of E5/M-MADE developed in this work has
been evaluated also with data from other campaigns, whose results are not reported here.
The results of these evaluations are shown in Ch. 5 for E5/M-MADEsoot, that has been
developed starting from this version of E5/M-MADE.
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Figure 4.3: Atmospheric processes relevant for aerosol and relative sub-models. Modified
from Ghan and Schwartz (2007).

4.3 Implementation of MADEsoot in the global model
ECHAMS5/MESSy

Aerosols are emitted directly (primary aerosol) or form via the oxidation of precursor gases
(secondary aerosol). The relative humidity of air and the availability of condensable species
controls the particle growth or evaporation. Between clouds and aerosols there is a mutual
interaction: the uptake of aerosols by cloud particles followed by cloud evaporation can alter
particle properties, and at the same time aerosols can serve as cloud condensation nuclei or
ice nuclei for new cloud particle formation. Dry deposition and scavenging by precipitation
eventually remove aerosols from the atmosphere. The major processes controlling the life
cycle of atmospheric aerosols and the sub-models that describe them in E5/M-MADEsoot
are shown in Fig. 4.3. The implementation of the box model of MADEsoot in the three-
dimensional model requires the coupling between the aerosol sub-model and the sub-models
responsible for those processes, and the modification of those sub-models to account for the
new features of MADEsoot that were not present in MADE. Fig. 4.4 presents a schematic
representation of E5/M-MADEsoot.

4.3.1 Sources of aerosols

The emissions of aerosols and gases in the atmosphere are described by the sub-models
OFFLEM and ONLEM. OFFLEM is responsible for the offline emissions, i.e. external
fields that are provided as input to E5/M, while ONLEM handles the online emissions, i.e.
the emissions whose amount is calculated by the model itself depending on meteorological
conditions. The data set for the offline aerosol emissions used in this work is the inventory
defined for the AeroCom Experiment “B” (Dentener et al., 2006), that prescribes typical
emission values for the year 2000.
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Figure 4.4: Schematic representation of the model system ECHAMS5/MESSy-MADEsoot.
Picture by Axel Lauer (modified).

Primary Emissions

The aerosol species emitted in E5/M-MADEsoot are SOi_, black carbon, particulate organic
matter (POM), dust and sea salt. In E5/M-MADE these species had to be split only among
three modes, while in E5/M-MADEsoot this has to be done among seven modes. The
emitted soluble aerosol that were assigned in E5/M-MADE to the Aitken mode are to be
split between the Aitken modes with BC and the one without BC, and the emitted BC is
to be split between the internally and the externally mixed BC modes. The same has to
be done for the emissions that were assigned by E5/M-MADE to the accumulation mode.
The emissions assigned to the coarse mode are the same in E5/MESSy-MADE and E5/M-
MADEsoot.

The assignement of the emissions to the respective mode is not part of the global model,
it has to be done separately before starting the simulation. E5/M-MADE(soot) reads files
where the emissions are already divided among the modes.

Black carbon. The sources of BC included here are large scale biomass burning, biofuel
and fossil fuel combustion. BC emissions are split between the internally and the externally
mixed modes, assuming that 80% of the emitted BC is in an external mixture and the
remaining 20% in an internal mixture. BC from biofuel and biomass burning is assigned to
the accumulation mode, BC from fossil fuel to the Aitken mode. BC emissions from large
scale fire are based on the Global Fire Emission Database (GFED) inventory (van der Werf
et al., 2004) and are an average of the values between 1997 and 2002. They are injected
between the surface and 6 km altitude, depending on the kind of fire and the latitude where
it takes place. Bio and fossil fuel BC emissions, from the Speciated Particulate Emissions
Wizard (SPEW) inventory for 1996 (Bond et al., 2004), are emitted at surface level.
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SO?~. Sulfur from volcanic, shipping, traffic, off-road, biomass burning and domestic
sources is emitted as SO, (97.5%) and particulate SO3~ (2.5%). 50% of the SO3~ emit-
ted by volcanic sources is assigned to the Aitken mode and 50% to the accumulation mode,
SO?~ from biomass burning is assigned to the accumulation mode and SO?~ from all other
sources to the Aitken mode. The amount of particulate SO~ assigned to the internally
mixed modes with BC and dust is the minimum needed to define the 20% of the emitted BC
mass as internally mixed, according to the definition explained in Sec. 3.2.6. If not enough
SOF™ is available, the missing mass is taken from the emitted POM. Bio and fossil fuel
sulfur emissions are from Cofala et al. (2005), except those from shipping which follow the
Emission Database for Global Atmospheric Research (EDGARv3.2 FT2000!, Olivier et al.
(2005)) and are injected at surface level. Volcanic sulfur emissions data are based on the
GEIA inventory (Andres and Kasgnoc, 1998) and are injected at different altitudes.

Particulate organic matter. POM is emitted by the same sources as BC. As BC, POM
from biofuel and biomass burning is assigned to the accumulation mode, POM from fossil
fuel to the Aitken mode. For the splitting between the modes with or without BC, see the
paragraph about SO4 emissions. for the injection altitude and the database used, see the
paragraph about BC.

Dust. Emissions of dust are based on simulations with near surface winds of the year 2000
generated by the NASA Goddard Earth Observing System Data Assimilation System (GEOS
DAS). 98.6% of the emitted dust is assigned to the coarse mode and the remaining 1.4%
to the externally mixed accumulation mode. No dust is assigned to the internally mixed
accumulation mode, since the major emission regions of dust are poor of soluble material,
and the lifetime of externally mixed dust particles is comparatively long (Zhang et al., 2003).
An online calculation of dust emissions, that is also allowed by the model, is not used here,
since the diameter of the resulting dust particles is larger than the typical coarse mode of
MADEsoot.

Sea Salt. Sea salt emissions are calculated online by the sub-model ONLEM, depending
on the wind speed and on the sea fraction and ice coverage of the grid cell (Ganzeveld et al.,

2006). The emissions are assigned to the accumulation and coarse modes following Guelle
et al. (2001).

The set of emissions provided by the AeroCom Experiment B includes the mass concen-
trations of all species described above and, additionally, the number concentration of the
emitted dust. When only the mass is available, a log normal size distribution has to be
assumed to calculate the number concentrations. The assumed distribution of the emissions
assigned to the Aitken and to the accumulation modes have standard deviation equal to 1.8
and median diameter of 0.03 pm and 0.08 pm, respectively.

Emissions of precursor gases

Secondary aerosols result from the change of phase following oxidation of precursor gases
as dimethyl sulfide (DMS), SO,, NO4, NH3 and organic gases. The chemistry sub-model
MECCA calculates the reaction rates of the oxidation processes of DMS, SO, and NO.
These processes give as product HNO3 and HySO,4, whose condensation, together with the

thttp://www.mnp.nl/edgar
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condensation of NH3 and organic gases, is calculated by MADEsoot as explained in Sec. 3.2.1
and Sec. 3.2.2.

DMS. Oceanic DMS emissions are calculated online by ONLEM from the 10m wind speed
and a climatology of the ocean water DMS concentration (Ganzeveld et al., 2006). Terrestrial
DMS, much smaller than oceanic DMS, is emitted offline following Spiro et al. (1992).

SO,. SO, emissions have already been described in the paragraph about particulate SO4
emissions. Besides the sources that have been mentioned for SO,4, SO, is emitted from
industry and power plants. These emissions are injected between 100 and 300 m.

NO, The adopted NO, emissions are those described in Ganzeveld et al. (2006) but with
shipping emissions from EDGAR3.2 FT2000 Olivier et al. (2005) instead of those from Eyring
et al. (2005), in order to be consistent with the shipping emissions used in the AeroCom
experiment. Additionally the DLR inventory (Schmitt and Brunner, 1997) is used for NO
emissions from air traffic, and NOy from lightening is calculated online by the sub-model
LNOX following Price and Rind (1992).

NH; NHj; emissions are the standard MESSy emissions described in Ganzeveld et al.
(2006).

Condensable organic gases. The production of condensable organic gases, whose con-
densation into secondary organic aerosol (SOA) is calculated by MADE, is from the AeroCom
data set. They are based on the assumption that 15% of natural terpene emissions form
SOA. SOA forms on short time scales, therefore SOA precursors emissions are assumed to
condenses instantaneously onto pre-existing aerosol particles and their transport and chem-
istry is neglected.

4.3.2 Activation of aerosol particles

The microphysics of clouds is simulated with the model developed by Lohmann (2002a).
This cloud model is not included in the standard E5/M, and has been implemented in it by
Lauer et al. (2007). This cloud microphysical model solves prognostic equations not only
for cloud liquid water and cloud ice, as the standard E5/M sub-model CLOUD does, but
also for the number concentration of cloud droplets and ice crystals. The cloud microphysics
parameterized by the sub-model used in this work includes (Lohmann et al., 1999; Lohmann
and Kdrcher, 2002): growth of cloud droplets through condensation, growth of ice crys-
tal through deposition of water vapor, homogeneous and heterogeneous freezing of cloud
droplets, auto-conversion of cloud droplets and ice crystals to rain and snow respectively,
aggregation of ice crystals, accretion of cloud droplets to rain and of ice crystals and cloud
droplets to snow, evaporation of liquid water and rain and sublimation and melting of cloud
ice and snow.

The number concentration of cloud condensation nuclei (CCN) is calculated according to
Abdul-Razzak and Ghan (2000) as a function of the diameter of the modes, and is provided
to the cloud sub-model. Externally mixed BC and dust particles cannot act as CCN, but,
since MADE cannot simulate their number concentration, they cannot be excluded from
the simulation of the activation process. The number of CCN is therefore calculated over
the total Aitken mode and accumulation mode number concentration. On the other hand,
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this can be done in MADEsoot, which can simulate how many BC and dust particles are
internally mixed and how many externally mixed. In E5/M-MADEsoot the number of CCN
is calculated only over the number concentration of the soluble modes and of the internally
mixed BC and dust modes (akng,, accgor, akng, and accyiy).

4.3.3 Effect of aerosol on radiation

The aerosol optical properties are calculated by MADEsoot in the Sub-Models Interface
Layer (see Sec. 4.1) and read by the E5/M radiation sub-model RAD4ALL. In analogy to
MADE, MADEsoot calculates the refraction index of an internal mixture as the average of
the refractive index of each component, weighted with its relative volume (Quimette and
Flagan, 1982).

The refractive index and the wet radius of each mode are used to identify the extinction
cross section, single scattering albedo and asymmetry factor of the particles in previously
generated look-up tables, which have been calculated by Lauer et al. (2007) for Mie scattering
using the libRadtran code (Mayer and Kylling, 2005). The aerosol optical thickness is the
sum of the optical thickness of each mode, which is calculated by multiplying the extinction
cross section of each mode by the respective particle number concentration, integrated along
a vertical layer. The procedure to calculate the aerosol optical properties is the same in
E5/M-MADE and E5/M-MADEsoot.

4.3.4 Scavenging by ice and rain and evaporation of droplets

As mentioned in Sec. 4.2, SCAV uses different parameterization for impact and nucleation
scavenging. Since externally mixed BC and dust particles are not efficient as cloud con-
densation nuclei, only internally mixed BC and dust particles can by scavenged through
nucleation scavenging. On the other hand impact scavenging acts in the same way on all
aerosol types.

ECHAMS5/MESSy-MADE. E5/M-MADE uses two different tracers for the mass con-
centration of externally and internally mixed BC (Sec 3.2.6), but not for their number con-
centrations. This brings to an inconsistence in the simulation of nucleation scavenging: while
only the mass of the internally mixed BC is scavenged through nucleation scavenging, the
same cannot be done for its number concentration. To at least parameterize the loss in the
aerosol number concentration, it is assumed by E5/M-MADE to be affected by the nucleation
scavenging proportionally to the mass of internally mixed BC present in the mode, assuming
that the internally and externally mixed BC particles are homogeneously distributed over
the size distribution. Dust is not removed at all through nucleation scavenging.

ECHAMS5/MESSy-MADEsoot. In E5/M-MADEsoot nucleation scavenging is applied
only to the hydrophilic particles (akng, and accy,, akny and accpiy), and not to the hy-
drophobic ones (akney; and accey). In contrast to MADE, MADEsoot allows for a consistent
parameterization of the mass and of the number concentration, since the number concen-
trations of the BC and dust containing particles and of the BC and dust free particles are
simulated independently.

Furthermore, different ice scavenging parameters for soluble and insoluble particles were
introduced in E5/M-MADEsoot to simulate the higher ability of BC and dust particles to
act as ice nuclei (Seinfeld and Pandis, 2006). It is assumed here that 5% of the soluble modes
(akng, and accgo) and 10% of the insoluble BC and dust-containing modes (akney, acCex,
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aknpmi, and accyx) is scavenged by ice in stratiform clouds. These fractions are applied both
to the number and to the mass concentrations.

The aerosols taken up by a cloud particle tend to compact together and, once the cloud
droplets or ice crystals evaporates, a larger particle is released in the atmosphere. To simulate
this process in the model, the Aitken mode particles that have been taken up by cloud
particles disappear and their mass is transferred to the accumulation mode.

Moreover, a droplet that has nucleated around an accumulation mode soluble particle
can scavenge an Aitken mode particle containing BC. When this happens, the mass of the
soluble particle have to be transferred to the internally mixed accumulation mode with BC
and dust. If the BC containing particle is externally mixed, than also its mass has to be
transferred to the internally mixed modes, and the number concentration of the internally
mixed mode will increase. If the BC containing particle is internally mixed, the number
concentration of the internally mixed mode is unchanged. The scavenged externally mixed
BC and dust are assumed to be aged after the evaporation of the cloud particle, and are
transferred to the internally mixed modes. This process, together with condensation and
coagulation, concurs to the ageing of externally mixed BC and dust aerosols.

The number concentration Ny ansrerrea Of SOluble particles that is contaminated by BC and
dust is calculated from the number concentrations of the particles that are taken up by cloud
droplets. if Niiansferreq 18 lower than the number concentration of the soluble accumulation
mode Ny, , this fraction is equal to

1\Iaccso
Ntransferred - Nil(Naknmix + Naknext)- (410)

aCCtot

If Niransterred > Nace,,,, all soluble particles are transferred to the internally mixed accumu-
lation mode with BC and dust and Nyapserred = Nace,,- Eq. [4.10] assumes that only accu-
mulation mode particles can be activated, and that during the ageing process the externally
mixed BC particles in the Aitken mode are homogeneously distributed to the accumulation
mode particles.

4.3.5 Dry deposition

The dry deposition of aerosols is simulated by the sub-models DRYDEP and SEDI (Kerkweg
et al., 2006a), which consider the role of sedimentation, turbulence, impaction and Brownian
diffusion. The dry deposition velocity is calculated as a function of the wet radius and mass
of the particles, that are read by DRYDEP from the output of E5/M-MADEsoot. Dry
deposition is simulated exactly as in E5/M-MADE.






Chapter 5

Reference simulation and model
evaluation

5.1 Model set-up

The resolution used in the reference study is T42L.19, corresponding to a horizontal grid
of around 2.5° x 2.5° and 19 vertical levels. A simulation with 41 vertical level has also
been conducted: Since the aerosol concentrations have not shown relevant differences from
those calculated using 19 vertical levels, and taking into account that the computational
time needed by L41 is twice longer than the one needed by L19, the lower vertical resolution
has been used. The species present in each mode are those reported in Tab. 3.1, except for
sea salt (SS) that is present only in the accumulation (accs, accmix and acce,) and in the
coarse modes, given the typical large size of SS particles.

The model results shown in this chapter and in Chapter 6, unless otherwise specified,
are based on 11 years simulation runs. Since the aerosol concentrations are initialized to
zero at each simulation start, the first simulated year is needed as spin-up, and is not
included in the statistics (Fig. 5.1). The emissions and boundary conditions are typical for
the year 2000. Sea surface temperature and ice cover fraction are based on the climatological
mean of the Hadley Center data set (Rayner et al., 2003) over the period 1995-2004. The
emissions of trace gases, except for SOy and dimethilsulfate (DMS), are chosen according
to the EDGARv3.2-FT2000 inventory, as described in Ganzeveld et al. (2006). SO, and
aerosol emissions (except SS) are those used for the AeroCom Experiment B (Teztor et al.,
2007) as described in Dentener et al. (2006) (see Sec. 4.3.1). Sea DMS and SS emissions are

spin-up  evaluation period
H—+—++1+—
6 7 8 9 1011

(J-I_-

L]
1
3 4

years

Figure 5.1: Timescale of the simulations performed in this work.
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Masses (Tg/yr) Particle number (particles/yr)
SO, 139.0831 akngg 5.0218623 x 1028
SO, 1.978900 aCCsol 1.0561161 x 10%®
BC  8.191910 akng,  4.1863800 x 10%7
POM  27.93921 aCCmix  1.5737092 x 10%7
DU 1675.207 akneg 1.5169698 x 1028
SS online ACCext 6.0365568 x 10%6

cor 4.6387304 x 10%

Table 5.1: Emitted burdens of the aerosol species.

calculated online. Tab. 5.1 summarizes the emitted global amount of the aerosol species.

The mass fraction x of soluble material in the externally mixed BC and dust modes
(akney, and accey) which is required to define them as internally mixed (see Sec. 3.2.6) has
been set in the reference run to 10%, following Zhang et al. (2008) and Weingartner et al.
(1997). The sensitivity of the aerosol concentrations to changes in the value of = have been
investigated by running two additional simulations with x equal to 5% and 50%, and all the
evaluation comparisons shown in the following have been repeated for each of these tests.
The most relevant results of these studies are shown in Sec. 6.1.3. The simulation with
x = 5% was also used to compare the time scale of the ageing process with Riemer et al.
(2004) (see Sec. 6.3.2).

The chemistry implemented in the adopted model version is a basic tropospheric chem-
istry including sulfur chemistry (DMS, SO3). The complete list of chemical reactions calcu-
lated by MECCA (gas phase chemistry) and SCAV (liquid phase chemistry and heteroge-
neous chemistry) is reported in App. C.

Before starting the first production run, the model set-up has been tuned relatively to
the radiation balance, acting on the parameters that are not well known, as e.g. those for the
conversion of cloud particles into rain or snow. Modifying these parameters in the range of
reasonable values, it is possible to obtain a long (LCF) and short wave cloud forcing (SCF)
close to experimental data. The reference values are summarized in Lohmann et al. (2007).
The adopted values of cloud forcing used are the ones derived from Earth Radiation Budget
Experiment (ERBE) observation by Kiehl and Trenberth (1997), equal to -50 W /m? for SCF
and 30 W/m? for LCF. However, LCF estimates from the TOVS satellites only amount to
22 W/m? (Susskind et al., 1997; Scott et al., 1999). The set of parameters chosen for the
reference simulation led to a simulated LCF equal to 30 W/m? and SCF equal to -57 W /m?
as the best compromise. The other variables that have been checked for the setting of the set
of chosen parameters are reported in Tab. 5.2. The value of the vertically integrated cloud ice
simulated by E5/M-MADEsoot is much lower than the observation. The uncertainty on the
observation data of the vertically integrated ice, however, is very high, therefore the choice
of the tuning parameters was not much oriented to get a good agreement of this quantity
with the experimental data.

5.2 Evaluation

The evaluation of a global climate model with observations is a necessary but delicate issue.
Observations are always influenced by the particular meteorological conditions of the time
they are taken and by single events, as large forest fires that may occur during the period
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Unity E5/M-MADEsoot  Observations

Vertically integrated cloud ice lg/m?| 8.0 26.7
Vertically integrated cloud liquid water [g/m?] 53 50-84
Vertically integrated water vapor [kg/m?] 26.3 25.1
Cloud cover (%] 69 62-67
Total precipitation rate |mm /day]| 2.94 2.74
Short wave cloud forcing |[W/m?| -57 -50

Long wave cloud forcing [W/m?| 31 22-30

Table 5.2: Annual global mean values used for the setting of the tuning parameters. The
reference observation data are those used by Lohmann et al. (2007).

of measurements. Furthermore, a global model cannot correctly reproduce subscale effects
that can influence the observations. If, for instance, measurements are taken close to a city,
the observed aerosol concentration will likely be very high and will show a large variability
depending on the station being upwind or downwind of the city.

Therefore the observations suitable for the evaluation of a climate model should possibly
cover large regions or long periods of time, to decouple the results from the meteorological
conditions occurring during the campaign and from any geographical local effect. These
requirements are close to be satisfied by e.g. aircraft campaigns, that are flown over very
large areas, and by long series of surface measurements, that can be collected over several
years.

5.2.1 Vertical profiles of aerosol mass concentrations

The vertical profiles of the simulated aerosol concentrations have been compared with mea-
surements taken with an airborne Single Particle Soot Photometer (SP2) over Texas by
Schwarz et al. (2006) in November 2004, over Costa Rica during the CR-AVE (Schwarz
et al., 2008b) and TC4 campaigns' (Spackman et al., manuscript in preparation, 2009) in
February 2006 and August 2007 respectively, and over northern Europe during the CIRRUS
campaign (Baumgardner et al., 2008) in November 2006. Fig. 5.2 shows the comparison be-
tween simulated and measured mass concentrations of BC, total aerosol and particles with
no detectable BC. The average of the concentrations and the relative standard deviation
are not always the best indication of the variability of the data, since the distributions can
be non-Gaussian and strongly asymmetric. When available, medians and percentiles have
also been plotted. For clarity, only positive standard deviations are drawn for the simulated
concentrations as well as for the CIRRUS data.

The simulated vertical profiles were obtained from climatological means of the aerosol
concentrations for the month the campaign took place. In the case of the Texas campaign
and of CIRRUS, the exact profiles of the flights were available: The simulated concentrations
have been calculated only on the grid box crossed by the flight, projecting the flight profiles
on the E5/M-MADEsoot grid. In the case of TC4 and CR-AVE only the boundaries of
the examined region were known and the simulated profiles have been calculated over a
rectangular region containing the flight trajectory (85°W-79.5°W, 2°N-10°N for TC4 and
85°W-79°W, 1°S-11°N for CR-AVE). The experimental data are averaged over 1-km bins.

!The data sets of these three campaigns are publicly available through the NASA archive at
http://espoarchive.arc.nasa.gov/archive/arcs/
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Figure 5.2: Comparison of the vertical profile of BC, total aerosol and BC free aerosol mass
concentrations simulated by E5/M-MADEsoot and measured by Schwarz et al. (2006, 2008b)
and Baumgardner et al. (2008). Open and solid circles in the Texas campaign correspond
to two different flights. The CIRRUS observations were strongly influenced by some values
which are much larger or much smaller than the others, therefore the average and the stan-
dard deviations are not the best tool to make a statistic of the data. For strongly asymmetric
set of data the median and 25%-75% percentiles, which are also shown as dashed lines, are
more suitable for a comparison. The average and standard deviations are also shown, but
for clarity only on the positive side.

The simulated profiles are in good agreement with the experimental data. In the case
of the TC4 campaign (Fig. 5.2d) the simulated BC mass concentration is one order of
magnitude lower than the measurements at most altitudes. This could be due to the high
convective cloud coverage that the model reproduces in August over Costa Rica, which may
amplify the modifications implemented in the model for ice scavenging in convective clouds



5.2 Evaluation 51

(see Sec. 4.2).

The experimental profiles of the CIRRUS campaign refer to clear sky conditions, therefore
the statistics of the simulated concentrations has been calculated including only those grid
boxes where the cloud cover is lower than 1%. The campaign took place over Europe
between 50° N and 70° N: This region shows a strong latitudinal gradient in the aerosol
concentrations that makes a precise knowledge of the history of the measured air masses
important for meaningful comparison between simulations and observations. While the
simulated BC vertical profile is lower than the measured one, the profile of the BC free mass
is in very good agreement with the experimental data. This discrepancy may be related to
the fact that the sources of BC free particles are more homogeneously distributed over the
observed area with respect to BC sources, which are mainly concentrated in the southern
part of the observed region. Therefore the concentration of BC particles is more related
to the meteorological conditions and to the trajectory of the air masses. This makes the
simulation of their concentration with a global climate model quite difficult, given the rough
resolution of the model. Furthermore, the distribution of the BC sources in Europe presents
a very large regional variability, which cannot be represented in the large model grid boxes.
BC free aerosol is mainly composed by secondary aerosol species (Sec. 6.1.3): Secondary
aerosol is less dependent on the sources, since the precursor gases can be transported over
long distances before they are transformed in aerosol. With increasing height, indeed, the
correlation between aerosol concentration and sources becomes smaller and the simulated
and observed BC concentrations closer.

5.2.2 Vertical profiles of aerosol number concentrations

The vertical profile of the aerosol number concentrations has been compared with observa-
tions taken during several campaigns. As for the aerosol mass concentrations, when available
median and percentiles have been used.

Fig. 5.3 shows the comparison between E5/M-MADEsoot with the vertical structure
calculated by Clarke and Kapustin (2002) between 70°S and 70°N over the Pacific ocean.
The observed profiles refer to the data taken during the GLOBE-2 (May 1990), ACE-1
(November 1995) and PEM-Tropics A (September 1996) and B (March 1999) campaigns,
using an ultrafine condensation nuclei (UCN) counter to detect particles with diameter
between 0.003 and 3.0 um. The data set covers a very large geographical region (the whole
Pacific ocean), as well as different seasons and years and is very suitable for a comparison with
a global climate model. The simulated vertical profiles were calculated over climatological
means of the months during which the observation were taken (March, May, September and
November). The agreement between simulated and observed concentrations is very good.
The observed profiles are nearly always inside the variability values of the model. The tests
performed with the different values of the fraction x of soluble material that define BC as
hydrophilic have shown very similar vertical profiles. Even though the value of z influences
the efficiency of the scavenging of BC and dust particles, the number concentrations of BC
and dust particles is so much lower than the one of soluble aerosols that the vertical profiles
have shown no sensitivity to changes of x (see Sec. 6.1.3).

The observations shown in Fig. 5.4a and 5.4b were taken as part of the INCA project
(Minikin et al., 2003) during nine flights starting from Prestwick, Scotland, in October 2000
and ten flights from Punta Arenas, Chile, in March and April 2000. Fig. 5.4c refers to
the measurements by Petzold et al. (2002) taken during the LACE campaign, that took
place over the area of Berlin (13.5°-14.5°E, 51.5°-52.7°N) in August 1998. Since the aerosol
concentrations were measured only during the takeoff and landing phase of the flights, the
simulated profile are calculated over the grid box containing the airport (4.5°W, 55.5°N for
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Figure 5.3: Comparison of the vertical profile of the aerosol number concentration simulated
by E5/M-MADEsoot and extracted from measurements by Clarke and Kapustin (2002) over
the Pacific ocean. The plot shows average and standard deviation, only positive for clarity.

Prestwick and 71.1°W, 53°S for Punta Arenas).

The agreement between modeled and observed profiles is particularly good in the case
of Fig. 5.4b and of Fig. 5.4c¢, while Fig. 5.4a shows an underestimation in the modeled
median number concentration below 600 hPa and an overestimation above the same level.
However, the regions between the values of 25% and 75% percentiles of the measured and
simulated data overlap between 850 hPa and 350 hPa. The model slightly underestimates
the number concentration measured during the LACE campaign at all altitudes up to 350
hPa (Fig. 5.4c), but there is a very good agreement between model and observation in the
UTLS, region of interest of this work.

Fig. 5.5 shows a comparison of the modeled and observed size distributions at different
altitudes during the LACE campaign, reaching an overall good agreement. In the boundary
layer, where the aerosol population is mainly influenced by the emissions, the model shows an
underestimation of particles smaller than 50 nm and an overestimation of particles between
0.4 pm and 2um. The two figures referring to the boundary layer show the limitation of
the modal approach: The number concentration of the experimental data has a clear tri-
modal behavior, which cannot be reproduced by MADEsoot, since the simulated coarse mode
contains only sea salt and dust, species that are not abundant in the area of the campaign.
If the simulated accumulation mode particles grow in the range of the coarse mode, they
shift the median diameter of the whole accumulation mode toward larger values. However,
even the observed coarse mode is inside the variability of the model.

In the lower free troposphere (4 km) the simulated median number concentration is lower
than the measured one, but all flights fall inside the large variability of the model. The model
does not reproduce the peak around 0.3 pm detected during three of the flights. These peaks
may be due to meteorological conditions with a particularly inefficient scavenging of aerosols,
a process that acts mainly on accumulation modes particles.

Above 6 km altitude the model overestimates the number of particles with diameter
smaller than 0.1gm. In that region the nucleation of small HSO,4 particles is more important
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Figure 5.4: Comparison of the vertical profile of the aerosol number concentration simulated
by E5/M-MADEsoot and measured by Minikin et al. (2003) during INCA over Punta Arenas
(Chile) in March-April 2000 and over Prestwick (Scotland) in October 2000 (Fig. 5.4a and
Fig. 5.4b), and by Petzold et al. (2002) during LACE over north Europe in August 1998
(Fig. 5.4c).

than in the boundary layer, where the higher concentration of background aerosol favors the
condensation of sulfuric acid. Since the very small freshly nucleated particlesare assigned to
the Aitken mode, its median diameter is shifted towards smaller values. The introduction of
a nucleation mode in MADEsoot would represent an improvement in the representation of
the size distribution of the sub-micrometer aerosol.

5.2.3 Surface measurements

The mass concentration of BC simulated by E5/M-MADEsoot has been compared with sev-
eral surface measurements from all over the world, as shown in Fig. 5.6. For each observa-
tional data set, the average of the modeled concentration is calculated over the climatological
mean of the relative months in the model box where the corresponding station is located.
The observations considered are the same of Chung and Seinfeld (2002), Cooke et al. (1999),
Kdhler et al. (2001), Liousse et al. (1996) and Takemura et al. (2000). Additionally, mea-
surements by the Interagency Monitoring of Protected Visual Environments (IMPROVE)
network? are used for North America. The map of Fig. 5.7 projects the location of the
measurement stations over the T42 grid of the model, and shows which stations are included
in each region.

The ratio between modeled and observed BC concentration is between 1:10 and 10:1
nearly everywhere. The comparison shows that the model underestimates the BC mass
concentration in the Pacific area. While the emissions of BC in the other five regions are
mainly due to fossil fuel combustion, as in North America, Southeast Asia and Europe,
or biomass burning, as in Africa and South America, the only emissions source of BC in
the Pacific Ocean is due to shipping. Since this signal is small (Eyring et al., 2005), the
concentrations of BC represent background BC resulting from long-range transport. On the

2http://vista.cira.colostate.edu /improve /
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Figure 5.5: Modeled and observed size distributions at different altitude levels. The shad-
owed areas represent the 5%, 25%, 75% and 95% percentiles. Measurements by Petzold et al.
(2002) during the LACE campaign over northern Europe. The distributions are relative to
the dry diameter. The simulated size distribution is calculated for each August output time
step in the model box relative to the region of the campaign. The so calculated size distri-
butions are then discretized and the median and the percentile are calculated in each size

bin.

long time scale of this transport the parameterization of the sinks of BC, that focused on
the sinks in the UTLS, may be too effective at surface level.

The simulated mass concentrations of BC, OC, SO4 and NOj3 have been compared with
surface measurements from the IMPROVE network, an extensive long term monitoring pro-
gram started in 1985 to establish the visibility and aerosol conditions in the National Parks
and Wilderness Areas in the USA. Each station participating in the IMPROVE project col-
lects the total PMy 5 (particles with diameter smaller than 2.54m) and PMyq (particles with
diameter smaller than 10m) mass concentrations and, for PMy 5, the mass concentrations
of sulfate, nitrate, chloride, BC and organic carbon (OC) twice a week, each time over a 24
hours long period.

The total SO, NO3, BC and POM mass concentrations simulated by E5/M-MADEsoot
in the lower vertical level have been compared with the corresponding IMPROVE data
taken between 1995 and 2005 for PMs 5. The simulated mass concentration of POM has
been divided by the factor 1.4 (Dentener et al., 2006) to compare it with the observed OC
concentration, since POM includes not only OC, but also other species as oxygen and water.

Fig. 5.8 shows the results of the comparison. The order of magnitude and the patterns
of the concentrations of the four species are similar to the experimental data in nearly the
whole region. For each species the normalized mean error (NME) and the normalized mean
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Figure 5.6: Comparison between modeled and observed BC mass concentrations at surface
for different regions of the world. Each point corresponds to a measurement site. The shaded
region indicates the area where the ratio between measurements and model results is within
the range of 1:10 and 10:1.

Figure 5.7: Distribution of the measurements stations taken into account for the comparison
of Fig. 5.6 , projected on the T42 grid.
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Figure 5.8: Comparison between the climatological annual mean of BC, OC, SO4 and NOj in
PMs 5 from observations by the IMPROVE network (left hand side) and E5/M-MADEsoot
(right hand side). The crosses indicate the measurement sites.
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Species NME NMB
BC 44.9% -6.2%
OC 34.9% -3.3%
SOy 82.6% +77.0%
NO; 55.5% -28.1%

Table 5.3: Normalized mean error and normalized mean bias of the mass concentrations
simulated with E5/M-MADEsoot with respect to the IMPROVE data set.

bias (NMB) have been calculated. These are defined as

S [Model; — Observation,|

NME = N . 100, 5.1)
Zi:l Observation;
N .
. Model; — Ob tion;
NMB = 2 ic1 1(3 e Se.zrva ion; 100, )
> =, Observation;
(5.3)

where ¢ is an index running over the grid boxes containing at least one measurement station,
and Model; and Observation; are the averages of the simulated and observed concentrations
in the grid box 7. If one grid box contains more than one station, Observation; represents
the mean among those stations. NME gives an estimation of the mean relative difference
between simulations and observations, while NMB estimates the direction of the bias, being
positive (negative) if the simulated concentrations are larger (smaller) than the observed
ones. The number of grid boxes N containing at least one station is 96. Tab. 5.3 reports
the NME and NMB for each analyzed species.

The pattern of the mass concentrations of each species is well reproduced by the model,
particularly those of BC and OC, where even the isolated maximum between north Idaho and
west Montana is reproduced (Fig. 5.8, first and second panels). The maximum, probably
due to very strong forest fires that took place in year 2000 in the region, can be reproduced
by the model thanks to the used BC and OC emissions from biomass burning from the
satellite based GFED database, that includes also that strong fire season.

The model overestimates the concentration of SO4 with respect to IMPROVE measure-
ments. This is probably due to the fact that the IMPROVE measurement stations are in
natural parks, where the air is particularly clean. Since the major sources of sulfate are
industrial and domestic emissions (Dentener et al., 2006), the interpolation over the whole
USA obtained from the IMPROVE data set is probably biased toward low sulfate values.

5.2.4 Comparison of the mixing state of black carbon particles

Not many observations about the mixing state of BC particles are available, since not many
measurements technique are capable to resolve the mixing state of aerosol. Schwarz et al.
(2008b) presented data taken during the CR-AVE campaign with the SP2 which show the
number fraction of internally mixed BC particles at different altitudes. The comparison
between simulated and observed BC mixing state is quite complicated for several reasons.
The BC mixing state is not directly measured, but is calculated from measurements of
the optical properties of the detected particles. This implies that the number fraction of
internally mixed BC given by Schwarz et al. (2008b) depends on some assumptions they
make. Furthermore, the mixing state of BC particles can be determined from SP2 data only
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for particles with a BC core in the size range of 100-250 nm, roughly corresponding to a small
slice of the MADEsoot accumulation mode. Since the simulated aerosol distribution has a
fixed log-normal shape, discrepancies in the simulated and observed number concentration
within a particle size window could mean that the simulated particle number is incorrect or
that the simulated particles are slightly too small or too large. Furthermore, the SP2 size
window refers to the size of the BC cores, while the size distributions simulated by MADEsoot
refer to the size of the whole particles, composed by core and coating. Comparing only the
mixing state of the simulated accumulation mode would not be correct, since it contains also
particles with BC cores out of the SP2 detection window. Moreover the simulated number
concentration in the accumulation mode includes also the number concentration of dust
particles.

To allow at least for a qualitative comparison, a simulation has been performed where only
accumulation mode BC particles have been emitted, i.e. no Aitken mode BC particles and
no dust particles. This comparison cannot be quantitative, since the atmosphere reproduced
by such a simulation is not realistic. The formation of clouds, for instance, could be different,
the aerosol effect on radiation and even the ageing of accumulation mode BC, since it does
not suffer the competition of Aitken mode BC. However, it can help to understand if the
simulation of the ageing process is effective enough. In this simulation the fraction of soluble
material needed to define a BC particle as internally mixed (Sec. 3.2.6) is set to 50%, since
this is the amount needed by the SP2 to detect the soluble coating (J. Schwarz, personal
communications, 2008).

Fig. 5.9 shows the vertical profiles of the number fraction of internally mixed BC particles,
as calculated by Schwarz et al. (2008b) from the SP2 measurements and simulated by E5/M-
MADEsoot. Both profiles show that large fractions of BC particles near the tropopause
are internally mixed. Up to 5 km altitude the fraction of internally mixed BC particles
calculated from SP2 measurements scatter over a large range of values. This is probably
related to the variability of the sources, which influences strongly the lower altitudes. While
the simulated fractions growths with height, the profile calculated from the SP2 data presents
lower fractions between 5 and 15 km. There, however, the statistical uncertainty of the values
is high, due to the low number of BC particles detected.

5.3 Conclusions

The model system E5/M-MADEsoot performs well in the boundary layer and in the UTLS.
Especially in the UTLS, the region of interest for the formation of ice clouds, the agreement
between E5/M-MADEsoot results and measurements is particularly good. The aerosol size
distribution is well reproduced at all altitudes and the horizontal distributions of the single
chemical species is in reasonable good agreement with observations. Only a few measure-
ments are available for the evaluation of the mixing state of BC and dust particles. However,
the results of Schwarz et al. (2008b) and the simulations lead to similar conclusions about
the mixing state of black carbon. Overall, the model is robust enough to be employed for
the study of global aerosol and in particular of the potential ice nuclei in the UTLS.
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Figure 5.9: Number fraction of internally mixed BC particles as (a)simulated by E5/M-
MADEsoot (average and standard deviation) and (b) calculated by Schwarz et al. (2008b)
from SP2 measurements. In (b) each symbol corresponds to a 1-km average from one flight
with the symbol diameter roughly proportional to its statistical confidence; large, medium
and small symbols correspond to < 5%, < 10% and < 25% statistical uncertainty, respec-
tively. The blue dashed line (top scale) shows the number of BC particles detected in each
altitude level. The horizontal black line marks the tropopause.






Chapter 6

Characterization of sub-micrometer
aerosol and potential ice nuclei

The model E5/M-MADEsoot allows for the simulation of the size distribution, concentration,
mixing state and chemical composition of the global atmospheric aerosol, and in particu-
lar of the potential ice nuclei (PIN). This chapter reports the analysis of the simulation
evaluated in Chapter 5 in order to provide a detailed characterization of global aerosol and
PIN. Furthermore the results of the different studies that have been conducted with E5/M-
MADEsoot are shown, with the purpose of investigating the ageing processes of externally
mixed BC and dust particles and the time scale of their transformation into an internal
mixture. Since this study focuses on the sub-micrometer aerosol, the results are shown only
for the Aitken and the accumulation modes.

6.1 Characterization of the sub-micrometer aerosol

The following sections show the horizontal distribution and zonal mean of the annual mean
number concentrations, the chemical composition and the size distribution of each mode
describing the sub-micrometer aerosol, i.e. the three Aitken and the three accumulation
modes. The results shown refer to annual means. Similar studies have been conducted with
other global aerosol-climate models, e.g. Adams et al. (1999); Easter et al. (2004); Lauer
and Hendricks (2006); Bauer et al. (2008), and have led to similar results.

6.1.1 Number concentration

This section presents the global distribution of the particle number concentration at surface
level, that is mainly driven by the emissions, and the corresponding zonal mean vertical
distribution. Fig. 6.1 shows the number concentrations of the two BC and dust free modes,
akng, and accg,. Different scale are used for akng, and for accg,. In the northern hemi-
sphere (NH) the order of magnitude of the number concentration of akng, at surface level is
similar to the one of accy, . In the southern hemisphere (SH) over the continents the number
concentration of the accumulation mode is one order of magnitude larger than that of the
Aitken mode. This is due to the fact that the major sources of Aitken mode particles, related
to industry and fossil fuel burning, are mainly located in the NH, especially over the United
States, Europe, India and China, as clearly shown in the pattern of the concentrations. In
these regions, the number concentration of soluble particles can reach 10* particles/cm?®.
Accumulation mode particles, on the other hand, form following the growth of Aitken mode
particles and, additionally, are emitted by biomass burning. The high accumulation mode
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Figure 6.1: Horizontal distribution at surface level and zonal mean vertical distribution of
the annual mean number concentration of the totally soluble Aitken (upper panels) and
accumulation (lower panels) mode particles. Note the different scale between akng, and
aCCqo) -

number concentrations in the SH originate from biomass burning, while the growth of parti-
cles from the Aitken mode causes the high values of the NH, of the same order of magnitude
of the Aitken mode number concentration.

The lowest values of the number concentration are reached over the oceans, both in the
Aitken and in the accumulation mode. The emissions from shipping are concentrated in
the NH and in the Indian Ocean, and they are the origin of the areas where the number
concentration of akng, is between 200 and 500 particles/cm3. Over the remaining parts of
the oceans no primary Aitken mode particles are emitted, since in the model set up used in
this work sea salt is present only in the accumulation and coarse modes. However, the oceans
are a source of DMS, that can be transformed into secondary aerosols. The accumulation
mode receives the contribution of wind-driven sea salt emissions over the ocean.

The number concentration of the Aitken mode decreases up to 800 hPa, reaching zonal
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Figure 6.2: Horizontal distribution at surface level and zonal mean vertical distribution of
the annual mean number concentration of the externally mixed BC and dust particles in the
Aitken and accumulation mode.

mean minimum concentrations between 20 and 50 particles/cm? at the equator and between
500 and 750 particles/cm® at mid-latitude in the NH. Above 800 hPa the Aitken mode
number concentration grows again up to 5000 particles/cm? at 200 hPa. This is caused by
the nucleation of sulfuric acid particles, favored by the low temperature and by the lack of
particle surface available for the condensation of HySOy.

The zonal mean of the accumulation mode shows a decrease in the number of particles up
to 500 hPa, reaching minimum values between 2 and 5 particles/cm? in the polar regions and
between 100 and 200 particles/cm? in the southern tropical region. Between 500 hPa and
100 hPa the accumulation mode number concentration increases up to 500 particles/cm?.
This maximum is related to the high number concentration of the Aitken mode particles,
that, growing, are transferred to the accumulation mode, and to the low efficiency of the
sinks at this altitude. The sink processes of the number concentration are dry deposition,
wet deposition, intermodal and intramodal coagulation, where intermodal coagulation is the
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Figure 6.3: Horizontal distribution at surface level and zonal mean vertical distribution of
the annual mean number concentration of the internally mixed BC and dust particles in the
Aitken and accumulation mode.

most effective process for Aitken mode particles and wet deposition for accumulation mode
particles (Lauer and Hendricks, 2006).

Furthermore, the pattern of the number concentration of the Aitken mode shows the
trajectory of the air masses: raising in the tropical belt, the air descends again at about
30°N and 30°S latitude, transporting the Aitken mode particles originated in the UTLS
downwards. In their movement towards the surface, the particles are growing and the number
concentration is diminishing again, until the updraft of the particles emitted at surface
compensates the decrease and the value of the number concentration grows again.

Fig. 6.2 shows the number concentrations of the externally mixed BC and dust particles in
the Aitken and accumulation modes (akney; and accey ). At surface level the emission regions
can be clearly identified: the maximum number concentration of akng,;, which contains only
BC from fossil fuel combustion (industry, traffic and house heating) is located over the
industrialized regions. In the SH, the number concentration of the externally mixed Aitken
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mode BC particles is particularly high in the areas of Rio de Janeiro and Buenos Aires in
South America and over South Africa, areas with a higher density of industry and population.
The shipping routes are visible across the oceans. No dust is present in the Aitken mode,
hence the low values over the Sahara.

Important sources of accumulation mode BC are biomass burning, corresponding to the
maximum over South America and Sub-Saharan Africa, and biofuel, especially over India
and eastern China. Dust particles are emitted over the deserts. Given their large dimension,
however, they do not contribute to the number concentration of the accumulation mode as
significantly as they do to the mass.

The zonal means of the externally mixed modes decrease strongly with altitude, due to
the efficient transformation into an internal mixture. While dust is emitted only at the
surface, BC can be emitted also at higher level. In particular the emissions from wild-land
fires over Canada and Asia north of 60° N are injected in the model up to 6 km altitude,
causing the isolated peak with concentration between 0.005 and 0.05 particles/cm? visible
at that latitude in the number concentration of the accumulation mode.

Fig. 6.3 shows the number concentrations of the Aitken and accumulation modes with
internally mixed BC and dust particles (akny,;, and accpiy). The emission areas show higher
concentrations, but are not as well defined as in the pattern of the number concentration of
the externally mixed modes (Fig. 6.2), since only 20% of the emitted BC and no fraction of
dust is supposed to be injected in the atmosphere as internally mixed. The largest part of
the internally mixed modes with BC and dust derives from the ageing of externally mixed
BC and dust particles, which can be transported away from the emission regions before the
ageing process takes place. The number concentrations of akn,,;, and acc,;, decrease with
altitude. Above 400 hPa the concentration of the accumulation mode stays constant at mid-
latitudes between 0.2 and 1 particles/cm?, since the main sink process of the accumulation
mode, the wet deposition, is not efficient at such height due to the low cloud cover. In the
tropics, instead, the many high clouds and the efficient wash-out in convective clouds causes
the loss of aerosol.

6.1.2 The size distribution of the global aerosol

The median number size distribution of the global aerosol, including the coarse mode, is
shown in Fig. 6.4 at different altitudes. The soluble modes akny, and accy, dominate the
number concentration at all altitude levels. The median diameter of akng, is around 0.02
pm in the boundary layer and decreases with altitude up to 3 nm in the tropopause region.
Since freshly nucleated H,SO,4 particles are assumed by E5/M-MADEsoot to have a wet
diameter of 3.5 nm, this leads to the conclusion that the diameter of the soluble Aitken
mode is driven in the tropopause region by nucleation. The hydrophilic BC and dust Aitken
mode akn,,;, has the same sink processes as akng,, but, contrary to akng, does not receive a
direct contribution from the freshly nucleated particles, and keeps at all altitude a diameter
larger than 20 nm. The introduction of a nucleation mode into the model could give an
even better representation of the aerosol size distribution, even though the agreement with
experimentally measured aerosol size distributions is already good (Fig. 5.5). The diameter
of accgy is roughly one order of magnitude larger than the diameter of the Aitken mode at
all altitude levels analyzed.

Fig 6.5 shows the aerosol size distribution in the lower boundary layer (around 300 m
altitude) over the regions defined in Fig. 5.7 of Chapter 5. The size distribution of the
soluble aerosol, mainly coincident with the total size distribution, is relatively similar over
the industrialized areas, Europe, North America and South-East Asia. There the externally
mixed Aitken mode has much larger number concentration than the accumulation mode,
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Figure 6.4: Size distribution of global aerosol number concentration (solid line), of the
soluble modes akng, and accg, (dotted), of the internally mixed BC and dust modes akn,;y
and accpi, (dot-dashed) and of the externally mixed BC and dust modes akne, and accey
(short-dashed). The black lines represent the median values, the shadowed areas the 5%,
25%, 75% and 95% percentiles. Using the climatological monthly means of the diameter and
the number concentration of the modes, the size distribution in each grid box and for each
time step is calculated (64 boxes along the latitude x 128 boxes along the longitude x 12
months). Such size distributions are then discretized and the median and the percentile are
calculated in each size bin.

driven by the emissions from fossil fuel combustion. In particular South-East Asia shows the
highest concentration of BC and dust containing particles, of the same order of magnitude
of the concentration of soluble particles. Over the Pacific Ocean externally mixed black
carbon is limited to the Aitken mode, since the only BC emissions are the small particles
from shipping. In Africa the number concentration of the externally mixed Aitken and
accumulation modes are similar, since the emissions of particles in these modes are mainly
driven by BC from biomass burning and mineral dust from the Sahara desert, both in the
accumulation mode range.

6.1.3 Chemical composition

The chemical composition of the simulated total aerosol is depicted in Fig. 6.6, Fig 6.7
and Fig 6.8 as annual means. The horizontal distributions at surface level and the vertical
distribution of the zonal means are shown.

Fig. 6.6 shows the mass concentration of the aerosol species that are emitted only as
primary aerosol, i.e. BC, dust and sea salt. The shown concentration of BC include all
modes where BC is present (akney, acCex, akngx and accyy), while the concentrations of
dust and sea salt include only the fraction in the accumulation mode, i.e. accey and accpy
for dust and accy,), acce, and accy, for sea salt. The emission regions are clearly defined
in the distribution of all species. BC is concentrated over industrialized areas and over
areas with strong biomass burning, dust over the deserts, and sea salt over the oceans. The
emission regions of dust are quite isolated from the emission regions of BC. While over the
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Figure 6.5: Size distribution of total aerosol number concentration (solid line), of the soluble
modes akng, and accg (dotted), of the internally mixed BC and dust modes akn,,;, and
acCmix (dot-dashed) and of the externally mixed BC and dust modes akne,; and accey; (short-
dashed) at surface level. The plotted regions are those defined in Fig. 5.7. The black lines
are the median values, the shadowed areas the 5%, 25%, 75% and 95% percentiles. See
Fig 6.4 for details about the calculation of the distributions.

oceans sea salt is nearly everywhere the most abundant species, over the continents it is
mostly negligible in comparison with the other species. Over the Atlantic ocean between the
Equator and the 30°N the wind coming from Africa carries a large amount of wind-borne
dust and BC generated by biomass burning, so that their concentration over that area is
higher than the sea salt one.

The mass concentration of all species becomes smaller with increasing altitude. The
concentration of sea salt decreases very rapidly, decreasing of two order of magnitude between
the surface and 800 hPa. Such decrease is related to the large size of sea salt particles, which
let them be efficiently removed by wet deposition. The vertical profile of the zonal mean
of dust shows a large asymmetry between the NH and the SH, related to the asymmetric
location of the emission regions. This asymmetry is visible at all altitude, showing that the
exchange of air masses between the NH and the SH is quite low.

Fig. 6.7 shows the mass concentrations of the secondary aerosol species, NH} and NO3 .
The pattern of these species is less influenced by the location of the emission regions, since
the precursor gases can be transported over large distances before they are transformed
into aerosol particles. As for primary aerosol (Fig. 6.6), the concentrations of all species of
Fig. 6.7 decrease with altitude.

Fig. 6.8 shows the mass concentrations of particulate organic matter (POM) and sulfate
(SO27). These two species are emitted both as primary and as secondary aerosol. POM
shows high concentrations especially in the southern hemisphere, related to the strong emis-
sions from biomass burning. Particularly interesting in the UTLS is the lack of high SO3~
concentrations around 300 hPa: Even if the nucleation of sulfuric acid vapor is very efficient
at that altitude (Fig. 6.1), the mass of the freshly nucleated particles is too small for the
formation of a local maximum in the mass concentration.
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Figure 6.6: Horizontal distribution at surface level and zonal mean vertical distribution of
the simulated aerosol annual mean mass concentration of black carbon (BC), dust and sea
salt. These species are emitted only as primary aerosol particles. The shown dust and sea
salt concentrations do not include the coarse mode.
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Figure 6.7: Horizontal distribution at surface level and zonal mean vertical distribution of
the simulated aerosol annual mean mass concentration of NHJ and NOj . These species form
after the oxidation of precursor gases.

6.1.4 Burden and life time of atmospheric aerosol

The most abundant aerosol species in the sub-micrometer range is SO3~. In the simulation
discussed above the average global burden of SO?~ is equal to 1.4 Tg, followed by NH]
(0.4 Tg), POM (0.7 Tg), dust (0.2 Tg in the accumulation modes, but 8.3 Tg if the coarse
mode dust is included), NO3 (0.1 Tg), SS (0.1 Tg in the accumulation modes, 2.5 Tg includ-
ing the coarse mode) and BC (0.1 Tg). These burdens are consistent with those simulated
by ECHAM5/MESSy-MADE and by the other global aerosol model based on the GCM
ECHAM, ECHAM5/HAM (Stier et al., 2005; Kloster et al., 2008) (Tab. 6.1). Textor et al.
(2007) present a statistic of the global burden of SO3~, POM, dust, SS and BC based on
the values simulated by the different model participating in the AeroCom project to assess
the influence of emissions on aerosol properties in global models. They calculated for SO3~

a burden equal to 2.1 + 21% Tg, for POM to 1.3 + 18% Tg, and for BC to 0.2 + 26% Teg.
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Figure 6.8: Horizontal distribution at surface level and zonal mean vertical distribution of
the simulated aerosol annual mean mass concentration of particulate organic matter (POM)
and sulfate (SO37). These species are emitted as primary and secondary aerosol.

The values of the sea salt and dust burdens cannot be compared, since their mass is mainly
in the coarse mode, which is treated in a simplified way in E5/M-MADEsoot. Furthermore
SS is here emitted online. In general, the burdens simulated by E5/M-MADEsoot are lower
than the values of Textor et al. (2007). The statistics calculated by Texztor et al. (2007)
is strongly influenced by some models which simulate very high burdens. When compared
to measurements, as for instance in Schwarz et al. (2006), the models based on the GCM
ECHAM do not show a deficency in the concentration of aerosol. The lower SO3~ burden
simulated by E5/M-MADEsoot with respect to Textor et al. (2007) may be due to a different
representation of the sulfur cycle in the chemistry module, since SO~ originates predom-
inantly from oxidation of the precursor gases. Additionally, the statistics of Textor et al.
(2007) for the sulfuric cycle is based only on three models. POM is mainly emitted in the
tropics, where the convective cloud coverage is high. The lower POM burden may be related
to the high efficiency of scavenging in convective clouds simulated by E5/M-MADEsoot. The
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Global burden |Tg]
Species E5/M-MADEsoot E5/M-MADE E5/HAM  AeroCom

Sulfate 1.4 1.4 0.8 2.1
BC 0.1 0.1 0.1 0.2
POM 0.7 0.7 1.0 1.3
SS 2.5 2.9 10.5 12.7
DU 8.3 7.8 8.3 21.3

Table 6.1: Global burden of the aerosol sulfate, black carbon (BC), particulate organic
matter (POM), sea salt (SS) and dust (DU) simulated by ECHAM5/MESSy-MADEsoot,
ECHAMS5/MESSy-MADE, ECHAM5/HAM (Stier et al., 2005) and by the AeroCom project
(Textor et al., 2007) (annual average). The AeroCom values refer to the average among the
models participating to the project. The version of E5/M-MADE here considered includes
the modifications introduced in the parameterization of the scavenging process, as described
in Sec. 4.2.

lower value of the BC burden is probably to be attributed to the fast ageing that MADEsoot
simulates (see Sec. 6.3).

The average residence time of an aerosol species can be estimated, assuming that sources
and sinks are in equilibrium, as

burden |Tg|
sources|Tg/days|

(6.1)

residence time [days| =

The residence time of externally mixed BC and dust particles depends directly on the
definition of internal mixture (Sec. 3.2.6), since besides dry deposition and impact scav-
enging, also the ageing into the internal mixture is a sink. Indirectly, also the total mass of
BC and dust is dependent on the chosen definition of internal mixture, because nucleation
scavenging acts only on hydrophilic particles. In addition to the reference run, where a
soluble fraction of x = 10% of the total mass of the mode is required for the transformation
of externally mixed particles to internally mixed, two simulations have been performed with
x = 5% and x = 50%. The residence time of externally mixed BC and dust particles varies
strongly with z (Tab. 6.2), ranging from 3.2 hours with = 5% to nearly 18 hours with
x = 50% for BC and from 57 hours with x = 5% to 138 hours with z = 50% for mineral
dust. While the increase of the residence time relative to the reference run is very large for
the externally mixed modes, the residence times of the total mass of BC and dust is not as
sensitive to changes in x. Even though the mass of BC and dust that cannot be scavenged
through nucleation scavenging is much higher, the total amount of BC and of dust stay
roughly the same.

Tab. 6.2 shows that BC is transformed into an internal mixture faster than dust. This
is reasonable, since dust particles are larger than BC from biomass burning (Fig. 6.5), and
therefore require a larger coating to be transform into an internal mixture. Furthermore
the regions with high mass concentration of dust, i.e. the deserts, are characterized by
low humidity (water is the main component of the coating, as shown in Sec. 6.2.3) low
concentrations of other soluble aerosols, with which dust particles could coagulate, and
low concentrations of SO,, which could be transformed into SO3~ and condense over the
externally mixed dust particles. On the contrary, the sources of BC are also sources of
SO3~. Also Fig. 6.12b leads to the same conclusion.
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Residence time |days| Global Burden [1073-Tg]
T 5% 10% 50% 5% 10% 50%
ext. mixed BC 0.14  0.21 (+50%)  0.78 (+457%)  2.46 3.94 14.0
total BC 3.31 3.43 (+4%) 3.54 (+7%) 74.4 76.4 79.5
ext. mixed dust  2.39  3.49 (+46%) 5.73 (+139%)  69.1 08.4 165
total dust 7.23  7.46 (+3%) 8.03 (+11%) 209 212 232

Table 6.2: Residence time and average global burden of the sub-micrometer BC and mineral
dust in the reference run (z = 10%) and in two additional simulations with different definition
of internal mixture (Sec. 3.2.6). In parenthesis is the increase of the residence time relative
to the run with x = 5%.

6.1.5 Comparison with ECHAMS5/MESSy-MADE

The version of E5/M-MADE considered for the comparison with E5/M-MADEsoot includes
the modification introduced in the parameterization of the scavenging process, as described
in Sec. 4.2. The residence time of BC and dust calculated with E5-M /MADEsoot are shorter
than those calculated with the version of E5/M-MADE. E5/M-MADE simulates a residence
time of around four days for BC and of around 10 days for dust, while E5/M-MADEsoot
of around 3.5 days and 7.5 days respectively. The longer residence time in E5/M-MADE
indicates that the scavenging, which is influenced by the arbitrary assumption about the
splitting between hydrophobic and hydrophilic BC, is less effective than in E5-M /MADEsoot.
This suggests that the transformation time of 1 day used by MADE for the ageing of BC
is too long, as confirmed in Sec. 6.3.2. The difference between the residence time of dust
is larger than the one between the residence time of BC since MADE assumes dust to be
totally hydrophobic and therefore underestimates its wet removal. Tab. 6.3 shows the burden
of the different aerosol species in E5/M-MADE and in E5/M-MADEsoot. The burden of
dust is lower in E5/M-MADEsoot, compatible with the lower residence time simulated. The
burden of the other species, except sea salt, are similar. The largest mass of the soluble
species is contained in the soluble modes, and they are only to a certain extent influenced
by the modifications introduced by MADEsoot. Sea salt is difficult to compare, since it is
dependent on the simulated meteorology.

Global burden [Tg|
MADE MADEsoot

BC 0.09 0.08
DU 0.31 0.21
SOF~ 1.35 1.35
NH} 0.38 0.37
NO; 0.14 0.12
POM 0.72 0.71
SS 0.18 0.13

Table 6.3: Global burden of all aerosol species in ECHAM5/MESSy-MADE and in
ECHAMS5/MESSy-MADEsoot (annual average). The burdens of dust and sea salt refer
only to the accumulation mode.
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6.2 Characterization of the potential ice nuclei

In the present study, the term potential ice nuclei (PIN) refers to particles containing BC
or dust, either internally or externally mixed, in the Aitken and accumulation mode. For a
more detailed discussion on the formation of ice crystals see Chapter 2. The magnitude of
the number concentration is an important parameter for the characterization of PIN, since,
in the case of heterogeneous freezing, it may limit the number of ice crystals in cirrus clouds,
changing their microphysical properties.

In this section the number concentration of PIN is discussed, together with their mass
concentration and size distribution, and the chemical composition of the coating of the inter-
nally mixed BC and dust particles in the sub-micrometer modes. Dust is also present in the
coarse mode, but, since the number concentration of the coarse mode particles is typically
one or two orders of magnitude lower than the concentration of the Aitken and of the accu-
mulation mode, ranging from 1072 to 10~! particles/cm? at 300 hPa, it does not contribute
significantly to the number concentration of potential IN. All horizontal distributions are
shown at 300 hPa, typical altitude where cirrus form at mid-latitudes.

Similar studies about potential IN have not been performed to date. Models have not
yet been applied to explicitely calculate the number and size distribution of PIN and of
the BC and dust free particles nor the mixing state of PIN. Hendricks et al. (2004, 2005)
applied the ECHAM4 GCM (Roeckner et al., 1996) to investigate the increase in the number
concentration of PIN at 250 hPa due to air traffic with respect to the background number
concentration. Since ECHAM4 simulates only the mass concentration of BC, these studies
have to make assumptions about the ageing of the ice nuclei and their size distribution,
in order to estimate the number concentration of PIN. They assume that all BC and dust
particles from surface measurements show a constant size distribution. They further simulate
two different scenarios for the aircraft emissions. In the first scenario the BC number-to-
mass ratio is not affected by particle ageing, in the second this ratio is lowered by effective
ageing processes. The results presented in the following can be compared to the number
concentration of PIN from surface sources calculated by Hendricks et al. (2005), which is
between 1 and 5 particle/cm?® over the northern hemisphere and large part of the southern
hemisphere, between 0.5 and 1 particle/cm? over the southern Pacific ocean and between 0.2
and 0.5 particle/cm? over Antarctica.

6.2.1 Number concentration

Fig. 6.9 shows the number concentration of each mode at 300 hPa. The emission areas can be
recognized, but are much less pronounced than at surface layer (Fig. 6.1, Fig. 6.2, Fig. 6.3).
The residence time of the species in the UTLS is much longer than in the boundary layer,
allowing the air to become well mixed and less bound to the location of the emissions. The
soluble modes have by far the highest number concentration at all altitudes, being the order
of magnitude of the number concentration of akng, nearly everywhere 10 particles/cm?®.
While in the tropical region the nucleation of sulfuric acid particles is most efficient around
200 hPa (Fig. 6.1), at latitudes northern of 30°N and southern of 30°S this happens at 300
hPa. In Fig. 6.9, indeed, a belt with a lower particle concentration, between 750 and 1500
particles/cm?3, is clearly visible in the tropical area, while the extra-tropical values are higher
than 2000 particles/cm3.

The number concentration of accg, is one or two orders of magnitude lower than the one of
akng,. Furthermore, the pattern is inverse with respect to akng,: the number concentration
of accgo has its maximum in the tropical belt and presents lower values at higher latitudes.
This is related to the distribution of the sources of the Aitken and the accumulation mode
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Figure 6.9: Annual mean horizontal distribution of the number concentration of the sub-
micrometer modes at 300 hPa. The two soluble modes are depicted in the first row, the
externally mixed BC and dust modes in the second row and the internally mixed ones in the
last. Note the different scales of the plots.
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particles, together with the convective transport that carries accumulation mode particles to
the UTLS in the tropics. The externally mixed modes show the lowest concentrations among
the modes: there are no sources of externally mixed particles apart from the emissions of
primary aerosols, which are limited at altitudes up to 300 m for akne and up to 6 km
for acceys. Even in the areas with the highest concentrations, however, the absolute number
concentration of accey; is very low and never exceeds 0.05 particles/cm3. The concentration of
internally mixed BC and dust particles is also much lower than the one of soluble particles,
but higher than the one of the externally mixed modes, since akn,;, and accy, receive
constantly particles from akney and accey due to the ageing of the externally mixed particles.

At 300 hPa altitude the total concentration of PIN (Fig. 6.10a, left) varies between 1072
particles/cm? over the Pacific ocean to about 10 particles/cm® over the major emissions
regions. The sub-micrometer PIN contribute only a very small fraction to the total aerosol
number concentration (Fig. 6.10b, left): Over the largest part of the globe, PIN represent
between the 0.01% and the 0.1% of the total aerosol number concentration, reaching the
maximum value of 0.5% over Africa, India and China. The possibility of calculating this
fraction is one of the features of MADEsoot that is not available in any other global aerosol
model. Between 0.1% and 1% of the IN is externally mixed at 300 hPa (Fig. 6.10c, left),
with a maximum fraction of 10% over Indonesia. This maximum corresponds to a minimum
in the total aerosol concentration, hence it is mainly caused by a lack of soluble and mixed
aerosol, rather then by high emissions.

The vertical profile of the IN number concentration shows a decrease with altitude
(Fig. 6.10a, right). The increase in the PIN fraction (Fig. 6.10b, right) above 200 hPa
is tied to the decrease of soluble aerosol show in Fig. 6.1. The minimum at the equator at
200 hPa is related to the extremely high number concentration in the akng,. The same area
presents a maximum in the fraction of the externally mixed BC and dust particles (Fig. 6.10c,
right), related to the fact that, even if they are many, the freshly nucleated soluble particles
are too small to be an efficient ageing agent.

The fraction of PIN that is externally mixed at 300 hPa (Fig. 6.10c, left) reaches the
highest values in areas with low concentration of PIN: The blue areas in Fig. 6.10a corre-
spond indeed to the red areas of Fig. 6.10c. This shows that, where the sinks are efficient in
removing BC and dust from the atmosphere, they act mainly on the internally mixed parti-
cles, affecting at a lower extent the externally mixed ones. The zonal mean of the externally
mixed PIN fraction (Fig. 6.10c, right) presents quite a complicated pattern: The boundary
layer, up to 850 hPa, shows the highest fraction of externally mixed insoluble particles, obvi-
ously influenced by BC and dust emitted at surface. Above the boundary layer the fraction
of externally mixed PIN is higher than 1% only in the Antarctic region, at the Equator and
north of 60° N. The higher values above Antarctica are related to the low PIN concentration
that characterizes the region, the ones northern of 60°N are due to the wildfires in boreal
Canada and Eurasia that inject BC in the atmosphere up to 6 km (~ 400 hPa), and the
ones at the equator correspond to the very fast updraft due to convection that characterizes
the equatorial belt, which brings the emitted particles very fast to higher altitudes. These
particles are then descending following the atmospheric circulation at latitudes around 30°N
and 30°S, as discussed in Sec. 6.1.1 in the description of Fig. 6.1. During their transport,
the externally mixed particles age and are transferred into an internal mixture, and their
fraction decreases until it reaches 0.1%. The areas with the lowest fraction of externally
mixed insoluble particles, around 500 hPa in the northern and between 500 and 700 in the
southern hemisphere, are the ones where the updraft of air from the surface containing fresh
externally mixed particles meets the aged air masses originating from the UTLS.

The fraction of externally mixed BC and dust particles near the Earth’s surface is shown
separately for the two modes in Fig. 6.11. Excluding the deserts, where ageing is particularly
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Figure 6.10: Fig. 6.10a shows the horizontal distribution at 300 hPa and the vertical distri-
bution of the zonal mean of the number concentration of potential ice nuclei (annual mean).
Fig. 6.10b shows the fraction of the total aerosol particles which is contributed by PIN.
Fig. 6.10c presents the fraction of the PIN that is externally mixed.
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Figure 6.11: Horizontal distribution of the annual mean number fraction of potential IN that
is externally mixed in the Aitken and in the accumulation mode at surface level.

inefficient because of the lack of ageing agents, the Aitken mode presents a higher fraction of
externally mixed particles with respect to the accumulation mode. Between 10% and 50% of
the Aitken mode particles (Fig. 6.11a) is externally mixed at surface in areas characterized
by high emission levels, whereas for the accumulation mode particles (Fig. 6.11b) the fraction
ranges only between 0.1% and 10%. Since the coagulation coefficient is maximum when the
diameter of the coagulating particles are different, the ageing through coagulation of the
externally mixed Aitken mode BC particles (akney) takes place mainly with accumulation
mode particles (accg and accyix). The resulting internally mixed BC particles are assigned
to the accumulation mode accp;, (see Tab. 3.2 in Ch.3), causing the higher fraction of
externally mixed particles in the Aitken mode with respect to the accumulation mode. The
externally mixed PIN fraction at surface level has very different pattern with respect to the
one at 300 hPa (Fig. 6.10c), where the distribution is much more homogeneous.

Fig. 6.12 shows the individual mass concentrations of BC and dust (Fig. 6.12a) and the
fraction of this mass that is externally mixed (Fig. 6.12b) at 300 hPa. While the number con-
centration of IN is higher in the northern hemisphere than in the southern one (Fig. 6.10a),
the magnitude of the mass concentration of BC is similar in both hemispheres: This is due to
the fact that the number concentration is dominated by small BC particles originated by fuel
combustion processes, concentrated in the NH. The mass concentration, on the other hand,
receives similar contributions from the small BC particles from fuel combustion and from
the large ones from biomass burning, the main source in the SH. The fraction of externally
mixed BC is lower than the one of externally mixed dust, for which the time scale of ageing
is longer (see Sec. 6.3.2). Dust sources are indeed located where ageing is not particularly
efficient. Additionally, the emissions of dust are supposed to be totally externally mixed,
while 20% of BC mass is assumed to be internally mixed already at the time of the emission.

The number concentration of PIN simulated here is similar to the one Hendricks et al.
(2004, 2005) calculated assuming fixed size distributions for the different PIN types. Over
the Pacific ocean, however, the number concentration they calculated is lower than the one
simulated by E5/M-MADEsoot.
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Figure 6.12: Horizontal distribution of the annual mean mass concentration of potential ice
nuclei. a) BC and dust particles both externally and internally mixed. b) Fraction of the
mass concentration of PIN that is externally mixed. All distribution are shown for 300 hPa
level. Note the different scale of the plots.

6.2.2 Size distribution of the potential ice nuclei

Fig. 6.13, which is a detail of Fig. 6.4, shows the global median size distribution of particles
containing BC and dust. The number concentration of the externally mixed BC and dust
particles is clearly dominated by the Aitken mode, with median diameter of around 0.01 ym
at 300 hPa. The median diameter of the externally mixed modes does not grow with altitude,
because a sensible growth in size implies ageing and transfer into the internal mixture. On
the contrary, the median diameter decreases slightly with altitude: This may be related to
the simulated mode merging (see Sec. 3.2.5), which assigns the larger tail of the Aitken mode
to the accumulation mode, when the median diameter of the Aitken mode becomes larger
then 30 nm. The Aitken mode median diameter is then shifted toward smaller values.

Fig. 6.14 shows the size distribution of potential ice nuclei at 300 hPa level over different
regions. The externally mixed accumulation mode has nearly disappeared at 300 hPa in all
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shown regions except over South-East Asia. A large fraction of the internally mixed PIN in
the Aitken mode have grown sufficiently to be transferred into the accumulation mode, and
the number concentrations of the two modes at this altitude are similar. The differences
among the regions are not as strong as at surface level (Fig. 6.5), owing to the homogeneity
of the UTLS. As at surface level, the highest number concentration of particles containing
black carbon, internally or externally mixed, occurs over South-East Asia.

6.2.3 Chemical composition of the coating of the internally mixed
potential ice nuclei

Depending on the chemical composition of the coating, the freezing properties of the ice
nuclei may be different. Mdhler et al. (2008) have found that a coating of organic material
may suppress the heterogeneous ice nucleation potential of atmospheric mineral particles,
while DeMott et al. (1999) have shown that the sulfuric acid coating of Degussa soot particles
lowers the freezing threshold. On the other hand, Mdéhler et al. (2005) have found that a
sulfuric acid coating over soot increases the ice saturation ratio required for ice nucleation.
The analysis of the internally mixed BC and dust modes gives information about the chemical
composition of the coating of the particles. The main component of the coating is water
(Fig. 6.15). Up to 200 hPa water represents more than 50% of the mass of coating in both
the Aitken and the accumulation mode. The water fraction decreases to values of less than
5% in the higher levels.

Fig. 6.16, Fig. 6.17, Fig. 6.18 and Fig. 6.19 show the chemical composition of the dry
mass of the coating, i.e. excluding the water component, for the internally mixed Aitken and
accumulation mode, respectively. The zonal mean of Fig. 6.17 shows that the coating of the
Aitken mode akn,,;, is mainly composed by NHI and SOi_. In the northern hemisphere and
on a large part of the southern one NHJ represents more than the 50% of the dry mass of
the coating of the internally mixed BC particles in the Aitken mode. Above 300 hPa in the
southern hemisphere the fraction of NH] decreases to 20%, substituted by an increase in the
SO3™ fraction from around the 20% to the 50%. In contrast, above 200 hPa in the northern
hemisphere the most abundant species, together with NHI, is NOj, while SOi_ represents
less than the 5% of the coating mass. POM constitutes in NH and at mid latitudes in SH
less than 10% of the coating mass. Between the equator and 30°S the POM fraction of the
coating increases strongly and reaches 50% at 400 hPa. Here the major sources of POM are
located (Fig. 6.6), and a strong convective updraft frequently occurs. The sharp gradient
between the southern tropic region and the northern one is due the low air mixing between
the two hemispheres.

The fraction of SO~ in the coating of the internally mixed accumulation mode with
BC and dust is higher than in the Aitken mode (Fig. 6.18 and Fig. 6.19), since the freshly
nucleated small SOF~ particles coagulate rather with the larger BC and dust particles than
with the small ones (see Sec. 3.2.4). SO~ is the major component of the coating in the
southern hemisphere, while NHJ dominates in the northern hemisphere. NOj represents
everywhere less than the 20% of the coating mass, mostly less than the 10%. Sea salt is
everywhere negligible, with the exception of the region between 30°S and 60°S, where it
amounts up to 40% at surface level.

6.2.4 Thickness of the coating of the internally mixed potential ice
nuclei

The heterogeneous formation of ice crystals can take place through different processes, as
explained in Sec. 2.4. Depending on the morphology of the PIN, some of these freezing
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Figure 6.13: Detail of Fig. 6.4 to show the global size distribution of the potential ice nuclei.
The size distribution of akn,,;x and acc,,;y is the dot-dashed line, the one of akngy and accey
is the short-dashed line.
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Figure 6.14: Size distribution of the potential ice nuclei at 300 hPa over different regions.
The plotted regions are those defined in Fig. 5.7. The size distribution of akn,;, and accp;x
is the dot-dashed line, the one of akney and accey is the short-dashed line.
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Figure 6.15: Annual zonal mean vertical distribution of the fraction of the coating mass of
internally mixed BC and dust particles that consists of water.

mechanisms may be favored with respect to the others. The presence of a large number of
internally mixed PIN with a thick coating may suggest that immersion freezing is favored,
while deposition freezing may be favored if the PIN population presents mainly particles
with thin coating. However, more experimental studies are needed to prove the correlation
between the favored freezing mechanism and the thickness of the coating.

Fig. 6.20 and Fig. 6.21 shows the ratio between the mass of the soluble material and
the mass of BC and dust in the akn,,;, and acc,,;x modes, respectively. A value of 1 means
that the depicted mode contains the same amount of soluble and insoluble material. The
horizontal distribution at 300 hPa and the vertical distribution of the zonal mean is shown for
each of the two modes. Since the modal approach does not keep track of the size distribution
of the BC and dust cores, the shown results may not represent any existing particles. In
each mode, keeping fixed the number of particles and the soluble to insoluble mass ratio,
both the case of particles with thin cores and large coating and the case of particles with a
large core and thin coating are equally possible. However, this study gives indication about
the typical coating of an average aerosol population.

The mass ratio of soluble to insoluble material in the Aitken mode (Fig. 6.20a) show a
less homogeneous pattern compared to the accumulation mode (Fig. 6.21a). Particles are
removed from akn,,;, not only when they are removed from the atmosphere, as in the case of
aCCpmix, but also when they grow into the accumulation mode size range. The area between
the equator and 30°S is characterized by high concentration of accumulation mode particles
(especially POM) originated by biomass burning. The frequent coagulation between the
externally mixed Aitken mode BC particles and the soluble accumulation mode particles
causes the ageing of the externally mixed BC and at the same time the transfer to the
accumulation mode.

Fig. 6.21a presents a band between the equator and 30°S where the soluble mass in the
accumulation mode is mainly up to three times the insoluble mass. The vertical distribution
of the zonal mean shows that the amount of soluble material mixed with black carbon and
dust grows with the latitude. The low values above 200 hPa are caused by the transport of
particles with small soluble fraction from the equator and by the slow ageing at that altitude.
Overall, the mass of the soluble species is never lower than the mass of BC and dust in the
accumulation mode.
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Figure 6.16: Horizontal distribution at 300 hPa of the annual mean chemical composition
of the dry mass present in the internally mixed BC particles coating in the Aitken mode

(akniy).

6.3 Ageing of black carbon and dust particles

As explained in detail in Sec. 3.2.6 and Sec. 4.3.4, E5/M-MADEsoot can explicitly simulate
the ageing of externally mixed BC and dust particles to an internal mixture due to coagu-
lation with other particles containing soluble material, condensation of sulfuric acid vapor
and cloud processing.

In most global aerosol models the transformation of BC and dust from the external into
the internal mixture is simulated, in a very simplified way, assuming a fixed turnover rate.
In MADE, for instance, the externally mixed BC is assumed to decay exponentially into an
internal mixture following

1
Cext BC (t) = Cext BC(tO>€_;.(t_t0)7 (62)

with an e-folding time 7 arbitrarily assumed to be 1 day. The same decay law is used
by Lohmann et al. (1999) and Koch (2001), who assume an e-folding time of around 1.8
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Figure 6.17: Vertical distribution of the annual zonal mean chemical composition of the dry

mass of the coating present in the internally mixed BC particles coating in the Aitken mode
(aknpix).

days. The number fraction of hydrophilic particles is assumed to be proportional to their
hydrophilic mass fraction. Dust is supposed by MADE to be always hydrophobic. The
studies conducted with MADEsoot and here described allows to prove if this e-folding time
is reasonable.

6.3.1 Effectiveness of the single ageing processes on the mixing
state of black carbon and dust

The influence of condensation, coagulation and cloud processing on the mixing state of black
carbon and dust particles have been investigated in this work by mean of three sensitivity
simulations which are discussed here:

e COAG: the intermodal coagulation is the only ageing process. The condensation of
sulfuric acid vapor takes place only on soluble particles and on internally mixed BC and
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Figure 6.18: Horizontal distribution at 300 hPa of the annual mean chemical composition of
the dry mass present in the internally mixed BC and dust particles coating in the accumu-
lation mode (accpiy).
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distribution (b) of the ratio between the soluble and the insoluble mass in the internally
mixed BC particles in the Aitken mode (akn,;y).
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Figure 6.21: Annual mean horizontal distribution at 300 hPa (a) and zonal mean vertical
distribution (b) of the ratio between the soluble and the insoluble mass in the internally
mixed BC and dust particles in the accumulation mode (accpix)-

dust particles. Externally mixed BC and dust particles scavenged by cloud particles
are assigned to the externally mixed modes if the particle evaporates;

e COND: The condensation of sulfuric acid vapor is the only ageing process. The exter-
nally mixed modes do not take part in any coagulation process. Externally mixed BC
and dust particles scavenged by cloud particles are assigned to the externally mixed
modes if the particle evaporates;

e CLOUD: Cloud processing is the only ageing process. The condensation of sulfuric
acid vapor takes place only on soluble particles and on internally mixed BC and dust
particles. The externally mixed modes do not take part in any coagulation process.



6.3 Ageing of black carbon and dust particles 87

The condensation of NO3 and NHJ resulting from the gas/particle equilibrium is active in
all three experiments. Al other aspects of the simulations are exactly the same as for the
reference run. The results shown in Fig. 6.22 and Fig. 6.23 represent annual means calculated
over a b years period after one year of spin-up.

Fig. 6.22 and Fig. 6.23 show the fraction of accumulation mode dust and of total BC
that is externally mixed. To estimate the effectiveness of each ageing process the area close
to the sources has to be analyzed, moving away from the emission area horizontally for the
horizontal distribution and vertically in the zonal mean. The analysis of the surface level
alone would lead to a negative bias in the estimation of the effectiveness of cloud processing,
since the cloud cover of the lowest model level is quite low.

Both in the case of dust and of BC, the experiment COND clearly shows the lowest
fraction of externally mixed particles. In the case of dust the source regions are clearly
defined. Looking at the Sahara in the horizontal distribution (but any other region where
dust is emitted leads to the same conclusion), there is a very strong maximum over the
desert where the fraction of externally mixed dust is over 90%. Moving west in the direction
of the Archipelago Azores, the experiment COND (Fig. 6.23b) shows fractions between
40 % and 60 % of externally mixed dust where COAG (Fig. 6.23a) still shows more than
90 % externally mixed dust and CLOUD (Fig. 6.23c) more than 70 %. The analysis of the
vertical distribution leads to the same conclusion. The ranking between coagulation and
cloud processing depends on the region: While west of the Sahara desert and north of India
cloud processing seems to be faster, the other emission areas seems to favor coagulation.

The larger efficiency of condensation is even clearer For BC (Fig. 6.23) than for dust, both
in the horizontal distribution and in the vertical profile. The only region where coagulation
and condensation are of similar importance is over the Gulf of Guinea, but the reason is
more a lack of fresh emissions in the area, rather than a high efficiency of coagulation. The
emissions from shipping can be recognized in that area, and BC from shipping emissions is
more aged in the experiment COND than in COAG.

Globally, the efficiency of each process with respect to the others can be estimated from
the global burden of the externally mixed BC and dust and their residence time calculated
by means of Eq. [6.1], reported in Tab. 6.4. The residence time is a good indicator for
comparing the effectiveness of the respective ageing processes, since ageing is the only sink
of externally mixed BC and dust particles whose magnitude changes among the three test
simulations (the other sinks are scavenging from impacting droplets, ice scavenging and dry
deposition). On the global scale, condensation is the most efficient process, while cloud
processing the least for both BC and dust.

Note that what the three experiments show is not the absolute efficiency of each pro-
cess, but only the efficiency relatively to the others. Coagulation, condensation and cloud
processing are not independent from each other, therefore the comparison among the three
experiments has to be interpreted only qualitatively.

Total burden [1072-Tg] | Residence time [days]
COAG COND CLOUD | COAG COND CLOUD
ext. mixed BC 10.9 6.00 58.6 0.61 0.33 3.26
ext. mixed dust 119 92.7 187 4.12 3.21 6.45

Table 6.4: Total burden and residence time of externally mixed BC and externally mixed
accumulation mode dust in the three experiments COAG, COND and CLOUD.
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Figure 6.22: Annual mean horizontal distribution and zonal mean vertical distribution of the
fraction of the accumulation mode dust that is externally mixed in the three experiments

COAG (a), COND (b) and CLOUD (c).
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Figure 6.23: Annual mean horizontal distribution and zonal mean vertical distribution of
the fraction of the total BC that is externally mixed in the three experiments COAG (a),
COND (b) and CLOUD (c).
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6.3.2 Transformation time of externally mixed black carbon and
dust

MADEsoot does not need any assumption as Eq. [6.2] on the ageing of BC, since this is
explicitly simulated, hence MADEsoot allows for a direct calculation of the e-folding time
7. The so calculated 7 can be used to evaluate the consistency of the assumption of 7 =1
day, and could be used in future application of the aerosol sub-model MADE to reach a
more precise representation of the mixing state of BC and dust. MADE is less detailed
of MADEsoot in the description of aerosols but for this reason also computationally less
expensive.
From Eq. [6.2], the e-folding time 7 is in each model box equals to

Cext BC(t0)

_ (t—t 6.3

Cext BC(t0) — Cext BC(1) ( o) 03

_ burden (%) AL (6.4)
lossay ' .

if no externally mixed BC and dust are emitted during the time At¢. Burden(ty) is the
burden of externally mixed BC or dust at the beginning of the time step, lossa; the mass of
externally mixed BC or dust that is transferred to an internal mixture during the time step
and At the length of a time step. To ensure that the calculated 7 corresponds only to ageing
of BC and dust, all other possible sinks (dry and wet deposition, transport into other boxes)
have to be excluded from the calculation. The burden is the amount of externally mixed BC
or dust mass before the ageing process is implemented, i.e. before MADEsoot is executed,
and the loss is the difference between the amount of externally mixed BC or dust before and
after the execution of MADEsoot during the time step At. There are neither emissions nor
transport sources of externally mixed BC and dust during the MADEsoot. Such a calculation
excludes the cloud processing from the transformation time 7, even though it is present as
ageing process: Given the results shown in Sec. 6.3.1, this approximation should not have a
large influence on the estimation of 7.

On the global scale, integrating the burden and loss of BC and dust of Eq. 6.4 over the
whole globe and averaging over the whole year, the transformation time 7 is about 2 hours
and a half for BC and 36 hours for dust. However, such a rough estimation of 7 is misleading,
since it is strongly dominated by the boundary layer, where the ageing process is much faster.
This would lead to an overestimation of the efficiency of ageing for emissions, as for instance
those from air traffic, injected in higher layers. Fig. 6.24 shows the vertical profile of the
globally averaged tau for externally mixed BC and dust. The global transformation time
e of externally mixed BC is below 4 hours up to 750 hPa. Above 750 hPa mg5¢ grows to
reach the value of 50 hours at 200 hPa. The global transformation time mmy of externally
mixed dust is at no altitude lower than 20 hours, value which is reached between 500 hPa
and 600 hPa. The lowest layers are strongly influenced by the high mass emissions over the
desert. Fig. 6.22 shows at this altitude the lowest fraction of externally mixed dust particles
both in the experiment COAG and in the experiment COND, excluding the region above
300 hPa. Above 300 hPa dust particles emitted at surface level have been transported over
long distances and even slow ageing processes have had the time to act in the model layers
below.

The vertical profiles of Fig. 6.24 provide only a very simplified picture of the time scale of
the ageing of BC and dust, since 7 shows also a very high geographical variability. Fig. 6.25
presents the transformation time for externally mixed BC in the lowermost model layer, i.e.
up to about 100 m, in the 16 layer (~ 800 m), in the 11" (~ 5.5 km) and in the 8" (~ 10
km) layer. In the lowermost level (Fig. 6.25a) the minimum values of ¢, up to one hour,
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Figure 6.24: Vertical profile of the transformation time on the global scale of externally
mixed BC and dust. The transformation time shown here is calculated from the annual
mean of the burden and of the loss integrated in each layer over the whole globe.

occur over the areas where the main BC source is biomass burning. Biomass burning emits,
together with larger BC particles, a high amount of POM, much higher than the amount
emitted by fuel combustion (Kloster et al., 2008). This may lead to the faster ageing of
accumulation mode BC particles from biomass burning. Schwarz et al. (2008a) have arrived
to the same conclusion by measuring freshly emitted black carbon with a SP2 in urban and
biomass burning emissions. The maximum values are over the deserts and Antarctica, but
they are not particularly significant because the concentrations of BC over those areas are
low. Europe shows values of 7 between one and three hours. The values for the model
layer around 500 m (Fig. 6.25b) are similar to the values calculated in the altitude range
between 200 m and 3 km. Higher than 3 km the time scale of the ageing process grows quite
fast, being nearly everywhere higher than 6 hours at 5.5 km (Fig. 6.25¢) and than 12 hours
at 10 km (Fig. 6.25d), the level at which aircraft emissions are injected in the atmosphere.

A comparison with the transformation time for BC calculated by Riemer et al. (2004)
for the region of Karlsruhe has been performed. The model box where Karlsruhe is located
covers the area between 47.4°N and 50.2°N and 7.0°E and 9.8°E in the T42 grid used by
E5/M-MADEsoot. The 7 in this model box has been calculated from the results of the
simulation with # = 5%, which is the threshold used by Riemer et al. (2004). They found
that, during the day, 7g¢ varies between 1 hour in the morning and 20 hours in the afternoon
below 250 m, and is below 2 hours above 250 m up to 1.5 km. They calculated much higher
values of 73¢ during night time. A vertical resolution as fine as the one of the regional
model of Riemer et al. (2004) cannot be achieved with E5/M-MADEsoot, that divides the
range between surface and 1.5 km in only 5 levels (0-65 m, 65 m-230 m, 230 m-540 m, 540



92 Characterization of sub-micrometer aerosol and potential ice nuclei

90N

60N

30N

0

30S

60S

90S p— M
180 120W 60W 0  60E 120E 180 180 120W 60W O  60E 120E 180

BT | [ | [ U BN [ | [ [

Q?D\‘b‘bb‘b‘bg\‘b%b‘bﬂb/\‘b Q‘p’\‘b‘bbt%bo.)\‘?/%b&@/\‘b

hours hours
(b) 800 m

90N

60N

30N

0

30S

60S

90S -+ e 90S -+ —
180 120W 60W 0  60E 120E 180 180 120W 60W O  60E 120E 180
BT [ [ [ [ N BT [ [ eaas

QQ’QO‘) \\b (bqf) > % 9 A ’\Q ’\Q/ QQ’Q% \\0.3 Q’Qf‘) > % 9 A ’\Q \(b

days days
(c) 5.5 km (d) 10 km

Figure 6.25: Horizontal distribution of the annual mean transformation time T3¢ of the
externally mixed BC into an internal mixture at different altitudes.

m-1020 m, 1020 m-1680 m). It is also not possible to distinguish between day and night,
because it would imply a more frequent output over the long simulation time that a global
model needs, with a consequent very large need of disk space. The value of 7 calculated
with E5/M-MADESsoot is equal to 1.6 hour in the lowermost model layer, between 4 and 5
hours in the model layers between 65 m and 1020 m, and more than 6 hours in the highest
level, with much shorter /3¢ in summer (below one hour in the lowermost level and up to
two and a half hour in the higher levels) than in winter (between 5 hours in the lowermost
level and up to 10 hours in the highest), in agreement with Riemer et al. (2004). Taking into
account the large differences between a regional and a global model, and the weakness of a
global model to characterize regional effects, a direct comparison with Riemer et al. (2004)
is difficult and would imply a more precise knowledge of the emissions and of the boundary
conditions that they used in the model. Anyhow, both Riemer et al. (2004) and this study
have found time scale of less than the one day assumed by MADE.

The pattern of the transformation time of dust my (Fig. 6.26) is similar to the one of
BC. At surface level myy reaches very high values over the deserts and decreases very fast
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Figure 6.26: As Fig. 6.25, but for dust.

in the surrounding areas. From the deserts a high load of dust is risen in the atmosphere,
making the burden of externally mixed dust very high. Additionally, no other species are
emitted over deserts and the relative humidity, and therefore the aerosol water component,
is low, making the loss of externally mixed dust close to zero. This causes in some grid boxes
values of the transformation time of hundreds of days, that biases strongly the global mean
of Fig. 6.24b in the lower layers. The minimum of 7y of Fig. 6.24b between 500 hPa and
600 hPa corresponds to the level at which my is not influenced anymore by the high values
over the deserts. The dust emission regions are surrounded by areas where the transformation
time has a strong descending gradient in the lowest level. Such a high transformation time
indicates that nearly no dust particles are aged while they are close to the emission regions,
but they have first to be transported to the neighboring areas, explaining the high global
transformation time for dust as shown in Fig. 6.24.

The transformation time also shows a seasonal variability. Fig. 6.27 and Fig. 6.28 show
the transformation time 7 for BC and dust respectively in the lowermost model level during
June, July, August (JJA) and December, January, February (DJF). 7 has been calculated
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Figure 6.27: Transformation time of externally mixed BC into an internal mixture at surface
level during summer (June, July, August) and during winter (December, January, February).
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Figure 6.28: Transformation time of externally mixed dust into an internal mixture at surface
level during summer (June, July, August) and during winter (December, January, February).

by means of Eq. [6.4] using the burden and sink of BC averaged over the whole analyzed
period. North of 30° N and south of 30° S 7 is shorter during the summer (JJA in the NH
and DJF in the SH). This may be related to the higher production of sulfuric acid which
characterizes summer. In the tropical region the variability between summer and winter is
not as high as at mid-latitudes and in the Arctic region. The Antarctic region does not show
any variability, since it is characterized by low aerosol concentrations during the whole year.

Overall, it appears clear that the simplification of a constant turnover rate for externally
mixed BC is an excessive simplification. If the seasonal variability is not so large to be
necessarily implemented in global models, the geographical dependence is very large and
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should not be neglected in any model aiming to implement different mixing states of BC and
dust. Globally, the assumption of an e-folding time of one day for the ageing of BC seems
too high in the boundary layer, while it could represent a good approximation in the UTLS.






Chapter 7

Summary and outlook

A detailed investigation of the formation and climate impact of ice clouds requires a com-
prehensive characterization of potential ice nucleating aerosols. The aim of the present
study is to investigate the properties and distribution of potential ice nuclei (PIN) on the
global scale. In particular the number concentration, size distribution, chemical composi-
tion and mixing state were studied. This was realized by developing and applying the new
global aerosol-chemistry model system ECHAMS5/MESSy-MADEsoot. The newly developed
ECHAMS5/MESSy-MADEsoot is to date the only existing model which is able to resolve the
mixing state of black carbon and dust particles and to keep track of the soot free parti-
cles, while providing a good description of aerosol in the upper troposphere and lowermost
stratosphere (UTLS). Furthermore, in ECHAMS5/MESSy-MADEsoot aerosol and chemistry
are coupled: ECHAM5/MESSy provides MADEsoot with the concentrations of sulfate, ni-
trate and ammonia in the gas phase, and MADEsoot calculates the equilibrium between their
gas and particulate phase. On the other hand MADEsoot provides ECHAM5/MESSy with
the aerosol size distribution in order to calculate the heterogeneous reaction coefficients. The
coupling between chemistry and aerosol is not a common feature of global aerosol model. All
these characteristics make ECHAM5/MESSy-MADEsoot an appropriate tool to investigate
the population of potential ice nuclei. In the following the different work steps as well as the
achieved results are summarized.

MADEsoot as a box model. First the aerosol microphysical model MADEsoot has been
developed as a box model, i.e. the microphysical core model not implemented in the global
model. MADEsoot was developed starting from MADE, an aerosol microphysics model
which describes the aerosol population by means of three log-normal modes. MADEsoot,
instead, makes use of seven log-normal modes: two modes (an Aitken mode and an accu-
mulation mode) are dedicated to externally mixed black carbon (BC) and dust particles,
two to internally mixed BC and dust particles, and two to BC and dust free particles. The
Aitken modes describe particles with diameter roughly between 10 nm and 100 nm and the
accumulation modes particles between 100 nm and 1 ym. Additionally, particles larger than
1 pum are assigned to a coarse mode. MADEsoot simulates the partitioning between the gas
and particulate state of water, nitric acid and ammonia, the condensation and the nucleation
of sulfuric acid, and the coagulation between particles. Furthermore, the description of the
state of mixing of BC and dust by means of different modes allows for an explicit simulation
of their ageing process, i.e. the transformation from an external to an internal mixture.

Implementation of MADEsoot in the global climate model ECHAMS5/MESSy.
The box model of MADEsoot has been implemented in the ECHAM5/MESSy global climate
model. In addition, ECHAM5/MESSy has been modified in order to provide a more reliable
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description of the aerosol in the UTLS. The modifications introduced involve mainly the
development of a more precise parameterization of aerosol scavenging in ice clouds. Further-
more, the parameterization of the aerosol scavenging has been modified in order to account
also for the cloud processing as an ageing process. Externally mixed black carbon and dust
particles are taken up by cloud particles and are transferred to an internal mixture when
the cloud particles evaporate, since soluble matter aggregates with BC and dust inside the
cloud droplet or ice crystal.

ECHAMS5/MESSy-MADEsoot has been compared to surface and aircraft measurements
and agrees well with the observations at all altitudes. ECHAMS5/MESSy-MADEsoot was
then applied to study the global sub-micrometer aerosol, with particular focus on potential
ice nuclei in the UTLS.

Characterization of the total aerosol. The horizontal and vertical distribution of the
total sub-micrometer aerosol mass and number concentration has been analyzed. The results
are in agreement with the same studies conducted with other global aerosol models. The
major results are the following:

e The highest number concentrations of the total sub-micrometer aerosol are reached at
surface level over the industrialized areas by both the Aitken and the accumulation
mode, and over the areas characterized by strong biomass burning by the accumulation
mode. Additionally, the externally mixed accumulation mode particles shows high
number concentrations over the Sahara desert, where strong dust emissions occur.

e The most abundant aerosols in the atmosphere are soluble particles. The highest
number concentrations of purely soluble particles in the Aitken mode are reached
between 30°N and 60°N in terms of annual and zonal means. These concentrations
range between 200 and 500 particles/cm?® at 900 hPa and between 5000 and 7500
particles/cm? around 300 hPa and 200 hPa, corresponding to the altitude of the UTLS.
The high values in the UTLS are related to the efficient nucleation of small sulfuric
acid particles. The soluble accumulation mode particles show the maximum number
concentrations (between 500 and 1000 particles/cm?) in the tropical region at surface
level and between 200 and 100 hPa. This is related to the high emissions from biomass
burning and to the growth of the freshly nucleated Aitken mode particles into the
accumulation mode, respectively.

e The horizontal distribution of the number concentration of the externally mixed BC
and dust particles is strongly related to the location of the emission areas, since they
can be emitted only as primary aerosol. Externally mixed BC particles in the Aitken
mode show the highest annual mean concentrations of more than 1000 particles/cm?
over the industrialized areas of eastern China, India, north America and Europe. The
corresponding accumulation mode shows high concentrations between 200 and 500
particles/cm?® over India and eastern China. Also over the Sahara desert high concen-
trations between 20 and 50 particles/cm?® occur. Above about 500 hPa the number
concentration of externally mixed BC and dust particles becomes lower than 0.01
particles/cm3.

e The number concentration of the internally mixed BC and dust particles is similar for
the Aitken and the accumulation mode. This is related to the fact that externally mixed
Aitken mode BC particles frequently coagulate with accumulation mode particles, and
the resulting internally mixed BC particle is assigned to the accumulation mode, so that
even if the concentration of externally mixed BC and dust accumulation mode particles
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is lower than the one of the externally mixed Aitken mode particles, the concentrations
of the internally mixed modes are similar. The number concentrations of the internally
mixed BC and dust particles both in the Aitken and in the accumulation mode show
maximum values of more than 2000 particles/cm?® at surface level and decrease with
altitude.

e The size distribution of the global aerosol is dominated by the soluble Aitken and
accumulation modes. The median diameter of the soluble Aitken mode amounts to
about 0.02 pum in the boundary layer and decreases with altitude. The decrease is
related to the increasing contribution of small freshly nucleated particles to the number
concentration.

e The most abundant species in the sub-micrometer range is SO;~, with a global burden
of 1.4 Tg. The total burden of BC is 0.1 Tg and the burden of sub-micrometer dust
is 0.2 Tg. While the concentration pattern of the primary aerosol species is strongly
related to the emission areas, the pattern of secondary aerosol species is more spread,
since the precursor gases can be transported over longer distances before they are
transformed to particulate matter.

e The total burdens of all aerosol species calculated by ECHAM5/MESSy-MADEsoot
are similar to those calculated by ECHAMS5/MESSy-MADE and by ECHAM5/HAM.
The total burdens of SO3~, POM and BC calculated by ECHAMS5/MESSy-MADEsoot
are smaller than those calculated by global model ensemble studies in the frame of the
AeroCom project (Textor et al., 2007). This is probably due to the simulation of the
production of the precursor gases in the case of SO7~, to high scavenging coefficient
in convective clouds in the case of POM and to the more efficient ageing simulated
by ECHAMS5/M-MADEsoot in the case of BC. The values calculated by Teztor et al.
(2007) are biased by some models which simulate very high aerosol burdens. On
the other hand, when compared to experimental data the models based on the GCM
ECHAMS5 does not appear to simulate too low aerosol concentrations.

Characterization of the potential ice nuclei. The mass and number concentration,
the composition and the size distribution of the population of potential ice nuclei (PIN) has
been analyzed, both in terms of the horizontal distribution in the UTLS and of the vertical
profile. Such a detailed characterization of the atmospheric potential ice nuclei is to date
not present in literature.

e The annual mean zonally averaged PIN number concentration ranges from a maximum
of more than 1000 particles/cm? at surface level in the northern hemisphere to a min-
imum of less than 0.01 particles/cm? in the Antarctic region. Excluding the Antarctic
region, where also the concentration of total aerosol is very low, the minimum PIN
number concentration is reached at the equator at altitudes between 250 hPa and
100 hPa, with annual and zonal mean values between 0.05 and 0.1 particles/cm®. At
300 hPa the highest number concentrations are reached at mid-latitudes in the north-

ern hemisphere, with annual mean values between 5 and 10 particles/cm? over eastern
China.

e The potential ice nuclei represent only a small fraction of the total aerosol number
concentration. In the UTLS, PIN represent nearly everywhere less than the 0.05% of
the total aerosol number concentration. Only in areas characterized by strong emissions
and fast convective updraft, PIN represent up to the 0.7% of the total aerosol number
concentration in the UTLS. At surface level the fraction of the total aerosol that
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contains BC or dust ranges between 10% and 50% at latitudes where the major emission
areas are located.

e Nearly all PIN in the UTLS are internally mixed with soluble material. The contribu-
tion of externally mixed PIN to the total PIN number concentration is mainly lower
than 3%. The regions with highest fractions of externally mixed PIN correspond to
areas with low total PIN number concentration. This is related to the higher cloud
scavenging efficiency for internally rather than for externally mixed PIN.

e The fraction of the total dust mass that is externally mixed is higher than the one of
BC. Over the desert the fraction of externally mixed dust mass can reach 20% even
in the UTLS, while the externally mixed BC fraction never exceed 5%. The longer
transformation time of dust is caused by the larger size of the particles and by the lack
of soluble aerosol over the deserts.

e The global size distribution of the externally mixed PIN is dominated by the Aitken
mode and shows the maximum particle number concentration at diameters of 20-30
nm in the boundary layer, and around 10 nm at higher altitudes. The internally
mixed BC and dust particles have a bimodal size distribution with maximum number
concentrations at diameters between 30 and 40 nm for the Aitken mode and about
0.2 pm for the accumulation mode. The internally mixed PIN in the Aitken and in
the accumulation mode show roughly the same number concentration, except in the
tropopause region where the accumulation mode shows a higher number concentration,
due to the higher age of the internally mixed BC and dust particles that reach that
altitude.

e The coating of the internally mixed BC and dust particles in the troposphere is mainly
composed of water. The relative importance of the other components has a large
geographical variability. Globally, NH; and SO3~ represent the highest fraction of the
dry mass of the coating, but also NO; and POM are important in some areas. In the
southern tropical region POM can represent up to 60% of the dry mass of the coating
in the accumulation mode.

e The soluble to insoluble mass ratio in the internally mixed BC and dust modes is much
higher in the accumulation mode than in the Aitken mode. This is due to the fact that
the internally mixed Aitken mode particles result only from the condensation of gases
or from the coagulation with the few other Aitken mode particles, that carry only a
small amount of soluble mass. The accumulation mode shows the lowest ratio between
3 and 4 at the equator and the highest in the polar regions, where the soluble mass
can be up to 10000 times the insoluble one. The highest ratios in the Aitken mode
amount up to 50 and are located in the northern hemisphere.

The ageing of black carbon and dust particles. The efficiency of the individual ageing
processes, i.e. condensation, coagulation and cloud processing as well as the time scale of
the transformation of black carbon and dust from the external to the internal mixture have
been investigated.

e The condensation of vapor onto externally mixed BC and dust particles is the most
efficient ageing process. The ranking of coagulation and cloud processing varies spa-
tially. From a global perspective, however, coagulation seems to be more effective than
cloud processing.
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e The transformation time scales of dust and BC amount to some hours at surface and
several days in the upper troposphere. Hence the results of this study suggest that the
e-folding time of one or two days assumed by most aerosol models for the ageing of
BC is too long for the boundary layer, while it could be a good approximation for the
upper troposphere.

e The transformation time scale shows a very high geographical variability, that makes
a global generalization impossible. Furthermore, the transformation time scale shows
a quite pronounced seasonal variability, probably related to the seasonal cycle of the
production of condensable compounds.

Outlook

ECHAMS5/MESSy-MADEsoot represents a highly appropriate tool for the investigation of
the properties of global atmospheric aerosol and potential ice nuclei. The new features of
MADESsoot can be used in the future to investigate the influence of particle emissions from
specific sources, e.g. air traffic, on the atmospheric abundance of potential ice nuclei. The
model can be applied in studies of aerosol-cirrus interaction and of their effects on climate.
This study provides a detailed characterization of the background population of the potential
ice nuclei, since aircraft emissions have not been included yet. With the implementation of
aircraft emissions in the system, new simulations can be conducted to estimate the increase
in the concentration of the potential ice nuclei due to air traffic with respect to the scenario
described in this work. It is not clear whether the black carbon exhaust from aircraft have
already aged in an internal mixture after the typical time step of a global climate model
(Kdrcher et al., 2007). Therefore different scenarios should be considered, one where all
aircraft-emitted black carbon is internally mixed, one where it is externally mixed, and
additional scenarios with certain fractions of internally mixed BC could be considered.

The ability of MADEsoot of determining the number concentration of potential ice nuclei
could be exploited by the coupling with a cirrus formation model. The estimation of the
amount of soluble material in the internally mixed BC and dust modes can give indications
about the mechanism of nucleation of ice crystals.

ECHAMS5/MESSy-MADEsoot can also be used to investigate the influence of the mixing
state on the aerosol radiative forcing. This can be achieved by comparing with simula-
tions performed with ECHAM5/MESSy-MADE, which could not resolve the mixing state.
Furthermore, the coupling between aerosol and radiation could be improved with the intro-
duction of a core-shell parameterization for the absorption of solar radiation.

Even though the aerosol size distribution is in good agreement with the experimental
data, its representation in MADEsoot could be further improved with the introduction of a
nucleation mode for the freshly nucleated sulfuric acid particles.






Appendix A

Prognostic equations

The prognostic variables of MADE and MADEsoot are the number concentrations of each
mode and the mass concentrations of the single species in each mode. The processes that
play a role in the evolution of the prognostic variables are:

e gas/aerosol partitioning (g/p), i.e. the partitioning between nitric acid (HNO3) and
ammonia (NHjz), which are in the gas phase, and their particulate phase, nitrate (NO3 )
and ammonium (NH; ), and between the gas and particulate phase of water.

e condensation (cond) of HoSO,4 and organic material on preexisting aerosols;
e nucleation (nucl) of HySO, in fresh aerosol particles;

e intramodal coagulation (coag i,7) between aerosol particles belonging to the same mode.
It acts only on the number concentration, not on the mass concentration;

e intermodal coagulation (coag i,j) between aerosol particles belonging to two different
modes;

e particle growth from the Aitken modes into the accumulation modes;
e aging of BC and dust particles from externally to internally mixed (only in MADEsoot);

e all those processes which are simulated by other sub-models than MADE and MADEs-
oot, i.e. transport, emissions, wet and dry deposition for the number concentration

and, additionally, chemistry for the mass concentrations. These processes are included
in the term R.

The prognostic equations in E5/M-MADE and in E5/M-MADEsoot are here reported. In
the prognostic equation of MADE the sign of each term is explicitely written. This is not
possible in MADEsoot, since some terms can be positive, negative or equal to zero. Therefore
the terms carrying a negative sign in the MADEsoot prognostic equations are those that can
give only a negative contribution.

A.1 Prognostic equations in MADE

Prognostic equations for the number concentrations
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Prognostic equations

Prognostic equations for the mass concentrations
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A.2 Prognostic equations in MADEsoot
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e Particulate organic matter (POM)
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Appendix B

Technical details

B.1 Calculation of the condensation coefficients

Condensation of sulfuric acid

The mass concentration of sulfuric acid gas evolves following the analytic solution of the
equation
dCH2304 (t)
dt
where P is the production rate of H,SO,4 in the gas phase, which is given externally to the
aerosol sub-model, and L is the loss due to condensation. The solution of Eq. [B.1] is

=P~ L Cyyso,(t), (B.1)

P

P
Chas0,(t) = 7T (CHQSO4(tO) - f) e ), (B.2)

assuming that P and L are constant during At = t—ty. The change in the mass concentration
of HySO, due solely to the condensation of gas (AC ") is

Accond. — ACHQSO4 o Acproductlon

P
= (7~ Crsoulto)) (1= 722 — At (8.3)

The loss coefficient L is calculated following Whitby et al. (1991). The loss of HySO, in
the gas phase is equal to the gain of SO7~ mass in the aerosol modes. If Mi(k) is the k"
moment of the mode ¢ and ng) the corresponding growth coefficient, we have:

Nmodes 008027 . T Nmndes aM(g) modes

=2 o mmog 2 g o 2 G (B4

i=1 i=

where the relation between mass and third moment from Eq. [3.10] is used. GE?’) can be
factorized in a size-dependent factor W(D), where D is the particle diameter, and in a size-
independent factors Wy (Whitby and McMurry, 1997)

a® _ Oy, /OO U(D)n:(D)d D. (B.5)

! T
The size-independent component W of the growth function is equal to

Myps(S, — 1)
Uy = W57V 7 B.
T ORT (B.6)
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where M, is the molecular weight of the condensing gas, ps the saturation vapour pressure,
S, the saturation ratio of the condensing species, p the density of the condensed substance,
R the universal gas constant and 7" the temperature. The form size-dependent component
V(D) depends on the regime of the gas, which is identified by the Knudsen number Kn
(see Sec. 2.1.1). ¥(D) has two asymptotic forms for the free molecular (Kn > 10) and near
continuum (Kn<1) regimes:

free-molecular: Kn > 10 — W/™(D) = %D2 (B.7)

near-continnum: Kn <1 — U"(D)=2rD,D (B.8)

where « is the accomodation coefficient,¢ the mean molecular velocity and D, the diffusion
coefficient. The asymptotic expressions for the growth rate are:
G(g)fm 6 mac
1

= ;\DTTMZ@ (B.9)

nc 6
GO = Zwp2r D, MY (B.10)
s

Whitby et al. (1991) shows how the armonic mean between the free-molecular and the near-
continuum expressions gives an expression of the growth rate that is computationally efficient
and precise enough also in the transition phase between the two regimes:
fm 3)nc
leiiael
G¥ = Z (B.11)
' @™ | @)

The loss coefficient L is calculated substituting Eq. B.11 in Eq. B.4. The growth of SO~ mass
concentration in each mode ¢ due to condensation of sulfuric acid (Msomcond' in Eq. 3.14) is
calculated through the non-dimensional coefficients €);

cond
8050?[,2'

5 = O, AC" (B.12)
G
Qi - —Z]'\ﬁwiodes G(g) . (B13)

The size-independent factor S\IIT is cancelled in Eq. B.13.

Condensation of organic gases

The condensation of organic gases into secondary organic aerosol is calculated analogously
to the condensation of sulfuric acid. The amount of condensing gas C'soa, however, is not
calculated, but given as an external field to the aerosol sub-model. Therefore

8CPOM,2' cond

50 = P94 Cs04 (B.14)
G(3) '
QZSOA _ SOA,i (B.15)

Nmodes (3) ’
221" Gson

B.2 Calculation of the coagulation rate

The rate of change of the £ moment due to intermodal coagulation between particles
belonging to the mode ¢ and j is defined as

(B.16)
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where [ is the mode to which the resulting particle is assigned. Following Binkowsk: and
Shankar (1995), Cy;; is calculated as

Chij = + /0 N /0 N D} B(Dy, Da)ni(Dy)nj(Ds)dDydDs, (B.17)

and the rate for intramodal coagulation is
Chii = —% /OOO /OOO(Di’ + D3)*3B(Dy, Do)ny(Dy)ni(D2)dD1d Dy (B.18)
+/Ooo /OOO DyB(Dy, Da)ni(Dy)ni(Dy)dDydDs (B.19)
where D; and D, are the diameters of the coagulation particles, n;(D) the number distri-
bution of the mode and (3(Dy, Ds) the function describing the coagulation process, which

depends on the regime of the gas. The asymptotic expressions of (D, Ds) for the near-
continuum and in the free-molecular regime are, following Friedlander (2000),

BI™(Dy, Dy) = \/Bij (Di‘f + Dig’) (D1 + Dy)? (B.20)
6nc(D17 D2) = 27T(Dv71 + DU,Q)(Dl + Dg) (B.Zl)
(B.22)

where kp is the Boltzmann constant, 7' the temperature, p the particle density and D, ;
the diffusion coefficient of the particle . As done for the calculation of the condensation
coefficients (App. B.1), the coagulation rate can be calculated as the harmonic mean between
the two asymptotic regimes

cJm cme.
Chrij = 7];2” k’:fc (B.23)
Crag + Cks
f
Ciii Cii

= ol AR (B.24)
i+ oy,

Ch.ii






Appendix C

Chemaical reactions

The reaction list does not report the reactants which are abundant in the atmosphere.

C.1 The chemical mechanism of MECCA

Gas phase reactions

e Oy + O = O + 0O,
Oy + 0% — Oy

e H + Og — H02
OH + 03 — H02
OH + H, — H,O + H
HOy + O3 — OH
HO, + OH — H,0
HO, + HOy — Hy0,
H,O + O'P — 2 OH
H;05 + OH — H50 + HO,

e N, + O — O%F + N,
NO+03—>NOQ+OQ
NOy + O3 — NO3 + Oy
NO; + NO — 2 NO,

NO;3 + NOy — NyOs

N,Os — NOy + NO;

NO + OH — HONO

NO + HOy — NO, + OH

NO; + OH — HNOj4

NO, + HO, — HNO,

NO3z + HOy — NOy + OH + O
HNOg + OH — HQO + N03
HNO4 — N02 + H02

HNO,; + OH — NO5 + Hy0

L] CH4 + OH — CH302 + HQO
CH3;0H + OH — HCHO + HO,
CH302 + H02 — CHgOOH
CH302 + H02 — HCHO + HQO + 02



114 Chemical reactions

CH305 + NO — HCHO + NOy + HO,
CH305 + NO3 — HCHO + HO5 + NO,
CH302 + CH302 — 2 HCHO + 2 H02
CH302 + CH302 — HCHO + CHgOH
HCHO + OH — CO + H;0O + HO,
HCHO + NO3 — HNOj + CO + HO,
CO + OH — H + COqy

HCOOH + OH — HO,

e SOy + OH — HySO,4 + HO,
DMS + OH — CH3SO, + HCHO
DMS + OH — DMSO + HO,
DMS + NO3; — CH3SO, + HNO3 + HCHO
DMSO + OH — 0.6 SO2 + HCHO + 0.6 CH305 + 0.4 HOy + 0.4 CH3503H
CHgSOQ — SOQ + CH302
CHgSOQ + 03 — CHgSOg
CHgSOg + H02 — CHgSOgH

Photolysis reactions

e O3+ hy — O'P
Oz + hy — O3

e HyOy + hr — 2 OH

e NO, + hvr — NO + O%F
NOj3 + hv — NOgy + O3
NO3z + hv — NO
NyOs + hy — NOy + NOg3
HONO + hr — NO + OH
HNOg + hy — N02 + OH
HNOy4 + hv — 0.7 NOy + 0.7 HO5 + 0.3 NO3 + 0.3 OH

e CH3;00H + hvy — HCHO + OH + HO,
HCHO + hv — Hy + CO
HCHO + hvy — H + CO + HO,

C.2 The chemical mechanism of SCAV

Heterogeneous reactions

b 03 - O3(aq)
O3(aq) - 03
H302 — HyOgaq)
H2O2(aq) — Hy0,
NH3z — NHz(.q)
NHs(aq) — NHj
NQO5 — HNO3(aq) + HNO3(aq)
HNO3 — HNOg(aq)
HNOg(aq) — HN03
COy — COuaq)
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COg(aq) — COQ

HCHO — HCHO 4
HCHO,) — HCHO
HCOOH — HCOOH 4
HCOOH ) — HCOOH
CH500H — CH300H )
CH300H 4 — CH3300H
802 — SOg(aq)

SOQ(aq) - SOQ

HQSO4 — HQSO4(aq)

Equilibria

e H,O = H™ + OH~
NH; = HT™ + NH;3
HNO; = H* + NO3
CO, = HT + HCO3
HCOOH = H* + HCOO~
SO, = HT + HSO3
HSO; = H* | SO~
HSO; = H* | SO
H,SO, = H* + HSOZ

Liquid phase chemistry
e SO + O3 — SO3~

HSO3 + O3 — SO?~  Hf
HSO; + Hy0y — SO?~ + H*t
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Acronyms

MADE modes

akn Aitken mode
acc accumulation mode
cor coarse mode (sea salt, dust, water)
MADEsoot modes

akng, soluble Aitken mode
ACCgo] soluble accumulation mode
akn externally mixed black carbon and dust Aitken mode
ACCoxi externally mixed black carbon and dust accumulation mode
akn,,ix internally mixed Aitken mode with black carbon and dust
ACCmix internally mixed accumulation mode with black carbon and dust
cor coarse mode (sea salt, dust, water)

Chemical compounds
Cl~ Chloride
DMS Dimethylsulfide = (CHjs),S
DMSO Dimethylsulfoxid — (CHj3)20S
HNO; Nitric acid
HyS Hydrogen sulfide
H,SO, Sulfuric acid
Na Sodium
NHjy Ammonia
NH; Ammonium
NO Nitric oxide or nitrogen monoxide
NO, Nitrogen dioxide
NOz Nitrate
NOy Nitrogen oxide (NO + NOy)
OH Hydroxyl radical
SOs Sulfur dioxide

SO~

Sulfate
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Other acronyms
ACE-1 First Aerosol Characterization Experiment
AEROCOM initiative for the comparison of aerosol models
bb Biomass Burning
BC Black Carbon
CFL Courant-Friedrich-Levy (criterion)
CCN Cloud Condensation Nuclei
CR-AVE Costa Rica Aura Validation Experiment
DJF December-January-February
DU mineral DUst
E5/M ECHAMS5/MESSy Aerosol climate model
ECHAM ECmwf model - HAMburg version
ECMWF European Centre for Medium Range Weather Forecasts

EDGARv3.2 FT2000

ERBE
EURAD

ff

GETA
GEOS DAS
GCM
GFED
GISS GCM
GLOBE-2
GOCART

GSG
IMPROVE
IN

INCA

IPCC

JJA

LACE

LCF
MADE(soot)
MADRID-BC

MATRIX
MESSy
NH

Emission Database for Global Atmospheric Research version 3.2
Fast Track 2000

Earth Radiation Budget Experiment

European Air Pollution Dispersion model system

fossil fuel

Global Emissions Inventory Activity

NASA Goddard Earth Observing System Data Assimilation System
General Circulation Model

Global Fire Emission Database

Goddard Institute for Space Studies General Circulation Model
Global Backscatter Experiment

Georgia Tech/Goddard Global Ozone Chemistry Aerosol Radiation
and Transport

Graphite Spark Generator
Interagency Monitoring of Protected Visual Environments
Ice Nuclei

Interhemispheric Differences in Cirrus properties from Anthro-
pogenic Emissions

Intergovernmental Panel on Climate Change
June-July-August

Lindenberg Aerosol Characterization Experiment
Long wave Cloud Forcing

Modal Aerosol Dynamics model for Europe (for soot)

Model of Aerosol Dynamics, Reaction, Ionization, and Dissolution
for Black Carbon

Multiconfiguration Aerosol TRacker of mIXing state
Modular Earth Submodel System

Northern Hemisphere
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NME
NMB
OC
PEM-Tropics A/B
PIN
PM; 5
PMig
POM
QMOM
RH
RHD
RF
SCF
SH
SOA
SP2
SPEW
SS
TC4
UCN
UTLS
VOC
WHO

Normalized Mean Error

Normalized Mean Bias

Organic Carbon

Pacific Exploratory Mission-Tropics A/B

Potential Ice Nuclei

Particulate Matter with diameter smaller than 2.5um
Particulate Matter with diameter smaller than 10pm
Particulate Organic Matter

Quadrature Method of Moments

Relative Humidity

Relative Humidity of Deliquescence

Radiative Forcing

Short wave Cloud Forcing

Southern Hemisphere

Secondary Organic Aerosol

Single Particle Soot Photometer

Speciated Particulate Emissions Wizard

Sea Salt

Tropical Composition, Cloud and Climate Coupling campaign
Ultrafine Condensation Nuclei

Upper Troposphere - Lowermost Stratosphere
Volatile Organic Compound

World Health Organization
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