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University of Washington

Abstract

Characterization of marine boundary layer aerosol from North
Atlantic and European Sources:

Physical and chemical properties and climate forcing parameters
by Ulrike Dusek

Chair of Supervisory Committee:

Professor David S. Covert
Department of Atmospheric Sciences

This thesis focuses on aerosol properties measured in Southwestern Portugal dur-
ing the second Aerosol Characterization Experiment. Fundamental aerosol physical
properties such as particle size distribution and hygroscopic properties are related to
possible sources and aerosol transformation processes. From these fundamental prop-
erties we derive aerosol properties that are important for aerosol forcing of climate.
First. a new method for calculating CCN spectra is proposed in this work and tested
using sensitivity studies and comparisons to direct measurements. The measured and
calculated CCN spectra differ on average by 30%. which at small supersaturations is
similar to the measurement uncertainties. Second. aerosol number to volume ratios
(R) are calculated and the fact that values of R are relatively constrained is explained
based on observed correlations between size distribution parameters. Third. a sim-

ple parameterization of the humidity dependence of the submicron aerosol scattering



coefficient has been derived. depending only on a volume weighted average diameter
growth factor and the volume mean diameter of the dry size distribution. One set
of empirical parameters can be used to parameterize all aerosol tvpes characterized
during the ACE-2 measurement period.

Aerosol physical properties and climate forcing parameters in the North-East At-
lantic Ocean were clearly affected by pollution outbreaks from Europe. The sub-
micron particle volume increased by a factor of 5 in polluted conditions. the light
scattering coefficient of dry particles increased on average by a factor of up to 10.
CCN concentrations at supersaturations of 0.2% increased by a factor of 3-3. The
aerosol fundamental properties vary often strongly with air mass history. but also
show short-term variability that often has a characteristic diurnal scale. The number
concentration of fine particles below 30nm and the particle hvgroscopic growth fac-
tors are mostly dominated by diurnal processes. The variability in the fine particle
number concentration can explained by particle nucleation in the morning hours and
subsequent particle growth to larger sizes. On the other hand the number concentra-
tion of particles in the accumulation mode size range is mostly determined by long

range transport.
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Chapter 1

INTRODUCTION

1.1 Background

1.1.1 Climate forcing of atmospheric aerosols

Aerosols from anthropogenic emissions can disturb the natural radiative balance of
the planet and exert a forcing on the climate system (e.g. Charlson et al., 1991;
Twomey, 1991). Assessing the impact of aerosols on the climate is complicated be-
cause of several issues. First. the residence time of aerosol particles in the troposphere
is relatively short: a few hours to a few days depending on their size and chemical
composition. As a consequence. aerosols are non uniformly distributed around the
globe and their concentration in the atmosphere shows considerable temporal vari-
ation. Second, atmospheric aerosols consist of many chemical compounds such as
inorganic salts. organic carbon, black carbon and mineral dust. The source locations
and source strengths of these aerosol compounds are often poorly known and their
abundance varies with geographical location and season. Third, at any given location
and time, the physical and chemical properties of the aerosol population are the result
of complex processes, which are not yet fully understood. Thus a lot of controlling
parameters concerning the impact of aerosols on climate are uncertain or unknown.
Atmospheric aerosols have a so-called direct and indirect effect on the global radi-

ation balance (e.g. Haywood and Boucher, 2000): Directly, aerosol particles impose a



radiative forcing on the climate system by scattering and absorbing radiation in the
atmosphere. Indirectly, aerosol particles may modify the cloud radiative forcing by
influencing the cloud albedo (first indirect effect) and the global cloud cover (second
indirect effect). More recently a ‘semi-direct’ effect of aerosols on climate has been
proposed (Ackermann et al., 2000). This refers to a possible reduction of cloudiness
due to atmospheric heating by absorbing aerosol.

The direct aerosol forcing of climate is largely due to the scattering and absorption
of solar radiation by aerosol particies. By scattering solar radiation upwards, back to
space, aerosols increase the planetary albedo and thus exert a negative forcing on the
earth-atmosphere system. By absorbing solar radiation, aerosols increase the overall
absorption of the earth-atmosphere system. which results in a positive forcing. The
sign and the magnitude of the total forcing are determined by the combined effect
of those two opposing forcings. In principle the total direct forcing could be either
positive or negative depending on the scattering and absorption characteristics of the
aerosol.

The amount of upward scattered and absorbed solar radiation depends on the
total optical depth. the upscatter fraction and the single scattering albedo (e.g. Lacis
and Mishchenko. 1995). The optical depth is a measure of how much radiation is
removed from the original beam in the aerosol layer either by scattering or by ab-
sorption. The upscatter fraction is a measure of how much of the total scattered
light that is actually scattered upwards back to space and thus contributes to the
radiative forcing. The single scattering albedo w is a measure of the relative impor-
tance of light scattering and light absorption. It is defined as the fraction of the
total extinct light that was removed from the original beam by means of scattering.
w = 1 indicates purely scattering aerosol (such as sulfates, or sea salt) and w = 0

indicates the hypothetical case of a purely absorbing aerosol. The single scattering



albedo w is particularly important because it indicates whether a partially absorbing
aerosol will have a cooling or a warming effect on the atmosphere. Haywood and
Shine (1995) proposed that there is a critical (spectrally weighted) single scattering
albedo w,, that separates negative from positive forcing. w. is a strong function of
the albedo of the underlying surface. Above a strongly absorbing surface such as the
ocean the aerosol itself has to be strongly absorbing (w ~ 0.5) to have a warming
effect. Above a highly reflecting surface such as snow or ice even a slightly absorbing
aerosol (w ~ 0.97) will yield a positive forcing. Thus purely scattering aerosols always
exert a negative forcing on the climate. The presence of absorbing aerosols results in
a positive forcing, which reduces the cooling effect of the purely scattering aerosols.
The combined forcing can be either positive or negative depending on the relative
amount of absorbing and non-absorbing compounds in the aerosol.

The direct forcing does not necessarily increase linearly with the amount of aerosol
present in the atmosphere. This is because the total optical depth §. the upscatter
fraction and the single scattering albedo w each depend in a complicated way on the
aerosol size distribution and the particle refractive index. Particles with diameters
comparable to the wavelength of the incident solar radiation contribute most signif-
icantly to the direct forcing. Particles that are much smaller scatter very little light
and thus have a negligible optical depth. Particles that are much larger are more
efficient scatterers but they scatter mostly in the forward direction, and are thus not
very efficient in redirecting light back to space. The real part of the refractive index
influences the amount and the angular distribution of the light scattered for a given
particle size and thus effects both the optical depth and the backscatter fraction.
The imaginary part of the refractive index is a measure of light absorption and the
single scattering albedo decreases with increasing imaginary part of the refractive

index. Thus information on the size distribution and refractive index of the aerosol



are necessary to estimate its direct radiative forcing.

Quantitative estimates of the magnitude of the direct forcing of aerosols are still
very uncertain and even the sign of the forcing is not yet clear. Current estimates
of the direct forcing of sulfate aerosols range from —0.3Wm™2 to —1Wm™? (e.g.
Charlson et al., 1991, 1992; Kiehl and Briegleb, 1993; Boucher and Anderson, 1995).
Due to the lack of a global coverage of aerosol measurements assumptions must be
made about aerosol properties and their global distribution. Differences in those
assumptions are mostly responsible for the differences in various estimates. Other
anthropogenic species have been studied less, but seem to be equally important for
the radiative forcing: Penner et al. (1992); Penner (1995) estimate that the radiative
forcing of organic carbon aerosols from biomass burning roughly doubles the sulfate
forcing. Tegen et al. (1996) claim that dust aerosols from disturbed soils contribute
significantly to the atmospheric heating. The positive forcing of black carbon aerosols
amounts to +0.4 W m~2 with uncertainty of a factor of 3 according to a recent estimate
of Haywood and Ramaswany (1998). Most of this uncertainty is due to the poor
knowledge of the source strengths and the total burden of black carbon aerosols. At
present it is not certain. whether the cooling of the climate due to sulfate and organic
aerosols is offset by the warming due to black carbon aerosols (e.g. Hansen et al.,
1998).

The indirect effect of aerosols on climate refers to a possible increase in cloud
albedo and cloud cover caused by an anthropogenic increase in aerosol number con-
centrations (e.g. Charlson et al.. 1992; Twomey et al., 1987). Cloud droplets form
by condensation of water vapor on a subset of preexisting aerosol particles. Cloud
condensation nuclei (CCN) are defined as the subset of aerosol particles that are ac-
tivated to form cloud droplets at supersaturations typical for ambient stratus clouds.

An increase in the number concentration of CCN can results in clouds with more, but
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smaller droplets and therefore higher albedo (Twomey, 1991). The shift to smaller
droplet sizes is moreover likely to suppress drizzle development (Twomey, 1991; Baker
and Charlson, 1920) and thus extends cloud lifetime and consequently cloud cover
Both effects, the increase in cloud albedo and the increase in global cloud cover, cause
an increase in the solar radiation reflected to space. The indirect effect of aerosols
on climate could thus lead to a negative forcing of a magnitude comparable to the
positive forcing of greenhouse gases, but the uncertainties are still too high to attempt
a meaningful quantification.

Aerosol and cloud measurements in ship tracks have provided empirical evidence
for the indirect effect. The clouds that form in the narrow lines of polluted air
behind ships appear distinctly brighter in satellite images (Coakley et al., 1987).
Aerosol measurements in the ship tracks show significantly increased aerosol number
concentrations due to emissions from the ship. Simultaneous cloud microphysical
measurements find elevated cloud droplet concentrations and a decrease in the mean
droplet size (e.g. Ferek et al.. 1998). This evidence supports the theory that elevated
aerosol concentrations could be responsible for an increase in cloud albedo in certain

cloud types and air masses.

1.1.2 The importance of aerosol hygroscopic properties for the aerosol forcing of

climate

It has long been known that aerosol particles contain a large fraction of inorganic salts
that are hygroscopic in nature. At elevated relative humidities below 100% these salts
can absorb water vapor and form stable solution droplets. The resulting increase
in particle size or particle mass from dry to hydrated state is called hygroscopic
growth. The hygroscopic growth due to inorganic salts has been well documented and

investigated in theoretical and experimental studies (e.g. Tang and Munkelwitz, 1994).



Recently empirical evidence has been published that soluble organic compounds can
modify the hygroscopic growth of atmospheric aerosols (e.g. Saxena et al., 1995; Dick
et al., 2000). This effect of organics is much less understood. The following chapter
explains the importance of particle hygroscopic properties for both the direct and the

indirect effect of aerosols on climate.

Hygroscopic growth and the direct effect

Due to the hygroscopicity of the aerosol particles the size distribution of the atmo-
spheric aerosol is dependent on the ambient r.h.. Therefore the local radiative forcing
changes strongly with r.h. which varies with air mass, time of the day and height.
Sensitivity studies of the direct radiative forcing show that 'the single most influential
parameter in determining the direct radiative forcing is relative humidity ...’ (Pilinis
et al., 1995).

The direct aerosol forcing generally increases in magnitude with relative humidity
for the following reason. The water uptake associated with hygroscopic growth causes
the aerosol particle size to increase nonlinearly with r.h.. The aerosol scattering
increases due to an increase in particle surface area. Moreover particles that were too
small to contribute significantly to the light scattering in their dry state can grow
to sizes where they scatter more efficiently (roughly diameters 0.4-3 um). Because
these small particles are much more abundant than the larger ones, the scattering
of the aerosol can increase drastically with r.h.. Current estimates suggest that the
forcing can increase by a factor between 1.4 (Boucher and Anderson, 1995) and 2.1
(Pilinis et al., 1995), if the r.h. rises from 40% to 80%. The particle refractive index
generally decreases with increasing r.h., which causes a small decrease in the direct
aerosol forcing, but this effect is secondary to the increased forcing due to the particle

size change.



It has also been noted that the effects of changing humidity on the direct forc-
ing are strongly nonlinear (Haywood and Shine, 1997). The direct forcing is nearly
insensitive to relative humidities below 70% but increases strongly between 70% and
80% and even more above 80%. This nonlinear dependence of the forcing on r.h. has
important consequences for calculations of the direct forcing in GCMs. For exam-
ple it seems to be important to calculate the aerosol scattering using the local r.h.
instead of a globally averaged r.h. as it was done in early estimates of the direct
forcing (e.g. Charlson et al., 1991). Taylor and Penner (1994) report that the global
mean forcing decreases from -0.95Wm~2 to —0.6W m~2, when the aerosol scattering
is calculated using the local relative humidity, instead of using a mean r.h. of 80%.
Haywood and Shine (1995) state that taking into account the subgridscale variation
of the relative humidity could increase the global mean forcing of sulfate aerosols by
a factor of 1.5. This sensitivity of the direct forcing to r.h. shows the importance of
a thorough understanding of the hygroscopic growth of aerosol particles and of the
humidity dependence of aerosol optical properties and the location of aerosol with

respect to r.h. grid variability.

Particle hygroscopic properties and the indirect effect

It has long been known that an increasing fraction of hygroscopic compounds in an
aerosol particle reduces the critical supersaturation (S.) required for activation and
subsequent growth as a cloud droplet. (S.) can be derived from the Koehler equation
(e.g. Pruppbacher and Klett. 1997) and is to a good approximation only dependent
on the number of ions (.V;) in the particle: S, = (2.7-1073/N;)%5 (Hudson and Clarke,
1992). This equation shows that an increasing number of ions (i. e. an increasing
hygroscopic fraction) in the particle lowers its critical supersaturation and increases

its likelihood of becoming a cloud droplet. The fraction of hygroscopic material in



an aerosol particle is thus important for its ability to form clouds and thus for the
indirect effect.

It has been realized that the simple dependence of S. on N; might be complicated
by the presence of soluble organic compounds or surfactants. Surfactants can lower
the critical supersaturation, thus enhancing the cloud droplet concentration (Facchini
et al., 1999a). Some slightly soluble organic compounds can even modify the shape of
the Koehler curve, so that clouds and fog might be possible without supersaturation
(Laaksonen et al., 1998; Shulman et al.. 1996: Kulmala et al., 1997). This effect of
organics on the Koehler curve has not yet been experimentally verified, but there
is increasing empirical evidence. that organic aerosols significantly contribute to the
CCN concentrations (e.g. Novakov and Penner, 1993: Novakov and Corrigan, 1996).
These studies suggest that the understanding of cloud droplet formation requires not
only the knowledge of the hygroscopic properties related to the inorganic fraction
of the aerosol, but also insight on how these hygroscopic properties are modified by

organic compounds.

1.1.3 Modeling issues

The direct aerosol forcing can, at least in principle, be calculated at any given location
if the ambient size distribution, ambient optical properties and the state of mixing of
the aerosol are known. However these crucial parameters cannot yet be adequately
measured on a regional to global scale or be predicted from global transport models.
Due to computational limitations, most of these models and do not treat to treat the
aerosol hygroscopic properties as prognostic variables. In these cases the output of
the model is limited to the dry aerosol mass concentration and some parameteriza-
tion of the dry size distribution and to the relative humidity at each grid point. In

order to obtain the ambient forcing it is therefore necessary to develop empirical pa-



rameterizations of the hygroscopic growth and of the humidity dependence of aerosol

radiative properties based on measurements from key locations on the globe.

1.2 The ACE-2 field experiment

The aerosol measurements used in this thesis were made as a part of the second
Aerosol Characterization Experiment (ACE-2) (Raes et al., 2000; Verver et al., 2000).
ACE-2 was one of several large-scale aerosol characterization experiments designed
to understand aerosol radiative forcing in key areas of the globe. The first experi-
ment (ACE-1) was held in the southwest Pacific ocean to characterize the natural
background aerosol in a region, that is rarely influenced by anthropogenic emissions
(Bates et al., 1998). ACE-2 was held in the more polluted sub-tropical North Atlantic
region during June and July 1997.

The general ACE-2 measurement area is shown in Figure 1.1. In this area marine
background air mass is frequently disturbed by pollution outbreaks from the European
continent, which happen when the Azores high extends over western Europe after
the passage of mid-latitude cyclone. One main goal of the ACE-2 experiment was to
characterize how the European pollution outbreaks change the physical properties of
the background aerosol and as a consequence the direct and indirect aerosol forcing in
North Eastern Atlantic. Another goal was to investigate how the continental pollution
aerosol is modified during its transport from the European continent into the ACE-2
measurement area. During the ACE-2 intensive measurement phase from June 16 to
July 25 1997 aerosol properties were measured on several field stations on land as well
as on board of ships and several airplanes. The main land-based stations were on the
island Tenerife (Spain) and in Sagres. situated on the south-west tip of Portugal as

shown in Figure ?7.
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Figure 1.1: The ACE-2 measurement area

1.3 Thesis goals and methods

Most of the work presented in this thesis is based on measurements of the aerosol

size distribution and hygroscopic growth in Sagres. These aerosol properties are

compared in different air mass conditions and subsequently used to derive aerosol

properties more closely related to the direct and indirect effect of aerosols on climate.
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A special focus of this thesis are aerosol hygroscopic properties and the influence of
those hygroscopic properties on cloud condensation nuclei and aerosol scattering at
different relative humidities.

In principle two basic approaches can be used to achieve information on aerosol
properties that are important for the direct and indirect effect of aerosols on climate,
such as concentration of cloud condensation nuclei or aerosol scattering efficiencies.
The approach used in the context of this thesis is to measure fundamental aerosol
properties such as the particle size distribution and chemical composition and calcu-
late the properties relevant for the aerosol forcing of climate using current theoretical
understanding of aerosol radiative and cloud nucleation properties. Another approach
is to measure the radiative or cloud nucleation properties of the aerosol directly us-
ing instruments such as integrating nephelometers (e.g. Heintzenberg and Charlson,
1996) or cloud condensation nuclei counters. Both approaches have certain advan-
tages and disadvantages. since both aerosol measurement methods and theoretical
understanding have still considerable uncertainties.

Aerosol measurements are in general quite difficult to make. Since it is inefficient
to visually to count aerosol particles under a microscope, indirect methods have to be
used to count and size the particles. Many of the more complex measurement meth-
ods have been recently developed and are still being improved. These measurement
methods are more susceptible to errors and the measurement uncertainties under field
conditions are often not well characterized. It can be an advantage to only use sim-
ple and established measurement methods and infer other aerosol properties using
theoretical considerations. However, many simplifying assumptions have to be made
to be able to treat the system of individual particles with different shapes and chem-
ical compositions theoretically and there are still considerable gaps in our current

understanding of the atmospheric aerosol. At the current stage of aerosol research
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both measurement methods and the theoretical understanding can be advanced by
rigorous comparisons of measured and derived aerosol properties. Therefore a signif-
icant part of this thesis is devoted to consistency studies between directly measured
aerosol properties and the same aerosol properties derived from more fundamental
measurements using current theory. These consistency studies allow to rigorously
test the current understanding of the theory as well as to evaluate errors in current
established or recently developed measurement methods.

Three major consistency studies are presented in this thesis. The first is a test if
measured hygroscopic growth factors are consistent with particle chemical composi-
tion. This study is important since it shows if the particle hygroscopic growth can
be predicted from the particle composition. Two previous hygroscopic consistency
studies have shown that in the Po Valley (Italy) (Berg et al., 1998a) and in Northern
England (Swietlicki et al.. 1999) the measured aerosol hygroscopic growth is generally
consistent with the water uptake from the inorganic fraction of the aerosol. The sec-
ond consistency study is a comparison of directly measured CCN spectra with CCN
spectra derived from hygroscopic growth factors and the particle size distribution.
Several comparisons between measured and derived CCN concentrations have been
attempted in different areas of the globe (e.g. Covert et al., 1998; Chuang et al.,
2000, and references therein). In most of these studies the measured CCN concen-
trations are significantly lower than the calculated CCN concentrations. Low mass
fractions of soluble material or the presence of organic compounds, that hinder or
slow down the water uptake have often been hypothesized to explain these observa-
tions. Since many supporting observations are available in this work, these issues can
be discussed in some detail. The third consistency study is a comparison of dry and
humidified aerosol scattering coefficients measured by a nephelometer with calculated

scattering coefficients. These calculated scattering coefficients are derived from size



13

distribution, hygroscopic growth factors and particle chemical composition. Integrat-
ing nephelometers have been evaluated, tested and calibrated in laboratory settings
(e.g. Anderson et al., 1996) and under field conditions (e.g. Quinn and Coffmann,
1998). One previous consistency study of humidified scattering coefficients (Malm
et al., 2000) has been able to model the measured increase in scattering with relative
humidity relatively well.

A second important focus of this thesis is to characterize the aerosol properties in
south-western Portugal during the ACE-2 measurement period. The characterization
of the aerosol at a certain location is difficult to do in a meaningful way. The aerosol
properties in a location like Sagres are dependent on the history of the air mass
arriving at this location, alternating between relatively clean and polluted conditions.
However even within each air mass type the aerosol properties show considerable
variability that in some cases can be larger than the change in those aerosol properties
with air mass types. The diurnal variability of particle concentrations in different size
classes and the diurnal variability of hygroscopic growth factors are investigated as
an example for these fluctuations on short time scales.

The more fundamental aerosol properties. namely particle size distributions and
hygroscopic growth factors are summarized in Chapter 3. These aerosol properties
are related to possible sources and processes that acted on the aerosol during trans-
port to Sagres. Aerosol properties that are more directly related to the direct and
indirect effect of aerosols on climate such as cloud condensation nuclei and scattering
coefficients are derived in the following chapters based on the aerosol size distribution,
hygroscopic growth and chemical composition.

A third focus of this thesis is to derive parameterizations of aerosol properties
that cannot yet be treated as prognostic variables in global transport models, but are

nevertheless needed to calculate the radiative forcing of aerosols. It is important to
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find empirical formulas that depend on parameters predicted in those global transport
models such as the total particle mass or volume and potentially a mean particle
diameter. Such parameterizations are presented in the Chapter 4 that focuses on
number to volume ratios of the aerosol and in Chapter 6, where a parameterization
of the humidity dependence of the aerosol scattering coefficient is derived. Number
to volume ratios over the Atlantic ocean have been measured in the past (e.g. Hegg
and Jonsson, 2000; Hegg and Kaufman, 1998, and references therein) and have been
found surprisingly constant. The number to volume ratios derived in this thesis are
compared to numbers found by other authors and reasons for the constancy of the

number to volume ratios are proposed based on theoretical considerations.
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Chapter 2

INSTRUMENTATION AND DATA EVALUATION

The work presented in this thesis is mainly based on measurements of the aerosol
number-size distribution and hygroscopic growth factors. This section gives detailed
descriptions of the instruments used during ACE-2 to measure these aerosol properties
and of the first steps of data correction and analysis.

Measurements of both the number size distribution and the hygroscopic growth
factors require particle sizing. In both cases the same type of instrument namely the
Differential Mobility Analyzer (DMA) was used to the determine particle size. This
instrument is described in in section 2.1. The next two sections explain how the DMA

is used to measure aerosol number-size distributions and hygroscopic growth factors.

2.1 The Differential Mobility Analyzer

The differential mobility analyzer determines particle size by subjecting charged par-
ticles to an electrostatic field and sorting them according to their terminal velocity
which depends on their size. Generally aerosol particles have a variety of particle
shapes and it is not trivial to assign a diameter to each particle. Commonly effective
diameter are defined depending on the specific measurement method used to size the
particles. In the case of electrostatic measurements the effective diameter is the so-
called Stokes diameter defined as the diameter of a spherical particle with the same
terminal velocity in the electromagnetic field. In the case of impactor measurements

the effective diameter is the so-called aerodynamic diameter, the diameter of a spher-
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ical particle of density of 1 g cm™3. that has the same terminal settling velocity as
the particle in question. Particles with the same Stokes and aerodynamic diameters
can have quite different actual particle sizes, depending on the particle density.

A schematic design of the DMA is shown in Figure 2.1.

Qae Qsh Qsh Qae
Voo e

S 2l

° Center

° 9 Electrode

2

Figure 2.1: The differential Mobility Analyzer

The differential mobility analyzer has cylindrical shape and consists of a center
electrode and an outer grounded cylinder. In the space between the cylinder and

the center electrode a layer of particle free 'sheath’ air (Q,s) flows along the center
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electrode. The air stream containing aerosol particles (Q,.) is forced to flow in a
thin, laminar layer along the outer cylinder walls. At the lower end of the instrument
a small sample stream (Q,) is withdrawn through a narrow opening in the bottom
of the center rod. The excess air (Q.;) exits through the bottom of the instrument.
A voltage U is applied to the center electrode creating an electric field in the space
between the center electrode and the outer cylinder.

As the charged particles enter the electric field a fraction with either positive or
negative charge begins to drift towards the center electrode with a velocity that is

proportional to their electrical mobility Z,,.

n-e-C.
Zp = m (2.1)

where d, is the particle diameter. n is the number of charges, e the elementary charge,
n the air viscosity and C, the Cunningham slip correction factor. The time to achieve
terminal velocity must be much smaller than the transit time through the column.
The drift velocity decreases with increasing particle size. For each voltage U applied
to the center rod of the DMA only particles within a very narrow mobility fraction can
exit through the opening into the sample air stream. Particles with higher mobility
(smaller diameters) are deposited on the center rod walls upstream and particles with
lower mobility (larger diameters) remain in the excess air stream.

Although the actual particle trajectories in the instrument are complicated, the
probability of a particle entering the sample flow is independent of the detailed struc-
ture of the flow field (Knutson and Whitby, 1975). This probability is called the
transfer function. If the aerosol flow Q.. equals the sample flow Q, and the sheath
flow Q,» equals the excess flow Q.. then the transfer function is ideally triangular as
shown in figure 2.2.

For a voltage U applied to the central electrode the fraction of selected particles
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Transter function

Ni-

Figure 2.2: Schematic diagram of an idealized DMA transfer function

have a mean electrical mobility of

> Qs In(ra/ry)
&= UL (22)

and span a range of mobilities of

AZ,=2. g . Z,, (2.3)

sh

In reality the width of the transfer function is somewhat broadened by diffusion and

its area is decreased due to losses (e.g. Martinsson et al., 2001).
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2.2 Measurement of the Number-Size Distribution

2.2.1 Measurement principle: The TDMPS system

The DMA combined with a bipolar charger and a particle counter can be used to
infer the particle size distribution. The bipolar charger imposes a known charge dis-
tribution on the aerosol. The voltage on the center rod of the DMA is increased
stepwise and particles that enter the sample flow at each voltage are counted by
a condensational particle counter (CPC). An inversion program converts the mea-
sured voltage-number pairs to the actual size distribution using the known charge
distribution of the aerosol and the known transfer function of the instrument.
Aerosol number-size distributions in Sagres during ACE-2 were measured using
a Twin Differential Mobility Particle Sizer (TDMPS) (Birmili et al.. 1999). Two
Vienna type DMAs (Winklmayr et al.. 1991) of different lengths. a DMA and an
ultrafine DMA (UDMA). are used to measure aerosol particles from 20-800nm and
from 3-20nm respectively. The instrument setup is schematically shown in figure 2.3.
Polydisperse aerosol enters the bipolar charger and the air stream is then split.
A volume flow of 0.51/min enters the DMA and a volume flow of 21/min enters the
UDMA. At the beginning of each size distribution measurement both DMAs select
the common particle size of 20nm. Subsequently the voltage is decreased stepwise in
the UDMA to reduce the size of particles in the sample stream and increased in the
DMA to increase the particle size. At each voitage the particles are counted using a
CPC and an ultrafine CPC respectively and the final number-size distributions are

derived by the inversion routine of Stratmann and Wiedensohler (1996).
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Figure 2.3: The TDMPS System

2.2.2 Parameterizing the number-size distribution using lognormal distributions

The size distributions measured in Sagres during ACE-2 can usually be well approx-

imated using a linear combination of several lognormal distributions:

AN g N o (-“"gdv-!‘)gdwf)
dlogd, & V2r-loga,, 2 log* oy, ’

where N; is the total number concentration in mode i. 04 its geometric standard

(2.4)

deviation, and d, the mean geometric diameter. Size distributions are usually pa-

rameterized to reduce the number of parameters used to describe a size distribution.
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However in this work some physical significance is attached to the individual lognor-
mal modes fitted to the size distribution and the goodness of the fit is not always the
only criterium in determining how the modes should be fitted to the size distribution.

The fitting is done using a labVIEW routine written by Birmili (1998), which
minimizes the deviations between the measurement points d N/dlog(d,) and the fitted
values dNy;,/dlog(dy) by adjusting the parameters V;, d,;, and 0g4.i- In general more
than one lognormal distribution is necessary to represent the measured distributions.
Usually three lognormal modes are necessary to capture the dominant features of the
size distribution, but sometimes up to five different modes can be clearly distinguished
in the measured size distribution. These five modes are classified according to the size
range in which their mean diameter occurs as shown in Table 2.1. The size ranges of

the modes show enough independence that each mode can be identified separately.

Table 2.1: Classification of the main lognormal modes of the aerosol size distribution
in Sagres during ACE-2

Mode Range of mean diameter d,
Ultra Fine 0-18 nm

Small Aitken 10 - 40 nm

Aitken 30 - 120 nm
Accumulation 80 - 250 nm

Sea salt 200 - 800 nm

The Aitken mode, the Accumulation mode and the Sea salt mode are the dominant
and most persistent modes. The small Aitken and the Ultra fine mode are only

intermittently present and are associated with regional and local particle production.
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2.2.3 Quality control

Figure 2.4 shows an example of a size distribution when all five modes were present

at the same time. The data points are marked with stars and the fits of the different
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Figure 2.4: Example of a particle size distribution with five clearly separated modes

modes are shown as lines of various styles. In this example all the modes are clearly
separated and show lognormal shape. If all the modes are clearly separated they are
usually well captured by the fitting routine.

There are occasions however when some of the modes are not as clearly separated

and one mode appears only as a shoulder on another mode. In this case the question
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can be raised if there are really two overlapping lognormal modes or if there is only

one mode that simply deviates from the lognormal shape. In this situation it is often

helpful to look at the higher moments of the number-size distribution such as the

surface or the volume size distribution. If any mode is lognormal in the number-size

distribution it will also be lognormal in the higher moments of the size distribution.

Figure 2.5(a) shows one example of a questionable number-size distribution.
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Figure 2.5: Number and volume size distribution with overlapping modes

In the number-size distribution the main peak in the Aitken mode size range is

asymmetric. with a shoulder towards larger sizes. It is unclear if this shoulder is a

second lognormal mode or if the distribution deviates from lognormal shape. The
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corresponding volume size distribution
% m-ds  dN

dlogd, 6 dlogd,

shown in Figure 2.5(b). This representation of the size distribution emphasizes the

(2.5)

larger particle sizes. It can be seen clearly that the shoulder shows as a separate,
larger mode that now is the dominant mode and that it has lognormal shape. Thus
it seems it is justified to fit two lognormal modes to the main peak of the number-size
distribution. What might have appeared as an asymmetric mode in the number-size
distribution is actually composed of two overlapping lognormal distributions. This
conclusion can be drawn for almost all asymmetric distributions in Sagres during
ACE-2.

While clearly separated modes are usually unambiguously fitted, the fitting of
overlapping modes is more prone to inaccuracies. The first problem is to decide at
which point two instead of one lognormal distribution should be fitted to a slightly
asymmetric mode. Slight asymmetries in the measured distribution are often present
and if the goodness of fit is the only criterium two modes always provide a better fit
in such a situation. However sometimes there is no physical reason to split a mode
or add additional modes just to improve the goodness of the fit, which could result
in misleading physical interpretations. Considering how well the modes approximate
higher moments of the distribution can be helpful in this case as well. Since the
lognormal modes are calculated to provide a best fit to the number-size distribution
only, the examination of higher moments of the size distribution is an independent
test if the fit is physically meaningful. An example of this is shown in Figure 2.6.
It can be seen that the main mode can be fitted well with one and with two modes.
Quantitatively two modes provide a somewhat better fit both to the number and
to the volume size distribution. However there is no indication that two modes are

necessary to provide an adequate fit. To exclude most cases of artificial mode splitting
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Figure 2.6: Example for artificial split of a monomodal size distribution into two
modes

all distributions are re-fitted using one mode. If the ratio of the sum of squared
deviations (ssd) using a single mode to ssd using two modes is greater than 0.02 for
the number-size distribution and the greater than 0.2 for the volume size distribution
then the two modes are replaced by the single mode. The cut-off ssd were determined
by visual inspection and are a somewhat arbitrary. but at least consistent criterium
whether one or two modes should be fitted.

The same technique can be used to see how well the mode parameters are captured

when fitting overlapping modes. The number-size distribution in Figure 2.7(a) has
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again two overlapping modes, that seem to be reasonably well resolved by the fits.

In the volume size distribution shown in Figure 2.7(b) however there is one tight and
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Figure 2.7: Example for a problematic fit of overlapping modes

clearly lognormal mode that is quite obviously a single lognormal mode. However the
fits are suggest that it is composed of two overlapping modes, which does not seem
very plausible physically. Therefore. it can be concluded that in the fitting process
the number concentration of the accumulation mode has been underestimated and
the standard deviation as well as the number concentration of the Aitken mode have

been overestimated.

2.3 Measurements of particle hygroscopic properties

2.3.1 Measurement principle - the TDMA

During ACE-2 the particle hygroscopic properties were measured using a Tandem
Differential Mobility Analyzer (TDMA). This instrument was first used for the study
of aerosol hygroscopic properties by Rader and McMurry (1986); Stolzenburg and
McMurry (1988). Since then it has been widely used in both laboratory and field
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studies (e.g. Covert and Heintzenberg, 1993; Swietlicki et al., 2000).
A schematic diagram of a TDMA is shown in Figure 2.8(a). It consists of two
identical Differential Mobility Analyzers (DMA1 and DMA2) that are in series and

a humidifying system that conditions the aerosol between DM A1 and DMA2. The
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Figure 2.8: The Tandem Differential Mobility Analyzer (TDMA)

aerosol is first passed through a drier and dried to a r.h. below 10%. DMAL is
operated at this low r.h. and selects dry aerosol particles within a narrow size range.

This size range is determined by the transfer function of DMA1l which is ideally
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triangular with a diameter range of +£10% or less of the mean dry diameter (d;)
depending on the DM A1 flow rates. This quasi-monodisperse aerosol is then subjected
to a specified, higher r.h. in a humidifier. The humidifier consists of a micro-porous
Teflon tube inside a larger tube, that is continually circulated with water. The
aerosol flows in the inner Teflon tube, and gets humidified by water vapor passing
through the pores of the Teflon. The relative humidity of the aerosol sample flow
changes according to the temperature of the surrounding water which is controlled
by a r.h. sensor at the inlet to the DMA column. The r.h. of the sheath flown
in DMA 2 is matched to the r.h. of the aerosol sample flow. In the humidifier
hygroscopic aerosol particles grow by hydration to an equilibrium size that depends
on the r.h. and the amount and chemical nature of the hygroscopic material in the
particles. Since there are differences in the hygroscopic growth of individual particles,
the nearly monodisperse size fractions broadens during this process. The resulting
growth distribution is analyzed by DM A2. This distribution shows an increase in size
and breadth compared to the dry diameter dy and can have one or more modes if the

aerosol consists of particle fractions with distinctly different hygroscopic behavior.

2.3.2 Fitting of the growth distributions

Similarly to the size distribution measurements, the scans of the wet size distribution
have to be inverted taking into account the transfer function of the DMAs. The inver-
sion routine used for the ACE-2 dataset was developed by Stolzenburg and McMurry
(1988) and adapted for LABView by Zhou (2001). This program obtains the mean
growth factor (Gf), standard deviation o. and relative number fraction Nf for each
growth mode by fitting theoretical TDMA transfer functions to the measured aerosol
distribution using a least squares fit routine.

The parameters Gf, 0 and Nf were originally calculated by minimizing a Chi-
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square function defined as the sum of normalized residuals:

-\ 2

1 & ns . (-’Vk - -’Vk)

22

SRR Y A plett linbal A
f = k=1 Wk * (l\‘k + Nk)

where N; are the measured particle number concentrations at various diameters

(2.6)

de, Ni are the particles calculated by the theoretical growth distribution, f are the

degrees of freedom and the ns are the number of measurement points. The weighting

factor wy is defined as

1
w; = —————. (2.7)
' Atk . anc
where At is the sample time for the N; measurement and Q.. the effective

CNC2 sample flow. Since the sample flow rate is constant the weighting factor puts
more emphasis on the data points that were sampled for a longer time. In the
TDMA measurements during ACE-2 the sampling time was increased for the diameter
channels on the fringes of the growth distribution that had low aerosol concentrations.
Thus these data points were emphasized resulting in worse fitting of the peaks. An
example of this is shown in Figure 2.9. The measured data are shown as dark circles
and the theoretical distribution obtained by varying the parameters Gf, o, and Nf
are shown as open circles. The fits in Figure 2.9(a) and (b) have the same Chi-square
value although visually the peak is much better captured in 2.9(a). Moreover the
best fit determined by the minimal Chi-square value (Figure 2.9(c)) visually deviates
more from the measurements than the fit in 2.9(a).

Therefore the residual function Ry in the sum to be minimized is replaced by:

s (.‘Vk - .’Vk)z C2k
B = Wi * (.'Vk + -Vk) Clk. (28)

where C,¢ and C,; are the absolute counts in channel k of DMA2 and DMA1 respec-

tively.
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Figure 2.9: Example for a problems in the fitting of peaks

This is a function that is more representative the absolute differences between
measured and calculated data points instead of the normalized residuals and thus
places higher emphasis fitting the data points near the peak. The growth factors
change only slightly, when they are derived by the new fitting function, but the
number fraction and standard deviations of the growth modes can change between 5

and 15%.
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2.3.3 Fit evaluation

The fitting is done semi-manually. Every fit is visually inspected and the user of the
fitting routine decides how many modes to fit to each growth distribution. In Sagres
the growth distribution usually had one and occasionally two modes, a more and a less
hygroscopic mode. The more hygroscopic mode with a mean growth factor ranging
from 1.5 to 1.8 is virtually always present. but a less hygroscopic mode appeared
only occasionally. The manual fitting introduces a certain arbitrary element, but
it has also some advantages to completely automated fitting routines. Comparison
between the hygroscopic properties calculated by two different fitting routines for the
same data set can give an idea of the magnitude of uncertainties introduced by the
data inversion. Therefor an arbitrary subset of the TDMA data has been inverted
by both the fitting routine of Stolzenburg and McMurry (1988) and an automated
fitting routine written by ”.

Figure 2.10 shows the results of this comparison for a dry particle size of 50nm
and of 250nm. It can be seen in Figure 2.10(a) and (d) that the more hygroscopic
growth factors determined by both programs are in quite good agreement on average,
although there is slight scatter among the individual data points. The less hygroscopic
growth factors however show much more scatter and also some systematic difference
between the two fitting routines as is shown in Figure 2.10(b) and (e). The automated
fitting routine calculates on average lower growth factors for the less hygroscopic
fraction. The uncertainties in the less hygroscopic growth factors introduced by
the fitting routines probably overwhelm the measurement uncertainties introduced
by sizing and counting errors. The fraction of particles in the more hygroscopic
mode still shows considerable scatter. This analysis shows that we can place more
confidence in the accuracy of the more hygroscopic growth factors than in that of less

hygroscopic growth factor or in the number fraction in each growth mode.
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2.8.4 Correction of growth factors to 90% r.h.

The relative humidity in the TDMA system usually is subject to minor fluctuations
from approximately 87%-92%. The measured growth factors are corrected from the
measurement r.h. to a relative humidity of 90% using a method developed by Swi-
etlicki et al. (1999). The method can be summarized as follows:

A soluble volume fraction (€¢) can be derived at the instrument relative humidity
r.h.,, (which is usually different from 90%) by relating the measured hygroscopic
growth factor Gf to a hypothetical growth factor of a completely soluble particle
consisting of a single model salt Gf,, :

¢ = gﬂi;_‘l (2.9)

Gf,u can be estimated by calculating the molality 7, and the density rho,y of

the model salt solution at the water activity of the solution droplet at r.h.,,. This

water activity (a,) can be estimated as:

(2.10)

401"[,‘,
puRT-Gf-do )’

a, =r.h.-exp (
where o is the surface tension of water. M, is the molecular weight of water, R
the universal gas constant. T the temperature. Gf the measured hygroscopic growth
factor, and dg the dry particle diamever. 1, and p,x can be calculated using pa-
rameterizations available in the literature for various salts of atmospheric importance
(e.g. Tang and Munkelwitz, 1994). Once n,y and p,, are estimated, Gf,, can be

calculated as:

G = 1+ —Po (2.11)
Pw -1 - M,

Once the soluble volume fraction € is calculated (by combining Equations 2.9,
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2.10, and 2.11), the growth factor at any water activity can be calculated as:

=3 P SR S ‘
Gf(aw.e)—Jl-%e (pso‘ (1+r’aol"/"'[s> 1), (2.12)

, where p, is the density of the dry salt. For the purpose of correcting the growth

factor to a chosen relative humidity instead of a water activity, it must be noted that
ay in Equation 2.12 is dependent on the (unknown) growth factor at that chosen
humidity. It is recommended to start at a water activity a,=r.h. and then iterate

Equations 2.10 and 2.12 until the Gf(a,,€) converges.
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Figure 2.10: Evaluation of the fitting routines: (a) Comparison of more hygroscopic
factors at a dry particle size of 50nm. (b) Comparison of less hygroscopic factors at
a dry particle size of 50nm. (c) Comparison of the more hygroscopic number fraction
at a dry particle size of 50nm, (d) Comparison of more hygroscopic factors at a dry
particle size of 250nm, (e) Comparison of less hygroscopic factors at a dry particle size
of 250nm, (f) Comparison of the more hygroscopic number fraction at a dry particle
size of 250nm.
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Chapter 3

AEROSOL PROPERTIES IN SAGRES, SW PORTUGAL
DURING ACE-2

This chapter characterizes fundamental physical properties of the aerosol in Sagres
on the SW coast of Portugal: the size distribution and hygroscopic properties. These
aerosol properties are the basis for deriving aerosol properties other aerosol properties
that can be linked to the direct and indirect forcing of aerosols on climate in later
chapters of this thesis. In this chapter the variability in the size distribution and the
hygroscopic properties is analyzed in terms of variations that have time scales of the
order of several days and shorter-term variations that often occur with a characteristic
diurnal scale. The longer term variabilities can be linked to changes in air mass back
trajectories, that transport aerosol formed in different areas (e.g. the Arctic, or N.
Atlantic ocean, Northern Europe. etc.) to Sagres. The long term variabilities thus
seem to correspond to changes in the long range transport to Sagres. Variations on
shorter time scales are characteristic of regional aerosol processes, i.e. processes that
occur on the [berian Peninsula or near the coast of Portugal. Variations from local
sources in the immediate vicinity of the Sagres measurement site (such as road traffic
to or from the site) are considered contamination of the data set and data affected
are removed whenever possible.

Properties of the atmospheric aerosol are a result of processes that have acted
on the aerosol over a period of several days. Aerosol properties measured at any

location and point in time are therefore dependent on the history of the air mass
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arriving at that location and can only be understood by considering two factors,
long range transport and regional sources and processes. This is especially important
for a location like southwestern Portugal, where long range transport of air from
the Atlantic can result in very clean conditions and transport of air from northern
Europe or the Iberian peninsula can result in polluted conditions that are not caused
by any local sources. A change in air mass history changes the aerosol properties at
the ACE-2 measurement site in Sagres dramatically. On the other hand ship traffic
near Sagres and point sources along the coast of Portugal emit aerosol particles and
aerosol precursors that mix into the background air mass. These sources can impose
a regional signature on the aerosol transported to Sagres. As an example emissions
of sulfur dioxide (SO,), a main aerosol precursor are shown in Figure 3.1. Emissions
of SO, are highest over Northern Germany and several eastern European states, such
as Poland. However emissions of SO, are significant over the Iberian Peninsula as
well: There are several point sources (most likely power plants) along the coast, as
well as the city of Lisbon directly to the North of Sagres. The area around Lisbon
emits 10,000-50,000 tons of SO, per year and thus constitutes a significant source of
pollution. Figure 3.1 shows that emissions from ship traffic off the coast of Portugal
raise the SO, concentrations above background concentrations. The emissions from
ships are of the order of 1000-5000 tons per km? per year, which is lower than emissions
by the power plants and Lisbon but covers a larger area.

In this chapter the aerosol in Sagres is characterized with respect to two aspects,
the air mass history and characteristic regional processes that result in diurnal varia-
tions in aerosol properties. The first section summarizes aerosol properties according
to air mass back trajectories. The second section describes characteristic diurnal vari-
ations in the aerosol that are driven by local atmospheric dynamics independently of

air mass history.
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Figure 3.1: Emissions of SO in Europe

3.1 Aerosol properties in different air mass conditions

3.1.1 Main air mass conditions

During the ACE-2 field experiment the measurement site at Sagres was influenced
by several different air mass types. For the first half of the experiment cleaner air
coming from the North Atlantic Ocean prevailed. whereas during the second half of
the experiment polluted air masses originating over the European continent reached
Sagres more frequently. Trajectories for cleaner time periods originate over the North
Atlantic or the Arctic ocean. In many cases. air masses approach the Iberian Penin-

sula to the north of Sagres and the boundary layer flows down the coast to the Sagres
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measurement site. These cases are not included in the marine data set to avoid
contamination from local sources along the coast. Trajectories for the polluted time
periods are subdivided according to the distance, time and pathway from the source
region. Air masses containing aged pollution originate over France or Great Britain
and flow out over the Atlantic, where they spend several days before reaching Sagres.
Air masses containing more recent pollution cross the Iberian Peninsula immediately
before arriving at Sagres from inland.

6-day air mass back trajectories were calculated 4 times a day: at midnight, 6
am, noon and 6PM. At each time 4 air mass back trajectories were calculated. The
endpoints of the air mass back trajectories form a square centered around Sagres with
a side length of 1/2 degree. Calculating 4 air mass back trajectories at any given time
period can be used as quality control for the data. If all air mass back trajectories
originate at a similar location and height it is very likely that the history of the air
mass arriving at Sagres is described well by the air mass back trajectories. Time
periods when the air mass back trajectories originate at very different locations (e.g.
2 trajectories originate over the Atlantic ocean and 2 trajectories originate over the
Mediterranean sea) are excluded from analysis, since it is not clear which air mass
type prevailed in Sagres.

Figure 3.2 shows typical 6-day air mass back trajectories associated with the four
main air mass types encountered in Sagres: Marine Arctic, marine Atlantic, aged
pollution and recent pollution. The location of the air mass 1, 2, and 3 days before
reaching Sagres are indicated along the trajectory. The time periods for each air mass
type are given in table 3.1.

Arctic air mass trajectories (Figure 3.2(a)) originate above the Arctic Circle and
the air mass is rapidly transported southward to the measurement site at Sagres.

The air mass travels from latitudes of above 65 degrees N to Sagres in only three
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3

Figure 3.2: Typical air mass back trajectories associated with the 4 main air mass
types during ACE-2: (a) Marine Arctic conditions. (b) marine Atlantic conditions.
(c) aged pollution and (d) recent pollution

days. Subsidence is evident during that transport towards Sagres. Atlantic air mass
trajectories (Figure 3.2(b)) originate over the Atlantic and usually spend more time
in the marine boundary layer. before reaching Sagres. On some occasions the air
travels for some distance close to the coast. where it might be influenced by pollution
from regional sources or ships. Air masses back trajectories typical for aged pollution
are shown in Figure 3.2(c). The air mass leaves the continent approximately two days

before arriving at Sagres. The typical aging time of the aerosol in European outflow
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conditions is thus approximately 2 days. Figure 3.2(d) shows typical air mass back
trajectories for recent pollution. The trajectory originates over the ocean, but spends
approximately two days over land before reaching Sagres.

The change in concentration of pollutants with air mass history can be demon-
strated by averaging the concentrations of SO, and of aerosol particles for the time
periods characterized by the four different air mass conditions defined above. How-
ever, the classification according to air mass back trajectories is somewhat crude. The
air mass back trajectories are calculated every 6 hours and do not take into account
changes in the mesoscale wind direction on shorter time scales. Moreover, fluctuations
in the local wind direction can transport pollutants to Sagres that are not represen-
tative of the air mass that is characterized. This problem can be addressed by sorting
the data according to local wind direction to assess if any particular wind direction
is associated with elevated pollutant concentrations and possibly contaminates that
data set.

Figure 3.3 shows a summary of the prevailing wind directions and concentration
of pollutants during Arctic air mass conditions. The frequency of occurrence of local
wind direction is shown in Figure 3.3 (a). The wind rose is divided into 12 segments
of 30 degrees each. The length of the segments in radial direction outward is equal
to the fraction of time the wind was coming from directions enclosed in this segment.
Figure 3.3 (b) shows the concentration of SO, averaged over time periods in which
wind directions within each segment were measured. Figure 3.3(c) shows averages of
total particle number concentration plotted according to wind direction and Figure
3.3(d) shows average number concentrations of particles with diameters larger than
100 nm. Segments which contain less than 4 hours of data were not plotted to avoid
showing outliers with little statistical significance.

During marine Arctic air mass conditions the winds were mainly northwest to
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Figure 3.3: Wind directions and concentration of pollutants at Sagres during Arctic
air mass conditions: (a) Frequency of occurrence of local wind direction, (b) SO,
concentration according to wind direction. (c) total particle number concentration

according to wind direction. (d) number concentration of particles larger than 100
nm

northerly (350 deg). consistent with the orientation of the air mass back trajectory.
Only on a few occasions other wind directions were measured. On those occasions
neither SO, nor particle concentrations were elevated compared to the dominant

wind direction as can be seen in Figure 3.3(b)-(d) even though the town and harbor
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of Sagres are to the SSE of the measurement site. SO, concentrations generally lie
between 0.25 and 0.5 ppb. the lowest average measured in Sagres during the ACE-2
field campaign. Total particle concentrations were around 2000 cm~3, but only 10%
of those particles are larger than 100 nm resulting in a low aerosol volume during
Arctic air mass conditions. Particle number concentrations are nearly independent of
wind direction which shows that little contamination from local sources was present.

Figure 3.4 shows a summary of the prevailing wind directions and concentration
of pollutants during marine Atlantic air mass conditions. During this time period
the predominant wind direction was from the North (central value 360 deg). Average
SO, concentrations were approximately twice as high as in Arctic air mass conditions.
The total particle number concentration shows a very strong increase when the wind
arrives just east of North (15 deg), while the number concentration of particles larger
than 100nm increases only slightly. A large number of fine particles must be produced
upwind to the North of Sagres. A closer examination of the data set shows that the
elevated average is mainly due to a strong increase in the number concentration of
fine particles smaller than 50 nm on one occasion that lasts only for a few hours.
The source of these particles is probably recent particle nucleation in the plume of
the Sinas power plant or the Lisbon urban area north of Sagres. If the time period
influenced by emissions from the power plant is removed from the data set, then
the average particle number concentration in this segment is comparable to particle
number concentrations measured in more westerly wind directions. In addition to
the one nucleation event there are a few occasions where the size distribution loses
its marine appearance and is dominated by local influences. These time periods are
excluded from further analysis as well.

Figure 3.5 shows a summary of SO, and particle number concentrations for time

periods of aged pollution. During these time periods the local wind direction is
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Figure 3.4: Wind directions and concentration of pollutants at Sagres during Atlantic
air mass conditions: (a) Frequency of occurrence of local wind direction, (b) SO,
concentration according to wind direction, (¢) total particle number concentration
according to wind direction. (d) Number concentration of particles larger than 100
nm

more westerly and land based coastal pollution is less likely to contaminate the data.
Mean SO, concentrations are comparable to SO; concentrations in Atlantic condi-
tions, which indicates that the SO, emitted over northern Europe has been depleted

during the two days the air mass spent over the ocean. SO, concentrations are high-



44

w E
S
Wind direction
N
10000
w E w E

S S
Total Particie number [cm'3] Particle number >100nm [cm':’]

Figure 3.5: Wind directions and concentration of pollutants at Sagres during aged
pollution episodes: (a) Frequency of occurrence of local wind direction, (b) SO,
concentration according to wind direction, (c) total particle number concentration
according to wind direction, (d) Particles larger than 100 nm

est when the local wind direction is from the north and the west. Northerly winds
might transport some pollution from the area around Lisbon to Sagres. To the west
of the measurement site lies a small.less traveled road which might explain the el-
evated fine particle concentrations measured during time periods of westerly wind

directions. However westerly winds occurred less than 5% of the time and the local
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contamination does not influence overall averages noticeably. In all other cases parti-
cle concentrations are independent of local wind direction. Approximately 40-50% of
all particles are larger than 100nm, a much higher percentage than during marine air
mass conditions. Air masses originating over the continent contain higher concentra-
tions of primary particles and aerosol precursor gases. High particle concentrations
promote efficient coagulation and high concentrations of precursor gases promote con-
densational particle growth. both processes that increase the average particle. After
enough time for aerosol processing has has passed, a high percentage of the particles
can be found at larger sizes.

Figure 3.6 shows wind directions and pollutant concentrations when recent pol-
lution is carried to Sagres from the Iberian Peninsula. The local winds during this
time period are almost exclusively northerly ( 350 degrees). In Figure 3.6 it can be
seen that the wind direction of 350 degrees is consistent with the last hours of typ-
ical air mass back trajectories. which cross the Iberian Peninsula and turn sharply
upon reaching the coast and arrive in Sagres from the North. Due to this northerly
direction of the air mass back trajectories prior to arriving at Sagres, there might
be some influence from the Lisbon urban area in the recent pollution aerosol. SO,
concentrations are higher than during time periods of marine air or aged pollution.
Particle concentrations are also higher than during the other air mass conditions, and
approximately a third of the total particle population is larger than 100 nm. This is

lower than in aged pollution as might be expected after less aging time.
3.1.2 Aerosol size distributions and hygroscopic properties in different air mass con-
ditions

The following two tables show a summary of size distribution parameters and hygro-

scopic properties in the four main air mass conditions defined above. The geometric
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Figure 3.6: Wind directions and concentration of pollutants at Sagres during a re-
cent pollution episode: (a) Frequency of occurrence of local wind direction, (b) SO,
concentration according to wind direction, (c) total particle number concentration
according to wind direction, (d) Number concentration of particles larger than 100
nm

mean diameter (dy), the total number concentration (N), and the standard deviations
(o4) of the lognormal distributions that were fitted to the size distribution are given
in Table 3.1. The fitting methods and the definitions of the distinct lognormal modes

are given in Section 2.2.2. Not all five modes were present all the time and the fre-
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quency of occurrence of the individual modes are shown as freq. [%]. The mean data
for each air mass type are presented. The value of + 1 standard deviation is given
as a measure of variability in the data set, except for the number concentrations of
each mode. Since N is not normally distributed, but skewed to larger values a few
outliers often give a unrealistically large standard deviation. Instead the number
concentrations at the 16th and 84th percentile are given, which corresponds to the
interval defined by + 1 standard deviation of a normal distribution.

The ultrafine mode was present in only about 35% of the observations. The mean
diameter, the number concentration and the standard deviation of the Ultrafine mode
are similar in all air mass conditions (250cm™® < N < 533 cm™3,d;, =8nm. 1.2 < g, <
1.3). The small mean diameters of this mode suggests that it must have been formed
recently. The fact that N, d,. and g4 of the Ultrafine mode are relatively independent
of air mass history suggests it has been formed by regional (100km, 2hrs) processes
that do not change significantly in different air mass conditions.

The Aitken mode was more prevalent. being present in about 80% of the obser-
vations. The parameters of the small Aitken mode are also similar in different air
mass conditions (480cm™® < N < 1000cm~3. 20nm < d, <28nm, 1.3 < g, < 1.4).
The only exception is that its mean diameter, which is larger in recent pollution.
Since the small Aitken mode is most probably formed by growth of ultrafine particles
through coagulation and condensation, it can grow to larger sizes in recently polluted
air masses, where condensible gas phase precursors are more concentrated. It can be
concluded that both the ultrafine and the small Aitken mode are formed in the region
of southern Portugal. The only reason that the Ultrafine and small Aitken mode are
distinct is that the particles contained in each mode probably nucleated at different
times and locations upwind from Sagres and/or grew at a different rates during the

transport to the measurement site.
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Table 3.1: Summary of size distribution parameters: Freq [%] gives the percent of
cases in which each mode was present, d, is the geometric diameter of the mode, O,
the geometric standard deviation, and N the number concentration of the mode

Arctic Atlantic Aged Poll. Recent Poll.

Ultrafine Mode

Freq [%] 39 29 35 4

d; [nm] 8+3 8§+2 8+3 82

N [em™3) 390 (30, 390] 250 (20, 260] 533 [30, 840] 340 [30, 390]

oy 1.2 £ 0.1 1.2 £ 0.1 1.3+£0.1 1.3 £0.1

Small Aitken Mode

Freq (%] 61 91 88 73

d, [nm] 20 5 20 = 4 23+ 8 28 +9

N [em™3] 860 [160,1500] 640 [90,1400] 480 [50.500] 1110 [180,1900]

a, 1.3 £ 0.1 1.4 £0.1 1.3 £ 0.1 1.4 £ 0.1
Aitken Mode

Freq (%] 100 100 100 98

d, [nm] 40 £ 11 49 = 10 TT+22 78 £ 16

N [em™3] 1500 [790,2100] 1100 (510.1700] 2400 (1500,3200] 7110 [5000,9000]

T, 1.5 £0.1 1.6 £ 0.2 1.7 £ 0.2 1.6 £ 0.1

Accumulation Mode

Freq (%) 100 100 88 100

d, [nm] 149 £ 24 172 + 24 213 + 57 221 + 67

N [em™3] 180 [110,240] 253 [120.370] 670 [340,1000] 1070 [200,1300]

g, 1.47 £ 0.09 1.44 = 0.09 1.49 + 0.11 1.47 £ 0.11
Sea Salt Mode

Freq (%] 100 86 100 100

d, [nm] 570 £ 70 490 + 60 630 + 90 580 + 80

N [em™3] 6 [4.8] 16 {10,22] 10 [7,12] 15 [11,20]

Ty 22 0.1 2.2 £ 0.1 23 £ 0.2 2.1+ 0.1
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The mean diameter and the number concentration of Aitken mode particles in-
creases significantly from clean to polluted conditions. The formation of particles in
the Aitken mode size range occurs on longer time scales than the formation of smaller
particles, and a significant fraction of these particles has probably been formed along
the trajectory before the air mass reached southwest Portugal. The parameters of
the Aitken mode thus reflect more strongly the history of the air mass than regional
processes.

The differences between air masses in accumulation mode mean diameter and
number concentration is even more pronounced and the trends in Accumulation mode
mean diameters and number concentrations are similar to the trends in the Aitken
mode. The sea salt mode that has a natural source. does not vary consistently with
air mass history.

Table 3.2 shows a summary of the hygroscopic properties in different air mass
conditions. The hygroscopic growth of the particles is often bimodal and two fractions
of particles a more-hygroscopic (mh) fraction with higher growth factors and a less-
hygroscopic (lh) fraction with lower growth factors can be distinguished. A more-
and a less-hygroscopic growth mode are often detected in the continental aerosol
(e.g. Zhang et al.. 1993), but are largely absent over the ocean. More hygroscopic
and less hygroscopic growth factors (Gf,,, and Gf;,) measured at different particle
sizes are averaged for the four air mass conditions. More hygroscopic particles were
always present, whereas less hygroscopic particles were present only intermittedly.
The frequency of occurrence of less hygroscopic particles is shown as a percentage
of the total number of growth factor measurements (Freq. [%]). Nfi, is the average
number fraction of less hygroscopic particles in cases where two growth modes are
present.

The more hygroscopic growth factors increase with particle diameter in all air



Table 3.2: Summary of the hygroscopic properties of the aerosol in Sagres during
ACE-2: Gfnn and Gfy, are the more and less hygroscopic growth factors,Freq [%)]
gives the percent of growth factor measurements where a less hygroscopic mode was
present, and Nfih is the number fraction of less hygroscopic particles when present

35nm 50nm 100nm 150nm 250nm

Arctic Air Masses

Gfma 1.55+0.07 1.56+0.07 1.6+0.08 1.65+0.08 1.65+0.08

Gfin 1.13£0.10 1.2140.14 1.14+0.10 1.14+0.15 1.1840.13
Freq.[%)] 13 11 19 11 7
NfA[%] 19423 23+28 12+18 11£10 542

Atlantic Air Masses

Gfmn 1.54+0.09 1.57+0.08 1.62+0.09 1.68+0.08 1.67+0.07

Gfin 1.1T£0.05 1.13+£0.09 1.19+0.1 1.27+0.09 1.2140.11
Freq.(%)] 35 13 19 33 35
NA[%]  24£22 2249 16+8 20+12 18+9

Aged Pollution

Gfmn 1.54+0.06 1.57+0.05 1.61+0.06 1.63+0.07 1.67+0.09

Gfi 1.14+0.08 1.10+0.05 1.12+0.07 1.17+0.08 1.1340.05
Freq.[%] 39 17 5 9 6
Nfin (%] 21%17 12+9 10+5 9+7 7+3

Recent Pollution

Gfnn 1.52+0.06 1.54+0.08 1.56+0.08 1.56%£0.08 1.59+0.08
Gfin 1.18+£0.06 1.15+£0.05 1.05+0.07 1.14+0.08 1.21+0.05
Freq.[%)] 33 13 2 9 70
Nfa[%] 2117 745 542 41 24+11




mass conditions consistent with the Kelvin effect. This effect describes the increase
of the water vapor pressure over a small particle due to the surface curvature. As a
result smaller particles have to take up a smaller fraction of water than larger particles
to be in equilibrium with the same ambient relative humidity. This effect of surface
curvature on the hygroscopic growth factor is most important for particles sizes below
100nm.

The more hygroscopic growth factors are similar at each particle size in aged
pollution, Atlantic, and Arctic air masses (e.g. between 1.65 and 1.67 at 250nm),
but lower in recent pollution (e.g. 1.59 at 250nm). Less hygroscopic particles appear
relatively frequently at the smallest particle size of 35nm, but in recent pollution and
in Atlantic air masses the Accumulation mode contains a significant fraction of less
hygroscopic particles as well.

Less hygroscopic particles are usually produced by combustion processes and are
initially nearly hydrophobic (Weingartner et al.. 1997) with growth factors close to
1. They acquire water soluble material through aging in the atmosphere and their
growth factors start to increase. Of the several sites where hygroscopic growth factors
were measured during ACE-2. Sagres was the only location where less hygroscopic
particles appeared in the absence of local pollution (Swietlicki et al., 2000). Less
hygroscopic particles in the size range below 100nm might be produced by ships off
the Portuguese coast. Measurements in ship tracks have shown that primary particles
produced by ships are usually composed of organic substances and contain only about
10% water-soluble material (Hobbs et al., 2000). Less hygroscopic particles can also
form in urban areas along the coast of Portugal, which is the most likely source of
the larger less hygroscopic particles found in recent pollution and Atlantic air mass
types. The fact that the less hygroscopic growth factors are significantly larger than

1 suggests that they are slightly aged particles that were not produced locally or in



the close vicinity of Sagres.

Aerosol size distribution and hygroscopic growth in air masses transported from the

Arctic

Figure 3.7 shows an aerosol size distribution typical for arctic trajectories. The num-
ber size distribution is displayed in Figure 3.7(a) and the corresponding volume size

distribution in Figure 3.7(b). The one or more lognormal distributions fitted to the

Number size distribution Volume size distribution
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Figure 3.7: Aerosol size distribution typical for Arctic air mass conditions: (a) Num-
ber size distribution (b) corresponding volume size distribution

individual modes are shown as dashed lines. In both the number and the volume size
distribution the Aitken and accumulation mode are clearly separated. Such bimodal
distributions are a common feature of aerosol in the marine environment (e.g. Covert
et al., 996a). There is strong evidence that this separation results from repeated
cloud processing of the aerosol in stratus and stratocumulus clouds with low super-
saturations (e.g. Hoppel et al., 1994). If the aerosol particles have uniform chemical

composition each value of water vapor supersaturation in a clouds corresponds to
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a critical particle diameter. Particles whose diameters exceed this critical diameter
serve as nucleation sites for cloud droplets whereas smaller particles form the intersti-
tial aerosol. The cloud droplets take up most of the water and are thus more diluted
and have a larger surface area than the interstitial particles. This large surface area
allows cloud droplets to take up SO, and convert it to sulfate by aqueous phase reac-
tions. Upon evaporation the size of the cloud droplet nuclei is increased, depending
on the amount of sulfate produced in the droplets, whereas the size of the interstitial
aerosol particles does not increase nearly as much. After several cloud cycles the
cloud nuclei form a separate mode. the accumulation mode.

In reality the separation between cloud and interstitial aerosol does not always
occur at the same diameter. due to variations in particle chemical composition and in
the supersaturations in the cloud. However in marine environments the range of crit-
ical diameters is narrow enough to result in a well defined minimum between Aitken
and Accumulation mode. The location of the minimum that separates accumulation
and Aitken mode is an indication of the maximum supersaturations experienced by
the air parcel during its passage through clouds (e.g. Cantrell et al., 1999). We define
the location of this minimum quantitatively as the diameter at which the lognormal
fits to Aitken and Accumulation mode intersect (indicated by a vertical arrow in Fig-
ure 3.7 (a)). In Arctic air mass conditions the separation of Aitken and accumulation
mode occurs on average at a diameter of 95nm.

Figure 3.7(b) shows that the accumulation mode and the tail of a mode of coarser
particles account for most of the submicron particle volume. These coarse particles
are most likely wind generated sea salt particles. Although most of the sea salt mass
occurs at supermicron sizes, sea salt particles have been detected at submicron sizes
before (e.g. Berg et al.. 1998b: Quinn et al., 1998). The average mass-size distribution

of Na and Cl (Neusii8 et al., 2000) in clean marine air masses (shown in Figure 3.7(c))
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shows that sea salt contributes to the submicron mass in those clean conditions.

Figure 3.8(a) shows a statistical summary of Aitken and Accumulation mode pa-
rameters in Arctic air mass conditions. The mean diameter of the mode is plotted on
x-axis and the total number concentration in the mode on the y-axis. Each point in
the diagram corresponds to a lognormal distribution with a certain mean diameter
and a certain number concentration. The color contouring shows the frequency of oc-
currence of certain combinations of mean diameters and number concentrations. The
Aitken mode mean diameters are narrowly clustered around 40nm whereas the Aitken
mode number concentrations is quite variable. In contrast the number concentration
of the accumulation mode is much more stable than the number concentration of the
Aitken mode. The size distribution parameters measured in Arctic air mass types
in Sagres can be compared to size distribution parameters measured directly in the
Arctic marine boundary layer by Covert et al. (996b). The mean diameters of the
Aitken and accumulation mode were 45 and 170 nm, which is similar to the mean
diameters found in Sagres. However in the Arctic marine boundary layer the total
number concentration was on average around 100 cm~3, and the accumulation mode
contained about 40% of the total number. which indicates a well processed aerosol.
Apparently a high number of Aitken mode particles are added or formed in that air
mass during the transport to Sagres. Entrainment of free tropospheric aerosol (e.g.
Raes, 1995: Raes et al., 1997) and emissions from ships are a likely source of particles
in that size range.

The frequency distribution of the parameters of the accumulation mode is tilted so
that the number concentration decreases with increasing mean diameter. The mean
diameter and the number concentration of the accumulation mode are not statistically
independent. The inverse relationship between the parameters must be a result of the

process that forms the accumulation mode. As explained above, this mechanism is
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Figure 3.8: (a) Frequency distribution of the size distribution modal parameters in
Arctic air mass conditions. The contours show frequency of occurrence of certain
combinations of mode mean diameter and number concentration. Contours on the
left correspond to the Aitken mode. contours on the right to the Accumulation mode.
(b) Frequency of occurrence and number fraction of less hygroscopic particles in Arctic
air mass conditions

commonly thought to be cloud processing. The mean diameter of the accumulation
mode thus depends on the amount of sulfate accumulated on the particles during

their lifetime as cloud droplets. The SO, concentration in the Arctic air mass is low



and relatively stable and the volume of the accumulation mode is relatively constant
around 0.5um3cm™3. This indicates that during air mass transport from the Arctic
approximately the same total amount of SO, was converted to sulfate in all cases
independent of particle number concentration. If few cloud droplets were present,
each droplet could scavenge more SO, and the particles could grow to larger sizes
than if more cloud droplets present. High droplet number concentrations prevent the
accumulation particles from achieving large sizes and as a consequence the particle
number decreases with increasing mean diameter.

Figure 3.8(b) summarizes the hygroscopic properties during Arctic air mass condi-
tions. Since more and less hygroscopic growth factors do not differ significantly from
two of the other air mass types, only the frequency of occurrence and number fraction
of less hygroscopic particles are shown as a function of particle size. The frequency of
occurrence of less hygroscopic particles in Arctic Air masses is lower than in all other
air mass conditions. Comparing Figure 3.8(a) and (b) shows that the hygroscopic
properties measured at particle diameters of 35 and 50nm are representative of Aitken
mode particles and hygroscopic properties at 150 and 250 nm are representative of
accumulation mode particles. Less hygroscopic particles were present around 10%
of the time at all sizes and when present. accounted for approximately 20% of the

Aitken mode particles and 12% of the accumulation mode particles.

Aerosol size distribution and hygroscopic growth in air masses from the Atlantic

Figure 3.9(a) shows the frequency distribution of size-distribution parameters for time
periods when air masses from the Atlantic were reaching Sagres. Air mass back tra-
Jjectories during that time period were often closer to the Portuguese coast and the
aerosol properties presented here are sometimes not characteristic of marine back-

ground conditions but rather of the anthropogenically modified aerosol near the Por-



tuguese coast. Whenever local pollution episodes were detected, the locally influenced

measurements were eliminated from the following calculations. The size distribution
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Figure 3.9: (a) Frequency distribution of the size distribution modal parameters in
Arctic air mass conditions. (b) Frequency of occurrence and number fraction of less
hygroscopic particles in Arctic air mass conditions

in Atlantic Air masses show the bimodality tvpical of marine distributions. consisting
of an Aitken and an accumulation mode separated by a minimum. This minimum

occurs usually at diameters near 100 nm. The mean separation diameter is slightly
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larger than in Arctic air masses. The Aitken mode number concentration is lower
than in the Arctic air mass and the mean Aitken mode diameter is larger. Air mass
back trajectories show that usually the marine air spends more time in the boundary
layer and also more time near the coast before reaching Sagres than the Arctic air.
Enhanced particle growth by condensation due to SO, sources along the coast and
more time for coagulation might explain the lower Aitken mode number concentration
and the larger mean diameter in marine air masses. The mean accumulation mode
diameter lies around 170 nm and accumulation mode number concentration does not
decrease with increasing mean diameter. The levels of SO, are higher in the Atlantic
than in Arctic air masses and it is likely that SO, is not a limiting factor for particle
growth in the marine aerosol near the Portuguese coast. Moreover SO, concentration
and particle number concentration are somewhat correlated. Both are higher when
the air mass spends more time along the coast prior to reaching Sagres, which allows
the accumulation mode particles to grow to larger diameters even if their number
concentration is high.

Figure 3.9(b) shows that in Atlantic air mass conditions less hygroscopic particles
appear more frequently than in Arctic air mass conditions. The less hygroscopic
particles are largely absent in the cleanest Atlantic conditions, when the air flow
reaches Sagres from the southeast. This is further evidence that less hygroscopic
particles are produced by regional pollution sources on land or by ship traffic along

the coast.

Aerosol size distribution and hygroscopic growth during aged pollution

Figure 3.10 shows typical examples of the two types of size distributions encountered
during the two episodes of pollution outbreaks from Europe that reached Sagres after

approximately two days of aging over the marine coastal region west of France and the



Iberian Peninsula. Figure 3.10(a) and (c) show the number-size distributions along
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Figure 3.10: Aerosol size distributions typical for Aged pollution episodes: (a)and
(b) Bimodal number and volume distribution. (c) and (d) Monomodal number and

volume distribution

with the lognormal fits. Figure 3.10 (b) and (d) show the corresponding volume size

distributions. The first type of distribution (Figure 3.10 (a) and (b)) is clearly bimodal

even though the modes are not as well separated as in more marine air masses. Despite

the fact that the accumulation mode only appears as a shoulder on the Aitken mode

in the number size distribution, the fitting program captures the standard deviation

and mean diameter of the accumulation mode very well as can be seen in the volume

size distribution. Unfortunately the fitting program does not always perform this well,
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and sometimes the number concentration in the accumulation mode is underestimated
by the fitting routine. The second type of distribution (Figure 3.10(c) and (d)) is not
bimodal and is often better fitted with just one lognormal mode. The differences in
the two types of size distributions might be due to the amount of cloud processing
that the aerosol experiences during its transport over the ocean. If few clouds are
present the size distribution might be just slightly broadened, while repeated and
extensive cloud processing might result in a more well defined accumulation mode.
Intermediate stages between those cases can also be observed during time periods
characterized by aged pollution.

Figure 3.11 shows the frequency distributions of the aerosol modal parameters
and the occurrence of less hygroscopic particles in aged pollution. It can be seen that
the modal parameters in this case are not as well separated as in the marine case.
The frequency of occurrence of Aitken mode mean diameter shows two maxima. One
maximum lies around 100 nm and is mainly due to the mono-modal size distributions
of the type presented in Figure 3.10(c) and (d). The second maximum lies around 70
nm and is representative of bimodal size distributions. When an accumulation mode
is developed during transport the Aitken mode mean diameter stays smaller, because
sulfate mass is selectively added to the larger particles during cloud processing. If the
particles mainly grow by condensation. then the sulfate acquired during transport is
more equally distributed among particle sizes and the Aitken mode can grow to a
larger mean diameter. The frequency distribution of the accumulation mode is tilted
so that larger particle concentrations correspond to smaller mean diameters, very
similar to the frequency distribution in Arctic air mass types.

The hygroscopic growth measurements show very few occasions of less hygroscopic
particles during aged pollution. The less hygroscopic particles that might have been

part of the aerosol over the European continent have been converted to more hygro-
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Figure 3.11: (a) Frequency distribution of the size distribution modal parameters in
aged pollution episodes. (b) Frequency of occurrence and number fraction of less
hygroscopic particles in aged pollution

scopic particles by the time the air mass reaches Sagres. Less hygroscopic particles
emitted by regional pollution along the coast of Sagres obviously do not play an im-
portant role in the aged pollution aerosol and are mostly absent in the accumulation
mode size range. The trajectories and local wind directions during that time period

indicates that the air masses are not near the coast before reaching Sagres. Therefore



regional pollution might not be as noticeable during those time periods.

Aerosol size distribution and hygroscopic properties during recent pollution

Figure 3.12(a) shows the frequency distributions of aerosoi modal diameters and the

occurrence of less hygroscopic particles during recent pollution.
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The Aitken mode is the dominant mode in terms of number concentration. The
number of Aitken mode particles decreases with increasing Aitken mode diameter
which indicates that coagulation plays a significant role in particle growth. A small
and stable accumulation mode is present with a mean diameter of 250nm. It is not
likely that this mode is produced by cloud processing, since few clouds were present
over land during the ACE-2 measurement period. This conclusion is supported by the
fact that the hygroscopic properties of particles at 250 nm differ from those of smaller
particles. Less hygroscopic particles in this size range are present most of the time
and account for approximately 25% of the particles, while they are virtually absent
at diameters typical of the Aitken mode. This indicates that accumulation mode
particles are probably directly emitted into the atmosphere and that combustion

plays an important part in producing these particles.

3.1.3 Summary and implications for aerosol processes

This section gives a summary of important aerosol physical properties for the four air
mass types introduced in section 3.1.1. Most of these aerosol properties have been
discussed in some depth in the previous sections and are now compared more directly.
Some additional aerosol properties are considered which are helpful to interpret the
data.

Figure 3.13 shows a comparison of several important aerosol properties related
to the size distribution: the total aerosol volume concentration, the geometric mean
diameters of Aitken and accumulation mode, and the diameter that separates Aitken
and Accumulation mode. The total aerosol volume concentration increases by a fac-
tor of 5 in the more polluted air masses from about 2 um3cm =3 to 10 um3cm 3. The
total volume (shown in Figure 3.13(a)) concentration is similar in aged and recent

pollution. The volume concentration shows the signature of pollution more strongly
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Figure 3.13: (a) Comparison of total volume concentration in different air mass types,
(b) mean diameters of Aitken and accumulation mode. (¢) mean diameter separating
Aitken and Accumulation mode

than the total number concentration. which is often dominated by small particles
that are mostly regional in origin. Figure 3.13(b) shows that the geometric mean
diameters of both the Aitken mode and the Accumulation mode increase with the
level of the pollution. The two main processes that increase the mean diameter of
the aerosol particles are gas to particle conversion (in and out of cloud) and coag-
ulation. Higher primary particle emissions in the industrial areas on the continent
promote coagulation and the higher concentration of condensible gases in continental
air masses makes gas to particle conversion more efficient. This explains the increase
of accumnulation and Aitken mode mean diameters with pollution observed in Sagres.

Figure 3.13(c) shows the diameter that separates the Aitken and Accumulation
mode only for the Arctic and North Atlantic marine conditions and aged pollution.
since it is unlikely that the accumulation mode in recent pollution is produced by cloud
processing. The mean separation diameter increases from the very clean conditions in
the Arctic air mass to the more polluted conditions. This could be an indication that

the maximum supersaturation in cloud is reduced if a large number of particles is
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available for activation. An increase in the activated dry particle diameter from 95 to
140 nm corresponds to decrease in the critical supersaturation from 0.15% to 0.09%,
if the particle is composed of pure ammonium sulfate. However a crucial assumption
in this estimate is that the large scale characteristics of the clouds and the structure of
the marine boundary layer are similar in marine conditions and in cases of European
outflow. The maximum critical supersaturation could be reduced by cloud processes
that are independent of particle concentration, if for example the average updraft
velocity in the stratus cloud deck were diminished in the European outflow air masses.
Data of Snider and Brenguier (2000) do not suggest that updraft velocities in clean
and polluted conditions are systematically different. but those measurements were
taken only occasionally and usually not near the Portuguese coast. Chemical and
growth factor measurements indicate that the fraction of soluble material is similar
in clean conditions and aged pollution. which suggest that the increase in activation
diameter is not caused by a change in particle chemical composition. The differences
in the separation diameter indicate that the supersaturation in stratus clouds might
be decreased by large particle concentrations. but do not provide conclusive evidence.

Figure 3.14 shows a summary of particle hygroscopic properties in different air
mass types. In Figure 3.14(a) the more hygroscopic growth factors in recent pollution
are compared to the more hygroscopic growth factors averaged over the three other air
mass types, which are not significantly different. The fact that particle hygroscopic
properties are similar in all air masses except in recent pollution suggests that they are
indicative of the more recent history of the air mass and reflect regional characteristics
of the aerosol. At small particle sizes of 35 and 50 nm the more hygroscopic growth
factors are similar in all air mass types. In recently polluted air mass types the growth
factors increase less with size than growth factors in the other air masses.

To eliminate the influence of the surface tension on the hygroscopic growth and to
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Figure 3.14: Particle hygroscopic properties in different air mass conditions: (a)
More hygroscopic growth factors in Atlantic air mass conditions. Arctic air mass
conditions and aged pollution (squares) vs. recent pollution (circles), (b) Soluble
volume fractions in Atlantic air mass conditions. Arctic air mass conditions and aged
pollution (squares) vs. recent pollution (circles). (¢) Occurrence of less hygroscopic
particles in different air mass conditions

compare the chemical nature of the particles more directly. soluble volume fractions
are calculated using the procedure described in section 2.3.4. The hygroscopically
active material is assumed to be ammonium sulfate. The soluble volume fractions are
shown in Figure 3.14(b) as a function of particle diameter. Even in clean conditions
none of the particles are completely soluble. On average their soluble volume fraction
ranges from 0.7 to 0.85. which is lower than particles in Tenerife or over the Atlantic
ocean measured by a ship (Swietlicki et al.. 2000). The soluble volume fractions of
the more hygroscopic particles in Sagres are probably lowered by the coagulation
with less hygroscopic particles emitted by ships and other regional pollutants. These
less hygroscopic particles are never found in measurements in Tenerife or on the ship.
Particles in recent pollution have a soluble volume fraction that is almost independent
of particle size. whereas in other air mass tvpes the soluble volume fractions are

increasing with size.
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Figure 3.14(c) shows the abundance of less hygroscopic particles defined as the
frequency of occurrence of lh particles multiplied by the number fraction of lh particles
when present. The data are averaged over the Aitken and Accumulation mode size
range for each of the four air mass types. To isolate the role of coastal pollution
sources data that were previously eliminated from the Atlantic data set, because the
air mass flows down the coast are now shown as an extra data point. The sizes
included in each each mode were determined from the frequency distributions of
the size distribution parameters presented in Section 3.1.2. The size range of the
accumulation mode includes 150 and 250nm for marine air mass types, aged and
coastal pollution and only 250nm for recent pollution. The size rage of the Aitken
mode includes 35-100nm for Arctic air mass types. 50-150 nm for recent pollution
and 50-100nm for other air mass types.

Less hygroscopic particles occur most frequently in recently polluted air masses
types in the accumulation mode size range. This points to particle sources over the
Iberian Peninsula that emit less hygroscopic particles preferentially at larger sizes
around 250nm. Atlantic air masses and air masses characterized by coastal influence
show similar levels of less hygroscopic particles at all sizes. Air mass back trajectories
indicate that both air mass types spend an extended amount of time in the boundary
layer near or at the coast which is contaminated by combustion emissions from the
shipping lane. The two air mass types that spend the least amount of time near the
shipping lane (aged and recent pollution) show very few less-hygroscopic particle in
the Aitken mode size range. Less hygroscopic particles of all sizes are virtually absent
in aged pollution, which is a strong indication that these air masses have not been
in contact with land or any combustion sources for an extended time period before

reaching Sagres.
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3.2 Diurnal variations in the aerosol properties in Sagres

Section 3.1 shows that long range transport is one of the important factors that
determine the physical properties of the aerosol in Sagres. This section focuses on
the modification of the aerosol transported to Sagres by regional aerosol processes
that have a characteristic diurnal time scale.

There are several factors that could cause diurnal variations in aerosol properties.
A first factor is a diurnal variation in aerosol formation precesses. Photochemical
reactions are important in atmospheric chemistry and many reaction that create
aerosol particles including the formation of condensible precursor gases are driven
by sunlight (e.g. Seinfeld and Pandis, 1998). Solar radiation has also been shown
to promote particle nucleation in the planetary boundary layer Boy and Kulmala
(2001). A second factor is a possible diurnal change in primary particle emissions
from anthropogenic sources. This must be considered since the measurement site in
Sagres is not in a remote location and can on occasion be influenced by sources along
the coast. A third factor might be a land-sea breeze effect due to the location of Sagres
on the coast. However the local wind direction never changes very strongly at Sagres
coming mostly from the North and there are no drastic changes in the total aerosol
size distribution that are correlated to a change in wind direction. During clean
conditions the land breeze never gets strong enough to replace the marine aerosol
with aerosol from inland and during recent pollution episodes the continental aerosol
is never swept away by the sea breeze and replaced clean marine aerosol. If land
sea-breeze changes have effects on the aerosol those are definitely secondary effects
compared to the long range transport. A fourth factor might be vertical mixing driven
by daytime heating.

Diurnal variations are found both in the size distribution and in hygroscopic prop-

erties of the aerosol and are especially pronounced in the aerosol properties that do
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not vary strongly with long range transport: the number concentration of particles in
the ultrafine and small Aitken mode and the hygroscopic growth factors. The diurnal
variations in the aerosol size distribution are discussed in section 3.2.1, the diurnal

variations of aerosol hygroscopic properties in section 3.2.2.

3.2.1 Diurnal variations in the size distribution

Diurnal variations in particie number concentration are most pronounced at the small-
est particle sizes. This result can be expected since the production as well as the
removal of particles with sizes smaller than 50 nm occurs on much shorter time scales
than of particles in the Aitken and accumulation size range.

Figure 3.15 shows a time series of particle number concentration in the ultra-
fine, small Aitken, Aitken. and accumulation mode. The time series is shown for 5
consecutive days. The first two days (DOY 175 - 176) are characteristic of moder-
ately polluted conditions. The remaining days of time period shown in Figure 3.15
(DOY 177-179) are more typical of marine air masses conditions with air mass back
trajectories that originate over the Atlantic and the Arctic ocean.

Ultrafine particles (shown in Figure 3.15(a)) are present only sporadically during
the day and are mostly absent during the night. On the two more polluted days a
burst of ultrafine particles of limited duration appears during midday. On the later
days ultrafine particles appear more irregularly and have much smaller number con-
centrations. Ultrafine particles are indicative of recent particle formation (nucleation
events) in the atmosphere (e.g Boy and Kulmala. 2001; Birmili et al., 2000). These
particles could be produced by binary nucleation involving sulfuric acid and water
vapor, when the sulfuric acid concentrations are very high (~ 100 ppt) or by ternary
nucleation involving sulfuric acid, ammonia, and water, when sulfuric acid concen-

trations are typical of marine or continental background conditions. Kulmala et al.
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Figure 3.15: Time series of particle number concentration: (a) Ultrafine mode, (b)
small Aitken mode, (c¢) Aitken mode, (d) Accumulation mode

(2000) suggest that ternary nucleation occurs continually during daytime and leads
to a reservoir of of thermodynamically stable clusters with diameters smaller than
3nm. These clusters can grow to measurable sizes greater than 3nm when they are
transported into an environment where additional condensible gases are available.
The diurnal variations at larger particle sizes are not as apparent as the diurnal
variations of the number concentration of the ultrafine mode. Small Aitken mode par-

ticles appear more continuously than ultrafine particles. On DOY 176 both the small
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Aitken mode and the ultrafine mode show a strong increase in number concentration
during the same time interval. suggesting a similar source. The number concentration
of Aitken mode particles seems more dominated by changes in air mass conditions
than by diurnal variations. The number concentrations are clearly higher during
polluted (DOY 175-176) than during clean (DOY 177-179) conditions. The accumu-
lation mode number concentration shows a strong increase on DOY 176, whenever
the Aitken mode almost disappears, indicating that on these occasions there is one
dominant mode, whose mean diameter lies between typical Aitken and Accumulation
mode mean diameters. This shows that the classification scheme presented in section
2.2.1 is not ideal for all possible size distributions. However cases like this one are
rather infrequent.

The nucleation events in Sagres fall into three categories. A typical evolution of
the particle size distribution for each category is shown in Figure 3.16 (a)-(c). The
time of day is shown on the x-axis, particle diameter on the y-axis and the shaded
contours show isolines of dN/dlog(d). A nucleation event of the first category is
shown in Figure 3.16(a). An ultrafine mode with high number concentrations and a
small mean diameter appears in the early morning. This mode subsequently grows
to a mean diameter of about 30 nm within a few hours. A nucleation event of the
second category is shown in Figure 3.16(b). The ultrafine mode is present for a few
consecutive hours during daytime with no consistent growth in the mean diameter. A
nucleation event of the third category is shown in Figure 3.16(c). Ultrafine particles
appear sporadically in low number concentrations throughout the day. From the gas
phase and meteorological parameters available for the Sagres measurement site, it is
difficult to assess what causes the different kinds of particle nucleation. Events of
the first kind are not necessarily tied to abnormally high SO, concentrations, and

measurements of more direct particle precursors such as H,SO4 and ammonium are
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Figure 3.16: Typical cases of fine particle nucleation. The particle size distribution
on three different days is shown as it changes with time of the day. (a) Case 1: burst
of particle nucleation with subsequent growth of the particles to larger sizes, (b) Case
2: Particle nucleation over an extended time period without visible particle growth,
(d) Case 3: Sporadic appearance of ultrafine particles
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not available. However, the fact that ultrafine particle appear at least to some extent
on almost every day of the ACE-2 measurement period, seems to support the theory
by Kulmala et al. (2000) that particle nucleation occurs almost continuously in the
atmosphere and that particle growth to detectable sizes under favorable conditions.
Since not enough supporting measurement were made in Sagres during ACE-2 it is
not clear how to define those ‘favorable’ conditions.

Figure 3.17 shows a daily composite of particle number concentrations in the
ultrafine, small Aitken. Aitken, and accumulation mode. The day is divided into
2 hour time periods and the particle number concentrations measured during each
time period are averaged for all days of the ACE-2 measurement period. These
averages are shown with uncertainty bars that represent the 95% confidence intervals
of the mean. If the particle number concentration was not influenced by diurnal
processes, the data would lie on a horizontal line in the daily composite. However
both the Ultrafine mode. the small Aitken mode and the Aitken most show a distinct
peak in particle number concentration during several hours of the day. The number
concentration of ultrafine particles is small during most of the day except during the
time period between 6am and noon. The first ultrafine particles appear between 6 and
8am in the morning shortly after sunrise, which suggests that they grow quite rapidly
from the size of small stable clusters less that 3nm to detectable sizes. On average
the number concentration of ultrafine particles reaches a maximum between 8 and 10
am and then declines to low values in the afternoon. Particles in the ultrafine size
range below 10 nm are formed preferably in the morning hours and slowly disappear
in the afternoon. They either grow to sizes lager than 10nm by vapor deposition or
self-coagulation or they simply are removed by coagulation with larger particles. No
significant new particle formation takes place in the afternoon.

The small Aitken mode particles show a similar pattern, their average concen-
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Figure 3.17: Daily variation in particle number concentration averaged over the entire
ACE-2 measurement period: (a) number concentration of particles in the ultrafine
mode. (b) number concentration of particles in the small Aitken mode, (c¢) number
concentration of particles in the Aitken mode. (d) number concentration of particles
in the Accumuliation mode

trations are stable around 1000 cm~* for most of the day. but become three times
as high between 10am and ncon. The first small Aitken mode particles appear later
than the first ultrafine particles and the number concentration of the small Aitken
mode peaks one to two hours later than the number concentration of the ultrafine

mode. It can be concluded that a significant part of small Aitken mode particles is
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probably formed by nucleation further upwind of Sagres than the ultrafine particles
and grows the mean diameters larger than 10nm during the transport to Sagres. The
diurnal composite of Aitken mode particle number concentrations shows that a base-
line of about 3000 cm ™3, indicating that a significant fraction of particles is present
independently of diurnal processes. However superimposed on that baseline is a peak
between 10am and 4am. During this time period average particle concentrations in-
crease to up to 4500 cm~?. The additional particles appearing during this time period
can be attributed to nucleation and subsequent particle growth. The accumulation
mode particles show no comparable diurnal variation. There is a decrease in particle
number concentration between 4 and 6 pm that is statistically significant, but hard
to explain with any aerosol or meteorological processes, that could be investigated
with our ACE-2 data base.

Figure 3.17 indicates that the daily variations in ultrafine, small Aitken and Aitken
mode particles are largely due to particle nucleation and subsequent particle growth.
In contrast particle nucleation does not seem to have a strong influence on Accumu-
lation mode number concentrations. To test this hypothesis lagged cross correlation
coefficients are calculated for time series of Aitken. small Aitken, and ultrafine particle
number concentrations. The time series are constructed by linearly interpolating the
measured data points to equally spaced times separated by intervals of 15 minutes.
Missing data are replaced by linear interpolation of adjacent data points. The lagged
cross correlation coefficients are calculated by correlating the number concentration
of smaller particles with the number concentrations of larger particles at either earlier
or later time periods. Figure 3.18 shows the results of these calculations. The time
lag between the time series of particle number concentrations is shown on the x-axis.
Positive lag values correspond to cases where the concentration of smaller particles is

correlated with the concentration of larger particles measured at later times. Nega-
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Figure 3.18: Lagged cross correlation coefficients for time series of particle number
concentration: (a) correlation of ultrafine mode with small Aitken mode number
concentration, (b) correlation of small Aitken mode with Aitken mode number con-
centration, (c) correlation of ultrafine mode with Aitken mode particles.

tive values correspond cases where the concentration of smaller particles is correlated

with the concentration of larger particles measured at earlier times. The vertical
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solid line delineates a lag of 0 hours, or the instantaneous cross correlation coefficient
of the two time series. The horizontal dashed line indicates the level at which the
correlation coefficient is significantly different from 0 at the 95% confidence level.

Figure 3.18 shows that the correlation coefficients increase when concentrations of
smaller particles are correlated to concentrations of larger particles measured several
hours later. Number concentrations of the ultrafine and the small Aitken mode
(Figure 3.18 (a)), show some significant correlation around a lag time of 0 hours,
but the correlation coefficient almost doubles at a lag time of approximately 1-2
hours. High number concentrations of ultrafine particles are followed by high number
concentrations of small Aitken particles approximately 1-2 hours later. The small
Aitken and Aitken mode number concentrations are uncorrelated when measured at
the same time. The correlation coefficient is highest at a lag time of approximately
2-3 hours and decreases gradually till it becomes statistically insignificant at a lag
time of 6 hours. Even the ultrafine and the Aitken mode are correlated at lag times
greater than 0. albeit quite weakly as shown in Figure 3.18 (c).

The correlation coefficients shown in Figure 3.18 are not very high, explaining
less than 25% of the variance of the data sets. However high correlations cannot
be expected in this situation since diurnal fluctuations only explain some fraction
of the variance in the number concentration of each mode. The part of the those
short term variations of one mode that is correlated with the short term variations
of another more is even smaller. Moreover the fact that the ultrafine mode is present
only sporadically, whereas the small Aitken mode and Aitken mode are present more
continuously will deteriorate the correlation. The small but statistically significant
correlations are consistent with the fact that particle nucleation in the morning hours
and subsequent particle growth impose a diurnal signature on the aerosol transported

to the Sagres site, raising first the ultrafine particle number concentration, then the
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small Aitken and finally the Aitken mode number concentration. The diurnal varia-

tions are more important for smaller particles than for larger particles.

3.2.2 Diurnal varations i hygroscopic growth factors

In section 3.1 it was shown that the more hygroscopic growth factors (Gf,.;) do not
vary strongly between different air mass conditions. The only exception is a decrease
in Gfns when the aerosol is transported from inland during recent pollution episodes.
However a time series of more hygroscopic growth factors shows considerable variance

at shorter time scales. This 1s shown in Figure 3.19. The time series for different

1.85

1.8+ --- d = 150-200nm |

1.75¢F ’ b

. . ’.
1.7 . ’ L s ', .
: . . o . ‘e,
. .

Growth factor
>
‘I
Bh
‘.

. i » . . 1 I/ . I . . /\ ]
ot e
l : B \\ | "\ i

1.5 zf\.‘, l \ \N\ ;‘; { N / ! J

145} Q ¥ 1

141 4

Figure 3.19: Time series of more hvgroscopic growth factors showing three consecutive
days. The average growth factors of 35 and 30 nm particles are connected by a solid
line and the average growth factors of 100. 130 and 250 nm particles are connected
by a dashed line
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particle size are very similar and highly correlated. For example variations average
growth factors for small (35 and 50 nm) and the average growth factors for larger
particles (100 - 250 nm) as shown in Figure 3.19 track each other quite well.

There is a characteristic diurnal cycle to the variation in more hygroscopic growth
factors. This is shown in Figure 3.20(a), which shows a daily composite of more
hygroscopic growth factors for the whole ACE-2 measurement period. Since the
pattern is very similar for all particle sizes the more hygroscopic growth factors have
been averaged for all particle sizes (35-250nm).

The vertical lines show the average time of sunset and sunrise during the ACE-2
measurement period in Sagres. It can be seen that during daytime the more hy-
groscopic growth factors increase and decrease in a sinusoidal fashion similar to the
amount of solar radiation. approximated in Figure 3.20(e) by the solar elevation angle
for Sagres at this time of the year. This could be explained by the fact that pho-
tochemical processes add soluble material to the particles during daytime. If this is
the case the intensity of solar radiation seems a controlling factor for that process.
The uptake of soluble material into the aerosol particles increases during the morning
hours and peaks around one pm, even though temperature increases as well, which
makes condensation more difficult. SO, concentrations are more variable during the
day, but do not show a statistically significant diurnal variation. However increased
mixing could also influence the aerosol properties during daytime hours.

After the more hygroscopic growth factors reach a minimum near sunset around
7pm, they rise quickly again and then slowly decrease during the night. This pattern
is repeated on almost every day, but it is difficult to explain in terms of known
aerosol processes. [t might reflect a pattern in local or regional emissions. Less
particles of medium hygroscopicity be emitted during evening hours. If those particles

are normally included among the more hygroscopic ones, this would raise the more
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Figure 3.20: Daily composites of (a) more hygroscopic growth factors, (b) abundance
of less hygroscopic particles (defined in section 3.1.3), (c) Temperature, (d) relative
humidity, (f) SO, concentration, and (e) solar elevation angle

hygroscopic growth factor on average. However no conclusive explanation for the

increase in more hygroscopic growth factors in the early evening can be given so far.
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3.3 Summary

The aerosol number concentration in Sagres during ACE-2 is determined by different
processes at different particle sizes. The number concentration of small particles
with sizes less than 40nm in seems to be dominated by regional processes with strong
diurnal influence and not by large scale air mass characteristics. On the contrary,
number concentrations of particles in the Accumulation mode size range (larger than
100nm) show no characteristic diurnal variations and are mostly determined by long
range transport. The number concentration of particles at intermediate size ranges
are controlled by both long range transport and diurnal variations. The shape of the
size distribution changes during pollution outbreaks from the European continent. In
marine conditions a clearly separated Aitken and accumulation mode can be observed.
Pollution outbreaks that reach Sagres from Northern Europe after approximately two
days of aging show a size distribution in which the mean diameters of both Aitken
and accumulation mode are larger than in marine conditions and the modes are
not as clearly separated. In recent pollution originating on the Iberian Peninsula
the size distribution is dominated by a large Aitken mode with a mean diameter of
approximately 80nm. The accumulation mode in recent pollution is probably not due
to cloud processing, but more likely to direct emission into the atmosphere.

There is evidence of particle nucleation on almost every day during the ACE-2
experiment. Particle nucleation happens mostly during daytime hours, when solar
radiation is available. Nucleation events characterized by high ultrafine particle num-
ber concentrations are only observed in the morning hours, shortly after sunrise, but
ultrafine particles can appear in small quantities throughout the day. This seems
further evidence for the hypothesis of Kulmala et al. (2000), that nucleation of clus-
ters, below detectable size occurs continually during daytime hours and that those

clusters can grow to detectable sizes if conditions are favorable. The fact that no
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nucleation events with high particle number concentrations occur later in the day,
although SO, concentrations can be quite high occasionally, seems to indicate that
solar radiation and the availability of condensible gases is not sufficient for particle
growth to detectable sizes. Another meteorological parameter, such as high relative
humidity or low temperatures might be required for the production of ultrafine par-
ticles. However this issue must remain somewhat inconclusive due to the lack of gas
phase measurements of other chemical species such as H,SO, or NH;.

Particle hygroscopic growth factors show some diurnal variation as well. This
variation seems to be connected to the intensity of the solar radiation reaching Sagres.
Aerosol particles below 250 nm are not completely soluble, even in Arctic and Atlantic
marine air mass conditions. In recent pollution the soluble volume fraction is slightly
lower than in the other air mass conditions. Less hygroscopic particles at small
particle sizes below 30nm seem to be caused by ship traffic along the coast. This
agrees well with measurements of particle size distribution and chemical composition
in exhaust plumes of several ships by Hobbs et al. (2000). Less hygroscopic particles

at sizes larger than 100nm are probably mostly caused by pollution sources on land.
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Chapter 4

AEROSOL NUMBER TO VOLUME RATIOS

Chapter 3 summarizes fundamental aerosol properties in Sagres in terms of both
long term variability governed by air mass history and short term variability governed
by regional emissions and daily variations in aerosol processes. The number-size
distribution and hygroscopic growth are aerosol properties that can be more directly
linked to aerosol sources and transportation processes but those properties are not
directly related to the direct and the indirect forcing of aerosols on climate. In this
chapter as well as in the following chapters aerosol properties are derived that are
more useful in the context of the influence of aerosols on climate. One of those
aerosol properties is the number to volume ratio of the aerosol (R). The relationship
between number and volume concentration of the aerosol in the submicron size range
is important for modeling the aerosol radiative forcing of climate. Large scale or global
chemical models are usually formulated in terms of aerosol mass. However estimating
the direct and especially the indirect effect of aerosols on climate requires information
about the submicron particle number concentration. Empirically determined number
to volume ratios of the submicron aerosol are the key parameter to link aerosol mass
to aerosol number concentration.

To address the indirect effect of aerosols on climate it is not the total number con-
centration that is important, but only the number concentration of aerosol particles
that are likely to become cloud droplets. Marine stratus clouds are considered of spe-

cial importance to the indirect effect of aerosols on climate. They cover large fractions
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of the worlds ocean and usually form in areas where the background aerosol concen-
trations are low, which makes the cloud albedo sensitive to an increase in particle
number concentration. At supersaturations typical for marine stratus cloud droplets
usually nucleate on particles greater than 70-120nm. In this context it is necessary
to estimate the number concentration of particles larger than a certain diameter (d.)
from the submicron aerosol volume. In this study the value assigned to d. is 90nm,
so that R is calculated as the number of particles with diameters greater than 90nm
divided by the total submicron aerosol volume. This cut-off diameter is consistent
with the location of the minimum between Aitken and accumulation mode in marine
air mass conditions in Sagres during ACE-2. As explained in the previous section,
this minimum is usually attributed to cloud processing of aerosol and is a measure of
the minimum size of the particles particle that are activated to cloud droplets.
Number to volume ratios of the aerosol over the Atlantic ocean have been studied
in the past (e.g. Hegg and Kaufman. 1998: Hegg and Jonsson, 2000; Hegg and Russel,
2000; VanDingenen et al.. 2000. and references therein). However the definition of R
in all these studies is not strictly the same. In the first three studies the aerosol size
distribution is measured using a passive cavity spectrometer manufactured by PMS
Inc. This instrument measures particles in the diameter range from 120nm to 3um.
Thus R is calculated as the number of particles greater than 120 nm divided by the
volume of particles between 120nm and 3um. On the other hand VanDingenen et al.
(2000) calculate R as the number concentration of particles between 80 and 700nm
divided by the volume of particles smaller than 700nm due to the upper cutoff of their
instrument. The numerical values of R derived in those studies and this work are thus
not strictly comparable. Since Hegg et al. use larger cut-off diameters their values
of R can on average be expect to be lower than than the values derived here. The

the lower cut-off diameters of VanDingenen et al. (2000) should result in somewhat
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higher number to volume ratios.

In past studies long term averages of R have been found to be surprisingly constant
(e.g. Hegg and Jonsson, 2000; Hegg and Russel, 2000, and references therein). But
over shorter time periods Hegg and Russel (2000) found that R can be quite variable,
especially in clean conditions. Some studies indicate that the relationship between
submicron aerosol number and volume is approximately linear (Hegg and Kaufman,
1998). The studies by Hegg and Kaufman (1998); Hegg and Jonsson (2000); Hegg and
Russel (2000) also suggest that R is, if not constant, at least surprisingly confined.
This confinement has been used to draw conclusions about possible processes that
determine the aerosol size distribution over the Atlantic. Assuming that the size dis-
tribution of the aerosol is lognormal Hegg and Russel (2000) inferred that a constant
R of 200 um™3 implies a relationship between mean diameter and standard devia-
tion that is consistent with condensational growth as the main process acting on the
size distribution. VanDingenen et al. (2000) find that a simple analytical model for
the relationship between submicron aerosol number and volume can explain observed
number to volume ratios and especially the dependence of R on aerosol volume. The
calculated number to volume ratio is mostly governed by entrainment and coagula-
tion, which suggests in contrast to the results of Hegg and Russel (2000) that these
two processes mostly determine the aerosol evolution over the Atlantic.

This chapter offers some theoretical considerations to explain in general terms
why the R would be loosely constrained between lower and upper limits. However
although the longterm averages of the number to volume ratios measured in Sagres
are consistent with values found in previous studies, there is considerable variability in
the number to volume ratios. This variability can in some cases be explained in terms
of possible sources and processes that act on the aerosol and it can be parameterized

for each air mass type.
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4.1 Number to Volume ratios of lognormal size distributions

The number of aerosol particles larger than a cutoff size of around 100nm and aerosol
submicron volume are often found to be linearly related as would be expected if the
size distribution were invariant. This linear relationship is most noticeable when
the aerosol is sampled on time scales of several hours within a particular air mass,
since a change in air mass history tends to destroy such correlations. The linear
relationship between number and volume of the aerosol seems surprising at the first
glance since the aerosol number concentration is usually dominated by small particles
that contribute little to the aerosol volume, whereas the volume size distribution peaks
at larger sizes, where particles contribute little to the total number concentration. It
is not immediately obvious, why particles at sizes that determine the aerosol number
concentration should be linearly related to larger particles that account for most of
the aerosol volume. However there are several factors that make a linear relationship
more plausible. First, most of the studies that investigate number to volume ratios
take into account only particles that are larger than 80-120nm. The highest and most
variable particle concentrations occur around 30-70nm (as has been shown in chapter
3) and are thus not influencing the number to volume ratios as defined above. For
the limited size range considered here it is more plausible that aerosol number and
volume concentration are correlated. Second. in Chapter 2 and Chapter 3 it has been
demonstrated on various examples that aerosol size distributions measured in Sagres
during ACE-2 have often lognormal shape.
For a lognormal size distribution the number of particles greater than d. is related
to the total particle volume as follows:
N(d>d,) = 6 Vix (l Ly (wg—)» @)
m-ddexp(9/2-Ingg?) \2 2 V2-Ina,

where Vi, is the total particle volume concentration, d, the mean diameter, and




87

o, the standard deviation of the distribution. erf is the so called Error function,
obtained by integrating a lognormai size distribution. If the parameters d; and o, do
not change considerably over the time period during which measurements are made
a linear relationship between particle number and volume can be expected. However
over longer time periods d, and o, are expected to vary. A constant number to
volume ratio can only be realized if the mean diameter and standard deviation of the
size distribution depend on each other in such a way that would make Equation 4.1
constant. Since there is no physical reason for this functional dependence, the number
to volume ratio should at least be somewhat variable depending on the mean particle
diameter and the standard deviation of the size distribution. The dependence of R

on the parameters of a lognormal size distribution is shown in Figure 4.1.
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Figure 4.1: Number to Volume ratio (R) of a lognormal distribution: (a) Dependence
of R on the geometric mean diameter d,. The cutoff diameter d. is shown as a
dotted line. (b) Contour piot showing the range of R for lognormal size distributions
with mean diameters d, between 10 and 30Unm and geometric standard deviations o
between 1.2 and 2.5. The cutoff diameter d. is 90 nm.

Figure 4.1(a) shows the dependence of R on the mean diameter of the lognormal
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distribution. R is low if the mean diameter is considerably smaller than d.. In this
case only the tail of the lognormal distribution lies in the size range greater than d.. R
increases with mean diameter because the number concentration of particles exceed-
ing 90nm increases more strongly than the total volume concentration as the mean
diameter approaches d.. R reaches a maximum in the vicinity of d. and then starts
to decline. In this regime the increase in d4 increases the total volume concentration
more strongly than the number of particles whose diameters exceed 90nm. In Figure
4.1(b) this analysis is generalized for a whole range of size distribution parameters.
This figure shows a contour plot of the range of R for possible combinations of d; and
of g;. The number to volume ratio of lognormal size distributions with d, between
10 and 300 nm and o, ranging from 1.2 and 2.5 can vary between 10 and 1000 um™3.
The increase in R with increasing diameter for small particle sizes and the decrease
at larger particles size is evident regardless of standard deviation of the size distribu-
tion. However the location of the maximum shifts to smaller particle diameters with
increasing standard deviation. For mean diameters larger than d., R decreases with
increasing standard deviation since an increase in o, shifts more particles to larger
sizes where they contribute more strongly to the volume concentration. For mean
diameters smaller than d. the dependence of R on ¢ is more complex.

The assumption that the particle size distribution has lognormal shape implies the
existence of an upper limit to possible values of R. This maximum (R, is shown in
Figure 4.2 as a function of o, for several possible cutoff diameters d.. The maximum
possible R decreases with increasing standard deviation as well as with increasing cut
off diameter. The values of the standard deviation encountered during the ACE-2
experiment in Sagres are mostly between 1.3 and 2. The curve corresponding to the
cut off diameter d. of 90nm used in this study is shown as a bold line indicating

that values of R smaller than approximately 1000 um~3 should be expected. The
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dependence of the maximum value of R on d. is quite pronounced. A cut-off diameter
of 120nm limits the number to volume ratio to values below 500 um~*.as long as the
size distribution is close to lognormal.

If in reality R is found to be more constrained than can be explained by the
upper limit based on the assumption of a particular size-distribution, then some
compensating factors have to be taken into account. One possibility is an inverse
dependence of ¢ on d, as suggested by Hegg and Russel (2000). From Figure 4.1(b)
it can be seen that if the standard deviation of the size distribution decreases as the
mean diameter increases R can be contined or even held constant over large ranges

of mean diameters.
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4.2 Observed number to volume ratios in Sagres during ACE-2

In this section actual observations of R in Sagres during the ACE-2 measurement
period are discussed. The average number to volume ratio during the ACE2 field
experiment in Sagres is 220 + 80um™3. This is somewhat higher than the number to
volume ratios found by (Hegg and Jonsson, 2000; Hegg and Russel, 2000; Hegg and
Kaufman, 1998). However due to different methods for calculating R the numerical
values of R are not strictly comparable. The larger cut-off diameters for N and V
used in those studies lowers the particle number concentration and at the same time
increases the particle volume concentration, thereby reducing R. One other reason for
the relatively high mean number to volume ratio measured in Sagres is the proximity
of pollution sources. For several days during the ACE-2 field the air masses crossed
the Iberian Peninsula before reaching Sagres from inland. These air masses brought
relatively recent pollution from inland to the measurement site. During these polluted
time periods R is significantly higher (R = 340 + 50um~?) than during time periods
not influenced by recent pollution (R = 190 + 70um~3). R is particularly low in air
masses containing aged pollution (R = 170 + 30um~3). This dependence of R on
the air mass history suggests that generally number to volume ratios are quite high
(around 350 um~?) near pollution sources . After the aerosol ages for a few days over
the Atlantic, R decreases quickly to background values while both the total number
and the total volume are still significantly higher than in background conditions. R
seems to relax much more quickly to background conditions than either number or
volume concentration of the aerosol.

Figure 4.3 shows a summary of number, volume and R for the entire measurement
period. Data points during recent pollution episodes are shown in red and all other
data are shown in blue. If time periods of recent pollution are neglected the aerosol

number and volume concentration seem to be linearly related as can be seen in Figure
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Figure 4.3: Number to volume ratios in Sagres. with data sampled during recent
pollution time periods marked in red. (a) Number concentration of particles greater
than 90nm vs. submicron aerosol volume concentration. (b) R as a function of
submicron particle volume concentration.

1.3(a). The coefficient of determination is relatively high (R?=0.8). The stronger
increase of number concentration in recent pollution (red points) seems to suggest
a nonlinear relationship. since a nonzero intercept is not physically meaningful. In
recent pollution the dependence of aerosol number on aerosol volume seems to have
a steeper slope.

Figure 4.3(b) shows the dependence of R on the submicron aerosol volume concen-
tration. This figure gives a good estimate of the variability of R. In clean conditions
characterized by volume concentrations smaller than 5 um?® cm = R is highly variable.
This is due occasional influence of coastal pollution that is mixed into the background
air mass, as discussed in section 3. These episodes of coastal pollution occurred occa-
sionally throughout the whole ACE-2 campaign when air mass back trajectories were

close to the coast. But they affected R mostly during clean conditions, when the



92

number concentration of the marine background aerosol transported to Sagres was
low. These episodes of regional pollution were excluded from further analysis within
the marine data sets.

In more polluted conditions characterized by volume concentrations larger than 5
pm? cm~3 most of the number to volume ratios higher than 300xm~—2 can be explained
by air mass back trajectories from inland. If those cases of recent pollution are
neglected R is confined between 100 and 300nm. This is a much narrower range than
suggested by Figure 4.1(b). This suggests that either particle the size distribution is
almost invariant throughout the ACE-2 experiment or that there is a compensating
relationship between mean diameter and standard deviation of the size distribution, as
suggested by Hegg and Russel (2000). The first hypothesis is rejected by the analysis
on chapter 3. The second hypothesis will be investigated in the following sections.
Since correlations between aerosol parameters tend to be destroyed by air mass shifts,
the data will be analyzed according to the four main air mass types introduced in

chapter 3. This will also help to explain and parameterize the remaining variability

in R.

4.2.1 Number to Volume ratios in Marine air mass types

Marine air mass types are characterized by air mass back trajectories from the Arctic
or Atlantic ocean. In those marine conditions the number to volume ratios are around
200 um™? which is comparable to the average number to volume ratio in Sagres.
However as could be seen in Figure 4.3 (b) R is quite variable. The reasons for this
higher variability are investigated in this section.

Typical size distributions of the aerosol in Arctic and Atlantic air mass conditions
are shown in Figure 4.4. The dotted line indicates the 90nm cut-off size used for

calculating the number to volume ratios (R). Both size distributions have a typical
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Figure 4.4: Size distributions typical for marine air mass types: (a) number size
distribution in air masses originating over the Atlantic, (b) corresponding Atlantic
volume size distribution, (c) number size distribution in air masses originating over
the Arctic, (d) corresponding Arctic volume size distribution

'marine’ appearance: a bimodal distribution with a minimum around 100nm. Figure
4.4(a) shows that in Arctic air mass conditions the Aitken mode particles do not
contribute very much to the particle number above 90nm. However in Atlantic air
mass conditions the Aitken mode has larger mean diameters and a tail of Aitken
mode particles extends to particle sizes above 90nm. In both cases the Aitken mode
particles do not account for a significant fraction of the total aerosol volume as can
be seen in Figure 4.4(b) and (d). The tail of the sea salt mode that is apparent
in the volume size distribution contributes to the total submicron volume. However
this part of the total volume is not very variable during Arctic and Atlantic air mass
conditions. It can thus be expected that R is mostly determined by the number to
volume ratio of accumulation mode particles, with occasional increases in the number
concentration of particles larger than 90nm (N90) due to an increase in the diameter
or the number concentration of the Aitken mode.

Figure 4.5 explores the relationship N90 and submicron particle volume. It fur-
ther shows that in marine conditions R itself is dependent on the particle number
concentration. The time periods when the air mass is influenced by regional pollution
have been excluded from the data set, which makes the number to volume ratio less
variable than in Figure 4.3. Figure 4.5(a) shows that in Arctic air mass types there
is not a clear linear relationship between the number concentration of particles larger
than 90nm (N90) and submicron particle volume. Most of the correlation between

the data points results from the outliers with number concentrations greater than
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Figure 4.5: Number to volume ratios in marine air mass types: (a) the number
concentration of particles larger than 90nm vs. submicron particle volume in air
masses originating over the Arctic (b) R as a function of the number concentration
of particles larger than 90nm. (c) the number concentration of particles larger than
90nm vs. submicron particle volume in air masses originating over the Atlantic (d)
R as a function of the number concentration of particles larger than 90nm

500 cm™~*. which are mostly due to a strong increase in Aitken mode number concen-
tration. The variability of N90 increases with increasing particle volume. At volume

concentrations of 1 um® cm~3 N90 varies between 100 and 300 cm 3. whereas at vol-
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ume concentrations of 1.5 um3 cm~3 N90 varies between 100 and 500 cm~3. The data
points with volume concentrations greater than 2 um® ¢cm~3 might be slightly influ-
enced by pollution sources such as ships or power plants along the coast. These are
conditions characterized by an increase of both particle number and volume concen-
tration. In Atlantic air mass conditions the correlation between N90 and submicron
aerosol volume concentration is better, but there is still considerable scatter as can
be seen in Figure 4.5(c). The linear relationship fitted to the data points does not
intersect at 0. An intercept below 0 can be expected since particles with diameters
smaller than 90nm make a contribution to the submicron volume, albeit small. The
relatively large intercept however suggests a slightly nonlinear relationship between
N90 and the submicron volume concentration.

Figures 4.5(b) and (d) show that in marine conditions R varies from 50 to 350

-3

pm™", with only a few cases in which the number concentration is higher than 350

pm=3. It is also obvious that R itself increases with increasing N90. 70% of the
variability in R can be explained by a linear dependence of R on the total number
concentration in Arctic air mass types and 30% in Atlantic air mass types. The
regression equations are given in Figure 4.5. There are no statistically significant
relationships between R and the total volume concentration. Unfortunately this de-
pendence of R on N90 cannot be used to improve the parameterization already given
in Figures 4.5(a) and (c).

The dependence of R on N90 is partly caused by Aitken mode particle penetrating
in to the region above 90nm due to fluctuations in Aitken mode mean diameter and
number concentration. This addition of small particles can increase N90 without
changing the volume significantly. This mechanism is especially important in Atlantic

air mass types. In these air mass types more than 40% of the variance of R can be

explained by a linear dependence on the number of Aitken mode particles above
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90nm. However even when the influence of Aitken mode particles is disregarded, the
number to volume ratio of the accumulation mode alone is not constant but increases
linearly with the accumulation mode number concentration.This effect is especially
pronounced in Arctic air mass conditions.

Figure 4.6 shows the observed dependence of the accumulation mode volume and

number concentration on the mean diameter. The particle number concentration
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Figure 4.6: Observed accumulation mode number and volume concentration as a
function of mean diameter in arctic air mass tvpes .

decreases with increasing mean diameter whereas the volume concentration stays
constant. This can be explained bv the production of accumulation mode particles
by cloud processing in an environment limited in SO,. During transport from the
Arctic roughly a certain limited amount of SO, is converted to particulate matter in

cloud droplets. If the same amount of sulfate is distributed among fewer particles
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(low N90), each individual particle can accumulate more material and the mean
diameter of the accumulation mode increases. If more particles are present (high
N90), each individual particle accumulates less material and the mean diameter of
the accumulation mode stays smaller. This leads to the inverse relationship between

the mean diameter and number concentration of the accumulation mode.

4.2.2 Number to Volume ratios in polluted conditions

The size distribution in air mass types associated with either aged or recent pollution
is not as clearly bimodal as the size distribution in marine background conditions.
The accumulation mode and the Aitken mode overlap to some extent and in some
cases it it necessary to consider both the number and the volume concentration to
show that two separate lognormal modes are present. A typical example of the size
distribution in recent pollution and aged pollution is shown in Figure 4.7. In polluted
conditions the mean diameter of the Aitken mode is larger than in marine conditions
(Figure 4.7(a),(c)). Aitken mode particles contribute the majority of particles larger
than 90nm. Aitken mode particles also account for a significant fraction of the of the
submicron volume concentration (Figure 4.7(b),(d)).

In aged pollution the accumulation mode often appears only as a shoulder on
the Aitken mode in the number size distribution. From the number size distribution
alone it is not completely clear if it is justified to fit this shoulder as a separate mode.
But in the volume size distribution it is obvious that the accumulation mode has
lognormal shape and distinguished from the Aitken mode. Both modes contribute to
the total number as well as to the total volume concentration.

In recent pollution Aitken mode particles account for the majority of N90 is made
up of Aitken mode particles. The Aitken mode particles are so abundant that the

particle volume contained in the Aitken mode is comparable to the to the particle
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Figure 4.7: Typical size distribution in polluted conditions conditions: (a) number size
distribution in air masses influenced by aged pollution. (b) corresponding volume size
distribution, (c) number size distribution in air masses influenced by recent pollution,

(b) corresponding volume size distribution

volume of the accumulation mode.

Since most of the N90 are smaller than 120

nm the aerosol number to volume ratios in recent pollution are significantly higher

than in the other air mass types. The volume provided by the few particles in the

accurnulation mode is not large enough to lower the number size distribution to

background conditions.

Figure 4.8 shows the relationship between N90 and submicron particle volume in
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polluted conditions. The number to volume ratios in air masses characterized by aged
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Figure 4.8: Number to volume ratios in polluted conditions: (a) the number concen-
tration of particles larger than 90nm vs. submicron particle volume in aged pollution,

(b) the number concentration of particles larger than 90nm vs. submicron particle
volume in aged pollution

pollution are generally low and very stable. This is demonstrated in Figure 4.8(a)
where the data are clustered much more tightly than in marine conditions. The rela-
tionship between N90 and submicron volume is slightly sub-linear and that the aerosol
is modified by condensational processes that increase the do not increase the number
concentration above 90nm as strongly as the total volume. The relationship between
N90 and submicron volume concentration in recent pollution is approximately linear
and shows more scatter than in aged pollution. In polluted air mass types R does

not increase with N90 as in marine air mass types.
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4.3 Stabilization of the number to volume ratio

As demonstrated in section 4.2 the number to volume ratios measured in Sagres dur-
ing ACE-2 show considerable variability between 100um~3 and 500um~3. However
the variability is smaller than the variability that is theoretically possible for a log-
normal size distribution. According to Figure 4.1 the number to volume ratio could
theoretically vary between approximately 10 and 1000 um 3. It can be concluded that
the aerosol size distribution is shaped by processes that somehow work to constrain

R. Some possible processes are discussed in this section.

4.3.1 Marine conditions

In marine conditions the size distribution in the size range above 90nm is dominated
by accumulation mode particles. If there are any compensating effects that stabilize
the number to volume ratio they will be found in the accumulation mode, since it has
been already shown that Aitken mode particles larger than 90nm, only increase the
variability of R. The volume concentration of the sea salt mode will mostly provide
additional volume to lower R.

The accumulation mode has been shown to have approximately lognormal shape
during the ACE-2 measurement campaign in Sagres (compare Figure 4.4).For a log-
normal size distribution R is only dependent on the mean diameter and the standard
deviation of distribution. Figure 4.9 shows the dependence of the accumulation mode
standard deviation (o,.) on the accumulation mode diameter in marine conditions.
As postulated by Hegg and Russel (2000). the standard deviation of the accumu-
lation mode decreases with increasing mean diameter. This narrowing of the size
distribution as the particles grow stabilizes the number to volume ratio.

The inverse dependence of g, on the accumulation mode mean diameter can be

seen more clearly in the Arctic data set. In Arctic air mass types, the mean diameter
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(a) Arctic Air mass (b) Atiantic Air mass
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Figure 4.9: The dependence of the accumulation mode standard deviation (o,.) on
the mean diameter in (a) Arctic and (b) Atlantic air mass types. [solines of constant
R are shown as colored lines.

varies over a larger size range and the data have a little less scatter than in the Atlantic
data set. A linear regression line has been fitted to the date to show the impact of
an inverse relationship between mean diameter and standard deviation on R more
clearly. The regression line is tilted in the direction of the isolines of of R. As a result

4 at a mean diameter of 100nm and and a little more

R is approximately 400 pm-
than 100 um~* at a mean diameter of 250nm. This can be compared to a situation
where 0, is independent of the mean diameter and held constant at its mean value
of 1.45. In this case R varies from approximately 800 um~? to below 100 um3. for
an increase in the mean diameter from 100nm to 250nm. The inverse dependence of
Oace Tesults in a reduction in variation of R by 30%. The decrease of 0, with mean
diameter is not strong enough to achieve constant R. but only sufficient to confine R
to a narrower range than could be expected if the mean diameter and the standard

deviation of the accumulation mode were not correlated.

In Atlantic air mass conditions most of the data points are confined between mean
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diameters of 150 and 200nm. In this size range R is not as strongly dependent on the
mean diameter (compare Figure 4.1) and thus more stable than in Arctic air mass
types. Therefore the decrease of g,.. with the mean diameter does not play such a

big role in stabilizing the number to volume ratio.

4.3.2 Polluted conditions

In polluted air mass conditions both Aitken and accumulation mode particles have
have an important influence on the number to volume ratio. The total number to

volume ratio can be written as:

R _ .'vg()acc + -'Vgodtl _ %gga“ + 1 4 2)
= Vi + Voo TON90g 1 L 4
acc ait N9Oq,e Race Raye

where N90,.. is the number concentration of accumulation mode particles larger than
90nm. N90,,, is the number concentration of Aitken mode particle larger than 90nm,
Raic the number to volume ratio of the Aitken mode and R,.. the number to volume
ratio of the accumulation mode. From this equation we can draw two conclusions.
First the total number to volume ratio R lies between the number to volume ratio of

the Aitken mode and the number to volume ratio of the accumulation mode:
min(Raccv Rmt) <R< maz(Racm Rait)- (43)

Second if N90,.. and N90,;, are of the same order of magnitude the total number to
volume ratio cannot increase very strongly even if R,;, gets arbitrarily large. These
conclusions are independent of the actual shape of the size distribution as long as it
is bimodal.

Figure 4.10 illustrates the range of R4 and R,;; in polluted conditions. The rela-
tionship between the standard deviation and the mean diameter of both the Aitken

and Accumulation mode are overlaid on lines of constant R. [In most cases the Rg,,
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Figure 4.10: Dependence of the standard deviation on the mean diameter of the
Aitken mode (x) and the accumulation mode (-): (a) Aged pollution, (b) recent
pollution. Lines of constant R are shown in color

is larger than Rg.. the onlv exception s when the Aitken mode mean diameter is
unusually small. below 30-4Unm.

There are important differences 1n conditions of aged pollution and recent pol-
lution. [n air mass conditions influenced by aged poliution 4.10(a) the number to
volume ratio of the Aitken mode is verv variable. However since in those conditions
N90,.. is comparable to N90,,, even a strong increase in the number to volume ratio
of the Aitken mode increases R only moderately. The number to volume ratio of
the accumulation mode itself is veryv stable for accumulation mode mean diameters
between 100 and 200nm. For this range of diameters o,.. decreases with increasing
accumulation mode diameter at a ratio that holds R4, constant. Once the mean
diameter is larger than 200nm the standard deviation levels off and does not fall
below 1.2. This results in low values of R4 for very large mean diameters of the

accumulation mode.
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In recent pollution the number to volume ratios of the Aitken mode are large and
relatively stable. The mean diameters of the Aitken mode are in the size range where
the number to volume ratio of a lognormal distribution reaches its maximum. R,
is more variable than in aged pollution, because there no strong inverse relationship
between accumulation mode diameter and standard deviation. This is consistent with
the conclusion drawn in chapter 3, that the accumulation mode particles in recent
pollution are not produced by cloud processing (condensational processes), but are
mainly produced by primary emission. Despite the fact that R, is generally low,
the high number concentration of Aitken mode particles larger than 90nm combined
with a high R, makes the total R larger than in other air mass types.

The stability of R in air mass types influenced by aged pollution is quite remark-
able and the general principles contained in Equation 4.2 are not sufficient to explain
why R is so confined. The reason for the constancy of R seems to be that in aged
pollution the parameters of Aitken and accumulation mode are not completely inde-
pendent. This is demonstrated in Figure 4.11 (a)-(c). The data presented in Figure
4.11 are taken from a selected time period during the aged pollution episodes that
spans a little over two days. Sampling over longer time periods tends to obscure
correlations between aerosol parameters due synoptic variations and possible changes
in the aerosol origin. In Figure 4.11(a) it can be seen that during the time period
of interest the standard deviation of the accumulation mode is strongly depended
mean diameter as. A second order polynomial was fitted to the data yielding an R?
of 0.86. Figure 4.11(b) shows that the accumulation mode mean diameter and the
Aitken mode mean diameter are somewhat correlated.

Of special importance is that the ratio of N90,;, to N90,.. depends on the mean
diameter of the accumulation mode as shown in Figure 4.11(c). Both axes are loga-

rithmic, so the dependence is exponential. The ratio of N90,,, to N90,.. determines
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Figure 4.11: Correlations between parameters of the size distribution in aged pollu-
tion and their influence on the number to volume ratio: (a) dependence of the accu-
mulation mode standard deviation on the mean diameter. (b) relationship between
accumulation mode mean diameter and Aitken mode mean diameter. (c) dependence
of N90,i/N90,.. on the mean accumulation mode diameter. (d) simulated frequency
distribution of R using no correlations between size distribution parameters, (e) sim-
ulated frequency of R distributions using the measured relationships shown in (a)-(c),
(f) measured frequency distribution.

how sensitive the total number to volume ratio R is to an increase in the number

to volume ratio of the Aitken mode. If N90,,,/N90,. is close to 1 R can at most
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achieve a maximum of R = 2 - R, if the number to volume ratio of the Aitken mode
goes to infinity. However if N90,;,/N90,.. = 10, R can be up to 10 times larger than
Racc. Figure 4.11(c) offers a simple explanation why the number to volume ratios of
ambient aerosol usually do not get arbitrarily small. As the diameter of the accumu-
lation mode increases, the number concentration of Aitken mode particles larger than
90 increases in relationship to the number concentration of the accumulation mode
particles. The decrease in R, is balanced by an increase in Aitken mode particles
that grow larger than the 90nm cut-off diameter. This behavior has a simple phys-
ical explanation. The mean diameter of the accumulation mode can only increase
above 200nm if a large amount of precursor gases are converted to aerosol. But if
the size of accumulation mode particles is increased, the Aitken mode particles are
likely to grow as well. The relationship shown in Figure 4.11(c) is typical of polluted
conditions during ACE-2. but is not as strong in marine air mass types.

That the number to volume ratio of the ambient aerosol is actually limited by these
correlations can be demonstrated by simulating R in the following manner. 1000 bi-
modal number size distributions are randomly generated. Each distribution has an
accumulation and an Aitken mode with a certain mean diameter, standard deviation
and number concentration. In the first set of simulations the mean diameter, the
standard deviation and the number concentration of the Aitken and of the Accumu-
lation mode are all randomly generated. Each parameter is assumed to be normally
distributed around the actually measured mean value with the measured standard
deviation. Then number to volume ratios of the 1000 distributions are calculated.
In the second set of simulations the mean diameter and the number concentration of
the accumulation mode are randomly chosen as described above, but the standard
deviation is calculated for each mean diameter according to the relationship shown

in Figure 4.11(a). Then the Aitken mode mean diameter and number concentration



are calculated using the relationships shown in Figure 4.11(b) and (c), whereas the
Aitken mode standard deviation is randomly chosen.

The results of the two simulations are shown in Figure 4.11(d) and (e), which
display the frequency distribution of the resulting number to volume ratios. If all size
distribution parameters are randomly chosen (Figure 4.11(d)), the frequency distri-
bution of R is relatively broad and high values of R (up to 800 zm™3) are occasionally
found. The frequency distribution of R calculated in the second set of simulations
is much narrower. Taking into account the relationships between size distribution
parameters constrains R closely to values around 200 um~3. The frequency distribu-
tion of R resuiting from the second set of simulations is very close to the frequency

distribution of R derived from the actual measurements of the size distributions.

4.4 Summary

The number to volume ratios (R) in the different air mass conditions are summarized
in the frequency distributions in Figure 4.12. In Arctic and Atlantic conditions the
frequency distributions are similar. The values of R lie most frequently between 100
and 300um™~2 although outliers of higher R occur occasionally. In aged pollution R
has approximately the same mean value. but is significantly less variable. In recent
pollution R is higher than in the other air mass conditions.

The variability of R is in all cases relatively constrained compared to the vari-
ability theoretically possible for a lognormal size distribution (see Figure 4.2. In the
Arctic and Atlantic marine air masses this is due to the fact that the number to
volume ratio seems to be dominated by accumulation mode aerosol, whose geometric
standard deviation depends inversely on the mean diameter of the mode. This inverse
dependence has been hypothesized by Hegg and Jonsson (2000) and has now been

verified in this work. It indicates that condensational processes determine the size
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Figure 4.12: Frequency distribution of R in different air mass conditions

distribution of the accumulation mode aerosol or that cloud processing of the aerosol
results in an inverse dependence of the standard deviation of the processed aerosol on
the mean diameter. In aged pollution the variability of R is further reduced due to
correlations between Aitken and Accumulation mode parameters, as demonstrated
in Figure 4.11. A simple reason consistent with aerosol processes can be given to
explain why the variability of the number to volume ratio decreases in cases where it

is determined by a bimodal number size distribution.
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Chapter 5

CCN SPECTRA DERIVED FROM SIZE DISTRIBUTIONS
AND HYGROSCOPIC PROPERTIES OF THE AEROSOL

5.1 Introduction

Stratus clouds, which cover large parts of the oceans are important for the radiative
balance of the global atmosphere. At visible wavelengths stratus clouds have a much
higher albedo than the underlying ocean surface and reflect more solar radiation
back to space while the long wave radiation emitted by those low cloud systems is
comparable to that of the ocean surface. Stratus clouds have thus a net cooling
effect on the climate. It has been proposed (e.g. Twomey et al., 1987; Twomey,
1991) that the albedo of stratus clouds is to some extent controlled by the number
concentration of the aerosol particles that serve as nucleation sites for the cloud
droplets. An increase in aerosol number concentrations may result in clouds with
more, but smaller droplets and a higher albedo, which enhances their cooling effect
on the climate system. The increase of cloud albedo caused by an increase in aerosol
concentrations is commonly referred to as the indirect effect of aerosols on climate.
This effect has been confirmed by experimental evidence. This includes measurements
of aerosol and cloud properties in ship tracks (e.g. Ferek et al., 1998), changes in the
relationship of long- and short wave cloud reflectance due to pollution outbreaks
from the European continent during ACE-2 (Brenguier et al., 2000), and seasonal

differences in stratus clouds off the coast of Australia, that can be explained by
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fluctuations in the natural background aerosol (Boers et al., 1998).

The quantification of the indirect effect has as yet large uncertainties but its
existence is quite well established locally. Thus it can be expected that globally an
increase in aerosol number concentrations by anthropogenic emissions could result
in a negative radiative forcing of the climate system (e.g. Charlson et al., 1992) by
increasing the particle concentrations in areas where the background concentrations
are low. These are the areas where the cloud albedo is expected to be most sensitive
to anthropogenic influence. However it is difficult to quantify this anthropogenic
indirect forcing and to relate a change in global cloud albedo to the anthropogenic
increase in aerosol mass or number concentrations. One of the complications is that
cloud droplets nucleate only on a subset of all aerosol particles. The identification of
this subset of the aerosol population can thus be considered a first step in linking the
indirect radiative forcing to total aerosol number or mass concentration.

The concept of cloud condensation nuclei (CCN) has been useful in this context.
CCN are usually defined as the aerosol particles that ’activate’ (i.e. grow by wa-
ter uptake that is kinetically rather than thermodynamically limited) at a certain
supersaturation (S). This concept inherently involves the assumption that prior to
activation the droplets are in equilibrium with the surrounding water vapor. If this
assumption is justified the number concentration of activated particles is only de-
pendent on the maximum supersaturation and not on the history of S. Whether this
equilibrium assumption is valid in ambient clouds is still a subject under study (e.g.
Chuang et al., 1997: Nenes et al., 2001). CCN are usually measured using CCN coun-
ters (e.g. Hudson, 1989). In these instruments the aerosol is subjected to a defined S
and particles that grow to the sizes of cloud droplets are counted as CCN. CCN can
also be calculated using Koehler theory. if the number-size distribution and chemical

composition of the aerosol particles is known.
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In this investigation we propose and test a method to calculate CCN spectra (i.e.
the CCN as a function of S) based on measured particle size distributions and hygro-
scopic properties. Subsequently, we present calculated CCN spectra for the ACE-2
measurement period from 16 June to 24 July 1997 in Sagres, Portugal (Raes et al.,
2000; Verver et al., 2000). In the past and also during the ACE-2 experiment calcu-
lated and measured CCN concentrations have often been found to disagree strongly
by factors of up to 5 (Chuang et al., 2000: Wood et al., 2000; Snider and Brenguier,
2000). During ACE-2 some of the measured CCN spectra could be explained with
very low soluble fractions in the aerosol particles (Raes et al., 2000), but this is in
contradiction to hygroscopic growth factor measurements (Swietlicki et al., 2000). To
shed more light on this problem we will test the consistency of measured hygroscopic
growth factors and chemical composition of the particles. We will also compare the
calculated CCN spectra to CCN spectra measured by a new type of instrument called
a Cloud Condensation Nucleus Remover (Ji et al.. 1998). Moreover we will include
extensive sensitivity studies to investigate a possible influence of organic compounds
on the CCN spectra.

The data from the measurement site in Sagres offer the opportunity to study the
aerosol characteristics in various air mass types ranging from marine background to
continentally polluted conditions. One further objective of this work is to comple-
ment the limited number of measured CCN spectra with a data set of calculated CCN
spectra, that covers the whole ACE-2 measurement period. This allows us to com-
pare CCN spectra in different air mass types and to estimate how much the marine

background CCN concentrations are increased by anthropogenic pollution.
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5.2 Calculation of CCN spectra using number size distributions and

hygroscopic growth factors

The equilibrium droplet size and cloud nucleating properties of an aerosol particle at
cloud humidities are most commonly described by the Koehler theory (e.g. Prupp-
bacher and Klett, 1997). According to Koehler theory each particle is characterized
by a critical water vapor supersaturation (S.). [f the ambient supersaturation (S,)
in a cloud exceeds S, the particle will become “activated’, i.e. it will grow to the size
of a cloud droplet by water uptake that is kinetically rather than thermodynamically
limited.

The classical Koehler theory is valid for aerosol particles consisting of water soluble
inorganic salts and an insoluble core. For particles containing significant soluble
material (more than 20%) S. is to a first approximation only dependent on the
number of soluble ions and molecules (.V;) in the particle and the influence of the

insoluble core can be neglected. In this case S. can be written as

4-‘43 0.5 _
% = (?Tv) - 5.1

where A :=3.3-1077/T. B := 4.3-107% and T the ambient temperature (compare
Seinfeld and Pandis (1998. pg. 787)). The classical Koehler theory neglects the influ-
ence of soluble and slightly soluble organic substances on the particle water uptake.
However there is empirical evidence that organic aerosols contribute to the CCN con-
centrations (e.g. Novakov and Penner, 1993; Novakov and Corrigan, 1996). Significant
modifications to the Koehler theory to incorporate the effect of slightly soluble and
surfactant organic substances and the uptake of soluble gases have been developed
recently (Laaksonen et al.. 1998; Shulman et al., 1996; Kulmala et al., 1997). Cur-
rently it is not possible to consider this influence of organics in the calculation of CCN

spectra directly. Only a small fraction of the organic species in the ambient aerosol
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has been analyzed and classified so far (e.g. Rogge et al., 1993) and the solubility
and effects on surface tension of organic species are largely unknown (Saxena and
Hildemann, 1996). The CCN spectra presented in this study are therefore calculated
using classical Koehler theory. Possible errors which may result from the neglect of
organic species in the calculations are estimated in a sensitivity study in section 2.2.

This section shows how the number of soluble species (ions and molecules) in a
particle and consequently S. can be estimated from its hygroscopic growth factor
at high relative humidities (r.h.) near 90%. The number of ions and molecules per
particle can in principle also be estimated more directly by analyzing inorganic and
organic compounds collected on filter or impactor samples of the aerosol. However,
those measurement methods have generally poor size resolution, incomplete chem-
ical analysis and require measurement times of the order of hours. On the other
hand, hygroscopic growth factors can be measured directly by a Tandem Differential
Mobility Analyzer (TDMA) (Rader and McMurry. 1986), which has a very fine size
resolution and the time to complete one growth factor measurement is approximately

10 minutes.

5.2.1 FEstimation of droplet size and S, from hygroscopic growth factors

A common measure for the hygroscopic growth of an aerosol particle is the diameter
growth factor (Gf), defined as the ratio of the hydrated particle diameter at some
specified relative humidity (r.h.) to the dry particle diameter. The growth factors
used in this study have been measured by the Tandem Differential Mobility Analyzer
(TDMA). In this study growth factors measured at 90% r.h. are used to estimate
the number of soluble ions and molecules in an atmospheric particle by calculating
the mass of a known model salt that is required to give the same growth factor. This

determines the number of soluble ions in the model particle which is 'equivalent’ to
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the number of soluble molecules and ions in the atmospheric aerosol. We term this
equivalent ions.

If the model salt is fully dissolved at 90% r.h., the number of equivalent ions can
be calculated as the product of the mass of water (m,,) contained in the droplet and

the molality of the solution (n):
N=i-n-my, (5.2)

where i is the number of ions in which the salt can dissociate. m, and 5 can be
estimated using the hygroscopic growth factor and empirical assumptions about the
water activity of concentrated electrolytic solutions.

Assuming spherical particle shape, the mass of water contained in an aerosol
particle at 90% r.h. can be calculated from the measured hygroscopic growth factor
(Gf) at 90% r.h.:

7ods,, (G~ 1) py,

my = : : (5.3)

where dg4,, is the dry particle diameter and p,, the density of water.

The calculation of the molality 1 is not so straight forward. The aerosol droplets
at 90% r.h. are fairly concentrated so that non-ideal solution effects have to be
considered. The vapor pressure over the droplet surface is not only a function of the
number concentration of ions in the solution. but also of the specific salt present. This
information however cannot be obtained through growth factor measurements alone.
This is the reason we choose a model salt (e.g. ammonium sulfate, (NVH,)2S0O;) to
estimate equivalent ions. For such a model salt it is possible to calculate the molality n
of the solution droplet at 90% r.h. with the help of an empirical relationship between
n and the water activity (a,).

In this work we follow an approach by Swietlicki et al. (1999) and use an empirical

formula for the molality of a (VH;),SO, solution determined by Potukuchi and
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Wexler (1995):
n =135.9 — 464.03 - a,, + 492.36 - @, + 94.33 - a2 — 459.29 - a} +200.7-a%. (5.4)

For small solution droplets the water activity (a,,) is related to the ambient r.h. as

follows:

4-0-M,
o R-T-Gf day)’

where o is the surface tension of the solution, M, and p,, the molecular weight and

ay = r.h. -exp (— (5.5)
density of water, R the universal gas constant, T the temperature, and Gf and dg,
the growth factor and dry diameter of the aerosol particle.

Combining (2)-(3) it is possible to calculate the equivalent number of ions (N;9)
in a particle. i. e. the number of ions of ammonium sulfate that would produce the
observed hygroscopic growth at 90% r.h.. Using V79 in (1) the critical supersaturation
Sc for any particle can be estimated from the knowledge of its dry diameter and
the hygroscopic growth factor at high humidities. If hygroscopic salts other than
ammonium sulfate or slightly soluble materials contribute to the hygroscopic growth
at 90% r.h. V77 is not necessarily equal to the actual number of soluble molecules
or ions in the particle. However, estimating the actual number of ions in the particle
is not the goal of this study. The equivalent ion number concentration is used as a
tool to extrapolate the hygroscopic behavior of the particle as measured at 90% r.h.
to higher humidity and supersaturations. This approach uses one main assumption:
The ratio between water uptake of the actual soluble material in the particle at 90%
r.h. and at S, is similar to that of ammonium sulfate. If this is not the case errors
can be introduced in the calculation of the critical supersaturation. The potential

magnitudes of these errors are estimated in the next section.
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5.2.2 Sensitivity studies

There are several reasons that the ratio between water uptake at 90% r.h. and water
uptake at S, of an actual particle might differ from that of ammonium sulfate, which
is used to calculate equivalent ions, S, and finally CCN spectra in this study. The
hygroscopic material in the particle might be an inorganic salt other than ammonium
sulfate. The particle may contain some slightly soluble material that is only partially
dissolved at 90% r.h. but dissolves fully at higher supersaturations. The surface
tension of the particle could be different at 90% r.h. and at S.. Soluble gases dissolve
in the diluted particle near S, but not at 90% r.h..

The sensitivity studies presented in this section have two major objectives: The
first is to explore a wide variety of aerosol compositions to see in which cases the
method of calculating CCN concentrations described in this work can be used. The
second is more specifically to investigate if this method is applicable to the conditions
in Sagres during ACE-2. A quantitative treatment can only be attempted regarding
the effects of inorganic and soluble organic species. The uncertainties associated the
uptake of soluble gases are too large to attempt a meaningful quantification and are

thus only discussed qualitatively.

Inorganic compounds

If the water activity of the solution at 90% r.h. can be approximated by Raoult’s
law (ideal solution), S. is independent of the salt used to calculate N7?. Errors in
S. are thus only due to differences in the nonideal solution effects among different
inorganic salts at 90% r.h.. For sulfate compounds (such as NH;HSO,, (NH;),SO,
or Na,S0O,) these differences are generally small and it can be shown that S, is fairly
insensitive to the specific hygroscopic salt used in the calculation of N;9. For example

if Equation 4 is replaced by a similar empirical expression for ammonium bisulfate
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(Tang and Munkelwitz, 1994) the resulting number of ions differs less than 10% from
N;? obtained by using ammonium sulfate. This corresponds to a relative difference
in Sc of less than 3% (i.e. an absolute difference of 0.0003 at S.=0.01) for an as-
sumed particle composition of ammonium sulfate vs. ammonium bisulfate and does
not result in any significant difference in the calculated CCN concentrations. For sea
salt (or pure NaCl) particles the errors in CCN concentrations can be larger (approx-
imately 25%), if the equivalent ions are calculated using the empirical expression for
ammonium sulfate. These possible errors however are of little practical concern for
several reasons. Significant amount of sea salt is usually present only at sizes larger
than the accumulation number mode and sea salt particles generally constitute only
a minor fraction of the total particle number greater than 80nm. When present, sea
salt particles usually appear as a separate mode in the hygroscopic growth factor
measurements, even if they are associated with small amounts of sulfate through at-
mospheric processing (Berg et al.. 1998b). These particles can be thus be identified
and their critical supersaturation can be estimated separately with an appropriate
empirical expression for NaCl (e.g. as measured by Tang (1997)). If there are smaller
amounts of NaCl internally mixed with the sulfate particles, the errors introduced
into the CCN spectra will be much smaller than 25% depending on the amount of sea
salt present. Impactor measurements in Sagres show that sea salt contributed less

than 5% of the mass in particles smaller than 250 nm, which provide the majority of
the CCN.

Soluble organics

In the approach described in section 2.1 S, is calculated using equivalent ions that
represent all the compounds contributing to the hygroscopic growth at 90% r.h..

Therefore all organic material that is in solution at this r.h. will be represented as an
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equivalent amount of ions, while the rest is classified as insoluble. For the accurate
estimation of S, however it is not the material dissolved at 90% r.h., but the material
dissolved at slight supersaturations that is of crucial importance. Thus, the method
presented here will be most inaccurate if organic species are present that do not
dissolve in the fairly concentrated droplets around 90% r.h. but are able to dissolve
when the r.h. nears the critical supersaturation and the droplet is more diluted.

If these soluble compounds were analyzed chemically and their solubilities in sul-
fate solutions and effects on the surface tension were known their effect could be
modeled using a modified Koehler equation (Laaksonen et al., 1998; Shulman et al.,
1996; Kulmala et al., 1997). However only a fraction of the organic compounds in the
ambient aerosol have been analyzed so far. Dicarboxylic acids are the only compounds
whose solubilities in sulfate solutions of various concentrations and whose effect on
the surface tension has been measured (Shulman et al., 1996). Those acids are there-
fore used as model compounds for other soluble organics in the following sensitivity
analysis. To estimate errors that could arise in our calculations due to the presence
of dicarboxylic acids in the inorganic aerosol particles we compare S, derived from
(2)-(5) to the critical supersaturation obtained by the more exact treatment using
the modified Koehler equation.

Figure 5.1 demonstrates this comparison for the extreme example of a 60nm parti-
cle that consists of a mixture of 10% ammonium sulfate and 90% organic acid (molar
fraction). The dicarboxylic acids considered are: glutaric acid, which is highly solu-
ble, succinic acid, which is moderately soluble, and adipic acid, which is only slightly
soluble. Since it is not clear if or how strongly dicarboxylic acids dissociate in solution
the modified Koehler curves have been calculated for a Van’t Hoff factor i ranging
from 1 to 3 and are shown as a shaded area. Also shown are the classical Koehler

curves for a 60nm particle consisting of pure ammonium sulfate (solid line) and a
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Figure 5.1: Modified Koehler curves for 60nm particles consisting of 10% ammonium
sulfate and 90% dicarboxvlic acids are shown as shaded areas. taking into account
that the Van’'t Hoff factor might varv between 1 and 3. The classical Koehler curves
for a particle of pure ammonium sulfate and a particle that contains 10% ammonium
sulfate and 90% insoluble core are shown for comparison
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60nm particle that contains an equal volume of insoluble material instead of the or-
ganics (dashed line). The first curve represents the Koehler curve that would result
from our calculations based on equivalent ions, if the organic acid was fully dissolved
and fully dissociated at 90% r.h.. The second curve represents the Koehler curve we
would result from our calculations if the organic acid was completely insoluble at 90%
r.h..

Figure 5.1(a) shows that the modified Koehler curves for particles containing large
amounts of strongly soluble organic material such as glutaric acid. The Koehler curve
for the fully dissociated acid (lower boundary of the shaded area) is very close to the
solid line representing ammonium sulfate. If an organic acid is mostly dissolved at
90% r.h., it seems justified to approximate its hygroscopic behavior by an equivalent
amount of totally soluble, dissociated ions and treat it with the classical Koehler
curve.

The hygroscopic behavior of a particle containing a large fraction of a moderately
soluble substance cannot be adequately described using hygroscopic growth factors
and the classical Koehler theory. Figure 5.1(b) shows that at an r.h. below 99% the
modified Koehler curve approaches the Koehler curve of a particle with an insoluble
core. That means that only a very small fraction of the moderately soluble substance
dissolves below 99% r.h and it will not influence the hygroscopic growth at 90% r.h..
The organic acid is therefore interpreted as totally insoluble material when N7 are
calculated from hygroscopic growth factors at 90% r.h. using (2)-(5). The calculated
critical supersaturation is thus close to the maximum of the dashed line in Figure
5.1(b) representing the Koehler curve of a particle containing an insoluble core. How-
ever, this curve deviates strongly from the modified Koehler curve at supersaturations
close to S, and CCN concentrations can be considerably underestimated.

Figure 5.1(c) shows the case of a particle containing a slightly soluble substance
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such as adipic acid. This compound does not dissolve very much at either lower r.h.
or at supersaturations close to S.. It will be interpreted as insoluble material in the
calculation of N;? from hygroscopic growth factors at 90% r.h. and acts as such at
supersaturations close to S.. The equivalent ions thus provide a good estimate of S..

A sensitivity study is conducted for particle sizes from 0.02 to 0.4um and for
ammonium sulfate particles containing 0 to 90% dicarboxylic acid by mass. It is
assumed that calculations using the modified Koehler equation give the correct S..

Errors in S, estimated by (2)-(5) are calculated as follows:

e The highly soluble glutaric acid is assumed to be fully dissolved and, for sim-
plicity, fully dissociated (i=3) at 90% r.h.. Since for a fully dissolved substance
errors in S, are independent of the degree of dissociation, this assumption does
not influence the results of this analysis. For i=3 S, estimated based on hy-
groscopic growth factors is close to the critical supersaturation of a particle
consisting of ammonium sulfate S?“/, whereas the actual critical supersatura-
tion of the mixed particle is given by the modified Koehler equation (S™°9).

The percentage error in S. can thus be estimated as (S3*/ — Smod)/Smed . 100.

e Succinic and adipic acid are presumably not dissolved at 90% r.h.. S. calculated
based on hygroscopic growth factors is close to the critical supersaturation of a
particle containing insoluble material instead of an organic acid S!™*. A Van't
Hoff factors (i=2) is assumed for these calculations. The percentage error in S,

can thus be calculated as (SI"* — Smod)/Smed . 100.

The percentage errors are shown in Figure 5.2 for particles consisting of ammo-
nium sulfate and glutaric acid (a). succinic acid (b) and adipic acid (c). Errors for
particles consisting of glutaric acid and ammonium sulfate are generally negative, i.e.

the critical supersaturation of such particles is underestimated by the calculations.
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Figure 5.2: Deviation of the critical supersaturation calculated using Koehler theory
and hygroscopic growth factors from the values of S. obtained by the full calculations
based on the modified Koehler theory. The deviations are shown in % for a range of
particle sizes and organic mass fractions. Negative values indicate an underestimate
of S. by the classical Koehler theory, positive values indicate an overestimate.
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These errors are mostly due to effects of glutaric acid on the surface tension of the
droplet near critical supersaturations. The magnitude of these errors is <10% for
organic mass fractions <0.9 and is not expected to affect the calculated CCN con-
centrations strongly. The critical supersaturations for ammonium sulfate particles
containing succinic and adipic acid are overestimated and the errors are much larger
than for particles containing glutaric acid. The errors are mostly caused by the fact
that only a negligible part of these dicarboxylic acids is in solution at 90%, but they
dissolve to a larger extent near the critical supersaturation. In this case changes in
surface tension are only second order effects. For adipic acid the errors in S, are
smaller than 30%, at organic mass fractions less than 60%. For succinic acid the
errors are smaller than 30% at organic mass fractions less than 50%.

Assuming that dicarboxylic acids are appropriate as model compounds for other
soluble organic species the sensitivity studies indicate the errors in the calculations
will not be too large unless large quantities (larger than 50% by mass) of slightly or
moderately soluble material such as succinic or adipic acid are present in the aerosol.
Considering that about 30 to 70% of the organic material in the atmospheric aerosol
is insoluble (e.g. Saxena and Hildemann. 1996) this corresponds to an organic mass
fraction of at least 80%. Such high concentrations of organics are not very common
in the atmosphere. but can be found in aerosols from forest fires in South America
or Africa (Yamasoe et al., 2000; Andreae et al., 1998).

During the ACE-2 field experiment submicron mass fractions of total carbon were
on average about 15% at the Sagres site. Even if all this carbon was slightly soluble,
which is highly unrealistic, the resulting errors in S, still would be below 10%. The
sensitivity study indicates that during ACE-2 not enough organic material is present
at Sagres to introduce significant errors into our calculation by the 'dissolution effect’

of slightly soluble organics.
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Other effects

Some of the effects that might cause the calculated CCN concentration to be inaccu-
rate are not known well enough to be included in a systematic sensitivity study. [t
has sometimes been proposed that certain organic species might inhibit or slow down
the particle water uptake. If such compounds were present in atmospheric aerosol
the CCN concentrations would be overestimated by the calculations in section 2.1.
However, little is known about the occurrence of such substances in the ambient atmo-
sphere. Some laboratory studies indicate that even thick coatings of water insoluble
materials (DOP) cannot inhibit CCN formation (Cruz and Pandis, 1998).

Some surfactant organic species might have a stronger effect on the surface tension
and lower the critical supersaturations much more strongly than dicarboxylic acids.
The calculated number of equivalent ions is not very sensitive to the surface tension
at 90% r.h. but the the activation behavior of the particle is much more strongly
dependent on the surface tension. If the surface tension of the droplet decreases by
10% due to surfactant species, CCN concentrations could be underestimated by the
calculations by up to 30%. However the surface tension of cloud water sampled in
Tenerife during ACE-2 did not differ from that of pure water Faccini et al. (2000).
This is an indication that the effects of surfactant species are probably not very
important for this general aerosol type.

Moreover the uptake of soluble gases into the growing droplets could decrease
S. significantly. The uptake of soluble gases into concentrated solution droplets is
difficult to estimate since it depends on the composition, concentration and pH of
the solution. The uptake of soluble gases would lead to an underestimate of CCN
concentrations by the calculations. For this study, it is impossible to estimate the
magnitude of this effect because of lack of air chemistry and thermodynamic data.

Despite these possible shortcomings it can be useful to the calculate CCN spec-
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tra in situations where the organic mass fractions are low. Both the hygroscopic
growth factor and the aerosol size distributions can be measured using established,
calibrated techniques at high size and temporal resolution. Using simple and tried
measurement methods combined with calculations even if some assumptions have to
be made can be an advantage to more complicated instruments that are susceptible
to larger measurement uncertainties. In the following section one crucial assumption
is tested against measurements to assure that it does not introduce significant errors

into the CCN calculations.

5.3 Hygroscopic consistency study

The calculation of CCN based on hygroscopic growth factors involves the crucial
step of estimating the number of equivalent ions in the aerosol particles which are
representative of all hygroscopic and soluble species that contribute to the hygroscopic
growth at 90% r.h.. If the aerosol does not contain much soluble organic material the
number of equivalent ions based on hygroscopic growth factors should be comparable
to the number of chemically analyzed inorganic ions in the particle. At Sagres, where
the aerosol was mainly composed of ammonium and sulfate (on average more than
80% of the submicron mass) such a comparison is possible. Thus, a comparison of the
number concentrations of equivalent ions calculated using hygroscopic growth factors
and particle number size distribution to the number concentrations of inorganic ions
found by the chemical analysis of impactor samples can be made. Similar studies have
been done previously by Swietlicki et al. (1999); Berg et al. (1998a). If this internal
consistency study is successful it gives confidence in the impactor and growth factor
measurements and also in our ability to derive inorganic ions from growth factor

measurements.
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5.3.1 Data base

The data necessary for the hygroscopic consistency study are: the number concentra-
tion of inorganic ions chemically analyzed in impactor samples, the particle number
size distributions from 50 to 800 nm, and hygroscopic growth factors to calculate the
numbers of equivalent ions in a single aerosol particle. The latter two measurements
can be combined to estimate the number concentration of equivalent ions in certain
particle size ranges. During the ACE-2 measurement campaign in Sagres aerosol par-
ticles were sampled using a Berner type, low pressure impactor (Berner and Liirzer,
1980). The impactor collected aerosol in 5 stages with dso cut-offs at 0.05, 0.14, 0.42,
1.2, 3.5, and 10 um aerodynamic diameter (d,.) at a controlled humidity of 60% r.h..
The deposits were extracted in deionized water and analyzed by capillary zone elec-
trophoresis. Organic and elemental carbon were determined by a thermal desorption
method. The experimental methods and the chemical data are described in more
detail in Neusii et al. (2000). The hygroscopic growth factors of particles with dry
diameters of 35. 50. 100. 150 and 250 nm were measured using a TDMA (Swietlicki
et al., 2000). Number size distributions were measured by a high resolution Twin
Differential Mobility Analyzer(TDMPS) (Birmili et al., 1999) in the size range from
3 to 800nm.

This consistency test is done for the second impactor stage that collects particles
with dg. between 0.14 and 0.42 um. The aerodynamic cut-off sizes of impactor stage 2
refer to particle sizes at the impactor sampling r.h. of 60% (d%9%), where the particles
are probably still hydrated due to hysteresis effects and the occurrence of hygroscopic
salts with low deliquescence humidities such as ammonium bisulfate. In the TDMPS
and TDMA system the aerosol particles are dried to an r.h. of <10% before the
measurements are made. Therefore the impactor cut-offs have to be converted to dry

Stokes diameters (d%"¥) to be comparable to the TDMA and TDMPS measurements:
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where p4,, is the density of the dry aerosol particles, p(60%) the density of the aerosol
particles at 60% r.h., p,, the density of water, and G f(60%) the hygroscopic growth
factor of the particles at 60% r.h.. Using (6) the lower and upper cut-off diameters
of impactor stage 2 are converted to dry Stokes diameters of 0.1 um and 0.29um
respectively. Campaign averages of the growth factors at 60% (1.21 at 0.1 um and

1.25 at 0.25 pm) and a dry density of 1.6 g/cm® were used.

5.3.2 Calculation procedure

The concentration of equivalent ions for particles in the size interval between 0.1 and
0.29 um is estimated from hvgroscopic growth factors and the number size distri-
bution. The hygroscopic growth factors at 100, 150 and 250nm are interpolated to
the diameters of size distribution measurements. At those diameters the equivalent
number of ions per particle \V; is calculated as described in section 2.1 using (2)-(5).
Aerosol collected on impactor stage 2 consists almost exclusively (numbers) of am-
monium and sulfate. The measured ammonium to sulfate ratio R of each impactor
sample is used to decide if ammonium sulfate ((NH4),SO4, R > 1.75), letovicite
((NH4)3H(SOy)2. 1.25 < R < 1.75) or ammonium bisulfate (NH{HSOy, R < 1.25)
is the dominant sulfate compound. For ammonium sulfate and letovicite an appro-
priate empirical expression similar to (4) is used in the calculation. The empirical
expressions are based on measured data by Tang and Munkelwitz (1994).

The growth factor measurements indicate that sometimes the aerosol at Sagres
consists of an external mixture of more hygroscopic and less hygroscopic particles. For

those external mixtures :V; values were calculated separately for the more hygroscopic
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particles (N™) and the less hygroscopic particles (N?*). The number concentration
of equivalent ions d.\V;/dlog(d) at each diameter di of the size distribution measure-

ments are calculated as follows:

dN; dN dN
T = ./V?“h —_— . / th . ——
leg(dk) i (dk) leg(dk) nmh(dk) + Vx (dk) leg(dk)

- nyp (d) (5.7)
where dN/dlog(dx) is the number size distribution at diameter di and n,(d;) and
nin(di) are the relative number fraction of more and less hygroscopic particles at
diameter d;.

The number concentration of ions at the 7 diameters di that lie within the size
interval between the cut-off diameters of impactor stage 2 are averaged. Since the
impactor sampling time is much longer than the time for a TDMPS measurement,
equivalent ions are calculated for each TDMPS measurement during one impactor run
and subsequently averaged. Samples. for which less than 50% of the impactor run

time is covered by DMPS and TDMA measurement are excluded from the analysis.

5.3.8 Results

The number concentration of inorganic ions as measured by chemical analysis of
the deposits on impactor stage 2 vs. the number concentration of equivalent ions
calculated from hygroscopic growth factors is shown in Figure 5.3 along with un-
certainty estimates described below. Most of the data points lie close to the 1:1
line. Since the data points have uncertainties both in the x and y direction the
reduced major axis regression (RMA) was used to fit a straight line to the data
(Ayers, 2001). Unlike the conventional linear regression the RMA method vields a
fit line that is invariant to exchanging the x and y axes. The resulting linear fit

(dNet/dlog(d) = k - AN /d log(d) + d) vields k=0.91 and d=11 with R?=0.9.
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Figure 5.3: Comparison of the measured and the calculated ion number concentra-
tions for impactor stage 2.

On average the ratio of calculated ion number concentrations to the measured ones
is 1.11+0.28. This overestimate by 11% is mostly due to a difference in measured
and calculated ion number concentrations in clean conditions. It can be seen that the

measured values are significantly lower than the calculated values at very low aerosol



130

concentrations. If the 7 data points with ion number concentrations lower than 40
nmol m~3 are excluded, the average ratio of calculated to measured ions decreases to
1.03+0.21.

The consistency test can be considered successful if the differences in measured
and calculated ion number concentrations can be explained by the measurement un-
certainties. The consideration of the uncertainties in both measurements and calcula-
tions is thus an important part of a consistency test (see e.g. Quinn et al. (1996)). The
uncertainties in the chemical analysis. particle number concentrations, and growth
factors are estimated based on the lo standard deviation of repeated measurements,
calibrations and counting statistics.

The 1o uncertainty in number concentration of ions determined by the chemical
analysis is roughly +20% Neusiiff et al. (2000). The experimental uncertainty of the
hygroscopic growth factors at 90% r.h. is estimated to be £5% due to sizing, flow
and counting statistics in the TDMA system. Also the uncertainty in the fraction of
more hygroscopic and less hygroscopic particles is approximately +5% arising mostly
from inaccuracies in the fitting routine. The particle number concentration is known
to approximately +10% and sizing errors of the TDMPS and TDMA system lead to
an uncertainty in dry particle size of about +1%.

The uncertainties in particle number concentrations and growth factor have to
be propagated through the ion concentration calculation. A Monte Carlo approach
is used for the error propagation. The input parameters (the more and less hygro-
scopic growth factors Gf™" and G f'». the fraction of more hygroscopic particles nms,
the particle diameter d. and the particle number concentration dN/d log(d)) are each
randomly generated assuming that they are normally distributed around the mea-
sured value with a standard deviation of the measurement uncertainty. Then the

number concentration of equivalent ions is calculated. This procedure is repeated
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10,000 times and the mean and the standard deviation of the resulting 10,000 ion
number concentrations are calculated. The standard deviation of the Monte Carlo
results represents the uncertainty in the ion number concentrations arising from the
measurement uncertainties. These uncertainties are averaged over the impactor size
interval and measurement times.

The uncertainties in calculations and measurements are shown as uncertainty bars
about the data points in Figure 5.3. These uncertainty bars represent 1 standard
deviation, i.e. a probability of 68% that the 'true’ ion concentration lies between
those uncertainty bars. It follows that including uncertainty bars 68% or more of the
data points must lie on the 1:1 line if the difference in calculated and measured ions
is due to measurement uncertainties alone. In this experiment approximately 75%
of the data include the 1:1 line within their uncertainty bars. This shows that the
calculated and measured ion number concentrations agree within the measurement
uncertainties and that the calculations and measurements are consistent within our

experimental uncertainty.

5.3.4 Discussion

The results of the hygroscopic consistency study show that in the presence of low
concentrations of organic material as observed in Sagres and generally during ACE-2
(NeusiiB§ et al., 2000: Putaud et al.. 2000) the calculated equivalent ion concentrations
reproduce the measured number concentrations of inorganic ions successfully. This
suggests that the hygroscopic growth factor measurements are valid and that it is
possible to use those measurements for predicting the number of ions in a particle.
On average the calculated ion number concentrations are 11% greater than the
chemically measured ion number concentration. At low number concentrations (clean

conditions) this difference is significant. This is an indication that the particle water
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uptake at 90% r.h. is higher than that attributed to the measured inorganic ions
alone implying that other species such as soluble organics could have contributed
to the hygroscopic growth. However, there is no indication that the particle water
uptake not explained by inorganic ions increases when the mass fraction of organic
compounds in Sagres is high. In fact these two quantities are completely uncorrelated.
Thus there is no indication that organics contribute to the hygroscopic growth even
in clean conditions when the organic mass fractions are higher. It is more likely that
in clean conditions the detection level of the impactor measurements is approached.
Systematic errors in the chemical analysis at those low sample amounts are most
likely the explanation for the differences between measurements and calculations at

low ion number concentrations.

5.4 CCN spectra in Sagres during ACE-2

Direct measurements of CCN spectra during ACE-2 in Sagres are limited to a few
days. One objective of this work is to compare calculated and measured CCN spectra.
Another more general objective is to calculate a larger data set of CCN spectra
based on hygroscopic growth factors and number size distributions to be able to
compare CCN spectra representative of different air masses and air mass histories
that occurred during ACE-2. The number size distribution measured by the TDMPS
system and growth factors measured by the TDMA are used in the calculations. For
all particles in the size distributions the critical supersaturation S. is estimated as
described in section 1 using (1)-(3). The ammonium to sulfate ratios of impactor
samples were used to identify the dominant sulfate salt and an appropriate empirical
expression for each salt was used as equation 4. The number concentration of particles
activated at supersaturation S is calculated as the sum over all particles with S, <

S. Experimental uncertainties in the measurements of hygroscopic growth factors,
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particle diameters and number concentrations are propagated to CCN concentrations
using a Monte Carlo method analogous to the one described in section 3. CCN spectra
are calculated for all time periods in the ACE-2 field campaign in Sagres during which

size distribution and growth factor measurements are available.

5.4.1 Comparison of calculated and measured CCN spectra

CCN spectra were measured using a CCN remover (CCNR) (Ji et al., 1998). In this
instrument number size distributions are measured downstream of a supersaturation
chamber, where S is varied from 0% to approximately 1% and nucleated particles
are removed by gravitational settling. After passing the supersaturation chamber the
particles are dried and their size distributions are measured by a electrical mobility
analyzer. The difference between the number concentration of particles measured at
S=0%. the reference size distribution. and the number concentration at a higher S
vields the number concentration of CCN.

Each of the CCNR measurements was compared to calculated CCN spectra aver-
aged over the CCNR run time. Figure 5.4(a) and (b) shows a comparison of calculated
and measured CCN spectra on two different days. In both examples calculated and
measured spectra are similar in shape but appear shifted by a constant concentration
factor. This shift is most likely caused by a sample flow or dilution error in the CCNR
as can be argued by comparing the dry reference size distributions measured by the
CCNR and by the TDMPS system. As examples the reference size distributions of
both instruments corresponding to the above CCN spectra are shown in Figure 5.4(c)
and (d). Over all sample days the size distributions of both instruments are in most
cases very similar in shape but like the CCN spectra they are shifted by a constant
concentration factor. Since the DMPS size distributions have been validated in var-

ious comparisons (e.g. the hygroscopic consistency study in the previous chapter, a
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Figure 5.4: The upper panels show measured and calculated CCN spectra an two
different days. The lower panels show the corresponding base size distributions as
measured by the CCNR and the TDMPS svstem

closure study involving impactor mass. Neusi8 et al. (2000), and a comparison of
total number with a condensational particle counter) it seems likely that the size
distributions in the CCNR are affected by a dilution and flow error.

Thus a further comparison of the differences in calculated and measured CCN

spectra requires a correction of the CCNR concentration. Therefore, each CCN spec-
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trum measured by the CCNR is multiplied by a correction factor to make the CCNR
reference size distribution agree best with the TDMPS size distribution. After this
first order correction. it seems that there is an additional loss of fine particles with
diameters less than 40nm in the CCNR and occasionally there is a loss of larger
particles. The causes for the fine particle loss are unclear at present since diffusion
losses should not be large at 40nm. The loss of larger particles can be explained by
the fact that the CCNR reference size distributions are measured after the aerosol
passed the supersaturation chamber at S=0%. At these high relative humidities some
of these particles can take up enough water due to hygroscopic growth that they fall
out of the air stream as if they were cloud droplets and are missing in the base size
distributions. These second-order differences in the reference size distributions are
not corrected since the loss mechanisms are not completely clear and there is no
consistent method for correction.

After the first-order correction the measured CCN spectra show a much better
agreement with the calculated CCN spectra. The final results of this comparison are
shown in Figure 5.5. The calculated and measured CCN number concentrations at
S= 0.3%, 0.5%, 0.7% and 0.9% are plotted in Figure 5.5(a)-(d) along with the least
square best fit (solid line) and the 1:1 line (dotted line). The results for the slope
and residual of the linear regression lines (CC N g = k - CC Nypeas + d) are given in
Table 5.1.

The R? values are generally high. between 0.89 and 0.93. The calculated CCN
concentrations still seem to be larger than the measured CCN concentrations. The
measurements and calculations differ on average by 35+20% at S=0.3%, 34+14% at
§$=0.5%, 27+10% at S=0.7% and 28+10% at S=0.9%. The difference is significant
at the 95% confidence level in all cases. However it should be noted that at S=0.3%

the mean difference between measurements and calculations is of the same order of
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Figure 5.5: Calculated vs. measured CCN concentrations at different supersatura-

tions. Also shown are the 1:1 line and the linear least square fit for each case

magnitude as the measurement uncertainties.

The overestimate could have different reasons. After the dilution correction there

are still some differences in the base size distributions. for example due to the selective

loss of large particles in the CCNR as explained above. These second-order differences

in the base size distributions could explain some of the discrepancy between measured

and calculated CCN spectra. but surely not all of it. Another possible reason is
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Table 5.1: Slopes (k) and residuals for the linest least squares fits shown in Figure
5.5, with the corresponding 95% confidence intervals (CI)

S%) | k 95%CI |d(em™) 95%CI | R?

0.3 {129 0.98-1.59 116 -403-635 | 0.89
05 |1.12 0.89-1.33| 367 -150-885 | 0.93
07 | 106 084-128| 447  -150-10450.92
09 |101 0.81-1.21 643 24-1261 | 0.93

that some of the aerosol particles might contain organic species that inhibit or slow
down the water uptake. In this case particles that are technically activated at the
supersaturation in the CCNR might grow too glowly to fall out of the air stream in
the instrument. There have been indications tha¢ the Van't Hoff factor of ammonium
sulfate might be lower than 3 in droplets of sizes B€ar the critical radius. If the Van't
Hoff factor was decreased by 30% in the growipg droplets the assumption that the
inorganic species are fully dissociated could introduce an error that varies from 20%

to 10% for supersaturations from 0.3% to 1%.

Finally kinetic limitations could prevent the activation of some particles in the

instrument. It has been proposed that this proc¢sS might influence the CCN concen-
trations in stratus clouds (Chuang et al.. 1997; Nenes et al., 2001). However due to
the long residence time of the particles in the CCNR (greater than one minute) this

effect is very unlikely. Thus the difference between measurements and calculations

cannot be explained with certainty, especially sin€€ the hygroscopic consistency study

showed agreement between measured ion numbef concentrations and equivalent ions

derived from growth factor measurements. HoweVer it is also important to keep in

mind that there are few data points in this comparison and the 95% confidence levels
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on both the slopes and the residuals are quite large. The results should thus not be
over interpreted.

The fact that the calculated CCN concentrations are larger than the measured
ones suggests that in Sagres neither soluble gases, nor moderately soluble or surfactant
organic compounds have a strong influence on the instrumental CCN activation.
Surfactant organic species, slightly soluble organics, and soluble gases, all decrease
the critical supersaturation (S.). If any of those effects were significant in Sagres the
calculated CCN concentrations would be lower than the measured concentrations. It
might also be possible that these effects are present but their influence on the critical
supersaturation is accounted for by the estimation of equivalent ions from hygroscopic
growth factors.

In other recent studies (Chuang et al., 2000;: Wood et al., 2000; Snider and Bren-
guier, 2000) the differences between measured and calculated CCN concentrations
are larger than in this work and are in extreme cases as large as a factor of 5. In
this context the comparison presented here seems to be reasonably successful after
the dilution correction has been applied. There is a strong similarity in the shape of
the calculated and measured CCN spectra and calculated and measured CCN con-
centrations are strongly correlated. It seems thus useful to complement the limited
number of measured CCN spectra with a larger, calculated data set, that covers most
of the ACE-2 period in Sagres, bearing in mind that CCN concentrations might be

somewhat overestimated.

5.4.2 Calculated CCN spectra in different air mass conditions

During the ACE-2 field experiment the measurement site at Sagres was influenced by
several different air mass types. For the first half of the experiment clean air com-

ing from the Atlantic prevailed, whereas during the second half polluted air masses
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originating over the European reached Sagres more frequently. The whole data set
of CCN spectra is subdivided into clean and polluted time periods according to air
mass back trajectories. Trajectories for the clean time periods originate over the At-
lantic or the Arctic ocean as defined in Chapter 3. Trajectories for the polluted time
periods are subdivided according to the distance, time and pathway from the source
region as explained in Chapter 3. Air masses containing aged pollution originate over
France or Great Britain and flow out over the Atlantic, where they spend several days
before reaching Sagres. Air masses containing more recent pollution originate over
central Europe or the Mediterranean region and cross the Iberian Peninsula before
they reach Sagres from inland.

Figure 5.6(a) shows a comparison of average CCN spectra in clean conditions,
aged and fresh pollution. The spectra in polluted air are similar at low supersatura-
tions (S), but at $>0.1% the CCN concentrations in the recently polluted air mass
exceed the CCN concentration in aged pollution by a factor of up to 3. This result
agrees with observations that recently polluted air masses contain more newly formed
particles and the aerosol size distribution is shifted towards smaller particles. These
small particles are activated at higher supersaturations resulting in CCN spectra that
increase strongly at higher S. In the aged pollution those fine particles have mostly
vanished due to coagulation and growth processes. At the same time the number of
larger particles in the air mass contaminated by aged pollution increases so that at
low S the CCN spectra in aged pollution are comparable to the ones in fresh pollu-
tion. The clean air masses are comparatively devoid of large particles that activate
at low supersaturations but the CCN spectra in clean conditions and aged pollution
are similar at S>1%.

The CCN that are activated at supersaturations typical for stratus clouds are

most important in the indirect effect of aerosols on climate. Those supersaturations
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Figure 5.6: (a) Calculated CCN spectra averaged over all clean time periods (solid
line) and over the time periods when Sagres received aged pollution (dashed line) and
recent pollution (dash-dotted line). (b) Mean CCN spectrum for clean conditions is
shown along with a fitted Error function (dashed line) and a fitted power function.
(c) The average CCN spectrum in aged pollution (solid line) together with the best fit
Error function (dotted line. mostly invisible because it coincides with the measured

spectrum). (d) same as in (¢) but for recent pollution
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are generally estimated to lie below 0.5% (e.g. Cantrell et al., 1999; Vong and Covert,
1998). CCN activated at those low supersaturations are increased strongly by pol-
lution. The CCN concentrations at S=0.2% are on the average 400-500 cm =3 in
clean conditions and increase to approximately 1500 cm ™2 in aged pollution and to
2500 cm™? in recent pollution. Even aged pollution in air masses that spent several
days over the ocean has a large effect on the CCN concentrations at supersaturations
typical for stratus clouds. Similarly high cloud droplet number concentrations have
been measured in a cap cloud in Tenerife during the ACE-2 measurement period
when polluted air masses reached the island after days of transport over the ocean

(Martinsson et al.. 2000).

5.4.3 Parameterization of CCN spectra based on lognormal size distributions

The CCN spectra in different air mass conditions can be parameterized for modeling
purposes. Traditionally a power function of the form § = C - S* has been used for
that purpose (e.g. Twomey, 1959: Hudson et al.. 1998). However there is no physical
reason why the CCN spectra should follow a power law. This has also been noted by
Ji and Shaw (1998) who propose an exponential function for the description of CCN
spectra. It is well established that the size distribution of the atmospheric aerosol
within the Aitken and accumuiation mode range can be described by one or a com-
bination of two or more lognormal distributions. Since a CCN spectrum is to a first
approximation an integration of the size distribution, the CCN spectra should have
the form of an Error function (erf). In this work we thus chose the following function

for the parameterization of the CCN spectra:

Neen = A (1+e7‘f [M]) ,

C
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Table 5.2: Error function fit parameters for different air mass conditions

air mass A(em™3) B C
clean 940 0.2 1.4
aged pollution 1700 1.4 16
recent pollution 4240 1.2 1.2
clean (two error 86 24 -
functions) 805 0.1 -

with A, B and C as adjustable parameters.

The error function proposed in (8) was fitted to the three average CCN spectra
in Figure 5.6(a). The parameters A. B, and C for each spectrum are summarized in
Table 5.2.

The fitted curves are shown as the dashed lines along with the CCN spectra (solid
lines) in Figure 5.6(b)-(d) for the three different air mass conditions. A single error
function proposed in (8) provides an almost perfect fit for the CCN spectra in pol-
luted conditions. These spectra clearly do not follow the traditional power function
which would appear as a straight line on a log-log plot. Instead the spectra become
sub linear near supersaturations of about 0.3% consistent with a lognormal particle
size distribution. However the error function proposed in (8) does not provide a good
fit for the average CCN spectrum in clean conditions. The CCN at low S are seriously
underestimated as can be seen in Figure 5.6(b). This discrepancy arises because the
particle size distributions in clean marine conditions are generally bimodal and can-

not be approximated by a single lognormal distribution. Indeed the CCN spectra
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of aerosol with a bimodal size distribution appear roughly linear in the log-log plot.
The power function is therefore a better approximation for the clean CCN spectra
than a single Error function although it is not theoretically linked to the particle
size distribution. The power function is useful to approximate marine CCN spectra,
but our results show that it cannot be simply extrapolated to polluted conditions.
A better approximation for the clean CCN spectra is however achieved by using a

linear combination of two error functions:

Neen = A1 (1 + erf [—log (S) + Bl]) + A2 (1 + erf [-log (S) + B2)), (5.9)

where the parameter C has been set to 1. to avoid too many free parameters. The
values of the parameters can be found in the lower part of Table 2. The fit (not shown

in Figure 5.6(b)) is not visually distinguishable from the measured spectrum.

5.5 Summary

In this paper we proposed a method of calculating CCN spectra from measured
number size distributions and particle hygroscopic growth factors. The hygroscopic
growth factors are used to derive equivalent ions and equilibrium droplet growth and
subsequently the critical supersaturation (S.). Errors can be introduced into the
calculations if the aerosol contains very high fractions of moderately soluble organic
species, by the uptake of soluble gases into the growing droplet and by the presence
of surface active organic compounds. In those cases the CCN concentrations would
be underestimated. However. in Sagres the calculated CCN concentrations are larger
than the measured ones. Therefore it can be concluded that organic species and

dissolution of soluble gases did not have a strong influence on the CCN activation at
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this location.

The method of estimating equivalent ions from hygroscopic growth factors was
independently tested by an internal hygroscopic consistency study. The number con-
centration of calculated equivalent ions was compared to the number concentration of
ions obtained from chemical analysis of impactor samples. Measured and calculated
ions agree within the respective uncertainties except for samples taken on days with
low particle number concentrations. In those very clean conditions the calculated ion
concentrations are substantially higher than the measured concentrations and it is
likely that the detection level of the impactor/chemical analysis method is reached.

CCN spectra were calculated throughout the ACE-2 measurement period when-
ever size distribution and growth factor measurements were available. The spectra
were averaged over time periods when Sagres received clean North Atlantic air masses
and air masses influenced by aged or recent pollution from continental Europe. CCN
concentrations at supersaturations typical for stratus clouds are strongly enhanced
by pollution outbreaks compared to CCN concentrations in marine background con-
ditions. Even in air masses that contain aged continental pollution and spent several
days over the Atlantic before reaching Sagres the CCN concentrations at $=0.2% are
about 3 times higher than in clean air masses. In recent pollution when air masses
reach Sagres from inland or the Mediterranean sea the CCN concentrations are about
5 times higher than in clean air masses.

In polluted air masses the shape of the CCN spectra changes. The clean spec-
tra can be described by the power function often used in the literature, although
this function is not physically linked to the particle size distribution. This power
function is only a good approximation to the clean CCN spectra if the size distribu-
tion is bimodal in marine background air masses. When continentally polluted air

masses reach Sagres the number size distribution resembles a unimodal lognormal
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distribution. In those polluted cases an error function provides a very good fit to the

data.
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Chapter 6

HYGROSCOPIC GROWTH AND AEROSOL
PROPERTIES

Parameterizations of diameter growth factors and of the humidity dependence
of aerosol optical properties are important for assessing the direct effect of aerosols
on climate. Climate models face the challenge to link mass concentrations of an-
thropogenic aerosol to the direct radiative forcing (DF) of these particles. Often a
semi-empirical equation is used to relate DF to the aerosol burden. An example for
a semi-empirical expression is the equation proposed by Charlson et al. (1992) that
expresses the direct radiative forcing of anthropogenic sulfate (DFsp,) aerosols as
a function of sulfate column mass burden Bso, and several empirically determined

radiative properties of the sulfate aerosol:

1 -, - -
DFso, = -—;FT -T2 (1-4,)-(1 - R,)%- Bso, - aso, - fs(r.h.) - 3. (6.1)

The first four parameters characterize radiative properties of the earth-atmosphere
system, that are independent of the aerosol. Fr is the top of the atmosphere radiative
flux, T the transmittance of the atmosphere above the sulfate layer. A. the fractional
cloud cover and R, is the mean albedo of the underlying surface. The remaining
parameters characterize radiative properties of the aerosol particles. aso, is the
scattering coefficient per unit mass of the dry aerosol. However ambient aerosol

particles are not usually in the dry state. but contain a certain amount of water
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dependent on the ambient relative humidity. f,(r.h.) represents the average increase in
the light scattering coefficient due to particle water uptake in the ambient atmosphere.
The product of asog,, Bso“ and f,(r.h.) is the column averaged light scattering of
sulfate aerosols at ambient conditions. The fraction of incoming radiation scattered
back to space is obtained by multiplying the total light scattering with the up-scatter
fraction 3. 3 represents the radiation scattered in the upward hemisphere averaged
over a whole diurnal cycle. More refined equations have been proposed to include
aerosol absorption (e.g Haywood and Shine. 1995; Chylek and Wong, 1995). All the
expressions found in the literature have in common that the direct aerosol forcing
depends on f,(r.h.).

Calculated values of f,(r.h.) for the aerosol measured in Sagres during are pre-
sented in this chapter. They are derived using the diameter growth factors measured
by the HTDMA and the dry number size distributions measured by the HTDMA.
First ambient, humidified number size distributions are calculated. The humidified
and the dry size distribution are used in Mie calculations to derive scattering prop-
erties for the dry and the humidified aerosol. This approach makes it possible to
relate f,(r.h.) to diameter growth factors and properties of the number-size distribu-
tion. This ability to derive simple parameterizations of f,(r.h.) is an advantage of
calculating f,(r.h.) from more basic aerosol properties.

The measurement methods of both the size distribution and hygroscopic growth
factors are relatively simple and established and have been evaluated in several con-
sistency studies (e.g. Swietlicki et al.. 1999; Berg et al., 1998a; Birmili et al., 2000).
This might be an advantage to using more complicated instruments that measure
fs(r.h.) more directly, but are more susceptible to measurement errors and not well
characterized. However the calculations rely on some assumptions about the particle

refractive index and shape. that could lead to errors in the calculated f,(r.h.). During
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ACE-2 in Sagres measurements of the light scattering of dry and humidified parti-

cles are available. This gives an opportunity to compare the calculated f, to direct

measurements.

6.1 Theory

Particles scatter light by re-radiating incident energy at the same wavelength but
in a direction different from the direction of the incident light. The intensity of
the scattered light varies with scattering angle ¢. The direction of the scattering
angle is defined as =0 for light scattered in the same direction as the incident beam
(forward scattering) and o= for scattering in the opposite direction as the incident

beam (backscattering). This is illustrated in Figure 6.1.

scattered beam

incident beam

Figure 6.1: Definition of scattering angle ¢

Due to complicated interaction of a small particle with an electro-magnetic field
particles often remove a different amount of light from the original beam, than the

'shadow’ they cast by their geometric cross section. The scattering efficiency Q, is



149

defined as the ratio of the scattering cross section and the geometrical cross section
of an aerosol particle. Q, depends only on the particle reflective index m and on the

ratio of particle diameter to the wavelength of the incident light.

1 ts
Qs_

=27/, (21(@, @, m) + i1(0, a, m)) - sin(¢)do. (6.2)

where the size parameter « is defined as:
wd
T

d is the particle diameter. A is the wavelength of incident light. i, and i, are the

O =

(6.3)

so-called angular intensity functions. These angular intensity functions relate the
intensity I(®) scattered into the angle o to the incident intensity I;. For unpolarized
incident light the component of [(®) polarized normally to the scattering plane is

given as:
i (@. Q, m)
k252

and the component of [(0) polarized normally to the scattering plane is given as:

Io)* =1I- (6.4)

; i2(¢~ Q,'m)
1(0)" =1I- T k2

(6.5)
where k is the wave number and r is the distance from the particle to the observer. Mie
theory provides a method of calculating i, and i, by solving the Maxwell equations
subject to the particle surface boundary conditions. A Mie routine by Wiscombe
(1980) is used for the calculations presented in in this work.

The scattering coefficient o, of an aerosol with number size distribution dN/dlog(d)

can be calculated as:

dmar rd? dN
9s = 0 Qs(a,m) - I dlog(d)

dlog(d). (6.6)
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Figure 6.2 shows the scattering cross section as a function of particle size compared

to the actual cross section of the particle.
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Figure 6.2: Scattering cross section as a function of particle size for an incident
wavelength of 500nm

The scattering cross section is calculated for an incident wavelength of 550 nm. a
wavelength near the peak of the solar spectrum. At particle diameters below 200nm
the scattering cross section is lower than the physical cross section of the particle.
Particles in the Aitken mode size range and even small accumulation mode particles
do not scatter light verv efficiently. Particles with sizes from 300 to 1000nm scatter

more light than their physical cross section blocks out of the incident beam and the
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scattering cross section for particles in the coarse mode range shows oscillates between
the physical cross section and values larger than the physical cross section. Except for
small ripples on the main peaks the scattering cross section increases monotonically
with size. The main reason why hygroscopic growth increases the scattering of the
particles is to a first order the increase in particle surface area.

Figure 6.2 can be used to qualitatively explain the fact that the humidity depen-
dence of the scattering is in general dependent on the dry particle size distribution.
For a single particle of a certain dry size the increase in scattering by hygroscopic
growth can be estimated by increasing the particle size by a factor of 1.5 to 2, which
is typical for hygroscopic growth at 80-90% and compare Q, at both sizes. For par-
ticles smaller than 200nm the scattering cross section increases very strongly with
particle size. If the particle size doubles the scattering cross section increases nearly
two orders of magnitude. The increase of scattering with particle diameter is ap-
proximately linear in the log-log plot. indicating that in this size region the increase
in scattering with humidity is independent of dry particle size and only dependent
on the diameter growth factor. However at larger sizes where most of the scattering
occurs the shape of the curve is more complicated. The increase in scattering with
humidity is dependent on the dry particle diameter or. if a whole size distribution is
considered, on the dry size distribution.

The calculations presented in this chapter focus on submicron particles. There
is evidence that anthropogenic coarse particles, such as road dust or dust from dis-
turbed soils contribute to the direct forcing of climate (Tegen et al., 1996).However
these particles generally exhibit little hygroscopic growth, which is supported by some
measurements on the hygroscopic growth of coarse mode particles in an urban en-
vironment (Hitzenberger et al.. 1997) and a study on the light scattering of mineral

dust (Li-Jones et al.. 1998). In the marine environment most of the coarse particles
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are sea salt particles, which are hygroscopic in nature. However since these particles
are of natural origin they are generally not important for the anthropogenic aerosol

forcing of climate.

6.2 Scattering consistency study

6.2.1 Direct measurements of scattering coefficients at high and low relative humidity

During the ACE-2 field experiment scattering coefficients at high and low r.h. were
measured by a controlled humidity nephelometry system (Carrico et al., 1998, 2000)
at the Sagres measurement site. The system is a Tandem-Nephelometer consisting of
two integrating nephelometers model TSI 3563. The first nephelometer is operated
at relative humidities smaller than 30% to assure a relatively dry aerosol. The second
nephelometer is operated at relative humidities near 82%. Before the aerosol enters
the Tandem-Nephelometer a defined upper cut-off size is imposed by an impactor.
This cut-off size alternates between 1um and 10um. The consistency study is limited
to the measurements with an upper cut-off size of 1um, since the calculations present
later in this section focus on sub micrometer particles.

The directly measured scattering humidification factor f7*(r.h.) is defined as the
ratio between the scattering coefficients measured in the dry and the humidified neph-
elometer: f}*(r.h.)=0o*(r.h.)/o7*(dry) at r.h.=82%. Figure 6.3 shows the measured
scattering coefficients at 28% and 82% r.h. and f7*(82%) for the ACE-2 measurement
period.

The first half of the measurement period was dominated by clean air masses
originating over the Atlantic interrupted by a few pollution episodes. The second
half of the measurement period was dominated by polluted air mass originating over

Europe. The scattering coefficients in polluted periods were up to 50 times larger than
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Figure 6.3: Overview of the measured scattering at Sagres during ACE-2:(a) Scatter-
ing coefficients at 28% r.h. and at 82% r.h.. (b) f™(82%)

those in clean periods. The increase due to the humidification is a second order effect
compared to the increase in scattering caused by increased particle concentration
during polluted periods . f* is higher and more variable during the first part of the

experiment. [t decreases to approximately 1.5 and is surprisingly stable during the
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second, more polluted part of the experiment.

6.2.2 Modeling the nephelometer data based on number size distributions and diam-

eter growth factors

The scattering coefficient measured by the nephelometer is slightly lower than the
actual scattering coefficient because the nephelometer measures light scattered into
the angles between approximately 7° and 170° degrees and not 0° and 180° degrees
as it ideally should. The effect of this truncation is not very large for sub-micrometer
particles (Anderson et al., 1996). but has to be included into the calculations. To
estimate the scattering measured by the nephelometer (o) the scattering efficiency
is calculated similar to Equation 6.2, but with modified integration limits:
1 ri7o°

Q== L, (ule.a.m) +i(o.a.m)) - sin(¢)do. (6.7)
The size distribution measured by the DMPS system is not a continuous distribution
as used in Equation 6.6 . but a discrete series of particle number concentration AN;
counted in certain finite diameter intervals Ad;. To calculate the scattering coefficient

a discretized version of 6.6 is used:

dmn.r .
ot = 3 Qi m)- T

d"ll'l

AN; (6.8)

where AN; is the number concentration of particles in the size bin Ad; with central
diameter d;.

To calculate o, at 82% r.h. the central diameters of the DMPS size bins are
shifted to larger sizes d using diameter growth factors. Those d’ were then used
in Equation 6.8 instead of d;. The details of the calculation, such as estimating the
diameter growth factors at 82% r.h.. the calculation of the wet size distribution and

the particle refractive indices are explained in the following sections.
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Estimating the hygroscopic diameter growth factors at 82% r.h.

The Tandem Differential Mobility Analyzer (TDMA) measures diameter growth fac-
tors at 90% r.h. and at dry particle diameters of 35, 50, 100, 150, and 250 nm.
The diameter growth factors measured by the TDMA were corrected to 82% r.h.
using the correction method developed by Swietlicki et al. (1999) and summarized
in Equations 2.9-2.12 in Chapter 2. The average diameter growth factors at 82%
r.h. are summarized in Table 6.1 for the cleaner first half (DOY 171-186) and the
more polluted second half (DOY 186-205) of the ACE-2 measurement period. The
table includes both more and less hygroscopic growth factors (Gf,,, and Gf;,) and the

average number fraction of less hygroscopic particles Nf;,. Unlike f™*(r.h) the particle

Table 6.1: Hygroscopic properties of the aerosol in Sagres in the cleaner first half of
the experiment and in the more polluted second half of the experiment. The growth
factors are at 82% r.h.

35nm  30nm 100nm 150nm 250nm

DOY 171-186

Gfnn 128 128 131 133 134
Gfip 1.10 110 112 111 1.10
Nfin[%] 30 23 13 14 10

DOY 186-205

Gfmw 127 128 129 130 133
Gfy 1.09 109 109 110 1.10
Nfn[%] 24 15 12 10 15




156

hygroscopic properties at 82% r.h. do not differ strongly between clean and polluted
time periods.

The diameter growth factors do not cover the whole submicron size range. A
significant fraction of the scattering is done by particle larger than 250nm and in this
size range no direct information on diameter growth factors is available. The growth
factors for particles larger than 250 are estimated using the chemical composition
of particles collected on the third stage of a low pressure cascade impactor that was
operated at the Sagres measurement site. This impactor stage has cut-off sizes of 0.42
and 1.2um equivalent aerodynamic diameter at 60%. These aerodynamic diameters
are corrected to geometric dry diameters assuming a dry particle density of 1.8 g
cm™® and hygroscopic growth factors of 1.16 at an r.h. of 60% and using Equation
5.6. This results in a central diameter for the third impactor stage of approximately
510nm.

The average chemical composition of particles collected on the third impactor
stage during the ACE-2 field experiment is shown in Figure 6.4. The aerosol particles
in this size range consist mostly of ammonium and sulfate, but a significant fraction
sodium and black and organic carbon can be found in the submicron particles as well.

The water uptake of particles in the size range of 300 to 850 is estimated by using
the program AIM (Clegg et al.. 1998), which calculates the water uptake of particles
of known composition at a specified r.h.. The input chemical species required by AIM
are mass concentrations of H+. Cl=, Na*, NH{, SO2~ and NO;. It is assumed that
organic species do not contribute to the water uptake. which is a good approximation
for the aerosol in Sagres where volatile carbon concentrations are low.

Once the mass concentration of particulate water (m,,) at 82% r.h. is calculated,
mass growth factors (Gf,,) can be calculated as:

Gfm = M‘.‘i. (6.9)

Myry
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Figure 6.4: Average chemical composition of impactor stage 3 for the ACE-2 mea-
surement period in Sagres

where my,, is the dry particle mass. This dry particle mass is somewhat difficult to
estimate, since the impactor samples were stored and weighed at 60% r.h.. Atmo-
spheric particles in the atmosphere are usually somewhat hydrated, since they are on
the upper part of hysteresis curve but the water uptake of deposited particle samples
is questionable. Neusiif§ et al. (2000) estimated the dry mass concentration, but for
the third impactor stage this dry mass concentration is on average 10% smaller than
the mass of all analyzed chemical species, which indicates that the water uptake at
60% r.h. is overestimated. Considering this uncertainty regarding the water uptake
of deposited particles at 60% r.h. two extremes cases are assumed for the purpose
of this consistency study. First the assumption is made that the particles are dry at

60% r.h. which results in an upper limit of the dry mass and thus in a lower limit of
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the estimated hygroscopic growth factors. Second the assumption is made that the
dry mass derived by Neusii§ et al. (2000) is correct which results in an upper limit of
the estimated hygroscopic growth factors.

Having estimated Gf,,, the diameter growth factors Gf at 510nm are calculated

w

1/3
Gf=<1+p;—'y-(Gfm—l)) , (6.10)

where pqry is the density of the dry particles and p,, is the density of water. pgy is
calculated as the mass weighted average density of the chemical species found on the
third impactor stage. The resulting diameter growth factors are on average 1.45 for
the higher estimate of dry mass and an upper limit of 1.55 for the lower estimate of
dry mass. The hygroscopic growth of particles greater than 250 nm has large uncer-
tainties. Moreover the duration of impactor measurements is between half a day and
two days, but generally the hygroscopic growth factors show considerable variability
on shorter time scales. The average growth factor over the impactor measurement
period might not be representative of the hygroscopic growth factor at any given
time during that period. Therefore it is not possible to compare the measured f,(r.h.)
on a case by case basis. However a comparison of longer averages of f,(r.h.) or the

humidified scattering coefficient should still be possible.

Calculation of the humidified particle size distributions

To calculate humidified size distributions the diameter growth factors of the more hy-
groscopic (mh) and, if present, of the less hygroscopic (lh) particles are interpolated
linearly to the central diameters d; of the DMPS size bins. The diameter growth
factors derived from particle chemical composition are treated as an additional hy-
groscopic growth factor at a particle diameter of 510nm. The same is done with the

fraction of more hygroscopic particles F,5,. The interpolated hygroscopic properties
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are referred to as Gf**, Gft* and F™ in the following derivations. If less hygroscopic
particles are present the hydrated size distributions for more and less hygroscopic
particles are calculates separately. Each is described by a set of wet diameters and

corresponding AN; that are calculated according to:
d™ = Gf™ .d;  with  AN™ = AN, - F™ (6.11)

and

d*" = Gfh.d;  with AN" = AN,. F (6.12)

An example of the resulting hydrated size distributions of more and less hygro-
scopic particles are shown in Figure 6.5.

Wet scattering coefficients are separately calculated for the size distribution of
more hygroscopic particles and the size distribution of less hygroscopic particles us-
ing Equation 6.8. The resulting two scattering coefficients are subsequently added.
The lower size limit d,,,, used in Equation 6.8 is 3nm which is the minimum size of
the DMPS measurements. The upper size limit d,,,,- is defined by the 1 um aerody-
namic cut off size of the impactor prior to the Tandem Nephelometer. Assuming a

dry particle density 1.8 g cm™3. this cut-off corresponds to a geometric diameter of

approximately 720nm.

Estimation of refractive indices

The calculated scattering coefficients depend on the refractive index of the submi-
cron aerosol particles. However the refractive index of the aerosol was not measured
directly, and has to be estimated using the measured chemical composition of sub-
micron particles in Sagres during ACE-2. The average chemical composition of the
submicron aerosol is shown in Figure 6.6 for clean and polluted conditions. In both

cases the particle composition is dominated by ammonium and sulfate. In clean con-
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distribution. (b) volume size distribution

(a) number size

ditions ammonium and sulfate account for almost 60% of the submicron mass. and
in polluted conditions these compounds account for more than 80% of the submi-
cron mass. Concentrations of black and organic carbon are generally low. [n clean
conditions sea salt contributes significantly to the particle mass.
The real and imaginary parts of the refractive index m=n-ik for chemical com-

pounds important in Sagres during ACE-2 is given in Table 6.2. The data are taken
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Figure 6.6: Chemical composition of submicron particles: (a) clean conditions (b)
polluted conditions

from Seinfeld and Pandis (1998).

Table 6.2 shows that the refractive index of sulfate compounds depends on the
neutralization state of sulfate. It increases from 1.43 to 1.52 for ammonium to sulfate
ratios from 0 (H,SO,4) to 2 ((NH,4),SOy). The refractive index of sea salt is slightly

higher that the refractive index of sulfates. Black carbon is the only absorbing species

in this scenario.

The refractive index for the submicron aerosol is estimated as the mass weighted
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Table 6.2: Refractive indices of selected chemical compounds important for the at-
mospheric aerosol in Sagres

Substance n k A

NaCl 1.544 0 589
H,SO, 1.426 0 389
NH,HSO, 1.473 0 589
(NH4),SO, 1.521 0 589

black carbon 1.96 0.66 550

average of the refractive index of individual chemical compounds. The ammonium
to sulfate ratio is 1.73 in clean and 1.43 in polluted conditions. This is consistent
with a mixture of 73% ammonium sulfate and 27% ammonium bisulfate in clean
conditions and 43% ammonium sulfate and 57% ammonium bisulfate in polluted
conditions. Since the refractive index of organic carbon and the other minor compo-
nents is not known exactly the refractive indices of those compounds is assumed to
have a lower bound of 1.4 and an upper bound of 1.6. This results in a refractive index
between 1.51+0.020i and 1.54+0.020i for clean conditions and between 1.50+0.026i
and 1.52+0.026i in polluted conditions. Since those refractive indices are not too
dissimilar a refractive index of 1.51+0.02i is assumed as a base case for all particles.

The refractive index of humidified particles is calculated as a volume weighted
average of the dry refractive index and the refractive index of water, as proposed by

Bruggeman (1935).
Mary + My (Gf* = 1)
Gf3

(6.13)

Myet =
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6.2.3 Results

Figure 6.7 shows a comparison of the measured and simulated scattering coefficient
at dry conditions for the whole ACE-2 experiment in a base case simulation using
a constant refractive index m=1.51-0.02i and a dry cut-off diameter d.,=725nm.

Figure 6.7 shows that the measured data can be reasonably well approximated using a
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Figure 6.7: Measured and simulated scattering coefficients at dry conditions for the
base case: m=1.51-0.02i and dq,=725nm. The 1:1 line is shown as solid line. The

parameters of a linear regression fitted to the data points are shown in the upper left
hand corner

reasonable refractive index consistent with the chemical composition of the submicron
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aerosol. The data lie close to the 1:1 line and the coefficient of determination is high.
The scatter in the data is probably due to short term variations in the particle
refractive index. The comparison could probably be improved by calculating a time-
dependent refractive index based on the chemical composition of individual impactor
samples. However the main focus of this chapter is on the change of o, with relative
humidity. For this purposes the agreement at dry conditions is adequate.

Figure 6.8 compares the measured and calculated scattering coefficient at 82%
r.h.. Figure 6.8(a) shows the calculated scattering scattering based on the lower
limit of the hygroscopic growth factors of particles larger than 250nm and Figure
6.8(b) shows the calculated scattering based on the upper limit of the hygroscopic
growth factors of particles larger than 250nm . The measured scattering coefficient at
82% r.h. is significantly lower than the calculated scattering coefficient in both cases.
Using higher growth factors at large particle sizes the slope of the fit indicates that on
average the calculations are almost a factor of 2 higher than the measurements. Using
the lower growth factors the overestimate is still around a factor of 1.5. The average
measured f,(r.h.) is 1.6. while the average calculated f,(r.h.) bounded between 2.3
and 2.8.

The reason for this difference at 82% is hard to explain considering that the mea-
sured dry scattering coefficient agreed well with calculations using a refractive index
consistent with the particle chemical composition. Several assumptions have been
made in the calculations that could influence the resulting humidified scattering co-
efficient. Both wet and dry particles are assumed to be spherical, whereas the dry
particles can deviate significantly from spherical shape. The angular sensitivity func-
tion of the nephelometer was assumed to be constant. Finally the refractive index
of humidified particles was calculated as the volume weighted average of the dry

particle refractive index and the refractive index of water, which neglects any non-
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Figure 6.8: Measured and simulated scattering coefficients at a r.h. of 82% for the

base case: m=1.51-0.02i and d.,,=725nm. The 1:1 line is shown as solid line. The

two outlier points with a measured scattering coefficient greater than 200 m~° are

excluded from the linear fit (a) Lower limit of the growth factor at 510nm. (b) upper
limit of the growth factor at 510nm

linear effects. However all of these approximations should not change the humidified

scattering coefficient by more than a few percent.
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A possible instrumental error that could lead to an underestimate of f,(r.h.) are
particle losses between the first and the second nephelometer. However both neph-
elometers were run at low r.h. occasionally during the ACE-2 experiment and the
particle losses were negligible. Another possible factor might be uncertainties in the
upper cut-off diameter imposed by the impactor. However the influence of the cut-off
diameter on f,(r.h.) is not large enough to explain the difference between measure-
ments and calculations. Ifd.,, varies from 520 to 600 to 900nm the average calculated
f,(r.h.) increases from 2.0 to 2.2 to 2.3 for the lower case of the diameter growth fac-
tor at 310nm. However at a cut-off diameter of 520 nm the real part of the particle
refractive index would have to be 1.38 to reproduce the dry scattering correctly, which
in not consistent with the submicron particle composition.

A possible error in the calculated scattering could be that the diameter growth
factors at 82% are overestimated. However a sensitivity study shows that the mea-
sured increase in particle diameter due to hygroscopic growth at 82% r.h. has to
be reduced by approximately 50% before the calculated and measured f,(r.h.) are
comparable. The difference between measured and calculated scattering at 82% r.h.
is thus not likely due to errors in the hygroscopic growth factors. The hygroscopic
growth factors at 90% r.h. have been validated in a consistency study presented in
chapter 5. The correction to 82% r.h. should not introduce errors larger than a few
percent. The growth factors needed to reconcile the calculations and the measure-
ments are more similar to growth factors measured at 60% r.h. than growth factors
at 82%. It is also unlikely that the relative humidity in the second nephelometer was
as low as 60%.

Remaining explanations for the discrepancy between calculated and measured
fs(r.h.) is a possible particle loss in the humidified nephelometer itself, or that the ab-

sorption due to internally mixed black carbon is large enough to heat up the particles
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and evaporate some of their water. However these options cannot be investigated in
the context of this thesis. Therefore the true cause of the difference between measure-
ments and calculations cannot be established. Considering the discrepancy between
measurements and calculations it seems useful to provide an alternative, calculated

data set of the humidity dependence of the scattering coefficient.

6.3 Parameterization of the hygroscopic growth factors

The dependence of the diameter growth factors on the relative humidity can be pa-

rameterized using a simple two parameter formula:
Gf(r.h.) =10 - (1 = r.h.)?,(6.14)

where the r.h. is given as the fractional relative humidity and not in %. The coeffi-
cients C and ~ are empirical parameters obtained by fitting Equation 6.14 to measured
data. Growth factors were measured routinely at 90% but once a day the relative
humidity in the second DMA was lowered and growth factors at 60% r.h. were mea-
sured. The growth factors at 90% r.h. were averaged over a period of 5 hours before
and after that measurement. This results in two data points at different relative
humidities per day. The parameters C and v on each day are determined by a least
square fit to those two data points and to the additional data point Gf(0)=1. The
parameter C is never significantly different from 0, so that the humidity dependence
of the growth factors could be equally well described by Gf(r.h.)=(1-r.h.)".

Figure 6.9 shows the parameterization for different particle sizes. The data are
separately averaged for time periods of recent pollution and all other time periods
just as it was done in Chapter 3. Averages of the measured data points are shown
as circles and rectangles and the fitted functions are shown as solid and dashed

lines. Two separate data points are shown at 60% r.h.. The two data points refer to
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Figure 6.9: Parameterization of the diameter growth factor. Measured growth factors
in recent pollution are shown as circles. Measured growth factors at all other times
are shown as squares. The fits are shown as dashed lines (recent pollution) and as
solid lines (other time periods)
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measurements at increasing and at decreasing relative humidity. For the data points
at increasing relative humidity the particles are humidified to 60% r.h. directly from
the dry state at 10% r.h. For the data points at decreasing relative humidity particles
are first subjected to a relative humidity greater than 80% and subsequently dried to
60% r.h.. The growth factors measured at decreasing relative humidity are usually
greater than the growth factors measured at increasing humidity due to a hysteresis
effect. This hysteresis effect more pronounced in recent pollution than at other times
and it decreases with particle size.

The fits are a good approximation to the measurements and the individual R?
values are usually above 0.98. The fits should only be used in the relative humidity
range between 60% and 90% . Below 60% it is possible that a step wise change from
humidified to dry conditions can occur. however it is difficult to predict the relative
humidity at which that change occurs for ambient particles.

Figure 6.10 summarizes the parameter v as a function of particle size for recent
pollution and all other conditions. The error bars represent + 1 standard deviation.
It can be seen that the variability in v is larger than the differences between clean

conditions and pollution.

6.4 Parameterization of f,(r.h.)

This section describes a parameterization of f,(r.h.) that can be used in global cir-
culation models. These models usually predict the mass concentration of chemical
species and often a mean or effective diameter of the aerosol. The particle chemistry
can be used to estimate hygroscopic growth factors at various relative humidities.
However the increase in light scattering with relative humidity does not only depend
on the particle hygroscopic growth factors. but also on the initial dry size distribu-

tion, as has been shown by Hegg et al. (1993). In this section we will investigate
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Figure 6.10: Parameter ~ as a function of particle size in recent pollution (circles)
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which parameters of the dry size distribution are most useful in the parameterization

of f,(r.h.) for our purposes.

6.4.1 Finding the functional form

The first step to parameterizing the increase in light scattering with relative humidity
is finding and appropriate functional form for the parameterization. Idealized size
distributions are generated for this purpose. They consist of two lognormal modes. an
Aitken and an Accumulation mode. The number mean diameter of the Aitken mode
is allowed to varv between 20nm and 80nm. and the Accumulation mode number
mean diameter between 100 and 600nm. The number concentration of the Aitken

mode varies from 0 to 1000 cm® and the number concentration of the accumulation
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mode between 100 and 1000 cm®. The standard deviation of each mode is assumed
to be 1.6. The resulting size distributions vary from typical 'marine’ appearance with
two well separated modes. to overlapping modes characteristic of recent and aged
pollution (see Chapter 3.2).

A further assumption is that all particles in the size distribution exhibit identi-
cal hygroscopic growth with diameter growth factors (Gf) ranging from 1.2 to 1.8.
Humidified size distributions are calculated by shifting the mean diameters of the
two modes to larger sizes. This is done by multiplying the mean diameters of each
mode by the respective growth factor ranging from 1.2 to 1.8. This can either be
interpreted as an increase of the fraction of hygroscopic material in the particles at
constant humidity or as an increase in relative humidity while particle hygroscopic
properties stay the same. The particle refractive index is assumed to be 1.51-0.02i,
typical for the sulfate dominated aerosol in Sagres.

Dry scattering coefficients (o,(dry). calculated using the original size distribution)
and humidified scattering coefficients (o,(wet), calculated using the size distributions
shifted to larger diameters as explained above) are derived at a wavelength of 550nm
for all possible combinations of Aitken and Accumulation mode mean diameters and
Aitken and Accumulation mode number concentrations. For each size distribution
os(wet) are divided by o, to obtain f,. The results of the calculations are shown
in Figure 6.11. f, is plotted as a function of volume mean diameter of the dry size
distribution (d,). Different diameter growth factors are denoted by different symbols.

The data f, increases with increasing diameter growth factor, but the magnitude
of the increase depends strongly on d,. At volume mean diameters around 200nm
f, increases by a factor of 6 as Gf increases from 1.2 to 1.8. At the volume mean
diameters around 600nm f, increases only by a factor of 2 for the same increase ir Gf.

In the first case a larger fraction of particles are in the range where the scattering cross
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Figure 6.11: f, as a function to the volume mean diameter of the dry size distribution
for various diameter growth factors

section increases strongly with particle diameter, whereas in the latter case most of the
scattering occurs at larger particle sizes where the scattering cross section increases
only slowly with increasing particle size.

The volume mean growth factor explains the considerable variability of f,(r.h.) at
constant diameter growth factors better than any other size distribution parameter.
Neither the mean diameter, or as might be expected the surface mean diameter can be
used to represent the shape of the dry size distribution. The volume mean diameter
seems to characterize the region where most of the scattering occurs and thus provides

a good approximation of the particle diameter that represents the scattering of the
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whole size distribution.

To find a parameterization for the dependence of f,(r.h) Gf and the volume mean
diameter d,. the clusters of data points around volume mean diameters of 200nm,
300nm. 400nm. 550nm and 640nm are averaged. The dependence of f,(r.h.) on Gf

for different volume mean diameters is shown in Figure 6.12.
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Figure 6.12: f,(r.h.) as a function of the diameter growth factor (Gf) for volume
mean diameters (d,) between 200nm and 640nm. The dashed lines are exponential
fits of the form: f,(r.h.)=Gf*

The dependence of f,(r.h.) on the diameter growth factor is exponential (f,(r.h.)=Gf*)
with a different exponential for each volume mean diameter. The dashed lines show

the best fit lines, with k determined by a least square fit. The clustering that can
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be observed in the data is due the change in the number mean diameter of the accu-
mulation mode from 100 to 500nm in steps of 50nm. Since the accumulation mode
accounts for most of the particle volume, the accumulation mode number mean di-
ameter mostly determines the volume mean diameter of the whole size distribution.
The variations of the volume mean diameter within each cluster are due to variations
in the Aitken mode mean diameter and/or the relative number of particles in each
mode.

The remaining step is to parameterize the dependence of the exponential pa-
rameter k on the volume mean diameter. Figure 6.13 shows the dependence of the
parameter k on the volume mean diameter. It can be seen that k decreases linearly
with increasing d,.

This results in the following final form for the parameterization of f, on Gf and
d,:

fs(r.h) = Gf(r.h.)o+bd (6.15)

where the parameters a and b have to be empirically determined by fitting Equation

6.15 to ambient data.

6.4.2 Application to the aerosol in Sagres during ACE-2

The application of Equation 6.15 to actual ambient aerosol data has two crucial prob-
lems. The equation has been derived using lognormal size distribution, whereas the
ambient size distribution can deviate from lognormal shape. Also an idealized as-
sumption has been made regarding hygroscopic growth factors. The diameter growth
factors were assumed to be independent of particle size whereas in reality the hygro-
scopic growth factors generally increase with particle size. [f the diameter growth
factors are independent of dry particle size hygroscopic growth only shifts the size

distribution to larger diameters. If the growth factors are size dependent, hygro-
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Figure 6.13: Dependence of the parameter k on the volume mean diameter.

scopic growth also distorts the shape of the size distribution. especially when less
hygroscopic particles are present. However if those effects. the deviation of the size
distribution from lognormal shape and the dependence of the diameter growth factors
on particles size. are second order effects the parameterization can still be valid.

[f the hygroscopic growth factors are dependent on particle size and less hygro-
scopic particles are present. it is necessary to define an effective growth factor that
is representative of the hygroscopic growth of the whole size distribution. For this
purpose a volume weighted mean diameter growth factor (Gf,) is defined as follows:

Tames (GL - F™ + G- (1 — F™)) dN, -}
= AT )

1=dmsn

Gfo

(6.16)
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where Gf™ and Gfi* are the more and less hygroscopic growth factors at diameter
d;, F™ the fraction of more hygroscopic particles, and dN; the particle number
concentration in the DMPS size bin with central diameter d;.

To test if the parameterization proposed in Equation 6.15 is applicable to atmo-
spheric aerosol. dry and humidified scattering coefficients for the aerosol in Sagres are
calculated at 82% r.h. as described in Section 6.2. The upper cut-off diameter is 1
pm in these calculations to include all submicron particles. For each pair of dry and
humidified scattering coefficients the volume mean diameter of the corresponding dry
size distribution (d,) and Gf, are calculated as well.

Figure 6.14 shows the overall results of the calculations. The ratio of the loga-
rithm of f,(r.h.) and of Gf, decreases linearly with increasing volume mean diameter
for the whole ACE-2 data set. The fact that the data fall on a straight line suggests
that f,(r.h.) can be parameterized in terms of Gf, and d, with a single set of em-
pirical parameters for the whole ACE-2 experiment, despite the fact that air mass
conditions were very variable, changing from marine background to aged and recent
pollution episodes. The empirical fit parameters derived from a linear fit to the data
in Figure 6.14 (shown as solid line) are a = 3.74 and b=-0.0027. The parameteriza-
tion derived in Section 5.4.1 for lognormal size distributions and constant diameter
growth factors can be applied to the ambient aerosol. This suggests that the real
size distribution can be well approximated as a linear combination of lognormal dis-
tributions, as was already demonstrated in Chapter 3. [t also indicates that for the
purpose of characterizing the direct radiative forcing of aerosol on climate a single
volume weighted mean diameter growth factor can be used to represent the complex
hygroscopic behavior of atmospheric aerosol. This indicates that growth factors de-
rived from the bulk chemical composition predicted in chemical transport models are

a good representation of the aerosol hygroscopic behavior.
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Figure 6.14: Parameterization of the f,(r.h.) for Sagres data. The solid line is the
best linear least square fit. The resulting parameters for the parameterization are
a=3.74 and b=0.0027

Figure 6.15 shows a test of the parameterization on subsets of the data. Three sub-
sets of scattering data calculated from dry size distributions with d, close to 300nm,
400nm and 500nm are shown along with the parameterization f,(r.h.)=Gf-71-0.0027-dv
The data with low d, are more scattered. but overall the parameterization reproduces
the dependence of f, on Gf, at constant d, very well.

Figure 6.16 shows a similar test. but a subset of data is chosen within a narrow

section of Gf,. This is a test how well the parameterization reproduces the dependence

of f,(r.h.) on the volume mean diameter at constant Gf,. The dependence of f,(r.h.)
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Figure 6.15: Dependence of f,(r.h.)on Gf, for volume mean diameters of 300nm,
400nm and 3500nm. The data points are shown as symbols. The parameterization
fy(r.h.)=Gf3-7-0002T-de 4re shown as solid lines

on d, at constant Gf, is not as clear as the dependence of f,(r.h.) on Gf, at constant

d, shown in the previous figure. There is considerable scatter in the data.

6.5 Summary

The scattering consistency study attempted in this work shows that the scatter-
ing coefficient of dry particles measured by a nephelometer can be modeled using
measured particle size distributions and a refractive index consistent with particle

chemical composition. However at 82% humidity is the calculated scattering coeffi-
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Figure 6.16: Dependence of f,(r.h.)on d, for Gf, near 1.3. 1.4. and 1.5. The data points
are shown as symbols. The parameterizations f,(r.h.)=Gf71-0.0027dv for different
values Gf, of are shown as solid lines

cient is higher than the measured scattering coefficient by a factor of 1.4-1.8. The
discrepancy cannot be completely explained in this work and must remain subject to
further study. However it seems likely that the humidity dependence of the scattering
coefficient was underestimated by the nephelometer.

A parameterization of the calculated f,(r.h.) in terms of the volume mean diameter
of the dry size distribution (d,) and the volume weighted mean diameter growth
factor (Gf,) is proposed in this section. The parameterization has the simple form of

f,(r.h.)=Gf,(r.h.)**%  with a=3.74 and b=-0.0027 if d, is given in nm. The empirical
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parameters a and b are valid for the whole ACE-2 measurement period. As already
noted by Hegg et al. (1993) the shape of the dry size distribution (represented here

by the volume mean diameter) has a significant influence on f,(r.h.).
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Chapter 7

SUMMARY AND CONCLUSIONS

Aerosol physical properties and climate forcing parameters in the North-East At-
lantic Ocean were clearly affected by pollution outbreaks from Europe. The aerosol
in Sagres was never truly characteristic of marine background aerosol even in clean
air mass conditions. Coastal land and maritime sources impose some anthropogenic
signature on the aerosol even if air mass back trajectories indicate that it has been
transported from remote areas. Despite this fact there is a significant change in some
aerosol properties when air mass back indicate that pollution from Northern Europe
or the Iberian Peninsula was transported to Sagres. The submicron particle volume
increased by a factor of 5 in polluted conditions. the light scattering coefficient of dry
particles increased on average by a factor of up to 10, CCN concentrations at super-
saturations of 0.2% increased by a factor of 3-5. Other aerosol properties were less
affected by European pollution outbreaks. These were mostly intensive properties,
that are independent of the total number of particles present, such as particle chem-
ical composition, hygroscopic growth, or number to volume ratios. The hygroscopic
growth factors and the number to volume ratios are similar in Arctic and Atlantic
marine conditions and aged pollution. Only in recent pollution that originates over
the Iberian Peninsula and had no aging time and was not subjected to cloud pro-
cessing over the ocean before reaching Sagres. intensive aerosol properties changed
compared to other air mass conditions. The hygroscopic growth factors in recent pol-

lution were slightly lower and the number to volume ratios were significantly higher
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than in the other air mass conditions. This indicates that given some aging time
the intensive aerosol properties relax more quickly to background conditions than
extensive properties such as the particle volume.

Some aerosol physical properties such as the concentration of fine particles below
40nm or the hygroscopic growth factors have most of their variability on time and
spatial scales shorter than the change in air mass conditions. A significant amount of
this variability occurs on a diurnal scale. The diurnal change in hygroscopic growth
factors is most closely related to the intensity of incoming solar radiation. On aver-
age the hygroscopic growth factors increase in the morning hours reach a maximum
around l1pm and decrease during the afternoon, consistent with the solar elevation
angle. The diurnal change in fine particle concentration can be explained by particle
nucleation events in the morning hours and subsequent particle growth. Ultrafine
particles with sizes smaller than 10nm are measured almost every day and appear in
small quantities at any time during daylight hours. However high concentrations of
ultrafine particles are measured almost exclusively during the morning hours shortly
after sunrise. This seems to indicate that in addition to solar radiation the formation
of small particles is controlled by at least one other meteorological factor such as
temperature, or relative humidity. However the data base in Sagres is not sufficient
to draw final conclusions on this subject.

Three consistency studies have been made in context of this thesis to test current
theory and aerosol measurement techniques. The hygroscopic study showed that ef-
fective ions estimated based on hygroscopic growth factors were consistent with the
actual ions that were chemically analyzed in impactor samples. This is an important
result because it indicates that at least in this area of the globe hygroscopic growth
factors can be predicted from particle chemical composition using a relatively simple

model. It also indicates that at Sagres during ACE-2 there is no indication that
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organic compounds contribute to the particle water uptake at 90% r.h.. The calcu-
lated effective ions were further used to estimate critical supersaturations and CCN
spectra. These calculated CCN spectra were compared to actually measured CCN
spectra in a second consistency study. As a result of this consistency study a dilution
problem due to errors in flows could be identified in the CCN instrument. The calcu-
lations overestimate the measurements by about 30% on average. This overestimate
cannot be fully explained with data available in Sagres during ACE-2. Since in many
studies modeled CCN concentrations tend to be higher than measured CCN concen-
trations, further research is needed to address this subject. However the fact that the
calculations overestimate the measurements is an indication that neither surfactant
species nor the dissolution of soluble gases had a strong influence on CCN activation
in Sagres during ACE-2. The third consistency study showed that the scattering
coefficient of the submicron aerosol measured by a nephelometer is consistent with
the calculated scattering coefficient at dry conditions (r.h.=28%), but not at elevated
humidities (r.h.=82%). The reasons for this difference could not be identified, but
it indicates that measured scattering coefficients might be too low by approximately
50%.

A simple parameterization of the humidity dependence of the submicron aerosol
scattering coefficient has been derived, depending only on a volume weighted average
diameter growth factor and the volume mean diameter of the dry size distribution.
One set of empirical parameters can be used to parameterize all aerosol types char-

acterized during the ACE-2 measurement period.
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