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Abstract

In July, 2002, atmospheric aerosol measurements were conducted over the north-
east Pacific Ocean. The size distribution and size-segregated chemical composi-
tion of the aerosols were measured, along with scattering and backscattering co-
efficients at three wavelengths, and the absorption coefficient at one wavelength.
Using Mie theory to calculate the aerosol scattering and absorption coefficients
from the size distribution and chemical measurements, closure with the measured
scattering coefficients is not attained. Discrepancies exist between the calculated
and measured scattering and backscattering coefficients because the nephelome-
ter measures scattering only between 7°and 170°, largely missing the prevalent
forward-scatter lobe from coarse aerosols. During this study the majority of the
total scattering and backscattering in the marine boundary layer of this region was
from coarse particles consisting mostly of sea salt. To examine scattering at higher
altitudes in the marine environment, another closure study was carried out based
upon measurements taken during five flights in October, 2003, over the waters
surrounding Nova Scotia. The same quantities were measured, with the exception
of the absorption coefficient. In this case closure is attained for more than 70% of
the total scattering measurements, but is not attained for the backscattering coeffi-
cients. Coarse particles are found to account for roughly half of the total scattering
and 70% of the backscattering for altitudes up to ~1000 m. The contribution of
coarse particles calculated from on-board measurements is underestimated due to
substantial inlet losses for particles larger than 2 um. The final part of the thesis
involves the modelling of absorption by black carbon (BC) particles within cloud
droplets. Based upon the volume fraction of activated BC, the effective radius of
the cloud, and the wavelength band, the single-scattering albedo of the cloud is
calculated. The Maxwell-Garnett mixing rule is used to calculate the index of re-
fraction of the composite droplet. These results are compiled in a look-up table of

representative values, which is tested using a 1-D radiation model.
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Chapter 1

Introduction

1.1 Aerosols and Climate

Aerosols are particles of submicron to micron scale, of solid or liquid composition,
suspended in the atmosphere. They are of both natural and anthropogenic ori-
gin, with concentrations ranging from tens of particles per cm? at the surface for a

pristine marine atmosphere to ~ 10* cm™3

in urban regions. Typical composition
includes sulfate, sea salt, dust, black carbon, nitrate, and organic carbon. Aerosol
particles are of climatic interest due to their ability to influence the radiative budget
through a variety of effects, both directly and indirectly.

Aerosols may scatter incoming shortwave radiation back to space, thereby re-
ducing the radiation incident at the surface and cooling the atmosphere. This is
known as the direct effect of aerosols. Some aerosols, such as black carbon (BC) or
dust, absorb shortwave radiation in addition to scattering it, which also reduces
the radiation at the surface while causing local heating This can have complex
feedbacks on the formation and lifetime of clouds which are dependent upon the
location of the aerosol layer, leading to either an increase or decrease in the liquid
water content of low clouds [Johnson et al., 2004, Penner et al., 2003]. As such, the
sign of this forcing is not even certain, and can change based upon the assumptions
made. The effect of the absorbing aerosol on the surrounding clouds is known as
the semi-direct effect of aerosols [Hansen et al., 1997].

In addition to their radiative impact as particles suspended in air, aerosol parti-
cles can also affect radiative balance through their role as cloud condensation nu-
clei (CCN). When water condenses onto an aerosol particle to form a cloud droplet,
that aerosol is said to be activated, and is acting as a CCN. If, in a region with rel-
atively few aerosols (such as the marine boundary layer), the number of available

CCN increases but the total amount of condensate is unchanged it can result in a
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cloud with a greater number of smaller cloud droplets. This reduction in cloud
droplet radius leads to an increase in the albedo of the cloud, resulting in a cooling
effect as more shortwave radiation is reflected. This is known as the first indirect
effect or the Twomey effect [Twomey, 1977]. The reduced cloud droplet radius of
the first indirect effect might also lead to the suppression of precipitation and an
increase in cloud lifetime, known as the second indirect effect or the cloud lifetime
effect [Albrecht, 1989]. This is also a cooling effect, as an increase in cloud lifetime
increases the amount of radiation reflected by the clouds.

Some activated aerosols (aerosols acting as CCN) may affect the radiative bal-
ance in yet another way if they contain an optically absorbing material, such as
BC or dust. These particles, while acting as CCN, may absorb solar radiation, thus
leading to a heating of the surrounding air and the evaporation of cloud droplets.
While all absorbing aerosols can lead to local heating, the location of the aerosols
within the cloud droplet may enhance this effect. In fact, Chylek et al. [1996] have
found the specific absorption of BC within a cloud droplet to be 2-2.5 times greater
than that of unactivated BC aerosols. As such, the effect of black carbon within

cloud droplets may contribute significantly to aerosol climate effects.

1.2 Measurement and Modelling of Aerosol Optical Properties

Because of their short temporal and spatial scales and variable composition it is
very difficult to characterize global aerosol fields. Since measurements of aerosols
are generally limited in spatial and/or temporal scales, numerical models of aerosol
optical properties are often the only practical way to assess present-day global
aerosol radiative effects. They also provide a basis for the estimation of aerosol
effects in the past or future based upon emission scenarios.

Measurements of ambient aerosols allow for estimates to be made regarding the
input of aerosol fields into climate models. In addition to this, reliable measure-
ments from field campaigns allow for comparison between measured parameters
and those computed from models. Thus the model may be tested against the mea-
sured data in order to evaluate the model’s performance in the reproduction of the

optical properties of ambient aerosols. This comparison is a sort of “closure test”



3

[Quinn et al., 1996]. An agreement between the model and the measurements in-
dicates that the model reasonably represents the observed system, and closure is
attained. This agreement allows for greater confidence in both the accuracy of the
measurements and the reliability of the model, while a lack of agreement indicates
that the situation must be further examined.

If such studies are carried out on a variety of distinct regional aerosol types,
both with and without anthropogenic influence, they can allow for a greater con-
fidence in calculating the radiative impact of aerosols, as well as constraining the
uncertainties associated with these calculations. This can provide a greater degree
of confidence when estimating the radiative impact of aerosols on past, present
and future climates.

The two main types of optical closure studies are point closure and column
closure. In the former, measurements and calculations at one point in time and
space are compared for consistency. In the latter, measurements along a vertical
profile are required, as well as an independent measurement or calculation of total
or layer aerosol optical depth. In order to carry out a point optical closure study
for the scattering and absorbing properties of the aerosols it is necessary to have
direct measurements of the optical properties of the aerosol, the number size dis-
tribution, the size-distributed chemical composition, and the ambient temperature
and relative humidity [Fridlind and Jacobson, 2003]. Such measurements were
collected as part of both a research cruise and a series of research flights in marine

environments, and these data are analyzed for optical closure as part of this thesis.

1.3 Modelling Absorption due to Activated Black Carbon

While a number of studies have attempted to estimate the global magnitude and
direction of the semi-direct effect considering only non-activated BC [Cook and
Highwood, 2004, Lohmann and Feichter, 2001, e.g.], not as much work has been
done looking at the impact of BC within cloud droplets. Chylek et al. [1996] ex-
amined the possibility that BC in cloud droplets was responsible for the measured
“anomalous absorption” by clouds (eg. Pilewskie and Valero [1995], Stephens and
Tsay [1990]), on the order of 20-30 W m~2. Though their estimates for BC content
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within a droplet indicated that the decrease in cloud albedo due to the presence of
BC could not account for the large difference in calculated and measured absorp-
tion, they estimated that it could contribute a few (1-3) W m~2. Chuang et al. [2002]
parameterized the effect of BC absorption within clouds in a GCM, using carbon
fields to determine the BC content within the cloud droplets, and found the effect
to be largely localized around BC sources, around which there was a warming of
0.7 Wm™2,

The present work attempts to analyze the effect of BC within cloud droplets,

and to assess how this might contribute to the aerosol semi-direct effect.

14 Statement of Purpose

As the oceans cover most of the surface of the earth, a good characterization of ma-
rine aerosols is necessary to develop a reasonable assessment of the role of aerosols
in our climate. Sea salt is ubiquitous in these regions, and dominates the aerosol
contribution to clear-sky albedo in marine environments [Haywood et al., 1999].
Scattering by aerosols also has a stronger climatic impact over the low surface
albedo of the ocean than over surfaces with higher albedos [Penner et al., 2003].
Studying pristine marine environments can also provide a baseline against which
anthropogenically influenced regions may be compared.

In July 2002 a research cruise took place in the northeast Pacific as part of an
iron-enrichment experiment through C-SOLAS (Canadian Surface Ocean Lower
Atmosphere Study). On board the ship were a suite of instruments measuring a
wide variety of aerosol characteristics, including optical properties. This dataset
provides the necessary tools to measure the optical properties of aerosol particles
in this remote marine environment, and to test these measurements against the
optical properties calculated using Mie scattering theory with the measured size,
number and composition of the aerosols.

However, these measurements were all taken near the surface, and give little
insight into the optical properties of the marine aerosol throughout the column.
For analysis of the scattering properties as a function of altitude it is necessary to
look to data measured along a profile, such as that from the SOLAS flight campaign



in October 2003.

Six project flights were carried out from October 13 to 17, 2003, above the wa-
ters surrounding Nova Scotia. The research platform was the National Research
Council’s Institute for Aerospace Research Convair 580. Measurements were taken
in and around marine stratocumulus, at altitudes as low as 150 m above sea level.
A variety of aerosol instruments were on board the aircraft, providing similar mea-
surements to those on board the research cruise, with the exception of the absorp-
tion coefficient of the aerosols. Again, an optical closure study can be undertaken,
this time looking at the change in contribution to scattering coefficients as a func-
tion of altitude.

Particularly in the case of the shipborne measurements, these data describe pri-
marily natural aerosols with very weak absorptive properties. In contrast, other
regions have much higher incidences of absorptive, optically dark aerosols such as
dust, both natural and anthropogenic, and BC or soot, from fossil fuel combustion
and biomass burning. It is estimated that more than half of the submicron mass of
aerosol particles is anthropogenic, principally sulfate and carbonaceous aerosols

from fossil fuel combustion and biomass burning [Seinfeld and Pandis, 1998].

BC is produced only through combustion, and most of the emissions are ini-
tially hydrophobic, estimated at 80% [Croft et al., 2005]. Over time, compounds
may become attached to the surface of the BC aerosol, increasing its solubility.
This process is known as ageing. Once the BC particle is aged it is able to become
activated and act as a CCN, resulting in cloud droplets containing small amounts
of BC. Its presence within a cloud droplet may increase the amount of solar radi-
ation that the BC is able to absorb per unit mass [Chylek et al., 1996], which may
speed the dissipation of the cloud through local heating.

In order to examine the contribution of activated BC to the semi-direct aerosol
effect it is important to determine (1) how much BC is assumed to be activated and
(2) what effect this may have on the radiative properties of the cloud. In this work,
the former is estimated based upon the volume of hydrophylic BC predicted from
the condensation-coagulation-oxidation ageing scheme of Croft et al. [2005], while
the latter is an adaptation of a method developed by Chuang et al. [2002], which



in turn is derived from work by Chylek and Videen [1998].

From this, a look-up table is derived to assess the perturbation in the single-
scattering albedo (w) of the cloud due to the presence of the activated BC, based
upon (a) the volume ratio of BC to water, (b) the effective radius of the cloud
droplets, and (c) the wavelength of light. The effect of this table is first assessed
within one dimensional radiation models based upon the scheme of Dobbie et al.
[1999], which is that used in the CCCma AGCM (Canadian Centre for Climate

modelling and analysis Atmsopheric General Circulation Model).

1.5 Research Outline

Following this introductory chapter is a review of some of the theory behind the
direct aerosol effect, and an introduction to Mie scattering. In the third chap-
ter the data from the research cruise in the northeast Pacific are introduced, and
the fourth chapter outlines the optical closure study carried out upon these data.
The fifth chapter introduces the data collected during the research flights over the
waters surrounding Nova Scotia, and the sixth chapter looks at the analysis of
these data for optical closure. The seventh chapter introduces the problem of ab-
sorbing aerosols within cloud droplets, and outlines the modelling of this phe-
nomenon and the development of a look-up table describing its effects on the
single-scattering albedo of a water cloud. Chapter eight outlines the implementa-
tion of the look-up table in the one-dimensional radiation model, with sensitivity

tests. Finally, the conclusions of this thesis are included in chapter nine.



Chapter 2

The Direct Effect

When radiation is incident upon a particle, the electric charges within the particle
begin to oscillate through excitation. Some of this energy may be converted into
heat through absorption, while some is reradiated in different directions through
scattering. For spherical particles of known composition the exact nature of this
scattering and absorption, known collectively as extinction, can be solved explic-
itly.
If we consider the spectral irradiance of a collimated beam of incident radiation
(in W m~2 um™1), Fy, the spectral energy lost to absorption, due to a single particle,
is given by Equation 2.1:
Fips = CansFo, 21)

where E,,; is in W um~" and C,s is the absorption cross section, in m~2. Likewise
the energy lost to scattering, Ficat, is proportional to the incident irradiance and the
scattering cross section, Cyeys:

Escat = CseatFo (2.2)

The extinction cross section of the particle, C,,; is then given as the sum of the

scattering and absorption cross sections:
Cext = Cocat + Caps (23)

Though sharing the name and units of the geometrical cross section, the extinction
cross section can be much greater or less than the area of the particle’s profile, de-
pending upon the properties of the particle, the medium in which it is suspended,
and the wavelength of the incident radiation. A unitless efficiency is derived by
dividing the extinction cross section by the geometrical cross-sectional area of the
sphere, A, as shown in Equation 2.4:

Q — Cext — Cscat Cabs
ext A A A ’

2.4)
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with the two latter terms being expressions of the scattering and absorption effi-

ciencies, Qs and Qgs, respectively.

Based upon the ratio of the diameter of the particle, D,, to the wavelength of
the incident radiation, A, and the complex index of refraction of the particle and
the medium, N and Nj respectively, these efficiencies may be computed through
the use of Mie scattering theory, also known as Mie-Debye-Lorenz theory [Seinfeld
and Pandis, 1998]. }

Though the complex index of refraction of the particle, N = n + ik, as well as
that of the non-absorbing medium, Nj, are required, the medium in question is
the atmophere, where Nj essentially equals unity. As such, the normalized form
of m = —,{—}% shall be used to describe the complex index of refraction of the particle
hereafter.

The mathematical formalism of Mie theory is a solution to the problem for elas-
tic scattering involving all values of D, and A, but the problem can be simplified
for certain cases. These are grouped according to the magnitude of the dimension-
less size parameter, x, defined as the ratio of the particle’s circumference to the

wavelength of the light:

wD,

When x << 1, the Rayleigh regime applies, governing such things as the scat-
tering of visible light off of air particles, the reason why the sky appears blue.
When x >> 1, the geometric scattering regime applies, which can explain the ap-
pearance of such optical phenomena as parahelia and rainbows due to the scat-
tering of visible light off of ice crystals and rain droplets, respectively. However
when x ~ 1, only Mie theory applies. It is this last category which is relevant for
scattering of shortwave radiation (A from 0.3-5 um) by aerosol particles (D, from
0.01 um to a few um).

The scattering and absorption efficiencies can be calculated exactly based upon

Equations 2.6 and 2.7:

Quatm, 0= 25 J 2%+ Dl + Il 26)
=1



Qus(m, ) = ; 32k + Rel + b @7)
where a; and by are defined according to:
_ XU ~ YU ) 29
Xl ()G — Yo Bey)
) — PN — 3 (y) 29)

* T Yo () Gelx) — xCel(X)e(y)

where y = xN, and the functions ¢,(z) and (x(z) are the Riccati-Bessel functions

[Watson, 1944]. These are given in Equations 2.10 and 2.11:
TZ\ 2
(@) = () feny @ (2:10)

nz\ } )
6D = (5) Veay(@ +i-D_y )] (211)
wherein J, is the Bessel function of order x.
Finally, the computed value of Q. can be converted to the scattering coeffi-
cients, g, with units m=1:
N, pﬂ- D ;Qscat
4

wherein N, is the number concentration (particles per unit volume) of the aerosol

(2.12)

Oscat =

particles at the given diameter. (Equivalent expressions can be formed for o.,: and
05 through the substitution of the appropriate efficiency value.) But Equation 2.12
holds only for a monodisperse aerosol; in general one is looking at a size distribu-
tion of various aerosols, and one must calculate the contributions to the scattering

coefficient from the entire size distribution. As such, the integral expression is:
’n' Dmax 2
Oscat = Z / Np(Dg)Dngcat(Dg)dDg7 : (2.13)
Dg=Dmin

where the integration is carried out across the aerosol size spectrum, from the
smallest diameter, D, to the largest, Dy, Both the N, and Qe vary with di-
ameter. '

Once the extinction coefficient has been determined, one can determine the

unitless optical depth, 7:
H
r= / unl(2)dz, (2.14)
0



10

where H is the total depth of the layer and z is the height within the layer. This
can then be substituted into Equation 2.15, the Beer-Lambert law [Seinfeld and
Pandis, 1998], to determine the irradiance, F, at depth H into the layer, assuming
an incident irradiance of Fy:

F=Fe™ (2.15)

In the atmosphere, the total extinction coefficient (o.x:) is determined by ab-
sorption and scattering by both gas molecules and aerosol particles, as given by
Equation 2.16:

Oext = Osp+ Ogp + Osg + Oy (2.16)

where o), is the scattering coefficient by aerosol particles and o, is the absorption
coefficient due to aerosol particles; o,, and o,, are the same quantities, but due to
the effects of gas molecules, in the Rayleigh regime.

The scattering phase function, characteristic of particular values of x and m, de-
scribes the proportion of scattering in each direction. The normalized phase func-
tion determines the proportion of scattered intensity F at a given angle 8, measured
from the beam of incident radiation, to the total scattered intensity at all angles, as
is given in Equation 2.17 [Seinfeld and Pandis, 1998]:

F(0,x,m)
Jo F(8,x,m)sinfd8

P@#,x,m)= (2.17)

This equation integrates over the scattering plane, which is any plane parallel to
the beam of incoming radiation. The scattering is symmetrical with respect to the
azimuthal angle, ¢.

In order to determine the hemispheric backscattering coefficient, 3, one must
consider the fraction of the scattered intensity that is redirected into the backward

hemisphere of the particle. This is given in Equation 2.18:

f; P(8)sinfdo

= fo P(8)sin0d6

(2.18)

This can then be used to calculate the hemispheric backscattering coefficient, oysy,

using Equation 2.19.
Obsp = Usp,B (2.19)
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This quantity is desirable as it can be measured directly by an integrating neph-
elometer, and how well the measured and calculated values agree can give some
indication of the sphericity of the particles [Fridlind and Jacobson, 2003].

- Another useful quantity is the single-scattering albedo of a particle, w, which
can be thought of as the probability that light lost to extinction by the particle
is scattered rather than absorbed. Thus, it is simply the ratio of the scattering
efficiency to the extinction efficiency, as: w = %:4: This can be extended to describe
the single-scattering albedo of a distribution of particles, by using the scattering
and extinction coefficients calculated based upon the particle size spectrum:

w = 2% (2.20)

Oext

Equivalently, the probability of light being absorbed rather than scattered is

given by the single-scattering co-albedo, &, in Equation 2.21:

Tabs —1 —w (2.21)
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Chapter 3

The Cruise Data

3.1 Introduction

In a closure experirhent an aerosol property is measured in one or more ways, and
then calculated from a model based upon independently measured data [Quinn
et al., 1996]. In the optical closure study described here, the aerosol properties in
question are the scattering, backscattering, and absorption coefficients of the ma-
rine aerosol. The comparison between the calculated and measured values is a
basis for the level of confidence in both the measurements and the model. In order
to perform an optical closure study; it is necessary to know the chemical compo-
sition of the aerosols, their complex refractive indices, their size distributions, and
their observed optical properties.

Such an optical closure study is performed here by comparing the measured
aerosol particle scattering and absorption coefficients with those calculated from
Mie theory using the measurements of the aerosol particle size distribution and
the size-resolved chemical constituents as inputs to the model. A schematic of the
closure study is presented in Figure 3.1.

The cruise measurements provide optical data for the remote environment of
the northeast Pacific, in the region of 50.37°- 51.41°N, 142.23°- 145.00°W. The path
of the ship during the sampling period is shown in Figure 3.2. According to assess-
ments of single-scattering albedo measurements [Liousse et al., 1996, Heintzenberg

et al., 1997], this is part of a region with notably scarce data.

3.2 Measurements

The cruise data were collected as part of the Sub-arctic Ecosystem Response to
Iron Enrichment Study (SERIES), an experiment of the Canadian Surface Ocean
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Figure 3.1: A schematic of an optical closure test, with the direct measurements of
the aerosol optical properties on the right-hand branch, and the calculated values
determined from independent measurements on the left.



14

.............
.........
..................
......................
.............
............................

45" N

145" W 125" W

135 W

Figure 3.2: The region of the Pacific where the cruise took place, off the west coast
of Canada. The path of the ship is plotted as a red line. The inset in the upper right
is a higher-resolution map of the boxed region in the lower left.
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Lower Atmosphere Study (C-SOLAS) program. The platform was the Mexican
research vessel El Puma, which left from Sidney, British Columbia on July 2, 2002,
for the study region approximately 1400 km into the north-eastern Pacific. The
data were collected over the course of the cruise, from July 5 to July 30, 2002. In
this thesis only the data collected from July 20 to July 30 will be considered since
the instruments were fully functional during that time period only.

The measurements relevant to this study are the size spectra of the aerosols,
their chemical constituents, and the scattering and absorption coefficients of the
aerosols. The inlets for all the measurements involved were located at approxi-

mately 12 m above sea level.

The size spectra were measured with a TSI Scanning Mobility Particle Sampler
(SMPS), a PMS Passive Cavity Aerosol Spectrometer Probe (PCASP), and a PMS
Forward Scattering Spectrometer Probe (FSSP). These instruments have dameter
ranges of 0.008-0.32 ym, 0.15-3.0 um and 2.0-47.0 um, respectively. The inorganic
chemical data used here were collected with a 10 stage MOUDI (Multiple Ori-
fice Uniform Distribution Impactor), with midpoint diameters ranging from 0.06
pm to 18 pm. The MOUDI was used in a static as opposed to rotating mode.
Further chemical information was provided by the Aerosol Mass Spectrometer
(AMS), which measures submicron size-segregated chemical composition of non-
refractory species as a function of time. The scattering and backscattering coeffi-
cients were measured with a TSI 3563 Integrating Nephelometer, and the absorp-
tion coefficient was measured with a Particle Soot Absorption Photometer (PSAP).
The nephelometer measures scattering and backscattering coefficients at three dif-
ferent wavelengths (blue: A=450 nm, green: A=550 nm, and red: A=700 nm), while
the PSAP measures the absorption coefficient at 565 nm only. Finally, the concen-
tration of SO, was measured by a Pulsed Fluorescent Ambient SO, Analyzer in
order to detect the presence of ship exhaust in the samples. These instruments are

summarized in Table 3.1.

All the data were interpolated to a 10-minute time step, with the exception of
the MOUDI filter data that were integrated over sampling periods ranging from
6 to 16 hours (mean of approximately 9 hours). Other than the MOUDI data, all
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Table 3.1: A summary of the instruments used during the cruise, the size range
over which they operate and a description of their function.

SMPS - Scanning Mobility Particle Sizer [Sioutas et al., 1999]

Size range

0.008-0.32 yum with 26 size bins

Description

Charges particles and sizes them based on their mobility within
an electric field.

PCASP - Passive Cavity Aerosol Spectrometer Probe [Liu et al., 1992]

Size range

0.15-3.0 um with 15 size bins

Description

An intrusive optical particle counter (OPC) which sizes particles
based on the amount of light each one scatters.

FSSP - Forward Scattering Spectrometer Probe [Jaenicke and Hanusch, 1993]

Size range

2.0-47.0 pm with 15 size bins

Description

A non-intrusive OPC, using the forward scattered light from an
incident laser to determing the size of the larger particles.

MOUDI - Micro-Orifice Uniform Deposit Impactor [Marple et al., 1991]

Size range

0.03-18.0 yum in 12 stages

Description

A 12 stage impactor using teflon filters as the collection surface
at each stage. Particles collected on each filter are subsequently
analyzed by ion chromatography.

AMS - Aerosol Mass Spectrometer [Jayne et al., 2000]

Size range || 0.06-0.6 pm vacuum aerodynamic diameter at 100% efficiency;
efficiency drops outside this range
Description || Aerosols are sized by vacuum time-of-flight measurements then

vapourized, ionized, and passed through a mass spectrometer.
This determines the size distribution and mass concentration of
non-refractive aerosol species. :

PSAP - Particle Soot Absorption Photometer [Bond et al., 1999]

Size range

> 0.01 um

Description

Absorption is based on the attenuation of green light (0.565 pm)
by the particles collected on a filter.

Integrating Nephelometer [Anderson et al., 1996]

Size range | > 95% of particles with an aerodynamic diameter from 0.05 to 5.0
pm, with collection efficiency falling after that
Description | Measurement of the light scattered by a defined volume of parti-

cles at three wavelengths (0.45 um, 0.55 pm, 0.70 pm).

Pulsed Fluorescent Ambient SO, Analyzer [Luke, 1997]

Description

Pulsating ultraviolet light is focused into a fluorescence chamber
filled with sample air, thereby exciting SO, molecules into higher
energy states. These molecules then emit a characteristic radia-
tion as these energy states decay. This radiation is filtered and
measured by a photomultiplier tube.
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the data were filtered to remove the presence of ship exhaust in the data. To de-
termine when ship exhaust was present measurements of SO, were employed, as
it is a byproduct of the combustion of sulfur containing fuels. The SO, levels were
measured every minute. Whenever the concentration of SO, rose above 1 ppb the
data were considered to be tainted by ship exhaust and were removed from the
study.

The MOUDI filters were only employed when the air was considered to be free
from exhaust. Still, some contamination of the filters occured. Any filters which
were severely influence by ship exhaust were not considered in the analysis. Ten
sets of usable MOUDI filters were collected over the time period in question, and
three blanks, for the purposes of calibration.

‘The averaged data for the MOUDI filters is shown in Figure 3.3. The com-
position of the aerosol as a function of diameter is a necessary input to the Mie
calculations in order to carry out the optical closure study. The MOUDI analysis
separates the inorganic constituents into the following categories: C1-, NO;, Br~,
NOj, SO7, C;07, Nat, NH}, K+, Mg*™*, Ca**, and methanesulfonic acid (MSA).
For the purposes of this study, these were grouped into (Na* + C17), (NO; + NO;),
(NH{ +S07), MSA, and other, based upon Li et al. [1998]. The coarse particle mass
was dominated by (Na* + Cl~), whereas the fine particle mass was predominantly
(NH{ + SO7). Phinney et al. [2005] demonstrate that the submicron sulfate results
agree well with the measurements from an Aérodyne Aerosol Mass Spectrome-
ter (AMS). No comparison could be made for the levels of (Na* + C1~) as the AMS
evaporator does not operate at a sufficiently high temperature to volatilize sea salt.
Though the AMS inorganic data were measured at a higher time resolution than
the MOUDI data, they are not used in this study due to the inability of the AMS to

measure supermicron aerosols and sea salt.

The AMS is able to measure the organic fraction of the aerosol, though it pro-
vides little information on the individual species. This makes it difficult to esti-
mate the optical prdperties of the organics. Because the organic concentration is
relatively low during the period of interest, as shown in Figure 3.4, and because

their optical properties are not known, the organic fraction is not included in the
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Figure 3.3: The average fractional concentration of chemical constituents as mea-
sured by the MOUDI filters.
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Figure 3.4: The mass concentration of organics (in green) and sulfur species (SO7 +
MSA - in red) as measured by the AMS. Over the time period samples the organic
fraction of the aerosol represented only a small fraction of the mass as compared
to the sulfur species.

calculations. Including the organics and assuming that they have the same optical
properties as sulfate changes the results by less than 4% throughout. The complex
indices of refraction for ammonium sulphate and sea salt (Tang [1996]; Toon et al.

[1976]) are used as inputs to the calculations.

Figure 3.5 shows both differential number density and differential surface area
density averaged over the period in which the data are being analyzed. Though
the number concentration maximum is firmly in the submicron range, the surface

area maximum is in the coarse mode, which is typical for marine aerosols [Seinfeld
and Pandis, 1998].

The scattering coefficients measured with the nephelometer are shown in Fig-
ure 3.6. The blue wavelength has the highest scattering and backscattering coef-
ficient, followed by the green and the red. This is consistent with Mie theory, as
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Figure 3.5: Lognormal number (solid line) and surface area (dashed line) concen-
trations as a function of diameter. The sampling range of each instrument (SMPS,
PCASP and FSSP) is indicated.
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smaller wavelengths result in a larger size parameter for the same size scatterer, as
shown in Equation 2.5 [Bohren and Huffman, 1998].

The cruise averages of the scattering coefficients are 20 + 3,17 =3 and 14 £ 2
Mm-~! for blue, green and red light, respectively. For the backscattering coefficients
the averages are 2.1 £+ 0.4, 1.9 £ 0.4 and 1.6 + 0.3 Mm™. The =+ values are based
on the uncertainty in the nephelometer measurement, estimated here to be £15%
after Fridlind and Jacobson [2003] and Quinn and Coffman [1998].
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Chapter 4

The Closure Experiment

4.1 Analysis

4.1.1 Mie Calculations

The optical model used here is an adaptation of the Mie code outlined in Bohren
and Huffman [1998], integrating over specific angular contributions so as to ac-
count for the angular truncation of the nephelometer. All the chemical constituents
are assumed to be externally mixed. This assumption should not greatly affect the
results, due to the dominance of sea salt and ammonium sulphate and the scarcity
of BC [Tang, 1997], [Li et al., 1998].

The inputs for the Mie calculations were the time series of the aerosol size spec-
tra and the time series of the size-segregated chemical constituents as measured by
the MOUDI filters. The time steps of these two sets of data are very different, but
the MOUDI values were assumed to be constant over each sampling period until
the next sampling period began, while the size spectra changed every ten minutes.

The Mie calculations were carried out for each 10-minute time step.

The calculated and measured scattering coefficients for the green wavelength
are shown in Figure 4.1. Similar results are found for red and blue light. When
compared to the value calculated using Mie theory, the nephelometer signal is
smaller by more than an order of magnitude throughout most of the time series.
This is largely due to the angular truncation in the measurement; as a result of the
geometry of the nephelometer scattering is only measured between 7°and 170°.
Much better agreement was attained by incorporating this angular limitation into
the Mie calculations. With this limitation accounted for, the measurable theoretical
curve agrees fairly well, and the two are usually within about 15% of each other,

as shown in Figure 4.2. The times when this ceases to be true are the evenings of
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Figure 4.1: The green line shows the measured scattering coefficient (o) for green

light, while the blue line shows the calculated value (os,;) based upon the size
spectra and the chemical information.
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Figure 4.2: The measured scattering coefficient by aerosol particles (o5,) is shown

with a green line, and the calculated truncated value based upon the angular limi-
tations of the nephelometer (o) is plotted in orange.
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21 July and 23 July, when the measured scattering was exceptionally high.

Angular truncation is a well-recognized limitation of the nephelometer [Ander-
son et al., 1996], and is discussed at length by Anderson and Ogren [1998]. Their
suggested correction factor for total scattering coefficient for sampling without a
size cut (A = 0.55 nm) of 1.29 + 0.23 is much smaller than the correction factor

necessary in this case.

The disagreement between the measured scattering coefficient and the calcu-
lated value can be largely attributed to the dominant forward scattering signal of
the coarse aerosol particles. The phase function for larger scatterers is concentrated
in one large central lobe, which is largely missed when neglecting the contribution
between 0°and 7°. This can be seen in a diagram of phase functions, in Figure
4.3. Here the region that cannot be measured by the nephelometer is demarcated
with solid lines. Clearly, for large scatterers, relatively little of the signal can be

measured.

To examine the measurable backscattering, the effects of the forward and back-
ward angular truncations were separated. Figure 4.4 shows the calculated o).
(from 90°to 180°) as a function of scatterer diameter, along with the calculated trun-
cated value, gy, due to the backward truncation between 170°and 180°. Not only
is the angular truncation significant, but about half the signal is missed for scatter-

ers larger than one micron.

Applying these results to the measured data yields Figure 4.5. Again, the calcu-
lated value from Mie theory is much larger than that measured by the nephelome-
ter. However, when the angular correction is applied the agreement is even better
than for the total scattering, with no systematic underestimation. Similar results
were found when the analysis was repeated for the other two wavelengths. The
findings are summarized in Table 4.1.

The uncertainties given on the numbers in Table 4.1 are based upon estimated
uncertainties in the instruments. The estimated uncertainty in the measured value
is assumed to be +15%, based on the upper limit proposed by Fridlind and Jacob-
son [2003] and Quinn and Coffman [1998]. The uncertainty in the calculated value

is estimated at £20%. This is based upon the combination of the estimated error in
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Figure 4.3: Scattering phase functions for a variety of particle radii. All calculations
here assumed that A = 0.55 ym, and m = 1.55 + 0i, representing SiO,. The phase
functions are normalized in the forward scattering direction for ease of display.
The regions delineated in red cannot be measured by the nephelometer.
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Figure 4.4: The backscattering efficiency for particles, Qpsp, as a function of scat-
terer diameter (dark blue) and the calculated truncated backscattering efficiency,

Qbspt, due to angular truncations (light blue).
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Figure 4.5: The measured value (o4s,) for green light is shown in green, the calcu-
lated value (via Mie theory based upon size and chemical information) (o) is in
blue, and the calculated truncated value (o) is plotted in orange.

the following measurements: particle counting (£10%), uncertainties in the flow
rate (£ <10%), particle sizing (£2-10%), and chemical speciation (£ <5%). The
uncertainty in the particle sizing is defined as half the bin width divided by the
midpoint diameter. These uncertainties are determined by calculating the result at
both the upper and lower boundary of the estimated values for each of the mea-
sured quantities, and then adding the errors in quadrature. The resultant estimated
error in the calculated quantities is then approximately +20%. This uncertainty in
the mean is larger than one standard error of all measurements acquired over the

21 to 30 July sampling period, and is the value used here.

The absorption coefficient measured by the PSAP was corrected for flow, spot

size, and uncertainties in the instrument, as outlined in Bond et al. [1999]. After
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Table 4.1: A summary of the scattering and backscattering coefficient, averaged
over the total measurement period; measured, calculated and calculated truncated
values for all three wavelengths. The given errors are based upon the estimated
uncertainties in each of the quantities — +15% for the measured value and +20%
for the calculated values.

Total scattering coefficients (Mm™!)

A (um) | measured o,, | calculated oy, | truncated oy

0.45 203 320 = 60 15+3
0.55 17 £ 3 320 + 60 13£3
0.70 14 +£2 320 = 60 12+£2

Backscattering coefficients (Mm™!)

A (um) || measured o0y, | calculated oysp. | truncated oy
0.45 21+03 54+1.1 214+04
0.55 1.9+0.3 46+£09 1.9 +04
0.70 1.6 +£0.2 27+05 1.6 +0.3

these corrections the mean absorption coefficient (0,,) measured with the PSAP
was 1.3 &+ 0.6 Mm~!, with the uncertainty derived from the correction factors in
Bond et al. [1999]. The calculated value, based only on the absorption by the in-
organic species, is 1.3 = 0.3 Mm™!, based upon an uncertainty of ~20% in the
calculation. These values agree within the estimated uncertainties, which suggests

that BC was not a significant factor in this particular environment.

Given the scattering and absorption coefficients, one can estimate the aerosol
optical depth, 7, of the marine boundary layer, using Equation 2.14. If we use
the calculated values of oy and o4y, and assume a well-mixed boundary layer of
depth H = 300 m, this yields a 7 of approximately 0.1 at 550 nm. The estimated
value for the depth of the marine boundary layer is consistent with estimated
height of the cloud base observed throughout much of the cruise. The resultant
value of 7 compares well with the findings of Smirnov et al. [1995], who give a 7
of 0.09 to 0.12 for air over the Pacific with similar synoptic conditions, though in-

tegrated over the whole atmosphere. The implication of the agreement is that sea
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Figure 4.6: The calculated scattering coefficient, o5, (blue), and the truncated cal-
culated scattering coefficient, o, (red), both as a function of diameter.

salt in the marine boundary layer may often dominate the aerosol optical depth of
the troposphere over the North Pacific [Marshall et al., 2005]. Indeed, in the next
section it is shown that the sea-salt dominated coarse mode is the principal optical

contributor.

4.1.2 Attribution of Scattering by Size

There was no separate sampling of submicron and supermicron aerosols with the
nephelometer, so it is necessary to analyze the data after the fact to attempt to
apportion the scattering based upon size. The contribution of each size bin to the
scattering is shown in Figure 4.6. These data are based purely upon the calculated
results from the measured size spectra and chemical information.

The calculated scattering coefficient, o, indicates that the vast majority of the

scattering is due to particles in the coarse mode, particularly around 10 um. The
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Figure 4.7: The calculated backscattering coefficient, oys,., as a function of diameter
(blue), and the same calculation including angular truncation, ops: (red).

values calculated when considering the angular truncation are much lower in the
coarse mode, whereas the contribution to scattering from the fine mode changes
relatively little. The truncated calculated scattering coefficient (o) is more evenly
distributed between the two modes.

The same analysis was carried out for the backscattering coefficients, and is
shown in Figure 4.7. Again, most of the backscattering is from the coarse parti-
cles due to their dominance during the cruise. The fine mode is even less evident
than in the case of total scattering. The gap between the calculated value and the

calculated truncated value is considerably smaller.

The fractional contribution to o,,c and oy, from the fine particles including
extinction at all angles is 0.020 = 0.006 and 0.0029 =+ 0.0008 respectively at a wave-
length of 550 nm. When one repeats the procedure having taken the angular trun-
cation into account, the data indicate fine fractions of 0.4 & 0.1 and 0.010 & 0.003
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Table 4.2: The fine fraction of light scattering and backscattering; given for calcu-
lated and calculated truncated values for all three wavelengths. The uncertain-
ties are based on the uncertainties in the calculated values (~20%) combined in

quadrature in the calculation.

Total scattering Backscattering
A Fine fraction of | Fine fraction of | Fine  fraction | Fine fraction of
(um) || ospc (calculated) | ogp (truncated) || of opspe (calcu- | oy (truncated)
lated)
0.45 |l 0.023 4+ 0.006 05+0.1 0.007 + 0.002 0.013 £ 0.004
0.55 | 0.020 = 0.006 04+0.1 0.0029 + 0.0008 | 0.010 % 0.003
0.70 | 0.010 = 0.003 0.21 +0.06 0.0020 £+ 0.0006 | 0.004 + 0.001

for the scattering and backscattering respectively. These can be compared to mea-
sured results in the marine boundary layer at Cape Grim, Tasmania [Carrico et al.,
1998], given as 0.23 & 0.06 for total scattering and 0.17 &= 0.06 for backscattering.
The different data sets do not agree, but the inclusion of the effects of angular trun-
cation produces values much closer to those of Carrico et al. [1998]. Similar results

are obtained for the other two wavelengths, as summarized in Table 4.2.

4.1.3 Analysis of Hygroscopic Effects

The correction factor as a function of relative humidity (RH) is examined in order
to determine how hygroscopic effects may affect the difference between the calcu-
lated and measured scattering signals. When a soluble aerosol is exposed to air at
a relative humidity lower than that required to form a cloud droplet it may still
take up some water. This leads to an increase in the size of the particle, known as
hygroscopic growth. This larger particle may then scatter more light, though its
index of refraction will also be changed by the presence of the water. This uptake
of water only occurs at relative humidities higher than the crystallization point of

the aerosol material, ~45% in the case of sea salt [Mafiling et al., 2003].

The relative humidity of the ambient (outdoor) air was measured, as was the
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relative humidity of the nephelometer sample after it had undergone partial dry-
ing due to heating within the instrument. This sample relative humidity was
recorded by a relative humidity sensor within the nephelometer. Particles sam-
pled by the SMPS and PCASP are essentially dried based on some degree of heat-
ing above ambient temperature before the particles are detected, as well as by the
drying of the sheath air by both instruments using a desiccant. Although the FSSP
is a non-intrusive probe and thus does not dry the sample at all, it was located
inside the same small shelter as the nephelometer. The shelter was heated relative
to the ambient by the various pﬁmps and instruments. Thus, the sample reaching
the FSSP was at a RH similar to that of the nephelometer.

Figure 4.8 shows the ambient relative humidity and that measured inside the
nephelometer plotted with the total scattering coefficient measured by the neph-
elometer for green light. Some correlation between the sample RH and the total
scattering coefficient is evident. If hygroscopic effects were solely responsible for
the large correction factors then one would expect much smaller correction factors

at the lowest relative humidities.

To test this, the data are sorted into different regimes of the sample relative
humidity in the nephelometer. For each of these subsets of data a new correction
factor is calculated. These results are shown in Table 4.3. The correction factor
increases with increasing relative humidity, indicating that water very likely influ-
enced the particle sizing at least at relative humidities above 30%. This can also
be seen in the dependence of the mean particle size measured by the FSSP on the
RH (the last column of Table 4.3), with the increase in size due to uptake of water.
At relative humidities below 30%, well below the crystallization relative humid-
ity of sea salt, the correction factors are still an order of magnitude above those
suggested in the literature. This discrepancy indicates that the high number con-
centration of supermicron aerosols is not mererly due to the hygroscopic swelling
of submicron aerosols shifting the size distribution to larger sizes. In fact, the high
observed number concentration of large sea salt aerosols is more likely due to a
high source function, that is, the rate at which aerosols are produced. This con-

clusion is further supported by the clear demarcation between the fine and coarse
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Figure 4.8: The ambient relative humidity (dark blue), nephelometer sample rela-
tive humidity (light blue), and measured scattering coefficient (green) plotted to-

gether. No sample relative humidity data were collected on 22 July.



35

Table 4.3: The calculated correction factor based upon the sample relative humidity
as measured by the nephelometer.

Relative Hu- || Correction Hours of | Mean diame-
midity range | factor data in this | ter of aerosol
(%) range measured by
FSSP (m)

>60 45+9 5 16.12

50-60 30+ 6 104 11.48

40-50 24 +5 137 11.20

30-40 19+ 4 141 10.51

20-30 17+ 3 68 9.86

<20 16+3 11 9.20

modes seen in Figure 3.5. Had hygroscopic growth been primarily responsible for
the large number of coarse particles, the fine mode would simply have been shifted

to larger diameters.

The major factor influencing the number concentration of coarse marine aerosols
is wind speed. The coarse particles are dominated by sea salt, and the rate of
droplet production, the main source of sea salt aerosols, is a strong function of
wind speed (e.g. Gong et al. [1997]). The concentration of coarse particles mea-
sured by the FSSP is plotted alongside the wind speed in Figure 4.9. The wind
data were collected with an anemometer mounted approximately 10 m above sea

level and corrected for ship speed and course over ground, after Smith et al. [1999].

Some correlation between the two can be seen, though there are a few notable
exceptions, such as the spike in the FSSP numbers on the evening of 23 July, preced-
ing the increase in wind speeds. This splike corresponds to a high level of sulfur
species measured by the AMS, as seen in Figure 3.4. It is possible that these high
FSSP counts are due to species other than sea salt. The other anomalous period is
July 28 to July 29, when there are high wind speeds but low FSSP concentrations.
The reason for this is unclear. Unfortunately no wind data were recorded from the

evening of July 29 onward. Throughout the cruise high wind speeds were seen,
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Figure 4.9: The wind speed (blue) and three times the total concentration measured
by the FSSP (red). The anemometer data were not recorded from the morning of

29 July to the morning of 30 July.
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with an average speed of 7.83 m s~! and a direction of 231.4°over the sampling

period.

4.2 Discussion

The angular truncation of the nephelometer can be a very large factor when the
aerosol population contains a relatively high number of coarse particles, such as in
a windy marine boundary layer. In such cases, optical properties calculated from
measurements of the size distribution and chemical composition are able to pro-
vide a more accurate determination of the extinction properties than direct mea-
surements. Without these other measurements, a condition-dependent coreection
factor would have to be formulated. The difference between the measured values
and those calculated using the chemical and physical measurements are striking
in this case — for A = 0.55 um, the average measured o, is 17 £ 3 Mm™!, while the
average calculated o, is 320 £ 60 Mm™!. The latter value is reduced to Ospt = 13
+ 3 Mm™! when the angular truncation of the nephelometer is taken into account.

The present data indicate a correction factor due to angular truncation far greater
than that suggested in Anderson and Ogren [1998]. This is likely due to the size
distribution of the particular case here. The correction factor given in Anderson
and Ogren [1998] is relevant for some aerosol distributions, excluding those in a
windy marine boundary layer.

The correction due to the non-Lambertian (non-uniform) nature of the light
source was not considered here, neither was the finite bandwidth of the bandpass
filters nor the deviation of the central wavelengths from the stated 450, 550 and
700 nm. All three of these effects are considered to be minimal [Anderson et al.,
1996], and depend upon the specific instrument used. Based upon the work of
Anderson et al. [1996] the central wavelength of the photomultiplier tubes differs
by less than 3 nm from the ideal number, and the bandwith is within the 50 nm
given in the manufacturer’s specifications.

Table 4.4 gives some suggested correction factors for typical aerosol size dis-
tributions for a variety of environments. The aerosol size distributions are those

suggested by Hess et al. [1998], with the aerosol types being water insoluble, water
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Table 4.4: Suggested correction factors for specific environments based on theoret-
ical aerosol distributions.

Total scattering correction | Backscattering correction

Environment 0.45 0.55 0.70 0.45 0.55 0.70
pm pm pm pm pm pm

Clean continental 134 | 1.34 1.36 1.30 1.28 1.28
Continental average | 1.33 1.33 1.35 1.29 1.27 1.27
Continental polluted || 1.30 1.30 1.31 1.27 1.25 1.25

Urban 1.31 1.31 1.33 1.26 1.25 1.25
‘Desert 1.94 1.75 1.60 1.62 1.58 1.53
Maritime clean 1.71 1.53 1.55 1.50 1.47 1.40

Maritime polluted 154 145 147 1.45 1.43 1.37

Maritime tropical 1.75 1.56 1.54 1.50 1.48 1.40
| Arctic 1.36 1.33 1.35 1.35 1.34 1.30
Antarctic 1.39 1.35 1.31 1.36 1.37 1.33

soluble, sea salt (accumulation mode and coarse mode), mineral dust (nucleation
mode, accumulation mode, coarse mode, and transported), sulphate, and soot.
The complex indices of refraction at each wavelength are taken from Koepke et al.
[1997]. The correction factors in Table 4.4 are similar or slightly larger than the
value suggested by Anderson and Ogren [1998]. Of particular interest is that cor-
rection factor for the clean maritime case did not significantly reduce the order of
magnitude difference between the tabulated values and the correction factors from
the present study. This is due to the fact that the coarse mode component of the
measured size distribution is much greater in magnitude relative to the fine mode
than the theoretical size distribution of Hess et al. [1998], as illustrated in Figure
4.10. ’

This substantial difference between the measured and “typical” aerosol size
distributions suggests that the scattering coefficients predicted based upon latter
may be underestimating the actual value. This has substantial implications for es-

timations of the direct aerosol effect. While the present results are not suggested to
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Figure 4.10: The measured differential aerosol surface area distribution (red) plot-
ted alongside the theoretical distribution for a clean marine case (blue).
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be representative of the global oceans on average, they indicate a potentially much
greater role for sea salt in the direct effect than that suggested by the modelled
climatological distributions of Hess et al. [1998]. The implications for high, coarse
mode, sea salt concentrations in the marine boundary layer also extend beyond the
direct effect to the indirect effect of aerosols, as shown by O'Dowd et al. [1999].

In order to more accurately model the direct effect based upon scattering mea-
surements over the oceans, it is necessary to take into account the aerosol size
distribution, chemical composition, relative humidity, and how these affect the
scattering measurements. One method to approach this problem was suggested
by Quinn and Coffman [1998], which requires the simultaneous measurement of
the size distribution and chemical composition of the aerosol to enable the calcula-
tion of a correction factor at each time step, in a similar manner as was conducted
here. The actual magnitude of this correction factor was not reported by Quinn
and Coffman [1998]. This correction factor, ¢, would be the ratio of the calculated

scattering coefficient to the calculated truncated value, as given in Equation 4.1:

Ospc
c= , 4.1
o (4.1)

with a separately calculated correction factor for the backscattering coefficient, cs,
given in Equation 4.2:

a,
oy = &, (4.2)
Obspt
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Chapter 5

The Flight Data

5.1 Measurements

From October 13 to 17 of 2003 six research flights were carried out over the waters
around Nova Scotia. These ﬂights were part of a C-SOLAS project and were carried
out in éonjunction with a research cruise in the area. The research platform was a
Convair 580 belonging to the National Research Council of Canada. Measurements
were collected in and around decks of stratocumulus, but for the purposes of this
study only cloud-free measurements are being considered.

The plane was equipped with an array of instruments for the measurement of
aerosol and cloud properties. The chemical composition of the aerosols was mea-
sured by an Aerodyne Aerosol Mass Spectrometer (AMS), as described in Table
3.1. The AMS provided time-series mass concentrations of aerosol groups includ-
ing ammonium, sulphate, nitrate, and organics. By analyzing the times of flight of
the various particles the AMS is also able to provide some information regarding
the mass distribution of each species as a function of aerodynamic diameter. A
descriptioh of the design and limitations of the AMS can be found in Jayne et al.
[2000]. The AMS is not able to volatilize sea salt, and as such, it is not detected.
Also, its transmission efficiency drops off sharply outside of the 0.07-0.6 um vac-
uum aerodynamic diameter sampling range.

The aerosol size distribution measurements were provided by a TSI SMPS, a
PMS FSSP, and a TSI Aerodynamic Particle Sizer (APS). The first two instruments
were also used on the cruise, and a description of their properties can be found
in Table 3.1. The APS was used to determine the aerosol size and number con-
centrations through analysis of the time-of-flight of the particles, an aerodynamic
property. The sampled air is accelerated through a series of orifices and combined

with filtered sheath air before entering the detection region. Here each particle
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passes between a pair of overlapping laser beams, with the time between these
passes being used to determine the aerodynamic particle size [Armendariz and
Leith, 2002]. The APS and SMPS are both assumed to sample nearly dried parti-
cles due to the warming of air as it entered the aircraft and the use of dried sheath
air [Leaitch et al., 2005].

The smallest particles from 0.1 to 0.28 um were measured by the SMPS in 26 size
bins. The larger aerosols were measured in 45 bins by the APS, with aerodynamic
diameters ranging from 0.66 to 20.5 um. Though in theory the instrument can
measure aerodynamic diameters as small as 0.52 um, the first three bins had highly
erratic numbers due to particle counting statistics, and did not agree well with the
FSSP mounted outside the plane. As such, these data were not used.

The aerodynamic diameters (D,) are converted to geometric diameters (D,) fol-

lowihg Equation 5.1,
D,

%a

where p is the density of the particle in g cm~. The value assumed for p is dif-

D, = (5.1)

ferent for submicron and supermicron particles, with the submicron assumptions
based upon the chemical measurements. Since the AMS is able to measure the spe-
ciated mass fraction of submicron particles, the density assigned to the submicron
particles is an average of the densities of ammonium sulphate, nitrate, and organ-
ics, weighted according to this speciation. Any mass unaccounted for is treated as
sea salt. The density for the organic component is assumed to be 0.82 g cm™3, the
density of octacosanoic acid [Weast et al., 1972], a long chain fatty acid also known
as montanic acid. The organic fraction was based on octacosanoic acid following
Erlick et al. [2001].

The calculated densities for the submicron aerosols ranged considerably based
upon the chemical measurements, from 1.13 to 2.17 g cm ™3, giving the APS a lower
size range in geometric diameter ranging from 0.62 to 0.45 um, based on Equation
5.1. For the supermicron mode the particles were treated as sea salt, with the ap-
propriate density of 2.2 g cm™2 [Seinfeld and Pandis, 1998], giving the APS an
upper size range of D=13.9 um. So as to assure a smooth transition from submi-

cron to supermicron ranges, the size bin bridging the two regions was assigned a
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density which was the mean of the submicron and supermicron values.

After this conversion, a gap remains between largest size measured by the
SMPS at 0.28 pm and the smallest size measured by the APS at 0.45 to 0.62 um.
These measurements were provided by the FSSP, which can measure between 0.3
and 20 gm. The FSSP is a passive instrument and the data were collected outside
of the aircraft at ambient temperature. As such, hygroscopic corrections are neces-
sary to account for the uptake of water on the particles. This correction employs
a hygroscopic growth factor (HGF) which shifts the size range according to the
relative humidity, as given in Equation 5.2:

Dy(RH)
HGF(RH)
Thus particles with diameters measured at the ambient RH (D¢(RH)) can be re-

Dy(dry) = (5.2)

sized to their dry diameters (Dg(dry)). The HGF employed here is based on the
parameters given in Table 5 of Maflling et al. [2003], which were determined from
measurements of highly soluble larger particles (Dg4(dry) = 250 nm) taken during
Aerosols99 over the Atlantic Ocean. The HGF is calculated as:

HGF(RH) = A(1 — RH)" (5.3)

where v = -0.284, A = 1.0544. This formula for the HGF was chosen over more pre-
cise laboratory experiments using NaCl or sea salt, such as those by Tang [1996],
as it may better represents the behaviour of ambient marine aerosol by incorporat-
ing such things as internally mixed organic compounds which have been shown
to reduce the HGF of sea salt particles [Randles et al., 2004].

The choice to use the APS data rather than those from the FSSP for the measure-
ment of the large aerosol size spectra was based on the location of the instruments.
The FSSP was mounted outside the aircraft, unlike the instruments measuring
chemical composition and scattering coefficients. In order to have a meaningful
comparison between the various measurements it is better that the sampled air
passes through the same inlet and experiences similar resultant losses.

The total scattering and backscattering coefficients at three visible wavelengths
(450, 550 and 700 nm) were again measured by the TSI 3563 Integrating Neph-
elometer. A size cut was not employed. With the exception of the APS, which
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is described in this section, a description of all these instruments can be found in
Table 3.1.

The inlet was a shrouded, nearly isokinetic diffuser, mounted ahead of the en-
gine and approximately 15 cm off the starboard side of the fuselage of the aircraft.
The shroud was designed so as to direct a minimally turbulent flow of air and
particles into the intlet. From the inlet, 1 cm OD (outer diameter) stainless steel
tubing was used to bring the sample air to the on-board instruments (the SMPS,
APS, nephelometer, and AMS). The AMS was located approximately 5 m from the
intake, while the other three instruments were within about 1 m of the intake.

For this closure experiment all the above mentioned quantities were averaged
over the 5 minute sampling time of the AMS. All of the segments which consisted
of level, sustained, cloud-free flight were then assessed for point closure. Any seg-
ment where the air pressure was less than 800 hPa (corresponding to an altitude
of ~2000 m) was not considered, as the SMPS had sampling problems in these
regions due to the lower dielectric constant of the air. The five minute segments
immediately adjacent to in-cloud samples were not considered, so as to avoid po-
tential spurious measurements of small particles due to the fragmentation of cloud
droplets upon impact with the inlet [Weber et al., 1998]. In another effort to avoid
in-cloud sampling, segments where the mean relative humidity of the air exceeded
95% were omitted, following the procedure of Shinozuka et al. [2004]. In total there
were 49 segments which met all the requirements for analysis. The flight path of
the plane is shown in Figure 5.1, with the mean location of each of the segments

indicated in red.
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Figure 5.1: The path of the flights from October 13-17. The regions discussed here
are marked in red. The data collection software was not functioning for most of the
flight marked 5A from Halifax to Sidney, and as such these data are not analyzed.
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Chapter 6

The Closure Experiment

6.1 Analysis

6.1.1 A Case Study

In order to illustrate clearly the method used, all of the measurements and calcu-
lations will be explained for one of the points considered for closure, the first data
point from Flight #1. Firstly, the aerosol number concentration distribution aver-
aged over this time is shown in Figure 6.1, along with the surface area distribution.
As compared to Figure 3.5, the coarse mode is greatly attenuated, with almost no
particles being measured above 2 um. This loss appears to be due to the effect
of the inlet, which is in keeping with the findings of Blomquist et al. [2001], who
found that for the NCAR Community Aerosol Inlet had a 3 um 50% size cut, and
70-90% of the sea salt mass was lost. As it is an inlet effect, it affects all the mea-
surements taken inside the aircraft on all days, including the nephelometer. As

such, closure should still be attainable within this limited size regime.

The next thing to be considered is the chemical constituents measured over the
course of this time period. The total mass measured by the AMS and that inferred
from the mass concentration distributions agree well when considering only those
particles with an diameter less than 0.6 xm, which corresponds to the region which
the AMS can measure. With a submicron density of 1.62 g cm™ (based upon the
chemical speciation) the size distribution gives a mass concentration of 4.5 ugm™3,
while the AMS measures 4.2 ug m™>. These agree within less than 10%, which is
well within the uncertainties of the two methods. However they should not neces-
sarily agree as the AMS is unable to measure sea salt. The mass concentration dis-
tribution using each method can be seen in Figure 6.2, with the individual species

masses for the AMS constituents included as well. This particular segment shows
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Figure 6.1: The number and surface area concentrations for the example case cho-
sen from Flight #1. The diameter regions measured by each of the sizing instru-
ments, the SMPS, FSSP and APS, are indicated with the arrows.
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Figure 6.2: The mass concentration distributions as calculated based upon the size
distributions (blue) and from the AMS measurements (black) for the case chosen
from Flight #1. The mass concentrations of individual species are shown as well:
ammonium (brown), nitrate (orange), sulphate (red), and organics (green).

a high concentration of organics along with the dominant sulphate.

In general the size distributions agree quite well. Since the mass distributions
for the AMS are inferred from very few particles, the statistics are not very robust
when considering only one record, as is the case here. The individual species show
unphysical negative mass concentrations at certain sizes as a result of this, but the
sum over the whole size range is positive. As such, the submicron fractional con-
tribution of each AMS-derived constituent is based upon the size-integrated mass
concentrations. Again, any missing mass is attributed to sea salt, which cannot be
measured by the AMS. All supermicron particles are treated as sea salt, which is
reasonable for the marine environment (e.g., Murphy et al. [1998]). These fractional

contributions are then directly employed in the scattering calculations.
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Table 6.1: The assumed values for the real and imaginary parts of the index of

refraction of the organic component, n and k respectively, calculated according to
Erlick et al. [2001].

A{pm) || n k

0.45 1.437 3.129x10~*
0.55 1.432 3.754x10™*
0.70 1.430 4.380x107*

With these assumptions as to the chemistry of the aerosols as well as the size
distributions as given above, the scattering and backscattering coefficients can now
be calculated. The complex indices of refraction for ammonium sulphate, sea salt
and nitrate are known (for example Tang [1997], Toon et al. [1976]), whereas as-
sumptions need to be made as to the organic constituents. Here the model of Er-
lick et al. [2001] is followed, where the real part of the refractive index of organic
carbon is based on that of octacosanoic acid at 550 nm from Weast et al. [1972], and
it is assumed to vary with respect to wavelength in the same manner as does water
[Seinfeld and Pandis, 1998]. The imaginary part is taken as the imaginary part of
water-soluble components given in d’Almeida et al. [1991]. The complex indices
of refraction used for the organic component are given in Table 6.1.

Based upon these data and Mie calculations, the resulting values for the calcu-
lated total scattering and backscattering coefficients (0spc and os)c respectively) can
then be calculated. In order to have a meaningful comparison with the measured
values, the measured values must first be corrected for the problem of angular
truncation. The method adopted here is that described by Equations 4.1 and 4.2,
with which a correction factor, ¢, is determined based upon the ratio of the calcu-
lated scattering coefficient, o5, and the calculated truncated scattering coefficient,

Uspt-

6.1.2 All the Data

The procedure described in section 6.1.1 was carried out for all 49 segments of clear,

level flight. In all cases the measured results were multiplied by the correction
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Figure 6.3: The upper three panels show calculated scattering coefficients plotted
against the measured scattering coefficients for each of the three wavelengths, with
linear fits plotted in black. The lower three panels show the same plots but for

backscattering coefficients.

factor giving by Equations 4.1 and 4.2. The comparison of calculated and measured
values for total scattering and backscattering is shown in Figure 6.3.

The slope and R? value of each scatter plot were determined through linear re-
gression and these values appear on each of the panels in Figure 6.3. A y-intercept
of zero was assumed. As can be seen, the total scattering shows significantly better
correlation than does the backscattering, with the lowest R? value being 0.91, for
A=700 nm. Of the three total scattering cases, its slope also deviates the most from
unity, with the calculated values being systematically high. On the contrary, the
slope of the line for the blue total scattering case is less than one, suggesting that
the calculated values are too low. In the centre is the case for green light, with the
best agreement of the three. This systematic error as a function of wavelength sug-

gests that the chemical speciation may be incorrect, as different constituents have
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different wavelength dependence. The sensitivity of the calculated results to the

chemical speciation is discussed in the following section.

The backscattering coefficients have much lower R? values and substantially
lower slopes, with very poor agreement. The low slope values suggest that the
backscattering coefficient is systematically underestimated by 30-65%. This signif-
icant difference is not something that can reasonably be compensated for through
either different chemical speciation or uncertainties in the sizing. Previous studies
analyzing point closure have also found consistent underestimation of calculated
backscattering coefficients based on dry aerosol sampling in the marine environ-
ments [Fridlind and Jacobson, 2003, Quinn and Coffman, 1998, Quinn et al., 1995].

This may be due to assumptions about particle sphericity, which is fundamen-
tal to Mie calculations. Since the particles were dried during sampling by the
SMPS, APS and nephelometer, their shapes are likely to have been somewhat non-
spherical. Generally speaking, particle non-sphericity has a substantially greater
impact on backscattering than total scattering (e.g. Pilinis and Li [1998], Mishchenko
et al. [1997]), which might be able to explain the results here. Though previous
studies had some success attaining closure with models of non-spherical particles,
such as that of Pollack and Cuzzi [1980], no attempt was made here to model the
particles as non-spheres. Since there are no measurements of the scattering phase
function of the ambient aerosols, it is difficult to determine if the solution to the
inverse problem assuming non-spherical particles would be correct. Such work is

not undertaken here.

The poor agreeement in the case of the backscattering could also be related to
the low signal-to-noise ratio. Though in ideal situations the detection limit of the
nephelometer is on the order of 107, the noise in the signal seen throughout the
flights was much higher, and signals below ~107¢ were indistinguishable from
zero. As the mean ratio of the measured backscattering to total scattering was only
0.1410.08, the much smaller backscattering coefficient was more likely to have

been obscured by the large amount of noise in the measurement.
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6.2 Closure Analysis

In order to statistically assess the agreement between the measurements and the
calculations it is necessary to accurately estimate the uncertainties in each. In order
to do this, the difference between the calculated and measured values is compared
to the magnitude of the estimated uncertainty in each. The condition for closure,

based on Fridlind and Jacobson [2003], is expressed as:
—(00;, + 805,0) < (Tspe — 05p) < (607, + b0,), 6.1)

where do3/~ and do3.” are the uncertainties in the measured and calculated scat-
tering values respectively. The superscript, + or —, indicates whether the uncer-
tainty is for overestimation or underestimation. Equation 6.1 is assessed for each
point to test for closure. If the conditional statement is satisfied this means that
any difference between the calculated and measured values is less than the sum of
the estimated uncertainties in the two values, and closure is attained.

The uncertainty in the nephelometer measurement is simply the truncation cor-
rected measured value multiplied by the estimated uncertainty range, here given
as +15/—15%, after Fridlind and Jacobson [2003], whose uncertainty values were
derived for aircraft data. The uncertainty in the calculated value is more compli-
cated, as it represents the combination of uncertainties in particle sizing, counting,
RH measurements, and analysis of chemical speciation. Firstly, estimations are
made of the uncertainties in each of these measured values used as input to the cal-
culations. Then the scattering calculations for each point are repeated based upon
the upper and lower limit of each of these measured quantities in turn, giving an
idea of the uncertainty in the calculated value based upon each of the measured
values. Finally, the upper uncertainty boundary for each calculated value, doy,,
was calculated as the square root of the sum of the squared positive uncertain-
ties, based on the different measured quantities. The lower uncertainty boundary,

do,

sper Was calculated likewise using the negative uncertainties of each measured

value. Each of these uncertainties was calculated for each of the 49 points. The
median uncertainty values, expressed as percentage of the calculated scatterin and

backscattering coefficient values, are given in Table 6.2.
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Table 6.2: Estimated uncertainties in the measured scattering values, and median
uncertainties in the calculated scattering values based upon estimated uncertain-
ties in the particle counting, particle sizing, relative humidity, chemical speciation,
and a combination of these effects.

Total scattering
A (nm) ; 450 550 700

Quantity B 8ol (%) | ol (%) | S0l (%)
particle counting (+10%) 10.0/10.0 | 10.0/10.0 | 10.0/10.0
particle sizing (+£2.2-9.0%)t | 18.2/16.4 | 17.5/15.5 | 17.3/14.9

relative humidity (+10%) 39/42 | 35/38 | 41/42
chemical speciation (+£50%)} || 0.7/1.2 0.7/1.2 1.0/1.7
combined error (%) . 21.2/20.0 | 21.0/19.3 | 20.5/18.6
Quantity 805/ ~(%) | b0/ ~(%) | b/~ (%)
nephelometer (£15.0%) 15.0/15.0 | 15.0/15.0 | 15.0/15.0
Backscattering

A (nm) 450 550 700
Quantity 8ol (%) | 8ol (%) | 60yl (%)

particle counting (£10%) 10.0/10.0 | 10.0/10.0 | 10.0/10.0
particle sizing (+2.2-9.0%)t || 14.5/13.2 | 13.0/12.0 | 10.7/9.7

relative humidity (£10%) 3.6/3.6 3.7/3.9 3.7/3.6
chemical speciation (£50%)} || 3.3/5.2 1.7/2.8 09/1.6
combined error (%) 18.1/18.3 | 17.1/16.8 | 15.6/14.9
Quantity 8o (%) | 8ol (%) | 607l (%)
nephelometer (+15.0%) 15.0/15.0 | 15.0/15.0 | 15.0/15.0

TThe error on the sizing of the particles is half the bin width divided by the mid-
point diameter.

{Each of the four species measured by the AMS had the mass changed by +50% in
turn, and the effect of all four are here combined as the root of a sum of squares.



54

The uncertainty in the counting efficiency is estimated at +10%. This results
in an uncertainty in the calculated value of £10% since the scattering coefficient
is directly proportional to the number concentration, as is given in Equation 2.12.
The uncertainty in the sizing of the particles is calculated as half the bin width di-
vided by the midpoint diameter, giving an uncertainty in the geometric diameter
ranging from +2.2-9.0% depending upon the size bin. This number is magnified
in the calculations however, since the scattering coefficient is proportional to the
diameter to the power of two. The uncertainty in the measured RH is estimated
at £10%. This has only a small effect on the calculated values since only a few
size bins in the distribution, those measured by the FSSP, are affected by the hy-
groscopic correction. The uncertainty in the chemical speciation was estimated
to be quite large, based upon the fluctuations seen between consecutive measure-
ments and the fact that only one AMS averaging period is used for each point.
In order to explore the effect that this uncertainty might have, the mass of each
chemical group was changed by +50%, the mass fraction was recalculated, and
the scattering calculation was repeated. The chemical groups in question are sea
salt, ammonium sulphate, nitrate, and organics. The total mass was not changed,
as that is calculated according to the size distribution, and the AMS speciation is
used only to determine the submicron fraction of each chemical group. This was
carried out for each of the four groups in turn, and the uncertainties derived from

each were combined as the root of a sum of squares.

After this analysis, each point was analyzed for closure following Equation 6.1.
For the total scattering coefficient, closure was attained for >70% of all the points,
with the best agreement being for green light, with closure attained within un-
certainties for 41 of 49 points. The results were much poorer for backscattering,
as would be expected based upon Figure 6.3, with less than 40% of the points at-
tained closure for backscattering. Again, the agreement was best for green light,
though only 17 of 49 points agreed within uncertainty for the calculated and mea-
sured backscattering coefficients. These results are summarized in Table 6.3, along
with the median difference between the calculated and measured values, with the

percentage calculated relative to the measured value.
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Table 6.3: The percentage of points which attained closure, the number of points
which attainted closure, and the median error between the calculated value and
the measured value are given for the entire campaign, as well as for each flight.

Total scattering Backscattering
A (nm) 450 {550 |700 450 | 550 |700
Total for all flights (49 points)
% with closure 735 |837 |714 (143 |[347 |224
points with closure || 36 41 35 7 17 11
median error (%) 21 |26 [126 |-59.0 |-655 |-63.2
Flight #1 (10 points) ‘
% with closure 300 [60.0 |30.0 |00 0.0 10.0
points with closure 3 6 3 0 0 1
median error (%) -474 | -119 | 459 | -73.7 |-79.6 | -80.1
Flight #2 (10 points)
% with closure 90.0 {90.0 {90.0 |00 60.0 |30.0
points with closure || 9 9 9 0 6 3
median error (%) 70 |19 176 | -45.6 |-255 |-36.4
Flight #3 (15 points)
% with closure 86.7 | 100.0 | 100.0 || 0.0 0.0 0.0
points with closure || 13 15 15 0 0 0
median error (%) 9.2 1.7 -1.8 -62.8 | -68.8 | -72.8
Flight #4 (5 points)
% with closure 60.0 [60.0 |40.0 | 60.0 |60.0 |80.0
points with closure || 3 3 2 3 3 4
median error (%) -10.6 | 5.7 8.1 -13.7 [11.8 |-7.1
Flight #5 (9 points)
% with closure 889 |889 |667 |444 |889 |333
points with closure 8 8 6 4 8 3
median error (%) 132 | 153 |23.0 |-40.7 |-1.1 -51.8
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The results shown in Table 6.3 indicate that the agreement between the calcu-
lated and measured values varies greatly‘ from day to day. Flights #2, #3 and #5
clearly show better agreement for total scattering than do Flights #1 and #4. In or-
der to explore the difference between the closure for the various flights, the point
closure, magnitude of error, and total scattering coefficient for A=550 nm are com-

pared as a function of altitude in Figure 6.4.

From Figure 6.4 it can be seen that six of the eight points for which closure was
not attained occur above 700 m. This was above the stratocumulus cloud base
for all of these flights, and generally there were fewer aerosols at these altitudes.
This is seen in the drop off of the total scattering signal shown in the third panel
of Figure 6.4. This accounts for the poor agreement for Flight #4 — the two points
for which closure was not attained both occur above 1400 m. Since only five mea-
surements were considered from this flight, only 60% closure is attained for green
light.

In general, the calculated and measured values agreed better for measurements
of larger magnitude. This could be related to the high amount of noise in the mea-
surements, particularly the scattering measurements, as was discussed before to
account for the poor closure seen for backscattering coefficients. Thus a smaller
signal is more easily lost in the noise. This smaller measured signal at higher al-
titudes also accounts for the large percentage error value seen for these data as a

relatively small absolute error can be many hundreds of percent of a small number.

As for the two measurements taken below cloud which did not attain closure,
they are both from Flight #1 which, of all the flights, showed the poorest agreement
between the measured and calculated values. In order to analyze this further, it is
necessary to compare the aerosols measured on each of the days, both their size

distributions and chemical constituents.
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those for which closure was not attained within estimated uncertainties are shown

as red circles. The centre panel shows the same points, coloured according to on
which flight they were collected. The panel at the right shows the measured scat-
tering coefficient as a function of altitude, again colour-coded according to flight.
All data are for A=550 nm. The errors are shown on a logarithmic scale, while the

scattering coefficient is plotted on a linear scale.
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6.3 Intercomparison of Measured Aerosols

6.3.1 Chemical Signatures of Different Flights

Though the flights analyzed in this study took place within five days of each other,
they displayed somewhat different aerosol characteristics. The above cloud and
below cloud points were averaged separately for each of the days, and the inferred
mass fractionation and total mass, as determined from the averaged size distribu-
tions were compared. This comparison in shown in Figure 6.5, for both the above
and below cloud samples. Two separate records are compared for Flight #1 as two
different geographical regions were sampled; over the Bay of Fundy and above the
waters southwest of Halifax, as can be seen in Figure 5.1. The data from these two

regions are labelled 1A and 1B respectively in Figure 6.5.
With the exception of the data from the first flight, the mass fraction of each

of the flights below cloud base is seen to be dominated by the supermicron par-
ticles, assumed to consist entirely of sea salt. The mass above cloud base is also
dominated by sea salt for Flights #2 and #5, though the total mass concentration
is substantially lower in both cases. Of note is the scarcity of aerosol mass above
cloud during Flight #1, and the lack of supermicron aerosols below cloud as well.
The aerosol mass on this day was dominated by submicron ammonium sulphate,
with some contribution from organics. A stronger organic contribution was seen
on both Flights #2 and #4. Flight #5 has the lowest below cloud mass contribution

from organics and nitrate, with even the submicron mass dominated by sea salt.

In order to determine the source of the air, back-trajectories were calculated us-
ing the National Oceanic and Atmospheric Administration (NOAA) Air Resources
Laboratory’s HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT,
www.arl.noaa.gov). The back-trajectories for the 48 hours preceding the measure-
ments are shown in Figure 6.6. Those shown in blue are measurements taken be-
low cloud base while those in red are taken above cloud. The difference between
the back-trajectories of the above and below cloud measurements is minor for all
the flights. The trajectories also indicate that the altitude of each air mass is nearly
unchanged over the past 48 hours (not shown), indicating stability.
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Figure 6.5: The plot on the left shows the mass concentration by species for the
data collected below cloud base, while that on the right is for above cloud data.
The labels 1A and 1B are to differentiate between data collected during Flight #1
over the Bay of Fundy (A) and over the waters southwest of Halifax (B). The sub-
micron speciation is based upon AMS measurements, with any mass unaccounted
for treated as sea salt. All supermicron mass is assumed to be sea salt.
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Flights #1A and #1B are following the same convention as in Figure 6.5.
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Looking at the back-trajectories in Figure 6.6 it seems surprising that there was
such little sea salt and supermicron mass attributed to Flight #1B, given that the
air had spent the previous 48 hours over the ocean to the south of Nova Scotia.
This is less true of Flight #1A, as the air passed over the western portion of Nova
Scotia before reaching the Bay of Fundy. There is a slightly higher supermicron
contribution to the mass on Flight #1B, but it is still an order of magnitude smaller
than the other flights. This may be due to drizzle on this day washing out the large,
hygroscopic sea salt aerosols. In analyzing 2-Dimensional Cloud Droplet Imaging
Probe data from Flights #1 and #2, Lehr [2005] found an order of magnitude more
drizzle-sized droplets measured within the clouds on the first flight. Analysis of
cloud radar reflectivities also indicated many more regions where the reflectivity
exceeded -15 dBZ, which is an indication of clouds likely to contain drizzle-sized
droplets [Wang and Geerts, 2003].

The back-trajectory for Flight #2 shows the air mass changing directions, ini-
tially coming from the south as in Flight #1, passing over Cape Breton, then re-
versing headings and returning from the north. This indicates a primarily marine
source with possible continental influence. This may be related to the high con-
centrations of organics on this day, though it is not clear if the organics are anthro-
pogenic or biogenic. The back-trajectory for Flight # 3 begins over Eastern Quebec
48 hours before, then passes over the Gulf of St. Lawrence and Nova Scotia before
ending up over the ocean. The back-trajectory for Flight #4 indicates a potential
for continental pollution as it is shown to pass over the Great Lakes region and
over the highly urbanized northeastern United States before continuing east to the
waters south of Nova Scotia. However the data from this day have the lowest con-
centrations of ammonium sulphate and the highest concentration of sea salt. There
is a substantial organic contribution as well. Finally, the back-trajectory from Flight
#5 indicates that the air passed over northern Quebec and Ontario on its way to the

Gulf of St. Lawrence west of Newfoundland.

An analysis of the wind speeds measured during the flights sheds some light
on the difference between the the amount of sea salt on various days as shown in

Figure 6.5. Figure 6.7 shows the wind speed as a function of altitude for each of
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Figure 6.7: The wind speed as a function of altitude, with all the data on each day
averaged in 10 m bins.

the flights at altitudes up to 2000 m. This is a combination of the measurements
made throughout all the profiles, with the wind speeds binned and averaged into
10 m altitude increments. Though different flights had different lowest altitudes,
a difference between the wind speeds at the lower altitudes can be seen. Looking
at only the lowest altitudes measured for each day, the wind speed for Flight # 1 is
clearly lower than on the other days. However this does not provide much insight
into the wind speeds at the surface, where the droplet to particle conversion which

produces sea salt aerosols takes place.

To determine the wind speeds closer to the surface, SSM/I (Special Sensor Mi-
crowave Imager) data were used. These data are preferable to buoy or radiosonde
data as they cover more of the geographical regions in which the data were col-
lected. The wind speed at 10 m above sea level is inferred based upon the mi-

crowave brightness temperatures measured at 7 wavelengths by an instrument
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mounted on a polar-orbiting satellite. The data discussed here were collected by
satellites F14 and F15 during morning scans on October 13 to 17. SSM/I data are
produced by Remote Sensing Systems and sponsored by the NASA Earth Science
REASoN DISCOVER Project. Data are available at remss.com.

The results are shown in Figure 6.8, with the approximate sampling regions
indicated on each of the plots. The scattered pixels with missing data (in black) are
due to precipitation during the sampling or proximity to the shoreline, while the
larger areas in black are regions which the satellite did not pass during its samples
that day. The 10 m wind speed in the more southerly region sampled during Flight
#1, on October 13, was approximately 5-7 m s~1. (The other region sampled on this
day, the Bay of Fundy, is not large enough to be sampled with this method.) This
wind speed is considerably lower than those seen on the other days, which were
roughly 10-15 m s~!. Lower wind speeds are also seen during the day preceding
Flight #1 (not shown), suggesting further that this could be the cause of the lower

concentrations of sea salt particles on that day.

6.3.2 Size Distributions of the Different Flights

The size distributions were averaged in the same way as the mass concentrations,
into above and below cloud measurements for each of the regions studied. The
results for the below cloud measurements are shown in Figure 6.9, and those for
the above cloud measurements are shown in Figure 6.10.

For the below cloud data the large difference between the supermicron aerosol
concentrations for Flight #1 and those on the other days can be clearly seen, with as
much as a thousand times more particles counted between 1-3 um on Flight #3 as
on Flight #1. This of course impacts both the mass concentration and the scattering
calculations.

The above cloud aerosol size distributions shown in Figure 6.10 show a sub-
stantial reduction in supermicron aerosol number concentration from the below
cloud distributions in Figure 6.9, particularly in the data from Flight #1. In fact
almost no aerosols were measured at all for Flight #1A, and the submicron con-

centrations during Flight #1B dropped by over an order of magnitude. This low
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Figure 6.8: The wind speed for each of the days as determined by satellite measure-
ments of microwave brightness temperatures. The time of the scan is shown at the
upper right of each map, in UTC. The approximate regions at which the aircraft
measurements were taken are indicated with the red arrows.
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Figure 6.9: The dN/dlogD aerosol concentrations averaged for the below cloud
data measured on each of the flights. The data from Flight #1 is subdivided into
#1A and #1B in the same manner as in Figure 5.1.
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Figure 6.10: The same information as in Figure 6.9, but for the above cloud data.
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concentration of larger particles during Flight #1 is likely due to the lower surface
wind speeds, as shown in Figure 6.8. This reduces the rate of droplet to particle for-
mation of sea salt aerosols, and allows more aerosols to settle out. The other flights
also indicate a reduction in the number concentration, though the effect is more
clearly seen for supermicron particles. The small number of particles measured
during Flight #1 also makes the data somewhat less statistically reliable, which

may also have contributed to the poor closure results on this day.

6.3.3 Scattering Apportionment by Size

To compare the contribution of the different sized particles to the calculated scat-
tering and backscattering coefficients, the scattering coefficient distributions are
plotted against the diameter of the particle. Again, the data are averaged accord-
ing to above and below cloud values for each region.

The data shown in Figure 6.11 indicate that below cloud, the total scattering is
dominated by the submicron mode, though there is a strong signal in the super-
micron mode on Flights #2, #4 and #5. The calculated backscattering is dominated
by the supermicron particles for those same three flights as well. As for the above
cloud data, shown in Figure 6.12, the small signal from Flight #1 is not even visible.
The submicron component dominates the total scattering for all the flights, though
a very strong supermicron component to the backscattering coefficient is seen for
Flights #2 and #5.

6.4 Accounting for the Unmeasured Aerosols

Looking at the size distributions plotted in the previous section, it is often apparant
that there is a sharp decrease in particle concentrations for sizes above 2 um. As
previously mentioned, this is attributed to losses due to the inlet, and affects all
the instruments inside the aircraft. Though this allows for consistent comparison
between these instruments, it does not necessarily provide an accurate picture of
the ambient aerosol, or its scattering properties.

In order to estimate what sort of effect this might have, the size distributions
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Figure 6.11: The calculated scattering and backscattering coefficients as a function
of diameter for each of the regions studied. The data are averaged over the mea-
surements taken below cloud base for A=550 nm.
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of diameter for each of the regions studied. This plot shows the mean data col-
lected above cloud for A=550 nm.
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were recreated and the scattering and backscattering coefficients were recalculated
using the size distributions provided by the FSSP rather than the APS for particles
larger than 0.30 ym. Since the FSSP was mounted outside of the aircraft it would
not experience the losses associated with the inlet. As previously described, the
FSSP distribution was corrected for hygroscopic effects using Equation 5.3, and

the dry diameter is considered here.

To give an example of the kind of effect that this can have, the below cloud
size distribution and the contribution to os,c and oy, as a function of diameter
are replotted for the below cloud data of Flight #3 using both the original size
distribution as well as that utilizing the FSSP for all particles larger than those
measured by the SMPS. The result is shown in Figure 6.13.

Clearly, the calculated scattering and backscattering coefficients when summed
over all the diameters will be higher for the FSSP size distribution than for the
APS size distribution. This suggests that the actual ambient total scattering and
backscattering coefficients may be considerably higher than the nephelometer is

able to measure due to sampling losses in the inlet or tubing.

To assess the possible impact of these losses, the following quantities were cal-
culated for each flight segment for both size distributions: aerosol number con-
centration, aerosol mass concentration, fine fraction of mass, ospc, Opspe, and fine
fraction contribution to scattering. The percentage change for each of these num-
bers due to the new size distribution is given in Table 6.4. All percentages are
calculated relative to the initial APS-derived size distribution. All values given are
for A=550 nm, though similar results are found for the other two wavelengths as

well.

The results for the below cloud measurements in Table 6.4 indicate that chang-
ing the size distribution to reflect the aerosols outside of the plane rather than
inside has quite a significant effect on the calculated scattering coefficients, in-
creasing the below cloud levels for green light anywhere from 14 to 184%. The
calculated backscattering coefficient was also found to increase substantially for
the measurements made below the cloud base. Generally speaking the effect was

the smallest for Flight #1 during which there were not a lot of supermicron aerosols
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Figure 6.13: The aerosol size distribution (top panel), contribution to total scatter-
ing coefficient as a function of particle diameter (middle panel) and backscattering
coefficient as a function of diameter (bottom panel). All data shown are for the
below cloud mean distribution on Flight #3, and the scattering data are for A=550
nm. The solid line indicates the original size distribution using the APS, while the
dotted line shows the size distribution using the FSSP measurements instead.
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Table 6.4: The percentage change in a variety of aerosol quantities due to the use
of the FSSP data in the size distribution rather than the APS. Both below cloud and
above cloud measurements are presented, and the scattering calculations are for
A=550 nm.

Flight segment 1A 1B 2 3 4 5

Below cloud data
Number concentration | +14.0 | +6.2 +0.1 +0.1 +0.1 +3.0
Mass concentration +83.4 | +131.5 | +137.6 | +390.6 | +231.3 | +97.3

Mass fine fraction -42.7 | -83.0 | -67.8 -76.0 -70.0 | -79.4
Ospe +14.4 | +24.1 | +20.0 | +182.9 | +115.1 | +774
sy fine fraction -16.1 | -42.8 | -32.6 | -26.8 -3.0 | -58.5
Obspe +2.4 | 4193 | +20.2 | +37.0 | +159 | +104
Opspe fine fraction -689 | -549 | -56.5 | -51.8 | -73.7 | -67.0
Above cloud data

Number concentration | +15.0 | +24.8 +1.3 +0.1 0.0 +0.3
Mass concentration +7.7 | +84.4 | +74.4 +6.6 -5.8 -6.8

Mass fine fraction -36.2 | -426 | -32.7 | 06.7 +2.0 | -17.1
Ospe +41.2 | 4654 | +163 | -64 -184 | -26.3
Ospc fine fraction -13.1 | -51.3 | -17.6 -1.2 +7.1 -5.1

Obspe +469 | +85 | +30.7 | -20.3 -47 | -31.6
Opspc fine fraction 279 | -41.7 | -25.2 +2.7 +22.3 | +12.0
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measured by either the APS or the FSSP.

Table 6.4 also gives the calculated change in the fine particle (D <1pm) con-
tribution to both the mass and the scattering and backscattering coefficients. The
new size distribution, using the FSSP clearly shows a decrease in the fine parti-
cle contributions, indicating that the increase in mass and scattering coefficients is
due primarily to higher concentrations of particles greater than 1xm rather than
an increase in the concentration of particles between 0.28 and 1.0 pm.

The results for the use of the FSSP for the above cloud measurements are also
included in Table 6.4, though here the change is not so constant throughout the
flights. This is due to the smaller number of supermicron particles found above
the clouds, so that the addition of particles greater than 2 ym has less of an im-
pact. In some cases the calculated scattering and backscattering coefficients are
even found to decrease, and the fine fraction contribution to mass and scattering
to increase. These anomalous results are believed to be related to uncertainties in
the measurements. As there are fewer aerosols at higher altitudes and fewer total

measurements taken above cloud the statistics are not as robust.

6.5 Comparison with Cruise Data

From the analysis of the cruise data in Chapter 4 one of the most notable findings
was the large correction factor, ¢, required to account for the angular truncation
of the nephelometer. In the data reported from the flights these correction factors
have been applied in the reported measured quantities, but merit further attention.
Table 6.5 gives the mean values for ¢ and ¢, for all three wavelengths, along with
the maximum and minimum value for each. The uncertainty given on the mean is
one standard deviation.

The numbers are much smaller than those reported for the cruise data, given in
Table 4.3, and are more in keeping with those calculated for the theoretical clean
or polluted maritime aerosol distributions, as in Table 4.4. However, these correc-
tion factors are based upon size distributions using the APS for the supermicron
aerosols. As previously discussed, since this instrument was mounted on board

the aircraft, aerosols larger than ~2 um were not well sampled by the inlet. Since
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Table 6.5: The mean values of the correction factor for the total scattering and
backscattering coefficients, along with their maximum and minimum values, ¢y
and ¢, respectively. The uncertainty given is one standard error. The first section
is based upon the size distribution using the APS for the supermicron aerosols,
and the second uses the FSSP instead.

Total scattering

A(nm) | 450 550 700
size distribution using APS '
mean c || 1.45+0.04 | 1.4540.03 | 1.401-0.02
Crnax 2.03 2.08 2.01
Coin 1.16 115 | 116
size distribution using FSSP
mean ¢ || 3.284+0.59 | 3.05+0.47 | 2.70+0.35

Cimax 23.8 19.2 15.0
Crin 1.15 1.17 117
Backscattering

A(nm) || 450 550 700

size distribution using APS
mean ¢ || 1.39+0.01 | 1.3340.01 | 1.2740.01
Crax 1.52 1.51 1.41
Crnin 1.15 1.14 1.15
size distribution using FSSP
mean ¢ || 1.554+0.03 | 1.50+0.03 | 1.474+0.03
Crnax 2.08 2.06 2.32
Crmiin 1.16 1.15 1.15
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the supermicron particles were primarily responsible for the large correction fac-
tors in the cruise data, the loss of these particles may be making their number
unreasonably small. To test this the values of c and ¢, calculated for the size distri-
butions using the FSSP are also reported in Table 6.5.

The correction factors based upon the FSSP size distribution have larger mean
values; roughly twice as large for the total scattering but only slightly larger for
the backscattering. This is likely due to the pronounced forward lobe in their scat-
tering phase function of the larger particles, as seen in Figure 4.3, which does not
affect the backscattering efficiency. Where the effect of the different size distribu-
tion is more notable is in the high value of ¢y, and the large standard deviation
in the mean. This is due to the measurements taken at lower altitudes on flights
when there were many large particles, similar to the cruise measurements.

The altitude dependence of the correction factors based upon the two differ-
ent size distributions is shown in Figure 6.14, for both the total scattering and the
backscattering at a wavelength of 550 nm. Also shown is the percentage of the total
scattering and backscattering coefficient calculated to result from particles greater
than one micron in diameter. Some correlation can be seen between the correction
factor and the percentage of the scattering from coarse particles for both the total
scattering and the backscattering. The increase in the correction factor due to the
use of the FSSP for the measurement coarse particles is clear for both the total scat-
tering and the backscattering, while the increase in the coarse particle contribution
to scattering is more pronounced for total scattering than for backscattering. This
is also seen in the results in Table 6.4.

At higher altitudes, above about 1 km, the change due to the use of the FSSP
measurements is not as clear. In some cases the percentage of scattering due to
coarse particles actually decreases, and there is only one measurement for which
the coarse particles are responsible for more than 50% of the total scattering and

backscattering for green light.
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Figure 6.14: The first panel shows the calculated correction factor for total scatter-
ing, ¢, as a function of altitude for both the APS-derived size distribution (in blue)
and the FSSP-derived size distribution (in red). The second panel has the same
information regarding the correction factor for backscattering (c,). The third panel
shows the percentage of the calculated total scattering attributed to supermicron
particles for both size distributions, and the fourth panel has the same quantity for

backscattering.
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Chapter 7

Absorption by Activated Aerosols

7.1 Background

Up to here, this thesis has focussed on the analysis of measured data from marine
environments which, typically, have very high aerosol single-scattering albedos,
indicating a scarcity of highly absorbing aerosol species. This is not true of all envi-
ronments however, particularly in regions where dust or BC - optically absorbing

particles — are common.

These absorbing particles can have a very strong effect on climate. Whereas
the direct effect of aerosols is typically thought to be a cooling effect, models have
estimated that lowering the single-scattering albedo (w) only slightly changes this
forcing from a cooling to a warming effect. If the clouds in the model remain
fixed (i.e. no feedbacks), this critical value at which the model’s surface tempera-
ture rises is found to be approximately 0.90 or 0.85 (Cook and Highwood [2004],
Hansen et al. [1997] respectively). If cloud feedbacks are allowed, this value rises
up to 0.93 or 0.91. When restricted to the case of marine stratocumulus, Johnson
et al. [2004] found a threshold value as high as 0.985, suggesting that even mildly
absorbing aerosols can result in a positive forcing. Results from Johnson [2005]
suggest that this difference may be due to the difference between using a GCM -
as did Cook and Highwood [2004] and Hansen et al. [1997] - or using a large-eddy
simulation model, as did Johnson et al. [2004] and Ackerman et al. [2000]. Such low
values of w are not uncommon, with the accumulation mode of measured pollu-
tion plumes in southeast Asia having a w value of approximately 0.84, going down

to approximately 0.74 during high-dust events [Clarke et al., 2004].

The effect that this absorption has on clouds is largely uncertain, and seems to

depend a great deal on the location of the absorbing aerosols in the atmosphere.
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Johnson et al. [2004] found that in the case of marine stratocumulus, placing ab-
sorbing aerosol above the boundary layer increased the liquid water path (LWP)
leading to a negative semi-direct forcing, whereas placing the absorbing aerosol in
the boundary layer decreased the LWP and led to a strong positive forcing.

But these studies are looking at only interstitial BC aerosols, i.e. those not acti-
vated and in cloud droplets. Some work has been done examining the role of ab-
sorption by activated black carbon. For instance, Chylek et al. [1996] examined ac-
tivated black carbon and found it to have a higher specific absorption (absorption
per unit mass of BC) than interstitial, or unactivated black carbon. Chuang et al.
[2002] developed a parameterization to calculate the w value for clouds contain-
ing BC particles, based upon the volume fraction of BC in the droplets in AGCM
simulations and the effective radius of the cloud. This parameterization approxi-
mated the results of Mie scattering, without requiring costly iterative calculations
each time the result is required. When used in an AGCM the result needs to be
calculated at each time step and for each grid box, so the number of calculations
can be quite large.

The approach adopted here is similar to that of Chuang et al. [2002], however
in place of the parameterization is a look-up table, with values determined based
upon Mie calculations. Thus rather than making an approximate calculation each
time the result is required, a range of representative values are calculated more
precisely once, and one only needs to interpolate between values each time the

result is needed.

7.2 Determining the Single-Scattering Albedo of the Cloud

In order to model the properties of clouds containing activated black carbon it is
necessary to determine the single-scattering albedo, w, of a single BC-containing
water droplet. Adopting the approach of Chuang et al. [2002], w is estimated using
an effective medium approximation. This approach allows the composite droplet
of highly absorbing BC and predominantly scattering water to be treated as a ho-
mogeneous “effective medium” with moderate absorptive properties. This is illus-

trated in a schematic in Figure 7.1.
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Figure 7.1: A schematic diagram illustration of an effective medium approxima-
tion, whereby a composite particle composed of materials of varying optical prop-
erties — in this case one highly absorbing and the other not — are treated as a homo-
geneous material with optical properties determined by a weighted average.

The effective medium approXimation used in this case is the Maxwell-Garnett
mixing rule [Bohren and Huffman, 1998], which has been shown by Chylek and
Videen [1998] to provide a reasonable estimate for w for a droplet with randomly
positioned carbon inclusions. The Maxwell-Garnett mixing rule is given in Equa-
tion 7.1, where f is the volume fraction of BC to that of water, mpc is the complex

index of refraction of BC, and My is that of water.

= \/mﬁ,m%f +2m2 + 2f(mj3C —m2) 7.1)
myc +2m3, — f(myc — m3)

Since indices of refraction are wavelength dependent, m is actually a function of

A. The wavelength-dependent values of m, were taken from Hale and Querry

[1973] and Ray [1972], while those of mpc are from Twitty and Weinman [1971]

and Shettle and Fenn [1979]. Once this is established it is possible to model the

composite droplet using Mie theory as previously described.

It is at this point that the approach described herein varies from that of Chuang
etal. [2002], who used some regime-based simplifications to describe the scattering
and absorption behaviour and then parameterized it to a simpler calculation that
could be performed much more quickly. The drawback to their approach is that
it somewhat unphysical - for instance, it does not reproduce the exact results for

pure water when f = 0. Also, it is very specific to the shortwave radiation bands
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employed in their model, and not easily generalized. Finally, it replaces the entire
calculation of w in the radiation code, which makes it slightly more difficult to
implement or remove.

In contrast, the method used here explicitely calculates all of the scattering
and absorption behaviour based upon Mie theory, a more physical approach. The
drawback here is that these calculations are very time-consuming when carried out
for a wide range of radii, wavelengths, and values of f. To counteract this, the cal-
culations were instead carried out for a range of representative values, and stored
ina look-up table. Also, rather than creating a table of w values, a perturbation
term, w* was used, where

w* =wp— w, (7.2)

and wy is the single-scattering albedo of an equivalent sized water droplet without
the BC inclusion. '

It was then necessary to determine the representative range of values to be used
as the basis for the look-up table. The wavelength range was determined by the
four shortwave bands used in the CCCma AGCM, namely 0.2-0.69 um, 0.69-1.19
pm, 1.19-2.38 um, and 2.38-4.00 um.

In order to produce a value representative of the range of each wavelength
band, the calculations were carried out at a higher resolution of 25 wavelengths,
and the results were fit to the four bands. The higher resolution calculations were
averaged, weighting them according to the irradiance (in W m~2) of the solar spec-

trum between each wavelengths following to Equation 7.3:

2?=A()‘i+1 — Ai-1) X E(i)
T A1 — Ajm1) X E()

where weight 45 is the weight assigned to the wavelength band going from A4 to

weight o = (7.3)

A, the lower and upper values of the wavelength bands used, A is the higher
resolution wavelength of the solar spectrum data, and E(x) is the solar irradiance
at A\, (in W m~2 um™!). The sum over i, in the numerator, determines the irradi-
ance over the coarser resolution wavelength band used for the calculations, and
it is normalized by the sum over j, in the denominator, over the entire shortwave

spectrum considered here (from 0.20 to 4.00 um).
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The coarse-resolution wavelength bands were determined by the resolution at
which the values of mpc()) and m,(\) were known, with 25 values falling between
0.20 and 4.00 um. These values were converted to the four wavelength bands re-
quired for the model using a weighted average, based upon the weights calculated
using Equation 7.3.

The choice of the range for cloud droplet effective radius, 7.7, was determined
by the range employed by the CCCma AGCM: 2.0-30.0 um. Since the lower values
occur more frequently, the spacing between successive r.s¢ values was chosen to
be logarithmic, with 30 values in all. The Mie calculations were not carried out
only for the single value of 7.¢¢, but rather for many points along the cloud droplet
distribution, the shape of which is given in Equation 7.4:

N(r)= A x ro%e P (7.4)

where A controls the amplitude of the distribution and N(r) is the number density
as a function of radius. « and [ are functions of the effective radius, .¢f, and the

variance, v, of the distribution and are given in Equations 7.5 and 7.6:

1

a=_- 3 (7.5)
_at 3 (7.6)
Teff

The value of v, the variance of the cloud droplet size distribution, is 0.171. The
droplet size distribution and the value for v are those used in the CCCma AGCM,
as described in Linder and Li [2000]. _

The Mie calculations were carried out for many radii along this distribution and
then combined in a weighted average based upon the magnitude of the droplet
size distribution at a given radius relative to the integral of the distribution. The
cloud droplet size distribution was integrated following Simpson’s rule [Adams,
1996, e.g.]. The total number of calculations required to attain the desired precision
was quite large due to the resolution in r, Ar, and the maximum value of 7, 7.
This is because of the highly fluctuating functions Qc.(r) and Qas(r) which are
needed to calculate w(r), using Equation 2.20.
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The required resolution was determined for a few test cases, and was defined as
the point at which a doubling of 7., or a halving of Ar did not change the resultant
Oscat OF Ogx Within 5 significant digits. In the end, the values chosen were Ar=0.001
pm and 7,,,,=7.5X7.s¢. This meant that each calculation for the largest value of 7.y,
30.0 um, calculations were carried out at 225 000 different radii.

In order to determine the appropriate values to choose for f, it was first nec-
essary to look at how much BC might be found in the atmosphere in general. For
this, the CCCma AGCM was employed, as is described in the following section.

7.3 The Black Carbon Fields in the Model

To estimate the range of values to represent the BC that might be found in clouds,
the BC fields in the CCCma GCM were used. The emissions used are those of
Liousse et al. [1996] and Penner et al. [1993], with emissions of 13.1 Tg C/yr, a
burden of 0.23 Tg C, and a lifetime of 6.5 days.

The model used for this portion of the study is the fourth generation CCCma
AGCM. The horizontal structure of temperature, specific humidity, pressure, vor-
ticity, divergence, chemical tracers and the mass mixing ratios of liquid and ice
water are represented with the spectral transform method with triangular trunca-
tion at wave number 47. There are 35 vertical levels, defined as a hybrid pressure-
sigma grid, and the model equations are solved for each of them. Non-spectral
quantities describing nonlinear processes and physical terms are calculated with
3.75°x3.75°horizontal resolution. The time step between successive calculations is
20 minutes. A more complete description of the model is given in von Salzen et al.
[2005].

The model contains an interactive sulfur cycle (Lohmann et al. [1999], von
Salzen et al. [2000]), which can influence the radiative balance through the direct
effect and the first and second indirect effects. The model’s BC aerosols do not take
part in these effects at present, nor are they implemented in the direct effect. The
BC fields are represented by two prognostic variables, the soluble and insoluble
BC mass mixing ratios. A more complete description of the BC fields can be found
in Croft et al. [2005].
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To estimate how much of the BC might be activated it was necessary to de-
termine what fraction of it was hydrophilic. For this, the combined condensation-
coagulation-oxidation scheme described in Croft et al. [2005] was used. This scheme
determines the rate of conversion from insoluble BC to soluble or mixed state BC.
Once the carbon is in this latter, hydrophilic state, it can be expected to act as CCN.

Once the carbon fields and ageing process are implemented in the GCM it is
possible to determine the mass of this hydrophilic BC, BC,, in each grid box. The
volume fraction of BC estimated to be found within the cloud droplets, f, is deter-

mined as:

Mg, pub

, 7.7
waBC ( )

f=

where Mpc, and M,, are the masses of BC, and liquid water respectively found
- within the grid box, psc and p, are the densities of these constituents, and b is
the fractional cloud cover found within the grid box. This assumes that the BC,
is evenly distributed throughout the grid box, with equal concentration in both
cloudy and clear regions, while the liquid water is, for all practical purposes, en-
tirely localized within the cloud boundaries. This also assumes that all BC, found
within the cloudy region has been activated, which may be an overestimation.
Still, it would be expected that the larger BC, particles, which dominate the mass,
would be more likely to be activated. As such, the overestimation is not likely to
be great.

Once this volume fraction, f, was determined, it was possible to set a basic
range of typical values found within water clouds. Though the value over much of
the earth is very low, on the order of 10~°-1078, it was found to occasionally reach
numbers on the order of 10~!. An example of the BC fields, a monthly average
at 900 mb for the month of June, is shown in Figure 7.2. The background values
for most of the northern hemisphere is seen to be ~10~%, with volume fractions
of 107® over much of Europe and Asia. The values in the southern hemispere are
consistently lower. Peak values are seen as high as 1072, The concentrations are
seen to be higher over most of Europe and Asia, as would be expected, and there

are some high values consistent with BC from ship exhaust emission inventories,
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Figure 7.2: An example of a plot of the volume fraction of BC, to water calculated
according to Equation 7.7. This figure is a monthly mean for June, at a pressure of
900 mb.

such as in the middle of the Atlantic Ocean. The monthly values were used to
determine the range of values for the look-up table as they provide a higher spread
of data, both high and low, than do annual means.

As this volume fraction spans quite a large range of values, a logarithmic series
was chosen to represent it in the look-up table, with 36 values ranging from 1072
to 1071. 1078 was chosen as a minimum value as its calculated w is essentially that

of pure water, and very little effect is seen for smaller volume fractions.

74 The Look-Up Table

Thus, a look-up table was created, with w* values calculated for four wavelength
bands, with 30 representative values of r.ss ranging logarithmically from 2.0-30.0
pm, and with 36 f values ranging logarithmically from 1072 to 10~!. The single-
scattering coalbedo as defined in Equation 2.21, w, is shown in Figure 7.3, with one

panel for each of the four wavelength bands. @ is plotted rather than w, as most of
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Figure 7.3: Plots of the @ values, with one panel for each of the four wavelength
bands, as labelled. @ is calculated for the combined water and BC droplet.

the values are close to one.

In order to create the desired look-up table of w* values, as defined in Equa-
tion 7.2, one must determine the difference between w* and the single-scattering
coalbedo of pure water, @g. This can be seen through the combination of Equations
22land 7.2:

W=w—w=1-w)—-(1-w)=w—-wp (7.8)

The @p values are shown in Figure 7.4. With the exception of A4, the value of
wp is very close to unity. The comparison of Figures 7.3 and 7.4 show that except

for at very high values of f (> 107*%), the absorption by the water dominates the
absorption for wavelength band A,.
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Figure 7.4: The single-scattering coalbedo of a distribution of pure water droplets
(o). The coalbedo is plotted rather than the albedo for ease of display since, with
the exception of A4, the value of wy is very near to unity.
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Chapter 8

Application of the Look-Up Table

8.1 1-D Radiation Modelling

Now that the look-up table has been established, it can be implemented into cli-
mate models to determine the effect of the activated black carbon on radiative
balance. In order to better understand this effect and to perform sensitivity tests in
a simpler, more controlled model, it is first implemented in a 1-D radiation model
based upon the radiative code used in the CCCma AGCM. The radiation code uses
the parameterization of Dobbie et al. [1999], which calculates the radiative proper-
ties for water clouds over the shortwave portion of the solar spectrum.

The 1-D radiative model is very simple, and essentially calculates radiative
quantities for one time step for a single point, based upon a prescribed tempera-
ture and relative humidity profile, and prescribed clouds. There is no evolution of
the cloud based upon its radiative properties, and the cloud is not physically gen-
erated, but has a prescribed effective radius, liquid water content, and thickness.
Though not necessarily physical, this does allow one to easily test the sensitivity
of the effect to changes in these characteristics.

The model was tested for both low and mid-level clouds for temperature pro-
files representing mid-latitude summer and the tropics, as these are cases where
water clouds might be expected. The physical characteristics of the assumed two
cloud types, low and mid-level, are given in Table 8.1. (The fractional values of
cloud base and cloud thickness correspond to integer numbers of pressure levels
as defined by the mid-latitude summer atmospheric profile.)

With the clouds prescribed in Table 8.1 and a range of values for f, the 1-D
radiation model was run. Two dimensional linear interpolation was employed to
determine the value of w* based upon the values of .5 and f. The results for the

low-level clouds are shown in Figure 8.1, and the results for the mid-level clouds
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Table 8.1: Physical characteristics of the low and mid-level clouds used for the 1-D

radiation model.
low-level | mid-level
cloud cloud
Teff(pm) 5.89 6.20
liquid water content (g m~3) 0.22 0.28
cloud base (m) 278.6 355.2
cloud thickness (m) 33.7 56.6
cloud fraction 1.0 0.5

are shown in Figure 8.2. The variables plotted are the downward flux absorbed by
the ground and the downward flux at the surface broken down into diffuse, visible

and near infra-red radiation, all in units of W m—2.

These plots indicate that the effect of the black carbon addition is quite dra-
matic, with the region of steepest change seen for BC volume fractions between
approximately 10~° and 10*. The effects are stronger for the low cloud, but that
is mostly due to the difference in cloud fraction, at 1.0 for low clouds and 0.5 for
mid-level clouds. The effect of temperature, as seen in the difference between the
tropical and mid-latitude case, is rather minor. The effects at high volume fractions
arekvery strong, and would not be sustainable physically; analysis of the solar heat-
ing rate profiles indicate a maximum solar heating rate for the low cloud case of
over 400 K/day for the low cloud case with f>1072, and a maximum solar heating
rate for the mid-level cloud of over 200 K/day for the same volume fraction of BC.
This would not be a sustainable heating rate in a real cloud, and would lead to
the dissipation of the cloud. This cannot be explored with the 1-D radiation model
used here, but some insight may be found with the implementation of the effect
into the AGCM. Still, the 1-D model allows for sensitivity testing for the cloud

characterisitics found in Table 8.1.
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Figure 8.1: Some calculated radiative results from the 1-D model for low clouds
with the characteristics given in Table 8.1 for a variety of values of f. The blue line
is for a temperature profile representative of mid-latitude summer and the green
line is for the tropics, though the two are often indistinguishable.
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Resuits for mid-level clouds
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Figure 8.2: The same quantities as in Figure 8.1 but for the mid-level cloud pre-
scribed by the quantities in Table 8.1.
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8.2 Sensitivity Testing

In order to examine the effect of the effective radius, solar zenith angle, liquid
water content, and cloud thickness on the effect of the black carbon inclusions,
they were each varied in turn and the radiative properties were again computed.

The first quantity to be examined is the effective radius of the cloud droplet
spectrum. Figure 8.3 shows the same quantities given in Figure 8.1, but plotted
for a range of values of r.¢. All other cloud characteristics are taken from Table
8.1, and the temperature profile used is that of mid-latitude summer. The effect
is similar for mid-level clouds and the tropical atmospheric profile. It can be seen
that for low levels of BC in the cloud less radiation reaches the surface for smaller
effective radii. This difference is due to the first indirect aerosol effect, as the albedo
of the cloud is higher for a smaller effective radius. As the volume fraction of black
carbon increases however, the difference due to the effective radius is lessened, and
the absorption dominates.

Next, the effect of the solar zenith angle is examined in Figure 8.4. As in the
case of varying effective radius, the lowest values of f show the effects of the so-
lar zenith angle most clearly, with the most radiation reaching the ground for the
smallest solar zenith angle. As the amount of BC in the cloud increases, the ab-
sorption effect dominates the behaviour.

The next variable to be tested is the liquid water content (LWC) of the cloud,
which was varied from 0.10 to 0.85 g m~3. The radiative quantities for represen-
tative cases ranging from 0.10 to 0.55 g m~2 are shown in Figure 8.5, again with
the other physical characteristics taken from the low cloud described in Table 8.1.
Here it is interesting to note that the effect is noticeable at smaller values of f for
the higher LWC values, but that the change is most dramatic for the lowest value
of LWC.

Finally, the effect of varying the thickness of the cloud was explored. This is
shown in Figure 8.6, with cloud thicknesses (CTs) ranging from 25.9 to 325.9 m
plotted. These numbers correspond to integer numbers of pressure levels based
on the mid-latitude summer atmospheric profile, all with a cloud base at 278.6 m

as in Table 8.1. Here, as in the case of the varying LWC of Figure 8.5, the thinnest
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Figure 8.3: The same quantities are plotted as in Figure 8.1 but each is calculated
for a range of effective radii, as indicated. The mid-latitude atmospheric profile is
used, and all other cloud characteristics are taken from the low cloud column of
Table 8.1.



93

§>.,Ir~ _9=0°m
:-9; — 0=30 4
§§° ""'9=60o
€85 — 0=90" | -
38 9
h-J o
§ o 150 -
E
gis 100
3€§ 50 L
] 5
§ 9 0
v o~ 100 -
B 9
g £
EE 2 sof 7
©3 8
-
2 o A A ) )
'E P 50 T
:
H
g2 §
i 5 . .
107 10°° 10° 10~ 10° 107 10™

Figure 8.4: The same quantities are plotted as in Figure 8.3 but each is calculated
for the solar zenith angles 0°, 30°, 60°and 90°.



Lwc=.10gm™

N
[=]
(=]

Lwc=.25 gm™>

-

(=]

(=]
T

LWC=.40gm™

flux absorbed

LWC=.85 g m3
2 “ & . N J

n
o
[=)

a T T " T T

flux at

-
(=]
(=]

surface (W m")by ground (W m™2)
©

(-]

-h
o
o

flux at

[,
[=]

surface (W m'z)

visible downward diffuse downward downward

()

-
[~
o

near-IR downward
flux at
surface (W m™2)
o
=3

-h
°O

fBC

94

Figure 8.5: The same quantities are plotted as in Figure 8.3 but each is calculated
for cloud liquid water contents (LWCs) of 0.10, 0.25,0.40 and 0.55 g m™3.
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Figure 8.6: The same quantities are plotted as in Figure 8.3 but each is calculated
for cloud thicknesses (CTs) of 15.9, 76.6, 168.8 and 325.9 m.

cloud (or the cloud with the lowest LWC) shows the most dramatic change with
the addition of BC, though not much change is seen for f values lower than 10~°.

8.3 The Effect of Non-Absorbing CCN in the Cloud

One of the assumptions made in the 1-D modelling to this point, and made in
the parameterization of Chuang et al. [2002], is that the absorbing aerosols are
distributed evenly throughout the cloud droplet size spectrum, with a constant
volume fraction in each droplet. This may not be the case, as it is possible that only
10% or 50% of the cloud droplets have any absorbing aerosol in them at all, while
the remainder of the cloud droplets would have non-absorbing aerosols as CCN,
with a single-scattering albedo comparable to that of pure water. This means that
there would be fewer droplets containing BC, but that these fewer droplets would

have a higher volume fraction of BC than is predicted in Equation 7.7.
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If the fraction of cloud droplets containing BC is given as F, then this new vol-

ume fraction, f*, would be given as:

=1 61)

where f is calculated as in Equation 7.7. This requires a new calculation of w and

w*, of course. The value of w is then given as:

_ (1 — P)Qscat(f = O) + PQscat(f*)
“ T A= PQerlf = 0) + FQun(f7) (8.2)

calculated for a given value of 7, 7, A, F, and f. The assumption here is that cloud

droplets containing the absorbing and non-absorbing aerosols have the same size
distribution, and that the fractional number densities of each are equal to the frac-
tional volumes. Q. and Qs are calculated using Mie theory, with the values
weighted according to the solar spectrum and the cloud droplet spectrum as dis-
cussed in the previous chapter.

The results from this calculation are shown in Figure 8.7 for an effective ra-
dius of 10.75 pum. This figures indicates that the assumption that the activated BC
is spread throughout all the droplets with a constant volume fraction gives the
strongest effect, and that the fewer droplets are calculated as containing BC, the
weaker the effect will be.

This is an interesting result, and reflects the fact that most of the absorption by
the BC takes place within the outer ~0.2 um of the particle [Chylek et al., 1996].
This means that for the same total volume of BC, a larger number of small BC
particles will absorb more radiation than a smaller number of large BC particles.
(This is not to say that the cloud droplet size is bigger or smaller, simply that the
size of the absorbing particle within the cloud droplet is bigger or smaller.)

The question remains of what value to assume for F in the CCCma AGCM
runs. Ideally this number could be provided by an AGCM, based upon realistic
and interactive distributions of both absorbing and non-absorbing aerosols, which
could be validated against data from field projects. At this point, the BC fields in
the CCCma AGCM are not yet interactive with clouds, and some approximation

would have to be made.



0.5

1-0

- F=0.10

w— F=0.30
—_— F=0.50
e F=0.80
meee F21.0

0.5

A
?0.4 -
0.3E

4

10

-6

10

-5

10

10°

volume fraction BC

97

Figure 8.7: The calculated value of w is presented based upon different assump-
tions for the fraction of cloud droplets over which the BC is distributed, ranging

from 0.1 to 1.0.



98

Since this value of F can have such a remarkable effect on the value of @, as
seen in Figure 8.7, its assigned value should be carefully considered. Setting F to

one can at least offer an upper bound to this effect.

8.4 Future Work: Implementation in the CCCma AGCM

Now that the parameter space has been explored through the development of the
look-up table and the implementation of this perturbation to the cloud albedo in a
1-D model, the next logical step is the use of the look-up table in the Atmospheric
General Circulation Model (AGCM) of the Canadian Centre for Climate modelling
and analysis (CCCma). This means that the clouds would no longer be unphysi-
cally prescribed, as in the 1-D radiation model, but would rather be a result of the
atmospheric conditions in the model. This would also allow the activated BC to af-
fect the characteristics of the cloud. For instance, the increased solar heating rates
as a result of the absorption will change the temperature profile of the atmosphere,

which will have an effect on the diagnostically-determined cloud.
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Chapter 9

Conclusions

9.1 From the Research Cruise

The optical properties (0sp, 0ssp and o,,) of the aerosols in a remote marine area
were measured over a ten day period coincident with measurements of the aerosol
particle size distribution and chemical composition. The particle size and chemical
data were applied in a Mie scattering model in an effort to examine optical closure.
The resulting calculated and measured extinction parameters did not compare well
before considering the angular limitations of the nephelometer. Taking those limi-

tations into account led to agreement to within 15% in most cases.

Scattering apportionment by size indicates that the vast majority of the scatter-
ing and backscattering during the SERIES cruise in the north Pacific was due to
coarse particles, with the majority attributed to particles greater than 10 ym in di-
ameter. The large correction factor needed to account for the angular limitations of
the nephelometer (median of approximately 17) suggests that to estimate (untrun-
cated) scattering and backscattering coefficientsfrom coarse particles the best ap-
proach currently available may be to calculate it from independent measurements
of the size distribution and chemical composition of the aerosol. New techniques
(e.g. cavity ring-down, Strawa et al. [2003]) may provide a direct solution to this

problem.

9.2 From the Flight Campaign

A series of six research flights were carried out on board a Convair 580 belonging
to the National Research Council’s Institute for Aerospace Research. The flights

took place from October 13 to 17, 2003, in and around stratocumulus off the coast
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of Nova Scotia as part of a C-SOLAS project in the region. The aerosol size distri-
bution, size-resolved chemical speciation, and total scattering and backscattering

coefficients were measured. Again, an optical closure study was undertaken.

Closure was attained for more than 70% of the total scattering measurements,
with the poorest results on Flight #1, which had very few large particles compared
to the other flights. This flight had particlularly low near-surface wind speeds,
which would reduce the formation of large sea salt aerosols via droplet to particle
conversion. On the whole, agreement was not found between the calculated and
measured backscattering coefficients. This may be due to particle non-sphericity
due to crystallization while drying, though a low signal to noise ratio in the neph-

elometer may have also played a role.

Based upon the measurements taken inside the aircraft, roughly half the total
scattering and most of the backscattering in the marine environment surrounding
Nova Scotia is due to the contribution from supermicron particles to an altitude of
approximately 1000 m. This was true for four of the five flights, with the exception
of Flight #1. Above 1000 m the scattering and backscattering coefficients are signif-
icantly lower and are primarily due to scattering by submicron particles. However
there are few measurements above 1000 m, and it is difficult to say if this is always

the case, particularly on days with different synoptic conditions.

Most of the aerosol particles larger than ~2 um were not sampled by any of
the instruments on board the aircraft due to sampling loss at the inlet. In order
to assess the effect that this might have, the results calculated using an instru-
ment outside the aircraft, the FSSP, for the particles larger than 0.275 um. These
results suggest a stronger dominance of the scattering coefficient from supermi-
cron aerosols, and led to in an increase in the calculated total and backscattering
coefficients for the measurements taken below cloud base. The increase in calcu-
lated below cloud total scattering ranges from 14 to 183% for green light, with a
corresponding increase in backscattering from 2 to 37%. The difference as a result
of the size distribution measured outside of the aircraft was not as clear at higher

altitudes as in general there are fewer large particles there.
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9.3 From the Modelling of Activated Black Carbon

A look-up table was developed to represent the change in the shortwave single-
scattering coalbedo of water clouds due to the presence of activated BC aerosols
within the cloud droplets. The table has three dimensions: the effective radius of
the cloud droplet spectrum, the fraction of the volume of hydrophilic BC to the
volume of liquid water within the cloud, and the wavelength band. The effective
radius ranges from 2.0-30.0 pm, based upon the range of values used in the CC-
Cma AGCM. The four shortwave bands also match those used in the AGCM. The
volume fraction of BC in the table ranges from 10~8 to 10~', based upon the values
seen in the CCCma AGCM, using Equation 7.7 and the BC fields of Penner et al.
[1993] and Liousse et al. [1996], with an ageing scheme based on Croft et al. [2005].
The Maxwell-Garnett mixing rule was employed to determine the index of refrac-
tion of the combined water-BC droplet, and the values of w were calculated using
Mie theory.

Once this table was established, it was implemented into a one dimensional ra-
diation model based upon the parameterization of Dobbie et al. [1999]. The effect
on the volume fraction of black carbon on the transmitted radiation of both low
and mid-level clouds was investigated, and the sensitivity to the prescribed so-
lar zenith angle, cloud thickness, cloud droplet effective radius, and liquid water
content were explored. Finally, the sensitivity to the percentage of cloud droplets
assumed to contain BC was tested. It was found that the fewer droplets the volume
of BC was distributed over, the weaker the overall effect on the computed value of

w.

9.4 Outlook

The field experiments discussed in this thesis illustrated some of the problems
with experimental data, through instrument non-idealities and inlet losses, both of
which lead to significant underestimations of the measured scattering coefficient.
In order have more reliable measurements for the optical properties of ambient

aerosols these problems should be addressed. To correct for some of the problems



102

with the nephelometer new instruments are being developed, such as the use of
continuous wave cavity ring-down (CW-CRD, Strawa et al. [2003]), which is able
to simultaneously measure the absorption and extinction coefficients of a sample
without angular truncation effects.

In future, the look-up table is set to be implemented into the CCCma AGCM in
order to test the global and regional irhpact activated BC might have on the earth’s
radiation budget, as well as potential cloud feedbacks associated with it. In addi-
tion to this, the direct and semi-direct effect of BC will be included in the AGCM

in order to better understand the complex effect of these absorbing aerosols.
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