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Abstract

Atmospheric black carbon concentrations have been measured in air, cloud, rain and snow
samples collected over Nova Scotia during the Radiation, Aerosol, Cloud Experiment
(RACE) of 1995. Atmospheric aerosol samples for black carbon analyses were collected
by filtering a known amount of air or liquid dispersons (cloud water, rain or melted snow)
through quartz filters, and the filters were later subjected to thermo-optical analyses for
black carbon determination. The average black carbon atmospheric concentration found in
air was 0.13+0.01jg/m3 at an altitude between 100 and 1700m; 0.22+0.02j1g/m3 at near-
sea surface; and 0.54+0.03pg/m3 in summer and 1.69+0.081g/m3 in winter over Halifax
area. The black carbon to SO4-2 mass mixing ratio was found to be 14% over all the
samples collected during RACE and the typical black carbon mass fraction in total aerosol
is 1-2%. About 6% of black carbon was in the form of an internal mixture inside cloud
droplets. The average black carbon content found in cloud water was about 26+3ug/kg.
The average black carbon content was 3.240.2ug/kg in rain, and 8.840.4ug/kg in snow
over all the samples collected in both rural and urban areas.

The radiative effect of black carbon is discussed in the present study. The black carbon
radiative effect is significant compared with sulfate aerosol effect. Black carbon aerosols
act to reduce the cooling effect of sulfate aerosols. The reduction of the cooling depends on
both the black carbon fraction and the surface albedo. For instances of high surface albedo
or high black carbon loading a net heating can result. The results for the Quebec forest fire
day show that the black carbon aerosol decreases the sulfate aerosol cooling effect by 20 to
50%. The impact of black carbon aerosol on the radiative properties of clouds is
insignificant over the Nova Scotia region.
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Chapter 1

Introduction

Aerosol particles play an important role in climate change. They
exert a direct radiation effect on climate through their interaction
with solar and terrestrial radiation, and an indirect effect through
their function as cloud condensation nuclei. In the direct radiative
aerosol effect the interaction with solar radiation dominates over the

terrestrial radiation.

Aerosol both absorbs and scatters the solar radiation. The global
aerosol effect on climate depends on the ratio of aerosol absorption
to the fraction of the radiation scattered to the upper hemisphere
(Chylek and Coakley, 1974; Coakley and Chylek 1975). Most of the
natural and man made aerosols are only slightly absorbing at solar
wavelengths. Such aerosols tend to cool the global climate. Only black
carbon (soot) and to a lesser extend some clays and minerals
(hematite) absorb solar radiation in a significant manner. The
dominant aerosol component responsible for absorption of solar

radiation in the earth's atmosphere is black carbon under most
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conditions (Pinnick et al., 1993; Hansen et al.,, 1993; Warren and
Clark, 1990; Heintzenberg, 1982; Weiss and Waggoner, 1982). This
property of black carbon may lead to influences on regional climate
through warming of the atmosphere, reduction in the amount of the
solar radiation reaching the ground, and the albedo of clouds and
snow. Therefore black carbon plays a key role in radiative transfer
in the atmosphere and has resulting climatic effects (Ackerman and

Toon, 1981; Hansen et al, 1980).

Natural sources of black carbon have probably decreased during the
past hundred years due to forest fire suppression activities. On the
other hand the anthropogenic sources have increased significantly
mainly due to fossil fuel and biomass burning. Comparison of black
carbon concentration in the recent and several thousand years old ice
cores (Chylek et al., 1995a) suggests that the total amount of black
carbon transported to polar regions has not changed by more than a
factor of two within the last several thousand years. This indicates at
least some compensating effect between fire suppression activities

and fossil fuel and biomass burning.

To evaluate the possible impact of black carbon on climate, an
understanding of its sources and global distribution through the
atmosphere is required (Penner et al. 1993; Chylek and Wong, 1995).
Although there have been several measurements of atmospheric
black carbon concentrations (Rosen et al., 1981; Heintzenberg, 1982;
Ogren and Charlson, 1983; Ohta and Okita 1984; Cass et al, 1984,
Chuan and Woods, 1984, Shah et al, 1986; Hansen et al., 1988; Larson
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et al., 1989; Pinnick et al.,, 1993; Chylek et al., 1996) the
observational data are far from complete and no clear global or

regional picture can be yet deduced.

The goals of the present work are to contribute to the pool of
available data on the black carbon global distribution, and to
evaluate the possible radiative effects on the earth-atmosphere
radiation balance with the measured amount of black carbon loading
over the Nova Scotia region. Since any significant radiative effect of
black carbon aerosol will occur in the solar spectral region rather
than the terrestrial spectrum, the radiative effect discussion in the
present study is restricted to the solar spectral region (wavelength

range of 0.3 to 4.0um).

After a brief review of what is presently known about black carbon
in Chapter 2, Chapter 3 provides a detailed description of the
measurements of atmospheric black carbon distribution including
sample collection and black carbon analyses. The results obtained
from the measurements are used in a radiation model in Chapter 4 to
estimate the radiative effect of black carbon aerosols. In Chapter 5,
the impact of black carbon on the radiative properties of clouds is
examined. Finally in Chapter 6 conclusions drawn from this study are

summarized.



Chapter 2

Black Carbon aerosols

2.1 Background of Black Carbon Aerosol

The main sources of black carbon in the atmosphere are forest fires
and anthropogenic combustion processes such as power generation,

vehicular emission, residential heating and biomass burning.

The total amount of black carbon released to the atmosphere from all
sources is estimated to be (Crutzen and Andreae, 1990) around 6 -
30x1012 g per year, with approximately half of this amount released

by biosphere burning (including forest fires) and half by fossil fuels.

Aside from the climatic effect caused by its high specific absorption
in the visible spectrum, black carbon has a chemical importance as
well. Because of its low reactivity, black carbon is inert in the
atmosphere and remains chemically unchanged for a long period of
time even when mixed with other compounds. Wet and dry
deposition are the main sinks of black carbon in the atmosphere.
Due to its hydrophobic character, the fine particulate (less than lpm

in size) black carbon in the atmosphere is less effectively scavenged

4
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by precipitation which is the main removal mechanism for fine
particles. Hence, in the absence of physical removal mechanisms,
this fine fraction of black carbon can be transported over large
distances and have long residence times in the atmosphere.
However, there is considerable uncertainty in the residence time of
fine black carbon particles in the atmosphere. Though no direct
measurements of the black carbon atmospheric lifetimes are
available, Smoke from forest fires is known to propagate through the
atmosphere for at least a few days. The fact that black carbon is
found in polar regions suggests an atmospheric life time of at least a
week or more. The chemical stability of black carbon might make it
useful as an inert tracer for air masses that originate  near

combustion sources.

Black carbon aerosols have large surface area. They offer an airborne
surface for adsorption of other trace atmospheric species and
condensation processes and surface reactions such as the formation
of major air pollutant sulfates through the catalytic oxidation of SO,

(Benner et al., 1982).

2.2 Previous Measurements of Atmospheric Black
Carbon

2.2.1 Black Carbon Concentration in Air
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Determination of the distribution of black carbon in the atmosphere
is necessary to understand the transport and life cycle of black
carbon aerosol. A number of quantitative measurements of black
carbon concentration from various locations can be found in the
literature and are listed in Table 2.1. It has become evident that
black carbon aerosols, emitted from combustion, can be carried very
far from source regions. They are found all over the globe, not only
in urban air, but also in remote areas. Typical concentrations of
black carbon range from 3-10 pg/m3 in urban areas, to 0.1-1pg/m3
in rural areas, to 0.001-O.lpg/m3 in remote regions. The highest
concentrations (~20pg/m3) occur over densely populated continental
regions, and the mass fraction of black carbon in urban aerosols is

typically a few percent ( Heintzenberg and Winkler, 1984a).



Table 2.1 Previous measurements of atmospheric black caroon

concentrations at _various locations (BC)

Site Location Reference Concentration
Classi- of BC
fication ( ng/m3)
Urban Detroit, MI Dasch & Cadle, 1989 2.2

Urban Newark, NJ Gaffiney et al., 1984 3.5

Urban Denver, CO Countess et al., 1980 6.6

Urban Los Angeles, CA Cass et al,, 1984 6.4

Urban Ave of 46 urban sites Shah et al., 1986 3.8

Urban Pasadena, CA Larson et al., 1989 3.95
Urban Athens, GR Valaoras et al., 1988 10.7
Urban Beijing, China Parungo et al., 1994 5.1

Urban Sapporo, Japan Ohta & Okita, 1984 5.1

Urban Paris, FR Cachier et al., 1989 4.6
Urban Hamburg, RDA Heintzenberg et al.,1984a 2.4

Urban Ohio River Valley Huntzicker et al., 1986 1.5
Urban Dearborn, MI Adams et al., 1989 1.2

Rural Ave 20 sites in USA Shah et al., 1986 1.3

Rural Northem MI Cadle and Dasch, 1988 0.6

Rural Lewes, DE Wolff et al., 1986 1.2

Rural Southwestern PA Keeler et al., 1990 1.3

Rural Barrow, AK Bodhaine et al., 1989 0.1-0.2
Remote North Atlantic, Canada Chylek et al., 1996 0.11
Remote Alert, Canada Hopper et al., 1994 0.3
Remote Orogrande, New Mexico Pinnick et al., 1993 0.15
Remote Arctic Clarke & Noone, 1985 0.2
Remote Arctic Rosen et al., 1981 0.3
Remote Arctic Heintzenberg, 1982 0.07
Remote South pole Hansen et al., 1988 0.0001- 0.002
Remote Central Pacific Ocean Clarke, 1989 0.0015




2.2.2 Black Carbon Content in Cloud Water, Rain and Snow

Black carbon effects on climate not only depend on the amount of
black carbon injected into the atmosphere but also on the rate at
which it is removed. Larger particles, which are greater than a few
microns in diameter, are effectively removed by sedimentation, and
wet deposition is the dominant removal mechanism for black carbon
aerosols under most conditions (Ogren and Charlson, 1983; Cadle and
Dasch, 1988). It is widely recognized that the efficiency of wet
deposition depends on the hygroscopic properties of the aerosols
which are determined by the chemical composition and the surface
structure of individual aerosols. Freshly emitted black carbon
particles are expected to be hydrophobic and not likely to be cloud
condensation nuclei (CCN) by themselves, but they may increase in
hygroscopicity if they become coated with some substances such as
sulfate (SO42°). Hence they can become efficient CCN and
subsequently be removed by precipitation. Diffusion to and collision
with cloud and rain droplets are other pathways by which  black
carbon is incorporated into precipitation. Indeed black carbon has
been observed in cloud and rain droplets. Table 2.2a, and 2.2b list
some of the published measurements of black carbon content in
precipitation and cloud water. The values vary from a few
micrograms to hundreds of micrograms of black carbon per kilogram

of precipitation.



Table 2.2a Previous measurements of black carbon content

in precipitation (rain & snow

Sample Location Reference Concentration
Classi- of BC
fication (ng/h)

Rain Seattle & Sweden Ogren et al., 1983 100 (20 - 600)
Snow Cascade Mountains, Washington, Grenfell et al., 1981 (22-59)
Snow South New Mexico & West Texas Chylek et al., 1987 (4.9-15.9)
Snow Northern MI Cadle & Dash, 1988 72 (28-210)
Snow Detroit, MI Dasch & Cadle, 1989 160

Snow Antarctic Warren & Clarke, 1990 0.2

Snow Arctic Clarke & Noone, 1985 25 (0.6-127)

Ice core Greenland (89-90 snow)
Ice core Greenland (320-330AD)
Ice core Greeland Dye-3

Chylek et al., 1995a 20
Chylek et al., 1995a 2.1
Chylek et al., 1992 1.5

( )- data range

Table 2.2b Previous measurements of black carbon_content_in

cloud water

Sampling LWC Reference Concentration
of BC
Site g/m3 (ng/
Eastem Pacific 0.24-0.31 Twohy, et al., 1989 23-79
Aereskutan Sweden Heinzenberg, 1988 100

North Atlantic, Canada 0.16-0.27

Chylek et al., 1996 40 (10-60)
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2.2.3 Scavenging Ratios

An assessment of the removal of atmospheric black carbon to cloud
or snowpack is expressed by the scavenging ratio. The scavenging
ratio is defined as the mass mixing ratio of black carbon in
precipitation (cloud water, melted snow water) divided by the mass
mixing ratio of black carbon in air (Warren & Clarke, 1990; Penner
et al. 1993). Table 2.3 lists some reported scavenging ratios. Since
black carbon incorporated into cloud or snowpack must originate in
the atmosphere, a relationship between these two concentrations is

expected.

Table 2.3 Previously reported Scavenging Ratio

Location Reference Scavenging
Ratio
Northern MI (snow) Cadle & Dasch, 1988 160 (49-1260)
Detroit, MI (snow) Dasch & Cadle, 1989 250 (6-890)
Detroit, MI (rain) Dasch & Cadle, 1989 180 (18-650)
Antarctic(snow) Warren & Clarke, 1990 150
Abisko,Sweden (snow) Clarke, 1989 100 (60-160)
(Arctic)
North Atlantic (cloud) Chylek et al., 1996 108-1075

()- data range
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2.3 Refractive Index of Black Carbon Aerosol

2.3.1 Refractive Index of Black Carbon Particle

The optical properties of a particle depend on its size, shape and its
complex refractive index. The complex refractive index of a given
material is denoted m = m; - im;, where the real part, m;, is a
measure of the refraction of light entering a material, and the
imaginary part, m;, characterizes the amount of absorption of light
by the material. Previous measurements of the refractive index of
black carbon can be divided into three categories: (1) scattering and
extinction measurements in flames (Vaglieco et al, 1990; Bockhorn, et
al, 1981: Lee and Tien, 1981; Chippet and Gray, 1978;
Charalampopoulos & Felske, 1987); (2) specular reflectance of light
by a surface of black carbon pellets (Stagg and Charalampopoulos,
1993; Dalzell and Sarofim, 1969; Mullins and Williams, 1987); and
(3) light attenuation by a dispersion of black carbon particles in

liquid (d'Alessio et al., 1977).

The refractive index of black carbon in the visible region obtained
by a number of investigators is given in Table 2.4. Few
measurements have been made at infrared wavelengths (Foster and
Howarth, 1967; Dalzell and Sarofim, 1969; Lee and Tien, 1981). A
large range of reported values can be seen in Table 2.4. The real
part of the refractive index varies between 1.5 and 2.0 and the

imaginary part varies between 0.4 and 0.8 in visible wavelengths.
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These values depend on both the original form of the burned
material and on the burning process itself (Charalampopoulos et al.,
1989: Bockhorn, et al, 1981; Dalzell and Sarofim, 1969). A commonly
adopted black carbon index used for numerical calculations is
m=1.75-0.44i (Chylek et al., 1995; d'Almeida et al., 1991). Which will

be used in later calculations.

Table 2.4 Previous measurements of complex Refractive Index of

Black Carbon

AQ(pm) me m; Reference

visible 1.9 0.55 Vaglieco et al, 1990

0.567 1.54 0.37 Stagg & Charalampopoulos,1993
0.633 1.1 0.37 Bockhorn, et al, 1981

0.55 1.57 0.53 Dalzell, & Sarofim, 1969

visible 1.9 £0.1 0.55 £ 0.1 Lee & Tien, 1981

visible 1.9 £0.1 0.35 £0.05 Chippet & Gray, 1978

0.488 1.6 0.59 Charalampopoulos & Felske, 1987
visible 1.8 - 1.95 0.5-0.8 Mullins & Williams, 1987

Ao -- center wavelength
m, -- real part of the refractive index

m; -- imaginary part of the refractive index
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2.3.2 Refractive index of black-carbon-containing aerosols

As a result of coagulation, gas-to-particle conversion, and the
multitude of the sources in the atmosphere, some degree of internal
mixing of black carbon  with other compounds can be expected
(Pinnick et al., 1993; Ogren & Charlson, 1984). The chemical
composition of a  black-carbon-containing aerosol depends on the

source and on the processes that contribute to its formation.

Since anthropogenic sulfate aerosols are produced mostly by gas-to-
particle conversion of sulfur-containing gases which are released in
to the atmosphere primarily through fossil fuel burning, there is a
very high chance for anthropogenic sulfate aerosol and black carbon
to be mixed. High correlations of sulfate aerosol and black carbon
aerosol concentrations have been reported (Ogren & Charlson, 1984;
Cadle & Dasch, 1988; Pinnick et al.,, 1993; Chylek et al.,, 1996).
Further evidence for the mixing of sulfates and black carbon has
also been found in analyses of impactor samples by X-ray dispersion
electron microscopy (Pinnick et al., 1993). Table 2.5 shows some of
the measured mass mixing ratios of black carbon to sulfate in air,

snow and rain.
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Table 2.5 Previous measurements of mass mixing ratios of BC/SQ42-
in_air, snow and rain

Location Reference BC S042- Ratio
pg/m3 ug/m3 %
Northem MI Cadle & Dasch, 1988 0.6 2.59 23
Southwestern PA Keeler, 1990 1.3 19.3 6.7
36 continental sites in US Sisler & Malm, 1994 16
K-puszta, Hungarian Heintzenberg, 1985 0.8 3.2 25
North Atlantic, Canada Chylek et al., 1996 0.11 2.65 4
Sweden (rain ) Ogren & Charlson, 1984 7
Northern MI (snow) Cadle & Dasch, 1988 72 ugfl 1070 pg/l 6.7

The refractive index of a two-component mixture can be estimated
by using the Bruggeman effective medium approximation (Chylek et
al., 1995b; Chylek et al., 1983), which is expressed by the following

formula,

=0 (2-1)

where me is the effective refractive index of the composite material,
m, and m, are the complex refractive indices of a nonabsorbing
matrix and absorbing inclusions respectively, and v and v, are

corresponding volume fractions with v, +v,=1.
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2.4 Size Distribution of Black Carbon Aerosols

The size distribution of aerosols plays a sensitive role in their optical
properties. In order to evaluate the contribution of black carbon
aerosols to the radiation budget, it is important to have information
on their size distribution. However few measurements of black
carbon particle size distributions in the atmosphere have been
made. One difficulty is that the size distributions of black carbon
aerosols are influenced by the nature of the sources, the fuel, the
type of combustion, dilution factors, residence time and condensation

processes of the particles.

Among the few published investigations on black carbon size
distributions, Heintzenberg and Winkler (1991) and Heintzenberg
and Covert (1984) have reported that at the rim of the combustion
zone, very high concentrations of primary black carbon particles
occur with radii below 0.0lum. These particles rapidly coagulate
forming atmospheric black carbon particles with a mass mean size

lying mostly between 0.2 to 0.4um.

One measurement of black carbon aerosols in the lower stratosphere
and upper troposphere at an altitude of 1lkm shows the size
distribution of black carbon aerosols to be represented by a log-

normal distribution with a geometric mean radius of 0.07um and a

standard deviation of 1.5 (Pusechel et al.,, 1992).
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A black carbon size measurement carried out in urban areas of Italy
shows that the regression of the data to a log-normal function yields

a geometric mean radius of 0.037um and a standard deviation of

1.87 ( Chylek, 1996).

Based on available information, most black carbon aerosols in the
atmosphere appear to have a mean size in the range of 0.1-0.5um
(Clarke et al, 1987; Whitby, 1979; McMurry and Zhang, 1989). For
the purpose of numerical calculations, a log-normal distribution
function can be used for the black carbon aerosol size distribution
with a geometric mean radius, rg, in the range of 0.05-0.3um and a
standard deviation about 1.5. Written in terms of number density
per radius interval, the log-normal distribution is commonly

expressed as

N (Inr-lnrg)2
o) =" — expl-~ .= ] (2-2)
rino\ 2x n-c

where, r is the radius of the particle in units of um; N, is the total
number density in units of particle number per cm3; rg is the
geometric mean radius; o is the standard deviation; n(r) is the size

distribution in units of particle number per cm3 per um.



Chapter 3

Experimental Measurements

The usual method of quantitatively determining the amount of black
carbon in the atmosphere involves collecting black carbon on a filter,
either in gaseous or liquid dispersions, and then measuring light
transmittance of the filter (Malissa et al.1976; Chylek et al., 1987,
Chylek et al., 1992). In our measurement, a quartz filter (QAO0-2500,
Pallflex Products Corperation) is used for filtration. It is heated in an
electric furnace at 700°C for two hours before sampling to remove
carbonaceous contamination. In order to get a relatively clear
understanding of black carbon distributions throughout the
atmosphere, samples over a wide range of sources including air,
cloud, rain, and snow in different locations have been collected.

Table 3.1 shows a list of our sampling.

3.1 Field Measurements - Sample Collection

3.1.1 Radiation, Aerosol and Cloud Experiment (RACE)

17
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Organized by the Atmospheric Environment Service (AES), the
Radiation, Aerosol and Cloud Experiment (RACE) was carried out
from August 13 to September 9, 1995, and based in Greenwood,
Nova Scotia. The airborne observations were conducted near and in
marine stratus clouds over the Gulf of Maine and Bay of Fundy. The
primary objective of RACE was to improve the understanding of
processes involving the interaction between aerosols and low
stratiform clouds by gathering quantitative information on cloud
microphysics, cloud radiative properties, and aerosol particles. Five
observational platforms were used in this experiment. The first two

were on aircrafts: the National Research Council (NRC) of Canada

Table 3.1 Sampling List

Sample  Site class- Season Height Sample
type fication number
Air urban S ground 1S5

Air urban w ground 13
Rain urban s ground 10
Rain urban w ground 5

SnOw urban w ground 11
Rain rural s ground 23
SNOw rural w ground 3

Air remote $ 0.1-2km 16

Air remote s near sea surface 13

C water remote $ 0.3-2.5km 15

Note: C water-cloud water
s-summer
w-winter
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Convair 580 and DHC-6 Twin Otter; the other two were on the
Ferries: the Bluenose and Prince of Fundy; and the last one was on a
ground site near Yarmouth Lighthouse. Both aircrafts were
equipped with instrumentation for cloud microphysical
measurements, measurements of the concentration of atmospheric
aerosol constituents and important trace gases, and for the
collection of cloud water. All the samples for black carbon studies

were collected from the Twin Otter airplane and the Bluenose Ferry.

3.1.1 A) Air Sampling from the Twin Otter

Aerosol sampling for black carbon studies was performed from the
NRC DHC-6 Twin Otter aircraft, with an operating airspeed of 50-
60m/s. The aerosol intake on the Twin Otter consisted of a forward
facing nearly-isokinetic diffuser cone, followed by a Im long 4cm ID
stainless steel tube, the end of which was branched to accommodate
three filter packs. One of the filters was made of Teflon (Gelman-
47mm) and was used to determine the major organic and inorganic
species; another acid-washed Teflon filter was used for trace metal
analyses; and the third filter made of quartz (QAO0-2500, Pallflex)
for black carbon studies. The third filter holder was  designed
slightly differently from the other two so that only the 10mm

center diameter area was exposed for aerosol collection.
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Aerosol samples were obtained by exposing the filters in level
flights at a single altitude between 0.1 and 2km in the cloud free
atmosphere for a time period of 10 to 70min. A rotary vacuum
pump was employed to provide air flow through the filter and the
flow was monitored by a mass flow meter. The flow rates through
the filters were set to match the flow through the inlet opening
based on an airspeed of 60 m/s (Li et al, 1996). In general, three
seperate filter packs were exposed simultaneously and one or two
samples collected for each on most flights. Filters were packed and
unpacked in a particle-free, laminar flow workstation. The intake

tube was carefully cleaned with methanol before the flight.

There were 16 samples available for black carbon analysis collected
over 15 flights during RACE. The total sampling air volume varied
from 0.2 to 1.8m3 with a flow rate of approximately 24 liters per
minute. Because the maritime region was covered by smoke from
a Quebec forest fire on August 22, 1995, the samples from Flight 5,
provided very valuable and unexpected information on the effect
of the forest fire smoke plume. On that day the smoke was mixed
from the surface to about 1.5km, with a maximum particle number
concentration of 10,000/cm3 over a horizontal distance of 150

kilometers.

The blank filters on the Twin Otter were handled on the flight in the
same way as aerosol sampling filters except that the vacuum pump

was off and no air was filtered.
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3.1.1 B) Air Sampling from Ferry

In addition to the aircraft, a platform for aerosol study was placed
on board the Bluenose Ferry which runs between Yarmouth, Nova
Scotia and Bar Harbour, Maine, USA. Just as on the Twin Otter, there
were three intakes for aerosol sampling, one for major organic and
inorganic species study, another for trace metal study, and a third
for black carbon. The filters were mounted separately in the filter
holders, which had designs similar to the ones on the Twin Otter.
The mount hung facing downward at a height of approximately 25m
above the sea level. A lampshade-plastic shield protected the filter
packs from rain both from above and from the side. A single high-
volume vacuum pump supplied ambient air to the filters at an
average flow rate of 12 liters per minute. Thirteen samples were
collected for black carbon analyses. Each filter was exposed on
board the Bluenose during journeys between Yarmouth and Bar
Harbour, with a total air sampling volume ranging from 2 to 5 m3

and sampling duration of 2 to 4 hours.

3.1.1 C) Cloud Water Sampling

Cloud water samples were collected using the modified slotted-rod
Teflon or delrin collectors (Leaitch et al., 1992). The collector was
deployed out of the top of the fuselage ahead of the propellers.
Cloud water samples once collected were stored in a cooler for the

duration of the flight, weighed on an electronic balance after the
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flight, and separated into individual samples for a variety of species
analyses: major inorganic and organic ions, H;O, trace metals,
dissolved HCHO and black carbon. Finally, samples were stored in
a refrigerator at -4°C before further analysis. Before each flight, the
cloud water collector was rinsed with filtered, deionized, distilled
water obtained from the Millipore Super-Q water system (referred to
as Super-Q water hereafter). Two blank samples were obtained by
spraying the water into each notch of the cloud collector rod and
collecting all of the rinse water, which amounted to about 15 ml.
Sixteen cloud water samples were obtained for black carbon studies.
The liquid water content (LWC) of the cloud sampled ranged from
0.10 to 0.55 g/m3. The length of time required to collect a single
cloud water sample varied from 2 to 20min, which was

equivalent to a distance of 7 to 70km.

3.1.2 Air Sampling in Downtown Halifax

During the summer of 1995 and the winter of 1995-1996, aerosol
samples near ground level were collected on the Roy Building
located in downtown Halifax, Nova Scotia, a site with a high level of
man-made pollution. The instrumentation was set up in a room on
the second floor. The aerosol sampling line (lcm ID) was inserted
vertically into the main sampling tube which extended outside a
window and faced downward at a height of about 15 meters. A
vacuum pump was used to supply ambient air to the filter. Only the

center 10mm diameter portion of the filter was exposed to air by
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placing a mask inside the filter holder. Fifteen aerosol samples
were collected from June to August, 1995 with an average total
sampling volume of approximately Sm3, at a flow rate of about 0.5
liter/min. The sampling duration was about one week in the
summer. Thirteen samples were collected from January to March,
1996 with an average total sampling volume of approximately 3m3
and flow rate of about 1 liter/min. The sampling duration varied

from 7 hours to 4 days in the winter.

In some cases, the total aerosol mass was also studied. The filter
was heated at 90°C for one hour to remove water vapour, then
weighed using a Fisher Scientific Mettler H54 electronic balance
(accuracy 10ug) and kept in a desiccator before sampling. The same
procedure was repeated after the sample was loaded on the filter.
The total aerosol mass was calculated from the difference of the
filter weight before and after sampling. In some filters, fiber loss
occurred when the filter was removed from the holder. This was

more common in the summertime.

3.1.3 Rain Sample Collection

More than 40 rain samples were collected using a 20cm diameter
polyethylene funnel, located at three sites in Halifax, and one rural
site in Bridgewater, Nova Scotia during the summer of 1995 and
the winter of 1995-1996. The sampling duration ranged from

20min to several hours, and the total weight varied from 20g to
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200g. Consecutive sampling was made in some cases to study the
systematic variation of black carbon content during rainfall. Most of
the rain samples were processed shortly after collection; the others
were kept refrigerated  at -4°C before further processing. The
funnel collector was rinsed with Super-Q water before and after
sampling. Some of the rinse water was also collected and handled in
the same manner as the rain samples and then analyzed as blank

filters for the rain samples.

3.1.4 Snow Sample Collection

Snow sample collection was made in Halifax (urban area) and
Bridgewater (rural area) during the 1995-1996 winter. Fresh snow
was either collected on a 50 x 60 mm polyethylene container and
transferred to a glass bottle or scooped directly into bottles. More
than 20 samples were obtained, with some of them consecutively
collected during a snowfall. The sampling duration varied from
30min to several hours and the total weight ranged from 50g to
250g. Samples were kept refrigerated. Just before further

processing, the snow samples were melted in a microwave oven.

3.1.5 Liquid Phase Sample Processing - Filtration Procedure

All of the liquid phase samples went through a filtration procedure

in order to separate the insoluble aerosols from the liquid phase. As
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in air sampling, the Pallflex QAO-2500 47mm quartz filter was
used. Filtration was performed through each filter three times in a
polyethylene filtration device placed under gentle vacuum. All snow
samples and part of the rain samples were pre-filtered by a 10um-
pore-size  Millipore filter to remove the large particles, such as
leaves, insects, and pollen. A mask of polyester sheet with a center
hole of 10mm diameter was placed above and below the filter during
the filtration. Therefore, all insoluble aerosols were concentrated in
a 10mm diameter spot in the center of the quartz filter after the
filtration procedure. The sample filters for the black carbon analysis
were dried in an oven at 30°C for about 24 hours, and then kept

in a petri-dish separately until ready for analysis.

3.2 Black Carbon Analysis

There is a wide range of methods used for measuring atmospheric
black carbon (Malissa et al., 1976; Hansen et al., 1982; 1984; Clark,
1982; Gundel et al., 1984; Chylek et al.,, 1987). A variation of the
thermo-optical method, originally developed by Malissa et al.
(1976), has been employed for the analysis of black carbon aerosols
collected on the quartz filters (Johnson et al., 1996; Wu, 1992). The
method is based on light absorption by black carbon. The amount of
black carbon is determined from the transmission of a laser beam,
A=0.6328um (He-Ne), through a quartz filter containing the black
carbon at room temperature, and after heating the filter to 700°C

where the black carbon oxidizes into carbon dioxide.
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Figure 3.1 shows the experimental apparatus used to determine the
amount of black carbon. The filter, located inside a stainless steel
holder, is placed inside a furnace consisting of a 5cm ID quartz
tube wrapped with two NiChrome V heating wires. The furnace is
insulated with quartz fiber cloth and placed inside a stainless steel
housing. The furnace heating power is 800 watts and can provide a
temperature inside the furnace of  approximately 700°C  within 20
minutes of heating. In operation, light from a SmW He-Ne laser ( A=
0.6328pum) is passed through a chopper (frequency= 700Hz) and
split by a partially silvered mirror. The reflected beam is detected
by a silicon photodiode, and used as a reference. The transmitted
beam passes through the front quartz window of the furnace and
onto the quartz filter. Emerging from the back quartz window of the
furnace, the transmitted beam is then passed through an optical
telescope and focused onto another silicon photodiode. An amplifier
is attached to each photodiode to amplify the reference and sample
signals. Both signals are then sent to a lock-in amplifier locked at the
chopper frequency. The sample and reference signals are subtracted
out by the lock-in amplifier and the resulting output is then further
amplified. The output of the lock-in amplifier is recorded by a chart

recorder and monitored by an oscilloscope parallel to the recorder.

A thermoprobe (Cole Parmer Inconel exposed junction heavy-duty

thermocouple probe) is employed to measure the temperature near
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the filter holder inside the furnace. A stream of pure O, is
introduced into the furnace to purge CO2 and to facilitate oxidization

of black carbon.

A mechanism is used to translate the quartz filter holder
continuously up and down inside the furnace. This translation allows
the laser to scan from the blank portion (edge) to the aerosol-loaded
portion (central spot) of the filter at a frequency of 0.2Hz. The
difference in the transmittance contrast (between the center and
edge) of the filter before and after heating is proportional to the
amount of black carbon content on the filter. Because the blank is
on the same filter and burned with the sample, errors associated
with filter-to-filter variation in homogeneity can be reduced.
Furthermore, using the same path length and detector for both the
sample and the blank minimizes errors associated with electronic

instability and window transparency fluctuation.

Figure 3.2 shows a typical signal recorded on the chart recorder. It is
in the form of peaks and troughs corresponding respectively to light
passing through the blank region of the filter where the
transmittance is maximum, the center spot of the filter where the
transmittance is minimum. The transmittance contrast of each filter
is measured before heating the furnace and after carbon combustion
when the temperature inside the furnace has returned to room
temperature. The heating process takes about 30min and cooling

takes about 2 hours.
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Figure 3.2 A typical signal of black carbon analysis in the thermo-
optical method. The time interval between each peak is At=35sec.



30

Generally 50 peaks are averaged for each measurement. In order to
insure alignment of the system and to compensate for any drift in
gain, a standard reference, which is not burned, is scanned between

samples (Section 3.3).

The burning process is necessary to determine the contribution of
black carbon to light absorption. It has been observed that some
sample filters still absorb a noticeable amount of the light after
burning, which is likely caused by the noncombustible residual

aerosols that remain on the sample portion of the filter.

3.3 Calibration of Black Carbon Standard
Reference

Two different polydispersions of black carbon particles are used for
standard reference calibration. One has mean radius of 0.048um,

hereafter referred to as VM, another one has mean radius of 0.09um

hereafter referred to as ST.

3.3.1 Standard Reference Making

Making a uniformly dispersed black carbon suspension is a key part

of the calibration procedure. An amount of lmg to 100mg of black
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carbon is weighed on a Fisher Scientific Mettler H54 electronic
balance (accuracy 10ug) and mixed with about 800 mi of Super-Q
water in a glass container. The suspension of black carbon is then
agitated in an ultrasonic bath for about 3 hours in order to increase
homogeneity and to break up aggregates of black carbon particles.
In some cases, it is necessary to add about 20ul of surfactant
(photo-flo) into the suspension in order to break up the black carbon
film formed on the surface of the suspension. Adequate dispersal of
black carbon in the ultrasonic bath treatment has been confirmed by
examining the particles collected on the filter using a microscope.

Few aggregates of black carbon remained.

Suspensions of black carbon with  concentrations of 100mg/l,
10mg/l and Img/l are prepared initially. With successive dilutions
using Super-Q water lower concentrations of black carbon suspension

are obtained.

In order to minimize the error associated with filter inhomogeneities,
filters are selected by examining the transmittance of the filter at
different orientations using the He-Ne laser beam. Standard
references are  prepared with these filters using the uniformly
dispersed black carbon suspensions. Each standard reference is
filtered twice to ensure maximum filtration efficiency (details in
Section 3.3.3). About 10ml of Super-Q water is used to rinse each
container of the suspension and the rinsed water is also passed
through the reference filter. Residual levels of black carbon

remaining after the second filtration are examined by analyzing the
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third filtration filter (see Table 3.3 in Section 3.3.3). After the filters
are dried in the electric oven at 30°C for about 24 hours, the

standard reference filters are ready for analysis.

3.3.2 Calibration Results

The standard references are examined in the optics lab. In order to
reduce the errors associated with the variation in homogeneity from
filter to filter, the calibration results are obtained by burning the
standard reference filters. The transmittance of each standard filter
is measured and recorded in the form of a series of peaks before
and after burning. Nine VM and six ST standard references have
been examined and the results are listed in Table 3.2. The black
carbon amount on the standard filters ranged from 0.3 to 2.0ug. The
change of the peak height before and after burning as a function of
the amount of black carbon content for both VM(x) and ST(0)
references are plotted on Figure 3.3. Intercomparison between the
independent original suspensions are made with RC-21, RC-23, RC-
27, and RC-28 and the results show very good agreement (see Figure
3.3). One noteworthy feature in Figure 3.3 is that there is a linear
relationship between black carbon content and the change in peak

height from burning.
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3.3.3 Errors in Calibration

Errors in calibration arise from the suspension making, filtration and
burning processes. An absolute error in scanning the peak height,
8(APH)= + Ilmm leads to a relative error of 0.6% to 4%. The principal
error source is the uncertainty in black carbon amount on the
standard filter which arises from the filtration process. The
estimated error in the suspension-making process, including
weighing black carbon (<2%) and diluting with water (<1%), is

approximately 2%.

The filtration efficiency of the quartz filter, defined as the
percentage of mass collected by the filter, was confirmed by passing
the suspension successively through three separate filters. The
results are listed in Table 3.3 and indicate that two filtrations should
be sufficient to capture 95% of black carbon particles. The same
type of quartz filter (Pallflex 2500 QAO) was used by Chylek et al.
(1987), when they studied the filtration efficiencies of the quartz
filter using aluminum oxide particles with mean sizes of 0.05, 0.3 and
1.0pm. They obtained collection efficiencies of single-pass filtration
ranging from 66 to 85%. They suggest the efficiency of two to four
filtrations should be greater than 90%. Based on the filtration
efficiency studies and other uncertainties such as black carbon
particles adhering to the wall of the container, we estimate the
uncertainty to be 5 -10% in the filtration process. The blank

filters in calibration are obtained by filtering one liter of Super-Q
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Table 3.2 The results of black carbon reference calibration

Type Filter Mbc A(PH) Source of Amount of
(ng) (mm) suspension surfactant
+ 5~10% + lmm

VM RC-84 0.39 25 BC-S-4A N/A
VM RC-82 0.65 54 BC-S-4B N/A
VM RC-83 0.65 64 BC-S-4B N/A
VM RC-28 1.30 76 BC-S-4C N/A
VM RC-27 1.30 84 BC-S-4C N/A
VM RC-23 1.33 73 BC-S-3A 20ul
VM RC-21 1.33 76 BC-S-3A 20ul
VM RC-89 1.56 134 BC-S-4A N/A
VM RC-87 1.95 139 BC-S-4A N/A
ST RC-45 0.64 41 BC-S-7A 20ul
ST RC-46 0.64 49 BC-S-7A 20ul
ST RC-43 1.27 116 BC-S-7B 20ul
ST RC-49 1.27 77 BC-S-7B 20ul
ST RC-50 1.91 120 BC-S-7C 20ul
ST RC-42 1.91 163 BC-S-7C 20ul
Note:
BC-S-4* : The dilutions of the black carbon suspension BC-S-4,

which has a concentration of 1.30 £ 0.01 mg/l.
BC-S-3*% : The dilutions of the black carbon suspension BC-S-3,

which has a concentration of 13.30 + 0.01 mg/l.
BC-S-7* : The dilutions of the black carbon suspension BC-S-7,

which has a concentration of 6.36 £ 0.01 mg/l.
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Figure 3.3 The black carbon reference calibration curve. The dashed
line is the best fit line for ST (r=0.09um) standard (o), and the solid
line is the best fit line for the VM (r=0.048um) standard (*).



Table 3.3 Efficiency of quartz filter for collection of
black carbon particles
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Filter source of filtration BC collected filtration
BC on the filter efficiency

[(15:9)

RC-4 VM lst 0.25 71%

RC-5 ™M 2nd 0.103

RC-6 VM 3rd 0.0

RC-7 VM Ist 0.41 95%

RC-8 VM 2nd 0.013

RC-9 VM 3rd 0.01

RC-28 VM Ist+2nd 1.1 99%

RC-28C A% 3rd 0.01

RD-8A Rain sample st 0.50 94%

RD-8B Rain sample 2nd 0.0

RD-8C Rain sample 3rd 0.01

C47-1-A Ice core sample Ist 1.79 88%

C47-1-B Ice core sample 2nd 0.24

C47-1-C Ice core sample 3rd 0.0

DS-2-A [ce core sample Ist 0.49 86%

D5-2-B Ice core sample 2nd 0.08

D5-2-C Ice core sample 3rd 0.0
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water through the individual quartz filters. Laboratory black carbon
analysis of four blanks yields black carbon amounts on the filter
ranging from zero to 0.032ug, with an average amount of black

carbon of 0.017ug and standard deviation of 0.016ug.

Table 3.4 Blank Filters (Super-Q water testing)

Filter SQ-1 SQ-2 SQ-3 SQ-4 Average
Mbc(ng) 0.032 0.00 0.00 0.02 0.017+0.016

If a 10% error in each standard reference is assumed, the average
result of the VM standard references is represented by linear

regression  in Figure 3.3, which can be expressed by

A (PH) = (73 = 3) (mm/ug) Mpe - (0.1 +£0.7) (mm), 3-1)
where A(PH) is the peak height in mm measured before and after

burning; and Mpc is the black carbon content in pg.

The best fit line for the ST standard references is

A (PH) = (75 £ 3) (mm/ug) Myc - (0.2 £ 0.8) (mm) (3-2)

Equations 3-1 and 3-2 indicate that there is essentially no difference
between the VM and ST references within the experimental

uncertainty range.

Finally, it is concluded that the accuracy of the calibration is
approximately * 5% and the detection level is > 0.02pg. The VM
calibration curve expressed as Equation 3-1 is used as the final

black carbon standard reference calibration.
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3.3.4 Discussion of the Calibration Curve

The similar shape of the VM and ST calibration curves can be
explained theoretically. In our model, a beam of light passes
through the sample filter before burning (Figure 3.4a) and after

burning (Figure 3.4b).

(a) (b)

— Quartz filter

black carbon particles

Figure 3.4: Schematic diagram of a light beam passing through the
sample filter before burning (a) and after burning (b).

The intensity of the transmitted light beam is attenuated from I, to
Iy (before burning) or I, (after burning). The attenuation is due to

the absorption and scattering of black carbon particles as well as
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the filter. The intensity removed, AI, from the incident beam can

be expressed as

Alop = To - Tob = Alogs +Alosy + ALy, + AL, (3-3)
Alip = I - Iap = AI’:li)ls + AI'sfci:la 3-4)

Where A I, denotes the intensity removed by scattering; and A Ips
denotes the intensity removed by absorption. The subscript indicates
whether the measurement is made before burning (bb) or after
burning (ab). The superscript denotes  whether the intensity is
scattered or absorbed from the black carbon (bc) or the filter (fil).

We assume no multiple scattering effect occurs.

In general, the absorption caused by the filter is very small in the
visible spectral region compared with the black carbon absorption.
If the absorption term associated with the filter is neglected, the
change of the light intensity removed from the incident beam
before and after burning, 38l.x, can be written as

Slex = Alpp - Alup = AIC + AIYS, + AL - AT (3-5)

The intensity removed by the scattering of the filter before burning,
fil
Al

. . Jfil
scq» is lower than the value after burning, Al ", because the

sca?’

unburned black carbon particles shade the surface of the filter.
Since there is no evidence of preference between the scattering due
to the filter and that due to the black carbon particles plus the filter,

a plausible hypothesis is made that



ALS, + ALY, = AT, (3-6)

sca

Therefore, the change in the extinction before and after burning is

dominated by the absorption of the black carbon:

b
Slext = Alpp - Alap = ALy, 3-7)

and the contribution of scattering from black carbon particles and

the filter can be neglected.

The size-dependent mass specific absorption cross section, G abs/m,
can be calculated by using an adapted Mie scattering program

(Bohren and Huffman, 1983) under the following assumptions:

1. the refractive index of black carbon is 1.75 - 0.44i;

2. the black carbon particles on the filter are spherical in shape and
are distributed in the same plane;

3. multiple scattering can be neglected; and

4. the mass density of black carbon is p=1.8g/cm3.

The calculated mass specific absorption cross section as a function of
particle size is plotted in Figure 3.5. The values for the VM and ST
particles are listed in Table 3.5. Figure 3.5 shows that the ST
(r=0.09um) particle is closer to the peak of the specific absorption
than the VM (r=0.048um) particle. The ratio of Gas/m for ST to VM

particle is 1.20, consequently a single sized ST particle is
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Figure 3.5 The size dependence of the specific absorption (m2/g) of
black carbon particle at wavelength of 0.6328um, p=1.8g/cm3, and

refractive index m=1.75- 0.44i.
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expected to display a slightly stronger absorption than the

equivalent VM particle.

Since both ST and VM particles are polydispersed, the size
distribution function is necessary to estimate the absorption
behavior of ST and VM particles. Therefore we further assume that

both VM and ST have log-normal size distributions, i.e.,

No (Inr-lnrg)2
n(r) = xp[- ] (3-8)
rlnoV\ 2n P 2In%c

where, ris the radius of the particle (um), N, is the total number
density (cm-3); rgis the geometric mean radius (um); o is the
standard deviation; n(r) is the size distribution in units of particle

number per cm3 per pum.

The absorption coefficient, Kaps, can be obtained by integrating Oaps

over the size distribution. i.e.,

Kabs = J G absn(r)dr (3-9)

K.bs has dimensions of inverse length (m-!) and indicates the amount
of radiation removed from the incident beam by absorption. The

specific absorption coefficient, yaps, can be calculated by dividing

Kabs by the mass density M, which is defined as
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4
M= 25 [ rn(rdr (3-10)

Here, p is the mass density of the absorbing material and the units

for M are pg per cm3. Hence,

Kt I G apsn(r)dr

Wabs™ "\ = (3-11)

dnp
3 I r3n(r)dr

The calculated results are listed in Table 3.5, where standard

deviations of Inc = 0.1 (6=1.1) and Inc = 0.4 (¢ = 1.5) are used due to
the uncertainty of this parameter for VM and ST particles, and

because these values are commonly used in the literature.

Table 3.5 The specific absorption cross sections and coefficients for
VM and ST particles

rg Gabs/m ‘I,abs \Vabs
(um) (m2/g) (m2/g ) (m2/g)
Inc = 0.1 lne =0.4
VM 0.05 343 3.46 x103 3.81 x103
ST 0.09 4.12 4.13 x103 3.60 x103
ST 1.20 1.19 0.95
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From the calculated results listed in table 3.5, the ratio of the two
specific absorption coefficients varies from 1.19 for the narrow size
distribution (Inc = 0.1) to 0.95 for the wider dispersion (lnc = 0.4).
The conclusion is that VM and ST black carbon particles have very
similar  absorption characteristics at A=0.6328um for particle size

distributions within Inc = 0.1 to 0.4.

As discussed above, the peak height change, APH, on the calibration
curves (Figure 3.3) is directly related to the black carbon absorption.
Consequently, the slope of the calibration curve is proportional to
the specific absorption. Then the ratio of the two specific absorption
coefficients can be obtained experimentally from the calibration

curves:

(Wabs )ST _
(Wabs)VM 1.03

This result falls in the theoretical prediction range (1.19 ~ 0.95).

3.4 Measurement Results and Discussion

The total black carbon content on the sample filters has been
measured using the thermal-optical method. The total air volume
passed through the filter can be obtained from the sampling
duration and flow rate. Consequently the black carbon concentration
of the air sample can be calculated. Since the total weight of each

liquid sample has been measured, the concentration of black carbon
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in the liquid sample can be obtained as well. In the following
section, all the information about RACE samples, such as altitude of
sampling, sampling duration, flow rate, temperature, pressure, etc.,
have been provided by AES. All the values of the concentration, flow
rate and volume, have been calibrated at a standard temperature

(0°C) and pressure (1 atm = 1013.25 mb).

3.4.1 Black Carbon in Air

3.4.1 A) Results from Twin Otter Flights

Table 3.6 shows the black carbon concentrations measured from the
Twin Otter. The concentration of black carbon generally ranges from
zero to 0.49+0.03pug /m3 with two exceptionally high values
(1.08+0.06 and 1.00+0.05pg/m3), which were obtained on the smoky
day when the study region was covered by smoke from a forest fire
in Quebec. The average black carbon concentration over all the
samples collected is about 0.13+0.01pg/m3, which is comparable to

measurement results (0.12+0.01 pg/m3) found in the North Atlantic

Region Experiment (NARE) in 1993 (Chylek et al. 1996).

The size distribution of aerosols is determined using a Particle
Measuring System's (PMS) Passive Cavity Aerosol Spectrometer
Probe (PCASP) which sizes particles into one of fifteen size bins from

0.135 to 3.0um diameter and was mounted under the wing of the

Twin Otter. Table 3.6 (Column 8) shows the total aerosol particle
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Figure 3.6 The measurement results of the black carbon
concentration (dots connected with solid line), and particle number
concentration (PCASP; squares connected with dashed line) for Twin
Otter air samples during RACE. The extreme data points were
collected on the day of the forest fire.
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number concentration of the sampling air from the PCASP. Column 9
shows the condensation nuclei number concentration (CN Con.),
which is measured with a TSI condensation particle counter. Details
about the CN counter and PCASP are described in Leaitch et al., 1996,
and Liu et al., 1996. The measurement results of the black carbon
concentration and particle number concentration are shown on
Figure 3.6. Generally a positive correlation is expected between the
two concentrations since more aerosol loading is expected to lead to

more black carbon on the filter.

The aerosol composition has been obtained by AES through chemical
analysis of the Teflon filters which were exposed at the same time
as the quartz filters on the Twin Otter. The major inorganic chemical
species concentration of the aerosol, such as S0O4-2, NH4*, and K+,
are listed in Table 3.7. The value listed in column 4 of Table 3.7 is
the total concentration of SO4-2. The non-sea-salt SO4-2 (nss-SO4°2)
can be obtained by subtracting the fraction of SO4-2 from the
contribution of sea salt (Li et al.,, 1996; Broecker and Peng, 1982),
which generally is a very small part of the total SO4-2. The average
concentration of SO4-2 is 1.27ug/m3. Figure 3.7 shows the comparison
of SO4-2, NHg+, and black carbon concentrations. Both SO4-2 and NH4*
show a positive correlation with black carbon concentrations in
general, especially on the forest fire day. Because potassium is
highly enriched in atmospheric particles produced by biomass
burning (Warneck,1988; Levine,1990), the concentration of K% has

been used as an indicator for biomass burning in ice core
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Table 3.7 Major inorganic chemical species concentrations of the
aerosol samples from Twin Otter

Sample Altitude B.C. SO42 NHgt K+ BC/ TPM  BC/

(m) pg/m3 pg/m3 pg/m3 pg/m3  SO042 pg/m3 TPM
T04-C2 1709 0.01 0.06 0.35 0.0 17% 0.26 3.8%
T05-C1 1230 1.08 1.27 1.70 0.22 85% N/A N/A
TO5-C2 873 1.00 3.31 2.71 0.31 30% N/A N/A
T06-C1 130 0.25 N/A N/A N/A N/A N/A N/A
T09-C1 466 0.03 0.41 0.18 0.0 7% 2.06 1.4%
T11-C1 520 0.00 0.50 0.30 0.0 0% 2.02 0.0%
T12-C1 1132 0.05 0.62 0.32 0.0 8 % 6.31 0.8%
T13-C1 369 0.18 2.39 0.75 0.0 7% 8.21 2.2%
T16-C1 359 0.03 0.46 0.27 0.01 6% 2.85 1.1%
T16-C2 106 0.49 1.02 0.79 0.0 48% 5.97 8.2%
T16-C3 697 0.01 0.86 0.33 0.10 1 % 4.00 0.2%
T17-C1 1329 0.15 4.13 2.09 0.04 4% 13.34 1.1%
Ti18-C1 1522 0.11 0.17 0.43 0.0 65% 0.36 30.6%
T20-C1 472 0.16 8.60 1.55 0.03 2% 14.84 1.1%
Note: BC-black carbon

TPM-total particle mass

N/A-Data are not availabel
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Figure 3.7 Comparison of black carbon concentration (dots connected
with solid line), SO4-2 concentration (stars connected with dotted
line), and NHs* concentration (triangles connected with dashed line)
for Twin Otter air samples during RACE.
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Figure 3.8 Comparison of black carbon concentration (dots connected
with solid line), and K* concentration (triangles connected with
dashed line) for Twin Otter air samples during RACE.
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studies (Wu, 1992). A clear positive association of K* with the peak
of black carbon concentration on the forest fire day can be seen
from Figure 3.8. Table 3.7 also shows the mass mixing ratio of black
carbon to SO4-2, which varies from 1% to 85%. The average is 14%
over all samples and 6% for samples excluding the samples obtained
on the forest fire day (T05-C1 and TO0S5-C2). The results are within

the range of previous measurement.

The total particle volume (TPV) for each filter sample is calculated
by integrating the particle volume in each size range. The total
particle mass (TPM) for each filter sample is then calculated from the
TPV. An average composite density value of 1.8 g/cm3 (Liu et al,
1996; Li et al., 1996) is used when the TPM is calculated in Table
3.7. The ratio of black carbon to total aerosol generally varies
between O0.1% to 3% for all Twin Otter aerosol samples except for

T16-C2 where it was 8% and T18-Cl1 where it was 30%.

3.4.1 B) Near- Sea Surface Measurement on Ferry

The black carbon concentrations in the near-sea surface air are
shown in Table 3.8. These vary between 0.06£0.01 to
0.96+0.05ug/m3. The exceptionally high value 0.96p g/ m3,
corresponding to a CN concentration of 1.2x104/cm3, obtained on
Aug. 25 at the Ferry from Bar Harbour to Yarmouth is most likely
due to the pollution from the Ferry's exhaust. The average value of

black carbon concentration in air above the sea surface is
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0.22+0.02ug/m3 for samples excluding the polluted one, which is

slightly higher than the average value of samples from Twin Otter.

3.4.1 C) Near-Surface Measurements at Halifax Downtown

The black carbon concentration found in the wurban region (Halifax
city area) during summer and winter are given in Table 3.9a and
3.9b. The concentration varies between 0.43£0.02 pg/m3and
0.68+0.03 pg/m3  in summer, and between 1.14+0.06pg/m3 and
3.140.2ug/m3 in winter, which is an increase of a factor of 3 over
the same region. Very likely the residential heating in winter

contributes the additional black carbon.

The observed average black carbon concentration is about 0.54+0.03
pg/m3 in summer and 1.69+0.08 pg/m3 in winter. These are
comparable to the black carbon concentrations found in other North
American urban and rural areas as shown in Table 2.1 in Section 2.2.
The mass fraction of black carbon to the total aerosol for the air
samples in the Halifax area is about 0.9£0.2% in summer, and 1.8

+0.3% in winter.



Table 3.9a  Black carbon in air samples from Downtown

Halifax in

summer

199
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Sample Duration Flowrate Total Total B.C. TAM* _BC
(min.) (I/min) Volume B.C. Conc. TAM*
) @g) (ug/m3) ©e)

aug-06-05 10022 0.578 5.79 3.940.2 0.68+0.03

aug-06-12 10261 0.568 5.83 3.1+#0.2 0.52+0.03

aug-06-19 9845 0.534 5.25 3.0£0.2 0.57+0.03

aug-06-26 11491 0.552 6.34 3.6£0.2 0.5710.03

aug-07-04 14397 0.517 7.44  3.6£0.2 0.48+0.02 449+40 0.80£0.05%
aug-07-14 10349 0.527 5.46  3.0£0.2 0.55%0.03

aug-07-21 8349 0.522 436  2.9+40.2 0.66x0.03

aug-07-27 11508 0.526 6.05 2.740.1 0.452£0.02

aug-08-04 10063 0.523 5.26  3.2¢0.2 0.60£0.03

aug-08-11 10100 0.521 5.26  29:0.2 0.55+0.03 270+40 1.1x0.2%
aug-08-25 10093 0.522 5.27 2.320.1 0.43+0.02 292+40 0.84£0.1%
aug-09-01 10071 0.520 5.24  2.9+40.2 0.55+0.03

aug-09-08 10177 0.520 5.29  2.41#0.1 0.46x0.02

aug-09-15 9946 0.520 5.17  2.5¢0.1 0.47+0.02

aug-09-22 10193 0.520 5.30 2.7:0.1 0.51+0.03

Average 0.54+0.03 0.9+0.2%
aug-: Air sample from urban area (downtown Halifax) on ground level.

-06-05: Sampling date /-month-date

TAM*:

Total Aerosol Mass



Table 3.9b_Black carbon in air samples from Downtown
Halifax in _winter (1996)
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Duration Flowrate Total Total B.C. TAM* B.C.
Sample (min.) (I/min) Volume B.C. Conc. TAM*
(m3) ®g) (ug/m3) “e)
aug-02-05 10067 0.414 4.168 7.840.4 1.87+0.09
aug-02-22 5669 1.139 6.457 8.3x0.4 1.29+0.06
aug-03-11 4368 1.029 4.492 8.8¢0.4  2.0:0.1
aug-03-14 5677 1.012 5.742  8.3:0.4 1.45+0.07 720+15 1.20+0.06%
aug-03-19 1316 1.031 1.357 3.0:0.2 2.2#0.1
aug-03-20 1464 1.031 1.509 3.0+0.1 2.040.1
aug-03-21 1555 1.026 1.595 2.840.1 1.77+0.09 110£15 2.620.4%
aug-03-22 4139 1.038 4296 7.2+0.4 1.68+0.08
aug-03-25 1567 1.032 1.617 5.0£0.3 3.1+0.2 16015 3.1:0.3%
aug-03-26 2855 1.023 2.921 5.0¢0.3 1.70+0.08 14015 3.5+0.4%
aug-03-28 1300 1.010 1.313 1.6:¢0.1 1.17+0.06 12015 1.310.2%
aug-04-03 429 1.000 0.429 0.55+0.03 1.27+0.06
aug-04-04 1096 1.010 1.104 1.26x0.07 1.14+0.06
Average 1.69+0.08 1.840.3%
aug-s: Air sample from urban area (downtown Halifax) on ground level.

-02-05: Sampling date /-month-date

TAM*:

Total Aerosol Mass
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3.4.1 D) Effective Refractive Index of the Sampling Aerosols

The effective refractive index of the sampling aerosol can be
estimated using the Bruggeman effective medium approximation
expressed as Equation 2.1. Assuming the aerosols consist of black
carbon, and soil represented by a refractive index of m=1.5 - 8x10-4i
(Pollack et al., 1976), and the black carbon particles are assumed
randomly distributed among the soil particles, the effective
refractive indices of this soil-black-carbon aerosol  for different
black carbon fractions at A = 0.55um are calculated and the results
are listed in Table 3.10. The density difference between black
carbon and the soil is neglected in the calculation, therefore the

volume fraction of black carbon is the same as the mass fraction.

Table 3.10 Effective refractive index of the soil-black-carbon aerosol

at different black carbon volume fractions (fy.)

fo. 0.0 0.1% 0.5% 1% 2%
m, 1.50 1.50 1.50 1.50 1.51
m; 0.001 0.001 0.003 0.005 0.009

The imaginary effective refractive index of the aerosol ranges
between 1.0x10-3 and 9.0x10-3 for the measured black carbon
fractions (0.1% - 2%). These values fall in the range of the reported
imaginary refractive index of the aerosols by various investigators

(Patterson et al., 1977; Lindbergh and Laude, 1974).
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3.4.2 Black Carbon Cloud Water Content from Twin Otter
Flights

The black carbon concentration in marine stratus clouds listed in

Table 3.11 generally varies from 4.0+0.6 to 60+3 pug/kg. The average
value of black carbon in all cloud water samples collected is about
26+x3ug of black carbon per kilogram of cloud water. The
exceptionally high value of 220+10png/kg was obtained from a cloud-
haze mixed sample on September 9, 1996, which was a relatively

high pollution day.

Columns 6 (FSSP) and 7 (FSSP Reff) in Table 3.11 show cloud droplet
number density and the effective radius of the cloud droplets. The
effective radius is defined as refr= _[ r3n(r)dr / frzn(r)dr. The cloud
droplet size distribution is measured with a PMS Forward scattering
Spectrometer Probe (FSSP), which was mounted under the wing of
the Twin Otter. Column 8 in Table 3.11 is the cloud liquid water
content, which is measured with a PMS King heated-wire probe
(Leaitch et al, 1996) mounted under the wing of the aircraft as well.
The liquid water content ranges from 0.10 to 0.56g/m3 over all the
sampled clouds and the droplet number density varies from 40 to

483/cm3.

The percentage of black carbon incorporated into clouds in the form
of internal mixture can be obtained by comparing the black carbon
concentration within the cloud water with the black carbon

concentration in the near-sea surface air as measured on the Ferry at
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the same time. Table 3.12 shows that only 1 to 5% of black carbon
is incorporated into clouds, which agrees with the NARE's result
(Chylek et al., 1996) where an average of 9% was obtained. The
results indicate that more than 90% of the black carbon is not
internally mixed in the particles activated in cloud; i.e., most of the
black carbon is outside of the water droplets. This fact has been

observed before (Noone et al., 1992; Hallberg et al., 1992).

The cloud scavenging ratio, as defined in Section 2.2, can be use to
quantify  the effectiveness of scavenging action of clouds. The
scavenging ratio for the marine stratus cloud samples listed in the
last column of Table 3.12 varies between 50 and 1050, which is well
within the range of previous observations listed in Table 2.3. The
two maximum values of 1050 and 290 were obtained from the
haze-cloud mixture samples. This suggets that black carbon could be
internally mixed in particles too small to be activated in cloud, such

as in sulfate aerosol.

Table 3.12 Cloud scavenging ratio

Date Flight LWC BCin BC* Ferry BCin BCin an Scaveng
Cloud LWC Filter air internal -ing
g/m3 pg/kg pg/mi nwg/m3 mixture ratio
09-01 T13-C8 0.18 33 6.09E-3  FO08-C1 0.69 0.9% 50
09-08 TI18-C1 0.10 7.7 0.80E-3  F14-C1 0.06 1.3% 120
09-08 Ti8-C2 0.16 4.0 0.64E-3  F14-C1 0.06 1.0% 60
09-09 TI19-C1 0.27 41 11.03E-3 F15-C1 0.21 5.3% 200
09-09 TI19-C2 N/A 220 N/A F15-C1 0.21 N/A 1050
09-09 T21-C2 0.33 33 11.04E-3 F15-C1 0.21 5.3% 160

09-09 T21-C5 0.18 60 10.71E-3__F15-C1 0.21 5.1% 290
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3.4.3 Black Carbon Rain Water Content

The black carbon concentrations in rain are given in Table 3.13a for
the urban area and Table 3.13b for the rural area. The values
fluctuate between an undetectable amount of black carbon and 11.0
+0.6pg/kg. Both results in Table 3.13a and b show that there is no
obvious trend in the variation of black carbon concentration during
rainfall. Averaging over all rain samples collected from the urban
area yields a black carbon content about 3.8+0.3ug/kg, whereas the
average over all of the rain samples collected in the rural area is
2.7+0.2ug/kg. The black carbon concentration difference between
these two category rain samples is likely caused by local area

pollution in the urban area.

By averaging over all of the rain samples, the black carbon
concentration in rain is about 3.2+0.2ug/kg, which is considerably
lower than the average black carbon concentration in cloud water
(26+3ug/kg: see Table 3.11). It is also relatively low compared with
the results (20 - 600ug/kg) obtained in Seattle and Sweden (Orgren
et al.,, 1983; see Table 2.2a in Section 2.2).

The following shows the scheme for naming the rain and snow
samples:

RG — -10-  -15- -02 - - B (A)
location / month /date /sample sequence / with pre-filtration

(without pre-filtration)



Table 3.13a _ Black carbon in rain samples from urban area

Sample Date of Weight T.B.C. B.C.C. Pre- Time Sample
sampling  (g) (g (ug/kg) filtration sequence Duration
RL-06-07-02-A June-07-95 39.25  0.16£0.01 4.1+0.3 N N 20 min
RD-06-07-01-A June-07-95  53.62 0.2240.01 4.240.2 N N Sh10min
RO-06-08-01-A June-08-95  73.42 0.24+0.01 3.310.2 N l 56 min
RO-06-08-02-A June-08-95  72.92 0.6740.03  9.2#0.5 N 2 55 min
RD-06-13-01-A June-13-95  30.22 0.0£0.02 0.0 N l 1h15min
RD-06-13-02-A June-13-95  20.88  0.090:0.006 4.3+0.3 N 2 1h15min
RO-09-14-01-A  Sept-14-95 8231 (.148+0.008 1.8+0.1 N 1 2h30min
RO-09-14-02-A Sept-14-95  65.03 0.19+0.01  2.9+0.2 N 2 1h6min
RO-10-06-02-A Oct-06-95  97.31 0.121+0.008 1.2410.08 N 11 35 min
RO-10-06-03-A Oct-06-95 5745 0.64+0.03 11.110.6 N 2 1h20min
RO-04-02-01-B  April-02-96 75.03 0.26£0.02  3.580.2 Y 1 50 min
RO-04-02-02-B  April-02-96 169.16 0.79+0.04 4.7+0.2 Y 2 lh
RO-04-02-03-B  April-02-96 122.8 0.18+0.02 1.440.1 Y 3 40 min
RO-04-02-04-B April-02-96 131.3 0.64+0.03  4.9+0.3 Y 4 35 min
RO-04-02-05-B  April-02-96 196.67 0.58£0.03  2.9+0.2 Y 5 45 min
Average 3.840.3

Notation of rain sample:

RO -- rain sample from the roof of Dalhousie Oceanography building, Halifax, NS
RD -- rain sample from Dartmouth, NS
RL -- rain sample from LOYOLA Building, Halifax, NS
T.B.C. -- Total Black Carbon
B.C.C. -- Black Carbon Concentration



Table 3.13b Black carbon in rain samples from rural area

Sample Date of T.B.C. B.C.C. Pre- Time Sample
sampling Weight e (ugkg) filtration sequence Duration
®

RG-08-24-01-A Aug-2495 423 0.1740.01  4.110.2 N N 58 min
RG-09-17-03-A Sept-17-95 4581  0.1940.01  4.210.2 N N 27/2 min
RG-09-17-03-B Sept-17-95 45.16 0.11240.007 2.510.2 Y N 2772 min
RG-10-06-01-A Oct-06-95 2194  0.00+0.02 0.0 N 1 1h18min
RG-10-06-02-A Oct-06-95 69.03  0.00+0.01 0.0 N 2 4h17min
RG-10-06-05-A Oct-06-95 8322  0.00+0.02 0.0 N 3 49 min
RG-10-15-01-B  Oct-15-95 3528 0.153+0.009 4.310.2 Y 1 Ih21min
RG-10-15-02-B Oct-1595 73.09  0.00+0.02 0.0 Y 2 1h12min
RG-10-15-03-B Oct-1595 105.39  0.8010.04 7.6£0.4 Y 3 26 min
RG-10-15-05-B Oct-1595 8891  0.50+0.03 5.610.3 Y 4 33 min
RG-10-15-07-B  Oct-1595 100.78 0.107+0.007 1.06+0.07 Y 5 1h10min
RG-10-15-09-B  Oct-1595 48.04 0.149+0.009 3.10:0.2 Y 6 11h48min
RG-10-15-04-A Oct-1595 10042 0.8240.04 8.2+04 N l 24 min
RG-10-15-06-A Oct-1595 8546 0.060+0.005 0.70+0.06 N 2 49 min
RG-10-15-08-A Oct-1595 98.75  0.1940.01  1.9+0.1 N 3 5h30min
RG-10-22-01-B  Oct-2295 9196 0.146+0.009 1.60.1 Y l 23 min
RG-10-22-02-B  Oct-2295 60.25 0.090£0.007 1.5+0.1 Y 2 ~5h
RG-10-28-01-B  Oct-2895 2840 0.145+0.009 5.110.3 Y N ~8h
RG-11-08-01-B Nov-08-95 7194 0.005+0.005 0.07+0.07 Y N 31 min
RG-11-12-01-B Nov-1295 90.57 0.067+0.006 0.7410.06 Y N ~2.5h

Average 2.7:0.2

Notation of rain sample:

RG -- rain sample from Bridgewater, NS
T.B.C. -- Total Black Carbon
B.C.C. -- Black Carbon Concentration



3.4.4 Black Carbon Content in Snow Samples

Table 3.14 shows the measured black carbon concentration in melted
snow over both urban and rural areas. The value varies from
0.840.1pug/kg to 32+2pg/kg and the average over all the snow

samples is 8.8+0.4pg/kg, which is comparable to previously

published data listed in Table 2.2a.

The scavenging ratio of snow, as defined in section 2.2, can be
obtained by dividing the black carbon concentration in snow by the
black carbon concentration in air. On average, the scavenging ratio of
snow samples collected is about 10, which is lower than other
previous measurements shown in Table 2.3. As in the rainfall case,
it is hard to draw any conclusion about trend in variations of the
black carbon concentration during snowfall from the available data
in table 3.14, but it is noted that the average black carbon
concentration in snow in the urban area (10.1+0.5ug/m3) is much
higher than in the rural area (1.7£0.2ug/m3). The difference between

the urban and rural is larger than for rain.

It should be mentioned that the snow samples, except SO-11-29-03-
A and SO-01-30-03-A, are pre-filtered before passing through the
quartz filter. There are some large (>10um) black carbon particles
observed on the pre-filter when pre-filtering the urban snow
samples. The final results shown on Table 3.14 do not include these

large particles in the black carbon mass.



Table 3.14 Black carbon in snow samples
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Date of Weight Total B.C. B.C.conc. Pre- Time

Sample sampling ® (g (ug/ke) filtration sequence
SO-11-29-01-B Nov-29-95 159.47 1.9+0.1 12.1+0.6 Y 1
SO-11-29-02-B Nov-29-95 92.56 0.90+0.05 9.7+0.5 Y 2
SO-11-29-03-A Nov-29-95 138.03 1.52+0.08 11.0£0.6 N 3
SO-01-30-01-B Jan-30-96 106.17 0.66+0.04 6.240.3 Y N
S0-01-30-02-B Jan-30-96 81.49 0.61+0.03 7.4+0.4 Y N
S0O-01-30-03-A Jan-30-96 51.55 0.98+0.06 19+1 N N
SO-02-03-03-B Feb-03-96 254.63 1.10£0.06 4.310.2 Y N
S0-02-06-01-B Feb-06-96 147.08 4.7+0.2 3242 Y N
S0-03-08-01-B Mar-08-96 176.28 1.05+0.05 6.0+0.3 Y 1
S0-03-08-02-B Mar-08-96 218.05 1.77+0.09 8.1+0.4 Y 2
S0-03-08-03-B Mar-08-96 15228 0.76+0.05 5.0£0.3 Y 3

Average 10.1+0.5
SG-01-30-01B Jan-30-96 93.17 0.14+0.01 1.5+0.2 Y N
SG-02-03-01-B Feb-03-96 96.16 0.27+£0.02 2.840.2 Y N
SG-02-03-02B Feb-03-96 102.15 0.08+0.01 0.840.1 Y N

Average 1.7+0.2

Notation of snow sample:

SO -- snow sample from the roof of Dalhousie Oceanography building, Halifax, NS.
SG -- snow sample from Bridgewater, NS.



Chapter 4

Radiative Effect: Black Carbon and
Aerosols

4.1 Optical Properties of a Single Particle

A small particle interacts with incoming solar radiation through
absorption and scattering of electromagnetic energy. The strength of
this interaction is characterized by the absorption and scattering
cross sections, Gaps and Ogsca, which are determined by the complex
refractive index, the size and the shape of the particle. The
extinction cross section, Geyx, IS the sum of the absorption and
scattering cross section:

Oext = Oabs + Osca (4-1)
The single- scattering albedo, o , is defined as

GOsca
0= 4-2
Gext (4-2)

which indicates the ratio of scattered radiation to the total extinction.

The average cosine of the scattering angle (8), or the asymmetry

parameter g, is defined as

66
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g =<cos6>=| p(0)cosOdQ (4-3)
4x

where p(@) is the scattering phase function, which specifies the

angular distribution of scattered light and it is normalized as
J' pdQ =1.
4

All the above parameters can be calculated exactly for homogeneous

spheres using Mie scattering theory (Bohren and Huffman, 1983).

4.1.1 Single Scattering Properties of a Black Carbon Particle

The important property of black carbon in the atmosphere is its
absorption of solar radiation. The strength of this absorption is
commonly expressed in the form of specific absorption, which is
defined as the absorption cross section of a given carbon particle
divided by its mass (0abs/m). The measurements reported in the
literature show that black carbon particles have a large specific
absorption cross section of the order of 10m2/g (Roessler and Faxvog,

1979; 1980; Truex and Anderson, 1979; Szkarlat and Japar, 1981).

The single scattering properties of a black carbon particle, including
Gabs/M, Gsca/M, Gexy/m, g and @, can be calculated using a standard
Mie scattering program if the black carbon particle is assumed to be
spherical.  Figure 4.la and Figure 4.2a show the numerical results of
Gabs/M, Gsca/m, and Gexi/m as a function of the black carbon radius

for different refractive index values. A black carbon density of
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Figure 4.1a Specific absorption cross section, specific scattering cross
section and specific extinction cross section (in units of m2/g) of
black carbon particle as a function of radius for different imaginary
refractive indices: m;=0.44 (solid line), m;=0.60 (dashed line),
m;=0.80 (dotted line), and m;=1.0 (dashdot line) at m=1.75, p=
1.8g/cm3, and A=0.55pm.
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Figure 4.1b Single scattering albedo and asymmetry parameter of
black carbon particle as a function of radius for different imaginary
refractive index: m;j=0.44 (solid line), m;=0.60 (dashed line),
m;=0.80 (dotted line), and m;=1.0 (dashdot line) at m,=1.75, p=
1.8g/cm3, and A=0.55um.
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black carbon particle as a function of radius for different real
refractive indices: m,=1.50 (solid line), m=1.75 (dashed line), and
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Figure 4.2b Single scattering albedo and asymmetry parameter of
black carbon particle as a function of radius for different real
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1.8g/cm3 and a wavelength of A= 0.55pm are used in the calculations.
It can be seen from the Figures that the position of the absorption
peak and the peak value are more sensitive to the imaginary part of
the refractive index than the real part. With higher imaginary
refractive index, the peak moves toward the smaller size particles
and has higher value. The specific absorption of the black carbon
particle decreases very rapidly with increasing radius after the peak
(around O.lum) until r = lpum. It remains almost constant for the
larger radius (r>lum) section. Thus, larger homogeneous spherical
black carbon particles are much less efficient absorbers of solar
radiation. This effect is due to the small skin depth (8= A/2mm;) of
black carbon.

For particles much larger than the skin depth, the efficiency of
absorbing light is reduced. It can be seen from Figure 4.1b and
Figure 4.2b that both single scattering albedo and asymmetry

parameter show very small dependence with the refractive index.

The dependence of specific absorption, scattering and extinction cross
sections on the mass density of black carbon is shown in Figure 4.3.
The lower mass density of black carbon yields the higher specific
absorption and scattering cross section. The single scattering albedo
and asymmetry parameter only depend on the radius, wavelength
and the refractive index. Therefore, there is no variation of ® and g
expected with the different values of mass density. It can be seen
from Figure 4.4a and Figure 4.4b that G,ps/m, Ggca/m, Gext/m, g and

®, show a very sensitive dependence on the incident wavelengths.

All the parameters have the highest values at visible wavelengths.
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black carbon particle as a function of radius for different black
carbon mass densities: p=1.2g/cm3 (solid line), p=1.5g/cm3 (dashed
line), p=1.8g/cm3 (dotted line) and p=2.0g/cm3 (dashdot line) at

m= 1.75 - 0.44i and A=0.55um.
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Figure 4.4a Specific absorption cross section, specific scattering cross
section and specific extinction cross section (in units of m2/g) of
black carbon particle as a function of radius for different incident
wavelengths: A= 0.55um (solid line), A= 1.0um (dashed line), A=
1.5um (dotted line) and A= 2.0um (dashdot line) at m= 1.75 - 0.44i
and p=1.8g/cm3.
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Figure 4.4b Single scattering albedo and asymmetry parameter of
black carbon particle as a function of radius for different incident
wavelengths: A= 0.55um (solid line), A= 1.0um (dashed line), A=
1.5um (dotted line) and A= 2.0um (dashdot line) at m= 1.75 - 0.44i
and p=1.8g/cm3.
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4.1.2 Single Scattering Properties of Sulfate and Sulfate-

Black Carbon Aerosols

Sulfate aerosols are amoung the most dominant species in the
atmosphere. The oxidation of sulfur-containing gases in the
atmosphere ends as sulfate. The refractive index values of sulfate
are not yet available, they have been assumed to be equal to those of
sulfuric acid solution (d'Almeida et al., 1991; Chylek et al.,, 1995b).
Figure 4.5a and Figure 4.5b show the imaginary and real refractive
index of a 75% H,SO4 solution as a function of wavelength in the
solar region obtained from Palmer and Williams (1975). It can be
seen from Figure 4.5a and 4.5b that the real part of the refractive
index varies by a few percent, while the imaginary part of the
refractive index runs through several orders of magnitude in the

solar spectral region.

As for black carbon particles, the single scattering properties of a
sulfate particle can be calculated using Mie scattering program if we
assume the sulfate particle to be spherical. Figure 4.6a and Figure
4.6b show the numerical results of Gaps/m, Gsca/M, Cex/m, @ and g as
a function of the sulfate aerosol radius for different incident
wavelengths. A sulfate mass density of 1.8g/cm3 is used in the
calculations. As in the case of the black carbon particle, all the
parameters of sulfate aerosol exhibit a strong dependence on

incident wavelengths. It can be seen from Figure 4.6a that the
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Figure 4.6b Single scattering albedo and asymmetry parameter of
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1.5um (dotted line) and A= 2.0um (dashdot line) at p=1.8g/cm3.
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specific extinction cross section is dominated by the specific
scattering cross section. The contribution of absorption is very small.
The weak absorption property of sulfate aerosol is also shown in
Figure 4.6b, where the single scattering albedo is almost equal to one

at shorter wavelengths.

The measurement results in Chapter 3 indicate that black carbon
can be internally mixed in small aerosol particles which are too
small to be activated, such as sulfate aerosols. If we consider the
aerosol to consist of a black carbon grain incorporated inside a
sulfate aerosol and dispered randomly, the effective refractive index
of such a sulfate-black-carbon aerosol with a black carbon fraction
f can be calculated from the Bruggeman effective medium
approximation (see Section 2.3.2). Figure 4.5a and 4.5b show the
refractive index of the sulfate-black-carbon composite aerosol as a
function of wavelength in the solar spectral region. Because a
density of 1.8g/cm3 is used for both sulfate and black carbon, the
volume fraction is equal to the mass fraction as well. It can be seen
that black carbon inclusions in sulfate aerosols affect the sulfate
refractive index significantly. The imaginary refractive index of the
composite aerosol increases with black carbon fraction, ultimately
aproaching the value of 0.44 corresponding to a pure black carbon
aerosol. It is noteworthy that even for a black carbon fraction as
small as 0.1%, the imaginary refractive index is 10-4 at visible
wavelengths. This is a jump of almost 4 orders of magnitude from

the imaginary refractive index of pure sulfate aerosol. The largest
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difference occurs across the visible part of the solar spectrum, where
sulfates have negligible absorption. Just as for the pure black carbon
and sulfate aerosols, the single scattering properties of the sulfate-
black-carbon aerosol, including specific absorption, scattering, and
extinction cross sections, single scattering albedo, and asymmetry

parameter, can be obtained using Mie theory.

4.2 Optical Properties of a Layer of Black Carbon
Aerosols

The extinction, scattering, and absorption coefficients, Kext, Ksca, and
Kaps, for a layer of aerosols, are defined as the corresponding cross

sections (Gext, Osca, and Gaps) of the individual particles integrated

over a size distribution n(r); ie,

Kext = | Gextn(r)dr,
Ksca = I Oscan(r)dr,
Kabs = I G apsN(r)dr. (4-4)

All of the coefficients have units of [m]-!, and indicate the
attenuation of the incident radiation as it passes through the layer.
The single scattering albedo is @ = Ksca / Kext- The specific absorption
and specific scattering coefficients are defined as the corresponding
coefficient divided by the mass density M of the aerosol in the

aerosol layer, and are denoted ‘¥aps and ¥sca, respectively. The
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mass density is the integral of the mass over the size distribution

and has units of micrograms per cubic meter.

4rp
M=—3"] rn(r)dr
where p is the density (gram/cm3) of the aerosol material. If n(r) is a
log-normal function, M can be obtained as
(3Ino)?

4rnp
‘3—{Norg3ew[ L (4-5)

M=

The optical depth of the aerosol layer, t, is defined as the integration
of the corresponding coefficient over a path length through the

atmosphere. For the case of an uniformly distributed aerosol layer

of depth AZ, the optical depth can be obtained as

Text=AZ Kext,
Tsca=AZ Ksca,
Tabs=AZ Kaps, (4-6)
where Tex: = Tsca + Taps. Using specific coefficients instead of the
general coefficients, the optical depth can be expressed in another

form:

Text =L Kext/M= L ¥ext,

Tsca = L Ksca/M= L Wgca,

Tabs= L Kaps/M= L ¥aps, (4-7)
where L (L= AZ M) is the aerosol loading with units of pg/m?2.
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The bulk asymmetry factor, G, is defined as

1
G= ] &(r)oscan()dr (4-8)

where g is the asymmetry parameter for an individual particle of
radius r. The isotropic back-scattering fraction, B, is related to G by

an approximation relation (Wiscombe and Grams, 1976):

B=5(- 7——‘). (4-9)

To reduce the computational time, the entire solar radiation
spectrum is divided into 14 bands (Winter 1994), which is listed in
Table 4.1. The average values of refractive index of sulfate and
sulfate-black-carbon aerosols at each individual band for different

black carbon fractions are listed in Table 4.1 as well.

Table 4.2a - d lists the calculated optical parameters, including ¥ext,
¥ ca, Pabs, @, G, and B, for black carbon particles with mean radii of
r=0.05um and r=0.10um at o=1.5 and c=1.1. Some of the optical
parameters are also presented graphically in Figure 4.7a and Figure

4.7b.

It can be seen from Figure 4.7a that both ¥aps and ¥sca show a very
dramatic decrease in the wavelength region of 0.5um to 2um.

Relatively speaking, the size dependence of the specific absorption

coefficient is smaller than the specific scattering coefficient. ¥sca has

a higher value for larger size particles at a fixed wavelength.
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le 4.2 meters articles (r,=0.05um. o=1.5)
Band ¥ext ¥sca ¥abs © G B
m2/kg m2/kg m?/kg

1 9.536E+03 3.605E+03 5.931E+03 3.780E-01 4.582E-01 2.995E-01
2 5.628E+03 1.569E+03 4.060E+03 2.787E-01 3.082E-0l 3.652E-01
3 3.611E+03  7.010E+02 2.910E+03 1.941E-01 2.089E-01 4.086E-01
4 2.549E+03 3.353E+02 2.214E+03 1.315E-01 1.424E-01 4.377E-01
5 1.888E+03 1.601E+02 1.728E+03 8.480E-02 9.594E-02 4.580E-01
6 1.569E+03 9.597E+01 1.473E+03 6.118E-02 7.341E-02 4.679E-01
7 1.316E+03  5.682E+01 1.260E+03 4.316E-02 5.610E-02 4.755E-01
8 1.099E+03 3.187E+01 1.067E+03 2.900E-02 4.190E-02 4.817E-01
9 9.865E+02 2.219E+01 9.643E+02 2.249E-02 3.495E-02 4.847E-01
10 8.959E+02 1.591E+01 8.800E+02 1.776E-02 2.960E-02 4.871E-01
11 8.11SE+02 1.121E+01 8.003E+02 1.381E-02 2.487E-02 4.891E-01
12 7.120E+02 6.979E+00 7.050E+02 9.802E-03 1.965E-02 4.914E-01
13 6.129E+02 4.003E+00 6.089E+02 6.531E-03 1.491E-02 4.935E-01
14 S.153E+02 2.076E+00 S5.132E+02  4.028E-03 1.076E-02  4.953E-O1

Table 4.2b Optical parameters of BC particles (rg=0.05 m, o=1.1

Band Yext ¥sca ¥abs ® G B
m?/kg m2/kg m2/kg

1 8.363E+03 2.026E+03 6.337E+03  2.423E-01 1.610E-01  4.295E-01
2 4.184E+03 4.416E+02 3.742E+03 1.056E-01 6.828E-02 4.701E-01
3 2.754E+03 1.398E+02 2.614E+03 5.07SE-02 3.819E-02 4.833E-0l
4 2.068E+03 5.688E+01 2.011E+03 2.751E-02 2.445E-02 4.893E-01
5 1.626E+03 2.511E+01 1.601E+03 1.545E-02 1.632E-02 4.929E-01
6 1.398E+03 1.467E+01  1.383E+03 1.050E-02 1.251E-02 4.945E-01
7 1.207E+03 8.578E+00 1.199E+03  7.105E-03 9.584E-03  4.958E-01
8 1.033E+03 4.787E+00 1.028E+03 4.635E-03 7.175E-03  4.969E-01
9 0.388E+02 3.339E+00 9.355E+02 3.548E-03 5.991E-03 4.974E-01
10 8.607E+02 2.389E+00 8.583E+02 2.775E-03 5.078E-03  4.978E-01
11 7.862E+02 1.685E+00 7.845E+02 2.143E-03 4.268E-03 4.981E-01
12 6.962E+02 1.051E+00 6.951E+02 1.509E-03 3.374E-03 4.985E-01
13 6.043E+02 6.041E-01 6.037E+02 9.997E-04 2.560E-03  4.989E-01
14 5.117E+02 _ 3.141E-01 5.114E+02 __ 6.137E-04 1.848E-03 4.992E-01




87

Table 4.2 ical parameters of BC particles (r,=0.10um, ¢=1.5
Band YWext ¥sca ¥abs © G B
m?/kg m?/kg mZ/kg

1 7.459E+03 3.456E+03 4.004E+03 4.632E-01 6.807E-01 2.022E-01
2 6.172E+03  2.630E+03  3.542E+03 4.262E-01 5.598E-01 2.551E-01
3 4.768E+03 1.802E+03 2.966E+03 3.780E-01 4.582E-01 2.995E-01
4 3.640E+03 1.192E+03 2.448E+03 3.275E-01 3.754E-01 3.358E-01
5 2.729E+03  7.446E+02 1.985E+03 2.728E-01  3.007E-01 3.685E-01
6 2.226E+03 5.204E+02 1.705E+03 2.338E-01  2.535E-01 3.891E-01
7 1.805E+03  3.505E+02 1.455E+03 1.941E-01 2.089E-01 4.086E-01
8 1.438E+03 2.191E+02 1.219E+03 1.524E-01 1.641E-01 4.282E-01
9 1.251E+03 1.605E+02 1.090E+03 1.283E-01 1.391E-01 4.392E-01
10 1.104E+03 1.193E+02 9.848E+02 1.081E-01 1.187E-01 4.481E-01
11 9.723E+02 8.650E+01 8.858E+02 8.897E-02 9.996E-02 4.563E-01
12 8.241E+02 5.524E+01 7.689E+02 6.703E-02 7.898E-02 4.655E-01
13 6.856E+02 3.221E+01 6.534E+02 4.697E-02 5.980E-02 4.738E-01
14 5.586E+02 1.683E+01 5.418E+02 3.012E-02 4.306E-02  4.812E-01
Table 4.2d tical parameters of B articles (ro=0.1 Oum, o=1.1

Band Wext ¥sca Wabs ® G B

m?/kg m2/kg m?/kg

1 1.046E+04 4.707E+03  S5.754E+03 4.500E-01 5.650E-01 2.528E-01
2 6.817E+03  2.383E+03 4.434E+03 3.495E-01 3.051E-01 3.665E-01
3 4.182E+03 1.013E+03 3.169E+03 2.423E-0l 1.611E-01 4.295E-01
4 2.821E+03 4.492E+02 2.372E+03 1.592E-01 9.959E-02 4.564E-01
5 2.026E+03 2.035E+02 1.822E+03 1.00SE-01  6.547E-02 4.714E-01
6 1.659E+03 1.195E+02 1.539E+03 7.202E-02 4.995E-02 4.782E-01
7 1.377E+03  6.988E+01 1.307E+03 5.07SE-02 3.819E-02 4.833E-01
8 1.139E+03 3.894E+01 1.100E+03 3.418E-02 2.857E-02 4.875E-Ol
9 1.018E+03 2.705E+01 9.914E+02 2.656E-02 2.386E-02 4.896E-01
10 9.218E+02 1.937E+01 9.024E+02 2.102E-02 2.022E-02 4.912E-01
11 8.325E+02 1.364E+01 8.189E+02 1.639E-02 1.700E-02 4.926E-01
12 7.280E+02 8.493E+00 7.196E+02 1.167E-02 1.345E-02 4.941E-01
13 6.249E+02 6.249E+02 6.200E+02 7.798E-03 1.021E-02 4.955E-01
14 S.240E+02  2.528E+00 5.215E+02 4.824E-03  7.372E-03 _ 4.968E-O1
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Figure 4.7a Specific scattering coefficient (¥sca = Ksca/M) and specific
absorption coefficient (¥aps = Kaps/M) of black carbon particles in the
solar spectrum for two geometric mean radii and o=1.5: W at
rg=0.05um (solid line); Wsca at rg=0.10um (dashed line); W¥aps at
rg=0.05um (dotted line); ¥abs at 1;=0.10pm (dashdot line).
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r;=0.10pm and 6=1.5 (dotted line).
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Figure 4.7a also shows W,,s is generally higher than ¥c,, especially
at longer wavelengths, which indicates that the absorption of the
incident radiation by a layer of black carbon particles contributes
more to the extinction than scattering. Consequently, the absorption
optical depth is higher than scattering optical depth for a fixed
aerosol loading; i.e., Taps > Tsca. Figure 4.7b shows that the back-
scattering fraction B has a very strong dependence on both size and
wavelength. B increases with increasing wavelength for fixed-size
particles, and decreases with increasing particle radius for certain
wavelengths. The back scattering fraction approaches 0.5 for small

particle in Rayleigh scattering region.

The calculated optical parameters for sulfate-black-carbon aerosols
are listed in Table 4.3a - d. Table 4.3a shows the optical parameters
of sulfate aerosols. Tables 4.3b - d shows the optical parameters for
black carbon volume fractions of 1%, 5%, and 30% at mean radius of

0.10pm with o=1.5.

The variation in the optical parameters of sulfate-black-carbon
aerosols can be seen in Figure 4.8a - c, where the black carbon
volume fraction f = 1 corresponds to a pure black carbon aerosol. It
can be seen that the specific absorption coefficient is very sensitive
to the black carbon fraction, it increases dramatically with
increasing f, especially at lower fraction (see Figure 4.8a). For
example, a black carbon fraction of 5% differs by five orders of
magnitude from that of pure sulfate at visible wavelengths. Figure

4.8b shows that the dependence of specific scattering on the black
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Table 4.3a Optical parameters of sulfate particles (r;=0.10pm, f=0)

Band Yext ¥sca ¥abs ® G B
mZ/kg m?/kg m2/kg
1 4.863E+03 4.863E+03 S5.810E-04 1.000E+00 7.048E-O1 1.917E-01
2 2.133E+03  2.132E+03  3.340E-04 1.000E+00 6.084E-0O1 2.338E-01
3 1.017E+03 1.017E+03 1.079E-03 1.000E+00 4.993E-01 2.816E-01
4 §.217E+02 5.217E+02 8.640E-03 1.000E-01 3.964E-01 3.266E-01
5 2.636E+02 2.636E+02 4.942E-02 9.998E-01 2.997E-Ol 3.689E-01
6 1.650E+02 1.648E+02 2.742E-01 9.983E-01 2.384E-0O1 3.957E-01
7 1.007E+02 9.987E+01 8.680E-01 9.914E-01 1.852E-01 4.190E-01
8 5.895E+01 5.638E+01 2.568E+00 9.564E-01 1.395E-01 4.390E-01
9 4.294E+01 3.892E+01 4.014E+00 9.065E-01 1.167E-01 4.490E-01
10 3.164E+01 2.719E+01 4.454E+00 8.592E-01 9.884E-02 4.568E-01
11 2.459E+01 1.782E+01 6.766E+00 7.248E-01 8.273E-02 4.638E-01
12 9.938E+01  7.984E+00 9.140E+01 8.034E-02 6.397E-02 4.720E-01
13 2.187E+02 5.226E+00 2.135E+02 2.389E-02 4.881E-02 4.786E-01
14 2.274E+02 4.408E+00 2.230E+02 1.938E-02  3.669E-02 4.840E-01
Table 4. Optical parameters of sulfate-black-carbon particles(f=1%
Band Wext ¥sca ¥abs © G B
m?/kg m2/kg m?kg

1 4.985E+03 4.873E+03 1.118E+02 9.776E-01 7.045E-01  1.918E-01l
2 2.202E+03  2.138E+03 6.398E+01 9.710E-01 6.087E-01  2.337E-01
3 1.063E+03  1.021E+03 4.236E+01 9.602E-01 4.997E-01  2.814E-01
4 5.563E+02 5.256E+02 3.072E+01 9.448E-01 3.967E-01  3.264E-01
5 2.919E+02 2.688E+02 2.316E+01 9.207E-01 3.005E-01  3.685E-01
6 1.862E+02 1.666E+02 1.958E+01 8.948E-01 2.389E-01  3.955E-01
7 1.187E+02 1.016E+02 1.712E+01 8.558E-01  1.857E-01  4.187E-Ol
8 7.343E+01 5.741E+01  1.603E+01 7.818E-01 1.398E-01  4.388E-0l
9 5.575E+01 3.966E+01 1.609E+01 7.114E-01 1.169E-01  4.488E-O1
10  4.300E+01 2.744E+01 1.556E+01 6.381E-01 9.897E-02  4.567E-01
11 3.485E+01 1.800E+01 1.68SE+0l1 S5.165E-01 8.283E-02  4.638E-01
12 7.123E+01 8.551E+00 6.268E+01 1.201E-01 6.429E-02  4.719E-01
13 2.402E+02 S.590E+00 2.346E+02 2.327E-02 4.898E-02 4.786E-01
14 2.357E+02 __ 4.504E+00 _ 2.312E+02 1911E-02  3.673E-02 _ 4.839E-01
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Table 4 tical meters of -black-carbon particles (f=35%
Band ‘Wext ¥sca ¥abs © G B
mZ/kg m?/kg m?/kg
1 5.214E+03 4.686E+03 S5.278E+02 8.988E-01 7.081E-01 1.902E-01
2 2.460E+03 2.148E+03 3.120E+02 8.732E-01 6.100E-01 2.331E-01
3 1.258E+03 1.048E+03 2.094E+02 8.335E-01  5.008E-01 2.809E-01
4 6.996E+02 5.469E+02 1.527E+02 7.817E-01 3.983E-0l 3.258E-01
5 3.978E+02 2.824E+02 1.153E+02 7.100E-01 3.026E-01 3.676E-01
6 2.734E+02 1.767E+02 9.666E+01 6.464E-01 2.414E-01 3.944E-01
7 1.896E+02 1.077E+02 8.195E+01 5.678E-01 1.876E-01 4.179E-01
8 1.314E+02 6.139E+01 7.002E+01 4.672E-01 1.412E-01 4.382E-01
9 1.069E+02 4.252E+01 6.436E+01 3.978E-01 1.180E-01 4 .484E-01
10 8.876E+01 2.951E+01 5.925E+01 3.325E-01 9.985E-02 4.563E-01
11 7.579E+01 1.965E+01 S.614E+01 2.592E-01 8.360E-02  4.634E-01
12 1.044E+02 9.590E+00 9.478E+01 9.188E-02 6.486E-02 4.716E-01
13 2. 608E+02 6.251E+00 2.545E+02 2.397E-02 4.935E-02  4.784E-0l
14 2.510E+02 4.853E+00 2.462E+02 1.933E-02  3.696E-02  4.838E-01
Table 4 3d Optical meters of sulfate-black-carbon particles (f=30%
Band Yext ¥sca Wabs 0] G B
m2/kg m¥/kg m?/kg
1 6.2314E+03 3.927E+03 2.304E+03 6.302E-01 7.144E-01 1.875E-01
2 3.818E+03 2.220E+03 1.598E+03 5.815E-01 6.075E-01 2.342E-01
3 2.379E+03  1.222E+03 1.157E+03 5.139E-01 4.995E-01 2.815E-01
4 1.569E+03 6.929E+02 8.764E+02 4.415E-01 4.018E-01 3.242E-01
5 1.0S6E+03  3.800E+02 6.757E+02 3.599E-01 3.105E-01 3.642E-01
6 8.166E+02 2.468E+02 5.698E+02 3.022E-01 2.523E-Ol 3.896E-01
7 6.371E+02 1.553E+02 4.818E+02 2.437E-01 1.984E-01 4.132E-01
8 4951E+02 9.129E+01 4.038E+02 1.844E-01 1.495E-01 4.346E-01
9 4.280E+02 6.463E+01 3.634E+02 1.510E-01 1.248E-01 4.454E-01
10 3.764E+02 4.616E+01 3.303E+02 1.226E-01 1.055E-01 4.539E-01
11 3.327E+02 3.181E+01 3.009E+02 9.561E-02 8.820E-02 4.614E-01
12 3.150E+02 1.780E+01 2.972E+02 S5.652E-02 6.848E-02 4.700E-01
13 3.898E+02 1.135E+01 3.785E+02 2.911E-02 5.183E-02 4.773E-01
14 3.446E+02 7.397E+00 3.372E+02 2.146E-02 _ 3.848E-02 _ 4.832E-0l
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carbon volume fraction is relatively weak. As a result, the absorption
optical depth responds significantly to an increase in the black
carbop fraction in sulfate-black carbon aerosol, while the scattering
optical depth does not. It can be seen in Figure 4.8c that the back-
scattering fraction has only a small dependence on f , for both black
carbon and sulfate aerosols. This infers that B is more sensitive to

the size and wavelength than the refractive index.

4.3 Radiative Transfer Model

4.3.1 Radiative Transfer Equation

When an aerosol layer of optical thickness ta, is placed in an earth-
atmosphere system with albedo R, the combined earth-atmosphere-
aerosol system albedo R, is affected by multiple reflections between
the surface of the earth and the aerosol layer. The change in albedo

AR 1is defined as

AR =R, - R, (4-10)
which can be obtained using the two-steam approximation to the
radiative transfer equation (Chylek and Coakley, 1974). The
radiative transfer equation in a plane-parallel atmosphere for solar

wavelengths, is,
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dI(u, T)

1
S (TR R gl BT (YL T @-11)

-1
where I(u, t) is the intensity at optical depth t and zenith angle

©=arccos(p), p(u', 1) is the scattering phase function, and ® is the

single scattering albedo.

In the two-stream approximation, the intensity is assumed isotropic
over the upper hemisphere (u>0) with the value I*(t), and over the

lower hemisphere (u<0) with a corresponding value of I'(7). ie,

w> 0: Iy, 1) = I*(7),
< 0: I{u, 1) =I'(1).
Consequently, the radiation transfer equation (4-11) can be changed
into a set of two coupled first order differential equations with

solutions I*(t) and I'(7):

1 dI*(z)

2 dr = I*(1) - ©B I'(7) - o(1-B)I*(1), (4-12)
1dlm) _ . + 1-B)I- 4-13
"2 dr = I'(1) - ©B I*(1) - o(1-B)I(7), (4-13)

where B is the backscattering fraction of the aerosol layer. The

original albedo R and the albedo for the combined system, R;, can

be expressed by I*(t) and I'(t):

R = I*(ta) (4-14)
TI(ta) )
+
R, Q) (4-15)

T 1°(0)’
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where t=0 is at the top of the aerosol layer; and t = t, is at the
bottom of the aerosol layer. The change in albedo is then given by

(Chylek and Coakley, 1974):

[(1 - Rs)2mB - 2R4(1- w)]2tanh(at)

AR =Ra- R=7 1" 341 - R)wB]2tanh(at) + a (4-16)
where Rg is the surface albedo and
a=2V(l- ®)(1- © + 20B) . (4-17)

For an optically thin layer, 1,<<1, tanh(ata) — 01T, (Chylek and Wong,
1995), AR becomes

AR = 27, [(1 - Rg)2B o - 2R (1 - w)] . (4-18)
. . . Tsca Tabs

Finally, considering o = , 1- o = . and Ta=Text. AR can be
Text Text

expressed as

AR = 2(1 - Rg)?B Tsca - 4 Rs Tabs . (4-19)

4.3.2 Aerosol Radiative Forcing

The presence of a black carbon aerosol layer in the atmosphere will
have an effect on the radiation budget of the earth- atmosphere

system. This effect is generally quantified by the aerosol radiative
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forcing AF. The aerosol radiative forcing is defined as the difference
in outgoing shortwave flux at the top of the atmosphere (TOA) for an

atmosphere with and without aerosol. i.e.,

AF = FT$¥, (background) - FT35,(with aerosol) (4-20)

According to Charlson (1992), the global averaged direct radiative

forcing due to an aerosol layer is

So 2
AF = - * T,%(1-N¢) AR, (4-21)
where S, is the solar constant, T, is the transmittance of the
atmosphere above the aerosol layer, N is the fraction of sky covered
by clouds, and AR represents the albedo increase, AR= R;- R, due to

the presence of the aerosol layer.

The sign of Equation 4-21 determines whether an aerosol layer will
heat or cool the earth-atmosphere system. When AR > 0, the albedo
increases due to the additional aerosol layer, consequently, more
radiation is reflected by the aerosol-surface system than the surface
alone and the net radiative effect is cooling (AF < 0). Whereas, when
AR < 0, less radiation is reflected, the aerosol layer leads to a heating

effect (AF > 0). It can be seen from Equation 4-18 that the sign of AR

is determined by

(1 - Rs)? _(1 - )
2Rs T B

(4-22)
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If the left side of Equation 4-22 is greater than right side, AR > 0,
otherwise, AR < 0. The ratio of the fraction of radiation absorbed (1-
®), to the fraction of the radiation scattered back to the hemisphere
(oB) is the critical ratio (Chylek and Coakley, 1974). Equation 4-22
indicates that the surface albedo Rg plays a very important role in
determining whether a cooling or heating effect is due to the aerosol
layer. The same aerosol layers have different effects over surfaces
with different surface albedos. The surface albedo determined by

Equation 4-22 is defined as the critical surface albedo Rgc.

By substituting Equation (4-19) into (4-21), the direct radiative

forcing can be expressed as

Sor

4 Taa2(1 - N¢) [(1 - Rs1)?2Ba Tscar - 4Rsa Tabsil- (4-23)

AF, = -

The radiative forcing for each  individual spectral band can be

calculated by

AF; = [ AFy d\ = AFy; AL, (4-24)
where AF;; is the average forcing in the band (i), which is calculated

using Equation 4-23 with the average values of parameters in the
band and AA is the bandwidth. The total aerosol forcing of the

solar radiation (0.3 - 4.0um) is the sum of the radiative forcing from

all 14 bands:

AF = ) AF; i=1, 2...14. (4-25)
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4.4 Radiative Effect of Black Carbon Aerosols

4.4.1 Radiative Forcing Calculation

The effect of a black carbon aerosol or a sulfate-black-carbon aerosol
layer to solar radiation can be estimated theoretically using Equation

(4-23). The calculations involve determining:

1) Environmental Parameters: Soa, N¢, Tax and Rs:

The solar constant S, is defined as the flux of solar energy of all
wavelengths received per unit time across a surface of unit area
normal to the solar beam at the mean distance between the sun and
the earth. The globally averaged incident solar flux at the top of the
atmosphere is So/4. The solar spectrum, Soa, is the distribution of the
solar energy flux at wavelength A (Thekaekara,1973). The incident
solar irradiance contained in each band, S,i, and the percentage,
S,i/So, are listed in Table 4.4. A value of S,=1368W/m2 is used in
this study (Winter, 1994).

Cloud cover N varies with latitude and the value ranges from 0.45
to 0.7 (Winter, 1994; Paltridge and Platt, 1976). A value of Nc= 0.6
(Charlson et al., 1992; Chylek et al, 1995) is taken for the following

calculations.
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The transmittance through the atmosphere, T,j, is a function of
wavelength. The average value for each spectral band, Tai, are
taken from Winter (1994) and listed in Table 4.4. These were
calculated using a model developed by Brine and Igbal (1983),
where the absorption of ozone, water vapour and mixed-gas of CO;
and O, were considered. A solar zenith angle of 60°, which is often
used as a representative average value over all zenith angles, was

used in the model.

Table 4.4 Solar irradiance and atmospheric transmittance at each

band in solar spectrum

Band Range (um) Soi (W/m?2) Soi/So Tai _
1 03 -05 295.37 21.39 0.69
2 0.5 -0.7 332.17 24.28 0.89
3 0.7 -09 225.52 16.49 0.93
4 09 -1.1 151.44 11.07 0.83
5 1.1 - 1.35 98.73 7.22 0.89
6 1.35 - 1.45 53.06 3.88 0.22
7 1.45 - 1.75 74.37 5.44 0.91
8 1.75 - 195 29.02 2.12 0.20
9 1.95 - 2.1 15.24 1.11 0.72
10 2.1 -23 16.03 1.17 0.95
11 23 -25 12.54 0.92 0.49
12 25-29 17.69 1.29 0.02
13 29 -33 10.79 0.79 0.26

14 33 -40 9.38 0.68 0.83
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The albedo R, is determined by the surface underlying the aerosol
layer. A typical value Rg= 0.15 for land, Rs= 0.06 for the ocean
surface, and Rg = 0.10 for the average, are used in the calculation. No

wavelength dependence of Rs is considered in the present study.

2) Characteristic parameters of the aerosol layer: tsca, Taps and B

A refractive index of m = 1.75 -0.44i is used for black carbon
aerosols in the calculation. The refractive index for sulfate and
sulfate-black-carbon aerosol has been discussed in Section 4.2. The
values listed in Table 4.1 are the arithmetically averaged results of
all values contained in each individual band, which are then used

as the representative values for the band.

The absorption, scattering cross section and asymmetry factor for

each band, Gaps , Osca and g, are obtained using Mie theory, where
the average refractive index in each band are the input parameters.
Assuming a log-normal size distributions, ‘¥gca , ‘¥abs and G are

calculated by integration over the size distribution.

The optical depths Tgca, Tabs and back-scattering fraction B for each
band are calcualated using Equation 4-7 and Equation 4-9. The
aerosol loading L is determined for the specified case. For a black
carbon aerosol layer, the mass density M is the measured black

carbon concentration (see Chapter 3) in the air and AZ is the

thickness of the aerosol layer.
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3) Radiative forcing due to the aerosol layer

The radiative forcing for each band can be obtained from Equation
4-23. The total solar radiative forcing due to the presence of the

aerosol layer is found from Equation 4-25.

4.4.2 Case Studies and Discussion

Equation 4-23 indicates that the radiative forcing by an aerosol layer
is proportional to the aerosol loading. A higher forcing is expected for
a higher aerosol loading case. Therefore the day of the forest fire is
the case chosen to estimate the upper limit of the radiative effect

over the study region.

1) Effect of Black Carbon Aerosols

Two aerosol samples have been collected on the forest fire day and
the average black carbon concentration found is M = 1.04pg/m3. The
thickness of the aerosol layer is about 1500m based on the vertical
profile of the total aerosol number concentration on that day.
Consequently, the black carbon aerosol loading is L= 1.56x10-6kg/m2.
The calculated radiative forcing from each band and the total forcing
are listed in Table 4.5a. A total radiative forcing of AF= 0.09W/m?2 is
obtained, which means a heating effect is caused by the black carbon

aerosols. The forcing from each individual band versus wavelengths
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Table 4.5a Radiative forcin W/m2) of aerosols on forest fire-day
at Rs=0.10. and ¢=1.5.

band AFi (W/m?2) AFi (W/m?) AFi (W/m?2)
black carbon sulfate sulfate-black-carbon
r=0.05um r=0.1lpm r=0.1pm =20%

L=1.56x10-%kg/m? L=6.87x10-6kg/m? L=8.43x10-6kg/m

1 1.37E-02 -1.46E-01 -6.80E-02
2 2.84E-02 -1.45E-01 -8.16E-02
3 2.13E-02 -6.23E-02 -3.36E-02
4 1.05E-02 -1.98E-02 -8.24E-03
5 6.92E-03 -8.38E-03 -1.20E-03
6 2.15E-04 -1.93E-04 3.63E-05
7 4.44E-03 -2.87E-03 2.02E-03
8 7.35E-05 -3.15E-05 5.28E-05
9 4.50E-04 -1.44E-04 3.85E-04
10 7.68E-04 -1.83E-04 7.39E-04
11 1.48E-04 -2.24E-05 1.59E-04
12 3.69E-07 1.79E-07 5.47E-07
13 2.74E-05 4.08E-05 7.66E-0S
14 2.07E-04 3.83E-04 6.34E-04
AF 8.72E-02 -3.85E-01 -1.89E-01
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Figure 4.9 Radiative forcing (W/m2) of black carbon aerosols in the
solar spectrum for different surface albedo: Rs=0.06 (solid line);
R=0.10 (dashed line); and R¢=0.15 (dotted line) at rg=0.05um, c=1.5
and L=1.56 x 10-6kg/m?2.
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Table 4.5b Radiative forcing of black carbon and sulfate aerosols

at Rs=0.06, Rs=0.15 and o=1.35.
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black carbon sulfate

r=0.05um L=1.56x10-%kg/m? r=0.1um L=6.87x10°kg/m?
band AFi(W/m?) AF{(W/m?) AF{(W/m?) AFj(W/m?)

Rg=0.06 Rg=0.15 Rs=0.06 Rg=0.15
1 -1.07E-02 4.40E-02 -1.60E-01 -1.30E-01
2 -1.55E-03 6.56E-02 -1.58E-01 -1.29E-01
3 5.86E-03 4.06E-02 -6.79E-02 -5.55E-02
4 4.43E-03 1.82E-02 -2.16E-02 -1.76E-02
5 3.45E-03 1.13E-02 -9.15E-03 -7.48E-03
6 1.14E-04 3.40E-04 -2.11E-04 -1.72E-04
7 2.46E-03 6.92E-03 -3.13E-03 -2.55E-03
8 4.19E-05 1.13E-04 -3.47E-05 -2.76E-05
9 2.60E-04 6.88E-04 -1.61E-04 -1.23E-04
10 4.47E-04 1.17E-03 -2.08E-04 -1.52E-04
11 8.67E-05 2.25E-04 -2.72E-05 -1.65E-05
12 2.18E-07 5.58E-07 8.98E-08 2.90E-07
13 1.62E-05 4.13E-05 2.35E-05 6.24E-05
14 1.23E-04 3.11E-04 2.22E-04 5.84E-04
AF 5.07E-03 1.89E-01 -4.20E-01 -3.43E-01
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is plotted in Figure 4.9. In addition to the case of Rs= 0.10 (average),
the cases of R¢=0.6 (ocean), and Rs=0.15 (land) are also presented in
Figure 4.9 and the results are listed in Table 4.5b. It can be seen
that the radiative forcing caused by the black carbon aerosol layer is
mainly due to the visible spectral regions since more solar radiation
energy is stored in this region. The radiative effect due to the black
carbon aerosol layer is almost zero for the longer wavelengths
(A>2um). Figure 4.9 also shows that the forcing is very sensitive to
the value of surface albedo. The higher suface albedo enhances
multiple reflectance which results in a high absorption by the aerosol
layer. Therefor, the heating effect is more significant if the surface
underlying the black carbon aerosol layer has higher albedo. Figure
4.10 shows the relationship between the surface albedo and the total

radiative forcing of the black carbon aerosols.

2) Effect of Sulfate Aerosols

The radiative effects due to sulfate aerosols can be estimated using
the same techniques used for black carbon aerosols. The measured
average sulfate aerosol concentration is 2.29ug/m3 on the day of
the forest fire, which is the dry sulfate mass. Considering the fact of
sulfate aerosol growing by a factor of two (mass) under the usual
humidity level (Wong et al.,, 1996), a sulfate aerosol loading L= 6.87
x10-6kg/m2 is used in the estimation. The calculated radiative
forcing results are plotted in Figure 4.11 for Rg= 0.06, Rs= 0.10 and
Rs= 0.15 , and they are listed in Table 4.5b, except the result for Rs =
0.10 which is listed in Table 4.5a. A mean radius of O.lpm and a
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Figure 4.11 Radiative forcing (W/m2) of sulfate aerosols in the solar
spectrum for different surface albedo: Rs=0.06 (solid line); Rs=0.10
(dashed line); and R=0.15 (dotted line) at ry=0.10pm, c=1.5 and
L=6.87 x 10-6kg/m2.
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standard deviation of o = 1.5 are used for the estimation. The total
radiative forcing due to the sulfate aerosols is -0.39W/m2? in
the case of Rg= 0.10. As in the case of black carbon aerosols, Figure
4.11 shows the sulfate cooling effect is also mainly due to the visible
spectral region. The total radiative forcing as a function of surface
albedo is plotted in Figure 4.10. It can be seen that the lower values
R cause a greater cooling effect, but the dependence on Rg is much

smaller than in the case of black carbon aerosols.

3) Effect of Sulfate-Black Carbon Aerosols

Assuming the black carbon aerosols are internally mixed with the
sulfate aerosols on the day of the forest fire, with average black
carbon fraction of 20%, the radiative forcing of this sulfate-black-
carbon aerosol can be calculated. The calculated results are listed in
Table 4.5a, which shows the forcing is AF = -0.19W/m?2 at R; = 0.10.
This is approximately a half reduction of the forcing caused by the
pure sulfate aerosols (-0.39W/m?2). The other calculated results for
black carbon fractions of 1%, 5%, 30% and 40% at Rs=0.10 are listed
in Table 4.5c. These results indicate that the black carbon inclusions
in sulfate aerosols significantly decrease the sulfate cooling effect
and even change to a heating effect for high black carbon fraction
aerosol loading. The radiative forcing in the solar spectrum for
different black carbon fractions are plotted in Figure 4.12, where a
pure sulfate aerosol (f = 0) is also plotted for comparison purpose.
The dependence of forcing on the black carbon fraction is shown in

Figure 4.13. For a small fraction of black carbon, the reduction of
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Table 4.5¢c Radiative forcing of sulfate-black-carbon aerosols for
different black carbon fractions at R.=0.10, r=0.lpm, ¢=1.5, and

L=8.43x10-kg/m2,

band AFi (W/m?) AFj (W/m?) AFi (W/m?) AFj (W/m?)
f=1% f=5% f=30% f=40%

1 -1.75E-01 -1.47E-01 -3.22E-02 -5.58E-03
2 -1.73E-01 -1.51E-01 -4.48E-02 -1.45E-02
3 -7.39E-02 -6.48E-02 -1.56E-02 -5.65E-05
4 -2.34E-02 -2.00E-02 -1.18E-03 5.29E-03

5 -9.88E-03 -7.98E-03 3.01E-03 6.91E-03

6 -2.22E-04 -1.66E-04 1.62E-04 2.82E-04

7 -3.24E-03 -2.09E-03 4.63E-03 7.11E-03

8 -3.40E-05 -1.54E-05 9.62E-05 1.38E-04
9 -1.48E-04 -3.40E-05 6.52E-04 9.10E-04
10 -1.72E-04 2.31E-05 1.20E-03 1.65E-03
11 -1.74E-05 1.98E-05 2.48E-04 3.35E-04
12 1.34E-07 2.21E-07 7.60E-07 9.67E-07
13 5.51E-05 5.96E-05 8.77E-05 9.84E-05
14 4.88E-04 5.20E-04 7.09E-04 7.80E-04
AF -4.58E-01 -3.92E-01 -8.30E-02 3.36E-03
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Figure 4.12 Radiative forcing (W/m?) of sulfate-black-carbon
aerosols in the solar spectrum for different black carbon fractions:
f=0, pure sulfate (lower solid line); f=5% (dashed line); f=20% (dotted
line); f=30% (dashdot line); and f=40% (upper solid line) at
rg=0.10um, o=1.5, L=8.43 x 10-¢kg/m2, and Rs=0.10.
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the sulfate cooling effect is approximately proportional to the volume
fraction f, but the rate of the cooling effect reduction is reduced
when f increases. Figure 4.13 shows that the radiative forcing of
sulfate-black-carbon is also very sensitive to the surface albedo Rs.
The calculated total radiative forcing at various black carbon
fractions and surface albedos, and the critical surface albedo Rgc,
are shown in Table 4.6. On the forest fire case (Rg=0.10; f=20%), Rsc
is 0.15. This means for the region with surface albedo Rs < 0.15, this
sulfate-black-carbon aerosol layer will cause a cooling effect. For
the other region with Rs > 0.15, the same aerosol layer will cause a
heating effect. For example, a heating effect (AF 21.24W/m2) will be
lead by this sulfate-black-carbon aerosol layer if it is above a snow

surface (Rs = 0.5).

Table 4.6 The total radiative forcing of sulfate-black-carbon aerosols

for different black carbon fractions (f) and surface albedos at

r=0.1ym, o=1.5, and L.=8.43x10-6kg/m?2 .

f AFi (W/m?) AFi (W/m?) AFi (W/m?) AFi (W/m?) Rsc
Rs=0.06 Rs=0.10 Rg=0.15 Rg=0.50

1% 051 -0.46 -0.40 -0.06 0.60

5% -0.47 -0.39 -0.30 0.24 0.34

20%  -0.34 -0.19 0.00 1.24 0.15

30% 028 -0.08 0.16 1.80 0.12

40% -0.23 0.00 0.30 2.29 0.10




Chapter 35

Radiative Effect: Black Carbon and
Clouds

5.1 Optical Properties of Water-Black-Carbon
Cloud

As mentioned in Section 2.2.2, black carbon particles by themselves
are not very good CCN, but if they become coated with some soluble
substance, the composite particles can be efficient CCN. Indeed black
carbon has been found inside cloud droplets. The cloud water
samples collected from Twin Otter during RACE show that the
average black carbon content in cloud water over the Nova Scotia
region is about 26 + 3 pg, which corresponds to a black carbon mass
fraction of 2.6 x10-8 and volume fraction of 1.4 x10-8. The highest
black carbon content found in cloud water during RACE is 220ug/kg
(see Table 3.11), which yields a black carbon volume fraction of
1.2x10-7. Using the black carbon concentration found in air for
urban winter conditions, and considering that all the black carbon is
incorporated inside a cloud, the upper limit of black carbon volume

fraction over Nova Scotia is 10-6.
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Figure 5.1 The imaginary refractive index of water-black-carbon
drop as a function of wavelength for different black carbon volume
fractions: f=0, pure water (lower solid line); f=1.2 x10-7 (dashed line);
f= 1.0 x10-6 (dotted line); f=1.0 x10-5 (dashdot); f=1.0 x10-4 (upper
solid line).
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Assuming that the black carbon particles are dispersed randomly
inside the water drops, the effective refractive index of this water-
black-carbon drop can be calculated using Bruggeman formula
(Equation 2-1). Figure 5.1 shows the imaginary part of the
refractive index of such a water-black-carbon drop as a function of
wavelength for different black carbon volume fractions. The
refractive indices of water as a function of wavelengths in solar
region is obtained from a compilation of available data (Hale and
Querry,1984; Kou et al. 1993; Palmer and William, 1974; Downing
and Williams, 1975). The refractive index of black carbon is taken to
be m=1.75-0.44i. The black carbon fraction, 10-4, is corresponding to

the highest atmospheric black carbon concentration (20ug/m3)

reported in the literature.

It is noteworthy from Figure 5.1 that, across the visible spectrum,
the imaginary refractive indices change drastically with  black
carbon fraction. For example, a black carbon fraction of 10-6
(0.0001%) will increase the imaginary refractive index by two
orders of magnitude from the pure water drop. The largest change
occurs around A= 0.5um. Figure 5.1 also shows that the different
black carbon fraction curves converge to the values of pure water as
the wavelength approaches the near-infrared regime. At longer
wavelengths, even for f=10-4, the effective imaginary refractive
index exhibits no variation with pure water. This is because the
imaginary refractive index of water itself begins to increases as
wavelength approaches lpm. The real part of the effective refractive

index differs very slightly from the real refractive index of pure
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water within the black carbon fraction range of interest: f=10-8 to

f=10-4.

5.2 Absorptance and Reflectance of Water-Black-
Carbon Cloud

The presence of black carbon particles in a cloud alters the optical
properties of the cloud droplets, consequently the absorptance and
reflectance of clouds are expected to be affected. Calculations of
absorptance and reflectance involve determining: a) the effective
refractive index of water-black-carbon droplet for particular black
carbon fraction; b) the single scattering albedo, asymmetry
parameter and extinction coefficient; and c) the reflectance and

absorptance.

To a good approximation, water droplets in clouds can be assumed to
be spherical. Therefore, the single scattering properties of pure water
and water-black-carbon droplets can be calculated using Mie
program as described in Chapter 4. A log-normal size distibution is
assumed for the calculation of the specific extinction coefficients,
single scattering albedo, and asymmetry parameter. The effective

radius, refr, which is defined as
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Ir3n(r)dr

(5-1)
jrzn(r)dr

Teff =

is commonly used to characterize the size distribution of cloud
droplets. Table 3.11 (see Chapter 3) shows that the effective radius
of the cloud droplets ranges between 6um and 14pm. If n(r) is a
log-normal distribution, the effective radius and geometric mean
radius, rg, is related by

Sin%c
Teff=Tgexp ( —5 ) (5-2)

The cloud droplets with three different effective radii are going to
be discussed: a) ref;=8um, corresponding to rg=2.4pum; b)reff=6pum,
corresponding to rg=1.8um; C)refr=12um, corresponding to rg=3.6um.

The standard deviation, o, is taken to be 2 in the calculation.

The absorptance, A, and reflectance, R, for a homogeneous cloud

layer with an optical thickness t, are defined as

A - F1(0) - FT(0) + FT(1) - F¥(1)

FY0) (5-3)

FT(0
R =f=¢i(6% (5-4)

where F! is the downward flux and FT is the upward flux. The flux
F is defined as the normal component of intensity integrated over

the entire spherical solid angle and may be expressed as

F=} Icos6dQ (5-5)

5.4
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Figure 5.2a Absorptance of water-black-carbon cloud in the solar
spectrum at different black carbon fractions: f=0, pure water (solid
line); f=10-5 (dashed line); f=10-4 (dotted line) at ©=60°, Rg=0, t=20
and resr=8um.
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Figure 5.2b Reflectance of water-black-carbon cloud in the solar
spectrum at different black carbon fractions: f=0, pure water (solid
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Figure 5.3a Absorptance of water-black-carbon cloud in the solar
spectrum at different black carbon fractions: f=0, pure water (solid
line); f=10-5 (dashed line); f=10-4 (dotted line) at ©=60°, Rs=0, t=20.
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Figure 5.3b Reflectance of water-black-carbon cloud in the solar
spectrum at different black carbon fractions: f=0, pure water (solid
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The intensity, I, can be solved using the appropriate approximation
to the radiative transfer equation (4-11). As discussed in Chapter 4,

the entire solar radiation spectrum (0.2um - 4pum) is divided into 14

bands (see Table 4.1) to reduce the computational time.

Figure 5.2a and Figure 5.2b show the calculated reflectance and
absorptance for each band at different black carbon fractions using

Delta-Eddington approximation (Joseph et al., 1976; Meador and
Weaver, 1980). A solar zenith angle of ®=60° and R;=0, t=20, and

r=8um, are used in the calculation. It can be seen from Figure 5.2a
and Figure 5.2b that the reflectance of the water-black-carbon cloud
is lower than the pure water cloud because of the increasing of
absorptance with increasing black carbon fraction. With high black
carbon fraction, the differences between pure water cloud and
"dirty" cloud is quite large. For example, with a black carbon fraction
of 10-4, the absorptance of the "dirty" cloud is increased to 22% while
the pure water cloud is 8%, and the reflectance is decreased to 62%
while the pure water cloud is 70%. However the black carbon impact
on the cloud radiative properties is negligible over the Nova Scotia

region even with the upper limit of black carbon fractions (f=10-9).

Similar to the aerosol effect discussed in Chapter 4, the black carbon
effect on the cloud radiative properties is mainly over the shorter
wavelengths spectral region. There is basically no differences in the
absorptance and reflectance between pure water cloud and "dirty"

cloud when wavelength approaches 2um, even for the highest black

carbon fraction 10-4. Figure 5.3a and Figure 5.3b show the
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comparison of the calculated absorptance and reflectance for two
different effective radius of water-black-carbon clouds. The same
solar zenith angle, optical depth and surface albedo as for r=8um are
applied. The total absorptance and reflectance in solar spectrum for
different black carbon fractions are listed in Table 5.1. Both Table
5.1 and Figure 5.3a and Figure 5.3b show that the larger the water-
black-carbon droplet, the larger the black carbon effect to the cloud

for a particular black carbon fraction.

Table 5.1 The Absorptance and Reflectance of water-black-carbon

cloud at ©=60°, 1=20, and R=0.

Radius f=0 pure water f=10- f=10+4

(Teff) R A R A R A
6um 0.713 0.075 0.706 0.088 0.648 0.184
8um 0.696 0.084 0.686 0.101 0.615 0.221

12um 0.673 0.099 0.659 0.123 0.564 0.284




Chapter 6

Summary and Conclusions

Atmospheric black carbon concentrations have been measured in air,
cloud, rain and snow samples collected over Nova Scotia during the
summer of 1995 and the winter of 1996. A thermo-optical method
has been employed to analyze the amount of black carbon. A
summary of the black carbon concentration measurement results

are listed in Table 6.1.

The amount of black carbon found in the atmosphere at 100m to
1700m altitude, collected by the Twin Otter varies from zero to
1.08+0.06pg/m3. The overall average is 0.13+0.02ug/m3. The
highest black carbon concentration is found on the day of the forest
fire. An average black carbon concentration of 0.22+0.02pug/m3 has
been found in air near-the sea surface collected by the ferry
Bluenose. In the Halifax urban area, the black carbon concentration
ranges from 0.43+0.02 to 3.1+0.2pg/m3 with an overall average of

0.89+0.06ug/m3. Air in winter has a much higher black carbon
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Table 6.1 Summary of the black carbon measurements

Sample BC conc. Scaveng B.C./ BC/S047
pg/m3 or -ing Total
pg/kg ratio aerosol

air above ground (Twin Otter) 0.13 £ 0.01 2% 14%

air near- sea surface 0.22 £0.02

air near-surface (urban summer) 0.54 £0.03 0.9 0.2%

air near-surface (urban winter) 1.69+0.08 1.8+ 0.3%

cloud water 26 3 50 - 1050

rain (urban) 38 £ 0.3

rain (rural) 27%0.2

snow (urban) 10.1 £ 0.5

snow (rural) 1.7+£0.2

concentration than in summer and it is probably due to residential
heating. The average black carbon mass fraction in the aerosol is
0.9+0.2% in summer and 1.840.3% in winter. These results are
within the range of the previous black carbon measurements in air
over remote and urban areas (See Table 2.1). Using the typical value
of black carbon concentration in air over Nova Scotia of 0.13ug/m3,
and assuming the black carbon aerosols are uniformly distributed
within a 1500m thick layer, then the total amount of black carbon in
air is 1x101lg. Taking 6 days as the black carbon resident time, the

total black carbon released to atmosphere is estimated about 6x1012g
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per year. The result agrees with the estimation made by Crutzen and

Andreae (1990).

With two exceptions, the mass fraction of black carbon found in the
total aerosol fluctuates between 0.1% and 3% for Twin Otter air
samples. The average black carbon: SO4-2 mass ratio for air samples
collected on the Twin Otter is about 14% when averaged over all the
samples and 6% when averaged excluding the samples from the day
of the forest fire. An extremely high fraction of black carbon: SO4-2

of 85% was reached on the forest fire day.

The average value of black carbon in marine stratus clouds is about
26+3ug/kg of cloud water, which is comparable to previous
measurements (See Table 2.2b). An extremely high black carbon
content obtained in a cloud-haze mixture sample on a polluted day
is 220+10png/kg. The measurements show that less than 6% of the
black carbon fraction is within the internal mixture in clouds. Most
(>90%) of the black carbon particles are outside cloud droplets, which
indicates that black carbon is not effectively scavenged by clouds. A

similar conclusion was obtained in NARE (Chylek et al., 1996) as well.

The amount of black carbon found in rain on average is about
3.8+0.3ug/kg over the urban area and 2.7+0.2pg/kg over the rural
area, while the average black carbon concentration in snow is
10.1+0.5ug/kg over the urban area and 1.7+0.2upg/kg over the rural
area. The black carbon concentration found in snow and rain are in

the range of the previous measurements, however, it is at the lower
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bound (See Table 2.2a). There is no obvious trend of black carbon
concentration variation found during rainfall or snowfall. It is
noteworthy that the black carbon content is much higher in the
snow sample over the urban area than the snow over the rural area
and the rain samples in both areas. Compared with cloud water
samples, rain samples contain considerably lower black carbon

concentrations.

The radiative effect of black carbon aerosol has been studied using a
simple model. In general, the presence of a black carbon aerosol
layer leads to a heating effect, which is mainly due to the visible
wavelengths. The radiative forcing due to the black carbon aerosols
is proportional to the black carbon loading. The estimated normalized
forcing, defined as AG= AF/L, is about 55.8W/g, i.e., 55.8Watt
radiative forcing per gram of black carbon loading. On the day of the
forest fire, the black carbon loading was L=1.56x10-3 g/m? and the
radiative forcing was about 0.09W/m2 ( for Rg=0.10). A conservative
value of 0.44 for the imaginary refractive index, and 1.8g/cm3 for
the density have been chosen for black carbon aerosols in
calculations. Had a higher imaginary refractive index or a lower
density been chosen, the effect of black carbon would increase. For
example, for an imaginary refractive index of 0.88, and density of
0.9g/cm3, the black carbon radiative forcing will be increased by
approximately a factor of 4. The black carbon aerosol radiative
forcing depends on the surface albedo as well. The higher the surface
albedo, the more significant the heating effect for the same aerosol

layer.



131

Just as for most of the aerosols in the atmosphere, sulfate aerosols
act to scatter solar radiation and have a cooling radiative effect.
Unlike the black carbon aerosol case, the lower the surface albedo,
the more significant the cooling effect, and the dependence on Rg is
relatively low. The estimated sulfate radiative forcing was about -

0.39W/m2 on the forest fire day.

Comparing with the sulfate aerosol effect, the black carbon aerosol
effect is significant. Assuming sulfate aerosols and black carbon
aerosols are externally mixed in the aerosol layer, the total radiative
forcing due to the mixed aerosol layer is AF=-0.30W/m2 for the
forest fire case at Rg=0.10, which is about 20% deduction of the

sulfate cooling effect.

The radiative effect of an internally mixed sulfate and black carbon
aerosol layer has been discussed as well. The presence of black
carbon in sulfate aerosols alters the refractive index of the sulfate
aerosols, and the resulting optical parameters, such as the specific
absorption and single scattering albedo, especially in visible
wavelengths. It is noted that the back-scattering fraction does not
change much because it is more sensitive to the aerosol size and
wavelength, than the refractive index. Overall, black carbon
inclusions reduce the sulfate cooling effect. The reduction depends on
both the aerosol loading and the surface albedo. For a small fraction
of black carbon in sulfate, the reduction of the cooling effect is

proportional to the black carbon fraction. For a particular aerosol
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loading, there is a critical surface albedo, Rsc. When Rg < Rg, there is
a cooling effect; when Rs> Rgc, there is a heating effect. The
estimated results show that on the day of the forest fire, the black
carbon inclusions in sulfate aerosols reduce the radiative cooling
from -0.39 to -0.19W/m2. A heating effect could result instead of
cooling if the aerosol layer is over a region with surface albedo

greater than 0.15 (see Table 4.6).

In conclusion, it is very important to include the effect of black
carbon aerosols on the radiative balance of earth-atmosphere
system. Black carbon aerosols act to reduce the cooling effect of
sulfate aerosols and for instances of high surface albedo or high black

carbon loading it can sometimes result in a net heating.

The effect of black carbon on the radiative properties of clouds has
been briefly studied as well. Across the visible spectrum, the optical
properties of cloud drops change drastically with the fraction of
black carbon. At longer wavelengths (A>2pm), pure water itself
dominates the absorption of the incident radiation, thus the radiative
effect of black carbon inclusion is almost negligible. Finally it is
concluded that the effect of black carbon aerosols on the radiative
properties of clouds is insignificant over the Nova Scotia region.
However it might be significant in very polluted regions or biomass

burning areas.



Appendix

A: Twin Otter aircraft

B: Air sample holder housing on Twin Otter
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Air sampling inlet on Bluenose Ferry
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