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ABSTRACT

Cloudless sky values of aerosol attenuation coefficient, sgatter-

' .
ing, absorption, recovery rate, bulk scattering albedo, and absorption to
backscatter ratio were evaluated from surface measurements of glbbal,
diffuse, and direct beam irradiances for Montreal and Woodbridge (1968-
78), Goose (1968 - 77), Charlottetown and Vancouver (1977 - 78), Winnipeg
(1977), ﬁsmilton (summer, 1977), and Sal (Cape Verde Islands, West

Africa, summer, 1974).

The mean value of the coefficient (~ 0.64) indicates that turbidity
of the Saharan dust at Sal is comparable to those of Heavily industrial-
ized cities of Europe and Eastern Unite% States but in Canada, the mean
values (0.10 - 0.20) for urban areas are less than those for similar
cities in the world. The mean value at Goose (~ 0.05) is typical for the
sub-Arctic., For the Canadian locations, maximum values of the coeffici-
ent ,(~ 0.64 for Montreal) occur in summer and the minimum (0.001) in
winter but at Sal, maximum values (> 1.0) are reached during the Saharan
dust outbreaké that occur once in 4 to 5 days in summer.

Comparison of some meteorological parameters with the values of the
coefficient for Montreal and Woodbridge show: a slight inverse relation-

ship with windspeed; maximum values that are generally associated with

" winds from between southwest and southeast and minimum values associated

with winds from between northwest and northeast; a direct positive corre-

[y
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lation with dew point temperature and also for relative humidity < 70%;
that for visibility more than 10 km there is a strong linear relationship

between turbidity and the inverse of visibility.

Mean annual values of the coefficient indicate significant downward
trends in cloudless sky turbidity at Montreal and Woodbridge from 1968 to

1978 and at Goose from 1968 to 19%7.

The amount of radiation scattered in a forward direction (downward)
by aerosol is much larger at Sal (aSogt 427% of global irradiance) than in
Canada (6 - 13% of global irradiance). In Canada, aerosol absorption and
backscatter are respectively 2-9% and 2:3% of global irradiance compared
with 10% absorption and 7Z'backscatter at Sal. Aerosol recovery rates
are least at Montreal. Estimates of bulk scattering albedo for Canadian
urban sites (0.6 to 0.8) fall within the range of single scattering

albedo values for American locations.

-

Mean values of, the absorption to backscatter ratio indicate that,

considering the solar radiation balance, aerosols - over Montreal,
Woodbridge, Hamiltoun and Goose could induce warming of the Earth-atmos-
phere system. Aerosbl§ over Vancouver, Winnipeg, Charlottetown and sal

could induce cooling of the system.
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CHAPTER ONE

INTRODUCTION

1.1 Relevance of the Study

Concern about possible changes in global climate (e.g., McCormick
and Ludwig, 1967; Bryson, 1968; SCEP, 1970; SMIC, 1971; Daniel, 1980) and
concomitant environmental, economic, and social consequence have stimu-
lated interest in the radiative effects of aerosols (suspended particu-
lates in the atmosphere) and carbon dioxide. Increasing carbon dioxide
content is expected to warm the Earth-atmosphere system but the radiative
effect of aerosols is still uncertain (e.g., Toon and Pollack, 1980;

Charlock and Sellers, 1980Q).

In general, the amount of direct solar radiation which reaches
the Earth's surface is reduced by aerosols through absorption and badk-
scattering while the amount of giffuse radiation received is increased.
If other factors remain constant, increased aerosol absorption and dif-
fuse radiation warm the system while increased backscattering cools it.
Rational partitioning between aerosol absorption and scattering on the
one hand, and between forward scattering and backward scattering on the
other, have not been satisfactorily achieved and the amount of solar

~radiation attenuated by aerosols is a matter of conjecture.

The current energy crisis and the desire to have alternative

energy sources have kindled new interest in solar energy studies for

W



industrial, agricultural, domestic, and commercial purposes. Therefore
|
the calculation and analysis of solar energy reaching the Earth's surface

requires the propér knowledge of the effects of aerosols.

1.2 Aerosol Studies and Problems

The problem of specifying correctly the effects of aerosols on
solar radiation can be attributed to the nature of aerosols and the lim-
itations in the practical sampling and modelling of aerosols in real
atmospheres.

The soutces (Table 1.1), sizes and time of residence of aerosols
in the atmosphere vary enormously on local and regional scales over short
or long time periods. This variation is compounded by the diffusion
processes in the atmosphere resulting from frequent changes in wind speed
and direction, and aIso by chemical:processes in the atmosphere and the
changes in the physical state of atmospheric water vapour in the tropos-

phere.

Direct measurements of aerosols in the free atmosphere to obtain
data on particle size distribution, concentration, chemical composition,
scattering effects, and attenuation of radiation have been carried out by
a number of scientists (e.g., Elterman, 1968; Volz, 1969; McClatchey et
al., 1970; Bullrich, 1964; Junge, 1963; Prospero et al., 1976; DeLuisi
et al., 1976) using optical and microphysical methods with various
instruments wmounted on balloons, aircraft, and rockets (Kondratyev,

1972). Because the experiments have not been cérrigd out systematically,



TABLE 1.1 SOURCES AND ESTIMATES OF GLOBAL PARTICLE PRODUCTION
(After Bach, 1976)
Source All Sizes [106tons/yr.]

Total Man-Made 408

Subtotal Direct Particle Production 133.2

Transportation 2.2

Stationary Fuel Service 43.4

Industrial Processes 56.4

Solid Waste Disposal 2.4

Miscellaneous 28.8
Subtotal Particles Formed From Gases 275
Converted Sulfates 220
Nitrates 40
Hydrocarbons 15
Total Natural 2115
Subtotal Direct Particle Production 1545
Sea Salt 1000
Windblown Dust 500

Volcanic Emissions 25 (Particle < 5 m)

Meteoric Debris 10
Forest Fires 35
Subtotal Particles Formed from Gases 570
Converted Sulphates 420
" Nitrates 75
" Hydrocarbons 75
Grand total Man-Made and Natural 2523
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intercomparison of results 1is not easy and the data must be used with
caution. The variability of aerosols in time and space, the high cost of
direct in situ measurements of atmospheric aerosols, and the need to
obtain reliable standard data, necessitate well co-ordinated programmes
for comprehensive study of aerosols. Two programmes = the Complete
Atmospheric Energetics Experiment (CAENEX:- Russian) and Global
Atmospheric Aerosol and Radiation Study (GAARS:- American) - have been

mounted in recent years (Deluisi et al., 1976; Kondratyev, 1977).

Modelling the radiative effects of aerosols is more common than
direct measurement. However, since there are many aerosol species and
direct measurements are limited, theorists provide different solutions to
the problem of the impact of aerosols on radiative transfer. Two groups
of models are used to characterize the effectsﬁof aerosols on solar radi-
ation. The first group uses the physical properties of aerosols, such as
size, shape, refractive index, and concentration in the atmosphere to
evaluate three fundamental optical properties - optical depth, single
scattering albedo, and asymmetry factor, using Mie theory or modifica-
tions of it (e.g., Ensor e? al., 1971; Carlson and Caverly, 1977;
McCartney, 1975). The drawback in using these models is that data on the
physical properties, especially the refractive index which determines the
extent of absorption, are difficult to obtain. The models in this group
are therefore limited in application.

{

The second group of models infer aerosol properties from measure-



ments of solar radiation in a cloudless atmosphere. Even though the

models are 14;8 sophisticated they have proved useful in describing the
effects of aerosols on solar radiation (e.g., Robinson, 1962; Unsworgh
and Monteith, 1972; Wesely and Lipschutz, 1976; DeLuisi et al., 1977;
Davies, 1980). Since these models use solar radiation measurements which
are easier to obtain than measurements of the physical properties of

aerosols, they are capable of applieation over a wider area, for deter-
/

mining bulk properties of aerosolsg

1.3 Objective and Outline of Study

This study uses simple models and surface measurements of solar
radiation and meteorological elements in cloudless sky for contrasting
atmospheric conditions, from 'clean' sub-Arctic to very dusty Tropical
Saharan air, to investigate and categorize: (a) the variability of aero-
sol loading in time and space, (b) the bulk absorption and scattering
properties of aerosols, and’(;) the possible radiative effects of aero-
sols. The study also tests the performance of the models and where pos-

sible their compatibility with similar models.

Although complete assessment\?f the radiative and climatic ef-
fects of aerosols in the Earth-atmospﬁ%re system requires the considera-
tion of the interactions between aerosols and both short wave and long
wave radiation not only in the troposphere but also in the ;tratosphere,
this study concentrates only on the interactions between aerosols aund

short wave radiation at the Earth's surface because few long wave

irradiance wmeasurements are available. This neglect is<¢unlikely to be



serious since aerosol effects are larger on short wave radiation than on
long wave radiation. According to Coakley (1977) the maximum change in
the net solar radiative flux due to the presence of aerosols is about 8%
and the maximum change in the net flux of terrestrial radiation is 2%.
Paltridge and Platt (1976) also estimate that aerosol extinction optical
depth in the visible region is about 10 times the extinction optical

depth in the long wave region.

The models used in this study have received little attention from
previous workers even though they are capable of large scale application
with existing data. Aerosol loading is determined mainly with Ufsworth
and Monteith's (1972) model. Bulk absorption and scattering properties
of aerosol are examined using the models of Robinson (1962), Wesely and
Lipschutz (1976) and Davies (1980). Possible radiat;ve effects are stud-
ied using the ratio of absorption to backscatter (Joseph and Wolfson,

1975).



CHAPTER TWO
THEORETICAL BACKGROUND

2.1 Optical Properties of Aerosols

Radiative transfer in the atmosphere 1s given by

u dIA(TA’ B, ¢) C 2n 1
= - ——— t
dT IA<TA, Uy ¢) + [HT f j IA(TA’ u', ¢ )
A o o0
px(éx’ u'y 9"+ u, ¢)du'de’ (2.1)

Here, t is optical depth, p the cosine of the zenith angle, wo the single

scattering albedo, I, the spectral radiant intensity at wavelength X, and

A
Py the spectral scattering phase function which specifies the fraction of
unpolarized incident radiation scattered from the direction p', ¢' into
the\direction v, ¢. The optical depth varies with atmospheric aerosol
loading and is used to determine the total extinction of the solar beam.
The single scattering albedo defines the fraction of the total extinction
which is due to scattering by a single particle. If kA and o, are mass

absorption and scattering coefficients, the optical depth and single

scattering albedo are given by

Z
o T
tA £ (kA +.OA) dz ‘ (2.2)

and

Wox " OA/(kA + OA) : (2.3)



where ZT is the helght of the aerosol atmosphere. The phase fuanction can

be usefully characterized by the asymmetry factor gx which is defined by

+1
g, = < cosy > = pA(cos p)cos § d cos (2.4)
-1

where ¢ is the scattering angle. Physically g is the difference between
flux densities in the forward direction and backward direction arising
from the scattering by a particle when the incident flux is normalized to

1 (Paltridge and Platt, 1976).

2.1.1 Evaluation of Optical Depth and Single Scattering Albedo

Optical depth, single scattering albedo, and asymmetry factor are
important optical properties which define the interaction of aerosols

with solar radiation. TA can be directly measured in real atmosphere by

o,

photometry and lidar methods but the accuracy of these measutrements are

yet to be ascertained. Values of ©oy and gk are not measured directly.

Using measurements of solar radiation only, 1, may be calculated by

A
solving equation 2.1.

4

For direct beam radiation, the scattering integral in equation

2.1 can be neglected and integration gives



IA(TX) = IA(o)exp(- TA/H) (2.5)
where

t, = = = 2L/, (0] (2.6)

Here Ik(o) is the spectral irradiance at the top of the atmosphere where
T 0, and m -'%-is the optical air mass.

Values of Ty and g, can be calculated from Mie theory if

o)’
particle radius r, the complex index of refraction n = n, - oy (nr = real
part, n, = imaginary part), and n(r) the size distribution function which
depends on the particle concentration are known. There is no agreement
ags to the best distribution function, but three functions are commonly
used: Junge (1963) power-law distribution function, Deirmendjian (1969)
exponential (modified gamma) distribution function, and zero—~order logar-
ithmic distribution (Zold) function (Espencheid et al., 1964). The Junge

function is normally used in turbidity calculation (Section, 2.3) and is

given by
n(r) = Cr = (2.7)

Here C is a constant that depends on the particle concentration and v is
the slope of the size distribution curve. For a given wavelength A and
spherical particle of radius r, the Mie size parameter is defined by

‘® = 2nr/A.

Using the Mie extinction and scattering efficlencies, Qext and Qsca’ the
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volume extinction and scattering coefficients: Bext and Bsca’ and the
extinction and scattering cross-sections: 9oxt and Ogcq’ CaN be evaluated

from

-]

2
Bextx £ nr Qexcx(x,n)n(r)dr (2.8)
8 = [ ner (x,n)n(r) dr (2.9)
sca, sca,
- (x,m)nr? (2.10)
Yoxt Qext X,n/mr '
A A
= Q ( )"fz (2.1
0scaA sca, X . :

The aerosol optical depth T is obtained by integrating equation'
A

2.8 from the surface to the top of the atmosphere ZT

T =78 : (2.12)
(o] .

w . =B /8 g /o = Q /Q ' (2.13)

“a
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2.1.2  Separation of Aerosol Absorption and Scattering

-

. 1
Although wo gives an idea of how much scattering and absorption

takes place, it does no¥ separate absorption from backscatter or forward

scatter. Aerosol backschtter and aerosol absorption to total scatter

N’

ratios are hard to measure )In real atmospheres apd no reliable methgd has
yet been developed for their rational partitioning (Paltridgg and Platt,
1976). The main problem is that the imaginary part of the complex index
of refraction which determines the absorption characteristics of a par-
ticle is not well known. The problem is compounded by the temporal and
spatial variability of aerosol sourceé, types, physical, and chemical
}roperties. The partitioning is also éffected by the complexities of
mulFiple and aniso%;opic scattering; differences between scattering char-
acteristics of molecules and those of particles; and variation with alti-
tude of the amount of scattering of the direct beam (Wesely and
Lipschutz, 1976).

Assuming the Junge (1963) power law size distribution Ffunction,

the backscatter coefficient bbs can be defined using Mie theory as

b = £ Qps™T a(r) dr . (2.14) -
1

Where Qbs the Mie backscatter efficiency faEtor is obtained from

Q m
% = {i f/z [1,(0) + 1,(9)]stn ¢ @y / (2.15)
X 7 .
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Here il(w) and iz(w) are the intensity of scattered light per solid angle

polarized perpendicular or parallel, respectively, to the plane of scat-
tering.

The absorption coefficient ba is related to the Mie absorption

bs
efficiency factor Qabs by

snrzn(r) dr . (2.16)

In a '"two stream' approximation in which the diffuse radiation is
assumed hemispherically isotropic, g becomes useful in separating aerosol
backscatter from forward scatter. g 1s equal to +1 and -1 for complete
scatter into the forward and backward directions respectively. From
equation 2.4, the backscattered and forward scattered fractions B and %

of the total scatter can be approximated (Paltridge and Platt, 1976) in

terms of g as

(1 -g)/2 (2.17)

[+<]
M |

and

ey
il

(1 +g)/2 ) (2.18)

Evaluation of t, wo, and g for the whole solar sAectrum involves
considerable caiculation since the spectrum must be divided into a large
number of parts. The Mie theory calculations involve not only the know-
ledge of the physical properties of the aerosols spectrally but also the

appiication of series of complex equations. If the aim of using simple
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models with readily avallable data tp characterize aerosol effects on
solar radiation is to be achieved, then the methods discussed ahove of
evaluating the fundamental optical properties of aerosols must be
modified or changed but with minimum loss of accuracy. Models used in

this study set out to achieve this.

2.2 MAC Model (Davies, 1980)

The model calculates direct beam irradiance at the Earth's sur-
face after allowing for transmission by molecules and gases and also
absorption by water vapour. The diffuse radiation is calculated as the
sum of three components due to Rayleigh scattering, aerosol scattering,
and multiple reflections between the surface and the atmosphere. This
treatment of the diffuse radiation is a unique feature of the model be-
cause previous studies have not explicitly seperated the components espe-
cially on cloudless days. Global radiation is the sum of the di;ect beam

and the three components of the diffuse radiation.

The model has been deve%oped assuming:

(a) horizontal plane-parallel atmosphere,

(b) isotropic single scattering with}n a given hemisphere,

(c¢) that water vapour only absorbs the direct beam irradiance,
and its absorptance is additive (Paltridge, 1972),

4

(d) that Beer's law can be applied to the whole solar spectrum.

Assumptions (a) and (b) allow the application of the two-stream approxi-
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mation. Coakley and Chylek (1975) have demonstrated the adequacy of the
approximation especially for optically thin layers as is the case with

most aerosol atmospheres.

The single scattering assumption gets round the problem of solv-
ing the phase function. The validity of the single scattering approxima-
tion depends primarily on the optical depth of the aerosol atmosphere.
If the optical depth 1is small, it 1is assumed that radiation passing
through the layer is scattered only once by the particles provided the
interest 1is solar radiation reaching the surface. Twomey (1977) sug-
gested that for many practical applications, 1t << 1 can be regarded as
thin and for most applications 1 < 0.10 ensures that thin-layer approxi-
mations are accurate. Wesely and Lipschutz (1976) assumed that single
scattering is dominant for surfaces with albedo less than 0.25. Davies
and Hay (1980) have shown however that the MAC model yields results which
are very similar to those obtained by Braslau and Dave (1973) for a model
atmosphere which contains a scattering aerosol (Mie scattering optical

depth = 0.10) and surface albedo values between 0.0 and 0.8.

Since the model is used in this study to calculate only the para-
meters in an aerosol-free atmosphere, the aerosol terms have been omit-
ted. The direct beam is calculated from

= T ~ 2.

L= L(T +Tp-a) (2.19)
Here I* is the extraterrestrial irradiance on a horizontal surface cor-
rected for the Sun-Earth distance; Toz’ '1‘R are transmittances due to
gases (e.g., ozone) and molecules and are applied multiplicatively be-
cause both occur at similar wavelengths in the ultraviolet and visible
parts of the solar spectrum; aw is the water vapour absorption which is

additive because it occurs in the near infrared not affected by Toz and

TR.
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The diffuse component DR due to molecular scattering is calculat-
ed assuming that half of the radiation scattered by molecules reaches the

surface (isotropic assumption). DR is given by

=1 - T .
DR *(1 TR) oz/2 (2.20)
\
The diffuse component DS due to multiple reflections between the

surface and the atmosphere is calculated from

= . + -
D aRas(Io DR)/(l a

S 'as) (2.21)

R

Here, GR is the albedo of molecular atmosphere, and a the surface albe-

do.
The diffuse radiation D0 is the sum of equations 2.20 and 2.21
i.e.,
] 4 .
Do DR DS {2.22)
The global radiation Go ig the sum of equations 2.19 and 2.22
i.e.,
= + .
Go Io Do \\ (2.23)
2.3 Models used for Aerosol Turbidity

Turbidity refers to the total extinction of the solar beam by

~
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aerosols at specific short wavelengths usually 0.55 pym and 0.38 um but
more commonly at 0.55 pym. ! Turbidity models, for example, AngstrSm (1961)
and Schitepp (1949) have been used for a long time. They give a satisfac-
tory measure of total extinction of the solar beam in areas of high poll-

ution but are not suitable for areas with "background” aerosol (Paltridge

and Platt, 1976).

In this study, the models used refer to the whole solar spectrum

and so may be called "integral turbidity” models.

2.3.1 Unsworth and Monteith (1972) Model

The model starts with Beer's law (equation 2.5) and arrives at an

analogous form suitable for the whole solar spectrum. The optical depth
T, may be written as the sum of four components representing gaseous
absorption g, water vapour absorption w, Rayleigh scattering R, and aero-
sol extinction a.

= <+ .
Ty Tgx + T + Tt Tan (2.24)

To isolate aerosol attenuation of solar radiation, equation 2.5 is put in

a form in which the measured flux IA is compared with the model estimate

I N for clean atmosphere with the same amount of water vapour, gaseous
)

absorbers and Rayleigh scatterers. IA is then expressed as

Lo 7 L exp(ryy +x + g m][exp=(x  m]

= onexp—(rakm) (2.25)
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and

1
Ly }Ln(I)‘/Io ) (2.26)

ai A

For the whole solar spectrum, Unsworth and Monteith defined an aerosol

attenuation coefficient Ta as

1
L, T £n(I/IO) (2.27)
Here I and IO are the measured and calculated values of direct beam ir-
radiance measured normal to the horizontal surface. The main criticism
of the model is the application of Beer's law to spectrally integrated

quanitites.

2.3.2 Linke's (1942) Model

This model also has its origin in Beer's law and calculates a

turbidity factor T. Following equation 2.5, T is defined as

1= I*exp{—T~TR(m)m} (2.28)

and T is evaluated from

T = P(m)(log I, - log 1) (2.29) ,

Here P(m) = (mTR(m)log e)--l and rR(m) is the integral optical depth for
Rayleigh atmosphere. Physically, T is the number of Rayleigh atmospheres
needed to produce the same attenuation as the real atmosphere containing

water vapour and aerosol. T is always greater than one since
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T = (rg + R + Tt rw)m/rR(m)
=1+ (Tg ot rw)m/TR(m) (2.30)

2.3.3 Polavarapu's (1978) Model

The model first calculates Linke's turbidity factor for an actual
atmosphere and then corrects the result for water vapour absorption by
subtracting from it Linke's turbidity factor for an ideal dust-free at-
mosphere with the same amount of water vapour. This involves applying an

aerosol transmission factor to replace I in equation 2.29.

Following Yamamoto et al. (1968), the spectral tramsmission due

to aerosols is given by

»

TaA = @ (2.31)

Here B 1s an aerosol turbidity coefficient obtained by assuming v = 4 in
\
the Junge size distribution function (equation 2.7) and integrating equa-

tion 2.8 with respect to the size parameter x

2. -2
B 2n“C g Qext(x,n)x dx (2.32)

An analogous expression to equation 2.31 is defined as the mean transmis-—

sion T due to aerosols for the whole spectrum.
a
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T (m, mw, mB) = I/I (2.33)
a 0
hence
I = IoTa(m, mw, mB) (2.34)

Linke's turbidity factor for dust free atmosphere T is calculated by

df
assuning 8 = 0, hence Ta(m, mw, mB) = 1, Polavarapu's turbidity coef-

ficient Tp is determined from

Tp =T - Tdf (2.35)

The relationship between Unsworth and Monteith model and Polavarapu Model

can be established by re-writing equation 2.27 in the form

1
ra = - o ln(Ta)

where

T =e (2.36)

2.3.4 Turbidity and Visibility

Visibility is the distance that the human eye can see and there-
fore applies only to the visible part of the spectrum, In all condi-
tions, scattering is the domirant determinant of visibility. The rela-
tionship between visibility and scattering is therefore given by the

Koschmieder formula (McCartney, 1976)
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C
2n py (2.37)

sca

Here v is the visibility (km), C is the {inherent constrast of the target
against the background, ¢ is the threshold contrast of the observer. If
the target for specifying visibility 4s black, 1ts inherent contrast
against the sky 1is unity, i.e., C = 1. ¢ is taken equal to 0.02 and

equation 2.37 becomes
v = 3.912/8 (2.38)
sca

The use of volume total scattering coefficient Bsca instead of
the volume total extinction coefficient Bext implies that absorption by
atmospheric particles 1in the visible wavelengths 1s negligible
(McCartney, 1976). In polluted atmospheres, this view may not be justi-
fied. However in conditions of low visibility, Patterson and Gillete
(1977) suggested that Bext is a valid substitute for Bp the volume total
scattering coefficient for particles. 1t means that even Bsca is a bet-
ter substitute for Bp since Bsca aud Bp are more closely related as sug-

gested by the following equations

Boca = B * B, ' (2.39)

sca
and
B e Bm + 8p + Babs (2.40)

ex

where Bm is the volume total scattering coefficient for molecules.
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When only single scattering is involved, the attenuation coef-
ficient LN is independent of the spatial distribution of the particles
and only their total number and scattering characteristics need be
considered, hence the average particle concentfation Nz at altikude Z may

be represented (McCartney, 1976) by

NZ = Noexp(-Z/Hp) (2.41)
Here No is the concentration at ground level and Hp is the scale height
for aerosol. Hp which can also be interpreted as the height of the homo-
genous aerosol layer is independent of wavelength (Kriebel, 1978).

32

T can be expressed in terms of Z, H , and B as
a P sca

Z

= T —-— )
Tk = Bsca fo exp( Z/Hp)dZ (2.42)

Integrating the equation ylelds

Tk = Hpssca[l - exp(—ZT/Hp)] (2.43)
By substituting for Bsca from equation 2.38, Tk ¢an be expressed in

terms of visibility.

3912 H

T T —P (1 - exp(-ZT/Hp)] (2.44)
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Previous studies have concentrated mainly on the relationship between
vigibility and aerosol mass concentration (e.g., Charlson et al., 1968;
Patterson and Gillette, 1977). Assuming that raat vigible wavelength can
represent the whole spectrum, the real problem in applying equation 2,44
lies in the uncertainties in values of visibility, scale height, and 2.
The present study is one of the few, specifically, relating visibility

and aerosol attenuation coefficlent.

2.4 Evaluation of Aerosol Scattering and Absorption

2.4.1 Robinson's (1962) Method

Essentially the method defines aerosol scattering and absorption
by comparing measured values of global and diffuse radiation with model

values for an aerosol-free atmosphere.

Forward scatter f 1s defined as

f=D-D ° (2.45)
0

Where D is the measured diffuse and Do the calculated diffuse for a model

aerosol-free atmosphere.

Backscatter b was estimated by Robinson (1962) from numerically
integrated values of Waldram's (1945) measured angular distributions of
gscattered radiation. The ratio f/b is tabulated by Robinson (his Table

2) as a function of zenith angle. A recent survey by Wiscombe and Grams

~
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(1976) of the backscattered fraction in two-stream approximation, shows a
diversity of methods and definitions of 'backscatter'. Values range from
0.01 to 0.20. Some of the values are assumed, a few are estimated from
measurements (e.g., Robinson, 1962), and others calculated. Values are
either given for a fixed zenith angle or as a function of zenith angle
(e.g., Robinson, 1962, Table 2.1). Figure 2.1 indicates that Robinson's

£/b compares well with ratios from other workers.

TABLE 2.1: RATIO OF FORWARD-TO-BACK SCATTER
f/b (after Robinson, 1962)

solar zenith angle 0 25.8 36.9 45.6 53.1 60 66.4 72.5 78.5

£/b 12 10 8 6 5 3.5 2.5 2.0 1.5

Absorption by aerosols a is defined by

a=G -G-b (2.46)

Here G is the measured global and G the model global radiation.
0

By adopting Robinson's method, the uncertainties in the calcula-
tion of W and g in order to define scattering and absorption have been

avoided.

2.4.2 Recovery Rate

Aerosol recovery rate.ils defined as the fraction of the direct

beam solar irradiance that is removed by aerosols and regained as diffuse



24

b

‘01381

19313825 OBQ-0]1-piEMIO] (0S013y °*[*z 2and14

(°0) 379NV HI1IN3Z

ol 0oZ (0]3 07 0S 09 0L 08
o . i 14 L] 1 { ) 4 1 1
mmOUQ— S0

L 1 R 1 T q 1 3 ¥ 1 4 T

o

OlLvY Y3LIVIS MOVE-0l-0HYMHOS

Ol

- (10S0Y3V 9NIGYOSBY ATLHVd AAV 3H) .

5 10 1300W —~—-—

i [70S0¥3VY 9NIGHOSAY AILNVL 39VYH3IAV) g
19 1300W — —

B (E461) (10S043V ONIBHOSSY-NON AAV3H) .U

[ JAVQ ONV NVISVHE- Qg 1300KW

! I (N0SO¥3V ONIGHOSBY-NON 30¥HIAV) .

1 / r 2 13A0K B

i i VIVG IVIN3WIY3dX3 (2961} NOSNIBOY |

1 1 | S Y 1 1 1 1 >.NX 1

73]
—



25

radiatfon. The concept was applied by Unsworth and Monteith (197?) and

elaborated by Wesely and Lipschutz (1976). 1t is important because,

(a) the ratio of diffuse to direct beam irradiance is a sensi-
tive indicator of turbidity since the effect of ipcreased
airborne particulates on solar radiation is to incfbase the
amount of radiation absofbed, backscattered to space, and
scattered forwards to the Earth's surface;

(g) it assesses the exteant to which the loss from the direct

beam is compensated by increase in diffuse radiation.

The Wesely and Lipschutz method 1is based on a regression of
measured diffuse irradiance D against measured direct beam irradiance I
for a specified zenith angle over a period of time. The regression equa-

tion is of the form

D = A - B.I . (2.47)

o
R = - dD/dL = B " (2.48)

Here Ra is the recovery rate, A and B are regresison parameters.

Recovery rate can be evaluated for an instantaneous time.or inte-

grated short period, say an hour for a specified zenith angle. In this

case Ra is defined as

R, =(@-D)/1 -1 - _ (2.49)
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2.4.3  Bulk Scattering Albedo hb

The MAC model can be used to calculate Wb as a residual. A dimi-

lar approach was adopted by DeLuisi et al. (1977). wb is analogous to w

but while ) represents the fractional extinction due to scattering by a

single particle, W

|, represents a spectrally integrated value that is due

to the total aerosol above the site of measurement. wb is defined using
Ra by

wb = Ra/F (2.50)

Here F 1is the ratio of forward scatter to total scatter, i.e.,
—

”

F=f/(f +b). L

2.5 -+ Climatic Impact of Aerosols

The direct radiative effect of tropospheric aerosols on the
Earth-atmosphere system 1s expressed mainly in terms of changes in
surface temperature or simply in terms of warming and cooling. The
relationship between surface temperature and aerosols is studied by
examining the relationships between 71, W, and aerosols; the absorption
to backscatter ratio; or bx comparing the surface albedo and the'Earth's

effective albedo.
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2.5.1 Joseph and Wolfson (1975) Method

The method uses the absorption-backscatter ratio a/b and the sur-
face albedo a to establish limits of the ratio which lead to warming or
cooling of the EAS. This approach has been used by several authors
(Charlson and Pilat, 1969; Ensor et al., 1971; Chylek and Coaﬁley, 1974;
Russell and Grams, 1975; and Joseph and Wolfson, 1975). The method of
Joseph and Wolfson 1s based on the premise that bbs(equation 2.14) and
b (equation 2.16) can be replaced with b and a obtained using

abs

Robianson's (1962) analysis (Section 2.4.1),.

From equations 2.45 and 2.46

o = 212 = 2 [(asb) + 1] (2.51)
[o]
£ 66

alb =%+ 35 - 1 (2.52)

where §G = G0 ~ G and 6D = D - Do.
If the recovery rate is used, equation 2.52 becomes

a/b = £/(bsR ) = 1/b = (f - R )/(b*R ) (2.53)
a a a
Considering multiple reflections between an aerosol layer and the
Earth's surface (Figure 2.2) and following Schneider (1971), the Earth's

effective albedo aE for clear skies can be written as

.

a3
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Figure 2.2. Schematic diagram of solar flux densities
in a reflecting and absorbing aerosol layer above
a surface. QIN = incoming solar irradiance.
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@ =b+at/(l -ab) (2.54)
S s
and

a/b = a, - @ (2.55)
Using equations 2.54 and 2.55, (a/b)crit (i.e., ap = as) is defined by

2
(1 - as) + 2 aa

(a/b)crit = as(2 - a) (2.56)

For weak extinction by aerosol, a + 0 and for strong extinction a + 1 and

equation 2.56 tends to

2
(a/b)crit = (1 - as) /2 ag (2.57)

and

(a/b), = (1 +a ag @)

Equation 2.57 was also derived by Coakley and Chylek (1975) using a two-
stream approximation, Russell & Grams (1975), and Paltridge and Platt

(1976). The significance of equation 2.57 1is that an aerosol layer is

considered warming if a/b ? (a/b)Crit and cooling if a/b < (a/b)crit'



CHAPTER 3

DATA SELECTION AND CALCULATION OF PARAMETERS

3.1 Sources of Data

3.1.1 Measured Components of Solar Radiation and Meteorological Data

Integrated hourly measurements of global and diffuse radiation on
a horizontal surface plus dew polnt temperature, cloud amount, sunshine,
windspeed and direction, visibility, relative humidity, air temperature,
and atmospheric pressure were obtained from the Atmospheric Environment
Service (AES), Toronto for five stations. These were: Montreal (Jean
Brebeuf: 1968-78), Toronto (Woodbridge-Meteorological Research Station:
1968-78), Goose (1968-77), Charlottetown (Central Business District: June
1977-Dec. 1978), and Winnipeg (International Airport: Dec. 1976-77).
Both global and diffuse radiation were measured mostly with Kipp
pyranometers and sometimes with Eppley sensors. Diffuse radiation was
measured beneath a shade ring. Direct beam radiation was obtained as the

difference between global and diffuse radiation.

Integrated hourly measurements of global and diffuse radiation on
a horlzontal surface and direct beam (normal incidence) radiation were
supplied for Vancouver, University of British Columbia (Jan. 1977-July

1978) by Professor John Hay.

Half hourly instantaneous measurements of global and direct beam

30
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(normal incidence) radiation for Hamilton (5 days, May-June, 1977) were
supplied by Professor John Davies. Measurements were made with Eppley

sensors.

The averaged values of global and direct beam radiation over five
to ten minute intervals for Sal (7 days, July-August, 1974) were obtained
from published measurements by Carlson (1975). Sal is one of the Cape
Verde islands off the northern coast of West Africa. Measurements were
made with Eppley sensors. Diffuse radiation was obtained as the differ-

ence between global and direct beam radiation.
3.1.2  Ozone

Daily measurements of oz;ne are yublished in 'World Ozone Data'
by the Atmospheric Environment Service, Toronto. In Canada, measurements
are made only at Toronto, Goose and Ea onton. Because ozone amount does
not vary significantly over large are;§?\$Q£gglo data have been used in
this study for Montreal, Hamilton and Charlottetown. Edmonton data have

been used for Vancouver and Winnipeg.

For Sal, ozone depth of 2.5 mm STP is assumed (Carlsomn, 1974;

Carlson and Caverly, 1977).

L/j

3.1.3 Radiosonde Data and Precipitable Water

Of all the stations only Goose has some records of precipitable

water calculated from radiosonde data. For a few days in Toronto and for
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Hamilton, precipitable water was calculated from radiosonde data for 1200

GMT at Buffalo International Airport. For Sal, an average of 28 mm

(Carlson and Caverly, 1977) was used.

The daily average precipitable water calculated from radiosonde
data for Port Hardy was used for Vancouver. Hourly precipitable water
was also calculated from surface humidity for Vancouver (using data from
the International Airport) and for the rest of the stations where no
radiosonde data were available. Errors arising from this procedure are

discussed in section 4.1.

3.2 Processing of Data . .

The total number of hours and days of data used are shown in

Appendix 2. Cloud amount was first used to identify cloudless hours.

Sunshine data were used to cross-check.

All cloudless hours with zenith angle larger than 78.5° were
eliminated since this angle is the upper limit for aerosol forward to

backscatter ratio given by Robinson (1962).

For analysis requiring the examination of the relationship be-
tween optical air mass and other parameters, days with at least 5 consec-
utive cloudless hours were chosen. Furthermore, plots of direct beam
radiation versus zenith angle were made to eliminate days with obvious

poor symmetry.
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To facilitate the choice of appropriate surface albedos, snow

cover records were checked for Canadian stations.

3.3 Calculations of Parameters

3.3.1 Astronomical Parameters

2
Following Thekaekara and Drummond (1971), 1353 W/m 1is adopted as

the solar constant, Because this value refers to the mean Sun-Earth

distance ﬁ, it should be corrected to account for the departure of the

actual distance R from R. The corrected solar constant I(o) is given by
s

L(o) = 1353(R/R)> (3.1)

The extraterrestrial irradiance I* which refers to a horizontal

surface 1s defined by

I, = I(o)u0 ’ (3.2)
Where uo, the cosine of the zenith angle 0, is calculated from

M= sin ¢ sin § + cos ¢ cos § cos H (3.3)

in which ¢ is latitude, § solar declination, and H the solar hour angle

(degree) . H 1s obtained frod

H = 15/12.5 - LAT]| (3.4)
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Where LAT is the local appareat (true solar) time. LAT is determined
from local standard time LST, equation of time ET (in minutes), and the
longitudes LS of the station and LSM of the standard meridian appropriate

to the time zone. LAT is given by

LAT = LST + ET/60 + (LSM - LS)/15 (3.9)
Following Paltridge and Platt (1976), Spencer's (1971) method has been
used to calculate values of (E/R)z, §, and ET from day number dn(= Julian
day - 1). This is used to define the angle Go (radians)

0 = 2nd /365 (3.6)

) n
then

(R/R)% = 1.00011 + 0.034221 cos ©, + 0.00128 sin O

+ 0.000719 cos 200 + 0.000077 sin 20o (3.7)

8§ = 0.006918 - 0.399912 cos Go + 0.070257 sin 90

- 0.006758 cos 20 + 0.000907 sin 20 ~— 0.002697 cos30
o 0 0

+ 0.00148 sin 360 ' (3.8)

ET = 0.000075 + 0.001868 cos Go - 0.032077 sin Go

- 0.014615 cos 260 - 0.040849 sin 260 (3.9)
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According to Paltridge and Platt (1976), the maximum error for (fi/R)2 is
less than 0.0001, § less than 0.05 degree, and ET less than 35 seconds 1in

time.

Optical air mass m was evaluated from Kasten's (1966) formula

~1.253
]

m = 1/[cos © + 0.15(93.885 - 0) (3.10)

3.3.2 Ozone and Molecular Transmissions

Transmissivity after ozone absorption aoz is defined by

Toz =] - a . (3.11)

Following Lacis and Hangen (1974), aOZ is calculated by

a_ (x) = 0.002118x/(1 + 0.0042x + 0.0000323x2)

0z

+ 0.1082x/(1 + 13.86x)0'8°S

+ 0.00658x/[1 + (10.36x)°) (3.12)

Here x is the vertical length for ozone which is the product of ozone
depth Uoz(mm) in the atmosphere and the optical air mass. Since ozone
transmission is rather insensitive to errors 1in x'?Appendix 3), a fixed
value of 3.5 was used for Uoz in calculating T, for Montreal, Woodbridge

and Goose for the trend analysis discussed in section 4.3. The first

3
term in equation 3.12 represents ozone absoprtion in the vigible wave-
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length (Chappuis band) and the other two terms represent the absorption
in the wultraviolet (Hartley and Huggins band) Maximum error due to
equation 3.12 1is < 0.5% for Udz = 10_3 -~ 10mm (Paltridge and Platt,

1976).

TABLE 3.1: TRANSMISSIVITY AFTER RAYLEIGH SCATTERING

Relative Optical Rayleigh Transmission
Air Mass

0.9385
0.8973
0.8830
0.8696
0.8572
0.8455
0.8344
0.8094
0.7872
0.7673
0.7493
0.7328
0.7177
0.7037
0.6907
0.6108
0.4364
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The transmissivity after Rayleigh scattering 1is obtained from
Davies (1980) as a function of optical air mass (Table 3.1). His calcu-
lations were based on Elterman's (1968) procedure using the extraterres-
trial solar spectrum of Thekaekara and Drummond (1971). Errors due to

Rayleigh transmission are negligible as the main features of Rayleigh's

law may be regarded as well established (Robinson 1966).

3.3.3 Water Vapour Absorption

The water path length U'w 1s calculated using radiosonde data
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from Buffalo and also using Won's (1977) empirical formula derived from
Canadian data. Using radiosonde data, the water path can be determined

from

U =

! i=n _

\

Here ai is the mean specific humidity and Ap1 the pressure difference

between two pressure levels. q 1s expressed as

q = 0.622e/(p - 0.378e) (3.14)
where e the vapour pressure is given by

e = es(Td) - y(T - Td) (3.15)

The saturation vapour pressure eS(Td) is calculated using Teten's (1930)

formula (Professor John Davies, private communication)

es(Td) = « exp[B8T/(T + ¢)] (3.16)
T and Td are surface air temperature and dew point temperature in cel-
slus. The constants y, a, B, and ¢ are given by y = 0.066 (kPa),

a = 0.61078 (kPa), 8 = 17.269, and ¢ = 237.3.

Won's formula 1s given by
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U'w = exp(2.2572 + 0.05454 Td) (3.17)
Becauge water vapour absorption is temperature and préssure dependent,
U'w is corrected as suggested by Paltridge and Platt (1976)

O.7S(T0/T)O.5 (3.18)

v, = U (p/p,)
.3
where T and To = 273, the surface and standard surface air temperatures,
are in degrees Kelvin. Water vapour absorption a, is calculated from
Yamamoto's (1962) formula modified by Lacis and Hansen (1974).

0.635 +

a, = 0.29 U em/[(1 + 14,15 U_+m) +5925 U -n] (3.19)

3.3.4 Correction for Diffuse Radiation

o
Diffuse {irradiance is measﬁred by the Atmospheric Environment
Service (AES) using a shade ring and so the measurements wust be increas-
ed in summer by up to 17% (Davies et al., 1970) to account for depletion

by the ring. The correction factor D, applied to the measurements is

SR
calculated from (Davies et al., 1970; Latimer, 1972)

SR

D__ = 1/(1 - F/D) . (3.20)

where F the \radiation intens;iy from the portion of the hemisphere scre-

ened off by the ring 1is 'given™by
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F = Y W cos G(H0 sin ¢esin § + cos ¢ecos §+sin Ho) (3.21)

in which W is the width of the shade ring, Yy the radius, H0 the solar

hour angle at sunset., Calculation from equation 3.21 is increased by an

~

experimental factor of 4% to relate isotropic to real sky conditions and
the final correction factor (Table 3.2) yields the desired evaluation of
diffuse sky radiation within * 2% accuracy (Latimer, 1972).

TABLE 3.2: SHADE RING CORRECTION FACTORS FOR AES DIFFUSOGRAPH
(After Latimer, 1972)

Lat°N Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

30 1.11 1.13 1.15 1.16 1.17 1.16 1.17 1.17 1.20 1.15 1.12 1.10
40 1.09 1.11 1.13 1.15 1.17 1.16 1.17 1.17 1.18 1.13 1.11 1.09
50 1,07 1.08 1.11 1.14 1.16 1.16 1.16 1.16 1.15 1.12 1.09 1.07

60 1.05 1.06 1.08 1.11 1.15 1.16 1.15 1.14 1.13 1.09 1.07 1.05

3.3.5 Diffuse Radiation Component (Multiple Reflectioh Term) and

Linke's Turbidity Parameters

The multiple reflection term‘of the diffuse radiation component
in MAC model requires surface albedo as and Rayleigh backscatter coef-
ficient ap- The choice of a is based on the season (in the case of
Cénadian Stations), the typical landscape of the area in and around the
measurement site and also on surface estimates by Oke (1978). Inforﬁa—
tion by.Carlson (1975) was used for Sal. Table 3.3 shows the raﬁge of @

used in this study. The Rayleigh backscatter coefficient is fixed at

0.0685 (Lacis and Hansen, 1974).
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TABLE 3.3: RANGE OF SURFACE ALBEDO USED AT STATIONS

Station Summer Winq$ﬂ
/
Montreal 0.15 0.25 - 0.50
Woodbridge 0.15 0.25 - 0.50
Goose 0.15 0.25 - 0.70
Hamilton 0.15 -
Charlottetown 0.10 -
Winnipeg 0.15 -
X Vancouver 0.15 -
! Sal 0.20 -

Linke's model (equation 2.29) uses p(m) which 1is a function of
molecular transmission. To enable fair comparison of results, the p(m)

values used by Polavarapu (Table 3.4) have been used also.

TABLE 3.4: p(m) VALUES USED FOR LINKE'S TURBIDITY FACTOR

Optical air mass p(m)

23.2
17.3
14.0
11.91
10.43
9.33
8.51
7.84
7.30
6.84
6.46

B B0 W N o
* o ¢ s ©® g © o o
O NSO N OSSO

Values of Linke's turbidity factor for dust-free atmosphere Tdf

as a funcBion of optical air mass and precipitable water are plotted ia

Polavarapu's (1978) Figure 3. The values of Tdf used in this study have

been deri?ed from these data.




CHAPTER FOUR

TURBIDITY

4.1 Aerosol Attenuation Coefficient Ta

Values of Ta are sensitive to the accuracy of measured and calcu-
lated direct beam irradiances. Measured irradiance was obtained as the
difference between measured global and diffuse irradiances. Secrest and
Dirmhirn (1979) concluded that residual estimates of direct beam irradi-
ance are within 27 when corrections are applied for sensor cosine
response and the effect of the shade ring on diffuse irradiance. The
Atmospheric Enviroanment Service only corrects for shade ring error (sec-
tion 3.3.4). To assess the accuracy of the direct beam irradiance used
in this study, hourly residual estimates and pyrheliometric measurements
for all cloudless hours at Woodbridge (1976-78) were compared. The two
sets of values are well correlated (Table 4.1) with a standard deviation
of 3% for the differences. In 90%Z of the cases, they compared to within

5% (Figure 4.1).

TABLE 4.1: PYRHELIOMETRIC MEASUREMENTS AND RESIDUAL
. ESTIMATES COMPARED

Mean I Standard Sample
(MJ/m“/hr) deviation Size
Pyrheliometric
measurements 2.84 0.53 233
Residual estimates 2.86 0.50 233
Slope Intercept Correlation Standard Error
Coefficient of Estimate
0.94 0.20 0.99 0.02

41
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DISTRIBUTION OF

- DIFFERENCES

RANGE NUMBER %
-5 70 ~10% 14 6
0 70 -5% 19 51
0 TO 5% 89 38
5 7010% A 2
i [
1 2 3
2

PYRHELIOMETRIC MERS

Figure 4.1. Cloudless sky
Woodbridge, 1976-78.

UREMENTSE MU/MT/HR )

direct beam irradiance at
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Direct beam irradiance Io for cloudless, aerosol-free atmospheric
condition was calculated with the MAC model (section 2.2). To test the
appropriateness of the model to provide cloudless sky irradiance, it was
applied to the Braslau and Dave (1973) model B atmosphere. This is an
aerosol-free atmosphere with 0.318 cm-atm of ozone and a water vapour
content of 2.383 gm/cm2 (scaled with pressure and temperature). The
results compare to within 1% (Table 4.2; Davies and Hay, 1980) with
detailed exact calculations by Braslau and Dave (1973). This agreement
demonstrates that molecular absorption and scattering are adequately
treated in the MAC model.

TABLE 4.2: DIRECT BEAM TRANSMITTANCE FOR THE BRASLAU AND DAVE
(1973) MODEL B ATMOSPHERE (B+D) AND MAC MODEL

COMPARED
Zenith angle B+D MAC
(degrees)
0 0.76 0.75
30 0.74 0.73
60 0.67 0.66
80 0.49 0.47

Since I, is equal to S(R/R)2 in equation 2.19, it is clear that
Io is sensitive to uncertainties in the solar constant S, the radius
vector (E/R)z, water vapour absorption, ozone and Rayleigh scattering
transmissions for a given optical air mass. Errors due to the radius
vector (section 3.3.1), Rayleigh scattering (section 3.3.2), and ozone
(Appendix 3) transmissions are negligible. The value and temporal varia-
tion of S are uncertain (London, 1977). The value of 1353 W/m2 used in
this study is accurate to within 1% (Thekaekara and Drummond, 1971).

Because of its variability, errors due to water vapour absorption are
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probably the most important. Differentiating equation 3.19 with respect

to water vapour path mU shows that errors in direct beam transmittance
W

per unit dx(x = mUw) decrease with increase in x from 0.6% at x = Sam

(rarely encountered in real atmosphere) to 0.1% at x = 50 mm.

From equations 2.19 and 2.27 the probable absolute and relative
errors in Ta are given by
2 2 2,1/2
dr, = {(dS/8) " + (dI /1) + (-dI/I)"} / (4.1)
and

2}1/2

d J7 = ((ds/s)? + (dIt/It)z + (~d1/1) /Ta(1 /1) (4.2)

Here, It = T -TR ~ a . Root sum square errors (RSSE) for given optical
0z W

air mass and typical values of I/Io are shown in Table 4.3. The calcu-

lations were made for errors of 1% in dS/S and dIt/It and of 2% in dI/I.

These produce an absolute error of 0.02 in Ta' Relative errors decrease

with I/Io as Ta increases.

TABLE 4.3a: PROBABLE ABSOLUTE ERROR IN Ta

Optical air mass * RSSE

1.0 - 0.024
I.15 0.021
2.0 0.012
5.0 0.005
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TABLE 4.3b: RELATIVE ERROR IN Ta VALUES

Optical air mass I/Io IO/I T, RSSE(%)
1.07 0.93 1.08 0.068 40.3
1.08 0.90 1.11 0.098 29.4
1.10 0.85 1.18 0.150 18.2
1.07 0.79 1.26 0.219 13.4
1.10 0.76 1.31 0.248 11.2
1.10 0.72 1.39 0.300 9.2
1.08 0.61 1.65 0.467 6.1
1.09 0.57 1.76 0.519 5.4
1.49 0.44 2.29 0.558 2.7

The attenuation coefficient T, has been little used in North
America probably because of lack of direct beam and radiosonde data. The
writer is only aware of McArthur's (1976) study at Hamilton. The present
study 1s the first application of the method to several locations over
long time periods. Values have been calculated for all the eight sta-
tions used in this study. Because the amount of data and time period
that they ‘represent are different (Appendix 2), it is inappropriate to
compare and classify the Canadian stations using mean values., However,
the values were analyzed for diurnal, daily, and seasonal variations.
Montreal, Woodbridge (Toronto), and Goose with larger data sets (10 to 11
years) were also examined for annual variations and dependence of the
values on meteorological parameters. Sal, being directly in the path of
Saharan dust, is so different from the Canadian stations that it is dis-

cussed seperately.
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4.,1.1 Diurnal and Daily Variation

4.1.1.1 Diurnal Variation

From the AES and Vancouver radiation data, presented as hourly
integrated values (section 3.1.1), hourly T values were calculated for
Montreal, Woodbridge, Goose, Charlottetown, Winnipeg, and Vancouver.
Half-hourly values were calculated for Hamilton. For those days with at
least five cloudless hours of values (including midday values), each
hourly value was expressed as a percentage departure from midday (1130
and 1230) and daily means. The hourly values and departures were aver-
aged for three seasonal groupings (section 4.1.2.2): November-March
(winter), May - August (summer), and April, September and October
(spring/autumn). This analysis ignored the effects of changes in synop-

tic air mass on diurnal Ta values.

Various diurnal variations occur at all stations. At Montreal
and Woodbridge (Figure 4.2) the general trend, for all seasons, is for
values to increase from early morning to a maximum between 1100 and 1500
and then decrease for the rest of the day. Hamilton with some days in
May and June illustrates this pattern well (Figure 4.3) with the maximum
occurring between 1100 and 1300 hours. This trend is similar to that
sPown by Yamashita (1974) for Woodbridge using Linke's turbidity factor
and by Peterson et al. (1981) for Raleigh, United States using Volz sun-

photometer optical depths.

In winter at Goose (Figure 4.2) Ta vaidé; gshow .an afternoon mini-~
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mum. Summer values at Vancouver (Figure 4.3) indicate a similar pattern

to that of Goose but in addition show slight rise around midday.

The diurnal cycle with midday maximum shown at Montreal, Wood-
bridge, and Hamilton 1is typical of locations influenced by local sources

of particulates. Peterson et al. (1981) suggest that it is due to the

following:

(a) most pollutant emissions and other human activities which
eject particulates into the atmosphere, have a daytime max-
ima;

(b) solar irradiance and consequently air temperature, both of
which encourage the formation of photochémically generated
particulates, have daytime maxima (Whitby et al., 1972;
Peterson et al., 1978);

(¢) atmospheric mixing height increases with temperature and
afternoon convection disperses the particulates;

(d) direct measurements of Aitken nuclei (Hogan, 1968) and
theoretical modelling studies of aerosol growth and light

scattering (Middleton and Brock, 1977), indicate midday

maxima.

Variability is present at all stations. Three typical days at
Montreal (Table 4.4) reveal the variability of the hourly means within

the diurnal cycle.
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The winter pattern at Goose 1s perhaps typical of a rural area
without urban influence. During early wmorning, temperature inversions
may occur and relative humidity is high and so particulates increase in
size due to condensation, coagulation and coalescence processes (Hinel,
1976). This results in a large value of Ta' As the day becomes
relatively warmer, relative humidity decreases and particulates
consequently reduce 1n size. Since there are ao local sources of
particulates, values of T become smaller and may increase later in the
afternoon if the relative humidity increases again. Polavdrapu (1978)
noted a similar diurnal variation in turbidity within Arctic air in June
at Goose.

TABLE 4.4: HOURLY Tq PERCENT DEPARTURE FROM DAILY MEAN
VALUE AT MONTREAL

Date Time of day

7.5 8.5 9.5 10.5 1l.5 12.5 13.5 14.5 15.5 16.5 17.5

22.5.72  -21 =34 -i0 6 20 2 15 21 29 2 -31
27.5.72 -20 4 3 7 9 11 4 10 10 -5 -
10.7.77  -44 =34 0 13 23 28 44 21 -2  ~-17 -33




51

The limited data for Vancouver suggest that the local topography
and the maritime influence are ifmportant. Largest LN values in the morn-
ing may be due to particulates transported into the city from the moun-
tain valleys by the nocturnal land breeze. The stronger sea breeze dur-
ing the day brings in cleaner marine air and 'flushes' much of the par-
ticulates up valley and into the mountains hence the‘redu;tion in T

values. The slight rise in midday values 1is due to additional local

sources.
Vancouver, like the Los Angeles basin (Leighton, 1966), may be an
example where local aerosol sources are more important than foreign

sources.

4.1.1.2 Daily Variation

Mean daily ia values were calculated for each station as the
average of hourly values. The averages exhibit large variation within
the year. Maximum and minimum values were selected (Appendix 4) for days
with no less than 6 hours (winter) and 8 hours (rest of the year) of data
symmetrically arranged around midday. The smallest mean values (0.007,
Montreal and Charlottetown) occurred during winter and the largest
(0.478, Montreal) in summer. For the periods covered in this study, the
difference between maxima and minima is, in general, l;rgest between May

and August when T, values are largest. The major cause of daily varia-
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tion in turbidity is due to changes in the synoptic situation involJing
contrasting air mass types. The dramatic variations at Winnipeg and

Hamilton (Figure 4.4) illustrate this influence.

The dally mean values reveal the similarity between Montreal and

Woodbridge and the corntrast between them and Goose except during winter
when values are similar at all three locations because clean Arctic air

dominates the region.

4.1.2 Monthly and Sepsonal Variation

4.1.2,1 Monthly Variation

Values of Ta were calculated hourly when no cloud cover was
reported and 1002 sunshine was recorded (section 3.2). Mean monthly
values were calculated for Montreal and Woodbridge (1968-%8) and for
Goose (1968-77). The values and standard deviations are plotted in

_Figure 4.5. An annual cycle 1s evident at Montreal and Woodbridge with
minimum and maximum in winter and summer respectively. Similar cycles in
Canada have been reportdd by Polavarapu (1978) for Montreal and
Woodbridge; Yamashita (1974) for Woodbridge, Toronto City, and Scarbor-
.ough; and in the United States by Péterson et al. (1981) for Raleigh;
and by Flowers et al. (1969). 'The largest standard deviations of 0.15
for Montreal and Woodbridge océur4in July.and June and the smallest (0.04
and 0.03) in December. Considering the coefficient of vari;bility (stan-

dard deviation divided by the mean), the months of greatest ard least

-
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for Montreal, Woodbridge and Goose. The
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TABLE 4.5:

SEASONAL GROUPS OF Tt
WOODBRIDGE (1968-78) AND GOOSE (1968-77)

55

VALUES FOR MONTREAL AND

summer summer sSpring  autumn spring/ winter winter K All
* autumn* * Season
Jun/ May/ Mar/ Sep/ Apr/Sep/ Dec/ Nov/
Aug Aug May Nov Oct Feb Mar
Montreal ‘a
0.146 0.141 0.098 Q.094 0.092 0.062 0.067 0.103
Woodbridge
0.166 0.155 0.104 0.101 0.116 0.050 0.062 0.121
Goose
0.040 0.054 0.055 0.040 0.061 0.041 0.043 0.047
Size
Montreal
563 853 854 342 573 413 746 2172
Woodbridge
557 841 757 252 523 99 301 1665
Goose
63 109 279 16 94 266 421 624
W

* indicates the three seasonal groupings



variability at Montreal (November and April/May) are close to October and
March reported for Raleigh by Peterson et al. (1981). February and
December are the months of greatest and least variability for Wood-

bridge.

Mean monthly values at Goose (Figure 4.5) do not show much vari-
ation. However there was only one data point for September and data for
some other months are limited. Polavarapu (1978) also using limited data
suggested a maximum in July and a minimum in February. The largest and
smallest standard deviations occur in October/November and March/July
respectively. The variability is similar to that at Montreal - greatest

in October/November and least in May.

4,1.2.2 Seasonal Variation

Monthly values were pooled into three seasonal groups for the
year —- summer.(May - August), winter (November - March), and spring-
/autumn (April, September, and October). Values obtained by this group-
ing are very close to those obtained by the usual four seasonal grouping
(Table 4.5). The use of three seasonal divisions, ensures that mean

values are calculated from larger data sets than four or more divisions.

The seasonal means emphasize again the sgimilarity between

Montreal and Woodbridge and their differences with Goose.

The monthly relat;ve frequency of occurrence of hourly values <

© 0.07 and > 0.25 are presented in Table 4.6 while the seasonal frequency

of ali values are shown in Figure 4.6.
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TABLE 4.6: MONTHLY RELATIVE FREQUENCY OF VALUES OF T, < 0.07 AND

t_. » 0.25 AT MONTREAL AND WOODBRIDGE (1968-78) AND
GSOSE (1968-77) (AS PERCENT OF TOTAL FREQUENCY FOR THE
MONTH OR SEASON)

Montreal Woodbridge Goose
Ta < 0.07 14 > 0.25|1, < 0.07 7, > 0.25|7, < 0.07 T, 2 0.25

January 71 0 60 0 96 0
February 66 1 86 0 84 0
March 60 3 67 3 95 0
April 54 3 43 4 69 0
May 23 13 32 12 52 0
June 39 19 28 28 84 0
July 40 27 36 21 100* 0
August 49 22 34 23 88 0
September 51 10 53 13 % 0
October 52 4 41 6 86* 0
November 71 3 68 0 88% 0
December 79 0 80 0 83 0
Winter 67 2 70 2 90 0
Summer 36 19 70 20 72 0
Spring/ 53 5 44 6 69 0
Autunmn

All Season 51 9 43 12. 84 0

*Sample size < 10
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Table 4.6 clarifies the relative 'cleanliness' of the locations and fur-
ther justifies the 3 seasonal groupings for Montreal and Woodbrige. It
can be inferred that Goose has cleaner atmosphere than the other loca-
tions. Figure 4.6 shows that for all locations in all seasons values

~ 0,05 dominate.

The winter mean values (1968-78) for Woodbridge and Montreal
(~ 0.06) are the smallest seasonal means and are much lower than the
vqiée of 0.25 given by Unsworth and Monteith (1972) for British urban
sitéﬁ affected by Polar air mass. The December and January averages for
Montr;al and Woodbridge (~ 0.05) are also smaller than the spectral value
of 0.13 for Raleigh (Peterson et al., 1981). Winter minimum hourly val-
ues are also lower (0.001) at both stations than values for Raleigh (~
0.023) which furtﬁer emphasizes the cleaner air at Montreal and Wood-

bridge.

The summer average values (~ 0.15) at Montreal and Woodbridge are
the largest seasonal values. These are Emaller than the value (0.55)
suggested by Unsworth and Monteith (1972) for an urban site affected by
continental air mass, and the average of 0.30 for world cities (WMO,
1974) but lie close to the lower end of the range (0.125 to 0.75 at wave-
length of 0.5 um) given by Toon and Pollack (1976). Largest monthly
means (0.i6 ~ 0.19) and largest daily means (Q.4 - 0.48) are smaller than
" the Raleigh spectral values of 0.74 (July average) and 1.6 daily averageJ
Largest hourly values (0.59 ~ 0.64) also occur in summer. They are smal- .

ler than the largest spectral value of ~ 2.3 at Raleigh.
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For Goose, the monthly and seasonal means (Figure 4.5 and Table
4.5) change so little that annual mean value of 0.05 for the 10 year
period is appropriate. This value agrees with that proposed for the
North Atlantic by Unsworth and Monteith (1972) and with the spectral
value of 0.06 given by Toon and Pollack (1976) as the average for

60°~90°N.

Annual average T values for the ll-year period were determined
from the hourly values. Values for Montreal (0.103) and Woodbridge
(0.121) are much lower than the spectral value of 0.336 reported for non-
urban areas along the southern Appalachians by Valente and Robinson
(Peterson et al., 1981) but near the global average of ~ 0.1 at visible

wavelengths (Toon and Pollack, 1976).

4.,1.2.3 Charlottetown, Hamilton, Winnipeg and Vancouver

Since data for 1977 and 1978 are represented for all the Canadian

stations, monthly and seasonal averages were calculated from the hourly

values and presented in Table 4.7.

Values for Charlottetown are on the average similar to those for
Montreal and Woodbridge for the appropriate periods. Even though the
measurement site 1is downtown, Charlottetown 1s a relatively small urban
area with few industries. Hence, local iﬁfluence on T values 1is not
comparable with Montreal or Toronto. The result indicates that imported
particula;es have considérable effects on the values of Tain both large

and small urban locations in Eastern Canada. The position of Charlotte-
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town on the east coast makes its climate essentially continental but
modified slightly by the sea. It is at the meeting point of air masses
from the south, southwest, and west which pass through the United States

and therefore yield large T values.,

TABLE 4.8: MEAN Ta VALUES FOR HAMILTON AND WOODBRIDGE
FOR THE SAME DAYS

&

14.5.77 21.5.77 22.5.77
?a
Hamilton
0.089 0.222 0.256
Woodbridge
0.033 : 0.184 0.189
No. of hrs.
Hamilton )
11 7 . 10
Woodbridge
4 11 7

The .mean values (0;169) for Hamilton for the period 14 May to 22
June 1977 is comparable to 0.182 and 0.117 for Montreal and Woodbridge
for the same period. Average vazsés for Hamilton and Woodbridge for 3
days during the period reveai the close agreement (Table 4.8). High
values for Hamilton ére consistent with its siz% and large Iindustries and
its proximity to other large urban areas (Buffalo, Detroit). The largest
value of T during the period is 0.41 which is similar to values reaching

0.45 measured by McArthur (1976).
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The few months of data for Vancouver suggest that ta values are
large in summer and low in winter. The summer mean of 0.075 for 1977-78
is nearer the mean value of Montreal than that of Woodbridge. Since the
data set is small and Vancouver is almost entirely dependent on internal
sources of particulates (Section 4.1.1.1), it is inappropriate to rank

Vancouver with Montreal and Woodbridge.

For Winnipeg, the maximum monthly mean value (in April) and mini-~
mum (in December) compare with monthly mean values for the same year at
Woodbridge and Montreal, but the ré%t of the months are much lower. The
mean'value of 0.046 for 1977 1is lower than the 1atitud1ngl estimate of
(0.16 fo£ wavelength of 0.5 um (Toon and Pollack, 1976) for global ‘'back-
ground' aerosol. The measurement site is at the International Airport
about 24 kilometers upwind to the west of the city. This suggests little
urban influence, hence the low turbidity. 1In aédition, section 4.1.4

will show that 1977 was a year with low turbidity in Canada.

4.1.3 Sal - Tropical Desert Aerosol Location

4.1.3.1 Mean 1
2

Using measurements of direct beam i;radiance (Carlson, 1975),
mean values of T, were calculated for Sal for 7 days in July and August,
1974. The mean value of 0.644 for the 7 days compares well with 0.684
measured at wavelength qf 0.5 um by Prospero et al. (1979) at Sal between
May and September, 1974. It al§0'falls within 0.50 to 1.0 at.wavelength

of 0.5 um reported by Carlson and Benjamin (1980) for 'normal’ amounts of
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dust over the eastern Atlantic. Turbidity at Sal is comparable with

those at large heavily industrialized cities with annual averages of 0.30

to 0.75 (WMO, 1974) and 0.55 proposed by Unsworth and Monteith (1972).

TABLE 4.9: VALUES OF Ta FOR SAL AND OTHER LOCATIONS COMPARED

1974 1974  1968-78 1968 - 1978 1968 - 1978
. Jul/ May/ May/ Max imum Minimum
Aug Aug Aug summer All season summer All season
Station
Sal 0.644 - - 1.450 (1974) 0.39 (1974)
Woodbridge 0.089 0.131 0.155 0.588 0.588 0.003 0.001
Montreal 0.175 0.173 0.141 0.637 0.637 0.007 0.001
Goose - 0.046 0.054 0.142 0.142 0.003 0.0005
Jun/
Sep
*
*Dakar 0.806
*Sal 0.684
*Barbados 0.299

Miami 0.230

*PrOSpéro et al. (1979) for wavelength, 0.5 um.

Table 4.9 portrays the extreme coutrast in values between Sal and the
Canadian stations. The maximum for Woodbridge and Montreal are less than
the average for Sal and the minimum at Sal exceeds, by far, the maiimum
at Goose. Most values cluster around ~ 0.05 (Figure 4.6) for the
Canadian stations. Even the 'background' aerosol value of 0.25 (Carlson,

1979) 1is %grger than the mean value for any of the Canadian locations.

The differences between Sal and 'the Canadian stations can be
explained in terms of the origin and nature of the particulates and the

manner of their transportation. The particulates in Montreal and Wood~
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bridge are composed of mainly heterogeneous anthropogenic emissions from
the clties themselves and also from foreign sources. The particulates
also 1include limited amounts of soil and other natural matter from the
rural areas. On the other hand, particulates at Sal (Prospero et al.,
1976; Kondratyev et al., 1976) are of natural origin made up almost
entirely of homogenous Saharan desert soil plus swmall amounts of sea
salt. Large amount of Sahgran dust is céntinually present in the atmos-
phere over Sal but between May aAd October, upper easterly winds carry
successive outbreaks of extremely dusty air about once in 4 to 5 days-.
from the Sahara across the north Atlantic to Florida (Prospero et al.,
1979). As the dust decreases along 1its route through Dakar, turbidity
also decreases (Table 4.9). In Canada, the tropical air mass transportg
the particulates northwards in summer but in winter the polar air mass
'flushes' out mbst of them. Unlike Canada, there is no counterpart of
the polar air to 'purify' the air over Sal. Whereas in Canada, the par-
ticulates are mixed fairly evenly from the‘surface upwards, in Sal the
dust 1s transported mainly in a 5 - 6 km thick layer about 1 - 1.5 km
above the surface (Carlson and Prospero, 1972). The dust actually reach-
ing Sal is transported downwards by gravitation and mixing through con-
vective erosion of the base of the layer. This can be illustrated.by the
concentration of about 550 ug/m3 at the surface (Carlson and Caverly,

3

1977) and 2000 ug/m3 or more near the 70 kPa pressure surface during dust

outbreaks (Carlson, 1979). Mean surface concentration for Toronto {is

about 129 ug/m3 (Munn, 1973).

4.1.3.2 Daily Variation

/

To assess the validity of calculating Ty by forcing spectrally

integrated irradiance into a Beer's law framework, T values were plotgéd '
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against turbidity values measured at wavelength of 0.5 ym (Carlson, 1975)
for the same optical aiq mags (Figure 4.7a). The agreement is good with
a correlation coefficient of 0.993. The mean daily Ta and sunphotometer
measurements and their standard deviations are comp;red in Figure 4.7b.
The symmetrical agreement between them underlines the good correlation
betweenkthe two sets of values. The agreement shown in the plots sug-
gests that T is an acceptable measure of aerosol turbidity,

The largest variatipns in T values at Sal occur-oH& he days of
heavy dust outbreak as was the case on 30th July (Figure 4.7b). Similar
variations occur in values of T whéﬁ‘tropical alr masses pass over
Canada. The ‘maximum value on 30th July, dhs 1.45 compared with 1.5 at
wavelength of 0.66 pm inferred from satellite photographs on thaé day
(Carlson, 1979) biat less than the reported maximum of 3,2 at wavelength
of 0.55 nm (Levin et al., 1980) during dust storms (Khamsims) in Israel.
However, Carlson (1979) inferred values up to 3.5 at wavelengﬁh of 0.66

pym from satellite photographs.

Surfacé winds at Sal have mainly northern component and so have
little effect on turbidity as the bulk of the dust is carried overhead by
upper easterly winds. This contrasts with Canadian stations where Ta and

surface wind direction are correlated (section 4.1.4.1).

4.1.4 Dependence of T, Values on Meteorological Parameters

x

The dependence of turbidity on synoptic .air mass types and

weather patterns have been reported by Flowers et al., (1969), Unsworth
N ”
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and Monteith (1972), and McArthur (1976). In this study, values of Ta
are compared with locally observed meteorological parameters - dew point,
dry and wet bulb temperatures; relative humidity; visibility; wind speed
and direction. Apart from visibility measured at the nearby airports -
Dorval (Montreal) and Toronto (Woodbridge), all the others were measured
simultaneously with the solar irradiances. The T, visibility relation-

ship will be treated in more detail (Section 4.2).

4.1.4.]1 Dependence on Surface Wind Speed and Direction

The concentration of pollutants from a steady continuous point
A

gource, in a stationary turbulent flow is inversely related to the wind
speed (Neumann, 1977). In real atmospheres, pollutant sources are not
continuous and also wind speed and direction are not only dependent on
the synoptic situation but also on é%g surface geometry of the location.
To study the ;eiationship between values of T and wind speed and
direction, mean seasonal and annual values were calculated for four clas-
ses of wind spéed (Table 4.10) and for eight classes of wind direction

for Montreal and Woodbridge. Also, the diurnal relatioﬂship was examined

for two days in Montreal (Figure 4.8a).

|
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TABLE 4.10: MEAN SEASONAL Ty AND NUMBER OF HOURLY VALUES IN FOUR
CLASSES OF WIND SPEED AT MONTREAL (1968-78)

Wind speed (meters per second)

Annual 6 7 - 12 13 - 17 > 17
Mean T 0.117 0.111 0.107 0.096
Total hours 409 500 469 799
Winter ¢ 3 h -6 7-9 59
Mean T 0.083 0.062 0.049 0.045
Total hours 295 256 160 34
Spring/Autumn < 2 3-4 5-6 > 6
Mean T, 0.113 0.083 0.075 0.061
Total hours 247 219 97 83
Summer 1-5 6 - 10 11 - 15 > 15
Mesn 1, = 0.137 0.123 0.142 0.169
Total hours 116 176 260 304

Except for summer, the inverse relationship between values of Ta
and wind speed is shown both on seasonal and daily basis. Combining win&
direction indicates that large values occur with low mean wind speed
associated with southerly winds (Figure 4.8b) while small values are
obtained from high mean wind speed assopiated with winds from between

north and west quadrants.

Figures 4.9 and 4.10 indicate the relationship between mean
seasonal values of T and wind direction at Montreal and Woodbridge. At
both stations, the foreign sources of'particuiates,are mainly the(indus-.

trial areas in the United States in the south and so southerly winds

s
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especlally in summer are associated with large values. The location of
the measurement site with respect to the local sources of particulates,

change this simple directional pattern.

The cit& of Toronto is the main source of local particulates from
the southedst for Woodbridge. The importance of this direction shows up
clearly in winter and spring/autumn (Figure 4.10, a, b). At Montreal,
since the measurement site is near the downtown area, additional particu-
lates can be associated with winds from any direction but perhaps more
especially from east of a north-south line in which the greater portion
of’the city and most of the industries (e.g. petroleum refineries) are
located. 1In,winter, larger tavalues are associated with winds from east
of this north-south line (Figure 4.9b). The orientation of the St.
Lawrence valley in a southwest - northeast direction which channels most
of the wind in the area (Powe, 1969) and in which most of the heavy
1ndusfries lie, seem to affect the values of T The aligament of
slightly larger T values in this direction in spring/aqtumn (Figure

4.9a) and- summer (Figure 4.9c) is probable evidence of this influence.

4.1.4.2 Dependence on Dew Point Temperature and Relative Humidity

Hinel (1976) and Shettle and Fenn (1979) have shown that aerosol
particulates grow in size with increase in relative humidity and that the
largest changesvoccur with;n thé range, 60 - 954. For relative humidity
> 95%, the éartigles not only increasé their size but also change their
shape. To study the.effecé'?f relative humidity on Ty values, annual and

seasonal ‘mean values were calculated for 4 classes of relative humidity
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and wind speed: (a) at Montreal for two days (b) at
Montreal and Woodbridge,.1968-78.

The inverse relationship between values of ‘f;
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at Montreal and Woodbridge (Table 4.11). In general, values for Montreal
are positively and directly, dependgnt on relative humidity < 85% but
above 85% the relationship is not clear. For Woodbridge, the same posi-
tive and direct relatio#ship exists in winter but for other seasons,
dependence on relative humidity 1s less clear.

Values of T were correlated with dew point temperatures in a
two-way frequency distribution of the number of occurrences of correspon-
ding Ta and dew point values by season of the year (Table 4.12) for
Montreal (1968-78). As Peterson et al. (1981) found for Raleigh, the T
dew point relationship was thg most significant of the meteorological
parameters considered in this.analysis. For all seasons, values of Ta
increase with dew point t;mperature and in the fféquency groups, values
are least in winter and largest in summer. This emphasizes the relative
'cleanliness' of Tropical (summer) and Arctic (winter) air masses with
different dew point temperatures. Monthly linear correlation coeffici-

ents were highest in summer (» 0.50) and lowest in winter (< 0.40).
Peterson et al. (1981), on the other hand, obtained lowest coefficients
in summer ﬂ{ 0.44) and highest in November (0.63). Similar calculations

with wet-bulb and dry-buldb temperatures show results like those for dew

point temperature (Appendix 5: a,b).

4.2 Turbidity and Visibility

L

Two aspects .of turbidity - visibility relationship were investi-
gated. Firstly, values of ta.and visiblility were corr;iated. Secondly,
turbidity values, T, Vere calculated with Koschmieder formula and then

compared with T,
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TABLE 4.11: MEAN SEASONAL T, AND NUMBER OF HOURLY VALUES IN FOUR
CLASSES OF RELATIVE HUMIDITY AT MONTREAL AND WOODBRIDGE
(1968-78)

Relative humidity (percent)

0 - 40 41 - 70 71 - 85 > 85
Montreal
Annual
Mean T 0.085 0.103 0.132 0.107
Total hours 321 1428 342 86
Summer
Mean T, 0.097 0.158 0.169 0.115
Total hours 161 483 168 44
Spring/Autumn
Mean T 0.080 0.086 0.117 0.108
Total ﬁours 119 413 89 25
Winter
Mean T, 0.052 0.065 0.082 0.083
Total hours 43 585 99 18
Woodbridge
Angugl .
an T 0.096 0.134 .0.118 0.110

Total fours 248 970 344 107
Summer

* Mean T 0.107 0.180 0.151 _ 0.121
Total fours 143 478 150 74
Spring/Autumn
Mean T, 0.087 0.102 -~ 0.086 0.091
Total hours ' 92 329 : 105 24
Winter . .o
Mean T 0.021 . 0.061 ©0.100° 0.090
Total ﬁours 15 T 182 . 97 ¥ 11
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TABLE 4.12: SEASONAL FREQUENCY DISTRIBUTION OF THE NUMBER
OF OCCURRENCES OF CORRESPONDING T, AND DEW POINT

TEMPERATURE VALUES FOR MONTREAL (1968-1978).

Season/1, Dgw Point Temperature (°C)

<4 4 -9 10 - 15 > 15 Total Hours
Annual
< 0.129 1258 219 193 14 1684
0.13 - 0.229 103 65 85 52 305
0.23 - 0.349 14 8 18 72 112
> 0.35 9 1 16 50 76
Total hours 1384 293 312 188 2177
Mean T, 0.077 0.093 0.124 0.302
Sumer <9 9 - 14 15 - 20 > 20
< 0.129 319 188 25 0 532
0.13 - 0.229 54 42 60 9 163
0.23 - 0.349 5 8 . 55 26 94
> 0.35 3 9 43 12 67
Total hours 379 247 183 47 856
Mean Ta 0.094 0.099 0.270 0.335
Spring/Autumn <1 1~6 7- 12 > 12
< 0.069 247 56 33 3 339
0.07 - 0.089 59 10 8 1 78
0.09 - 0.129 62 13 15 4 94
> 0.13 28 45 29 033 . 135
Total hours 396 124 85 41 646
Mean T, 0.070 0.105 0.112 0.194
Winter -10 -10to-6 -5to0 >0
< 0.049 321 17 20 6 364
0.05 - 0.0 187 19 : 16 2 224
» 0.09 . 115 . 23 - 11 .8 157
Total hoyrs 623 59 47 16 745
Mean T 0.062 0.079 0.095 0.141

a




4,2.1 T and Visibility

L and visibility values were analyzed in three ways. Firstly,
rawas correlated with visibility in a two-way frequency distribution of
the number of occurrences of corresponding T and visibility values by
season of the year (Table 4.13). Secondly, for each wind direction, mean
Ta and visibility values were evaluated (Figure 4.11). Thirdly, because
equation 2.44 suggests an inverse relationship between T, and visibility,
values of T and the inverse of visibility were calculated for each sea-
son (Appendix 6 and Figure 4.12).

Figure 4.11 shows the inverse relationship between L and visibi-
licy. T values are largest with southerly winds when visibility is
lowest and are least with northerly winds when visibility is highest.
Table 4.13 indicates thatydependence of values of Ta on visibility
becomes tenuous for visibility less than 8\to 10 km‘but clearer beyond 10
km. Figure 4.12 clarifies this relationship and suggests that two reg-
imes exist. Fo; visibility less than about 10 km, Ta is iodependent of
visibility but shows a strong lineér relationship with the inverse vigi-
bility greater than 10 km. This result is comparable to the observed
relation between incident ultra-violet (UV) irradiance and visibility in
WhiChAfOF‘NfBibiliti;S > 12 kmj the UV ratio at two stations in Los
Angefgg basin appears to be slightly dependent on visibility but strongly
related to visibility below about 10 km (Peterson et al., 1978). The
h%gh correlation coefficients (Table_&.lé) confirm the strong dependence

of T 0n visibility more than 10 km. These results echo the good correla
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TABLE 4.13: SEASONAL FREQUENCY DISTRIBUTION OF THE NUMBER OF
OCCURRENCES OF CORRESPONDING TaAND VISIBILITY VALUES
FOR MONTREAL (1968-1978).

Season/ra Visibility (kilometers)

<8 8-10 11-13  >13  Total Hours

i

Annual
< 0.129 22 28 19 1577 1646
0.13 - 0.229 25 23 32 245 325
0.23 - 0.349 17 21 27 61 126
> 0,35 16 24 13 27 . 80
Total hours 80 96 91 1910 2177
Mean T 0.255 0.259 0.226 0.085
Summer
< 0.129 -8 8 2 495 513 -
0.13 - 0.229 “ 6 7 10 153 176
0.23 - 0.349 10 17 23 48 98
» 0.35 11 20 12 26 69
Total hours 35 52 47 722 856
Mean Tq 0.330 0.334 0.292 0.114
Spring/Autumn
< 0.069 6" 1 3 321 331
0.07 - 0.089 1 0 4 74 79
0.09 - 0.129 1 7 3 86 97
> 0.13 15 20 22 82 139
‘Total hours 23 28 32 563 646
Mean T, 0.177 0.220 0.171 0.076
'Winfer
< 0.049 15 0 0 336 351
0.05 - 0.089 4 6 2 219 ! 231
> 0.09 19 * 14 9 121 163
Total hours 38 20 11 676 745

Mean T, . 0.139 0.152 0.117 0.060
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tion reported between spectral optical depths and visibilit& (Pitts et

al., 1977) and between spectrally averaged optical depth(fed aeré%ol
-

scattering coefficient at the Equator (Feigelson et al., 1975). Peterson
N

et al. (1981) sﬁowed good correlation between T, and visibility.

S
TABLE 4.14: CORRELATION BETWEEN VALUES OF v. AND INVERSE
VISIBILITY AT MONTREAL (1968-78) '

N

, All season- Summer Winter Spring/autumn

Correlation : : .
Coefficient (v > 10km) 0,97 0.97 0.93 - 0.94
Cerelation

Coefficient (all v) 0.61 0.28 0.88 0.68

4.2.2 L Calculated with Koschmieder Formula

~

Using equation 2.44, aeorosol attenuation coefficlent Toe was

calculated for altitudes 0.5 to 1.50 km and scale heights 1 to 1.50 km.

. ‘ .
As expected, L increases as visibility decreases whatever the combin-

! i

ation of scale height and altitude. The rate of increase is mnoticeably

high for visibility less than 10 km. If, from equatimnV?ﬁA Tax is

differentiated with respect to visibility and the derivative normalized

- with taK' the quotient (the rate of change of draK per unit dv) ie inde-

pendeet of the scale height Hp and altifude Z but is ineerse%y relited to
visibility., At 5 km visibility, the rate is 20% compared with 2% at 50
km. If T (equation 2.44) is differentieCed with respect to scale
height and then with respect to altitude, it can be shown that the rates

of change per unit dtaK are independent of visibility. For Hp =7 = 1,35
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km, the rate of change for H 1is-33% compared with 47% for Z and if Hp =
. P

Z =1.50 km the rates are 25% for Hp and 39% for Z. The rates, thsrefore,

decrease with increase in height of Hp and 2 and are slightly larger for
Z. The rate of change per unit dTaK will then be substantial in cases
where aerosol layer is quite close to the surface as in large urban loca-

tions., :

Plots of TaK for Hp a7 = 115 km and for Hp =1, Z =1.5 knm, gpd
Ta Qppropriate to the measured visibilit}es are ghown in Figure 4.13;
There is good agreement between T and‘fraK to within < 15% fog visiﬁflity
more than 10 km. The best results are for scale height and a}titude
lying between 1 and 1.5 km which ié the same range suggested by Kriebel

(1978) for the homogeneous aérosol layer applicablé to urban areas.

Apart from the good correlation between spectrally avéraged opti-
cal depth and aerosol scattering coefficient and also the turbidity -
visibility study of Peterson et al. (19815, most otﬁer published studies
relate spectral optical depth to 8cattéring coefficient or visibility.
Despite the factl that visibility is 4 subjective -horizontal estimate
while ré 1s a vertical measurement, and also that vigibility strictly

applies to the visible wavelengths, these results show good agreement

between turbidity and visibility more than 10 kilometers.

4.3 Turbidiéy Trends

Values'of Ta for Montreal and Woodbridge (1968-78) and Goose

(1968-77) were analyzed.fétlyear to year varia;ion. Even though records

[PV S
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are available for Goose and Montreal before 1968, the first full year of
records for Woodbridge began in 1968 and so to cover the same period at

all 3 stations, analysis of data started with 1968. The analysis was

done in two ways. First, from the hourly values, mean monthly values

were computed for each year. Second, mean seasonal and annual values

were calculated from the hourly values for each year (Appendix 7).

The summertime peak wvalues and the mean annual and seasonal val-
uves (Figure 4.14), except winter at Woodbridge, show a decrease in me;n
values at all the stations since 1968. To test whether the’trendsiare
significant, a one-sided Cox's test (giadley, 1968) for trend was applied
to. the values plotted in Figure 4.14.5 The mean values were arranged from
1 (1968) to n = 11 (1978; Montreal and Woodbridge) and to n = 10 (1977;
Goose). The sign of 1-n, 2-(n-1), and so on were considered and the sum

S-of the 'difference ~ scores'.was calculated by

S = 9?l,n + 7h2’ n-1 + Sh3’ 02 + 3h4, 03 + hS, 0t (4.3)
' th .
+1 if first observation > n .o
Here, h = > and h etc.,
1,n 2,n~1

0 if firs; observation < nth

’

are defined similarly.

/

|
Using the mean of the maximum score E(S) and the variance var(S), the

ratio R = {§ - E(S)}/{var(s)}ll2

was evaluated from the group of observa-,
tions (Table 4.15). The distribution of R is asymptotically standard

normal for large n. Thus for a one-sided test, the critical value of R

‘ for a test at the 5% level of significance with 10 observations is 1.64.

The test has the advantage of beilng non-parametric and thus requires no

assumption about linearity and normality of the original data. A minor
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criticism is the loss of the middle observation in case of odd number of

observations as for Montreal and Woodbridge.

explanations are presented in Table 4.15.

The results and further

They show that the trends are

significant at all 3 locations except summer and winter at Woodbridge.

It is not clear why winter values at Woodbridge are out of phase with the

others but for summer, 1969 was the only year without data in July -- a

month usually associated with large Ta values. This reduced the mean

value for the month to its lowest during the 1968-78 period and was

mainly responsible for the insignifigant trend.

Y

TABLE 4.15: COX'S TEST FOR T, TREND AT MONTREAL, WOODBRIDGE AND

GOOSE
Station Season *3 **%R Results
Montreal °
All 25 1.95 Significant
Winter 25 1.95 Significant
Summer 24 1.79 Significant
Spr/Aut 24 1.79 Significant
Woodbridge All 25 1.95 Significant
Winter 9 -0.54 Not Significant
Summer 17 0.70 " Not Significant
Spr/Aut 25 1,95 Significant
Goose All 24 1.79 Significant
Winter 24 1.79° Significant

*s = No. of difference~scores. -For 10 observations (ignoring the middle
observation for Montreal and Woodbridge), 0 < S < 25, :

ECS) = n2/8 = 25/2 = 12.5

var(Ss) = n(n2 - 1)/24, where n = 10 is the number of observations.

R = (5 - n2/8)/(n(n? - 1)/24) 12

Al

For one-sided test, R > 1.64 is necessary for trend to be signifi-

.cant,
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This general trend suggests a decrease in particulates which has
been reported for urban areas in the United States (1957-66: - Ludwig et
al. 1971; 1960 - 71: - Bach, 1976; 1930-79: - Eisenbud, 1980; Peterson et

4

al.; 1978) and in England (Wood, 1973). Particulatelreduction has been

attributed to air control regulations and changes toward,cleaner fuels.

For rural areas in the United States, Bach (1976) found no dis-
cernible trend in particulate loading (1960-71) but Ludwig et al., (1971)
reported an upward trend for 20 non-urban sites in the Unites States from
1957-66. The non-urbad sites were subject to urban influences but this
may be minimal for Goose. Since a downward trend in mean i values
occurs at Goosé as well as at Montreal and Woodbridge, there must be an
alternative explanation besides air control ;egulations and usé of

+
cleaner fuels.

In Canada, an increase in the inc&dences of 'clean' Arctic air
magses 1s another possibility for the reduction in particulates. When
this air mass do&inates, T is small. Larger values are associated with
tropical air masseéi For example in 1972, mean Ta values were below the
average values for the 1968-78 period at all 3 locations. This was a

particularly cold year (Hare and Thomas, 1974) when Arctic air was domi-

‘nant throughout most of the summer. Hare and Thomas also recognized a

downward trend -in the average air température near the surface in Canada
from 1955 to 1972. Jones and Jiusto (1980) reported not only a decrease
in temperature but also an increase in snowfall for 3 citieg in New York

State from 1940 to 1975.
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-

Recently, Peterson et al. (1981) found an upward treand for turbi-

dity values at Raleigh, Greensboro and Raleigh - Durham in the United

States from 1965 to 1979. This finding is at variance with the regsult of

this study.

ing:

(a)

" (b)

The differences in the two studies may be due to the follow-

The Canadian statiomg and the American stations are differ-
ently logated with respect to sodfces of particulates. The
American stations lie in“that part of the continent where
partiCuiate levels are high as a result of heavy industrial-
izatién and urbanization. The Canddfan centres on the other
hand receive their major suﬁbly og paruiculates from the

United States (Clark, 1980) but because of their more north-

erly location there is greater influence of clean Arctic air

masses. »

\ 1

The methods of evaluating turbidity factors differ.
Peterson et al. used values measured with Volz G sunphoto-

»

meter. The accuracy of the instrument, especially in
meaguring turbidity in.air.with small aerosol extent (e.g.
Arctic air mass), is controversial (Unsworth and Monteith,.

1972; Laulainen and Taylor, 1974, 1975; Russel and Shaw,

1975; Volz, 1975). Peterson et al. (1981) cautioned alsg

" that for iurbidities near 0.092 (0.04 decadic) the measure-

ment error is +10% and even in the field, the use of the

‘instrument may not yield this level of accuracy because the

'

long - term stability of tHe instrument is uncertain.
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4.4 Turbidity Coefficients Compared

The turbidity factors proposed by Linke (1942) and Polavarapu
(1978) were calculated from equations 2.29 and 2.35. Results for
‘Hamilton and Woodbridge aFe plotted along with Ta values (Figure 4.13).
N s
All the three turbidity factors show similar variation throughout
the day. The influence of water vapour on Linge's turbidity factor T is
shown by the much larger values. Polavarapu's aerosol factor Tp is more

in phase with v than T is with it. The use of the MAC model to calcu-
a

,Llate Io in the evaluation of Linke's turbidity factor for dust free atmo-

.

dfm

between L and Tp. To examine the extent of improvement of pry the use

sphere T reduces the value of Tp and further improves the agreement

of Tdfminstead of Tdf’ the ratios: Tp/Ta, Tpm/Ta’ and Tdf/Tdfm were

evaluated for three days in Hamilton and plotted in Figyre 4.16.

A

But for some variations on l4th May, Tp/-ra increases with optical

air mass and is constant for a given air mass. The use of Tdfm instead

of removes these varliationg and makes Tpm/-ra the same value for a

T
‘df
*given air mass (Appendix 8).

Tdfm is always constantly greater than Tdf as the ratio Tdf/Tdfm

is less than unity (Figure 4.16). This suggests that the models used in

calculating T and Td comparg well, The real difference lies in the

df

fact that whereas Tdfm is obtained by using an equation,

from graphs (Section 3.3.5).

fnm

Tdf is obtained

Yo



90

Since these results show that Polavarapu's aerosol factor is in
14

good agreement with Ta’ his gfaphical evaluation of I0 can probably be

replaced with the MAC model. '

9
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CHAPTER FIVE
BULK SCATTERING AND ABSORPTION PROPERTILES

-

5.1 Introduction

Estimates of aerosol scattertng and absorption depend on measured
and calculated diffuse and global irradiances and,Robinson's (1962) racio;
of forward to backscatter (Table 2.1). Despite the uncertainties of
obtaining backscatter to total scatter ratioc (Section 2.1.2), Rodinson's
values compare well with values obtained from other work (Figure 2.1;
Joseph and Wolfson, 1975) and have been widely used (Robinson, 1966;

Hamilton Bnd Collingbourne, 1967; Forbes and Hamilton, 1971; Ungworth and

Monteith, 1972; Drummond and Robinson, 1974; Wesely and Ligschutz, 1976;
; 2

Davies and Hay, l980)f Jogseph and Wolfson (1975) assigne{d an error of

15Z to Robinson's values.

On cloudless days the diffuse component contributes less than 20X
of the global irradiance (Davies, 1980). Diffuse irradiance is measured
beneath an occulting ring and measurgd values are cotrected for the por-
tion of the sky hemisphere which 1is ;bscured by fhe ring (Section 3.3.4).
Measured global and diffuse irradiances in the AES ng;&ork are assumed to

be correct within 27.

G and D were calculated with the MAC model. To test the valid-
O” 0 ] ’/

ity of the calculated irradiances, the values were compared with results

from the Braslau and Dave (1973} model B atmosphere (Section 4.1). The

results compare to within 1% (Taﬁle S5.1; Davies and Hay, 1978). The

93

'ed



calculated Go and Do values are assumed to be correct within 2% over a

wide range of zenith angles and surface reflection. In the absence of

\ aerosol, diffuse and global irradiances can be calculated with very good
> accuracy. v l 4

.
TABLE 5.1: GLOBAL AND DIFFUSE IRRADIANCES FOR THE BRASLAU AND DAVE
(1973) MODEL B ATMOSPHERE (B + D) and MAC MODEL COMPARED
N (After Davies and Hay, 1980) . /

-

ag 0° " 30° 60° 80°
B+D  MAC B+D MAC B  Mac  B¥  MAC

-
Diffuse . |
: 0.0 4 s 5 6 7 8 12 14
0.1 5 6 5., 6 7 9 13 14
0.2 5 % 6 7 8 9 13 15
0.8 10 10 10 10 12 12 16 18
Global ‘ .
0.0 80 80 - 79 79 74 74 62~ 61
0.1 81 . 81 80 79 715 - 74 62° 6l
0 0.2 81~ 81 80 80 75 75 63 62
' 0.8 85 . 85 84 83 79 78 65 64
\ .
5.2 Scattering and Absorption

4

Forward scatter_and'absorpfion were calculated by equaﬁions 2.45
and 2.46 and backscatter by diviaing equation 2.45 by £/b. The relative
grrors'in £, b and a are about 27, ISi, and 2%.5% which indicate that the
error in’'a dépends ;1rtually on thosé of. the global irradiances since the
contrib;tion of b is usually small ag will be shown in this sectiop.

/
' 4

Hourly values of f, b, and a were evaluated and expressed as
//ﬁ:aggigif;;:f the appropriate ex;rdterrestrial irradiances.  For 10°
intervals of zenith angle, mean values were calculated (Table 5.2). The

) :
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mean from all hourly values are presented in Table 5.3. For comBarison,
data for Montreal and Woodbridge were also evaluated for the periods

represented by Hamilton, Charlottetown, Winnipeg, and Vancouver data.

At any location, extinctibn is defined as the sum of total scat-
tering and absorption while the sum of backscattering and absorption is
the loss in solar irradiance. Paltridge and Plaf{ (1976) suggested that
for unit optical air mass and an atmosphere with Angstrdm turbidity coef-
ficient ~ 0.15 at A = 1 uym, that is, Ta ~ 0.369 at A = 0.5 pym, the reduc-
tion in direct beam irradiance by dust is of order 20%. Compared with
the Canadian locations (Tables 5.2 and 5.3), Sal is uniqué in the extinc-~
tion of solar irradiance. Except for small zenith angles (< 15°, Table
5.2b) .at Sal, the sum of togal scatter and absorption exceeds I and is,
on average, equivalent to about 40% of the extraterrestrial irradiance
(Table 5.3) or a loss of about 187 (due mainly to absorption) of the
incident radiation. This is comparable to 20-25% 1loss reported by
Carlson and Caverly (1977) for Sal. Mean values calculated from publica-
tions of Robinson (1962) and Joseph and Wo%fson (1975) (Appendix 9), show
similar reductions at Lerwick, Malta, and Bet-Dagan but larger ones ;t
Kew, Bracknell, Vienna, and Jerusalem. Even though radiation losses are

about the same, Tables 5.3 and Appendix 9 reveal that absorption is far

more important at fhose‘lqcations than at Sal.

Canadian stations show smaller féductionsg}t all zenith angles
(Table 5.2). On average, in' summer, reéductions are about 10%Z in G and
11-15% in I except at Charlottetown and- Vancouver with redqftions of

about 5% in G and 7% in I. Since these reductions for Charlottetown and
N . L)
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TABLE 5.2(a): MEAN VALUES OF ABSORPTION, SCATTERING AND SOLAR
LRRADIANCES AS FRACTIONS OF EXTRATERRESTRIAL IRRADI-
ANCE FOR RANGE OF ZENITH ANGLES

Station Parameter Range of zenith angles of the sun
<25 25-34 35~44 ° 45-54 55-64  65-78.5

Montreal .
ag = 0.15 G 0.755 0.748 0.756 0.723 0.702 0.648
D 0.142 0.147 0.132 0.148 0.153 0.176
1 0.613 0.601 0.624 0.575 0.549 0.472
f 0.081 0.084 0.064 0.074 0.067 0.068
b 0.008 0.009 0.009 0.014 0.018 0.032
a 0.045 0.051 0.045 0.059 0.055 0.052
b+f 0.089 0.093 0.073 0.088 0.085 0.100
atb+f  0.134 0.144 0.118 0.147 0.140 0.152
Woodbridge .
ag = 0.15 G 0.748 0.749 ~ 0.745 0.722 0.689 0.618
D 0.160 0.154 0.146 0.152 0.170 0.194
I 0.588 0.595 0.599 0.570 0.519 0.424
f ' 0.099 0.091 0.079 0.078 0.085 0.087
b 0.010 0.010 0.010 0.014 0.024 0.041
a 0.054 0.052 0.050 0.049 0.047 0.055
v b+ 0.109 0.101 0.089 0.092 0.109 0.128
atbtf 0.163 0.153 6.139 0.141 0.156 0.183:
¢
Goose
ag = 0.55 G - - 0.835 0.820 0.797 0.737
D - - 0.141 ° 0.138 0.159 0.182
I - - 0.694 0.682 0.638 0.555
£ - - 0.047 0.039 0.046 0.048
b - - 0.007 0.007 0.015% 0.024*
a - - 0.008 0.012 0.015% 0.017%
b+f - - 0.054 0.046 0.061 0.072
a+btf - - 0.062 0.058 0.076 0.089
Winnipeg .
 Xg = 0.15 G - - 0.750 0.768 0.720 -
D - - 0.170 0.141 0.190 -
I C - - 0.580 0.627 0.530 -
f - - 0.103 0.068 0.107 -
b - - -0.014 0.012 0.028 -
a - - 0.048 0.030 " 0.035 -
btf - - 0.117 0.080 . 0.135 -
atb+f -~ - - 0.165 0.110 0.170 -

*bh > a
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TABLE 5.2(b): MEAN VALUES OF ABSORPTION, SCATTERING AND SOLAR
TRRADIANCES AS FRACTIONS OF EXTRATERRESTRIAL IRRADI-
ANCE FOR RANGE OF ZENITH ANGLES

Station Parameter Range of zenith angles of the sun
< 25 25-34 35-44 45-54 55-64  5-78.5
Charlottetown
ag = 0.10 G - 0.784 0.758 0.738 0.716 0.640
D - 0.108 0.118 0.132 0.135 0.174
I - 0.676 0.640 0.606 0.531 0.466
f - 0.046 0.052 0.058 0.048 0.071
b - 0.005 0.007 0.011 0.015 0.031
a - 0.023 0.028 0.029 0.025. 0.046
bt - 0.051 0.059 0.069 0.063 0.102
a+b+f - 0.074 0.087 0.098 0.088 0.148
Vancouver
ag = 0.15 G - 0.784 0.768 0.743 0.708 0.632
D - 0.124 0.123 0.134 0.147 0.174
I - 0.660 0.645 0.609 0.561 0.458
f a - 0.059 0.054 0.058 0.060 0.063
b - 0.007 0.008 0.011 0.017 0.031
a - 0.009 0.014 0.020 0.027 0.038
btf - 0.066 0.062 0.069 0.077 0.094
atbt+f - 0.075 0.076 0.089 0.104 0.132
Hamilton :
ag = 0.15 G 0.742 0.724 0.714 0.679 0.650 -
D 0.150 0.159 0.154 0.166 0.163 -
I 0.592 0.565 0.560 0.513 0.487 -
f 0.089 0.095 0.086 0.091 0.076**% -
b 0.007 0.010 0.012 0.017 0.023 -
a 0.057 0.065 0.064 0.073 0.077** -
b+f | 0.096 0.105 0.098 0.108 0.099 -
atb+f 0.153 0.170 0.162 0.181 0.176 -
Sal <15° 15-24°
a, = 0.20 G 0.725 0.718 0.701 0.664 0.624 0.590 0.489
b 0.329 0.350 0.347 0.354 0.380 0.371 0.380
I -0.396 0.368 0.354 0.310 0.244 0.219 0.108
£ 0.268 0.287 0.280 0.282 0.300 0.281 0.268
b 0.024 0.028 0.031 0.040 0.058 0.078*% 0.126*

0.058 0.057 0.064 0.080 0.085 0.078% 0.081%
btf 0.292 0.315 0.311 0.322 0.358 0.359 0.394
atbtf 0.350 0.372 0.375 0.402 0.443 0.437 0.475

o

kka > f *b > a
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Vancouver are similar to those for Woodbridge for the same period, their
long term averages may well be the same. The mean Canadian values are
legs than the 20% reduction in I suggested by Paltridge and Platt (1976)
but are comparable to 107% reductions in I for low cases of turbidity at
Argonne (Wesely and Lipschutz, 1976) and in G for Denver (DeLuisi et al.,
1977). 1In winter whea air is cleaner, reduction of solar energy is smal-
ler in Canada. Montreal reveals its urban character with losses of.7 and
8% for G and I compared with 4 and 5% for Woodbridge and Goose. Like
Sal, on average, scattering dominates over absorption in Canada, hence
thé ratio of total scatter to absorption exceeds unity (Table 5.3)., Sal
and Goose have the largest values of about 5 which are similar to those
found by direct medsurements over the English Channel by Roach (1961).
Hamilton and Montreal have values of about 1.5 while the other locatious
have values between 2 and 3.5. These ratios emphasize the relative
importance of total scatFering and aheorption. At Sal and Goose, total

gcattering always exceeds absorption. Hamilton, Montreal, and Woodbridge

show evidence of stronger aerosol absorption. Occasionally, absorption

equals or exceeds total scattering (Table 5.4) and the ratio (f + b
+ a)/a lies within the range (0;5 to 0.9) derived from the publications
by Robinson (1962, 1966) and Joseph and Wolfson (1975) (Appendix 9). By
direct measurements, Waldram (1945, in industrial haze) and Paltridge and
Platt (1973, in continental aerosol plus c;rbon smoke particles) found
that absorption and total scattering contributed equally to the extinc-

tion of solar irradiance.
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TABLE 5.4: SOME DAYS WHEN ABSORPTION EXCEEDS TOTAL SCATTERING
AT MONTREAL AND WOODBRIDGE

Station Date b+ £ a (b+f)/a
Montreal
16.4.68 0.037 0.062 0.62
23.8.68 0.043 0.065 0.66
19.3.70 0.049 0.072 0.68
29.5.70 0.050 0.062 0.80
26.3.71 0.045 0.069 0.66
25.5.72 0.022 0.044 0.50
01.7.78 ° 0.027 0.047 0.57
Woodbridge
22.9.69 0.056 0.069 0.80
1.10.71 0.052 0.062 0.84
~08.9.76 . 0.091 0.111 0.82
24.6.78 0.032 0.037 0.87

Forward‘scattering is on average, the most dominant extinction
process at Sal and the Canadian locations (Table' 5.5) except for few
occasions when absorption was equal or exceeded it (Table 5.4; Table 5.2,
z = 55 to 64° for Hamilton). With the exception of Sal, where it con-
tributes about 43 of the 61% extinction (due to aerosols) of the incident
radiation, its contribution in general lies within the range 6 - 17% as

Canadian and other sites indicate (Table 5.5).

Backscattering is remarkably constant at 2 - 3% (Robinson, 1962,
found 2%) for most.stations. The ratio b/(f + b), analogous to Sagan and
Pollack's B (1967), lies between 0.10 and 0.20 suggested bi them.(Sagan
and Pollack), Chylek and Coakley (1974), and Weiss et al. ﬁ1977).wJ0n the
average, backscatter 1s" less than absorption except occasionally at Sal,
Goose, and at éenith angles larger than 60. For example on 25 July 1974

at Sal, backscatter exceeded aﬁéorption in about 677 of the observations
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~

i |
and the average b/a was 1.5. The hours when b was larger than a had

zenith es larger than 58°. This occurrence may be related to sensor

-

errors ch are largest at these angles (King, 1979).

These differences in the relative contributions Qﬁ,écéstering and
absorption may be explained in terms of the size and' complex indei of
refraction of the particles. Sal dﬁgfer; markedly! from the Canadian
sites. The size of particles at Sal vary from r ~ 0.1 to 20 um (Schiitz,
1980) with the most effective sc;ttering radius about 5 ym (Carlson and
Caverly, 1977; Hansen and Travis, 1974). The complex refractive index is
1.54 - 0.005i (Carlson and Caverly, 1977). In Canada, the particle size
ranges from 0.0l um to‘l ym radius with the most effective scattering
radius of ~ 0.1 um and complex index of refraction of 1.50 -~ 0.011 for
locations with moderate aersol absorption (Halpern and Coulson, 1976).
For Goose, the imaginary part of the complex index may be taken as

~
~o=- 0-001. - N )

N
With a Junge distribution, scattering is dominated by particles
with r ~ X and in the Rayleigh region 1s proportional to 56 (Twomey,
1977). Mie theory (van de Hulst, 1957) shows that as the particle size

increases, Q + 2. The most efficient hemispheric backscatters are "

I
N Ve
particles with radii between 0.1 and 0.3 um (Chylek et al., 1975). Thys

ext

the - large, almost an—absorbing particles, which are found over Sal,

scatter strongly in the forward direction but are ineffective

backscatters. This has been shown in this study. In the Rayleigh region
L4

3
absorption is proportional to r  (Twomey, 1977) and QabS > Qsca' For

atmospheric aerosols, the most important particle sizes for the extinc-
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tion of solar irradiance lie between 0.1 pm to 1.0 pym radius (Bullrich,
1964;‘Leaderer and Stolwijk, 1980). Bergstrom (1973) has shown that an
increase 1in the absorption 1index of the refractive index greatly

increases the contribution of small particles (r < 0.1 um) but has little

effect on large particles (r > 5 um) for wavelength of 0.55 um.

P

¢ . Absorption by small particles exceeds absorption by larger particles by a
factor of 4 to 32, while the mass of the small fraction exceeds that of

/J> the larger fraction by a factor of 2 to 4 (Weiss et al., 1977). Canadian
ﬁ% urban areas E@ve highly absorbing particles 1like carbon and ash, a

greater varlety of other small absorbing particles, and so the extinction
characteristics of the aerosols differ from those at Sal. The vertical
structure of the aerosols over Sal and the Canadian locations also add to
the differences in scattering and absorption properties. In éanada,
particle concentration decreases from near the surface to;ards the top fo
the boundary layer and so extinction of solar irradiance 1s greatest near
. the surface. The same condition applies to Sal under normal conditions
{v//when there 1s no Saharan dust outbreak (Kond;atyev et al., 1976). During
the dust outb;eaks the effect 1is reversed. -/The smaller and more
optically active particles (r = 0.1 - 1.0 pm) are coancentrated near the
top 'Lf the dust layer while the large and giant particles fall oﬁt
towards the surface. Hence ;he strongest absorption of solar irradiance
occurs near the top of the dust layer and decreases towards the surface
while aerosol backscatter increases at a more uniform rate from the

surface upwards (Kondratyev et al., 1976).

4

5.3 Recovery Rate Ra

The Wesely and Lipschutz analysis (Section 2.4.2, equation 2.48)
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is sensitive to measurement errors in I and D (sectiorns 4.1 and 5.1) and
also to changes in surface albedo and water vapour content of the atmos~
phere. Ra is more ~sensitive to @ than to mUw and errfrs increase with
increase in optical air mass. Errors due to o exceed 10% only at opti-
cal air mass more than 2 and a$ is more than 0.40. Instantaneous Ra is
not “only sensitive to I and D but also to Io and Do. The relatixe error
1n"&é from equation 2.49 is about 6%.

(

Ra was calculated for Montreal, Woodbridge, Vancouver, aﬁd Sal
because 1t was possible to obtain sizeable data for specified zenith
angles. For Montreal, Woodbridge, and Vanc0uver,4;enith‘angles were
selected to wit bout * 0.7 degree but fo£ Sal analysis was only
possible with zerdjth angles % 3 degrees. These zenith angles cover a
wider range than 2enith angles of * 0.03 deéree used by Wesely and
Lipschutz (1976). The differences arise from the fact that integrated
hourly values were used in this study whereas Wesely and Lipschutz used
data recorded continuously on ¢strip charts and so were able to select
sizeable data within small range of 7
\\

radiation in the AES network is measured with a shade i}gé:but Wesely and

spechfied zenith angle. Diffuse

Lipschutz used a disc which is considered to yield\a better estimate of
diffuse irradiance. Comparisons with their work and some others should
be done with care since Ra i? zenith angle dependent and Ra determined by
regression represents the mean over the period of time. Mean values of
hourly Ra were calculated for the same periods .and zenith angles covered

by the regression analysis.
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There is good agreement between Ra value by regression (-dD/dI)
and the mean hourly value Ea over the same time period (Table 5.6). -
dB/dl values for Sal are larger than those for Montreal; Woodbridge, and
Vancouver and are nearest the Argonne values desplte the larger devia-

tions from the mean zenith angles for Sal (Figure 5.1). The high ¥alpes
™~
\

for Sal compare with values of 75% reported for stratospheric aerosols\\\\

(Dyer and Hicks, 1965). The result for $al is consistent with the low™ o

absorptivity of the aerosols, a feature also of<§tratospheriq ferosols

/(Cadle and Grams, 1975), and the highly forward-peaked scattering shown
’, N \ -
by the Robinson method (section_}.Z) and reported also by Carlson and

W
. ;Ca%frly (1977). Values of -dD/dl for Montreal, Woodbridge, and Vancouver

are also consistent with results in section 5.2 which indicate that:
relative to aerosol loading, Montreal absorbs more solar irradiance than
Sal and other Canadian locations. Both —-dD/dI and ﬁa values for all the
sites support Wésely and Lipschutz results which show that Ra decreases

-

almost lfnearly with increase Iin optical air mass.

Variation of hourly Ra values for Canadian stations (Table 5.7)
encompasses the ranges of 35-50% for urban and 45-60% for non-urban

Canadian sites reported by Barlow (1979). Table 5.7 also indicates that

the hourly R,a values for Hamilton, Montfeal, and Woodbridge compare/}ef:/

7 /7
cept for values < 30%) with the ranges inferred by Wesely and L iéhutz

(1976) from the data of Unsworth and Monteith (1972) (21%at = 65° to 61%

at z = 37.5°) and Robinson (1962) (~30%). e

R4

Y,

~
~

-~

/)
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TABLE 5.6: ﬁngssron AND MEAN HOURLY VALUES OF R, COMPARED

.

\

PanaN
Station/zgx.{mean zenith angle -dD/dl §a Intercept Dath Size
0.15 24,6 0.71 0.68 686 17
29.7 A 0.66  0.63 617 12
34.Q 0.61 0.59 557 10
46.4 - 0.52 0.5 418 13
55.6 47 0.51 316 13
69.9 0.41 0.44 167 26
Wopdbridge
ag = 0.15 23.6 0.70 0.70 706 . 12
, 29.8 0.67 Q.64 640 18
L 38.5 0.60 .61 528 20
\\w/ ‘ 48.8 < 0.57 0.59 427 26
T‘ﬁi 58.7 0.53 D.54 306 17
M o ’ 62.6 0.50  0.53 265 11
R } ‘ 1.1 0.46  0.45 169 10
Vanco?xv\&{‘: > . ‘ ’ :
ag = 0.15 31.8-. 0.69 0.70 . 647 19
49.3 0.62  0.63' 444 % = 17
59.0 0.51 0.53 300 L 24
N «68.8 0.43 - 0.43 177 22
Sal : ‘
ag = .20 <9 , 0.79 0.76 835 w»* 12
10 -~ 16 0.74 0.75 787 11
20 - 26 0.73 0.78 751 11
29 - 35 0.70 0.73 648 8
34 - 40 0.68 0.73 618 10
; 42 - 48 0.65 0.70 519 9
- 52 - 58 0.64 0.65 394 10
Argonne 37.5 0.70 592
a. = 0.17 45 0.68 ~ 508
(Resely and 55 0.62 377
Lipschutz (1976) 65 - 0.58 256
> \
L9
2\
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CANADIAN SITES

v

MAXIMUM AND MINIMUM VALUES OF HOURLY R FOR

Z § 35° (S 45° for Goose) = $5°
Station Maximum z° Minimum z° ag
. _Ra(Z) Ra(Z)

:3Montreal T~ 29.0 36 65.2 0.15
Woodbridge 78 _‘\\ 23.2 37 65.6  0.15
Hamilton 67 23.2 N 33 68.1 0.15

* Charlottetown 68 33.0 41 63.7- 0.15
Vancouver 87 ° 32.6 43 65.5 0.15
Goose 77 41.3 57 65.9 0.55

5.4 Bulk Scattering Albedo W

b

PYTS S

For the calculation of the diféﬁse component using the MAC model,

b

W, 1is an important pﬁrameter.

In practice values have be chosen (Davies,

1980). Therefore for the MAC model and other similar models (e.g.

DeLuisi et al., 1977), the values of Wb presénted here may be useful. W

b

indicates the bulk absorption and scattering properties of particulates

over an area.

Values of W weré calculated from hourly Ra values and the ratio

b

F derived from Table 2.1.

closely related to the error in R (section 5.3).

The relative error in W, is about 7% which is

b

To test the appropri-

ateness of this approach values of Wb were compared with w values calcr
0

ulated with the Delta~Eddington ,Approximation (Joseph et al., 1976). The

Delta-Eddington (§-Edd) met

g

ls spectral and uses a two-stream approxi-

‘ &L~ mation. It‘approximates the phase function by a Dirac delta function

forward scatter peak which is suitable for highly asymmetric phase func-

tions typiéﬁl of particulate scattering (Joseph et al., .1976;

.and Platt, 1976).

~4

£

" Paltridge
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{} For a given zenith angle, the §-Edd programme (Wiscombe, 1977)
involves the solution of a pair of ordinary differential equatiops framed
in terms of 1, o and g. In this i)articular exercise, a_ was set to
ozero so that the reflectance calculated with the §-Edd programme was due
only to the aerosol layer. For a fixed zenith angle and a typical value
of T appropriate values of g * 0.015 and wb + 0.005 were selected.
Values of g were calculated in terms of F from equation 2.18. For the
same zenith angle and T values of a/b were calculated for the various

combinations of g and W From the output, values of a/b within * 5% of

b‘
the original value calculated previously were delineated (Table 5.8).

TABLE 5.8: RANGE OF VALUES OF a/b 15% OF THE ORIGINAL VALUE OF
3.21 for Z = 0° AND T, = 0.478 AT SAL (10.8.74)

w, * 0.875 0.880 0.885 0.890 0.895
¢

0.800 2.66 2.53 2.41 2.28 2.15
0.825 1 3.09 2.94 2.79 2.65 2.51
0.830 3.19 3.04 2.88 2,73 2.59
0.834 3.28 3.12 2.96 2.81 2.66
0.837 3.34 3.18 3.02 2.86 2.71
0.840 3.41 3.25 .08 | 2.92 2,77
0.843 3.48 3.32 3.15 2.99 2.82
0.846 3.56 3.39 (::::) 3.05 2.

0.850 3.67 3.49 3.31 3.14 2.97

v
Ty
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From these vdlues, the nearest to the original value of a/b was chosen.

For the cho;;;\;;iag\ the corresponding values of g and wo were selected.

) These values of a/b, g, and w, from the §-Edd programme are compared with

.
5

the original values of those parameters in Table 5.9. The values of 0

! . .
from the G—Eﬁﬁ programme are invariably slightly larger than the original

wg values. However the high correlation between 60 and Wb and the small

standard error of the difference indicate that the Wb values calculated

in this study are acceptable.

(7

Mean’ values of W for the gstations are presented in Table 5.10.

b

Sal and Goose have higher mean and minimum values than the other sites

which suggest low aerosol dbsorptivity as results in sections 5.2 and 5.3

also indicate. Values flor Goose cdmpare well with Barlow's (1979) value

egolutew | The mean value of Sal is comparable

with the spectral value of gon ahd Benjamin (1980). Values of W, are

b

lower at Sal when there is no dust outbreak from the Sahara, e.g. the
minimum value of 0.67 occured on 10th August - one of the clearest days
'in Summer, 1974 (Carlson, 1975). On such dayS/fc;e smaller and more
abundant opticaily. active ferric oxide (haematite) particles probably
increase the’absotption of ;ola; irradiance especially in the visible
spectrum (Kondratyev et al., i976). The lower values for Jerusalem il-
lustrate the effect of entrainment of urban aeFosol with high index of
aborption ~-0.021 to 0.051 (Levin et al., 1980) in normally low absorbing

\ .

desert aerosol like the ééharan over Sal.

A

b

show that on some occasions aerosols can be as low absorbing as those at

-

The&high maximum values of W for the other Canadian stations
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TABLE 5.9: VALUES OF W, , a/b AND g USED IN THIS STUDY FOR SAL COM-
PARED WITH THOSE CALCULATED WITH DELTA-EDDINGTON APPROX~

IMATION
p~ 1.0 Present Study §~Edd Approximation
Date T, g a/b Wy W, a/b g
10.08.74 0.445 0.83 3.64 0.77 0.86 3.64 0.83
0.453 0.84 3.57 0.78 0.87 3.56 0.84
0.461 0.84 3,20 0.80 0.88 3.21 0.85
0.478 0.83 3.21 0.79 0.89 3.22 0.85
02.07.74 0.502 0.83 3.03 0.80 . 0.88 3.04 0.84
0.581 0.83 2.21 0.86 0.91 2.20 0.83
25.07.74 0.661 0.84 1.40 0.90 0.94 1.40 0.83
03.07.24 0.736 0.83 2.70 0.82 0.89 2.71 0.83
0.750 0.83 2.51 0.83 0.90 2.52 0.84
09.07.74 0.781 0.83 2.00 0.86 0.92 2.00 0.84
0.812 0.83 2.03 0.86 0.92 2.01 0.84
30.07.24 0.819 0.84 1.49 0.89 0.94 1.50 0.84
0.843 0.84 2.99 0.81 0.90 2.98 0.85
0.872 0.83 2.92 0.80 0.90 2.91 0.84
Mean 0.826 , 0.899
Standard deviation 0.041 0.025
Standard error 0.011 0.007

Standard error of difference = 0.013
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TABLE 5.10: VALUES OF Wb AND W, COMPARED

Site Period Wy, Wy wb(z < 60°) ag Data source/
max. mnin. Size authors
Urban 0.6-0.8
(A=0.3+3um)
Montreal 1968-78 0.60 0.85 0.40 0.15 394 PS
1978 0.60 0.76  0.40 0.15 100 PS
1977 0.66 0.82 0.41 0.15 40 PS
Wood~- 1968-78 0.65 0.92 0.40 0.15 406 PS
bridge 1978 0.65 0.89 0.43 0.15 50 PS
1977 0.68 0.79 0.41 0.15 42 PS
Hamilton 1977 0.59 0.84 0.42 0.15 66 PS
1977 0.65 . 122 BAP
1979  0.77 0.90 0.68 0.123 20 R&B
Charlotte 1977-78 0.70 0.81 0.47 0.10 38 PS
town
Winnipeg 1977 0.75 0.92 0.40 0.15 18 PS
Vancouver 1977-78 0.78 0.97 0.41 0.15 213 PS
Goose 1968-77 0.8l 0.99 0.54 0.55 68 PS
1974 1.00 17 BA
Resolute 1974 0.91 65 BA
Grimsby 1969 0.72 42 BA
Sal 1974 0.83 0.99 0.67 0.20 100 PS
1980 0.86
(A=.53 um) C&B
Jerusalem 1968/70 46 0.69 0.31 0.25 18 J&W
Bet-~Dagan 1968/70 .56 0.80 0.42 0.26 18 J&wW
New York 0.71
City (A=0.50 um) L+
Denver 1973 0.69 0.49 D+
Montreal 1968-78 0.6l 0.88 0.49 0.30 89 PS
Wood- 1968-78 0.67 0.97 0.43 0.50 47 PS

bridge

B&P = Bergstrom and Peterson; C&B = Carlson and Benjamin; J&W = Joseph
and Wolfson; BA = Baplow; R&B = Rouse and Bello; L+ = Lin et -al.; D+ =
Deluisi et al.
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Goose and Sal. ?ut the change from high to much lower values indicate
the variability of aerosol types in urban greas. Mean values of 0.6 to
0.8 fall within the range of 0.53 for polluted areas (Henderson,
Colorado) and 0.86 for 'clean sites' (Hall Mountain, Arkansas) for seven

U.S. sites reported by Weiss et al., (1977) for X = 0.50 umn.

5.5. Radiative Significance of Absorption and Scattering

The ratio of absorption to backscatter a/b has been used by sev-
eral authors to determine the radiative effect of aerosols on solar radi-
ation (section 2.5). Usipg the errors in:a and b (section 5.2), the
relative error in a/b is about 15%. The probable error (Table 5.12) is
lower compared with £ 3 and * 4 given by Joseph and Wolfson (1975) for
Jerusalem and Bet-Dagan. Values of a/b are also sensitive to the surface
albedo (Table 5.11). This is mainly because multiple reflection increas-

es the path length of solar radiation and consequently absorption.

TABLE 5.11: SENSITIVITY OF a/b TO SURFACE ALBEDO AT VANCOUVER
(31 JuLy, 1978)

zenith angle 3.6° 43.2° 61.7° 71.5°
ag = 0.10 1.99 1.27 1.30 1.34
ag = 0.15 2.63 1.59 1.55 1.51
% change in a/b +32 +25 +19 +13

Using equation 2.52 hourly values of a/b were calculated. Mean
values for all zenith angles and for intervals of 10° were also evaluat-

ed. Critical values were obtained from equations 2.57 and 2.58 and used
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to clarify a/b. Mean values for all angles and the critical values along
with values from other authors are shown in Table 5.12 and Figure 5.2.

For Montreal, Woodbridge, and Goose calculations were made for different

surface albedos.

The results show that aerosols over Montreal, Woodbridge,
Hamilton, and Go;se could induce warming of the Earth-atmosphere system
while those at Sal, Vancouver, Charlottetown, and Winnipeg could lead to
cooling of the system. The results for Montreal, Woodbridge, and
Hamilton are consistent with their low values of Wb and also compare well
with results from similiar urban areas (Table 5.12 and Figure 5.2).
Rouse and Bello's (1979) results for Hamilton show a cooling tendency for
the city. This may be because their model did not include multiple
reflections due to the surface which would have increased the absorption
and therefore the value of a/b. Also their data may have represented
periods when the aerosols were less absorbing (and so small a/b values)
as revealed in this study (some hours on 2lst and 22nd May, 1977).
Values for Goose illustrate the fact that surface albedo is important in
determining the cooling/warming tendency in the gystem. For high surface
albedo (a8 > 0.30, Wang and Domoto, 1974; a > 0.40,_Herman and Browning,
1975) aerosols induce warm}ng of the system. Despite the high values of
Wb for Goose, the mean afb values for @ = 0,35, 0.55, and 0.70 show a

warming tendency. For ag 0.25, the mean value indicates cooling (Figure

5.2).

The cooling of the system shown for Sal is in agreement with its

high value of W and perhaps illustrates a situation where the aerosol

b

layer not only reduces solar irradiance but is also not in radiative
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contact with the surface. When there 1s a dust outbreak, the aerosol
layer reinforces the inversion (due to large scale subsidence of Hadley
Cell circulation) in which the surface is influenced by cool trade winds
(Carlson and Caverly, 1977; Kondratyev et al., 1976). This condition
resembles that In urban areas where aerosols promote temperature inver-
slons and thereby stabilize the ailr against convection (Toon and Pollack,

1980).

The calchations for intervals of 10° zenith angle show that
values of a/b are no;\only dependent on @ but also upon zenith angle.
Values 7ﬁ/37k‘decrease also linearly with increase in zenith angle (Fig-
ure S.i). The main reason for the zenith angle dependence of values of
a/b is because backscattering increases faster than absorption as the
angle increases and solar irradiance decreases. Except for the combina—-
tion of zenith angle > 65° and a = 0.15, results for Montreal and
Woodbridge indicate a warming tendency for the system for all zenith
angles and surface albedo » 0.15. Similarly, Goose results indicate a
Pl

warming of the system for surface albedo » 0.25 except for a combination

of zenith angle > 55° and a = 0.25. .
8
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2
TABLE 5.12: MEAN VALUES OF a/b COMPARED

Station Period ag a/b Sample Size Probable  Source/
1* 2% all error author
Montreal 1968-78 0.15 5.0 96 93 394 + 0.46 PS
1978 0.15 5.7 108 PS
1977 0.15 4.1 40 PS
1968-78 0.30 2.9 A 22 89 + 0.38 PS
1968-78 0.50 2.5 3 34 109 PS
Wood~ 1968-78 0.15 4,7 116 100 406 + 0.43 PS
bridge
1978 0.15 4,7 50 PS
1977 0.15 3.6 42 PS
1968-78 0.30 4,3 3 23 57 * 0.47 PS
1968~78 0.50 3.3 2 23 47 * 0,32 PS
Hamilton 1977 0.15 6.1 4 29 66  0.66 PS
1979 0.12 2.8 20 R&B
Charlotte~1977-78 0.10 3.5 25 0 38 t 0.41 PS
town
Winnipeg 1977 0.15 2.5 9 0 18 + 0.28 PS
Vancouver 1977-78 0.15 1.9 151 3 213 + 0.21 PS
Goose 1968~77 0.35 1.6 7 5 39 * 0.19 PS
1968-77 0.55 1.1 2 4 68 + 0.13 PS
1968~77 0.70 1.2 4 6 44 * 0.14 PS
Sal 1974 0.70 1.8 43 0 100 + 0.21 PS
Urban 1971 0.20 4,0 E+
(x=0,5um)
Desert 1971 0.30 2.3 E+
(A=0.5um) ‘
Jerusalem 1968/70 0.25 11.5 J&W
Bet-Dagan 1968/70 0.26 8.5 J&W
Kew 1965 0.15 12,1 RB
Bracknell 1965 0.15 9.0 RB
Vienna 1938-50 0.15 11.3 RB
South~- 1962 0.20 4.0 RB
England
English 1962 0.08 3.0 RB
Channel
Halley 1956-58 0.65 4.3 RB 4
Bay
Denver 1973 0.49 1.4 D+

PS = Present study; R&B = Rouse and Bello; E+ = Ensor et al.; J&W =
Joseph and Wolfson; RB = Robinson; D+ = Leluisi et al.

I (a/b)opqel = a/b < (1 - ag)?/20g

2% (a/bzritz = a/b > (1 + Z.;Z)/as
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CHAPTER SIX

SUMMARY AND CONCLUSIONS

N

.y
Aerosol attenuation effects in Canadian urban areas were deter-
mined for Montreal, Woodbridge (Toronto), Hamilton, Vancouver, Charlotte-
town, and Winnipeg and compared with non-urban locations of Goose and
Sal. Because available solar radiation and meteorological data in the
AES network do not justify rigorous radiative transfer calculations,

simpler empirical models were used. The following conclusions may be

drawn:

Cloudless sky direct beam irradiances calculated with the
MAC model and also estimated from measured global and dif-
fuse 1irradiances have been used to evaluate values of\ra.

The values compare well with turbidity coefficlents obtained

with other methods.

Values for Montreal, Woodbridge, and Goose indicate
a downward trend in cloudless sky turbldity since 1968.
This implies either an increased incidence of cleaner air
mass or a decrease in particulates or a combination of both
factors. Further studies are needed to examine th;s ques—
tion. Since the Polar regions may be more sensitive to
significant changes 1in turbidity than other regions of the
world, this result can be of interest .to Canada with terri-

1S

tory extending beyond the Arctic circle.
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For visibility more than 10 km, there is a strong
linear relationship between Ta and the inverse of visibility
but for less than 10 km, T, is independent of visibility.
This may be related to 1increase in particle size due to

lncrease in relative humidity at low visibility.

Measured and calculated cloudless sky global and diffuse
irradiances have been used to determine aerosol scatter,
absorption, recovery rate, bulk scattering albedo, and the
ratio of.absorption to backscatter. Values compare well

with those from other methods.

Absorption 1is as important in large Canadian urban
areas as 1n United States cities (Davies and McKay, 1981,
Davies and McArthur, 1980; Rouse et al., 1973). It is
generally accepted that fbsorption and emission of long wave
radiation by Carbon dioxide warms the Earth-atmosphere sys;‘\\\
tem. Aerosol absorption of short and long wave radiation
compliments this warming. The warming tendency at Goose is
related to wmultiple reflection caused by high surface
albedo. This result assumes greater signficance during
winter in Canada especially in areas with absorbing“aero—

sols.

Despite larger turbidity at Sal, aerosol absorption
is not as 1lmportant as in Canada. The absorption within

the Saharan air layer reinforces the inversion due to large

™~



H
121

scale subsidence in this zone (northern component of descen-
ding air in Hadley Cell). Since the dust outbreaks nove
from land to sea, the effect of change in surface albedo on
the absorptiou/cooling characteristics of the aerosols

require study (Joseph and Wolfson, 1975).

e approach used in this study has some limitations. Although
aerosol effects are most easily determined in cloudless condition they
may nok be representé%%xgzof all conditions as borne out by the records
of clouﬁless period? at the stations (Appendix 2). Solar radiation
measurements used here are non-spectral but absorption by some aerosol
types are spectrally dependent., Perhaps a way‘to reconcile a spectral
study with the present method 1is to establish a relationship between
simultaneous spectral and global measurements. Even though the effect of
.aerosols on long wave radiation 1s generally smaller than on short wave,
their effect in the atmospheric window (8 - 14 uﬁj below inversions in

)
heavily;polluCed areas and generally in temperate regions (except in very
clear conditions) 1is not negligible (Grassl, 1974) and so should be

investigated. However the long wave effect auguments the warming of the

system due to aerosol absorption of short wave radiation.

The effect of stratospheric aerosols has not been explicitly
included in the study. Since the effect of the stratosbhere on the trop-
osphere is mainly radiative (there 1s no strong convective link between
them), the reduction of solar irradiance in the stratosphere can be esti-~
mated and incorporated in the MAC model. The importance of stratospheric

aerosols Increases during and shortly after major volcanic eruptions.

!
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Except forvthe Fuego eruption in 1974 which might have had little or no

effect on the area covered by this study, no major eruption occured be-

tween 1968 and 1978.

Despite the limitations, this study has demonstrated that aerosol
effects can be determined using diregt beam, diffuse, and global r;dia—
tion measurﬁfents. This approach i; capable of wider application since
solar radiation and meteorological data are available at many stations in
Canada and other parts of the world. To ensure greater accuracy, better
estimates of diffuse irradiance can be obtained from measurements of
direct beam and global irradiances. It is thetefore éﬁvisable for the
Atmospheric Environment Service to establ%sh an integrated and sustained
programme of pyrheliometric measurements to replace the present measure-

ments with diffusograph. This will provide a reliable data bank for

monitoring turbidity trend and aerosol attenuation effects in Canada.

O
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APPENDIX 1
LIST OF SYMBOLS

UPPER CASE ROMAN

Symbol Definition Unit

B ratio of aerosol backscatter to total scatter dimensionless

D diffuse irradiance W/m?

D, cloudless sky diffuse irradiance W/m?

Dy diffuse irradiance due to molecular (Rayleigh) W/ui’2
scattéring

D8 diffuse irradiance due to multiple reflections 2
between ground and atmosphere W/m

ET equation of time minutes

F ratio of aerosol forward scatter to tetal dimensionless
scatter

G global irradiance W/m2

G, cloudless sky global ?rradiance W/m2

H hour angle ' degree

Hp aerosol scale height km

I direct beam irradiance W/m2

T, spectral radiant intensity Wn2/st/um

Ix(o) spectral irradiance at top of atmosphere W/n?

I, cloudless sky direct beam irradiance . Wsz

I extraterrestrial irradiance on a horizontal W’/m2
surface corrected for the Sun-Earth distance

LAT locgl apparent time hr

LS longitude of station degree

LSM longitude of standard meridian degree

LST local standard time hr

No aerosol concentrgtion at ground level ug/m3

N, ‘aeéosol concentration at height Z ug/gm3
actual Sun—Earéh distance km
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APPENDIX 1 CONTINUED

Symbol Definition Unit
R mean Sun-Earth distance km
R, aerosol recovery rate dimensionless; %
T Linke's turbidity factor dimensionless
Ta transmittance after extinction by aerosols dimensionless
T spectral‘transmittance after extinction by dimensionless
aerosols
T4 dew point emperature °C
Tdf Linke's turbidity factor for dust free dimensionless
atmosphere
Toz transmittance after absorption by ozone dimensionless
Tp Polavarapu's aerosol factor dimensionless
TR transmittance after scattering by dry air dimensionless
molecules
Qabs Mie absorption efficlency factor dimensionless
QbS Mie backscatter efficiency factor dimensionless
Qext Mie extinction efficiency factor dimensionless
Qsca Mie scattering efficiency facto; dimensionless
Uyz equivalent ozone depth in the atmosp?ere mn
Uw pressufe and temperature corrected water it}
path’ length
U'w uncorrected water path length nm
Wy bulk scaétering albedo for aerosols dimensionless
Z altitude km
solar zenith angle degree
Zp height of top of atmosphere km

&%
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APPENDIX 1 CONTINUED

Symbol i Definition Unit

LOWER CASE ROMAN
a aerosol absorption W/m2
a,, ozone absorptance dimensionless
a, water vapou; absorptance dimensionless
b aerosol backscatter W/m?
b.bs Mie mass absorption coefficient m2/kg
L J Mie mass backscatter coefficient mz/kg
e vapour pressure Pa
eg saturation vapour pressure P,
f aerosol forward scatter W/ m?
g spectrally averaged asymmetry factor dimensionless
g acceleration due to gravity m/s2
g3 spectral asymmetry factor dimensionless
m optical air mass dimensionless
n(r) number density of a particle 8ize distribution m—3/um
P station surface pressure kPa
P) spect;al scattering phase function dimensionless
P, standard sea level presence kP,
q specific humidity kg/kg
v particle radius pm
A visibility km
X Mle size‘parameter dihensionless



126

APPENDIX ! CONTINUED

Symbol Definition N Unit
LOWER CASE GREEK
op Earth's effective albedo for clear sky dimensionless
ag molecular (Rayleigh) scattering component of dimensionless
the atmospheric albedo

ag surface albedo dimensionless
B8 Angstrom turbidity coefficient dimensionless
B abs volume absorption coefficient ™1

B ext volume extinction coefficient km_1

Bm volume total scattering coefficlent (molecular) km_1

Bp volume total scattering coefficient (particle) L
Bsca volume total scattering coefficlent (general) km—'1

8 solar declination degree

n complex index of refraction dimensionless
kA spectral mass absorption coefficient mz/kg

A wavelength Hm

u cosipe of zenith angle dimensionless
Wy singie scattering albedo dimensionless
Woy, spectral single scattering albedo dimensionless
¢ station latitude degree

¥ scattering angle degree

0 oxt extinction cross-section w?

9y spectral mass scattering coefficient mz/kg

. .

sca

gscattering cross—section
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APPENDIX 1 CONTINUED

Symbol Definition Unit

T optical depth dimensionless

T, ‘ aerosol attenuation coefficient dimensionless

Tak aerosol attenuation coefficient (Koschmieder dimensionless
formula)

T spectral optical depth dimensionless
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APPENDIX 2

TOTAL RECORDS AND DAYS OF DATA AT ALL STATIONS

Montreal Woodbdg. Goose Winnipeg Charlotte. Vancouv. Hamilton
hrs days hrs days hrs days hrs days hrs days hrs days recds days

Jan 121 43 34 15 89 35 17 6 1 1 - - - -
Feb 190 61 30 17 148 40 22 6 31 7 - - - -
Mar 263 64 171 45147 34 43 11 7 3 8 1 - -

Apr 301 74 302 77 8 20 50 12 13 3 - - - -
May 290 65 284 75 46 17 18 5 45 8 26 2 80 4

Jun 178 56 197 59 38 10 22 6 22 6 77 6 12 1

Jul 195 66 179 63 10 5 26 8 21 9 80 7 - -
Aug 190 54 181 55 15 5 12 5 31 8 12 1 - -

Sep 133 45 95 32 1 1 8 4 5 3 - - - -

Oct 139 52 125 40 7 4 446 9 6 2 - - - -
Nov 70 24 3L 11 8 213 5 5 3 18 3 -

Dec 102 30N 35 13 29 16 25 11 _11 2 - - - =
Totals Z172 635 1865 502 624 189 300 88 198 55 22120 92 5 (<

i
i
I

1968 134 49 85\\32 77 22 - - - -
1969 181 50 130 38 74 19 - - - - -~ -
1970 144 45 66 26 28 11 - - - - - -
1971 131 41 95 35 35 11 - - - - - -
1972 145 46 146 34 10 b - - - - - -
1973 112 42 68 28 63 17 - - - - - -
1974 212 60 190 58 74 21 - - - - 7 - -
1975 124 46 280 77 105 42 - - - - - -
1976 225 64 215 61 94 25 20 7 - - - -

1

1977 265 81 218 61 64 17 280 81 36 14 79 8 92
92

5
1978 499 111 172 52 = 162 41 142 12 -
Totals 2172 635 16657502 624 189 300 88 198 55 221 20 5

Sal

1974 recds days
July 69 5
Aug 34 2
Totals 103 7
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APPENDIX 3

THE EFFECT OF CHANGES IN OZONE TRANSMISSION ON T, AT WOODBRIDGE

A - S S—
Date LAT Tal Taz Iral Taz lozl - 022| A
17.4.74 oz, = 3.50 0z, = 4.15
7.5 0.006 0.004 0.002 0.3
8.5 0.019 0.017 0.002 0.3
9.5 0.037 0.035 0.002 0.3
10.5 0.047 0.045 0.002 0.3
11.5 0.056 0.054 0.002 0.3
12.5 0.067 0.065 0.002 0.3
13.5 0.072 0.070 0.002 0.3
14.5 0.078 0.076 0.002 0.3
15.5 0.075 0.073 0.002 0.3
16.5 0.063 0.061 0.002 0.3
17.5 0.058 0.056 0.002 0.3
19.3.77 = oz = 3.50 oz, = 5.60
7.5 5 0.072 0.077 0.005 0.2
8.5/ 0.073 0.079 0.006 0.3
9.5(_ 0.064 0.070 0.006 0.3
10.5 0.046 0.052 0.006 0.3
11.5 0.029 0.036 0.007 0.3
12.5 0.028 - 0.035 0.007 0.3
13.5 0.025 0.032 0.007 0.3
14.5 0.029 0.036 0.007 0.3
15.5 0.031 0.037 0.006 0.3
08.6.68 0z = 3.50 ozy = 3.20
9.5 0.453 0.454 0.001 0.3
10.5 0.479 0.480 0.001 0.3
11.5 0.469 0.470 0.001 0.3
12.5 0.466 0.467 0.001 0.3
13.5 0.485 0.486 0.001 0.3
14.5 0.436 0.437 0.001 0.3
15.5 0.376 0.377 0.001 0.3
16.5 0.307 0.308 0.001 0.3
x = lt. -t |
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APPENDIX 4

MEAN DAILY MAXIMUM AND MINIMUM VALUES OF 1, FOR CANADIAN LOCATIONS

Station Period ra(max)No. of Date ra(min)No.of Date No. of
hours hours days
per

period

Montreal 1968-78
Jan-Feb 0.087 8 14.2.70  0.037 8 15.2.74 8
Mar-Apr 0.119 9 11.4.71 0.020 9 22.3.76 26
May-Jun 0.224 8 21.5.77  0.051 10 15.6.78 14
Jul-Aug 0.478 9 28.8.74 0.023 11 21.8.78 23
Sep-Oct 0.329 10 20.9.68 0.020 8 23.10.77 10
Nov-Dec 0.055 6 19.12.78 0.007 8 5.11.77 10

Woodbridgel968-78

Jan-Apr 0.116 8 17.3.75  0.030 8  23.3.73 23
May-Juan 0.402 12 5.6.74 0.065 11  24.6.78 22
Jul-Aug 0.225 11 9.8.70 0.105 12  24.8.69 8
Sep-Oct 0.202 8  16.10.68 0.031 8  28.9.75 13
Nov-Dec 0.065 6  30.12.70 0.026 6 13.12.76 6

Goose 1968-77
Jan-Feb 0.105 8 27.2.69  0.013 7 22.2.75 17
Mar-Apr 0.066 8 18.4.75 0.014 8 13.3.77 17
May-Jun 0.092 9 6.5.75 0.011 11  22.6.77 3

Hamilton \ 1977 N

May-Jun 0.256 10 22.5.77 0.089 9 14.5.77 4

Vanco T 1977-78

Jun-Aug 0.105 11 26.7.77 0.039 12 20.7.78 13
Charlotte- 1978 .
town Feb/Dec 0.181 7 20.2.78 0.007 6 24.12.78 A
May-Aug 0.061 11 12.5.78  0.054 12 7.5.78 8
Winnipeg 1977
Jan-Mar 0.050 7 2.3.77 0.022 7 5.3.77 . 6
Oct 0.042 7 19.10.77 0.017 9 2.10.77 5
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APPENDIX 5a

SEASONAL FREQUENCY DISTRIBUTION OF THE NUMBER OF OCCURRENCES OF
CORRESPONDING Ta AND DRY-BULB TEMPERATURE VALUES FOR MONTREAL

(1968-78)

Season/ra Dry Bulb Temperature (°C) Total hrs.
Annual < 10 10 - 15 16 - 21 > 21
< 0.129 1053 243 200 160 1656
0.13 - 0.229 71 57 79 110 317
0.23 - 0.349 8 8 21 87 124
> 0.35 8 0 8 64 80
Total hours 1140 308 308 421 2177
Mean T, 0.070 0.087 0.116 0.204

Summer <15 15 - 20 21 - 26 > 26
< 0.129 213 163 141 13 530
0.13 - 0.229 26 46 56 38 166
0.23 - 0.349 0 12 38 43 93
> 0.35 1 4 35 27 67
Total hours 240 225 270 121 856
Mean T, 0.090 0.105 0.168 0.286
Spring/Autumn <5 5 - 10 11- 16 > 16
< 0.069 149 94 64 33 340
0.07 - 0.089 33 20 19 6 78
0.09 - 0.129 29 29 20 16 94
> 0.13 , 9 25 38 62 134
Total hours 220 168 141 117 646
Mean Ta 0.067 0.078 0.099 0.141
Winter < =20 -19 to ~10 -9 to O >0
< 0.049 88 149 96 33 366
0.05 - 0.089 38 91 63 31 223
> 0.09 9 67 45 35 156
Total hours 135 307 204 99 745
Mean fa 0.060 0.063 0.064 0.095
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APPENDIX 5b

SEASONAL FREQUENCY DISTRIBUTION OF THE NUMBER OF OCCURRENCES OF
CORRESPONDING T, AND WET-BULB TEMPERATURE VALUES FOR MONTREAL (1968-78)

Season/t1 Wet-Bulb Temperature (°C) Total hrs.
Annual <5 5 - 10 11 - 16 > 16

< 0.129 1034 247 294 82 1657
0.13 - 0.229 59 67 72 116 314
0.23 - 0.349 6 12 15 93 126
> 0.35 8 0 10 62 80
Total hours 1107 326 391 353 2177
Mean T, 0.069 0.091 0.100 0.235

Summer <5 5 - 10 11 - 16 > 16

< 0.069 86 107 246 77 516
0.13 - 0.229 2 25 45 101 173
0.23 - 0.349 0 3 7 88 98
? 0.35 1 0 9 59 69
Total hours 89 135 307 325 856
Mean T 0.083 0.087 0.093 0.238
Spring/Autumn <3 3-8 9~ 14 « > 14

< 0.069 198 105 39 10 352
0.07 - 0.089 43 18 12 2 75
0.09 - 0.129 41 28 19 3 91
> 013 12 39 39 38 128
Total hours 294 190 109 53 646
Mean T, 0.070 0.086 0.112 0.177

Winter < -12 -2 to -7 -6 to -1 > -1

< 0.049 208 106 20 29 363
0.05 - 0.089 122 47 35 21 225
> 0.09 . 68 32 36 21 157
Total hours 398 185 91 71 745
Mean T 0.063 0.056 0.085 0.097

a
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APPENDIX 6

MONTREAL (1968-78)

AND INVERSE OF VISIBILITY AT

All Summer Winter Spring/Autumn
v(km) i/v T, size 1 size 1, size 1 size
2.32 0.431 0.231 10 0.109 2 0.262 8 - -
3.10 0.323 0.215 4 - - 0.382 1l 0.159 3
4,75 0.211 0.272 16 0.433 5 0.1l46 4 0.229 7
6.40 0.156 0.235 43 0.296 24 0.129 11 0.196 8
8.00 0.125 0.252 40 0.294 22 0.194 10 0.209 8
9.70 0.103 0.237 57 0.313 29 0.105 11 0.195 17

11.30 0.088 0.236 22 0.371 8 0.117 5 0.182 9
12.90 0.078 0.222 69 0.274 39 0.118 6 0.162 24
14.50 0.069 0.247 4 0.284 3 - - 0.137 1
‘16.10 0.062 0.180 92 0.207 54 0.128 23 0.161 15
19.30 0.052 0.161 112 0.197 58 0.087 22 0.145 32
24,60 0.041 0.093 422 0.128 164 0.062 166 0.083 96
32.20 0.031 0.107 150 0,152 44 0.080 52 0.095 56
40,20 0.025 0.078 271 0.110 81 0.065 154 0.064 40
48.30 0.021 0.072 240 0.100 77 0.046 110 0.082 59
56.30 0.018 0.066 112 0.088 16 0.046 61 0.090 35
64 .40 0.016 0.059 79 0.074 28 0.045 23 0.055 30
72.40 0.014 0.047 428 0.052 208 0.041 79 0.044 143
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APPENDIX 7

ANNUAL CHANGES IN VALUES T, AT MONTREAL, WOODBRIDGE, AND GOOSE

Station Year All Season Summer Winter Spring/Autumn
1 size T size T size 1 size
a a a a o
Montreal
1968 D.161 134 0,219 40 0.117 46 0.154 48
1969 0.128 181 0.172 58  0.089 52  0.120 71
1970 0.146 144  0.214 37 0.107 76 0.162 31
1971 0.151 131 0.238 49  0.095 48 0.102 34
1972 0.098 145 0.118 81 0.075 26 0.072 38
1973 0.093 112 0.121 37 0.067 40 0.094 35
1974 0.090 212 0.173 56 0.045 111 0.100 45
1975 0.128 124 0.192 63 0.050 42  0.091 19
1976 0.100 225 0.145 105 0,058 81 0.066 39
1977 0.083 265 0.103 116 0.053 68 0.078 81

1978 0.068 499 0.091 211 0.050 156 0.054 132
1968-1978 0.103 2172 0.141 853 0.067 746 0.092 ~* 573

Woodbridge
1968 0.201 85 0.325 32 0.039 14 0.157 39
1969 0.107 130 0.098 60 0.065 36 0.168 34
1970 0.224 66 0.281 39 0.074 15 0.227 12
1971 0.148 95 0.180 52 0.081 5 0.112 38
1972 0.107 146 0.125 79 0.074 20  0.092 47
1973 0.103 68 0.131 20 0.049 29 0.157 19
1974 0.087 190 0.131 91 0.029 40  0.158 59
1975 0.129 280 0.164 168 0.068 33 0.080 79
1976 0.133 215 0.166 114 0.051 26 0.111 75
1977 0.103 218 0.128 92 0.084 64 0.085 62
1978 0.090 172 0.120 94 0.063 19 0.051 59
1968~-1978 0.121 1665 0.155 841 0.062 301 0.116 504
Goose
1968 0.055 77 0.055 15 0.053 58 0.081 4
1969 0.046 74 0.047 1 0.063 53 0.073 20
1970 0.058 28  0.075 5 0.056 12 0.065 11
1971 0.063 35 0.043 2 0.064 33 - -
1972 0.026 10 0.048 3 0.017 3 0.017 4
1973 0.047 63 0.059 7 0.044 51 0.061 5
1974 0.038 74 0.046 11 0.035 43 0.039 20
1975 0.047 105 0.082 26  0.029 66 0.066 13
1976 0.035 94 0.040 23 0.032 61 0.059 10
1977 0.031 64 0.028 16 0.026 41 0.084 7
1968-1977 0.047 624 0.054 109 0.043 421 0.061 94
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