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Abstract

The transmission of solar radiation through cloudy

atmospheres was -examing e"years of. continuous hourly
i N

radiation and meteorological records. Transmittances of ¢louds
were empirica]]y detérmined using dafa from five stafﬁons in -
sohtheén Canada, - Statistiéa] parameters were evaluated‘for
exponential, linear and constant expressions for trapsmittance
of global radiation. Parameters‘were also détermiped for ‘
gTéba] jrradiaﬁces;after correcting for multiple reflection
betweén the surface and‘atmosphere. Eiponéntial and linear
uncorrected resu]fs compared well with previous'work,,however
-marked differences wére noted in comparisons of constant
tr&nsmittance values for Canadé with those calculated for
Hamburg, Germany and those for Blue Hill, Massachusetts.
Mu]tip]e (ef1eé¥ion effects weré-showﬁ to enhance the surface
jrradiance By as much'as 30%. Results of regression ana]ysi§4f -
indicated transmittance to be effective]y'in@epéndent of..
zenith angle. ' "

Several expressions for.gétimating direct beam trans- o
mittance were tested in a numerical model using data from

three stations in eastern Canads. Results showed the present

form, the product of global radiation.and one minus the total

c]oud"opacfﬁy, performed best thereby justifying its further‘usage. -
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Results of direct beam and cloud transmixtancé analyées
wefe c9mbined~to estimate direct, diffuse and global surface

irradiances. Results:were compared with measured fluxes for

hourly, daily, monthly and monthly mean hourly time periods.

" Correcting for multiple reflection underestimated surface

3

irradiances. No improvement in performanceé was obtained in

models using uncorrected Canadian-derived parameters over

existing parameters determined for Blue Hill. -Underestimation

of transmittance by the corrected parameters was attributed
to the presence of undetected overlying cloud ab9ve the over-
cast deck. Although mean bias error values are better for

global -irradiances determined.using ‘the original Blue Hill

- parameters, it is shown that differences in model estimates

which used Canadian data are within thé range of uncertainties
on the calculated values of the solar constant, aerosol trans-

mission and surface albedo.
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CHAPTER ONE

INTRODUCTION

1.1 Introductory Remarks‘

K 2

Solar radiation is important to the environmental and
agricultural sciences since it is the drliving force for physical
processes in the Earth;Atmosphere System., In addition, it is
significant in the design and planning of solar energy systems.
The avdiiability’of measured radiation data however is spatially
and temporally limited. Although Canada's mea#urement network’
is extensive compared with many countries (Davies and fdso,‘1979),
large gaps exist throughout many parts of the country (Figu;e 1.1).

Data for these areas can be provided by calculations using nume-

rical models.

4

* Calculation procédures range in complexity from regression
equations which use either sunshine duration or cloud amount as
predictors of surface irradiance to numerical solutions of the
radiative transfer equation. The fatter require large amounts
of computer time since calculations muﬁt be made spectrally-which
Timits widespread usage. Regression mod¢1s. on the other hand, have

generally been developed for a specific location and may not be

1
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applicable elsewhere.
Between these two extremes are the "layer" models

(Atwater and Brown, 1974; Davies et al., 1975 Suckling and Hay,
1977)

These are simplified solutians to the radiative transfer
equation which avoid detailed spectral calculations and use
empirical expressions to calculation atmospheric attenuation

processes.

1.2 Treatment of Cloud '
,

Clbuds exert the greatest control on the transfer of
radiation and introduce the greatest uncertaihty into model
caicu]ations. The dncertainty arises for severalij}asons.
First, variable cloud geometry, size and structure produce - ’ ‘ E
large variations in optical properties even for‘clouds of the
same type. Secondly, large changes in clbud covér often occur ’
in a short period of time. Since clouds develop and disperse
"quickly, even hourly observations may ‘not be suffiéient]y »'ﬁ
frequent to sample the variation in cloud éonditjons throughout
the day. Thirdiy, surface-based c]pud observations of middle
and upper level clouds are o%ten restricted or‘prohibited
a1£09ether by the presence of lTower cloud. Satellites can’
provide ﬁ]oﬁd {nformation by remote sensing techniques but
Timitations in resolution, and confusion between ground and

cloud reflection limit its usefulness at present. At'best,

the use of cltoud cover data in layer models provides a crude

AR I I OO AP St
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approxzmat1on of real atmospheric cloud conditions.
Layer models use mean transm1531on properties of c]ouds '

in their calculations. However, these properties have received

little stgdy. The most comprehensive study to date by Haurwitz
(1948) used data collected at the Blue Hi11 .Observatory in
Massachusetts. He related measured hourly global radiation G
under overcast. skies at the surface to optical air mass m,

Gc = aj/m exp (-b3m) . , 1.1

where 56 and b are statistically determined parameters for
each cloud type, j. Only overcast conditions of one cloud type were
considered. A similar analysis for cloudless skies a11owgd‘c1ear'

sky irradiances to be calculated from j

H
]
/

G0 = aO/m exp (-bOm) ‘ // | : 1.2

Haurw1tz S parameter values have-been used in all 1ayer madels.
’Vow1ncke1 and Orvig (1962) have prov1ded the only study

of cloud transmissions in Canada. They investigated the vari- -

«

s

ability in transmittance of Arctic clouds. Results showed that

transmission va;ied significantly with season, location and solar

zenith éng]e. The variability in transﬁission of a particular

cloud type with location was often greater than the variability g

in transmission between different cloud types at one location. . , %
. y !

Transmission increased with latitude, solar altitude and was



. » -
> .- r

largest in winter. Seasonal and latitudinal variations were

-

'3ettributed to thinner clouds characteristic of colder environ-

&
¢

«—

Y ments, APCtIC clouds tend to be th1nner and more strat1form

than clouds 'in temperate zones due to reduced convect1on

0pt1ca1 depth and cloud top albedo increase with cloud depth

thereby réducing‘the radiation which enters the cloud and

attenuating more while passing through the cloud. Thus,less
radiation is transmitted through thicker clouds formed in
warmer environments where convective forces are stronger.

Solar altitude determines the angle of incidence of direct

. beam radiation. +As the angle of incidence decreases in summer, v

cloud top albedo decreases, thus transmitting more radiation.

However, the tﬁicker clouds in summer attenuate more radiation

hence negating the effect of decreased cloud top albedo.
Sch%ftzer (1975) attempted to redefine Haurwitz's c]oua

coefficients using the same method as Qaurwitz with data for

o

Southern Ontario collected during the International Field Year = ‘

for the Gréat Lakes (IFYGL). Data for Kingston, Peterborough and .
Trenton were poo]gq to establish a large énough data base. There
were, howevek,few observations.of overcast cumuloform clouds.
Results of a test w1th the revised cloud coeff1c1ents showed

that transm1ss1ons were reduced suggesting cloud transmittances |
determined for the Canadian stat1ons were smaller than those for
Blue Hill,

Atwater and Brown (1974) used Haurwitz's data to express

“transmission tj as a linear function of optical air mass.

R
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t.=c¢c.+d.m = ' . o]
"J J

Morqrecent]} Atwater and Ball (1980) obtained ¢ and d values
for cumuloform clouds using data from thé Global Atmospheric
Research Program's Atlantic Tropical Experiment (GATE). The

data, obtained from ground-based, plane and satellite obser-

- ‘vations, were very limited (August 30-September 19, 1974),

However, their results did show that cloud transmission is
independent of solar zenith angle (and, theréfore, of air mass)
and a constant mean transmittance value could be épp]ied to a
specific c]oudAtype. This -air mass independence was also noted
by Kasten and Czeplak (1980).

" Cloud cover a1§o determines the atmospheric t}ansmission
of direct beam radiation to the surface. Under cloudless skies,
many models estimate surface irradiance to an accuracy within

5%, (Lacis and Hansen, 1974; Hottel, 1974; King and Buckius,

1979). Results are much poorer however, when cloud is present.

Direct beam radiation has been calculated in the layer models
from various.measure; of'sky transmittance; (i) 1-CA, where CA

is the fractional cloua amount (Davieé and Hay, 1978), (ii) 1-CO;
where CO is the fractional cloud opacity (Davies, 1980), or.
(iii) s, the duration of sunshine (Suckling and Hay, 1977).
Although sunshine duration should be difgctly related to the
direct beam i;radﬁhnce, results of layer models which use sun-

shine duration as an indicator,of sky transmittance have been

unimpressive., This may be due to the inability of the Campbell-
\
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stokes sunshine recorder to register weak irradiances at large
zenith angles, thus underestimating sunshine duration and the

recorder's tendency 'to "overburn" the recording paper when éunny

and cloudy periods alternate quickly, hence overestimatfng sunshine.

r

1.3 Afisof the Study

This study examines the transmission of global and direct
beam solar radiation througn cloudy atmosphéres. Nine years of
hourly data records from 196?—1976 collected at five stations
across Southern Canada were QSeq to develop mean transmission
properties of clouds for Canaaaf Analytical prbcédures identical
or similar to those used in pfevious work are employed to evaluate
cloud parameters for several transmission expressionz. In addition,
various methods of calculating thé direct Peam irradiance at the
surface are tested. Revised beam and global radiation transmit-
tances are then computed in a layer model and the results compared

with those obtained with the Haurwitz cloud parameterization.

\
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CHAPTER TWO

TRANSMISSION OF SOLAR RADIATION THROUGH CLOUDS

2,1 Theoretical Background

1

The transmission of solar radiation through a cloud is

determined by, optical depth, single scattering albedo of the

ceoud droplets and the assymetry factor of those droplets. .

Sﬁecification of these variables is difficult since the geémetry

and microphysics of clouds are highly variable even for clouds

of the same type. Theoretical transmissions can be calculated

uéing the Mie theory for‘model clouds with specified boundary

conditions.’

Clouds are assumed to consist of spherical water droplets

with geometrical cross-section GX given by

GX = wrz

where r is the radius of the cloud droplet. The optical cross-

section for extinction

CEX

is the area normal to the incident

beam which would attenuate the same amount of radiation as the

spherical particle. 'The»efficiency factor of extinction Qex

is the ratio of optical to geometrical cross-sections of the

Y

8

2.1

A

R
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cloud droplet.

Gy = CoyX . 2.2
It is a function of the radius of the droplet and the complex -
index of refraction, Mo The imaginary part of the index-
controls the fraction of the attenuation due to absorption
(mIMAG) while the real part determines attenuation by scattering

(mREAL)‘ It is given by,

MR T MReAL T "mac T , .3

where 1 = /T ., If Mg = O» the particle only scatters. The
efficiency factor is also a function of wavelength A. The size
of the droplet and wavelength of radiation are often combined

into the Mie size parameter X given by,
X = 2mr/) B 2.4

For a monodispersion of cloud droplets (all of the same particle

size) the optical cross-section of extinction is

C._ = GXQex(m

ex X) 2.5

However, clouds are always a polydispersion (more than one particle

size) hence, this expression must be integrated over the entire



”
-

range of radii. The total optical cross-section per unit

volume is the extinction coefficient By and dis calculated

from

x

‘ _ 2 -1
Box = é n Qex(mIR' x) n{r) dr(km )

whére 1n(r) is the number of partic]es'per unit volume w;}p

2.6

radii in the interval defined by r tb r + dr. The ext{nction

coefficient is the sum of a scattering component Bsc and an

absorption component £ b

2.7

This applies to a specific height in the atmosphere. To

determine the extinction coefficient for a layer (i.e. & cloud
Tayer) within the atmosphere, Equation 2.6 must be integrated
between the upper and lower boundaries, 2 and Z,. This is

the spectral optical depth, 1 of the particular layer.

<
Single scattering albedo Qo’ is a measure of the

gffectiveness of scattering by the particle relative to total

extinction. . It is given by,

Qo - Qsc/Qex - Qsc/(Qsc * Qab)

2.8

2.9

[P,
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1

b

The assymetry factor ¢ summarizes the distribution of
-Tight scattered by the particle. It ispdefined as the integral

over all solid-angles of PF(CUS‘vﬁ/Qhere P. is the phase

F
function and y , the scattering dngle between an impinging

and scattered ray. ' ' ,

T
g = <cos y> = [ PF(cos v) cos vy d(cos v) 2.10
. g . _

This “integral. can be separated into two parts.

1 ‘ -1 ,
g= f (PF(coa v} cos y) d(cos y) - [ (PF(cos Y)
0

cos y) d{cos vy) ' ‘ ‘ 2.1

These represent scattering in the forward and backward direction
respectively. From this equation it can be shown that the ratio

'

of backward to forward scatter bf is given by,

bf = 0.5 (1 -~ q) . ' 2.12
A value of g = 1 indicates complete forward scatter; -1 complete
backward scatter; and 0, isotropic scattering.

Following Pa]tridéé‘aﬁd Platt (1976) transmission TR

through a Homogeneous cloud layer can be determined from the

two-stream- approximation of the radiative transfer equation as,



. 2 ' 2 '
Tp= 4/ tlu + V)7 explrgpe) - (u - 1) exp(~T e)] 2.13
2 wh
o1 = - s
where u (1 Wyt 2 bfwo)/(l wo) | ‘ 2.14
and 1 . = Y3 u(l - WO)T : . ' 2.15

These variables depend upon the drop-size distribution
- within the cloud and the physical geometry of the cloud, both of
which can only be estimated. However, scatteriné by water droplets
(gnd ice crystals) is known to be strongly anisotropic in the forward
direction, hence the assymetry factor g should be quite close to
unity. Various theoretical studies haQe used the values 0.875
(Danielson and Moore, 1969), 0.80 and 0.95 (Joseph, Wiscombe, and
Weinman, 1976),0.786 (Shettle and Weinman, 1970; Irvine', 1968) and
0.75 (Liou, 1973). Because water and icé particles absorb very
Jittle in the visible and near infra-red rahge of the spectrum values
" of the single scattering albedo are generally assumed to be one or
ver; close to one. Since the real and imaginary refractive indice§
of water are very similar to those of 1ce;”the single scattering
albedo chapées Tittle for different types of cloud consistiné of ice
or liquid water particles. |
' 'Optical depth of the cloud does vary §1gnificant1y since
Tt i}/a function of both‘the spectraluextinction”coeffifient and
thé/geometrical depth of the cloud. Theoretical values of extinct-
’1bn coefficients have been calculated by Carrier et al, (1967)

‘for various types of water clouds. Liou (1973) determined values

for cirriform clouds consisting mainly of ice particles. The
{

12
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T~ : 13
extinction coefficient for a barticujar cloud type changes very
little over the range of ‘solar waveiéhgﬂm used..._Hence opticai depth

is relatively independent of wavelength in the visible part of the !

spectrum.
2.2 Empirical Approach

Layer models use mean empifica]1y determined cloud trans-

mission properties. These are calculated from long-term records ‘

of surface-based observations for global irradiance and cloud type.

P

The climatic-mean cloud type transmittance for a single layer of

cloud is given by

ti =\:]/Cf[G(] - us(xb.)/ GO - (1 - Ci)]l A '2.]6 -

‘
where Cj is the fractional cloud cover, GC and Go'are the

global irradiances under cloudy and cloudless skies respectively

-

ug is the reflectivity of the surface and ap s the‘reflectivity

X

of the atmosphere for surface reflected radiation. However, for
partially clouded skies, fractional cloud cover is difficult to
determine accurateiy. Hence, only cases of ten-tenths cloud have -

been considered (Atwater and Ball, 1981). Equation -2.16 then

reduces to

ty =600 -aq)/6, : ’ 2.17 P
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This expression rehoves the effects of multiple reflection between
the surface\and atmosphere, With the exéeptﬁén of the study by
Atwater and Ball (1981) tﬁis correction has bgén neglected in
previous studies gven thouéh it often significantly enﬁances
surface fluxes. In the presence of,snow-cover,gspecial]y in high
Tatitudes, this effect becomes even more important. Holmgren
and Weller (1973) noted that the 1nc6ming solar irradiance
decreased only slightly under overcast conditions compared with
cloudless sky'values over an extensive Arctic snow-field. This
decrease was about 15% for measurements made in April.

Hdurwitz neglected multiple reflection effects and related
global radiation under overcast and cloudless sky conditions to
optical air mass using Equations 1.1 and 1.2. The statistically
determined coefficients a.s ag, bc anq bd were then used by

“MacLaren et al.k1979) and Davies (1980) to determine values for

the parameters A and B in the transmission expression.

(ed
5"

A exp(-Bm,.) ( 2,18

where Y A

]
[=1]
(@}
~
=4

and B=b -b

-+ Since cloudless sky estimates of global radiation are
generally good, transmission has also been calculated semi-

empirically from measured irradiances under overcast skies and
7

[ s

- e,

b e A
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theoretical values of cloudless sky-«irradiance. Schertzer(i974),
Davies_et al (1975) and Suckling and Hay (1973) have used calculated
va]ues§¥or cloudless éky global radiation tovcompﬁte transmission

in layer models. Davies and Hay (1980) showed that cloudless sky
global irradiance estimates calculated by the MAC model compared
well (within 1%) with those reported by Brasiau and Dave (1973)

who used detailed radiative transfer calculations.

Atwater and Brown (1974) used the same data as Haurwitz
(collected at Blue Hill) to derive transmittance}coefficients for
a linear expression (Equation 1.3). ResuTts from.models using
either form have been very similar. Kasten and Czep]ak (1980)
explain why such similar results occur. The exponential term in

Equation 2.18'can be expanded to yield,

erz er3 .
exp(-Bnr)= (1 -er + *‘ZT TS + ... ) 2.19
Since B is small, this expression can be truncated after the second
term such that transmittance can be approximated by the linear
relation,
it
t1 = A - Aer : - 2.20

%

Working with ten years of data co]]ecépd at Hamburg, Germany
Kagten and Czeplak presented climatic-mean cloud type transmissions.
They further suégested cloud transmission is independent of geo-

graphical latitude and their values are valid for any location with

15
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4

a climate similar to that of Hamburg. However, they neglected the §
‘effeEts of multiple reflection in the caiculations. Atwater and
Ball (1981) included multiple reflection effects in their study
and obtained significantly different results from thbse'reported
by Kasten and Céep]ak. ance multiple reflection was not considered
by Kasten and Czeplak, it does not seem justified to suggest that
results for Hamburg should apply elsewhere. ‘ |
It is important to emphasiie that layer models which use

the Haurwitz cloud transmittances and calculate a separate multiple
reflection component are including these secondary gf?écts n+1
times, where n is the number of cloud layers. This might be
.expected to result in consistent irradiance overestimafés by the
model. However, this is not-indicated by previous results from
the models. A possible explanation for this is that transmittances
are determined from overcast data collected when undetected -cloud
was present above. the 16wer overcast deck. This would result in
“transmittanﬁes being suppfessed.' If multiple reflections are not
removed from the data before calculating transmittance, they tend
to ;ompensate for effects from these unseen cloud layers. The
consistently good resu]fs from previous tests (MaclLaren et al.,
197§) of layer model performance suggést that these th effects
do compensate.

Afwater and Ball introduce a further complication, They
suggest that transmittances‘qexermined for an overcast layer of
cloud are not necessarily t;;ical of cloud in non-overcast con-

ditions. Clouds of a single type may be thicker in overcast

Tt ity - Lme

([ SRR



\

than in partia]iy cloudy conditions. If this is so, cloud trans-

mittances are underestimated since they were determined under over-
cast skies. ' |

’
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CHAPTER THREE

DETERMINATION OF.CLOUD PARAMETERS

3.1 Data

-

Cloud transmittances were determined using long-term averages
of hourly radiation and meteorological data provided by the
Atmospheric Envfronmeﬁt Service for six Canadian stations. These
stationskwere selected, to represent the climatic conditions across
the southern,ﬁost.heavi]y populated parts of the country. $tations
chosen were; Toronto and-Montreal (urban), Charlottetown (east

‘coast, maritime), Goose Bay (sub-arctic), Winnipeg (continental)

and Vancouver (west coast, maritime).

L)

Nihe years of data (1968-1976) were used. In 1977 the
Atmospheric Environment Service implemented a new system for
recording cloud amountswhich is not suitable for use in existing

layer models. Hence, Uata after 1976 were not considered in this

study.

Récérds of global and diffuse radiation were available
for Toronto, Montreal and Goose Bay; Op]y global radiation was
measured at the othér sﬁétions for the period 1968-1976. Radiation
is measured at all stations with Moll-Goryznski (Kipp) pyranometers.

A shadow band is used to occult a second similar s?nsor to measure

‘

_ 18 -
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the diffuse flux. The AES corrects measurements to include the

diffuse irradiance shaded by the bénd. Latimer (1972) states

that the accuracy of the pyranometer is approximately 4% after

correctinglfor temperathre dependence. All necessary data were

provided by the AES on magnetic "tape in the fonmat described in

Appendix C. . ‘

Hourly records of overcast sky conditions where one cloud
type completely covered the first recorded level of cloud were
extracted from the data. Lack of sufficient overcast data for most
cumuloforn clouds prevented analysis of their transmission. Also,
no observations of overcast alto cumulus castellanus (ACC) or
cirro cumulus (CC) were recorded. Stratus fractus (SF) was not
considered separately from stratdg (ST) becuase of its physical
similarity. The following sevén cloud types remained: (T)”a1to.
cumulus (AC), (ii) alto stratus (AS), (iii) cirro stratus (CS),
(iv) cirrus (C1), (v) strato cumulus (SC}, (vj) stratus (ST), and
fog (FOG). The number of observations for each cloud type -is
éiven in Table 3.%.

Global irradiances and air mass values were sorted into
" fifteen air mass intervals beétween 1.0.and 5.0. Since irradiances
for air masses greater than 5.0 are extremely small, data far
zenitﬁ angles greater than 78.5° were not cdnsidered in the analysis.
Radgation and air mass means were calculated for each interva]
yie]ding'a maximum of fijfteen data points. Mid-points of the air

mass intervals were 1,1, 1.3, 1.5, 1,75, 2.05, 2.35, 2.65, 2.95,

3.25, 3.55, 3.85, 4,15, 4.45, 4.75, 4.95. This procedure was’

|
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TABLE 3.1

Numbers of Observations with Overcast Conditions

Cloud Goose Charlottetown Montreal Toronto Winnipeg -
Type Bay ‘
AC 52 147 212 191 218 / S

ACC 0 .0 0 0 0o .
AS 81 62 97 - 92 - 170

cC 0 ] 0 0 . 0 0

cS 116 36 102 . 129 172

CI 97 18 39 92 162

C8 0 4 7 8 7

cu 0 30 3 64 16
CF 0 0 .6 14 0

SF 64 1102 235 236 279
TCU .0 0 9 18 0

NS 3 0 39 . 121 )

SC 756 1273 1069 1094 1545 !
ST 69 254 141 167 499
FOG 34 287 ' 59 252 69

OTF 605 | 351 318 209 169

L e Ly e o
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repeéted for each station except Vanhouver which w&g excluded to
permit ‘testing of the statistically derived transmittance parameters
at a completely inHependent station. Mean values for the five
stations considered were also pooled to determine cloud type para-

meters applicable to Canada in general,
3.2 Calculation of Relative Optical Air Mass

The formulation given by Rogers (1967) is used to calculate
relative optical air mass, m. . This formula was selected over
the commonly used secant of the zenith anglé becayse it allows for
refraction effects which occur at large zenith angles. This value
is. correcfed for atmospheric pressure by multiplying by P/Po'

Where P is station pressure (kPa) and P, is sea level pressure

(101.3 kPa). Air @ass is given by,

m. = 135/(1224 u” + 1) P/ | 3.1
whére Mo is the cosine of the zenith angle and is given'by
wo=sin ¢ sin 8 + cos ¢ cos § cos h 3;2

0

in which ¢ is station latitude, & solar declination and h the

solar hour angle§1n degrees, Hour angle is calculated from

h=15}12 - LAT | 3.3

A e o e gttt e ¥ S

.
o e

=



22

where LAT is local apparent time calculated from L

LAT = LST + ET/60 + (LMS - LS)/15 3.4
where LST is local standard time, ET is the equation of time-(in
minutes) and LS and LMS are the longitudes of the stat19n and’ the
standard meridion of the appropriate time zone. Values of solar

declination & , and the equation of time ET are determined using

Spencer's (1971) equations,

§ = 0,006918 - 0.39912 cos 8. + 0.070257 sin 00

0.006759 cos 2 8_ + 0.000907 sin 2 O
3 0 °

0.002697 cos 3 8. + 0.001480 sin 3 8. . 3.5

ET

i

0.000075 + 0.001868 cos 9, - 0.032077 sin 8

t

0.13615 cos 2 00 - 0.040840 sin 2 Go 3.6

where 00 is the angle (in radians) defined by the day number,

dn' Day number ranges from 0 on January 1.to 364 on December 31.
: 90 = 2ndn/365 o 3.7

Also needed for astronomical calculations is the radius vector
(R*/R*) which accounts for the elliptical shape of the earth's

orbit around the sun. It is also a function of 8 and is given

" by Spencér,

i  a

[
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(R*/R*)2 = 1.00011 + 0,034221 cos 00 + 0.00128 sin 90

a

- 0.000719 cos 2 QO + 0.000077 sin 2 Qo 3.8

3.3 Re-evaluation of Cloud Transmittance Parameters using the

Original Haurwitz Method .

Parameter values for Equation 1.1 were determined by
applyipg the standard least squares procedure to the logarithmic

transformation of Equation 1.1 given by

¢
-
~

n Gc = %n aC - nm - bcm . 3.9

This method was used by Haurwitz and is referred to as Subroutine

EXPFIT,

N
\

3.3.1 Results \\\

Values of a. and bC for individual stations as well as
those determined for the pooled datA are given in Table 3.2. Also
presented are those values of 2, and bC determined by Haurwitz.
The parameter values were used to calculate the irradiances plotted
in Figures 3.1 - 3.7. |
Irradiance curves for Blue Hill and the pooled Canadian data are

yery similar for alto stratus, cirro stratus, cirrus and strato cumulus.

23
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Global irradiance curves for altostratus
cloud for individual stations, pooled data
and the Haurwitz transmittance parameters.
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Figure 3.3 Global irradiance curvés for cirrostratus
cloud for individual stations, pooled data
© and the Haurwitz transmittance parameters.
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Figure 3.4 Global irradiance curves for cirrus cloud
for individual stations, pooled-data and
the Haurwitz transmittance parameters.

27

- e

b

PERE



meaNCE (KJ/Mee2)

cLOBRL IRRADL

3200

2400

1600

0
140 240

H

STRATGCUMULUS ‘

e PR

lndividual gtation

canadian (Poo1ed) .o

Blue Hi

1

Q

Figure 3.5 Global

oPTICAL AIR MASS

jrradiance cury

cloud for indi

and the

Haurwi

yidual st
{7 transm

ations,
jttance

es for statocumu1us

pooled data
parameters.

28

[

1



;"
st TS

o i S st
L

P

e

a-



KJ/ Med2 )

. 0BRAL IRRQ:IQNCE ¢

F0G

3200

2400

1600

Figure 3.7

1ndjvidua1 Station

ganadian (?oo\ed) °
glue R o
\
\‘
&
- dt::s:;1>245,_.ﬂ~‘5?~_*r__“ﬁ__,_,_,._,,“
e —— .

B M

2.0

Gtoba
indiv

3.0

~L_,L.,L_,L_,L_—J..J.
'

oPTICAL RIR MASS

1 jyradiance curve

jdual st tations; poo

Haurwwtz transm1ttance

s far 09 for
oled datd “4nd the
pa arameters .

D)

30

o TS

epan i

M;«...;,&M R

o o™



Cloud
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AC

AS
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cl

5C

ST

FOG
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TABLE 3.2

Parameter Values ,for Haurwitz's Radiation Model

Blue
Hill

2199
112

1633
.063

3648

148

3443
.079

1453
.104

+ 997
.159

645
.028

Goose Charlotte-

. Bay

1661
.058

1668
.025

3639
.102

3365
012

1536
. ]00

1770
. 202

354
-.306

town

1688
0120

2236
.28

2842
.045

4760
.243

1598
.100

1325
137

1105
.096

Montreal
1371
.058

2184
173

2927
.055

3714
.105

697
.045

862
.070
2245
.202

Toronto Winnipeg Pooled:

1688
Ja15

1875
.097

3500
.14%

3423
.067

1447
J13

958
.025

779
.017

1286
-.060

1733
> 015

3577
.104

3444
.070

1294
-.024

1210
-.012

1794
.118

1526
. 059

1791
.070

3248
.088

3361

.043

1361
.07

1149
.073

982
.018
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The Blue Hill curves lie within an envelope defined by the set of
“individual station curves. Curves for strato cumulus, the most common
cloud type, are Very similar. For stratus and fog the B]pe ﬁi]]'
curves define the lower boundéry of the group of Canadian irradiance
‘curQes.

The largest differences between Canadian and Blue Hill
curves are found for alto cumulus. Canadian irradiance values are
systematicaliy smaller than those for Blue Hill for air $ses up
to 3.0. Since this range of air mass (1.0 - 3.0) includes most of
the radiation observations throughout the day, this difference will
lead to consistently smaller transmittances for alto cumulus. It
isAdifficult to explain why such differences should occur. It will

be shown later that seasonal variation may ‘be partially responsible

! ‘ |
for the differences. f

. . \

Significant differences Aetween‘the Blue Hill and Canddian
results are confined to alto cumulus. Blue Hill curves for the other
cloud types either compare very well with the pooled data curves or
lie within the group of curves for the Canadian stations. This

suggests that regional variations in the opticaf characteristics

of at least six of .the seven cloud types considered are minimal .-

3.4 Calculation of Transmittance Parameters after Correcting for

Multiple Reflection

~
~

Multiple reflection effects are shown schematically in

Figure 3.8. Radiation at the surface K¢ is the sum of the trans-

32
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Figure 3.8 Schematic illustration of multiple reflection of
transmitted radiation (t) between ground surface
(as) and atmosphere (.xb).
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mitted radiation t , and numerous secondary diffuse components

arising from multiple reflection (abast + deaSZt + ab3as3t + .f.}

‘.
2 2
=t + + +
K¢ = t abgst U O t+ ...

= t/(l - abas) 3.10
where & and w, are the ref1ectivif1es of the surface and™
atmosphere respectively. Hence the actual transmission before
multiple reflection is v

‘|
I N
t = Ky (1 - ubus). 3.1

¢

Atmospheric albedo is the sumvof individual contributions of
Ray]eight(qR) and aerosol scattering (ua) and that of cloud effects
. {a ).

c Rayleigh effects are assumed to operate only in the cloudless

portion of the sky (1 - ICA)(and are calculated from

ap = (1 - TCA) 0.0685

3.12 -
where TCA is the total ‘cloud amount. Unde;‘overcast skies ap = 0
Aerosol effects are assumed to be limited to the atmosphere below
clouds and are given by .
= “ ' W - '
ay (1 T, ) wo(l f') 3.13

34
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where Ta' is the aerosol transmission at an optical air mass of

1.66 (Kondrat'yev, 1969)-and f' 1is the ratio of forward to total

scatter by aerosol /also at that air mass. The contribution of

cloud to the total atmospheric ref]ectivity is calculated from

a. F A TCA

where &C is the average cloud base albedo set at a constant value

of 0.6. Thus atmospheric reflectivity is given by
®
a = ap + o + o
| Surface albedo is calculated as a functioq of surface |
temperature TS using an algorithm developed for the MaclLaren
study. Surface albedo is assigned a value ALOW if surface temp-

erature is less than a prescribed TLOW and AHIGH if T exceeds

THIGH. Thus,

[ Xd

ALOW  when TS TLOW

o =
AHIGH when TS > THIGH .

If TS lies between these two temperatures an intermediate value

of surface albedo is calculated as follows:

=
"

“ALOW + §us/6TS éTS

114

.ALOW + (AHIGH - ALOW)/(THIGH: - TLON')(TS - TLOW) |

E

3.15

3.16
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Values assigned for these variables are given in Table 3.3.
Transmi ttance parameters (ac and bc) were determined using '
Subroutine EXPFIT and also using a non-linear least-squares method.

Since Subroutine EXPFIT uses a logarithmic transformation of

Equation 1.1, parameter values are determined by‘minimizing the
sum of squares of .the differences between ihe logarithms of
the measured and calcu1a£ed global irradiances. Non-
linear least squares ngthds minimize the sum of squares of actual
differences between actual measured and calculated global irrad-
iances. Two non-linear methods were tested. These-are referred
to as Subroutine GRIDLS (Bevington, 1969) and Subroutine NLLS?
(Marquardf, 1961). Both methods yielded similar results however,
Subroutine GRIDLS was selected over NLLS? because of its simplicity
and less computer time requirements, |
The Bevington method uses an 1terative grid séarch technique

which minimizes the sum of éqhares of the differences between mea-
sured and calculated irrdd{ances to evaluate the transmittance
parameters. Using mean values of global radiation for specific

air mass intervals permits the "fit" to be weighted according to
the standard deviation of.the actual measured irradiances around
each mean, The aneighted and weighted solutions are referred to

as Subroutine GRIDLS (0) and GRIDLS (1) respectively. . ‘

3.4,1 Results

A

N

Estimates of the transmittance parameters for individual
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TABLE 3.3 |

Data for Calculating Surface Albedo

L)

Station TLOW ALOW AHIGH THIGH

Goose Bay ~-3.0 0.6 6.0 0.2

Charlottetown !
Montreal

Toronto -6.0 0.6 3.0 Q.2

Winnipeg

R e

e
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stations and for the pooled data aré given in Table 3.4. Plots
of global jrradiances calculated from parameters determined from
pooled data after correcting for multiple reflection effects are
shown in Figures 3.9-3.15.

Irradiance curves plotted for parameters determined using
GRIDLS (0) and EXPFIT are almost identical for all clouds. This
1s explained by the relatively small range of global irradiances
in terms qﬁ orders of magnitude. Had giobal radiation values

ranged over numerous orders of magnitude (ie. 102 ]0)

-10°7), a
togarithmic transformation would yield significantly different
results because it miniﬁizes the sum of s&%arés of the differences
ot the logarithms of the measured and calculated irradiances.

Over the small range of radiation values measured (10
however, the transformation has little effect.
For high clouds, weighting the fit wesulted in larger

irradiance estimates than those from the other methods, whereas

estimates for the other cloud types were slightly reduced by weighting.

This is a result of less scatter in.the distribution of individual
measured irradiances for cirriform cloud than for Tower cloud types.
This can be attributed to the lack of any overlying cloudohbove an
overcast of cirrus., For lower overcasts, overlying cloud may or

may nb£ be present. Therefore more uncertainty ;; introduced which
reshits in a greater scatter in the data and hence larger standard
deviations especially at small air masses (Figures 3.16a, b). This
causes more significance to be placed on the values of the minimizat-

L 2 .
ion parameter ¥~ at larger air masses (where less scatter occurs
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Figure 3.11

Figure 3.12
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Global irradiance curves for cirrostratus
cloud after correcting for multiple reflection.

Global irradiance curves for cirrus cloud
after correcting for multiple reflection.
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3.3 STRATOCUMULUS
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3,13 Giobal jrradiance curGes for stratocumu\us

Figure
cloud after correcting for mtiple reflection.

: stratus cloud

figure.3.14 giobal jpradiance curves for
after correcting for mu\tiple reflection.
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Figure 3.1% Global irradiance curves for fog after )
correcting for muitiple reflection.
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Figure 3.16a, b Distribution of scatter in overcast
global irradiance measurements of
altocumulus (a) and cirrus (b) clouds.
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TABLE 3.4

Parameter values for Haurwitz's padiatidn mode] using cérrected
mean global irradiance data for Canada.

AC

AS

Cs

CI

SC

ST

£*
GO*
G1*

GO
G1

GO
Gl

GO
Gl

GO

" Gl

G0
Gl

GO
Gl

T oo TR O TR OO o T U OO o O UT TR T OT T

:Goose Charlotte- Montreal Toronto Winnipeg Pooled
town’

1461
.098
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.060
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1608
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2064
.224

2887
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.103
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062
3660
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995
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because of lower radiation levels) where standard deviations are
smaller, Hence smaller parameter estimates are obtained.

[}
H

3.5 Analysis of Seasonal Variation

Lack of sufficient data for cirro stratus, cfrrus and fog
prevented seasonal analysis of their transmittance characteristics.
Statistical parameters were calculated for alto cumulus, alto
stratus, strato cumulus and stratus. Grouping the data into seasons
also prec]udéd the use of radiation means., Actual unmeaped data
were used. Table 3.5 1ists. the numbers of‘observations for each
station and cloud type during the four seasons. Seasons were |
defined as: |

Winter: December, January, February

Spring: Mgrch, April, May

Summer: June, July, August

Autumn; September, October, November.
3.5.1 Results

Seasonal parameter estimates for Equation 1.1 were deter-
“mined using uncorrected and correéted global radiation values for |
indiv%dua] stations and the pﬁo]ed data. Because actual data rather
“than means were uéed‘tnggfitg could not be yeighted. quroutine

GRIDLS (0) was used to calculate the parameter values which are
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TABLE 3.5

Number of hours' of data within each season at each station for each
of four cloud types

Cloud Season Goose Charlotte- Montreal Toronto Winnipeg Pooled

o ot IR ol AR e £ =

town
AC 1 9 34 49 32 58 182
2. 25 42 70 89 69 295
3 1 51 57 46 46 21
4 7 20 36 24 45 132
AS ] 20 29 46 - 45 78 218
2 44 22 39 34 56 195
3 13 5 7 8 9 a2
4 4 6 5 5 27 47
sC 1 89 277 318 - 416 336 1436
2 385 395 329 295 462 1866
3 139 267 144 119 258 927
4 143 334 278 264 489 1508
ST 1 5 44 51 73 172 345
2 33 . 19 32 40 146 370
3 19 53 13 25 32 142
4 12 38 45 29 149 273



listed in Tables 3.6 and 3.7. Curyes for the pooled data parameter
estimates are shown in figures 3.17 - 3.24. Also shown are curves
for pooled (all-season) data, It is evident that a seasonal ’
variation exists. Irradiances are greatest in winter for all
c]opﬁ'types and genera%1y lowest in summer. These seasonal differ-
ences are reduced when-parémeters from the corrected data are used
to calculate global irradiances. However, again, irradiances are
sti}l largest in winter for all-cloud types. These Eeasonal

differences are better 111ustréted in‘the next section where cloud

transmissions are examined.

“~




Cloud Season*

AC

AS

sC’

ST

TABLE 3.6

Seasonal parameter values for four cloud types using
uncorrected global irradiance data.

P WHN —

&

48

Goose Charlotge-~ Montreal Toronto Winnipeg Pooled . ~~

3892
21
2518
192
1059
212
1676
.102

T U U T o

6598
.355
1327
-.092
2020
.337
2233
141

To O O T

2693
149
2031
.200
1509
.290

939

T o o T

5221
.309
2726
.334
1812
.385
1475
.167

T oD T

Winter
Spring-
Summer”
Fall

-,019

town

2338
.101
1935
.227
1793
.289
2592
.295

1987
.027
2455
.264
742
-.354
2281
.192

2234
.133
1648
.094
1882
.2
1476
147

3680
.347
1257
128
1364
-.212
1558
.298

3648 5082 4024 2978w

,253 .379 .186 .14%“7_u
1499 1865 1324 173
.079 .181 -.123 .109
11563 1878 1095 1434
.100 . 257 117 191
1222 1123 925 1238
.098 .065  -.101 .039
2672 4795 2597 2562
161 .361 .085 .14
3222 2417 2599 2278
424 .218 .156 161
1961 - 1012 1478 1284
.296 -.023 .408 .102
998 1031 © 1225 1305
-.068 - -.053 -.007 .010
1381 2006 2403 1762
115 137 .068 .065
1024 1225 1629 1567
.098 .089 .078 124
1811 1862 1581 1760
.378 .304 .206 .278
827 1253 852 1017
.070 135 -.094 . .023
1055 1240 2132 1483
.063 - .063 .090 . .031
916 1398 1384 1382
.21 .196 .047 123
1387 1273 1116 1151
.106 405 -.040 .096
1226 781 766 868
227 1000 -.099 -.004
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TABLE 3.7

Seasonal parameter values for four cloud types using
corrected global irradiance data.

Cloud Season

AC 1

AS 1

SC 1

ST 1

o o o TR oo T o T TR ToUTww o O

o U OO

Goose Charlotte- Montreal Toronto Winnipeg Pooled

town
2871 1614 2513
.235 .096 .248
2110 1761 1317
.212 .259 . .102
940 1587 1026
.213 ,288 101
1532 2328 1090
.109 .303 .105
4145 © 1303 1916
.334 .016 .. 168
1026 1791 2658
-.059 , 242 .440
1785 657 1743
.334 ~.354 0,293
1653 2181 940
L135 .239 -.063
1930 1607 1022
161 L1360 .130
1703 1415 870
231 .135 131
1321 1647 ° 1592
.290 ,241 .379
g18 1312 732
.048 67 .088
3256 2464 770
-.308 .306 - .073
2041 1088 719
.333 151 .226
1586 1195 1215
.386 .213 .106
1467 1373 1099
.228 .302 .247

3819
.392
1645
.196
1684
.259

997
.070

3450
.360
2138
.265

899

- -.022

881
-.071

1583

.160
1060
110
1630
.304
1089
144

949
.070
1160
.210
1112
.404

695
13

2858
.193
1054
-.116
9
115
857
-.060

1725
.079
2225

.206

1356
.428
1161
.035

1679

.089
1385
126
. 1385
.205
826

-.013

1408
.095
1Mma
.070

978

-.082

732
-.028

2130
153
1496
~129
1276
.192
1135
.065

1774 -

115
1893
.198
1142
.102
1247
.051

1347
.094
1331
.159
1542
.278

937
.069

1093
.055
1153
151
1007
.096

818

.051-
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347 ALTOCUMULUS (UNCORRECTED)
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Figure 3.7 Unﬁorrected seasonal and all-year globa\
: jrradiance curves for a]tocumulus ¢loud. .

Figure 3.18 corrected seasonal and all-yeal global
jrradiance curves for al tocumuius cloud.
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Figure 3.19 Uncorrected geasonal and all-year global
jrradiance curves for altostratus cloud.

figure 3,20 Corrected seasona\ a all-year globa\
. jrradiance curves for altostratus cldud.
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GLOBARL IRRADIANCE (KJ/M+42)

IRRACIANCE (KJ/M+e2)

GLOBAL

3.21  STRATOCUMULUS (UNCORRECTED)
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Figure 3.21

Figure 3.22
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Uncorrected seasonal and all-year -global
1rradiance curves for stratocumulus cloud.

Corrected seasonal and all-year global
irradiance curves for stratocumulus cloud.
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GLOBAL TRRADIANCE
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3,23 STRATUS (UNCORRECTED)
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Figure 3,23 Uncorrected seasonal and all-year global
jrradiance curves for stratus cloud.

Figure 3.24 corrected seasonal and all-year global
jrradiance curves fof stratus cloud.
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" CHAPTER FOUR

CLOUD TYPE TRANSMITTANCES

4.1 Transmission Calculation

Cloud type transmittances were determined in three ways:
Method 1 - the ratio of overcast @o‘cioyd]ess global irradiance,
both expressed as exponential functions of.éir mass,'embirica]]y
determined from measurements. This allows direct comparison{df

Canadian results with those of Blue Hill,

Method 2 - the ratio of measured overcast to theoretical (MAC

L

model) cloudless sky irradiances."

Method 3 -~ the ratio 6f overcast global irradiance,'coirected
for multiple reflection effects, to theoretical cloudless sky

irradiance. This is the procedure -used by Atwater and Ball
(1980).

4,2 Results

4,.2.1 Expnential Transmittance

. r.
Parameters for Equation 1.1 are given in Table. 3,2.

Analogous parameters (ao, bo) were also determined for cloudless

51
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sky data pooled from the five Canadian stations (Table 4.1).
Plots of cloudless sky global irradiances as a function of
optical air mass are shown in Figure 4.1.

Cloudless sky irrddiances for Canada are slightly larger

than those of Blue Hill possibly due to larger aerosol concentrations

at Blue Hi1l which is near Boston. Since the difference between the
two curves is systematic transmittances should be consistently
larger f?r Blue Hill than for Canada. Table 4.2 lists values of
transmittance Raramters A and B of Equation 2.18 for Blue Hill
and pooled Canadian data.

4 P]ofs of transmittance curves for Blue Hill and Canadian
data are shown in Figure 4,2 - 4.8, .Blue Hill transmittances are
not systematically larger than'those for Canada. 'Alto cumulus
transmittarce is much larger at Blue Hill than Canada whereas
transmittancéva]q;s for stratus and fog are larger for Canadian
data. Very small differences exist between transmi ttances for the
remaining cloud types especiaily at air masses 1.0 - 3.0.
Differeqces for alto cumulus ?ransmittances are partié]ly due’
to the larger -cloudless sky irradiances for Canada. However
Ehis is not large enough to account for all of the difference.
Seasonal variation must be responsible for the remainder bf

‘the difference. This will be discussed later in this section.

_ Stratus and fog are low-lying clouds whichmay be bhysica]]y
and‘optically thicker at Blue Hill than for Canada. Local tépo-
graphical features could be responsible for the smaller transmit-

4
tances at Blue Hill than Canada. This is not unreasonable-since
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TABLE 4.1

Parameter Values for Cloud[ess Sky Global Irradiances

-2
a [Nm ]
Canada : 3964
BDeHﬂ] 3949
TABLE 4.2

l£1oud—Typé»Transmittance Parameters

Cloud Type A

CAN Agh Bean
AC 3850 .55 .0121
AS 4518 413 10237
cs 8194 '923 "0415
CI '8479 871 -.0033
SC 13433 38+ .0247
ST 12899 1252 "0264
FOG 12477 163 ~.0291

o

.0465
..059

BH |

.053
.004
.089
.020
.045
.100
-.031
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GLOBAL IRRRDIANCE (KJ/Mee2)
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Figure 4.1 Cloudless sky global irradiances of Blue Hill,

Massachusetts and pooled data for Canada.
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TRANSMISSION

TRANSMISSION

4.2 ALTOCUMULUS

0.8 |
- Canadian
0.6 | Blue Hill — _
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OPTICAL RIR MASS

Figure 4.2 Transmittance curves of altocumulus cloud for

Blye Hill and pooled Canadian'data.

Figure 4.3 Transmittance curves of altostratus cloud for

Blue Hi11 and pooled Canadian data.
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TRANSMISSICON

0-8 :_\\\‘~..\
[ ——— . I~
T —
— .- T\ —_— \‘_\“-—'v—._.__ﬁ‘_‘
0{-6 L o =~ -
0a4 | ,
Canadian
B Blue Hi1l — .
0+2 L. ’
0.0 ﬂ¥q_L~_ﬁ B N RO NS AU SN N S U U UL DU R SR RO I
4.5 CIRROS e e e
0.8 | T ““”‘“‘~-~—----..-~
&
0.6 |.
0.4
: Canadian
B Blue Hill —— —
0.2 |-
0.0 NN U ISR 1SRN VA TSNS DU O (SN VU SN U SN (NN NN SUOS RO ON
.L.O 8-0 ) ‘ 3-0 ) *AU ' . 5.0
OPTTCAL. ATk MALS
Figure 4.4 Transmittance curves of cirrostratus cloud
' for Blue Hi11 and pooled Canadian data.
Figure 4.5 Transmittance curves of cirrus cloud for

4.4 CIRROSTRATUS

Blue Hill and pooled Canadian data.
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TRANSMISSION
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4.6 STRATOCUMULUS
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Figure 4.6 Transmittance®curves of stratocumulus cloud

for Blue Hill and pooled Canadian data.

Figure' 4.7 ~Transmittance curves of stratus cloud for
Blue Hill and pooled Canadian data.
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Figure 4.8 Traﬁsmittance curves of fog for Blue Hill

and pooled Canadian data.
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Blue Hil1l Observatory is located on the east coast on the side of

a small mountain,

4,2.2, Linéar Transmittance

-~

Transmittance was regressed upon optical air mass to
obtain values for Cj and -dj in Equation 1.3. Values were
calculated for both uncorrected and corrected transmittances.
Results for the pooled data are given in Table 4.3, Results )
for individual stations are listed in Appendix E. |

Cloud transmittance is almost independent of air maés.
Va]u;; of the regression coefficient g, are of.order 0.01.

This suggests that a constant tranémittance may be adequate. . ’

This suppofts the recent work of Atwater and Ball (1981) who

P it

replacéd their linear transmittance functions in their layer

=

S -

model-with constant mean cloud-type transmittances.

4.2.3. Constant Tranémittance

Mean cloud-type transmittances were calculated by Methods

2 and 3. -Both uncorrected and corrected irradiances were used.

s

Calcufpted transmittances are listed in Table 4.4"along with those
of Kasten and Czeplak (1980) and Atwater and Ball (]981)."

/ ~ Transmittances determined uging measured clear sky radiation
.and those ca]cﬁlated using a theoretical value are very similar,

Slightly larger transmittances are obtained-by using. measured

FEEPU e e 2
‘M,WWCW"’ e

e s



63

TABLE 4.3

e oA i i m

Cloud transmission results using pooled data for uncorrected and
corrected irradiances. T = mean transmittance; oT = standard
deviation; « and B are the regression constant and coefficient
in T =u+ Bm; R is the correlation.coefficient.

Cloud T oT o . 8 R
Uncorrected  AC 402,089 .375 010 128
AS 451,100 .435 ~ .006 .064
CS .763 072 .787 -.010 - -.136
Cl .891  .081 .835 .023 .288 .
SC .347 .07 .331 .005 .091
ST .299  .082 .29 .003 .042
F .320  .129 .266 .019 .159 !
- . "
Corrected AC .319  .064 .330 ~.004 -.071 . 4
AS .338  .067 .368 -.0M1 -.177 ‘ |
SC, + .696  .072 .745 . .0 -.278 :
CI .841  .074 .825 .007 . .095 X
SC .267  .049 .286 -.007 -.163
ST .232.  .056 251 -.007 -.137

F .268  .101 .237 011 .116
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TABLE 4.4
Mean transmittance values for Canada calculated ' ¢
él) as the ratio of measured G. to measured G, ?
2) as the ratio of measured G_ - to theoretical Gy :
Canada Hamburg Atwater and
(Kastén and Ball
Lzeplak)
(1) (2)
Uncorrected AC .40 .38 .27
AS .45 42 27
CS .76 .74 .61
CI .89 .86 .61 N
SC 35 .33 .25
ST .30 27 .18
F .32 27 -- :
Corrected AC .32 ' .50 ‘ i
' AS .34 40 ?
) .70 90
CI .84 90 {
SC .27 25
ST .23 15
F .27




cloudless sky radiatiaon suggesting that calculated values are

slightly larger on average than measured values. Using uncorrected .

global radiation permits comparison with the results of Kasten and -

Czeplak for Hamburg. The two sets of cloud-type transmittances
do not compare well., Values for Hamburg are consistently smaller
than those for Canada. These differences indicate that the Hamburg
transmittance values are not suitable to North America. Hence, the’
claim by Kasten and Czeplak that their results have general applic-
ability would seem to be unfounded. Differences are largest for
high cloud and smaller for Tower cloud. A possible explanation
for this disagreement in results may lie in the selection of
overcast conditions. This study selected only observations with
overcasts for the lowest level. No conditions were placed on the
cloud opacity 6f that layer. As a result, thin clouds with small
opacities were included. Kasten and Czeplak however have used a
selection techn%que which may have excluded those observations
where opacity was less than ten-tenths. This would result in a
data set biased towards optically thicker clouds which would 1ead(
to systematically lower transmittance values. Largest effects of
this bias in the data would be noticed for cloud types which are
often semi-transparent, such as cirrus, and not for thicker clouds
“such as strato cumulus.

Transmittances determined using corrected global radiation
are comparable with those calculated by Atwater and Bail (1981)

using GATE data. The GATE transmittances are slightly larger than

those for Canada especially for middle and high clouds. Differences’

-
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‘between these results are smaller than those between Hamburg and

Canada. There is large disagreement among the resultant mean

cloud-type transmittances for the three studies,

I

N

o AT 1

4.3 Results of Seasonal Analysis

v

Mean seasonal transmittances were alsc calculated. Results

for individual stations are listed in Appendix E. Results for_l
uncorrected and corrected transmittances for the pooled data are \
given in Table 4.5

Transmittances are largest in winter and smallest in summer

and fall, Although removal of multiple reflection effects reduces \

T

the magnitude‘of this seasonal variation the same trend remains.®

7’

Seasonal -transmittance variations are a function of changes

W e ¢ e

in cloud optica]mcharacteristics. This has been attributed to

differences in convection (Vowin;kel and Orvig, 1962}. In summer, f

convective forces are much stronger _than in winter. Clouds tend

to be physically thicker when convection is strong, which results

in greater attenuation of solar radiation. In winter, the reduced

}
convection causes thinner, more stratified clouds which transmit
more radiation.

Greatest seasonal variations in transmittances are found

in alto cumulus. After removing multiple reflection, winter values

alto cumulus formation is extremely sensitive to changes in con-

!

!

g

%

: A
are still Q.40 compared to a summer value of 0.26, This suggests ‘ {
i

'i

vection. The larger difference between the Blue Hill and Canadian E



Uncorrected

Corrected

%

TABLE 4.5

Mean Seasonal Cloud Transmittances

Season AC AS sC

Winter .57 .54 7 44
Spring .40 46 0 .35
Summer .30 .31 .32
Autumm .34 .39 .29
Winter .40 .37 .30
Spring .33 .35 .28
Summer .26 .28 .28
Autumm .29 .33 .24
N

ST

A
.31
.29
.27

.28
.25
.25
.22
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&

mittances .among the five sfations. Corrécting for multiple reflect-

<

alto cumulus tr;nsmittances can be partially attributéﬁ to séasona]
variation: The Blue H{11 trénsmittance is similar to the win¥er
value determined from uncorrectéh‘data. )

Table 4:5 also shows~£he magnitude of multiple reflection
effects. Nhen these are removed the range of sedsonal trarsmissions
is drastically reduced.. Strato cumulus shows least ééasona] \
variation of the four types considered. However the range of mean
transmission values is reduced from 0.44 - 0.29 for uncorrected
estimates to 0.30 - 0.23 for corrected estimates. This trend is|-
present in the four cloud type;. ’

- R

4.4 Variation in Transmittance Among Canadian Stations

Table 4.6 shows the variation of mean cloud-type trans-

l

ion effepts reduces the range of variation in transmittance at al

. ’

stations. Variation in transmittance between stations for a give x
/‘\ L

cloud type seldom exceeds’ 5% of the mean transmittance value.
Montreal tends to have Tower overall transmittances whereas, -

|
|

wipnipeg yeﬁEF%s margina]iy 1arger‘va1ues than the other stations%
for mbst,blpud tjpes. These differences are very small however.

£
- N \

4.5 CompariSon of Embirica] and-Theoretical Cloud Transmissions

C1oud-type'ﬁransmissions'were calculated using a modified °

two=stream approximation solutjon of the radiative transfer

v
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. " TABLE 4.6
_Variation in Mean Transmittance Among Stdtions .

et
o

Uncorrected .
A AS cs 1 - sc ST FOG
Goose Bay.- 438 - 474 795 957  .350  .315 - .290
Charlottetown  .369  .403  .733  .874 . .367  .284  .269
Montreal - 360 414 .734 .8  .265  .224 - .406
Toronto .380  .443  .730  .877  .327  .274  .246
Winnipeg 476 .509. 817  .863  .429  .302  .428
. Corrected ‘ .
. ‘ A As Cs o Cl sC ST FOG
Goose Bay  .345 .30 .715  .895  .269  .243 .24
Charfottetown  .295  .304  .648  .849  .289  .231  .230
Montreal 287 .320 .672 .79  .208 176 .343
Toronto 309 .35  .683  .836  .260  .216  .210

Winnipeg 365 ¢ .376  .752  .810 . .313 .288  .348
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equation (Paltridge and Platt, 1976). This method is widely used
in numerical models. It requires specification of-the single

" depth of the cloud, Tt . The cloud is assumed to consist of water

scattering albedo ﬁo , thg assymetry factor g , andgﬁhe optical
'drop1ets such that the Mie theory for scattering can be applied.
Values of QO'= 0.995 and g = 0.85 were chosenﬁ- These afe
comparable with those used in other studies (Joseph,lwiscombe and ,
Weinman, 1976; Shettle and Weinman, 1970). Optical depth  ,

was calculated -from ‘the extinction coefficient Bax ~and the
geometric cloud thickness AZ . Although the extinction coeffici- .
ent is a function of'waveIEngth it is fairly constant over most

of the visib]q spectrum of solﬁr radiation. It is far more depend- '
ent upon the drop-size distribution within the cloud. Cloud thicg—
ness “is extremely variable. Siﬁﬁ]eton and Smith (1960) give

gemotric thicknesses bf stratus cloud which range from 213 - 305
meters to 1975 - 2130 meters. Given that the drop-size distribution
for a particular cloud typg is quite variable,’specification of a

single optical depth for one type of cloud is impossible.
4,51 Results

Model clouds are proposed which have a range of cloud

thicknesses and extinction coefficients used in previous studies. ———

Resulting trqnsmiSsiohé are listed-in Table 4.7. Also given are
theoretical tnansmissions ca]culated'by Drummond and Hickey (1971},

and Liou (1973, 1976) and transmissions measured for clouds over
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Canada.

Measured transmissions generally fall within the range ‘of
theoretical values ca1quatéd using the two-stream approximation
and thoﬁe reported by other studies. These ranges are large. For
stratus, calculated values range from 9 - 52%. It is difficult
to draw conclusions about the agreement between measured and theoret-

ical results. Best agreement was. obtained for cirriform cloud

when both theoretical and empirical transmissions were ~ 70%. .
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CHAPTER FIVE
MODEL CALCULATIONS OF SURFACE IRRADIANCE

5.1 Direct Beam Radiation

5.1.1  Expressions for Transmittance

The MAC model calculates direct beam irradiance I from a
‘theoretical value of the cloudless sky irradiance I, and the
total cloud opacity TCO: ~

I = 1,01 - Tc0) - | 5.0

| \
Results from this equation and from eleven other variaﬁts (Tab]é
5.1) werg ;ompéred'with nine years (1968-1926) of hourly déta for
Goésé,Bay, Montreaj and Toronto, the oﬁly sfaiions with long records
of global aﬁd diffuse irradiance from which the direct beam comi
ponent can be obtained as the difference. For brevity the ﬁbdels
ére referred to by number. ;

"Model (15 and-(2) -use "qbrrected" cloud amount and 0pacity
for each layer, i . Recorded layer amounts (ci) above'thé lowest
layer are correcteﬁ (cif) for-the fraction 6f.the sky obscured
fro% phe observer by Jower layers of cioud (Davies et alt, 1975).'
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Table 5.1

Formulation of Direct'Beam Transmittance

. Model Number ‘ ' Parameterization
1 T QO - CCA;)
i=1
n
2 . ™ (1 - CGOi)
i=1
3 ’ ‘ (1 - TCO)
4 (1 - TCA)
] . — _
‘ 5 ’ | 1 - TCO m..
6 1 - TCA mr'
7 S
8 : (s + (1--TC0)1/2
9 . o (s + (1 - TCA)3/2
‘ 10 1 - TCA
IR : 1 - TCO
12 s
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C2' =Cz/(] = C'I ) h

-

cy' = 03/(] -¢ - )

¢ =/l - mcp -e3)

Mode]s'(3) and (4) egtiﬁate the direct beam transmittance
in terms of the total cloud cover. Model (4) follows the work of
Atwater and Ball (1980). ' ‘

Models (5) ana (6) attempt to account for zenith angle,
effects on transmittance. If clouds are assumed to be planar
surfaces, gaps between clouds decreése with increasing zenith angle
(and hence air masg).

Model (7) uses the hourly fractional sunshine duration s .
A]though direct beam irradiance is directly related to sunshine
_durat1on, prev1ous stud1es (Dav1es, 1980; Suckling and Hay, 1977)
have shown that it is a poor 1nd1cator of direct beam transmittance

. because sunshine recorders do not respond to weak irradiances.at
large zenith ang]eg éﬂﬁ tend to xéverburn" during cloudy pﬁight 7

periods. These effects, especially the latter, lead to large errors
in model cachTatiohs.

Models (8) and (9), which are based on the cloud-layer- .

~ sunshine model of Sucklxng and Hay (1977), attempt.to‘overcome

inadequacies in measures of sunshine duration and cloud cover,

i
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An observer tends to overestimate‘cloud amount (TCA) thus under-
gstimating transmittance, whereas sunshine duration is known to
overestimate transmittance due to overburn at most zeniths(not at
.1ar§e zeniEh angles). Suckling and Hay (]977) found that these

~ effects are effectively cancelled when the two trgnsmittances are
meaned. | ‘

Models (10), (11) and (12) attempt to provide a more
representative indication of transmittance for an hour. Cloud
cover and sunshine data are meaned with that of the preceding
hour to obtain a more representative measure fo; the intervening

4

period.
5.1.2 ° Performance Measures

The root mean square error and mean bias error were used
to assess relative model performance. Mean bias error (MBE), which
measures the overall tendency for computed irradiance to over-
estimate or underestimate measured irradiances, was calculated from
n

"MBE = ] (R, - F)/n . 5.2
i=1 ! ,

where F,' and Fi are the it calculated and measured radiation
: values respectivély, and n 1is the total number of obsgrvatibns.

Root mean square error (RMSE) is a measure of the scatter

of d1f/Aren¢ s between calculated and measured irradiances. It

N

was ca]cu'ated from
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RMSE = (F.' - Fi)z/n]'/2 . , 5.3

—
HE1D

i=]

For small values of MBE, the square of the RM§E (i.e. (RMSE)Z)

s approximately the variance of the difference between calculated
and measured values since »
)2

= (RMSE)® - MBE . 5.4

MBE and RMSE were determ1ned for hour]y, daily, month1y
and mean hourly irradiances for each month, each year and for the
whole period (1968-1976). Both are expressed as percentages of

the appropriate mean measured value.
5.1.3 Results

Results are listed in Table 5.2, For brevity, models are
identified by number. . |

Clearly, the best MBE values are obtained with the present
form of the MAC model- (3) and models (11) ;;E (9). Va]dé% were °
less than 4% except for model (9) at Goose Bay (9.9%). '

" Corrected é]oud layer amounts and opacities (1 and 2)

systemat%célly underestimated transmittance. Total cldud amount
(4) is.a poorer measure of cloud cover than opacity dde to

observer tendency .to overestimate amount in partially cloudy
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conditions. Opacity* compensates for this tendency since it is
often less than cloud amount, Thus for observations where amount
exceeds opacity, moaal (3) increases transmittance.

Models (5) and (6) further augment the problem of over-
estimation since scaling total cloud cover by the air mass
(mr > 1) can only decrease transmittance further.

Sunshine‘duration (7) givés large positive MBE values.
This‘is attributed to the sunshine redofder's propensity to over-
burn alternating cloud and bright conditions. It is often difficult
to distinhuish between sunny and cloudy periods on the recorder
card when perjods are short. Sunshine duration therefore is over-
estim;ted and so i§ direct beam transmittance. Overestimation due
to overburn cleanly has a greater effect on direct beam trans-
mittances than failure of the-recorder to respond to weak irradiances
which causes underestimates to occur. .

Models (8) and (9) use the average of sunshine duration
and cloudiness (opacity and amount respectively). Because opacity
is a better indicator of c]budiness than amount, it doe§ not’
’compensate as well for overestimation of cloud-bright conditions
by sunshine measurements. Hence better results are obtained for

model (9) than model (8).

*Cloud opacity is defined as that portion of the whole sky
that is observed to be concealed (i.e. hidden, or rendered invisible)
by the cloud; Manual of Surface Weather Observation; Seventh Edition,
1977. Envinonment Canada. Hence thin ‘translucent clouds have
opacities less ‘than amount because they do not render the whole
clodded portion invisible.

‘ [
. .
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The use of mean values for an hour and thg preceding hour

(10, 11, and 12) produced essentially the same results as the use,

of actual hourly values (3, 4 and 7). Nothing was gained by

averaging adjacent hourly values.

Root mean sgquare error values follow the mean bias ror

-

results. Overall, smallest values were obtained with models (3)

~—

~and (9) on daily, hourly and mean hourly bases. Hourly root mean

square error values are always greater than 50% but monthly mean
hourly values are much smaller for models (3), (9) and (11)

(generally less than 20%).

. These results confirm that cloud opacity is the most suit-

able observed variable for determining direct beam transmittance.

5.2 -Global Radiation N

5.2.1 MAC Model Transmittance Formulation

Transmittance parameters determined in Chapters (3) and
(4) were used to estimate global and diffuse irradiances. Cloud
effects are incorporated into the model using a scheme devised by

Manabe and Strickler (1964). The cloud field within each layer

is considered to consist of one cloud type, uniformly distributed

" over the sky. Surface-based clpud observations made on. the hour

-

were assumed to be representative of the time period between
obsgrvéfions.
" Transmission of global radiation .rci » through the ith

layer is the sum of contributions from the cloudy and cloudless
-
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portions of the sky:

‘Tci = (1 - ci) *tics | ' 5.4

where c. is the fractional cloud cover and t, , the climatic-
mean transmittance for the particular ¢loud type; Total trans-
mission through all layers of the atmosphere T is ihe product
of individual layer transmissions. |

+

T =

i [] < Ci(] - ti)] . 5.5

4 3AD

1

Cloud data are usually recorded for a maximum of four layers
in Canada. The global irradiance at the surface under n Jlayers ®

of cloud (not corrected for multiple ref]ectipn) Gc is given by

B * G

u 3as

(- c (1 -t | o 5.6

i=1

where G0 is the cloudless sky global irradiance. Introducing

the effects of multiple reflection -

G. =G

G =6, 100 - ci(1 -t 1/ - o) . 5.7

1 ,

n =z

i

The albedo calculations have been described in Chapter'Three.
HoweQer, atmospheric reflectivity was modified slightly in this

$tudy to allow for changes in cloud opacity. Cloud base albedo

~

‘ ac‘ _is given by
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" variants are given in Table 5.5

. —— — . ~ \~°

. 1 < ; . : .
X y %, co;/TCO o o 5.8

~

where o  is.Tayer cloud type albedo as given in. Table 5.3
i S , , o
. Diffuse radiation D. is the difference between the global
and direct beam 1rradiances{

5.2.2  Results
Foﬁr cloud transmittance formulations (Table 5.4) were
avaluated using coefficients calculated from uncorrected and
corrected overcast irradiances.
Transmittance parameteés obtainéd from corrected and un-

corrected irradiances are used in MACB, MACC and MACD. The model

- 7
Global {rradiances were calculated for the five stations A

used %o determine cloud transmfttance‘parameters,énd*for Vancouver,

for which gata‘wefe avai]able.fnpm a previous study. Since traﬁsi

mgttances were not Aetérmined kpr some observed cloud types because

of insufficient data, these were assigned the parameter values of

" physically. similar cloud types ‘(Table 5.6). Table 5.7 gives the _

parameter values used in each model variant. _ o
Error-statistics were cé]cuiated fé(*glqba1 and diffuse”j

irradiance for tﬁe same-tine,perio&s aé direét beam radiation.
Global irradiance results are listed in Table 5.8. -With

the exception of the present form of the model (1) all variants

underestimate irradiance. This could imply that cloud Erans-

- | A
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. TABLE 5.3

Cloud Type Albedo

Number t}qdd Type

WONOTO WA —

. Symbol
Altocumulus - AC .55
Altocumulus Castellanus ACC .55
Altostratus " AS .55
Cirrostratus " CS .35
Cirrocumulus cC ©35
Cirruo R .35
Cumulenimbus ' B .60.
Cumylus = cu .60
Cumulus Fractus CF .60
10 ¢ Stratus Fractus SF .60
N ‘Towering Cumulus TCU .60
12 " Nimbostratus NS .60-
13 . Stratocumulus SC .60
14 Stratus ST .60
15 °  Foyg % FOG .60
16 Obstruction : 0TF .60
TABLE 5.4

i

Cloud Transmittance Functions

Model

MACA-
MACB
MACC
MACD"

"

i

i}

o+ ot ot
. o

L d

Form of Transmittance Function

A exp (-Bm)
a/m exp (4bmr)
'c + dm

T

Albedo L
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Model

Numbef
MACA 1
- MACA 2

MACB c

MACB 4 .
MACB 5
MACB 6
MACC 7.
MACC . 8
“MACD 9
MACD 10
AC

ACC

TABLE 5.5

Model Variants

"Method

.IJ

Irradiances

uncorrected

uncorrected
uncorrected
uncorrected
corrected

corrected

FOG

uncorréected
eorrected
uncqﬁrected
corrected

OTF

Data Source
Expfit Blue Hill
Expfit Canadian(Pooled)
Expfit Blue Hil
Expfit Canadian(Pooled)
Gridls(0) Canadian(Pooled)
Gridis(1) Canadian(Pooled)
Correg Canadian(Pooled)
Correg Canadian(Pooled)
Constant -  Canadian(Pooled)
Constant Canadian(Pooled)
¢
\ , v
TABLE 5.6
Cloud-Type Groups
AS CS _ "€l SC ST
cc CB  SF
(€U NS
CF )
TCU
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TABLE 5.7
. 1

Parameter Values used in Model Variants

Model A (ti = A; gxp(—Bim)

Cloud Type Code Blue Hill © Canada

A1 Bi A1
1 0.556 0.053 0.385
) 2 0.556 0.053 0.385
3 s 0.413 0.004 0.452
) 4 0.923 .0.089 . 0.819
5 0.923 0.020 0.8%9
6 0.871 -0.226 0.848
7 0.119 0.045 0.343
8 0.368 0.045 0.343
9 - -0.368 0.045 -0.343
10 0.252 0.100 0.290
11 0.368 0.045 0.343
12 0.119 -0.226 - 0.290
. 13 0.368 0.045 0.343
14 - 0.252 0.10Q 0.290
15 0.163 -0.031" 0.248
16 \ 0.163 -0.031 0.248
o

0.013
0.013
0.024
0.042

0.042

-0.004
.0.025
10.025
0.025
0.027
0.025

- 0,027

0.025
0.027
-0.029
-0.029

S
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Cloud Type Code

OCONOOTPHWMN —

~TABLE 5.7
(continued)

Model B t. = (a;/m) gxpﬂ-bim)7eo)

.

PARAMETERS FROM

UNCORRECTED IRRADIANCES

Blue Hill
a bc
2199 .12
2199 112
1633  .063
3648 .148

~ 3648  .148

. 3443 079
1453  .104
1453  :104
1453  .104
997 .159 .
1453 . .104 *
469 -.167
1453 ,104
997  .159
645 .028
645

.028

Canada

a
(o
1526
1526
1791
3248
3248
3361
1361
1361
1361
1149

1361 .

1149
1361
1149
982
- 982

‘b

¢

.059
.059
.070
.088
.088
.043
071
.07
871
.073
071
.073
071
.073
.018
.018

co
‘GR

a

c
. 1336
1336
1523
3084
3084
3348
1195
1195

1195 .

1012
1195
1012
1195
1012

897
897

PARAMETERS FROM

RRECTED
IDLSO

IRRADIANCES

GRIDLS?

aC bC
1321 0.097
1321  0.097
1412 0.114
2456 0.104
2456 - 0,104
3660 0.D65
1137 0.111
1137 01N
1137 0.1M
802 0,114
1137 0.1
802 0.114
1137 0.1
802 0.114
375 -0.078
375 -0.078

.
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Cloud Type Code

WO~ Wb —~

TABLE 5.7
(continued)

" Model C (ti

.+ B.
@ B]m)

FROM UNCORRECTED

019 -

TRRADIANCES
%y B
0.375 0.010
0.375 0.010
0.435 0.006
0.787 -0.010
0.787 -0.010
0.835 0.023
‘0,331 0.005
0.331 0.005
0.331 0.005
0.291 0.003 -
0.331 0. 005
0.291 0.003
0.331 0.005
0.291  0.003
0.266 0
0.266 0

-019

FROM CORRECTED

" IRRADIANCES

a4 By
0.330 -0.004
0.330 -0.004
0.368 -0.011
0.745 -0.020
0.745 -0.020
0.825 0.007
0.286 -0.007
0.286 -0.007
0.251 20.007
0.286 -0.007
0.286 -0.007
0.251 . -0.007
0.286  ° -0.007
0.251 ~0.007
0.237 0.011
0.237 0.011 -
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Cloud Type Code

WO U W —

TABLE 5.7
(continued)

Model D (t, =T.)

1 1

£

FROM UNCORRECTED-
TRRADIANCES

ty

0.402
0.402
0.45)
0.763
0.763
0.891
0.347

- 0,347
0.347 |
0.299
0.347
0.299
0.347
0.299
0.320

10.320

FROM  CORRECTED
IRRADIANCES

t

0.319
0.319
0.338
0:696
0.696
0.841
0.267
0.267
0.267
0.232
0.267
0.232
0.267
0.232
0.268
0.268 °
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' mit;ances uged in models 2 - 19 are too small., Model 3 uses Blue
Hi11l overcast irradiance estimates and a theoretical value of clbhd-
less sky radiation. A]l(ofher model transmittances (model 2, 4 - 10)
‘weré derived from poo]e& Canad{aﬁ datg. Sever§1 reasons can be
suggested for this consistent undef;stimation.

Firstly, cloud transmittanceslwere determined using overcast
data. The bptical charagteristics of a cloud in overcast‘conditidns
may not be representative of partially c]oddy conditions. Atwater

»

and Ball (1981) have suggested that clouds become‘optically thicker
as cloud amount increases. They proposed a cloud transmittance Ei"
which was a function of cloud amount Ci:‘ "

t.=t. ' % o ‘ : 5.9

The value of c, was determined-empirically from data éo]]epted
duking=GATE and found to be 0.85, Ball (1981) fouﬁd that a value
of 0.75‘was.more reépresentative for the United Statég. .

Secondly, observed values of c]ouq amount may bé poor measures
of actual cloudiness. Under partially cloudy conditions, upper
1ayer§ éan be obscured. '

Thirdly, ;he\contributioh of multiple reflection ef%ects:may
be underestihated.in the model. Th%s could be due to underestimates
of cloud base reflectivity aﬁd_surface albedo.

Fourthly, the effects of aerosol uncertainty are large.
.Values fér the aerosol transmjssion thaf were assigned to individﬁa]
stations -could be incorrect and broduce systematic errers..AUncerl
tainties dhe to'aerdgoi effects -are better seen by’cohparing the [ML

\
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first four models. Models 1 and 3.use Blue Hill derived transmit*
,‘tance parameters whereas models 2 and 4 use Canadian‘der{ved valueg.
Differences between mean bias errors of models 1 and 3 (and those of
2 and 4) result from differences in clouﬁ]ess'sky transmittances
on]y; since the same cloud-type parameters'were used in 1 and 3 and
in Z.and 4, Differences between the values of mean biasverrors for
1 and 3 (Blue Hii]) at non-urban stations-are much larger than the.

differences for urbap stations,

AMBE (%)
non-urban  Goose Bay -6.7
T ) Charlottetown -3.7
N Winnipag -4.8
4 urban Toronto ’ -0.6
Montreal -0.7

.Cloudless sky irradiances. at Blue Hill are in better agree-
ment with those recorded (1) or.calcu1éted (3) for Toronto and
Montreal than with those of the relatively cleaner sites. Since
cloudless conditions are usually associated wi%h antic}clonig |
activity, they are-also associated with greatest gong;ntrationfof
and maximum attenuation by aeresol. Northeastern United States is
heavily populated and the dominating westerly winds could tranéport
pol]ufants east to the Boston area.

The transmittance pardmeters used for' testing thetlayér
model were derivefﬁfrom poo]edqdata which included stations with

relatively clean air as well as Toronto and Montreal. If Blue Hill
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cloudless conditioqs a}e similar to those'of Toronto and Montreal
(i.e. relatively high aerosol concentration) cloudless sky irradiances
measured at Blue Hill would be slightly smalier than those of the
poblgd Canadian data. This would re4yce c]oud:gype transmittances
over Canada and hence result in consistently Tower estimates from
model 2" than riodel 1. |

‘ Values of root\meaﬁ square errors for global irradiance
“estisates on a daily basis range from 11 - 16% for models 1 and
2 at all stations., Using corrected transmittanées resulted iﬁ larger
root mean square errors. Hourly error values are much larger but ~
show the same trend as daily statistics. Monthly mean hourly sta-
tistics fédge from 7 - 10% for model 1 at all stations and are

generally less than 12% for all models which used uncorrected trans-

mittances, ]

It should-glso be emphasized that model 8 which used a
constant cloud-type transmittance Qalue'(uncorrected) performed
very well, This wduld represent a signfficgat simp]icgtion to th§

layer model calculations, .

5.3 Diffuse Radiation
©5.3.1  Results

Since diffuse radiation records: were available only for

Goose Bay, Montreal and Toronto, model estimates could not be

» compared for other stations., Results of diffuse irradiance error

L3

statistics are given in Table 5.9. Because diffuse radiation is
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determined as acres%hua?, estimates will depend upan errors in the
calculation of global and direct beam radiation., All models tend :
to\underestimgte measured values. ’At Goose Ba§ mean bias errors
_are much sﬁaller for 1 and 2 than for 3 and 4. This trend is not
present for Toronto or Montreél._ Since mean bias errors of modelgS
3 and 4 are more negafive,;han_those of 1 ;nd’z, cloudless sky
global fadiatioﬁ estimafeé:mUSt be too ]argé. This coutu result
from inaccurate estimation of multiple reflection effects. Goose
Bay is colder for longer periods -of fhé year than Torénto or Méntrea];
Thettempeﬁéture based algorithm used to compute multiple ref]e&tion

]

assumes a constant snow cover. once temperature falls below -6.0°C.
and then a§signs an albedo Qajue applicable for snow. The surfacéAJ#
may in fact not be snow-&overeq: Hence the model will overestimate
the c30ud1ess sky irradiance. } *

Although RMSE values for Hifque radiation exceed those for -
global radiation it should be noted that they are calculated as a
peréentagé'of the mean measured f]u&. Since the diffuse flux is )
approximately half the global flux, absolute.RMSE values are very
simiiar. Modes (1-4) and model (8) perform well. Hourly étatisiics

are much poarer but monthly mean hourly values are relatively good.

5.4 Discussion of Results
These results provide iﬁsight into the problems of estimat-
ing climatic-mean cloud-type transmittances. The use of transmit-

tances corrected for multiple reflection resulted in lower.irradiance
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estiﬁatgs than Fhose obtafke%\using uncorrected transmittances. In

" Chapter-3 multiple yeflectibé%effécts were shown to be very signifi- -
cant to the surféce irradiance. Hence using uncorrected transmit-
tances should result in overestimafiqn of the surface flux. . This
enhancement‘és compensated ‘by the presence of overlying cJoud:

) Transmitfanpes were determined from overcast data of a single c1ou%
type. ‘Therefore it was impossible to specify whether or not over-
lying cloud existed. Figure 3.16 a, indicates the distribution of
scatter in the data for alto cumulus, Irradiances at small air

masses have a wide range of values. The lower drradiances at smaller
‘air masses infer the preSence'df overlying cloud. These observations
bias the sample such that transmittance is underestimated. Consid-
ering the consistently better‘resultg using uncorrected rather than
corrected transmittances, underestjmation due to overlyingkciouds
compensates overestimation due to ﬁﬁ]tiple reflection effects quite
well. |

It should also be noted that the model estimates are sensi-

tive to errors in the calculation of various cloudless sky parameters.

5.4,1 Solar-Coénstant

)

In this study a value of 1353 Wm~% was used. However, .

recently Ramanathan(1981) used a value of 1370 Wm 2, Any change in

the value of the solar constant will result in change in_the surface

irradiances of the same relative magnitude. Hence an increase in

2 2

to 1370 Wm

the value.of the solar constant from 1353 Wm~ would
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increase the surface flux and MBE by 1.26%. The relative performance

of models is changed. MBE values for models (2), (4) and (9) would

then be smaller than that for model (1).

5.4.2 Aerosol Parameterization ’

As mentioned earlier, a value for the aerosol extinction
coefficient k was assignéd to each station, based.on expected local
aerosol conditions. Vaﬁues were‘0.§1 for Toronto and Montreal, and

1.0 for Charlottetown, w1nniheg, Vancouver and Goose Bay.

.

In a previous sfudy (Dévies, 1980) the model was tested using k values
as well as usiﬁ; k = 1.0'(i.e. no aerosol attenuation).

The results can be used to show the sensitivity of the model‘to

the value of k . Table 5.10 Tists the MBE values for k = 1.0

and for the values of k assigned to each station. Thé seﬁsitivity

of the MBE to k was calculated from

dMBE _ MBE(1) - MBE(2) ,
& = T k() - k(2) s

where (1)+refers to the values of MBE and k for results of the

study where k = 1.0 and (2) refers to those of the study where

k was assigned a va]ﬁe. '
MBE vaiues will change by 0.70 to 0.93% with a 0.01 change - f

in k . This means that an error of 0.01 in the specification of - P

k leads, on average, to ~ 0.82% change in the MBE value. .Tﬁe

limit of accuracy for specifying k is . 0.05 at best. Therefore,

¥

e




* TABLE 5.10

*

Mean Bias Errors for k = 1,0 and k < I.Q )

Goose Bay Charlotte- Montreal Toronto Winnipeg Vancouver

town \
k 0.97 0.95 0.91 " 0.91 0.95 0.95
MBE -2.2 3.8 0.8 -3.5 -3.6. -5.1
k 1.0 1.0 1.0 1.0 1.0 1.0
MBE -0.1 0.3 9.2 4.1 0.7 -0.9
AMBE 0.70 0.70 0.93 0.84 0.86 0.84
AK
, TABLE 5.1
[ 4 .
Errors In Preciptable Water Estimates
T AG/G ER da /du, u, - ay
[°C] ') , (o] (mm} {mmn]
-20 -0.00828  0.06978  0.007057 3.21 . 1.2 (37%)
-10 -0.00553  0.0829  0.004638 5.5 . 1.8 (32%)
0 ° -0.00367 0.09786 0.003027 9,56 . 2.7 (28%) .
10 -0.00242 0.11455  0.001956 16.49 . 4.6 (27%)
20 -0.00158  0.13304  0.001248 28.45 ~ 7.0 (25%)
30 -0.00102 0.15324  0.000785  49.08  .10.0 (20%) .
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the MBE has an uncertainty of . 4%.

Considering Toronto results, model (4) performs best when
only the aeno§ol uncertainty is accounted for 'whereas if the solar
constant and aerosol uncertainty are included fodel (2) has an MBE

ES

=~ 0.0, Model 9 also greatly improves.

~

5.4.3 MWater Vapour Absorption

Uncertainties in the calculation of water vapour absorption
arise mainly from errors involved in specifying precipitable water

U, usingWon's (1977) empirical formula,

U, = exp (2.2572 + 0.05454 Td)(P/Po)3/4(T°/TS)% 5.1

where Td’ is dew point temperature (°C) , and TS and ,T? the

"surface temperature and standard surface temperature 273K respect-
ively. Ignoring aerogol effects and setting transmittances éfter
oZone and Rayleigh depletion to 0.97 and 0.9 respectively, the

relative error in global irradiance estimates due to er}ors_iﬁ ¥he

specification of precipitable water is given by,

AG

* da
1 W S ‘ 5.1
<" 3 Uw

A
OEHSd%

.-
ée}ecting a range-of dew point temperatures from -20°C to 30°C,

the error in the précipitab]e water estimate neéded to pfoduge'a 1%

change in the global flux can be calculated (Table 5.11). In
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. 9
general, a 1% change in the global flux results from a 25 - 35%

error in Uw.' Choosing a mean value of a, = 0.7 and a range of

values for daw/dUw , the relative error in the estimated irradiance
is,

AG _ -0.002 AUw in summer
G _4.006 My, in winter .

Since a relatively large error (25-35%) is needed in the calculation
-of precipitable water to produce a 1% error in the surface flux, it
is unlikely that uncertainties in the resulting calculated irradiances

are due to inaccuracies in the specification of water vapour absorption.

5.4.4 Surface Albedo

In Chapter Three multiple reflection between surface and

atmosphere was shown to have a pronounced effect on the surface

irradiance. Hence errors in the calculation of surface albedo will

also have a large effect. Relative error of model estimates ‘to.

errors in surface albedo can be calculated from

Ag-= o, Aas/(1 - abas)

.4
Ly .

Using Vancouver, where  k =-1, errors in surface albedo are easily

calcu]ateai- Since temperature seldom falls below 0°C , surface

albedo would be assignéd a value o ® 0.2 . Assuming a mean cloud
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amount of 50% with an average cloud base albedo of 0.6 , the
relative error in the global irradiance due to a change in surface

!

albedo can be estimateﬁ by

AG

Therefore, a change of 0.05 in surface albedo from Q.20 to 0.25
would result in an increase in the giosal surface flux by ~ 1.9%.
Since aerosol effects can not. be incngased at Vancouver (k = 1.9),
surface albedo errors may be partly regponsible for the large MBE
va]ﬁe'for Vancouver. Consider%ng tne ma}ked difference in the
'reflectivity_of snow cSﬁp&red to vegetation, écc te specification
of surface albedo is very important, especially at stations where '
k=1.0.

.

©5.4.5 Atmospheric Backscatter
L
The relative error in the global flux resulting from error

in atmospheric backscatter is

é% = 0 Aab/(1 - abas)

Assuming a mean cloud amount of 50% with a cloud base a]be@o of
However the major part of

b L]
atmospheric backscatter is due to cloud reflectivity (.30 of .347).

0.6 y{e1ds a value of 0.347 for «

Setting surface albedo at 0.2 for summer and 0.8 for winter con-

100
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ditions, the relative error in the b]oba] flux resulting from a 10%

error in o can be shown. - .7

AG _ .022% in summer
G

J110% in winter ) | \

Hence, errors in the specification of atmospheric backscatter are \

relatively small and are mainly a result of errors in cloud cover

factors.
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. CHAPTER SIX

SUMMARY -AND CONCLUSTONS -

6.1  Summary

The objectives of this study were to:.
(i) de;é]op c1imat{c;mean transmittance prbperties of clouds and
(i) improve upon the method ¢f estimating direct beam fransmittance
through a cloudy atmosphere. |
Cloud transmittance parameters were calculated using Canadian
radiation and meteoro]ogfca] data employing the same method as
. Haurwitz (1948). Parameters were evaluated for individual stations
and for Canada usin§ pooled data from phe.five stations. Transmit-
tahces for Canada were similar but sm&l]e( than those of Haurwiti,
with the excep£ion of alto pumu]us. ‘ ‘
» Transmittance parameters were also evaluated using global
radiation data which had been corrected for multiple ref]ec?ion
between the surchg and athosphere. This resulted in lower estimates
of the transmittance parameters. Because the transmittance function
was exponential, a non-linear least-s;hares method was employed in
statistically fitting the irradianke curve, as well as the logarithmic
transformation used by.Haurwitz; Results of both the linear and ﬁon-
linear statistical routines were very similar. The non-lingar me thod
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was also weighted by the standard ‘deviation. This'&denot improve

parameter estimates.

Cloud-type transmissions were calculated using three

expressions; (i) exponential t

= A exp{-Bm)
(ii) linear t=c+dm
(iii) constant t=T

Transmissions were evaluated using uncorrected and corrected global
radiation data for individual stations and for the pooled data.
Effects .of multiple reflection were found to be significant. Mean

’

’ |
transmission values for corrected radiation were larger than those

_ for uncorrected. radiation. Multiple reflection enhancement of the

surface flux ranged from . 8% for cirrus to ~ 25 - 36% for strati-
form clouds. |
Transmittance pa}ametgrs and cloud-type transmissions were

evaluated seasonally. Results showed tfansmittanée to be greatest
in winter and sm$11est in summer. This trend was present in both
-uncorrected and correctéd transmissions. Seasonal differences
were attributed to seasonal variation in convection. Physically
and optically thicker clouds afe'formed when convective forces are
stronger in summer. Variation in cloud'transm1§sions across Canada
was found to be minimal. However comparisoﬁ of Canadian results
with those obtained for Hamburg (Kasten and Czeplak, 1980) and

GATE data (Atwater and Ball, 1980) showéd large differences.
Canadian transmissions were consistently larger than those for
Hamburg whereas better agreement was obtained between Canadjan

and GATE results. It is suggested that the data éamp]es from
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’

which the cloud transmittances were determined are not totally

+ compatible.

‘/x\

-

Empirical results of this study were compared with theoreti-

~cally ca]qglated transmission values determined using the modified

~ two-stream approximation method (Pa]tridgekand Platt, 1976).

Results.are difficult to compare because of the wide range of physical

shapes and‘sizes of clouds which occur in nature.

Direct beam transmittances we}e calculated using a number of
clear sky indicqtors in the MAC layer model. The bresent form which
uses toﬁa]cloud opacity as a meésure of cloudiness.gave best results
overall. . \

. The revised’cloud transmi;tance parameters as well as those
of Haurwitzl&h%ch are presently used'were tested in the MAC layer
model for estimating global and diffuse irradiances. Use of-the

present transmittances yielded best results. Correcting.the trans-

mittances for multiple reflection effects led to Tower model estimates .

and larger root mean square errors:. The use of mean cloud-type
transmittance values gave similar results to those obtained using a
transmittance function. This could be a significant simp]ificg&lpn

to layer model calculations.
6.2 Conclusions
Use of cloud transmittances determined empirically from

Canadian global radiation data led to larger errors in the overall

performance of the layer model., These errors however were we?]

e :w"";“ N e T
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within the range of errors expected from the relative sensitivities

of clear sky parameters. Since the Jayer model calculates a secondary

Lo

dfffuse term due to multiple reflection, this component should be j
. removed prior to cloud transmittance evaluation. However this. led
td larger errors, Mean bias errors showed ca]culaféd model values
underestimatéd measured global irradiances. This suggests cloud
transmittances are too low. However when the revised value of the
solar constant was used model estimates using Canadian transmittance
parameters increased by 1.26%. Blue Hill parameters then overestim-
ated irradiances and Canadian parameters performed better.

Transmittances were determined from overcast global radiqtion
data. In overcast conditions it is ﬂnpossib]e to specify any over-
lying cloud above the overcast deck. Transmittance will be reduced
if overlying cloud exists. Hence, long-term average transmi ttances
Qﬁ]] be underestimated. . - -
\ -1t has also been suggested by Atwater and Ball that clouds
<ﬂ;come proportionately thicker as.thejr amount increases. Using
overcast conditions to determine mean-climatic transmittances then
is not representative for partially cloudy conditions.

Multiple reflection has been shown.to be an impOﬁFant
aspect of the radiation balance. For highly reflective snow-covered

syrfaces in winter this enhancement may be as much as ~ 30 - 40%

of the global irradiance at the surfaée. Better results were obtained

| wam

using transmittances that were not corrected for this enhancement.

w0

H - . . Y
Multiple reflection compensates for the underestimated cloud-type i

transmittances. In view of the good results using uncorrected
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transmittances, these two factors must compensate each other effect-

ively.

Aerosols were not considered in this study. In the study

by Davies (198Q), it was shown that aerosols could affect mean bias

errors by as much as 8% of the mean flux. Considering the differences

in mean bias errors of models 1 - 4 for global radiation estimates, all

differences can be explained by uncertainty in aerosol parameterization,

6.3 Recommendations for Future Study
\
13
If layer model estimates are to improve from their present
state, a better indication of cloud cover must be used. Surface-

based observations are not adequate to describe the condition of

cloud in the atmosphere. A possible improvement would include the

»
B e

use of satellite data which would permit a view of the atmosphere
from above. However many problems of resolution still exist with
this method.

The Atmospheric Environment sérvice adopted a new system of
recording cloud cover in 1977. Amgunt is no longer recorded, rather A
the sky is considered to be clear or cloudy. If c]ohdy, conditions
are ;ecorded as scattered, broken or oVercast cloud. Modifying the
MAC layer model to this new cloud cover system may prove worthwhile.

Much of the uncertainty in the results of this study has ' %
been attributqg to mulitiple r;flection. The present model gssigns {
a value for reflectivity &f the surface based upon the temperature.

As was shown for Goose Bay, this may not be a good indicator of

-



surface albedo. An indicator of. snow cover is the only way to con-
sider the large differences associated with snow-covered énd SNow-
free surface reflectivity. In Canada, the multiple reflection
component is especially significant because the largest gaps in’
the measurement network occur in the north where snow-cover exists

for much ‘of the year.
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. Appehqix A
"List of Symbols

Parameters for cloud transmittance function

Albedo values carresponding to the lower and upper
temperature limits in the surface albedo algorithm

Optical cross-section of cloud droplet

Cloud layer amount

Corrected cloud layer amount

Corrected cloud layer opacity

Cloud layer opacity

Diffuse irradiance

Diffuse irradiance due to aerosol scattering
Diffuse irradiance for cloudy skies

Diffuse iﬁradjﬁnce due to Rayleigh scattering
Diffuse irradiance due to multiple reflection
Equation of time

Meastred irradiance |

Calculated irradiance

Global irradiance

Global irradiance for cloudless skies

Global irradiance for cloudy skies

Geometrié cross-section of cloud droplet:

Direct beam irradiance
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LAT
LMS
LS

LST
MBE

RMSE

Solar constant (1353 wm'z)

Direct beam irradiance for cloudless skies
Direct beam irradiance for cloudy skies
Incident solar radiation at the surface
Local apparent time

Long?tudé of standard meridion
Longitude of a station

Local standard time

Mean bias error -

Station pressure t

Standard sea level prassure (101.3 kPa)

-

Phase function

Mie Efficiency factor of water droplet for absorption
Mie Efficiency factor of water droplet for extinction

Mie Efficiency factor of water drop]ét for scattering

Root mean square error
Acpua] Sun~Earth distance
Mean Sun-Earth distance-

Transmittance of cloudy atmospﬁere

"Theoretical c1pud transmittance

Surface temperature
Standard surface temperature

Total clouﬁ amount

Mean total cloud amount (of present and preceding hour)

Total cloud opacity

Mean total cloud opacity (of present and preceding

hour)

.

$
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M MAG
MREAL
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Upper and Tower temperature limits for surface
albedo algorithm ‘

Mie size parameter

Cloud transmissivity parameters, (exponentfa])
Cloudless sky tranémissivity parameters
Absorptivity of ozone

Absorptivity of water vap;ur ‘

Backward to forward scattering ratio

Cloud layer amount

‘Corrected cloud Tayer amount

Prescribed cloud layer amount (0.85)
Cloud}tranémissivity,parameters (1inear)
Day number ;

Ratio of forw&rd to total scatter
fatm = 1.66

Assymetry factbr

Hour angle of'éhn

Individual layer

Aerosol transmission parameter

Relative optical air mass (_

Refractive index

Imaginiry fraction of refractive index

Real fraction of refractive index

Number of layeré

Number density of a particle size distribution

Radius of particle

Hourly fraction of bright sunshine
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Mean hourly fraction of bright sunshine (of preceding
and present hour)

Cloud transmittance
Modified cloud transmittance

Effective water vapour amount in the vertical depth
of the layer

Single scattering albedo

Atmospheric albedo due to aerosol scattering

Albedo of the atmosphere for surface reflected radiation
Cloud type albedo

Cloud base albedo

Atmospheric albedo due‘fg\gayleigh scattering

Surface reflectivity’ |

Spectrally averaged absorption coefficient for c]dud,
droplet : :

Spectrally averaged scattering coefficient for cloud
droplet .

Solar declination

Angle between impinging and scattered beam
Station latitude
Zenith angle -

2ndn/ 365

Wavelength

Cosine of zenith angle
. Standard deviation ’
AOptical depth ) X '

Transmissivity after aerosol extinction

Transmissivity of i cloud layer
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Tranémissivity after ozone absorption
Transmissivity after depletion by Rayleigh scattering
Transmissivity after water vapour absorption A
Effective optical depth

Chi square
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Appénﬁix B

o
Formulation of the MAC Layer Mpde]

Global radiation at the surface under cloudless skies is
the sum of transmitted direct bean and diffuse radiation. The

spectrally integrated direct beam component, I , is given by

—
]

o = 1(0) cos @ [ro(pomr) 1R(mr)- tw(uwmr)] T, B.1

where Ty Tpoe Ty and %a are the transmissions after:
(1) absorption by ozone Ty

(ii) abosrption by water vapour Ty 0

(iii) attenuation by Rayleigh scattering R and

(iv) absorption and scattering by aerasol T,

The extraterrestrial flux is given by IO cos @ and Mo
and W, are the vertiéa1~depths of ozone and water vapou} respect-
ively. The downward component of scattered radiation is recorded
as the diffuse fﬁux. It ts calculated as the sum of three compo-
nents which result from, |
(i) Rayleigh scatter Dp »

(if) éerosol scatter DA , -and
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r(iii) multiple reflections between the surface and atmosphere

Rayleigh scattering is “isotropic such that half of the

scattered radiation is in the forward direction. The Ray]eigh and
aerosol components are given by,

©
n

1(0) cos @ To(uomr)[] - 1p(m )] t (m)/ 2 B.2

o
]

1(0) cos @ [ro(uomr) Tpm) - awlum )1l - T, (miw B, B.3
where w_ 1is the single scattering albedo and 56 is the ratio

of forWard to total scattering by aerosol. The multiple reflection
term DS is given by

s © usab(Io + DR + DA)/(1 - ubas) B.4
The total cloudless sky irradiance at the surface G0 ,is
the sum of the form contributing components.
= B.5
G0 [+ DR + DA + DS

Under cloudy skies the global and direct beam irradiances
are calculated from

(72}
i

n
c (1 + DR + DA) m

=1 T =€) + £.61/00 - agay) B.6

—
i

c Io(] - TCO)

B.7
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.Dc = GC - IC ; B.8
Parameterizations:
(i) transmissivity after ozone absorption (Lacis and Hansen,
1974)
T " 1 - ao B.9
0.1082X 0.00658X
- ) 1
a, = + -
(1 + 13.86)(})0'805 1+ (10.36x,)°
0.002118X,
+ B.10
1 +0.0042X, + 0,0000323X,° ’,,
where X1 = pom ,,
Mg = 3.5 mm (McClatchey et al., 1971)
(i1) transmissivity after water vapour absorption
. 0.635
rw = 0.29X2/[(1 + ]4.]5)(2) + 0.5925X2] B.11
where ’ _ ‘
X2 = um
TR 3/4 P .
u, =Y, (P/P)) (T,/T) Paltridge and Platt (1976) B.12
and

=
b3
R e et
LMMW v
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U,'-= exp (2.2572 + 0.05454T,)  Won (1977) B.13

(1i4) tfansmissivity after Rayleigh scattering (Elterman, 1968;

Thekaekara and Drummond, 1971)

Spectrally integrated values of Tp are given in Table B.1 (Davies,

1980)

TABLE B.1

Transmissivity after Rayleigh scattering

Relative Optical Air Mass Transmissivity

(m.)

0.5 0.9385

1.0 0.8973

1.2 0.8830

1.4 0.8696 .
1.6 0.8572

1.8 - 0.8455

2.0 0.8344

2.5 0.8094

3.0 0.7872

3.5 0.7673 -
4.0 0.7493

4.5 0.7328

5.0 0.7177

6.0 0.7037
10.0 - 0.6108
30.0 0.4364

(iv) transmissivity after aerosol &xtinction

—
u

exp (-k mr)

m .
kT . B.14

i

e . v i .-
- R e il

s, =

.
[ T o Fe VT
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Values for k assigned to specific stations are listed in
Table B.2. Also given are values of single scattering albedo Qb
"and the backward to forward scattering ratio, f . Aerosol ‘extinct-
ion coefficient (k) values were determined by Davies et al. (1975)
and Suckling and Hay (1977). Robinson's (1962) empirical values of
backward to forward scattering ratio are used. These are a function-
of air mass (and hence zenith angle).
TABLE B.2
Aerosol Paranter Values ‘
Station W, ‘ k
Toronto 0.70 . 0.91
. Montreal -0.70 . 0.91
Charlottetown 0.75 1.00
Winnipeg 0.75 1.00 Y
Vancouver 0.75 1.00
. Goose Bay 0.90 1.00
Zenith Angle Air Mass f
o 1.0 0.92
25.8 1.1 0.9
36.9 1.25 0.89
45.6 1.43 0.86
53.1 1.66 0.83
60.0 2.00 0.78
- 66.4 2.50 0.7
72.5 ° 3.33 0.67
78.5 . 5.02 0.60
90.0 0 0.60

et o b i i B 4
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Appendix C

Description of Data

C.1 Data Base

All data ﬁsed in this study were provided by‘the Atmospheric
Environmeﬁt Service on labelled 9 track, 1600 bpi magnetic tpes.'
Each tape contained nine years of hourly data (1968-1976) for an
individdaf statiori, hence a total of six tapes were used. Data
are recorded for each station in asceﬁding order of e]emeng nuhbgr
within the data. |
C.2 Record Fdrmat'Speéification

4

Data are stored on the tapes as described in Table C.1

TABLE C.1

Accord Format Specification’

Column : Field

Date Type

1-7 Station Identification : alphanumeric
8-10 . Year (i.e. 976 = 1976) numeric
11-12 Month (i.e. 01 = JAN.) numeric
13-14 Day (i.e. 01 - 31 as appropriate) numeric
15-17 .- Element Number (i.e. 061, 062 etc:) " numeric .
18 Sign "-" = negative . - alphanumeric

. uoll = pOSjt'iV.e yo
19-23 Data Value ’ numeric
24 Flag (e.g. "E" denotes "estimated")

alphanumeric’

. 4 N
T ewnemey S, T
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C.3 Réquired Data -
~ ‘Data required in this study are listed in Table C.2. Also

given are the element numbers and the units in which the data are

recorded. *
' TABLE C.2 ’
Data Used

. , Sym-
Etement Number Description of Data Units bol
061 Global Radiation X.001 megajoules m™2 G
062 Diffuse Radiation X.001 megajoules m~ D
068 Direct Beam Radiation  X.001 megajoules m~2 S
074 Dew Point Temperature ' 0.1¢C : DPT
077 . Station Pressure , 0.01kPa STP
078 Dry Bulb Temperature 0.1 C DBT
081 Total Cloud Opacity tenths TCO
082 . Total Cloud Amount ‘ L tenths TCA
107,111,115,119 Cloud Layer Opacity tenths - co
108,112,116,120  Cloud Layer Amount tenths CA
109,113,117,121 Cloud Layer Type 0-16 types CT .

133 Sunshine Duration 0.1 hrs. S

A11 radiation data are recorded in local apparent time (LAT).

A1l 'meteoroiogical data are recorded in local standard time (LST).
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|
Appendix D :

Listings of Computer Programs
. .
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. FUNCTION FUNCTA (X, I,A)
C EVALUATES TERMS OF FUNCTION FOR NON-LINZAR LEAST-SNUARES SFARCH.
C FUNCTION HAS THE FCRM 8§ Y = A/XYEXP(-HX) '
C v
DIME NS ION X(1) 4A(1) 0
X1=X{1) ‘
FUNCTN=(A(1) /X1)*EXP(=A(2) *X1)
RETUKN
END
. FUNCTION FCHISQ (Y,SIGMAY,NPTS NFREE,MODE,YFIT)
C EVALUATES -RC gco CHI §9¥ARF FOR FIT 10 DATA., -
c FCHISA= su “YFIT) 7SIGMA®S2 /NFREE
C
19g?$?§}ou XC4) 3Y (1) o SIGMAY (1) 9A(1) 4,00 LTAA(L),SIGMAACL) ,
11 CHISN=0. -
12 IF (NFREE) 13,13,20
13 FCHISQ=0. . *
, 6LO-TO &0
g ACCUMULATE CHI SQUARL
20 DO 30 I=1,NPTS ’
21 IF (MODE) 224217,
C 22 IF (Y(IN) 25427,23
23 WLIGHT=1./Y(I)
G0 TO 30
25 WEIGHT =14/ (=YLIN) .
GO0 YO 30
27 WEIGHT=1,
60 T0 30
29 WEIGHT=1./SIGMAY(I)®s?
) 30 CHISN=CHISQe¢WE IGHT * (Y (1) =YFIT (I})*e2 ’
g DIVIDE BY NUMBER OF DEGREES OF FREEQOM. ‘
31 FRLE=NFREE -
32 FCHISQ=CHISQ/FREL
40 RETUFN \
£ND

o 2o~ =

R
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(24) 4RFB(24)

85,1 APL 94 OUTPUT)

Aull16),A5(1h),A0L(10),
16) ,32016)483(16)4B4(156),05(1b)86016),

RM(1b) s TBARP(1b)

2
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CONTAINS HOURLY WEATHER OATA USLD IN TST AND
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(&)

LO

6)07'0610".
SCATTER Y At ROSOL.

55, BSlle,
L

.2.;2-5'30"05'“¢.

FORWARD TO TOTAL

ragLe

COMMON/ALBEDO/TLUWSALOW THIGH s AHIGH .
SCATTERING

COMMON/STADAY/STA,DAYS
RUBINSON®S TABLE OF xATIO OF

RAYLEIGH

O O QUL

oo

Cuvd

[a¥1y 2

Ll )

n0.

UIRED FOR COMPYTATION OF ALN:

e 0eby300,002/

C TO INDIVINUAL STATION.
TRANSMISSION

5.00/
|°n00“'.025.0025'.025'
28, .028/

.t“““‘w3“3'03“3;.3ﬂ3'
«029/

LB/
Sb“60'3““30|1“53o'

5esl463. 09970 s tiubosbhtSy s,

PECIF]
945547
9
2
2

SPECIF
79.55,

Rt
80,
1“5.’1“66.0'9'.10“'.10“'

ALUES RzZQ

A GH/‘6-
o'j6“6.
4y.159,.

VALU
s AHI

)

GH
IN CLOUD PARAMETVERS FOR

WH ICH A

X,

N
1

[
H
)

A

T
ENOTES VAKIABL:LS
Ala

OWy ALOW,

ME NT CONT
SLAT,SLONG,yMLONGZ 43,

TATEMENTS CONTA

ONS.
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L et
Mo

e e

e -

526e 91926
0’11“’0.1

5
1
0
’

i owd

'
3

35’.331'.‘31'.3,1'
wU234.005,.005,.005,

« 237/

23207 " ) (
B0l b6, 8410026744267 ,.207,

10‘0’00‘)").011190111'01111
« 26890264/

bo’?“5h-.i6NOoptl‘7c'll3?.
Bs~-.078/

B2e.375.,375.7
05052.020,-.007,-.0074-0007,

po’ﬁS.o765.-691'.3“7003N’|0‘“7'

« 320

1
v
8
]

58,,059) .
S0r3, 001
DATA AB/e330 40350, 3680 ThSgs 745y s8255 42860928k e286,

1‘251"2“b'4251'.2“6‘.251'0237
1‘000’.‘-007.‘.00,"nﬂﬂ’.‘qﬂﬂ'.‘oOﬂ?ptﬁli.oﬁll/

DATA B8/-.004¢=-o00ke-.U11,~

¢ e —

SATAN({1.U)/180.

0
AT*CONY

" e

TN ANT O
HIN N e e
R I I @
Zacag 1 ©
CAxXLTNY i
ONZZOXE

LR N J
[ X R 3

EED 1/0 DEVICE

OPTICAL AIR MASS AND

J/M*®2/HR) .

1

11 CONT INUE
¢ MEAD HOUKLY WEATHER DATA

CALL WEATHER

K
IIDAYS=DAYS

‘e
LX)
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AUSORPTION BY WAYLK VAPOUR,

LD

+14.15%X)**0.635+0.5925°%X) )
2!rRPOLAYE TRANSMITTANCL OUL TO RAYLFIGH SCATTERING AS A FuUNCTION

I
OF ALR MASS,

QLY -

FO+ ALKROSOL AS A

J) .
RP (XAM,RSTyAAMC, TRy NRAY)

QOO

ka3 g AT -

o

(ZENJUAA, 27 ,8ANBAA) -

8 ?) L0 Y0 _99
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—h D e T
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CALCULATE CLOUD LAYER TRANSMISSION USING DERIVED COEFFICIENTS.
(1) MAC HMODEL IN 1980 FORM USING HAURWITZ OERIVED COEFFICIENTS.
CALL MACA (S1401,K1sWeXKeVCOyTCA4COsAL9B1) . ‘

(2) MAC MODEL IN 1440 FORﬂ\USING CANADIAN DERIVEN COEFFICIENTS.

CALL MACA (S2yD021K2yWeXKTCO,TCA.CO4A2,B2)

MACH - MODEL COMBINLS THEOREY}CAL Y DERIVEDN CLEAR SKY
ELSBAL RAOTATION AND e XPONENTIAL FORM OF TRANSHITTANCC
u N

(3) BLUE HILL

CALL MACB (S2,02+K2sHeXKsTCOsTCA1COsAR,82)
(4) EXPFIT = UNCCRRECTEO,MEANED DATA

CALL MACB (S3403,K3yNsXKosTCOyTCA»CO,A34B3)
(5) GRIDLS(O) CORRECTLD,MEANED DATA '

CALL MACB (StsD4,KiaoWe XKosTCOy TCA+COsAlL4BG)
(6) GRIDLS (+1) CORRcCTED,MEANED DATA

CALL MACB (S55¢05:,K5,He XK, TCOs TCA4CO4A5,85) "
MACC ~ MOOEL USES LINtAR TRANSMITTANCE FUNCTION

(7) LINEAR - USES UNCORRECTED MEANED DATA
"CALL MACC (S6s0b:sKboeHs XK+ TCOp TCA+CO,Ab,B06)

(8) LINEAR - USES COKRECTED MEANED DATA
CALL MACC (S7007+K74Hs XKoTCOyTCA4CO,A74B7)
MACO - MODEL USES CONSTANY TRANSMISSION VALUE

(9) CONSTANT - UNCORRECTED MEANEAD DATA
CALL MACD (S84D8,KBy Wy XKy TCOFTCA9COy TBARN)

(10) CONSTANT CORRECTLD MEANED DATA
CALL MACO (S99DY9sKYyWsXKeTCOsTCA+CO, TBARPY

WRITE(9,33) YReMON,DAY,JULIANJRSQsDEC,ET
33 FORMAT (FloDgl2¢5F 104 1) )
0 J=JS,
R . 000 RF2(U) . LT.OVRFBCI) =-99, 999
IF(RFL (D) -GE-O o ANN.RF2UJ) . GE. DIRFBUIIXRFLII) =RF2(J)
WRITE (90 60 HREIY vST(UY s ZCIYdAMCII) yPHIJI) » (CALIo L) L= 44D
LSH(JT o TEALUY s TCOT D
WRITE (996) (CT{JoL)oL=194) -
"WRITL €94 6) RFB(J)pSl(JloSZ(J"SJ(J’.S“(J).SS(J'.Sb(J).97(Ji0
1SB6S) +59(J),S100J) ' , :
CHRITE(D,6) RF2 (U1 401 (J)+02(J)4030J) 4Dk (J)gN5LI)2D6(I1 407 1IN,
108(J) e D9 () eD1010) :
WRITE (99 6) RE1(I) oK1(J) oK2(ID 9K 3CJ) oK (J) oKSLI) 4K 6D 4KT LIV
1K8(J) 1K (J) 4 K1G (D) .
-6 FORMAT l11Fi0. 3
9 CONT INUL
993 CONT INUE

K=K+
IF(K.EQ, 31) GO TO. 8

IF(K.EQes IXDAYS) GO TO 8
GO 10 11

8 STOP
END

e,
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Appendix E :
El. Cloud Transmission Results for Individual Stations
(a) uncorrected data ‘ ‘ .
(b) corrected data -
T mean transmittance
0T  standard deviation ‘
wsB regression constant and coefficient
R correlation coefficient
Cloud T oT " B | R ;
GOOSE |
(a) AC - 438 110 .406 012 114 2
AS - .474 .097 .421 .017 .204 _ E
CsS .795 . 061 864  -.024 -.456 oy
Cl .957 © 0,082 ¢ 1834 .044 - 611 -
4 SC . 350 .035 .370 -,007 . -.238
'Y ST 3160 073 418 -.036  -.525 ,
F .290 173 -.080° 135 .805 s
(b) AC .345 .084 .365  -.008 -.09 J
: AS .340 .061 .340 .0002 .003 ‘ Lo
CS AL .067 .818 -.036 -.625
Cl .895 .069 .819 .027 .447
SC .269 ¢ 029 - 318. -.017 ~.714
ST .243 .057 .353 -.039 -.733
F .24 .125 -.019 .098 .802 R
Clowd . T '?T a 8 R '
CHARLOTTETOMN o - ‘ ' .
(a) AC 369 049 .405 -.013  -.319
AS .403 115 .513 -.046 . -.351
cS .733 099 - 711 Lol .074
CI .874 1 1.079 -.109 -.588
SC .367° .023 - .387 -.007 - =.349
ST .284 052 - .318 -.012 ~.276

Foo 269 .044 .269 .0007 . 002 -
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WINNIPEG
(a)

.(b)

Cloud

.476
.509
.817
.863
A29

428

.365
.376
.752
.810
.313
.288
.348

oT

.101
.083
.054
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.058
057,
119

.065
.044
.054

.051
.019
.026
.097

.331
.429 .
.871
.845
313
.298
.441

.284
.374
.831
.830
.287
.256
..388

.051
.031
.021
.007
.041
.033
.00%

.029
..001
.031
.008
.009
0N
.014

.587

.438
-.387
132
.813
.673
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Mean 'Seasonal Cloud Type Transmittances (uncorrected data’).

Goose
Charlottetown
Montreal
Toronto -
Winnipeg

Pooled

Goose
Charlottetown

‘Montreal

Toronto
Winnipeg
Pooled

Goose
Charlottetown
Montreal
Toronto
Winnipeg
Pooled

Goose
Charlottetown
Montreal

" Toronto

Winnipeg
Pooled

Winter
Spring
Summer:
Autumn

"Appendix E.2

.594
.504
.510
.546
.656
.566

.518
~.519
.484
.520
.603
.542

.429
.436
.291
.406
.592
.435

.462

A1
.260
315
.497
412

.451 .
.339
.363
370
.479
.396

.477
.396
.37
.442
.530
.456

.388
.386
.239

.302
.409
.353

378
286

174
.279
.364
.314

.21
.312
.284
.348
.267
.297

.316
.384
. 345
.330
.235
.314

.253
.363
.273
.334
.332
.320

.252,
-.276
.350
.210
371
.290

.385
©.376
. 285
.288
.380
.337

.424
.419
.381 -
.350

.384
.388

. 300
.304
.207
.268
.340
.291

. 285
.234
.205
.182
. 309
.267
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Appendix E.3

Mean Seasonal Cloud Type Transmittances (corrected data)

-

AC

Goose
Charlottetown
Montreal
Toronto
Winnipeg
Pooled

Goose
Charlottetaown
Montreal
Toronto
Winnipeg
Pooled

Goose

Charlottetown .

Montreal
Toronto

- Winnipeg

“ Pooled

ST

Goose
Charlottetown
Montreal
Toronto
Winnipeg
Pooled

1

.406
.354
.357
. 396
.455
.397

.353
.349
. 338
.373
.409
.374

.339
.310
.207
.300
.386

1304

.289
.313
184

.236

323

-282

2

.360
.289
.304
.316
.376
.327

.340
. 306
.293
.355
.403
.348

.305
.304
.189
.250
.314
.278

279
237
133
,226
.280
247

3

.187
.276
.253
3N
137
.264

.281 .
.340
.309
.292
.209
.279

.221
.318
.240
.293
291

.201 -

.221
.242
.307
.184
.327
.254

4

.346
.332
.250
.252
315
.290

.318
.358
.341
314
.325
.329

.242
.255
174
.262
.262
237

241
1204
175
.156
.243
217
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