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ABSTRACT

Engineering construction in cold regions is greatly effected
by the enviromment. The type of structure, its design, its erection
and its operation and maintenance are all influenced by the surrounding
meteorological conditions. Another consideration is of course the site
on which the construction is to be erected. Before construction one
has to determine, ébove others, how deep the soil below the surface is
frozen and this requires heat transfer analysis on that particular

site.

In this thgsis heat flux for thirty-two sites are considered.
These sites are chosen since their n-factors and soil properties are
known experimentally. With weather data like air-temperature, dew-
.point temperature, cloud cover and wind speed supplied by the United
States National Oceanic and Atmospheric Administration (NOAA), it is
possible to calculate the net shortwave and longwave radiation, and
the convective heat flux at the surface. For two of the sites;
Fairbanks, Alaska and Boston, Massachussetts, data on radiation are
available and they can be used to check the accuracy of the results
obtained using the existing equations. For these two sites empirical
relationships on the effect of cloud cover on shortwave and longwave

radiation can also be obtained.

With the calculation of seasonal heat fluxes and the known

soil properties it is possible to calculate the air and surface indexes,
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the n-factor, and finally by using appropriate parameters, obtain an

empirical relationship between the surface and the air indexes. It

will also be seen how close the calculated results agree with the

theory.




e |

i Feoes

(iii)

ACKNOWLEDGEMENTS

The author wishes to express his deep sense of gratitude and
appreciation to Dr., V. J. Lunardini who initiated and supervised this
work. His endless help and guidance throughout this work have made

it possible to obtain the desired results.

I am also grateful to all staff members who have helped me in

various ways during my days in the Department. My sincere gratefulness
is also extended to the Canadian Commonwealth Scholarship Committee
who has financed my study in the University of Ottawa in all aspects,

through its scholarship.

Finally special thanks is due to the author's wife whose
patience and moral support have finally made it possible to complete

this work.




B
Scan o)

T
i
|

L PREEE

(iv)

TABLE OF' CONTENTS

Page

AbStraCt 9 5 000 0C TN LBLRAELIPLGOPSIELILPCIENG eI PTOEOIIEEIVYOISOIDOETOES 1
ACknOWledgements S8 0 000 LTIV TOVOIOIVTIDTLLLNLESTIOEBIRSOEOIOOTTSTTS ii
Table Of Contents 2 0P T PO LNV OEL LN NG OCLO0STRESOREEOOIIOETEOIOERTETRETRNS iv

Nomenclature P 0B AL BN NS UL TIIGOIPILOGOOROENONIBREOSOEDNOETRTDS Vii

CHAPTER l INTRODUCTION LR B AN R R BN BN BN N BN B BN R K UL BN B NE BE BN NN RN BE R BE AN BN R BN BN N BN B I
l.l TheN-FaCtor LA 2R 2N BN BN BN BN BN BE BE BX AN BN SN 2K R BN B BN BE BN BB K NE L BN BN BE K BN BE BN BE BN X B BN N )
1.2 Energy Components at the Surface Layer ...ecececsccccas

1.3 The S0il SySteM seececscsesacsssssassscssssssssacensnss

o o H DB

1.4 Theoretical N — Factor, Thawing eceeessscssccsssssssves

1'4u1 Freezing ® S0 00 00T TS RNBEPTTEELTEIBOGILONDBOEBENSE 14

CHAPTER 2 RADIATION -~ PREDICTIVE EQUATIONS (.cevecsscesssss 18
2,1 Shortwave Radiation c..eeeeccsscessscesscssossssnsnsssss 18
2.1.1 The Solar Constant ...ceeceesesencessssasccsses 18
2.1.2 Extra-Terrestrial Radiation .cesvececeaccocssss 21
2.1.3 Optical Air MasS ceieecssssresccssssscncssasses 23
2.1.4 Transmission Coefficient siieceececscescensense 25
2.1.5 Atmospheric Attenuation icceceececccccscscscses 26
2,1.6 Effect of Cloud COVEr sevsesescassessssssceasses 29
2.1.7 Surface AlbDedOS secesvcessccsscacsoscscscsscnnss Ol
2.2 Longwave Radiation .e.eeeeccesceseccscssccssssccnsaceses 32
2.2.1 Terrestrial Radiation cceeeecesecersscccescaaseces 32
2.2.2 Clear Sky Atmospheric Radiation sceececesceseses 33
2.2.3 Net Longwave Radiation esiseecescescnccssnceseses 34

2.3 Net All-Wave Radiative BalancCe cececscesessscosscssasses 3D

CHAPTER 3 RADIATION ~ CALCULATIONS AND CORRELATIONS ,...... 36
3.1 Introduction seeecscececressessscssncsssssscsassssassons 30

3.2 Daily Radiation for Fairbanks, Alaska ..ccecessccccsces 37




[ Pocebrameny

3.3

3.5

(v)

TABLE OF CONTENTS (Cont'd.)

3.2.1 Calculated Radiation ceeeeeesccsescecsssscescee
3.2.1.1 Shortwave Radiation With Cloud Cover
3.2.1.2 Longwave Radiation With Cloud Cover .
3.2.,1.3 Net All-Wave Radiation sveeesecscness

3.2.2 LocaL.Correlations for Cloud Cover Effect o....
3.2.2.1 Shortwave Radiation .eieeececccscssss
3.2.2,2 Longwave Radiation seesessseccecsenss
3.2.2.3 Net All-Wave Radiation e.evececsssece

Daily Radiation for Boston, MassachusSSetts ceeetoesese

3.3.1 Local Correlation for Cloud Cover Effect vseee..

Daily, Monthly and Seasonal Heat FLUX seevesevecscenes

3.4.1 Fairbanks, ALaSKA «ueeeeeeseseseeseessseennnnns

3.4.2 Boston, MassachUSSettS ceeevescssssanescsossess

COl’lClUSiOﬂ P9 0000082 EPLIBBITBEELTIICEIIOEEsIEIORTIRAOSEOSTTEE

CHAPTER 4 THE CONVECTIVE HEAT FLUX AND SURFACE COEFFICIENT

4.1
4,2
4.3
4.4
4.5
4.6
4.7
4.8
4.9

4,10
4.11

Introduction sieeesessescsscssesssscssoscasccosncsannas
Atmospheric Stabillity ceecececeeccesecscccsncsssonsnseas
Richardson NUMDEr'S teeeeessceseccesscscsacacencosaenns
Monin — Obukhov Length eueeeieeseseeccsaceeccsacncsncnne
Surface ROUGHNESS seeeesesscrcossscsascenannsscncnnses
Deacon's Equation for Velocity Profile ceeecesscecacnss
Relationship Between Stability Parameters ceeeceescees
Aerodynamic Surface Coefficient EQUations ...eceeeeses
Other Surface Coefficient EQUations sveeecesscsssesees
4.9.1 Seller's EQUation seececssccescccssscancenscasns

4.9.2 Equation Proposed by the U. S. Dept. of the

I\Iavy S H AP EO0LBO PPN L T EIESENIEIOEPLISGIEOIIGEOEOERPROOEETTOIEBADND

4.9.3 Equation Proposed by ASHRAE, 1961 ...eeecanseee
Calculation and COMPAriSON eesecssscesccascosonensanss

CONCLUSION secuevessasonsensssasosonscssesoscssacnasss

Page

37
37
38
41
41
41
46
49
51
51
56
56
58
64

65
65
65
67
68
69
70
72
73
76
77

78
78
79
82

S —




(vi)

TABLE OF CONTENTS (Cont'd.)

CHAPTER 5 SEASONAL ENERGY BALANCE AND CORRELATION vuvsceses

5.1
5,2
5.3

5.4

5.5

Introduction tieeeeeresetseteeoecaceceescnsocsansssenes
Calculation Results for the SiteS .eeeecccsccocoesensas
IL and 112 Relationship eveveseseesesceccoconsacesonans
5.3.1 Correlation Between the Calculated Values of

ﬂ1 and Hé Seestseresacseseresensittvsntsntstacnns

The Curve of Is Against M and P cvveeeercncnconsnsonans
5.4.1 Empirical Correlation of Is Against M and P ...

COI‘IClUSiOI’l G® 0208000000 PPIERSREEELIOORLPIORIOGEROGEOIOEOROEOSTIOIOBNORESETNRNS

REFERENCES .-l...'I.....OO.I.....I....".....‘.....Q.l.‘..".

APPENDICES 4uveuneseenssssosesnacsansssonnnntasanonsesnnsses

A

=1 O Q

vy

Description of the SiteS tieeeeeteecccenrosossassene

Derivation of Surface Temperature Equation During
Phase Change eueceecesnssessssescetacerenaancsasansnsae

lMethod of Linear RegreSSion ceceeesesseescsscsscssss
Computer Programme and Sample Calculation ceeeeesesss
Tables of Calculation Results in Chapter 3 ceeeecses

Daily Weather Data fOr the SiteS veeveeeeesescessecs

Page

84
84
85
80

90
94
96
97

98

102
102

107
112
115
140
149




RPN

e

AT

Symbol

at

ht

(vii)

NOMENCLATURE

Meaning

attenuation due to scattering only

attenuation due to scattering and
absorption

specific heat of the frozen layer of
the soil .

specific heat at constant pressure

specific heat of the unfrozen layer
of the soil

atmospheric dust attenuation for a
specific location

atmospheric water vapour pressure
ratio of the net shortwave radiation
with clouds to the global clear sky
radiation

earth's gravitational acceleration

convective heat transfer coefficient
at the surface

convective heat transfer coefficient
at the upper surface of the contact
layer

black-body radiation for all
wavelengths

black-body monochromatic radiation

thermal conductivity of the soil during

the freeze season

thermal conductivity of the soil during

the thaw season
Von-Karman's constant

average daily optical air mass

Unit

dimensionless

Btu/1b-F,
cal/gm-C

"

dimensionless

mb

dimensionless

f't/sec2

Btu/ftz—day—F

Btu/ftz—day,
langleys/day

Btu/ft~day-F

dimensionless

"
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(viii)

NOMENCLATURE (cont'd)

Symbol Meaning : Unit
n n - factor dimensionless
a surface heat flux with the exception Btu/ftz—day,
of convection langleys/day
qT total heat flux at the surface of "
the soil .-
. 10
r radius of the sun 6.965 x 10 cm
ri instantaneous distance of the sun cm

from the earth

ro mean distance of the sun from the -on
earth

u wind speed knots, mph

u, friction velocity mph

w precipitable atmospheric water cm.
vapour

w! fluctuation of velocity in the £t/sec

vertical direction

z height ft, cm

e AT




| ErRaecis s

e sz

Symbol

BC

(ix)

NOMENCLATURE (cont'd)

Meaning
area

mean 24-hour average fraction of sky
covered by clouds

mean daylight fraction of sky covered
by clouds -

date according to Julian calender
(i.e. days numbered from Dec. 31)

radiation emitted by the earth's
surface

radiation emitted towards the earth
by the atmosphere

hour angle
hour angle at sunrise
air index

air index based on phase change season
of the soil surface

effective temperature index
surface index
effective latent heat of the soil

Monin - Obukhov length

i

(k x L) / n®
e .
= Ie’ the effective temperature index

reflected shortwave radiation
backcsattered to the surface

consumption of energy due to
biochemical processes

Unit
ftz, cm2

dimensionless

days

Btu/ftz—day,
langleys/day

1"

degrees

F-_days

Btu/ft°—day,
langleys/day
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NOMENCLATURE (cont'd)

Meaning

energy flux due to evapo-transpiration
conductive transfer of heat through
the ground

convective heat flux at the surface
net all-wave radiation at the surface

shortwave radiation reflected from the
surface

clear sky shortwave radiation; the
total global radiation

part of Q. that reaches the surface
after going through cloud cover

longwave radiation loss from the surface

for a cloudless atmosphere

net longwave radiation loss with the
presence of clouds in the atmosphere

gradient Richardson number
flux Richardson number
fraction of possible sunshine
instantaneous solar constant
mean solar constant

daily direct solar radiation
air temperature

mean air temperature based on phase

change season of the surface temperature

Unit

Btu/ftz—day,
langleys/day

dimensionless

langleys/day

P
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NOMENCLATURE (cont'd)

Meaning ' Unit
dew point temperature F, C

phase change temperature n
mean temperature of the ground "
surface teﬁperature "
roughness height £t,

weather observation reference height "

cm

e it zinend]
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(xii)

NOMENCLATURE (cont'd)

Meaning

thermal diffusivity

longwave absorptivity for the surface
solar albedo for surface

stabilit& parameter

adiabatic lapse rate

angle of solar declination

depth of thaw or freeze

effecﬁive emissivity of the atmosphere
longwave emissivity of the surface
unit weight of the soil

wavelength of short and longwave
radiation

absolute viscosity of air
kinematic viscosity of air
solid angle

angle of latitude, north

dimensionless parameter for the
surface index

dimensionless parameter for the
effective (air) index

density of air
fluctuations of the density of air

Stefan - Boltzman constant

Unit
ftz/hr
dimensionless

F/ft
degrees
ft, em

dimensionless

lb/ft3

cm, micron

1b/hr-ft
£62/hr
dimensionless
degrees

dimensionless
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NOMENCLATURE (cont'd)

Meaning

time

length of the phase change season
based on air temperature

length of the phase change season
based on surface temperature

transmission coefficient
zenith angle; the angle between the

earth's surface normal and the sun's
direction

Unit
hr, day

days

dimensionless

degrees
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CHAPTER 1

INTRODUCTION

Often, for construction purposes, one is interested in
predicting the depth of thaw or freeze for a particular site and this
requires the surface temperature history of the site to be known, as
well as the characteristics of the surface and soil system itself.
But unfortunately, surface temperature measurements are seldom taken

at most meteorological stations,. and the surface temperature is therefore

evaluated by other means.

One method of predicting the depth of phase change is to
determine the components of heat balance at the surface. To do this
it is necessary to have a knowledge of the processes of solar and
atmospheric radiation, the distribution of wind and temperature of
the atmosphere, and the properties of the soil at and below the
surface. The calculations for the short and longwave radiation
requires the following weather data; daily air temperature, daily
dew point temperature, average daily cloud cover and average cloud
cover during the daylight hours. The theory of n - factor is
introduced to predict the surface temperature and the depth of phase

change of the soil.
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1.1 The N - Factor

The parameter used to relate the surface temperature to the

known air temperature is the n - factor which is defined as

surface index I
s
n = = r— (1)
.. I
2 air index a

The surface and the air indexes are further defined as follows

e
s .
I, = J (g, - Tp) d8 (2)
0
e
. a
I, = j (T, - Tp) de (3)
0
where
Ts = average daily surface temperature
Ta = average daily air temperature
Tf — phase change temperature (= 32 oF)
es —~ length of the surface temperature season
Qa -~ length of the air temperature season

Equations 2 and 3 are written for a thaw season, but they are
valid for freeze by using (Tfu— Ts) and (Tf - Ta), respectively.
In a thaw season IGS is the period during which the surface temperature
increases from the phase .change point and then leventually falls back to

that temperature. ea is the period during which the air temperature
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increases from the phase change point and decrease again to that
temperature. For a thaw season therefore, es is usually several days

longer than ea whereas for a freeze season, the opposite is true,

Since the value of n depends directly upon the surface
temperature, any calculation of n is simply a calculation or prediction
of the surface temperature, which is a function of the total heat
transfer at the surface. Due to the changing meteorological conditions
it is possible to have different n - values at differenf times even
for the same site. Such range of values makes it very difficult to
use the value or v;lues of n found in the literature to determine the
surface temperature or to predict the depth of thaw or freeze for a
site, unless the actual site is used and the meteorological conditions

are constant.

-However, from the available weather data various parameters
can be calculated and they can be correlated in such a way as to allow
the n - factor to be estimated. This is the essential part of the
thesis and it will be seen later how well, by using the available
weather data and the known physical properties of the surface or soil,
the calculated quantities using the site data f£it the theory to be

described in the following sections.

B iccrors




1.2 Energy Components at the Surface Layer

The energy balance at the surface layer of the soil can be

idealised as follows

where

Qp + 9 = Q@ - Q = Qg = 0 (4)

Ground Surface
CNNNNANNPBEAINNNON NS I NNN NN SN NNSNSNNSNSNNNNSNSNN

G
QN — net radiation received by the surface
QG ~ heat flux through the ground
QH - convective heat flux at the surface
QE - evapo-transpiration energy flux
QBC ~ consumption of energy due to biochemical and

other processes

In Equation 4, components carrying heat toward the surface are

positive, those carrying heat away from the surface are negative.

Components like QN and QH may also flow in the opposite direction.

Some of these components may be zero while others are made up of a
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number of other terms. QN’ QH and QE, under natural conditions are
more predominant than the other components. Evapo-transpiration, QE
which is a heat loss, is often neglected when energy balances over
paved surfaces are being considered. Photosynthesis, etc., QBCis
neglected because no vegetation grows on slabs or pavements.
Condensation which is always a heat gain is eliminated by assuming
that energy added by condensation is lost again when the condensate

evaporates. QG is small compared to QN or QH and its evaluation is

imprecise due to the relative magnitude and uncertainty of the term.

N - factor data were obtained for numerous sites such as
Ontario, Alaska, West Virginia, etc., and for most of these sites

pavement surfaces are of interest for construction purposes. -

~ Table Al (Appendix A) shows the phase change period and the geographical

location of each of the sites considered in this work. These sites
are studied because the n - factor data and the soil properties are
known, and the surfaces are either asphalt or concrete surfaces,

Table A2.

Since the surface types of the sites considered in this work
are all paved surfaces, the only major energy components at the
surface are therefore the radiation and convection. These components
will therefore be analysed in fuller detail in the following chapters.
Knowing the major energy components at the surface, the energy

balance can be studied.




1.3 The Soil System

The basic problem of energy flow at the earth's surface with

phase change may be visualised as shown in the diagram below for

thawing
' .
qS’h Ta
T
c
! Contact X . .
Layer kc T
v c s Ground Surface
N VAN {TITRVEEY V\‘\\\\\\\\T
£
I
T
o
where
To - mean annual ground temperature
Tf - phase change temperature
TS - surface temperature
Ta — air temperature
TC - temperature above the contact layer
h' - surfacé coefficient at the surface of the
contact layer
q, - surface heat flux except for convection

The contact layer is simply a layer of snow, vegetation or
any substance that separates the soil surface from the atmosphere.

The upper surface of the contact layer has the temperature TC
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and surface coefficient h'. The thermal resistance of the air and the

contact layer is therefore

(5)

=
~

ht k

The total heat flux at the upper surface of the contact layer is

@ = q + h (Ta - TC) . (8)

If the effective temperature is defined such that
= ' -
a h (T, - T ) (7)
Then from Equations 6 and 7

Tez-F'*'Ta (8)

Note that if there is no contact layer or if the value of its thermal
conductivity is large, then h' = h , the usual convective heat

transfer coefficient of the surface, and Tc = Ts‘

The heat transfer problem is now simplified as shown in the
diagram on page 8. The ground temperature is initially at To. When
warming begins the surface temperature increases from sub-zero to Tf,
when thawing starts, and increases still further. When cooling begins
Ts will fall again to Tf'; when freezing commences, and gradually to

sub-zero again. This is a simplified view of the phase change for a

a soil system but is accurate enough for certain kinds of engineering
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design or estimation.
T
e
) Ts’ h Ground Surface
\‘b‘e‘p:th‘ ‘O‘f‘ SAVVL VAV VVRERTRY AR R AR AR AR AR RRARR LR Y
Thaw 3 j////ﬂ
T
f
Y
x
T
o

We will now look at the various equations involving the theory

of n -~ factor both for thaw and freeze seasons.

1.4 Theoretical N -~ Factor, Thawing

Following the definitions in Equations 2 and 3, the surface

and air indexes can respectively be written as

IS = (Ts - Tf) x es (sa)
I, = (Ta - Tf) x ea (9b)

Similarly, the air index based on the surface temperature thaw

season can be defined as

I = (T - o) x O (9¢)
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and the effective temperature index is defined as

Ie = (Te - Tf) b d es

(94d)

The time average temperatures used in the above equations are defined

as

1 J’gs

s = B Jo s
s

_ 1 ea

Ta= Tj Tade
a 0

_ 1 es

TR g
s 0

_ 1 j'es

Te = —5; 0 Te de

(10a)

(10b)

(10c)

(104)

Similarly, time average values will also be used for q and h. Thus

1 J'es
q's = e 0 qs de
s
_ 1 J’es
h = - 0 h de
s

(11)

(12)

The actual phase change problem of the soil can be expressed

by the following equation (diagram on page 8)

o°T 1 9T
o 36

(13)

Pl B N4y
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The boundary conditions are
oT oT dE
-k + k = L ===
t Ox £ % e do at x = ¢
T = Tf
and
oT
kt“a-}—{ = h (T - Ta) at x =0

Due to the non-linearity of the boundary condition at x = ¢ , the
quasi-steady approximation was used. The details of the solution to
the quasi-steady system is shown in Appendix B, and the surface

temperature during the phase change period is given by the equation

(T - T.) k
£ t
TS = Te - 5 . (14)
where e

2 2 kt k 2
o~ = (T - T,.) a8 =+ t (15)

L e £ —_—

e 0 h

Since thawing occurs continuously throughout the thawing season QS,
the time of phase change is now equal to es' Equation 14 then

becomes, for average values over the season

Ll

= T (16)

and

(17)

ke
N
I
N
-
o ~
133
O D
[0}
~~
=
)
|
+3
H
N
0,
©
+
NN
:S‘II -
\/
N
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kt and Le are respectively the average thermal conductivity and

effective latent heat of the soil during the thaw season., The

effective latent heat is defined by

Le = cp (To - Tf) + Lv +cy (TS - Tf) (18)
2
where
Ce = specific heat of the frozen layer
¢, -~ specific heat of the unfrozen layer
To ~ mean ground temperature
Lv ~ volumetric latent heat of the soil

The effective latent heat is a method to evaluate the sensible heat
effects which were dropped in the simple quasi-steady solution,

because of the assumption that T = Tf initially.

Using Equations 16 and 17, the surface index may be written as

s
Is = .f (TS - Tf) de
0
Le kt ° kt
= (T, - Tp) o, - — —| + be_ - — (19)
n R h
where
2 k. -
t -
b= L (Tg = Tg)
e
s
Since Ie = -[o (T - Tf) de = (T - Tf) QS

Equation 19 can be written as
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2 I
I, = I - M[[1+ — -1 (20)

where

Equation 20 can be made dimensionless by dividing it by M. Hence

IS Ie 2 Ie
'M—'=M——'l+ N - 1 | (21)

Further by using the following definitions

the following relationship is obtained
I 1
1 = H2 - Vl + 2 H2 - (22)

The time average effective temperature can be written as

=31
!

es
R
svY0

1 -fes qs
- — T de
8,70 ( h " a)
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1 9s ag 1 fgs'
= — - 38 + — T de
GS 0 h GS 0 a
qS
= — 4+ T (23)
H as

The effective temperature index in Equation 19 can now be written as

H
il

(Te N Tf) es

= -+ I (24)

Since Ias and Ia are likely to be nearly equal and data are not available
for Ias’ the value of Ia is used rather than Ias' Using the letter P
to dencte Ie’ Equation 24 can be written as

95 es

P = — -+ Ia (25)
h

Thus Equation 20 can also be written as

s P - [\’Mz-f- 2PM - M:| (26)

L]
i
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1.4.1 Freezing

The equations for freeze cases are similar to that of thaw
except for a few changes in signs. The following definitions are

applicable for freeze seasons

I = (T, -~ T) 8

s £ s s
I, = (T, - Ta) o,
Ias = (Tf - Tas) es
Ie ‘; (Tf - Te) ) gs

wvhere es and ea are now the phase change periods based on the surface

and air temperatures, respectively, of the freeze season.

The equation for Ts does not change for the case of freezing,

but it can be written as follows

s e D 5
(1. - T) k
- T . L& L (27)
€ p h
where 5
kf
P = b9+[—]
S —
h
b - 2 kf

+
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kf and Le are now the thermal conductivity and the effective latent
heat of fusion of the soil during the freeze season. For the same

soil system these values may be different to those of thaw season.

Using the same procedure as for the thaw case, the same
equation will be derived for I, in terms of M, P, §_, 6_ and .

Hence

2T,
I=Ie—Ml:l+ - 1 (28)

where for a freezing case

I - - 95 O

+ Ias
h

By the same reasoning as before, the value of Ia will be used instead

of Ias' Using the same letter P to denote Ie’ Equation 28 can be

rewritten as

2 P
IS=P—M[1+—1\——-1] (29)
Dividing Equation 29 by M yields
n, = Mm, - [\/1+ 2m, - 1] (30)

The equations derived in this chapter will be used in Chapter
5 to correlate the known n data and to compare the theory to the

data.
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In this work measurements are available of n and soil conditions
for thirteen different locations listed in Appendix A. Each location
may have one or more sites; Kotzebue, Alaska, for instance has eight
different cases or sites with information on the surface types, soil

properties and the n - factor.

The calculations for the net radiation and the surface coefficient
require the following weather data: daily air temperature, daily
dew-point temperature, amount of cloud cover and wind.speed. These
weather data are supplied by the U. S. National Oceanic¢ and Atmospheric
Administration (NOAA). However, some of the locations (West Virginia
sites especially) whose weather data are supplied by NOAA do not
exactly coincide‘with the locations whose n-factor data:and soil conditions
are known.. Table Al (Appendix A) shows the locations whose weather
data are supplied by NOAA and the corresponding locations with data
available on n and soil properties. The geographical location and
the phase change period for each of the locations are also shown on
this table. Table A2 shows the different sites for each location,
with information on the n - factor, the period of phase change for
the air and surface temperatures, the surface type and the soil

properties.

Using the weather data provided, the daily and seasonal net
radiation and surface coefficient can be calculated. For Fairbanks,
Alaska and Boston, Massachussetts, measured quantities of the net

shortwave radiation are known and these are useful for comparison

romn
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purposes. The net longwave and all-wave radiation for Fairbanks are
also known, providing further means to check the accuracy of the
calculated quantities. The theoretical framework described earlier
in this chapter will then be used to calculate the n - factor and
other parameters and from the correlation of these data, we will be

able to confirm the accuracy of the theory,

<o R
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CHAPTER 2

RADIATION — PREDICTIVE EQUATIONS

2.1 Shortwave Radiation

Several methods are available for calculating incident solar
radiation under cloudless skies, but the most accurate procedure is
that outlined by Bolsenga (1964)1. The clear sky global radiation
is calculated as a function of geographic latitude, deélination of the
sun, precipitable water content of the atmosphere and atmospheric dust
attenuation of tﬁe solar beam. The result obtained is quite accurate,
varying by a few percent from the measurements. However, the percentage
- of solar radiation that reaches the earth's surface in the presence
of clouds varies from one site to another and for this reason local
correlations for the effect of cloud cover should be known before
the net solar radiation can be accurately calculated. In this chapter
we shall see briefly how the final equations for calculating the

amount of net shortwave and longwave radiation are arrived at.

2.1.1 The Solar Constant_

The radiation for all wavelengths from a surface can ke found

from the Stefan -~ Boltzman law:

1 The name and year in parenthesis refers to references listed on
pages 98 ‘through 101.
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= crjo 1 b, A daa = oT (31)

-12

— Stefan - Boltzman constant = 1.805 x 10

watt/cmz--K4

— wavelength of the radiation, cm

- absolute temperature of the surface, °k

1

= Plank's law for monochromatic

C 1
)\5 [ (-—-—2 ] radiation
ANT
e - 1

The constants Cl and C. are

The energy

area of the earth

das

= 0.59544 x 1012 y—cm3

= 1.4388 cm-K

leaving an area dA of the sun which strikes a unit
is

= ib cose dA dw (32)

To earth
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where

dA -~ unit area = r2 sin® de dg’

dw -~ solid angle subtended by unit area at

distance of earth from sun

r - radius of the sun = 6.965 x 1010 cm

Integrating Equation 32 over the total solar hemisphere,

21 oM T4 r2
S = J~ J. cos® sing de dag
m 2
0 6] r,
i
from which
4 2
‘ T »r o
e (3)
T,
i

Using the distances given above and taking the solar surface

temperature to be 5800 OK (about 10,000 QF), Equation 33 gives the

value of 1.99 langleys per minute, where 1 langley is defined as
1 cal/cmz. This value is generally accepted as the solar constant -
the radiation falling on a surface perpendicular to the sun's rays

at the top of the atmosphere. The solar constant however

fluctuates slightly due to geometrical changes and changes of solar
activity.
Stringer (1972) gave a relation for the solar constant at any

time of the year

2
r‘m
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and
Ty 2
= 1 - 1.6733 x 107 cos(0.9856-D) (35)
m
where
Sm - mean solar constant = 1,99 langleys/day

- mean distance of the sun from the earth

r
m
.= 1,4968 x 21.013 cm

r - instantaneous distance of the sun from the earth

D - days numbered from Dec. 31 (Julian calender)

2.1.2 Extra-Terrestrial Radiation

From Equation 34 the daily direct solar radiation is therefore

sunrise
SD = J. Si cosy dt (36)

sunset

The zenith angle ¢ is given by the equation

cosy = siné sinf - cosd cos@ cosH (37)
where

é — angle of solar declination

@ - latitude of the site

H - hour angle = 222 L

t -~ hours measured from midnight

Degelman (1966) gives the relationship for the estimation of solar

declination,
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5§ = sint {sin 23.5 cos [0.9863(D - 172)]} (38)

From Equation 37, since cos ¥ = 0 at sunrise or sunset, the hour

angle at sunrise is

H . = cos™t [ tans tan 7] (39)

Equation 36 thus becomes

sunset
SD = ( siné sing - cosd cosy cosH) dt
sunrise
T
= td sind sing - %? cosé cos¢.j' cosH dH (40)
Hsr
where
td - length of daylight in hours = 24 (1 — —%E)

After some substitutions and simplifications, Equation 40 can finally
be written as

180 - H sin H
sr

sr
cos H + ————lcos§ cosd
sr

S = 60 x 24 S, [
i .y

D 180

(41)

This is the daily direct radiation from the sun that would reach the
surface of the earth with no atmosphere or clouds. This equation is

valid for any latitude, month and any length of daylight hours.
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2.1.3 Optical Air Mass

As mentioned earlier all solar rays reaching the earth's

surface will have to transverse the atmosphere which therefore absorbs

and scatters a considerable amount of the radiation. Computation of
solar heat flux requires the use of the average daily optical air
mass, or the average length of the path in the atmosphere through
which the solar rays must pass as the.sun travels across the

sky. The relative optical air mass is defined as the ratio of the
actual path transversed by the radiation to the shortest possible
path, Since it is a ratio the relative optical air mass, usually
denoted by m, iswtherefore dimensionless., The air mass ranges from

unity at the zenith to about 27 at sunrise or sunset, Kennedy (1940),

Kasten (1964) calculated the optical air mass and obtained

an empirical relationship which is quite accurate as follows

1

moo= ]_1.253 (42)

cosy + 0.15 [g - ¥ + 3.885

Figure 1 provides a means of determining the average air mass at any
latitude for any day of the year. The figure only gives the values
of m for the northern hemisphere, but it is applicable to the

southern hemisphere by changing signs.
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DECLINATION

AVERAGE DAILY AIR MASS

The Average Daily Air Mass for Different Latitude

and Sun's Angle of Declination, Kennedy (1940)

Figure 1
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2.1.4 Transmission Coefficient

Another quantity used in relation to the air mass is the
transmission coefficient, Ty Its value depends upon the solar energy
absorbed in the atmosphere which is due to the presence of water
vapour, carbon dioxide, ozone and pollutants. Its value ranges from
about 0,81 on a clear day to 0.62 on a cloudy day. The average value
of 0.7 is generally used for a typical day, (The transmission

coefficient is 1 if the atmosphere is transparent) .,
The instantaneous energy now reaching the horizéontal surface is
. n
I, = 8; 7 cosy (43)

Due to the difficulty of integrating the unknown scattering and

- absorption effects, etc., empirical relationships are used, following
Bolsenga (1964). Equation 41 was obtained assuming the atmosphere to
be transparent with the transmission coefficient assumed to be unity.
With the absorption of the atmosphere, the direct radiation reaching

the surface now becomes

sunset

= a Si cosy dt = a S (44)

QTD .
sunrise

where a is a parameter depending on the transmission coefficient, and

is a function of the optical air mass, absorption and scattering.

The indirect, scattered or diffuse radiation reaching the

surface is described in terms of a scattering coefficient B . Thus
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- 1 ‘
The radiation reflected from the surface is
— 1
Opp = a (a + %B) Sy (46)
where o is the surface solar albedo or reflectivity,

The amount of reflected energy which is backscattered to the surface

is one-half of the reflected scattered radiation. Thus :

Qg = % B o ' (47)

Combining Equations 44 to 47 the total insolation (total global

radiation) at tﬁe surface for clear sky condition is

Il

Q

[

X (@ + %8) (1 + %Ba) s, (48)

It must be remembered that this is the shortwave radiation reaching
the surface of the earth and not the energy absorbed. The amount of

radiation absorbed by the surface depends upon its absorptivity,

2.1.5 Atmospheric Attenuation

Bolsenga (1964) gave empirical relationships for the coefficients

a and @ in Equation 48, He found

a = a" - d (49)

B = 1 - a'+ g (50)
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where

a' -~ attenuation due to scattering only
a" -~ attenuation due to scattering and absorption

d ~ dust attenuation

Bolsenga (1964) also gave charts for a' and a! from which the following

approximate equations were derived

a' = 1.041 {e-(o.ogsm + 0,039 w)} (51)

a" = o0.975 {e-(0.1263m + 0,0513 w)} (52)
where

m — average daily optical air mass

w — precipitable atmospheric water vapour, cm
Reitan (1963) gave an empirical equation for the precipitable
atmospheric water vapour

=

w - e(0.1102 + 0.,0614 po) (53)
where

po - meanvmonthly surface dew point temperature, °c

Equation 53 has to be multiplied by 0.85 for daily calculation of

shortwave radiation, Bolsenga (1964).

Table 1 gives the mean seasonal values of atmospheric dust
attenuation for different sites and for different optical air mass

m, Bolsenga (1964)., The table only gives values of d for m values
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of 1, 2 and 3, and these values are only accurate for the specified

locations. The nearest tabulated site is chosen from those
listed in the table for other sites, If m is higher than 3, the
table must be inspected to approximate the change in atmospheric
attenuation as a function of the optical air mass. Atmospheric
attenuation valuesﬂgenerally increase for increasing values of m,

but the rise is not linear because a higher optical air mass

corresponds to an increasingly longer path traversed by the solar .

rays.

2.1.58 Effect of Cloud Cover

If the sky is wholly or partially covered with clouds the

radiation reaching the earth's surface is greatly reduced. A

3

theoretical solution of the resulting problem has not been obtained

because of difficulties involving height, type and distribution of

clouds., By correlating measured total radiation with visual

estimates of cloud cover, empirical relationships have been obtained.

The ratio of the actual radiation to the clear sky radiation

is a function of the clouds. Thus

_— = £ (54)

The relationship f depends upon the type , structure and extent of

of the cloud cover. The function of f is also dependent on whether
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daily or mean monthly radiation values are being considered.

For daily correlations the function f can be specified as

2

f = a; - bl CS

b = a2 - b2 Cs

b = a3-b38

where
Cs - average fraction of sky covered by clouds
during daylight hours
S - fraction of possible sunshine

The coefficients a and b in the above equations are determined
empirically and vary from one location to another. Scott (1964)
proposed that the following function

£f = 1 - 0.67 cs2 (55)

is generally acceptable for any site.
Cs and S are directly related to each other. Gorczynski (1945) found
the relationship to be
— - [
S = (1 CS) (L + 0.5 Cs) (586)

while Scott (1964), in his work on Camp Tuto, Greenland, found the

relationship to be

S = (z - CS) (1 + CS) (57)
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2,1.7 Surface Albedos

The surface albedo for solar radiation is the ratio of the
flux of radiation reflected by the surface to the flux incident upon

it. Thus

o = — (58)

In engineering terms o is usually called the reflectivity. Hence

the solar energy available for energy transformation at the surface is

Qg = W = 1 - @) Qne (59)

The factor (1 - as) is called the absorptivity of the surface.

The albedo of any surface is a function of the wavelength of the
radiation; thus the same surface can have different albedo values for

shortwave and longwave radiation.

Table 2 below gives a list of solar albedos for various types of

surfaces.
Surface Solar Albedo
Concrete 0.25
Gravel mixture 0,12
Crushed stone 0.14
Granite 0.15
Asphalt {black top,
bituminous concrete) 0,10 - 0.15
Portland cement concrete 0.20 - 0.35

Table 2 Solar Albedos for Paved Surfaces, Van Wijk (1966)
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2.2 Longwave Radiation

The wavelength of radiation depends upon the surface temperature
of the body; thus the earth and atmosphere emit heat in the form of
longwave radiation. The radiation emitted by the earth and atmosphere
has longer wavelengths than solar radiation because the earth and
atmosphere are much cooler. Nearly all the radiated energy of the
earth has wavelengths greater than 4 microns. The actual amount of
longwave radiation emitted by the atmosphere, downwards &nd received
at the earth's surface, is a complex function of the at@ospheric
density and temperature variation above the surface. Therefore an
empirical equation is used to determine the effective emissivity of

the atmosphere.

2.2.1 Terrestrial Radiation

The surface of the earth emits radiation as a grey body,

E, = e 1 (60)
where

g - Stefan - Boltzman constant

Ts - absolute surface temperature

€, ~ emissivity of the surface

Kirchoff's law states that for gréy bodies the monochromatic
emittance is equal to the monochromatic absorptance. Thus the

emissivity of the surface, considered as a grey body, is equal to the
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absorptivity for terrestrial or longwave radiation. Obviously this
is not true for solar or shortwave radiation since the sun is at a

temperature far higher than that of the surface.

Table 3 below gives the values of absorptivity (or emissivity) for

different surfaces.

Surface Emissivity
Asphalt 0.93
Concrete 0.94
Gravel 0.94
Gra&el, darkened 0.94

Table 3 Longwave Emissivities (Absorptivities) for

Paved Surfaces, Van Wijk (1968)

2.2.2 Clear Sky Atmospheric Radiation

The atmosphere itself, having a certain temperature will emit
radiant energy towards the earth. The energy emitted is a function

of the atmospheric temperature and water vapour pressure, hence

4

Es = e%(Ta, eo) o Ta (61)
where

eo — atmospheric water vapour pressure, mb

T, - air temperature at a certain reference level, Op

effective emissivity of the atmosphere

m
I

B Sty cpateiebs vzl
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Brunt (1932) gave a simple relationship between € and e, as

. a + b\/eo ' (62)

The values of a and b depend on the local conditions and vary from

)
It

site to site. Brunt recommended the values of a and b to be 0.52

and 0.057, respectively. A more recent work by Sellers (1965) however

suggested the values to be 0.60 and 0.05, respectively.

2.2,3 DNet Longwave Radiation

From Equations 60 and 61, the net longwave radiation loss from

the surface for a cloudless atmosphere is

Ro= Ee = o Ey
4 Ts N
= o’_'I‘a € [E} - e (63)

As with shortwave radiation <the presence of a cloud cover will
decrease the net flux of terrestrial radiation and increase the incoming
atmospheric radiation. Since there is no simple analytical method to

account for the absorption, reflection and emission of clouds, empirical

relations will again be used.

The ratio of net longwave radiation with cloud cover +o that of

clear sky is

= a - b (64)
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Since longwave radiation occurs night and day, Ce now is the 24-hour
average fraction of sky covered by clouds. The coefficients a and b
in Equation 64 are functions of +the type and structure of the clouds,
For low clouds b = 0.9, and for cirrus clouds it is 0.2; the average

value of 0.8 usually being used for b and 1 for a, Lunardini (1977).

2.3 Net All-Wave Radiative Balance

Knowing the amount of net shortwave radiation absorbed and the

net longwave radiation emitted by the surface, the resultant radiative

energy retained by.the surface for energy transformation is

O = (1 - a) Q- R (65)

Most of the equations discussed in this chapter will be used
in the next chapter for Fairbanks, Alaska and Boston, Massachussetts,

and also in Chapter 5 where the daily and seasonal net radiation for

all sites will be calculated.

T
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CHAPTER 3

RADIATTON — CALCULATIONS AND CORRELATIONS

3.1 Introduction

The meteorolggical data sheets and microfilms supplied by NOAA
only furnish weather data like air temperature, dew point temperature,
cloud cover for both 24-hour and daylight periods, and wind speed.
(see Appendix F). Though these data are sufficient to- calculate the
net shortwave and longwave radiation and the convective heat flux,
more information ‘like the surface temperature, shortwave and longwave
radiation measurements are necessary to check the validity and

accuracy of the equations discussed in Chapter 2.

With the exception of Fairbanks (Cases la, 1b and 10)l and
Boston (Cases 4a, 4b and 4c), the computed net radiation obtained
could not be compared with the actual measured values since these
values are not known. However as calculations for Fairbanks and
Boston will prove, the results obtained for these two sites are quite
reliable and accurate enough for engineering work. Thus the equations

described should yield acceptable radiation values,

1 See Appendix A
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3.2 Daily Radiation for Fairbanks, Alaska

For Fairbanks, Alaska, data on the daily values QT, QR, QTC’
Rc and QN are provided. by the U. S. Army (1$71). From the incident

and the reflected solar radiations, daily values of solar albedos

can be obtained. Tables El, E3, E5 and E6 (Appendix E) show data on daily

solar albedo, net shortwave radiation, net longwave radiation and

net all-wave radiation, respectively. These values will therefore be

used to check the accuracy of the results obtained using the equations

discussed in Chapter 2.

3.2.1. Calculated Radiation

3.2.1.1 Shortwave Radiation with Cloud Cover

As discussed in the previous chapter, the ratio of the daily

solar radiation with cloud cover to that of clear sky is

_— = 1 - 0.67 CS (55)

Workers like Gerdel (1954), Gabites (1950), and others came up with
slightly different relationships. The equation above which was
proposed by Scott (1964) gives a value close to the average of all
the other results. For Fairbanks and Boston, the data are available
for local correlations to be made on the effect of cloud cover. For

other sites however Scott's relationship will have to be used.
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A sample calculation for tﬁe calculation of the net shortwave,
net longwave and the net all-wave radiations is shown in Appendix D.
Figure 2 shows the correlation between the computed net shortwave
radiation (QTC) using Scott's relationship for cloud cover, to that

of the measured data. It is observed that the points are not evenly

scattered between the 45-degree 1line, and in most cases the computed

values fall short of the measured values,

3.2.1.2 Longwave Radiation with Cloud Cover

The equatien used to calculate the longwave radiation on a

clear sky day is

4
4 Ts
R = o¢ T — - € (63)

With the presence of clouds, the net longwave radiation loss is

given by the equation

R, = (1 -o.8 ce) x R (66)

At best, the equation above only gives an estimation of the
resultant longwave radiation loss Tor any site. The actual function
of Rc/ R may vary widely from one site to another and the local

correlation is preferred if known for a particular site. Figure -3

shows the correlation between the computed values of Rc using Equation

66, and that of the measured values obtained from the data supplied

by the U. S, Army (1971). It is observed that the scatter is not
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evenly distributed about the theoretical line. The correlation is
very poor and in most cases the computed values fall short of the

data.

3.2.1.3 Net All-Wave Radiation

Using the results obtained from Equations 55 and 66, the net

all wave-radiation can be calculated from the equation

O = @ - @) Q- R : (65)

The daily values of @ listed in Table E1l (Appendix E) are used for

the calculation of QN. The values of QN thus obtained can be compared

again to the data given by the U. S. Army (1971) -and the correlation

is shown in Figure 4. A close observation shows that even though the

longwave radiation results are poor, the points in Figure 4 are more
evenly distributed.. The scatter is quite high, with the correlation
coefficient 0.76. In the next section we shall see how the correlation
can be improved after using local relationships on the effect of cloud

cover,

3.2.2. Local Correlations for Cloud Cover Effect

3.2.2.1 Shortwave Radiation

Since the values of net shortwave , net longwave and net all-

wave radiations are known together with the cloud cover percentage,

e T RE




350

300

Calculated QN

250

200

150

100

50

R S

T o l‘_ . ‘ | o L J ‘ R |
~ Measured values are obtained e '
from the U, 5. Aemy (1971) . .

= Unit of Qﬁ, langleys/day

O,
(]

°
°

#5850 ot o 100 180, . . 200; = . 250 . - +.-.300

- Measured QN

350

:Figure.4. Cprrelation Between:the_Cglculqted and Measured Q ». Fairbanks




it is therefore possible to derive a local empirical relationship for

the effect of clouds on shortwave and longwave radiations.,

Table E2 (Appendix E) shows the values of QTC/ QT obtained
from the data supplied by the U, S. Army (1971). The corresponding
daily values of Cs’ the daylight percentage of sky covered by clouds,
are as listed in Appendix F. Note that since the values of percentage
of possible sunshine, S are not available for Fairbanks, a direct

relationship cannot be obtained between S and CS.

QTC/ QT for Fairbanks can now be plotted against Cs2 as shown
in Figure 5. Using the procedure of least-square regression outlined
in Appendix C, a linear correlation is obtained from Figure 5

QTC 2

Q—T- = 1 -~ 0.80 CS (67)

This relationship does not vary appreciably from that of Equation 55
proposed by Scott (1964). It thus shows that if the local relationship

is unknown, Equation 55 is accurate enough to be used for Fairbanks,

or for other sites.

Equation 67 will now be used for recalculation of QTC for
Fairbanks. The new results and that of the measured data are tabulated
in Table E3 (Appendix E). The correlation between the computed and
the measured wvalues are shown in Figure 6. A close comparison
between Figure 6 and TFigure 2 shows that there is some improvement of -

results in Figure 6,

- e TUAINAT




i o £,

-44--

1.0

0.8

0.4 |-

o ! L3 ! e
s °
o 8
o °
S 3 °
° °
°
(-] ] [-]
° o
H o
o s
[+ ©
o
° o
o o
° §
0.6 | ° ° °
o
(-]
(]
°
°
o

Data references:
QTC - U, S. Army (1971)
CCS ~ NOAA (Appendix F)

0.6

Figure 5  Plot of Qy./Q, Against csz, Fairbanks




e S

BRI S

port

SO PR

e

PN

AT

ook cr e et

U B

SISHTIR AT sy s,

TS

SRR

700 !

6oor

500

Salculated QTC

400

300

200

100

- Measured values are obtained
from the U. S. Army (1971) 00

~ Unit of QTC' langleys/day

0 100 200 300 400 500 600 700

Figure 6

Measured QTC

Correlation Between the Calculated and Measured QTC
After-the Local Cloud Cover Relationship is Used,
Fairbanks

FROpPPerSy




~46—

3.2.2.2 Longwave Radiation

The effect of clouds on longwave radiation fér Fairbanks can
also be empirically derived by plotting the values of Rc/ R against
Ce, the percentage of sky covered with clouds for a 24-hour period,
The values of Rc are calculated from the data suplied by the U. S.
Army (1971), whereas R is calculated using Equation 63. The values
of Ce are listed in Appendix F. Table E4 (Appendix E) shows the daily
values of Rc/ R and these values are plotted against Ce as shown in

Figure 7. Using the method of linear regression described in

Appendixz C, the following relationship is obtained

R
_c.

= = 1 - 0.4 C, (68)

Equation 68 differs considerably from the assumed relationship of
Equation 66. But as discussed earlier in Chapter 2, the coefficient
b in Equation 64 can vary from 0.2 to 0.9, depending on the type,
height and structure of the clouds. Equation 68 will now be used to
recalculate the values of RC. The new computed values of RC and the
data are tabulated in Table E5 (Appendix E). The correlation between

the computed and the measured values is shown in Figure 8.

It is observed that using the local relationship shown in
Equation 68, there is a vast improvement over the previous correlation
(Figure 3) in which the general relationship for cloud cover effect

was used.
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3.2.2.3 Net.All-Wave Radiation °

Using the new results of shortwave and longwave radiations
obtained with local relationship on the effect of cloud cover, the
net all-wave radiation QN can be calculated again using Equation 65.
Table E6 shows the new values of QN and that of the data supplied by
the U, S. Army (1971). Figure 9 shows the new correlation between

the computed and the measured values.

Compared to Figure 4, Figure 9 shows an improvement on the
correlation. The scatter is reduced and the points are more evenly
distributed about the theoretical line. The correlation coefficient

is improved from 0.76 in Figure 4 to 0.86 in Figure 9.

It must be mentioned that in the analysis so far, data from
two different sources are being used. The weather data used to
calculate the shortwave and longwave radiations are obtained from
NOAA (Appendix F), The measured radiation data are supplied by the
U. S. Army (1971). The two weather stations are at different places
and since weather conditions may vary considerably between two
neighbourhoods, accurate local correlations for Fairbanks are

therefore not expected.

H
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3.3 Daily Radiation for Boston, Massachussetts

The same analysis for Boston, Massachussetts shows even better.
and more convincing results. Apart from the normal weather data, the
meteorological data sheets supplied by NOAA also give additional data

on 3, the percentage of possible sunshine and Q the net shortwave

TCc?
radiation, TFor this reason better correlation is expected for Boston
on the effect of cloud cover upon shortwave radiation. Further

comparison however is not possible since measured data on net longwave

and net all-wave radiation are not given.

Table E7 shows the daily values of QTC/ QT for Boston, for the
months of December 1960, January 1961 and February 1961. As mentioned,
the values of QTC are given together with the weather data. QT are

calculated as usual using the equations outlined in Chapter 2.

3.3.1 Local Correlation for Cloud Cover Effect

Figure 10 shows the correlation between the calculated and

measured values of @ the calculated quantities obtained using

TC’
Scott's relationship (Equation 55). It is seen that the correlation
is better than that of Fairbanks. The points are closely and evenly
scattered about the theoretical line, except for lower values where

the calculated values are considerably higher than the measured

values.
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Since both the values of CS and S are known for each day,
the daily values of QTC/ QT in Table E7 .can be plotted against Cs2

or 5, the results shown in Figures 11 and 12, respectively.

Using
linear regression, the following relationships are obtained:
From Figure 11
Q
I = 1 - 0,77 C 2 (69)
Q s
T
(with correlation coefficient = 0.78).
From Figure 12
Q
£ - 016 +.-0.845 (70)
QT
(with correlation coefficient = 0.86)

Note that Equation 69 does not differ very much from the

general relationship proposed by Scott.

The daily values of S can also be plotted directly against
CS2 to obtain a relationship between the two. A linear relationship is
expected from the plots; however the points are widely scattered
as seen in Figure 13. Using the linear regression method outlined
in Appendix C, the following relationship is obtained which best

fit the points

S = 1 - g.o2c?2
s

= (1 - 0.96 c)) (1 + 0.9 c.) (71)
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Figure 13 A Blot of S Against Csz, Boston

with the correlation coefficient = 0.81

This relationship is in agreement to the work of Scott (1964), who

found for Camp Tuto, Greenland
S = (1 - C) (1 + c.) (57)

The values of QTC for Boston can now be calculated again using

the local relationship of Equation 69 or Equation 70. The new values

e
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of @ and the measured data are tabulated in Table ES. 'The new :

TC
correlation between the calculated and the measured values are shown
in Figure 14, which gives a better correlation than Figure 10. The

correlation coefficient is improved from 0.91 in Figure 10 to 0,95

in Figure 14,

3.4 Daily, Monthly and Seasonal Heat Flux

A1l heat fluxes considered previously were daily heat flux
with the intention of comparing the calculated result% to that of
the available measured data. The equations used for the calculations
are specifically for the computation of daily heat flux only, and
some of these equations have to be modified when a period made up of
a number of days is being considered. In this thesis however we are
more concerned with the seasonal heat flux, and as will be seen in
this section, the calculated heat flux will be more accurate as the

number of days taken into consideration increases.

For this purpose, only the net shortwave radiation, QTC
will be analysed since measured data on these values are available

for both Fairbanks and Boston.

3.4.1., Fairbanks, Alaska

Table 4 on pages 59 and 60 shows the daily values of

computed net shortwave radiation, the measured data and their

TR
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percentage differences. It is seen that the daily percentage error
between the calculated values and the data varies from 0% +o a

maximum of 120%, with the mean error of 21% over the months.

Tables’ 5a and 5b show the monthly and the seasonal net
shortwave radiation, respectively. The maximum error for the monthly
period is now reduced to 35.7%, with the mean error being 17.4% over
the five months. For the seasonal period the error is reduced

to 13.0%.

Tables 4 and 5 fhus verify the fact that when heat flux over
a surface is calculated over a longer period, the result obtained will
be more accurate. This is because the daily calculated values
fluctuate about the actual values. The positive and negative

differences tend to cancel out each other over long time periods,

3.4.2 Boston, Massachussetts

The analysis is repeated for Boston and it will be seen that

the expected results obtained are even more satisfactory.

"Table 6 shows the daily computed and measured values of QTC

for Boston. The percenfage error varies from O to 50% with 13.1%

as the mean difference over the three months. Tables 7a and 7b show

- respectively the monthly and seasonal values of QTC‘ For the monthly

periods the error variation is only from 1.7 to 5.2%. The error for

the seasonal period is still reduced to 2.9%.

i
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May 1971 June 1971 July 1971
Date
Cal. Data %A Cal. Data %A Cal, Data %A
1 418 559 ~-25,2 581 - - 435 407 6.9
2 380 566 ~-32.9 424 457 ~=7.2 432 525 -17.7
3 279 - - 542 621 ~12.7 596 606 ~1.7
4 339 485 -30.1 589 648 -2.,1 359 476  -24.6
5 393 566 -30.6 589 648 ~9.1 429 618 -=30.6
6 288 457 -37.0 543 705 -23.0 491 656 -25,1
7 224 199 12.3 660 644 2.5 487 578 -15.7
8 294 352 -16.5 634 703 -9.8 485 502 ~3.4
9 357 609 ~41.4 361 602 -40,0 482 618 -22.0
10 300 362 =17.1 497 515 -3.5 348 490 -29.0
11 303 471 -35,7 554 582 ~4.8 267 206 29,6
12 238 356 -33.1 436 363 20.1 262 115 127.8
13 424 578 -18.1 643 578 11.2 264 146 80,8
14 375 540 -30.6 282 383 -36.4 268 308 -13.0
15 244 356 -31.5 366 540 -32.2 474 518 -8.5
16 245 313 -21,7 366 576 -36.4 410 527 -22.0
17 563 642 -12.3 440 681 -35.4 339 592 42,7
18 323 623 -48,2 366 520 -29,.6 513 580 -~11.6
19 387 371 4,3 434 546 -20.5 508 567 -10.4
20 392 407 -3.7 493 410 .20%2 256 327 =21.7
21 329 565 -41.8 430 491 -12.,4 332 515 -35.5
22 397 524 -24,2 551 665 ~17.1 546 592 ~7.8
23 399 533 -25,1 598 625 -4,3 451 552 -23.,5
24 401 524 -23.,5 672 676 --0,6 388 507 -23.5
25 463 606 -23.6 698 662 5.4 320 328 -2.4
26 407 508 -19.9 645 588 9.7 438 470 -6.8
27 410 577 -28,9 553 692 -20.1 246 288 -14.6
28 267 370 -27.8 368 389 5.4 379 466  -18.7
29 347 413 -16.0 367 467 -21.4 372 537 =30.7
30 534 627 -14.8 499 502 -0.6 308 321 -4.,5
31 418 524 -20,2 235 280 -16.1
Unit of Qn. .| langleys/day |
Table 4 Percentage Error Between the Daily Calculated and

Measured Values of QTC » Fairbanks
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August 1971

September 1971

Date
Cal. Data %A Cal, Data %A
1 232 266  -12.8 154 139 10.8
2 359 396 -9.3 154 75 105.0
3 299 375 -20.3 151 68  122.0
4 351 268 31.0 146 126 15.9
5 291 291 0 187 220  -15,0
6 223 225 -0.9 184 314  -41.4
7 218 189 15.3 180 291 -38.1
8 215 163 31.9 211 202 4.5
9 214 - - 135 - -
10 272 200 36.0 280 304 -7.9
11 374 447 ~16.3 276 314 = -12.1
12 269 345  -22.0 300 285 5.3
13 207 365  -43,3 302 314 -3.8
14 405 395 2.5 257 306  -16.,0
15 510 498 2.4 288 279 -3.6
16 453 479 -5.4 275 262 5.0
17 304 409 -25.7 112 113 -0.9
18 299 407 ~26.5 270 270 0
19 190 221 -14.0 165 194  -14.,9
20 185 101 83.2 133 115 15.6
21 239 229 4.4 131 209 -37.3
22 234 245 -4.5 242 249 --2.8
23 278 304 ~-8.6 188 241 -22.0
24 274 254 7.9 120 135  -l1.1
25 225 273 ~17.6 90 90 0
26 266 324 ~17.9 157 149 5.3
27 302 382  -20.9 110 108 1.8
28 357 403 ~11.4 178 191 -6.8
29 324 399  -18.8 82 37  121.6
30 207 248  -16.5 80 47 70.2
31 203 231 -12.1

Table 4 Percentage Error Between the Daily Calculated and

Unit of Q. [langleys/day ]

Measured Values of QTC

» Fairbanks (cont'd)
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No. of days QTC (langleys)
Month (1971) data

available oo, Data %A
May 30 9,333 14,523 ~-35.7
June . 29 14,061 16,479 -14,7
July 31 12,521 14,218 -11.9
August 30 8,347 9,332 -10.6
September 29 4,846 5,647 -14.2

Table 5a Percentage Error for the Monthly Calculated..ard
Measured Values of QTC’ Fairbanks

No, of days QTC (langleys)
Period data
available Cal. Data %A
May -
149 52,388 60,199 -13.0

September 1971

Table 5b Percentage Error for the Seasonal Calculated and

Measured Values of Q Fairbanks

TC’
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December 13960 January 1961

February 1961

Date -
Cal, Data %A Cal. Data %A Cal, Data %A
1 157 152 3.7 31 40 22,5 261 306 ~14.7
2 206 217 -5.1 198 208 ~-4,8 271 305 -11.1
3 204 176 15.9 194 179 8.4 188 136 38.2
4 202 194 4.1 185 171 8.2 44 25 76.0
5 199 182 9.3 202 214 -5.6 279 327 -14.7
6 188 155 21.3 100 103 -2,9 278 214 29,9
7 141 128 10.1 161 170 -5.3 287 320 -10.3
8 138 138 1.5 171 167 2.4 290 302 -4.,0
9 197 212 ~7.1 200 194 3.1 293 294 -0.,3
10 102 97 5.2 210 213 ~-1l.4 147 125 17.6
11 158 140 12.9 210 167 25.7 124 109 13.8
12 31 22 40.9 218 216 0.9 252 239 5.4
13 165 . 187 =-11.7 159 193 ~17.6 298 283 5.3
14 193 208 -7.2 121 117 3.4 92 98 ~6.1
i5 184 168 9.5 35 30 16.7 312 298 4.4
16 10 8 25.0 35 36 -2.8 323 286 12,9
17 191 215 -11.2 222 232 4.3 296 282 5.0
18 190 201 -5.5 225 244 ~7.8 53 47 12.8
19 105 92 14.1 210 188 11.7 217 266 -18.4
20 190 202 -5.9 37 52 -28.8 340 372 8.6
21 8 6 33.3 233 269 -13.4 346 336 3.0
22 190 202 -5.9 236 229 3.1 323 353 -8.5
23 191 198 -3.5 218 194 12.4 34 26 30.8
24 37 147 -74.8 218 159 ~-37.1 57 46 23.9
25 113 122 ~7.4 243 270 -10.0 58 38 52.6
26 191 185 3.2 200 207 ~3.4 131 134 -2.2
27 193 165 17.0 229 239 4.2 340 270 25.9
28 195 200 -2.5 253 253 0] 61 84 -27 .4
29 31 35 -11.4 156 270 -5.2
30 176 186 ~-5.4 263 286 -8,0
31 196 189 3.7 275 258 6.6

Unit of Qn, [langleys/dayJ

Table 6 Percentage Error Between the Daily Calculated and

Measured Values of @ Fairbanks

TC '
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Month

QTC (langleys)

December 1960
January 1961

February 1961

Cal. Data %A
4,647 4,727 1.7
5,450 5,751 -5,2
6,140 5,922 3.7

Table 7a Percentage Error for the Monthly Calculated and

Measured Values of @

rC? Boston

Period

QTC (langleys)

Cal. Data %A

December 1960

— February 1981

15,925 16,400 -2.9

Table 7b Percentage Error for the Seasonal Calculated and

Measured Values of Q

TC? Boston
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3.5 Conclusion

In the computations of net shortwave and longwave radiation
the local relationships should be used if possible. As shown earlier
in this chapter, by using local relationships on the effect of clouds
upon shortwave and longwave radiation, the values of the calculated
heat fluxes are closer to those of the measured ones. The correlation
will be better if the heat fluxes are to be calculated over long time
periods, and as seen in the previous section the more days are considered

over a period, the lesser will be the error:

Calculations for Fairbanks however did not give as good results
as that for Boston. For Fairbanks, the net radiation measured at one

station is used to compare the radiation flux calculated from the

" weather data of a different station. Though the temperatures may not

vary considerably, the amount of cloud cover present over one location
may vary considerably from that of a neighbouring location. Since

the amount of net radiation recei&ed on a surface is very much
dependent on its surface properties and the amount of cloud cover,

its value measured or calculated may vary considerably between the

two stations. This explains a relatively poor correlation between

the measured and the calculated values for Fairbanks.

For Boston, both the weather data and the heat flux measurements
are recorded at the same weather station. For this reason a reasonable
degree of accuracy is obtained between the calculated and the measured

values of net shortwave radiation.
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CHAPTER 4

THE CONVECTIVE HEAT FLUX AND SURFACE COEFFICIENT

4,1 Introduction

The convective heat flux is due to the movements of fluid

masses and is related to the changes in temperature, wind velocity
and concentration values from one point to another. If the air is
completely still and the ground is at a lower temperature than the air,
the air nearest the surface will have the greatest denéity, and the
air profile will be stable. In these conditions heat %ransfer downwards
takes place by cénduction only, and the conductance or surface heat
transfer coefficient is obtained by dividing the thermal conductivity

of the air by the distance between the surface and the reference height
at which the temperature and wind speed are measured. On the other hand,
if the surface is warmer than the higher layers, the air next to the
surface has a lower density than the higher layers, and therefore it
has a tendency to rise. The density profile is unstable, and for a

large enough difference, convection currents will arise as the warmer

air rises and cooler air flows down to replace it. Under these circumstances

heat is transferred both by conduction and convection.

4.2 Atmospheric Stability

If the air over the ground surface moves horizontally, a

mechanical turbulence is generated in the air by the irregularities

B e o]




Ae]

—G6-

in the surface profile. The total turbulence depends on the stability

of the thermal profile, buoyancy effects or thermal turbulence, as

well as the mechanical turbulence.

The diagrams below show the air temperature and velocity profiles
for three cases of atmospheric stabilities; stable, neutral and
unstable. In a tybical day the temperature and the velocity profiles

will be stable at night time as cooling of the ground takes place by

longwave radiation. As the night ends, the ground surface begins

receiving shortwave radiation. and eventually with the. heat of the sun,
the air temperature attains a.gradient near the adiabatic’ lapse rate, a

condition of neutral stability, As the radiation increases, the
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surface temperature rises above that of the overlying air layers, and

the air temperature and velocity profiles become unstable,

As will be briefly explained in the next section the measure
of stability which is usually used is the Richardson number which
depends on the ratio of the air temperature gradient to the square
of the wind velocity gradient. The application of stability factors
in the calculation of surface coefficient and the convective heat flux

will also be discussed in this chapter.

4.3 Richardson numbers

The Richardson number is defined as the ratio of the buoyant
force of the atmosphere to that of its eddy shear stress.,

The flux Richardson number is defined as

g p' w! g p' w!
o0z Pls 3z

The gradient Richardson number is defined as

aT
g[sz— +1“]

Jdu .2
T (-5;

(73)

where
o' - fluctuation in air density
w! - fluctuation in the velocity of the air

T - temperature of the air




—63-

T - shear stress at the surface

- height above the surface

Jdu . .
32 " velocity gradient
u, - friction velocity; the surface shear stress,
a constant
u - wind velocity
' . . 1 e
r - adlabatic lapse rate = = z—

p “c
Richardson numbers are used to characterise the stability of

the atmosphere. Ri was originally used as a criterion for the onset

of turbulence in a stably stratified flow but it is currently used as
an indicator of the effect of thermal stratification on a turbulent
flow. Brunt (1932) stated that when the Richardson number exceeded
a certain value (% to 1), the turbulence will be completely damped

out by the buoyancy effect of gravity.

4.4 DMonin - Obukhov Length

This is another stability parameter and is defined as

p uy pc_u, T
L = = 2 (74)
. 1 ' -
ko oge'w k, & 9
vhere
k - Von Karman's constant = 0.4

Q; - sensible heat flux at the surface

L
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Monin -~ Obukhov length is always expressed in a dimensionless

form z/L which relates the buoyant and frictional forces, This

parameter is related to the flux Richardson number as

z ko z 9u
L = u, 3z Rf (75)

The following values of parameters are often used as criteria

for stability, The values however vary from system to system. Both

Rf and z/L vary almost linearly with height. Lunardini (1977)
obtained the following characteristic values for different stability

cases:

z R
Stability L i
Moderately stable 0.3 0.1
Neutral o) o}
Moderately unstable ~-0.03 -0.08

The above relations show that either z/L  or Ri can be used to

denote the atmospheric stability.

4.5 BSurface Roughness

The surface roughness height indicates irregularities in the
surface and wind velocities are assumed zero at this level. The
roughness Zo is a function of stability but is usually evaluated from

neutral conditions. Scott (1961) stated that the roughness ZO for
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a paved surface can be taken to:be 0.0l cm (0.0003 £t.). Table 8

below shows the values of surface roughness Z0 for various types of

surfaces.,

Surface Type Surface Roughness (cm)
very smooth (mud flats, ice) 0.001
lawn‘g;ass up to 1 cm 0.1

downland thin grass up to 10 cm 0.7

thick grass up to 10 cm - 2.3

thin grass up to 50 cm 5

thick grass up to 50 cm 9

smooth snow 0.5

smooth lawm 0.5

Table 8 Types of Surface and their Roughness Heights in cm,
Van Wijk (1966)

4.6 Deacon's Equation for Velocity Profile

It is possible to represent the wind velocity profile by an
equation which includes the effect of the stability of the air,

Deacon (1949) chose an equation of the form

3. = az P (76)

where [ is a stability parameter and a, a function of the stability

parameter.

I
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The solution to Equation 76 is

2z @B L g
o Wy [zj -t 77

Equation 77 is made to approach the logarithmic solution at heights
close to the surféce, where z/ZO is small, This is because very
close to the surface the effects of buoyancy are negligible,

u*
IT the parameter a =

5 (1 - B), the logarithmic or
o] (o] .

neutral solution is obtained gag z—»0., Hence

u . 12 - 8)
— |[,]

E* = kg (1 -8) ZO -t (78)

Scott (1961) obtained the following values of B for each case of
atmospheric stability. Although the values are generally accepted

they are only estimates for a certain ranse of data.
-~ 3 )

Stability B
Moderately stable 0.88
Neutral. 1.0

Moderately unstable 1.08

Eryei

Fem
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4.7 Relationship Between Stability Parameters

The stability parameters mentioned so far can be related to

one another as given in the three sets of equations derived by

Lunardini (1977). These relationships can be summarised as follows
2
Flux L - neutral or stable (79a)

1 +5 i
Richardson Rf =
number, %

-I‘-' [l - 16 %] unstable (79b)
eradient Rf neutral or stable (79¢c)
Richardson Ri =
". ub r Z
Umber, z unstable (794)

(1.00 neutral (79e)
Stability

Z . ~
parameter, = < 1 - ln[l + 5 -I-::l stable (791)
ln[l - 16 5]
1 4 unstable (792)
\ 4 1n 2
A
o

Finally the above stability equations can be tabulated for

each case of stability:

Stability -z- R
Neutral 0 0]
Moderately stable 0.3 0.12

Moderately unstable -0.03 0.033

1

R, B (10<Z<160)

0 1
0.12 0.60 - 0.82
~-0.03 1.02 - 1,05

SRS b= 2 |
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4.8 Aerodynamic Surface Coefficient Equations

From the definition of the eddy coefficient of momentum

u, A
S a5
32 | 0

and from Equation 78, the following equation is obtained for the
eddy coefficient of momentum

k2z @ )——zﬁ
o “o - 8= Yy
€ = 0

m oo\l ~ B
G
ZO

By analogy, the eddy coefficient of sensible heat, Eh can

be obtained and from the definition of the turbulent Prandtl number

the following surface heat transfer coefficient equations are Tinally

obtained for:each' case of atmospheric stability, Lunardini (1977)

[ 1
—_— neutral (80a)
zO
2
h - 1- B
T = stable (80b)
p °, kg w zl(l*- A)
7= - 1
0)
2(1 - g)2
) 2 [\ = F) (802)
1 1
(E) R I
L & 0 unstable
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Figures 15 show the charts of surface coefficient versus the wind
speed for various values of B, for four different values of surface
roughness, plotted from Equations 30. In theselcharts the values
of air density and specific heat are taken as 0.08 lb/ft3 and 0,24
Btu/lb-F, respectively. These are values at air temperature of 32 OF;
an air temperature difference of + 20 p will result in a difference

of less than 10% in h.

It is clearly observed that when the surface roughness increases
the surface coefficient at the same wind speed and dégree of stability
increases considerably, For pavement surfaces of su?face roughness
Z, = 0.0l cm (0.0003 £t), the surface coefficient for a typical day

can vary from about 10 to 240 Btu/ftz—day—F.

4.9 Other Surface Coefficient Equations

Equations 80, though accurate, are incovenient to use particularly
if the daily or periodic surface coefficient is to be calculated. In
a typical day the equation for neutral atmospheric condition is valid
at sunset or sunrise, the equation for stable condition valid during the
night, and the equation for unstable condition valid during the day
time., Other workers thefefore tried to simplify the aerodynamic
equations or used empirical equations for the calculation of surface
coefficient, The results obtained using different methods or equations

vary so widely that it is difficult to estimate the best method.
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4.9.1 Seller's Equation

Sellers (1965) proposed an aerodynamic equation for vertical

heat flux by convection when wind velocity increases logarithmically

with height

. _ 2
{ QH = pcp ko ;AuZATZ f (81)
~ BE
Z
o
where
Au - difference in wind speed between heights Zl and
and Zo above the surface
AT -~  temperature difference between heights Zl and
and Zo above the surface
Since at roughness height ZO the air velocity is assumed zero,
Equation 81 can be written for the surface coefficient
pc_k ~ uy
h = 5T (82)
4]
Z
o

Equation 82 is identical to Equation 80a for neutral atmospheric

stability. Sellers obviously assumed neutral stability to simplify

the calculation for daily ‘surface heat transfer coefficient,

By taking the values of Zl, the standard height for the

Measurements of weather data to be 160 cm (5.25 ft), the air density

0.08 1b/£t3 and the specific heat of the air to be 0,24 Btu/1b-F,

- oty




78

Equation 82 is reduced to
h = 4.1u (33)

where ug is the wind velocity at height Zl in miles per hour and h,

the surface coefficient in Btu/ftz—day—F.

4.9.2 Equation Proposed by the U. S, Dept. of the Navy

The U, S. Department of the Navy (1955) proposed an empirical

cequation for the determination of surface heat transfer coefficient

0.25

h = (9.1 + 2.3 ul) (TS - Ta) (84)

This equation does not consider the stability conditions of
the atmosphere or the roughness of the surface, however it does
require the temperature difference hetween the atmosphere and the

surface to be known.

4.9.3 Equation Proposed by ASHRAE, 1961

ABHRAE (1961) proposed yet another empirical equation for the

calculation of surface heat flux coefficient

h = 16 + 7.7 uy (85)

Clearly, for any value of u Equation 85 will give considerably

1,
higher values of h than any of the previous equations. " Looking

carefully at the charts in Figures 15, this equation is approximately

related to Equation 80c, the case for unstable atmospheric condition
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o 0.01 cm). The valles of h determined from Equations a3,

84 and 85 under similar conditions vary over such a wide range that

the average result of these equations must be used for the surface

coefficient,

4.10 Calculation and Comparison

For comparison anal sis in this chapter weather data for the
D \ I

months of December 1965 for Morgantown, W. Virginia will be used

since the hourly weather values are also known for each day. This is

because the three cases of aer

‘-

odynamic equations are more
appropriately used to calculate the hourly surface coefficients and

the hourly convective heat flux. The surface coefficients calculated

from the daily weather data using Equations 83, 84 and 85 could then
be compared to that of the average of the result obtained from the

hourly data using the three aerodynamic equations.

Table 9 shows the hourly results for the first three days of

the month of December 1985 Tor Morgantown. However, only the stable

and unstable conditions are assumed; the equation for neutral stability

is omitted since this condition only occurs in a relatively short time
compared to the other two cases and since the exact time of its

occurence is not known.

The third, fourth and fifth columns of Table 10 show the daily

values of surface coefficients using Equations 83, 84 and 85
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Dec. 1 Dec. 2 Dec. 3
Hour Stability
Uy h ul " h u; h
1 4 5.8 .8 13.8 21.0 9.2  14.0
| 2 5.8 8.8 13.8 21.0 6.9 10.5
; 3 Stable 5.8 8.8 13.8 21.0 5.8 8.8
| 5.8 8.8 12.7 19.3 6.9  10.5
: 5.8 8.8 13.8 21.0 5.8 8.8
6 ! 5.8 8.8 11.5 17.5 5.8 8.8
__TF—"' 6.9 32,6 12,7 59.7 8.1  38.0
6.9 32.6 15.0 70.5 9.2  43.4
11.5 54.3  16.1 76.0. 13.8 65.1
10 12.7 59.3 15,0 70.5 12,7 59.7
11 13.8 65.1 13.8 65.1 13.8 65.1
12 Unstable 15.0 70.5  15.0 70.5 11.5 54.3
13 15.0 70.5 13.8 65.1  20.7 97.7
14 16.1 76.0 13.8 65.1 13.8 65.1
15 16.1 76.0 17.3 8L.4 11.5 54,3
16 13.8 65.1 11.5 54.3  11.5 54,3
17 11.5 54.3 13,8 65.1 18.4 86.8
18 ! 11.5 54,3 11.5 54.3 12,7 59,7
19 4 11.5 17.5  11.5 17.5  10.4 15.8
20 11.5 17.5 8.1 12.3  10.4 15.8
21 Unstable 13.8 21.0 2.2 14.0 11.5 17.5
22 12.7 19.3 9.2 14,0 12.7  19.3
23 13.8 21.0 10.4 15.8 11.5 17.5
24 '13.8 21.0 10.4 15.8 11.5 17.5
y
Units w, [mph] , h [Etu/ftz—day—F]
Table 9 Hourly Calculation of Surface Heat Transfer Coefficients

for Morgantown, W,

Equations

V., using the Complete Aerodynamic
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% Date Wind Speed Sellers U.S.Army ASHRAE Aerod&n.
mph (1965)  (1955)  (1961) Equations
1 10.9 44,7 44,5 99.3 36.8
2 12.6 51.7 49,6 113.0 42,0
3 12.6 51.7 49.6 113.0 38.0
4 14.4 59.0 55.0 126.3 38,9
5 12,1 49,6 48.1 109.2 40.5
6 9.2 37.7 39.4 86.5 33,8
7 6.9 28.3 32.5 69.1 22.9
8 9.2 37.7 39.4 86.8 35,1
9 6.9 28.3 32.5 69.1 19.5
10 5,7 23.4 28.9 59.9 16.9
11 8.1 33.2 36.1 78.4 23,7
12 7.5 20.8 34.3 73.8 ©20.8
13 9.8 40,2 41.2 91.5 33.5
14 7.5 30.8 34.3 73.8 27.3
15 7.5 30.8 34.3 73.8 19.7
16 3.5 14.4 22.3 43,0 10.5
17 9.2 37.7 39.4 86.8 34,9
18 9.2 37.7 39.4 86.8 3.1
19 6.9 28.3 22.5 69.1 23.4
20 2.9 11.9 20.5 38.3 9.2
21 3.5 14.5 22.8 43.0 10.9
22 10.4 42.6 43,0 98.1 30.8
23 8.6 35.6 37.6 82.2 27.8
24 9.2 37.7 39.4 86.8 33.9
25 12.1 49,6 43,1 109.1 39.5
26 6.9 28.3 32.5 169.1 24.5
27 8.6 35.3 37.6 82.2 26.4
28 8.1 33.2 36.1 78.4 16.8
29 8.6 35.3 37.6 82.2 28.8
30 12.1 49.6 48.1 109.2 41.4
31 13.8 56.6 53.6 122.3 44,6

Unit of h [Btu/ft°-day—r]

Table 10 Daily Surface Coefficients Using Different

Equations for Morgantown, W. V., Dec. 1965
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respectively, in Btu/ftg—day—F.- Equation 84 is simplified by taking
the average temperature difference between the atmosphere and the
surface to be 2.8 °F (see Table A2, Appendix A).. The daily average
of the hourly surface coefficients obtained from the aerodynamic
equations are listed in the sixth column of Table 10 to enable
comparison to be made with the other daily values. It is observed
that the results‘oﬁtained from the equations proposed by Sellers (1965)
and the U. S, Dept., of the Navy (1955) are quite close, especially for
higher values of wind speed. The average of the aerodynamic equations
gives values about 20% lower than these two values. ASHRAE's equation
gives the highest value, about three times that given by the average

of the aerodynamic equations.

4,11 Conclusion

Of the several equations for computing the surface heat transfer
coefficients, the aerodyvnamic equations are probably the most acceptable
procedure since the eguations take into consideration the aerodynamic
properties and activities of the atmosphere, and also the roughness
condition of the surface. These two conditions greatly affect the
magnitude of the coefficient. Lunardini (1977) also outlined similarity
equations for the determination of surface coefficients. However,
these equations could not be used readily since they require the
magnitude of Monin - Obukhov length L o be known, whereas, as seen
earlier in Equation 74, the determination of L requires the sénsible

heat at. the.surface.to be known ecarlier. One advantage
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of the similarity equations is.that these equations do not depend

upon the roughness condition of the surface,
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SEASONAL ENERGY BALANCE AND CORRELATION
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Introduction

In the previous two chaplters much emphasis has been given to
Fairbanks, Alaska.and Boston, Massachussetts, over the calculation
of shortwave and longwave radiations, and also to Morgantown, W.
i Virginia over the calculation of surface heat transfer coefficient.
Both chapters have given a rough idea on the degree of accuracy expected

for the results obtained from the various equations used, except for

‘

h which is only a comparison of the calculation values.

In this chapter the seasonal radiation heat flux is calculated
for each of the thirty-two sites listed in Appendix 4, by summing up
! the dally net radiation flux received or absorbed by the surface
within the specified pericd. The heat transfer coefficient is then
obtained using the aerodynamic equations discussed in the previous
i chapter. he seasonal surface temperature, the air and surface
indexes and the n -~ factor are also calculated and compared with the
values already listed in Appendix A. The dimensionless parameters
Hl and H2 are next calculated and plotted for each of the site and

the best correlation would then be obtained for these calculated

values which should agree, to a certain degree of accuracy to that of

! the relationship predicted in Chapter 1.
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The flowchart for the cémputation of daily and seasonal heat }
Tlux for the sites is given in Appendix D, together with the computer
brogramme. A printout of the programme for Sioux Falls, S. Dakota (see
Table A2, Appendix A) is also shown in Appendix D, TFor further
clarification, a sample calculation is demonstrated for Sioux Falls in

the same Appendix, The raw weather data used in the computations

are listed in Appendix F.

5.2 Calculation Results Tor the Sites

The sample calculation demonstrated in Appendix D shows the
procedure for calculating the daily net radiation and the surface
coefficient. These calculations are repeated for each day of the
season and the mean seasonal values are calculated, Next, the air
index, the surface index, the surface temperature, and other
parameters like P, ni, né, etc. defined in Chapter 1 are calculated
to enable correlations to be made for all sites. The seasonal

values obtained for each site are summarised in Table 11.

Columns 1 and 2 of Table 11 refer to the case number and
location of the sites. Symbols are also drawn for each site for easy
identification when the results are plotted on different Tigures.
Column 3 gives the mean net all-wave radiation for the season GN’ in
Btu/ftz-day. Columns 4 and 5 give the air and surface indexes

respectively, in OF—days. These values differ slightly from those

listed in Appendix A .because of the slight temperature differences
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between those listed in Appendik A and those obtained from the weather
data listed in Appendix F. Consequently, the n - factor, listed in

Column 6, also differs slightly from those listed in Appendix A.

Column 7 gives the surface heat transfer coefficients obtained
using the aerodynamic equations discussed in the previous chapter,
The values of M and P as defined in Chapter 1 are listed in Columns

fa)

8 and 9, respectively. Note that the equation for P is

‘

where the positive sign is used for thaw season, and the negative sign
for freeze. Columns 10 and 11, respectively show the dimensionless

parameters IIl and ITZ.

A plot of the n - factors against the air indexes is shown in
Figure 185, The scatter is so high in this figure that it is difficult
to determine accurately a value of n for a particular known value of
the air index. The relationship between n and the air index will be
more clearly observed when the same results are plotted using different

coordinates, as will be described in the following sections.
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5.3 IIl and H2 Relationship

As predicted in the theory in Chapter 1, +the dimensionless

parameters Hl and H2 are related by the equation

L= 0, - [T+ 2h, - 4 (22)

This theoretical relationship is represented in Figure 17 by the
continuous line. The curve is almost linear except for the small
curvature at lower values of Hl and HZ' The calc#lated values of

Hl and H2 from Table 11 when plotted on Figure 17 do not fall exactly
on the theoretical curve; they are however distributed quite evenly
about the cﬁfve. The figure shows that the theoretical relationship
is particularly accurate for low values of H1 and H2 (W. Virginia

sites). At higher values the points tend to fall off from the theory.

5.3.1 Correlation Between the Calculated Values of Hl and H2

An empirical correlation can be obtained which best represents

the data of Hl and H2 shown in Figure 17.

Equation 22 can be rewritten as

or

11’1(H2—H1 + 1) = kl 1n(1+2H2) + k
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where from the theory, k, = 0.5 and k, = 0

Figure 18 shows the plot of 1n (H? - Hl ‘+ 1) against
In (1 + 2 HQ). Theoretically these points should fall on a straight
line of slope 0.5 and passing through the origin. Using the linear

regression method outlined in Appendix C, the best fitting line for

these points is

in (I'I2 - Hl +1) = 0.7 In (1 + 21'19) - 0.85
Since 1ln (2.3G6) = 0.86, the equation above can be rewritten és

0.7
L. (2H2+ 1)

I - 10 = "33
or
[(2H2+l)o'7
L =0 - | =55 -1] (86)

The coefficient of correlation for this relationship is 0.75

A more useful correlation is that which is more similar to
its theory form. By taking a line joining the origin to the
average of the x and y arrays of the points in Figure 18 (4.60 and

2.35, respectively), the. following correlation is obtained

ln(Hz— I+ 1) = O.53ln(l+2H2)

1

or

o, = o, - [(1+2H2)°'53 - 1] (87).
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The empirical Equation 87 does not differ very much from the theory
(Equation 22), and is represented in Figure 17 by the broken line.
The line obtained lies quite close to that of the theory, strengthening

the validity of the theoretical relationship derived.

5.4 The Curve of Is against M and P

The same results tabulated in Figure 16 can also be plotted

according to the equation

I = P - [VMZ + 2P M - MJ (28)

Although three parameters are involved here, the values of M do

not greatly effect a change of IS with a change in P, Therefore
Equation 26 is best plotted with IS and P as the coordinates.

The continuous line shown in Figure 19 is that of Equation 26 with
constant M of 38.4 oF—days, the algebraic mean of the values of M
for the thirty-two sites. Since the changes of IS with respect to P
are insensitive to M, Equation 26 if .drawn-on Figure 19 with M
varying from 7.7 to 865.6 (see Table 11) will produce curves very

closely packed to each other, and this is therefore omitted.

The values of Is and P from Table 11 when plotted on Figure 19
show that the points lie quite close to that of the theoretical
curve with M = 38,4 OF—day. The empirical relationship between Is,

i and P based on the calculated values is obtained as described next,

T
.
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F-days

IS,

’ M = 38.4 °F-days
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P, °F-days

Figure 19 A Plot of IS Against p for Constant M
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5.4.1 Empirical Correlation of Is;Against M and P

Equation 87 from the previous section can be rewritten in its
original form by substituting back the definition of Hl and II?.

Noting that

I("
L= ¥
and
o = Ze P
2 7 M - M

Equation 87 now becomes

4

I
S P P,0.53
T N - [(l + 2 ﬁ) - l]

which after some simplification becomes

2 0.53
T _ P - (M~ + 2 P M) - M (85)
MO.OG

Equation 88 is similar in form to Eguation 26, except for
the denominator MO'OG. However the values of MO'O6 only range
from 1,13 to 1.28 for M varying from 7.7 to 65.6, respectively (see
Table 11). Hence the empirical relationship obtained agrees well

with that of the theory. Equation 88, represented by the broken

line in Figure 19, ‘therefore lies quite close to that of the theory.
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5.5 Conclusion

Figure 16 shows the values of n — factor plotted against the
air indexes. The scatter is too high in this figure to obtain any
reasonable value of n for a particular air index value. By choosing
proper coordinates, the relationship between n and the air index is

better shown in Figures 17 and 19.

Figure 17 shows the same results plotted on the dimensionless
parameters ITl' andaITz, Vgrifying‘ the..theory discussed -in’
Chapter 1. The calculated points are distributed quite evenly about
the theoretical curve. Tigure 19 actually shows the relationship

between the surface and air indexes, since

Knowing the value of Ia and M for a particular site, the corresponding

value of I can be obtained from this figure; hence n is known.
=1

Both Figures 17 and 18 are quite useful in permafrost zones to
determine the depth of phase change in the soil, Knowing the value
of n, the "modified Berggren equation" can be used to predict the
depth of phase change below the surface of the soil, but this is
beyond the scope of this work and therefore will not be discussed

here.

ot TRSARE
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APPENDIX B

DERIVATION OF SURFACE TEMPERATURE EQUATION DURING

PHASE CHANGE
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APPENDIX B : DERIVATION OF SURFACE TEMPERATURE EQUATION DURING
PHASE CHANGE

Lunardini (1977) simplified the actual heat transfer problem
to that shown in the diagram below for the thawing case, and derived
the surface temperature expression during the phase change, Initially
the ground temperature is uniformly To and the surface temperature
increases to Tf when thawing begins., As thawing continues, the
surface temperature TS will increase still further until freezing
begins and the surface temperature will now decreasé to Tf and

consequently to sub-zero level,

Bhl.iThawing

The basic problem of phase

change can be expressed as follows:

2
aa—iz = ég—g (B.1)
where
€ - depth of thaw
T - temperature
8 - time
a - thermal diffusivity

X - negative direction in which thawing occurs
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The boundary conditions are

_x T, . oT . de
t ox £dx = L @6
at x = € (B.2)
T = Tf
and
k or = h(T - T) at x =0 (B.3)
t % a ’
The boundary condition at x = € can be expressed as
) oT
dT = g—dx + ggde
feuy _ OT /dx . 9T _ o
de x \de 0 <
=€ =g
Thus
dx .- 2 QT
o) _ T 36
5; X =€
and
2
k. [OT oT _
E;(é';) - - & at x = g (B.4)

Due to the non-linearity of Equation B.4 the analytical solutions to
most practical problems‘are impossible to determine. However, the
quasi-steady approximation can be used if the Stefan number, defined as
the ratio of the sensible heat to the latent heat of the soil, is

small.
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Using the quasi-steady épproximation, Equation B.1 now

becomes

2
T~ o (B.5)
dx
with boundary equations
T = Tf
X = € (B.S)
oT d€
- K¢ 3% Le 36
€ = 0, T = Tf, e = 0 (B.7)
oT
Ky S = hi(T - Te), Xx = 0 (13.8)
The solution to Equations B,5 and B.8 is
kt
T = a|x + ot Te (B.9)
Then, from Equation B.G
de EE gTe B Tf) (B110)
e -~ L Tk :
€ (e i 5
h
and the solution to Equation B. 10 is
i 2 k Kk 72
vl = 2= —t | T) a6 4|t (B.11)
h Le o e T r h .

e
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Finally the surface teﬁperature is given by the equation

i B.2 Freezing

for some changes in signs:

(T - T.) k
< £ E'E (B.12)

Basically‘the problem is the same as that for thaw except

a2T .

_2 = 0

Ox

T = T

£ X = €

k oT = L QS

£fOx ~ “e dd

oT
ke S5 = b (T - 1), x = 0

and the solution now becomes

where
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APPENDTIX C

METHOD OF LINEAR REGRESSION
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APPENDIX C : METHOD OF LINEAR REGRESSION

The least-~square linear regression is designed to minimise
the sum the squares of the deviations of the actual data from the
straight line of best fit. 1In practice a plot of the variables is
essentially being constructed » and the best line drawn which

uniformly divides'the data points as shown below.

The linear curve obtained is in the form

where

The intercept is
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where
X = average of x arrays
¥ = average of y arrays

Variance of the x arrays is

N 2
2 2% -2
= T— X

Variance of the y arrays is

N 2
2 Z:yi -2
y

zy = N

The correlation coefficient is

]
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APPENDTIKX D

COMPUTER PROGRAMME AND SAMPLE CALCULATION




B Tl T e e S T S S Sy ot e : « Eahad

0 = r 64 o¥00
0 = 1 . 6E£20
*0 = JHS 3530
*0 = NDS L4790
*0 = dus 3500
‘0 = ¥s S£J0
*0 = 510§ £00
*0 = 10S £E£00
*0 = HdW®S Z2Fa0
. *0 = SO§ 1£00
*0 = 338 0£30
*0 = JAUNSLS 6¢00
*0 = 4dais 8220
*0 = d44IVLS 2200
°0 = Wvnas 9200
0 = as gz30
o)
083Z D1 SVYNO3 ¥IL3IrVHvd HOVI 40 WNS 3ISIWVILINI w
(SL°9)3L1um %200
(/ *.0H HdWA ND oY 2
o oL0 19 yive-t ILvad  AVO3. *X01 )LVYRHDS 92 £200
(9.°9)3L1uR 2290
(/% 4 e el -~
e e m et ———————————— ~— s *X0 1) LVHHDA G2 1200
(S249Y311HA 3290
(/7 *.1N3ID1S
44300 3IOVIHUNS ONV XNTId LVIH JO NOTLVLINAWOD ATIVQs*XOT*/%s14)LVHHDS ¥4 61950
é .e».ovww“wse . #1320
= *XT ST°Gd *XI 1°Gd *XT 1°94 SXI *1°4d 6XI $9°2d SXI 424} 1VWNOL 24 L100
1 NISVY3S *SVidHL *YVLIHL *HY SALONOD *0Z *1Z (22°GC)Gv3d 2100
teega ¢, = IOVAUNS HLIZ
HY3 90 ALIAISSIHWIs *XSE *// *€°Sd4 %: =  JUI4HSOWLY HUS NOTLYNANT
BLLY 1SNGs SXSE *//* s203ANSSY SINTYA JLVWIXONAAY . X92*/7/7/7)1¥WH0 L 02 S100
SNTISd3 *Va (0249)7LILA %100
(E°Gd *XE “E°Gd *XE SE*SA*XE $Z°GS4)LlywH0d GO £100
SV34IV *SNISd3I ¢vd *IvI (S9°5)Qv3ay 2100
INNTLINID 09 1100
(/7 4yVv02 *X92)1VhHOd4 S5 0100
(02°1 = W *(A*1)SD3IdS) (SG49)ILIHM 6200
(YV0Z)1VWEGH 02 3739
(02*1 = W *(N*1)SD3dS) (02°S5)avay 2300
21 = 1 09 Oaq 9300
(/777777 *12)1%Wd04 O S000
(01¢9)Y3118m %2230
. NDSY3S ¥393INI £090
YOLDIN *HT *1v7 Ivad 2920
{0242)SD3dS NOISNIAWIGQ 1030
)
5
*G3141133dS 0Sv 3dv 110S OGNV 3IDVINNS THL  3HL 40 5
S31143d0¥d TYIISAHd ONV SSINHONIH JIVINNS IHL *ILIS IHL 40 IOVIENS 40 Tl 3
IHL HO4 vOO3HTIV YVIOS JHL OGNV ¢IYIHISOWLY 3HL 40 ALIAISSIWI 3AILD3.443 5
‘NOILVNN3LLY 1SNQ DIYIHASONLY *3ANLILVT SLI HOd Q3T4123dS S1 ILIS IHL 3
*31IS V H04 XN LV3H TYNOSYIS ONV ATIVA IHL S3ILNDAID IHWVHOLAD SIHL o)
>
)
22/52/21 00£9, = 31VQ N]VH 12 _I3A37 D Al NVYLY4Od

E"’N

. - e e e = i £ = e e+ 7 e« o erat e pee o 2




(I)LVDYd / NDS = NO 5300 S
(1)lvDd / 048 = Dd v300
(I)LvD1d / ¥S = ¥ £u00
(I)ilv31ld / 2105 = D10 2390
(I1)LVOTd 7/ LDS = 10O 1300
(I1)1vDd / HDAMS = HAIWM 0%00
(1)1vD1d / SOS = §D 5.00
(I)Lv0Od / 358 = 33 8L00
. (1)iv0d /7 JUNSLS = Jansy L2230
(1) 1v3d / 4d0LS = dJdOdL 9430
. (I)IvOld 7/ JulvieS = ddivi SL20
(I1)1VD13 / WYIAUS = WvDQ vL20
(1)1vD01d » s = @ £200
o)
NOSY3S 3HL uDd )
ANIIDIJ4IND IOVIHNS OGNV XNTId LVIH *VIVQ HIHLVIW IOVHIAV IHL ONI w
0f OL 09 (VVLI3IHL *17° I1)d31 68 2L50
0 =r 1230
(62¢9)311um 0.30
(92'9)3L1um 6900
(SL49)aLIuM 8900
(v2°9)3aifum 19 L9290
18 21 09 (S2 °*043* r)dl 2300
68 31 09 (52 °*3IN°* r}d] 6930
OHS + DH = DJHS v930
NDS + ND = N3S £230
i J¥S + Dd = DJYS 2700 ’
[\ 4S + ¥ = HS 1900
— JLDS + 310 = D10S 03700
4 10S + LD = 1DS 5520
HJAMS + HANM = Hdhxs 8500
SJ3S + S = S$OS 2900
35S + 30 = 3DS 95230
JHNS1S + dHNSL = HUNS1S . 5500
3d01S + JddLl = JIdALS 500
3HIVLIS +. Jdylve = 4YIVLS £500
WYJIAS + WY0Aa = Wvodas 2500
as + a = gs : 1300
o)
(/7 $1°Sd SXE ST°%d SXE 6[°2d SXE ¢1%24 ¢XE
S1%43 *XE 41°Ld SXE S1°Ld *XE *1°Gd *XE $[*G4 ¢XE ¢CI sX01)LvhHDd4 ©8 0500
: OH SHOWM *ND *DH *YH *DID “L1D *JMIVL *qQ I (86°9)3LINM 5400
28 - J10 % (Svd4lv - *1) = NO 8v20
¢ (DOH *HdWM %0Z $17)ANODH T1vD L7000
(JUNSL *DH " *03. *NYIVL ¢SNISHT *3D *dglvi)yml Jvo 9500
. (VY1I3HL *D210D ¢10 *X¥¢
HIV1 D3 *Svd4v V0 *1 *iv7 ¢SD *3D *Jdal *J¥IVL *Wv0OQd *Q)UMS Two 5900
(1°bdexy &
f2°%d X1 2°%d X1 CI°Jd SXI ¢1°0d *X1 *2°Gd ¢XT *1°G3 $X£)LvWNO. S8 "v500
HAW® ¢SD $3D 2901l *JUIVL *AVIQ *Q (GA*S)Av3Id £v00
o)
*033dS ONI% aNV *SADI¥Ad MNOH-Z2T ANV dN0OH o)
=%Z NO 03SVH ¥3A0D dNDD *IUNIVHIINIL INIOd M30 *IUNLVHIIWI L YIV *SSYW M1V )
WOL1dD ¢ 1€ ¥3043D30 u3LAV SAVA 40 *ON  © viVG MIHLVIM ONIMOII0d 3HL avay o)
o)
1 +r=r 2vd0
1+ 1 =1 08 Iv20
! 22/52/721 00f8.L = 31va NIVW 12 I3A371 9 A] NVH1H04

E Yy




4S1 (0S¥ *9)YILTumM

OH / (SV13HL % ND) - ¥Xa\IX= o

WX / 3xXaNIX 2ld

WX s/ SxaN1x T1ld

(2 2% JH) 7/ HT % ALANDD = WX

VXONIX / SXONIX d041D4N

SYL1dHL & (451 - 441) 3IXANI X

SV13HL & (451 - 431) SXANI X

. VVLI3HL % (dH¥Ivl - 4J1) VXAONIX
dUNSL = 451

0ly 01 09

Xd / Xd % (431 -~ J41) + 471 = 453
{XA)LHOS = Xd

00¢ 3L 09 (0 *171* XA)dI

"C k¢ X4 + SVLIHL » Xd =

HY / (431 - d441) # ALONDD % °*2 = X0

OH / ALCNOD =

ddIvl + DH/NO = 431

ATIND 3SVD ONIZI3Hd4 HDS

Sivy 0L 09

OH / (SVI3HL & ND) + VXONIX
WX / 3XONIX = 21

AX / SXANIX = 11

(2%DH) 7/ H » ALGNOD = W
VXANIX / SXON1X Bl

SVLIIHL # (dd41 - 331)
SVLI3IHL & (d41 ~ 34Si)
VVLAHL % (431 - du1vl)
JUNSL = 451

-118-
N
v
x
)
=
x

Xd / XM & (442 - 43L) - 431 = 451
(XA)L1HDS = Xd

002 DL D09 (*0 *19°* XA)d1

€ %% XM + SYIZHL % Xg = XA

HY /7 (441 - 431) * ALONOD * *2 = Xg
JH / ALONDD =

44IVvL + DH / ND = 43

NOSV3S ONIMVHL d04
N3SVv3s *(0S2 *0St)ul 09

*2E = 431
’ T+ 1 =]

(/7 $1°Sd ¢XE estepg exg sJe, 480

XE $1°24 SXE*1°24%XE 10 40%g epes g SXE S1°GICXE ¢T°GH ¢X91){VHHO I
OH ‘HAWM ND ¢DY sy $D.D *4p $4YIvVL ¢Q (S6 *9)3Iilum
(9240)311um

Grr777 *1°L4 %y = SO *¥IA0D aN3ITD 40 JIVINIOHIY LHOIIAZ

VQ NV3N, ¢X0[ /7 o124 &, = 35 *¥3A0D GNOTD 40 39V INIIHIJ ¥NOH-v e

NVINs *X01 ¢//%1°.3 ¢, = 3401 *dgwWIlL INIDd=-M30 ATIVQ NV3Ws $XO01¢//2
’

2Ly ¢ = HVOQ *SSvW dlv vDI1.dd AIIvVQ NVIAWSXOT S/l 7/

SO ¢3D5%3dal *wvoa (00
(/7 ¢+ NOSY3S 341 J4D 3OVHIAY AlIva NVIN +4X0T /¢

LyWd0d
J1lum

[
<
X
o
o
e

(1)ivond

cly

<<

ose

VoV

ost

VUV

66

001

06

3A37

OMN DS O AUMTUI TN DMOmym
T e NN A NN NN MM ™)
T o et 0 ot ot ot ot ot 4 ot g ot S ot
O0O00000O00ODOCOO0DOO

DPO~MmeN
DOO Dt it e o vt e

L O ot =4 ot ot ot 0t ot ot ot Tt ot g ot
CO00COCO0O0OCO0OOO0OO0DD

OO~ NMTUIWN
VO OLOOOOOW

1630
Jul0
5830
#8900
28330
9400

9 Al NVHINDA

¢€eéssersel 00€8e = 3Jiva NIVW 12




e B R

-119-

aN3 S5E10
dols eg 10
. (01°9)311dm LE10
(» 8
AVQ-d » %2%24%, = DH / (SviTHL * ND) 4 XJAONI-YIV = de*%01 ¢/, A
¢Cld ¢y = ZIds *XOT S/y ‘2°Ld %, = 11ds SXOT ¢// 9
CeAVa-d *2%Ld e = (ZH¥DH) /7 HT % XN = W EX01 s// [
$202d $a = ¥DLOVA-N, €X01 4 A4
$aAva-4 124 *¢ = X3IONLI 3IAT1D3I443, X0t ¢ // €
. s AVO~-4 ‘1%4d ¢ = XIAGN] 3DvIHNS, ‘X0l s/7 2

¢ sAVA-4 $1°4d S, = XJOANT MIV. *X0T1 ¢/ JLVYWHO S 005

€10

d *2Id *T1d ‘WX *¥ILDJN *IXONIX SXONIX SvxXONIX (00G%9)allum 610

( od « *1°24 ¢, = 3¥NLYHIAIWIL AOVHUNSs *X01 *///)LVNEDS 020 velo

b a2/5e/21 0ceBs = 31vao NIvVaA 12 J33A37 9 Al _NVNid0

o




e

an3 €00
Nun13y 005t ££00
10 % (S % 19° + S£*) = 510 00ft 2€00
o)
XN LVIH ATHINOW udd >
>
00S1 OL 09 1700
10 % (2 #% SO #29°0 - *1) = 510 ) 9700
XN73d LV3IH ATIva u0d >
>
COET DL 09 (VVLAHL *19°* I)d1 6230
HANDD % 2
ZHWH * Y & 9°C9BZ % (Id / (AVH % HSHINIS + (OVY % MSH)SOD # 1
€°081 / { ¥SH = °081))) + (QVY * LVI)SOD # (OvH * VII30)505 = 10 8220
9 & v = gy 1230
& (VO + ININAY - *1) % (°2 / SY4W) + 1 = g 9200
S *2 / V0 - S°0 + *Z / INIHAY - ZWINdY = Vv 5¢00
o (( % » £150°0 + NVOQ #* £921°0)-)dX3 #526°0 = ZnIngy %200
1 ({ M % 6£0°0 + WYDQO * S60°0)-)aX3 # Iv0°l = IWlydv 0S21 £200
. ({2301 * $190°0) + 2011°0)dX: % S8°0 = M 0121 2200
0521 0L 09 1290
((Dd31 % v190°0) + Z0TIT1°0)dx3 = M 2250
0121 OL D9 (vvLlaHl *37* 1)4] : 6100
(°6/°S) & (*2¢ - 4dQL) = dudl 8120
*ELS ¢ ((*°6/7°G) % { *2¢ -~ A8IVLIY) = Md¥¥Ivl L100
2 8% (NHMY / °1) = gand 9190
. ({ avd + 0 * 9S86°0)S0D % ££29100°C) - *1 = Woy 0021 5100
avy 7 ((0avy * LYTINVL & (OVY # Y1I30INYLISODNY) = ¥SH 0011 %100
. 2021 01 09 £130
v1130 - = vi13ag 2100
“081 + GVH / €((OVY * LVIINVL % (AVH # VI130INVLI)SOONY) — = oSH 1100
: (vi130)s8v = vi13aQ 0130
' 0011 OL D9 (*0 *3D5* vi130)431 £230
. ovy /1
teeee2Lr ~ 0) » avy * £386°0)SAD * (AVY * S°ESINISINISHY) = vidad 8000
(€C°1 = ( 4daL + *09%) /*0Zv) * 6E°9Z)-)dXIA * IE€1°0 = 07 1900
(S*0 #S$D3 + *1) * (SD — *1) = § 9030
*081 / Id = aQvy $000
L1SHE9°E = HANID %020
92661v1c = 1d £000
iv1 vay 2250
(YVLI3HL *DL10 *10 ¢dulvi *03 e
fSYHTIV CVQ 41 CLVT 45D ¢3D *Jd0L *4nIVL ‘WvOQ *0)HAS INILNOBONS 5 1000
NOILVINDWOD NOILVIGVY BAVMLINIHS ¥O0d AVE9IHIONS w
22/s52/21 00£8s = 3:1v0Q NIVW 12 13A3T 9 AT NvHLUOA

L RN SN D

s A TR



-121-

GN3

NuneL3y

E 7/ (EDH ¢+ 2DH + IDH) = 5n
EY10d % WON3IQ = £OH

(2 %% ((02/12)927W¥)) 7 *1 €YlDO4
*1 £vi3a

ALITI8VIS IWHININ ¥D 4

e¥1d4 % WINAG = 2OH

C % (( *1 - (2V130 - *1) #s (0Z/12)) 7/ (2vidy - 1)) = 2H1D
((0Z/12)92TV / (247Z # °*S + *1)90 W)~ *1 = 2viag

€°0 = guz

NJILIONDD 378vLS A31vy300W y0 4

’ THLID4 % WON3Q = 1DH
((°1 + (1vi3g - *1

) *% (0Z/12)) % (2 »# (*1- (1vi3e - °1) %% @
(0Z 7/ 12)))) 7/ (2 *% (1V138 - *1) % *2) = 14134y
(Lt02/712)90 WY = *v) 7 (1y7Z * 91 = *1)907V) + *1 = [yi3y

£0°0 -~ = 14712
ASVD 378VLISNN AT3LvH300W a0 3
HonM x *v2 & °082S5 & (2 *» OM) # dD & OHY = woN3O

*2E = ddi
v°0 = DM
v2°0 = d>d
B80°0 = OHy
DX v3ay

(OH *HdWM *0Z *17)ANDDH INILNOYYNS
NOILVINDHOD INIID14430) 32V4HNS 3HL HOd WYH93HuaHns

QN3

NyNni13Yy

¥ % (3D % g°0 - *1) = oY

(YNTISH2 ~ & s¢ ( Nyulvy 1

7 AdNSL D)) xlY #x NHIVL) = SNISd3 % VW9IS * YANDD = ¥

(03)L14D0S & S0°0 + 9°Q = VNISd3

*ELZ +((°6/°S) # (*2F - 4¥NS1)) =

L15889°E = HANDD

4-3L1°1 =

Pe1 + d4HIVL = Juns)

(3uNSy *Dy ¢y ep3 HUIVL4SNISAT *3) ‘H¥IVLI)MMT 3NTINOHANS

NOILVINOWOD NOILVIGYY JAvMoNI HOd Wvd90M¥daNS

ce/ssers2y 00€82 = 31v0O NIvnW 1z

WUNTVOCOw
-
ovoVLL
000 OoOO0

(S AV )
-

NMewn
ooQo
[=J=NoRe]

v

1100

o100
£000
82320

LU

L300
9300
5320
v0J0
£320
2220
13200

(SR ULU]

UL




-122-

ov5°0 = 3IVIHNS HLIY¥VI 40 ALIAISSInNKWI
090°0 = IY3IHDSOWLY HOd NOILVNNILLY LSNC
$A3WNSSY S3NTIVA 31VWIXO¥dIY

EEAPXERR AR BB R R KEE XX RRERRREBRAR RSk AR AE kR R hhR R R ARk

Lv61 HDUYN - 9v61 ¥IEWADI0 : Qo1u3d

A 1S3% S33¥930 SL°96 H JONLIONIT

HLIYON S334230 LS°Eb @ 3aNLILY

(*2°*2°d : 110S) VLi0AVD *S ¢S7Ivy XNOIS NDI1VD07

L Rl L I R Y Y Y 121222332118




: 9¢0e 0o*9 1°081- 9°599 2669 L*°699 AR FA) S°ve S°6GE 52
I w 8%L¢ o*11 2*%01~ 5925 S°8L9 5°*285 0* vl o0*92 S*ESE »e
m 6°6Y S°¢l 2*0or A2 A4 6°069 0°* %29 1°€L9 s*°9¢e S*LGE %4
! L Ad 2 0°0t 1°0L~ £°89¢ 0°2LL9 A B84 6°0.L9 c*ge §°95¢ 22
W ) 1°8¢ o*vl 9°9v— ocove 0*v99 L°v0% v*1L9 s*ee S5°SSE 12
w . 8*LE 0*11 6°281- 9°*L8E €202 veeae S*1L9 sege St veR 02
M s5°L2 o*8 E*YE— R APA -] 1°999 £°999 8B*2L9 0*o61 S*ESE 61
W 1*9¢ S*01 s*0 c°9by 9*8v9 c*9t19 g°vL0 011 Ge2s¢e at
W 8°89 0co02 8° €0 1~ 8°*EES v°1v9 6665 AQWNO s°9 S*°I16¢E i1
m 1°6L [ 24 £°61~ CT6EE 6°2L9 Al 824 0°9.9 s*0¢e G*0SE 91
w £°ee S*9 1*2¢ G621 €£°Lv9 6*22¢ y°sLo Lo o4 S*69E St
w . 8°5Ge S*L 8*62 a°zet 6°£99 gevze 9°6L9 s°81 ST EYE v1
W ge2e S*9 2*vo e vil £°C89 g*ecL v*EH9 S*G1 S*LvE €1
; 1 s°RS o* L1 [ A B 4*082 1°889 6°vy3 v*£Q9 oc*g2 S*obe 21
% L AR 4 Gegl S* 6V O*HvEE 9202 0°625 6°289 o*1ev S*°GvE 11
J_ . L°2E 5'6 - v*.- vesey S$*069 §°9.8 12269 o*ve Sevve o1
W 2*°6e S*8 8°L9 Ge°lez g°%9.L9 818y 1689 g*9c S°Eve 6
W 8°62 S* L v 1E~- 9912 a°vv9 G°*G5e 2° 169 o°st Se2ve B
W 8°5¢2 S L AR 2 gevgl 0°859 veave L°969 G2t S*1vE L
M 6°0¢ 06 S*L1— 0°99E 2°689 £°80S s°0CL S*6¢ S*0vE 9
W . G°S51 S*¢ S 8*0vE 1*289 veHvLY £°904L 0*sE S*6EE 5
w ' s*ee 0°g - s* vl 6°2¢ge €£°€E69 ETIVE %* 602 S*1lv SrHeEe 4
M 1°ve 0*L ' 6°Se2- o*pvy . 9°.L89 €°14S S*91L 0*vE GLEE £
£°ES S*SY YLy~ v R92 8*v89 6°*Y0E 1°s22 o°te S*9¢LfE 2
W 8*LE o1t 092 9205 £°899 1°622 S*1gL - S* L1 S°GEE B
% OH Hd WM N2 oY -] o210 10 Hlv-1 3ivo Av2

i IN3IDI4430D0 IDVAYNS ONV XNId LvIH 40 NIILVINDWOD ATIva

ool - P .




-124~

2°09 PR} 1*s £°09S o*z2eL 8*6LL 6506 o*8¢g G*gt 26

veve 0°01 veaS—- ®°1E5 £°669 S°239 6°964L S*eE G*el 5¢
€°0€ 0*6 5°96~ g8¢593 8°.89 c*saL Sea8L 5°62 S*9t ay
FARAY 0o°gr £°6L~ 9°0¢3 9°829 e°veiL tecaL’ 0°61 s* sl LY
1°3¢ S0t 0*98- Leree B8°0¢9 2°*9s5¢e €°92L 0L S°vl A4
L°vv Oo°€l 1°65- uummw. e 1L9 6°99L 1292 0°s1 5°¢€1 S
6°086 s5°£2 6°9 L°ELT 6 LS9 1*6ve 6° %52 o*82 g*21 vy
LY O£l 2°9v 0°EEl 0°599 geive c*ovi o*ve S*11 €Y
[0 8 oe2t 0*9 L*6ELC 1*°%L9 6°9LY PARS 2] GeL2 S°01 4
%22 o*e g°stg 6°clL2 LAR YA - GeLES £e2€sL 0*seg S*6 1¢
6°0E 0°*6 g*ee 0°LEY 2°999 L°EED 2°82L o*ee S°6 ov
S°5¢€ s°11 se*ge Levae S*1L9 6°L2Y ge2ee sr6e S° ¢ 5F
O°*EV s*2t 911 S°vLiE 8°899 P*2ES LA ¥) St 5*9 bE
G°5¢E 5*11 g£°91 te81z 0°599 1*92¢ 1eet2 o*ve §*S LE
PAA 2 [P R § v*oc—- AR 414 £°0G9 213 g*602 0°91 Gy IE
v*IY S*el [-Ad ¥ 2 g°cev £°0S9 1°69S 2*L0L 06 S°t SE
£°1¢ o2t e g9 - 8°8L5 v*e19 £€°v0L €£° 904 0*c~- s*e vE
L°vy 0* £l 9° 1% 8521 8629 8*0£e v 669 S°E S*1 . €€
S*6E s*11 c°EY 6°S9t 1°vv9 2°v35 0°* 569 [ A4} s*0 43
S*6€ s°11 LoLET~ 6+¢Bs c*.L09 1°¢19 v°969 S*v— 5°69¢F e
AR A4 0°gl Jo-bNO e*vyov 2*919 €025 1°£69 0° £~ S* v9¢ og
4°9S RdA § 1°62 6°LSY ‘S*209 L°1L3 2°069 GQ°9 - S*E9¢E 52
049 5*61 g*ov geeect 1°919 €£e9ze 6° 689 [+ R4 S5e 29t X4
6°6%v s* vl 9*2¢t 1*0€1l §*059 s°yee . 2°089 0*02 S*19¢ Le
ol 4 g*21 LA A g*00v 0*2L9 S°Qes3 B8*8L9 0*2e S*09¢E I
od Hdh4 ND 24 =} 210 1o yiv-4 Jiva AvVQ

e = —————————— A - ——— - - " = - - - -

IN3ID14430D IDVIHNS ANV XNId LVIH S0 NOILVINdWOD ATIvVO

IR,




-125~

g°LE o°11 9°¢tcl veLoz 2*en9 £°0Ly veally 0 LE S*tY EX)

veove 0°*0t1 FANARS s*t62 1499 se0qg t*8o011 s°¢2 g2y ve
e*6e s*g LA 72 o*aLe £°6899 1°98¢ 0°2601 s*se S°1y £
1*°ev2 0*2 0*2sg 921y g*e2s9 9°*$3501 8°0801 o°vl 5°09 22
0°SS 0°*91 £°£8E 9°0Se veoE9 S*9£L 1°4901 0*6 S*LE 12
2°ve S*ve v°83 T°¢81 1°z229 6°GLE 2* 9501 0°2 G* 8E 92
9811 S*® vE gclet g*121 L*909 veEveE L*0401Y 0°*v- GeLE 53
S*2y 0*ve S*6S B*v02 1°0¢9 L*v9E 8*2¢01 o°11t G*9¢ a9
g6 S§°*8 [ S -3 S Tr181 12°829 c°23¢% 8eo0t01 S*v S*S6¢E L9
£°59 0°61 2°051 6°693 S*519 2*t66 9°866 0°2- S*yf 29
6°08 S*£2 e* L9 9°.91 9° 59 6°€£2¢ v* 186 091 S°et 53
S*6E S*1t S*LE 1e1e2 v*yc9 Se0.LE v 896 o*v1 seet v
4°9% G*o1 veglze SegLy 2*°%09 ve°rs6 S*856 o*¢— S*1le €2
1°9¢ S*°0t1 9°051 Le12e E*829 5* 169 6°EVe S*Ss s°o¢g 23
9°E9 G971 1*1S81 2*681 1*6£9 £°69¢ v*O0EGL S*°0t G*62 19
V66 0°ge S*°88 S*0FE1 £°259 1°20€ £E°ST16 S°61 §°6e 09
6°6¢ S* vl gL~ veee2 0°£99 9°L62 L* 106 0°s2 sesL2 65
9°1S o°st o*9et 969y g*869 G*1¢ce G* 0686 o*1¢g §*9¢2 2231
e*62 §*8 £°S01 £e202 R*61L coiey 6°vil8 0°Sy m.mw LG
6°6% S*v1 g*Ivl 1°20¢" 4° .89 1°4SL 2* v98 O°FE seve 25
8°s¢e 5*L . ge*@g21 €02y v°289 9*9G2 9°2s8 S*oE s5°ge S5
veov S°gl ‘202 6°21y . veLe9 veLSS 9°£vy 0°8E G*ee vs
2°6¢ s*8 £°*69 v*oLE 2°299 B*vio GeLED o*1e [ &4 €5
c°09 S*L21 6°S01 S*9vE 6°9£9 6°te9 =l 85 °] 0°*s 5*02 25
veiL 5*22 5°6S1 0*01& 8°9%9 L*LYyI 0*0c¢e s* 2t S*ol 15

OH HdWw ND -] -] o410 10 dlv-1L Jivao Avd

e e -~ — - . - — - ————— - - ——————

INIIOI44300 3DV4HNS ONV XN12 1V3IH 40 NOILVINDWOD ATIvQ




4 lhe e n e b i

s g

Weibed

~-126-

€°ES S*S1 ceeve c*CEl c*199 S°91g 2°5951 seege S*89 o0t
6°0¢ 0°*6 L*°EE2 o*2¢t 2°589 ve 113 9°6y51 [o R4 G*L9 56
1°¢2 0°2 gesee 6°2ve 9°%L9 L°Gv9 S°SEST o°*ve S*99 85
6°81 Seg 1°25¢ 2*v6t 2°v.9 €£°068 v*9151 s*ee 6°S9 L5
vove 0°0t1 veILS 6°16¢ L°6L9 9°99v1 26691 o*12 S*v9 95
£°1v [ Rdr-4 £°evey S 6EE e°t89 €°9801 L2641 o*ve S*€9 56
L°2¢ S*6 9°15¢ T+291 S$*°699 1°9€2 2*6svl se°g2 G*29 v5
68t 5°S 0°80€ MLOF«. £°599 L°653 9*2hv1 S°61 S*19 £6
e°Le 011 T°061 1°G91 L°599 668 5°92v1 0*91 G*09 2o
4°9S S*91 6°691 9*022 %°959 S*°8ES g20%1 o0°st 5°66 15
6°0¢ 0°6 621 o°9ge 0*L59 0°G5¢% vegecy Ggeot S°HS 05
9°0e2 0°*9 veoge L*6%1 €899 g€°bves 2°0.L€1 S* L1 S*LS 5d
0°Ss 0°91 geote L*°092 e8°159 v*0S9 8° I1SeET S*°vI §$°95 a8
9°g9 S*81 1°vL1 €°0L1 N-mco 1°GSLy S°ceel o.m—. S*GS Ix:]
vl Se2c 6°0391 B*EST 8*299 0°vEY E°S1El S*91 S* s 93
6°tL S*1e LPARS A 9*68¢2 v°9v9 L°%6S v 00€ET S*eL S°£S 53
s°6¢ S*11 Teeet 8°vog L°v29 1°€29 0°0s521 =R S*0S 147
£e2¢e S*9 S g5 oeecse 0*E%9 s°¢cey 0°*v92Y s*g S5* 1§ LE8
S*eL1 1°g 6*852 6°89¢ veEE9 L*SLE geLvet ore S°0sS Z2a
6°0¢ 0°*6 a°*93 E*gLz S*vv9 0°69¢ t*9zger S*E1 S°6v 13
1°9¢ S*01 L*° G632 ccoov £°859 1*9ve6 £*6021 0°*sS1 S*gy e
6°6v S*v1 £°95¢2 L°SEE 8929 L1l S*L811 0°g2 G*LY 6L
O°EY §*21 268 GeLBe c*8L29 9°615 £°L4911 S*ve S°9¢ 23
6°6% S°¢1 OLNUa nomm—d 2289 6°EB8Y 8°0511 o*LE S*sv LL
v°9y Segy 4°03 6°£52 2°199 6°ErY E*bELY S5°2¢ S°vy 9L
o+ HdNY ND oY -] o210 10 div-1 aLlva Ava

INIIDI 44300 3IDVAHNS ONV XN14 1van 40 NOILVINDWOD ATIva




i
M
IH
i
i
1
i
1
!
H
k]
1
4

-127-

£°€S
OH

8e2t
Hd M

8°6%
ND

1°€2¢

pl-]

AVG~d

£°299

L0
9*0

O0I°6201 = DH / (SV1I3HL # ND) + X3IONI-¥IV = d

otez2 = 21d
ovecz = {1id
AVO-4 OTI"GE = (2%#DH) / HI % % = W
LL°0 = ¥OLIV4-N
AvO-4 1°6201 = X3ONI 3JA1LD3443
AVO-4 0°E68 = X3AGND 3Idvuns
AYG-4  0°0911 = X3aN1 div
J 1ec2 = IYNLVHIAIWIL IdvIuAc
b v5S 6°1€6 v*02 vezgt
210 10 UIV-1 3iva  Ava

*H¥3A0D ONITID 4D IOVIN3IYIY L-9IMAVI NvVIN
CHIA0D ONDTD 40 IOVINIOHId HNOH~-vZ NY3IA
L*G1 = Jdal *dwal INIOd~-M3Q AIV3 Nv3W

= WVYI3J *SSVYW HIV TV2ILd3 ATNIV3 NV3IA

NOSV3S 3H1 40 39VH¥IAV ATIVA NvIW

T T T SO L R e oy




P tra g

I P LT T PN AN LA AL

o e

T T T Y T T B N ST T T Y T R, ORISR R A M SaAOm L0

-128-

SAMPLE CALCULATION FOR SIOUX FALLS, S. DAKOTA

Daily Net Radiation -

The total net radiation for the day of December 1, 1946 will

be calculated for Sioux Falls, S, Dakota. The following are the data

required for the calculation:

a)

Latitude, § = 43.57 °N
Days after December 31, D = 335.5
Average daily optical air mass, m = 5.15

Air temperature, T_ = 17.5 °F
o}

Dew point temperature, po = 12.0 F
24-hour percentage of cloud cover, Ce = 0.31
Daylight percentage of cloud cover, Cs = 0.07

Solar albedo for the surface, o = 0.275
Emissivity of the surface, € = 0.94

Atmosvheric dust attenuation, d = 0.06

Solar declination on that day

§ = sin* [sin 23.5 cos (0.9863 (0 - 172))]
- sint [sin 23.5 cos (0.9863 (335.5 - 172)):'

= -22.18 °
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b) Hour angle at sunrise
H = cos™t (tanStan g
sr

= cos™t (tan(—22.18) tan(43.57))

= .112.8 degrees

c) Ratio of the instantaneous sun - earth distance to its mean j
i
distance f
ri 3 - :
= = 1-1.,6733 x 10" cos(0.,9856 D) i
m
= 1 -1.6733 x 107> co0s(0.9856 x 335.5) :
= 0,998
Therefore ‘
N
<__m> = 1,001
r.,
1
d) Dew point temperature, T. = 12,0 °F = -11.11 °C.

dp

Therefore the mean daily precipitable water vapour pressure

)

=

(0.1102 + 0.0614

0.85 e dp

w

0.85 e(O.llOZ + 0,064 x (-11.11))

0.480 cm

e) Atmospheric dust attenuation due to scattering only

al = 1.041 e—(0.095 m + 0,039 w)




f)

g)

h)

= 0.626

=130~

+
r

1.041 e—(0.095 x 5.15 + 0,039 x 0.480)

sinH
sr

m

Attenuation due to scattering and absorption
an = 0.975 e-—(O.lZGSm + 0.0513 w)
= 0.975 e-(0.1263 x 5,15 + 0,0513 x 0.480)
= 0.496
at 1 d
—_ n _ S - -
A = a 5 + ) 5
0.626 1 0.06
= 0,496 -~ > + 5 - 5
= 0.653
oy
B = 1 +_é—(l - a' + d)
= 1 4 &22-5- (1 - 0.626 + 0.06)
= 1,060
Therefore
- =~ .+AB -= 0,653 x 1,060 = 0.692
Q 180 - H
T sr
= 5 = cos & cos@ [—_——180 cosHs
2865.6 x AB XCFL>
i

cos(-22.18) cos(43.57) x

[1

80 - 112.8

180

cos 112.8 +

sin 112.8]

T

=]
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= 0.0998

Therefore the global clear sky shortwave radiation is

2865.6 x 0.692 x 1.001 x 0,998

L
il

198.2 langleys/day

731.1 Btu/ftz—day

n

The net shortwave radiation reaching the surface in the presence

of clouds

2
QTC = (1 -~ 0,67 CS ) Q

(L - 0.67 x 0.072) . 198.2

197.6 langleys/day

I

729 Btu/ft2—day

The atmospheric mean water vapour pressure at the reference level

. 420
e = 0.131 e“26'39<420 + T - 1)
o] dp
S " 420
—26.39<——————— - 1>
- 0.131 e 420 + 12
= 2,398 mb

Therefore the effective emissivity of the atmosphere is

&, = 0.6 + O.OS\/eO
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0.6 + 0.05\,2.398

0.677

The longwave radiation loss from the surface for a cloudless

atmosphere is

4
-7 4 1[{265.7
1.17 x 10 x 0.94 x (264.9) [(532?5) - 0.67%]

181.2 langleys/day

668.5 Btu/ftz-day

The net longwave radiation loss from the surface with the

presence of clouds in the atmosphere

R =
(o

It

I

(L - o0.8 ¢ - R
(L - 0.8 x 0.31) 181.2
136.3 langleys/day

502.6 Btu/ftz—day

Finally the net all-wave radiation received or absorbed by the

surface is

[o]
il

- OE) QTC - Rc

(1 - 0,275) x 197.6 - 136.3
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6.96 langleys/day

25,7 Btu/ftz—day

It must be mentioned again that the net radiation QN obtained

above is the daily resultant of the solar radiation received by the

surface during the daylight hours and the loss of longwave radiation

from the surface of the earth. To obtain the seasonal radiation flux,

the daily values are added up for the number of days in the season.

The Daily Surface Coefficient

The aerodynamic equations discussed in Chapter 4 will be used
rather than the empirical equations since the equations are more
 generally acceptable for any site and take into consideration the
aerodynamic properties and effects of the atmosphere and alsc the
degree of roughness of the surface. The empirical equations may be
good for a certain site but uncertainty will arise when a different
site with different surface type and local conditions is being

considered.

The following are the values of the quantities required for

the calculation:

Reference height of weather measurements, Zl = 160 cm
= 5.25 ft
Surface roughness for pavements, Z_ = 0,01 cm = 0.003 ft

0

R oo
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Density of air (at 32 °F), p = 0.08 lbm/fts
Specific heat of air (at 32 °F), ¢, = 0.24 Btu/lb -F 1
Von Karman's constant, ko = 0.4

Average wind speed on December 1, 1946, u, = 11.0 mph
a) The neutral atmospheric condition is first assumed and for this |
condition the stability parameter, gis 1.00. For neutral |

stability, the equation for surface coefficient is

h _ 1 i
pc 1{2 u ln2<21>
p o 1 7
0
.. 5 5 ;
pec_k T u = 0.08 x0.24 x (0.,4)" x (u, x 5280 x 24) j
p o 1 1 ;
5 |
= 389.3 u Btu/day-f+t~~F
Therefore
: h = L X 389.,3 x 11.0
; 1n2 [B:25 .
0.0003

44.7 Btu/ftz-day—F

b) The stable atmospheric condition is next assumed and for this
condition the ratio Zl/L can be taken as 0.3, where L is the
Monin - Orbukhov length (see Chapter 4). Using the equation
of ' for a stable atmospheric condition,

7
. 1
ln (1 + T )

B =1 - : :

5
7.
ZO
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in (1 + 5 x 0.3)

o= 1n 5225
.0.0003

= 0,91

The equation of h for a moderately stable atmospheric condition

is
2
—h t - £
2 = 1-28
pcp ko Uy (Zl>
T - 1
0
The factor on the right side is
2
. i — gigl = 0.00408
. 5,25 * _ 1
0,0003
Therefore
h = 0.00408 x 389.3 x 11.0

17.4 Btu/ft°—day—F

Finally the unstable atmospheric condition is assumed and for
this case the ratio Zl/L is taken as -0.03. Using the

equation of B for this condition,

In|1 - 16(3;)]
L L JJ
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inft - 16 (~0.03)]

5.25
4 1n (o.oooa)

= 1 +

= 1,01
The corresponding equation of surface coefficient is

h 2 (1 - B
pc kozul [le-ﬂ 2 le-p
P (__ - 1 - + 1
2o %9

The factor on the right side is

2 (1 - 1.01)2
5.05 \O-1 1 2l 5.05 \70-1 . 1
0.0003 0.0003

Therefore

= 0.0121

o
i

0.0121 x 389.3 x 11.0

51.7 Btu/fto—day-F

d) TFrom the three values obtained, the average surface coefficient

of heat transfer is

44,7 + 17.4 + BlL,7
3

37.9 Btu/ ft2—day—F

sy 3
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Tﬁe Seasonal Heat Flux and N - Factor

The following are the data required for the calculation of

the n ~ factor and other related parameters:

Mean air temperature of the season, Ta = 20.4 °F
No. of days in the season, ea = 100 days
Mean surface coefficient, h = 53.5 Btu/ftz—day—F

Mean net radiation flux, Q 69.8 Btu/fto—day

N~

Thermal conductivity of the soil, k. = 26.9 Btu/ft-day-F

f
Effective latent heat of the soil, Le = 4044 Btu/ft3

a) The air index is

Ia = (Tf - Ta) Ba

(32 - 20.4) x 100

[}

1160 F-days

b) The mean effective temperature of the season is

Ml

I
ol
-y

S‘II

69.3
53.5

+ 20.4

= 21.70 °F

c) The effective temperature index is therefore
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d) b =

-138-

(32 - 21.,70) x 100

]

1029 F-days

2 k
(T, - T))

2 x 26,9

o (32 - 21.7)

0.137 £t°/day

2
26.9
0,137 x 100 + (-5—3—.g>

3.735 ft

Therefore the mean surface temperature of the season is

=l
1]

e) The surface

- (Tp = Tg) ke
Te + -

P i

(32 - 21.7) 26,9
2.7+ 3.735 X 53.5
23.08 °F

index can now be calculated as follows

(32 -~ 23.08) x 100
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= 892 F-days

) The n - factor can now be obtained from the ratio Is to Ia'

Hence
I
s 892
n = f; = 1160 = 0.77

g) The following parameters can now be calculated for correlation

purposes:

k., L

M- f-ze - 26.9x£21044 - 38.0 F-days
h 53.5
I
S 892

I, = w = 3o = 254
I
€ 1029

I, = & = 3o = 271

_ Q, 8. _ 69.8 x 100
P = I, - N’s = 1160 - —=r—

1029 TF-days

In Chapter 1 theoretical equations were derived on the
relationship between Ill and 112, and also the relationship between
Is’ M and P. The values obtained above, to a certain degreec of

accuracy, should then agrece with these equations.
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Table E1 Daily Solar Albedo for Asphalt Surface, Fairbanks,
May - September 1971*
Date May June - July August September
1 0.120 - 0.123 0.079 0.036
2 0.122 0.117 0.130 0.130 -
3 - 0.120 0.134 0.123 -
4 0.100 0.120 0.142 0.089 0.020
5 0.101 0.118 0.137 0.113 0.093
6 0.090 0.120 0.135 0.102 0.086
7. 0.040 0.123 0.134 0.071 0.084
8 0.080 0.132 0.141 0.046 0.059
9 0.090 0.131 0.138 - -
10 0.080 0.143 0.129 0.087 0.094
11 0.089 0.126 0.109 0.122 0.118
12 0.099 0.139 0.052 0.114° 0.089
13 0.108 0.131 0.092 0.105 0.084
14 0.110 0.107 0.122 0.119 0.072
15 0.095 0.139 0.136 0.122 0.099
16 0.075 0.128 0.140 0.118 0.109
17 0.104 0.130 0.138 0.110 0.035
18 0.106 0.130 0.135 0.108 0.091
19 0.089 0.123 0.132 0.090 0.064
20 0.101 0.116 0.118 0.005 0.026
: 21 0.103 0.118 0.138 0.085 0.069
: 22 0.094 - 0.131 0.065 0.080
? 23 0.105 - 0.135 0.110 0.054
E 24 0.101 - 0.132 0.122 0.056
j 25 0.100 - 0.128 0.126 0.022
; 26 0.104  0.138 0.140 0.123 0.077
l 27 0.113  0.143 0.132 0.126 0.023
? 28 0.107 0.076 0.140 0.117 0.058
E 29 0.121 0.154 0.140 0.120 -
% 30 0.132 0,141 0.115 0.073 -
fg 31 0.104 - 0.104 0.091 -

# Values are calculated from the incident and reflected solar
radiation measurements supplied by the U. S. Army (1971)
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Table E2 Daily values of QTC/QT’ Fairbanks, May - September 1971*
Date May June ﬂElX éggust September
1 1.00 - 0.58 0.46 0.36
2 1.00 0.66 0.75 0.68 0.19
3 - 0.90 0.87 0.65 0.18
4 0.88 0.94 0.69 0.47 0.35
5 1.00 0.94 0.89 0.52 0.61
6 0.46 1.00 0.95 0.41 0.88
7 0.36 0.93 0.84 0.35 0.83
8 0.62 1.00 0.74 0.31 0.59
9 1.00 0.86 0.91 - -
10 0.62 0.73 0.73 0.38" 0.93
11 0.80 0.83 0.31 0.85 . 0.97
12 0.60 0.51 0.12 0.66 . 0.90
13 0.86 0.82 0.22 0.71 1.00
14 0.89 0.55 0.46 0.77 1.00
15 0.58 0.76 0.78 0.98 0.94
16 0.51 0.81 0.79 0.96 0.90
17 1.00 0.96 0.90 0.83 0.41
18 1.00 0.73 0.89 0.84 0.98
19 0.59 0.78 0.88 0.47 0.73
20 0.64 0.59 0.51 0.22 0.44
21 0.88 0.71 0.80 0.49 0.83
22 0.82 0.95 0.93 0.54 1.00
23 0.83 0.89 0.86 0.68 1.00
24 0.81 0.95 0.81 0.57 0.58
25 0.93 0.93 0.53 0.63 0.40
26 0.77 0.83 0.76 0.75 0.67
27 0.87 " 0.99 0.47 0.90 0.51
28 0.56 0.54 0.76 0.96 0.91
29 0.61 0.66 0.71 0.97 0.18
30 0.93 0.71 0.54 0.62 0.24

31 0.76 - 0.48 0.59

* Values of QTC are obtained from the U, S. Army (1971)
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Table E3 Calculated and Measured Values of QT; After Local Cloud

Cover Relationship is Used, Fairbanks **

May 1971 June 1971  July 1971  Aug 1971 Sep 1971
Date
: Cal. Data Cal., Data Cal., Data Cal. Data Cal. Data
1 418 559 581 - 435 407 232 266 154 139
2 380 566 424 457 432 525 359 396 154 75
3 279 - 542 621 596 606 299 375 151 68
4 339 485 589 648 359 476 351 268 146 126
5 393 566 . 589 648 429 618 291 291 187 220
6 288 457 543 705 491 656 223 225 184 314
7 224 199 660 644 487 578 218 189 180 291
8 294 352 634 703 485 502 215 163 211 202
9 357 609 361 602 482 618 214 - 135 -
10 300 362 497 515 348 490 272 200 280 304
11 503 471 554 582 267 206 374 447 276 314
12 -238 356 436 363 262 115 269 345 300 285
13 424 518 643 578 264 246 207 365 302 314
14 375 540 282 383 268 308 405 395 257 306
15 244 356 366 540 474 518 510 498 268 279
16 245 313 366 576 410 527 453 479 275 262
17 563 642 440 681 339 592 304 409 112 113
18 323 623 366 520 513 580 299 407 270 270
19 387 371 434 546 508 567 130 221 165 194
20 392 407 493 410 256 327 185 101 133 115
21 329 565 430 491 332 515 239 229 131 209
22 397 524 551 665 546 592 234 245 242 249
23 234 533 598 625 451 552 278 304 188 241
24 401 524 672 0 676 388 507 274 254 120 135
25 463 606 698 662 320 328 225 273 90 90
26 407 508 645 588 438 470 266 324 157 149
27 410 577 553 692 246 288 302 382 110 108
28 267 370 368 389 379 466 357 403 178 191
29 347 413 367 467 372 537 324 399 82 37
30 534 627 499 502 308 321 207 248 80 47
31 418 © 524 235 280 203 231
* & Unit of QTC is langleys/day

**  Measured values of QTC are obtained from the U. S, Army

(1971)
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Table E4 Daily Values of Rc/R’ Fairbanks, May - September 1971

Date
1

© 0 N o g nh w oD

WNNNNNNNNNNHI—‘I—‘I—'I—‘I—‘I—'HHI—‘
OLD(I)\]O)O’IAOJNHO(OCO\]G)(HJ:-OJ[\)HO

31

May

0.52
0.51
0.81
0.65
0.55
0.77
0.67
0.43
0.66
0.74
0.60
0.55
0.54
0.64
0.55
0.51
0.49
0.71
0.55
0.63
0.50
0.45
0.81
0.49

June

0.60
0.74
0.78
0.75
0.85
0.78
0.79
0.76
0.75
0,77
0.73
0.93
0.45
0.69
0.81
0.89
0.84
0.80
0.53
0.75
0,69
0.98
0.79
0.76
0.89
0.80
0.63
0.58
0.99

July
0.89

0.62
0.76
0.73
0.79
0.84
0.81
0.69
0.81
0.71
0.58
0.72
0.98
0.76
0.63
0.92
0.79
0.77
0.83
0.78
0.80
0.87
0.81
0.85
0.81
0.85
0.76
0.74
0.82
0.72
0.90

August September
0.99 0.56
0.99 0.79
0.88 0.68
0.85 0.59
0.81 0.29
0.80 0,57
1.00 0.72
0.99 0.31
1.00 0.62
0.88. 0.75

- 0.81
0.74 0.85
0.89 0.83
0.91 0.70
0.78 0.85
0.65 1,00
0.69 0.82
0.74 0.53
1.00 0.87
0.54 0.50
0.56 0.81
0.70 1.00
0.28 0.69
0.34 0.58
0.49 0.72
0.65 0.41
0.70 0.72
0.70 0.72
0.61 0
0.67

* Values of RC are obtained from the U, S. Army (1971)
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Table ES Calculated and Measured Values of Rc After Local Cloud

Date May 1971 June 1971 .July 1871  Aug 1971 Sep 1971
Cal. Data Cal. Data Cal, Data Cal. Data Cal. Data
1 208 - 245 - 210 276 134 220 135 106
2 194 - 226 178 217 186 187 256 129 170
3 175 - 237 220 245 233 180 248 122 138
4 204 - 239 234 189 204 180 237 127 124
5 215 - 245 224 218 252 172 205 172 73
6 193 - 238 267 237 278 141 188 155 138
7 147 127 251 222 214 256 114 180 137 155
8 183 147 287 269 338 216 109 180 165 80
g 212 254 206 244 236 251 93 - 133 -
10 182 174 210 219 183 203 130 207 199 154
11 188 170 241 246 132 128 188 229 189 178
12 153 - 207 222 109 131 171 - 213 195
13 225 - 249 238 106 165 189 204 207 210
14 212 209 148 112 157 188 213 248 198 206
15 166 120 197 211 227 200 172 260 180 157
16 158 175 196 248 174 236 230 213 180 182
17 254 224 228 297 200 232 205 184 135 204
18 128 187 308 258 223 237 194 185 191 177
19 199 151 200 234 226 247 142 175 163 121
20 210 157 159 118 180 234 124 269 111 152
21 198 199 193 213 220 258 148 125 143 113
22 195 169 223 204 240 275 145 127 214 187
23 218 165 242 297 240 256 172 177 144 193
24 219 154 281 252 204 255 160 69 130 140
25 215 212 298 256 147 186 154 .82 116 112
26 201 162 281 296 110 1298 175 118 181 153
27 200 184 261 275 164 208 210 180 135 86
28 177 148 212 210 194 213 206 186 157 182
29 192 136 245 209 209 220 266 215 180 107
30 216 240 212 292 175 197 157 140 103 0.8
31 204 104 147 305 154 171

*

*
*

Unit of Rc is langleys/day

Measured values of Rc are obtained from the U, S. Army (1971)
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Calculated and Measured Values of Q
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*
After

N*%

Cover Relationship is Used, Fairbanks

Local Cloud

Date ;,ng’1971 June 1971 July 1971 Aug 1971 Sep 1971
Cal. Data Cal. Data Cal. Data Cal., Data Cal. Data
1 160 - 337 - 270 .8 169 23 104 8
2 230 - 268 225 243 271 198 89 95 -103
3 192 - 299 326 333 292 183 81 95 =77
4 197 - 339 336 208 204 209 =33 101 0
5 239 - 336 342 254 281 167 53 79 127
6 178 - 317 353 280 289 153 14 100 149
7 166 64 362 343 308 244 165 =126 105 112
8 180 177 318 341 253 215 168 -182 126 110
9 212 300 224 279 254 282 161 -176 63 -
10 179 159 298 223 223 224 192 25 105 121
11 189 259 319 263 194 -21. 214 163 102 99
12 163 - 266 91 212 -124 1864 - 89 65
13 251 - 373 264 204 =108 86 123 70 78
14 221 271 202 110 166 57 166 100 90 78
15 165 200 229 254 271 248 162 177 106 94
16 174 114 234 254 261 217 213 209 99 51
17 298 351 262 296 186 278 145 180 36 -85
18 177 369 252 194 308 264 149 178 80 68
19 231 187 275 245 286 245 125 26 55 61
20 224 208 339 134 166 51 143 -168 81 =40
21 209 307 277 220 170 186 154 84 59 81
22 274 305 341 302 259 239 155 102 28 49
23 242 312 355 264 226 222 156 94 79 35
24 248 317 360 254 229 185 171 154 56 ~13
25 286 333 344 ' 245 215 100 130 157 50 =24
26 258 293 326 208 310 175 126 165 35 -15
27 258 327 332 264 159 42 120 154 48 19
28 180 182 219 119 222 188 161 170 72 -2
29 221 227 185 192 217 196 124 161 39 =92
30 331 304 318 158 196 87 109 90 39 43
31 266 329 146 46 134 39

®

¥

Unit of QN is langleys/day

Measured values of QN

are obtained from the U. S. Army (1971)

Lk
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Table E7 Daily Values of QTC/QT’ Boston
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Date Dec 1960
1 0.73
2 1.00
3 0.86
4 0.96
5 0.91
6 0.78
7 0.65
8 . 0.67
9 1.00

10 0.49
11 0.72
12 0.11
13 0.96
14 1.00
15 0.87
16 0.04
17 1.00
18 1.00
19 0.48
20 1,00
21 0.03
22 1.00
23 1.00
24 0.76
25 0.64
26 0.96
27 0.85
28 1.00
29 0.18
30 0.95
31 0.96

Jan 1961

0.02
1.00
0.90
0.85
1.00
0.51
0.84
0.81
0.93
1.00
0.79
0.98
0.90
0.55
0.17
0.16
1.00
1.00
0.82
0.23
1.00
0.97
0.81
0.66
1.00
0.84
0.95
1.00
1.00
1.00
0.24

Feb 1961

1.00
1.00
0.49
0.09
1.00
0.75
1.00
1.00
1.00
0.71
0.36.
0.78.
0.91
0.31
0.94
0.88
0.86
0.14
0.80
1.00
0.97
0.94
0.08
0.13
0.10
0.36
0.73
0.22

* ‘§alues of Q

are obtained from the weather data
obtained from NOAA (Appendix F)
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Table E8 Calculated and Measured Values of QTC* After Local Cloud
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Cover Relationship is Used, Boston*

Date Dec 1960 . Jan 1961 Feb 1961
Cal. Data Cal.. Data Cal. Data
1 157 152 31 40 261 306
2 206 217 198 208 271 305
3 204 176 194 179 188 136
4 202 194 185 171 44 25
5 199 182 202 214 279 327
6 188 155 100 103 278 214
7 141 128 161 170 287 320
8 138 136 171 167 290 302
9 197 212 200 194 293 294
10 102 97 210 213 147 125
11 158 140 210 167 124 109
12 31 22 218 216 252 239
13 165 187 159 193 298 283
14 193 208 121 117 92 98
15 184 168 35 30 312 299
16 10 8 35 36 323 286
17 191 215 222 232 296 282
18 190 201 225 244 53 47
19 105 92 210 188 217 266
20 190 202 37 52 340 372
21 8 6 233 269 346 336
22 190 202 236 229 323 353
23 191 198 218 194 34 26
24 37 147 218 159 57 46
25 113 122 243 270 58 38
26 191 185 200 207 131 134
27 193 165 229 239 340 270
28 195 200 253 253 61 84
29 31 35 256 270
30 176 186 263 286
31 196 189 275 258
¥  Unit of QTC is langleys/day

3 3t

Measured values of QTC are given by NOAA (Appendix F)

e
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APPENDTIZX F

DAILY WEATHER DATA FOR THE SITES

National Oceanic and Atmospheric Administration,

r Bureau, U, S, Department of Commerce

are as follows:

. o
- average air temperature, F
. o
- average dew-point temperature, F

- average fraction of the sky covered by

clouds in 24-hour period

- average fraction of the sky covered by

clouds during daylight hours
- average percentage of possible sunshine

- average wind speed, mph
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DAILY METROLOGICAL DATA FOR. FAIRBANKS, ALASKA

1

LATITUDE = 64,82 DEG, NORTH

JUNE: 1971
T=AIR.

MONTH
DATE

CE cS:

T=DP
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DAILY METROLOGICAL DATA FOR FAIRBANKS, ALASKA (CONT'D)

MONTH ¢ AUGUST 1971
DATE T=AIR

LATITUDE & 64,82 DEG, NORTH

r  JULY 1971

MONTH
DATE:

CE: cSs:

T~DP
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DAILY METROLOGICAL: DATA FOR: FAIRBANKS, ALASKA (CONT'D)
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DAILY METROLOGICAL' DATA FOR FAIRBANKS, ALASKA (CONT'D)
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DAILY METROLOBICAL! DATA FOR' FAIRBANKS, ALASKA (CONT!'D)
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LATITUDE =: 64,82 DEG, NORTH
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DAILY METROLOGICAL: DATA FOR FAIRBANKS, ALASKA (CONT'D
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DAILY' METROLOGICAL! DATA FOR KOTZEBUE, ALASKA
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DAILY METROLOGICAL DATA FOR KOTZEBUE, ALASKA (CONT'D)
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DAILY METROLOGICAL DATA FOR KOTZEBUE), ALASKA (CONT'D)
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DAILY METROLOGICAL DATA FOR: KOTZEBUE, ALASKA (CONT'D)
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DAILY METROLOGICAL. DATA FOR KOTZEBUE,. ALASKA- (CONT'D)
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DAILY METROLOGICALI DATA FOR BOSTON, MASSACHUSSETTS
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DAILY METROLOGICAL! DATA FOR BECKLEY, WEST VIRGINIA
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DATILY METROLOGICALI DATA FOR BECKLEY, WEST VIRGINIA (CONT' D)
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DAILY METROLOGICAL DATA FOR CHARLESTON, WEST VIRGINIA (CONT'D
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DAILY METROLOGICAL DATA FOR MORGANTOWN, WEST VIRGINIA (CONT'D)
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DAILY METROLOGICAL' DATA FOR. SAGINAW, MICHIGAN (CONT!D)
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DAILY METROLOGICAL: DATA FOR PRESQUE: ISLES, MAINE:
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DATLY METROLDGICAL! DATA FOR' PRESQUE ISLES, MAINE (CONT1D)

LATITUDE = 46.68 DEG, NORTH
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DAILY METROLOGICAL: DATA FOR PRESQUE ISLES, MAINE (CONT'D)
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