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“"ABSTRACT

~

This report is -primarily concerned with the
modification of the mean temperature profile'in the surface
boundary layer of the atmosphere caused by a change in

surface temperature.

"~

A reviev of the 1itera£ure relevant to this’

.suoject is given. An experiment is described in vnich a
change in surface temperature was created by 1rr1gat10n of a
small area of grass, and its effect on the alrflow measuned.

.Predictions of an analytical local-advection model
vere -compared‘ _uith" the observed = teaperature-profile

‘modificatiom.  1In individual experiments the comparison was

1nconc1u51ve because of 1naccuracy in .the experlmental data. .

However, data were averaged over all experlments and there
- was found to be no s;gnlflcant d1fference between model and
experlmental values of the shape factor used for comparison.

The fodel average telperature-gradlent stab11;sat1on vas
3

found to agree reasonably closely vith'fhe experilental.

averages.

Wind-profile modification was observed to be
stronger than that expected from a numerical local-advecrion

model in both several individuval experiments and on average..

Several 1mpr0vements in experlnental technique are

suggested for con51derat10n by future experlmenters. Vk

‘iv
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' INTRODUCTION | R

A Y [

The wind trangport of any entity, sSuch .as heat

" t
4

momentum,. ot moisture, which = resultd from :surf@ce

\

,:'Lécai‘advection'

v

12

\ ) .

oy

by .
inhomogeneity on the micrometeorological scale is’ terued

Although the phenomenon :of local advection haS'

tal

‘couﬁnderable attentlon since about 1950 fot sevetal reasons.

,’lmportant aspect of _agricultural $c1ence. ~ Por

It has been reallsed that local advectik; is*an

RS
Y

‘ un1rrlgated ‘land, consideratlon of xpcal advection )

»

Local advectlon ovex smaller dlstances rgsults *n;,

- -

1nteraction between experlléntal plots, as po1nted out .

Rider, Philip, and Bradley (1963) uho stated that

Frequently the dimensions of plots, subjected to
different treatments, may be of the order of the.
range - in which advective effects are demonstrably '
inportant. . It 1is <clear - that heterquene1ty
between such plots due to differential  water

.treatments, differential aerodynamic roughness for

differential . radiative balance, may |/ induce

>51gn1f1cant unwanted ‘interactions betveen plots.

It» is clear “that the value and appllcab111ty of

plot expeg&nents ¥o large-scale’ field experience

L%

~
oy

v.‘\'
<oy .

" necessary for the predlctxon of water needs for 1rrlgation.'

ample“

because the'-microcllmate\ over a fxnlte lrrlqated area of

is-,

bY

,,,.L

]
,

.
.

ll.'

*

e
I

/ .
iand 1s affected by the . advectlon of drxeraaa; fron upstrean :

/) been experlenced by ‘man throughout h%story, 1t has. recelved.h"‘



cah. in. éoiév ci?bumsgances, be very greatly
enhanced if the presence of advective effects is
recognised and appropriate allavances made.
| The developmgnt__;néf_tésting of flux and profile
laws for the:atmosphérié‘bdunda:y-layer lead to increased
. éonsidefation of the:iadt*ttat airflow abové.the ground is
very rarely in equilibrihm‘ with ‘the surface  immediate1y
‘below it. Su:faéé~ idhomdgené;ty ih roughneés, élevation,
‘tempefathre,‘vefnéssp»vegeﬁative cover, soil type, etc.,
prevents ~equilibrit‘xm .;because .xhé '.influencel. of any
.disturbance is advebteq‘downstream ﬁoré'fapidly than it 1is
propogéted yerﬂicé;ly,land‘éniy in}dirfloifove;‘an extensi#e
hdrizontélly—hoﬁégéneohs surface will' the boundary;layer
. charécteristic§ be consistent - with the éqtface ?oundary
| cdnditioﬁsl impéséd.'.' éohséqueﬂtlf,' theoretical  and
o - . . ' .
experimental ;mefeorblogistsi began-"to' -study ‘disturbed
boundafyl lajers( - cthentrafing;' in’ thé- interests‘-of
simplicity,idn;tﬂé tvo—dimensiddai ihte;nall>5qundary layer
(IBL}, ﬁhich d;vélops uithin‘thé}boundary-l@yér vhen flow
| ovép a ﬁhifqrm'shﬁtgéé:'éncduhters A -stép‘vchéhge fdi_ﬁew
uhiforp  qénditions, (éée"Fig.;‘1-1.).  Aithqugh attehtiéh
has been éoncentraged’on.fhg influence of the surface dﬁ‘
tufbﬁiehbe.'stdtiStics» (mé$n' vihdSpeed,f,tﬁrbulent kiﬂetic
.enérgy,‘shear'stfééé. ﬁeén”téﬁber&£ﬁféy “inférmatioh .géiﬁed
‘on the effect _.o'n. airflow of"__,a-_supf.acé ;ai'scoh;t‘in:uiﬁy is
ihformaﬁibn gainedyqn'lodal advection,'i.- "‘f‘ ._;.
One._ £ the ﬁoﬁf;exﬁehsivelyi ihvéstigated~i§spe¢£s

of _airfiou Bver surface iﬁhomOgéneity ,has been'thé.IBL



, .z A
) . 1 Upwir‘;d Equilibrium ‘l
'. . : . ) . ‘
! _ Transition Region
a(:) | . .
o
o
- l' . . .
‘ -"I, ' -Do.anind Eq‘uil'ibrium .
/ '»‘Q )
e

" discontinuity

FPigure 1‘,_-1'.,_ Two—dx.mens:.onal 1nternal boundary layer.

§ (x) _ . height oﬁ IBL S .
Q(z),0"'(z) upwind and dowan.nd proflles of Q
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creafed in flow ower a steé change ’ih Surfacé .roughness."
This is probably: av consejuence of the neéd to‘deveiop
criteria ﬁgﬁw thév exposure' of énemometérs, in order_ to .
ascertain that vindspeed:measureménté ta be related to tﬁe-
underlying _surface are iaken  vithi; the layer of
retestablished . equilibrium - downwind of . the nearest
discontinuity. o \

Evéporation-fréh-a finite wetted area is‘ anothef
surface discontinuity, or local advection'problem that has
been widely studied; Thig proﬁlém is Qéry éiyilﬁr‘ to  the
problem of a surface discontinuity'in temperature, if heat
is t:eated as a passive atmbsPHeric probetty. In‘ nafure, ’
both diécontiquities -uSd311y _occu:>vtbgether, .becaqsé an‘
alteration in‘shrfaqe mbisfﬁre' conditions' will ?lfer the
partition " of available energy into sensible and latent‘heat
fluxés,.’ahd tﬁus Create a discontiﬁuity in' surface
temﬁerﬁtﬁre. The 'hﬁisture  and temperafure_fiélds may be
.ygoﬁsidéféd tdlfotm ‘a . field of 'équivélent: temperaiurec;

,oLc',')e, B

" and under certain circumstances the finite wetted area

defined by

FGc.:= fTi + (

jadveétionuproblém.nayvbé'fully formniatéd,in terms 6f e .
(Sfmbolé. used in' tﬁis _report are defﬁned in an #péendixQ
‘They are only'ré4definea inlthé texi in’céSes vhere tﬁis' is’

-judgedgapprépriate.); - ,. |
Sutfon» (1953)' éhowéd ‘thaf the 1oéa1 eyaporatiqn/

- rate decreases with distance from the leading edge, because

-



I

5 0

I
of enrichment of the air with vapouf. This indicates that
su:face tempetatufe vili not be‘constant dovnstfeam of the
leading edge,‘ so that hofizdngal homoéeneity‘ cann&; be
asspmed for either teupefature ‘or mbistﬁré fields. ‘\In
addition, beqause' the temperature chalge may §ignificantiq
. affect‘tﬁe iongané radiatibn' 60’15{ and nmoisture ﬁa;‘
affépi' ﬁgth radiation and soil heat flux, 311 ¢ompoﬁents of
the serféée energy ba;énce équation maj be €£anged-hby the
discontinuity. | | | |
In the .e¥perimeht to be reported in this thesis,

hereafter referred to as the ''Ellerslie experiment', the

1

\

\

A

primary aim was to study modification of,the temperature .

: v A
profile after a step change in  ~ surface temperature.

However, as the surface temperature change.wasiobtained by

irrigating a patch of a large, reasonably "uniform grass

field, the situation  set up vas the complex moisture-heat
‘ ) ) R : : : _ ,
interaction previously discussed.

\\
\



- CHAPTER 2
THEORETICAL‘BACKGROUND FOR AN INTERNAL BOUNDARY—LKYER

2.1  GOVERNING EQUATIONS

The basic equations governinq, stratified airflow

9

on the micrometeorological scale are :

The equation of continuity

¥ V,/?N.‘.O_ | |
The momentun equation » RS C ‘

T S L E e I

The first law of ‘thermodynamics, or 'energy equation'

/ocv% +"*|oV~-»Lf‘. % kV*T. +/0¢  *l./ocr'Rﬁ | A

'Tﬁe“eqdation of state'

_Here v,T, /o and ) are 1nstantaneous values of the veloc1ty

vector, tenpera&ure, density, and pressure, 3 ¢ is the
\ :

1nstantaneous diss1pat10n of klnetlc energy 1nto heat, and

\
',_Jl- is the rate of heat addltlon by radlatlon.

~

4 A set of eguatlons descrlblng the mean flov,_df a
. . R

fturbulent stratlfled fluld may be derlved from the above by ) -

.\.



/

A

rewriting ‘the instantaneous equations usind the' Boussihesq
apprbximaéion, vhich assumes that density fluctuations are
_negligible unless hultiplied by gravity; then splitting the
flow into mean and fluctuating components using the Reynolds
averaging conventioﬁ. This procedufe is demonstrated by
P?,te (1971).
V4 The résulting equations forv the mean flow afte, -
‘Jsing the summation convention : .
The equation of continuity |
e - IR L (2.1.5)
X, .

The momentum equation "

. du o gp_ T T "
da _ _ L s - o % (2.1.6)
dqt P 3z I ‘F’“ - o L

The thermodynamic eqdation

g

dT _ _ 3 T
dt ’ 336", +

whérg é_‘ﬁrime denotes a fluctuatinq~§uantity and all o

%”gdautities are now“meaqudlués; Ty ;ahd /% are_#alﬁes-for a
hypothetical refefence_stéte with adiahatic lapse réte and
hydrostatic eqnilibriun. | | |

In_ordefvto obtain‘théSe results viééoué’frictioni
«moieénlar heat ftrahsfer‘ahdifadiafive-fi@x divergence have.
been he§iect§d. | B . | |
” | _Equatioqs .(2.1;5)—(2.1}7j,"augmented by  such.
'a¢ditionalvl'éonéervation"equations”,as are hecessaty . to.

describe a particular problem, -are .the basis for the:



“
‘45 ,:“ . v

mathematical formulation . of the internal’ boundary-layer
s »

problen. They apply to small-scale - mot%ow in the

’

atmospheric boundary elayer‘ regardlessv of the presence of
: : o

. . &) . .
surface 1nhomogene1ty, sand are therefore . valid inside,

outside, and on the boundary°of any IBL.

3

2.2 Elimination gg'Velggi;z as a Variable

In the analytical models to be discussed in
Chapter 3, the: nudber of. equations - is reduced and the‘
'problem' simplified. by the use  of pre-epecified velocify
profiles, thch are‘essumed to‘describe the.flow both inside
and outside Athe"IBL. Throigh this approxlmatlon the
varlable 54 becomes s1mpﬁy a parameter in the IBL equatlons,
;and the momentum and COﬂtanlty equatlons are no longer
required. Given a realistic approxlmatlon for the velocity
prdfile, the approach should be satlsfactory for ‘ the
description"\of any IBL set up. by a dlscontlnulty whlch is
not likely to affect the velocity profile _(e.g,, step
inttoduction of a completely paSsive contamiheht).. However
in other‘eases v modlflcatlon of the veloc1ty proflle is one'
mof the important effects of the dlscontlnulty {e.g., ghangeu
in roughness) and a{,full formulation " of the proﬁlem,_

including the Momentum equation, is desirable.



2.3 Power Law Windspeed and Diffusivity Profiles

In the theoretical models of local advection which
- will be described in Chaptér 3 the wind profile is commonly

‘approximated by the power law
Z m
u = U.(—z—)l , m32 0 | (2.3.1)
and the diffusivity by

K = K.(%%)n» ,‘ | (2.3.2

The true wind profile has been found to have the

curvature
Yu R S
3ta2)* - 9z - 9z
>0 fér stable sfrafification
=0 for neutral stratificationv
: <0 | for npstaSIe'stratifiéatioﬁ )
(see Sutton (39535). |
The' restrictions blaéed on @ are then
B §é>o. . stable
 m2=0..  neutral
QP.' | o @2<0 '&hstab;e-stﬁatificatiOn;

| In order fhat u increase with height, >0 is required. . It
' caﬁ thus . be 'see;- that' the pdwer_laﬁ fit to ﬁnstable.and
neutral wiﬁd ptofiies}is ndt.veﬁy accurate.
| ‘The.verti¢allf1uxe$ ih the iqver atmpsbﬁere‘.arg
measured to .Be .apprbxilately constant under.the folloving

conditions:



10

(1) Steady flow
(2) Horizontal uniformity in all proberties
(3) Zero radiative flux divergence.
Under such conditions a relation known as .*Schmidt's
conjugafe power law! holds, i.e.,

‘ n=1-m
. Y.
where n 1is the exponent in the power law for momentum
diffusivity. If this law holds, measurement of the wihd
‘profile gives an approximation to éﬂe momentum’digfusivity
prdfile, and through assumed rglationSiqetween Kn » K+ , and
Ke » an épproximation to the_bther diffhggvities.

‘_In the models to be described in this thesis,
interest is in the wind profiies in the lowest 2 m of the
atmosbhere, vhere 'stabilitf:veffects are expected to be
.unimportant,‘»and‘ the win@ profiles shouid show the shapé
chatactérisiic_ of neut:ai  stability regardless ~of
stratificationQi-Togrééréséﬁt"é heﬂtral profilé,w?'reéuire |

| Iz c(. zm , , say: m= [Ln (,CnZ)]/an
Proh this:.fofnﬁia, m 1is undefineé.at'z=0 or z=1, has.the
value 0.36?at.2510,-and decreases with 1increasing heighf
fﬁereaftert | | |
| | ‘Thé'_vaiue'of'm for néutfél cqhditioﬁs_is commonly
_’phoseh_as 1%_, a'figure’ originélly based _én. iind  tunne1 
éxpefimehtg. Hovever}' this value is most successful iﬂ a
fange‘qf héighié bf 2 to 4-;, vhereas .in thélellerélie
experinent .m was chosen to best re?resent the wind profilé

bélow 2 m, and values of arouhd 0.26 vere required.



Under stable stratification .m is éxpected to
increase towards unity, while for unstable stratification it
should decrease. However, as has been noted, very close to
the ground the wind profile is always approximately neutral,
and in the Ellerslie experiment valués of m were always
betwveen 0.24 and 0.30. These values agree vell with those
reported by Morgan, Pruitt, and‘Ldurence (1971).

Use of the poﬁer -law felations and Schmidt's
conjugate power law is most convenient in analytical
formulatioﬁs; bu§ it must be rememberédvthat the btechniqueb

is only an approximation.
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CHAPTER 3

i

'ANALYTICAL INTERNAL BOUNDARY-LAYER MODELS‘

N

3.1  The Model of Sutton

The steady-state two-dimensional diffusion of heat
.in incompressible turbulent flow may be described by the

©

eQuation
u 3T = _3_~<KT oT | O @3.1.1)
oxX 3z 3z /. .
This equation is obtained from the thermodynanmic eguation'
for turbulent flow (2.1;7) by modelling the vertical heat.

flux‘using the mixingélengﬁh approaéh
AT
!’ J ‘ ’ _ .
' T =K =L | | (3.1.2)
o dz S : 7 v _

Molecular heat transfer is not included, and the divérgehCe

af the horizontalyturbulent heat flux haé'been neglécted.
Equation (3.1.1)‘hay be 3geﬁe£aliséd "to describeA

 the tvo-dimensional diffusion of an& pgSsive'propérty in

‘incompressible flow,

uﬁ- = —a——(Kegf—) ' (3.1.3)

C X - dz

where 9 is th-chcent:ation of the atmospheric property
under consideration.

Sutton (1953) gave a solutiom of (3.1.3) subject
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to the boundary conditions:
Lim 9(x,2z)=6~68, for x30
20
Lim =~ 6(x,2z)=0 for z>0
X—>0 : :
Lim 8(x,2)=0 for X320
Z 00
If 8 is regarded as a temperature difference T-To
Sutton's solution gives the tempeiature in the IBL that is

fogmed when neutraily—stratified ir at temperature T,
encounters a étep jump in surface temperature-to'a new
surface témperature T, . | |
Sutton used power-law éxpressidns for wind and
diffusivity. He related the two profiles through an

‘Approximation\fpr the Lagrangian autocorrelation coefficient

to obtain

o N
| N u =  U.'('EZI—) 2-n
. {" " v  B '< ; a_(g%)zéilf)

- vhere a- is a »knoﬁn function §f n, gz and kinematic

viscdsity;"'it is the referehée_ height. For .neuttai;

conditibns, n=0;25. | | V
The_sdlﬁtion for temperature wi;hinnthe IBL is

T(x,2)-T, =(t—n)in-#s;n 2 () T [ 269 )%]}

vhere b is a known function of u,,z ,n,) and T. is 'the

incomplete gamma function,
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. l' e l T
T(o,p) = | =¥ ™ dx .
0
It is interesting to note that this solution is
very similar in form to that obtained by Philip (1959 ,
(see Section 3.3), for the same problen, probably differing

only in the choice of power-law coeffitients.

3.2 The Hicroclimd&e.uodification Model Qﬁ de Vries

De Vries (1959) presented a theory of the

influence of sustained lrrlgatlon on the energy balance and
cllmate near. the ground. ¢

The variables considered vere ‘\ .

o =T -Ta ® L

1= ¢ |

‘where 'i' refers to 1rrlgated 1and values and fd' referé to 1_3

'dry land values. Gulded by measurements, de'vries neglectedd"u.

. time changes in 8 and q, wh1ch<he states. are\small compared'.

 to the spatial changes. The dlff051on equatlon, (3.1,3}{
the ba51s of the analysxs, and all varlables aqe cbneidered =

to be averages over seve:al days. ;
-

o ;The _wlnd and dlffu51v1ty profrles are representedd'
e u= s _-;-")’_”_ 8 |
K K.(' - % ,,
 dand 1t is assumed that these proflles are unaltered aed the
.‘alr flous over the 1rr19ated surface., . | o

' The boundary condltlons are -



(1) Lim  q(x.2) =0

4
Linm 0 (x,z)=0
r
(ii) A 51mp11f1ed time- averaged energy balance condltlon at
%

the surface for temperature

: ; - i

HL - A4 = - Lf)uI - €<fCT.a "Toi.)
(iii) A water balance equation a$ the surface

. ._/O(Kc .g.%)z;o =/o,,,I

vhere I is the irrigation rate, assuming no runoff.

The solutlon is comp11Cated, and Rider, Philip,'

and Bradley (1963) stated that numer1ca1 solutlons are very

laborious to calculate.

De Vries tested his model by setting up fourh

llmatlc recordlng statlons, one over unlrrlgated 1and p the '“ﬁ;

other - three up to six kilometers dovnvind over 1rrlgated  jf“

>

'fpastura-- Startlng Vlth the neteorologlcal dat;,for the .drgvv‘
land, averaged over perlods of a few days or longer, the_'e

average tehperature and moisture profiles over the 1rEagated,

area were»calculated as: functlons of downwind dlstance. The

predlctlons uere proven T ,-be_.reasonably accurate. The .~
standand‘-werrors .im- thefzdpstream~dovnstrean differences ..

were 0. 3°C'(in tenperature) and 017¢C-f(in'5dewéoint)..

Typlcal dszerences were:
o AT(0 ca) =59C
| AT (125 cm) =1°C
S AT, (0 cm) =6°C

AT, {125 ca) =19C.
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\
" The - de Vries nodel also provides a means of
_estlnatlng the potent1a1 evaporatlon rate and thus the water
-needs of 1rrlgated crops.

3.3 ' The Model of Rider, Philip, and Bradley

—

- éhilib' (1959) presented a _'lheory_A'or 'looal
ddVectiod':%nv whlch (d 1‘3)'.is bsolved for copcentrarion,
.flu;,iénd radiatlon boundary CODdltLOﬂS. .

| The pover—law equatxons (2. 3,1)> and (2,3;2) are
ueed rfor wlndspeed and dlffu51v1tyll Tﬁrough thie‘approach
the varlable u becomes slmply a pre- sp901f1ed parameter in

the IBL equatlonS"and ‘the momentum equation. 1s no longer

.requlred.. The theory is developed for any o and n, but . in

;this- dlscu531on 'it Vlll . be limited to the_‘case where

‘_Schmldt's conjugate power law holds, n=1-m .

Phlllp s method is as follows. The 'transformation .

= u 2z, R 4 | SO (3.,3_1)
GramP R X - | |

reduces (3 1 3) and the power-law equatlons to the eguatlon

g : (l L. 71) - 0 | *.'(3'.33"‘2)

It is strangforward,toﬂlnteqrate (3.3.2) twice io;ﬁobtéini
_the~geheral-solutionjfor.fhe'ooncentration of @, |

1 In" fact, Phlllp (1959) “and Rider, Phlllp, andtbradlei
(1963). used power~law forms without the Z,'thch is" included.

-in (2.3.1) and (2.3.2). - The. foras given.in this report are L

dlmen51onally correct
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o . | ~ o -
1 -(L’..!'..) -1 , S .
6( =?B§ 1eaml e dn + C . ‘ ‘
Ol=8f gt €% dg O g
It dis interesting to ~mote that the parameters u, and.K,;
N i ‘ e _
affect the solution only through their ratio wu, /K, , which
appears in~n
Constants B and C are -evaluated by wusing the boundary"
vconditibns, uhich-nay'be of three,basic types:
(1) Concentration Type
,Ll«fl-ue('-?)z s O 8,(z) , i‘..e. 8=9, orieo(z) when x=0,:>0.
9(1z) =9, (x) vhen 11 =0 s i.e. when x20 and z=0.
(11) Flux‘Type ‘ |
Lim 6(11) constant, i.e. #®B=constant. when x=0,2z>0.
q-»u , :
¢ ¢(x) when x20 and z>0,
'where Y
' 0 - K3z

- (k).

(1i1). Radlatlon Type

Thlsv-type of ~boundary condition .involves a linear
conbinationvfof ‘concentratlon and flux conditions at 1 =0
'7(i.e. At x20, z= 0)‘ o o ¢
t | k ‘ Now, for eianple,: . if one } consideredf
'neutrally-stratified' air in equlllbrlum flow over a surfacef
' at temperature T° passiag onto a surface wvith constant .
Ttemperature Ty s the relevant boundary condltlons wvould be of”“
the concentratlon type' | |

Lim T-—To y i.e. T=T,when x=0,2>0
-q-o-o ' ’ S
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T=T, for n=0 i.e. T=T,Qﬂen x20, z=0 ,
Application of these boundary conditions to (3.3.3) gives
v | Iy © » e
the solution' for air temperature downstream -from the

‘discontinuity,

N

.T(x;z)-'[; =(T. ‘-T,)[l- I(Tl , T ::;nm)] ’.(3.3.9)

where I(-Q,p) represents‘the incomplete -gamma function ratio

. e et g e
- P o, /// . -
I(Y’P) ,,j e N/ °§ P etdy .o
' .Philfb: 'gave\ '€He  following expression. for

evaluation of the incomplete gamma function ratio:

T, - 7am)

| ‘7“‘%.";') [/ _‘,65/ +_2!‘{2/a+'/) 3."4(3,5”) »+ | ] .
vhere : :=a'[*'2m ' S -

and 7“ 15 the gamma funétion. The series converges rapidly

(3.3.5)

so that I'gan'bevcomputed quickly to any desired;acéuracy.
Flux bodndary conditions are treated by_Philip4as

follows.:

 Rewrite (3.1.3) using the flux-gradient relation
e
¢"_K§z

‘tq obtain

)6 o0
ax w

H

,jﬁl,“ B
az



. . , . .0-' . ‘ ' '
) : - \J 19

‘Differentiate with respect.to Z to obtain

R 1628

This equation is analogous te (3.1.3), with
9'replaced by ¢. | |
'n feplaqed by ~-m
m replaced by‘-a (=m—1).
u. replaced by kfl SRR
K -replaced bf,u41'. o

It is solved by the method of solution of (3.1.3) to obtain
-, m : : _
¢ = 8'5“? Tz‘—(Jm-|)‘ e"l dTl . Cl

vhere

o ‘.'v, '1=_ K, 'z!2r_n ' " z Zm-t ‘.
T | (i*2m)l a x
‘The flux boundary condltlons may fhen be applled.

Rlder, Phlllp, and Bradley (1963) con51dered the
stead§-s£ate_ tvo-dlmen51onal dlfoSlon ofx heat and moisture
in the lower atmosphere for the case. of ‘a.lstep change in
su:faee_condlt;ons.' | | |

The equations are

“3—1=f7<K* gI) ‘. o (336)

-
R

with : .u = u.'(';.')
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mn
KT=KC'=K=K. ) .
,‘.,,f, "(;:i‘ ) | ‘ | | :

The upstream boundary condition is
T=T(0,2) and cC=e(0,2) for x=0,2%0 . (3.3.8)

‘The downstrean surface boundary condltlon nust be suppl1ed

<.

by the equatlon for energy balance at the surface,
(1-r)Rs +Ry -~ €aT(x,0)+ G =A +LpE (3.3.9)

and an equation for the availability of water for

- evaporation at the surface,

€o=es(T(x 0) . for\ x>0, z=0.  (3.3.10)

(3.3.10) aséumes. that water isv freely availaﬁle at the

sufface.
By defining equivalent teﬁperature
‘GC T + (L/fcp)e

and a: new varlable

®@e (x, 2) Ge(r Z) (9(0 z)

(3 3.6) and (3.3.7) can be vrltten

s®= oy AN
s R PG |

The upstream bouhdéry«condltion becones -
®.=0 for x= 0,220 . ‘ :
Equatlons (3 3. 9) and (3 3. 10) for. the downstrean

boundary condltlon are linearized. to obtain - a boundary

N
\
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eendition on the snrfaee'flux of @, .
. The problem is then soluble by .the method of

'.Phifin, and a_vmost‘important conclusion of Ridet,bpnilip,
and Bradley is'that to a 'high degree of aCCuracy, ‘the -

_solution is 1dent1ca1 to that whlch would be obtalned by
replacing the downstream boundary condlt10n,"(3.3.9) and
{3.3.10), - by the"conditlons of constant'éurface tenperature
T, and constant absolute humxdlty e,-es(T,) for' x>0. | This

n“lS equ1valent to the assumptlon that the quantltles

(1- r‘)RS +.Ra. - eo’T“(x O) +G

 and | | F) + th

are’ independent of x. Therefo:e it is cqndluded‘that the

primary influenCe of. the di5continuity',in moisture and

: temperature ‘conditions 1s a change in the energy partltlon '

between sens1b1e and 1atent heat flux. .

In the llght of these conclu51ons, Rider, Phiiip,

and Bradley s;ppllfled their ‘approach- to the pfoniem of

modlflcatlon of.the'mean flov by a step ehange in surface

| condltlons. By’ deflnlng Lo ; B

| (acz) T(Oz)

and naklng use of the fact that there is horiiontal

uniformlty upStreanffrom the discontinuity, tne problen Ray

be tewritten as the soldtion of

31* i (K éT*) ’.

"subject to the cdncentratlon.boundary conditions

T* <0  #r x=023%0
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T*= I‘fﬂj for x>0iz=0.
'~ The solution is obtained by specifying the general variable
8 1n (3.3.3) equal to T*, with

2m N Z’Hin& .

. . -
' = U Z,

-

and using the boundary conditions on T* to. evaluate the

~ constants B and C. . The result is the équation

\

I+m

“T(x,z) “;T(O)z) = (T. -.To)[l.-" I(’\'I_r )= Tozm ] i (3'.3‘.11'1)_

~ An analogous procedure leads to thé equation for
»modificationbof the absolute humidity

e(x,z)- e(02) = (.- c,)[l - 1(7,‘, - ,-'T",’,;)] 3.3.12)
. Rider, Philip, énd Bradley gave a ‘mefhod of
determining ‘ | |
‘AT°=T,‘T°'aﬁd Ae§=e,fe, '
from K./Ky » m, e(b,d) and T(0,0).
"Hifh measurements of
(i) upstrean viﬁd, temperature, and humidity profiles
(ii) upstream  surface temperature and‘ surface absqlute:
humidity o ‘ |
(iii) the diffusivities, which may be calculated, for
‘example, f;om the relevant fluxes'and'gradients}
one can, under the assumpfions of the theorf, ealculate

‘downstream profiles of temperature énd absolute humidity.
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3.4 Linitations of the Rider, Philip, and Bradley Hodel

| There are many limitations to the model of Rider,‘

"Philié,— and Bfédléy,_'(heteafter -referred to és\fhé"RPB
mnodel'). | |

As'_has -béen 'discussed, .(Sectidn 2.3), the

vpoﬁér;law prbfiles are'geﬁerally'a pbor3épproximétion-tqrthe

réal’profiles. Furthermore, it is asxumed that ‘the wind and -

diffusivity ' profileég are unaltered y fhe change -in the

'suffacé boundary conditions. While IBL situations i 'hichb
‘this approximation could be accurate are cb‘ eivable, the
éase of a discontinuity in.surféCe temperature .and vetness
" is not such a case, and it is not likely that heat can
: Accuratéiy bé'treated}as~a_passive cdntaminaht. ; |
 Thati~nteect‘ of.‘thérh§l stratification is an
linportaﬁt veakness in the model is confirmed. by the
ﬁuheriéai models of TaYior (see .Séction 4.1) and Rao,
Wyngaard, and Cote (see Section 4.3). Taylor states ihat
Tthe importancelof changes in_ thermal stability in the:
-1eéding-edge pfoblem should not Be unaerestiﬁated'.
| Dovnstfeam of any discontinuity there will exist
horizontal gradienfs; so that the fluxes will not be
constant with height and ‘Schmidt's conjugate powver-law
thnecting yindsheed-.and diffusivity. will no . longer be
valid. It has been pointed out that the RPB model is not
;esfrictéd‘toAthe.case whére Schnidt's cohjugate pouer-laq
is wvalid. Hovéfet, in all  applications - of the model

discussed in this report the conjugate power-law has been
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used, and the weakness in this apgfoximdtion: must be

remembered.

A further criticisma of the RPB model concerns the

assumption, emﬁodied 'in  boundary condition (3.3.10), that

"~ . water is freely available at @he dovwnstream surface and that

the absolute hunidity at thé surface is the sa%uration
value. The numerical model of Rao, Wyngaard, and Coteb
showed that the assumptioh of saturétioh‘ at ~ the surface
ovéréredicts the modification in the IBL.

Fipally it should be notéd that the nse of
diffusivitiés isia'deyice by which flux terms  (covarian-es)
'ariéing in  the bbundary—lafer equations-(sée Secticn 2.1)
are related,t0'verticai<gradieﬁts; These relatiOnshibs are
known as 'K-theory! 6r'the'fmixing—length model! and; since
‘they défine the diffusivities,.fheir aécuracyfin ‘expressing
the fluxes isj‘limited by _ihe accuracy vith uhiCH’the

diffusivities are specified.
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3.5  The Model of Yih

Xihi(1952) found exact solutions to the general
two-dimensional = diffusion equation (3.1.3) using power-law

r . .
‘windspeed and diffusivity.

expressions (2.1-3)-(2.1.&) for
‘The method used was Qimehsional analysis.

When  the diffusing entity is .-1%gél;ded as
temperature and the pbﬁgt-law equatidnskare, sﬁﬁgiaiised to
the . case n§1¥ﬁ_ r Yih's .solutiog lis thgvsameﬁas that of
PhiLip (Section 3.3) for the flow of neutrally-stratified
air from a sﬁrface aflconstant temperature T, onto a surface.
aplconstént temperature T, . The two a@thorsvﬁave édlved the
same ‘seti Qf equations subject\ to thé same ‘boundary
conditiqns by coﬁpletely' different .methéds and oBtained
identical solutions, althdugh_this is not ciear because of
vdiffereﬁce.in nomenclature.s - | |

.. Yih does not give}a solution applicable .to the

~ case of non-neutral upstream flow.
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3.6 The Shvetz Method

Shwetz (1949) presented a method for approximating
the_”solutions to sevéral boundary-léyéf.‘problems. His
kmethqd has been sunmarised 'bj‘ Panchev, - Donev, and Godev
(1971), and may.be applied to'stafionaty turbulent diffusion
as follows. | N

Multiply the two-dimensional difﬁgsion eQuation,

(3.1.3), by K(z) and int;odute the new variables

e
¢(7)» - “(TZ) K(q)

to thain

| ¢'(ﬂz)—§% A N R
Let the boundary conditions be
(1) 0=1 at z=0,x>0
(ii) 6=0 at x=0 for all z (*9-less’ upstream flow)
(1ii) 'L‘i;:_me=o |

corresponding.to a step at x=0 from zero concentration of 6
to concentration ‘unity at the ‘surface. These boundary
conditions will necessitate the growth of an IBL, and the

‘'edge of this IBL is defined by 6(x, § )=0.-

. The value oﬁ € within the IBL is nowv given by

(3.6.2) subject to the boundary conditions
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6(x,8) = 0 ) O(x)o)%'l . | G;s.ﬂf‘

The Shwetz method is to find the solution with the
help«of-successive'approximafions R N
0=6,+06,+8,+... | |
where the individual contributions satisfy agproximate foras -

of (3.6.2),

6. _ o 36, . g, ... . (3.6.4)
3zt ’éz‘ - de. )52"-¢') ’ .

(Shwetz gives no theoretical arguament indicating that the '
_above Series »appnoximation 'for ¢ 'vill- be cdnvergentf
However, in his paper he shévs thnt accurate Solutions to
many boundary-layer problens are obtained by this method
even when the series is termlnated after the second term.)

The f1rst~order solutlon is obtained from (3,6.“)'

v

and boundary conditions (3.6.3) as

SV
The second-order solutlon ' is obtained. using (3.6.“)
6, Ny
o m*

- ‘the expression

O=1 f} ()S){ X gﬂd’@dj i+ ( )’Z “(s), . '(3-€-5) a

o :
Application of the boundary condltlons‘(3.6.3) gives. o

(0)se0 = 0

for . integrating twice, and adding 6, to give ,for @
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. (_i_%_) . .,,,, , '_8!; .g_f: 8(§P5¢(3)dj> dF o - : ‘..(3-_5‘,5) >.

The double J,ntegrals 1n (3 6. 5)—(3 6 6) may be simplified by. '

. exchange qf the order of 1ntegratq.on. .38 is evaluated by
stipulating: that |
....mb@) =0 o T (3.6.7) -
Il - o o .
and ﬁheéq'uatidh for- the growth of the IBL is

g fj ¢(fj olj ' s* . . . (3.6.8).

' The second—order solutlon for the concentratlon in

the IBL is then found to be

72 (T- \T')/J,_ - 'Tz,/';]:,_ | (3.6.9)
vhere ' Ta = S ﬂ¢(j)d5 : e | N
VA
T 0y
O nefeegy
. g y ¢(3) dj

Equatlon (3.6.8) for the growth of the IBL may be rewrltten_.

e e _
Pl 5 R o W'_f3‘6"°"
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3.7 omparison of Shwetz :g Philip _g g ;gg_

erte u and K as pover-law functlons of Z,

u-u@:)mk; K K()

Assuming n=1-m (constant flux ‘layer), the ShVetz parinétecé :

become q b z™
| u bt ; .y ~
J = Z"(1+2m) 5 CL
-r|. = "'.‘- b“."’ ! ”2"; 

: 'Z|m (l "‘2"‘) ‘

”',q,994--'5

P;l S
3 ™ (143m) ,"  L S
. »»4‘ ) N ‘ : . - ~ ) "\._> '. :. Lt N . : R . \
. '_r* - u, b 1+3m L e,
A zeGiegm) " X

vhere‘.A b= K. mz."'

1+ 2m -

The héight:of the%I3L,_given'

(b5>/ x HHeem

'Noﬁ' for{ any set of u,, n,
glven by the shwetz solutlon
The solution glven

the case of 9 1ess upstrean

the surface from 9 0 to 0 1 lS ;

bx (3.6.ii[¢vis
[ﬁh&kﬁofﬂﬂ@gkuéﬁji1@}73n;

K., and Zi s G(x,z) aﬁﬂ z;(x) ‘as.
may be calculated.. | _ .'
by Phlllp (see Sectioa 3. 3) for

flow encounterzng a step jnnp at
S &’:_ v ‘
SR

S ot
e



8(:[;2) = - 1 (5 5 - ),2,,-_,) - o | ' ‘(3.7.2) |
| . _ _ & ‘ , .
where '

X (‘lulm)_’“ x

‘Tne tvo”sdlnti?ne'ﬁi;i now be compared in several. differenr
flow eituations:' It musr be norne in mind that rhe neignt'
of the IBL 9111 depend on. 1ts definition. :.Ford‘the Shwetz
ethod, tthe' deflnxtlon 1s (3,6.7).' For the Phlllp method o

e
unless otherv1se spec1f1ed IBL height_wlll_beudef;nedrto be

'Vthe helght at thCh the"valnez of 9 ha;' deéréaeed” to 5

percent of 1tS’surface value of 1'0.". | | L
| n'ethe' Ellerslle experlment the mean value of m. 

’:over a1l trlals was 0 26 wlth a range of 0 zu to 0 30 fhe;

Shwetz and Philip: solutlons Will be compared .fo., m= 0 26,'

"‘wlth a- varlety of values of the dlffu51v1ty.

Under - f‘forcedv.'.‘_convect;on-;' "conditions,n
K, K —ku, a where'fon'a grassy surface vith 1nd1v1dual
£ S AR RS
blades Q.Sn cm. in ‘length,' n*:ﬂO- cm2'5°l}; ThlS glves

K, -Kdg30cn) 080 cn2 S°l |

For the Ellerslle data ;mEOn51derable range of ‘K;.
:values has.reen calculated, fron 130 cm2- s—1' up to' 830 cm2
s-f -« The . corresponding values of a - do not vary greatly,’b

and thelr average is 180 cn.s-‘ ;
 Figure. 3.1 conpares the"'Shvetz\‘ and Philip
" solutions. - Two curves are glven for the Phiiip.model in,tne_
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Figure 3-1. Shyetz,aﬁdgphi1ip SolutiOAS'fdf;IEL Heighf.,
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case K; =100 cm2 s—t, the higher being the case in which IBL
height is defined as the height at vhicﬁ 8 drops to 0.1
éerceqt of its surface value of 1.0. If\can be seen thét
the height of ~the 1IBL depends quite .stronqu og the
criterion used to define it. .

Kighough. (3.7.1) and (3.7.2) apply to the
- artificial problem of '@ -less' upstrean flow encounterihg a
step jump at the surface from 0=0 to 0=1 , they were found
to be useful in interpretation of the experimental
.ﬁemperature4profile modification data, because they give

some idea of possible IBL height for given fetch.

)
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CHAPTER 4

NUHERICAL INTERNAL BOUNDARY-LAYER MODELS

'.3.1 The Hixiné—Lenqth nodel‘gg Tavlof

Taylor (1970) presented a ,numericai model of
airflow over a sgrface discontihuity ‘in roughnéss, heat
flux, .or temperath;e;' The model is restricted - to
two-dimensional steédy flow.

The .followinq équ;tions‘ were used.for the mean
motion;‘and vere assumed to be véiid upstream and downstrean
from the diséontinuity4v | |
(i) The equatlon of COHtanltY (2 1 S)

(1i) A horizontal momentum equatlon @erlved from (2.1. 6) by;

neglectlng the horlzontalA presspre g;adlent and -fi u
. . ) : ."’it‘.‘

9z

_terns
| du AU T us

U= * W3z = Yz

(iiif A thermodynamic equatiod ‘derived from (2.1.7) by
' neglecting horizontal héat'fluxési’f- ’

3T ' 3A

'Tﬁe fluxes were quelleduusing "~ the Businget—Dyer_
forms for'the-uonih-dbukhov sinilarity_functionS} thus, for

example, the -u’ v’ or uz term is specified.byv'the gradient
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[ 4.7
e

given the appropriate similarity function.

The'formulation is, therefore SR

Y - 1.

ST ¢h() - | (4.1.2)

3z k(z k(z+29)
vhere
| . -1 A
Te = = ——
T U pG
and
L = . .o
oG
For neutral and unstable conéitions,
S Z+Ze \™4 . S .
6o = (1- 160 =) % B CRR B

o )
¢h =._¢m N
vhile for stablé conditions

- ¢ = ( 1+522’z°)

R ~.‘(-u.1.-”e,,_

If.is‘hypothesised that‘buoyancyreffects, e.g. in

flov from a cold to a hot surface, are all accounted for by
a chanof in L, and hence a change in the - intensity of
,vertxcal mlxing. A critical assumptlon is that the frlctlon'7
velocity, heat flux, velocity gradlent,, and temperatnre»

gradient - are related by (u 1. 1)-(4.1.4) not only '_in

equilibrium flow above unlform surface condltlons,.but also

<
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“within the IBLd developing .downstreau from . the »surface:
discontinuity. o L

Yo numerical results were obtained when the
upstream flow was stable, because’ of problems with the
_flnlte dlfference scheme. However satisfactory results vere
obtained for neutral and unstable upStreamf' flow.
Interesting predlctlons of the model were the follou;ng'
(i) Velocity profiles were relatively, but not completely,‘
insensitive to a step change in surface temperature;'
Largest cnanges'in the velocity occurred at the outer " edge
of tne IBL, wlth veloc1ty 1ncreasxng uhen flov encountered
an increase in surface temperature.
(ii)4 Treatment of heat as a ‘passive . property of the air
’,gave‘~inportant discrepancies '(vhen  compared with resu;ts
‘with'stability deffecfs. included) for-'downvind distances
x2103z, (100m if z;=iCm)..'At short_dovnvi/d'distances the.

errors vere small, in agreenent'with the fact tnat at short

- vfetch the IBLL,;s confined to ‘a shallow layer in which

stablllty effects are’ expected to be unlmportant. Hoveuer,
Taylor clalms that stablllty effects beconme lmportant as low
asd 25-50 cm and that 1n consequence simple heat—dlffu51on
modeis will be inaccurate in Cases where there is a
significant change in the thermal condltlons. .' : y

. i The model vas- used to slmulate the.experinent
perforued by Rlder, Phlllp, and Bradley (1963), (see Sectipn :
5.1, and the predicted profiles 'compared reasonabiy well

with _exper;ment. Taylor attributes much of the inaccuracy

]
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in the numerlcal results to lack of data for idput to the
model.~1.0ne' of his most deflnlte conclusions is that 'the
import¥nce of changes in ° thermal stability in the

leading~edge problemvshould not be underestimated.?

4.2  Heisman's Extension of ;ﬁg Model of Taylor

Taylor's numerical model has been “extended by
Helsman (1975) for appllcatlon to the problem of the heat
loss and evaporatlon from a body of water.

A vapour continuity equation was added to’Taylor's

set of equatioas,

d¢ Ll | ¥ -
. “é"i'”"éz T TP | RN
~where -/>K —1 .  | “

The stability lehgth was modified to include the buoyancy
due to vapour stratification, becoming ‘
- Ug?

-f%&o.u;}) |

The other modification chosen by Weisman vas the

L
!

use of a mixingflength that”cannot increase vithout-bcund.'

'This.qas ound “to be necessary £a force the solutlon for a -

'satisfactisy distance downwlnd of the leadlng edge. He used
the Blackadar mlxlng-length L

,é __._-b k(Zon) o

' | + k(Z+Zo)/2
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which has the’value A in”the limit aﬁwz tends to infinity,

as opposed - to . the unbounded form K (z+7) used by Taylor.

Best results vere obtained when A 'represented a height.

‘corresponding to the -depth of the surface layer.

" Weisman concluded that thé contribution of vapour

buoyancy to sensible and latent heat fluxes and turbulent
energy is sighificant, though less than'the'contribution-of

thermal buoyancy.

4.3 The Numerical Hodei of Rao; Wynqaard; and Cote
. a . .

numerical model - of airflow over a surface discontinuity.

The model is restricted to steady two’dimensional flow. The

Rao, Wyngéard; and Cote  (1974) presented  a

-

'equations used for the mean flow are the following,'vélid im

‘all regions of the fiow:

(i) :The equation of_qontinuity‘(2.1.3§‘

(ii) A horiidntal mqmehtﬁmjég\jtion derived from (2.1.6) by

~

negleétinglhorizontal preg§ure@§tadient and'f&_uﬁ7 teras

Codu . du _ dup R
"lJéx +‘DBZ = 3z -

’

.(iii)' A thermodynamic equation which neglects horizontal
heat fluxes .
o U3y WYy T Ty w6

(iv). A vapour transfer equation
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vhere ‘z is the ‘nean specific .humidity and O is the mean
potential temperature. |
Arhighereorder closure-technique is used} giving a

set of 16 partlal d1fferent1a1 equatlons for the model. 'The
‘lower boundary . condltlons . are based on the equlllbrlun
flux-profile reletions given by Businger et‘al.: (1971) and
'Wyhgaard et»al.- (1971); |

| The model was applied to flow from an extensive
smooth dry area_ohto grassy vet terrain, thus simulating the
. experinment ‘perforned by Rider, ’Philj__p',' %nd Bradley (1963),
(see Section 5.1) .Excellent agreement 'with the
experihental data wvas ' obtained. Important ptedictione of
'.the model'ate: |
(i) Mdst of the variatioh in»the sensibie and .latent heat.
" fluxes at the surface occurs within a few meters fror th«
vdiscontinuityL |
Vkii) The assumption' of \saturation .at  the surfaee_
overpredlcts the. modlflcatlon occurring Hlthln the IBL. |

S (1ii) The' neglect ob the effects of thermal stratlflcatlon

.becomeéﬂihcrea51ngly lmportant at longer fetches fron . the -

_dlscontxnulty. ' Only for very short (<5 m) fetches can heat

be treated as a pass1ve property of the airflow, because in -

‘this -case the IBL is conflned to the lovest layers of the
’etmdsphere, there_ buoyancy effects are  of 1essened
impertance,e ‘ ‘ |
" "‘.At -longer fetches,' the heglect »of thermal

stratification results in an error. However, because . the

7
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temperatuce npodification at given  fetch increases with
decreasing height, 3t 1low levels the error is a small
percentage ‘of the actual modification. Close to the top of

the IBL the error becomes comparable with the modification.

. a.h The ggﬂgric;l Hodel of Novikova

PaﬁCheé, Dohév, and -Godev (1971) reported brigfly
the ‘work of.severél Russian meteorologists who have studied
problems of surfaceiihhomogeneipy.

Novikova (1969) gave an  outline of - a
two—dimenSionalk numerical model‘ designed to study the
effects of a discontinuity in surface temperature and
ﬁoisture on arbitrarily str&tified upéiream flow. The
equafioné used wéte}the éontinuiﬁy eéuation, the nomenﬁun
équation, the thermodynamic equation, a moisture gransfer
eqdétibn{‘and.the turbulent energy équation.. ‘Fluxes lwére‘
modelled using the mixing-length formulation of Laichtman.

| Results vere presented in graphical. form, and are
éf little use in the. current 'study. Novikova gavé' no

comparison with experimental data.



40

CHAPTER 5

'

EXPERIMENTAL STUDIES'OF TEMPERATURE-PROFILE MODIFICATION

v

5.1 The Experiment of Rider, Philip, and Bradley

§ider, Philip, and‘Bradley (1§6§) presented the
first substantial set of data on the local advection of heat
and moisture. Under ponditions of steady insolation, these
aufhors studied temperaturg—, wind-, and .humidity— 'profile
modification downwind of a- discontinuity frém tarmac to
| freely- evaporating, closely-mown grass.' The change in

roughness at the discontinuity was estimated to be

-f .
Zo (gras) - Laxi0” 2
Zo (farmec) 2 » 0

so tﬁat the chaﬁgg'in rdughness.alone‘could be expected to
" produce important effects. However, the' aiﬁ- of  the
.expefiment vas to study and compére vith the Rider, Philip,
’wand‘BradleyAtheory'(See Sec£ion‘3.3) the advection due to a
discontinﬁity in moisture (and thefeforé temperéturey.
conditions. | |

‘Férty—three acceptable observations wvere obfained,
each of 10 minﬁtés duration; and profile masts vere piaced
at 0,1,4, and 16 m froi;the discontinuity.l‘In genefél, the
£emperature profile showed strongly unstable lapse rdtes “

over the tarmac with gradual development of an advective
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/

inversion over the grass. _ B

The Rider, fhilip, and Bradley model of local
advection - was uSe&'_te calculate the temperature- and
humidity-profile modification, the overall result of a 1dfge

" number of comparisons with observation being
B N .

[T(O) Z) - T(‘JC) Z)];glgulofcd , = 23 o
[T(O)z>—- T(:x,z)]‘obs:ru'ed' o

and.

[ G(OIZ) - € (:xLZ')]calculade = | B Oé f
[ e(o)'z)f_bc (uzz)]obur_ved“ |

Predictions vere most accurate in caees of large Ai, Ae,
i.e. fof low heights. and large fetches.~ The.ﬁeasured
femperature differences were used .in fhe ‘predictiens for
'ﬁumidity modification, which Qere more-aecurate‘thah the
teméerature predictions. fRider; -Pﬁ}lip, e.and Bradley
consider the discrepancy in tempefatufe predietion to be'due
to the change in roughness thch ié\noi conéidered}in>the
model. It is estimated that the diffusivity over the 'gfgss
“would be greater than that over the tarmac by the rafio"

K grass | = | 7
‘ K tarmac N
and therefore that stronger mixing over the grass wduldtiead

to lower temperatures in the IBL than the model predicts.
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‘ The 1ncrease in dlfoSlV1ty through 1ncreased roughness
would be partially countered by the 1ncrea51ng stablllty
over the cooIeESQ{:SS, but the authors consider the effect
of the roughness Change on the diffusiﬁity'to be dominant in
the'> air close to ground where stability effects are
relatively veak. | | o |

‘ Prlestley, in a d15cussxon of the Rider, ‘Philip,
and Bradley paper (Rlder,'Phlllp, and Bradley (1965) ) does
not - agree vthat the poor temperature ' predactron is.
attributabiet'solely to the'roughness:change, Hevpoints out

K :_'Z:.-m _

Cis a poor approxlmatlon in: unstable lstratlflcatlon, ‘which
'foccurred ln almost a11 the experiments..” |
| Rlder,. Phlllp, and Bradley concluded that the;r
vamodel should glve accurate predlctlons of advectlve ef

['Caused iin:, 1tuat10ns not 1nvolv1ng a change in roughness.

4;,The1r experllental data has been used for compar1son with

. the predlctlons of most of the numer1cal models of locaL

'Tadvectlon, -
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' 5;2f The Observatlons of Dver and Crgvford . -w“

Dyer and Cravford (1965) reported data cb‘n'“c‘:e'fnis{g“

 airflow'»over dry unlrrlgated land onto a heav11y lrrlgated

'rye grass fleld. Because the dry land recelved no rain 'ali¥'”'

'summer, ,whlle' the rye— grass vas Supplied with SO cm of
_water there was - possiblyﬁ a .ehengevjin -roughness: at.: h'.:-
,boundary,,' bunf' this ~‘.115‘ no£ 'seated; " neasutenents : fef
.temperature up 156 a heightu' £5 :m ~ueres_mu¢e, as tar
rdownstream ‘as 200 m ftOm the leadlnq edge.j i -H
Sen51ble-heat flux measurements at a hplght Of o m
and varlab;e fetch 1nd1cated, on’ the assumpt1on pf zero heat
flux- at 1nver51on height, that the heat flux at b 2 ] exceeded

that at ground level. by amount whlch decceased Vlth

.¢increasing fetch,' In a tvo«dlmen51ona1 problem,_v,ﬁfﬂﬂT
H(o) - ﬁ(z) CPS /ou"" L
“so that the non-constant heat flux 1nd1cates that horlzontal

'homogenelty in temperature had not been 'attalned over -the-

‘,lrrlgated land a'?'.;f- N =]:1'Ufw" ."v ﬂf“

AT o . . L. \
. N FE
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CHAPTER 6 | =

‘INST‘RUHENTKTION, SITE‘ AND PROCEDURB OF THE ELLERSLIE

EXPERIHENT'

. 6.1 ;'_gg nggerature Sen§g£§

o wesely,aThurtell and "Tanner (1969) have desctlbed
»a fast response unshlelded re51stance thermomifer vhich' is
subject to very small radlatlon efrori Thelthe:moﬁeters
.uSed_invthis experiment differ from the . ?bove,,inj_gl“
5£rhcthf§ifvde§éilﬁg"andA theif §tﬁuqturé is‘sho§h ih'Fig.-

s

l so'ld_or o

;';f S | ‘; !‘

~ 'boin!od wire frame

. y L
terminal - N o B 1 _ , ]
. ; g e - non conducting broce -

fine wi . . " o |

Pigure'GF).-'St:ubtureﬁbfiTeﬁperaturegSensdrs.__*

<



The fraue vas consiruCted' of 1.6 nn diameter.
tinned-.coppet v1re, palnted to fora an- 1nsulated mount for

.,ﬁg’%e.fine’wire, leav1ng "a smallvspot on’ each side for
_electrical contact. eﬂnite:paini was uéed.in order thét’the
eouilibrium tempefeture_of the wire would‘ be as close .es
possible to that of the ei:. 8 to 10 cnm of 5. 6;ﬂm diameter.
platlnum—plated tungsten w1re ‘were then, uound on to thek
frame,' and the joints soldered. The resiétance of the

sen51ng element thus constructed was about 1500 ohms. The

current supply c1rc01try vas as shown in Flg. 6—2;

> . torecorder .-
C 1500 Voog
poteniiometer ’ n out,
. . elemen’S:

Figure 6?2;"SensorlpORQrGSuéply,

K

-

The ‘cutrent»draﬁn'bY-the element was of the orde:
of 1 lA, and the voltage drop across it, 2“,, epproxinately

1.5 Y. A 5% change in ‘the re51stance of the fine wvire vould
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give a change in V., of‘approximately 4 mv.

Initially each sensing element had an 1nd1v1dua1
6V power-supply, but problems vere encountered with battery
_stablllty, and in operatlon all sensors vere supplied by one“
requlated power-supply.>

Wesely, Thurtell, and Tanner conservatively
calculated that. solar heating could cause an air-wire
temperature difference of 0.15°C in still air, 0.09°C in a 5
‘m s—l wind. Provided all thermometers are equally exposed
to radiation, solar radiation should not seriously.affect
the measurement of temperature'differences.; Testing prior
to the Ellerslie experiment indicatep that_radiative heating

“would not be a significant problen.

6.2 he Ten erature Sensor Network"

It was 1ntended to ’set up ap network of 12

' resistance thernometers so that mean temperature differences

within a spatlal grld could be measured as accurately as-

-
." r

'_:p0551b1e.
| The signal from each of the'sensors~was‘carried by
‘shielded cable to a Honeywell ‘electronik 15' nultichannel

reeorder.~ The recorder stepped through a cycle of twelve 5

. 'second. periods, durlng each of which the output voltages of

'7n_a-pair of sensors 'uere differenced and amplifiede The -

<.d1ffefenc1ng pattern is shown in Plg.. 6—3.:

Just before the end of the S-second period the

- amplified difference was recorded. A thirty-minute record
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Upstream Mas! 1st Downstream Mast 2nd Downstream Mast

1! . 3 ¥

3

3
( | reference

¥ reference A

{ reference

% temperature-independent reference

Figufe 6-3. Pattern of Differénces,

_ L ?'u
_produced” by the systen cqﬁtainéd} for each of the twelve
temperaturé—sensor‘paits, 30 differences each separated by
one minute. Beéa;se~ ﬁhe‘priﬁting 5ystem:waslmechanically
_damped it is diffiqﬁlt to ;say vhether the point ‘mlotteq
represented an average over the 5 sebbnds, or a shorter
period. ,Iﬂ ghe‘following discuésion_ and throughbué this
report, each érinted‘ ~po’int will be {régardéd as an
‘instantaneous Valué.'n | |
| Consider an experiment'duringlvhich N values are
_taken' for each temperatuié diffefencé. From the N values a
saiplelhéan'can be established¢. On-thé assumgtion tﬁat thé.
pdpulation” of-differences~is.appfdximately normal (which is
’shbﬁh to be the éase in Séction ?,1)_and that sampling ' vas
randon,'a 'Student's ‘trtest. can be ﬁsed  to.estina;g'tﬁg

accuracy of the sample ‘mean. - Values of the standard

-
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deviatien of temperature difference, ‘as measured in the
‘ Ellerelie'experiment . varied acqording to the spacing  of
sensors-and the stability, the range of values being;o.od to’
0.74°C. The t—teet‘indicates that with a standarad deviation
of 0 3%€¢ the chance of a 0. 1°C or greater error in the rean
temperature dlfference is 15% for N=20, but approx1mate1y ox
for N=120. The chance of an error of 0.05°C or greater is
.50% - for N=20, 7% for n-120 ‘The t-test 1nd1cates‘that'if
-tte-desired accuracy in tne temperature differences is
1better than 0.05°C then the value of N should be sonewnet
.greeter than,20.. | | |

h A 51mple eriterion governing ch01ce of the
_sanpling rate for mean . proflle measurements has been glven

e\
_ ~~>(——-

by Kalmal (1975)

Ax

vhere aﬂx) is the standard dev1at10n of X, and Ax is‘_the_
,de51red accuracy.' Unfortunately thlS crlterlon .wes not

cons1dered prior to execution of the - Ellerslie experiment;
in whlch the -conblnetien of the need' to use a:single_
recorder for 'many differences, ‘the need to cover many
bpositions with sensors, and the 11n1tat10n on sanpllng t1me
1nposed by the need for statlonary condltlons restrlcted
v’es of N to at most 40 - (sunny cond:.t:.ons) and more often
'2 ’ values ~ which | vere erroneously thought to b~be

satisfactory. In some ' cases N vas further reduced by the

rejectiondof dataftd.ensure. that averaging wvas _perforned",

S ) Y
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over stgi nary conditions;.__ éonfidence in ’thé mean
{;:perqtuftf‘differences couid have been - improved ”by

| o‘_aining ~'a  greater  number of data points ih each
experiment. . o

L

CALIBRATION  * .

Temperatures for the calibration procedure were
measutgd using ﬁZEAL" mercury thermoﬁeters’certified by fhé
At@ospheric Environment Service and accuratév.to. within
:O;1°F. |

Calibration began by placing all 12 thermometers
in a draughﬁless environment on a fraﬁe ,enclosed within é
thick 'pqustyrene‘box, thehaim being to hold-all.seﬁsors af
an identical temperature. -It. was established that about 20
minutes aftér beiné élosed, tﬂé‘tenperature within the empty

~.polystyrene box uquid becbme:uniforh’fd within the accuracy
uvpf the thermqmeters avaiihble. Hovever, wvith the framéf_and
'_sgnsonslvin‘.the box, great caré:had to be taken that there
was ih,fagt temperature.uniforpitj. It was,found that‘7air
contained sin “plastic film' ¢dhtéinefs,, wﬁich forned.thé
weather_protection'for sensoc_ii:ing, wbuld gqu;ilib:ate so
sioﬁly. as to give an anomalous local ﬁeﬁperatute up to half
an hour'after‘closingithe box. lees-dtilled“in the plasfié
cured this. o . o
Hhen unifdrl‘tenperatu;e had been éétahlished; and
thus ‘all temperature differeﬁces‘ vere -zeroi the recorded

differences vere adjusted to chosen zero positions using the
N _ _
\
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potentiometers seen in Fig. 6-2. .

Calibration required nmeasurement of the recorded

shift avay from 2ero_position vhen a pair .of sensors was

. : : : A o
held at different (known) temperatures. To pérforn this

.
i

measurement , use vas made of a second polystyrene box vhich

vas'ventilated vith a-flow of cold air. Even 'with the
airflow theltemperaturz in-this box vas found to.beluniforn
to within the"limits of accuracy of the 'calibrating
thernometers. One by one each sensor was separated fron the

other 11 and . the response (recorder d1v151ons / °C ) was

-measured. The tests vere repeated as often as tlme allowed

in order to try to arrlve at an accurate mean callbratlon.'

| rnitially it wvas not-gssumed that the cal;bratlon»factor<for

'h}all sensor-pair. dlfferences vould be the same, but after;e

many trlals,' the varzatlon between repeated trlals on any

. one pair was sxmilar to that betueen palrs, so that a srngle

number was eventually chosen for all palrs.

-

'.BEHAVIOUR OF THE HEAN TEHPERATURE SENSOR NETWORK

The resultlng systen behaved unsatlsfactorlly in

, only"one‘ respect. Trouble was experlenced 1ntern§ttently,

'pwlth no, channels belng completely exempt, vhen “the. 4recorded

nunber- for - zero temperature.dxfference :ould jump‘or drift,_

“rapidly ; this phenonenon is hereafter referred -to'; as a

"zero shiftﬁ- This neant that the szgnal voltages arrlvlng‘

at the recorder vere changlng by some nechanlsn other than

- chanqe in the re51stance of the temperature sensors, because '

V-J
\5‘\

P
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ing in the recorder uould be . expected to

any problem ar

'have 81m11ar effects on all channels (this was not observed.
to be ‘tne case). It wvas established that the zero shifts
were not caused by wetness of the varlous connectlonsz but
"nonetheless eqU1pment"was> stored inside to av01d wettlng
connections.'rﬁith no explanation for thls.,lnconvenlent
behaviour being found,‘ it vasA decided that tne problem‘
probably arose from changes in the re51stance of some of the;
- many joints ‘and termlnals in the system. Because the
temperature sensor output voltages belng measured were very_»
small,'~5 mv small extraneous re51stance changes vould have
a large effect. _ _ k o ,

- ~ The problem vas dealt vith by frequent testing of

the ’recorder zere posxtlons, usually both before and after

each experlment. This necessitated  movement of all the .

masts and“cables,f and transfer of sensors 1nto a small
volume ‘in which.mean3temperature'differences vere assumed to
be zero. Although thxs wvas very inconVEniént,band ma} even
have aggravated the problel, it vasvnecessarjlin order'that
_the data obtalned'should not be misinterpreted.‘\'ln ffact,f
,1nterpretatlon of “the data #as in many cases d1ff1cu1t and

in several ‘cases lmp0551ble, because of the zero ShlftS.
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6.3 The Sonic Anemometer-Thermometer

During each e}perimental fun, vertical velodity 
and temperature at 280 cm were sampled'at 50 or‘100 Hz by a
sonic aneﬁdmetéf—thernometer, filtered at 20 Hz, digitized,
ané recgrdéd_‘on magnétig'tape.' This»data-providgd a means’
of calculating the heat fldx,.of intefest in-its Ogh right,
and also as an indicator of how steady the metéordlogicai
conditions QeréAf§t‘the experiment. I

Thé sdniE‘anemomeier;ﬁhefmometer waé of the fype
described by Kaimgl and Businger (1966) .

~Kaimal and Businger show that

o . ' TKA w'
¢4._ K}Z' = - it_fziﬁiji
/ ‘ -.‘ . .

i 4t 2TKA-T'd
G KO = T
‘*;, ‘

vhefe‘ 1‘,indiééte5‘ ptoperties of the upward pulsé and 2
findicétes prdpéﬁties o£ the>aowh§ar§ pulse; f is frequeﬂcy,'
¢'changé1.in' phase, W/ change iﬁ'veftical velocity, 1/
chaﬂge'in teuperatﬁre, E:the méén'speed.of sonnd,.and d the
'separafion. of the.niqrqphone-receiver pqits; ‘The ratio of
" the. frequencies ié giyen by K=f,/f, . | . ) |
Recording is perfotqediéo that"
@ - kY =<y
4 kG =g

where nL " is . the change in ny, the number . récorded.

« -

représenting #ertical windspeed, and nQ is the change in

n*i:}he number recorded representing temperaturé;
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- The sonic-anemometer record was used to calculate
the sensible~ heat flux, the covariance between fluctuations

in vertical windspeed and fiuctuations initémperature:

H_’/"CP(MTKf.d “Nanctia £/ 0unr = constnt x a0

L)

Calibration'pegforpea several times throughout the.
series of éiperiments determined o and P .

-

6.4 Shear—stressfnéfér and Humidiometer

| The shear-strgss meter cbnsisted' of three
polystyrene propéllor anemometers mounted accurately on a
past so as to be mutually perpendicular. The 6utput of the :
-ahemometers vas filtered;._digitized, and recorded i on
magnetic tape. |

‘The anemometers had a’responsé time of 0.3 s, a

tﬁreshhold of 0.3 m s-t, and a linéar'respdn§e’t6 windspeeds
:frqui.z {o 22 m s‘k. Lov magnitude and frequent reversals

of the vertical wind lead to a calibration problem for the .

vertical"anenoneter. Berntsen (1971) . considered this =

probiém , and found that the non-linear propellor response
hés a more noticeable effect on heat-flux cospectra'fhan on.

> the spectra of the vertical vind. .- On aéetage he found

| (sfanaard deviation of w‘)s;n:‘c = [-3

| (Sfandard deviation "o‘f w)“mr s.'lt.ns"metcr




S4

_(hcaf fwx)s&ﬁc K ¢. = 2.

(heai’ ﬂ““)shear stress meter + fine wire

.‘The response of the propeliqrs to the horizontal

wind .shOQEQQ@f"'”n””'fsfactoty ' except for very high

frequenciés.
‘__.

of u#=(~_w_’ TESS . éthe\&asured values.

The flui&w - Yatent heat was measured using an

Eleéftomagnetic ‘Research Corporationf ‘Lyman —Alpha
humidiometer. - Thié was callbrated after the _qllérslie
‘experiment was- performed, prior to dat; andlysis." Latent
heat’ fluxes quoted 1n Chapter 7 were. obtalned by calculatan
the covaclance betveen signals from the sonlc anemometer and

the huaidiometer, ,vhlgh‘.were nounted at z=280 -cm and
sepprated horizontally ,by =u6’ cm.  The 'large separaiion.
hétveen humidiometer andl'anenometer<)probably lead to am
underestimate of the latent“heat f1ux, butb this .is‘ not -af
critical point: because tﬁé }fidi has not been used in any

calculations.
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6.5 Retrieva; of Data from'Haqnetic Tape

The magnetlc tape recordlng systen could record
maximus of 8 channels, of which 7 could be filtered at‘
optienalrfiequency before digitizing. The sampiing‘nate vas
most often 50 or 100 Jz on each channel. N s

"The- data were retfieved by a cOmputer.'progran‘j

vhich ‘would calculate the means,‘Standard'deviations, and R

chosen covarlances over any tise period chosen. Covariances

¥

were calculated using. the formula ‘ B 1@

x'-g = x3 -— 9¢~3-
vhere a ,prime denotes a fluotuatlng quantlty.

Shear stress,,the covarlance betveen horizontal

uindspeed in the mean dlrectlon and the vertlcal wlndspeed,‘
- -«
vas calculated using the foruula a

V' = Uw s:ne t UW wsO —-'V‘Jc

where tarnG-u/v . V is the horlzontal wlndspeed ;in; the

nean dlrectlon, and G ls the d1rect10n of the mean wlnd.

.Use of double precision ensured that varlables dld“

~not overflov even uhen sums: of products for covarlances were-."

‘accunmulated for one hour of data.” The progran was.testedfon

" ‘. artificial data.

)
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6.6 _.Etperiueutal'g_te' T | |

| Thev experluent uas‘;erformed durxng late July and
_August of 1975 in a falrly level fleld at the Unlver51ty
Parm, Ellersl;e,,vAlberta."mrlg.. 6 u shovs a plan of the
'fleld site. .: . | .l" | ‘ |
It can bei seen'.thét 'the :extentv of . hor1zontal
funlformity upstrean of the 1rrxgated plot was at: nost aboutl

¢

gﬂnw;_7-as-[_isﬁ' usual the site would have allowed .the

\

'»rfcon51derably longer unlﬁotn upwxnd dlstance planned for._

The grass uas nown hefote experlnentatlon began,'_'

 iu. 1ate guly ;@.so that roughness vas unlforn Hlthln the’.*
- boundarles shovn <in. rlg. 654,.‘ and - of \maguxtude‘
“fepproxlmately 1 to 2 cn.'{a ‘.l.l;, o N F
'> Portable alumlnun irriga@ion plplng vas. avaxlablé
A~1n 6. 1 n lengths, and vater vas supplled to the systel' froi'
|

"a uater truck ‘ Use of the portable system allowed the vater

beA placed downwlnd of the 6 m touer for a range of wlndf'

,;dlrectlons of about 90° ‘-Si:i lengths of . plplng plus luf}fw

perforated plastlc hose fornlnq the leadlng edge gave an

»f:_lrrlgated area of about 20 " by 20 m, and thef uater truck f'

egenerally placed about 1200 gallons of vater on. thms area .

‘sprlor to an experlnent.
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The 1nstruments vere arranged to prov1de as muen
1nfornat10n as possxble about the spatial changes in the air -
"fas' it passed . over . the ;;rface dlSCOﬂtthlty and downuind
-over’ rhe 1rrlgated plot. " The fast—response 1nstruments geEe

placed at a. helght of 280 ce on the 6 = towet +o Amonitbr
R

jﬂcondltlons in the oncomlng flow. .
o e o -
: Dur;ng_'several)of»thewexper;nen}s, one of the net

-

'.radioneters éveilable was éiaced over-the vet grass,a vhile
B ing all experlments the net radiatlon ovet the dry grass was
.frecorded.f Durlng éﬁhh experlnent tvo devp01nt sensors ueae
'"placed" on a. snﬁii portable nast on. the 1rrlgated ploe, a;d

tvO vere. mounted upstrean on the'ﬁ n tower. -

7; The 6 n upstrean tower held a set of propellor

e

D C A
Danenoueters at’ helghts of 30 54, 114 ,233. and u79~én, and

gtenperature sensoﬁﬂ‘at 30,. 60, 120, and 2“0 cm.

The downstreaa nasts vere necessar;ly portablenﬁ ;g.

,because ‘of- variable ,uind dlrectlon. TvO - light 3 | towers
. ‘-g ) ‘Q ) L0
- vere used, each holding four tempeiqture sensors . and ‘three R

e
‘e

anenoneters. whe experlnent vds ruﬁ for a perlod conSLdered

‘the rinimun suff1c1ent ‘to. glve meanlngful averages under the .

_&.:vprevalllng condxtlons ( fv'nlnutes 1f overcas%g QO nxnutes
'...'}' \! .
1f sunny‘) u1th the downstrean masts at 5 and~ﬁ3" fron the
If* the grass was st111 ggt the nasts were
%F; 1 As has been stated in Section. 6. 2,,these 'averagsng 4t1nes i

A dld not yield a satlsfactory numberrof data p01nts in. sone
; expenlnents. 1 . _ i R _

POIEE



5"

o

: 6.8' Exgerlugnta; Progegurg

ves

'
quickly noved to 10 and 20 ‘m and the experlmeqﬁ continued.

The guldellnes prov1ded -by Rlder, Philup, and
Bradley (19630. vere used to match the, anemoneter and
‘temperature sensor helghts to the expected height. of ‘the

IBL. Helghts used vere usually.

FETCH (})",\gl. ~ WEIGHTS.OF TEMPERATURE SENSORS (cm)
- L : o
0 e b @ e0 ,_?1201 240
IV TN S - D )
i}_,»" .. 820 60 8o 160
. e ’°‘q;g?,~ L 20% w0 T g0 160
AES N 30 e0 o q20 280
200840 30 60. . . 120 240
[« ““g:“’ ‘ A T . . . '
74 "‘\::ifu *

"quures 6- 5 and 6-6 show the layout of the 1nstruments.-
: “

- In order _that .a good u01sture dlscontlhulty be -

obtalned, the expertnent could “only be performed if therei

had been negllglble raln for atdleast the prev1ous 20 hours.

7If thlS condltion vas satlsfled,i and a favourable wind

“dxrectlon vas forecast, the lnstruments vere set up and
. . k= :

_ . ; X, 4 , .
tested early vinv,‘tue day.~' When conditions= became
_ » it '3 _

2

vsatlsfactory the ltrlgation piping 'vas 1a1d dovn and N

iv.waterzng began. .i& took, about half an hour to dlscharge the

1200 gallons, durlng uhlchitlle.the tenperaxure sensors vere
®

all placed together and the recorder zeros establlshed. The

o piplng vas then qulckly reloved ( 172 ,nlnure) and the

s

o ' . .
b B . A . o 9 -
‘ . . i ) . i : P,

"

LA . w N
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. Cor
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\
\

o1

’?

Pigure 6~6. Photograph shQung Layout.
: (Teaperature sensors grouped to perforl
zero:.ng) .
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downstream masts placed on the plot (1 mlnute). Averaging'

then beqan. and was' Contlnued for 20 to QO mlnutes after

vhich time  the dovnstream masts were shifted: and the
s . | -
performance repeated- The tgnperature ‘sensors yere then

re*zeroed ‘ and 1f Co“dltlons vdre st111 5atisfadtogy

¢ i"“

re~irrlgat10ﬁ began for anothet eXperlment. : BN

Throughout . €3ch day, vind profiles vere measured
coh¥ihubu51y on the & - wover. This 7énabled’ the
construction of a rec°rdg§g tg@ upstream w;nd proflle, and
1nterp01atlons could pe 'ade for any desired .time 1n;erva1'

provided vind behavioVF Vas reasonably steady,

‘With the 32Tge pgmber of instrumensts Ainvolved in

the experiment, and’ the 'necessity of moving masts and-

cables. running the ekpet;nent requlred foul people to be )

-

reasonably famlllar y}th the ProcEdure-

LA
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“P

CHAPTER 7
s TEMPERATURE-PROFILE MODIFICATION

7.1 gg erature-Profile nodlchatlon Data

Six experlments, ranglng in length from.12 to 39
minutes and 1nclud1ng a wlde range of atmosphetlc stability

conditions have been selected for detailed study. The

remalnlng expefiments vere rejgcted because of nnsultable

wvind dlrectlon, large tlme changes in atmospherlc stabllity,

or zero shlfts in the mean- temperature netvork (see Section’

6.3) . S

‘rable 7-1 lists, for each experlment, the wind,

cloud, energy balapce, te-peratnjaz and stablllty condltlonse

in the upstrean flov.‘\ﬁ% % o _;j; -

. Table 7-2 glves the upstream\and dowqﬁtteaa neanv

telperainrei profxles_ observed ”in‘. each experllent.
b ‘ es . _ : el _

Tamperature differences betveen the masts are also given,

but it should be noted that not all these differences vere

taken between -sensors at equal helghts, so- that thqse:

_dlfferences vere. not all horxzontal. Possxble sources of’

‘inaccuracy * im the tenperature-dlffetence data are, 1n order

of importange:  ;
i) Zero shifts (see Section 6.2) vwhich lead to

systematic ‘ ‘errdts which were in many cases hard to
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- EXPERIMENT NUMBER 1

(a) Vertical Differences

240

- i 160

120

Height

(cm)

80
60
40

30

- 20

&

Fetch (ca)
o - 1000
HQLT3(.16)  +1.35(.26)

+0.42(.16)  +0.80(.20)

X

T° ) - ' . T. [

-

(b) Differences between masts

. P ~
- . W
1 Y
.

+0.16 (. 10) . +0.51(.16)

?5

2000

+1.22 (. 26)

n/a
+0.53(.33)

Ta0

(1000, 30) =T (0,30) =, =0.29 (.30)

' 7(2000,30) -7 (0,30) = ~0.71(.33)

1

‘ Hean Temperature Differences (°C) and Sanple

standard Dev1at10ns.
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EXPERIMENT NUMBER 2

(a) Vertical Differences

- ' ' Fetch (cm)
0. 600 1500
240 T, | o &
160 T, B
120 _+o.u3(;23) o | |
Height 80 . . 40.63(.28) +0.04 (.22)
(cm). 60 +1.11(.48) . - |
| 80 o +1.01(.48) +0.70 (. 41)
30 +2.41(.36) " A
20 .. #1.82(.88) +1.05(.53)

”

{b) Digference getveen Mast | ' ,
T(600 160) =T (0, 2a0)= +0 49( 61)
R T(1500 160)-T(0 2u0)— +0 uu( 7&) o ‘

4

Table 7 2 (contlnued) uean Temperature leferences (°C)
and Sample Standard Deviations. )



EXPERIMENT NUMBER 3

(a) Vertical Differences

Fetch (cnm)
o 1100 2000
260 T, | | | Tso
160 I T
120 +0.08 (- 04) R . +0.04(.06)
Height & ; 80 o -0.10(.09)
(cd) 60 +0.10(.07) C =018 (1)
5o . 0 o.28(09 -
30 +0.27(.19) N . =0.40(.16)
20 -0.52(.19), .

‘(b) leferences Between Hasts

' T(1100 160) =T (0,240) = —0.06(.08)
T(2000,340) -T (0, 240) = ~0.03(.05)

-Table 1-2 (contxnued). Eéan Teuperature Differences (°C)
and- Salple tandard Dev1ations. '



(a) Vertical lfferenges
Fetch (cn)

240

160

120

- Keight | 80
Acm) 60
. 0

‘§3o

20

4.(b) _Dijj_gggg__cg_ Betweg ‘Masts

[

EXPERIMENT NUMBER &

+0.10('.03)

+0.14 (. 13).

+0.27(.33)

1000

Tio

~0.08(.05)

N

o .
-0.11(.12)

-0.41(.17)

2000

0

1 0.00(.07)

-0.16(.11)

T(1ooo,fsoy-wio 2uoy~ +0.06 (. 15)

T(2000 zho;-w(o zuo)- ~0. o&( 09)

Table 7-—2 (contlnned).
and Sa-ple Standard Devnat:.ons.

"Mean Temperature Differences (°C)

. 68
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- EXPERINENT NOUMBER S

(g)'Vertical Differences
T Petch (ca)
0 " 500
280 T,
160 ST
120

Height 80

(cm)  * 60

A i‘/j | &0

v

®

30

20

-0.26 (- 06):
o | ‘°'3i‘°°5f
~0.38(.10) :

-0.52(.10)
-o;u9k.1;)’ f |
| -0.80(. 14)

(b) Differences Between Masts

k]
>

- T(500,160) ~T (0,240) = -0.22 (. 16)

)iablé_Tiz (continued).  Mean Temperature Differénces (°c)

and Sample Standard Deviations.

69



- 240
160
120

Height 80

4,

{cm) 60

“30

‘ Table 7~2 (contlnued)

40

20°

EXPERIMENT NUMBER 6

ay’ yertical leferegces

{b) Dxfferences Between uasts

-

,f‘

» Fetch (cu)
0 Lo 11oo N
T, o
. Ty
' . . ) . . 'v ., . : : '
.=0.26(.06) o y* L
SR S g S
s e ~o 31¢. 08)
'«0.31(.09) |
o ~0.44(.08)
0,39 (. 16) o
v o =0.68(.13)

_ T(1100.160)-T(0 2“0)— -a. 16( 12)

Mean Tenperature Dxfferences (°C)--'
and Sauple Standard Dev1atlons.. ‘ '
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detect, and CQuld not be lncluded “in ﬁhe_fﬁhcétfdlitff:"'
: ST e

lanalysxs.~,” R ' ':f,";:vf'u
(ii) - An 1nsuff1cient number of sauple p01nts 1n the
ShOntet‘experlments, leading to“uide confldence

limits.. = R

' Thév between-mast dlffereuces 1n experlments 1 andﬁ“

Rl

-2 have not been used in- all sections of the analysxs,c

N

because they imply that warninq occurred over the cool

surface"ét severalvlevels. A plauSLble explanatibn of thisr

uould be the occurrence of Zero shlfts 1n'¥he sensor systeuL

but 1t cannot be proven that such systematic error vas -

a

- i
over the vet. surface uhlch is efpected and vas- bbserved in

experllents 3 to 6. : ' ~:,>,v,c14_ :
T o co
.t - .

8

experlments 3 to 6 'is shovn in Tahle ﬂ 3, with an avetagei 6

&r» ) . 1

A

.,.b. '»

‘confldence 1éVel. and vere chculaxe

>

»
@

respon51b1e for th&h warnlng 1nd1cated Such, varnlng in_

‘experlnents ’ and 2 uould be 1nconsxstent v1§9 the cooling.j“

R ??-‘“f'é cdpllig. obserVed over ‘the -vetuusu:facé”ihigl:l

_coollng be1ng glven for each helght “on Qqé§ gast.‘”fhéfpi"
: contrlbutlons to . each "average 1 ﬂ;o- thé f respective;ﬂ
' x , g - S
' expérxments vere _weighted accordingr Qo theé!ength of the, .

_experllent. , Thé' uncettaintles glven are. ét tfth'e 95% "

oo

i) Calculat1ng the standard dev1at10n of the enlarqedc_fg;
' éanple for cach helght : . CJ‘ ) ‘“ . _
~'7(ii) f stng the student's t-test with thét‘ah;ie standard -
deviatlon. A ] _"*;Q,e

,Forlally;:~the, studenﬁ's t-test iay‘qply'bé]pSéd‘tcﬁqﬁgcin:
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. . - . . : ‘v N~ . ., ’ ) »
R o : IR : L o e
‘ confidence 1ntervals for. the Salple nean vhen the sanple “is -
b. : .‘\.

o
randomly selecped fron a nornal dlstrlbutlon. In pract1se,
hovever, it has beeu,found that the confldence 1ntervals

deflné&b by the égzlstributlon are satlsfactory evew 1f the
<, . . ks .
-d{;trfbutlgp gi‘the varlzble of lnterest is ,only close to

‘6 1“ s ,.."«." - Tenprature A d:.fferences _ wer:e sanpled andOmly’ in
tﬁb f}lerslie experluent In order to test*ihe normalxty of~
'y . .

‘the dis utlon of . the . tenpe;aiure differences a large o

‘ wg
'sample of 650 dlfferenceseﬁovetld"both uustable and stabfe
condlglons ondﬁﬂg zsth of | lugnst ﬂffﬁ%{éﬁgéﬁﬁ& Pig.u ?7-
. ' i . Wt gﬁ“ S'Babllitx

Qshows : 2S¢
»ipaper.u It is evident'that the~ ;Sttlbﬂé&&f‘*ls close to ‘_'“

1?“g§norma1. hence usg of th t-ggst tb «déﬁivé; confldence o
A 5?1ntetvals for'the teuberaturﬁ-difference'data 1§4hjust1f1ed.- -
r .

'It has been noted*in Sectich‘% Z-th&% confldence in the mean -

j‘tempetature< “dxffenences jcog:} 4ﬁ¥avé‘ been‘ 1nptd?q§‘ by *
C v s T. . C )
' _~:ianple QOLnts’Ainl,vgach'

jiexperlnent. “: 5 ‘;ﬁ' g} - S ;.'-' -,

' 4?57'-J" ‘It ‘can be seen from Table 7-3 that the anount of

G AR
S

: ;_cpoling does not dlffer signif;cantly between the two masts_»
the 95% confldence level. T the cogllng on both nasts -

is conblned to forn a. gkand axerage, the resulting cooling

:»0."‘" o
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'53_ ¢he 1nd;v1dua1 naSts.

S o | o
;240 cm -o‘oaso 03 °C R X 1 - B
120 o T-o 06t0 03 S .

60. c-”" -0 23%0. 03‘ R

30 cn n,o-o 40£0.06 .

Ther uncertalntles 'ab@tef‘af}" TJFJnk‘at'the‘95$§%6nf!ﬁenoe‘-‘

level, and are calculated by the n4thod glven earller._ Pig.
. b o . ,
7-2 shovs thlS overall average cooilng as vell as__that' on

JIf the dovnstteam ‘cooling data . is broken into

."stahle_andgﬁnstahle“caseﬁ the reénlts obttinedﬂare:w

- 'Hei%ht (cm) *-*'Unstable

'2“0@ S ,j%o 03¢ 03'6 A% »A;.‘ﬂf”g_ ‘
'120~ e f fo.11¢o.oq”‘ o'—O 0310. ou S
- Lo e Ty e T e
| ~§0 = ST =002840.03 :-o T9t0 06 A ST RN
. e [4 o !’;;’ . . Sl

[tTThese values are plotted 1n ?lg.'m7'3\' The coolxng at 30 cl

L.

”lundéi st.hle conditxons, vhile ,at' 6& ca and 120 ca the
T

'”»?hdiftetence ls'not-ﬁignificant at the 95%; confidence level.;7”~

-.V

;'jStronget cooling under nnstable conditlons 1sv expected

| ~~fbecausg‘ln such cases tﬁevnagnxtude of the tenperatute step ?fj:f

.

;at the 1eading ;dgh shoulﬂ be larger~than under stable Aw_ff

. is sxgni antly Stronger underiVunstable vcondltxons than “;]n%
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So far in the analysms of experimental results
discu581on has been concerned with the cooling of the air as

' pit i passes i' onto | the A ﬁ@tﬁ .surfqge, expressed as
i upstream—downstrean tenperature cnenges at each heiqht"
~:7con51dered. .§Hovever the effect of ‘the step change in-

I'surYace tenperature on ‘the, airflow may v-also be conSidered"
from tneT“pOint? of 4}%y¢w0ﬁr the changes in the vertical
perature gradienti S&ch an” apgroach Bdoes not require

' lnowledge of the g;t;een-mas: temperature differences, and ‘4§P".

’gy .
thu§ ewx‘penne-nt‘s 1, and 2" nay be= J.nckuded 1n the ﬁna'lygis. ' ';;

, ‘ﬁﬁfi‘ a tempetature-grédient staoilisation Eprameter can
. v . i« . ‘t‘ b . “'*4‘
'&beéé;fined as folloﬁs, ‘; cn 4 ~ *"ﬁ‘w : , .
. . * . L N S ° .
'-' % LRI | 3“ "y o R
S(x Jf"". zz) a [‘J"‘!x u), T(“'z) T(o z;) T(o z)}
-y Zg - Z". - " , VA»__‘,;F "~ Z. ey 4:’v‘ .
o e ST T

: It-is expecteﬂ that 5 nill peb poSitive Te ardless of the w

upstreal stratification. ;dﬁd that it uiil ecrease rapidly

“ tenzﬁ%ture

ragient close

'}"isk height because« astep decrease ;n 'su?fa

- grvill have greatest effect on the témperature
 to. the grougd. Greatest val%fs of S farep likejy ‘to occur
| under vconditdons which naxinise the;ichangei'in'MSurface'

' tenpereture;‘ K r.b’. "},- ~

‘.‘v' . PR

l

‘-' Table 7-4 gives' the values of S(x,z) 'for ellig’? wr
experinen}s. In \{11 but- three 'cases, values, of S are g )
' posﬂ%}ve, Bhe exceptions being only 'very snall negative
values." The expected decrease of s with increasing height

is observed, and its naxinun values occur in' experilent,.z,

.
s e
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o
T ’ during which_ the net radiation; and therefore-the stepbin
surfaCe tenperature,. vas larger than‘ in any " other
eXperiment.“ |

. _ It is also evident that the stabilisation of the

. . Co. .
temperature gradient relative to the upstream stratification

1ihcreaseé uith'increasing fetch@@ver the cool surface,.'butt
by’ an amount thCh is net 5193::1cant at the 95%. confldence

- level. Although it is to be expected »that the fdownst&ean.

) stratlflcatlon : shouldf be' 1ncrea51nqu stablllsed iﬁkh

- ”-lncrea51ng fétca.aﬁntil a new equlllbrlum._ profﬁle | is

: establlshed over the cool surfaceﬂ the data 1nd1cates no .

"51gn1ficant effect, and/;pat averaglng,over.both masts' v111
¢ . |

.‘-
>

not result 1n a loss of 1nformat10n.

Flg. T7-e shous the values °fq§ plott@d against

t‘ helght for each experlment. The mean zalue.at ‘each helght_

s also shovn. The error bars shovn on- the nean curve .give
TR . .

~the . uncertalntles 1n the neans at the 95% confldence, 1evel,

calculated 051ng the t—test The mean values are:'f" f
S 170 cm-, 0. 07:0 07 "K {-‘ R N T
IR E I '_._';‘o 15&0 06 R R Ceel
~ . . -85 D e .0 28:0 11 Ce T e e
s .f’.‘v.;-o 66:0.18 o o
42 lef,ﬁffff1 33:0 32 «:ff‘fjtf~jtift};;_wff.fu h
T T S

..
]

Becanse the tenperaturjisroflles vere neasured at
qpr;éng fetches. the lean curve applles at the Anean- fetch,_-
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13 ‘IQ fhe mean qﬁrve thus gives the averaqe

surface of roughness 1 to 2¢ cnl, Hlfh the averaglng being
applxed over . several exgerinents covering unstable and

~stab1e stratlfxcation. In"*Sectionv-7—3"this —experimenfa1l~

: mean curve uill be conpared vxth that glven by the Rider,
/-

(9 _Ph111p, and Bradley model of local advectlon.
' 7 2 Cai 1at19n of Pagamgtgg§ ggg;:g _1 thg 31g§ "

.:~fPh;l12‘ and ﬁ_adlez node; o, 7W5 .q;.,g
The model of Rlder, Phlllp,pand %radley (1963a for

 temperature profile nodlflcatlon is‘r’ J

- L T(x z) T (O z) »=v 'Q'To ,[, -..I -

S

vhere L

Cee e M¥1= u,zt Lzt

R Tlr .: K}j('-‘lm)f ‘. X . .

7 To conpare the predmctlons bg:’“.ti!Fl v1th the‘\r~
) : -4 : o

. {ﬁ R

o

_fexperlmental data the parameters n- 'a/K|ﬁ3 and ATy »are-*»’

[required. ‘ The reference helght Z) vas chosen as 30 Cn, and ]f ;.
e

*7T(0,z) was measure o : R
. L_ R * s . S
e.

The pouer “law paraneter m; -chosegi“by rplottingﬂ“'

;[ldg * ;grsus 1og zZ: and taklng the gradlent between‘30 and

'?f;11u ca. 'ﬁifalff 5" \?':3 '_j f.ijf;;“""

& . e g S e T :
The pareleter R, vesﬁestineted”fron_the'beat;_il@jﬂ.f,-

et

~
AR

IR . . '_, O) T" - K-r (A-Zcm) -g—-— T . - _‘ | - A‘°1 .

LT
N



v wﬁere Y 1s_appronmated by
T(o eo) T (o, 30) A
60 30 ’ :

Under neutx:al condltlons,- assuming . .K,.='K,,"', 'the

formula Ky =ku.z’ glves a value for K, - This approxination
has - been used to obtaln an. estlmate of K, for. experinents
:. dunng which. the heat flux vas unavallable, but J.t !nUSt be
renembered that values glven by t’\e sheat stress meter for
"u* are not Blghly accutate (see SeetJ.on 6. u). o PR

Table 7-—5 llsts the data aval‘lable !or dxffusivxty

, _ .
_'calculatlons,v the dlfoSlVJ.tlfS, and the wind, profile.--

parameters. Accurate_ measureuent@ ot‘ both tenpera&ure

‘o

gradiint ancf heat flux -are requlred for ' an accurate- neasure

’#-c Q\

- of the dlffu51v1ty. Thus only 1n experiuents 5, is the .

d1ffus1v1ty regarded as a‘ccurate._- In experlment 1 the f}ux

is- snall and counter—gradlené whiIe\ in Qiperinent 6 the

e

j.'j.tenperature grad1ent 1.5 not accurate. ;. B , 3.’.'

4

-
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7.3 QQ!..EQ.Ei..Q_ J QE§££_!L .ﬂma_g.g__.___gr =Profil 119..;21__9_1_3 | ;
+ with the Bider, ghiljg, and Brajley Bodel ot . )

A'r,, the. chu\ge in surface tenpergture, was not

s

measured.  In: 'order to conpare ' the v"nodel ' vith' the
'-exp‘erinental results’ vithout. the necessxty of supplying an

arbitrary value of AT,. f the folloying ‘Sh._ape, factor' Uas.' - ;

«

defined: - R R

R" [T(x z°) T(x, Z‘)] ’["vr‘(o-z.; | 'f‘(o z)]elh |
P [T<x zl) T(x z')ﬁ - [T(o 7)-T(o, z.)l.,p

9 : _
-vhere zz>z,>£" The nodel, can’ be used to\%redict values of.

" thxs shape@actor. :_ Defineu o

F(x Z) C -1 Gy 3 - nl:z‘:» )) ‘73"g :

\ . . .
R : - s . R L e

BRI
LI . -

"Then' ' : 1 ' _ . : | . K
o ;"" F(:x z,)- F(x z.) L et s B e
| [T(x z.,) T(“ Z~)} T(o zr) T(o z)] |
[T}( x,Za) - T(z z.)];,, - |T7C o,z;) T(o z)} ek

The shape factor. nodel or experiletftal, can' be interpreted"

physically by the :ollo‘ving reurangelent- f-""'. e f

: ;“i: “ (T(x 2») 'f(z ?)) (;r(q?? ) 'T(o z.)) £ | |
R (T(:x 2;)- 'T'(x z)) <T(o z‘) T(O z&) Lo _.; .

-T2

R | A T
- vhere zz>z )z, . Hence the larger the valu& of ¢ the "larger. - -
S . . P, . - o L S “ K K : . t".;;.;__' . . P AN - .

o . : o R . ) L

. -t . . I Lok . e e T e
T Rd T L A .
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is the temperature-gradient stabilisation in the lowver layer
‘4 h »
vith respect to the overall stabilisation through the deeper

layer. -

For each experiment t&é F(x,z) were calculated
using the appropriate'vaiues of u,,m, and K, (see Table7-6)
in the formula given by Philip, (3.3.5).With the results of
these calculations it is pd;;ible ‘to compare the
experimental and model® shape factor values. Compari§on‘ by
means of the shape factors SOlVe; the problem that neither
the Ehange in surface temperature nor (iﬁ experiments 1 and
2) the horizontal chanqes in air temperature are availdble.’

Table 7;6 gives,. fér each experiment, the
experimental shape factor and its uncertainty at the 95%
confidence level, versus model érediction.. Pig. 7-5 shous

a plot of model and experimental shape factor'values for all

experiments.

.

The values of K, used as input to the model were
those: calculated fronm the | heat fluxes, except_ifor
experiments 3 and 4, in vhich cases they were the values
given by ku;z - h.

It can be seen that in a.l cases where the

upstream temperature profile is stable (experiments 1, 5, 6)

the nodel shape factor values exceed the experimental
values, while - the opposite is étue vhen' the upstreaa
temperature pfofile' is @nstable (experiments 2, 3, W4).
However, there are siqnificant differences at the 95%

: , : s
confidence level only in experiments 1 and 2. In the case

L~



Expt. Fetch
(cm)

1 1000
1 20€0
2 ° 500
2 1500
3 '_ 1109
3 2000
4 1000
v 2090
45 | 500
6 1160

Table 7-6.  Experinen£al and fodel Shape Pactor.

Height
(ca)

60
80
120
169

60
80
120
240

490
60
80
120

40
60
80
120

- 40

60
80
120

40
60

120
160

u0
60
80
120

40 -

60

-~

80
120
160

40
60
80
120

40

60
8¢
120

Rexp

0.3910.14
0.52195.18
0.67+C.22
0.77+0.23

0.4240.11
0.58+t0.21
0.71:6.23
C.79¢0.23

€.59+C. 33
0.33+0.35
1.05+0,33

. 1.0910. 31

_ n
0.46+0.22

0.7610.24
0.8910.23
1.0040. 25

0-3210. 3“’". -

0.65£0, 34
0.77#C.35

.0.9049. 35

€.274¢0.25
0.584+0.30
C.754¢0.35
0,9010. 35

0.9610.35.

© 0.3210.54
0.59+0.54.

0.714¢0.57
0.85+0.60

© 0. 1840, 36

0.45+0.36

0,6440.36

7.8210.36
0.891C. 36

0.17¢0.36

€.3110, 36

0.4310.37
0.80%C. 31

0.09+0.63
0.1940,54
N.28+0.40
0.5920.40

o

87,

0.80-
0.95
0.99
1.00

0.65 -
0.83
0.96
1.00

0.26
0.58
0.77
0.95

0.19

0.46

0.€4
0.7

0.20
0.u48
0.67
0.89

0.15

.37
9.53
0.75
0.88

0.21
0.49

0.68

0.89

0.15
0.37

-0.53

0.73
0.86

0 . 2 8
0.83
0.96

0.15

0.36
Oo g2

T 0.71
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of experiment 1 the diffusivity used as input to the RPé
model 1is suspect. »} larger value vould seen more
reasonable, ‘and it is later shown that a larger value would
give a better fit of the model and experimental shape factor

values.

It thus appears that the model overestimates the
shape factor in stable- Sttatlflcat10; and underestlmates the
shape factor//ln unstable stratlflcatlon , but the accu}acy
of the shape factor and diffusivity data is not sufficient
to test this hypothesis stringently. \

\ The model values of the shapt factor are dependeht
‘'upon the value of u, /K . FPig. 7-6 gives a family of
nodifica£ion,curves with different values of u, /K, , but all
f7r 10 m, n=0.26. The quantity plotted to reéresent nodei
modification is P(x,z), defined by (7.3.1) and related to
the modification because‘

T(x,z) - TCo,2) = AT, » F(x,2)

It can'be seen that as u, /K, is inc;éased

(1) he height of the IBL de¢reases and the difference

n dovnstreas and upstrea f.enperature at any
_height is reduced. These effects are intué%}vely
expected as windspeed increases !or‘ diffusivity
decreases. | ’
(1i), the value of
_/ F(IO,GO)—F(IOI3O) | /
F(10,260) - F(10, 30)

. which is siaply a model shape factor as previoﬁsly
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defined, increases.
It is evident that theAiarger the. value of u /K, .
the 1larger will be the model shape factor values; i.e. the
stronger will be the stabilisation in the lower layers with

respect to that in the deeper layer.
. O

STABLE UPSTREAN

‘Thgf RPB modél‘predicts excessivé‘stabiliSation in
the lower iaYeré, BnO>Rep - If a 1arger value og K, was used
in the model, the shapg factors would aéree more closely,
but upstream-downstrean téﬁperqtute differences and the
. height of the IBL would also be affected. 1In aadition,‘ one
vould expect the value of K, over the cooler surface to be
smaller than that measured upstream, So that thé use .0f a

larger K, cannot be justified.

UNSTABLE UPSTREAN

The RPB model undérpredicts the stabilisation in

¢ -

the lower layers, R <Rexp - There i§’§oie 5ué§i£ication for
the use of a smaller value of K,, because ﬁge-{diffusivity
over the cooler surface is expected to be lover than that
upstreanm. , Hovever, a décreaSe of K, fronm 67%@tom350‘é;2 Sf‘

2

is necessary to match R, and R, in the c§§g of experiment
) ) din

2. Thislseels an excessive decrease, and vould result in a
very low height of the wmodel IBL, as well* as small

upstreaa-dovnstreaa temperature difféiencesl

The experimental and model shape factors for each
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height wvere -averaged over“all experiments, with 'the data
" from both masts being coabined. The average values were

found to be:

Height: (cm) Rexp ) Rm ‘.
40 0#3010.14 0.20
60 © 0.53:0.11 " 0.52 )
80 0.66+0.11 0.70
120. 0.80+0.12 o 0.87
’ These values are plotted in  Fig. =~ 7-5.

Unqertainties are at the 95% confidence level. There is no
/
significant difference betveen experimental and model

average shape factor. ‘

-~

7.8 comparison of Model and Experimental Stabilisation
In Section 7.1 a tenpefature—gtadient
stabilisation parameter has been defined and discussed. The

RPB model can be msed to predict values of thls parameter::

Snlx 7)< [ 121 Lff’zﬂm*[T(°’z‘) TR

Z, - 2,
-]
\ v
= __zé;‘:ez_ x[F(x)Zz_)‘F(IJZ.)] \ ’
a ' -
where P is defined by (7.3.1). -

Because AT, vas not measured, it was - decided not
. ta attempt experiment Dby case-by-case model-experimental

comparison of this parameter, but rather to compare Bmean
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curves. The model avefaqe cur;e for stabilisation versus
"height: was calculated by calculating the values of
‘F(x,zz)-P(x,z,) for each exéerrment, using the appropriate
values of u,," X, , am, and x, (see Sectipn "7.2), then
averaging over all experiments to obtain a mean value for
each height. The valueslobtained~are given in Table 7-5,

and apply at the mean fetch, 13 a. N

-
| z (cm) F(Z";) - F<Z|)
’ . Z,‘— Z|
170 -0.05
113 =-0.09 .
, 85 -0. 14
51 : -0.26
42 -0.37
~ . @
! F(z.) - F(2)
Table 7-7. Mean Valyes of A !
- ) Z,_ = Zl

> Now if a value of AT, -is chosen, mean model
stabilisaﬁion-lay be compared with the'\expenilental mean
stabilisation. Pigqg. -7 compares model and experimental
stabilisation for AT, = ~29C and AT, = -4°C. The shape ofmihe
model curve is quite close to that of the experimental
curve. In viev of the uncertainty in the experimental

carve, the wmodel curve for AT,= —-2°C does not differ
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significantly except at the lowest ;uoilevéls. As has been

discussed in Section 7;3,. the -odel ‘yoverpredicts the
stafilisation at low “levels with, ’peSpect to the overall

stabilisation vhen the upstreal fﬁbv is stable, and vice

s, l

'1ﬁyﬁ'

versa when the upstrea!r{low @ngtable. In "the formation

1"‘—

4 $§ probably been _some

/.‘i . ~

cancelling out ﬁof thé"\:il'bipr-~ and underprediction in
e ~y

individual caseéf bi the -mean amodel curve nevertheless

of a mean addel curveigfﬁ%eré
\J

undarpredicts ‘the stabilisation in the lowest layers.

The model curve may be shifted to larger or
smaller values of the stabilisation by chqice of AT,. In
order that the mean curve should reproduce fhe greatest
value of %tabilisation observedsat the lowest level, thJ¥ of
experiment 2 (net radiation 49 mW ca—2) the value AT, = -9°C
is required. To teproduge the ainimun Vlovest level
stabilisation, that of exp@griment 6 (net radiation 3 a¥W

ckh-2), the value AT;= —0.55C is required.

that

Thus ‘the model mean curve ingicat

throughout the six experiments the change n surface

temperature at the leading edge varied betwveen -0.59C and

-9°cC.
&
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CHAPTER 8

MODIPICATION OF THE VELOCITY PROPILE AND THE RADIATIVE FLUX

8.1 Experimental Wind Profiles

The numerical model of Taylor (see Section 4.7)
predicted that the velocity profile would be relatively

insensitive to a step change in surface temperature. For

4
example, for a very large gitep in temperature the velocity

nodification predicted is:

Z (cam) | 2 J 200 |
Au (m s—=1) 0.3 l szﬁi l 0.1 |

These numbers are, ,taken from a graph given by Taylor (1970 ,
and apply to the case

AT,= +75°C

x= 10 to 20 »
given that u,=0.84 a s—%, the average value‘of u, Observed
in the Ellerslie experiment, and z,= 1 to 2 cm, the
roughness 1length of the Ellerslie 'site.‘ The maxisum
windspee modification occurs in the range of heights 20 to
40 cum, ai}kquh this can only \)a\'éstilated roughly froa
Taylor's gfaph. \ ,

An attempt wvas made in the Ellerslie experiment to

F—TN
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test Afor velocity-pﬁsﬁile modification and canpare it vith
that predicted by the TaYIOt’IOdel.
As mentioned in Section 6.8, wvind.-prétiles vere
~ measured continuQusly on the 6 m upstream tower, enabling
construction of a record of the upstream wind profile. The
anerponeters uséd on the upstreaa tower vefe 'Rimco*
metal-cup anemometers, calibrated to C.S.I. R.0. Standards.
Downstream wind /brofiles wvere ameasured using
'Rimco' mini-cup anenoneters.. The calibration of these
anemometers was inacpurate below about 1.%JI s—1 , but only

rarely vere such speeds encountered. / Vs

Possible sources of error in the wind profile data

-

are the following:

(i) Iaprecise calibration of the downvind anemoaeters.

(ii) Use of different anemometers upstreans and
downstrean.

(iii) The interpolation required by the fact tﬁat upwind
and dovnwvind profiles were not measured

e simultaneously.

Table 8-1 gives the wind profile data, the

upstrean 'profiles being interpolated’ f:ar/(;e continuous

record to give values at the tjmes of the“downwind profiles.

(1) 7th August
The trend in upstreana indspeed, (a steady

decrease), wvas duplicated douvnstream. Both the 1410-1420

and the 1424-1434 runs indicated that windspeed decreased

/
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significantly at all heights with increasing fetch over the
cool surface. The avgkage decrease over the 10 m between
the two downstream masts was 0.3 a s-1. The average
decrease over the 10 m betveen the upstream _and the first

downstream mast was approximately 0.14 a s—!.

(ii) 1uthlAuqust'

| From 1326 to. 1350 the upstream windspeed increased
slightiy,: by ;n average of 0.1 m s—!' over all heights. ‘The
uiﬁdSpeed dhringvthe 1339-1349 downstream run was an average
éf 0.1 m s—1 louet‘than during the 1322-1336 run. Thus the
upstreém’trend in vindépeed vas ﬁot. duplicated downstream?’

Nb explanatipn:for this has been found. .

 Durigg the 1322-1336 run there was a significant
difference in_vindspeéd between_theps m and 151n dovwnstreanm
masts at all 'héights, the speeds on the_1$ u méét being
loﬁer by an avetaéé of 0.15 n's-l. The 6p§trean windspeed
vas lover, though not 51gn1f1cant1y, than on the 5 m mast
for z385 cm, but vas hlgher than on the 15 m mast for all
levels._ Thls sugges}g that the lnterpolathn for upstreans
v;indspeéd may have given‘too low a valuve.

During the' 13391349 run windspgeds ‘dh _the_'s »
;nast veré ~significantly lowver than the interpolatéd values
'on the upéfrean mast, vifh.thg averaée value of the decreéSe
_being 0.25 I'S‘l- Windspeeds on the 15 n ‘mast were lover
than ion‘ the 5 a nmast by an average of.Q;1 a s—1, not
éignificant considering: the uncertainties. | |

/s
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(iii) 26th August |

During the'1623-1ﬁ31 and 1634-1642 runs windspeed
on the first downstream mast was significantly lower than on
the upstream mast below about 50 cm. At greater heights‘the
difference was no£ significant. Windspeeds on the tyo
dovnstrean‘uasts did not differ sign;ficantly,

During the 1647-1657 run the top anemonefer on the
first dovnstreanm m;st indicated a signifiéant increasé in

windépeed in comparison with the interpolatgd' upstrean

profile. At other levels, the differences vere not
. ’ ' - )

. . . 8
significant. "
"

During thel 165993709j run .windspeeds on the
downstream masts did not differ significantly. However the
upstreaﬁ‘ (interpolated) windépeed vas significantly lowver
. than downstream for heighis above about 60 cn.

For the remfinder of the afternoon of 26th August
windspeed wvas variable, ~and the  accuracy éf ~the
'interpolations'for upstrean wvindspeed is dubious. Ian three
of the fivg_rénaining runs vindspeed downstream was higher
than that upstream. | |

J

.Because the velocitj-profil% modification paried
considerably froq run to rum, it va%jdecided to average the
vdeceletétion'at'ééch height over all{guns, putting together
the data on ihé tvo @ounstream'nasts. ;hg resuiting average

)

deceleration curve ‘is \shotn in Pig. '8—1R The error bars

i
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Figure 8-1. Average Deceleration over the Cool Surfaée.
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given are at the 95% confidence leved and vere calculated
using a paired t-test. Significant deceleration over the
cool grass is indicated, for heights less than about 1 a.

Because windspeed at grcund (zero) cannot be\nodified, the

~

maximunm nodlficatlon sust have occurred between 35 ca and

. \
. : Lo \
The magnitude of the observed average deceleration
- ' : \
"is inconsistent with the Taylor model, whichindicéf:s that

. ground level.

a very large temperature dlscont1nu1ty is necessary give
a significant change in windspeed. The observed heléat of
maximum deceleration does agree with the model estlnate\ of
20 to 40 cik for fetches' of 10 to 20 m. Because of the
possibility of systematic error in the 'wind profile data, ac
definite decision can be made as to. tﬁe accuracy> of\ the
Taylor uodei. Hovever; it can be tentatively concluded that
the model underestluates velocity llod:lf:i.cat:n.on.l |
2 decreased horizontal wvindspeed over the cool
grass implies by continuity tae presence of a mean hpvard
vertical veloc1ty,'or a nean d1fluence of - the airflow around
the 1rr1gated area. or both of these p0551b111t1es. The
istence of a mean upward . vert1ca1 veloclty would give
Aarge vertical flaxes.u Por exanple, consider the decrease
in horlzontal ulndspeed to be conpensated for soiely by a
- vertlcal conponent of wlndspeed over the vet grass. Using a
value for - the deceleratlon of -0.2 n s-lzin 10 » for all

heights in the layer froam 134 to 44§ ca, the 'lean verticai

velocity in the71ayer is of the order’efv1 ce s—1, Such a-
L
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vertical velocity leads to a sensible heat flux of
approximately 300‘9H cm-2 over the wet Qrass,_and would also
lead to a very largé latent heat flux, depending on the

abéolu;e‘humidity above the grass. Hence the evaporation

rate ﬁear‘the leading edge may be very large.

8.2 A simple View of Hind-Profile Modification

on the 7th Adgustvbéfh vind profile éxperinedts
.displayed significantly deggeasing vindspeed with increasing
fetch over the gdol surface. Particular-confidence is held

in these tvo experiments because of the consistency in the

upstream and downstream vindspeed trends. In addition,

significant deceleration is indicated in the average over

all experiments. That vVihdspeed-'nodification should be

observed at all éan be understood by the simple hypothesis

‘that as the air passing over the cool surface becones lbre,

§tab1y stratified, mixing of momentum from higher levels
becomes less efficient. Hovever, the guestion is raised,
-is it theoretigaliy.ipossiblg to have é Hifférenqe in
vindspeed bétyeen'ihe'dry and the wet (cool) ,grass of the

order of 0.2 m s-t 2. (

An  approach to, answvering this queStion- is to

chxose' a velocity-profile formula  which incorporates
\ - ° - ‘ . .

by a.change in stability. It must be  remembered, however,

that wind profile formulas are constructed using data

gathered‘at sites .wvhere horizontally unifora and- steady

L}

«

stability: effects and to see what velocity change is given
\ o v ,
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conditions prevail, and that they are really only intended
to be applied in such situations. . ‘ . o

The change in stability (i.e. change in L, the
Ho;in-obukhov leagth) depends on thé- change in the heat
flux. Unfortunately, no estimate of tpis can be made for
the 7th August, vhen the heat flux upstream Qas'snall and
counter-gradient. However an estimate of the change in
stability can be made for the'14§h pugust, on vhiéh'day
Wdecreased.windspeed over the cool grass was also observed
although confidence in the accuracy is less.

On the 14th -  August the temperature profile vas
unstable both upstream and downstrean. Busingerb(1?73) gave

the followving expression for the vind profile in unstable

stratification:

- " Us ' L+ e x? ‘ T o
ws g - BE - T s 2wt D)
. [}
vhere X = (lf‘— IS—Z—"'—Q)/’ .
« L

A change in stability wvill lead to a change in u,

assumed to be given approxipately by
. = 24 AL : L
Au AL [ ] v R ‘
’ Measurement of the upstream temperature _profile
and heat flux on 16tk August alloied'calculation of a heat
diffnsivity, K(30 ca) =670 cm2 s—t. In order to calculate
 £he_change in the heat flux (and hence in L) the diffusivity
measured upstreas vas used with the dovnstream gradient on

the 15 = fetch mast to give an estinmate of the downstream

heat flux. Results vere



—_— < » ,
W' T (upstream) =+ O+ 4 K s”

! ’
W(aowni*rcm) = + 01 *Kms™ . .
For . a 'h;ight‘ of 60 cm, the change in windspeed
,from'upstrean to downstream given by this simple method is
u(dovnst}eap)—u(npstteal)= ~0.1 m s—t
Windspeed modification of this order of‘ -magnitude wvas
observed on the 14th August! It thus seems possible thaf
- the considerable velocity-profile modification indicated_ in
some of the Ellerslie éxpérinents did occur, and that ghe
Taylor model underestimates such modification.
, J' C
8.3 Modification of the Jet éggig"tive Flux
In none of the 9xperinents’ vas a significant
difference shown in the mean net radiatibn between the wet
and the dry surfaces, but in all cases the (inSignificant)
changé vas such that the net radiation wvas 1ncreased over
the vet surface' for exalple |
(i) Experiment 2 | , ‘ 50.210.8 a¥ ca-2 (wet)
' 48.710.8 a¥W cr‘2 (dry)
(ii) Ex;érilent [ '16;210;8 ni c,—2 (wet)
o 14.810.8 ¥ cw2 (dry
Hovever just prior to experiment 2 when a  ngt
radiq!pter wvas moved froam dry to vet'géiss its oatput julbed

by 4. 41.}5 a¥ ca~2, indicating a sxgnlflcant 1ncrease in the

net !idlition over the vet grass.
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The net radiation can be written
Ro=(-r)Rs + R - e T,* .
Thé natetials comprising the earth's surface have
eiissivity values very clqsé to- 1.00 (see Gates (1965)) .

Typical values are:

plants 0.97 .-
soils 0.95-0.98
snowv : 0.98-0.995 .,

. S
If a change in the emissivity was supposed to have caused

the observed change in the net radlatlon betwveen the wet and
the dry ground, then the - change in eaissivity required is
given by ~ Ae AR

¢

Values of AR, and € using T,=290°K are:

Ae | 0.01 | o0.05 | 0.1 ‘, 0.5 |

AR (a¥ ca-2) | 0.4 | 2.0 | w0 | 20.2 |

On the basis of these nunbers, it seens unllkely that a
chaqge 19 the emissivity lead to the change in the net
radlatlon. .

It is generally assumed that horizontal changes’in
R. and R, are negligible ‘for a snall 1rrlgated area.
Hovever there vas posszbly a change in the reflectzvxty, r.
Kuhn and Suomi (1958) tabulate leasured values of r over: vet
and dry gtass, _but .there is so much variablllty in the

.nambers given that no conclusion can be lade.b

-
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1
»

The sinplest'explanation for the observed change
in ‘the net rédi;tion is the change in surface temperature.
A change in surface temperature gives the following change
in the net radiation: |

AR, = - bea T} 4T,
Valiies of AR, for givea AT, are :
AT, (°C) |-~1 I -2 | -5 | -10 | -20
BR, (8% ca-2)| 0.5 [ 1.1 | 2.7 | 5.4 | 10.8

4
IS ._'.,. . N

ot

It waé found that a change in Sqrface temperature
of ‘about =-9°C is required to match the RPB mean
stabilisation to that observed during experimenf 2 at 30 cnm
(see Section 7.8). As can be seen from the nhnbers above,
such a changé"vould give a chahge in the ne£ radiation of

approximately the size’observéd.
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CHAPTER 9

CONCLUSION

9.1 Summary of Findings
. The local advectionblodel of Philip (1959) has
béen compared with an extension of an approximate solution
due to Shwetz (1949) for the‘artificial é{oblénfofife-less'
upsirean flow encountering a step change at the surface froa
8=0 to 6=1. The two methods were found to give similar
predictions for the growth of the IBL. The Shwetz solution
leads. to a simple expression, Eq. (3.7.9%, for the height
of the IBL as a function.of fetch. | " o
'Prom the six temperature-profile modification
experiments analysed, mean resglﬁs.have been given for the
cooling afd the stabilisation of .the temperature gradient
over the vet grass. No significant diffefence vas found
between the cooling on the tvo'aownstfean masts (separated
by 10 m) but at the 1lowest ievel, 30 ca, cooling"vas
significantly stronger under unstable conditions thaa under\‘
sfable "~ conditioms. . Greateét étabilisation of . the
telpgrature—gfadient occurred in the iowést_ layers . -
considered. | B

The Rider, Philip, and Bradley (1963) model of

_temperature-profile modification has been compared with the
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i
experimental data of the Ellerslie experiment without the

necessity of estimation of AT,, the change in surface
temperature, by definition of a shape factor (see Section
7.3). Confidence intervals for the experimental data are
wvide, and significant differences betveeﬂ\. model and
experinen;al shape factors vere observed in only tvo
experingnts. A tentative conclusion is that the RPB model
oéef%stinates stabilisation in the 1lowest 1ayers. vith
respect to that oveé a deeper layer in stable conditions,
and vice versa ih unstable conditions. The shape factors
vere averaged over all experinents, and tﬁere vas found to
no 51gn1f1cant difference betwveen the lodel and experimental

-

values.
The model curve for mean stabilisation., vith a
step in teaperature of -2°C, compares well with the observed
stabilisation¢exce;t belbu about 60 ci, where  stébi1isation
is underestimated. The model curve indicates that the range
of values of AT, in the six experiments vas -0.5 to -9°C.
Significant decele:ation' in the .leén windspeed
‘ over the cool grass was observed in the avérage over. 13
vind-profile experiments. The deceleration wvas stronger
than that predicted by the - nunerlcal model of Taylor (1970),

but iaxlluJ/ deceleratlon occurred at approxxlately the

height predicted by the model.
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9.2 Recommendatiohs

The folio;ing comments are intended to convey to
péssible future experimenters the lessons 1learned in the
Ellerslie temperature-profile modification experiment.

First and foremost, it is imperative that the
System used to measure the mean temperature field be well
tested and accurately calibrated prior to the gxperilent.
Because the mean temperature differences are very. small id"
comparison with turbulentAfluctuatiOns, it is iﬁpossible to
obtain definitive data with an inprdperly prepared network.
Furthernorr even a sa‘tisfactory measureaent system will not
provide meaningfal dété unless the sampling procedure
coqf§ris with the'irequirelents of stationarity and"df
Sufficient number of data points.

The crossvind dimension of the leading edge and
nodif;ed sﬁrface shéuld be made sufficiently large, or the
downwind fetches sufficiently small, so that at the furthest
dovnstreanv mast there -is no p0§sibilityA'that the air
arriving has nbt come across the leading edge. The site‘
chosen‘ must be large enough to allow this requirepént to be
met, and preferabiy “large enodgh ﬁo allow . all vind
ditection$  to be used with confidence that ‘the upvind
conditions are unifora, because the necessity of using only
a sdbrapge of wind directions may eliminate the possibility
of experimentation on many otherwise satisfactdry 6ccasionsQ

| Instruments for ‘brofile neﬁsure-eﬁts should be

placed at the same heights on all masts involved, in order
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to facilitate comparisons. Por the same reason, the period
& ~

of averaging should be the same on all masts.
Non-SinulEaneo&s, Spatially-separated profiles may  be very
difficult to- compare, particularly if conditions are not
very steady. : : N

In the Ellerslie experiment no significant

difference was observkd between the average cooling on each

of the downstream masts. In\ many cases, ' , no significant

differé@nce vas observed ;n vindspeed betveen the tvo
downstream masts. Because of this, it $suld seem logital to
divide all évailagle sensors between the upwvind and a single
downwind mast. .This wvould be “beneficial Vin optimising
resolution ' (by which means it may be possible to deteramine
the top of the IBL) and in~ simplifying #ﬁe experimental
layout, o

whi}é ensuting that all necessary variaﬁles are
measured, the expérinenter should keep the experiment as
.sinple ' as possible, concentrating on performing the
neasurélents with higﬁésy ptiority' as accurately 'as
possible. Every additional instrument used may demand
pre—Experiuental work and‘planning and attenfion during the

experiment vhich is . 'better spent on the primary

measuresents.
A _ \

- If possible, upstream and downstreana surface

.

temperature should be measured, as the temperature step is

hsnaliy required as input for any model.
' ‘ 3

Modification will be stroagest under conditiods of



!

112 .

strong insolation (and therefore strong'eygpetition).__,Snch7

conditions are therefore preferaﬁlé, as long as winds are

)

not too light and variable. LTI
.' “

In conclusion, experiments of this nature Areﬂtf}e
. :3 'y
consuaing and may be expensive. Consequently careful - and

)
unhurried planning and preparation is vital.
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APPENDIX.

NORENCLATURE

|

Sensible heattexchange betueen surface and alr, positlve
upvard; (lw ca—2).

<

‘Specific heat at conStant pressure; (cal g—1 9K-1),

L

" Specific heat at constaht}VOlnme; {cal g—t ©9Kk—-1),.

Evapotation rate, positive upvard; (cm s—1t).

Absolute humidity; (g cm3).

Absolute humidity at saturation; (g cm-3).

A

Surface absolute hunldzty upvlnd of dlSCOhtlﬂUlt]. (g
ca3) - ‘ ; ‘

B 4
¥

Surface absolute. hUIldlty dovnwlnd of discontlnuxty, (g

A ca—3).

~ Change in surface absolute humidity (e -e.); (g c-3f.

Dimensionless function defined by equation (7.3.1).

Soil heat flax dens1ty at the snrface, p051t1ve npuard-
{(aW cn‘z). .

~

Acceleration of gravity; (ca %—2);
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I Incomplete gamma function ratio; (dinensionless)f
‘Kg»vzddy diffusivity for vater vapour; (ca? s-1).
Ky Eddy diffusivity‘fer he;;; (cm2 s—1),

Km Eddy diffusivity for momentum; (cm2 s—t).

K, Reference value of d1ffuszv1ty in power-lav expression
for dlffu51v1ty, {cm2 s™1),

k von Karman's constant (0.8) ;: also.used for thermal
conductivity. ~

Unit vector in vertical (z) directionm.

e

L -Latent heat of evaporation of water, (585 cal g—t);also
used for Monin-Obukhovw stapiliﬂy length in Chapter 4. S

n Exponeni in pover law for wind profile; (dinensionleSS).

-

n  Expoment in pover lav for d1ffusxv1ty profile;
(dimensionless)..

P . ?ressure.

q specificthnidief;A(diiensionlees)f
R vGas;eonstahe; (a2 s=2 ox=1). . -
" & Rate of heat addifion by ;aeiafibn.

Flux density of longwave radiation recieved at the
surface, positive downwvards; (IW lez).

R Flux density of shortwave radlat1on rece1ved at the
surface, p051t1ve dovnvards- (lw cn‘z). '



Z,

Priction velocity; (m s-t).

118

Net radiation, positive downvards; (a¥W ca—2).

- Reflection coefficient of the surface for short wvave He
‘radiation; (dilensionless).

".Tenperature: (°K) .

Devpoint temperature; (°K).

‘Surface temperature upwind of discontinuity; (°K) .

.Surface temperature downwind of discontinuity:‘(°K);

Change in surface teamperature, (T, -T,); (°K).
WindSpeed‘in x direction; (a s-1).

Reference veloc1ty in. pouer lav for veloc1ty-prof11e, (a
s—1),

-

Velocity vecter; (n s—1).,

Windspeed in 'y directiOn:'(! s1). '

Hindépeed in z ditection; (a s—-1).

'~Borlzonta1 coordlnate perpendicular to leading edge;

{cm).

/

_Hdrizqntal coordinate parallel to leading edge; (cm).

»

VeftiCal_ceordinate; (cm)

'Reference'height;-(CI).
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§< Constant‘of proportionality defined in Section 6.3.
P .Cantant of ptoportionalitYVdefined in Section 6.3.
s fHeiéht of‘IBL: (cn).
a
€ Emissivity of surface for longuave radiation;
(dimensionless). ,
Gui Equivalent temperature; (°K) .
Op Potential tenperature:-(°xf;

® Bate of dissipation of kinétichgnergy into heat.

¢5 Monin-Obukhov sxnllarlty functlon for nonentnn'
f(dlnen51onless).

¢h _uonln-obukhov 51l11ar1ty functlon for heat;
- (dimensionless). ,

7" T:anéfornation,defined by equation f3.3.1),

o

~ Incomplete gélia function; (dinensiopleés).
T Gamma function; (dimensionless).
4 /2 _ Density of air; (g ci*’); ’ : ."'. e
A S - o

fb Density of liquid water; (g cw3).
¢’ Stefan-Boltzman constant; (cal s-1 ca-2 °K-4).
Y  Kinematic viscbéityr

(A prime denotes a turbulent.flqctuation). 



