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ABSTRACT

Real terrain is complex and its cffects on.the atmosphere éro 'l
/ not wall understood. The twb—dimenaionnl change-of-roughness problem
is the firat(ﬁ‘tep in learning about the interactfon. A cr‘iticél’ review -~ _
4 of relevant literature is presented, various analytical solutions are
surveyed, and several numerical models are described. An experimental'
study of airflow from mustard, roughness length z,= 12 cm,\\ ,o fablow,
roughness z,=1 cm, leads to several conclusiops. The zerb-plqna
displacement is vfound to be an 1mp6rtanc, ﬁet neglected,“parameter. The
+ surface friction velvcity overshoots and returns slowly to the equilib-
rium value, The wind p;;file in tha modified reglon is more nearly,
logarithmic than the Peterson ymo;iéi predicts, The Glushko model gives
the best overall descripthon of the flow transformation, although the:
Elliot theory, with the great advantage of simplicity, is in fair
agreement with the data, Values for fie ratio of the standard deviation
of the verticai wind'co tha friction velbcity Cg;/u*) reveal no vériation
k with stagbility and arp in . good aareem;ot with the value for laboratory,
flow;. Values for the ratio of the standard deviation of the longitudinal
wind component to the friction velocity (6]\/u*)' show a variation with ‘
wind ditaction. due probably to largenacale proParciaa of the tgrrain.f
A plauaible vnlue 1s obtained for the constant of proportianaltty bgcwaen
the kincmanic shear stress and the mean turbulenc kinacie angrgy. A ] '«
’ 'bnnf. dtwnauon of a:tmpt:u to gm;end tha theory to mor: xnli.at:ic :

condittonl i glvan. and, some racomnqndnttonu for future wvrk are made.

4, ' R
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- b ~ CHAPTER 1 ' . K

+

INTRODUCTION »

L]

. 1.1 The P;oblennof Inhomogeneous Teﬁraln .
Micrometeorology has been/much devoted to- eluCidating the.

funQamental relations which are, présumed to exist between yertical
fluxes of sensible heat, water: vz}our, and momentum in the Burface
boundary layer of the atmosphere, and the gradiengs of the corresponding
variables.‘ To simplify the 39Verning equations, the theory has assumed
-horizontal homogeneity, theréby employing essenti'a ally a one—dimensional
model of the atmosphere ne g the ground. Implicit in the idealization
éfium between the vercical profiles and the

+

is the existence of equil}
underlying uniform surfape. A
Natural terrgin, however, is far from u;iforﬁ. Apart from o
.o flat grassland deser¢7:1a1ns,'3k f;ozen lakes, : few areaa qualify as
. approximations to 7ﬂfinite planes Expé%imental sites suitable for
testing the theory fcan be located 'oaly after extensive pearch Most
o+ of the earth's sufface is’ characterized by spatial changes in rougthSB,
SN 1”temperature, and, moisture, as plainly evidenced by thakehnqugfeﬂ pe:ﬁirn L 3
' # of agriCUIturq‘ lands, The effﬁets of this patchineSS' on the vertical :
L «*profilgs and fluxes is yetico be dacermi d despite the obvioua impor-
S q,nqe ¢f 48¢=rtﬂinipg chejpxce?t of devia, .ns from :ha aimple tbanetical
modgl. ARES ‘ o T B K e ﬁ~, V';,
’ ticles 1u thg turbulent boundhry 1ayar
1el to the aqrth’s aurfece than.noxmal




. N . ]
properties to typical suL{ace irregularities. In the f:Leld a rule o?
. thumb in the form of a height to fetch ratio would be’ most valuable, ,\\
Observatloh sites could then be placed éﬁr enough downwind from the
(I beginning .of any particular type of land cover to enshre that measure~
o | ments up to any -chosen height would be representative of that cover.
. For .areas of very limited extent the maximum height of instrumentation
. could be calculated provifed that the diatanca‘downyind from the $tart
of ‘the cover was known. -

Representation of, the effe&ﬁ of the earth's surface aon the
atmoephere as a whole has long been an obstacle in numerical’ forecasting
and geq‘ral circulation modelling. For shS&t—range forecasts it appears

not to be 1mportant but for medium and long-range forecasts it is vital
The surface is en important lipk in the energy exchange process; B
s induced vertical velocities and the convective transfqr of’ heat and '
moidture couple the boundary layer with ‘the atmosphere above\ While.
it is not expected that small drop to crop variations will be significant,-

thes

. erall difference between land and sea, or mountain ,and plain,
‘ ggguld exert, some influence on large scale ptoperties.. Air masa mew
1#ication is one familiar manifestation. The formation oﬁwideas abOut

;ﬁ%_ . the effects:of Burface°1nhombgeneity is thus of 39me gonsequence on
o - the- synoptic scale a8 well. - . T I
N e Qq [ I R N . .o ',‘. .“5 ) ! ¢ n "‘ ‘
‘. ) e . . v T ! 4 . N ) ~\»‘ . ”"u . \ L ‘ ‘v \

1,2  k"Bova a'oﬂl o o : o C ."if'

| SN While me'l' of the. Lntexeat 1n &he prqblem of 1nhomogene1ty e
| '] has heen praetiqgl.rkno:hez: ﬁm;‘ve ot ‘t:he ;nventiaation has baén’ to[ .'i
! gaima bgcter undemmd;g yof the at) ntm;e é{.’ t;qrbnl.eat: houndary\
i ”hgs 8 #geggedttﬁat the tu:bulgnq}bqunQag& '
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Lo (e e
v In modern: terminology, Maxwell's room {s called the 'black- box'
problem, The black box has a number Qf inpuus such that varying functions e

can arbitrarily be fed to the unknowd chanism inside. A series of"
' outputs from the box indicate the behaviqxr of the mechanism fnside. \
The objective is to éstablish what the output function will be for any
‘given input. . e AR ' ' E . ;
Co The turbulent boundar<j1ayen has as inputs various external i
‘influences such 2s pressure gradient, roughness ‘and heat flux, to ‘ \
which it is subjected in travelling along a" surface. Typical response
‘variables are the mean’ velocity profile, shear stress, heat transer,
and turbulent energy. Recent inves .gation into the'problem of |
in'homogeneous terrain ie thus a sea‘ for a better understanding of
.the nature’ of turbulent flow by submitting it to-.a sudden change in

one of its inputs and’ examining closely its respanse, D ;;;
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CHAPTER 11

a

THE 1NJERNAL BOUNDARY LAYER

v 2,1 Formulation of the Problem
Tha simplest aftuation fnvolving a (‘f\ﬂhgv of roughucss is
t‘ho two~dimensfonal case (Fig, 2-1), At xj.‘() there 18 an nhr‘pt o
transition from a surface of uniform roughnesa Z01 to a surface Q a
di fferent uni form roughness zoz. The surface whose roughnesa length
is the smaller will be called the ':r:moch' surface; the one whosa *
roughness length fa larger, the 'rough' surface, The first surface ia
aasumed to be of sufficient extent upwind that equilibrium has been l
established Q:otwoon ft and the various profjiles, The stress will be
effectivelysconstang with hefght in the surface l8yer under consideration
. . and equal to the sinr\iacu valu’b._ Under neutral conditions the mean
vertical velocity is zero and the mean horizoptal velocity i8 given by
the logarithmic law, The three characteris@fics of the upstream flow are:

" : (1) *T, . o , that 18, 7 = constant = T,

e %

K where T, {8 the kinematic shear streas, and 7, is t‘e surface value.
M (2) lg‘(u*llk) In 2/z o1 .

.

is ‘the velocity, z is fhggsurfhce roughness, u__ "ia the

vhefte uy ‘ ol .
surface friction velacity, Kk is von Karman's constant, and z is the
vertical coorditate taken pé;ttive upwar _
(,) . N "1. 0 v . "

*

ﬁpeia v 48 the vnrtiéal valocity,
b Hhun tha flow ancounters the step chnq;a to a surface of .
» different ‘roughnesa, it 1s reasonable to asgune that the flow raasponds
," to the new conditiens, not at all lavels, bur ®nly in a layer adjacent
to sho surface, The hcisht of cthis layer leV‘ thc surface will
tncrun downwipd tm m- discontinuity ia roughness juat as a _
i boundary ldyer grows en a flat plate, Because of -this and the fact .
’ " that a Nﬁ*ﬂury layax nlrnq;r exists over the tc;tou. the new layer . .
hn bm alled dn»;utcmal bmmdary hyo:. m-a;mm ie to determine .
.  JR . . et
ML R UL G IS ‘

. J




streamline through h
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A

Fl;\;ri 2=1, Schematic disgram of internal boundary layer development

[

.

for smooth te rough flow,

»



N %
- e
) : : Nf
the shear stress distribution, (hx'hkrizuu(nl velacity profile, and the *
verticyl Vvlnvils‘dlslribuliun, in the dovolgplng internal boundary
layar, t large x distances the lower atmasphere (fow tens of metres)

»

should Be completely in equilibrium with the wew surface, and behave as
i Af had developed ovar an {ufinfee\ niform plana,
L4
The equations of mean motion\for a two-dimensional, incom-

prawgible flow, fn neutral H(lu(ifi(ntion aud steady-satate conditious,

no5(0<l1nx the viscous and Corfolis terma, are:
R -
“mo+ wlrox -2 (P) -2 N e
Ax 2z Ix\AQ Y "z
- (—
“‘7.‘;‘1 t waw _3.(1’) ‘l(w')ﬁ_?u(*“' ')
x 2z 3z L P dz 22

where p {8 the pressure, o ia the density, u' 1s the fluctuating or
turbulent part of the hor{zontal wind, w' is the fluctuating or turbulent
part of the vertical wind, In addition there i's the cquation of

continuity, W, "a,_y = O
x 2

whgch Ryoviden a system of three equations in six unknowns, To simplify
the problem further the following assumptions are made:

(1) The contribution to the momentum balancé Jf.the normal
atread.gompdnenta ;Tk and ;T‘ is small compared with other terms in the
equations, Observations on the whole have confirmed this,

: (2) The pressure {a constant throughout the region of the
roughness chgnge, The apmosphere is, of course, always subject to ac
least a small synoptic pressure gradient, but over distances of )
microgsieorological interest, it will be negligible. Near the dis-’
continuity local pressure fields are expected, but provided attention
_ 18 restricted to distances somewhat downatream the erroxr should not be
too great., This assumption will be re-examined later,

f(ﬁ) Initially w= 0'averywhere, so ‘the laft side of the vartical
momentum equagion is mero, Becayse of uniformity and oqu&ltbrium upuind.
the shear atrese 1; not changing in the x direction so ""“ « 0,

~ . Hence the pressure carn is also sero and the equation as a nholc can be

dropped from the system, Naar the dtacontingity. hoﬂnvur;“u is definitely
" mon-sero apd is changing rapidly in both the % and x dirsotions, 8o teo
is the shear o:rnau. Downatresm from the step it is uquccud that the
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“usual boundary layer conditions will prevail, that 1s, all the terms in

the equation will be small, At large distances the return to equilibrium

wiTl again set the whole equation to zero, Thus, except close to the

discontinuity, the vartical momentum cquntion\éan‘be neglacted, This

assumption will also be ru—examined later,

Alternatively, the normal turbulent stress terms can be

retained so that away from the roughness change the vertical equatien
of motion simplifies, aflter integration, to

ll »
P+ pw = rconstant = Is

‘where the counstant Ps can be identificd as the static pressure at the

ground (Plate, 1971, p, 141), The pressurc and normal stress terms in

the horizontal equation of motion become

e Py 2w g 2R a (wr o)
-2 = 2

YA P 3=x

)
f

The assumption of isotropy, ;Th-‘;jﬁ ! would reduce the right side to

a single term expressing the fact that the pressure gradfent is impressed
by the conditions that detemmine P In ahe;r flow it is impossible to
have isotropy (Stewart, 1956), but away from the {iscontinuity changes

in :T ~w with x will be small, Therefore the-second term can be
neglected, again ;zgealing that the pressure gradient is contxolled by

conditions outside the boundary layer, namely, the synoptic gradient,
«

With these assumptions the governing equations rxeduce to

cAE
w o w9 — . ,//
* * i%: " 2 a /
Py w
iﬁﬁk' %; = o
, . ,
a system of two equations in three unknowns, Solution of the sat : [N
rqu\tcn a third equation plus boundary conditions,
| ' . . : ¢ i ‘
. ‘ s “ﬁ
. ' o . .



2,2 Qualitative Featurcs of the Flow Modification

\ Yhen air passcs frqm a smooth surface to a pou;h surface, a
serias of reactions are set up., A pressure fleld is pfoduced and the
air will be affected before it rcaches the transition, The pressure
will probably ba felt only a few roughness lengths u stream, but, in
addition to causing an finitial deloction of the atrggmlines away from
the roughness elements, ft may cause local disLortionléf the velocity .
ficld, One example observed by Meroney (1968) is that near the edge of
a crop or forest the velocities near the ground are greater than thosa
migher up or farther inside the canopy. Plate (1971, p. 144) claimed
that the p:gssure acts as a smoothing function to make the profile
changes less hbrupt, and that it i{s restricted to a fairly narroy region
near the discontinuity, He suggested that the overall effect Fay ?e to
shift the origin of the {nternal boundary layer, much as occurs in jets

and wakes where ‘the boundary layer assumptions are npt aatisfied at the
Y +

'.A

physical origin, and a 'virtual' origin appears. .
As the air rises to pass over the rqughness elgmencs there

may be a slight.tendency for the fluid pargycles in che\Lower layers

to accelerate, The increased roughness wOuld quickly counteract this,

" the higher drag removing momentum, The Velocity gradienc would irorease

and cause an increase in the turbulent energy., In other words, some of

the energy of the mean wind 1s converted into turbuledee to satisfy the

increase in momentum flux at the surface, The increased turbulence

halpe bring down, from succeasively deeper layera of air, the momentum

réqutred to overcome surface drag, The regiom near the discontinuigy

is one of 1n:enae turbulence production whare & scro's q;reaa fleld 1s

;,gaent. mrouay (1968) also nbaamd that ac the cdge of a cnnopy tbe

. AR e mae o
DN N
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2.3 ﬁoundnry Conditions

) The complete situation 1s shown fn Fig. 2-1, The a:reamline
Jdisplaccment is represented by $§ and the height tq which the flow is
® affected by the new surface is denoted‘by h, Above z=h thetflow is
_ still characteristic of the upwind conditions. Near thesground, start-
S ‘iné'beihnps a lit}le downwind from the discontinufity, a thin layer exists
. " where the profiles are governcd antirely by the local surface condi tions,
o;‘"’ Th;; equilibrium layer is denoted by h'. Between W' and h there exists
- a blonding region in which:
' (1) the velocity distribution changea\graduaLIy from the
logari thmic one characteriatic of the second roughness tQ that character-

istic of the first roughness;

d 2

2
(2) the stress changes froxrru’k2 to' Uy
‘ . \
(3) the vertical wind velqcity is non-zero, - e

Accounting for the streamline displacement, continuity of velocity at
z=h requires that ’

uz(h)g ul(h— £) |

=g/ 1n (- $)/z,)

Below z=h the velocity distribution can be represénted by a profile of’

the form .
‘ zlu*z-(llk) In z/z02 + £ (z/h)

whe:‘e L) is the friction velocity at the second surface, and fl is a
function of the parameter z2/h, the heighc div}.ded by the new length
scala, This 'blending' function must be such that: , .t
| " (1), for s &h' l\ £,= 0 | L
B unlow h' tha profile 1s Mmply the Iogarithmic one chs;‘acger}aqtc of
!:he ncond roughnen, IR . _
(2) u: s=h, £ (1) waag fulfill . l:ha mtinui.;y condtl:ign . Q-

-

LA

; P
. [

,M R Yoo
S . o @ et

gaﬁslh)
; ,?z mf q& :msa nnm m amd&eamf,;

(A"

sy (), g(u lk) Ina/agtug 1(1).\;1@.;) o o
“ *u.mn ma mneanﬂ uﬁid dtltﬂbm:mm gnn be wn:ua s
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L.

(a) for z&h' - f.=0 . =u

The shoar stress is constant with height and equal tq the square of the

friction velocity at the second surface. , \
A 1]
t = = w !
for z4h £3 0 L2 0.
There is no vertical wind in the equilibrium layer.
2
(b) at z=h “f2-(1)=1 T =y
The sling stress equals the upstream value.
at z=h . f3(1)=0 . w2='0
There is no vertical wind in the upstream flow,
- Finally, at the ground, ZRZ o,
' ' 2
'ta= T‘A=u'k2 .
) u2= 0 . “,
% 0

\

A complete solution of the mter?al boundary layer problem will provide
che distributions of u (z). W (z), "and T (z) as functions of x, This

will detexmine the 'growth of h and h' with x and specify the functions
£» £,, and f ‘

3* Y ‘
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CHAPTER 111
: »
o ANALYT1CAL SOLUTIONS

3.1 A Semi-Empirjoal Approggh

. The 3aplie8t investigation of flow over a change in roughpes$

was carried out by Jacobs (1939) 4in a rectangular channel. Measure-
menés of the mean velocity profile were made at various distances dawn-
* stream from a roughness discontinuity both for the smooth- gh and
“for the rough~to-smooth transitions. The shear stress dis::::jg\on was
" then computea§£rom these profiles by graphical integration of the
combined equattbns of motion and continuity in the form:

21 ‘ -
572 2 Q(z)  at fudd x

—uaw +~ wgg_
- & F ¥ &

=

(Some references to chob's work erroneously assume that he used the .
Prandt] mixing length technique, for example, Schlichsing » 1968, p.
615. ‘In actuai fact, Jacobs rejected this approai' wheh preliminary
mixing length calculations were found to be in ser[oua disagreement with
cbservations.) Jacobs concluded that the new equilibrium vglue ovfwthe
wall shear stress ia attained a‘Coai immediately, and that the change
spréada upward with distance according to the exponential transitiﬁh
functmn g(z/x) =a exp(-bz/x), where a and b are empirical constants.
- Abecording to his,observations,. a =1, b=11,6, md the resulting inter-
‘f‘!polatim fomlq for the shear stress diatubutim across a channel is
rtgll-z['ri-("re't)exp (-116;/&?] o

. ‘ K A similar spproach was taken by Lettm and ”z_sbranqky (1968) :‘

: to 1ntaﬂ>9h'te wi.nd profj.].es between an injtial state over land and a
",‘ ‘,: final M‘.A;a mnr utpr. . Ihgy proposed a Gm”;gn tr!m#tim}funccion . ;‘ 3
TS of thq;H tom m -8 (slp) ‘whemee i ¢

ngu o+ (\lz- ul) m ~A (;/h)

"

. i f

..... ‘ e T L
M B

| qu (1961) answmtsd thohq‘ mglu Ln Mm Qg Nl‘ |

w

S

m @hm‘wm :g# m ?AW&M:: 91: :;no m du‘

Y : TR T FEY A
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ibrium shcar stress £s almost 100 barrier helghts for rough-ﬁo-smooth
flow and over 200 barrier heights for smooth-to-rough flow, Hence tree_
fﬁterference is to be expected‘for & hundred or so tree heights downwind.
Brooks also compared Jacobs's formula with one by Jensen for the depth
of a turbulent boundary layer dcvelopﬂng from the beginning of a clearing
. h=z (0 341) x 0.8
He copcluded that for changes in shoar stress of a factor of two a
height-to-fetch ratio of 1/50 is sufficient for equilibrium,
\ oy ‘There is sdme question about the distandes from the wall
| meaa&red by Jacobs (Brooks, 196') because the smooth surface was 0,3 cm
heigher than ‘the top of the precedimg roughness glements to eliminate
a pressure jump at the discontinuity; 1so some doubt has-been cast on
the tw0—d1megéionality of the flow, since the roughneés change was
applied only to the floor of the channel (Tani, 1968). Similar exper-
imengts in recent times hy Logan and Jones (1963) for pipe flew, by Tani |
and Makita™(1968) for channel flow, and by Antonia and Luxton (1971, ,
1972) 1nha wind tunnel, all indicate that the wall shear stress does not
attadn its equilibrium_value immediately, but that it overshoots and
subsequently returns slowly to the equilibrium Qalue. The velocity
profilewﬁdjuaCB rapidly, estéblishlug the law of the wall, .The log-
arithmic form, however, does not mean thac the shear stress or the flow
as a whole is in aquilibrium with the underlying surface.

Unfortunanely, laboratoxy studies such as thase are.not directly
applicable to cha atmosphgre. There are At lgqst two difficult acali}g
poblenss ¢ . | o
o ' * (1) The aENOSphere possasaes an ovgrall developed, planetary

bguqdary layer, much thicker than the internal on? formed by the roughneas
. 9erturba;19n,' In a wind tunpal both boundary layera‘uill cqntinue co ‘
grow in the acxemﬂim dzncc&on.' The :anemai layer qutekly grows to . |

LD conaiderable, fraction of ghg outar 1aygr-.soon :hgrpafcar the tops of

.t «

.+ the w9 layers Aotyally intersect, " . - ' S

e R 0§ The !Mﬁpben hgs a thick fricstmm; x!&gi.op md nQ 3&"’ |
s&$.51”-* rigtd npppr baundqry. The uind‘s» nel.hag a £§gpd uppgr wall And/q “‘;:'Q; e
Lo Tapdly ammmm Merne flgw' *Hegton, ‘Algg the fixed valmtrie ﬂw X0

L AR aljows, only ‘the. mm of the pratile m 'ngp mmas in the .

9

.us
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/
‘3.2 A Momentum Integral Technique

The horizontal momentum eguation together with the continuity
equation cen be 1ntegrated across the depth of the internal boundary
e layer after the manner of von Karman to yield the integral momentum

equation h ‘ .
a d = - — A - -
u” vdz ? Toa = YU, Y,
j z dx j h 4 3

a
»J“

This éxpressjon simply states thac\hgﬁ:oriaontal flux out of a region
“bounded by the top of the boundary layer, the surface and two vertical . "
lines a distance dx apart is equal to the net gain of momentum due to
vertical flux into the region. The latter is given by the differen' \
in shearing stress between the top and bott;m of the column conpidéngd.

For closure Elliot (1958), in a pioneering paper on’the A
subject, assumed that the velocity profile\for‘zfllinnwdiately takes (‘ t

on the logarithmic form of the new surfafe roughness,
.A

u-é"a (u*2 /k) I z{z

o2y

: - Ve . .
implying that f (z/h) 0, , The boundaxry condltions' Were those ereviously

dqcribed except that velocity _continuity waa imposed in the form . -

.

2(n)._ul(h) at zah cacicl assuming that the streamline displaceme

18 negligible compared tp h Lt § formal solution is extremely clu *"i :
sl ¥ ' X
but Elliot found that the grcbﬂr‘ ‘of h with distance is well repmsa'ed b
| b 0.8 | l. .
’ ‘ /a 5 A (x/r. ) for ;:I; >19 : ) *
' . " ' ’ s

:l. . N N P . . , ) . ﬂ
‘ Ncar the ogigin t;he methoq could not be expected to yield Accurate . N w
‘ “%e#u}s owing to pressure effacts, The coafncient a ;.q a gl{ﬁl;

e vhms funcgion of the :oughneep chqnge pq’tm,gr M= ln(;olli::)

' '

vhich cgn be Apprqximatcd by I R B

R no,zswoau PRI j‘i,-fs:?’la

| ﬂcnee the hqlshs Qf mba #ntgmql bmdaw hxg!.‘ s.q grmtsm tor gm
tlwm ﬁrm . ;‘md’a-mwmh mgﬁm‘j- m» fox m z;qvatn, .ﬂn nlmm
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boundary layers growing on a flat'-plate the height is dependent on some
(/ﬂ ‘power 6f the free stream velocity, For turbulent flow over an aero-
dynamically smooth plate thehgroéth equation is given by
8 (;;/d’)'p'? . (Schliqﬂting, 1968,_#. 599).
R
and the velocity pro.file is u/u,«la (u,z/9). For flow over a ro.ugh e
*ate the velocity profile takes the form u/u < 1n (z/z ).
comparison reveals that' the surface characteristics measured by 2, .
have replaced thq viseosity factor »¢ /u, as the ‘relevant parameter. |
If thid can be extended to the.growth equation and J is replaced by u,z
then : ' - '
l h OL x 0. (uh/u 2 )

2

and (uh/q*)qf ‘h/z o( (X/z ) 0.8

] © . ButwYu, % ln (h/z) -

8o (In h/z )0 2 h/z &« (x/z )0 ! : , ' -
The factor (ln h/zo)0 2 is virtually constanF over % large range of \ ,
‘ h/z varykng from 1,47 at h/z =10° to 1, 79 at h/A"‘lo8 There?oge ' v

h/z cc(x/z) o o K

pom

This is the dxmensional argument put forward by Elliot in suppor: of

1

his growth equa cm.,

Th§ Ell&?*;the°FY seams to 1ncorporatg the essential featuras '
. °f Fh@ flow Pr°blem a8 it gives’ results in general agreemgnc with

- obgerVationa (Eehols, 19?2. Panofaky and, atersen, 1972). Alaq see .

' % Figq 3"2. His baq:l,c aswmpt:lon, ;hg iméd1¢te a:nqimng of Ghe - , '» 5 |

L ;"' lognrlthmﬁc profile, has been &emantrlFed expegimantnlly pgch gﬁ ¢a§ -  .@

. .f 1;b¢rnton§§ ga already mantioned d in the atmogphgra. by Bradlqy ¢Y~<,-,<
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- 'S/h)

by expanding the “ogarithm.in a series and dropp{ng second and higher o
order terms. A sxmplification was obtained by fntegrating the momentum
equation betweqr7 rx 0 and X5 X)) the sheas stress being. set equal to an
average value a ¢ng X, and the streamline through h(k) assumed to pe a
straight line., Their results are incorporaued into a nomogram (Fig.

3-1) fron which h/z , and u, X2 can be obtafned. This modification is
limited shqrt fetches where the blguding region is not a significant

. portioé £ thés internal boundary layer,

y Thé}"%&pemmental findings of Dyer and Pruitt (1962) prompced
Dyen’(1962) cb%gsse s ‘the rate of adjustment of profiles and fluxes .
usirig Simple & ffnsj.on nheory, For near neutral stability Ehilip (1959)
found a aomtmh;f The %Lﬁfusion equation, Q ,

' L . n;, \ .
“w! 29 ) = ' — k. 26
.fl ’ 3‘% Fuar (P. + ok iz

° R .
RS ' \ ' . <

‘11 ’ _‘ "|| ‘IJ \ \.‘ ! R . ! o - B L ' |
- where ©' ia :hé ponvefxtxat\ion of’ the d;lffuamg entity. ? ‘18 the * -

F‘O*I‘eﬂpondim WGICMH flmc. and Klis the eddy diff,usivit:y,. e ‘ ':,‘
Ass mi.ng t,hgt S

L

he wi%xd profue is 31van by the power law 3 ~ ‘-A_‘,

1,.” "f L
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The rate of adjustment was determined by conside‘ring the ratio 1)/4).0
where {).. is the flux at x =z, that is, when full equilibrium has been

~

_estaplished. Thus, _ L
) ‘.Be (-] R ,
4: /$“‘ -+ 2z (b 2 ) g
[am. 4

’ e . .
The prbfiles"expergence an* gd justment rate equal to that of the fluxes,
which follows from assuming that K is independent of x. Philip's

solution gave

9 B 4/ e l'liI.(f‘,“i) |

;lh,e I(L &\1/9) is a form of the ineomplete g‘amma function, the parameter
-1/9 rising from che power law assumptions. The solution 1s a function
of X, Z, and u /K , but Dyer noted that ‘the ratio a /K is fairly o
«©<onstant over a wide range of wind SpeedS.‘[ Using Philip s tabulation
fox the solution. the height to fetch ratio for. 90% adjustment (Q/Q,‘ .9)» S
' can be eomputed (Table 3-1), R o g N/',f
Dyer 8 1ntent:ion was to provide working estimatea for research o
into heat .and moiscure nrqnsfeq, as in the later work dE'Ridep, Philip
and Bradley (1963), &nd Dyer dnd Crawford (1965), Although speci fically
¢xclud1ng 8 change of rOughness ‘in the original treatment Dyer (1965) '

- cogaidered it to be an anroximqtion ‘ta shear stress and wind profile \

: modificat:iog, It 15 difficulr. to accepn this view because his t:heory
aasumaq chat K 13'a functlon et ‘height nly. By‘deftnition Ks;ku*z o,
and m the ehange of rwghneaa problem‘: variea wj.th X3 Ln follaws tmc ”
K nnsti 41;0 vary with The adequaey qf sych a aimplifigd ds.ffuaion ‘
equauon i,s alsd quest:ionable, Py .

” .
‘»f;!‘". A
)" DR i




MNan
ti"[hhlo 3~ l\ Valuos of fatch and, height for 9072'\ fdjustmonr
R v ' i
. A _ '..\Tn
. Height (m) Fetch (m) H(;‘igh t/Feteh
' : ’
. 0.5 . }‘ - Hm A YA LY )
1.0 S 176 o 170
2.0 . 42 ‘w\,. Ch 20
5.0 ' 1,350 o - X/270
0.0 3,300 Ly /330
* 20,0 o 8,100 ¥ 17405
50,0 ‘726,500 1/530
Y A
. ° »
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r3.4 An Aquciigﬂ,Thgory )

“In a dynamical approach R. J. Taylor (1962) identificd the
region of stress modification with that of strcamline displacement as
shown mln Fig. 3-2. ‘Here AC and BD, both lines of constant atrvs?, mark
the boundarics of the tranaition region, and CD ia part of a streamline
in the rough-to-smooth chnngn. A stroamfunction Y can be defined so

that the horfzontal momentum equation becomes

A dy AV A . P ( U'J)
.z | B a ne or

Integration over the region ABCD gives
3

*a
[ ) 4 da
‘o - ‘Aﬂ(p

(
- where u,Yy is taken along the strcamline.
Accepting Jacob's results, Taylor then assumed that the distance batween

A and B is much less than the distance between C and D, making ABCD ®
approximately triangular. Hence,
a
f u.‘ d 2 X (“4.A "“nA)
ABCcp

where X 18 aome x-coordinate between C and D (about midway if the

shear atresa varies regularly along CD), (and
A,

’J(“A‘“')"’* 5‘(“-. '“AA) *

For neutral conditiona the stream fmnction will be
) ’Y"z%z(’e“}‘ ') f Y=o At 2z 7,

( .
-and Yoo ’

j wd ¥ = 2Ur A MU
) ,

i

Thus, given gy :\*2. LY and .2 the parameter X can be evaluated
by substitution for the integral.

. In practice, hwwér. only three of the four are known and
18 to be determined. Tayloxr sssumed that, .

L]

]
4 n- * e i . ‘s
u*.g: ' \m:hnmom .

.
K

and tm:m: with the pmtm- equation obtained an uprqnion for x
'4n terms of tho rou;hmn-clunn utto naazp M= 'ol/‘




1£ AC is takemg ?f:‘."*fj And the streamline displacement
Wy )

¥ new vechtty profile should be
- wind dﬁntnncv of twice X (z).

i8 assumed symmetricl

14
fully cstablished t@;

For typical valucs 4 E -Qi %_'\ ﬁ:oight/fot(h ratioa of 1/100 to
1/150. Bk |

Taylor's own wind tunncl experiments reveoaled some varfation
1nAtho aurf.so ahouf stréss aftor the transition, but equilibrium was
quickly rcached, in confirmation of Jacobs' results. Also the &troam-
limea were observed to drop off at or a little bofore the transition,
indf{cating that AC was indced perpendicular. However, as Panofsky and
Townsend (1964) pointed out, almost all» the measurements ware made in
A region where the fmternal boundary 1ayer actually intersccted the

tunnel boundary layer, . )

This solution is not, of course, a complete one; no information
is supplied about the profiles in the'blending region, The parameter X
{8 the scale of the transition and serves only to provide practical

estimates for field work.

3.5 _A Parabolic Shear Stress Distribution

Under the mixing length assumption, namely, 7 = (2 ﬁi)
the logarithmic profile used by Elliioc in the internal boundary layer
impliea constant stress u*g up to 2=h and then a discontinuous jump
to u*f. To remove this unappealing proposition Panofsky and Townaend
(1964) assumed thdt ’b"‘ 18 a linear function of hgtfht such ‘that

SR TI ¢ (u,c1 - u,,)(2/d)
where d is the depth of the internal boundary layer.

With the wixing length relation
, . A N

33 = -

the downstream profile is thm

il

)
u /u ‘llk) 1“ ‘,s "' (“*1"“*2)/& (‘/d)

»

the ?omd tolm on the rt;ht being the blonding function £ (l/d).
The conditions of incomptessible, steady M. and v.léci:y contimlty
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differential cquation for the growth of d with x, Foﬁ values of d that

arc not too small the solution is given by

. . 'a
WA, - -ood fn d 5 oony , Hedm-dn
1] 2. l,; - 2 ; K LR

where x /z .= 0 for M£3, and for M>3
0 02 . ’
akx [z o= exp (LeM) (M/18 ~64/27488/27M + 67/94°)

One consequence of this continuous stress assumption {8 that
the definition of the interface between the two flow regions is changed.
In Elljot's theofy h 18 the intérsection of the two logarithmic profiles,
whereas here d is the top of a ‘transition zone, and so is somewhat
higher. Except for ‘short fetches (where neither thcory is valid anyway)
the theories are in close agreement, Near the toﬁ of the internal ﬂ
boundary layer the profile in the Panofaky-Towﬁsend theory begins to
deviate from the lower logarithmic profile and enters the upper loéar~
ithmic profile smoothly, The height/fetch ratio for 90X adjustment of
shear stress is thus éomewhat less than in the Elliot theory and is
about 1/20 (Townsend, 1965; Dyer, 1965),

“ In aeaes.ins the assumption of the equilibrium relation
A ke(du/dz) Panofnky ﬂnd Townsend pointed out thqt the time necessary
for substantial adjustment of the Reynold's stregs s of the order of
Ahe turbulent ep®rgy divided by the rate of energy production, The
distance tpnve}led while the adjustment 18 made is nearly

.x:hy(ui du/dx) where 3’1/2(;1'2 v|'2 + w'z) L

The surface separating adjusted tron‘unadjuuted fluid ie
| x/s ..(n/u,,z)(a/. ) Wdfs, v
vbtch has much the nm form as the prwiwn solution, Lo
Another 13pe of argument is that of Miyske (Panofsky and| "

. Tomaend, 1964) who assumed that the verticalrate of spread of ¢ R
: mruco change is proportional to t:ha otmdntd dwiqtton of thc vd‘rucal ,@
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wind, d(d/zo)/d(x/zo) = A6 /u . With the assumptions o - u,
and urt(u*/k)ln d/zo this ylelds \

x/z = (1/Ak)(d/z )(ln d/z_ - 1)

Again the solution has mich the same form as that outlined by Panofsky
and Townsend, , ) ;

Observations by Blackadar, Panofsky, Glass and Booéaard (1967)
.of the interface height agreed rcasonably well with both the Elliot and
Panofsky—%ownsond theorics. The extended validity of the relation
%”*gkz du/3z in near neutral but nonequilibrium conditions was also
{nvestigated. The non-dimensional wind shear ¢-(kz/2"2)3u/dz was
found to deviate from the value 1.0 in a pearly, linear fashion with
height, the error at 1/10 the interface height being 5%. Measurements
of the surface shear stress on a beach taken by Hsu (1971) were also in
fair agreement with the predictions of the Panofsky-Townsend theory.

A series of a;mo;pheric‘experimenta related to the change of
roughness problem has been performed with artificial roughness elements
over the ice of Lake Mendota, Wisconsin. Kutzbach (1961) used a i
triangular array of bushel baskets, which may not have simulated a truly
two~dimensional situation., His results were in good agreement with both
the Elliot and Panofsky-Townsend theories (Fig. 3-3). Stearns and
Lettau (1963) anhd Stearns (1964) used Christmas trees in a circular array,
two-dimfnalonallny again being quea;ionable. These experlmenta were not
designed for the purpoae of testing the internal houndary layer theoriea,

so it 1s not surprising that the data are inconclusive.
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3.6 A Similarity Theory ' o :
To improve the ecstimate of thp blénding function fl Townsend

(1965, 1966) investigated the conditions under which it can be assumed
to be a similarity profile dependenf oﬁiy on a length scale ls' He
assumed that the velocity downstream of the discontinuity consists of
three parts:

(1) the profile ul upstream of thé &iscontinu1Cy;

(2) a component Au that has to be added because of streamline displace-
 ment; ‘
(3) the femaining difference u' dué to acceleration of the flgid in the )
internal boundafy layer. ) ’ |

" For streamline displacement 5(z) small compared to z,,

au xu,. ®/kz from a Taylor series expansion of uy . Similarity entered

A1
through the assumptions

w'a(u /K) £(z/1)

2 2 2
T = u‘*l + (u*z - u*l) F(Z/la)

where u is the velocity scale. The scales 1 and v dependloniy on X.

The functions f and F were assumed to depend on z/l and not' on X,

"They were related through the mixing length so that, putting ‘l:z/b

'l df -~ F
" The equationa of motiqn and continpufity were comblned to yield L
~q4f . dF
(1 a4 " ax
. " ’A . v
. 8o that Foexp ~ 1

I feR(-1) = fe %/x.dx

)

. The twa scales vera then found fmg the cmdit:i.onl chgt £ and F are
glndcpendent of x (in the' sense. that they depend ogly @n 1 ), and cm;
tho ‘vqlocity pmtue near :he surface {3 Iosa:uhnic. 'rm.m* |
original work contained a- umu erTor in not ut:i.nfyi.ng the h;:u G

;eoqduz.on. Mm and Hgmm (1.&63) corFacted t:h& ds:ﬁmgtm ¢o4rm§ o
"‘thu i‘nmdummy.- ths rw&:ed*«lgn om gsxm hy Gt
w*z 5 1m L% m.)g x mﬂ .
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| - , -1, -1
us=:-u*1§/(1+P) [ln ls/z02 =¥+ (14P ) _}

where P =(1ln 18/201 -1 - Y)-l ~and Y = Euler's constant = 0,577

The downstream surface shear stress can be calculated from

.
-~

u*Z: u"‘_1 + us(1+P)

and }he‘velocity profile is given by

2__\, + (u /k)[Ei(\'l )(1+P) - P(1 -~ exp -1) 1 1]

While 1 is the same order of magnitude as h, the adapted layer according
to Blom and wartena is of order 0,1 1 . This results in rather long
adjustment distances, the heigh:/fetch ratio being sbout 1/300. Fully
developed boundary layers, even to heights of 10 m: will beﬂdiffitult

to find anywhere if this assessment is correct.

3.7 An Exchange Coefficient Theory
Russian work on the problem of 1nhomogeneoue tercain is .

based on the exchange coefficient K =ku A5 (Panchev, Donev, and Godev,
19717 Thé horizontal momentum equation in the form

- N - - |
(Y 22 "z (X 3

18 combined with the continuity equatioh to give
. z L]
waw om0 ,a_k dz = .@;(k&:)
2 e 53 3

' 2x Y 2,
.’;f the perturba:ion in wind velocity ia swall compared to the equilibrium
velacity over the second surface, linearization is Posaible, and an
_.approximate solution can be found by the method of Shwatz (desqribed in’ '
‘ ?nnchav, Donev, and Godev, 1971). Gnndln did - thta for the case of a ‘ o
' sudden change in mrchmfrtctlon valqcity’ Nt not roughness, oy
" Doney ﬂ“ lble to solve the ndn~11mqr aqunt.mn of thg general . R

S case gl.o\ngin; the -nthod of! Shvctl, Th& lQl&&iQﬂ gpr the: blgnding —_— L&rkx
Sk Y .u) LSRN
WL sl A 1 BA




and the internal boundary layer height can be “determined from

| KA AL - &}_[E‘(ﬂ f" +b) Ns(t.)] ;")Q

z,, Tan axp b o -
+ (a- x)zni NELe aL,;)A[iﬂ( «n_t)]
K m;i‘::[;c YNNI N _] here b e n f;'

‘Q.~"u‘

The solution of the linearized equation differs only in the absence of

the last terms in both equations.

3.8 Experimental Evidence

The best atmospheric data presently available are those of
Bradley (1968) who measured simultaneously both velocity profiles and
surface shear stresneJ‘ His experiments involved flow over tarmac
(z = 0.002 cm) and an artificgal,roughness mat made of vertical spikes
(z = 0. 25 cm). The surface shear stress was measured with a drag plate.
The results are shown 'in Figs. 3-4, 3-5, and 3-6, '
Several important c0nc1u§10ns can be reached. The velocity
profile 1s practically unchanged above the point where the lower profile'
1hgér8ec;s the upstream profile, implying that the streamline displace-
ment is negligible, Also there is 1itt1e deviation from the.loéarithmic
profile,Over‘moat of the internal boundary layer,  Near the top of the
leyef the profiiea do exhibit a slight curvature. The discontinuity
is rather shaxper and the top of the modified region is lower chan that
predicted by the Panofsky-Townsend theory,. The 4/5 powerr law 18 = L_kf,
IR confixmed and the predicted assymetry batween smooth :o-rough ‘and rqugh~
to-amqoch flows 18 not apparent, When the top of the internal boundary
.layar is taken as the upper limit of the linear ‘portion of the: profilg
.the slope of the Ynterface is about 1/20. In fluid machanics the:
' law of the vall' is uluqlly assumed to extend over the lowest 101 of
L ‘T:ha bmndury hyar,. With chiwin nind Bradlay regomendad tha: t:hg o
o rhgight;/gqt.gh ratio for the ququ:xbmn llynr u 1/200. S R
’  ‘ Hont. p: the. umu phmgg occum withi,n 4 shert dia:ance of
v lﬁ':ha nnnns&&iqn. notn rgp;g}y than' gtth&: the Elliot ot'ranotnky-Tqvnngnd ;g:
:hngxy yndtqtg.v 'Ehg uewqry ::m tl\e hntttal wgmhog: is ’mm npj,d :
ﬂ,’in !:hq :w;h-;mmpsh trlnnttioa, Thm J-i a hm; ot 2 nimmn in. t.hq

S mhwcmrqgh sma..
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CHAPTER 1V UL W

. NUMERICAL SOLUTIONS

4.1 A Mixing Length Model .

Rather than assume a special form for the hear stress or
velocity distribution, P. A, .Taylor, (1969a) chose to solve the govern-
ing partial differential equations by numerical means, using the
mixing length relation for closure. To faci,litate the computatli‘ons,‘
slightly different co-ordinates were employed, the origin of the z-axis

being shifted to the local roughness length Z The mixing' ler;gth

ot
then took the form f = k(z+z ), the initial profile became

u/u*1=(1/k) ln (z+z 1)/z 1’ and the boundary conditions were given by
u=w=0 at z= 0, Velocities were scaled with respeet to ux) and lengths

with respect to Z2" Eliminacing ? the equations of motion were writterr

. a8 UadY | we! I?LJ = a2d*. .av 20
' ax . L2 2y a2
AV ~ T sw S Y N .
— t e 7.9 o
ax )y

Whgre'/U=uL7\i*1,‘W=w/u*'l, —~x/z 2, énd J = ln (Hz )/z

Setting Z= z/zo the initia} conditrons became

. : U(l/k)l,n(Zz /;1+1)‘ | e

Replaeing the J‘ derivatives by finite differencea produced a system of
ordinary differenn;al equations for du/dx which wdm solved hy nhe _
Runge—- utta met‘.hod, o T

Ihe 891ut:1<m8 were compa:ed wi.t;h /ohe E].Liotg PﬂquBkYaTWn'sgnd" L

and Tonmsend the"ri” 93 well ‘ag with' a solution based. on the f.orm *

"|" 'z:”" " 3 + (u*l'fu*z)[m(a/h) ~ 15C8?h)4*‘ ,5(@/“)5,}
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4.2 A Turbulet Energy Model

One wvngnosa of all the foregoing theories {8 the assumption
of the uqullihfﬂum mixing length relation between shear atress and the
velocity profile. The AFOSR Boundary Layer Conference (Kline et al,
1968, p.\éZS) recommended that the sl ar stress be 'unhooked' from the
mean velocity profile, in other words, that there {s no unique relation
batween the velocity profile and the shear stresa. Plate (1971, p,. 155)
stated that the mixing length fa a purely local quantity wheroas the
shecar stress Qvanopﬁ over the whole of the boundary layer, and only
its rate qf change lsmggtermincd by local conditions.

! To allyw for thia 'hiatory' offect hnd'to avold specifyling
a stress-profile relation, Peterson (1969a) closed the system with the
turbulent energy equation, using a numbei of assumptions to relate the

varfous terms in that equation to the shear stress. The turbulent

enefgy equatibn neglecting the rpressure diffusfon term ia

WAE W 2E L g2 2 (ST
. A DR -3 4 T ’Si gz (W ) €
where E ia‘thq:mean specific turbulent kinetic energy, E' is the
turbulent energy and € {8 the dissipagdon rate. The following
assumptions were made: \ ;

,(1) The shear stress ia propo‘ruonnl to the kinetic efiexrgy,

'
"tt«u'w'-nE ,

where a in an ampirical conatant, The value was taken to be 0,16,
(2) The diasipation 1e related to the shear atress as in a

P~

logarithmic équilibrium layer where production equals #isaipation,

™z €
(3) The energy diffueion 1s of the gradient type,

1
‘ | w'E'n -&EdE/da | .
(4) The epergy diffusion coefficient is the samq as that for
* m’ . . ' . J [
) Kg® Ky = T/(dups)
[y . . o .
' * - x, ‘ R \ o . | ) ’ ! b
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The turbulent energy equation then begame

« 32w At N A > /.1 1 an / Bq_) . %"A
a ha “~ ar ne | az la ae [ »z Ay
R Z

The boundary conditfion on the shear stress was dmposed {n the form

kz (du/dr) 0]

The numerical solution revealed several 1mportént features.

The 4/5 power law for internpal boundary layer growth was found to hold
with the hefght h defined gs the point where the stress reached 0.1%

of the upstream value (this was about equal to the height of the inter-
face in the Panofsky-Townsend theory). Such a definition for h meant
that the veiocity was essentially the upstream value above z/h =0.8.

The slope of the interface for large z/z02 was 1/10 and the Townsend
prediction of a self-preserving shear stress distribution appeared.
valid to first order. The stress was closer to the upstream value in
the upper 75% of the transition layer. The stresg and turbulent energy
adjusted rather more slowly than the velocity profile; only about the
bottom 104 of the layer was in equilibrium. Hence Peterson suggested

a height/fetch ratio of 1/100,
. k There ware two significant dffferencea betweershe predictiona
of the Peterson model and the other theories. Firstly, the veloci{y
Profile contained an inflection point Just below the interface (Fig. 4-5).
There was a suggestion of this in Bradley's data (Fig. 3-4 and Fig. 3-5).
Secondly, tha non-dimensional shear ¢= kz/2%(2u/2z2) dnvl.d!:ed consider-~
ably from unfity 16 the transition region. For the smobth r.o rough
changa 6>1, and for the rough to smooth c}wnge Q(l (Fig, 4- 3).
‘Oburvattom by Busch and Panofsky (1968), ‘and Yeh (Peterson, 1969b)
support this conclusion, Peviations from unity were also noted by
Blackadar et al (1967), aa mentionad in Chapter 1II, Pntéraon asserted
thqt: this waa baceuse of the alow 8djustment of the turbulent energy
to thé new boundary conditions relative to the wind shear, and the
sharp chang. in slope ocmning in the wind pmﬁlﬁ jun below the
interface. An impoxtaat cmuqusnaq is ttw fallacy oﬂ ‘exchange coef~
ficient or mixing~length ;MMn Begapse. Kﬂm,s/’ mﬂ ’#1 h nmm

» L
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by these theorics, calculations based on them could lead to sexious

errors as Peterson (1971) has demonstrated.

Peterson's basic assumption is actually an old one, advanced
by Townsend (1956) and recently by Bradshaw et al (1967). Bradshaw
determined the cd*btant of proportionality to be 0.30 (which Paterson
mistook for 0.15). Lumley and Panofsky (1964, p. 128 ) obtained
values of 0.12 from Brookhaven data and 0,22 from 0'Neill data.

Values supplied by Hinze (1959) are in good agreement with the 0.16

used by Peterson. | i

As for the gecond assumption, Monin (1959) haé argued that
the relation betwecn &aipatior\ and shear stress is valid even in

non-equilibrium conditions. Pasquill (1972) has ﬂffir;ed it on empirical
grounds, Brad;haw (1967) wrote the relationship in the form & = ?wk,/LQ
where L¢ 18 the diéaipatlon length, and noted that the resul&? depend

Bignificantly on the form assumed for L. . Little is known about the
form of L, for atmospheric turbulent flow (Shir, 1972). When production
and dissipation of turbulent energy are equal L = L = kz _

' The wind tunnel studies of Antonia and Luxton (1971, 1972) have indicated -
that both the dissipatien lehgth and the mixing length are altered'from.
the valﬁe kz in the region nekr the roughness discontinuity (4increased
for rough-to-smooth, and reduted for emooth-to-rough).

The last cﬁo assumﬁc ona, Peterson has argued, are not
important since the major‘eff;act of the energy divergence term is to '
smooth the velacity profile without modifying igs basic shape. Various
forms were nriad with no sisnificant differences in. resulta, P, A,
Taylor (1972) has shown that the nammption K “k(““oi) ? 12 simpliftéa
onputa:tcm. The results of t:hia modi fied Peterson mydel are very

‘close to chom of tha otigﬁnal. Datails of . numerical method are ,
presented in Appendix B, ' -

' Peterson (1972a, 1972b) has stressed the importance ot dxtnr o
i\utm of turbulent energy in the chanso-ob‘roughnen problqu, a tnturq .‘
of m ﬂw described by the mrbulent em:gy equ;&on, ‘Antonis and "
© laxton (19?1. 1972) alpo found in ‘their u_ wnugi mperi.nm um, ;
" ‘turbulent nmr;y mmum plgnd Aan m _ -
entﬂ@ e T .
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4.3 A Vorticity Model

‘ The fact that Peterson;a results did not agree very well with
Bradley 8 observations for rough-to-smooth flow (Fig. 3-5) led Shir (1972)
to 1nc1ude the pressure-gradient term and the vertical equation of
motion. Neglecting the viacous and ormal atress terms as before, Shir

combined the two equations of motion to yfeld the mean vorticity equation

w AW w W B ;:i’l - éi;&-
. 2 x ‘o 2 3 - xR
where w {8 the two-dimensional vorticity. The preasuré gradient does
~ N0t appear ?Fcause the denaity variations are assumed to be small,
The second equation, derived from continuity, was the streamfunction

equation 22 '* ﬁjif : ; ‘Lu :
dax A bzA .
vhere ¥ is the streamfunction.

The third equation of the model was the turbulept energy equation as
used by Peterson. ‘Followir;g Peterson it was assumed that:

(1) T =ak
\:here a wasqfaken to be 0,22 on the recommendation of Cramer (Shir, 1972)
Shir mentioned that Harsha and Lee obtained a value of 0.3 which was
.Aho used by Bradghaw (1967). Bradshaw and Ferris (1l96ﬂ) beldeved that
‘i is a-slowly varying' functiqn of the ratio of production to dissipation
with a value of 0,3 in 1nboracory flws, but posaibly smaller in the
' !tmoiphqre. :
. @) . € na"/L - '

‘with the diuipation length L‘ given by~ *

A’ ~;", ‘ ~. o L* : ’& ( 2 + z’; ) Y ,f_; zb 1 ‘ g
o . o ir(. F- ¢+~ "ﬁ) . n , ,
T .‘ *,.A‘(‘z.-z_’)/k, g .

whgm 'b s the Mtsb: of the mrtnce boundnry uxax‘, msm ag 10 m, o
M >» u gm l;xtas lgn;:h a; che mtc: ed;e ot :ba hgund lgygr. FXR

“;* 'ng"




for mixing length. Bradshaw found empirjcally thdt L = kz near the wall

and tends to a constant away from the wall. For atmospheric flow {here

\
% are insufficient data to determine the exact variation wiBP Height. 7
: . 2A(TEY - - » 2 | :
&) u(‘“’E = .;'2("5 ;S) l
12
with kE = r LQ

The energy flux was assumed to be of the gradient type,-",‘ Once again the
results were found not to be sensitive to the pracise form of the flux.

The poundary conditions imposed were:

’ Va 2u ' . ' ,
T, - Az, vz
e = ‘ + =
u2 w2 0 a z=0

The results of the numerical computation ize;‘e in many ways

similar to Peterson's. The velocity profile had-an 1ﬁf1ection'pq{nt,

and the non-dimensional shear differed from unity.in 'the trahaition zone.
There were also several differences. For the roygh-to- smooth change, ‘
the calculated stresa values were a mach better fit‘co B;adley’s data
(Fig. 4-4a ), For the smooth-to-rough case, a local miqimum appeared

in the downstream surface atres& (Fig. 4-4b). The latter was 1nt1mated
by Bradley (1968) in the discuaaion of his ¢xper1menta1 worxk, but not

pursued because no theory at that time: predicted it, The velocicy~ o ﬁ
profiles, however, did not .fit nearly 80 well (Flgs. 4-be, 4-4d), and
led Shir to question some of Bradley'a data, ,' /

: , ~ Shir also pointed to the ncqnsiltency aan? authors in the
dat&nition of the intérnal - boundary ‘layer height h, ‘$ome Ghose to
dafine it in terms of specified deviation ﬂfou the,hﬁhtrean velocity;
some, ln ;grna of 7treap. Shlr did bo;h.fdefiniqg & ‘stress boundary .
g ;4 chb hqixht where ‘the atress 1- ‘ﬁ:hgn 11 at :ha upstream

L vtk " ‘?f the upstress yalue, The Lntlm‘ cmsxgﬂ £ammb1

.. . " that used by lradley. cnd the 4/5 ’mr 1av was xai.n up!ml.d, Bhe
. . height of the interface was tmd 'to incch ith, z‘wxbnsu mm L
G - but :hg oz.m m;md gbs ngm. 'zhu m;gumd n mh;m ot thg fmm
N ‘ T TR '» : h;j"’ "L“ l{‘ 3) ﬁ nQ ,,, ’Z(! llsﬂ)
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(1972b) concluded that: g j

‘ 40’
Ve
The slope was larger for the smooth-to-rough transition. The height of

the stress layer was about twice the height of the vef&city layer,

" implying that the velocity adjusted more slowly than the stress. The

height/fetch ratio for the stress layer was 1/10 while for the velocity.
layer it was 1/20.

' The shear stress in the transition region was closer to the
upsf%eam value for the upper 75% of the stress layer, as pointed out
by Peterson. However, 1if the velocity height was  used, this was
found to be trua only for the upper 50%. The shear stress distribution
was not linear, nor was it aimilar at different downstream distances.
In the smooth-to-~rough transition the shear stress was copnstant with
height (to within 10%) for the 1lowest 1/10 of the layer. For the rough-
to-smooth transition this was true only for the lowest 1/20 of the layer.
Because the velocity profiles were logarithmic for~ the lowesF 107 as
well, this was taken as an indication of equilibrium The height/fetch
ratio was thus 1/100 for the smooth~no~rough case and 1/200 for the

rough-to~amooth case, away from the discontinuity,.

Peterson (1972a) has emphasized the simflaxities between his
approaéh and Shir's, adding that it is difficult to judge the merits
of a model using Just ope set of observations. In an assessment of
the 'relative importapnce of the various terms in the equations Pegegpqn
¢ .
(a) The horizontal momentum and’ turbulent enexgy equations are essential
in a physically reascnable model of the flow.

(b) The vertical momentum équat1on is- lesa important.
(c) Neglact of the vertical ‘motipn terms and the continuity equation

V'doea not alter thg major featuges of the downstream profiles

Thg lack offaimilaripy diacovered by Shir has ‘been obaerved
Ln v&nd tunnel ﬁlow by Antonia and Lux;on (1971, 1972).

!



4.4 An Alternative Turbulent Energy Model
The hypotheses of Glushko (Beckwith and Bushnell, 1968) have

been adapted by P. A. Taylor (1972) to the atmospheric change-of-terrain "
problem, The mean and turbulent quantities were related by assuming:
e e = ELY ")

z
(2) Ky EI/ZLG (

where LG is the mean scale of the turbulence given by !

*
L.=k (z +2 )

G ol
and k*:: k a“z, ‘a being the equiubmnstant stress layer value
of the ratio 7T /E, ‘ '
N
(4) Thel dissipation is represented by
€= E 3/2 /L‘A ' ‘ ]
- with the dissipation lengeh L, given by

o

Le = ke (z + zoi)

* -
where kge k a 3/2,

The values of the constants k* and k: were chosen to be consistent with
a lacal balance ‘of prOductiéé and dissipation in the equilibrium
~constant stress layer where T =a E. Taylor used the value 0,16 for
a, as suggested by,Patérson, " The boundar& conditions on E w§re

. . 2 -

E=u,, & ~at z2h

. . ¥s0 h:z:O .
Thera is no flux.of Curbulent enargy chrough the ground.
In ganeral the results of the Glushko model were 1ntetm@diata 4
~ to thesa of the mixing-length and Peceraqn mgdela, Thq de‘{ﬂi;g &ﬁe !
‘ modified rggion wm: large® than that oﬁ chq Becerson nodpl‘ bnt lena e
' "than thqx; of tha mixing-lang;h mdax ‘The mfqut.i.on potm: in the. . |

L veloci.:y pmfﬂe wag prsnnt. byt the ctmnge in gradient was pot neaﬂy

LS :hq:p as in mp mmmn mdal, F;ga, ,.;, 496, and’ 691 s:mmm
mg :l;m mis (gné !:hg mdiftgd ’




with different values for a and found that larger values produced slightly
more pronounced modi fications, that is, larger stresses and deeper R
internal boundary layers. . ‘

Panofsky and Petersen (1972)° found that profiles from the
“Risg tower in Deomark were more nearly logarithmic ié the modified
iregion than predicted Ey either the Peterson or Shir models, Petersen
and Taylor (1972), in a latex analysis of the sgme data, indicated that
the internal boundary layer heights predicted pﬁche Petersen model
were too low. The shape of the prafiles appeared to be reasonably close
to that prediétéd by the Glushko model. Bradley's data also suggest

* that only a weak inflection point is present.
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4.5 Other Numerical Work

P
Most other numerical $nVuatlgntluun of the futernal boundary

layer préblom havo ompioyvd the mixing leggth relation and differ only
in the form of the baundary conditions and cquations, or in the finite
difference scheme, for example Nickerson (1967) . Exchange coefficient
tpoory has been employed in numerical solutions by‘aovvrnl Rusaian

' workcers as outlined 9\ﬂl‘nhchov, l)onc\v' and Godev (1971). Smith (1967)
used, a simple K-(hogry approach, neglected the terms in w, and closed
the syatem by developing a soml—oﬁpirical cquat fon for the rate of
Ehango of K. Since K {8 a measure of the turbulence, {t will change
because energy 18 fed into or removed from the mean flow during
acceleration or retardation, anq because the turbulence diffuses itself.
donsequently, the equation proposed was of the “orm

w ak ‘ A K u  du + K aa»&

-3k ", az «axl'

o

where A {s an empirical constant. Although the method is an over-
simplification, it ¢oes serve to illustrate a different line of
thought. A general technique for the calculation of all types of
turbulent shear flow was preségted by Née and Kovasznay (1968),

a

Their formulation pf the equation for the rate of development of the
o f . . .
eddy~v1uc?liti included the effects of convection, diffusion, generation

_of tutﬁulonce, decay of turbulence, and straining due to acceleration
. ; *by presslire gradients. Such an approach could, o doubt, be used-to

e 1
R

solve the Atméophergc change of terrain praplem, ’

. ' f
-
3
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CHAPTER V »
A MICROMETEOROLOGT CAL EXPERINENT

5.1 The Experfmental Sfte

A Site suitable for a change-of ~-roughness study must mect

saveral requirements:
(1) 1t must be level to avold orographically-induced vertieal
volocfties. Such winds may hava produced the anomalics described by

Camerxon (1970),
(2) Tho;o must betadequate fetch across a unifomm surface to
ensure that the f{low ia‘EW‘oqullibrlum up to the maximum height of
fnstrumentation, The appropriate height/fetch ratio’ 1s one of the things
to be cstablished {n solving the ?hnngc~of ~tgrrain problem, Becausc it
was virtually {mpossible to find any extensivé und form arcas, estimatces
based on the Peterson theory were used as a guide in the selection of a

site,
(3) The aite must be free of large obastacles over distances
several hundred times the greatest height of observation,

' (4) There must be a step change to a second uniform surface
in order to reproduce the two-dimensional ;icuation for which the
theogiea‘were developed,

After no little search a site which came reasﬁnably close to
fulfilling thesa requireﬁenta was located on the farm of Mr, Bill Perxy
near Chin, Alberta, A detailed map of tﬁe region ia shown in Fig. 3-1,
The section of land glopes downward to the north with a maximum relief

“of about twenty feet in a mile, Tha chosen site was pituated at the
edge oé a mustard field on a fairly level area about midway down the
. fleld (eap:-wﬁpt slopa abéué 5 ft/mile). A uniform fetch of at legst
1/6 mile (268 m) acroas :he matud vas avnilgblo in weaterly (ptavqil!.na)
winds. In view of the preceding theories this would be sdequate for an
sstablished md protilo at chq maximym' anemometer height of 8 m, - bm:

\ - u: might not ba sufficient for cqunibrmn at the 4 m haight of the



® buildings - " Scala: 1 inch =1/6 mile
o dugout PP

% experimental site
o ) | -<

Figure 5-1, One-foot contgurs and agricultural use far the section of
- land on whiclf{Rhe axperimental site was located. -

L ' '
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w/ﬂ,(’?nﬂt response instruments. Immadiately to the west of thae mustard was a
wheat {ield extending for 1/4 mile (402 m). Tho crops were both about %%

cm in helight, so it was ufpoctud that their roughnasses would be the
sane order of magnitude. Some of the empirical formulae discussed in
Section 5.5 pJLdict exncfly the same alues for the two roughnesscs.
Becausa the mustard was in full blossom with large flowcra in addicion
to its rather largor leaves and stalk, {t was anticipated that its
roughness would be somewhat greater, as the fo}muha of Lettau (1?69)
would suggest. Consequently, a small smooth-to-roygh change would be
present. MNowever, with a roughness-change ratio of order one, very small
modificationa would occur. In fact, using a L0 criterion, the flow;
characteristf!s‘of the whecat and the mustard would probably bé indis-
tinguishable, |

In the cvent of an easterly wind a uniform fetch of at least
1/6 mile (268 m) was available across the adjéining fallow, The nearest
buildihgs were at the farmyard over 1/2 mile away, and the rHearest trees

were over 1 mile away.

3.2 JInstrumeptation

. The fifty-foot main tower was erected just in from the edge of
the mustard field with the booms extending outwards ovoa.the mustard
(Fig. 5-2). Normally there are six such booms placed logarithmically on
the :mr to give instrument heights of 1/2, 1, 2, 4, 8, and 16 m. On
this nite the 16 m height was not employed becausa of 1nadequqte fetch
and the 1/2 m level could not be used because the mustard was some 55 cm
high. '

Mean wind speeds were memsured with four RIMCO-CSIRO Naiti\ve
cup impulee anemometers. ’:cording to Sumner (1965) thesa 3 1/4<~inch
cup, Low-t Tque snemometers have a a:%ns spead of no mro than 10 cm »
and sre linear down ta this npced to'within'1 1/2 %, The accuracy 10
claimed to ba 21X and to chmgc 401‘@ than 1/Z% with extensive ftqld
use, glthon;;n starting n;:eadg " ,er«n mm:&ly to'19 cm » 1.

- K :
. . [ . ., » . N
Cw . »
r . ¢ .

-1
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Msum 5-2,
»

Photograph shewing.step’ change from mumd to fallow and
locntion of main tower.
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Calibrations were carried out in the Unjversity of Alberta Department of

Civil Engincering Wind Tunnel, using a hot-wira ancmometer and a pitot
tube as standards. Similar tests were also conducted in the wind tunnel
of Ehe Defense Research Establiahment at Suffield, Alberta agalnst a
secondary standard. It was found that a more realistic value for the

accuracy of these particular ancmometers 18 *57 at speeds greater than

-

1.5m 8 | No correction was made for a possible 1% overspin in’

fluctuating winds (Hyson, 1972).

The vertical wind was measured with a sonfc ancmOQeter mounted
on the main tower at a height of 3.66 m. Kalmal and Businger (1963) have
,astimated the accuracy to be t5%. Uncertéinty in the calibratdon constant

would rai%f this figure somewhat. The response time is about 0.1 s,

Heat fluxes were measured with a Fluxatcon (Dyer, Hicks, and
King, 1967). The propeller has a response time of about 0.4 s and the
temperature sensor, 0.02,3; This instrument was mounted on a separate
mast at a height of 3.66 m and was oriented to give'the best exposure for
the wind dirécgion on any one test day. McBean (1972) has demonstrated
that heat fluxes determined from a propeller instrument such as this
could be too low by as much as 25% in near-neutral conditions.

Mﬁmeﬂtup flux was measured by‘phe eddy correlation technique
described by Hicka (1969). Random errors of about % 207, are expected. '
During the easterly winds of June 30 this vane-type shear-stress meter

was mounted on a portable mast about 20 m into the fallow. During the

" Waaterly winds of July 1 it was: mounted on the hain tower, In both cases

the height waa 3,66 m. ' Hicks (1972) has esthnatnd that such an instrument
mounted at 5 m gives valuea about 8% too-tﬁy In view of the lower height
> used harg the loss would be sgnewhgt: greater. Unfortunately the vertical
pl;opeller ceased to qperata propexly after the percpex ratqlnins serew

broke,, . = o N S

.

On this same nu: at heightl of 1 m'and. 2‘! the two remining

xnm«csm mxaicm cup mmaun were ghgasl,a wm domnm
g ¥

e . . » axl*" . : "

[ R - : -
H w ot A " . e , W~
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profiles were to be taken, th{;e of the anemomaters from the main tower

were remgved and mounted on this portable mast.

Data from the fast respons? instruments—~the fluxatron, sonic
nnemomqteib *and shecar stress meter— were recorded on tape by the
multiple;%ng, digital conversion,‘minicomputer control system described
byrnonsakef, McDougall and Oracheski (1972). The mean wind was recorded
by photogrnphing’electric 1m§ulse counters at 15 minute intecvals.

» Temperature and dewpoint sensors were also mounted on the main
tower. The former fai}ed to functjon properly, altﬁough this was not
discovered.at the time. Hourly temperatures for the test days were .

k )
obtained from the nearby Lethbridge airport.

-

5.3 ‘Experimental Procedure

Two test days pfoduced the requiged conditions. On the after-
noon of June 30 the wind was from the northeast andﬁgomplete da;A were'
obtained from 1300-~1400 and 1600-2030 MDT. Near-neutral conditions
prevailed on the morning of July 1 as a result of heavy overnighﬁ cloud
cover and moderate westerly winds. From 0640-0805 MDT ten-minute wind
profiles consisting of 5 levels up to 8 m were taken at distapces of | A
10, 20, and 30 m downwind from the mustard-fallow boundary. Near-neutral-
ity was confirmed by l,:h?a heat flux measurements at 0800 which géve a ,
vﬂlue for the Monin-Obukhov length of ~770 m, - Com{)lete faét-rgsponse
dat:a vere obt:ained from 1300-1600 MDT. 1In the afterncon rear-~neutral

conditions once again prevailed (Monin-Obukhov length L =~900 m),
| Ten-minute dowhs.:remn profiles were agall:ln taken for the period 1626~
1712 MDT. Unfertunately, the wind had shifted. to 320-330’ ,' 80 that a
two-dimensional a;guatdop was no, l.qnger present; effcctivg fetqh@# dt’
22, 32, gmd 4 m were obt:a:lned Uncertlincy in: the estimated wind
d!.rgccion could mean that chese ducmees arg in errer by an auch as

. . . , Rl
*15%, . o o Py ‘ e
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5.4 Calculation of the Wind Proffle Parameters
In neutral conditions it 1s generally accepted (for example,

Lumley and Panofsky, 1964, p. 103) that the wind profile is given‘by
u =(u,/k) ln z/zo 2>z
whare the symbols have the same meaningg as before.

When the surface is very rough, an additional parameter, the zero-plane
displacement d, is often introduced so that the equation becomes

u =(u, /k) In (zq--d)/z0 1\>d+ z
(for example, Munn, 1966, p. 59).
Since its iptroduction'by Rossby and Montgomery (1935) there has been
considerable controversy over the exact role of the displacement d.
Munn (1966, p. 59) 'stated that the modification is empirical and provides
a better fit for experimental data. Pasquill (1962, .p. 71) claimed that

it allows for the virtually stationary layer of air trapped within the

* roughness elements. Suttonﬁ(19532 P- 239) qualified it as applicable only

for large roughness elements that are uniform in height‘and distribution,

1n~Which cpse it is to be regarded as a datum level above which normal

turbulent exchange fakes place. He pointed out that if both z, and d are

regarded as independent arbitrary constants, then the profile containing

i3

them cannot he derived from the first-order differential equation 1in the

ugual fashion, Sellers (1965, p. 130) asserted that because observed

valiies are g0 variable and random, no real physical significance can be

>attached to the zero-plane displacement. He went on to say that in mast

cases thy proﬂ.le ‘could ' just as well be desnribed wit,hout the mtroduccion

of the parmmeter d. Tunl ey and PanOfsky (1964, p. 103), Geiger (1965,

p’, 2”1145)~ ~aml'ot*.tmr:zi mt:erpreted the :eto-plane dtaplacemcnt as a shift: in
%;m arigin Qf the z-axls because r vexgcatlon cqvan produces an, effectiva‘ )
. w;ﬁum almra thet ;ou.d grmd, tha wind 391@3 to sero a at zx Botd,

e ‘*'M&Mn (l?ﬁ?) Meht:i,figd d with l;hg cmectlvu hg:lght; innrngnc ba;vgcn
’ the Mthmtical.ly datined aero plm d m abicrary datv aval from
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which an observer has measured anemomater héﬂéhts. Monin and Yaglom
(1971, p. 293) derived the profile containing d formally, by treating it

as a translnéion of the zero level for the vertdical axis, They regarQGd
it as being analogous to the displaccment thickness in boundary layer
theory. o
Given a set of wind observations at different laevels under

neutral stability, the three parameters u*’.zo, and d can bg evaluated
using the method of least squares outlined by Robinson (1962). However,
steady adiabatic conditions are infrequent; neutrality is most often a
transient atate occurring between night-time stability and day-time
inatability of the surface boundary layer over land. ﬁsually the

| parameters must be determined from winds observed during unstable cond#
tions. A general diabatic profile is given by Lumley and Panofsky (1964,
p. 113) as

" u :(u*/k)[}n (z-d)/zo - ﬁ”(fz]

vhere ¥ , a function representing the diabatic influence, 1is given by

N GINEL LU
o f

where ¢>'1s the non-dimensional shear, and { is either z/L or z/L'
depending on whether heat flux or temperature gradient is available, < -

The Monin-~Obukhov length is /givgn by

v

‘L= -u cPﬂT/kgﬂ

where c¢_ is the apacif‘iq 'h'eat at constant pressure, o is the density of
air, T 1s the mean air temperatura, k 48 von Karman's constant, H is thae

heat. flux, snd g 18 tho ace.eleration ‘due 'to gravity, The related length
LY vas i.a!;roducgd by mqnﬁ (1963) as

;'sw?w‘/a& S

. } . “~,'i ‘ - o

"“ Hhm e u gpt-ancm t:empataturn, 'lherpfcg.a ' 'L'.-:K /l(M L, vhere v .
Kg gt t:ha t.\irbulmt: transfer conﬂfic,ietit for .hnt gnd ICM is the turbulant: S

1]
<
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transfer coefficient for momentum. Both parameters are related to the

p 2u .
| . . 9§ 28 (#)
. Rt - Tr:‘ 2z 2z

Richardson number,

‘such that z/L'=R1 ¢ . .
An equation which interpolates between neutral stability and

free qonvection has been advanced by a number‘of authors (Lumley and

' Panofsky, 1964, p. 110), namely,

¢ v 2 $* = |

where ¥ is an empirical constant!
Substitution of ¢=(Z/L')/Ri ylelds

2 - Ri.
L’ <'Mz¢e‘-)'ﬁf

and elimination of zfL' gives
f (1~ Ulﬂ)

This 1s the so-called KEYPS formula. The value of 7& is usually

l/‘g' )

detexmined by numerical integration. An alternative formulation by

Webb (Panofsky, 1963) involves a two-part explicit function for ¥ .

' Raulsor;.(l970) provided s mathe cal™xepresentation for P
, i R &
by integrating the analytical expreagiof for the non-dimensional shear

obtained under the Busipger-Dyer hypothesis that z/L=R4i. This hypothesis

‘Wwas based on the Kerang obaex:v‘ations (Swinbank, 1964) and has alsa been
lsuggesceld by Randolfo (1964).‘ An immediate consequence is that '

Henca ‘the ratio is one in neutral coaditions and Mcreases
wich de¢reasing atability, in agreement with a auggestion by Prieat:ley
and Swinbank (1947) it also helps t¢ &ccount: for the dj.spar:l.ty bf

report:ed valuea for Kﬂﬂ(u (Lumley and Fanofsky, 1964, p\ 105). I

W:Lth L ‘P (lﬂ_r )

the diqbatic-. influencq function beccmea _‘ o



56

. ) ! '
¥ o an(R] ¢ Al ] e

1/4

’

where 1 =(l- rz/L) '
This implies that for ~z/L large u varies asymptotically as z-1/4 in
contrast to KEYPS where u« z~1/3. l«‘rom analysis of the Kerang data
Paulson found the value for ¥ to be 16, /, :
Using this representatioh, the wind profile parameters were !
computed by the method of Stearns (1970). The roughness and displacement'
height are determined so that the sum of error squares ‘bet\’»léen the /
observed and calculated wind speeds 1s a minimum. ‘The friction velocity
is treated implicitly as a function of d and z,. If £; 1s the error
between the measured wind speed and the theoretical winé speec; at height
z; then & = v - (wh)] £n %"‘;‘{ - A’i‘]
The 1eds:-squares method requires that 2 C be a minimum for

®
=)
the N measurement levels, that is,

2 (‘z': &) =0 and (%s

u

'hzo ’; At
Setting Z. A Esi“i - ¥, ' .
‘ 4 " . I
“s § % z. ~
T 9 2 |
. — * .
Z E 2.2 E “ Py Z t]
Lmt im '

the condition for a minimum wi.th respect to z  requires that

G2 :.:wz' [(,“u —-‘44: )(Zo.:\.“: + . i)J = q

Y 2%,

\

and the condition for 3 minimum with respeet to d requirea that

6oz 7 [(hus = Z)< + “*:351)] co
tar . od - : |
Whﬂre- ' . ) ':‘ ' ‘]Z . ' : !ﬂ‘
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Sucqasstw approximations to zo and d were obtained using the secant

metﬁod, ‘With an initial estimate for d and u,  two guesses wera made for

-

2 (r) GZC(nn) = Talner) GZCn)

z,(n+a) =
. GZ(NM) ~ Gz n)

i

>? qnd abproximations were obtained from

! |.
I\ \]
l
el
"ﬁ

i
! l‘,

than

T ”;—-:T-

[ AT \ ! !

o uﬂt% jghe.difterence between successive approximations was less
Al" '\7' L

0 01 bml This value for z together with d(1) and a corrected u, were

|,p [ |
. theh.'us
pro&g@u@e repeated to obtain a value for GD(2).

! "\A‘ W
i fOrlﬁ,wgre then obLained from . <
" L dn) GD(nm) ~dlne) G DCN)

Co, ;
r "“p. ..', | .
Lk dlne2) =

vl b ) Gp(nu) ‘—-‘GD(-\) .

|
d to compute GD(l) A second guess d(2) was made, and the

Successive esthnates

Al
LRI

the difference was less than 0.1 cm.

; The wind—profile parameters for the mustard were computed from

hourly-wind averages taken at four levels on July 1. For the

d was assumed cO be zero and the parameters were computed from ,

ourly-wind averagee recorded at the two levels on the portable

June 30, The dana are displaygd in Appendix A,
The value of u upder maucx:al condicioma can be’ related to t:he

LY

h stﬂl holds for low levels,.in keep;n; with the comonly-he.ld view

Af;eutul coﬁditiona alwaya prevail dt: sufficiem:ly low heigl;t:s. ,
The/ .

‘ ‘

'.t'hg results of the compu:qnionp appea; in ’.L‘able Salq

' K
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‘Table 5-1. Results based on twenty hourly-profiles,

~

Surface Roughness Displacement Drag Coefficient

z  s.d. d . s.d. N s.d.

(cm) (cm) (cm)  (cm)

‘mustard S 12 1.6 15 3.7 0.204  0.008
fallow 1.0 0,12 0 -~~~ 0,091  0.004

» ’ ' ne Q ,
Table 5-2, Some values for the zero-plane disﬁlacement of muscard
' 53 cm high and similar cr0ps " v

" Y . . /. ' . ‘ RN .
Value ol cumstances . ’ Source' ) -
.t ) . e i ." ! ’ T . 5 I&. ', " .
A B musl:ard 35 cm high ‘ o‘bsgwgd at Chin, Albertg o Y
s 55 ) . d:l‘.h ? ﬂfrau md@lﬂ in'a [, : ‘ ‘ S Lo "’;7._ Co
" windtumdel . ' Plate and Quvaishi (1965) =
h /2 ﬁd‘h T ‘ #Monin and Yaglom (1971) IR
. - gfasg 50.ch high ‘ “Taylor (1962) . % .
‘- grass 6070 cmg - Deagon: (Geiger, 19@5 P- 270)
- ‘{Br?§° 6070, cm igh - Calder' ¢Sytton, 1953, 240)

:{,:»»d:h » for field cmpa | L Paqshl;g (1b1d.., . 239)

Toane,

‘,\‘\\ ’




-5.5 Agpraisal of the Co;puted Parameters .
- Values for the displacement height are not plentiful 1n the

11terature, but some empirical Eormulae do exist. Sutton: (1953 P. 239)
quoted Paeshke s result for dense crops that d,is equal to the average
of the measured heights of the roughness elements. Plate and Quraishi
(1965) found -for model crops in a wind tunnel that~tq a good "approximat.ion
d-—q: vhere ht is .the height-of the crop. Both experiments also indicated
that the velocity profile is logarithmle only for z>2h, ; so-called
'canopy ﬁlow governed by the natbre of the 1nd1v1dual roughnessﬂ lements
occurs below this height. Taylor (1962) chose a value of~d-1/5>h for =
long grass‘SO cm higﬁ Plate (1971, p. 29) stated that in general d will
differ from h, ‘when the density of the roughness elements is sParse, In
the limlt the flow may not 'be fully rough and special investigation is |
-~ necessary. Geiger (1966, p, 274) asserted that d is ntt equal to the l
average height of the vegetation surface and that only an examigation of c
the wind profile Gan determine the value of d which will best satisfy the
equation. Geiger also quoted somq results of Deacon’ where a dieplacement
of 25 cm vas usad for 1ong grass 60-70 cm high that is, d= 2/5 R S
Monin’ and Yaglom (1971, p, 294) took:d tq be zero for low vegetation
and suggested the range h /2 4d $h, for. high vegetation. . .
| S Geiger attributed this wide range of values to the high degree
T plieblllty oﬁ the plant stalks. Rapqer (Munn, 1966, p. 161) foundf
B . that as ‘the wind apeed mcxeased pver & \fgrest the value of d decreased |
fromh/ztoh/é " . . ‘
",’ The valqe obtained for the muatard was 15 cm, Even though the I'd

.. '| . '3

wind spe@d at 1 m wes qulte ateady at 2-2 1/2 m s" a i‘ather Large»stan-

. daxd deviat:lon. oﬁ 4 m was found ‘l‘he r&tio d/hc fol? the msmd W“ wf
x 3/1L o Q 28r !l{hia wa,a lower that most. esthate’i lmh hi&““ ":h"“ m"t' N

-




No micrometeorolopgteal atudfos appear to have beon done over
mustard; theve ard no published values tor the poughness,  There axe,
however, once agatn a number of emptrfeal tommulac,  Plate and Qurai shi
(1965%) found that tor crop-like olements fn a wind tunnel r.uc().l‘) h(\,

fu agrecment with the f{old work of Pacshker (Plate, 1971, p. 27).

According to Scllors (1‘)0) P. l')()) Tamer and Pelton, Kunp, 71\(! others

T \

have usod relationships of the tom - o .
)
) . log r - log 2+ h rig h 4 &\
- ‘ h. NN '
that is 7, = A h o' P&?' :1\( : -

(h““‘ ! \‘ W w‘ l\‘

. ‘ i
where a and b are’ empirical conatant§? For B° botwvon 0.99 and

1.42 haye been employed and values u" nnrtng from -l .4 to -0, 88,
Plate (1971, p. 29) objected to an (qunthm of this form because {t 1a
not dimensfonally consistent. Monin and Yaglom (1971, p. 294)
recommended that hc/10$zuﬁ h(‘/‘)? noting that the constant of

proportionality {s considerably greater than the value 1/30 for

.Nikuradse's sand roughness. They attributed the variability of estimates

a

for both d aund z to the fact that both paramcters depend on fairly fine
datails of surface structure, Nat‘ural vaget.ntion, oven of one type,
is 'not likely to have ‘identical structure in different places around
the world,

' Lettau (1969) held that the use of only the height in a
roughnesa formula is too reatrictive and produces oversimpli fied  .
results, The shape and spacing of the roughness elements muat alao

be conudaréd. On the banis.of the bushel basket experimenta he
pr0po;ed theeralatiQy

£,30.5h_ e/s

wvhere s is the ;llhouat&e area of the average obstacie, that is, the
cross-ssctional area ‘seen’ by the wind in an appreach to a typicalg
roughness element; S is the specific area or lot area,.that s, the
averagg area on the aqr:h'a surface accupied by a single roughness
element, If N alemente are located on a site of area A, then S®ANM, |



The factor 0.5 corresponds to the avorage drag coafficlont of tho char-

actuoristic olament, Lottau considored astimates from this formula to bo

within i?b%. Ite validity fs rostrictod to saituatfons wano ‘<;S; othar-~

wisa serious ovarcestimation occurs,

Table 5-3 givos a comparfson of the value obtainod for tho .

mustard (12 cm) wifh valuos for similar crops reported {n the literaturg,

Y

and with valuos computed from the varfous formulaa. Table 5-4 .shows

values {or the {allow,

5.6 The.Downstroam Profilos

Tha profiles obaservod during the morning and aftarnoon runs of
July 1 are shown fnh Fig. 5-3. The velocities were scaled with respoect
to the wlﬁd at the highast observation level of 8 m, which is outside the
modi{ied region for all fetches according to the Elliot theory., The
uppermost points of each profile lde on the line characteristic of the
upstrean flow, except the 4 m poLJt at 10 m fetchvwhich secms to be
somewhat in error. The acceleration of the flow at increasing distances
appears as a shift to‘higher speeds in the lower portion of the profiles.
The flumber of points lying on th@ upstream profile decreases with distance.
Qualitatively, these features are similar to those obsarved by Bpadlhf
(1968). /

The height of the internal boundary layer cannot be well
defined by so few points, so qﬁrecE comparison with predictions frdp
the various theories has not bean attempted, Tha surface friction

valocitias scaled with respect to the upatream value were computed from

the 1/2 m wind speed by means of a drag coafficient similar to that. .
described in Section S;S:u Assuming that the 1/2 m wind is in the portion w#‘.
» 3 the profila chexacteristic of the new surface S .‘ A,

4 4 - _ﬁ,ﬁlz} wm) = (u*'/k‘) 1, §0/1# | N
' A Loy .

K 2] \

Vpp=lag u(l('z’a)
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Table 523, Some values for tho 1(n|gl\u(‘nea of muastard 5% cm high and

simi lar crops,

Value Circumat ancos
(cm)
12 muatard 55 cm high

ZOTT.15 h , from wmodels

: fn a wind tunnel
22 wheat 60 cm high

11-15 grnsa 60 70 cm high
10.5 z -h Y.
5.5-11 ' l\ /105 z &«h /5
c 0o ¢
6-9 \ long grass 60-70 cm high
9 }‘wﬁ\‘ thick grass up to 50 cm
A-s | v high grass, wheat
4-9 long grass 60 cm high
14 fully grown. root crops
4-12 tall sraés, grain
K] grass®60-70 cm high
14 roughness element formula

(8~20 cm?, §~40 cm?)

.

Table 5-4, Some values for the roughness of

Valuc Circumstances
(cm)
1.0 fallow with some trash
2.1 fallow field
0,6-2.0 prairie grass, countryside
0,2-2,5 mown grass 1,5-4,5 cm high
0,7-2,3 downland, thick grass up
to 10 em high
0.3 short grass
1.7 grassy gurface
2.1 flat copntry
l
] |

/

Source

-
observed at Chin, Alberta

Plate and Qurafshi (1965)

Penman and Loug (Sellers, -

1965, p. 151)
Deacdn (ibid,) '

ot
Lettau (1967)
Monin and Yaglom (1971)

Prieatly (1959, p. 21)
Sutton (195}, Pe 233)
Hesa (1959, p. 877)
Pasquill (1962, p. 72)
ibid.

Gefger (1966, p. 275)

Calder (Sutton, 1953, p. 240)

‘Lettau (1969)

fallow and similar terrain,

Source

observed at Chin, Alberta
Hess (1959, p. 277)
Geiger (1966, p., 275)
Priestly (1959, p. 21)

Sutrton (1953, p, 233)
Calder (ibid., p., 240)
Plate (1971, p, 27)
ibid,

’
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where Cag T k/ln 50/1
TLe wind at 8 m {8 characterfistic of ihu upstream flow,
W(B m) = (upy /) ln (800/12) .
[ ~

assuming nogligible strecamline displacement.

Uxp == .Cdl"(s m)
where cyy= k/In (800/12)

Hanfo u*Z/U*l — (cd2/cd1)[u(1/2 m)/u(8 m)).
0 “
Figure 5-4 compares values of the friction vglocity computed fn this way

with three analytical solutions. Figure 5-5 does the same for three
numerical solutions. Detafils of“khu'eomputntionnl schemes arce in
Appendix B. The initfal overshoot was graater and the recovéry was
rather mor&@ rapid than predicted by any of the theories. AtWarger
fetches the Glushko model seems to be in glosest agreement wiéh tha data.
Extrapolation of the curve through the observed points suggests that the

|
Paterson mbdQI"ﬁght come into closer agpord at greater downwind distances.

To facilitate direct compar{son of the observed velocity praofiles .,

with the results of the various theories, a transformation was eémployed

to scale the speeds with respect to the upstrecam friction velocity,
u/u*1 = fa/u(8 m)][u(8 m)/u*ll

The first factor is tha observed value and u(8 m)/n,k1 can be calculated
because the 8 m wind 1s characteristic of the upstream low, that is,

' _uSB m)/J*1== (1/k) 1n (800/1%} R :
Campaflnona of the obsarved profiles with those predicted by the v;:;oua
theories are shown in Figs. 5-6 through 5-17. All of the thsopiﬂa
overestimate the spaeds at the shorter fetchas, One reagon for this
l1ies in the zat§~pléna displacement associated with the mustard, No
theory takes tnto account the poaaible effects of such a displaccment
_ oh ‘the fl.qwd%diﬁcation. At 10 m downwind from the dtsconcmuit:y the
flow had not yet dascendad fully ento 'tha-fnu%; this s 1x;dtcat:ad by

. . ' ‘ ‘ . <,

i
d i

ty
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the fact that the upper four points of the profile fit best to a line

that is based on a non-zero displncémonn length. A 20 m a line based on
the roughnoess length alone fit the uppur‘three-p;inta of tha obscrvaed
profiles, Thae flow descont scemed to be complete, ‘Howvvor,'nt heights
greater tham 2 m there {8 littlo diffcroncu in the lines, Another '
possiblu rcason for the discrepancy is the proximity to the diﬁcontinuiﬁy.
Elliot's theory spoulfically applics at distances greator than 103 02’

and all other modals except that of Shir exclude the region where local

-

pressure Efjecta may be felt. ‘
There did not appear to be an inflection point in the

gbserved profiles, Hopever, no fimm conclusion could be reached on the
basis of so few,&ntu'pointa, a 1;rger number would be necessary to détcct
a change in curvature, The lower portions of the profilee were moré"
nearly logarithmic than the Patecrson model predicted This 15 in agree-
ment with the findings of Petersen and Taylor (1972), ééeh the Ellidt
and Glushko solutions provide a reasonab L fit to the data, In view of

the surface shear stress calculations. the Glushko model seems to be the'

best overall description‘of the flow mod{ fication. "

5,7 Some Turbulence Statiacics ‘ . : : .

‘ Exiating data fqr the moments of thq turbulent fluctuations
are inexact, strongly scattered, incomplete, gnd dq not agree wcll with
each other,, The ¥xplanation 1s.evidently the 20qa1derab1e et;or in
menauramenta'of curﬁulent quantities that havé quiCe‘large‘variability
both in the vertical and the horizontal, -even gbove a relatively f
homogeneous surfacq’1Mbnin and Yaglom, 1971, p. 518) The fast response
dafa btained at Chin madae posaible. the calcplation of the standazd .,
deviations qf the verpical .and longicudxnnl wind codponenta. The vertical
wind wap nenured by ‘hn aonic Anemmotar. 'l‘hg wind rpaan q(aa n\qaaurad
by cbq vaaa-pounéad horudncal propaller of the shear akress mater, and
idard dqvta;ion !ot the lon;&mqul smmmnt can be obutned , g

wRnis 1 it ,;gsvmmd that the, tcg; lcs of the two 1;:1nhlea

L
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The characteristics of the vertical component near the ground
ara reasonably well understood; the theory is relatively simple
bacause the proximity of the surface prevents low-frequency oscillations
from formidg. Furthexmore, the normal roughness length serves to rep~
resent Lhevterra}n effect on the intensity of vertical turbulence )
" (Lumley and Panofsky, 1964, p, 131), Thére‘is no doubt that larga-scale -
featur;s are unimportant (Monin and Yaglom, 1971, p. 518), 1In neutral

conditions the standard deviation 'of the vertical velocity is proportional

to the friction veloeity, that 13;” ) Y
€ = Au,

\ e value ‘of . the constant A, however, 1; a subject of much controversy.
jiatimatea have ranged: from 0,7 to|l.A. The mean value of all estimates
from atmospheric observations lies in the range 1.2 to 1.3 (Monin and
Yaglom, 1971, p. 520), A short summary of estimates is included in

Table 5-5. Monin-Obukhov similarity theory predicts

w vy ~F(!ﬂ0 o (

wherd F), 18 a universal f““°°*° QE the stability parameter z/L'f The

nature of the variation with atabilfbxﬁés 1ikqpiea a subject of debate,
e
v Revént work suggests that the ratio is not" dependenc on stabilicy axcept

a
’ ‘at.large instabilities where a slaw increase is noted (Bowne and Ball

1970; Monin and Yaglom, 1971, p, 519) o : ’

“

The standaxd daviation of che 1nn31tudinal component in
nautgal conditibna is also proportional to the friceipe velogity,
.1 M 6’ = - B Uy o v e

Lo

- Eatim&tea of tha constantﬁgbhava ranged from 2, 1 td-3 (g‘ Reeqnc
acwoapharic data syggest A value 2,5 (Bewne: and Ball, 1970), whila o

o laborngggy work suggeaca the vuluiﬂk 3 (Monin aqﬁ Yaglom, 1971, p. 280),.,
L .;" short sumiary of escimaqna in. inalpdad in Table 5.6, Jpere 18 evidenga
-y,;'; éﬂ“.ﬂt. &hat the' ﬁnlue varies with targptn CLumlqy hpd Etnaﬂlkyg 1% p‘ lﬁﬁ)g" #‘iﬁf

‘m Lar;apcch}q ﬁaheora nay vell he anqrcgng‘gn addit;nn co xgu hnasdy’
Amn amzamg‘mw pmu |
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Table 545, Summary of values for ratio o;v/u*.

Valua Source

¢
1,25 Panofsky and McCommitk (1960)
1.33 " Pasquill (1972) ° \

Gurvich (Lumley and Panofsky, 1964, p. 135)
Perepalkina (ibid.)

Klug (1965)

Panofsky and Prasad (1965) “
Mordukhovich and Tsvang (Pasquill, 1972)
Businger et al (1967)

> » »
~J

»

O P2 2 P P P e e (D O
» »
VD LWNWNDNNNNDN

.29 Busch and Panofsky (1968)
.35 .Haugen et al (1971)
‘g, . McBean (1971)
. » Laufer, Klebanoff,*Comte-~Bellot, Coanti
e A (Monin and Yaglom, 1971, p. 280)
0.9 Cerpak, Sandborn, Chuang
(, (Monin and Yaglom, 1971, p. 520)
‘ S
. . |

Table 5-6, .Summary of values for the ratie 6 v, o

value '  Site , _ Source

A ;o
2. 45 . vagious Davenport: (1961)
v 2,9 0'Ned 2}’ Lumley and Panofsky/(l9ﬁﬂ, p, 155).
2,5 ° Australia '~ 1bid, - C
2.1 Brookhaven - ibid, X ' .
T 2.3 . Tsimlyansk « Monin (151&1 ) - )
- 2,2 pipe’ flow “dbid, | ‘ o T
. e A0 JNeill Klug ‘(1965) 5 N
72,3 laboratory - Laufer, Klebanoff,’ CQm:e.nello:, Coandglll -~

e . (Monin and Yaglom,. 1971, p. 280)
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/’ Values of ¢, and f% ware computea using a 15 wminute nverng{ng
period ‘to coincide with the nominal 15 minute recording interval of the
mean wind speeds, Four sucly values wufu:thun averaged to produce an
hourly figure, This proccdure was followed by Haugen, Kafmal, and
Bradley (1971). ‘'he correspbnding hqurly values for u, ware than used

to calculate the ratios Glu/u* and og/u*. qulve ratios on June 30 gavo

\ : : ’

. ' dﬂv/u*rr0,94 s.d. 0,05
to F‘:\' - T? 61&/\1*::2.9 . 8.d.. 0.4

The gtability for the quiod of these measurements ranged from z/L.: ~0,39
to ‘afL= ~0,080, Ten ratios on July 1 gave ' |
C Swfu,=0.96 . s,d. 0.18
» | "\‘;Q/u*uz,z s.d. 0.2 " ay
with stability ranging froﬁ z/L= 0,075 to -0,003, The ratio O, /u* .
exhibited no significant diffarence for these two broad ptability
. categorios. If the indicatlons are correct the marked difference bctwacn
the values'for 0y /u, must be attcibuted to the affacts of terrain,
Alchough no obvious large-scale differe%;ea wera observed, a Lopographical.
map disclosed that the no¥theast flow St ﬁpne 30 was subject to different
large—~sgale 1nf1uencg: from the westerly%Ow of July 1, /The average
' value for the ratid o, Ju, is 0,95, which is in excellent agreemént with® )
the value for 1aberatory flowa Tﬁe avaraga value for the ratio 6, /u
is 2,6, 4n fair agreement with other recent atmoapheric values,
' . Since E= (1/2)((“ +6” s (w ) a value for the constant of
' .proportionalicy between shea: stregs” and turﬁulent energy can be obtained,
. o provided the rac!.o ﬁ,/u* 1s known, No meaaurement:a of the atandard
devj.gtioniof the lateral component werg- made, As with the other acqtiscios
| the dependenge of ﬂr'/u om atabilfLy gnd/or tarrain is' m open’ issue, e
"F, : ,‘,Intn‘ut:al condiciona ‘Monin and ¥aglom (1971, P ;18) gava the value Rﬁ
' ’ :':" .1, 7, the sdme Eor 1abom:ory flows,” L\xmlﬁy send &mgfaky (1964, P
C 0 146) gave walu «:ansi.ng from J. 5 o 2,6, Takauchi @wﬁé and }3.‘ \
O 1970) mao::éd m$ %me 4, 0, wh:l.le El.darkin -@wne am; Sa}l. 1970) ;
G =0 2,0 u, tqgg;l;gr ﬂi,l:h the N , )
. 0, 95 %‘ané n, .; a.ﬁ u* the tgsu}l.x;
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CHAPTER VI

MORE TOWARDS REALITY

1
.

‘Study of the change-~of-~roughugss problem originated with the
desire to understand more fully the effects of real Leftnin on the
atmosphere' Substantial effort has been expended and some progress

~ has been made, In developing tha thoory certain assumptions were
necessary to render the problem Lractaﬁle. ‘The most cowmmon assumpLQqns
' ‘ wera;: _ ‘ . - \
(1) neutral stabilicy
(2) two-dimensional, single, abrupt o nge of roughness
©(3) change 1n roﬁghness aioﬂh,‘no change in othex variables,
-+ o These assumptions effactively restricted the theory to somewhat

~unrealistic situations, For a model te be an adequate representatjon ‘

of the interaction between the Earth's surface and the atmosphekic - "

boundary layer, other, albeft complicating, factors must also'ﬂe ‘% ?/%>

considerea, ' _ . ,. ‘ f;' .;ﬁ'
' o o % 5

6.1 Noaneut:ql Staﬁiligx ) o ' . S o
Because the theory is tescricted to adiabatic conditions,

experimeqtal testing ia quice tedious, Neu5ra1 atabilicy, as noted in .

« -, the preceding chaptfr, is rather 1nﬁrqquent'[ Awq 'Eing the ‘time when
’ oA task, Onshore flow .

. such conditiqas ’o preseng themsalveg
at.a coast 19 an approximation chaﬁ'""

- rce of mich of the 4
,'4 data at preaenc, For the surface ﬁ@unda % prr hﬁér contynental land
axeds the extendion of the~cheory cp'inolugq all scabilrtiea is

1mpemc1va..""- | . " "' \ : P
Enioc §l958) reckoned tenunﬁely thnt ’.lnacabil.}.ty i[eqda to .

= a imail 1nerénﬂ¢ 1n the Hedght of the 1ncernal boundary liyer, and that

*‘ utgh#ﬁ*:y leads eo a qmétl decrease, 1!? obserVAgtona of Behﬁls gnd | ;
. pe .::sg d);la t.dag, and susgesmd fux‘ma: glw: t:he o L
| R L m _ bdundary MY\R!‘ height 18" dqpendent 'Y w:tnd spe@d. sln neqrnw ".’w
neuéml mnﬁ.mm ;he %mght 4emgm m m mcmued w;ug npqe.d gu )
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a {lat plate (Schlichting; 1968, p. 599).H In stable night-time cdﬁditions
the Opp?sfle oacurred:; the height increased with increased wind speed,
The re&éon, they surmised, was a tendency towgrh laminar flow, whigh
has loyér‘poundary~layep heights according to the classical flat-plate
theory (Schlichting, 1968, p. 130). Increased wind spead lncreases

- mechanically~fnduced tarhulen®e and destroys the laminar character of

hd f‘low,‘
. Blackadar, Glass and Panofsky (1967) developed a perturbation-

type theory employiég the log-linear wind prbfile for nbd~ddiabatic
lapse rates. elntegration of the equations of motion across the

Agodified region, with the constraints of continuity on the stress,

wind speed, and wind shear at the top of the layer, pr0dgced.an .
expressfon for  ‘2 h /’?(’/L) as a functiQn of the déwnwind'distdncé
from the discontinuity. The results were compared with the thedry of
Mi}ﬁke a® modified by Panofsky (1967) to include, dIEEbtic effects.

Both theories pradicted an ihcrease in the’ internal oundary layer

height with increasing instability, but the latter findicated a 1arger ':
-~ effect, Their experimental data was too scagtered to diseriminate
ﬁ? ‘ between the two cheories. - | R
wV; | ' . Several of the other mcdels 5150 lend themselves veadily to .
;f* ex;ension.intQ nonnadiabatic cohdftions, The analyaiﬁ of R, J, Taylor

M (1962) ‘can be made qpplicable simply by using the . streamfunction_
appropriate to the diabatic wind profile ’ie treatment of Dyer (1962)

' rould be - mbdified by making the expoqgnﬂs in the'power laws functions
- c . of atabiliﬁx Onchlbe variation of the ratio IR with a:abili:y is
known, uhe Peterson g Glushko models can qlso be adﬁpted . ) .

e Panquiu (1972) noticed that l:he curve for tha im;qr ace O
o o he;ghg is simgla: in shapg to the curve for the. 1ngrease wl:h diatanee
e o Qf the mm vertical duplacemeut oﬂ pagai;va\ particlqg ’relemed frgm A o
| mromﬂndiim’ n. mg amupd. H& drew 8 ﬁimpla Angig .
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beforc, thelﬁeighL was found to be greatest in superadiabatic and least

in stubke lapse ra(es o
[

6.7 Simultanecous Changes in Other Elcments

3

. A further complication ariseé‘whenlkheke are, in addition to

.a' change of roughness, simultaneous changes fn other meteorological
eléhcnts Although the mustard- fallow transition was treated simply o
as' % change in roughncss in reality, there. were also dISCOntinuiLies
in su e tamperaturg, héat flux, and humidity, The assessmegt of

~Dygr‘n ') was ifitended to provide working estimates\for the mod-

' ification of these profiles and fluxes, It'doea‘noﬁ, however, allow
for any interactions between -the diffusing agents. Some progregs along
these 1ines has been\made by P..A. Taylor (1970 1971). a ‘

The transformation of~other meteorological variables besides
the ﬁlqd profile has been’ studied by Nadejdina and Novikova (Panchev

, et al, 1971), using the energy bqlance equation and the Kolmogorov
expresaions for the exchange coefficient and dissipation rate. An

. approximate solumiun for the Lransformation of the wind profile/ alone

as a result of a simqltaneous change of roughness and tempera

‘stratification has been obtained by Dnitriev and Sokolova (P
al 1971), using, the wind profile-exchanga caefficient mode

Laikhcmnn (l964) The aolut@on revealed that che influence of the - \~

of turbulant exchange due to the diff@tgnt atratifiCﬂti‘
and downpc;eam flows, This enabled Zaltasev (Banchev e
simpufy the - equat;ens co the case 0f 3 qhgnge in acabilicy alone, )

al, x97i) %o

-

\

in upatream “‘,

. -

K SOr which he was abrbuto obtqgnﬂdn exacn qglution in Bessel fun?ﬁiona,l :

¥

l]»\ B 9 .
“" L, “.F \u-"“,: ' R . \ Loy va : ‘,'-.“'

C o : s
. . . Pge 4 c
' L , L {,; R e “ ' Y
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' v o gt . . . ! T A . o %
' C ) e ah R ' . | . . . v LN ) :
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6.3 Patchy Roughness

Yet another' complication is the finlte latéral extent of
different surfaces in real terrain. The theory nceds to be extended

to include the three-dimensional case, In addition, real terrain is

seldom simple enough to be represent~d by one or even several abrupt

changes from one uniform surface £o another. Internal boundary layec
calculations become futile. Smith (1967) represented complex terrain
by allowing the dragfeoefficignc to vary about a meaﬁ'value with a
speci fied standard deviation. ‘Thg resul tgs ﬂor h,per}odic'Vﬂgastion
shqwed that the height to which flow modifications penetrate depands

essentially on the éeriod of 6scillat10n, and to a.smallerAdegpeeweﬂ’/’/

the amplitude An observer flying low over an area made up of. fields

oﬁwdifferent roughness would record the oscillations, but the highep

he, flew, the smaller would be the variation The-effec s’ are dgmped '

. witﬁ alq}tude - ‘ '\: - . - ' . . v .

Pasquill (1972) applied his partidle sourxce ~momen tum aink‘

,‘,ahaloéy. A particular elementary area in isolacion -he reasoned is .

‘cqntinuously as the discance is increased further The functipnal fo

"will rise to a maximum &t a certain distance dodnwind agd shen fall of

sink' which will produce a momentum deficit a® any. giVen height Lha

he noted is’ the same as the gnqund leval dlstribution from an-elevate
source. Using :his it was possible c@ dafina the upwind ‘area of ground P,
within which the unit sink{' qomgnace the momgncum deficit’ 4t any -

«f‘parcicdlar heighc., The ‘cxdaswind and alongwind dimensions of qheaa
v;effective ‘areas’ were derivod from escimacea of thq ver:ical spread | ; .ﬁ

+*

"

.Th Iedimeosions are fatrly ggnsitive funetions of height and - are further '
‘aﬁ

cted by ggabilit;y and’ roughngds in mhqg prde;r 'maga greaq ‘are not, . ’

n; M -

qﬁ pqurse, ;he qn}y rouéhness elements aﬁ@ﬁagggg the flqw §r0pertiea at

- . Pd\?"' They are, ‘however, “the dominanc onges, Any OWtstandins blsser ‘- -':.
.fﬁaatuﬁa chsidgtthe area ; ~qlao gxet’ an rmpgxcanq ﬂéfac;, Nox g ot
th** m““““ ‘159‘°“°f 1 order ta obtain quantitative eatimgges.; ' }ﬂﬂffﬁla\

d o amm that the- dufusivgngfiam 18 hotia om:qny
‘paxsngly ip’ not. It B reﬁ&gqt che qpagial vari*c&g hrf'\
agen 19, 4**@“!2%% Newrmlg ' 3_'\"3 f91~° th%’é- mﬁ ‘w "f"s e
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. spectrgh analysis of cha t@l vapianqe given by a topqgrqphicar

P

1 natural Copography af the landSQape 18 still largelx unkmown. If\ b .
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~

v .

" ( . i
Aceordingly, mcasurements made at some position will be
! . ' ' ~

representative of the uhderlying patchy tercain only if . the patchinkss
is on a scale small comparcd with the effentizf source arca, As a -

concrete example, in flat rural Edgland the stafe within which most “

"

r
of the major roughness elements\are repeated is about 100 mx Pasquill's L 4

calculations indicated chnt meqsurements at a height of 50 m would .
probthy be rcpresontative » except pexhaps {n unstable conditions,

In areas containing cities with tall buildings the scale of \the, varia- K

tion would be some kilometars, and the hefght required fo epresentative

. measurements, some hundreds of’meters Attention is agafn focussed on

the use of 1ow flying aircraft as an aPproach to direct spacial averag'-

ing. Fiedler and Panofsky (1972) deducaﬂ .that the effective roughness B

of the Pennsylvania plains is about 40 em, considerablx larger than the "

-1 om figure usually ascribed co grassland, The 1mportance of indlvidual " *
obstacles ranging from: bushas/and hedges to woods\aqd bpildings ls e _
theraby con firmed, SR A ‘ o o0 -'V““TQ‘ .

The Koughness f ;*ﬂsanﬁ attau ..(.1_269)_ s i ts the objective f

dete:mdnat&pn of the domipant contribdtdr Lo the ef ective roughness  “ “

Lettau' 8 fogmula ‘ean be applied on Ehe nontinental seale,‘the effe¢c on L

the nerodynamie rOughneas dan be assesaed An0thar possibility ig . -

Profile curve ch -a techniQue w0uld numapically express the riletive
(Pous topographical feACMrégr—knplls ﬁidgas.  01
eeu&g” QPﬁ1L§iqd, of | cbqrse, by nheir Bﬂqgrapﬂldhl ff%Qandiwr
mﬂref@r? be possgblq. co 'exte'\‘r ‘hﬂ f°“ﬁ3’ness changa d}enﬁr A 4
realm of the plgnetaty boundary LaXer‘ /ﬂh@ ffect o ..t:hé L‘fg‘;.g?géﬂ%ﬁ_
ofu.toushnqsa on the sggat:mphic drag, Ggefﬁe.want ‘o 14 havg ng‘_rl;anta e

\Jm'_me aduoaphqu 88, & whple., ssma e  '  quh

impqncgnce of va
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- 7.1 Swmmary ' . ‘ o
. ~“The zoro-plane dlspln(owen( for mustard 55 cm high wns

found to ba 15 ¢m and to exhibit rather larho variations (ntandlrd
deviation 4 cm). This value was lower thah might be axpected from
most empirical ?nrmnqno, The ruughnesa of the mustard was determined.
to be 12 cm, fn close agreement with saveral estimates, nfost notably.
thae roughness elemént descrlption formula of Lettau. (1969) and tha

power law quoted by Sellers (1965, p, 150). The fallow was'found to

"

have a roughucss of 1 cm, . . .

Analysis of the downwipd profiles fevea}éd-aevefhl things,
The surface friction veiocity inferred from the wind gt 1/2 m oversﬁot
fnitially and returned slowly to equilibrium.% The wind p;ofile in fhe
lower parfp of the internal boundary layer was more nearly’ logarlthmic
than pfedictad by the Petqraoa model, In othér words, the height of ,
the internal boundary layer was somewliat larger than predicted. No
inflection,pbint ,was present in the wing proﬁ&le.g Although the Ellibdt
theory was in fair agreement with ,the data, overall, th; Glushko model
a?pén%ed to be the bept description of the flow modification, The
prasence of a'tero-p ane displacement complicated the iasue, eapecially
as the theories do Aot take it into gecount, R ‘
la value of 0,18 for the constant of proportionality

between shear. stfess and turbulent energy was obtained using ‘the
observed average values of Sw fu,=0,95, 6 /uy=2.8, and the #ssumed
value 6¢'fu =2,0, The two test days represented two bgoad stability >

categories, No varintton of & /u, with stability waa found However,

there Mere ut;ntttcnnt differances in the values of 6L /u,. " This
could .‘;: been the ttcc:-a& utnbtltcy. or, because the wind blew
from dAffarént dtroc:m";m th¢ twe mas‘dn;m this cwl&qttr&utcd
to the jaffect of la ,-ocﬁtn araplrttaﬂ of the terrain, oo
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7.2 " Recommendations

In weighing current knowledge a few general facts may be
stated in additfon to theose directly dinclosed by the bxporimznl
The hoight of the in(urnal boundary layer, rohnxdloas o[ {ta definit{on,
grows with (ha 4/5 power of distance from the discontinuity, For
representative wind profiles a height/feich ratio of 1/20 scems to be
adequate, for the turbulence statistics to be jrepresentativa it
appears that a height/fotch ratio of 1/100 to 1/200 is necessary, ,
depending, parhaps, Gn the sense of the change. Tﬁé turbulence adjusts
rather more slowly than the meaun wind, . | “~
Even for the sitple two-dimensfonal change-of-roughness
several prhctical difficultics remain. The solutions a;e fairly
sensitive functions of the reughness ratio,  In most appllca@iona the
downstream roughness is nol casy Lo obtain At Chin, reversal of the
wind direction made it poshible to calculate the {allow roughness from
observations at .the same eite as for the muatard In many instances,
however, the instrumentation may well have, to be moved in order to '
obtain representative profiles of the sccon isurface—ﬁrqm which to
derive the downwind roughness, The roughness formula oé Lettau (1969)
furnishes a means of éstimating the second roughness,.though with péor
accuracy, An‘impﬁyved method of roughneza qitimatioa based on roughness
element description would be moat desirable, The zero-plane displace-
ment 18 another issue, None of the theoriea hava included this parameter
despite ita obvious 1mpo€(anca when daalxng with forested or ukban
areas, Existing models will ha¥e to ba revised in soma way to daql with
this aapecl‘; of the flaow situation. New models ought to eqntain fthfrom
the outset. A further difficulty is the poutblq «pendmcl of both
the roughness and displacement lengths on the wind spood )
- No daﬂnithm final solution is yat aviuahlg, even for' the
simple ahangg-wi-rough\\en pmblem. One obaucla has been the pgucu.y _.
. of high qunut:y data, “Future expﬂ‘imonu nhould smploy as many N
sneromater heights as possible, particularly 4n the oonn"mugnl ,
lending region, te detect any R’ﬁm curvliture, Bm lﬂﬁc nhmlq! s
Klm be made to measure vertical protun of shear n:r«a o8 vell'ap .4:":?”" .
e%n downstream nm;m of the surface valus, Other ressarch NW ‘ :

A ',‘
=
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‘ﬂ\_.
e ?ﬁgtho extension of the theory to the various 'real-11 fe' situattons
discussed in Chapter VI.‘ This would also assist the oxperimentalist
in testing the different alternatives. The hehaviou} of the turbulence
statistics 1ia an important quostion to be answered. The hypothesis
relating shear stress to turbulent enexgy 18 in nced of verification,

for {t ia a powerfnl tool in studying flow development,
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* APPENDIX A , : \
~ , FIELD OBSERVATIONS : : '
[ ! )
*.  Table A-l, The downwind profiles. \ 4
I . a v ‘ I } ' ‘ a .
Time: ‘Fetch over ' " Height inm ) ‘ ! ,
(MDT) fallow (m) , ‘ . .
1/2 1\0 ' 2.0 "00 8-0 ' .
0640-0650 10 - 150 7 a6 . 252 ' 306
~ *opdo-orio 20 * . 190 s 2470 310
720-0731 “30° © 912 . 240 263 . 316
0755-0805 . -1.6° c - 248 348 448
. | e e o
1600-1615 . =l.6 Comz2 o 284 . 362
1626-1636 . . 22 354 - 405 . 465 554

" 16441654
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APPENDIX B
DETAILS OF NUMERICAL SCHEMES OF P, A. TAYLOR (1972)

The aquations of/the mixing-lotgthy Glushko, and modificd
Paterson models are all essentially parabolic in nature and can be solved
with a finite differcnce representation froving forward in x one sfqp at
a time, The mixing length modal gives rise to a single parabolie¢ sacond
order partial differential equatian, essentinlly in U, to be solved . ..
simultancously with the continuity equatbdd, inch'playa a sécondary > .
role in this context, The Glushkeo modal ngca twq simultaneous parabolic
partial differential equatlonn togethér with contChpuity, The modi fied
' Paterson model involves a aihgle parabolic partial differential equation,
the apergy equation, to be solved eimultannoualy with the two first orderx
eq&ltiona those of momentum and continuity, To avoid discretization
‘atfor'5 the transformation to a vertical coordinate J = ln (z+z )/z ol
48 ®smployed, All speeds &re scaled with respect to u,, and lengtha
with respect to 20t For computational atab&}Lly the 'diffulion terms ,
that ia, . /ay2 , are representad implicitly, A syatem of equations
can then ba set up with pnly a tridiagonal matrix to invert, The finite
difference grid 1s shown in Fig, B-~l, The grid spacings H and STP as well
as J, are changed in a block structure as the imtegration proceeds

downatxeam, as shown in Fig, B-~2,

B.1 The Mixing-length Model ‘
The horizontal momentum equation combined with the mixing length

-hypothesis in J coordinates 1s
- : 0 -y 2V ) 27T
. v, %R *‘;e w ;;. y e ¥
The first WM QMQ derivatives of U with respect to J are computed

from - _
Wy= Opa- by 02 N

s J.m“-zu +u“)m |
&n:umu“nm (~%) mmumm.
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U /ST W U - =1,2 ...N
U, (UN, - j)/ 1*+MJJ 1 ]

2 2
= . + ~2UN +
= KU (D204 N 2N ON )

This equation represents N simultnneoua\}inear equations in UNJ’ the
. T '
value of U at the downstream step, assuming that U and W are known,
é
In matrix form
»

- ‘ - 7 - F -
_Dl op, uN, B, .
oD, b, oD, ' UK, B,
a4 ) ] ~. : —
'onj' DJ.E)DJ'. uN, o an
i .ODN RN ] i UNN | | _‘BN |
The diagona)l and off-diagonal elédiénts of the tridiagonal matrix are
given by | '
DJ:UJ/STP + ZkZMJDUJ/HZ k
onJ:-k"anJ/nz

The elements of matrix B are given by

=U /STP - MW U + k"M DU, D2U
' « 9 uy/sTe - D0, | wypu o2, |
- The lower boundary condition makes no changes, but for )= N the outer /

boundary condition requires that » /

» p“_.u [STP + kZMNDUN

g /s'rp -unw"wn+kuunu (p2v +ALF/H) ) S

R where ALF-.-.».U “— UNN i- UNN . OI)N is unchanged, - o -

"'n'n crtdu;oml sut of linear a'qutton; can then be solved using a
direct 'two-pass' Gauss eliminAtion’ procedure, With the values for UN,
At X4STP the values of W Q“‘ mpuud uqtn; bacmm dtﬂanmt for

1,__ Jln(nm m.’ J)"" Jlam" ol J 1))Im R » ‘ "{

¥

: “

. This method was tmd by Taylor to be nm&lg tw: .u values of mg o . j

Tha values of the oontrol parameters and th and grid sizes md in PN

| this application axe in Table B-l, mum took mus 20 » b: 1
mmmuunmanmm.a A '
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4
g;vB.Z ‘The Glushko Model
¥ . ) With the coordinate transformation the goverping equatiouns cén
: : be written as | . B
U D AT YT S A W A L Y
0y e Twiy e TR (N ETY)
© Y U -Jaw '
" .o e T = © S
(S * ' e . '
a RE - AE g - B
""‘él U_S-K" + & wi} M/&E L 'b)‘) . ( . __j_;e_.
o ’ ¢
‘ In finite. diffarencelvfonn,"with ENj as the value of the energy a‘g X+STP,
< v the first and third equations become . ’ !
» M ) '
N U (un‘1 j)/s'rp + MWD L, e
::(1/2)”4 & 25k oo+ £ 2pou 4&t 2o, 2UN AN, ) P )
3 I | 0 J 1 3-1
K f
U, (EN, - EJ)[STP+ MW DEj . T
f
= k E1/2 ﬂ3/2& /k
-1/2 1/2 172
D2 ~ N
+(1/2)k M (Is:-1 DEJ+ EJ Ej-rEJ (EN 1 ZENJ+E - l)/H )
E passy 2 — L " )
where D j"(EJ+1 4)/?8 and D EJ (EJ . zxj+ EJ+1)/H , )
For the momentum equation the matrix elementa are given by ‘ .
. D, =U/ETE 4 kuﬁ}’zlﬂz | |
: oD =-(L/2)k ME ;/zmz L. ' o . ’
2 ..1/2 /2
U ~ W, 4 (1/2)k M 2U
By=UY/STE J 00,11 /20K y 1 0k +%,"% J)
o The lower boundarx condition does not affect these prteniom, buc the
Lo oucar boundaxy condition leads to -0 '
SR opgeugeea dbeglat S
, lum g/@mm"w“wn+ (llz)h "n“u” zunm + Bﬁ’amu“ﬂ" ALE/&) f e
, v
.o with i \mhgngad from the ohwc. RS T Lo T
St por th mmm anergy squation’ the nn:m: slmnm ari ;fmn hr
Ao L (6;"

e By jlm*u";}’zlﬂf L
v omlE 12 ‘
LAY :;_; 9‘*4 ;Qm“ ”;5 f“

SUCHE YRR
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| 1/2 2 3/2 ok
B'=U E, /STP- M W DE + k E-/ M DU°. E /k
N P10 10 R R T B I ¢ .
A
4 (1/2)k %y (E‘”2 i ;/ nzn) |
. . .
The boundary condition at the groun s;—, -~ 0o , can\\be imposed in the
form E0==l;l, EN0= ENI' This necessitates a (‘:hfin‘ge in Di’ namely, ,
» * . ‘
¢ Disz /STP+ (1/2)k M Ei/zlﬂz . .
ODi and Bi are calculated as before, but with E = El The outer boundary,
condition is 1mposed as E.N 1= 1,0/a. This leaves Dl; and OD}“ unchanged
76‘\5‘ has an additional term,
| . By =By(as %efora) + (1/2)k “uE /H
. Both systema are solved separately for UNj and ENJ and wj is computed as
in the mwi'xing—length model, . o
< Lo ' Tayloxr found that the system was not stable for all step sizes,:
‘and shorter steps were needed than in the mi.xing-lengtﬁ case, The values
used in this application are given in Table B-2, The computations
- Fequired 300 s of CRU tim; on the IBM 360-67,
B.3 The Mocﬂfied Peterson Model \ . .
Iny ¥ coordinates the governing equations can be written . \
w o _-fgw -Yar - .
. U DK + w ,ar = a S_j. .
Y +O'IL—W = O : ' ’ o~
- X ” . . ! ’
‘ - Ua’b +¢=”7Wﬁ z:'q"zc“'ru 'J'; (‘&’WL q%’(ﬁg'-f
I . . . ’K p ' A N ‘T B Lo
,{ In finite dxtfemncg form wuh ™, {, a8 the !tren at X-hsl"!' th% W"’“le“t o
nne:gy equation becma “ e o
o U,y Is'rmx T e
Ao : ag rﬁwf . 1) zn 3 (lem m:l mJ ;’* ,4; D
5 ERP . ;. N 112 . o ,:“.r . . *' . 1
«r L ~2TN ,+ R R i VS
RN S mmjx (mM ™y ‘m, lllﬂ g N

. . e .
7 . E oy o
: ? Yo . . L e # ]
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The bounda

TNO:TNI:

The outer

With the‘values for TN

" equation a
Tk

Vhere DTN

- 3/2, .
By= UJTJISTP MjWJDT.+ a TJMJDUJ a T IMj/k .
+(1/2)M k(TllzDZTj+ T}l/szi)

= o , is imposed as T

-8

»

ry condition at the ground, 2

4

0 =Tp»

v
_ ”l

80

1/2 2
D,=U /STP + (1/2)kM1 y R

boundary condi tion, TN 1= 1.0, reéuinﬁs that BN be modi fied,
=B (as befon') + (1/2)mNT”2 2

I the speed UNj can be computed from the momen tum

ccording to
UN = U+ (1/2)M STP(DTJ+DTNj
~_(TNJ 17 j-l)(ZH.

)/U STP MjwjuujluJ

Once again Taylor found that the scheme was not unconditdonally

stable, smaller step siées being needed thap either the Glushko or

mixing-~length models, The values uéed in this application are given in

Table B-3,
IBM 360 r767

The computations required about 450 8 of CW time on the

o
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APPENDIX C . o
| | / ‘
g -
\r . NOTATION B .
' T
A " constant of proportionality between the standard deviatiod
of the vertical wind and the friction velocity o
‘ - also the area of a lot containing roughness elements ¢
a ‘ oonstantrdi proportionality between the shear stress and .
" the mean tyrbulent energy L o
A,a,b arbitrary nstants in various expressions '
B constant of proportionality between the standard deviation
J of the longitudinal wind component and the friction velocity
eq - drag ¢oefficient relating the wing speed to the friction
. " velocity
. C41 drag coeffigient for the first surface defined in terms of
the wind at 8 m : Co
: °d2. drag coefficient for the second surface defined in terms
- -of the wind at 1/2 m .
- €p N specific heat of air at constant pressure
d -zero~plane displacement
also tha depth.of the modified layer in ‘the Panofsgky-
0 D © " Toymsepd theory - :
e . . base of natural logarithms )
‘ mean specifie turbulent kinetic energy, . .
E! flyctuating part of the turbulent energ§ ' R '
EL exponential integral, defined at first occurrence .
} l~~fi " blending funetion for horizontal velocity : N &
AR fi. ‘ blending fungtion) for shear stress e
, fq ' blending function for yertical velocity
o Fi. s .‘univaragl function of stability for vertical wind ‘
S fluctyations. ! | b
o ¥, b‘ l ’uniu}rgal fundtion 'of stability for 1ongitudinal wind . ;"
b Lo ... fluctuations e :
S £,F * universal functions gf the parameter 1 m the 'l'ownsend“ :

Lt
[
' .,'”

LQM of 'the ; "'ghneaa ret:io in the 1ntsrna1 boundary
SWHh, pguation proposed by Shix .0
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1ncompleto‘gamma function used in Dyer theory
indices

eddy diffusivity : '
exchange coefficient for heat
exchange coafficient for momen tum

exchango coefficient rtor turbulent enargy
von Karman'!a constant

constant of proportionality between mean scale of turbulenca
and height . )

constant of proportionality between dissipation length and
height in Glushko modal

mixdng-~ length

length scale in Townsend similarity theory
Monin-Obukhov length

ralated length (= KY/KM L) L
mean scala of turbulence in Glushko modal
dissipation length

. roughnessa change ratio (= 2 1/n02)
roughness change parameter ?a In m

number of measurement levels

‘also number of roughness elements in a specified area
index for iterations

also’ pxponant An one hypothesis of R.J, Taylor theory
paramater in Townsend similarity theory .
function of height only occurring in J9eobs' combined
equation of motion and continuity o
Richardson number "
parameter in Bunipgerwnygr-hulson diabatic profile

as a subsoript, indicates reference level
spacific or lot ‘area of roughness elements
sflhovette or crou-oaccioml area of typifllprsaghnqaa
element

tima . .
méan tempeiature over the profile -
tluntuntiu; part :ﬁacmmrnn&p

mesn horimontal wi

fluctuating part of horisontal wind

megn borisontal wind over first surface

N horizontal wind over second surface

i ,m velocity at surface :

ption velocity at first surface. |
'tﬁd%m ¥elogity at second surface - .

‘s velooity scsla in Towasend simflarity th

. dimensicaless dorizontsl velocity (v nh.;)‘ *
ﬁumtm paxt of hmﬂ wind _ :
m vertical wind | g ;
ﬂwﬂ:&m pu't ot mrm '1,514 e

Py
- B
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mean vertical wind over first ‘surface

mean vertical wind over second surface
dimensionless vertical wind (r w/ux)

downwind distance from roughness discontinuity
dimensionlass downwind distance (= x/z,3)
vertical coordinate, height
roughness of first surfacae
roughness of second surface
height of surface boundary layer
dimensionless height (= z/z,9)

symbol introduced to shorten the expressions used in the
iterative scheme for the profile parameters

e
)

e

empirical constant in diabatic profile theory

streaml ine displacement

dissipation rate

transformed vertical coordinate for numerical computations
(= 1n (nozoz)/loz)

. paramater in Tdwnsend similarity theory (=2/1,)

potential temperature

also concentration of diffuasing entity in Dyer theory
mixing~length at outer edge of boundary layer

viscosity

dubmy variable .

density of air -

standard deviqtfbu of longitudinal wind §omponent

standard daviation of lateral wind ¢omponent

standard deviation of vertical wind componeat

kinematic shear streas ’ o
kinematic shear stress over first surface . .
kinematic shear stress over second aurface ‘

'valua of shear stresa at firat surface®(=uf;)

value of shesr atress at second surface g qﬁ ) -

. non~dimenaional wind shear

also flux in Dyer theory

equilibrivm flux value in Dyer theory

centroid of region of atremline displicement .
stramfunction . vt .

valus of strpmfunction along the sgisemline CD o
m-dmumn m:tgtgy . ‘ ¥




