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DASIC LAWS OF TURMMJINT MIXINJ IN THE QROUND
LAYRU OF That ATowile' L3t

ry
‘. ’. V\‘M CI\’ A. u' mw

rd
”
e artiele vontaine on anal yata of the procesooes of
miaing 4n a turbuleat atearphore, based on aystesatio ape
plication of the asthoda of tha theory of stmilivuie, Kne
pirical data on Whe diatrilution of wint velouity undor
various conditions of texpurature stiratification are generw

alisod and & mothod {a mvmwd for somputing the auatasch
oharaotuiiatias on the baals of wvasuring wind velooity Anﬂ/
Ceaperature gradiem, . /,-

7
INTRODICTION

The queationa of the physiocs of tho groundi layur have occ\pied a consider=
ablv place in meteorological davestipgations during the past 10-15 years, The
lavs of the procosses in tho ground layor are of interest not only to agro-
aeteoroloCy, which studius the offeot of a "aotoorvlogical mediun® on the growth
of vegetation, Lut thay alse have a general peophyzical significance, since the
dynaxmi ¢ interaction of the atrosphare ard the uubstrate, the “"feeding® of the
atmosphere by soisture ard heat, i3 realized through the ground layer.

A large anount of rescarch ia tho field of groundelayer phywios Das boeen
. done at the Main Geuphyaical Obaervatory; the works of S. A. Saposhnikeve (1],
D, L. La‘khtuan and A, F, Chulnovukid [2), ¥, I, Budyke (3] and K, T, Timcfeev
{U) arv well known to Soviet motcorologists,

This icacarch has provided valuable observational data on the distribution
of wind, tezperature and humidity in the ground layoer, and a number of specifio
propositions have bouen drawn up on tho moethodolefy for samputing turbuleant ause
tausch characteristics (Dudyko, lLaikhtzan),

In this recard there aro still a numbor of dobatable quostions in the

theory of grouni=layer mixing, The simYest systcm of the “logarithmio boundary o

layer,* borrowed {ram technical acrodynanics, describes quite well the phenomona
in & noutrally stratified atmosphere, and i s supported by much epirical dsta,
However, this system is insufficient for descridbing processos in a real atnos- . )
phere where the temperature inhomogoncity 4s an osacntial factor influencing the |
dovelepzont of turbulence., This lattor fact (the texperature inhomogencity) de=
tuminos the epecific nature of the problem of atmospharic turbulence as applied
to ground-layar physios. ‘ '

The works of Laikhtman [5) and Budyko [}), as woll as those of & number of
Lareign researchers (Sverdrup, Roasty and Lontgomorr; see, €.8., (6)) have been
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duvuted to computing the influence of tesperature atratification on turtmlent
axchango,  The dinddvidual reaulta of thone works coatradiot one another} in many
roapesta the phystcal aenao of the tnitiul hypotheacy is utill not clear, Thus,
0.5, Dulyko propoavs that the atzospheric stratification do ronsidered witidn
the frazuorks of the ainplest systoa of the logarithaic bourdary layer, formally
roplacing the Karvan “universal conatant® by & variable paramotor, a functioa of
atratification, In Bulyko's system, the basio charucteristic of the substrate,
roughness, 18 aluo a functicn of motoorologl:al conditions, The purely formal

naturo of those melations is one of the shortconings of Budyko's systom, It ;

should wao be noted that the obsorved profiles of wind distribution with height
regularly deviate Crom the logaritimie law during stratification conditions
which diffor fron noutral equilidrivm,

Laikhtaan proposes a more caxpleto method of approximating wind and taaperae
ture profiles (an exponential law with a variable exponent), which makey it poae
aible to dircorn the noture of deviations from tho logarithaic law under various
conditions of atmosphorio stratification, Howuver, Laikhtzan's aystem contalns
t00 many {ree paramotora which have to bo determined in each individual case,
This ercates difficulties faniliar in determining thoao parameters fram ecpiricel .
data and decrcases Lho comutational wewuracy, ‘ ‘

Those critical romarks by no nicana are seant % detract from the value of
the results obtained by duwdyso and Lalkhtman whien solving individua) pmroblema}
hawovor, they indicate the nccossity of develcping the theory further and making
the initial phyzical hypothoscs zoro oxant, . '

When anadysing the highly complex phencawma of groundelayer turbulenco,
whore the tumperature factors play aa cuv...tial role, it s expediunt to use the
poethoda of tho theory of similitude which arv widely used in opplicd aerodynezios
and thormal physics, and are tho ganorally accopted acthod of inveastigation in
o aroa,

In 1943, A. L, Obukhov attecpted to opply methods of tho thoory of sinild-
tudo to prodlens of ground=layer physics [7). 7he results obtainod in this work
woro subsoguantly developed by A, S, llonin [8). The theory deveslopod in [7] anmd )
[8) evidently give a satiafactory qualitativo descri.tion of tho processes,

Furthemoro, the data used in [7] to dotrmino the nuderical parasoters 4n
the proposed systeas wore not sufficiently reliable (the critical Richardson
mumbor wao clatakenly assuned to bo 1/11, on the baxs of Sverdrup's data), which
pade it 1nmposaidblo to make direot wse of tho formulas obtaincd &in this work in

\ . .

actusl coputations,
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Tho prosent work givea an analysis of the frocosces of turbulent mixing ip
tho ground layer of tho ataosphcro on the basis of a systezatie application of
tho methods of the theory of similitude, and the valuos of the numerical parae .
zctors ar core exsctly defined by uming a sufficiently large amount of empirica)
data on gradient observations, obtainod from tho expeditiona of the Kain Coo= -

physical Obsarvatory and the Geophysical Instituto of the Acodexy of Sciences of '

tho USSR, On this bdasis, working forulas were obtained for computing the basic
characteristics of tho ground layer, viz,, turbulent heat transfer, friction,
the austausch coefficient, and moiature flux, {rox gradient measurement data.
The comprtational method is 1llustratad by specdfic oxamples,

1., THE IO0G/RITHIIC BOMMDARY LAYER

Yhen analyzing the processds in the ground layor of the atmosphers on a
thcoretical basis, we will proceod {rom the generally accepted systcm of a cu:«-
reat above an infimitely rough surface whose horizontel properties are assumed
to be nuito uniform, The averaged characteristics of the current in thda systea
are a function only of the vortical coordinate z, The wost imrortant charactere
{otics are tho momentum, heat, ard humidity fluxes, : :

Tho momentun flux can be treated as turbulent friction stress, Instead of

turbulent friction -

T o=pulut ‘ ) Q)
where u!' and w! are the pulsations of the horizontal and vertical wind velocity
components, p is air density, and the bar indicates averaging, it is convenient

to examine the dynamic veloclity .
7“ - v-%. ) ' (2) '

VWithin the confines of the ground layer, ¥ ard the turbulent heat flux q
can bo considered to be practically independent of helght s,

The condition that fluxes ¥ and q are constant {within the given tolerance)
can sorve to dotermine the actual concept of the ground layer. let us attecpt
to give an approxizato estimate of the height of tho ground layer on the basis
of possidle chanzos in v, Vo will procced fran the averaged equations of hydro=
wmochanice in a Coriclis force field, The corresponding equation for the x=coor=
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dinate (wind-velocity direction at the earth's surface) in a Quasistationary
¢ase has the following forus

BT L 18 )
o3 pox '

whore 35/3x 1s the pressuro gradient, ¢ tho Coriolis paramoter and ¥ the come
ponent of averagod wind volocity along the y-axis,

Lot us integrato both sides of the equation with respoct to height within
the licits of a lgyer of thicknoss H and estimato the right~-hand sides

T(0) - x(n) }*1;__35_5]
' olP x i

I

W)

Tho discarding of torm ¢V, leads to a strengthening of the inequality, mince
the Coriolis force partially compensates the effect of the pressure gradiont,
Introducing the dynamic velocity v, and the geostrophic wind velocity ve .

« (1/pe)|55/ax], wo can writo the resultaat incquality in the following formi
vz(o) - v2('1) & Hev o (s)
* w\! C

Lot us define K such that tho relativo change of vz in a layer of thickness

E does not exceed the tolerance e, 1.0,

v'(o) - v’(ﬂ) . '
a R )

g
v (O)
Ca t.ho strength of mcqu.u.iv (5) 4t suffices that
2
. (0) .
<2 . (7
v, :

in order that (6) be fulfilled, The ratio of friction velocity to geostrophie
wind velocity can be estimated to bo a value of the order of 0,051

v,
;: ~°0°s
[
Lram which it follm that

3 Y
HC?.S‘IO C"i;
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Thea v ~ 10 z/s¢c and & = 10¥Us0c=) wo got

E~a « 250 n,
With & tolorance ¢ = 207 we get the estimate of tha height of the ground layer
which we sock: . ' -

. x-son.. .

V7ithin the nuu. of this layer, v, can be considered practichlhr constant and
the affcct of the Coriolis force (rotation of wind with height) can be neglected,
The estimate obtained agrees quite well with observations,

Under conditions of neutral stratification the processes of turbuleat
pixing in the grourd layer can be descridbed by the systen of the logarithxie
boundary layor, The corresponding laws have bocn studied in detail in expari-
zental . aorodyramics, and are widely used in motcorology.

Lot us bear in mind the derivation of the logarithnaic law of wind distrie
bution on the basis of the yypotheses of similitude, Let us assmme that for
values of ¢ p by, where hy 48 the height of tho grass (the characteristic scale
of the micro-inhcmogeneities of tho suhntrate), the statistical characteristics .
for rclative rovenents in a strean ar» . nvuriant with respect to transformations
of sinilitude x' ® Jox, ¥' « ky, 2' = k2, t' = kt. In these transformations the
haif=-space z » O converges, while the equations of motfion remain constant, This
factor is the theoretical basis for the accepted hypothesis of similitude, Let
u3 also note that the natural scale of velocity v, = ,/17.7 reaains invariant
with respoct to the indicated transfomations, Let us examine the stationary
regime and ostablish a ratio of the difference of the averaged velocities at
two lovels z, and 3 to the dypanic volecity v,. The corresponding non-dimon—
sional magnitude 43 a function of 3 and 2z, and, on the strength of the sssuxp=
tion of the self-gimilitude of the current, can be a function only of the ratio
L U |

.. v -V ‘ '
2T e, ®

Lot us detormine the fam of functicn £({). Evidently for all three haights
l3 > Sz > En" ' ‘




Blsy) = Wyy) = Tlzy) - W) ¢ Wzp) - Wx) (%)

ard along with this,

.z}.-f}..:?. | . (m)'

o ST |
Fraa this it follows that functicn £ satisfies the functicnal equation

£ - %) - £(x) . 2Ly,

@ = el G o yfsy) Sy

The logarithaic function f(() = C1n ¥ 4s the only aolution of this x\mcuond.
equation, Assuzing C = 1/, wo get .
v(z,) = ¥(z,) -
__?._v_._fl. elyy 2 : (12)
- x "1 .
whore x is the {iziliar Karman constant, According to empirical data, x'z= 0\,
Equation (12) can be written in the usual differentdal forz, exemining the ine
finitely close values :1 and ¢

— v
ji-:-;: (13)

Equations (12) and (13) do not contain characteristics of a particular. substrate
but ¢an pertain to any substrate, if the conditicn 2y, 23 by is ful.fi.llod.).
Then, too, formula (13) defines only changes in czoan wind velocity with height.
Tho propertics of tho gubstrate must be considercd in order to deternine the
absolute value of v(z). .

Fow l¢t us assumo that observations of vind velocity are conducted at a
definito hoight H abovo some definite culstrate. Lot us csasune that we can cope

* duct friopendent oeasuraments of the turbulent friction and, accordingly, in

oach irdividual case wo can determine vow |/ /p . The valuo v,.can bo dotere

*) Doterrdnation of the valuos of hoight t 4in formula (13) involves a cortain
..ro.t.r:u-‘.noss in tho choice of the starting point for the cozputaticn (within

¢ linits of tho hoight-of tho grass hl" Havever, whon ¢ & h,, this indefi-
nn.oncaa {8 of no ai:;xificmt velue, .
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ginod, e,g., froo thermoancmozeter observations of pulsations u' wd wt, or

suzmarily, on tho basis of meesuramcnt of tho drag intensity at the earth's sure °
faco, 7This lattor method 18 uscd in practice when studying turbulent motion 4n

tubes, Sheppard [9] attemptod to use the dymamometric method of measwing ¢
under atmospheric conditions,

A cozparison of a nuster of observations of V(H) and 7 allows us to dotere
nine the relationship botween theso magnitudes. Aerodynamic experiments teach
us that with large Reynolds' numbers and surface "roughness™ the dependence of
% on ¥ is of a quadratic nature, from shich it follows that

v, = y(0) w(B) o

vhero y(H) i3 a non-dimensional coefficient which is a function of the propertiss

of the substrate, At a fixed height H the "drag coefficient™ ¢(H) can serve as

oh objoctive characteristic of tho proportics of the substrate with respect to

its dynazic influence on the curront, However, use of y{H) has the disadvantage

that a specific observation height must be selected. The deperdence of y(H) on

the obsarvation height H can be easily estoblished by sabstituting V(B) ev, /y(H) -

. in formula (12). For any two heights Hy, Ep H by we will nave

N S S (15)
ridy) ylHy) = B .
Froa (15) it follows that, in particular, y¢(H) decroases with heialt. Taldng
the antilogarithans and comdining the magnitdes which contein 111 and 32 TesPe0=
- tively, we get

R [ = w/y(i)) = By [exp = x/y(B)) wh (8

i.e., a nagnitude which is not a function of height, Thus the magnitude ho,
which has length, is deterzined only by tho properties of the substrate; it is
called "dynsmic roughness.” Let us express the drag coafficient y(z) by h¥

r(z) » — (a7
°
whonce on the basis of (iL) we get the desiroed wind velooity distridutions

Vo
v(s) » < in 53— ' " (18)




B TRNT U ST YT P T e ey A Sttt

T s Y

-8 -

The mothod [piven above for introducing tho concopt of roughnoss of the sube
girato has the advantage that it depends exclusivoly on tho properties of the

currcnt at rathor great heights, whero thero are sufficient growds for using

tho universal laws of developed turbulenco. In most cases, however, wo do not

have at our disposal the means for makdng direct measurenonts of + (and, ace
cordingly, y(H)), and in this rogard, when caking practical detorminations of
the characteristics of dynacde roughnoss, we aust use the proporties of tho wind
profilo which can bo detormined directly froz observations. TVhen dealing with
& nmature vegetation cover, additional difficultics arise in connection with
choosing tho start of computation of 2, A nuzber of authors (Paeschke [10],
Konstantinov [11)) recomsend the usco of a cortain arbitrary level 2 for the
start of height computations; .this level lies between the soil and the top of
the grass hy. This level can bo called the height of the displacezent layer,
Tha concept of "displacement heipght" 77 can bte introduced into tho general
s7atem a3 follows, Equation (13) describes the asymptotic rogularities occur—.
Tirg when z Hhy, and in this region 4t i3 inscisitive to €light changes in the
starting point for cozputation of z (within the limita of the top of the grass
hl). Let us now examine the region of values of 2 which, although they excood
Ly, are nevertholess cozparable with it, and arc such that the ratie hl/z can
buv treatad as a firsteorder value, To be pocific, we will cmpute 2 fran groxd
level, Ia this case, 3 numerical carrection factor £(hy/z) should be introduced
into famila (13); this describes the deviation froa the tutczadular regime,
connected with the direct effect of tho grass:

v Ve
i ' o f(hl/i‘-) (19)

Evidortly, when z—joo, formula (19) chould carvert into (13), froz which it
follows that £(0) = 1. BExpanding function f in ceries, we get

7.2 e aln/e) + 50 /50 o aa) (20)
dz x& .

Lot us now introduce & new starting point for computations of ¢, assmming
=3t ez, wioro 2! i85 cozparable with hy, and rewrito the equation with zoe
spoact to the now variabdles

v“

L, o [2¢(a~ %) (8, /1) » 3'(1‘1/s")2 * ool (a)

“l u'




-9-

Lot up oelect By ouch that in expantion (1) the firsteoider Lorm reverts o
soro, \Vith a correspondii ohoice of sy with an accurscy vp to the secoid-onder
torws, wa geb

- v

dv [

Smapen L1 ‘

Ny @
Thus, tho hoigit of the displaccaent layor can Le dufinod as the height of socae
arbitrary lovol af coaputation, using vhich wa oot the bast aproximation of the
wind profile by the logaritimio law in a layor aituated above the grass layoer,
Lot ua note that the phyaical doturmination piven above of dynamio roughuwss b,

' 48 dnsoraitive to & substitutiva of 8 = » for 1 (ince H phy)s however, tn the

final formula for tho wind velocity profile we ahould caloulate the height five
thao level of the displacement luyer, i,e,, Teplace 8 by 8 = "
v 8-
- *
v(s) = =20 "-x;-— ()
The charactoristios of the tubstrate, » and h,, can be determined empiri-
cally on tho basia of moasurenents of wind profile in tho layer abave tha gress

level, wdor conditions cloav to oquilidbriwm, Tov increase the cocputaticnal
accwracy wa should use data avoraged faor a group of analogous canos,

Lot us use, a8 an exazple, valuos of 3y and by according to Pacachke's work

{10] (tavde 2)s .

Tade 1}
Characteristics of tho substrute . .

sl,cn_h.cu

. °
Snow purfaco 3 0.5
Arpors 10 2,5
Sugar boot plantation LS 6.8
‘hoat field 10 s

Sauze data on tho Question of choosing the initial level 3) can be found 4n
an articlo by A, R, Konstantinev [11], It is warth noting that the dynamis

_roughrnoss of a whoat field 43 less than that of & sugar bect plantation, althagh

the graoss 15 throo times highor in tho first case, In the cazo ol a low grase
stand (ostoppe) the value of z) doos not play on osscatial rolo, and when come=
puting hy, and vy, froo cbservations made at hoights of more than 1 meter, we oan
connif.cr farmally that 3, = 0, 1.0, we cun compute ths height directly from the
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In Lurthor avetions of Ahie wwk, When sanntblig We effeud of stratlfie
catlon, W will donelune bt hetaht bn caloudatul fovm avao artdtrary lovel
{the "laplagumant Jayer®), not Latbing 4% io any way, wille the dynaate Daghe
nana hy will be caajputed Ly Aeas (ivin visravleristie of the substrate whish Lo

intepumiont of petearologioal el W,

By PALO CRARAGTERISTICS OF Tih TVRMMLINT RBUE IN
AN ITRHOLOJAOUS Th2 AT il

One of the mort iaportant ['edtical vharaaterdstdon of tUa turbulens regiae
10 Wie ground Jayer of the ataoaphore §a the veitiuel tuibulent heat Nux
Q- °p Tiru ¢ )
whorv o, 1a the speclfic hoat of Lhe al. at constant preasure, p 48 donsity, w!

and TV aro, roapeotively, the pulsatdont of Ww vertical wind velocity casponsat
and of veaporaturo, cawsed by the pudiiwge of tuwrbulent elcoanta through a glven

‘ point, ad tho bar indieates averacing, The sagnitule Q 48 Whe averago aaount

of heat carried by turbulent julrations scross & undt aroa por unit tUme, We

have sufficlent grounds for considurang that for all intanta and purposes the

turbulent huat flux Q 4a the growmd dayer wnder stationary conditions is mot a
funotion aof ho&ght'). Inatoad of § wo pay ols0 usu tho "“taaperature 'nvux'

5L = N7 (25)
P

Tho aacndtudo of the turbulent heat flux q car be dotermined diroctly ox-
perizentally, on tho basis of electronio peasuraieits of the pulsations of toome
porature T' and cf tho vortical wind velodd ty cosponent w'y, Uodern tethnolely
has chovm that auch measurencntd arv pussible, in principle [12, 1), Neverthoe
lost, in practice ono must 8till usv indireat nethada to dotermine @, based oa
slepler gradient measureamta, Tu dnterprot these ceasurovzents sorrvetly, ond
rust dnvostipate the eonnection butvecn the characturistics of turbulence @ ard

) Rorova arv dipressing Dan i exasinationof redirtional enarcy luxes, Striotly
sheaking, tho totdl flux g ¢ q is not a function af height; hore Qy is the

radiation flux, Then, oo, in the ground layer, changes in' the radiation flux
q, can hardly bo considored easential, This Quostion, howaver, should be tha

subjuct of special inweatigations,
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v, an! tho dlatribution of mean vind vedwily and teaporature, Whon aolving
Wl jeoblom wo wild follow the s thada of thy ey of sintlitude and attespt
o oatablih & vostem wilh A sdnalmu aedboer of paraseters idch dosartbe the
Wbl ont Bvglee In b intwaogenoovs twperature nwdiun,

The fahotgenvtitlen of the tanporature fiedd, boing of & oyatomatio nature
(ehinge of moan teaperature with hoight), oxurt a definite influcnce on tha gene
oral tuibulont regime (the effoot of Archimodvan forces), Providad that the
taporature pulsationa are adight compared with the woan tesperature of the
layer T,, the equations for t : dynamics of an inhonozeneouws temparature modiun
o be written 4n the fallen _ forme

]
L2
-

si¢ SI2
| [ ]

> oI o
- glF &

(26)

el2
(]
[
o
4
o"’;"
.

o, 2
ox

L
154
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In this syatem, P and T} inldcate devistions froa the standard values, The
sirplifications made when derdving tho system of cquations arornoglect of the
Cariolls farve ard tho radiution influx of hict, and also the linearization of the

- standard gtatistical distribution of pressure and tecperature, This latter in= |

dicatca that changoa in density dua to pressure changos are neglected, and it
assuxes that the doviations of cdensity and termperature from the s.t.andnrd valdu
aro proportianal (L. D. landau and E, M. Lifshits [1LL, chapter 5)). Theso sime
plifications, uscd in the convestion theory, allow us to drscribe the Archi-
medoan forco by tho component (3/70)71' Thus, the equation contains a dimen~
sional constant g/f,, vhich we should congsidor in the future when establishing
the eritoria of eminilitude,

Lot us noto that wo cannot lincarize tho ecquations of velocity variations,
since in this case turbulonce would be lost, In addition, in tho cquations, the
torns containing viecosity and hoat c.:..uctivity would be omitted™, It 4s

) Cnador conditions of & developed turbulent regime, these terms must be cone
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natural to wyrune that changos in kuan velocity oand temporature with hoight can
ba eapressad Ly coondinate s, parwwctur c/':‘o, awnd the "oxtornal muramotora® v..
and @, whilo the corresponding ejuutdons cun bo written in non-dimonsional form,
ainco thuy Jdo not contain oter dimceniionad conatants, This proposition s the
basio hypotheaia of the thoory of siailitude, forculated dn tho first scotion of
the proaont work, genoraliewd for the case of an inhosogenvous texporsture nodium,
e Rypothoais of the theory of similitulu which wo wiod agroes with

oquations (20) and 4o equivalunt to tho proposition that the system of equaticns

(26) together with the condi.ivna

wial e -;:—5 » conat, '
‘ (27)

« fu'ml » 7 'w const.

arv an analoguo of tho boundary conditions and defino the statistical charactor=
isi.ce of the turbulent regime uncquivocally. Thus, the throe paramotors ;;/ro,
Vgs and q./cpp ¢an be considored tho definitive charactoristics of the turbulence
of tho ground layer {in tho layer above the grass), Froao thosoe parxzoters we
can establish uncquivocally (with an accuracy of the nuzerical coefficients) the

scale of longth L and teperaturo T,, which can be written in the following forus®

vj 1

» 1 g9 (B)
L",‘g__g:' 'r'.-““cp | (8)
e P N
o P

It 18 natural to uso dynazic velocity v, as ihe chairectoristic velocity
scale, Tho minus sign ard the Yarran conctant x aro introduced for the sako of
convenionco, The signs of L and T, aro deterzined by the nature of the strati-
fization, ith stadble stratification thoe turbwlent heat flux is directod downe .
vard, Q € 0, and correspordingly L > O ard T, > O, Uith unstable stratification,
on the other hand, @ » 0, L<¢ 0 ard T, < 0, Thus, wo zust visualize two qualie
tativoly different regimes, carrespording to the casca'q ¢ O and Q » 0, These
regimes should unito as conditions of ncutral stratification (Q = 0) are sp=
proachad, - -

Lot w exanine tho non-dimensicnal magnitudes 55 %—:- ard :\z: %}: (from now on,

sidered only when invostigating tle very finc dctailg of the microstructuroe of

tho wind ard temperature fiold, The vertical transport of meccntum and bt &8

causod by the inhozogereitios of some "zoan scale," for which the direct in~
fluance of viscoaity end heat oconductivity gxe rathor slight,
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the bar which inlicatos averaging vill be omittod). Theso non-dimonoional
charactoristics of the averagod fiold of volocitics and tomperatures should bo
Jdofinito functions of the "external parazoters™ oard of coordinate s, 7Ths only
non-dinensional cozbination which wa can make fream Q/o,e v., g/T axd 3 48 3/L,
Lroa which 4t follows that |

B . o) (29)
;:g_- o,(2/L) Lo (30)
w
L ' '(29-)
da 'u'ﬁ ' ' o
ol
Car T e (301
et & {z/L) -‘ 30 )

where T, axd L are deterzined by forzula (28),
Let us introduce the concept of the austausch coefficient, Let us asmunme

forzmally that

o)

and call tho dynamic austausch coefficient and the coefficient of turb\.nent. beat

conductivity K ard Kp respctively. Introducing the zagnitules v |/ t/p and
Ty = ;‘—--3-&1 place of v and Q, ard using equations (29) and (30), we got

Qop
‘KV“B WOS
Y R N o) e2)

Yow 1ot ua exazine the hypothesis, sharoed by a nﬁjoxity of motoorologists, that
within tho lrits of motearological obacrvations woe can consider that K o Kp ¢ »

*) Conorally apecaking, K » xr, since the offect of proscure pulsations, as well
as mixing, can bo expressed in & mountum exchange. Ibwover, as of now we have
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fraa which 4t follows that
(/L) = &) « (/1) (33)

Tho ginilitude of the temporature ard wind profilcs follows directly fm the
accepted hypotmm t.hat. K = Kpr. Dividing (30) by (29) we get
LYY :
93 O B4 ' (31‘) l
cv Gt Ve ' '

and, accordingly, for any heights Ey ard Hy
xT, _ ' o ,
TR - T() = = [WR) - ¥R (35)

Thus, the ratio of the difference of mean tezperatures at tmo levels By and By
to the difference in velocitios at the saxzo heights i3 not a function of choice
of heights Hl and 82, but is dotermined entirely by exteraal cond.itiom - the
ratio of tho turbulent heat flux q to turbulent drag resistarce <,

Let us nor show that tho ron-dineasional factor «z/L), where L ®

== » 43 directly cornectad vith the Richardson nwber at a given level,

[} p :
Substituting tho values dv/dz and d7/dz, deumined {roa.formulas (29) and (30),

in the expression for tho Richardson nuatos

*5e3

(36)

b

Rt &
‘o (dv/dz)

wo ;o

no conv.p.~iry ovidence that this differernceo fu essenti al. Tho theory developod

in tha present work can be gencralized for tho case n.,/n = ayl if we roplace
2 by Ta in all instancod,

*) It follows that T ghould dindicate potentigl tezmpersture, since T doos not
chango with vertical shifts of the turbulent clexants (the stuto of tho lutier
can bo considered cdiabatic)., In tho grourd layer tho nuscrical values of po=
tontial arnd colecular temperature are very close, With tho large tezperaturs
prodients usually obsorved in tho ground layer, tho diffcronce between thi goae
dicnts of potentdsl and molecular texperature aro inconsequential; howovur, 4
states clooe to isothorwy, this difforanco is sipgnificact,

4
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RL ol -2-———?“5 ‘ (37)
%o v, o(s/L) '

" or, using the dotarmination of the scalo of L (28),

Ri - . a%zy (38)
Croa which 1t folloms that the dependonco of the Richardson number ca height is

dofined by & single paramoter - tho scale of L.

Ccaparing formuia .(32) for tho austausch coefficient with the expression
for the Richardson number, wo got an important relationship be‘b.ecn tho auetausch |
coofficient, the scale of L and tho Richardson mmbert

e

x-xv’LOR'L . - (39)

Lot us oxplain tho physical sense of "the scale of L." Under any con=
ditions of stratification we bave ) '
L . (w0)
Lot us fix value z and Gecrcaso magnitude q infinitely, approaching the
conditions of moutral stratification, wvhich corresponds to infinite growth ot

the scale of L (with respect to tbsolute magnitude), Obviously, within tnis
range, we should obtain formula (22), from which it follows that:

¢(0) = 2

Under glven extornal conditions characterized by magnitudes v, and q ard
tho corresponding magnitude of 1, in the region of values of z which are quite
mall cozparcd to I, o(z/L) will be quite closo to unity. This indicates that
austausch conditions with ¢ & L diffor little froc austausch canditions in a
noutrally stratified atmosphore ard, gccordingly, turbulence is caused m.i.nl;
by puroly dynamic factors, Thus, the scale of L, {irst introduced by Ob\.;khov
[7), 48 w izportant physicel characteristic of the state of the growd layer
and ‘can bo called the haight of the substrate of dynanic turbulence, On the
strongth of tha fact that ¢(0) @ 1 and formula (38), when 80, we got
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L. (an/on)_, ()

This fomula can servo as the baosls far determining tho scale of L from ompiri-
cal data (fran the wind ard temerature profiles),

Tho function ¢{z/L) should, in the general case, be dotermined from the
aggregato of empiricid data, It should be noted that tho data availadle at
prescnt aro insufficiont to determine function ¢ relisbly in a sufficiently wide
rango of changes of the argument z/L. ilowever, a number of important problews
can be solved for the case /L € 1, whoro we can lizit ocursolves to the first
temms of function ¢ expanded in sories. This case requires special examination,

3. DETTRIINATION OF THE TURBULLNZE uI”mRo'CTmSTICS M
DATA ON GRADIENT LEASLRERZNTS :
In the case [z/x.] < 1 we can 1izit oursolves to the first terss of the
function ¢(z/L) exparded in - power series ard asmma

oz/l) a2e3F . 2)

vhere 3 is some universal constant vhich can be determined on tho basis of one
pirical data, From fomulas (29), (30) and (L2), integrating with respect to =,
we gob

' ¥
v(z) = -;:: [in (z/bo) « p(z/1)])
(43)
T(z) = T(h)) = T, [In (2/b)) + 5(z/L))

Hero wo replaced the campononts 8[(z-h,)/L] by 3(z/L), with the intention of
using forzula (L3) omly whon g YEe

Let us note that analofous forzulas can be used to descridbe ihe profiles of
the concentration of any passive substanco in the ground layor of the atmosphere,
For exarple, with a stationary turbulent regiro and the abseace of phase cooe
versions of humidity in the atzosphere, tha verticil zoisture flux ("rate of
evaporation®) E = pW'Q' (Q 48 specific humidity) can bo considered independent

of height and, analogously to (30), we can sut

(W)

ol

Q
- A 1
& "M i
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. . 5
whonoo . N .
Qfz) = Qlby) = Qi (s/) +5(z2)) - WS) T
Pinally, the exprossion for the sustausch coefficient X » xv, L « Ri in approxie
zation (42), according to formula (38), will have the foram .
xws S
X(z) = - L6)
183

With equilibriwm stratification (|L]e o) we get, fran (L3), the usual log-
arithaic formulas for wind and temperature distribution with height, Non-uquie
librium of stratification 48 described in (L3) by the component P (z/L) and leads
to regular distortions of the logarithmic law, Vith unstable straﬁ.ﬁcation
(L < 0), intense turbulent nixing leads to equalization of wind velocity in -
different layers of the atmosphere, so thet the wind velocity should increase -
with height more slowly than in the case of necutral stratification, i.e., 3(!/1.)
should be less than zoro, :Accordingly, B 2> O. v2

Forzulas (L3) for v(z) and T(z) &aro in good quantitaey
tive (ard, with correct selection of the paraneters, sleo
Qualitative) agreezent with the observed profiles of wind
velocity and tooperature in the ground layer, Actual nea- ‘
surauents confira the presence and nature of regular de- Instaoility »
viations of the logarithaic lsw in the wind and tcupera= P& ' R
ture distribution with height, indicatod by formulas (h})j/l‘ Stability
This can bo seen, o.g., froa the data of tadble 2, which .
ghows wind profiles averagod by groups with an :bdenucal

Suoiiny

4

statdlity parazoter S e -5- —2- (waken from data of tho Main|

C G
Ceophysical Observatory cxpodiuons of 1945 [15]), 15L7 .}wbluty
[16) and 1950 {17) and the expodition of the Geophysical *

Instituto of tho Acadezy of S:iences of the USSR 4in 1951 ‘J_ \\

[18])). 7Tho form of profiles v(z) ard T(z), in sgreccaat )
vith forzides (L3), is given in figure 1, Figures 2 and E?&:'mg“:“m of.
3 gve tho avoraged profilos of wind velocity and tea= ture rofilos,
porature obtained by tho 1951 expodition of tho Gcoprvsical Institute of the
Acsdczy of Soiencos of tho USSR ) :

1 LON OIHAVES

1qe

1
s

*) The ctraight dashod 1inos in figures 1, 2 and 3 -carrospond to the logaritinis

4
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Todlo

Wind profiles, detcrmined by groups with an identicsl stability paraneler 8,

1948 Lain Ooo;nyaic.:.l Cusorvatory expoditica
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Tabls 2 (concluaion)

1960 Main Ceophysical Ouservatory oxpediuc;n

%o = 0.8 ca

- Ay
Iden‘.!-‘i‘l, r ' Wind srned Z.[Joc)n’hwmw el
o, lp‘:&m 100 58, ul 0 u‘ salual™
-8 19 —.42 1054 {00 0|t W] N L‘.‘u‘n 0,12 v £5.3
- v —ts lore szl iwfinnj2wjo] 024 2.4
-4 0 atx [t |t slase o) Oy 33
-3 RH et Jrc2 sl zun a3z 7e] 3,250,360 w04 0.4
-2 1 |y Jrpm]zanlza2e 3 av]3ss |08 0L 103
-1 1" w03 Juar a2 v {30l smfudr] 00 143
.9 3| -003 fuse ]33! 500]0,6]~0,01ts.2
.8 bt} et | 300 aiw | s | saw ) o2 | 6.08 | 0,5 [~0,00063,2
. 2 23 o fooan ] oow 0,33 ] 361 4,10 ] 4,40 0,00 |~D.43,-20,0
3 ' 02 {24t ] 3,20]3,50 3,88 ]4,15] 0,58 |~0,U—17.8
S % 0026 {20 | 2o | 3,30 | 3.0 | 308 | 4,10 | 0,00 | —0,00—11.3
S k3 029 2.0 | 250 300 3,05 {300 | 4,10} 0,47 [ =0, 12,6
6 hd 0.3 |2.25 | 2.0 ] woms | a6 | 3,06 | 3,42 0,52 [—0,01=13.0
L N 31 00,46 | 2,08 | 2.3 | 2,09 2,58 | 3,00 | 3,40 ) 0,0 § 0,05 ~11,3
. 13 0.06 | 1,68 ] 1.5 2,19 2.0 | 2,062 | 2,80 | 0,43 | —0,05~12,
] 2 0.25 [oevlama] tom | 208 ) 2,20 | 2,38 ] 6,35 | =0.04=~10.2
10 5 .2 [l nss e e 5w | 2,00] 0% |=0.06 =03
i 3 1 [ o [ s ] s ] 1.3 ] s,58] 4,58 | =008 22
12 i O {00,531 0,80 | 0,08 [ 3,02 ] 5,08 8,00] 5,88 -0.01-4.6

.

1951 expedition of tha Geophysical Institute of the
Acudecy of Scloncou of the USSR
8, *1¢c3
Loent asber Veno spred (= soc) at hasom (o) ,
Lo« r of 100 . i ' 'Y ) 0 T s
3mm » 1.6 3.6 i “ ! LK}
- 8 | w22 ]2f3,001033] 0 1.8
-1 Hol eou [ uas 23w} jealoan; 0 3,0
. 0] 0 oer l2viianleon]s,92]s.20)568107) 0 2%.0
s 7 et | sor |6 fa,2nt s le,n]6,88]8,00 ) 0,00i18.3
2 19 0 W | N0 | 4,00 ] 4,00 ] 4,45 4,77 ]3,00)0,70 |0, 10,3
3 ] ot | 2,23 ]2,58 ] 2,80 )3,1013,28]3,45{0,54 0,08 =70 -
‘ .

T
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ﬁalstcnd {19] in'opouod that the influonte of stratification be computed by
introducing. corroct:&on factora into the logarithaic formulas, analogous to (L3),

" but without analyzing tho coefficients frea | E
tho point of view of tho theory of similie :
tuda, , ; 3
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ot Fipure 3. Averaged temperaturd
Fguro 2, Averazed wind profi lc: ac= profiles according to ex::pirica.l

" o

cording to «pirical data, - , data,

hpzroxizating she measurod wind and temperature profiles by formulas (L3),
%o can doternino the turbulenco characteristics from gradient mcasurement data. {
In practice, during such an approximation we must {irst deterxinoe tho starting
point for cocputing height % - the ttickness of the displacexzont layor, The
magnitude 3 cun Yo dotermined experizentally, 8o that on tho graph with the
logurithzic scale the wind profiles, corresponding to cases of equildidbrium strde
“iffcation (i.e,, sctually, to casos of isothersy) would be depicted by straight
lines with reaspect to helpht, Extrapoleting the oblainad rectilincar wind pro-
£ile gxraph to zere valocity, wo gut tho value of the roughness beight by,

The magnitude by wrd tho parizotors v, /x and /L which entor into formulss
(L3) can be most accurately doterzined by using tho loast~squares method to pro-
o33 the wird profiles measured 4t the suzo station, fonerally speking, under

b e ot e et e =

s B b P, v, PO N, .
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various conlitions af stratdfication, Thun, savueing

vi(u) - *;(Y *log ) e C‘l
for vach profile, whore 4 is tho nubudr of the profile, and veleoting LITR
ard €, Locause of the roquirasunt that tho suu of the squarvs of the deviations

be minloua,
2. g: [A(y * 203 ) +C.n, = v, () wn

wo got for oach profile

v A ' ]
—.--—-—1-—. %.X&mlo
x i

and we Lot & cocaon roughness hoight by = 107 for W) profilea, "
Ha\'mc dotorzined $/L for cach profile by tho indicated muthod, knowing by,
T ) = T(8y)
and ccoputing tho value of tho stability ru'a..nwr h —11‘—)-:- (where,

v¥(
0 les 5y 0.5 », elw 33 =2 n), %o can deteraine p. using the forwula

.2_72_“1“‘
‘r:“‘/% i ““‘56 «1r (48)

2 \* B
2 3 % )

in 1 = e
5:) ( Lo £./b,

]
which followa from (L3). Tho nusbor § can bo deteamined aa the regrossion co=

efficient of valucs of F(B/L), computod from the pioviously calculated B/, for
the computed values of S, Tho regression coefficent §, cozputed from the data
of the four oxpeditions listed in tatlo 2, is v, 62; the accuracy in dohminuu
5 4in this caso 18 probably not more than 102, A dotermination of § froa the
data of Just ono Vain Geophysical Observatory expodition [16) yielded a value
of 0,57 )
Using forzulas (L3) wo can computo the drag volocity v,, as woll as ths
turbulonco characteristic which has tho most practical Intereut, 4.e., the heat
flux @, using tho rosults of wird volocity ard tenperature moasurccents at only
two heichts. For exuzple, lot 3 = R/2, zp = H, and 53 = 2H, and let us ssoumo '
that tho values T) = T(sq), T3 = T(23), and vy = '('2) n/sec have boen measured,

. Thea from {L3) w out
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» Quire a relativaly lnplu forn,
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V_ & s ---‘-
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Wopk[1e =lon log
o et o 3
[* )
(7, = ) lfy e 1) .
oo et ,."\-‘3.._.. . 058 ..;_,._,;_\l o) W)
(1 ep : .g 100.»5 onludn
Nln -

Nere wo uaed the value n = O.L) for Wiv Kotwan conatant, e ssgnitude XL Se

dotuinined frua relationahip (Ld), which sasuvs Vhe fova

5 o i ($9)

‘-.—&.Y..c.\‘s 1 e ;Qu\
10‘“&-
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where D » 0,107 I (deg noﬂl)’ . -T}--.y-:-}- s ¥hile H and vp 119 apreasud 4o meters
e .
and /uvo, tvapwtivwly,

D dnfluente of stretad fication on the meondtudes b, and q {8 oxprossed by
the sppoartnce of the componunta with H/L in the denoainatoms of foruulas (L9).
A% & Fule, thu corvestion for stratification appvara to be alight (K/L~10"1),
which 10 natural, ainge turtulunce 8 the Jower part of the ground layer La dew
tenaincd wainly Ly dynanie fuvtora,

Forudas (49) wnd (50) out Lo ubulu) when cavs=procuasing the gradient
In woutfac casey, wath faxd hy and H, these formiles ace

wudgurazont data,
For vxuaple, whea hg w 1 oo and i = ) ay wo have

D-l—z L-—O.l.‘»'é%(l*\h"f:fmn‘
Vr, : .
N (52)
olms v'\ n v (Ql - T )
V. ® s R - o' . L CI\J
‘e ~5-‘£-” TR 19 MR alain

Exarples of computations of the turbulent hoat flux @ (fron data of the
Goophyw cad Instdtute of the ;cadizy of Sciances of the USSR expodition of 1951)
are Givon in (18], Coaputations using specific data show that the scale of L A»

)
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usvally of the ondar of 10 m, and it approachea Y-U m only 4a opecific canes
\./ with great tnstability or abrupt invorsions, In causos close to isothermy, L
reaches valuos of soveral tens of wotors, Tho drug velocity v, o about 8% of
the wiral volowily at 8 m with wiatedble stratification, ard about 5¥ with stadble
stratification, In Kazakhatan, in swner, the turbulent hoat flux ¢ reaches
0,25 = 0,)5 cal/ca™min on hot aunny days, while 4t is of the order of 0,06 oal/
caluin at niyut,

Conaidering that some rezoarchers ute tha formulas propoaod by Bv ko [3]
and Latkhtzan {5) whoa daeteruaining the turbulence charactoristics from gradient
measurcuent data, let us dorivw the rolationship botwoon the scale of L ard the
basic parsdeters of the Budyko und lLatkhtzan farmulas, ' Budyko spproximates the
wind profilea by the legarithxio e

V(.l) mhff; (52)

whore m 48 a paranetar which 48 u function of atmespherie stratification (with
neutral stratification, m reve . to unity). Equating the expressiocns for v(azY/
v(sy), camputed frca formulas (h_}) and (52), wo get tho ratie '

nu .« (z./8)
e. Il 3

£2 !
lllni-;;-r.zlnw "(tl-r.a)hl

- : . Passing to the nnxs whon $o—3 5 = fI, wa Zab
R In ' e
’z' = 13} (%) .

l=1lng +la —&3
Luikhtzan approximates the wind profiles by the oxponential laws
‘ . P hg .

v(z) = v(s,) ;E-:-;-E o .(55)
whoro 6 13 a parasetor which ia a function of atmospheric stratification (with
noutral stratilication, & rovorts to zero)., Equating tho expressions for w(zy)/
v(al), cocputed fraa formulas (L3) and (55), we got tho rolationship

: (gg-ug)n%-(zi-h:)u;% 56
Lo (-0 - (G-
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Passing to the linit whea ty w2y = K, wu pot

510 p- - (3 - (8,/0)%)
H ]
. 3 " - : (s7)
lefe (bo/H)b .

Takdng advantago of the fact that tho value of & is insignificantly small, and
expanding tho righthand side of (57) 4n scries according to the S-exponents,

we got the approximation
. 1:.2 B " —
Y
Y (58)
Bt |
(-]

~
-~

B

[ Bo0]
N o

L, ASOPTOTIC FORLULAS FOR TiE WiJ VERSAL FUNCTION

Froa formulas (30) and (LO) it follows that in a staticnary turbulent

growrd layer, the wind and tcapcrature profiles can be described using one unie

versal function of 2/L. Thus, integrating (30) with respect to z and setting
€
£(E) = g -‘ﬁ%-ﬂ, we gaot
' v@ .
v(z) = - [£{z/L) - £( .JL)]

Tz) = T(a)) * 7, [£(z/1) = £(5,/1)]

In tho presedt acction wo will investigato the form of the universal finte

tion £(z/L) taken as a whole, )
Sinco ®{£)—v1 when £—0, with small z/L the function £(z/L) is o an

asymptotically logarithaic natul .-t :

£(z/L) ~1n,%l ¢ const, whea | =

<1 (60)

R4th darge ;/L tho asymptotic behavior of function £(z/l) will differ in cascs
of wnstadble (L € 0) or stadble (L > 0) stratification, since in these cases there
are actually two qualdtatively diffaroat rogimes of turbulent motiona, '
To malyzo the case of unstable stratification, first lot us oxazmine the
ldniting caso of purcly thermal turbulenco (with ao wind), In this caso, due to
the lack of an averaged wind, the friction stress, ocn an average, will de zaro

(9
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(v, = 0), while the turbulence recimo i3 characterized by only the parametors
q and ¢/7, (the turtlonce reccives its enersy exclusively {rom the instability
energy, and therefore is a fuwnction only of the degree of 4nstability, chare
acterized by tho heat flux q > O and of the magnitude of the Archimodean forces,
characterized by the paraseter g/%g)e

Vie cannot form the scale of lergth from the parazeters q ard g/’l'é; thero=
fore, the rogime of puroly thermal tuwrbulenco is aut.onodul..r s d.0,, A}
its charactoristics are combinations of ¢, g/T,, and 2. Froa the concopta of

dimensions we gol

Ta) o T, v 5 (o) (/23 @)

where C 45 the non-dimensional (universal) constant, the factor % /3 is intro-

duced for convenience, and T, is a constant which has a temperature dimension.
Tram {61) it is evident that with an increase in height the distributica of
temperature approaches 1sothe-w~). This is natural, since in the case of un~

" stable stratification at greal. heigihts, large turbulent elements develop (whose

dizensions are limited only by the & stance to the earth's surface), brinzing
about vory intense mixdng of the air, vhich leads to an equalization of the tenm-

perature mrolils,
Freaa (61) it follovs that the-austausch coefficient

- 2 (o, /3 WM a3 (e

%
d-

rapidly increasos with height, vhich is e Tlained by the augmentation of the
turbulent eleoents with an anrc"sc in height and the aim.lt.amcu increase in

the intensity of the p\usauons e
Pomny, formula (61) can be written

T(z) - T(b,) .
——2c (V3 oc (x:‘,/x.)'l/3 (63)

[

*) In (61) wo are speaidn: of the approach to "potential isotherny™ with an ine
crcase in height (sce footnoto on pago ).

)'mo conccots here presented on tho regime of purely thermal turbuloence agree
with tha gystcs proposed by A, A, Skvortsov [20], with the sole dif ference that
Skvortsov introduces a conccpt of tho discrete spoctrum of the scales of ture
bulent forzations, while in the systcn presented hore, the spectyunm of the .
tcuu 1s assuzed to be continuous,
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go that in tho caso of purely thermal turbulence, the universal function £{s/L)
(determincd with an accuracy of the constant Component) has the form £(z/L) »
- o(z/1)" Y3  const.

The case of purely thermal turbulence can be Jerived from the genersl -case
of unstable ctratification by passage to the limit with v =3O, Here L =0 and.
2/L—e . Therefare tho asycptotic behavior of the universal function £(z/L)

is detercined by the relaticaship

£{z/L)~ c(z,/I.)"ll3 + const, whaa %( “le C(8L)

This rosult irdicatos that at great heights z 5 |L] (in the ground layer) the
twbulent regize, in the case of unstable stratification, is determined mainly

b7 therzmal factors (the wind profile is saocthed, and turbulenco receives its

eneryy mainly from the energy of turbulent instadbility, not from the energy of |
averaze motion)e .

in cxplaration of tho asy=ptotic behavior of the finction £(2/L) when & 'dL,
in tho cagse of stable stratification, requires ¢hd weo introduco additicnal con=
cepts, Turbulence degenerates in the limiting case .f wbrmpt inversion with a
vardsidngly weax wind, The existence of large turbulent elexcnts bocozos im=
possible in the case of stable stratification (since they zust oxpend too much
energy on opposing the Archimedean forces), ard turbulence can exist only in the
fora of =mall cddies, Large waves cannot losc' stability, which is natural frea
the point of view of the theory of stability. In this case turbulent exchange -
betveen different atmospheric layers as hampered and turbulence takes on a local
character; at rather high altitudes z > L (or, to put it another way, with
strong stability, i.e., at low Leights L > 0) the turbulence characteristica
evidently cannot be functions of the distance £ %o the substrate, This pcmim.
in particular, to the mixdng coefficient K and, accordingly, also to the
Richardson mamber Ri,

“hus, we may considor that in tho case of stable stratification with an ine
crcagce in height 2 (or, with an incroase in stability, i.e., & docrease in L),
tho coefficient of mixing K and the Richardson number Ri tend tovard certain
constant values, This is natural, since with an increase in stability, X ovie
dontdy camnot increase, whilo Ri cannot docrease. Accordingly, there is a (ucie
vorsal) value R of the Richardson nucber, which is such that when /L >1,

.

N/
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Tho li=itinz value of R ovidently ecardot Yo greater than tho critical valus:

Ri.r» dut sinco, asyuptotically, K # 0, 1.e., turtulence does not completely de=
genorato, R should be leas than Ri .. The Umiting value obtained will be
called tho stationary Richardses muzbor, ‘ ’

Froa (65) i tollova that when 3/L »1, £(X) should appro:d.uto /R, or

. 12, '
£(2/L) S i consat, - (68)
- Hore we &w '
w(g)~e 2B L 2, connt, . (671)
. R T° cpp vf ‘ .
() ~ e {q/e p)2~ 2 . conat; : | (é8)
: R7, P ;E .

Our formulas (60), (&) amd (66) chow the behavior of :umuon r(c) -mca

|8 € 2 £€ -1 axd £ H1, respectivoly.
For an empirical determination of the universel function £{&) 4in a sufe

ficieztly broad range of changes in the paraseter §, usin: the data of the four
expeditions, Fiven in table 2, and detemining v, and L (shen § = 0.6) for each -

wind profile, we construct the expirical universal Sunctica

:7 [w(z) = «(1L1/2)) = £(z/L) - £{21/2)

where the plus sign corresponds to M..ble stratification, md the minus aign to .

unstable stratification, .

The cupirical points obtained are plotted on the graph in figure k. The
graph gives convineing evidence of the sultcbility of the hypotheses of simili=
tude used in the present work; these hypotheses reduce to the exdistence of a
single universal function £(2/L). The empirical points lie slong anooth curves
with a very smal) scattor, despito the inaccuracies of the wind measurements and
tho corputation of L and v, by the s proximstion zothods shown above, Some
scattor of the points is noted only in highly stable cases. Tho drawing shows
the Uriting bohavior of the curve quite woll for the case of high stability
(avproaching a linear profile) and bigh instebility (aporoaching a constant), .

C
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