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EMPIRICAL DATA ON THE SMALL-SCALE STRUCTURE 
OF ATMOSPHERIC TURBULENCE 

A.S. Gurvich, B-M. Koprov, 
L.P. Tsvang and A.M. Yaglom 

Institute of Atmospheric Physics of the 
USSR Academy of Sciences 

Moscow, USSR 

1. SPECTRA AND STRUCTURAL FUNCTIONS OF THE METEOROLOGICAL FIELDS 

Turbulent motion is characterized by the presence of dis¬ 
ordered pulsations of all meteorological fields and admits only 
of statistical description. As we know, complete description 
of this type requires assignment of all multidimensional proba¬ 
bility distributions for the values of all possible hydrodynamic 
fields at various populations of the joints (x,t) in four¬ 
dimensional space-time (see, for example, [1], §3). However, 
it is a very difficult^task to determine even a uniform proba¬ 
bility distribution from empirical data; finding multidimen¬ 
sional distributions is, of course, many times more complex. 
Hence the overwhelming majority of empirical investigations in 
the field of turbulence have not been devoted to study of the 
probability distributions themselves, but to study of only cer¬ 
tain of their simplest numerical characteristics. Since the 
moments of the distribution are at the same time the most impor¬ 
tant and the simplest of its numerical characteristics, it is 
surprising that almost all of the information presently avail¬ 
able on atmospheric turbulence is concerned with various moments 
of the meteorological fields. Invariably, only single-point or 
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double-point moments are considered, i.e., averages of the 
products of the values of meteorological fields at one or at 
most two different points in space-time. We also shall examine 
only certain single-point and double-point moments, concen¬ 
trating our attention on double-point moments, which permit 
substantially simpler derivation of characteristics that depend 
only on the small-scale turbulence components. 

Double-point moments of the second order are the most im¬ 
portant. The most general moment of this type is the space- 
time cross-correlation function of two meteorological fields 
a(x,t) and b (x,t) which is given by the formula 

Bub (x, r, t, T) = o (x + r,t + xjb(x,t) ( i ) 

(here and consistently in this paper, the overbar denotes aver- 
aging, understood in the conventional probability—theory sense). 
However, cross-correlation functions are inconvenient in that 
they are determined basically by turbulence components of rela¬ 
tively large scale. The simplest way to isolate the contribution 
of small—scale pulsations is to convert, following Kolmogorov 
[2], to a coordinate system that moves together with a fixed 
liquid particle and examine, instead of the actual meteorologi¬ 
cal-field values, the differences between these values at rela¬ 
tively proximate space-time points. If we limit ourselves to 
purely spatial characteristics only (characteristics pertaining 
to a fixed time t), this approach results in substitution of the 
space cross-correlation functions by simple linear combinations 
of these functions — the cross structure functions 

Dub (x, r, t) = ja (X -f r, /) — a(x, /)] [b (x + r, /, — ¿'(x, /)]. (2) 

The space structure functions of one field represent a parti¬ 
cular case of the functions (2): 

Daa fx, p, 0 = [a(x + r,/) —a(x,/)]*. ( 3 ) 

Another general method for isolation of local turbulence 
characteristics consists in the use of Fourier transforms and 
analysis of statistical quantities that depend only on spectral 
components with high frequencies or wave numbers. The general 
space-time cross spectrum of the fields a(x,t) and b(x,t) can be 
determined as the four-dimensional Fourier transform of correla¬ 
tion function (1) with respect to the variables r and t: 

(4) 

where integration extends over -,he entire four-dimensional space 
r,T (we shall not indicate the dependence of the functions 
and pab on x and £. explicitly at this time). In the important 
case of uniform and stationary fields, when Function (1) is 
totally independent of the variables x and t, the quantity 
F0» (k,ci)) rfkrfo) can be interpreted as the average product of the 
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ourler component of field a(x,t) that corresponds to volume 
element dkdw of field (k*o)) by the complex-conjugate value of 

Fo^rier’ component of field b(x,t) (see, for ex¬ 
ample, L3-5]). Prom this, among other things, it follows that 
the spectrum Paa(k,aj) of the homogeneous field a(x,t) is always 
real and nonnegative. If, however, a 7* b, the function Fab(k,w) 

course, be complex. Its real part is then known as the 
cospectrum of fields a and b, and its imaginary part as the 

quadrature spectrum of these fields. For meteorological applica¬ 
tions, it is essential that the above interpretation of the 
spectrum is also preserved in the more general case of locally 
isotropic and quasistationary fields, i.e., when only the space- 
time structure function is independent of x and t. In this 
case, the spectrum Fab(k,aj) can be determined from the structure 

function by transformations related to the ordinary Fourier 
transformation (see [4, 5]). y 

pure space spectrum F(k) and the pure time spectrum F(u)) 
can be defined as in (4), the only difference being that instead 
of the space-time correlation function Bab(r,i), the space func¬ 

tion Bab(r) = Bab(r,0) or the time function Bab(f) = Bab(0,t) 

must be used here, and the four-dimensional Fourier transform 
replaced by the three-dimensional or one-dimensional transform, 
clearly, the spectrum F(k) can be obtained by integrating the 
space-time spect’'-,.m F(k,aj) over w from -» to +«> and the spec¬ 
trum F(üj) by integrating F(k,w) over the entire space of wave 
vectors k. Everything said above concerning the spectra of 
uniform or locally uniform fields also applies for the pure space 
or pure time spectra. 

To determine the space or space-time spectrum, it is neces¬ 
sary to know how the corresponding correlation or structure func¬ 
tion depends on r, i.e., to have observational data for a large 
number of points in space. Such observations are difficult to 
organize; hence experimental determination of space and space- 
time spectra is, generally speaking, very complicated. In cer¬ 
tain cases, of course, this purpose can be served by data meas¬ 
ured aboard an aircraft moving at constant speed V in a fixed 
direction (for example, in the direction of the Ox axis). 
Strictly speaking, airborne measurements of field a enable us to 
obtain a population of values of a(x +r, t +r/V) for various r, i.e., 
they are useful only for determining certain mixed one-dimen¬ 
sional space-time characteristics. But since the airplane's 
speed V is usually much greater than both the average wind speed 
and the typical values of turbulent velocity pulsations, it is 
often possible to neglect the influence of the time shift r/V if 
we limit ourselves to not too long distances r (or not too small 
wave numbers k_). In other words, data from aircraft measure¬ 

ments of field a can be interpreted in approximation as data on 
t^e instantaneous values of a(x+r, t). They can therefore be 
used for approximate determination of the one-dimensional space 

? ^aai**) and the one-dimensional space spectrum 

aa (k) (ln the direction of the airplane’s flight). 
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As concerns the pure time spectrum Faa(u>) (or Fab(io)), 
however, its determination requires only values of the field 
a(x,t) (or the fields a(x,t) and b(x,t)) at a fixed point x, 
1. e,, observational data on the time variation of the meteoro¬ 
logical elements at a fixed point in the atmosphere. Such ob¬ 
servations are comparatively simple; hence measurements of time 
spectra are used much more extensively than measurements of 
space or space-time spectra. In measurement of the time spec¬ 
trum Fg^w), we may start from values of the time correlation 
function 

or the time structure function 

Daa (T) = [a (/ +T)- a (/)]», 

where all values of a pertain to the same point x (in practice, 
probability-theory averaging must, of course, be replaced here 
by averaging over time). Then, subjecting the empirical func¬ 
tions Baa(i) or Daa(i) to the Fourier transformation, we can also 

obtain values of Faa(u>) from them. It is even more convenient, 

however, to transform the pulsations a(t) with some sort of 
transducer into electrical-current pulsations and use a ’’spec- 
tral analyzer” — an analog computer — to make the Fourier trans¬ 
formation. Such an analyzer makes it possible to obtain auto¬ 
matically the values of the Fourier components a(Aw) of the 
electrical vibration a(t) corresponding to a series of fixed 
frequency cells Aw, and then to find the mean squares of these 
components (or average values of the products of the spectral 
components a(Aw) and b(Aw) of the two oscillations a(t) and b(t)) 
"Arithmetical filters,” which effect the Fourier transformation 
numerically, may also be used instead of analog devices to iso¬ 
late the individual spectral components. Such arithmetical 
filters have also been used widely in recent years; they are 
particularly easy to build around modern high-speed digital com¬ 
puters. 

2. THE TAYLOR "FROZEN TURBULENCE" HYPOTHESIS 

The fact that determination of the temporal statistical 
characteristics of atmospheric turbulence requires only data on 
the values of the meteorological elements at a single fixed point 
in the atmosphere greatly simplifies the acquisition of such 
characteristics. However, time characteristics are inconvenient 
in that theoretical conclusions usually pertain not to them, but 
to purely spatial statistical characteristics. Thus, for example 
it follows from Kolmogorov’s theory of the local structure of 
turbulence with large Reynolds numbers [2, 6], that all spatial 
statistical characteristics of the velocity field that depend 
only on perturbations with rather small scales are independent 
of average-flow singularities and have a comparatively very 
simple universal form (see Sections 3 and 4 below). At the same 
time, it will be a much more complex matter with the time 



depeífín^hfaveíag^wÍírveÍooÍty^“^?™1'?^6^3“08 0learly 

first attention. simplest, and they therefore merit 

acterlstics^rom^the víluearífV^ °í,SPatlal stati=ti=al char- 
are much easier to determine ?íaracteristics, which 
tant in this context It 1=? wí?? ïmentaiuy* aPPears very impor- 
lQ?fi n ls wel1 known that as lone aeo as 

istiJs ¿an be coniertedaïnto ane hypothesis that time character- 
tion of the aveÎa^ now ve?J??Ct îharact^istics (in the direc- 
time shift T by the space shift ®lrnpl£ replacement of the 
the average velocity In nt£H I* Where U is the vector of 
hypothesif, ei0clty- In other words, according to the Taylor 

i.e., Bab (0’T) = B*b (- “T. °). Ooi (0, r) = Dot, (_ fir, 0). 

a (x, / -f T) 6 (x, /) = a (x — üt, /) b (x, t), 

[fl(x./ + T) —q(x,/)][6(x.f + T) — 
= [a (x —û t, t) — a (x, /)] [b (x — ïït, /)-6 (x, /)). 

(5) 

(5») 

Sar --Vap-.flow 

(5) (if we LÏÏL Î? to be valid ?or 
large enough range of ^signifies that °Ver a 

(6) 

sni^ti^oi 3paatru"in 
one-dimensional Fourier transform of^L iñí ls e?ual to the 
structure function inetrher“rect™onfo?h:ec?oreü5?ri’elatl0n °r 

text 0?etSun«PSeMr1SaWí-dríglnal^-a<ÍVanCed ln the ^ 

of interest do not exceed "fractions P^1®^1011» and the i-values 

conditions, the hypothesis appeara perfecHy°naiurâî It^f 
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frequently run to several tenths of the average wind speed, and 
the average wind speed, moreover, varies significantly with alti¬ 
tude, Taylor's hypothesis appears more doubtful. Verification 
of this hypothesis under atmospheric conditions is therefore of 
great interest. 

One of the first indications of the broad applicability of 
the Taylor hypothesis to atmospheric turbulence is found in R. 
Taylor's paper [9], which indicates that the empirical values of 
the wind field time structure functions in the lowermost layer 
agree well with the relationships that proceed from Formulas (5) 
and Kolmogorov's theoretical results on the space structure func¬ 
tions. Later, Panofsky, Cramer, and Rao [10] made a direct com¬ 

parison of values of the time correla¬ 
tion functions of the longitudinal 
and transverse wind-speed components 
u and V at a height of 2 m with the 
corresponding one-dimensional space 
correlation functions calculated from 
the readings of five instruments 
mounted at the same 2-m height at 
five points along a fixed straight 
line (the greatest distance between 
instruments was 90 m). It was found 
that in cases when the direction of 
the average wind speed deviated from 
the selected straight line by no more 
than 10°, the measured values of the 
functions Buu(t), B1<iu(r), Bvv(t) and 
Bvv(r) satisfied (5} quite well over 

the entire range of distances r 
studied. However, the most extensive 
body of material in confirmation of 
Taylor's hypothesis for atmospheric 
turbulence was obtained by comparing 
dp„a from tower or tethered balloon 
measurements of turbulence time char¬ 
acteristics with approximate values 
of the space characteristics found by 
measuring turbulent pulsations on an 
airplane flying at high speed at the 
same height (see page 3). The results 
of such a check are found, for example, 
in [II-I5]; on the whole, they indi¬ 
cate convincingly that atmospheric 
turbulence can also be regarded as 
"frozen" in a broad range of scales 
for calculation of spectra and cor¬ 

relation functions. By way of example. Fig. 1 presents data ob¬ 
tained at the USSR Academy of Sciences Institute of Atmospheric 
Physics in simultaneous measurements of the one-dimensional space 
spectra of the pulsations of the vertical velocity component w 
and the temperature T on a 70-meter tower (applying hypothesis 
(6)) and on an airplane flying at 70 m altitude. We see that 
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Fig. 1. Spectra of 
vertical component of 

wind speed F^^(k) and 

p'P(k) temperature 
.TT 

at height of 7u m, 
measured simultaneously 
on airplane and tower. 
KEY: (a) deg2*cm 
(b) cm3s“2; (c) spec¬ 
tra; (d) airplane: 
(e) tower; (f) cm2. 
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according to these data, the Taylor hypothesis (6) has a verv 

have^expectecO .aPPliCablllty ^ ^ T 

Needless to say, validity of Equalities (5) and (6) does not 
yet imply that individual turbulent perturbations in the atmos- 
Phere are indeed "frozen m", i.e., ?hat equallïies of the tjp¡ 
a(x t + T) = a (x _ ut, 0 (where a might be understood, for examole 
as temperature or one of the wind-speed components) necIsSilv 

ï- “er Î" addition, that the precise liml?s o? ap¿lí- 
t?oícÍoL0f Tayl°r 3 hypothesis to spectra and correlation func- 
t-inn! ac?urate estimates of its error for turbulent perturba¬ 
tions of various scales have thus far been overlooked. 

3- INERTIAL RANGE OF THE TURBULENCE SPECTRUM 

Beâring in mind that empirical values of the time spectra 
?Ljf^e?r°logi?al flelds can be transformed by Taylor’s hypo- 
Mnn nr nt0 °f ^e-dimensional space spectía in the direc- 
tî« infrü!an ^lnf%we sha11 generally consider only space spec- 

the material that follows. These spectra are divided into 

^^tSegment%°fJharply differlng character. We shall begin 
sfgme^ which 13 simplest from the theoretical stand¬ 

point, namexy, the inertial subrange of the spectrum. 

According; to the general premises of the Kolmogorov theory. 

^aio°Prlati?n °f turbulent Perturbations with small enough 
Dha? a certaln "external scale" L0) with suf- 

trooic yThJr?taM íf always statistically homogeneous and iso- 
oprc. The statistical regime of these velocity-field pertur- 

d®Peyds only on two dimensional characteristics - the 

nlfñg7 of enersy Per unit of time in a unit mass of 
fluid e (which determines the inflow of energy into the region of 

3cales the averaged flow and the large-scale turbu- 
lence components) and on the kinetic coefficient of viscosity v. 
but the viscosity v can be substantial only for quite fine per- 

tví?níi°nSí f?r whl^h the Reynolds number arrived at from the 
and bhe typical scale of such a perturbation 

is of the order of unity (or, more precisely, of the order of 
the critical value, Recr). Thus, if we denote the "internal 

scale" of the turbulence (beginning at which the viscosity be¬ 
comes significant) by the symbol £0, then for scales smaller 
than Lo but larger than l0i all static velocity-field 
characteristics will be determined solely by the variable F. It 
is this scale interval that is known as the inertial subrange. 

, In v^,tae ^ dimensional considerations, the turbulence 
spectrum E(k), which is equal to the distribution density of 
turbulence kinetic energy on the wave-number axis, must, like the 
one-dimensionâi spectra (in the mean-wind direction) of the 
three velocity components u, v and w (longitudinal, lateral and 
vertical), satisfy the universal "573 law" of A.M. Obukhov in 
the inertial subrange of wave numbers l/L\ l//0 ; 
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E(k) = c r/* k~ , F'» (k) = c! «tv. £-*/., 
f ia (Ã) = ei«V.V., (jfe) = cië*/.Ä-V.. (7) 

On the basis of isotropy and incompressibility conditions, 
it is readily deduced that the constant coefficients C, Cj, CJ 
and C” are linked by the simple relationships 

(8) 

SimJ.larly, the structure functions (3) of components u, v 
and w in the direction of mean wind (i.e., for r parallel to 
u) in the inertial subrange L0>r>l0 must satisfy A.N. Kolmo¬ 
gorov’s "2/3 law": 

Duu(r) = -41«•'*/•, Dn(r) = D^r) = ¿[f (9) 

where 

(10) 

From this we see that both the spectrum and the structure func¬ 
tions of the wind-speed field are uniquely defined in the iner¬ 
tial subrange by the quantity e and one and only one universal 
constant, as which any of the coefficients appearing (7) and (9) 
can be selected. 

The first attempt to evaluate the constant Aj was made as 
early as 19^1 by Kolmogorov [6], who used measured data avail¬ 
able at the time on turbulence characteristics behind the grid 
in a wind tunnel for not very large Re. It is curious that his 
estimate Ax * 1.5 is not too far from what is today regarded as 
the best value. Later, Obukhov [16] published data from special 
thermoanemometric measurements of the wind-field structure func¬ 
tions in the atmosphere, wh__h agreed well with the theoretical 
"2/3 law." Then, estimating e from the wind profile u(z) by the 

relationship r=u)~- = -j|j (where «• is the so-called dy¬ 

namic velocity or "friction velocity," and < * 0.4 is Karman’s 
constant), which are valid for indifferent thermal stratifica¬ 
tion, Obukhov obtained yet another estimate of the coefficient 
Aj. Subsequently, numerous empirical data confirming applica¬ 
bility of the theoretical 5/3 and 2/3 laws to atmospheric turbu¬ 
lence were published by a whole series of investigators (see, for 
example, [9, 16-26]; compare also Figs. 1 and 5). Some of these 
researchers also attempted to measure the ratio (k)IF"¿ (k) 
and compare the results with the theoretical value of Cj/CJ =3/4. 
According to MacCready [17, 19], we can only conclude that the 
ratio fi,« (Jtyfííi (*) is near unity in order of magnitude; however, 
the results obtained in [26] from a series of simultaneous 



measurements of F^OO and F^^k) on an airplane definitely 

indicate that this ratio is somewhat smaller than unity in the 
inertial subrange (equal to 0.6l + 0.05, which is now not too 
far from the theoretical 0,75.value). A series of synchronous 
measurements of the spectra p(l)(k) and 00 was carried out 

at the USSR Academy of Sciences Institute of Atmospheric Physics 
in 1965 on a 70-meter weather tower near Tsimlyanskj these mea¬ 
surements yielded a value of 0.77 + O.O8 for the ratio \k)IF^ (k) 
in the inertial subrange, which is very close to that implied 
by theory. I 

However, evaluation of the dimensionless numerical coeffi¬ 
cients in the_"2/3" and "S/S” laws also requires knowledge of 
the variable e, and in most cases it has been possible to deter¬ 
mine this quantity only from indirect data. It appears that the 
only exception pertaining to the atmosphere in this respect is 
t^l)Work of Pond, Stewart and Burling [24], in which the spectrum 

FUu was measured to wave numbers k so large that the exact 
OO 

relation ë = 15v^ (¿) could be used. Hence the value 
0 

C: *0.47, which is more reliable than earlier estimates, was ob¬ 
tained in [24], This result is also in good agreement with the 
results of other recent measurements of turbulence spectra made 
in the ocean and in laboratory installations and extending up to 
very high frequencies (i.e., wave numbers) [27-29]. Finally, 
we note that there is one more method of independent determina¬ 
tion of the coefficient Cj (or A, » 4(^) based on the exact 
relation derived by Kolmogorov [o]: 1 

Al = (-j-SpÄO,86(-5)-¾. 

c_ 1.(.+-.,)-1,,,)1.. (11) 
flu (x -:- Sr) —u(x)P)V. 

Gurvich [30] measured S in the lowermost layer of the atmos¬ 
phere; the results yielded a value of Ax that was slightly 
smaller than the earlier evaluations in [24, 27], but much of 
the disagreement can be eliminated by introducing corrections 
into Gurvich*s data to take instrumental averaging into account 
[31]. As a result, we may conclude that the data of recent years 
finally make it possible to determine Cj (and, consequently, the 
values of all other constants in (7) and (9)) accurate to within 
10-15%; at the present time, the best estimate of C, is C, * 0.45- 
0.50. 

If we assume that the constants in the "5/3 laws" (i.e., 
in Formulas _(7)) are known, we need only know the average energy 
dissipation e to determine the velocity spectrum in the inertial 
subrange. Thus, study of the inertial subrange of the spectrum 
reduces to study of the distribution of a single characteristic 
e in the atmosphere. Many different methods exist for determina¬ 
tion of this quantity: starting from the equation of turbulent 
energy balance from the mean profiles u (z) and T(z) and the 
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turbulent_flows of_momentum t = pu^ and heat or even from the 
profiles u(z) and T(z) alone [16, 22, 32, 33]; from observa¬ 
tional data on the turbulent diffusion of Impurities [3^, 35]; 
from empirical values of the structure function, some integral 
of the structure function or the spectrum [17, 19, 23, 25, 33, 
¿7, 39, 40], and certain others. Several summary diagrams of 
e as a function of height z have also been published from the 
data of various authors [3^-38]. In many cases, however, the 
results obtained thus far are based on numerical coefficients of 
inadequate reliability, often show very low accuracy and wide 
scatter of the values found for e, and, in many cases, even con¬ 
tradict one another; they are also still quite incomplete. 

In the lowermost atmospheric layer, the values of ë, re¬ 
duced to dimensionless form by dividing by the combination u¿/<z, 
should be a universal function e(ç) of the variable ç = z/L, 

where L 
ep p T’ouï 

~*gq~ 
is the scale that figures in the familiar 

Monin-Obukhov similarity theory [4l]; however, little study has 
as yet been given to the form of the function e(ç) [33]. The 
frequently encountered determinations of the function e(ç) by 
means of the equation of turbulent-energy balance are not 
rigorous in that certain terms that may not be negligibly small 
are invariably dropped. For indifferent stratification, the 
balance equation reverts to the equality e = u^/kz, and for 
very strong instability in free-convection conditions to the 

equality e = . These results no longer require special assump¬ 

tions for their derivation and contain no unknown numerical coef¬ 
ficients; however, they have not, to the best of our knowledge, 
been verified empirically by independent determination of ë by 
other methods. In the free atmosphere, the situation is more 
complex, but in principle e should be uniquely defined even here 
by height above ground level and general meteorological condi¬ 
tions (as well as by the type of underlying surface). The impor¬ 
tance of considering thermal-stratification conditions was con¬ 
vincingly demonstrated by Ivanov [37, 39] with reference to data 
pertaining to the 300-meter bottom layer of the atmosphere (above 
terrain characterized by complex relief and a nonuniform cover 
of vegetation). _In the papers of Zubkovskiy [23] and Koprov 
[25], values of e under typical summer conditions of developed 
convection over a steppe were determined by measuring the spec¬ 
tral density F^Mk) on an airplane for a single value of k in 

ww — 
the inertial subrange; it was found that ë varies comparatively 
slightly under these conditions in the layer from 50 to approxi¬ 
mately 1000 m, and then begins to diminish rapidly with increas¬ 
ing altitude._ An attempt may be made to compare the relative 
constancy of e in this thick layer with the theoretical conclu¬ 

sion that e=-f-~-const under conditions of free convection, but 
‘ • cpp 

this comparison is not very viable, since the turbulent heat flow 
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5) and the obserîed^alues^f Ff or Z < 100° m (see Section 
found to be considerably smaller 2 V000 m are 
e ln the free-convection layeí neS thP 2n0US values of 
method of determining ? that was used in the 
Koprov and Tsvang R21 to “ 1 L23, 253 was aPPlied by 

above the 3teppegf^2vaíi°ouFthSlÍst?a?i^aM °n °f helght 2 
It was found that the ?(z) profiles foF^F ?!^0" conditions. 
summer day (i.e under’ 1IeS for the middle of a clear 
in the morning (under conditions “£0*}vection conditions), early 
the stratification near the grSSnd iFl^e^^ convectl°n, when 
temperature inversion is obsfrîed ^Î cî1 f dy( Unstable> and a 
evening (when, excep? for the7ew lowf^ol6^^18^0 and in the 
stratification is neaniv -ind-fe#« lowermost wens of meters, 
another, but are almost always of^the qa^^61, aiiarply f'rom one 
days with similar weather condition^ p?6 nat!fre on different 

mes of c(z, for the three meteoró?¿glcalUr?tuat5Í0ñs ÏTullîl. 

Crt^OK* 

& 
Pig. 2 Mean profiles of F at various 

senfSf°í daí¿ The vertical ticks repre- 
thF, FF6 the standard deviations at 
the various altitudes. 

noli;((i)(b) oominS; <e> after- 

ture-field perturbationsg(although it would^1103616 t0 tempera- 
this case to speak not of an i£emÍÍ but o? , 6 C°rre<!t ln 
range, we elect not tn intr.nd,,r. tlai* but of a convective sub- 
"inertial subrange» shouîd , V nfW term here^ H^e the 
in which the statistical reKimFiFhn000 33 an lnterval of scales 
depends neither on the soecific nann??08???0118 and isotropic and 
u and F nor on the molecSîaî coe???^1^1^®3 ?f the mean flelda 
mal conductivity. Since the PrandtSe^o^l^nea? InUy, 
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-ssT sr- 
Ähr,eVth!.inertial subran6e for the temperature field will 

al L and il y ^ aîd which are of the same orSeís as L° and Â°, respectively. In this subrange, all statistical 
ve oc ty-field characteristics will be determined by the quan¬ 

tity F and the related = (where x is the molecular 

coefficient of thermal diffusivity), which is known as the ”tem- 

dissÍDationn«nlH°rmltK eqyallzatlon rate" or the "temperature 
we obtSn a’»*;/? i’e,n ï vl^ue of Pensionai considerations, 
we obtain a 5/3 law for the temperature spectrum ET(k) and the 

one-dimensional temperature spectrum P^^(k) in the inertial sub¬ 
range 1/Li < k < l/Jlj: 

£r(A) =Crrrr-V.Ä-v.f (12) 

L?>r>2/3 la[43!°44]:e Structure functi<™ temperature DTT(r) 

DttI/) — > (13) 

The coefficients CT, CT and AT are connected by the relationships 

CV = -|Cr, ^ = |r(i)cV«4CV. (in) 

since it is sufficient to know one of them to determine all the 
rest. { 

h earliest empirical data in confirmation of the "2/3 
law (13) were obtained by Krechmer. [45], Shiotani [46], and 
Tatarskiy [47]. Later, several authors also obtained experi¬ 
mental confirmation of the "5/3 law" (12) for the temperaturp 
spectrum (see, for example, [48-51, 29] and Fig. l). To deter¬ 
mine numerical values of the coefficients in these laws, how- 

ÎÏ i* necessary to know the quantities F and FT, of which 
the latter is difficult to determine with sufficient reliability. 
The simplest way to find Em is to use the balance equation of 
temperature pulsation intensityJF1"2’ (where T* = T - T) and 
empirical data on the profiles u(z) and T(z) and the turbulent 
flows t and a (see, for example, [4?, 52]). In the balance 
equation, however, it is necessary to disregard the term de¬ 
scribing the vertical diffision of ï"*"7’; moreover, the results 
obtained may also be distorted by the nonuniformity of the under¬ 
lying surface and errors in measuring t and q. The first at¬ 
tempt to use this method, which_was made by Tatarskiy [47] who 
has only data on mean profiles u(z) and F(z), resulted in the 
rough estimate AT * 6. Later, Gurvich and Zubkovskiy [52] proc¬ 
essed Tsvang' s numerous measurements by a similar method and ob¬ 
tained At « 2.7, while Takeuchi [33] showed that the data from 
earlier similar measurements made in Australia by Swinebank and 
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i 

R« Taylor result in a much lower estimate Am ~ i o t+- 

use^by^akeuchi^rVer * ^ both Tatar8kiy’STdata*aAd íhose3 

sharply) inspires much confidence. On the other hand the a 

C and et can be determined ,ulte rllflb^y^rom tie 
he mean-square velocity and temperature with increasing dlq 

m“ro r^he llltklnl tfrs?ht0 -tï: 
tlon of the fact th^iheÍÍ Gi^on and Schwartz (with consldera- 

dlsslpatior." for a quantity ^10^3^^^6¾ 

Is th¿ resul? íbtSÍníd^t«^^ w“h thls last ^tímate ' 
equality due to iigí™ c«^23 by appllcatlon of ‘he exact 

At = 

F 

_4_ (_ 5S\ V* 
*F\ T) 

= (» + ir) - u (x)l [T (X + ¡y) ~ T (X)]» 

Ü« (x +11/-)-«(x))ä}'' [r(x+ ür) — T (X)]* 
const, (15) 

points in the ground layer of the atmosphere), yielded Am * ? 5 
us, the presently available estimates of the numerical coeffi- 

pe?atSrenfïe?d tW°"thïî:dS,,.and ve-thirds" laws ?or ?Íe 
perature field, even though they are still widely scattered 

where around f(A the^1,653^ that the coefficient AT is’some- 

«hue tahTifficLit24 Ï3ncï:3rtooT??ed as raost defensibia)> 

If the values of the numerical coefficients (12) and 
were Known, data on the spectra f« (*, and *¡(1) for the sale 

alraiiirlKlcfr.ii |ubrfnS? «““W enable us to determine the 
characteristics e and eT simultaneously. At the present time, 

however, it is more convenient to restrict ourselves to data on 
the energy dissipation e and the combination er v*!> or even 

better, on the combination ôr =/r ire-*, which is simolest to deter- 

rï2l IZt Xt f0ll0ws from Tavang*s measurements 
L49J that under typical summertime conditions of developed con¬ 
vection over the steppe, BT decreases with altitude approximately 

in proportion to rV. beginning at z = 50 m and continuing up to 

sÍKn^eathhieherhfliíiíhd pot®ntlal-ternPerature gradient changes 
? al^itudes» however, we usually observe a sub¬ 

stantially faster decrease of BT with altitude. Under nighttime 

inversion conditions, BT decreases with altitude more rapidly 
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gradient -f-+ T« =*t« —r ’ 

under conditions of stable 
stratification. ya = 1°/I00m 
is the dry adiabatic tem¬ 
perature gradient. 

conditionsgaíeealso‘confirmed by^he^at tofdeveloped~convection 
ments by Koprov and Tsvane Hi?! írí d subsecluent measure- 
tion = where B -S,onJt3, ls f°und that the rela- 

n.ing at a height of thl ¿rde? of a'fef mete?s ?tMs f11 beg1?- 

fL oo °t!e JUStlfiei ™ Íloun/IZIMI 
mo^iSn Sí ?n¿hlnf-p^]¿rfSÍ tthe sa- <i-ing th early 
altitudes of ih” o?derPof ?o «h ™PeSatUre î-nverslon ^Slns at 
constant up to the lower boundarv ^ ïh^r 
creases slightIv - • i fMna-n,, the inversi°n, then in¬ 
higher altitudes,"we’observed ne^fbut^o^ (by r’3 °rders)i ab 
Of Brn during this tirJ Tn not very fast) increase 
perature gradient becomes nearlv^riiah^?011 hours* when the tem- 
the order of 1500 m R 7 adlabatic np to altitudes of 

height, above which'itTbeglns L^ec^asf^FigSSff^ thlS 
general appearance of the^orrespo^ng“^ profïïe^^ Ir^cur- 

sidered* the" ^Æe^fSÂf to 

pi? potentlal-temperatureggradlentCïl 

dz Ta —v for the morning hours, as obtained from averaged ' 
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profiles of these quantities). 

Results pertaining to the inertial subrange of the tem¬ 
perature-pulsation spectrum are also applicable to the pulsa- 

humidity, electron density in the ionosphere, or 
the concentration of any other_passive impurity. In this case 
he temperature dissipation” eip must be replaced by the appro¬ 

priate characteristic of the concentration field under considera¬ 
tion; however, the old values of the coefficients CT Cm and Am 
must be retained (if we accept the idea that temperature can also 
be regarded as a passive impurity in the inertial subrange). 

ohÎo^LtÎîe^PUliaïi0n^spectrum ^ salt concentration in water, 
laborat°ry conditions and in good agreement with 

be found ln t29]. Data confirming the "5/3 
law for humidity pulsations in the atmosphere can be obtained 
most simply by refractometric measurements, since humidity has 
considerable influence on the refractive index for radio waves: 
other papers of the present colloquium discuss this in greater 

op molecular viscosity and thermal conductivity 
ON THE SPECTRA OP THE METEOROLOGICAL FIELDS 

The inertial range is bordered on its small-scale (i.e.. 
large-wave-number) end by the so-called viscous subregion - the 
populâtion of the smallest-scale velocity-field perturbations, 
which are now influenced directly by molecular viscosity. In 
,his subrange, all velocity-field statistical characteristics 
are determined by the two dimensional variables e and v. For 
example, the scale or wave number defining the boundary of the 
Vj.scous subregion must also be determined by these variables. 
Hence it follows that viscosity begins to influence static tur¬ 
bulence characteristics strongly beginning at the scale in = aftn 
or wave number k0 = a1/r\i where a0 and aj are universal constants 
and *1 V'4c-*/* is the so-called Kolmogorov microscale. 

T^e YaJ;u?s of the coefficients a0 and ax are not, of course, 
determined fully accurately — they depend on determination of 
the viscous-subregion boundary ¿0 or k0, which may be arbitrary 
to a significant degree. It is natural to assume that a0 = 
- (aa)” , although if we require that the "2/3 law" for r = 
and the "5/3 law" for k = k0 have the same accuracy, (ai)_x may 
also be found not to agree with a0. MacCready [19] proposed a 
rigorous definition of the scale Í with which he found that 
a0 » 15, aj * 1/15; he showed simultaneously that it is even more 
convenient in certain respects to assume that a0 * 1. At the 
present time, however, it is expedient to evaluate the coeffi¬ 
cients ao and aj.= l/ao on the basis of the highly accurate em¬ 
pirical values of the spectrum f¡” (¿) given in [24, 27] for a- 
broad range of k-values (which even cover part of the viscous 
subrange). According to these data, the spectrum F'uu (k) begins 
to deviate markedly from the "five-thirds law" beginning approxi¬ 
mately at k0 z l/8ri; also near this k0 value is the maximum of 
the one-dimensional energy-dissipation spectrum (which is propor¬ 
tional to Æ* F[l„' (k)). For these two reasons, the estimates 
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of the blX^between the v^frded f 3 rea3“able estimate 
Interval. In the atmosnher.^ °0US !uiran8e “d the inertial 
one or a few meîlrfab^e th¡ mroZ? ^ a hel6ht of 
usually Of the order o? !o'Ülo? 0¾ ¡ (ÍLrfrf °f £ are 
daytime summer condition«? in +•>, * Íthese data pertain to 
steppe); hence h ?s usSan^i^L^fhSrfh"?6 ?US5lan 
0.07 cm, and i0 between n ? onî Î ? between 0.04 cm and 
to Is of the order of ? üm3»?" a"â,°-6 cm- According to Fig. 2, 

Is usually between 1 cm and 5 cm^ílth affurtíí’ “í“1 at 1000 m U 
altitude, i, continues to increase »Sd íor Í ^01-6336 ^ 
tude of the order of 100 Km it ^Äd^n*» ^te"?“1' 

tlonsIarehgivenCby3formulas°of thl ^ 3tructu« func- 

and 

E (k) = « */» k~ */• 9i (k Tj), F™ (Ar) 

Eco (k) = F™, (k) = t'/i k~ *''• <p, (^rj) 

e*7* k~ *• Ç, (^r)t, 
(16) 

D““= 5 v* ^ (O'n). ^ (r) = Dtw (/.) = e-v. A 9, (r/n), (17) 

taken í^thê^ecWo^of the^í» fruoture functions are 
♦ 2 are universal functions of a single variable thlt"’” li'1’,and 
ï|)a‘e? °"a ““then by simple rïfatlonsWps? Tã «?/3“n^dely 

latlonships Äf-C-¾1¾ ^ =asymptotlc re- 

funotions*♦ICy^and^ofy) ifatisfy theyvery‘ f01-/ ’ the 

another semiempirical^formula of which adwKoigiVen?bi' °ne or 

hypoiheseTo^lhe^o^íbÂ^í^rí^íio^rÕ17 
basing them on the experimental data of [24 27-29^ ir’whîch^fh 
Xi3,1 33f‘e,'í °f a universal curve describing the’spoctïîm 
^«« (*) in the viscous subregion was studied. For examole Gnr^h 
kov [58] proposed for the function ♦,(,) an empïrîcâîPfÔimSu S? 



the type 

9i (x) ä 0,48 exp I• 
40x* 
-P35? ■ 5jc* j (18) 

and obtained fairly goci agreement with available empirical data 

-ñ note that Formula (18) also agrees qualitatively 
with Novikov s reflections on the asymptotic behavior of the 
spectrum as kh <*. 

' (cJ-»')« 

Fig. 5. Comparison of N.F. 
Gorshkov's empirical formula 
for the function ¢)2 (x) with 
measured results on the spec¬ 
trum --= ç.(ál 

The situation is even more 
backward as regards the behavior 
of the temperature-field statis¬ 
tical characteristics (or pas¬ 
sive-impurity concentration) in 
the range of very small scales 
or very large wave numbers. 

These statistical characteristics 
now depend on the four dimen¬ 
sional variables e, eT, v, and 
X, where x is the molecular coef¬ 
ficient of thermal diffusivxty 
or diffusion; hence we obtain 
relationships of the following 
form for the structure function 
and spectrum: 

Drrir) = e> ë-V.r\.^(r¡r\, Pr), 
Pr = v/x 

and 

ET(k) = êV.<pr (Æn, Pr), 

(¿) = ër ë- V.k~ % (¿q f pr) 

(19) 

(20) 

which contain universal functions 
of* two_variables. In virtue of 
Ar as y-> 00, (fr(x, Pr)->Cr and s.? ;v3" .ana ,,5/3"iaws.^ (ÿ. pó 

a,i, '^rlTC' afx^°- The values r = 1, and k -'k, beginning at 
which these laws can be applied must obviously be of the form 

k k aT/> where lT and aT * (^t)“1 are functions of 
the Prand^1 number, for which there is as yet almost no informa¬ 
tion. It is easily shown that (y. Pr)«Pr-^/3 for y << 1 (see 

[^3, 53]); as concerns the theoretical derivations pertaining to 
the functions 4>T(x,Pr) and ¢(,1) (x,Pr) however, they are limited 

to only a few general considerations on the asymptotic behavior 
of ^hese functions as x 00 (see [59-61, 57]). Empirical data 
on the values of T'r (r. Pr) are much more spotty than even the avail¬ 
able data on the function ¢2^) of one variable; they appear to 
be exhausted by the results of Gibson and Schwartz [29] and the 
as yet unpublished and highly preliminary conclusions obtained 
by Grant and Stewart in measurements of the temperature—pulsatio; 

* 
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spectrum in the ocean. We note incidpnf-ai i v i-no'f- 4-w 

to me»50" and Scl?wartz and those of Grant and Stewart pertain*3 
ÎLf ^ !nt3 ln Water at «latively large Prandtl nSmbers 

spectra^5' r n° reUtion at a11 t0 atmospheric-turbulence 

o¿RÍHNAs™romP«SSsÍROPIC TURBULENT perturbations. 

Bordering the inertial subrange at its large-scale Ci p 
small-wave-number) end is the enormous region of nonisotropic * 
flïmnUlhnt perturbations» whose horizontal dimensions in the 

thSu*Sn^enîaï^ary/r0m a feW tens or hundr,eds of meters to 
thousands of kilometers. In conclusion, we shall dwell briefly 

bation^a^fh016?8 Wîth a bearln8 on such nonisotropic pertur- 

meteorologicaiefields^y Slngle’P°lnt -ments^f ?he 

Disturbance of isotropy has a v;hole series of important 
consequences that admit of experimental verification. Here the 

sPectra (both E(k) and ET(k) and the one-dimensional 
spectra) cease to satisfy the universal ”5/3 laws,” and the 

thf "2/3 the one-dlmenslcnal spectrum 
of the longitudinal velocity component begins to deviate from 

V/ü.S|hKotrUnV?f îhe yerblcal or lateral component multiplied by 
3/ * the vertical-velocity pulsations begin to correlate with 
he pulsations of horizontal velocity and temperature, with the 

result that turbulent heat flows and momenta make their appear- 

S? î?rth\ Each of these consequences may be taken as 
a charâcteristic criterion of perturbation anisotropy; hence 

híeHoíond?ry^°í the inartial subrange on the large-scale end can 
be determined by many different methods, which often lead to 
widely differing results. From the theoretical standpoint, it 
appears most natural to take as the boundary of the Inertial 

ï?eAcale L° corresPonding to the wave number k begin¬ 
ning at which the spectral tensor of the velocity field becomes 
essentially anisotropic, while the function E(k) deviates sig¬ 
nificantly from CeV*-».. Otherwise, we might also consider the' 
scale Lj or wave number kl beginning at which the temperature 
spectrum E^i(k) deviates substantially from the ”5/3 law"; the 
scales L0 and Lx will apparently be quite close to one another 
in many cases, although they do not agree exactly. Unfor¬ 
tunately, it is very hard to determine the two scales L0 and L, 
since it is almost Impossible to measure the three-dimensional 
spectrum reliably. In practice, therefore. It is much more con¬ 
venient to deal with scales that can be defined from the one¬ 
dimensional spectrum. It is essential that the one-dimensional 
spectra usually begin to deviate markedly from the ”5/3 law” at 
considerably smaller wave numbers (i.e., larger scales) than the 
corresponding three-dimensional soectrum E(k) or Eir»(k), This is 

Pe/X?yse rth^ J?lu?s °f and O*)(or Frr (*)) are obtained from 
t(*)(or Et (k )) by integrating over k from k’ = k to k’ = <»; hence 
the inertial subrange of the spectrum E(k’) or ET(k’) also makes 

®®nbr^bub^pn the values of the one-dimensional spec- 
tra r»,, (£), (£) E'tt (k) over a substantial range of wave numbers 
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k smaller than k0 or k1 (see Gifford’s paper [6i'] which ex- 

whL£e?í i" conï?xt,wlth »he one-dimensionalCspectrum 
Fuu(t), ioi which it is particuxarly strongly in evidence). Also 
apparently related to this circumstance is the fact that the 
measured spectra of turbulent momentum and heat flows are often 

J-Jtrlnsically nonzero at k for which the one-dimen- 
fv thP ^nd temPerature Pulsation spectra still satis- 
fy the fi/e-thirds law quite exactly, although these flows must 
obviously be zero for isotropic turbulent pulsations. A brief 
survey of the problem of the various definitions of the inertial 
subrange boundary may be found in M?cCready’s paper [191 alone 

ârïes 1Ve estlmates °f the differences be?we!n tíese bZd- 

wldelvhdlíe?seyf»c?ní?tl0?3 fr0m 1?otr°gX may be caused by many 
Tvine f ST w“ f0r examPle> thi^nfluence of the under- 
A"g^Ur‘aCe>-ln which vertical scales exceeding the distance 
z to the grouno are cut off; or by the presence of a vertical 

— * 

' V . Z. F V-** W X < 

wind-speed gradient characterized by the scale «1^1 ; or by 

the action of Archimedean forces (which appear essentially beein- 
nlng at the so-called "Bolglano-Obukhov scale" L - 
for which see l63* 6^]); or by the Influence of nonequilibrium 
temperature stratification (characterized locally by the "Vaysal 

frequency" <o. = |+ Ta| J.w, where Ya ls the adlabat.lo tempera- 

ture gradient). As a result, in the lowermost 100-200 m, the 
scale beginning at which the turbulence anisotropy begins to 
manifest can apparently be regarded as proportional to the alti- 

ProPor,ti°nallty factor depending on temperature 
stratification, higher, however, it is most probably determined 
primarily by stratification. Curiously, when this scale is 
de.ermined^from the value of the wave number at which the one- 

í°^l2?ntaÍ spectra beSin to deviate markedly from 
une fiye-tnirds law, or on the basis of the r at which the 

Pegin to deviate markedly from 
., . -wo~thirds lav;, it is usually found that the boundary of 
tne isotropic range considerably exceeds the distance to the 
ground. On the whole, however, the question of the boundary of 
the atmospnerxc-turbulence inertial range at the large-scale end 
has been studied quite inadequately up to the present time; cer- 
tain grossly preliminary data on this subject can be found in 
[19] (see also [25]). 

Beyond the boundary of the inertial range, the turbulence 
spectrum begins to increase with decreasing wave number more 
slowly than k" / ; thereafter, however, it usually even begins 
to decrease (passing through its maximum at a certain k,). The 
scale corresponding to k2 is also an important turbulence char¬ 
acteristic: it determines the characteristic dimensions of the 
perturbations containing most of the turbulent energy. In deter¬ 
mining this scale, it is again necessary to limit ourselves to 
quantities related to the one-dimensional spectra; most conven¬ 
ient and most frequently used are scales determined from the 
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maximum of the function kF^OO. Consideration of precisely 
this combination kF^ }(k) results from the fact that in prac¬ 
tice it is more convenient over a very broad range of scales 

tíe s?ectnim graphically, with the wave numbers 
plottea against a logarithmic axis; the function kF1(k) will 
then be equal to the distribution density on the log k axis, 
hus we see that the maximum of the density curve is In fact not 

ÎJ®rLaÏSUrate1Ch^raCterlstlc» since lt; depends on the selec- 
°í the s°ale for the axis of abscissas; in this case, this 

works in our favor, since on conversion to the logarithmic wave- 
number scale, the spectral-density maximum shifts into a region 

rtLÎiîï6«!! r (J-*®** s5}orter distances), so that it is easier to 
°n empirical data. Nevertheless, even the scale corre¬ 

sponding to the maximum of kp( )(k) is usually found to be very 
large under the conditions of the open atmosphere; hence its 
determination requires use of large-scale averaging and is pos¬ 
sible only with apparatus that can register low-frequency oscil¬ 
lations without distortion. 

Three different scales Lu, Lw and Lip will, of course, cor¬ 

respond to the maxima of the functions kFl"{k), kF(u'¿ (L) and kFfr (k) 
Empirical data on the values of all these scales for various 
heights and various stratifications are still very spotty; some 
preliminary results in this regard can be found in Lumley and 
Panofsky's book [65] and in [25’, 66, 67]. Results from measure¬ 
ments of one-dimensional spectra made at the USSR Academy of 
Sciences Institute of Atmospheric Physics indicate that the 
scale Lw is usually conspicuously smaller than both Lu and L<r; 

however, reliable determination of quantitative relationships 
among these three scales requires much more work. 

4 ttUfJeri'Hu* 

Fig. 6. Mean profile of turbulent heat 
flow q(z) in the daytime over the steppe. 
KEY: (a) cal/cm2»min. 

The range of nonisotropic turbulent perturbations makes the 
basic contribution to the values of all single—point moments of 
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Lh: tm0nl tbr anSgle_P?lnt 
tions u', V' w' and T' nr vï’ ÏZ’ nd 0t of the Pulsa- 

aÍsS<Sthe0laté?mpap¿i'sn[68]l0Ldn[69])0fiF'Sq^°°^1“^ °aaebe 

quit^frequentl^diaagree*^ ï? I™*™*™ 

Panofskv fSsl Kni^nÎv 1 lyJbEoad vall«yi «f- Lumley and 
Mo"ozof[6 ] ! Sen ê auaa^^h?lnHCI°]’ ByZ0Va> Ivanov and 

=nS:~ HSr“ i3«““”«- data on ou, aw etc an att»=.mni- ^-^Pting to systematize 

thonoughiraa^o^^îe^^^^trfSf^nL^ulsaSl^Slnlne 

ÄSn„7nata;:r8! o? Te^Tn^Tn Z llítr^Z tha 

sœnrcsav^nd a--y trc^aÄa 

Among the mixed single-point moments, the most important 

turbulen^transfe^of^omentum^nd ^ &? = Sîîï^s^î^ 

rFîlr !ïi»LHr SFS ^ 
rSST UTl^ ^^i^^^^PptP^o^thèluÍ^MonS^^and 

B ouna layer and in the free atmosphere. However this fani- 
C*™°* yfíexplained theoretically aAd is not veVÎ ceÎ?aîn 
in%hUantltiaS-l2‘ and T themselves have been measured^any times 
in the ground layer by a whole list of investigators (Zel fnl 
example, §8 of the book [1], which contains an extensive bihUn 

°“V"o?"?hd*ee,PB”"e'“¿e ‘hée?«™“móapsá"íhSai¿!E 

e2ieSi; „1?S ^e°ofÆ 
developed-turbulenoe conditions above the stepSe, ?hl tS?buïeSt 
heat flow usually diminishes with Increasing height and passes 

seSU|?gZe6° wMrtbheíeht °>l the °rder of se*eralhundredPmeters (see Pig. 6, which shows the mean profile q(z) constructed from 
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Stemel ^lroraft soundings on clear days over the 
withPaltitude Oeassumed that this change in heat flow 

ireT^^d^^^neSrrocL^d^Íti^rprLelcrÕf 
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Discussion 

slon a scale that characterizes the dimen- 
of velocity ^al^st. Perturbatlons and is the same for the cases 
01 velocity and the temperature fluctuations? 

A,—Ia,g;lom — Since the Prandtl number for air is of t-h#» 
.order of unity, the dimensions of the smalles? velocity and 
temperature perturbations should be of the same order. However 
direct empirical data on the boundary of the inertial for mor.«* 

COnvf?tlv*) the temperature-pulsation*spec- 
trum at the small-scale end are as yet, unfortunately, lacking. 

Phillips, - In estimating the rate of energy diss-*na- 
tion from the measured value of the vertical-velocity soeítrum 

•Tuîârj'iïlir a?-V0 rrlfy that the valueythat you .elected fell .n the inertxal subrange in all cases? 

Ir-li- YfalQm - ?es, we were. Over more than two years we 
made a great many measurements of spectra over a broad ?anie of 
wave numbers and thoroughly studied the question as to the wa?e 

ranbhaS ^ aPPearance of deviations from the ”r/3 law" 

spectrumXfortQne k?”^ then dld We ûn t0 F fr^the 

the "l7f-'iaw"n?s i1rfoStHn?nUnlf0rmlty dlmension for which une b/d law is valid is found in many cases to be considerably 
greater thân the height of the observation. Wnat determines the 
external turbulence scale in these cases? 

A_»M« yagl°^ - Usually, one-dimensional spectra are mea- 
suredr the deviation from the "5/3 law" begins to manifest for 
one-äimensiona! spectra approximately one order later than for 
three-dimensional spectra. But if, as is physically mor« natural 
we take the external scale to mean the length defining the bound* 

?SL°îh^%ï?ertlal su?range for the three-dimensional specÂ?' 
then this external scale will probably not exceed the distance 
to the ground in the ground layer. 
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[English Summary] 

T»ë purpose of this survey Is to consider some pasf and current empirical 
data on first and second moments of turbulent fluctuations in the atmospheric 
boundary layer and to compare them with some theoretical deductions * 

Major attention is given to the double-point second order moments 
Vie most general moment of this type is the space-time crosscorrela- 
r °I meteo,rological fields a (x, i) and b (x, t) defined by eq. (1) on p 30. 
In order to reveal the contribution of the small-scale pulsations it is convenient 
to use a movmg cooroinate system and to consider, instead Ci the correlation 
functions the structure functions of the type (2) and (3). Another general 
method of obtaining small-scale characteristics makes use of Fourieitrans- 

t?m^ñ^nfSraFd Cr°i,nSldw ins/tifd of correlation functions, either the space- 
time spectra Fo6 (k,_a>) of eq. (4), or space spectra F* fk) = Fab (k, 0), or time 

M y116" 'vave number k and the frequency œ 
arc sufficiently great the spectra evidently are the small-scale characteristics 

?.re fsiest t? define experimentally; moreover theaircraft measure^ 
ments make it also possible to define with good precision the one-demensional 
space spectra Fab (k) in the direction of aircraft motion. 

■ií* measurement of time spectra has the drawback that from the theoretical 
nnrpi ° [emP°ra: statistical characteristics are more complicated than 
purely spatial characteristics. In order to obtain the space characteristics from 
the time ones, usually Taylor’s hypothesis about «frozen» pattern of turbulence 

¡iarSDa«^05?,™Tn(S.(0r(5,,,“ní(í>'''l;erefíi,<*) is a one-dimenaio- 
fhifi t>,!P 1 ♦ ^ mean-wind direction result from Taylor’s hypo¬ 
thesis. The most convenient method of verification of this hypothesis for the 

a C°^i!)anS0? °f measurements made from an aircraft flying at 
a constant height with great speed with simultaneous measurements of time 

rtuhs1?;« at thersar hei^f made from a captive balloon oïï towi. Thl 
¡PlfIt4Í0ÍS‘f9havefnCícatl0n can be found in references Ill to 151; they show 
that, the pattern of atmospheric turbulençe can be considered as «frozen» for 

.roPIC turbulence âsserts that the one-dimensional spectra Fn) Jk) F^/M 

lhe 

F<1) (k) and ¡i,?' t « r ♦í ! °r fimuItaneoiIS measurements of spectra 
ruu (*) and Fuv (A) at tne Institute of Atmospheric Physics indicate ihn <7nod 
agreement with the theoretical result Ci/C¡ = 0 75 of eo (8) Th*» dui r tu 

0 5^yaecrrS haVe all°Td’/,at ,east- determination 5'the'vllue of C w th 10-15% accuracy; namely Q js: 0.45—0.5 (cf. i.31)). Lx Uft 
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If we assume the numerical coefficients in the «5/3 laws» tobe known, then in 
order to determine the velocity spectra in the inertial subrange we only need 
to know the value of mean rate of energy dissipation ?. At present we know 
several different methods for determining i and there are many published data 
í"1!* measurements in the atmosphere (see, e.g., (16, 17, 19, 22, 23. 251 and 
132 to 401). However the results obtained are till now in some cases contradic* 
tory, often have insufficient accuracy, and are still rather incomplete. At the 
Institute of Atmospheric Physics the values i were determined systematically 
during several summers over the steppe by mast, tower, and aircraft measure- 
ments of spectrum /1* (k) at one wave number k in the inertial subrange. The 
results show that the vertical profiles of ê have different forms at different time» 
of the day and under different meteorological conditions, that is, the profile 
« (a) depends s-gnificantly on thermal stratification. The typical forms of the 
profilée (a) at midday in the anticyclonal summer weather (i. e. in the conditions 
of developed convection), in the early morning (in conditions of developing con¬ 
vection), and in the evening (in conditions of almost neutral stratification) are 
shown in Fig. 2. / 

The «2/3 law» and the «5/3 law* for the temperature (or for any other passive 
and conserved scalar quantity) were obtained theoretically in references(43 44 
531. According to these laws the equations (12), (13) and (14) must be valid’ 

in the inertial subrange where er = is the mean rite of «temperature 

dissipation» (x is the coefficient of thermal conductivity). The empirical data 
confirming the applicability of the laws to the atmosphere can be found,e.g. 
in references 145 to 511. There are several different methods of estimation 
of the numerical coefficients in the laws (12) and (13). The obtained estimations 
show* considerable discrepancies^howevcr the most reliable among them make 
us think that A r » 2.8 and Cr » 0.7. 

The measurements of thè temperature spectrum in the inertial subrange give 
the possibility todeterminethevalueofthedimensional quantityßr = Ar «ré"'''«. 
Fig. 3 shows the typical profiles of the quantity Bt in summer conditions over 

inc steppe at di.yrcnt times of the day (at midday, in the morning, and in the 
evening). The profiles were obtained at the Institute of Atmospheric Physics by 

-means- of aircraft mcisurements of temperature spectrum F^r (k). They show 
that in conditions of developed convection Br decreases with height approxima¬ 
tely proportional to a‘,;* in a thick layer. The profiles of BT depend mostly on 

the profile of mean temperature gradient id this can be seen e.g. from Fig. 4 

showing the dependence of Br on ~-f r« = T + r<. (where Ta is the adiaba- 
tic temperature gradient) in morning hours. 

In the highest wave number range, comparable with or even exceeding the 
so-called Kolmogorov wave number k* = 1/q = the spectra £ (fe), 
^uu (k), and (fe) depend on molecular viscosity and have the forms (16) 
where«Pj (a), <j\, (.v) and <p, (x) are the universal functions. According to empi¬ 
rical data of 1241 and [271 the^ functions 9/ (jc), l = 1, 2, 3, begin to deviate 
from the constants, C; Cn and C[ approximately at jc « V». At present we have 
almost no data on the values of the universal functions in the range jc > 1. 
However it is possible to recommend as a purely preliminary approximation 
Gorshkov equation (18) for 9,, (jc). This equation argees rather well with the 
observational data of Grant, Stewart and Moilliet (271 (see Fig.5) and with 
the theoretical result of Novikov [561 concerning the asymptotic behaviour of 
velocity spectra in the range k^k*. 
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,. ran6e °f small wave numbers, or great scales, the turbulent nnrtTia"* 

typicaî^caîes TtmbÄ ^ non'sotrop¡cfluctuations determine d i ff cíen t y ™ ? « °[. turbu.,ent «nhomogeneities, the magnitudes of turbulent 
pulsations (i. e. the variances of the meteorological fields) and simrlo nnin* 

reference 1^3 toC74? n^i non«sotropical characteristics1^ can be founï in 
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TURBULENCE CHARACTERISTICS OF WIND SPEED AND TEMPERATURE 
IN THE BOUNDARY LAYER OF THE ATMOSPHERE 

N.L. Byzova, V.N. Ivanov, 
and S.A. Morozov 

Institute of Applied Geophsics 
Obninsk, USSR 

Study of turbulent motions in the atmospheric boundary layer 
not only pursues the goal of refining existing boundary-layer 
tneories and solving a number of applied problems, but is also 

a°eftaln interest from the standpoint of study of turbulence 
itself in stratified flow with shear at large Reynolds numbers. 
Like most research in the field of atmospheric turbulence, it is 
basically at the level of, accumulating and refining experimental 
facts. The present paper is devoted to the results of experi- 
mental studies carried out on the 300-meter meteorological mast 
of the Applied Geophysics Institute. 

1. WIND SPEED SPECTRA IN THE INPRALOW FREQUENCY RANGE 

Among the first problems that arise in study of turbulence 
in the atmosphere is that of estimating the range of scales that 
this motion encompasses. The least-studied range of the spec¬ 
trum is its low-frequency part, which is associated with the 
largest vortices that arise in the boundary layer. Interest 
attaches to improvement of data on the spectral-density minimum 
that separates the turbulent and mesometeorological segments of 
the spectrum (van der Hoven [11], Panofsky and Deland [9], Monin 
and Kolesnikova [4]). The spectral density S(f) was obtained 
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Pig. 1. Spectral density 
of longitudinal wind 
speed component In infra- 
low frequency range at 
^5» 75, 150 and 300—m 
levels (the units on the 
axes of ordinates are 
arbitrary). 
KEY: (a) cycles/h. 

foe^d^ta °n the longltudinal wind- 
peed component measured on the 

rneter meteoroiogica! mast ?n jLuari 

0 » h,0f obser-y 
fnni ? * ,Sipe^tra- were taken for 

in thA6*'618* ^ 1^0» and 3°0 ni, 
í nín? ír/2Uenmy range from °-0i4 to 
5 periods/h. The calculations were 
made on an electronic computer The 
data obtained are presented in'pigí 
1 in the coordinates f and fS(f) 

iS the frecîuency« We see 
that the energy distribution is this 

mumqUwhîyhrange haS a dlstln<:t mlnl- 
hl hiSeparates the turbulent 

and mesometeorological region of the 
spectrum. At the lower levels, the 
minimum falls at frequencies of O.15- 

at^h^h?7?* bit at 0-15-2 cycles/h5 
nhi-A? higher levels. The results 

oT*1^ 80 c?nfirm the Presence'-' 
01 a semidiurnal maximum in the 
spectra.! densities, coinciding with 

sm3«? Pe?k °f the faction 
Í freQuencies that was 

at^he^/í1^ uThe sPectral density 
at the minimum is 3-10¾ of this 
maximum. 

avcx-dgea iow-rrequency 

be estimated from the spectraï°densïtieî range can 
heights: for low levels it is R /uP îaining to various 
about 3 periods/h. horizontal di^n^^ f?r hlgher levels 
corresponding to these frequence! aíp if ?Í!S ° ^the vortices 
kilometers, or considerably in excess of^h^i-íii^ °f several 
atmospheric boundary layer! excess of the thickness of the 

the winter period ‘when^he^were8“163 glVen here to 
conditions. However, comparisoi convective 
for summer at 100 m (Panofskv and nef? a wlth data obtained 
mental differences between them? ^ [9]) 3h0WS no funda- 

2. TURBULENT ENERGY OP THE LONGITUDINAL WIND SPEED COMPONENT 

lent range Inabïf us t°? TelelnílT^ b0mä^ of the turbu- 
determine the turtïLn? ^nd h66'16'3 to 
component u»z. For conditions that 6 1?nfitudinal wind-speed 

??peermr:?aSn^ 

ficlent to use the narrower band to 2 periods/h?S fh^lns^um^ï 
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averaged the output quantities over a time of 100 s, and then 
the averaging period was raised to 1-2 h in the process of 
analyzing the material obtained. 

The longitudinal velocity component was measured with 
propeller-type sensors mounted at 10 levels in the lower 300- 

Ia?er*ilnclm?lng stations in the ground layer at the 2- 
and 8-m levels. The ground-layer sensors were set up at a dis- 
ance of 200 m from the main mast. The transducer spatial 

averaging due to inertia was 4 m, and the transducer signal 
was averaged with an additional time constant of 0.5 s The 
corresponding estimates indicated that such averaging intro¬ 
duces no substantial error into the turbulent-energy value at 
moderate wind speeds at heights of 25 m and up. 

As we know, it is most convenient to present the turbulent 
energy u in the form of the dimensionless ratio /a» *u, where 
u is the velocity of the unperturbed flow. In our case It 
would have been convenient to use the geostrophic wind speed 

r3uantity' ^owever> did not have systematic mea- 
surements of ug over the entire time of the observations, so 
that the value u300 of the wind speed at a height of 300 m was 
used as an estimate of ug. The degree to which this substitu¬ 
tion is justified can be Judged from the data given in [1]. 

bring out the nature of the turbulent-energy variation 
with time over the entire layer, it is helpful to represent the 
results obtained in the form of lines of equal turbulence inten- 

.. data are shown in Pig. 2, as obtained during the 
day 28 April 1965, 

. 4 5^ing t¡lis day» the temperature stratification was close 
to indifferent. Prom Cl to 08 hours, we observed very weak 

(ay^age deviation from the dry adiabatic gradient 
70*}5 °vff 100 • After 11 hours, the temperature gradient 
in the bottom of the layer was 1°/100 m. The wind speed was sta- 
ble to 09 hours, at 7-8 m/s at the 300-m height; after 11 hours 
it gradually decreased to 5-6 m/s, and by 14 hours it had fallen 
to 4 m/s. 

An increase in turbulence intensity was observed during the 
day despite the very indistinct change in stratification. The 
turbulence-intensity field is characteristically somewhat mottled, 
an effect that we attribute primarily to the existence of large- 
scale inhomogeneities that make it impossible to obtain statis¬ 
tically stable values for the wind-speed dispersion over the tine 

íori^ÜH011, .!he va7iatlon oí1 with time for the most 
part follows the variation of atmospheric state, although this 
conformity is incomplete: for example, after 16 hours, the tem- 
perature gradient became somewhat steeper than adiabatic, but the 
turbulence intensity decreased, following the decrease in wind 
speed. 

4., A!oarï from the tlme variations, interest attached to examina¬ 
tion of the turbulent-energy intensity profiles /iP^/u for 

3 0 0 
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: 2 3 1 5 6 7 6 9 /0 U ! 2 /3/4 i-a 
757617 lâ 79 t, wc 

I — < 0,05; Y— 0,05 -0,08; 
J—0.08-0.1; 4 — 0.01 —0.12; 
5 - 0.12 - 0,14; S ->0.1« 

KEY: (a) hours. 

ÎÜT7"”» cations. 

Variation of turbulence intensity 
with height for various stratifica- 

emHUhrH * W?ak stabillty; o) indifferent 
equilibrium; ®) moderate convection 

recaÍrthartímKí^enerfifSas^asSrlS8!^?^6? <F1S- 3)' We 

stability, the indiffe?eStÍstai-pbt»Í¡Íed c.ovfr three states : weak 

— *h«a 
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Fig. 4. Variation of turbulent intensity 
/u''/Uj 0 0 with height for limited passband, 
Group stability parameter B = AT! u/ul: a) 
+0.0027; b) —0.0005; c) -0.003. 

on stratification. We see that under the conditions considered, 
no decrease in turbulent energy with height is observed, and 
with stable stratification there is even a tendency for it to 
increase. 

For comparison, let us consider the nature of the height 
variation of turbulent energy measured in a narrower frequency 
band — at the low-frequency boundary determined by a 5-minute 
averaging time (Ivanov [31). These data are given in Fig. 4. 
We note that here the range of stratification change is con¬ 
siderably smaller than for the profiles shown in Fig. 3. For 
conditions of weak convection, we have an increase in turbulent- 
energy intensity beginning at a height of about 150 m. The 
first two groups are singular in that turbulent intensity di¬ 
minishes with altitude. This fact distinguishes the results 
shown here from those of the broad-band measurements in Fig. 3. 
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The behavior of turbulent energy for 5-niinute averaging is 
consistent with the familiar notion that it is basically gene¬ 
rated in the lower 100-meter layer and determined for states 
near indifferent equilibrium by the term t(3u/9z) of the turbu¬ 
lent-energy balance equation, where t is the shear stress. For 
turbulent-energy profiles obtained with the system passband 
extending to 2 periods/h, the mechanism set forth above is in¬ 
complete. It is apparently necessary here to take account of 
secondary turbulent-energy-generating sources that give rise 
to the lower-frequency oscillations with periods longer than 
5 min. At a wind speed of 5 m/sec, this corresponds to an eddy 

or(^er 1*5 km. Since these dimensions exceed 
t5Lthl, nf?s the boundary layer, the appearance of these 
eddies is linked primarily with the horizontal structure of 
wind speed. In this connection, interest attaches to study of 
the large-scale inhomogeneities. 

3. LARGE-SCALE INHOMOGENEITIES 

*arSe“scale inhomogeneities play an important role in 
the atmosphere's boundary layer. First of all, they are inter¬ 
mediaries in the transmission of turbulent-flow mean-motion 
energy. Secondly, like the small-scale motions, they partici¬ 
pate in the process of agitating the boundary layer. In this 
case, however, the agitation process differs from diffusion of 
the gradient type, which is associated with smaller vortices: 
it must therefore be considered separately. To ascertain the 
mechanism of these phenomena, it is necessary to know the spatial 
structure of these, inhomogeneities. Large-scale eddies were 
investigated in [10, 8] for laboratory conditions. Similar 
measurements made in the boundary layer of the atmosphere will 
be of interest. 

On the basis of data on the longitudinal wind speed compo¬ 
nent, measurements of the large-scale inhomogeneities were made 
at the high meteorological mast of the Applied Geophysics In¬ 
stitute. To describe the statistical properties of the longi¬ 
tudinal component, we used the correlation function 

Ruu {Mq, Mi, — Alo» to, t) m* (Aip, /p) u’ (Mi — Mo, to -f-1)._ 
VMAMo) «'»(Aíi-Aío, /i)]*/. ’ (1) 

where M0 = (x0, y0, z0}, Mx = (Xj, yj, zl) are points in space 
(x_ is the coordinate in the direction of flow and y that across 
th€‘ flow; £ is height), t0 and tx = t. + t are points in time, 
and u’ is the pulsation of the longitudinal velocity component. 
The available experimental data enabled us to determine only par¬ 
ticular cases of the correlation function: 1) the transverse 
correlation function RUu(zo, z; t0, 0), where z = zi - z0, 2) 
the time correlation function Ruu(z0, 0; t0, t) and 3) the space- 

time correlation function f¿Uu(zo» z» to» T)* 

Measurement of correlation functions in the atmospheric 
boundary layer in the large-scale range is a more difficult 
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problem than the analogous wind-tunnel measurements. This Is 

“VT linltei tlme wlthl" whiSh the obLrveâ 
dlff?^nií?n be re®arJed as stationary and uniform. Certain 
larfi ïiai63 arise due to the small amplitudes of the 
flítprprt fL íÍOn?# P ° lncrease thelr relative magnitude, we 
filtered the signals from the speed transducers, thus reducing 

tioneofr?hp°fMi?e hiSh“frequency components. The transfer func¬ 
tion of the filter used had the form 

<X> (oj) = 
(2) 

„was taken equal to 30 sec. Needless to say, such fil- where x 
tration does not definitely solve the problem of isolating the 
large-scale inhomogeneities out of the entire set present in 

fince the relationship between them and the 
rest of the spectrum depends on wind speed and stratification 
owever, calculations indicated that it increases the specific 

weight of these components in the signals studied to a substan¬ 
tial degree. 

At the present time, there is no definitive theory of the 
large-scale inhomogeneities. We can only advance certain con- 
siderations regaräing the correlation functions listed above. 
It follows from the continuity equation that for the transverse 
correlation function 

uu (M0;0,!/,z,t,0)dydz = 0 (3) 

(see, for example, [10]). It follows from Formula (3) that there 
pUS riwnennSSarily be re6ions in which the correlation function 
Ruu^Mo» Y» z; t, 0) is negative. Physically, this means that 
a counterflow must exist for the velocity pulsations in the trans¬ 
verse flow of the plane. Generally speaking, (3) is valid for 
the function RUU(M0, 0, y, z; 0, 0) calculated from the entire 
frequency spectrum; however, we may expect that the contradic- 
tlon will arise basically from large-scale nonuniformities com¬ 
parable with the dimensions of the flow itself and will depend 
on their structure. An investigation of certain simple similar 
structures was set forth in [10, 8]. To be able to submit de¬ 
finite judgments as to the shape and orientation of the eddies 
it is necessary to know, at the very least, the correlation func¬ 
tions of all three wind-speed components in the three directions. 
Since we did not have this information, we can offer only cer¬ 
tain particular remarks regarding structure. 

Experimental data obtained on structure on the high meteo¬ 
rological mast pertain basically to weak stability and moderate 
convection. The correlation functions Ruu(z0, z; t0, 0) are 
shown in Fig. 5 for the inversion state. The functions 
R(z0, z; t0, 0) are characterized in a number of cases by the 
presence of an intrinsically negative range for z above 100 m. 
For comparison, we note that according to [8], similar correla¬ 
tion functions for the indifferent state (obtained in the wake 
behind a cylinder and in the boundary layer on a flat plate) 

* 
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have no negative region. 

The presence of a region of negative R (z 
UU 0 * 

a cylinder or in the boundary layer on the^late.behln“ 

tain to the stabl^stat^íPie0*«ÍnS Ruu^?»’ 0: *'}* “hioh per- 
long correlation ti^'o? the^rdir l?â Very 
spends to inhomogeneity dimensions of ^ 
stat6 is char*actht/ ^ ^4-^*4 4 _ _ • 3 Km. This 
ties stretched out in the dlíectionaofS'fÍSÍ.-?0trOPl0 lnhomo8enel- 

g^d’al’tün ^„Tt ul correlation^fune11 7> Wh?cb ^ ^e ri 
motions of two different scales [10]/ “ related ^ the 

approãch/o^ífl^ífpl^p11“^^ boundary layer and the 
RuuU., a; t„. Oleo/1-? °orr?latlon functions 

(zf 0-/ /fh^d a n™ber of caseä, the correlation function, 

ded’as’thl sum of two COTre?/^1?//; Ji b?. re- 

Ruu(z 
8). 

0 > 
m 4./ ---) vwux-x-enation lunctions 
0) along the vertical cease to be negative (Fig. 

tial correlation n/th°tl0n (Flg- 9)> we observe a ™ Bubstan- 
under consideíatioí Tbe/orSV?íUeSd°Ver the entire lay«r 

dhltri¿ns/;>í^’h6: ^ bbab “r/espo^d/S c^ect/Ze c/L 

irS ä r?ï--— 
i/of/he/rde/of î/m/t/e/"^"^0" °f the lbb-aSanelties 

c^nve^^n.^We^lsfobservfgSofh5 height of the layer. g °d hom°Senelty over the entire 

stablfand uÎstabïe sï^es'are0^^^^?^^? StSUCtUïeS °f 
elusions to be drawn from this is as foi^rent’ti 0ne of the con” 
weak stability (Fig 5) tha ioT,£,0«f f°llows. For the state of 

vertical dimension! not excwdinfso'/o m noSunlfori"ltles have 
process in the 300-meter vertíiQ„1004-rni* Hence the mixing 
diffusion. The situation 1 <5 Hire lay®r takes Place by gradient 

fusion, but also by participation of /rg^/daiL/n/t?"* dlí'* 

pig. n/s/th! n!!f!;/c;arc/rS/?function appears in 
coordinates z, t. These results are shown in the 

data for the correlation function in the^ake^althouc^tb116 
presented in other coordinates mví nV/*- * although they are 
the maximum correlation values’lead and îa^iî3*-?^ Jyrmnetrlcal: 
and lower layers. ad and lag in tlme for the uppei 
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Pig. 5. Correlation functions Rim(z , z; 
for weak stability (the various^ymêils 
tain to different measurement series). 

V 0) 
per- 

\ 
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Pig. 6. Time correlation functions R (z0. 0- 
to, t) for weak... uu * 
KEY: (a) seconds. 
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Fig. 7. Time correlation functions Ruu(z0, 0; 
t0, t) for a nearly indifferent state. 
KEY: (a) seconds. 

Km (2Sh,Ij 

Fig. 8. Correlation functions R (z., z, 
for nearly indifferent states. 
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Pig. 

t O » T ) 
10. Time correlation functions 
for moderate convection. RUu(z o » 0; 
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Fig. 11. 
relata on 
function 

Lines of equal cor- 
of the correlation 
Ruu(Zo. zj t0, t) 

DISSIPATION OP TURBULENT ENERGY 

acterlzes^he^Ite o?ecoîlveMlonaof0t ^h1? 3 parameter that oh 
energy into thermal energy? ÍÍ"oe ë kinetlc 
in the inertial subrange, the vil?. ??Tlnes sPectral densi 
to estimate a number of practicallv 3uantity can be USl 
that are determined basically bv wind ?nrt?nt turbulence effec 
subrange. The quantity F also d7 Peed Pulsations in this 
turbulent flow. y alS° dete^ines diffusion processes : 

the structure functionhandCthrÍStÍCS “ the measured values of 
tudinal velocityHcomponent In the^n^í,??"81^ of *he l?ngl°-f 

pdan^e^H^sífwlr^ís^lta1!?]"6?^0^! 0Si°531™^- “ñ^c- 

apparat unused ?or= t^e^ 
ment of turbulent-energy dlssiö??lS? - Î d oontinuous measSre- 
levels. To obtain the proHÍes íh» Paten al,"ultaneously on slv 
measurements were avera^edf11?^ 



various states are shown in Pig. 12. 

were reduced^o ahWindfspeed0(atythe1?nnaCthr?,Ktíe ^“Profiles 

Por thls purpose the j KJe lunip^e3°°?r:a?hht eeal5bym/S- 

different aboïe this leve? TM M°\the Gratification was 
ness r: the f ‘ =h-acteriZes the thich- 
ceedea 300 m for unstable states. tcite* Xt ex" 
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Pig. 13. Normalized pro¬ 
files of turbulent- 
energy dissipation on a 
plate (a) and in the at¬ 
mosphere (b). 

As these diagrams show, the 
rate of turbulent-energy dissipation 
varies over a broad range for these 
states and diminishes with altitude, 
ihe data presented here agree with 
measurements made earlier on the 
high meteorological mast (see [3]) 
and with measurements of other 
authors. 

The unstable states have a char¬ 
acteristic singularity in that begin¬ 
ning at heights of the order of 150 m 
the rate of turbulent-energy dissi¬ 
pation stops decreasing with altitude 
and remains practically constant. 
This behavior of the turbulent energy 
dissipation rate can be explained on 
the basis of the turbulent—energy 
balance equation, which takes the 
form 

* 7 dz (£V) (4) 

(the nomenclature is that generally 
accepted). The constancy of ë may 

u, 4 • . , attributed to the feiet thrii" ay 
heights above 150 m, the first and third terms of the ri<?ht 
member of (4) become small (beginning at these heie-ht-^ fhe 
average wind speed shows practically no change wUh height). 
This leaves only the second term, which is determined by the 

aimo5t -° — 

J—g 1 
~ T pcß • (5) 

of^he^ir^anH £hie;^mate îhe °rder 0f masnitude of the sum 

150 m foí unstSble «atesr"8 ^ ^ member 0f (,° below 

indií,í,erent state, the turbulent-energy dissipation- 

a wind tÍíiel in^hp0^^ ^ analoS°us Profiles measured in a wind tunnel in the boundary layer on a flat plate. It was 

thieknp^ ? Sp1!ît c°nditions for this purpose such that the 

CmneS?M6.°L he,atm0SP?!r,S boundary layer did not exceed 
300 m. This made it possible to present the e-prof Up in thn 
dimensionless coordinates z/5 and ei/v’. TYi« result«, wM'n' 
aPPear attest to the rather good agreement of data 
obtained in the atmosphere and in the laboratory (at least up to 
a height of the order of 150 m). 
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JOO- 

" 0* " « w ¿/W a 
Fig. 14 Isolines of temperature-inhomogeneity 
intensity; the heavy line is the inversion bound¬ 
ary . _ 
/ -X< 0.08*; i - 0.08—0,16*; 3 - 0.16-0‘»«•i - Oîi’-B v>.. ---- 
3 — " • * 0.24-0.3Î*; Í - C.32—0,40*; $ - 0.40-0.41¾ 

KEY: (a) hours. 

5. TIME CURVE OF TEMPERATURE-INHOMOGENEITY INTENSITY 

The anaiog apparatus used in measuring turbulent energy was 
also used to measure the intensity of turbulent temoeraturf in! 

difffr^nti1?3^^/7* the temperature-Pulsation transducers were 
differential-thermocouple arrays set up at 8 levels of the 

- T3« ^e§lnn^n6 25 m and ending at 268 m, as 
well as at tne 2- and 8-m levels 200 m from the mast. The fre¬ 
quency range of the measuring apparatus extended from 2 Hz to 
2 periods/h. The data were averaged automatically over each 
100 s, followed by additional :0-minute or 1-hour averaging. 

The measurements were made in series lasting 40-45 h- the 

taneously!" differences between levels were registered siiul- 

T -, 14 shows the results of one of the series of 28-Í0 
Juiy 1964 in the form of isolines of fi*7 with height and time 
as coordinates. Phis period of measurement is characterized by 
distinct diurnal changes in stratification: inversions at night 

l?d15°hnni?UhUS/ayt3m? instability, which is supplanted after 
increasing cloudage of local origin, with brief 

dence of ^ various types of height and time depen- 
n °r lnversion, unstable stratification, and the 

transitional period are distinctly visible. 
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Fig» 15. Regions of equal temperature- 
inhomogenelty intensity (a) and equal 
temperature gradients y = 3T/9z (b). 
The legend for a is the same as in Pig 
14; for b: 1) < 0; 2) 0-0.4V100 m; 3)’ 

m; 4) 1“2»5o/100 mj 5) 
>2,5 /100 m., KEY: (a) hours. 

^Sht, the temperature-inhomogeneity intensity 
is distinctly related to height and the depth of the ground in- 

lines°of 5S¿Vn?Strate? by PlgS- 15 and 16> «hioh fhow iso- 
lines of /T for two nocturnal periods as obtained with aver- 

g?adienteiSoli2n¡mlíUtfhÍnterVal and* for comParison, temperature- gradient IsoUnes In the measured layer. Above the Inversion 
boundary, /F* does not exceed 0.08“; Its largest values which 
are observed sligntly below the inversion boundary, are Almost 
an order larger (0.3-0.5°). In Pig. 15, the inversion has in¬ 
creased throughout the night, progressively encompassing the 
layer up to 200 m; the next night (Pig. 16), it covered the 
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19 ?J 23 u, „J os 0? t yte a 
Pig. 16. Regions of equal temperature- 
inhomogeneity intensity (a) and 
temperature gradients y = 3T/3- 
Symbols same as in Pitr 
KEY: (a) hours. S 5* 

equal 
•z (b). 

ing the night betweeí íhl 200- and 300 m ? fy fiui:tua,:e<i dur- 
tlons of the inversion boundary ïn fluctua- 
panied by conspicuous variations Sf 15 16 are aooo,n- 

lent pulsations^ th2Pusuaïrsense°tUItl0nS dli'1'er frora turbu- 
their origin here to internal wares arising63?’8 ïî®* they 0we 
stratified laye”, at least- at lraIfS .arfslnS in the stably 
traces of such fluctuations, obtained^aied g^dlents* Typical 
in both ground and elevate^i^r^ols^are^g^ Tn*"?* 

in the sign ofetheatemperatur¡1¿radienterthentÍSe ^ the chanSe 
homogeneity intensity begins to ris^ at’l^w U^e“ln’ 
appearance of the inversion is fniiLS l levels, and dis- 
daytime typo of intensity variation with Light!1 ^ °f the 

-^9- 



6. CHANGE IN INTENSITY OP TEMPERATURE INHOMOGENEITIES WITH HEIGHT 

During the day, when stratification is unstable, ¿T»"7 dimin¬ 
ishes with height. In the ground layer, it follows from the for¬ 
mula of semiempirical turbulence theory 

•’l/* 't-v 5 Cl Q dO 

(6) 

where E is the turbulent energy, q/cDp is the turbulent heat 
flow divided by the specific heat ana density, £ is the "mixing 
length,' and c is a dimensionless constant (see A.S. Monin [5]), 
that for near-indifferent stratification and in the limiting case 

_ stability /T'* is independent of z. In free convection, 
proportional to z”1/3 (A.M. 0bukhov“[6]). 

V/lAGll/ X I 

ofstrong 
/T'* is pi 

Pig. 17. Temperature-inhomogeneity intensity 
profiles for unstable stratification (a) and typi¬ 
cal temperature-gradient profiles (b) (the different 
symbols refer to different measurement times). 
KEY: (a) deg/100 cm. 

It was not the purpose of this study to verify (6) for the 
ground layer, but the results of measurements at the 8- and 2-m 
levels a^e not contradictory to the ideas set forth above. The 
ratio «^em/V^Im wíis found on the average to be around unity for 

stable and indifferent stratification and 0.75 for unstable con¬ 
ditions, or somewhat higher than the theoretical value for free 
convection (0.63), apparently because free convection was not 
fully established at the heights considered. 

There is no point in considering temperature-inhomogeneity 
intensity profiles over the entire 300-meter layer except in the 
daytime, when the upper layers are better coupled to the ground 
layer by strong mixing. The time from 10 to 14 hours was 
selected as an interval that approximately satisfied the sta- 
tionarity condition. Figure 17 shows profiles of /r* averaged 
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over one-hour intervals and normalized to T# = - (l/<v«Hn/r. 
where < is the Karman constant and v# = (x/p)1/2 isthe "friF * 

KraSilnt nín?; the fl8Ure 5how' temperlture- 
add r .P I1163- The scatter of the points at the 25-m height 

is due to the unevenness of the underlying surfara in ^ gnt 
mediate vicinity of the high meteoroïogî"ll mas?? " ^ ^ 

The heat flow was determined from the results of c-rarH<=ni- 
measurements in the 1-4-m layer; since the stratification con- 

»d1?"! Entity1? !senPor?JeS rre, 0btalned were 
of reasons, th^scItílrM f°r S nUmber 
reduced at all by normalization. 

was hardly 

nor.Q<-The phafe laS at the upper levels due to the diurnal tem- 
perature variation has its effect on determination of the ÎP* 

0 i?S;n hi r^Ult ls that MinS the frentón hours (from 
? ,° p íours)> Quantity /T'' drops systematically with 

(b?tw?e? 12ea?d0it rre ^aplâly than lt: d°es ln the afternoon (between 12 and 14 hours). The is shown below, where we give 
averages of W7 divided by the /F7 at the 2-m leiel f?r all 
heights separately for the 9-12 and 12-l4-hour intervals: 

Height’, m s' a 
9-12 hours 0,78 0,85 

12—14 hours. 0,80 0,90 

M 73 121 109 143 
0,50 0,46 0,30 0,25 0,29 
0,49 0,46 0,42 0,30 0,34 

217 

0,20 
0,2G 

xs 
0,23 
0.31 
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[English Summary] 

Empirical data for wind velocity and temperature fluctuations are pre¬ 
sented. The data wore obtained on the 300-mctre meteorological tower of the 
Institute of Applied Geophysics at Obninsk. 

The continuous record of wind velocity fluctuations (about 40 hrs) was 
used for the investigation of the low frequency subrange of the velocity 
spectrum. The estimated velocity spectra for 4 levels (25,75, ISO and 300 m) 
are presented in Fig. 1. All the spectra contain a gap between the turbulent 
and mcsomcteorological components of the fluctuations. 

The turbulent energy was evaluated for the frequency range from 0.5 cps- 
-up to 2-cplu-Variances..olthe longitudinal wipd velocity (¡T5)’ . were divided 
by the value of the wind at 300 m, «3^, to obtain the nondimcnsional turbu- 
ent intensity. Fig. 2 shows the longitudinal turbulent intensity as a function of 

the time of the day and the height. The profiles of turbulent intensity for diffe¬ 
rent thermal stratifications (weak stability, neutral air and weak instabili¬ 
ty) are presented in Fig. 3. It shows that the turbulent intensity decreases with 
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the €truncatedfintensity* a?e presented ÍTfí^V'Í heÍguht 1116 Profiles 
S|ty 'S determined from the spectra \v¡thntlfÁ%*SWhcre he truncate<l inten- 
great difference between the Ss orciJw. Part cut off The 
explained by the specific behaviou/oMhl ? F‘g' ? and in Fi8- 4 be 
interest to study their structure in detli¡h ge“SCaIe eddíes- ¡t is of 

of.i'(1)sK'm. -TlTJlTj *1(M- /.. /.-,., 
cription of the statistical structure of laree ar® use^ for the des- 
component of the fluctuations a'was I k ddies- 11,6 h'gh frequency 
over 30 sec. Fig. 5 shows the VprtS/n d 0U means of time aveUine 
conditions of weak stability. The prwenc^of athenn^"r^0’i,/#’under 
correlation indicates that under dahl« 0i ih negatlve values of this 
nonzero component in the /dÄo“ ^ aXC$ °f the eddies ^ 

rig. 6 shows the time correlations R f? n / , 
Iag t-/, - /0. The corresponding ^Lrãl Hm« 9’? as a /unction °f time- 

,hc for,n 

Time correlations under such conSnn. K 5 the who,e ,ayer (see Fig 9) 
f re much smaller undfr um aÄ d¡ äl'lhaÄ » ^'im' 
the eddy structure Is more ¡sotropTln the forme? caseU e COnii“i0ns ani1 

Fig. II shows an example ol space-lime corr?Ut o? 

slruMucÄdlS^ra' uÂ^ —ed fime 
«five thirds* laws with the univerS Sg • h? wcll'knO'vn «two thirds* and 
• ig. 12 shows variations of e with height underr(icf<j!inrncn(,ed by Stewart (7). 
lues of e are multiplied by (5/u^ )* tf exdurfl * COndit|0ns- The va- 
wmd speed at 300 m. The rate^f energy dUsiíatiòn !!60"* °f var¡atlor» of 
under neutral and stable conditions hptuayin;ñ » P ?n decreascs with height 
than 150 m under unstable conditions This^an í°nSheightsgreater 
the energy budget equation. Th be exP,a,ned with the help of 

frequency range frorn S^cp^sup ^ imeasur«t in the 
time of the day for28—30 Julv tk 35 a ^uncf|0n °f the height and the 
01 nisht is the greatest InThe rS ,IÍ? ™|a"“ oi '^P'rature fluctuaiiou? 
Figs. 15 and 16 where the kni;™? «r « mpcra*ure ‘"version as can be seen from 
the, with the magnitudes ol temperátSSdú?,^?10"' pr<sen,ed ^ 

gradient undtrTnsu'blSitr^“ ^ mi °' temperature 
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TURBULENT EXCHANGE IN THE THERMAL! Y 
PLANETARY BOUNDARY LAYER OF THE ATMOSPHERE 

j. .1*1. tioDyieva 
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. _ S.S. Zilitinkevich 
A.I. Voyeykov Main Geophysical Observatory 

Leningrad, USSR 

D.L. Laykhtman 
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Leningrad, USSR 
Institute, 

1. INTRODUCTION 

underlylng'surface^n atSospíerifmotiônr^Sítrín "“Lthe 

-a-5a?^- 

characteristics for a horizontallv ^ the turbulence 

basic difficulty encountered heíe resîîtrf?omanonnîr fl°WV The 

by Akerblomhe[l]U.rbUllmproved0models0offthisncoefficient’^pro"60 
file were proposed in the work of Rossby and Montgomery [2]^ 
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Blinova and KibeV [3]. Shvets and Yudin and elsewhere. 

and tuîbuLr„0t-1vïscofsit1;-J'ea??icienttp?ôfîf1°n °f the “ind-speed 
by Monin [5] for the case of neural e^mined 
the Reynolds equations. Monin used thP i0n- To close 
1*™* energy, expressing the coefficient ^uatlon of turbu- 
and the turbulent energy dt^ÏDatine1^ f ^rbulent viscosity 
mensional considerations, in Ss of the ald of d1“ 
turbulent velocity pulsation enertv oníh! ? er?fe values of the 
izing the dimensions of the turbulent inhnmength4SCale character- 
Kolmogorov [6] and Obukhov [7]) ?t^°genelties following 
to increase linearly with hei¿h¿ ï quantity was assumed 
the later work of Biabada? [f] the atmoaPhere. In 
which were also devoted to th* and Ruzin [10], 
equations of the same typ^ Is In Mo^tificatiin, 

bUt °ther usSeânÂ%-bruMne- 

lent-viscosity-coefficient 1profileyi-aP?rOX^matí0nS of the turbu- 
tion of wind and temperature in the loier^t18^!! the dlstrlbu- 
given external conditions. A serniemninîL? ï?Spherlc layers 
analysis of the problem of turbulent Îh 1 thfory that Permits 
atmosphere in closed form wat ax°hanSe ^ a stratified 

khtman [12]. ln this work tht atth^ yhf\lltinkevich and Lay* 
the relatively simple case of a ^ 1 btal/ed a solution for 

paper^onsider^^stratif *fh^^et^ea®^bCt 

2. STARTING EQUATIONS 

[12], we shall wrlte^he system^ofTqSatl1 theSry set forth In 
*n „he .following fora for the conditions cSnsidered:m0ti°n 

i dp 'J - 
X,,-,LS + S*S“0. -U-'-*/+lk*l r a du' d . JO 
ardikT2 = 0> 

P àV~T~ dth dz~®> 

*[(3j‘ + (af] - «rf «. ¿i"_ Si 
k = b'u l, e = c~ 

(1) 

(2) 

(3) 

(^) 

(5) 

unknowns^are: ^“and^^t he Horizont allomo ^ helghtJi tha 

bSLiî :ûcts:i^r"t^etsrar*l^”E:=-»^"-noS!1îur- 
energy as heat/b and1^? the mea^vtf dissdPati°n of turbulent 
the spatial scale ofth* pïlsationt 1U?n °f kinetic energy and 
which are assumed constat have thP /Í? remaining quantities, 
Coriolis parameter; p? the’denlitî nf ?Íl0W Sense: X* the 
the components of the horizontal pressât graálert• X£r?heP/8y’ 
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I 

ÍSte^émpe^ture^ríhriaíe^undefr^L15*10 ValUe of abs°- 

S Fr'-’sfvep 

s ?^:\^r0r.1;:ti2]: -rLa=L"^? data [13, 14]: aT » 1; ab * 0.73; c * 0.46-10^- k ~ o Ac 

s*8» -u?;3Ls::nt 
Is used below, we shall substi*,,^ L_ .4 .?herever thls f°™ula Is used below, we shall substitute ?n„ 1 „™eI’ever thls formula 

blnatlon containing the more familiL conítant0^63’’0^1"8 °0m' 

lenceWsca°e! differs'from’rhaí0” determlnes the average turbu- 
account of the veering “back^ruTSf0?^ 1? i1?1 ln that lt takes 
,rired for analysis of ^“d^rV^ ^ 

^,5 5/" ‘he «pression for the "characteristic function" ï. 

formed withouthconslderationiof0theUt^h0?3 ln were Per- 
effect (i.e., for ÕZ - 0) iñ tí. turbulent-energy diffusion 

feet is taken into consideration ifT Where thls ef- 
in shaping the turbulent-vortex soaipc3 JosJulat®d that Its role 

modification indicated^bo^elí ^^p^ïon^Â^n y. 

plified,^primarlly^because^ltbdoe«?^111? ®quatlon is greatly sim- 
the radiative heat-Srans?er effect terVes^ibing 
the present study does not ralcptho U la because of this that 
the vertical temperature distribution^n^investlSating 

S::H£H:SH~?;:SsS 
the problem, it is convenient to this formulation of 
lent heat flow q, whïch in our r%thaí the ver,tlcal turbu- 
height by virtue of (2), is given: 3 'f°Und to be constant over 

arcppkd~ = corsl dz (6) 

(cp is the heat capacity of air at constant pressure) 

in the real atmosphere^bov^one^Sndíed ^iters1"3^1? 151°¾l^nd 

ingdetermlnation°of ííe^nd'^ronÍ^thlt^3that ^ er^" 
it will be small. This ïs be?aSse Ihe 5ïnd L asTru^ USlng 

is effectively constant^ ^ l0W leVels» slnce the heat flux here 

1See page 69 for footnote. 
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3. BOUNDARY CONDITIONS 

«md.^e'lha^ï^e^L^eno^tSe6 dlreCtl°n °f th£ ^»0 

1 àp . 
^ = 051(10(, 

i. àp 
Cc°sa. (7 

JthVaígle^et^e^^his^spJea^aSlíe™^0!“1?" SPeed> and “ 
usual“ the°boundary bondit Ions ?lndtín the ^oSndaïy îlye?)*1 \°s 
will be written oorid“i°ns for the wind-speed components 

“-0, 0 as V-^. 
a-OcoS«, «-►Osina as (8 

--- —. (9 

Here z, Is the aerodynamic roughness of the underlying surface. 

Introduce the friction velocity v„ which Is deflne( 

by the equality e!= üm* *i:. s T obtain the i 
dz i0 ODtain the lower boundary con¬ 

dition that must be «fM v ., 
we shall utilize the faJrthff^h^v,™^1'1 turbulence energy b 
sion energy flux abk(db/dz) cannSt fbsolute value of the diffi- 
decreases. Applying (i)_fci ?? ï increase without limit as z 
this implies ^ * lt is easy to show (cf. [12]) that 

b-K^hvl as z. 
Cio IT , ’ V.J. 

the QuantitíÍbnshoí,ldtva¿ishnasnzUÍr«1 gbratiflcation (z < 0), 
results from sticking of the air to th* mhe wlnd shear th£ 
íhe;\the only cause of turbulence Pnr surface is 
in this case of altitude-constant’heat fiowta^e ftratificatior 
change should correspond to the condf^î turbulent ex- 
great enough altitudes. According ?o U?S ?81 ^h 0OnV9ctlon 9 

xy.^ 6 L±lt iöJ» the expression 

\Tcp^n where c0 is a dimensionless universal constant, 

expressed^in^terms0of”theTquantiti °f the constant is readily 
( = )-(5).- Omitting the bo^££ ïrîtl âe^e^lïrin^t'h, 

0 for q^O, 

tv. r-y. /i. _ ]-“• (J. g_ V'. 
[* ^ ) [TepPz) f°r7>0. Cl] 

The problem now^onsïsts^^determin?1111’6'1 boundary conditions. 
tl9s ü, V, k, e. b lid t/Snh ?he 5^feSn°ílleS 0f the quanti- - , vvj.un zne external parameters” G z 
»3qT„_ , —* 

Z,SSee Page 69 for footnotes. 
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sub jecuto determination ).aS giVen (the Parbmeters v, and u are 

¢. the transition to universal relationships 

Let us Introduce the new variables 

■>=4“. 

Applying (1), (7)i and (12)> we flnd 
iz 

Q — G sin a = —L fíl) 
X dz • u — <7 cos a = — If 

X dz ' 

(12 

(13 

pníwons^ranf^tralteímíne^tíl pro"ïîlen%t0 kn0W “ and the 
ferentiatlng (13), we obtain Prof^les of Ü and v. Dlf- 
be satisfied by these fSíctloísÍ foll':"'lns ^dations that must 

ÍÍII+ À 
az- ^ k 

<r-<, I 
57-tt|=»0. (14 

obtained 1¾ íTtf™ ^ ^ 

?^îtïZ°ïn^ Sîîo^ri - g» Ps-an^r^e^^^r-Slr, 
selected for the coordina?! axes! conslderlnS ^e orientation 

«-O as 
Tl-0, O-+0 as Z-+oo. (13 

(16 

‘«LV* °a"d^a«ao*heUrnkhnïï;S: RR:ítt»s (165) are trlvlal ld- in this problem to Conditions ^onshlPs ^16) are equivalent 

of len^rairíL^dLeSLEfp^ra^t^^^í^ri^Ss310" 

M = -x« «ftî. 
^ Xoi 

We further introduce the dimensionless variables 

i 
!zr »i- 

vi * 

* L1 ,v. 

XC,/4¿1 

X », Í! • 

(17 

(ie 

The system (3)-(5), do), (11), (^)-(16) then assumes the for, 

'See page 69 for footnote. 

n ¿*3 I* 

(IS 
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% -Ha’ 
^ ‘ ^ “ e"’ 

T^n 1*4—0 * ^ ’ 3/I |fM-0 ^ 0» ’I«’, -.-n-^0, <J I _> 0 
í* é*n «w /1 [f^-4 00 • 

0 for,1>0' 

(20) 

(21) 

(22) 

(23) 
Kt-^/' VX- for J1<0. 

Here 8 Is a universal numerical constant, ß 

pressedein0theifSrSf0fhthe0fSlloÍTValU%Pr?blem ^9)-(23) Is ex- 
Of the vartabie zn, which depend o^thl palameíerpf1 fUnotions 

’l* “ (zn), an = fa), hn _ 

e„ = E» fa), bn = fa), /, = a;i fa)’ (24; 

components. 11L2tWusnîntroducerneÏÎ0fddifi-îalCUiating the wind-spe( variables introduce, in addition, the dimensionless 

n ^ ' X Un= ~-U, Vn = ~~ V. 

Applying (13), (18), (25), we obtaln 
(25, 

X G 
«d — cos a = dJn 

dz. 
Fl" fa) 

= fa). (26; 

have only t^indlcate^h^recipe1^!?^0^?^^?1?^1 problern» we 
V. and a from the given G z PJ v/'i>det^rn'/nlng the Darameters 
sional analysis indicies’ ?hí, ñrf( aan<S q/oP°- As a d1”1®"- 

«r a^ueeger:s^=hï? c"en?^! 

tlon angle a as functions^^^rd^^Io^L^s^a^a^^s^^- 

Ro =-/-, 
>•*» • M. _q ep? 

f Í.G* (27) 

to Conditíonst(8)f0r'Âppiying í®^tlonshlPs sought, let us retun 
variables, and th¿n souaMnf iÍa)íaS?nVertlns t0 dimensionless 
ships, we find and adding the resulting relatlon- 

~“-R—.“'ÇÆpL — ¿o« ’ 
(28 

studiedSoredoô^Îî^r?rÔSaïhf^rlnl0,0f the d°ndltlon 
page 69 for foStnSte? standpoint of numérica] 
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solution than Ro; 4»u is a universal function of the variable 
zon = Z/Li> and depends on the parameter p. Denoting the 
reciprocal function of $y by ij, we obtain from (28) 

(29) 

Let us now divide the first relationship of (8), transformed 
with (13), term by term by the second. Writing the result in 
dimensionless form, we find 

= (*)„) = S}» (O' (/•)) = C* (r). (30) 

*n ** *fl/i 

Here is a universa] function of the argument z0n and depends 
on the parameter yj Xy and are universal functions of the 
argument r and also depend on the same parameter. 

rf-Ü2 
. dt. 

-a^arctg^. 

*<. 

The relation between the values of parameters y, M, and r 
(or Ro) is obtained by combining (17), (27), and (29) in the “ 
form 

M = y (r)J* = cûji (r), ( 31 ) 

where Wy is one more universal function of the argument r that 
depends on the parameter y. 

5. RESULTS OP NUMERICAL SOLUTION 

The problem formulated above was solved numberically with 
an M-20 electronic computer. The calculations were carried out 
for y of -100, —10, 0,+10, +100 with ß = 0.5^ (which corresponds 
to the values indicated above for the constants c_, a^, and <). 
The solution was constructed by breaking up the entire system 
into Subsystems (19), (22) and (20 ), (21), (23), using iterations 
in kg. The initial relationship was in most cases the linear 
one kn = zn. Then problem (19), (22) was solved by matrix fac¬ 
toring for each of the kp(zn) relationships obtained in the pre¬ 
ceding step. The relationships hn(zn) and an(zn) determined in 

this manner were substituted into Subsystem (20), (21), (23), 
whose solution was found by the exclusion method. This procedure 
was repeated until the maximum deviation of the resulting func¬ 
tion kn(zn) from the preceding one satisfied some predetermined 
accuracy criterion. The sensitivity of the solution to displace¬ 
ments of the lower and upper limits of variation of zn was 
checked by numerical experiments. The result was confirmation 
of the admissibility of replacing (15) by (22); the critical 
values of the upper zn limit beyond which a further increase had 
no influence on the form of the solution were also found for each 
y. 
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Fig. 1. Alignment 
chart for determina¬ 
tion of parameter y 
from given Ro and M 
(the curves are y = 
= const isolines). 

Fig. 2. Geostrophic coeffi¬ 
cient of friction v#/G as 
a function of Ross'oy number 
Ro for various values of 
parameter y. 

Figures 1-3 show diagrams of the universal relationships 
M wy(r), v#/icG = Xy(r) and -a = Cytr)6 for the above five 

values of the parameter y. The scale of the variable Ro is 

f IcalenfoÍ vC/reS furîher convenience, and Pig. 2 also has 
a scale for v#/G. In constructing these supplementary scales, 
the constant tc was taken equal to 0.4. These relationships 

fiîïcH vS t0^dMtermlne v* and a from given "external param¬ 
eters Ro and M. The points plotted in Figs. 2 and 3 represent 
experimenta! determinations, borre wed from Blackadar's paper 

geostrophic coefficient of friction and the wind 
total rotation angle ¿n the boundary layer. The stability con¬ 
ditions under which these data were obtained are assumed to be 
close to neutral, but are not precisely defined. As the figure 

vf}ues given for both v*/G and a agree satisfactorily 
with theoretical predictions if we regard them as pertaining to 
weak-stability conditions. 

8¿ee page 69 for footnote. 
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Pig. 3. Angle a of 
fall wind rotation in 
the atmospheric bound¬ 
ary layer as a function 
of Rossby number Ro for 
various values of param¬ 
eter p. 
KEY: (a) degrees. 

, T?e. dlmensionless profiles of the turbulent viscosity coef¬ 
ficient k. = V f r, \ ---1 -- - «. - 

• --- ^ V V Ks J ^ \ 

vn _ Ku(zn) and the rate of dissipation of turbulent 

*n “ Ep(zn) are shown in Figs. 4 and 5 for various energy as heat Ej 

y.7 The empirical data of Lettau and Hoeber [19], which were 
obtained in two series of special observations (different sym- 
bols are used for the data of each series) are shown, reduced 
to dimensionless form, in the first of these figures. The ex¬ 
perimental data given in Pig. 5 for the rate of turbulent energy 
dissipation were taken from Ball’s paper [20].* These data re¬ 
present a comprehensive summary of the measurement results ob¬ 
tained by various authors. The considerable scatter observed 
here can be explained, among other things, by the stratification 
effect. We note that the data of [20] (like those of [8] and 
L19J) group basically around the theoretical curves correspond¬ 
ing to weak-stability states, which are most characteristic for 
the planetary boundary layer of the atmosphere. 

T,lSee page 69 for footnotes. 
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- In summarizing, we note that universal re]ationshios simi- 
lar to those given in Figs. 1-6, given a sufficiency eomp?e?e 
tive°desc riot ion yield, in principle, an exhaus- 
Of turhniíiriv V, f thf elfmentary Statistical characteristics 
liver b It îct ïhh gfKin ^he a^mosphere ’ s planetary boundary 

^ authors view that the pressing problem for 
further study of the boundary layer consists in fitting and 

thfatheory 6 experimental data for detailed verification of 

The authors thank G.I. Marchuk for helpful discussion. 
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Pig. 6. Universal wind profiles in atmos¬ 
phere boundary layer, a) component longi¬ 
tudinal with respect to ground wind; b) 
component transverse to ground wind. 

« 

! 

-64- 



References 

de 1 atmosphere au-dessus du Pari» (Studies PlUS baS 
currents in the atmosphere over Pam. f the l°«est-level 
Upsala. 1908, Ser. 4, 2* No, 2> Acta Reg. Soc. sm 

Influence in Wln^andHQcean"current^p’ Thl Layer of Prlotlonal 
1935, 3, No. 3,1-101? Currents. Pap. Phys. Ooean. Meteorm. 

meteor¿loáívaI(D?n?ml?nme?;Íe-1KO°íln (Ed->- Wnamloheskaya 
1937, pp.28-36:y meteorology), Chapter 8, Oidrometeolsdat, 

raspredeleniya^vetra snvvsotovYudtn*K^îatslonarnaya model1 
stationary model o? ‘urbul®'’tnoy atmosfera (A 
bulent atmosphere)^ rîrlbution over al‘ltude in a tur- 
42-52. mospnere)* S£udy Glavnoy geofls. ohs. i9l,0( No< 31> 

(Dynamic^turbulence in^h^atmo^nh ‘“rbulentnost' v atmosfere 
S^^eo^?C?9^,tÏ4,1“S??e^i:2^^^OSSRi^erlZa 

neszhimayemoy zhidkosti'(Enuatfniya burbulentnogo dvizheniya 
incompressiWe fi?ïd) Izvq sSsB°f tufbulant motion of an 
1-2, 56-58. ’ - SSSR- serlva Tl7-- 1942, 6, No. 

noy atmosfere^Turbuienc^i^^nonunlf temPeratu™o-neodnorod- 
phere), Trudy In-ta teor. geoflz. 

S!ÈS^^ 

rezhim * v^prizemno^sloye Catmos fery ' (Turbul^t * exchange^n^the 

-65- 



fegÿl okeana°fl0¾ atm°aphere),_Izv.^N SSSR, Flzika ztmos- 

oped Pl¿eJFlow?fMA¿fl,I'^chtr^pUre1°í„Tu^ul^^1n fully Devel- 

Boundarÿ U^r^h^eíò P™«CterÎ3tÎÏS of Turbulence In a 
19511, No. 3178. Pressure Gradient. NACA Tech. Notes. 

near th¿ S;o.:ndnQSa;tTh5 "lof Vr1^0" of Vertical Heat Flux 
385, 260-265. ^rt~ J- R°y- Meteorol. ,w i96a, 90j No. 

In the ¿owér’AtmospherenDerlvedafrom‘ai1UXeee0f Heat and Vapor 
Atmosph. Sel.. 1964,21,N05! 539!5îe 0bServatlon3- ^ 

turbulentnôgô peremeshlvanlÿa^^rilê Osno™yye zakonomernostl 
relationships in turbulent mixinc sloy® atinosfery (Basic 

skoroat^y^^sï^ïî^i^^^oy^on^^n^SS^hrS 1tP°lyae the temperature and velodi-v fioiHo ÍT0 th structure of 
tlona ), I^.AN ISsr! aeriv^ ^L^^^ctlo^condl- 

FÉlilllsiillliH“ 
37ÍCNo!n2^10?-n8!he atmosphere^ Beitr. Phy^ AtmLph”. 

Neteorgj.^lóeK1^ VM3COr ln the Atmosphere. 

t/ 

-66- 



[English summary] 

», Us;4 p pÄÄSr^rlof Ärsily 

■rnmmmm 

SÁ=iÉ¿S;i?SS¡“sr?s 
3fïK5*sÆS«Sa 
^^pisissi 
S33S3?»iàSKr?SSS 
equalions cím líen riSïm''7s?' A 5>’,,cra ?' turMmt ^ 

&âkàd£^ rF "^cp"r" rtM 
dimensional con^h'nts^i'useoii^ 0,•t,I? !>ouncJary Ia>'er-ar,c£6t c and x are non- 
pendenofho^hw^ Í'/aumm"1 to sl.ippose that the hcat q is inde- penacm oi Height (see cq. (6)). If the x-axis coincides with the surface wind 

is the iÄSÄtÄJ SÄÄ »de botn. 
dnry conditions for the wind speed components are usually represen ed as 
(S), (9). Introducing friction velocity o. as u* = lim k £ and using the cqua 

‘j;1 jr" rw,ifn 2—•Und" < »> 
0 ( > V ^V*3t hlííh Icvc,s according to Monin and Oboukhovfl?]. C0 can 

be expressed in terms of c, x and ab giving fin Thi.c 

functions (24)of the variable r/Li^vhic^depend wf th^parame'ler'i^53 
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Kl rí P í w-"35 soIvccí numerically by means of tbe digital 
-1¾ -10 0 im CÄ r°nSr-Cre,Caorieod °uUt for the i0,,0'ving values of p: 
,n!uvi\ l0,0,4+ ?' +I00‘ In ^ 2> 3 the universal functions (31), (¿) 
Thli ? retPect,v.e,y lre Panted for the five above - mentioned values of a! 
Iíw« /9^0nsgl-Ve lheJ?pP°rtun!ty t0 definell- w. anda if the «exterior para- 
meters» (27) are given. The experimental and computed values of the geostro- 
Figs d2ra?nj°3^Cien^ and an^e a ,n boundary layer are plotted in 

.¾ nondimensional profiles of the exchange coefficient for momentum 
ferent V he ^ ° urbu ent energy dissipation are given in Figs. 4,5 for dif- 

ted i^F^g'^5^ Junc^ons @6) which describe the wind profile are presen- 

The theoretically obtained tjet stream» at altitudes of about 100—200 m 
tor the case of a temperature inversions (u > 0) is of some interest The 
figures show that this effect is considerable when n = -f-100. The thickness 
of the «jet stream» turns out to be several dozen metres and the maximum 
velocity turns out to be 1.5 times as large as the ge;ostrophic value. 

i I i 
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Footnotes 

'Piere the Karman coefficient is defined as the numeri¬ 
cal coefficient in the familiar formula for the velo¬ 
city profile in a logarithmic boundary layer, u = 
= (v#/k) in z + const, where v* is the friction velo¬ 
city . 

2In the coordinate system adopted, l¡m*£ = 0. Hence 

this definition is the same as the usual one. 

'A similar procedure is used in [12] to determine an¬ 
other constant. 

“The lower boundary conditions for nn, an and bn in 
Formulas (22) and (23) are written for zn = 0 instead 

?f rPn%Z°/L1, Thls simplification was first applied 
in L5J for neutral-stratification conditions. In the 
present study, the admissibility of this simplification 
was checked by numerical trials with the quantity Zn/L, 
varied; the results showed that for values of the rough¬ 
ness parameter that are really of interest (0 < Zq < 
<1 m), its magnitude has practically no influence on 
the solution of Problems (19)-(23). 

5The quantity Ro is sometimes known as the Rossby 
parameter; the dimensionless number M is an external 
stratification parameter (unlike the Richardson number, 
which is an internal or local stratification param- 
6 u 0 2? ) • 

6Negative values of the angle a correspond to veering 
of the wind in the Northern Hemisphere, 

To the extent that the profiles of k and e have been 
established, determination of the b and l profiles re¬ 
duces to elementary calculations by Formulas (4) or 
( 21 ). 
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we^used1^1"- nhl d/ta 0f t0 dlmensl°nless form, 
vlluefof'th.and Í =^0° as c^aracterlstic ' 
,, the friction velocity and geogranhic latí. 
ude for normalization of z and e by Formulas (18)." 
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