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THE EFFECT OF TEMPERATURE STRATIFICATION
OF A MEDIUM. ON TURBULENCE

A. S. Monin

Institute of Atmospheric Physics, USSR
Academy of Sclences, Moscow, USSR

In a medium with turbulent pulsations of density p', being in
a fleld of gravity, a significant rol2 in the dynamics of turbulence
is acquired by Archimedean forces; the accelerations created by them
are directed vertically and have the value - g ”, where p — averaged
density of medium, g — acceleratlon due to gravity, and the prime
signifies pulsation, i.e., deviation from mean value. In the case of
atmospheric air, the consideration of which we will 1imit ourselves
to here, pulsations of density are created malnly by pulsations of
temperature and have the form p =-——-T’ so that the value of Archi-
medean accelerations turns out to equal e . where T — aversge tem-
perature (in sea water the matter is more complicated, since pulsation
of density here includes the contribution of pulsation salinity).

During stable (subadiabatic) temperature stratification vertical
shifts of alr particles, created by turbulence ¢f a dynamic origin,
are accompanied by expenditures of energy for work against Archimedean
forces and lead to trans®ormation of part of the iinetlc energy of '
turbulence into potentlal energy of density stratification; conse-
. quently, stable stratification weakens turbulence.
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During unstable (superadlabatic) temperature stratlfication
Archimedean forces, conversely, create vertical disblacements of air
particles (at p' < Q or T' > 0 -~ upwards, at p' > 0 or T' < 0 — down-
wards), which leads to an increase of kinetic energy of turbulence
at the expense of potential energy of stratification of density; con-
sequently, unstable stratification strengthens turbulence.

For description. of turbulence in a temperature-stratified medium
a2 similarity theory was proposed which was founded on the assumption
that in a layer with constant stress of friction for height t = puf
(where Uy — sBo-called friction velocity) and constant vertical tur-
bulent heat flux q, what is the surface layer of air with a thickness
of several) dozen meters, all the characteristics of turbulence which
are not too small-scaled (do not depend on molecular viscosity and
thermal conductivity of air) can depend only on three constant measured
parameters ~ friction velocity u,, parameter of buoyancy g/T, and
"temperature flux" ¢/c,. A systematic account of this similarity
theory is given in Chapter IV of the book (1], where an extensive
bibliography. is also given.

In this report we will dwell on several separate problems
connected with the influence of temperature stratification of the
medium on turbulence.

+. Influence of Stratification on the Value of Vertical
Turbulent Fluxes on Momentum, Heat, and Molisture

It 1s known that during unstable stratification and strong wing
turbulence 1s much more intense than during stable stratification and
wéak wind. We will illustrate this qualitative assertlon witf some
quantitative findings. We will examine a situation, in which the
height of roughness of the underlying surface Zq 1s considered known
and gradient measurements are made on three heights =z = H/2, H, and
2H. Measured primarily here are the average wind velocity u = u(H),
difference of temperatures 6T = T(2H) - T(H/2), and difrference cf
values of specific humidity 6Q = Q(2H) - Q(H/2). Then friction
velocity uy, vertical turbulent heat flux q, vertical turbulent

moisture flux E (rate of evatoration) according to the above-mentioned
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similarity theory can be presented in the form

=R %) (1)
.::I;!-'(R'!ﬁ')' (2)
SR =b(Ry), (3)

where R — Richardson empirical number, determined by the formula

H T
R= !T'!F' ()
Further for concreteness we will consider that H = 1 m and Zy = 1 cm.
In cases of strong instability R has a value of the order -0.05, and
in cases of strong stability — of the order +0.3 (during neutral
stratification, of course, R = 0). Theoretical and empirical data
concerning functions £, ¢, and ¢ (see [1] and [2]) show that function
f, characterizing the ratio u,/u, during strong instability has a
value of around 0.11-0.12, at neutral stratification around 0.09, and
at strong stability around 0,.06-0.07, so that during instability it
turns out to be one and a half or two times greater than during .
stability. PFunctions ¢ and y change considerably more sharply — vith
a change of R from -0.05 to +0.3 they decrease by 25 times.

Values IQ| and |E| change sti1ll more sharply due to the fact
that between u and 8T (and apparently also between u and §Q) there
is a correlation: strong temperature inversions (positive &T) are
observed, as a rule, with a weak wind, but durlng strong instability
(negative &T), conversely, there is almost no calm. As an example
the figure represents a graph of correlation between u and 6T for the
period July-September 1959 in the area of Tsimlyansk according to
work [3], which indicates ‘that values for the product of |ust| during
instabiliity usually a/re several tim:s greater than during stability
(typical example of inatability — u = 6 m/s and 8T = -1.5°; typical
example of strong stability —u =~ 0.5 m/s and 8T = 3°; the product
of |usT| nere changes by six times). As a result values la] and |E|
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during strong instability turn out to be two orders greater than dur-
ing strong stability, so that the influence of stratification on
turbulent heat transfer and assive impurities turns out to be much

Stronger than its influence on turbulent transfer of momentum.

The strong dependence of values f, ¢, and ¥ on the parameter of
stratification R and the presence of a correlation between u and T
(and, apparently, between u and 6Q) prevent the calculation of
average climatic values of turbulent fluxes of momentum, heat and
moisture based on average climatic values u, 6T, and 8Q with the help
of formulas of the type (1)-(3)§ such a calculation could lsad in
certain cases to errors of an order of hundreds or percénts £3].

Average quadratic pulsations of velocity have values of the
order uy, = uf and, consequently, during instability will usually
be only several times larger than during atabilgty.’ Pulsations of
temperature have values of the order r...:'."T’: *P 6T ®, ana during
instability they will be an order greater than.during stabilicy.
Let us note that significant pulsa‘.;iona of temperature can appear
inside a turbulent layer only due to vértical mixing at averaged
potential temperature 6(z) which is changing with height. At 8(z) =
= const, i.e., in the case of neutral stratiification, pulsations of
temperature will not &ppear, they can only get into the examined
layer from without, for example, in the surface layer of air - from
thermal heterogeneities of the underlying suface. But the latter
change in the course of twenty-four hours: by day the dark spots are
waraer, and at night this is not so. It is possible to think that
neutral atraﬁiricatinn corresponds exactly t¢ periods of levelling
off of thermal heterogeneities of the underlying surface. They during
neutral stratification in general there will be no significant pul-
sations of temperature and, consequently, a situation appears which -

at the first sight scems paradoxical: during transition froo neutral
to stable stratification pulsations of temperature should increase,
although turbulence (1.e., pulsations of velocity) is suppressed here.

These measurements of pulsations of temperature during various thermal
stratification show [4] that this curious situation indeed takes place.
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Cornglation between u and T for the period June-
September 1959, :

- 2. Propertiss of Symme of Turbulence in
- Ta !‘-mgorgiure-SG&ﬁHea ﬁeﬂIum

Just as in the case of g temperature~uniform medium it is natural
to assume that turbulence in a temperature-stratified medium will be
locally uniform. This means that conditional predability distributions
for dit‘teren(ces of values of hydrodynamic fieids in sufficiently close
points of =pace of time, under the condition- that rate of movement
of the or:t:gin of coordinates 0 of the chosen inertial system of ref-
erence § ‘éoincides with 1initial Euler speed uy = u(o, to) at point 0,
can deperid only cn space-time coordinates of points of observaticn in
systerh S\but do not depend clearly on /u.2,.u. where wx, e Yue ) -~
coordinqtffs of point 0 at initial moment of time to.

In particular, distributicns of probabilities fcr differences.
of mefeorological elements in close points can clearly depend only on
differences of heights of roints or ohservation, and on full height
z of one of them can depend only impitcity (according to the hypotheses
of siml’arity of A. N. Kolmogorov and A. M. Obukhov — only by means
of average velocity, depending on z, of dissipation of turbulent
energy € and average rate of balancing of temperature heterogeneities
N).



Inequality of different directions in space, created by the pre-
sence of average flow and limiting rluxes of walis manifest them-
selves ¢on the prcperties of large- scale components of turbulence, but
should not influence the properties of its small-scale components and
the local characteriztics of turbulence determined by them, However,
in a tenperature-stratified medium all fluctuations of density, both
large-scale and small-scale, will experience the influence of
Archimedesn forces. Therefore the vertical direction will be assigned
for components of turbulence of any scales, and, consequently, tur-
bulence in a temperature-stratified medium cannot be locally isotropic
[5). But it is natural to assume {6, 71 that 1t will be locally
axisymmetrical with respect to vertical, i.e., that the probabiiity
distribution for differences will be invariant relative to rotations
of the system of coordinates around & vertical axis and specular re-
flections in any vertical planea.

3. Similerity Hypotheses For Inertial Convective
Interval of Turbulence Spectrum ir 2
e TH T

According tc the krown hypotheses of similarity of A. N. Kolmogerov
and A. M. Obukhov, the statistical characteristics of components of
turbulence with scales from the so-called inertial interval (small in
comparison to external, but large in comparison to internal scale of
turbulence) in a case of neutral stratification of the medium can de-
pend only on the two measured parameters ¢ and N which were mentiloned
above. According to A. M. Obukhov [8], in the case of a temperature-
stratified medium one shculd add to them the parameter of buoyancy g/T
which makes 1t poesible to introduze a new scale of length.

T (5)

If this scale belcngs to the inertial interval, then in such a case
the interval of scales, small in comparison to external, but large in
comparison to internal scale of turbulence, can naturally no longer
be called simply inertial, but an inertlal-convection interval.
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If we take the valuesiof 'g/T and T' for characteristic” dimlnsion 'pﬁr-
uttera also for.the spectrum ot temperature then rrbm conaideraciona
of dimension we obtain' - . v =

CEr)~1 ko (9)



The strongest differenc: here is revealed in the spectra of
temperature field (7) and (%); unfortunately, so far we do not have
experimental data' which woild make it possible to select one of these
spectra and reject the otl}_,ar. Let us note only tfmt spectrum (9)
turn: out noct to be dependent on the parameter of buoyancy, which

seens strange. Let us SUF83%, TurChemore , that the assumptiun come
cerning the dependence of conditions cf turbulence in the convection
interval of the spectrum on the gradient of xa,vomge tel‘.perature, but
not on the gradient oy average velocity (entortng in;o the expression
of the work created by Reynolds 'treues), uuin" ”illogical - it 1is
natural to asaume that parametars I and Tu='du should enter symmet-
rically into the expreuions tor statistical characteriltics of tur-~

bulence. —

A Limiting ‘Instability and Limiting Stability

In descrirtion of turbulence in limitinlg cases of strong insta-
bility and strong -um,i.uwc.um ‘& nubbes of ‘dlsagreements. Let us
start with the case of strong 1nltab11it§. According to the previously
-mentioned theory of similarity the. eheracteristics of turbulence in
thi,s fape rease to depend on.rate: of frictionm u.and:are determined -
,only by ghe two parameters g/T and ¢/c,p, so that,  for. sxample,. the

,;yadig_nt of aversge potential: texpsrature. 6 in the ‘surfaocelayer. of
air !;,\;rpsufoul; §o be dapendent on height according: te:,thm-llw.

Wyt Y s v P

R RN S "‘mﬁ (’” * 'L}”"'“ e " (10)
: 0 o, 5 . A ¢ R :

(although 0/0:--0 with increase of z; hére it is quite impossibie to
consider that temperature stratification of medium approaches neutral,
sincs the Richardson number witli an increase ot & aspirea to .=, and
never to.zero). On the other harid, Malkus [12} constructed- théory of
thermal convection, accordtng to which aid:'~ :* with'a proportionality
factor depending on the coefficient of molecular thermal ccnductivity
of air (the latter.is somewhat ‘strange for turbulence developed during
convection; 'a hypothetical - explanation, propched for cases with the
absence of wind and created mainly by wind from horizontal mixing,

[
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involves the influence on ascending convection streams of conditions
of their conception in th. underlayer of molecular thermal conducticn).

Empirical data convinéingly show that formula (10) during un-
stable stratification is justified at least in the layer, in which
0.02 < |z/L] ¢ 1 (where L ~ known scale of length, composed of
parameters g/T, ikbﬂ and u,). However, there are some measurements
taken in the atmosphere (Webb) and under laboratory conditions
{Thomas and Townsend), according to which at [z/L| > 1 formula (10) no
longer is confirmed and perhaps even the conditions M/dz~z" are
established. A discussion of this difference can be found in section
8.2 of book {1}, where the corresponding literature is cited. Let us
point out, furthermere, the review article by Spiegel [13] and the
more recent work &f Dyer [14], in which on the basis of the latest,
very thorough measurements in Kerang (North Victoria, Australia) a
definite conclusion fs made 4n favor of - roHSula (16) {pth at |z/L| < 1
and at |z/L[ > 1.

St1l1l more difficult is the case of limiting stability. The
differences sppearing here are formulated most conveniently in terms
of the ratio a = KT/K of coefficients of exchange for heat and for
momentum. This value, which at neutral stratification 1is arcund a
unit, apparently decreases with an increase of stability, and the
question arises, does it strive within a limit to a certain positive
limit O > 0 or to zero. The so-called dynamic Richardson number
Rf = aRi ( where Rf < - ordinary Richardscn number) with an increase
of stabllity aspires to a finite limit Rgﬂ . Consequently, in the
case o + o > 0 the ordinary Richardson number will asplire to finite
limit R1__,"and in the case a + 0 will increase without limit. 1In
the first”of these cases according to the similarity theory ([1],
point 7.3) the gradient of temperature o7/dz will asymptotically
approach a constant

0T~ [] I's 1\
F ﬂl’ii‘._f( c’pu. ) ’ (11)



80 that temperafuré will increase linearly with helght; in the second
case tenperature will increase with height‘ more rapidly than by
linear law.

)

Speaking in favop of the assumption a @ > 0 are the observa-
tions of Liljequist [15], who detected linear proflles of temperature,
correspcnding to formula (11), during strong’ inversions in Antarctica,
and the results of processing the empirical findings of various authors
by A. B. Kazanskiy [16], according to whom R < 0.3. Let us mention
also our works [7] and [17], in which with thephelp of simplified
Friedmar-Keller equations for single-point second moments of velocity
of wingd ar‘ud;te'x‘iiér,‘atui"e we obtained the dependence of a on Rf, leading
to .thg 1_1m1t1n; valug axp A> Ok(in\ an example from [17) anp ¥ 0.2 and
luxp,g '0.3),

On the other hand, there ére'éertaip measurements in nature
(J. Taylor-Prowdmen; Kolegnikov)' and in the laboratory (Ellison and
Turner),. a ‘cl_iscusubnl-éffi‘th;’:éﬁ: can bé found: in section 8.2 book ..
{11, which are in dualitative agreement with the formula of Ellison

Y . . '

B, e
.-n—:w!-» - n “p (12)

(the cor.ciusion of which is dbaséd, it is true',' on much rougher
simplifications of Friedman-Keller equations than t‘lhoaé which are
used ;n [7) anda [17]). Based on these findings R!I;p % 0.10-0.15 ana
@Y 0.02-0.05 at 4 < R1L < 10. '

For the solution of this difference in the Values of % and
Rin the further accumulation of findings concerning turbulence under
conditions of very strong stability is necessary. Besides one should
consider that under such conditions turbulence is apparently concen-
trated in areas which are randomly distributed in space and with
vertical dimensions which are-much less than horizontal., Inside
such regions turbulent mixing leads to vertical temperature balance
(more exactly — potential temperatures), and outside their temperature
can change very sharply with height. As a result instantaneous

FTD=MT-24-75-69 10



-

profiles of temperature can have numerous randomly distributed breaks,
and only a sufficiently wide averaging will lead to smooth average
profiles of temperature, perhaps of the form (11). Under such

- conditions it 'is expedieng not to be limited to a determination of
only average profiles, insufficiently characterizing the structure of
turbulence, but, by fcllowing methods of describing alternatingltur-
bulence for the borders of turbulent boundary layers, trails, and
streams, to determine, for example, the field of “coefficlent of
intermit tence,” i.e., thé probability of the presence of turbulence
in different points of space. '
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