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I. OCEANOGRAPHY

Translations
UDC 551.551

SIMILARITY RELATIONSHIP AND TURBULENCE SPECTRA IN STRATIFIED MEDIUM

Moscow IZVESTIYA AKADEMII NAUK SSSR, FIZIKA ATMOSFERY I OKEANA in Russian
Vol 15, No 8, 1979 pp 820-828

[Article by A. G. Sazontov, Institute of Applied Physics, submitted for pub-
lication 18 July 1978] :

Abstract: A statistical description of turbulence
in a temperature-stratified medium is considered
on the basis of a characteristic functional. It
is shown that the invariance of the equation for
this functional relative to the group of scale
transformations makes it possible to determine
turbulence spectra in the buoyancy and inertial
subintervals,

[Text] Turbulent motion in the ocean and atmosphere for the most part is
determined by effects associated with the action of 1ift. The presence of
temperature stratification exerts a considerable influence on the dynamics
of turbulence and leads to qualitative differences in comparison with tur-
bulence in a temperature-homogeneous medium. First, the predominance of

a vertical direction leads to anisotropy in movements of all scales, and
second, to a number of dimensional parameters there is added the parameter
g B (g is the acceleration of gravity, B is the coefficient of thermal ex-
pansion), which makes difficult an analysis associated with the use of the
dimensionalities method. As is well known, in an unstratified medium in a
broad range of wave numbers k a Kolmogorov spectrum Ex~k™3/3 is establish-
ed; this is obtained theoretically with use of the self-similarity hypothe-
sis and locality hypothesis [1] and is confirmed quite well experimentally
[2].

In a stratified medium the spectra are more complex. Experimeats in the at-
mosphere and ocean show that there are several equilibrium scale intervals
where the turbulence spectra have a different character. (A review of the
theoretical and experimental results can be found in [3].)

As is well known [4], a full statistical description of the hydrodynamic
fields of turbulent flow can be attained by stipulating a characteristic
functional. The corresponding equation for turbulent motion, in which the

1
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fluid is in the field of external forces, was obtained for an incompress—
ible fluid in [5], for a compressible fluid -- in [6], and for a stratified
fluid is obtained in this study.

1t appears that in order to find the statistical characteristics of hydrody-
namic fields 1t is not obligatory to know the explicit form of the solution
for the characteristic functional; it is sufficient to determine the trans-
formation properties of the corresponding equation relative to a group of
scale transformations. For homogeneous isotropic turbulence such transform-
ations and scaling properties were examined in the studies [7, 8] and for a
compressible fluid in [6]. [In [7, 8], instead of a characteristic function-
al, use is made of the probability density in functional space, which can

be regarded as a functional Fourier transform of the characteristic func-
tional.] In this study it is demonstrated that the derived equation for

the characteristic functional in a stratified medium allows a group of scale
transformations which leads to the similarity theorem. The presence of this
group (with the assumption of existence of sectors of equilibrium) makes it
possible to find turbulence spectra in the inertial subinterval and the buoy-
ancy subinterval.

Characteristic Functional of Stratified Fluid

In order to investigate the spectral structure of turbulence use is made of
the equations of motion, continuity equation and thermal conductivity equation
with external random forces in the Boussinesq approximation:

Ou‘ aui oP’

Oui WP 4 a0hcvAr (X)), (1)
Y Uy 81,, iz, éﬁ
70 98 9T (2)
by — = ——utuAB g (x, 1),
at u‘an ?zll’ * 9(x.)
dus (3
—_—=).
6.1:(

where xj are Cartesian coordinates (x3 is the vertical coordinate); t is

time; ui are velocity components; p', O are the deviations of pressure and
temperature from the standard hydrostatic values; ¥ is the coefficient of
molecular heat conductivity; gB is the buoyancy parameter; g T/J z is the

mean constant temperature gradient; A is a unit vector with the components
A = (0, 0, 1).

In the considered model the kinetic energy of the fluid and temperature are
maintained due to the operation of external forces; the random feorces model
the fluctuations of averaged flow, accomplishing pumping of energy to

large-scale pulsations. We will assume that fi(x, t) and q(x, t) are Gauss-

_ ian, homogeneous and delta-correlated with time with a mean value equal to
_ zero

2
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filx, t) >=<g(x, t)>=0,
(ﬂ(xt)L(L,h)) B, (x Xa—X) 6(t.—t,),

(4)
g (x4, 8)q (X2, 12) =G (%2 -X,) §(ta—1,).
The statistical properties of the hydrodynamic velocity and temperature
fields will be described by the characteristic functional
0= (oxpi | {r(uix 0 +2(x0(x 0}d's ) (5)

-0

where yi(x) and z(x) are sufficiently smooth (for example, continuous or con-
_ tinuous and differeatiable a definite number of times) arbitrary functions.

The averaging in (5) is carried out on the basis of the distribution proba-
bility of external forces. It follows from equation (3) that

O {y(x)+ V¥ 2(x) ) =q{y(x); z(x)}. (6)

where ¥ is an arbitrary function whose gradient sufficiently rapidly tends
to zero at infinity. As a result of (6) we take into account the solenoidal-
ity of the vector field y(x). Differentiating (5) in time and taking into
account the motions (1)-(3), for ® we obtain the following equation in
variational derivatives:

o

- ,I?E-_—_i jy,(.\') {Dh

—iv;\D.}‘l‘ dx+
(7

7}
’*’lj (x) {D.——-D +igr,D —L/ADa}(D d’x+l,

D 6 Do = 6
T hndx 7 sa(ndx’
Here Di and Dy are operators of variational differentiation; I is a source
describing the influence of the external forces oa the fluid

- e (st st + ®

+z(x) <q(x, t)expi s (y,,u,+z6)d’x>}d’x‘.

As a result of the solenoidality of the vector field y(x) the term corres-—
ponding to pressure does not enter into equation (7).

We will assume that the forces became operative at the time t = 0; when t =
O the fluid is assumed to be at rest:

] m0=0]1mo=0, that is, 9)
Oilnﬂ=

3
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Equation (7) with the initial condition (9) is the Cauchy problem for the
characteristic functional in a temperature-stratified medium.

For Gaussian, time delta-correlated random forces it is easy to express the
source I through &

1 ‘
I=- 2 “. i (x) y; () B, (x—x,) d*x d*x, —

-0

(10)

- ;—” 2(x)z (x,) G (x—x,) d*x d*x, ©.
It can be interpreted as a term responsible for "diffusion in velocity and
temperature space." It is possible to find restrictions on the diffusion
coefficients Bj; and G; these restrictions are imposed by the stationarity
conditions. In actuality, in this model the stationary temperature regime
is maintained due to the operation of external forces. By averaging the
equation for the balance of energy in the fluid and the temperature inhomo~
geneity 1/28 , on the basis of external forces we obtain

] G =2v <( dus ) > g8 (Buy), o an

= (2]

The left-hand sides of formulas (11) and (12) can be expressed through the
corresponding correlators of external forces using the Furutsu-Novikov

formula dui(x. 1)
G = Hq (%, 1) f, (%0, 1) <m\hnd“d[>z «di,

80 (x, t)
{q0> = jj(q g (x,.4)? < vy Y.,l)!l\.'/l >d\ dt.

(12)

Using the relat 1onships

bu.(x, &) 1 80 (x, 1) {
e (x-x), — D L s,
St bas a2 PO e a Ty e

from (11) and (12) we obtain

! 1 o7
_2— Bu‘“)) = g—gﬁ <0u.x>1 ?G(O) == €, —‘35— <9u3>, (13)
& = v<(Iu/d X )2> is the mean dissipation rate; &t = % <(3 6/J xJ) >

is the mean raLe of dissipation of temperature 1nhomogene1ties, gB<Bus >
is the mean work of Archimedes force in turbulent movements of fluid ele-
ments.
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Using (12), it is possible to write the correlators of external forces in
the following way:

oT
B.,(e) = 2[e- gp <D 1by, G(r)=~2[e,-- ) <0uﬂ>]g(.lf.), (14)
dz -

where bjj is a dimensionless tensor, on the assumption of only homogeneity

- of the random force having six independent components with the character-
istic scales L, Lp,...5Lg; bji(0) = 13 g is a dimensionless funccion having
the characteristic scale Ly.

The detailed structure of the tensor bij and the function.E for our purposes
is unimportant.

Equation (7) with the source (10) and the initial condition (9) are invariant
relative to the following group of transformations:

ax=x/, a'"Tt=t', ™y (x) =y'(x"),
(i“’“’z(x) ___zl(xl)' a'”V—'—-‘\", 0“’17(=K’.
a@"'By=B/, a**1"'G=C", o¥*""'gh=(gB)’,

o 0T _ T (15)

al= 9z ' aar_‘z'f:élv oa*i-te,=e., al.=L., aL:L’:

where L is the general external turbulence scale; L = min (L1, L2,...,L5);
o s 7 8 are derivative parameters. Hence from the uniqueness of solution
of the Cauchy problem for equation (7) we have the similarity theorem:

or

(]J{ f(x),z(x),t.¢, 60,—, gB. v, %, L, Ls t =

y(x) ) 9z B » J (16)
=0y (x),2' (x),t, ¢, e .a’, (gB), v, ", L', L'}

We note that in contrast to the similarity hypotheses (16) represents a pre-
cise relationship.

Our objective is to use this property for obtaining information on the cor-
relation functions which are generated by the @ functional.

Henceforth the external turbulence scales L and LT tend to infinity and we
will also limit ourselves to an examination of sufficiently small-scale
pulsations. In this case the probability distribution of turbulent pulsa-
tions is not dependent on the dissipative parameters and initial character-
istics of the flow. It can be demonstrated that the neglecting of dissipa-
;_i¥7 factors is 1e§}tinlat7 for scales k<€1/1n, 1/nt, where M = v3/4rg

€ /4 and N = % 478 1/4 are the Kolmogorov internal turbulence scales
for the velocity and temperature fields.
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Turbulence Spectra in Inertial Subinterval and in Buoyancy Subinterval
Now we will proceed to computation of the turbulence spectra similar to [6].
We will examine the special case when in the medium there is no mean tempera-

ture gradient, that is, @ T/dz = 0.

We will examine the kinetic energy spectrum.

. 1 P
E(k)=— —— e DD} ys=o A’z dS(K), ‘
® (2n)’,k5|,5. I (DD} rmrmn #2850 an
where dS(k) is an element of sphere surface area Ik | = k.

- Using (16), in (17) we convert to the functional of the variables with primes
and assuming that &¢ = k, we obtain

f(k:”" & Jo+i~t £ Jar-o-t gp; k"’t)

knﬂ

E (k)=

In a stationary case 2E/d t = O from the arbitrariness of Y and § it follows

that J E/J§ = 0 and JE/Jy = O.

From the condition JE/J§ = O we obtain the equation

af af
28, —— — E,——=0,
€1 0'{:, g2 3E,
§,=k:°+"'t‘7, §:=k2!—-6-1gB’
whose solution is
f=f (R 8 ) = (K ' gBes BT

from the condition JE/JY = 0 it follows that

- af 5 17}
3§i_f_‘+ __gz_f'_ =2f,,
) ere at, 2 ot
e T L
hence fo=t," ¥ (Z;:/'/t;,’) .

As a result, the spectral demsity of kinetic energy has the form
E (k) =gk~ (kL)) (18)

where
L. =€7/‘/ (é,’ﬂ) .-(,.8,11‘

is the scale characterizing the minimum dimension lof the inhomogeneities
from which the influence of buoyancy becomes significant. This scale was
introduced independently by A. M. Obukhov [9] and Boldgiano [10].

Similarly, for the temperature field spectrum
6
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1

Err (k)= "Gy

“- f""‘“{D“DB‘D}y—,-od’x dS (k)

kieh —o
and the reciprocal spectral density of temperature and vertical velocity

1

(2n)?

SJ. :‘: et {A,D,’D@(p} y=-2020 d’x dS(k)

1k)mek ~ o0
it is possible to obtain the following expressions:

Erw (k)= -

fre (K=" g, K4 V1-te,, 55101 g o-1t)

Err(k) =

JEY
Frw (K171 g, K411 g, ki1-0-igp fi-1t)
Erw(k)= ot )
or
Err (k) =e.8" k=" (KL.), . (19)

Ervw (k) =’3r,"8”'k_""\{rru'(kL-). (20)

We note that when obtaining the spectra (18-20) it is not necessary to make
any assumptions concerning the nature of energy transfer in the spectrum. In
the absence of gravity, causing stratification (that is, when gﬁ== 0), for-
mulas (18)-(20) must be transformed into the ordinary formulas of locally
isotropic turbulence of an unstratified fluid. But when gﬁ-vo, Lx—oco ,

_ and accordingly there must be satisfaction of the_ conditions ¥ (o0 ) =
Yep(eo ) = 1 and Wqy(oo ) = 0, Thus, if k> Lx —, the values of the cor-
rection functions in formulas (18)-(20) can be replaced by their values at
infinity.

The invariance of the equation for the characteristic functional relative

to the group (17) imposes singular restrictions on the functional dependences
of the spectral characteristics. But these restrictions still leave a great
arbitrariness of the functional type. This circumstance is entirely natural
because the corresponding invariance is a reflection of the singular self-
similarity of the spectral characteristics following from (18). It is clear
that in itself expression (18) does not contain any dynamic information.
Therefore, in order to obtain specific information on the spectral functions
it is necessary to have additional information. Such information can be
drawn either from the theory of perturbations or from physical assumptions
as to what parameters are decisive in the corresponding interval of scales.

Since the use of the theory of perturbations for equation (7) meets with con-
siderable difficulties due to the absence of a suitable zero approximation,
when finding the turbulence spectra in the buoyancy interval we make use of
the Boldgiano physical hypothesis [10], which involves the following. With
k»Lx~1 in the case of a stable stratification the energy received in the
considered interval is expended to a considerable degree on work against
buoyancy forces and only an insignificant part goes to small-scale perturb-
ations, where viscous dissipation is important. It can therefore be hoped

7
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that in the region k<§L*_l the € parameter will exert little influence on
the form of the turbulence spectra and in this case we have the character-
istic functional

d'=(b{y, :,e,.gﬁ,t}. (21)

Whereas at the depth of the inertial iaterval it is usually assumed that
the turbulence is isotropic despite an anisotropic nature of its excitation
and the presence of stratification, in the buoyancy subinterval the hydro-
dynamic turbulence fields are essentially locally axially symmetriec (that
is, locally homogeneous in all directions and locally isotropic horizontal-
ly). In the investigation of their local three-dimensional structure we
make use of the circumstance that in the absence of dissipative parameters
the formulation of the problem allows a broader group of transformations.
Specifically, we will measure the scale in diffevert units in the direction

z and the scales in horizontal directions: , ,
2=z, a ry=r,’.

In this case equation (7) with ¥ = ¥ = 0 and the initial condition (9) will
be invariant relative to the group: :

o, =t “I(HM’JI.: (x) = yralx'),

- 2) -
a e T ) = g (), wral i (x) = (),

RS (a3)’ n-z ost YT ar’
a: [/ o9 = ) N q: o s D eem————
-~ & =(gp) Y T | (22)
-3 T+2842 , 37+2
o, oy G=G', a.a, Bu=Biy (a.p=1,2),
a ATH4
a. Yoy Bas=DB,, CC:-'GJ_HB:J:B::/,
=3 142042 ,
z n =€,

where ® . ®, Y, & M are arbitrary parameters.

The group of transformations (22) is broader than the similarity transform-
ation group for values with independent dimensionalities, as is the case
for (16). The similarity theorem following from (22)

oT
O {y‘,z(x),ya(x),z(x), L&, "d?’gﬁ} - 23

‘ ’ ’ ’ /v ’ d7 ’
- {y.,g(x'),y;(x )5 (x), 0 ks ,W,gs}

makes it possible to determine the anisotropic spectral characteristics in
the buoyancy subinterval.

For the spectral characteristics of interest to us, using (23), in a case

when the influence of the mean temperature gradient is insignificant, we
have
8
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27-0-1

ey RO e ke )
F(/uy _1_) - k,k“*‘ '
1
' B f"(kxzn—ﬂkluen Ea k,’" k:HO-lgp)
Fr (/\ 2 k.‘.) = Jetn-t feroes ’
H 1
M-, T4+20+42 1 —n 27-0—-1
Frw (ks ke, ) = frw(k: Tk, e k% gp) (k*=k2+k,%),

. 0 LT+0+3
ko kT

hence, by a standard method we obtain

Fho k)= Cie,” (gp) " btk =,
o B L (24)
Frr(ky k)= Coe," (g8) "k, " k2,

Fr (ko k)= Cier (2B) " k. "k -2,

Thus, the spectra in the buoyancy subinterval can be found if one adopts
the unique physical hypothesis that in the interval k€LLl the € parameter
exerts little influence on the statistical characteristics. We note that
such a hypothesis, together with dimensionality considerations, also gives
an explicit form of the spectra, but it is important that dimensionality
considerations can give only averaged spectra (Boldgiano-Monin spectra),
whereas the presence of group (22) makes it possible to find anisotropic
spectral distributions. In the presence of a mean temperature gradient

AT/ 3z is added to the determining parameters. In this case in the buoy-
ancy subinterval $= & {_y, z, t, £p, 31/ dz, gﬂ}. Using group (22), by the
standard method we obtain the following expression for the spectral charac-

teristics:
aT (25)
Fki k) =—— gk, k= W (kiLy),
T \?
Fre(k, k)= (7;) bk W (kL)
0T % .
Frwlk, k)= (?) (g8)" k=, =* W1y (k.Ly").
_—_—

Here Ly= ﬂﬂgm“(gz)

is the scale characterizing the minimum dimensiop of the inhomogen~ities,
where the influence of the characteristics of the averaged temperature
field becomes important. We note that the spectra (25), averaged by angles,
lead to the known Schur-Lamly result.

It can be shown that (24) and (25) are noncontradictory. In actuality, with
highly stable stratification in the: buoyancy interval there is satisfaction
of the condition

9
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< / T
e<ghe, 32

Since the scales Lx and LO* are related by the expression

(77; A

-t

Jz
L-=Lo. ) ]

gpe.

) the Lx scale is always less than Lo* and in the interval of scales L0*2>L*
- the spectra (24) are obtained when k";)l@*, that is (25). The width of these
intervals in each specific case is determined by the ratio

T
0z g/gﬂsl‘y

and in an experiment it is possible to encounter sectors of wave numbers cor-
responding to each of these spectra.

In conclusion the author expresses appreciation to M. I. Rabinovich for in-
terest in the work, M. A. Rayevskiy for valuable comments, and also V. V,
Kurin and Ye. I. Yakubovich for productive discussions.
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UDC 551.465.73
EFFECT OF SURFACE WAVES ON HEAT EXCHANGE BEIWEEN THE OCEAN AND ATMOSPHERE

Moscow IZVESTIYA AKADEMII NAUK SSSR, FIZIKA ATMOSFERY I OKEANA in Russian
Vol 15, No 9, 1979 pp 953-963

[Article by G. S. Dvoryaninov, Marine Hydrophysics Institute, Ukrainian
Academy of Sciences, submitted for publication 19 June 1978, after revis-
ion 25 December 1978]

Abstract: The effect of the thin sur ace tem—
perature boundary layer in the process of heat
exchange between the atmosphere and ocean is
evaluated when surface waves are present, It
is shown that allowance for the existence of

a wvarm film at the ocean surface gives a con-
siderably greater increase in the heat flow
through the discontinuity caused by waves in
comparison with a case when the film effect

is not taken into account. The author formul-
ates the problem of wave transfer of heat, on
the basis of whose solution the conclusion is
drawn that the wave transfer mechanism, being
a consequence of the nonpotentiality and non-
linearity of the waves, can be responsible for
an increase in the heat flow through the warm
film.,

[Text] The ocean surface has a fundamental property —- the presence of
a thin warm sublayer (warm film O (1 mm)) with large vertical gradients
of the thermodynamic characteristics of the medium. The temperature dif-
ference within the limits of this sublayer has the value 0.4-2° [1-6],
which causes a considerable vertical heat flow. Recently investigations
have been made [5-8] which have given increased attention to the struc-
ture of the warm film (WF). The experiments in [2-9] gave the following
principal results: 1) the WF is stable relative to the wind effect and
is not destroyed if its velocity is less than 10 m/sec; 2) the thickness
of the WF decreases with the development of wind waves and is dependent
on the phase of thée waves at a particular point in space; 3) the temper-
ature change outside the layer attenuates exponentially and heat transfer

12
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in it occurs by means of the molecular diffusion mechanism, so that
- the total heat flow is

qr=—% grad T ('fl) ln—Ov (1.1)

where X is the coefficient of molecular diffusion of heat in water;
T(N ) is temperature; 1 is the coordinate normal to the surface, direct-
ed within the fluid.

2. It was demonstrated in [10] that an increase in heat exchange between
the atmosphere and ocean due to the mean increment in surface area attrib-
utable to waves is not more than 15% in the case of adequately strong
- wave action (mean square wave steepness ~0.5). But in the presence of a
- warm film the waves will lead not only to an increase in the area of the
discontinuity, but also to a decrease in the thickness of the film, that
is, to a decrease in the path of heat diffusion and an increase in the
temperature gradient along the normal to the ocean surface, which can
substantially intensify heat exchange between the atmosphere and ocean in
comparison with the undisturbed surface. This matter was studied theoret-
ically in [11]. However, the condition of potentiality of motion,_which
was proposed in that study, requires that the averaged heat flow TS,
caused by the correlations between the velocity and temperature wave
fields, be absent. At the same time, the experiments reported in [12]
indicate that it can be significant. In addition, the author of [11l] pre-
sented an analysis for cases when either the temperature difference be-
tween the discontinuity and the lower boundary of the film or the heat
flow through the WF were held constant for waves of different amplitude.
But waves deform the temperature field and the film itself and therefore
these conditions can be maintained only artificially. At the same time,
this requirement and the constancy of temperature at the lower boundary
of the film, adopted in [11], have this result: the temperature of the
water surface must remain constant.

) z #Z
[} & "a/'/ E
7 A \0 — :
RS,
w
X 1
, Tw b
- 7 Ir ‘lv T

Fig. 1. Diagram of temperature boundary layer.

In this study, in the evaluation of the influence of waves on heat dif-
fusion, there is no requirement for potentiality of the wave field and
no restrictions are placed on the temperature field. However, temperature
fluctuations along the wave are computed. Here use is made of the experi-
mentally checked [7] correlation between the thickness of the temperature
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‘boundary layer and the temperature difference at its boundaries; the gen-
eral relationships are derived for three-dimensional waves. We will also
consider the mechanism of generation of wave heat fluxes, governed by the
viscosity and nonlinearity of wave movement.

Assume that an orthogonal curvilinear coordinate system & , &, R is placed
at the ocean surface in such a way that £, Z lie at the surface and 7 co-
incides with the internal normal to it. There is no precise lower boundary
of the WF and therefore in the water we select some fictitious surface Gy
(Fig. 1), which in the absence of waves is parallel to the ocean surface Gg
and is situated beneath it at the short distance h in such a way that h = g,
but h 2> § , where § is the thickness of the WF. Thus, the film will be sit-
uated within the region bounded by the surfaces GQ and Gy, and its lower
boundary virtually coincides with Gy, When there are waves, the surface

Gw, deforming, will not be broken up to the moment of destruction of the
waves, since in this region there is no turbulence, that is, the wave move-
ment is laminar [2, 3, 9]; in addition, with depth it is self-similar. Accord-
ingly, Gw, the same as Gg, is the surface of a current (we recall that Gy

is at a very short distance from Gg).

At the moment t(Q = O we select an arbitrary small element of the surface
S(tg), outlined by the closed curve 1(%, £ ). We will project ) (%, %)
onto the lower boundary Gy of the layer h. Then a small cylindrical element
with the volume V = h(tg)S(tg) will be cut in the layer h. This volume can
be regarded as an analog of a Lagrange particle moving due to the waves,
deforming with time in dependence on the wave phase at the particular point
but retaining its volume. The condition of conservation of volume follows
from the fact that Gy was selected so as to coincide with the surface of
the flow and the compressibility of the fluid is neglected. After the time
interval dt the element of the wave surface, as a result of the fact that
different points on the curve (%, {) move with different velocities, re-
ceives the increment dS(%, 5 ). Then the relative change (dilatation of a
unit surface) during the differentially small time interval dt is

dR=dS(1)/S (), (2.1)

- and the relative deformation of a surface sector with time is expressed as
’ SQ@)

R(S)= S~ as@ymn—z=. (2.2)

We will select tg = O in such a way that the dilatation of a surface element,
bounded by the ) (g ,L) curve, is equal to. zero. Then from (2.2) we have

(2.3)
R(S)=ln [S(})/S:(D ],
or
S=S,exp R(S).
(2.4)
14
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Multiplying both sides of (2.4) by hQ and taking into account that the vol-
ume of the cylindrical element (quasi-Lagrange particle) is conserved during
deformations, we obtain
h(S)=ho(S) exp [—R(S)]
(8)=he( ' (2.5)

where hy is the thickness of the layer when tp = 0.

The heat flow through an element of the wave surface S(%, [), in accordance
with (1,1), is expressed as follows

Q=- [xa,Tds. (2.6)
s
Since the temperature change outside the WF attenuates exponentially, the
temperature jump within the limits of the warm film is equal to the temper-
ature difference AT = TQ - Ty in the h layer. In addition, AT and h=4§
are related to one another through the Rayleigh boundary number

! AT=x»v(ga)~'Ra h~?, .7

where g is the acceleration of gravity; 0( is the coefficient of volume ther-
mal expansion of the water; v is the kinematic viscosity coefficient. [It
was demonstrated in [7] that for the WL Ra = 64.]

Since relationship (2) is used, the results of this point are correct in the
case of physical processes near the water-—air discontinuity for which this
relationship holds true. Despite the fact that the physics of the phenomenon
is not explicitly comsidered, implicitly it is taken into account through
the relationship (2.7).

From (2.7) with a sufficient degree of accuracy we have
O, T~AT/h=(xv/gx)Ra k=, (2.8)
Substituting (2.8) into (2.6) and taking (2.5) into account, we obtain

@=-=2Ra [hds= —ﬂRah.“jexp[M(S)]dS.

2.9)
& o . %) (
In the absence of waves R(S) = 0 and (2.9) gives
2
Qo= ———Ra hy~sSo. (2.10)
ga ' '

Accordingly, the coefficient of increase of heat exchange, expressing the
ratio of the heat flows when waves are present and absent, has the form

N,=%= [ ;exp[—R(s)]ds]-‘ Iexp[4R(S) 1ds, (2.11)
o )

(L)
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where use was made of the condition of conservation of volume

FoSy= j' hds.

(8)

Formula (2.11) expresses the ratio of the heat flows in the case of three-
dimensional surface waves. For plane waves it is conserved, but in all the
relationships derived above S has the sense of the length of the surface
wave profile.

Now we will examine specific examples for plane waves. The length of the
curve representing the profile of the surface wave in the interval [0, x] of
the system, related to the undisturbed surface of the waves, is expressed
as follows

17—
] . s=7j Vi+(9.n)* dz, (2.12)

where 7 is the equation for the curve forming the wave profile.

Then from (2.12), (2.3), (2.11) for Ng in the case of plane waves we obtain
12

A LI
N N,= S-;—z—_ dl
° f V14 (9:n) dz '

where X is wavelength, ©

[i_gvr’*'-(as—ﬂ)’dx]dz, (2.13)

Adhering to Monin [10], we will regard S as a function of the mean square
wave steepness K, determined in the following way:

A
1
K’=—I (9.n)* dz. (2.14)
A e
We will compute the Nq values as a function of K for three models:

1) sinusoidal waves with the profile

n=a cos kz,

(2.15)
2) trochoidal waves, whose profile is stipulated parametrically
x=(2r)~"t+asink, n=acost, (2.16)
3) capillary waves with the profile
1 1 20 cos 3 2.17)
nacoskz——-z-a’kcoskz—Tzak cos 3kz. (2.

Figure 2 gives the results of computations of Ngq, made using formulas (2.3)
-(2.5), (2.7), (2.11)-(2.14), for the models (2,15)-(2.17). Integration
- was carried out in an interval equal to the wavelength, that is, in phase
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from zero to 27n. As a comparison, Fig. 2 also shows the results taken from
[10], identical in our case to the value exp[R(A)]. It can be seen that

Nq is dependent on wave steepne3s and increases appreclably with an in-
crease in K. Computations show that with one and the same wave parameters
allowance for the existence of a warm film on the ocean surface gives a
considerably greater increase in heat flow through the discontinuity, caus-
ed by waves, in comparison with that which is determined only by an increase
in the mean sea surface due to waves. Since with the very same wave steep-
ness, if a WF is absent, the heat flow due to waves increases by 7-10%;
with the existence of a film the increase in the flow is already 50-70%.
Despite the fact that with one and the same K a sinusoidal wave gives a
greater effect than capillary waves, the latter are stable with consider—
ably greater K values and their total contribution is not less important,

On the basis of the relationships derived above it is possible to analyze
the change in the thickness of the warm film and the temperature along the
wave, The latter is particularly interesting because there are experiments
[14] indicating that the temperature variations (AT) along the wave sur-
face are on the order of magnitude of hundredths of a degree (AT)~0 (10-2
°C). A theoretical evaluation of this phenomenon was given in [15]. low-
ever, the theory gives results which are considerably too low in comparison
with experimental data.

Using formulas (2.5), (2.7), (2.14), (2.15)-(2.17) h and AT were computed
as functions of the wave phase. The results for sinusoidal and capillary
waves are given in Fig., 3, where the change in h and AT relative to hp and
A'To, that is, when waves are absent, is given in percent., It can be seen
that the change in h and AT along the wave is dependent on K. For example,
for K = 0.2, the temperature variations along the wave A1) = [(AD)pax -
(AT)min] = 0(1%) for K = 0.3 accordingly (AT) = 0(1.5%). If the temperature
difference AT in the WF is 0(1°), then (AT) = 0(10~2 °C). Thus, a result
is obtained which is comparable with the experimental data. The change in
the thickness of the warm film along a wave is such that for a sinusoidal
wave the regions of minimum § values fall in the neighborhood of the wave
phase equal to = 3t /4, 51/4. The maximum & values are found with ¥ =
3n /4, 7n /4, and the maximum heat flow through the discontinuity exists
with ¢ =3/4, 50 /4; the minimum exists with ¢ =3n/4, Tn/4.

The computations (Fig. 3) show the presence of a phase shift between the’
wave and the temperature of the surface. Accordingly, there can be non-
zero correlations between temperature fluctuations and the vertical com-
ponent of the wave field. This should lead to the appearance of wave trans-
fer of heat vertically, Qn = e_u"'—f, in the surface layer of the ocean. Now
we will examine this problem in greater detail. .

3. Since in the region Glam, lying below the WF and directly adjacent to it,
the movement has a quasilaminar character, the excess heat flow through the’
WF, which appears under the influence of the waves, probably cannot be en~
sured by turbulent transfer in the region Glam. Accordingly, some other

17
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merhanism must arise here. We will demonstrate that the wave flow, caused
by the existence of non-zero correlations between the velocity field, fluc-
tuating with the frequency of waves, and the fluctuations of the tempera-
ture field caused by them, can play the role of such a mechanism, Since

the phase shift between the wave components of the velocity field and the
temperature fluctuations is caused by vorticity and the final rate of heat
diffusion, this mechanism must be the most important within the limits of
the viscous boundary sublayer adjacent to the ocean surface, that is, where
turbulent transfer is still poorly developed.

’
(a7),% ahss
4ndN
25 -~ // N 5
r\ / \\ / '
\ I J\dh I
] /
\\ /
20} dy
~
k N /, \\‘ b
s 7 " Ran 1l;
M ]
o — T—\ o
L SN—
SV T
_L_l;—‘t] i 1 tigg ’
g 80° 156° zd” 320° ¢

Fig. 2 Fig. 3

Fig. 2 (left). Dependence of the coefficient of heat exchange Nq between
the atmosphere and the ocean on wave steepness K for sinusoidal (1), tro-
choidal (2) and capillary (3) waves: I -~ taking into account the increase
in the surface area of the sea due to waves and the presence of the WF, II
—-- without allowance for the WF.

Fig. 3. Change in thickness of the warm film Ah and temperature along the
wave for the same waves as in Fig, 2.

We will stipulate the ocean surface in a Cartesian coordinate system in the
form of one Fourier component of the wave field

18
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t=a cos(kz—wt),
_ (3.1)

where a is amplitude; k is wave number; & is wave frequency; t is time;
x is the horizontal coordinate. As the characteristic scales we select
time 40‘1, space independent variables k-1, wave field velocities (ad).
In a curvilinear orthogonal coordinate system

- t=r—e exp(—2z)sinz, r=z—eexp(—3z)cosz, (3.2)

related to the surface and moving with the wave in which the € coordinate
coincides with the isolines of the stream function and M is directed with-
in the Ffluid the equations for the transfer of vorticity $2 and heat have

the form
: [0+ (adtwdy) 1@, T) =":o?A 0, P-T). (3.3
Here Q=) (0u—0w), A=](dy+d.), '
a=(2vkjw)"<4, e=ak<i, (3.4)

{u, w] are the tangential and normal components of the velocity vector; T
are the temperature fluctuations caused by the waves; P is the Prandtl
number,

J=6(E, "l)/a(-"-" Z) =Jﬁ+3]‘+... (3.5)
is the Jacobian of the transform such that

Jy=1, J,=-2exp(—n)cost. (3.6)

The boundary conditions at the surface are the conditions of absence of
shearing stress

=(0.
w(E, n=0) (3.7)
and the velocity component normal to &
<

e (€, N=0)="/,0?[85(]") +0; (") ] gomo=0 : (3.8)
For temperature the boundary conditions in accordam;.e with the results
in section 2 and in [14, 15] -- there is a phase shift between fluctuations
of the surface and the temperature at it -- are stipulated as

T(8, n=0)=Tocos(E+1), (3.9)

where 7 is an arbitrary phase shift between { and T.

Outside the surface boundary layer for S2 and T we require the attenuation
conditions
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© Q(E, ne)=T(§, n+=)=0.
(3.10)

Solution of the problem (3.3)-(3.10) is sought in the form of a series for
the small nonlinearity parameter

@ T,8,0}= )" e™(Q, T, tm, e} (3.11)

Memy

with subsequent use of the method of asymptotic "spliced" expansions [16].

We will represent the dynamic characteristics in the form of the sum of values
with nonviscous movement and perturbations introduced due to viscosity. Then
the dimensionless stream function and velocity have the form Y= -n + (v),
u=ug+ (u, w= Wy + (w), where the notations in the parentheses are the
viscous perturbations of the Stokes solution, and u = J1/29.~, Y, In this
case 5?,0 = 0.

In the first approximation for £ we have

(0:tud;) {Q, T} =l/,a=(a“+a,,,,) {Q,, P'T}. (3.12)
Taking into account that ug = -1, Jg = 1 and in our coordinate system J¢ =
0, we rewrite (3.12) in the form
[0y (B +0um) 1{Qy, P-*T,}=0. ‘ (3.13)

The boundary conditions with Y1 = 0 are obtained from (3.7)-(3.9) by the sub-
stitution of (3.11) in them and equating the corresponding coefficients to
zero. In the first approximation

Q(§, n=0)=—20,0,—2J,8,wo—~u,d,J\+wodyJ,, (3.14)
wi(E, 1=0)=0, T,(&, n=0)=T,cos(t+y). (3.13)

With 7]—oo from (3.10) we have
(8, n>o0) =T, (8, n—o)=0. (3.16)

In accordance with the asymptotic "spiiced" expansions method, the solutions
of problems (3.13)-(3.16) are represented as

0 {Qu T} =0, (3.17)
- Then in the approximation (10) the external field equations have the form
'0.,.=2 " Qma. (3.18)
whose solutions are =
{Quo, Tro}={Cw(n), Du(n)}. (3.19)
20
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The boundary conditions for (3.19), obtained from (3.16), (3.17), give C10(")
= D1p(M) = 0. Thus,

Quo(§, 1) =T (E, n)=0. (3.20)

In the internal field (the boundary layer adjacent tc the surface 1 = 0)
the variables are transformed as

>®=0', r=n/c. (3.21)

Substituting (3.17) and (3.21) into (3.3), (3.14), in the first approximation
for the boundary layer we obtain the equations

—8{Ru0, T} =", PTw} . (3.22)
with the conditions

{Q, Ti'}rmo={—2cos &, cos(t+y)}. (3.23)

The solutions of problems (2.22), (2.23), satisfying the "splicing" condi-
tions with solutions of the external field (3.20), are

{Qu", Tw'}=—2exp(—n/a) {cos (t+1/a), cos (&+n/ayP+y)}. (3.24)

From (3.24), with an accuracy to the function of &, it is possible to deter-
mine the horizontal velocity component in the boundary layer, and then from
the continuity equation and conditions (3.8), the vertical component. They
have the form ) )

u,=Y2 exp[ —n/alsin(g+n/a—n/4)+F (§), (3.25)

wyz=cos E—exp(—n/a)cos(§+n/a)—dF (§)/dE. (3.26)

[Velocity O(€ec) is determined through $§27g.]

Requiring the conditions of limitations on velocity outside the boundary lay-
er, we assume F(Z) = O, We obtain the velocities of wave movement and tem—
perature to the approximation of € inclusive

=—1+e exp(—n) cos t+aey2 exp(—n/a)sin (§+n/a—n/4), (3.27)

#=¢ea?[cos E—exp(—n/a)sin(E+n/a—an/4) ], (3.28)
T'=—e2 exp (—n/ayP)cos(E+n/ayPFy). (3.29)
The averaged heat transfer due to waves ff, 6"" along § and N is equal respec-
tively to ndd
13233 .
g=z“ .! (Ta, %) dg. (3.30)
21
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[In order to obtain a dimensional heat flow it is necessary that 6% be mul-
_ tiplied by (P« Tp), where P is water density.] -

Substituting (3.27)-(3.29) into (3.30) and carrying out integration, we ob-

tain
O=—e’ {e'““'“m" cos (n/acVP+1)— (3.31)
—VZ - tiH/Eie gin [(:_ﬁ— 1) 'q/a+( . +—’£)]}
- (3.32)

Qt=eta? {e~ "+ /Pvecog (1/YP1) nlaty]—
~e~<7" cos(n/afP+y)),

from which it follows that the heat flow caused by waves is dependent on the
phase shift between the surface "rise" and the temperature fluctuations at
the surface. Integrating (3.31) for 7 from zero to infinity, we obtain the
integral heat transfer by waves along the horizontal

--—-——-z 3 e D — (3.33)
ze(f+p) {(1=P)cos 1+[ (1+VP)*~a (1+P) VP]sin v}

It can be seen that in dependence on the phase shift between the "rise" and
temperature fluctuations along the wave the integral heat transfer can be
in the direction of wave propagation or opposite it.

Q=

The role of the mechanism of vertical heat trzmsiz:r, as follows from (3.32),
increages with increasing distance from the Jree surface, where Q1 = 03
then Qf again exponentially decreases.

Thus, as a result of waves there is an increase .in the diffusional heat flow
through the warm film; this heat flow in the layer lying below the WF and
adjacent to it is maintained due to the arising heat transfer mechanism. Be-
low this layer the transfer must be ensured by means of turbulent diffusion.
Finally, where the turbulent diffusion mechanism disappears the role of wave
transfer must again increase, but in this case it will be caused by internal
waves .,

It follows from (3.32) that if the lower water layers are warmer, so that’
the heat flow is directed toward the ocean surface, the temperature field
at the surface has a phase shift relative to [ , belonging to a definite
interval of Y changes. However, if the lower layers are cold, that is, Q}>O,
the phase shift between T in the warm film and the wave must lie in another
interval. This is manifested more clearly if (3.,32) is expanded into a Tay-
lor series in the neighborhood of the lower boundary of the WF and it is
taken into account that dimensionless § <€ 1. In this case

O(ﬁ)f:(e’a/P"’)G[lCOS 1+§in ¥1, (3.34)
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hence for 6(5 ¥$ >0 and Q(§)1 < 0 the Y values accordingly belong to dif-
ferent intervals. We note that the effect of a change in the pnase shift
between the wave fluctuations of temperature along the WF and the rise of
the discontinuity in dependence on the sign on Qf is indicated in experi-
ments which were cited in [15], but there is a need for additional inves-
tigations,

Now we will estimate the possible 51‘ value. Selecting the parameters of
waves equal to a = 50 cm, @ = 1 sec™l, T =10"1 °¢ » A= 1 geem™ -3, o¢= 0.1,
5 = 0.1 and substitutipg them into (3. 32), we obta:l.n QT"'SO cal ~day” -1,

. With Tg = 5-10~2 'C, &= 0,2, £= 0.1, Q § ~100 cal-day~l.cm~2. Thus,
the wave flow can compensate the change in the diffusional transfer of heat
through the warm film when waves develop.

Figures 4 and 5 show the results of computations of 6‘1“ and §: respectively,
carried out for some values of the parameters. For all the cited cases P =
7, and € = 0.1 (since the ¢ parameter in formulas (3.31), (3.32) enters in
the form of a simple factor, with other £ values there is accordingly only
a change in the magnitude of the flows). The first and second curves cor-
respond to »” = 102, and the third and fourth —- to ¥'= 10; for the odd
curves -- & = 0,1, whereas for the even curves —- &= 0,3, All the figures
give dimensional values of the flows in the units cal-day™ l.em=2, In Fig.

4 the curves I, III represent the real values of the flows, whereas curves
II and III are reduced by a factor of 10, so that in order to obtain the

Q values the corresponding values must be increased by a factor of 10. Fig-
ure 5 shows values less than the true values by a factor of 10-.

It is clear from Fig. & that the wave mechanism of "vertical" heat transfer
in actuality is important in the intermediate. sublayer lying between the
warm film and the region with well-~developed turbulence. The Qtvalue can
attain hundreds of calories per day through one square centimeter of hori-
zontal area. Flows of different sign correspond to different phase shifts
of thermal wave fluctuations at the ocean surface relative to the surface
itself. In this case the flow through the surface itself, where these tem-
perature fluctuations are specifically stipulated, for all ¥ is equal to

- zero,

Fig. 5 shows that Q is maximum at the surface and then attenuates exponen-
tially, so that in contrast to Qt for it no double boundary layer is dis-

_ criminated. The sign on Q, is also dependent on whether the upper or lower
region of the surface layer in the ocean has the higher temperature. As
can be seen from a comparison of Figures 4 and 5, in this case the direc-
tions of the Q% and_Q_ flows are interrelated.

4. Thus, the presence of a thin temperature boundary layer at the ocean sur-
face should have the result that with the appearance of waves there is an
increase in heat diffusion through the atmosphere - ocean discontinuity.
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Fig. 4. Distribution of vertical heat flows aaf caused by waves as a func-
tion of n with € = 0.1, P = 7; 1) «¢ = 0.1, ¥ = 10~2; II) ¢ = 0.3, V=
10-2; III) « = 0,1, ¥= 10; IV) o = 0.3, Y = 10.

Fig. 5. Distribution of horizontal heat flows Q caused by waves as a func-
tion of M with the same values of the parameters as in Fig. 4.

An analysis shows that this additional flow can be caused by the wave mech-
anism of heat transfer vertically in the layer directly adjacent to the
warm film, This corr ponds to the experimental data in [12]. The wave
flow is a result of the nonpotentiality and nonlinearity of wave motion
and attenuates exponentially with increasing depth. In the region of its
disappearance the main role must evidently be played by turbulent transfer
or the similar wave flow caused by internal waves.

We note in conclusion that the mechanism of wave transfer of heat in a ver—
tical direction was also studied in [17], where the problem was formulated
in a Cartesian coordinate system, which makes difficult a sufficiently rig-
orous analysis of the thin boundary layer directly adjacent to a moving
discontinuity; therefore, in this article the problem was considered in a
curvilinear coordinate system directly related to wave movement.,

The author expresses sincere appreciation to the reviewer for useful com~
nents.
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UDC 551.465.41:532,529.2
STRUCTURE OF THERMOCONCENTRATION CONVECTION IN A STRATIFIED FLUID

Moscow IZVESTIYA AKADEMITI NAUK SSSR, FIZIKA ATMOSFERY I OKEANA in Russian
Vol 15, No 9, 1979 pp 964-973

[Article by V. A. Popov and Yu. D. Chashechkin, All-Union Scientific Re-
search Institute of Physical-Technical and Radioelectronic Measurements,
submitted for publication 20 October 1978]

Abstract: An experimental study was made of the
formation of the structure of thermoconcentration
convection, periodic vertically, during the propa-
gation of a warm front in a fluid with a stably
stratified salinity distribution. For a plane front,
the normal to which forms an angle +19, #*11° to the
horizon, the critical value of the Rayleigh num—
ber, characterizing the onset of formation of

cells is Racy = g ATh3 /v X = 3700+1000. For a
cylindrical front (heater-vertical filament)

Racr = 16 000+5000. The formation of the cells

also occurs with a local change in the T-, S-
characteristics, leading to the formation of salt
fingers, outside the zone of the .fingers and with-
in it, after the degeneration of "fast" vertical
convection, With the formation of cells in this
case 5000<Racr <20 000..

[Text] Interest in laboratory investigations of the structure of convective
currents during the heating of a stratified fluid is related to study of

- the role of double diffusion processes in the formation of the fine struc-
ture of the ocean [1]. As a result of these laboratory experiments it was
established that with the horizontal propagation of one scalar character-
istic (temperature) in a stratified fluld, whose demsity distribution is
ensured by a vertically variable distribution of another impurity (salt),
in the case of greatly differing kinetic coefficients (thermal conductivity

' coefficient X and diffusion coefficient kg), there is formation of eddy

_ convective cells which are vertically periodic [2-5].
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The formation of convective cells is associated with the following two
properties of a stratified fluid, whose density in an undisturbed state
varies with height: P = ©(z); the scale of density change is A= (d ln
- f>/dz)’1. As a result of the stratification effect the height of rising
of a heated particle of fluid, retaining its initial salinity, is limited
- due to the hydrostatic stability condition: the density of a floating-up
heated particle of fluid must be less than or equal to the density of the
- fluid at the new level P(Tg+AT, S(z)) < ©(Tp, Sg(zth). Due to the great
difference in the values of the kinetic coefficients the fluid particles
can be rapidly replaced by only one scalar characteristic (heat) with an
almost constant value of the other (salt concentration). With the propa-
gation of a warm front in an aqueous solution of common salt ()} = 1.43
10-3 cm2/sec, kg = 1.41-1077 cm?/sec) a fluid particle receives heat from
<he heated wall, transports it through the convective cell and carries
an undisturbed fluid to the leading edge of the warm front [4, 5] or the
cold wall in experiments in a narrow cell [3] virtually without a change
in its salinity. The forming convective currents redistribute the initial
distribution of salinity vertically -- at the boundaries of the cells
the concentration gradient is considerably greater than within. The tem—
perature gradient and velocity shear are also maximum at the boundaries
between adjacent cells, separated by thin fluid layers at rest [5].

In a theoretical analysis of the system of equations describing the pro-
cesses of thermoconcentration convection, it is important to make a choice
of the scale length employed for deriving equations in dimensionless form.
In a narrow cell as the scale length d we select the cell width [3, 6];
in a study of the thermoconcentratigp convection in large, broad basins --
- the thickness of the heated layer D~ (that is, the distance from the lead-
’ ing edge of the warm front to the heater) [3, 5] or in our notations, . the
scale h [4, 5, 7] by which the density of a heated element, floating up
with the retention of its salinity, becomes equal to the density of the
undisturbed stratified fluid P (Tg+AT, S(zg)) = P(TpS(zp+h)), h =xATA.
Here o¢ is the coefficient of thermal expansion of the fluid, AT is the
heating temperature, TQ is temperature of the fluid, S(z) is salinity.
With such a choice of the scale length in the dimensionless equations of
motion and diffusion we will have the Rayleigh thermal number [6] Rap =
g*ATd3/v X, the Rayleigh saline number [6] Rag = gdl*/ vkg /L, the Ray-
leigh number Ra = gxATn3/vX (g is the acceleration of gravity), deter-
mining the current regimes [4, 5, 7].

Experimental investigations carried out in a broad basin demonstrated that
in the propagation of a plane vertical thermal front the vertical dimen-
sion of the forming cells is equal to the height of rising of the fluid

to the level of neutral buoyancy h =XATA. The formation of the cells
begins when the Rayleigh number exceeds a critical value equal to Ra =

15 000£2500 (4] and Ra = 4500£1000 [5]; the Rayleigh thermal and saline
numbers, constructed using the thickness of the heated layer D*, according
to the data in [5], satisfy the expression Rap =g« A TD*3/¥X = 0.059 Ragd/b
= 0,059 (gD*4/1/ksJ¢), obtained in [3, 6] for a narrow cell with the width
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d on the assumption that the horizontal gradient of density is equal to
zero.

In the case of a sloping heated wall the critical values of the Rayleigh num-
ber Rap = g AT cos§h /v)L Ra cos 4] lie in the range 10 000< Rap <20 000
with 9 <'60°. The experiments were carried out with ) = 31.5, 45, 58.5°;
with§ = 75.8° we have 35 000<Rap<60 000 (see [8]). Here and in the text
which follows ~J is the angle between the normal to the warm front and the

= horizon (Fig. 1). The experiments [8] were carried out with lateral heating
of a water solution of sugar. In the case of large angles of slope, when the
heat flow is propagated almost vertically, the nature of formation of the
structure of convective currents changes.

With mixing of fluids with close density values but different concentrations

of salt and sugar, arriving from several spatially separated sources,

due to the difference in the diffusion coefficients of sugar kg and salt kg
_ (kstkg = 1: 3) there can also be formation of layers of fluid with consid-

erable vertical gradients separated by layers of fluid with an almost con-

stant density [9].

The double diffusion processes play a definite role in forming the fine
structure of the ocean [1], the structure of distribution of admixtures

in decanted fluid [10], the redistribution of the concentration of admix-
tures in the growing of monocrystals or particles in turbid and suspension-
carrying flows, and in the dynamics of heat transfer in a stratified fluid.
In this connection it is of interest to investigate the influence of the
boundary conditions (direction of propagation and form of the warm front)
on the dynamics of formation and type of structure in a stratified fluid
(SF).

The experiments were carried out in a basin with a length of 30 cm, a width
of 10 cm and a height of 25 cm, filled with a SF with a density gradient
constant with depth. Visualization of the structure was accomplished using
an IAB-451 shadow instrument with a vertical slit 0.02 x 10 mm in the il-
luminating part and a flat knife in the receiving part. Temperature fluc-
tuations were measured using a speclally developed converter in which use
was made of the pulsed sounding method, making it possible to increase re-
sponse when working in fluids at rest [11]; the sensing element was an MT-
54 thermistor. Temperature difference measurements were made using a copper—
constantan thermocouple whose hot junction was placed on the heated wall or

- at a point of interest in the fluid, whereas the cold junction was placed
on a lateral wa 1 of the basin. The period of free internal oscillations

ZIl(Jl/g) was determined using the density mark method on the basis

of measurement of the period of waves excited by the wake of a vertically
floating-up bubble [12]. The method for the experiments and apparatus are
described in greater detail in [5]. The experiments were carried out in a
fluid with a constant density gradient A\_= 1300 cm, T™* = 7.2 sec, A= 2100
cmy, T = 9,2 sec.
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Fig. 1. Fig. 2.

Orientation of heater surface. Dependence of vertical dimension of
convective cell on heating tempera-
ture: A= 1300 cm, T = 7.2 sec, I
- 6=0, II —- g=-11°, III -~
filament, IV -- &= 19°,

Table 1
% , degrees -19 -11 0 11 } 19
her, cm 0.55 0.53 0.53 0.5 0.48
ATep, °C 1.0 1.12 1.25  1.38 1.46
Racy = g Th3/ 3500 3600 4000 3500 3400

Investigations of the influence of the heater slope on the dynamics of sett-
ing in of a periodic structure were carried out with small slope angles

3 = 19, £11, 0° (in Fig. 1 the positive angle is reckoned clockwise, ~J =
0° corresponds to a vertically oriented heater). The time constant of the
heater at the 0.7 level was 1.5 minutes.

During the propagation of a plane thermal front at an angle to the horizon
the general pattern of currents is similar to that observed with J=0 [5].
Convective cells are formed along the entire surface of the heater with at-
tainment of the critical temperature of heating, whose values are given in
Table 1 (L = 1300 cm). Figure 2 gives the dependence of the vertical dimen-
sion of the cells on the heating temperature (the temperature difference
between the heated and opposite cold wall of the basin). At the time of
formation the vertical dimension of the forming cells decreases with an in-
crease in the angle of slope -3. In this case the critical value of the
Rayleigh number, corresponding to the moment of closing of the system of
eddies, remains virtually constant because the heating temperature increases
with an increase In the angle of sloEe (see Table 1); v = 1072 cmzlsec, xX=
1.43+10 cm?/sec, ol = 3.06+10~% grad-l.

If the heater temperature is maintained constant, the vertical dimension of
the cells does not change; in the horizontal direction the length of the
cell increases proportionally with time until the opposite wall of the
basin is reached. If the heating temperature increases, the vertical
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dimension of the cells increases (see Fig. 2); for all the investigated
angles h = a + bh, where h = *ATA; the a and b values are given in

Table 2.
Table 2
v, degrees ~-11 0 19
a, cm 0.29 0 0.185
b 0.55 1 0.49
Table 3
a X
B ° o
< 25
13} 5]
AP
¢ (5 < & £ F3 F 3 £ F3 <& < °
“ua e |59 102 {102 |12 {102 |32 | 145 | 145 | 124 | 148 |06
o la7 |tor |12 |02 |125 {107 |15 |04 |11 | 094 | £t |o
19 | 4 |15 |18t |07 | 107 |o9s |ogs | 1,02 {098 1090 |09 010

The dependence of the critical values of heating temperature on heater or-
ientation can be governed by the influence of diffusion currents of the
fluid caused by curvature of the lines of constant density near the sloping
boundaries [13]. In this case there is formation of an ascending (3<0) or
descending (§>0) flow; these flows accordingly accelerate or decelerate
the thermoconvective current which arises and accordingly increase or de-
crease the critical height her of the thermoconvective cell,

In this case the error in determining the Rayleigh number is determined by
the inaccuracy in determining AT, h: S (Ra)/Ra = S (AT)/AT + 35h/h.
Table 3 gives the vertical dimensions of cells obtained when making photo-
metric measurements of current kinograms with t = 20 min from the moment
of activation of the heater in the IF0-451 microphotometer.

The relative error in measuring temperature in these experiments is 37%;
" then, taking into account the data in Table 3, the error in determining
the Rayleigh number is 33%.

The convective axially symmetric periodic structure arising around the heat-
ed filament, although it exhibits a considerable external similarity to the
plane problem, differs significantly in fine details. In this case the heat-
er was an MGTF~0.07 lead with an external diameter d = 0.8 mm. Figure 3
shows shadow kinograms demonstrating the development of the periodic struc-
ture with time after heating is started. The expanding cylindrical warm
front, which corresponds to the dark band on the right side and the light
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band on the left side of Fig. 3,a creates horizontal temperature gradi-
ents 9T/ x§§0. An ascending convective flow begins to be formed near
the heater; it transfers to this level a more saline fluid from the lower-
lying layers. The velocity maximum is situated at a small distance from
the heated filament. A complex density distribution arises within the
- heated layer —- the density gradient¢3FV2 r> 0 at the outer boundary of
the warm front. Then its value decreases somewhat as a result of rising
of the above-lying fluid, which leads to a corresponding decrease in Jdn/
Jr, since in an aqueous solution the refraction coefficient and density
are related by the linear expression [14] n(z) = 1.3330 + 0,231 [P (z) -
1], and the corresponding change in the distribution of illumination on
the shadow photograph. A decrease in the ap/ar value leads to the for-
mation of a gray band near the heater on the left half of the photograph
in Fig. 3,a; near the heater Jp/Jr again increases.

- A further temperature increase leads to the development of current instab-
ility and a periodic structure begins to form virtually simultaneously in
the entire depth of the fluid. The arising nonuniformities of the refrac-
tion coefficient gradient have a complex bell-like configuration (see
Fig. 3,b); they are elongated in the upper part near the heater, then de-
viate somewhat from it (become broader) and at the distance r = 6 mm from
the ‘axis drop sharply downward. Formation of the structure is accompanied
by the excitation of internal waves of a zero frequency, whose length is
equal to the vertical dimension of the cells (see Fig. 3,c, AT = 1.,75°
0).

A further temperature increase leads to the formation of axially symmetric
convective cells in which layers with a small density gradient are separ-
ated by thin "sheets" with great gradient values. All the layers are at
the angle B = 24°,03=3,5° (each t = 20 min) to the horizon. The boundar-
ies of the layers rise sharply and converge near the filament; their traces
can be made out in the extent of several cells. A further temperature in-
crease leads to a decrease in the number of cells and a decrease in their
slope to the horizon (Fig. 3,d AT = 4.0°C, t = 40 min, $= 10°, og = 2°),
Figure 4 shows the results of photometric measurements of a negative cor-
responding to the kinogram in Fig. 3,d in the vertical (at a distance r =
1.5 cm from the heater) and horizontal directions. (Here 7 is the blacken-
ing density in arbitrary units; x, z are the distances from the filament
and along it.) In the vertical section it is necessary to discriminate
sharply expressed thin sheets with high values of the gradient of the re-
fraction coefficient (the ratio of the gradients outside and inside the

- sheet is (3%1):1, the ratio of the thicknesses of the layer and sheet is
(5£1):1) and note the existence of considerable fluctuations of the den-
sity gradient within the cell. The boundaries of the layers curve sharply
near the filament, but their traces can be followed for a considerable
distance; sometimes they rise upward 2-4 cells (see Fig. 3, c, d). On the
photogram 7 (r) it is possible to discriminate two zones in the region
of the ascending current: a zone of laminar flow adjacent to the filament
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Fig. 3. Shadow photographs of convective current, heater - vertical filament:
a-—-t=1min, b -—— t=2.5min, ¢ =~ t = 20 min, d -—— t = 40 min

(from the boundary of the filament to r = 1.2-1,6 mm) and a zone of the vel-
ocity maximum in which it is possible to make out the traces of sharp den-
sity gradients at the boundaries of the cells, causing considerable fluc-
tuations of blackening density 1.6<r< 2.3 mm, situated between the fila-
ment and the regular cells. The density disturbance is considerably greater
in the upper part of the cells where it is carried by the deviating convec—
tive current than in the lower part, where the fluid from the undisturbed
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regions flows down. Thereafter, if the heating temperature is not changed,
the cells growin a horizontal direction. If the heating temperature (the
temperature difference between the filament and the wall) increases, there
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is also an increase in the height of the cells, but in contrast to a plane
case h = 0.956xz§TJ\)1 2, In this case the critical value of the Rayleigh
number is substantially greater than for the plane problem: Racy = 16 000+
5000, ATcr = 1.75°C,_/\_= 1300 Cmie

3]
-]

-1 11

IZr.M
] | “ | -

.

g -

Fig. 4. Dependence of negative blackening density in arbitrary units on dis-
tance: a) photometric measurement in vertical direction, b) in horizontal
direction, 1) heater - filament.

A layered structure of a homogeneous stratified fluid is also formed if the
distribution of the T, S characteristics changes within it in a limited

_ volume, for example, with the introduction of a small volume of heated sal-
ine fluid into the near-surface layer or fresh and cold fluid into the bot-—
tom layer at a sufficiently small rate (v<0.l cm/sec), that is, when a
situation prevails leading to the formation of salt fingers in a limited
volume. The general picture of the current coincided for both cases. Figure
5 shows shadow kinograms of the structure arising with the melting of a
small piece of ice (basin temperature Tg = 19°C)., Immediately after being
introduced an intensive melting of the ice begins; the forming fresh cold
water floats up in the form of individual thin streams with a diameter of
0.5-1 mm at the height H = 4~5 cm (freshened "fingers" in salt water). In
this case there is formation of a structure of thin alternating cold and
warm layers (heat exchanger) and the entire region of relatively rapid
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Fig. 5. Shadow photographs of structure of convective current with local dis-
turbance of T,S characteristics of fluid.

vertical "finger" convection is somewhat cooled. Outside it there is propa-
gation of a cold front of a complex form, and the first eddy begins to form
near the region of the fingers, in the zone of the maximum horizontal gra—
dients 2T/d x, OS/Jx after t = 4 min from the onset of the process (see

Fig. 5,a).
36
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Fig. 6. Change in blackening density of negative (vertical direction) (for-
mation of cells during thawing of ice). 1 -- vertical over melting ice.

The temperature sensor, placed in the zone of "finger" convection, regis-
ters marked cooling and a gradual increase in mean temperature, accompan-—
ied by gradually attenuating nonstationary oscillations <AT) = 0.05°C, or
= 0.03°C with degeneration of finger convection. As a result of general
cooling of the zone in the fluid there is maintenance of JT/Jx gr di-
ents adequate for continuing formation of the structure. At the same time
a cooled wall mechanism is operative on all boundaries of the zone of fin-
ger convection and after degeneration of the "fast" heat transfer process.
In this case the layers forming in the central part are sloped downward
(in the direction of the mean flow of fluid). In microphotometric measure-
ments it is easy to make out individual cells (Fig. 6) and fluctuations
of blackening density caused by convective flow within the cells., The total
change in negative blackening level is associated with the nonuniformity

' in vertical temperature distribution. The formation of cells in a fluid
with the density scale A= 2100 cm begins with supercooling AT = 0.9-1.0°C.

- In this case h =®ATA = 0.64 cm and the observed dimensions of the cells
are h = 0.62, 0.7, 0.84, 1.0 cm, which correspond to Rayleigh numbers Ra
= 5000, 7000, 12 000, 20 0CO. Thereafter the dimensions of the cells are
somewhat evened out and when t = 20 min we obtain AT = 1.5°C, h =« ATA=
0.96 cm, <h> = 1.16 cm, Oh = 0.16 cm. The forming structure advances both
outwards from the zone of the fingers and within it as the finger convec-
tion degenerates. With joining of the cells the Rayleigh number attains a
maximum; then it decreases and accordingly there is a degeneration of the
convective current within the cells. But within the fluid for a long time
(4-5 hours) there is retention of a zone of increased and decreased values
of the salinity grodient; there are traces of the boundaries of cells which
are slowly destroyed by molecular diffusion processes. The height of the
convection zone is determined by the verical dimension of the "finger con-
vection" region and is dependent on the total difference in densities and
temperatures of the introduced fluid and the fluid at rest, whereas the
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horizontal dimensions are dependent on the difference in the heat content
of the fluids.

Our experiments indicated that a periodic convective structure arises with
the propagation of a warm front of an arbitrary shape if the arising tem-
perature differences at the defined horizon exceed a critical value. In
this case for a solution of common salt AT = 1-2°C the formation of a
structure occurs with Rayleigh numbers Ra., = 5000-20 000, which coincides
with evaluations of the critical number 104 < Ra., < 2-104, cited in [7]
using the results of numerical computations of current gtability with ac~
tivation of heating of the lateral wall in a wide cell. The height of the
cells is determined by the degree of heating and the initial stratifica-
tion of the fluid hg= a + bh, a = 0, b = 1 with 3=0, h =AT.A in a
plane problem and h = 0.95(0(ATA.)1/2 for an axially symmetric problem.
The principal reason for formation of cells is lateral diffusional instab-
ility, since during the propagation of a warm front a horizontal tempera-
ture gradient dT/2 x<O arises in the stratified fluid, a horizontal sal-
inity gradient J8/2x 5 O and a horizontal density gradient 20/3 x>0
("input" and "output” in the equation for vorticity cited in [3]).
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UDC 551.465.41

INVESTIGATION OF THE FINE VERTICAL STRUCTURE OF WATER DENSITY IN THE OCEAN
BY THE OPTICAL INTERFERENCE METHOD

Moscow IZVESTIYA AKADEMII NAUK SSSR, FIZIKA ATMOSFERY I OKEANA in Russian
Vol 15, No 8, 1979 pp 855-863

[Article by V. S. Belyayev, V. L. Vlasov and R. V. Ozmidov, Institute of
Oceanology, submitted for publication 22 August 1978]

Abstract: The authors describe a method for
measuring the fine structure of the density
field in the ocesn in situ using a laser photo-
electric interferometer, Measurements in the
upper thermocline revealed layers with a thick-
ness about 1 m, within which there are density
inversions with vertical scales of 5-10 cm. The
spectra of fine structure of the density field
in the range of scales from 1 to § m are well
approximated by a power-law dependence with an
exponent close to -3. The nature of the change
in the coherence of density fluctuations for
time shifts from 0.5 to 2 hours is different
for fluctuations with vertical scales less than
and greater than 8 m. The possibility of an in-
fluence of internal waves on the temporal var-
iability of fine structure of the density field
with vertical scales greater than 8 m is noted.

[Text] The fine vertical structure of the water density field P in the ocean
is at present determined in situ by indirect methods by simultaneous measure-
ment of the distribution of water salinity S, its temperature T and hydro-
static pressure p. Salinity is also usually determined indirectly using

the conductivity of water C, which is dependent on T, S and p, and also on
the chemical composition of salts (for example, see [1]). The p, T, S, p

and C values are related to one another by complex, generally speaking, non-
linear dependences; therefore for determining p from measured T, S and p (or
T, C and p) use is made of the empirical formulas of state of sea water or
special oceanological tables [2]. The results obtained in this case contain
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definite systematic errors [3, 4]. However, the equations of state of sea
- water are constantly being refined [4] and at the present time a high ac-
curacy in determining the conductivity of sea water in principle makes it
possible (with a corresponding accuracy in measuring temperature and pres-
sure) to compute density P with an error of +2-107 g-cm‘3. But errors in
determining 0 can alsc be introduced due to variations in the isotopic
composition of water and salts (error up to :t‘(3—7)'10’6 g-cm‘3), and also
as a result of the different quantity of gases dissolved in the water (1.5°
10-6 g-cm‘3).

In indirect methods for determining £ in situ the error usually increases
due to the inaccuracy in determining T, S, p and C. In standard sounding
apparatus the accuracy in determining T usually does not exceed 0.02°C,
salinity (on the basis of conductivity) — 0.02°/00, pressure —- 0.1% of
the measured value, which leads to an error in determining O up to +(2-3)-
10-5 g-cm‘3 [5]. In addition, due to the different inertia of temperature
and conductivity sensors in layers with high gradients of these values the
additional errors can be 43-1072 g~cm"3 [5]. The large dimensions of the
conductivity sensors (up to 10 cm in diameter) do not make it possible to
attain a high spatial resolution of the records.

An attempt to bypass the mentioned difficulties and obtain more precise in-
formation on the fine structure of the P field in situ was undertaken at
the Institute of Oceanology P. P. Shirshov USSR Academy of Sciences. V. L.
Vlasov constructed an instrument for measuring the fine structure of ver-
tical density profiles of sea water density using data on the vertical
stratification of the refractive index n of light in water. The basis for
the instrument is the optical interferometry method, having a great speed,
high sensitivity and broad dynamic range [6]. The change in the difference
in the path of the light rays in the instrument A z is associated with a

- change in the refractive index An and the length ) of the instrument base
by the simple expression:

Az = Anl = 1/2 )« (1)

where A is the length of the light wave (in the described instrument equal
to 6328 A — the He-Ne line of the laser source); O¢ is the relative shift
of the interference bands (in fractions of band width).

The relationship between the £ value and the refractive index n is stipul-
ated by the Lorentz-Lorenz formula (for example, see [71):

_1ln2-1
P=% 773" (2)

where k is specific refraction. Expanding the right-hand side of (2) into
a series in the neighborhood of the point n = ng and leaving only the first
two terms of the expansion, we obtain approximately

- Ap/pg = akn, | (3)
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where the coefficient a = 6“0/(n02 - 1)(n02 + 2). With a standard value ng
= 1.338 and Py =1 grew™3, ppa = 2.68. Formula (3) makes it possible to
determine Aynwith an accuracy ~10~6 g.cm~3 if the absolute P change during
the measurements does not exceed 10"2 g‘cm‘3. Such a condition is satisfied
in the overwhelming majority of regions in the world ocean since the change
in water density with depth as a rule does not exceed the mentioned limit.
It must be noted, however, that the proportionality factor k-1 in the Lor-
entz-Lorenz formula can have a weak dependence on T and S [8], as a result
of which the error in determining Ap can increase somewhat. However, at the
present time reliable quantitative evaluations of this effect are lacking
and therefore their allowance remains a matter of the future.

It follows from formulas (1) and (3) that the accuracy of the optical-inter-
ference method for determining An and 40 is dependent on the length of the
measurement base in the instrument and the accuracy in measuring the rela-
tive shift of the interference bands. For example, when ) = 1 cm and the
reading accuracy is d~0.005 of the width of the interference band we find
that the possible accuracies in determining An and Ap in this case can at-
tain values -_4_-1.6-10‘7 and +4,3+1077 gecm—3 respectively. Such an accuracy

in measuring o« could be realized with temperature-vibrational interference
always existing under natural conditions using the dynamic method of noise-
immune remote measurements relative to the shift of two systems of interfer-
ence bands proposed by V. L. Vlasov [9] and then improved in [10-12]. Earlier
under special laboratory conditions (in thermostated and vibration-insulated
rooms) and a static regime this accuracy did not exceed 0.1-0.05 of the width
of the interference band [13].

A block diagram of the apparatus intended for measurement of the fine struc-
ture of the O field in the ocean is shown in Fig. 1. In the laser photoelec~
tric interferometer a parallel light beam passes through the investigated
medium and by means of two photomultiplier diaphragms (with diameters ~/0.5
mm) the light rays, the difference in whose geometrical lengths is also the
measurement base of the instrument, equal in our case to ~ 5 mm, are "cut"
from it. These light rays interfere with the reference light beam and form
two systems of interference bands, on which destabilizing factors exert an
identical effect and thereby do not exert an influence on the accuracy in
determining An. True, the reading accuracy in the described device is some-
what reduced due to the imperfection of digital-analog recorders (up to #0,05
of the band width when using a digital reversible recorder and up to 0,025
of the band width for an analog recorder). The accuracy in the An and AP
readings is 43.1-1076 and +8,3:10~6 g.cm~3 for the first case and 41,610~0
and +4.3.1076 grem™3 for the second.

After the digital recorder, measuring whole and fractional parts of the band
shift, and the analog device, measuring only fractional parts of the shift,
the information is recorded on a high-speed recorder and automatically re-
cording potentiometer and appears on a digital display. In the case of

large "surges'" of the AF)values due to fine-structured peculiarities of the
P field, in order to exclude ambiguity in the measurements with the analog
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unit in a number of cases it was necessary to "coarsen' the interferometer
response artificially; in this case the reading error was +1°107 g-cm—3.
The inertia of the entire measurement channel was determined by the iner-

- tia of the automatic recorders and also by the parameters of the electric
filters and was equal to ~ 0.1 sec.

Ananozoboe Yuppoboe
B umepumensHoe pebepcubnoe
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>
g <
I: . \S N 000, 0
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Fig. 1. Block diagram of apparatus for measuring the fine structure of the
density field in the ocean by the optical-interference method.

KEY:
1. Submerged laser photoelectric interferometer
2. Unit of photomultipliers
3. Analog measuring device
4, Digital reversing unit
5. N-327
6. KSP-4
7. Digital indicator
- 8. Automatic recorders
9. On-board part of instrument

Figure 2 shows a vertical profile AP(z) obtained using the described instru-
ment at station 1611 in the Philippine Sea on the 19th voyage of the sci-
entific research vessel "Dmitriy Mendeleyev" [14]. The horizontal line
corresponds to 0.1 of the width of the interference band, which is equal to
double the error of the digital recording unit. The stepped structure of
the Ap (z) profile in layers with small vertical O gradients (to a depth
of 70 m) falls within the limits of the mentioned error. In the deeper lay-
ers, where the density gradients are greater, the fine peculiarities of the
profile are registered reliably. In particular, an interesting peculiarity
of the Ap(z) profile is the layer with a thickness of about 1 m shown in
the inset in Fig. 2, in which one can see fine-structured peculiarities of
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Fig. 2. Vertical profile of change in refractive index -~ density of sea
water at station 1611 with coordinates 10°40'N, 126°45'E. A section of the
profile within the dashed rectangle is shown separately.

KEY:
A) g-cm'3
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the density field with vertical scales of only 5-10 cm and with inversion
density gradients in them. It is interesting to note that similar inver-
sion layers with a thickness of about 1 m were observed in approximately
10% of the cases on the 41;3(2) profiles obtained on a voyage at 11 sta-
tions in different regions of the world ocean. The internal fine structure
of such layers was different, not always similar to that shown in Fig. 2.
Evidently, the origin of such fine inversion layers in the density field
in the ocean cannot be caused by local mechanisms of generation of field
disturbances, for example, by instability of movements of waters of the
Kelvin-Helmholtz type. As confirmation of such a conclusion we can use the
similarity between the patterns of inversion layers in the ocean and data
from laboratory experiments for investigating instability of Kelvin-Helm-
holtz movements. In the ocean a similar phenomenon was recently discovered
by Gregg by indirect methods [15].

22 23 2 25 o,
34,0 4,5 350 5%
0", 0 2§ 307"

50

100

150

200+
Z,M

Fig. 3. Distribution of temperature T, salinity S and conditional density
O, with depth at station 1606.

Series of six soundings were carried out on 25 September 1977 at station
1606 at a point with the coordinates 11°30'N, 129°45'E. The maximum depth
of sounding with the interferometer was 120 m; the interval between sound-
ings was 30 minutes. Sea waves did not exceed class 2; the wind was north-
westerly, ~4 m/sec; the vessel drifted toward the southwest at a speed of
about 0.7 m/sec. The macroscale hydrological conditions at the station are
given in Fig. 3. The upper mixed layer here had a thickness of about 50 m;
the mean vertical density gradient in the layer from 50 to 200 m is close
to 2.3+10-3 g-cm'3/m. All the profiles obtained at the station had a clear-
ly expressed fine structure with vertical scales greater than 1 m. ’
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Fig. 4. Spectral densities of vertical inhomogeneities of refractive index

of sea water for soundings 1, 2, 4, 5 and 6 at station 1606. The dashed and
solid curves show the spectra of vertical temperature nonuniformities from

[16] and [17] respectively. The vertical segments represent the 95% confid-
ence intervals for spectra of the refractive index (at right) and tempera-

ture from [16] (at left).

The details of the fine structure were randomly deformed from one profile
to another; therefore, a statistical analysis was made of them. The dis-
cretization of the profiles was carried out with a depth interval 0.48 m,
which led to series with a length of 250 Ap values for each sounding. A
statistical analysis of the series was preceded by high-frequency filter-
ing with the use of a cosine filter. Computations of the spectral densities
of the filtered Ap'(z) series were carried out using the Tukey method with
27 degrees of freedom.

The Ep (k) spectra are given on a logarithmic scale in Fig. 4 for five
soundings. The curves form a relatively dense beam of lines with '"surges"
not exceeding the 95% confidence interval, except for the peak on curve 4
with a value of the wave number k = 0.46 cycle/minute, which is evidently
associated with the rolling of the ship. Since the fluctuations of the re-
fractive index An' and density Ap' of water are influenced by fluctuations
of both temperature and salinity, their relative contribution can be evalu-
ated from the values of the gradients of the corresponding mean fields. At
the considered station, according to Fig. 3, the main contribution to An'
and AP' must be from temperature pulsations. Accordingly, as a comparison
Fig. 4 shows the spectra of the fine structure of the temperature field
Et(k), computed using data from measurements in the Philippine Sea by a
microstructure probe with a temperature sensor [16]. One of the Er(k) spec-
tra was obtained in the layer from 0 to 300 m and the other in the layer
300-600 m. It follows from a comparison of the Ep (k) spectra (reduced to
units (°C)2 (cycles/m)~1l) and Ep(k) spectra that in the investigated layer
of the ocean from 0 to 120 m the A n' and 4p' pulsations evidently receive
some contribution from salinity pulsations, since the Ep (k) spectra are
situated somewhat above the ET(k) curves.

Figure 4, as a comparison, schematically shows the spectra of the fine
vertical structure of the temperature field in the main thermocline in
two regions of the Pacific Ocean obtained by Gregg [17]. On these spectra
there is a marked change in slopes for k values falling in the interval
from 0.06 to 0.1 cycle/m, that is, in the range of scales from 10 to 17
m. With k less than the mentioned values the slope of the spectra is some-
what less than -2, whereas with greater k values the slopes bacome close
to —3. Such a change in slope was caused, in Gregg's opinion, by the fact
that in the larger-scale interval the main role is played by internal
waves, and in the small-scale interval —- by the fine structure of the
field itself. Such a point of view is confirmed, 'in particular, by an ab-
sence of coherence at scales less than 10 m for successively measured
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(with an interval of 12 minutes) T(z) profiles [18].

The Ep (k) spectra constructed on the basis of our measurements (Fig. 4)
are also characterized by a marked change in slope with a k value close
to 0.12 cycle/m (the corresponding vertical scale of inhomogeneities is
about 8 m). For disturbances of the density field with scales less than
8 m the Ep (k) spectral curves are well approximated by power-law expres-
sions with an exponent close to -3, which agrees with data on the Ep(k)
spectra. However, the levels of the Ep(k) spectra which we obtained are
somewhat above the levels of the Ep(k) spectra cited by Gregg.

Table 1

Mean Coherence Values Using Data from Multiple Sounding With Interferometer

- Jlnanaaon Jlnanagon Bpesvenioft casur 1, 4 3

BOJTHOBLIX Macnrra-
unces k, Gos, 9

LUK/ M I:, M Oa 1.0 1.5 2,0

0.083+0,12 12+8,0 0.51 0,74 0,45 0,34

0,17+0,29 6,0+3.4 0.17 0,02 0,09 0,14

033+0,62 | 3,0=16 C13 0,30 0,12 0,14

0,67+1,0 15+1,0 0.22 0,09 L1 0,07

KEY:
1. Range of wave numbers h, cycles/m
2, Range of scales, Qz, m
3. Time shift T, hours

Table 2

95% Confidence Intervals for Mean Coherence Values K and Phase Shift ;0 (in
Degrees) for Significant Coherence Evaluations

Bpesendoit caonr t, 4 3
Auanason Jlnanason 0.5 1
BOAHOULIX HHCe] sMacmrabos
R, IHKI/M lz..\i
1 2 X ¢ R C
0.083+0.12 12+8,0 0,39+0,61 ~23+15 0,64+0,81 ~56+-30
0,17+0.29 6,0+3,4 0,06+0.27 -29+77
0,33+0,62 3.0+1,6 0,05+0,20 o 111#205 0,20+0,38 136+180
0,67+1,0 1,5+1,0 0,15+0,28 —~92+44
0.083+0.12 12+8,0 0,29+0,59 -92+-34 0,16+050 | —148+—~64
0,17+0,29 6,0+3,4
0,33+0,62 3,0+1,6 0,03+0,21 -2+156 0,05+0,23 —~12+102
0.67+1,0 1,5+1,0
KEY: Same as Table 1
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The data from multiple soundings with an interferometer at station 1606
were also used for computing the reciprocal statistical characteristics
of the Apj(z) records. A transformation of the Ap(z) profiles from
sounding to sounding can be regarded with a certain approximation as
their temporal variability, since the wind drift of the ship is small

and in the region of measurements in the upper 200-m layer of the ocean
there is a current of westerly direction which is quasihomogeneous with
depth [19]. Evaluations of the reciprocal statistical characteristics of
the Apy' profiles were computed for all possible pairs of i and j pro-
files (profile 3 was excluded from consideration due to gaps in the reg-
istry of signals). In order to check the hypothesis that the true coherence
is equal to zero we used the criterion of significance of -the coherence
evaluation K;: (for example, see [20]). In computing the phase shift ¢
the confidence intervals were computed with a significance level 8 equal
to 0.05, and for the Arth Kjj values such intervals were also evaluated
with B = 0.05 using the expression +(1 - 8/2) V7, where N(1 - B8/2) is
the percentage point of a normal distribution with the significance level,
B, ¥ is the number of degrees of freedom [20]. In order to reduce the
scatter of individual Kj; and Pij evaluations we carried out averaging
of the reciprocal co- ani quadrature spectra and autospectra for all
pairs of soundings spaced at identical time intervals T . The averaging
was also carried out within the limits of some defined ranges of wave
numbers. The mean K(7) values obtained in this way are given in Table 1;
the 95% confidence intervals of the mean coherence values and phase shift,
taking into account the different number of degrees of freedom, are given
in Table 2 for significant coherence evaluations. The ranges of wave num-
bers k and the corresponding Jz scales, indicated in Tables 1 and 2, are
determined by their limiting discrete values, for which we computed the
statistical characteristics of the Api'(z) series.

According to the data in Table 2, in all four ranges of wave numbers k
(scale ) ;) the coherence is significantly different from zero with a
time shift T = 0.5 hour. In the case of greater T values (up to 2 hours)
the coherence is significant in the intervals of scales of inhomogen-
eities 1.6-3.0 m and 8.0-12 mj however, for other intervals the K func-
tion is close to zero. At the same time, in our opinion, the rolling of
the vessel could exert an appreciable influence on the coherence value
in the range 1.6-3.0 m; therefore, this range henceforth is not consid-
ered. The absence of coherence with ).z < 8 m for €31 hour indicates
that the characteristic time of existence of nonuniformities of the den-
sity field with vertical scales D,z<8 m fell in the interval 0.5-1 hour.
The different behavior of the coherence values with an increase in T for
the ranges of scales of nonuniformities Q_Z<8 mand lz = 8.0-12 m indi-
cates, evidently, different mechanisms of transformation of such inhomo-
geneities. At the limiting scale, close to 10 m, there is also a marked
change in the spectral slopes Ep (k) (Fig. 4). These facts make it pos-
sible to draw the quite sound conclusion that the variability of the
vertical inhomogeneities of the density field with scales of 8-12 m in
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the region of observations was caused by the effect of internal gravita-
tional waves.

An interesting peculiarity of the K(T) dependence for the range of scales
{2z =8.0-12 m is a statistically guaranteed maximum with T= 1 hour. The
possibility of the appearance of relative maxima on the K(T) curve with
an increase in T is suggested by the Garrett and Munk model of internal
waves [21], who obtained such a result for the coherence of vertical dis-
placements of isopycnic surfaces in the ocean. With a constant density
gradient this profile evidently is proportional to the profiles of den-
sity disturbances ApP'(z) considered in this study. The effect of inter-
nal waves must be manifested in the function K(<T) by the periodic appear-
ance of maxima with a further increase in 4 . Unfortunately, available ex-
perimental data at the present time afford no pessibility for tracing the
behavior of the K(¢ ) function in the case of large T values. The collec—
tion of such material and its analysis is a matter for future investiga-
tions. '

We take the opportunity to thank A. K. Ambrosimov for participating in the
preparation of the apparatus for work and carrying out the measurements and
also in preparation of data for input into an electromnic computer.
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UDC 551.46.07,660.3
FIRST VOYAGE OF HYDROGRAPHIC SHIP 'GEORGIY MAKSIMOV'
Moscow OKEANOLOGIYA in Russian Vol 19, No 4, 1979 pp 749-751

[Article by G. B. Udintsev and N, I. Pavlenkova: "First Voyage of the Hy-
drographic Ship "Georgiy Maksimov" Under the Program of the Institute of
Physics of the Earth imeni 0. Yu. Shmidt USSR Academy of Sciences"]

[Text] During the period 7 December 1978 - 6 April 1979 there was an exped-
itionary voyage of the hydrographic ship "Georgiy Maksimov" of the Hydro-
graphic Station at Provideniya of the Hydrographic Enterprise of the USSR
Merchant Marine Ministry, leased by the Institute of Physics of the Earth
imeni O. Yu. Shmidt USSR Academy of Sciences for carrying out comprehensive
geophysical investigations of the earth's crust and upper mantle in the
oceans. This was the first voyage of the vessel under the five-year program
for investigating the floor of the world ocean by the Institute of Physics
of the Earth for studying the problem of tectonic nonuniformity of the
oceanic regions of the earth and the problem of the nature of the ocean-
continent boundary, its spatial and temporal position. The principal task

of the expedition was to obtain a complex of geophysical data characteriz-
ing some highly important tectonic structures on the floor of the Indian
Ocean which are of interest for understanding the role of different tectonic
processes in the development of oceanic regions. '

The hydrographic ship "Georgiy Maksimov" belongs to a series of ships of the
"Dmitriy Ovtsyn'" class. It has a displacement of 1,600 tons, has good sea-
going qualities and is outfitted with modern navigational equipment, includ-
ing satellite navigation apparatus. The ship's maximum speed is 12 knots. In
order to carry out the complex of geophysical investigations the ship was
supplied with temporarily installed apparatus, including instruments for con-
tinuous seismic profiling, a magnetometer survey, pneumatic sound sources
for deep seismic sounding and bottom seismic stations. The expedition was
organized by the Institute of Physics of the Earth with participation of
specialists of the Institute of Terrestrial Magnetism, Ionosphere and Radio
Wave Propagation USSR Academy of Sciences, the Pacific Ocean Oceanological
Institute Far Eastern Scientific Center USSR Academy of Sciences, Moscow
State University imeni M. V. Lomonosov and the Hydrographic Enterprise of
the USSR Merchant Marine Ministry. Also participating in the expedition were
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Japanese scientists from Toki University (Shizuoka) M. Hoshino and M. Shiba
. and the Australian scientist B, D. Johnson from Macquarie University (Syd-
- ney). G. B. Udintsev and N. I. Povlenkova headed the expedition in different
stages of the voyage.

Map of track of hydrographic ship "Georgiy Maksimov" on the first voyage un-
der the program of the Institute of Physics of the Earth. The figures corres-
pond to the numbers of boreholes drilled by the ship "Glomar Challenger" to
which the geophysical survey by the "Georgiy Maksimov" was tied in.

The expedition began with departure from the port of Vladivostok on 7 Decem-

ber 1978. After passing through the Sea of Japan, Tsushima Strait and the
East China Sea, the ship entered the Philippines basin of the Pacific Ocean
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and carried out a detailed comprehensive geophysical survey in the Yap fault
zone and 1in one of the sectors of the Kyushu-Palau submarine ridge (see fig-
ure). Thereafter the "Georgly Maksimov" passed through the Philippine Basin
and the Sulu Sea and the South China Sea to the port of Singapore. From this
port, after replenishing supplies of fuel, water and food, the ship passed
through Sunda Strait into the Indian Ocean into the region of the Rua sub-
marine rise, lying at the edge of the floor to the south of the Sunda trench.
Here a regional comprehensive geophysical survey was carried out, seismolog-
ical observations were carried out for a period of a week using bottom seis-
mic stations and deep seismic sounding was carried out along 200 km of pro-
files. Upon completion of this complex of investigations the ship again call-
ed at the port of Singapore for a partial replacement of scientific personmel.

From Singapore the "Georgiy Maksimov" again headed through the Sunda Strait
into the southern part of the Indian Ocean, into the region of the joining
of the East Indian Ocean and West Australian submarine ridges. Here it carried
out a comprehensive regional geophysical survey of the West Australian Ridge
along a system of parallel runs oriented across the strike of the ridge. The
length of the runs was from 200 to 300 miles and the distance between them
was 30-40 miles. These survey runs in the south took in the periphery of the
Australian-Antarctic Ridge, intersected the West Australian Ridge and emerged
on the floor of the West Australian and Naturalist Basins, There was a total
of 10 intersections of the West Australian Ridge. In the course of this sur-
vey the vessel called at the Australian port of Fremantle for replenishing
supplies and making scientific contacts with Australian scientists in Perth.
In the course of the geophysical survey there were also seismological obser-
vations using bottom seismic stations, put in place for a week, and deep
seismic sounding along profiles with a total extent of more than 300 km,
Upon completing work in the region of the West Australian Ridge the vessel
passed along a profile through the West Australian Basin, The geophysical
survey made at this time was tied in to abyssal drilling boreholes, as in
the regional survey of the West Australian Ridge. The "Georgiy Maksimov"
passed through the Sunda Strait from the Indian Ocean and arrived at the
port of Singapore where the ship left some of the participants on the exped-
ition, Then passing through the South China Sea, Luzon Strait and the Phil-
ippine Basin of the Pacific Ocean, the "Georgiy Maksimov" arrived in the
port of Tokio for the purpose of replenishing supplies and making contacts
with Japanese scientists., The expedition ended with arrival in the port of
Vladivostok on 6 April 1979.

_ The work of the first voyage of the "Georgiy Maksimov' under the program

- of the Institute of Physics of the Earth was a logical continuation of the
investigations initiated by our group as early as 1964-1965 during the 36th
voyage of the "Vityaz'." The work rested on a generalization of the mater-
ials of geological-geophysical investigations of preceding years which we
carried out during compilation of the international GEOLOGO~GEOFIZICHESKIY
ATLAS INDIYSKOGO OKEANA (Geological-Geophysical Atlas of the Indian Ocean),
(1975), on the results of abyssal ocean drilling carried out by the drilling
ship "Glomar Challenger," and also the results of drilling on the submarine
margin of the Australian continent, carried out by industrial companies.
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The expedition collected extensive materials on the geophysics and struc-
ture of the floor of the eastern part of the Indian Ocean, and also for
individual regions of the Pacific Ocean. The most important results are
those from regional investigations of the West Australian Ridge and the Rua
Rise in the Indian Ocean.

For the first time the morphology of the West Australian Ridge was estab-
lished with sufficient clarity and a detailed study was made of the structure
of the sedimentary layers covering it and the morphostructure of its acous-
tic basement. For the first time a study was also made of the seismicity of
this ridge. There was supplementation of the earlier fragmentary data on

the deep structure of the ridge obtained by means of deep seismic sounding.
On the crest of the ridge a study was made of two earlier uninvestigated
seamounts for which names were proposed: Akademik Gamburtsev (30°03'S and
88°52'E) and Akademik Rem Khokhlov (31°24'S and 94°53'E). Significant dif-
ferences were found in the tectonics of the West Australian Ridge and the
periphery of the Australian-Antarctic Ridge adjacent to it on the south,
reflecting, so it seems to us, not only differences in age, but also in

the very nature of these structures. The echelon-oriented system of trenches
and faults bounding the West Australian Ridge on the south, it is becoming
clear, is a characteristic peculiarity of the northern margin of the Aus-
tralian-Antarctic Rise. This system of faults is also traced eastward, to
the south of the Naturaliste Plateau. The structures of the sedimentary cov-
er and the acoustic basement of the West Australian Ridge, detected by means
of seismic profiling, in combination with data from abyssal drilling, indi-
cate that the ridge has experienced differentiated vertical movements. The
structural unity of the West Australian Ridge and the part of the bed of the
West Australian ocean basin adjoining it on the north was established. On the
northern slope of the West Australian Ridge and in the adjacent part of the
West Australian Basin it was possible to detect diapir structures making it
possible to re-evaluate the possible prospects for finding petroleum and gas
in the open regions of the ocean.

The Rua Rise is a massive arched structure with an asymmetric profile --
with a relatively gentle slope in the direction of the Sunda trench and
steeper in the direction of the ocean floor. The sedimentary layer cover-
ing it has the greatest thicknesses in the arched part of the rise. Along
the western margin of the rise there are several seamounts evidently of
volcanic origin and associated with a fault zone of southwesterly strike.
One of these mountains was discovered for the first time and was investig-
ated by the expedition. Plans call for assigning the name of the outstand-
ing Soviet geophysicist Fedynskiy. The peak of this seamount lies at the
point 13°45°'S and 108°45'E. About 100 earthquakes were registered during the
seven days of the seismological observatioms.,

The work of the first voyage of the "Georgiy Maksimov'" will be continued
in the course of comprehensive geological-geophysical investigations and a .
lithospheric seismic experiment on the East Indian Ocean geotraverse;
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planned by the Institute of Physics of the Earth Imeni O. Yu. Shmidt, in
the coming five-year period.
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UDC 551.46
MONOGRAPH ON ADVANCES IN SOVIET OCEANOLOGY

Moscow USPEKHI-SOVETSKOY OKEANOLOGIYA (Advances in Soviet Oceanology) in
Russian 1979 signed to press 13 April 79 pp 2, 157

[Annotation and table of contents from collection of articles edited by
Academician L. M. Brekhovskikh, signed to press 13 Apr 79, 168 pages]

[Text] This collection of articles gives materials from the First Congress
of Soviet Oceanologists. The articles are devoted to highly important as-
pects of modern oceanology —- physics, biology, chemistry and geology of
the seas and oceans. Considerable attention is devoted to the problems in-
volved in climatology and the problems in exploitation of the mineral re-
sources of the floor. The papers cover the principal achievements of Soviet
scientists in study and exploitation of the world ocean in the interests
of the national economy of the country.
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UDC 551.465.11
MESOSCALE DYNAMIC PROCESSES IN THE OCEAN CREATED BY THE ATMOSPHERE

Moscow SREDNEMASSHTABNYYE DINAMICHESKIYE PROTSESSY OKEANA, VOZBUZHDAYEMYYE
ATMOSFEROY (Mesoscale Dynamic Processes in the Ocean Created by the Atmo-
sphere) in Russian 1979 signed to press 20 Feb 79 pp 2, 180-181

[Annotation and table of contents from book by S. S. Lappo, 181 pages]

[Text] Materials of intermittent observations of the variability of the
level and current in regions of the ocean subjected to powerful synoptic
atmospheric processes are analyzed.

The spatial characteristics of mesoscale atmospheric processes for the
northern parts of the Atlantic Ocean, Pacific Ocean and Indian Ocean are
examined on the basis of statistical charting of the fields of atmospheric
pressure as a result of which there was found to be variability of level and
sea currents caused by the atmosphere.

Peculiarities of forced mesoscale level variations are analyzed theoretic-
ally and factors which lead to nonstatic reaction of the open ocean to
moving pressure formations and the transfer of mechanical energy from the

- atmosphere into the ocean in the region of mesoscales are evaluated. A
relative picture of thermal and dynamic phenomena in the ocean on the
basis of energy evaluations is presented.

The book is intended for scientists, graduate students and undergraduate
students -- marine physicists, oceanologists and geophysicists.
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SEMINAR ON 'FUNDAMENTAL PROBLEMS OF ELECTROMAGNETIC RESEARCH AT SEA'
Moscow GEOMAGNETIZM I AERONOMIYA in Russian Vol 19, No 5, 1979 p 953
[Article by A. N. Pushkov]

[Text] During the period 19-23 February 1979 a seminar on '"Fundamental Prob-
lems of Electromagnetic Research at Sea" was held at the Institute of Ter-—
restrial Magnetism, Ionosphere and Radio Wave Propagation. The seminar was
attended by 120 representatives from 28 organizations. The following prob-—
lems were examined at the seminar:

1. The development of marine magnetometric apparatus for carrying out sur-
_ veys and study of variations of the electromagnetic field.

2. Use of available information on the spatial-temporal structure of the
geomagnetic field for studying the internal structure of the earth and the
history of formation of the outer magnetically active shell.

3. Investigations of the variable electromagnetic field in the seas and its
study for the purpose of electromagnetic sounding and profiling -of the 1ith—
osphere and asthenosphere beneath the ocean.

The seminar noted the necessity for the speediest possible development and
practical introduction of bottom component stations developed at the Insti-
tute of Terrestrial Magnetism, Ionosphere and Radio Wave Propagation and
other organizations for sea electromagnetic investigations, making it pos-
sible to take variations into account in sea magnetic surveys, and what is
more important, begin the introduction of methods for electromagnetic sound-
ing and profiling. Simultaneously with the development of experimental in-
vestigations the seminar notes the importance of the work begun on develop-
ing a method for solving direct and inverse problems in electromagnetic
sounding.

The Institute of Oceanology presented a series of reports written on the
basis of the results of component and modular surveys carried out in 1978.
It was possible .to obtain the results in such a short time due to the
routine processing of data on an electronic computer during the voyage. The
seminar recommends the speediest possible introduction of this method at
other organizations.
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Great interest was shown in a world schematic map of the anomalous field -
prepared by a group of authors. It generalizes ideas concerning the anom-
alous field on the continents (in the form of isolines) and for the oceans
(in the form of anomaly axes).

The seminar notes that for the development of generalizing investigationms
of the structure of the permanent field it is necessary to create a unified
catalogue of data from sea magnetic surveys.

A resolution was passed calling for publication of the reports in the form
of an individual collection.

COPYRIGHT: Izdatel'stvo "Nauka," "Geomagnetizm i aeronomiya," 1979
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II. TERRESTRIAL GEOPHYSICS
Translations
UDC 550.837.1(470,21)

DEEP ELECTROMAGNETIC SOUNDING WITH A MAGNETOHYDRODYNAMIC GENERATOR
ON THE KOLA PENINSULA

Moscow DOKLADY AKADEMII NAUK SSSR in Russian Vol 247, No 3, 1979 pp 578-
582

[Article by Corresponding Member USSR Academy of Sciences G. I. Gorbunov,
I. V. Bel'kov, V. I, Pavlovskiy, A. A. Zhamaletdinov, P. L. Katseblin,
Yu. P. Kachayev, Academician Ye. P, Velikhov, Yu. M. Volkov, Yu. A. Drey-
zin, Yu. I. Kuksa, A. V. Zotov, V. V. Yevstigneyev, A. S. Lisin, Academ-
ician B. P, Zhukov, V. V, Vengerskiy and Yu. P, Babakov, Kola Affiliate
imeni S. M. Kirov, USSR Academy of Sciences, Apatity Murmanskaya Oblast]

[Text] A fundamental problem in modern geology is the formulation of a
physical model of the earth. The principal role in its solution is play-
ed by geophysical research methods, and in particular, deep electromag-
netic soundings (DES). Data on conductivity of deep horizons make it pos-
sible to judge the geothermal regime and mineralogical composition of the
earth's deep layers [1, 2].

The most reliable information on the geoelectric cross section is given
by sounding with artificial sources: they make it possible to carry out

a more precise quantitative interpretation and more fully take into ac-
count the influence of horizontal inhomogeneity of the rocks. This direc-
tion in deer research, substantiated by Soviet geophysicists [3], is be-
ing broadly developed in the USSR and abroad. However, the further broad-
ening of the possibilities of DES is limited by the absence of adequately
powerful mobile electromagnetic field sources.

New possibilities are being afforded by the use of autonomous pulsed
magnetohydrodynamic (MHD) generators capable of developing a power of

- about 100 MW in the emitting dipoles [4]. The first experiments in this
direction were carried out in the Pamir [5] and in the Ural [6].

An experiment with DES on the Kola Peninsula has been carried out since
late 1976. The attained range of signal registry is 750 km. The prin-
cipal observations have been made with spacings up to 400 km. The energy
source is a paired MHD generator (Fig. 1). Each such generator consists
of three principal units: plasma generator, MHD channel and nonferrous
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electromagnet. In the plasma generator there is combustion of a special
solid fuel with an easily ionizing addition of an alkaline metal. In

"the MHD channel a supersonic plasma flow, formed by combustion products,

is slowed under the influence of the electromagnet's field; in this way
the kinetic energy of the plasma is transformed into an electric current,
fed from electrodes installed along the lateral walls of the channel.

The current is fed into the electromagnets at the initial moment from the
capacitors in the excitation system. Subsequently one of the channels
passes into a regime of autoexcitation and feeds an electric current into
the windings of both electromagnets, whereas the energy of the second
channel is entirely expended on maintaining the current in the load.

Fig. 1. "Khibiny-1" MHD apparatus on Sredniy Peninsula; 1) plasma gener-
ators; 2) MHD channels; 3) electromagnets.

A distinguishing characteristic of the experiment is the use of the bays
and sea basin around the Sredniy and Rybachiy Peninsulas as a natural
current circuit. The load resistance in this case was 90 megohm, of which
30 are accounted for by an aluminum cable weighing 160 tons, connecting
Motovskiy and M. Volokovoy Bays. The maximum current in the load attains
22 kA, Pulse duration is 5-6 sec. The equivalent magnetic moment of the
source thus employed, according to experimental estimates, was 1014 Aem2.

Measurements of the source field were made over the entire territory of
the Kola Peninsula and partially in Karelia using standard-produced MTL-
71, TsES-1 and TsES-2 stations reequipped for the reception of individual
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signals, Five field components were registered: Eyx, Ey, Hg, Hy and Hz
-- in the frequency range 0-1 Hz,

Fig. 2. Map of field isolines with distribution of observation points. Iso-
lines: 1) Er in V/km, 2) Hz in Y ; observation points: 3) fundamental, 4)
control; 5) area of detailed work in Pechenga region; 6) direction of el-
ectric currents in sea, :

The processing of the measured signals was carried out by computing the
Fourier spectra and theilr subsequent normalization using the spectrum of
the current in the supply circuit, which makes it possible to regard this
method as a modification of frequency sounding.

The investigated region consisted of ancient crystalline rocks of Archean
and Proterozoic ages. The resistivity of most types of rocks varies in

the range 104-105 ohm-m. The crystalline rocks were covered by moraine

(P~ 10° obm+m, thickness 0-30 m). Neglecting its influence and for the
time being not taking into account the possible increase in the conductiv-
ity of rocks with depth, it can be assumed that the depth of penetration
of the electromagnetic field with a duration of the impulses of 5-6 sec in
the investigated region 1s not less than 100-150 km. A serious circumstance
complicating the use of DES on the Kola Peninsula is the broad development
of tormations with type-n conductivity [7, 8]. Spatially and genetically
they are associated with major structural geology zones which are promising
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in the search for'minerals, such as the Pechengskaya, Imandra-Varzugsk-—
aya and other zones.,

A
N? [T
I Gz

v-f

Fig. 3. Blocks with different resistivity of the earth's crust on the

Kola Peninsula according to data from an experiment with a MHD generator
(ohm-m): 1) 105, 2) 104, 3) 103, 4) 102 or less; 5) boundaries of blocks;
6) sounding points. Designations of blocks: A) Tsentral'no-Kol'skiy, B and
B ') Murmanskiy, B) Notozerskiy, ) Allarechensko-Sal'notundrovskiy, I )
Monchegorskiy, E) Keyvskiy, ¥ ) Pechengskiy

The principal objective of the experiment is a clarification of a model

of the earth's conductivity at depths of 20~100 km. The timeliness of the

problem is determined by the fact that precisely in this depth range the

information on the section is most contradictory. In particular, at these -
depths it is assumed that there is an intermediate conducting layer [9, 10],

sometimes identified with the heated asthenosphere [11]. Under the condi-

tions of an open crystalline shield, where unconsolidated screening depos-

its are absent, there is a possibility of giving the most definite answer

to this question, taking the lateral influence of the structures into ac-

count,

Another problem, also to be solved within the framework of the experiment,
is areal geoelectric mapping of the entire Kola Peninsula in the field of
one source. This will create a possibility for detecting major conducting
blocks in the earth's crust, which can be classified as ore fields, and
also to detect deep faults,

The principal results of the experiment, based on data collected up to the
present time, can be summarized as follows.
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Fig. 4. Sounding curves Prp ef f based on data from spectral processing of
pulsed signals of MHD generator. The vertical lines on the curves indicate
the limits of the zone where Hp(w )/Hj(«3)> 1. The siting of the points
is shown in Fig. 3.

KEY:
1. ohm/m
2. Ader-Yarsh
-3. Notozero
4. Sal'nyye Tundry
5. Khikhna
6. Pechenga
7. sec

1. A map of division of the earth's crust on the Kola Peninsula into blocks
with different resistivity (Fig. 3) was constructed on the basis of iso-
line maps of magnetic and electric fields (Fig. 2). Confirmation was ob-
tained for the ideas expressed earlier in [7, 8] that blocks of the crys-
talline basement occupied by a thin network of n-type conductors are major
(about 10% km2) conducting sectors of the earth's crust (P = 102-103 ohme
m). A high resistivity (about 105 ohme.m) is characteristic of the Murman-
- skiy and Tsentral'no-Kol'skiy blocks.

2, Within the limits of the Murmanskiy block there was the most monotonic
dropoff of the electric and magnetic fields, indicating an adequately uni-
form structure of the upper part of the earth's crust in this region and
the favorableness of the conditions for carrying out DES. The influence -
of the shore effect, noted clearly in the behavior of the Hz component
(Fig. 2), agrees well with the results of modeling carried out taking into
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account the finite conductivity of the sea. The most general analysis of
attenuation of the electromagnetic field with increasing distance from
the source makes it possible to draw the conclusion that there is no ap-
preciable decrease in rock resistivity to depths of 30-40 km. In order

to judge the nature of the section at greater depths it 1s necessary to
carry out additional work for making the network finer and taking into
account the lateral influence of the sea and rocks of the Keyv structural
zone,

3. In the northwestern part of the Kola Peninsula, where rocks with n-type
conductivity are widely developed, the structure of the electromagnetic
field is deformed, approaching the form of a plane wave (Hy/Hz»1). This
makes it possible to carry out processing making use of impedance con-
cepts, without taking source parameters into account. Figure 4 shows the
constructed P off curves, Using the coordinates of the minima it is
possible to estimate the total longitudinal conductivity S of the upper
layer. The determined estimates vary from 150 mho for the southern margin
of Pechenga to tens of mho in the Sal'nyye Tundry region.

4. The increased density of the observation network used in the Pechenga
region (Fig. 2) demonstrated the possibility of using the "Khibiny" MHD
apparatus for studying the internal structure of ore fields and for a
joint analysis of the results with data from deep and superdeep drilling.

Thus, as a result of implementation of the first stage in the work it was
possible to create a unique source of an electromagnetic field exceeding
by 4-5 orders of magnitude the parameters of all apparatus used earlier.
Methods were developed for measurement and analysis of the pulsed signals
of the MHD generator and the first geological results characterizing the
electric properties of the earth's crust on the Kola Peninsula were ob-
tained.
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UDC 550.814

REMOTE METHODS FOR STUDYING THE GEOLOGICAL STRUCTURE OF PETROLEUM AND
GAS REGIONS ’

Moscow VESTNIK AKADEMIT NAUK SSSR in Russian No 10, 1979 pp 69-78

[Article By Candidate of Geological-Mineralogical Sciences V. I. Gridin and
Doctor of Geological-Mineralogical Sciences N. A, Yeremenko]

[Text] The increase in the demand for different types of mineral raw mater-
ial, especially petroleum and gas, during recent decades has led to the de-
velopment of new, high-altitude aerial and space methods for studying the
earth's natural resources. Such remote study of the geological structure of
petroleum and gas regions has at its basis the close interrelationships
among the processes transpiring in the earth's crust and at the earth's sur-
face, the manifestation of this natural pattern in the modern landscape and
the objective reflection of the peculiarities of the latter in remote sens-
ing materials. There is now no doubt but that different components of the
landscape to a different degree reflect, absorb or generate electromagnetic
radiation.

The informative materials obtained by methods for electromagnetic sounding

- of the earth provide data on many geological objects lying at different,
sometimes extremely considerable depths. This applies, in particular, to
faulted and folded structural forms forming as a result of tectonic move-
ments. "The appearance ('showing through') of deep structures at the sur-
face occurs due to its mechanical deformations associated with deformations
of deeper layers and due to its geochemical transformations associated with
ascending flows of gas—fluid products of the transformation of matter of
deep layers in the earth's crust and upper mantle." [See: V. I. Makarov and
L. I. Solov'yeva, "Crossed Structural Plan of the Earth's Crust and the
Problem of Manifestation of its Deep Elements at the Surface (in the Ex-
ample of the Tien Shan and the Transkaya Platform)," ISSLEDOVANIYE PRIROD-
NOY SREDY KOSMICHESKIMI SREDSTVAMI. GEOLOGIYA I GEOMORFOLOGIYA (Investiga—
tion of the Environment by Space Vehicles. Geology and Geomorphology), Vol
5, Moscow, 1976.] Simultaneously movements of masses of the earth's crust
cause changes in the gravity, magnetic, heat and other physical fields in
the earth. The local changes in these fields predetermine the corresponding
redistribution (or reforming) of the landscape components and are becoming
one of the principal reasons for their geochemical transformation. The
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reaction of the landscape-forming processes to the mechanical movements
and to the changes in physical fields arising in this case leads to the
formation of specific landscape components (serving as indicators of deep
structure) or to the appearance of local, sometimes scarcely noticeable
anomalies in the structure of its background components. These indicators
and anomalies ensure the representation of the peculiarities of deep struc-
ture of the earth's crust on remote sensing materials. [See: V, I. Gridin,
"Some Problems in the Theoretical Validation of Aerogeological and Morpho-
metric Methods," STRATIGRAFIYA, LITOLOGIYA I POLEZNYYE ISKOPAYEMYYE BSSR
(Stratigraphy, Lithology and Minerals of the Belorussian SSR), Minsk, 1966;
V. I. Gridin, "On the Problem of the Influence of Local Changes in the

- Earth's Physical Fields on the Nature and Intensity of Relief-Forming Pro-
cesses (in the Example of the BSSR)," SOVREMENNYYE EKZOGENNYYE PROTSESSY
(Modern Exogenous Processes), Kiev, 1968, ]

The history of use of remote methods in petroleum exploration work, despite
the relative newness of the entire direction of aerospace study of the
earth's natural resources, is already characterized by definite successes.

Abroad, particularly in the United States, the extensive use of remote meth-

ods for seeking petroleum and gas deposits was already begun in the 1950's.

At first use was made only of aerial photographic surveying -- on black-and-

white, then on spectrozonal and color films. The global character of use of

remote methods and the striving to increase their »ffectiveness have led to
_ the use not only of the visible part of the spectrum, but also other ranges
of electromagnetic oscillations. Radar, IR, radiothermal and other remote
methods have appeared, without which topographic, geological engineering,
magnetic, soll and other types of surveys would be unthinkable at the pres-
ent time.

At the same time there has been development of complex systems for multispec—
tral surveying, which necessitated spectrophotometric studies of the in-
vestigated features, and also determinations of its influence on the sub-
sequent processing of remote sensing data. Television systems for contin-
uous investigation of the earth with transmission of data through the

radio channel at a real time scale began to be used extensively. The enor-
mous volume of collected information made it necessary to develop and in-
troduce means for the mechanization and automation of the processes of
interpretation of information materials and also the training of specialists
in the corresponding fields of specialization. The routineness in carrying
out the entire complex of studies, the unquestionable eronomic effective-
ness and other merits of remote methods are brought to our attention by a
whole series of petroleum companies, which also finance a considerable

part of the work on the United States space program,

In the Soviet Union aerial methods are being employed for the practical solu-
tion of problems in regional geology, and in particular, in a geological
survey of unforested areas. Since 1966 aerial methods have become mandatory
in geological surveying, geophysical and exploration work carried out by
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organizations of the USSR Geology Ministry. In the Petroleum Industry Min-
istry system experimental-methodological aerogeological investigations

were initiated in 1966-1968. They have been carried out under the direction
of the Institute of Geology and Mineral Exploitation. The scientific plans
of this institute -— as the key institute of the branch -- include the most
important themes, fundamental for each of the directions in aerospace re-
search, as well as those having general methodological importance. A consid-
erable part of the investigations are carried out under joint programs which
are coordinated with both the corresponding subdivisions of the Petroleum
Industry Ministry and with the organizations and enterprises of the other
ministries and departments. Such an organizational form proved to be most
effective for the development of new remote methods and the introduction of
their results.

The launching of the first artificial earth satellite, the first space flight
of Yu. A. Gagarin, the first photographs of the earth from space, obtained
by G. S. Titov, and the work of the first automatic and manned orbital sta-
tions in the Soviet Union opened up a new space era in study of the earth's
natural resources. The development of the technical means for space photo-
graphy ensured obtaining necessary photographs with a resolution satisfying
the modern requirements on carrying out not only regional, but also detail-
ed petroleum exploration work. The possibility was afforded for obtaining
fundamentally new information and considerably rationalizing the process of
study of petroleum- and gas-bearing regions. [See: NEFTEGAZONOSNOST' SSSR
(OB"YASNITEL'NAYA ZAPISKA K KARTE NEFTEGAZONOSNOSTI SSSR MASSHTABA 1:2500000)
(Occurrence of Petroleum and Gas in the USSR (Explanatory Commentary for the
Map of Occurrence of Petroleum and Gas in the USSR at a Scale 1:2500000)),
Moscow, 1976.]

“The Fundamental Directions in Development of the USSR National Economy in
1976~1980," adopted by the 25th Congress CPSU, called for a considerable
broadening of the use of aerial high-altitude and space photography for a
study of the earth's natural resources. In the implementation of the congress

- resolutions there has been an expansion of scientific research and experimen-
tal studies for creating new remote methods, their testing and introduction
into practical petroleum exploration work.

Proceeding on the basis of the positive experience in use of remote sensing
data obtained within the limits of the Pripyatskaya, Dneprovsko-Donetskaya
and Ferganskaya petroleum and gas regions, the Petroleum Industry Ministry
made provision for further improvement and introduction of remote methods
for the search for petroleum deposits. For this purpose the ministry has or-
ganized a system of field specialized subdivisions in production combines.
The task of these subdivisions is the carrying out of experimental-methodo-~
logical and experimental-production investigations for the introduction of
aerial and space methods under specific conditions prevailing in the stud-
ied regions,

72

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200040022-1



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000200040022-1

FOR OFFICIAL USE ONLY

The organization of the system of specialized subdivisions in the Petrol-
eum Industry Ministry encountered definite difficulties caused by the
shortage of speclalists in the corresponding fields of specialization and
skills, who are not specially prepared by colleges and technical schools.
Permanently operating courses for increasing qualifications in aerospace
methods have been established for the retraining of geologists and geophys—
icists., During the period 1976-1978 exercises were carried out in the pre-
field, field and office stages of the work for 63 specialists.

The aerospace service of the Petroleum Industry Ministry is carrying out a
broad range of investigations. They include the development and testing of
the methods and technology for remote study of petroleum and gas-bearing
regions applicable to solution of petroleum exploration problems; refine-
ment of known and validation of new directions in geological studies for
supporting the front of long-range search for petroleum deposits; refine-
ment of the structure of known and detection of new areas for exploration
with the formulation of specific recommendations for carrying out geophys-
ical and drilling work. Scientific methods and technological procedures for
remote sensing are used on an experimental basis by territorial specialized
subdivisions of the ministry. At present the first results of such investi-
gations and also materials from their checking by traditional geological-
geophysical methods have been obtained for a number of petroleum— and gas—
bearing provinces and oblasts. These materials make it possible to give a
general evaluation of the geological and economic effectiveness of aerospace
investigations carried out in our country in the search for petroleum,

The most representative results were obtained within the limits of the
Dneprovsko-Pripyatskaya gas- and petroleum-bearing province. In overall-
regional studies in collaboration with the "Priroda" State Center special-
ists prepared a map of the tectonic structure of the Pripyatsko-Dneprovsko-
Donetskiy aulacogen (Fig. 1).

The structure of the northern and southern deep faults of this aulacogen

was determined more precisely, as were regional longitudinal and transverse
dislocations. As demonstrated by interpretation materials, the productive
deposits of the zones of deep faults are collected into hemianticlinal folds.
The petroleum exploration work carried out in the Ozeryanskaya, Prokopenkov-
skaya and other areas demonstrated that these folds can control industrial
deposits of hydrocarbons. A comparison of data from remote sounding with the
results of geological-geophysical investigations made it possible to form-
ulate recommendations on carrying out petroleum exploration work in zones

of deep faults.

The aulacogen is broken into large blocks by longitudinal and transverse
faults. The total vertical amplitudes of neotectonic movements of the blocks
attain 110-130 m. With an effective thickness of the productive horizons'of
several tens of meters these movements could exert a definite influence

on reformation of deposits of hydrocarbons, which makes it possible to re-
gard the neotectonic activity of the studied structural forms as one of the
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Fig. 1. Diagram of tectonic structure of Pripyatsko-Dneprovsko-Donetskiy
aulacogen. Compiled on the basis of an interpretation of space photographs
with use of a map of tectonic regionalization of the southern USSR (compil-
ed by N. A. Yeremenko, V. I. Gridin, 1976). 1) outlines of major tectonic
structures, 2) outlines of medium and small tectonic structures, 3) struc-
tural lines, expressed in structure of landscape and hypothetically compar-
able with zones of dislocations, 4) structural lines comparable with dislo-
cations, 5) principal petroleum and gas deposits, 6) degree of plunging of
basement or folded basement in "cores” of structural elements of pre-Baykal-
ian age above 0, 7) 0-3 km, 8) 3-10 km, 9) degree of plunging of basement
or folded basement in "cores" of structural elements of Hercynian age above
0, 10) 0-3 km, 11) 3-10 km.

criteria for evaluating the prospects of finding petroleum and gas. The macro-
block structure of the Pripyatskaya petroleum-bearing region was confirmed
and made more detailed when carrying out regional aerospace work. An analysis
of these results in comparison with data from preceding and subsequent geo-
logical and geophysical investigations of the eastern half of the region

will help in a more precise determination of the position and structure of
already known uplift zones.

4 On the gently sloping slopes of these zones, and also in depression zones of
the Pripyatskiy downwarp the use of aerospace methods made it possible to
detect extensive zones of photoanomalies comparable with chains of hemian-
ticlinal folds which are controlled by dislocations with a small amplitude.
Thirty-one new zones of photoanomalies were detected. Thirteen were recom-
mended for checking as being the most promising. Ten zones were checked by
individual intersections and nine were confirmed.

On the basis of the results of multisided processing of remote and geolog-
ical-geophysical data both longitudinal and transverse neotectonic zonality
werc detected in the Pripyatskiy downwarp. According to aerospace data, the
longitudinal zones of neotectonic uplifts in general coincide with zones of
productive horizons detected by seismic prospecting and drilling work. The
transverse zones of neotectonic uplifts, bounded by dislocations of a north~-
easterly strike, were not detected by earlier geological-geophysical inves-
tigations. According to data from aerogeological investigations, transverse
zones of uplifts in the neotectonic structural plan are seemingly superposed
on longitudinal zones of uplifts. In the places of intersections of trans-
verse and longitudinal zones there are local structures characterized by
maximum amplitudes of the uplifts during the Neogene-Anthropogene. A com-
parison of the horizontal distribution of tramsverse zones of neotectonic
uplifts with available factual data on the presence of petroleum indicates
that all industrial petroleum deposits known at the present time are situ-
ated within the limits of the mentioned zones or their slopes. The detected
regular correlation between the presence of petroleum and the peculiarities
of neotectonic movements is based on a relatively small volume of factual
material and requires further confirmation. But even now when defining
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areas for priority petroleum exploration work and the distribution of such
work it is necessary that transverse neotectonic zonality be taken into
account.

Transverse dislocations and their zones are also of independent petroleum
exploration significance. They separate local structures from one another
and divide them into individual blocks. In particular, they separate the
periclines of petroleum and gas deposits and in this case can serve as a
tectonic shield of petroleum deposits. An example is the Ozeryanskoye up-
1ift of the Dneprovsko-Donetskaya gas— and petroleum-bearing region, broken
by transverse faults into a number of blocks. Figure 2 is a diagram of the
structure of this area based on aerogeological data.

Due to the data which have been obtained it was possible to make more de-
tailed the already known and to detect new promising directions in petrol-
eum exploration work. Reference is to carrying out exploration in regions of
anomalies associated with structural complications on the gently sloping
monoclinal sides of uplift zones; periclines of petroleum and gas deposits
cut by transverse faults; anomalies associated with structural forms in the
zones of the Northern and Southern deep faults,

The good prospects for the mentioned directions were partially confirmed by
subsequent seismic prospecting and drilling work.

The good results of detailed aerospace investigations in the Dneprovsko-

Pripyatskaya gas- and petroleum-bearing province can be illustrated in the

example of one of the sectors of experimental work situated in the north-

western part of the Dneprovsko-Donetskaya region. Figure 3 gives a compar-

ison of the results of aerospace, preceding and subsequent geological-geo-
- physical work in this sector.

The sector is situated within the limits of a region of well-developed pet-
roleum production. It includes two petroleum and gas deposits. For a long
time new areas promising for search for petroleum and gas deposits were not
detected here by traditional geological-geophysical studies, but 13 local
structures and their blocks to one degree or another promising for petrol-
eum exploration were discovered. Aerospace investigations in the sector
revealed photoanomalies corresponding to the mentioned search objects. All
13 known promising structures were represented on the materials from remote
sensing with a total or at least a partial coincidence of outlines. In ad-
dition, 12 photoanomalies were detected, Definite patterns in the distribu-
tion of explorable structures were also detected: longitudinal and trans-
verse zonality was noted and a significant role of dislocations of north-
westerly and northeasterly strikes was established in the structure of the
studied territory. Taking into account the mentioned patterns, six photo-

anomalies were recommended as priorities for subsequent petroleum explora—
tion work.
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Fig. 2. Diagram of structure of Ozeryanskaya area according to aerogeolog-
) ical data. 1) structural lines expressed in structure of landscape and hy-
- pothetically associated with plicative dislocations, 2) surmised disloca-
tions and their zones, 3) borehole not penetrating into productive strata,
4) borehole penetrating into productive strata

It was established by subsejquent geological and geophysical work that nine
of the eleven photoanomalies subjected to checking were associated with
Carboniferous deposits and two anomalies were not confirmed by seismic pros-
pecting data. Parametric and exploratory drilling was carried out within

the limits of four photoanomalies. Petroleum and gas deposits were discover-
ed in the Belousovskaya and Svetlichnaya anomalies. Gas flows and a core
with petroleum were obtained in the Ozeryanskaya area using a stratum tester.

All the above enumerated facts indicate that even in regions exploited by
the petroleum industry and characterized by considerable (although non-
uniform) study, the combining of remote and traditional methods 1s creating
a possibility for obtaining new information on deep structure, and on their
basis refining the position of known explorable structures and with an ade-
quately high degree of reliability detecting new ones.

The coefficient of confirmability of photcanomalies by subsequent geological-
geophysical studies, judging from the results of work in the Dneprovsko-Pri-
pyatskaya province, attains 0.8-0.9, Within the limits of the province, by
aerospace investigations, the Institute of Geology and Mineral Exploitation
has discovered 324 local anomalies. A total of 128 anomalies have been recom-
= mended as priority for checking, 54 have been drilled and 44 have been con-
firmed. As a result of the exploration and reconnaissance work in the checked
photoanomalies it was possible to detect seven deposits and flows of gas and
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petroleum were obtained in five areas. Thirteen areas were included in the
drilling plan. Thus, the prospects are broadening for regions with a well-
developed petroleum production and the most effective directions for subse-
quent geological prospecting work are noted.

Positive results with the use of remote methods in petroleum exploration
work have also been obtained in other petroleum—- and gas~bearing regions
and oblasts,

Within the limits of the Bashkirskiy petroleum-bearing region on the slope

of the Yuzhno-Tatarskiy arch and the Blagoveshchenskaya depression the aero-
geological studies by the "BashNIPIneft'" institute along linearly oriented
landscape components have defined zones of increased development of tectonic
fisguring which serve as indicators of dislocations bounding Devonian graben-
like downwarps and horstlike uplifts. As a result the possibility of a hor-
izon-by-horizon structural interpretation was noted. A total of 30 new anom—
alies associated with local uplifts were detected. As a result of these in-
vestigations recommendations were given on the organization of seismic pros-
pecting and drilling work.

In the Prikam'ye area, on the basis of the results of regional investiga-
tions of an aerogeological expedition of the "Permmeft'" combine it was pos-
sible to make neotectonic and tectonic regionalization more detailed over

an area of 55,000 kmZ; extensive (up to 150 km) linearly orierted zomes of
photoanomalies, comparable with "seam" zones in the basement, were detected.
By detailed work in the Solikamskaya depression near known petroleum depos-
its it was possible to detect 36 photoanomalies; in the southern part of the
Verkhne- Yechorskaya depression —- 48 anomalies; in the zone of joining of
the Verchne-Pechorskaya and Solikamskaya depressions -- 21 anomalies. A
network of structural boreholes was drilled in two anomalies. It was estab-
lished that one anomaly corresponds to an uplift along the Lower Permian de-
posits, whereas another corresponds to a structural terrace. :

In the West Siberian petroleum- and gas-bearing province the regional aero-
space investigations carried out by the "Tyumenneftegeofizika' trust reveal-
ed the presence of linearly oriented photoanomalies associated with flexural-
_ faulted zones. These postulated zones separate blocks which are corz.derable
in size, characterized by a Adifferent direction and different amplitudes
of movements in the neotectonic stage of geological development. On the
basis of a comparison of the neotectonic regionalization map and available
information on the presence of petroleum and gas in the studied territories
- there was found to be a regular relationship between the distribution of
deposits of hydrocarbons and the peculiarities of neotectonic movements.
The interpretation of materials from a specialized photographic survey
within the limits of the Surgutskiy and Nizhnevartovskiy sectors demonstrat-
ed that most of the known petroleum and gas structures are reflected in the
results of aerogeological mapping. In addition, 12 other anomalies were not-
ed, hypothetically associated with local structures. Two of these anomalies
were recommended for detailed seismic prospecting. The results of remote
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investigationé obtained in the Middle Ob' region are affording new pros-
pects for finding petroleum and gas in this region.

AT,

Fig. 3. Comparison of results of detailed aerospsce, preceding and subsequent
geological-geophysical investigations within limits of Dneprovsko-Donetskaya
petroleum- and gas-bearing region. 1) outlines of photoanomalies detected by
aerospace sounding methods, 2) outlines of local petroleum exploration areas
detected by preceding geological-geophysical studies, 3) outlines of petrol-
eum exploration areas detected by subsequent geological-geophysical work

In cooperation with the "Aerogeologiya" combine specialists compiled the
""Cosmophototectonic Map of the Aral-Caspian Region," on the basis of which
it was possible to carry out neotectonic, tectonic and petroleum geology
regionalization of this territory. The principal directions in further ex-
ploration work in the Caspian depression, Ciscaucasia and the Mangyshlaksko-
Buzachinskiy region were defined. [See: KOSMOFOTOTEKTONICHESKAYA KARTA ARALO-
KASPIYSKOGO REGIONA (Cosmophototectonic Map of the Aral-Caspian Region),
Moscow, 1978.] :

The aerogeologigal investigations carried out by the "VolgogradNIPIneft'"
institute, withi} the limits of the northern part of the Dono-Medveditskiy
megarampart revegled 44 photoanomalies, in the northern part of the Pri-
volzhskaya monocRine -~ 70, in the western part of the Caspian depression —-
53. Among these shomalies 84 were determined for the first time and 38 were
recommended for the carrying out of geological exploration work. The funda-
mental possibility of using remote methods for detecting Upper Frasnian
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reefs was demonstrated, which will considerably broaden the prospects for
discovering deposits in traps of this type. It was also established that
systems of dislocations detected by remote methods exert a decisive influ-
ence on the distribution of local structures, riftogenic formations and
collectors of a high capacity of both the fissured and pore types. A bore-
hole drilled with aerogeological data taken into account yielded a flow of
petroleum from the Starooskol'skiy horizon of the Givetian stage with a

. depth of 4,686 m and thus a new deposit was discovered,

In the Fergana depression the aerospace investigations of the institute
"SredazNIPIneft'" made possible a detailed study of tectonic regionaliza-
tion. The position of longitudinal zones of dislocations was refined. The
regularly constructed system of transverse faults and the transverse neo-
tectonic zonality caused by them were detected. Regular correlations were
established between the spatial distribution of deposits of hydrocarbons
and the activity of structural forms in the Neogene~Anthropogene stage of
geological development. Within the limits of the Naukatskiy downwarp, within
the limits of the Bol'shaya Kyrkkol'skaya anticline it made possible a de-
tailed description of the structure of zones of deep and regional faults;
a number of new dislocations were detected; 211 faults were divided into
three age generations. On the basis of the results of this work it was
recommended that deep drilling be carried out in the Bol'shaya Kyrkkol'-
skaya anticline.

Within the limits of the Mangyshlakskava petroleum and gas region the re-

gional studies of the "Mangyshlakneft'" combine made it possible to trace

earlier known fault zones and detect new ones and a system of sublatitud-

inal and submeridional faults, determining the block structure of the ter-
ritory, was defined, As a result of detailed studies a structural-tectonic
diagram of the Rakushechnoye deposit was compiled.

Positive results of use of remote methods were also obtained within the lim-—
its of the Timano-Pechorskaya petroleum and gas province. By aerogeological
methods it was possible to give a detailed description of the Kolvinskoye
uplift, detected earlier by a geological survey; it became part of the
structures prepared for exploratory drilling.

A generalization of the available materials makes it possible to conclude
that aerospace investigations are of assistance in solving a whole series
of petroleum exploration problems.

An overall-regional study of petroleum and gas basins will assist in inven-
torying and reinterpreting geological-geophysical materials on a basis com-
mon for the entire basin, in clarifying problems related to neotectonic and
tectonic regionalization, in giving detailed descriptions of known an:! de-
tecting new regional dislocations, in compiling overall-regional tectonic
regionalization maps and maps of prediction of the presence of petroleum
and gas to provide a scientific basis for subsequent geological prospecting
studies and also for refining known and defining new directions in
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petroleum exploration work for their long-term planning.

In regional geological-geophysical study of zones of petroleum and gas ac-
cumulation aerospace investigations favor the refinement of known concepts
and the discovery of new peculiarities of modern structure, tectonic and

. neotectonic regionalization of zones of petroleum and gas accumulation;
clarification of the peculiarities of geological development in the neotec-
tonic stage and a comparative evaluation of the most recent activity of
structural forms; determination and detailed description of the elements
of fault tectonics and the mapping of regional tectonic fissuring; discov-
ery and mapping of photoanomalies associated with zones of uplifts and
major local structures; predicted evaluation of the studied territory and

- clarification of the directions, areas and volumes of priority petroleum
exploration work.

In detailed petroleum exploration work remote sensing is helping to refine
and make more detailed the structure of known areas for exploration with
the formulation of recommendations for carrying out further exploration and
reconnaissance work; to detect photoanomalies associated with promising ex-
ploration areas for preparing later geophysical methods for exploratory
drilling; to evaluate exploration areas on the basis of their activity in
the neotectonic stage and to designate which are priority for the carrying
out of subsequent petroleum exploration work; to give a quite detailed de-
scription of known and detect new fault zones, local dislocations, zones

of tectonic fissuring; to routinely analyze the results of geophysical and
drilling work with subsequent issuance of recommendations on the siting of
parametric and exploratory boreholes.

The preliminary results of experimental investigations make it possible to
consider the use of aerospace methods to be promising both in the explora-
tory stage and in a number of cases also in the exploitation of petroleum
deposits. Their use for topogeodetic and geological engineering support of
reconnaissance and exploration work, development of oil fields, construc-
tion and operation of petroleum and gas pipelines, industrial and civil
construction has gained general acceptance.

With respect to the method for determining the economic effectiveness of
A aerospace investigations carried out in the search for petroleum, for the
time being it has not yet been developed, It is known that the average
cost of the regional aerospace investigations carried out by the organiz-
ations of the Petroleum Industry Ministry per 1 km? is 17 rubles, and with-

in the limits of one zone of photoanomalies -- 6,000 rubles; the cost of
detailed aerospace work in an area of 1 km? is 58 rubles, and within the
limits of one photoanomaly -~ 2,700 rubles,

The aerospace service of the Petroleum Industry Ministry, in its scientific
research and experimental aspects headed by the Institute of Geology and
Mineral Exploitation, in general is well-organized and is successfully
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functioning. The results of the scientific research and experimental work
made it possible to recommend a number of methodological and technological
developments for use. Their checking under experimental-~field conditions
has demonstrated that they yield excellent results and are highly effective.

COPYRIGHT: Izdatel'stvo ''Nauka," "Vestnik Akademii nauk SSSR," 1979
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III. ARCTIC AND ANTARCTIC RESEARCH
Translations

UDC 551.324.433(99)+551.324.86

MONOGRAPH ON MELTING AND LIQUID RUNOFF FROM SURFACE OF THE ICE COVER
IN ANTARCTICA

Leningrad TAYANIYE I ZHIDKIY STOK S POVERKHNOSTI LEDNIKOVOGO POKROVA ANTARK~-
TIDY (Melting and Liquid Runoff from the Surface of the Glacier Cover in
Antarctica) in Russian 1979 signed to press 21 Jun 79 pp 2, 127

[Annotation and table of contents from monograph by V. D. Klokov, Gidro-
meteoizdat, 128 pages]

[Text] The monograph gives the results of the latest investigations of the
conditions for melting and liquid runoff on the periphery of the Antarctic
continent. A considerable place is devoted to observations carried out in
1969/70 and 1972/73 in Enderby Land in the neighborhood of Molodezhnaya
station. A method is proposed for determining the area of regions of 1liquid
runoff. A study is made of the structure of the heat balanc¢-of the melting
glacier cover. A quantitative evaluation is given of the liquid runoff from
the surface of Antarctica. Recommendations are formulated on the reckoning
and purposeful use of natural runoff for practical purposes with the onset
of the socioeconomic development of Antarctica. The monograph is of inter-
est for geographers, hydrologists, meteorologists ana specialists inter-
ested in problems relating to heat and mass exchange in glaciers.
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