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ABSTRACT

In a narrow, rather deep mountain canyons, under certain conditions, an irregular thermal mechanism can
be activated, leading to the spontaneous convective movement of the air mass. This effect differs from the
well-known phenomenon caused by the diurnal variation of the solar heat flux in large, broad valleys, where
the regular diurnal variation in the direction of onshore winds is systematically suppressed. A specific
hydrodynamic picture corresponds to spontaneous convection. In particular, there is a change of direction
(inversion) in the vertical profile of the horizontal movement of air along the slope of the canyon at a certain
height. At that time, Ludwig Prandtl developed the theoretical model through which it is possible to
analytically determine the level of velocity inversion compared to the base of the valley. At this height, due to
the instability of the velocity profile, the formation of atmospheric vortexes of a certain size is likely. It is
natural that the dissolution (dissipation) of such vortexes will affect the temperature field.Therefore, the
breakup of whirlwinds is related to the violation of thermodynamic equilibrium, meaning that there will be
an impulsive change in the meteorological regime in the local area due to the spontaneous turbulence of air
masses in the areas of velocity inversion. The characteristic time of this event will depend on the duration of
the temperature field disturbance. It is likely that such a location will become a dangerous opportunity for
hang gliding or paragliding enthusiasts. It should be noted that this type of sport has become an important
component of tourism in Georgia, particularly in the mountainous regions of the country. Therefore, there is
a need to focus on ensuring the safe flight conditions of individual aircraft in narrow valleys. Their
formation, among other measures, requires an assessment of the probability of the operation of a thermal
mechanism causing stochastic atmospheric disturbances in narrow canyons. This task can be carried out
only as a result of a special investigation, based on the monitoring of seasonal and short-term hourly
indicators of the mentioned physical event in a specially selected canyon, which can be considered typical
for the mountainous regions of Georgia.
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Introduction.

The Earth's atmosphere is a global, open thermodynamic system whaose functioning is intricately
determined by the sun. It comprises from regional and local subsystems, the existence of which is influenced
by geographic factors. In mountainous regions, such as the Caucasus, these subsystems are manifested in
local atmospheric configurations associated with narrow, relatively deep valleys interspersed between high
ridges. While any physical system is only truly isolated in specific cases, the Earth's atmosphere, as a single,
closed global system, maintains a continuous interaction with cosmic electromagnetic radiation and cosmic
matter. In theory, an isolated system may exist in a thermodynamically unstable but mechanically balanced
state for an extended period. Under certain conditions, a portion of the atmosphere in a mountainous region
may be found in such a state, adhering to isolation criteria. These subsystems can sometimes be regarded as
formations with stable thermodynamic characteristics. However, over time, their physical attributes,
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including the quantity of atmospheric particles, energy, temperature, and barotropic fields, inevitably
undergo fluctuations under the influence of solar radiation.

A narrow, deep valley can be conceptualized as a channel through which the air mass flows.

It is known that, under calm atmospheric conditions, during specific periods of the year, both day and
night, a disruptive convective movement of the regular air mass can occur along the ridges bordering any
valley. For instance, a noteworthy example of such a low atmospheric flow is observed in the section of the
Vere River valley from Bethany to Mtkvari River [1]. A suitable physical analogy for this canyon and others
with similar orography is the disturbance of the slow laminar motion of the fluid caused by the interaction of
relatively high walls in a rectangular channel. In the case of a canyon, as the height increases to 200-250
meters, the wind speed of concern also rises. However, its magnitude, reaching a maximum at a certain
height, gradually decreases, leading to the so-called "inversion” level where the wind direction changes in
the opposite direction. This effect is qualitatively similar, although potentially quantitatively different, in
many narrow valleys. It is noteworthy that a convective effect similar to a spontaneously active disturbing
heat source may regularly operate in some wide valleys, such as along the ridges bordering the Alazni River
valley [2]. In the first case, the effect is spontaneous, occurring only rarely, while in the second case, it
signifies the peculiarity of the action of a regular thermal mechanism, possibly related to the dimensions of
the valley and the orography of its surface.

Under normal (calm) less cloudy natural conditions, in both cases, about half an hour after sunset, the
wind flow on the mountainside takes place in the lower direction of the valley. In warm conditions, after
sunrise, the wind continues to blow in the same direction for about an hour before changing from downslope
to upslope. Under calm conditions, the minimum characteristic speed of such wind is (1 - 3) m/s [3]. The
inversion of air mass convection speed should qualitatively develop in the same manner for all small
mountain rivers. We consider the section of the lori River valley between the extreme eastern part of the
Saguramo-lalno range and the extreme western end of the Gombor range as a suitable object for further
research into this event. The choice of this canyon is due to the contrast in relief over a relatively small area:
the highest place (mountain lalno 1874 m.) and the lowest one River lori bed at 700-750 m. This canyon
overlooks the lori Plateau, which experiences severe thermal overheating during the summer season. To the
north is the Ertso depression, with an average height of 1000-1100 meters. Such a variety of terrain and
landscapes determine the complexity of the formation of meteorological elements, making this place
interesting for long-term research. Additionally, the Vere River canyon will be utilized for the research,
where the inversion of convection speed can also be a frequent occurrence [4]. The mathematical model of
this process belongs to the creator of the boundary layer theory L. Prandtl [3].

Prandtl's model.

According to Prandtl's model, the non-uniformity of the temperature field in the lower atmosphere is the
cause of the inversion effect on the direction of air convection speed by the heat source in narrow canyons.
There, this phenomenon is induced by the local orographic feature—the height of the ridges bordering the
valley. Usually, the temperature of the surface of the mountain slopes in the canyon varies widely during the
day and night, although air convection along the slopes of the valley occurs only under certain
conditions.This analytical model is built on the basis of several simplifying assumptions. Specifically, only
the developed convective movement in the vertical plane xz is considered (the x-axis is directed along the
valley, z-vertically upwards). Due to the small linear scales of convective motion, the Coriolis effect is
neglected. The slope of the mountain is inclined to the horizon at a rather small angle a. Directly along the
ridge, there is no place for the formation of convection currents because the air mass moving at a low speed
does not stop at its surface; the movement is so slow that acceleration can be neglected. Accordingly, the
mathematical basis of the model consists of the simplified equations of motion ( the same signs as in [3] are
used)

w_, (T o
ax N dx? + az2/)’ (1)
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where p is the pressure, u and w are the horizontal and vertical components of the velocity, n- is

the coefficient of turbulent viscosity, and g is the acceleration due to gravity. The temperature in the free
atmosphere is assumed to increase linearly with height, and the heating slope introduces a perturbation
that is a function of height.

Through ingenious mathematical transformations, in the approximation of a weakly turbulent
atmosphere, where the coefficients of temperature transfer and kinematic viscosity can be assumed to be
equal to each other, Prandtl demonstrated the relationship of the boundary layer on the canyon slope to
the perturbation of the temperature field. In particular, as the temperature 6 in the free atmosphere
increases linearly with height, and the surface of the ridge slope introduces a small perturbation 6 into
the temperature field, the keystone equation of the model was obtained

3% (n) Bsin?ec -
S+ BB () — o, 3)

Where n- is the height calculated from the slope of the canyon, p- is the coefficient of temperature
expansion of air, B = const - is the vertical temperature gradient, and v is the coefficient of kinematic
viscosity of air. Due to physical considerations, Prandtl used only one of the solutions of equation (3)

6 =6,exp (-%)cos?—;, 4)
which satisfies the following boundary conditions [3]
0=0,, whenn=0; 0 =0, when n = oo, (5)

The characteristic in the form of a vertical scale, in (4), represents the height corresponding to the
maximum convection speed, which depends on the environmental parameters

a 4y2

L= (6)
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According to Prandtl, the disturbance of the temperature field along the slope of the canyon leads to the
convective movement of the air mass (disturbance), the speed of which is determined by the expression

V= 8’0\/%3 exp (-%)sin% . (7

The formula (7) image provides a vertical profile of the convective movement speed. An inversion
point (level) the speed changes direction (Fig.1). This concept can be envisioned as an abstraction of a
tangential-discontinuity surface, where a velocity shift occurs, serving as a prerequisite for the development
of Kelvin-Helmholtz or Rayleigh-Taylor hydrodynamic instability in a liquid (gas) medium. Fig.1 displays
the vertical profile of convection velocity for a typical set of atmospheric parameters. The velocity profile, in
addition to the inversion point, also includes the inflection point (Vma), Where the development of
hydrodynamic instability and the generation of atmospheric vortices are also possible.

Therefore, in the Prandtl model, the height of the velocity maximum is n,, %T. The height of the

inversion level corresponding to the first minimum of the trigonometric function (n,,= nL) are clearly
defined. But we contend that the utilization of only one specific solution of equation (3) confines the
potential of the Prandtl model as a tool for representing real atmospheric phenomena. Embracing the
principle of synergy, the physical depiction becomes more comprehensive when considering the time-
varying impact of boundary conditions, a characteristic generally inherent in atmospheric processes. This
approach is recognized for enabling substantial quantitative corrections in long-term prognostic
meteorological tasks. The variation of boundary conditions is anticipated to be beneficial in modeling short-
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term local atmospheric processes. For instance, the disturbance of the temperature field in the lower part of
the Vere River Canyon, which traverses Thilisi, is expected to be influenced not only by natural factors but
also by anthropogenic pressure [4].
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Fig. 1. Convection speed profile and atmospheric vortexes.

Therefore, to account for the urban effect on the local temperature field within the Prandtl model, a
different pair of boundary conditions, distinct from (4), was employed

0'=0y, whenn=0; 0= o, when n=oo, (8)

These boundary conditions are met by the specific solution of equation (3), which also encompasses the
inversion effect, and (4) differs from the image only by the sign of the power of the exponential multiplier

B8 =08'gexp (?—;)cos% , 9)

to which the velocity profile also corresponds, differing from the profile in image (7)
Vo= -8, \/% exp (D)sin . (10)

In this case, the velocity inversion event will occur at the height nmz?"i‘T”. Additionally, the vertical

profile of convection speed will be different. Naturally, the combination of both solutions results in a change
in the level of velocity inversion. However, it should be noted that, since a different model of temperature
field change was used to derive equation (1), an apparent contradiction has emerged. In particular, the
boundary condition (8) formally allows an unlimited increase in temperature with the increase in height

0= 00 +Bz+6'(n). (11)

Therefore, it is logical to ask: Does a solution to the Prandtl problem have practical value when its
asymptotic behavior does not satisfy the condition of the tube disturbance of the temperature field as height
increase? It should be considered that the validity of the boundary conditions (8), like (5), is limited to small
heights. If this condition is satisfied, the value of the Prandtl model as a mathematical abstraction of a
physical process is further enhanced by incorporating another specific solution to equation (3).

Temperature Field Considerations. Kinematic Model of Atmospheric Wortex.

The vertical profile of the convection speed exhibits a critical point, enhancing the likelihood of
Kelvin-Helmholtz hydrodynamic instability development at the inversion level. This results in the formation
of atmospheric eddies, whose decay is associated with Rayleigh-Taylor instability. Consequently,
mechanical energy transforms into thermal energy, leading to the disturbance of the temperature field in the
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inversion area. This factor may contribute to the disturbance of the locally balanced, but unstable,
thermodynamic state. During the process of restoration, a change in the meteorological regime in the valley
becomes possible, with the characteristic duration depending on the nature of the disturbance of the
temperature field. In cases of strong turbulence, this process can be nonlinear, as the disturbance of the
temperature field in the area of velocity inversion may trigger the "dynamo-effect,” an impulsive
strengthening of turbulence. Given that the generation of a chain of eddies should occur in a specific
direction within limited space, the structure of the temperature field in the area of velocity inversion is likely
to be non-uniform and asymmetric. In the hydrodynamic approximation, this effect can be modeled using the
temperature conduction equation [5].

To simplify the mathematical problem, let's consider a stationary atmospheric vortex of cylindrical or
spherical shape. In the case of a cylinder, its symmetry axis is collinear with the x-coordinate. Let's examine
the intersection of the vortex with the xz plane and utilize the polar coordinate system, where the stationary
equation for temperature conduction takes the following form

aT 18T [1 T 16@6‘?}}
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(12)
where T - is the temperature, # -is the temperature conductivity coefficient, Vi, V, - are the radial and
azimuthal components of velocity.

Assuming that the perturbation of the temperature field depends linearly on the radial

=T :

coordinate: T =R—T(¢)+T0, where T, - is a constant on the vortex boundary: r=R, for any ¢. Such a
0

representation of the search function allows us to use the so-called separation method of variables to solve

(12) in the Karman scheme. Since we will observe the cross-section of the unstable vortex with the directed

plane of its axis, the following kinematic model of non-uniform rotation is suitable to represent the velocity

field [6]

Vv, :lu0 T lcosp+sing), V, = U, " \cosg—sing). (13)
2 °| R, Ry

where Up- is the characteristic linear speed of rotation.

Model (13) satisfies the environmental continuity equation and offers a correct scheme for the
decomposition of an unstable vortex [6]. Utilizing this model, (12) is transformed into a non-linear equation

(cosp —sing)—=—

d’T  u,r? dT 1_uor2
do® R, do

(cosg +sin (/))}T : (14)

0
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The equation (14) involves an non dimensional combination: & = , Which, like the parameters
0

Reynolds number and Prandtl number, can be referred to as the criterion of thermohydrodynamic similarity.

This implies that, owing to the presence of this characteristic, the solution of equation (14) is universal

within certain limits for vortexes with different sizes and speeds.

Equation (14) belongs to the type of second-order differential equations with variable coefficients
y"+ f(p)y +9(p)y=0. (15)

In general, obtaining an analytical solution for equation (15) is challenging due to its non-linear nature,
making approximate solutions more feasible. Depending on the nature of the problem, various simplifying
assumptions are employed. One such assumption is embodied in the kinematic model (13), allowing the
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representation of the velocity field without explicitly solving the equation of motion. For instance, in a paper
[5] modeling the temperature field in the polar ionosphere, the kinematic model (13) facilitated the use of the
Wetzel-Kramer-Brillouin (VKB) method to approximate the solution of equation (14). It is known that
equation (15), by introducing a new variable

y=2(p)- p(e) (16)

<osh - !r =
-

Fig. 2. The dissipation of normalized vortex according to the non-uniform rotation model.

can be transformed into an oscillation equation with a variable coefficient [7]

d?z + 3
ap? h(p)z=0, 17)
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The prime in formulas (18) signifiers the derivative by ¢. Particularly in case the equation (14) we will
have

1 2
p_e? ™ f(p)= S(sinp—cosg) h:1—%(1—sin2@)—%(cow+sin(p). (19)

The solution of equation (17) obtained by the VKB method is accurate when & <1 and h >0, which does
not qualitatively limit the value of the model in terms of its physical significance [7]. However, depending
on the boundary conditions of the problem, the approximate analytical solution can take different forms.
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Let's estimate the value of the parameter 6, for which we use the maximum characteristic speed of
atmospheric convection related to the action of the spontaneous heat source: Vo = (3-5) m/s and the value of
the air temperature conductivity coefficient at normal atmospheric temperature #~2.10"°> m?/s. For example,
suppose that the initial size of the atmospheric vortex generated in the area of velocity inversion is: Ro~ 10m
and the characteristic size of small vortex cells obtained after its decay is: 7~5.10° m. In such a case, we
will have: 6=/0.4-0.6/, which means that the first criterion for using the VKB method is satisfied. For such
values of the parameter 5, in any ¢ case, the second criterion is also satisfied- h > 0. Thus, assuming that

the initial temperature of the air at the boundary of the atmospheric vortex T,=const, the approximate

analytical solution of equation (14) for the dimensionless temperature: T'= T /T, in general can be
represented by the following expression

r e%j 1w

Tr=2R—0 WCOS(I\/FCM)) +1. (20)

The formula (20) provides a reasonably accurate model representation of the asymmetric temperature
field, qualitatively capturing the dissipative nature of the process of disintegration of non-uniform
atmospheric vortexes.

Conclusion

1. According to the formula (20), local change of the structure of atmospheric movement should be
accompanied by a perturbation of the atmospheric temperature field, the scale of which should depend on the
size of the velocity inversion. This observation is crucial for determining the approximate time and
thermodynamic conditions of the generation of gyral formations in narrow canyons, with potential
implications for the safety of activities like hang gliding or paragliding. To meet this demand, it becomes
essential to assess the probability of the development of dangerous atmospheric events characteristic of
narrow deep canyons, particularly referring to the convective movement of air caused by the action of an
irregular heat source, which can be the reason for the generation of gyral formations.

2. Monitoring conducted under natural conditions demonstrates the effectiveness of the Prandtl model and its
modification, theoretically allowing the formation of atmospheric vortexes at the level of convection velocity
inversion. The kinematic model of non-uniform rotation provides a qualitative representation of the
mechanism of the process of generation and decay of atmospheric vortexes. With its help, the disturbance of
the atmospheric temperature field can be modeled using a specific solution of the temperature conduction
equation.

3. Beyond theoretical interpretation, there is a natural need to quantify the results of the spontaneous
convection effect in the canyons. Long-term monitoring of atmospheric vortexes and temperature fields in a
specific canyon, such as the section of the lori River valley between the extreme eastern part of the
Saguramo-lalno ridge and the extreme western end of the Gombor ridge, is expected to contribute to solving
this task.
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30000, Ls30omE s  dmolb  bgmdgddo (3960mbgddo) A5M339Mw 30MHMdYdI0  Fgodergds
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95399dBHOLOYSD, MMIgarbsg 0393t IOl LoMdMEMO 65350l EWIVSFNMHO  (FILPOWGdS OO,
BoOOM  bgmdgddo, Losz LoLEGHYIGHVIMS®© 0dBoMYds ofiolldo®ms JsMgdol JodocmomIengdol
M9RAMIOWMWO  EOINSTNMO  (3300gds.  390mdMm©, Jobombol BaMol Aolfgmog  3sgGol
3H0BMBGHIMMBO 2505530900l LoBdaMols 390303506 3OHMmBowdo  oM339vI

103> 5H0WO 593L F0TsMHMNYEGOOL (33¢00GdL (0639OL0S). 30 3MBEEHWOL dogM
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3960LsBP3MML LoBJsMOl 0b39MLoOL Mby  bymdol BMAdglmsb FgsMgdom. 8 Lodswwgby,
LoBJoM0L 3OMBOEOL (58 YMIPMBOL 45dMm, Bo35MIOMS FI6M3IZ9IO DML  5EHIMLBIMHMEO
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3993965 Meo  39¢0l  FgIBMmMYOSL.  sFoGMT, M0y gdOlL WS 3538060930
0903065303900  FmbsbffeadOmdol  sMm39358096, 653 ®30LMm0M035 b60dbs3L, ®MI
WM H 56980 dmbgds  99EBIMOMLWMY0Ho OYgodol 083wbMEmO 33Wwogds, LobdsMol
06396bool 5E0mgddo 35960l Folgdol LB3MBEHEMMO GHMOIMWODBIEO0L Fodm.  Bogz5MEMY,
60 Sbgmo 5©PO0WYd0  Lobogsmem F9odwgds gobgl I EH3sbom 96 3sMs3wsbom BMmgbol
9my350mom30L. 580GMT,  SOLYOIMOL  SYFOWIIMOS  YIMOMYds odsbgow gl 30(M™
396mbgd0do 06030009 MmHO  LoxgMgbo  535M5@JOOL  bogsmm©  BGMYbol 3060HM0d9d0l
MBHOND3gYMRsbg. 00  5dMmEIbOL  gobbmmEogwgds  Fglsdergdgros  dbmermo  B3gEosw GO
399m33wg30L  899po© olgm 3sbombdo, GmIgwoag ™300  FobsliosmYdIWIO00  FH030VIMS©
390093 B3035¢0mm LogoMm39wmlb 300560 MHgaombgdolom3zob.
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O CIOHTAHHOM MeXaHHM3Me reHepanuu atMocdepHbIX BUXpell B
Y3KHMX F'OPHBIX YIIEJAbSAX

3. Kepeceanase, I'. Jlomunanze, E. CanykBanze, J. Uanus

Pe3rome

B y3kux, moctaTo4HO ITyOOKHX, TOPHBIX YIIENbAX (KaHbOHAX) B ONPENCIICHHBIX YCIOBHAX MOXKET
OpUATH B JACUCTBUE HEPETYISAPHBIA TEIUIOBOM MEXaHU3M, KOTOPBIM MOXET BbI3BATh CIOHTAHHYIO
KOHBEKIMIO BO3IYIIHBIX MAacC. DTO SIBICHHE OTJIMYACTCS OT XOPOIIO HM3BECTHOrO 3(QeKTa, KOTOPHIH
CUMTAETCS] CIJEICTBHEM CYTOYHOTO HM3MEHEHMS COJHEYHOTO TEIUIOBOI'O IIOTOKAa B OONBLIMX, LIIMPOKHX,
VILENbAX, B KOTOPBIX CHCTEMAaTHYECKH HaONIONAIOTCS peryJisipHble M3MEHEHHs HAIIPAaBICHUS NMPH3EMHBIX
BETPOB B T€UCHHUE CYTOK. B 4aCTHOCTH, BAOJb CKIIOHA YIIENbsS B BEPTUKAIBHOM MpoQuiie Ha ONpeaeeHHOM
BBICOTE MOXKET UMETh MECTO M3MEHEHHE HalpaBJICHUS TOPHU30HTAIBHOM COCTAaBIISIOIIEH CKOPOCTH BETpa
(unBepcus). Jlromeur IlpaHATIP NOCTPOMI TEOPETHUYECKYIO MOJETb, NPU IMOMOIIM KOTOPOH MOMKHO
AHAJIMTUYCCKU OIPCACIIUTL BBICOTY YPOBHA MHBEPCUH OTHOCUTCIIHBHO OCHOBAHUA YICIIbS. Ha »>toit BBICOTC,
W3-32 HEYCTOMYMBOCTH MPOQHIS CKOPOCTH, CYIIECTBYET BEPOSTHOCTh BO3ZHMKHOBEHHS aTMOC(HEPHBIX
BUXpEH pa3nuuHBIX pa3MepoB. EcTecTBeHHO, 4TO pacmazx 3TUX BUXpeH (ouccumanus) OyAeT BO3MYLIATh
TEMIIepaTypHOe IoJie, C KOTOPHIM OYAET CBA3aHO HapylICHHE TEPMOAMHAMHYECKON ycToWumBocTH. Ha
Ka4eCTBEHHOM YPOBHE 3TO O3HAUaeT, YTO B 00IaCTH UHBEPCUH CKOPOCTH BO3MOKHO JIOKATbHOE U3MEHEHUE
METEOPOJIOTHUECKOT0 PEXXUMa M3—3a CHOHTAHHON TypOYIM3aluy BO3AYLIHBIX Macc. MOXXHO Mperonarars,
YTO TAaKUE MECTa MOTYT CTaTh ONACHBIMHM Uil JIFOOWTENICH IOJIETOB HA IapamjiaHax W JeibTalllaHax.
[TosToMy, cymecTByeT HEOOXOAUMOCTb OOpalleHHUs IOJDKHOTO BHMMAaHMS Ha OOECHeueHUE YCIIOBUil
0€30IacHOCTH TOJIETOB HAa WHAMBUAYaJbHBIX JIETATENbHBIX ammapaTax B Y3KHUX YyIIeabsix. Peamuzanus
TaKoOM 3a/layll BO3MO’KHA JIMIIb MOCIE CIIENUAIBHBIX HCCIEN0BaHUM B OJHOM M3 YIIEIbH, XapaKTEPUCTUKH
KOTOPOI'0 MOXHO CYHHUTATh TUIIMYHBIMUA IJIA TOPHBIX PETHOHOB pr3141/1.

Ki1roueBble ci10Ba: BepTUKAIbHBIN NPOQUIIb, HHBEPCHS CKOPOCTH, TYPOYJIEHTHOCTD, IaparjiaHepu3M, y3KHue
KaHBOHBI.
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