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Summary

Three Wypes of slationary waves are described. The main-
lenance of the most powerful one-—the lee wave--is thought
to be the system of vortex pairs, which are periodically re-
leased by the mountain ridge. This system. called “aclive
turbulent layer”™ (ATL), induces in the airflow wave-like de-
formations and special turbulence, wind and pressure distri-
bution throughout the lee area.

The dependence of the dimensions and intensity of the
ATL on both topographical and meleorological conditions is
discussed. Some effects on transient aireraft are shown.

1. Introduction

The intention to search for the cause of the lee wave has led
in the period 1946 1o 1949 to the definition of four various
airflow Iypes: the laminar, standing eddy, wave and rotor
streaming. The importance of the disturbed layer as a primary
factor for these types of airflow has been emphasized. The
dependence of the airflow type on the relative height of the
wind layer has been shown,

Initially the study was based mainly on soaring experience
alone which consists of about 100 flying hours under lee
wave conditions downwind of various ridges. After simul-
taneous evaluation of appropriate synoptical data and by
comparison of the results with various theoretical trealments
(Kiittner, Lyra, Queney, Scorer) there remain some observed
details in airflow structure lacking a theoretical explanation.
One of the most impressive examples to be mentioned is the
sudden catching of the sailplane by the rotor cloud as the
latter jumps quickly against the wind direction.

Wrilten discussion on the question with Karl Erik Ov-
gard and since 1949 with Dr. R. S. Scorer have been of great
importance for my further work. Also the invitations to the
4 OSTIV Congress at Madrid 1952 and to the Discussion
Meeting on Airtlow over Mountains arranged by the Roval
Meteorological Society at London 1955 supported me greatly
in my work.

During the last few vears main attention has been drawn
lo the stationary wave streaming, which has led to the distin-
guishing of three wave lypes with different airflow condi-
tions: Inversion wave, lee wave and composite wave.

The inversion wave (Fig. 1) represents the discontinuity
surface deformation caused by the effect of a mountain ridge
on the structure of the laver of air below the inversion.
Throughout this ground layer there may occur holh unstable
or stable temperature stratification but mostly light winds
only. The inversion layer is often associated with a marked
wind shear. With suitable air humidily near the inversion
this wave type supporls the development of stationary wave
clouds in the area of the most distinet wave crest, which
clouds are stationary without any systematical movements
almost just above the mountain ridge (Photo 2 a). The aspect
ratio of these lenticular clouds is usually small. They form no
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Fig. 1: Scheme of inversion wave
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trains, but may occur in several separale formations, each
above the other (Photo 2 b). No turbulence of importance is
to be expected in the space effected by the inversion wave.

The observations suggest that the lee waves (IFig. 3) cor-
respond to an internal wave system spreading out from
the disturbed layer of special structure, which is maintained
in action through periodical release of vortex pairs from the
mountain ridge. Older vortex pairs are moving through the
lee area and initiate long wave trains, affecting the air space
far beyond the obstacle. The occurrence of lee waves is con-
necled with stable lapse rate and with a deep layer of suffi-
cient wind velocily and suitable wind direction. Because of
the striking regularity of the vortex system, resembling the
known Karméin vortex street, the direetly affected part of
the wind layer is called the “active turbulent layer™ (ATL).

The corresponding wave clouds are ol great aspect ratio
(Photo 4) and form trains reaching sometimes hundreds of
Kilometers away from the mountain ridge, as has been shown
¢. g. by Desmond and Radok. The first wave crest is located
dircetly over the lee area usually at a distance equal to about
tenfold the height of the ridge. Wave and rotor clouds are
subjected to small periodical changes of position. Heavy tur-
bulence appears in limited parls of the ATL. The details will
be described in the following part of this contribution.

The third stationary wave type is the composite wave
(Fig. 5), representing the combination of both the above de-
seribed wave types. The structure of the lower airflow layer
corresponds to the ATL, but higher levels approach more 1o
the inversion wave. The wave clouds of the first lee wave are
tilted toward the mountain ridge in higher levels (Photo 6).
The gustiness and strength of verlical wind components is
usually weaker when compared with the pure lee wave. The
train of wave clouds is limited to the space near the obstacle
if it appears at all.

As adeformed lee wave one must mention rotor streaming,
which develops when the height of the wind layer is limited
(FFig. 7). The vortex pairs of the ATL are then squeezed in
very low layer and have lost the possibility of maintaining
stable rotation except in the area close to the mountain ridge.
Rough gustiness and vertical airdrafts in conncction with

Photo 2 o: Example of inversion wave clouds

By L. Larsson




Photo 2 b: Inversion wave over Gient Mountains on May 31, 1955, ot 0735

local time By M. Koldovsky

large local pressure fluctuations appear in the affected space.
Suitable humidity supports the development of a single vigor-
ous roll cloud, which remains stationary at a shorter distance
from the mountain crest than that corresponding to the usual
wave length (Photo 8 a). Another humidity distribution may
change completely the cloud appearance although the airflow
conditions remain without any variation (Photo 8 b). The
leading edges of both clouds reveal sudden jumps against
the wind repeated in periods of a few minutes.
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Fig. 3: Scheme of lee wave

The periodical flucluations of rotor and wave clouds in a
limited space are designed in Fig. 9. Photographs 10 a, b rep-
resent, respectively, examples of the wave cloud in its horder
posilions before and six minutes after the jump against the
wind.

All the mentioned features of rotor streaming may be ex-
perienced in clear air or inside a thick cloud layer depending
on the humiditly conditions.

In a further study the main attention was drawn to the
system of the turbulent layer responsible for hoth the lee
wave and rotor streaming.

Photo 4. Example of lee wave clouds scuth of the High Tatra crest
By Dr. A. Becvar
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Photo 6: Example of composite wave cloudiness. Note leading edge of high
lanticular cloud lilting toward the mountain crest which is hidden in the cop
cloud, The appropriote rotor cloud is outside of this phctograph to the right

By Dr. A. Becvar

The phenomenon has been considered as a problem of
cither macroaerodynamical or microsynoptical scale, with
both studies coinciding in its solution. The model of empirical
study is represented here by the mountain ridge. free airflow
across the “model” represents the function of an acrody-
namical tunnel, depending on the actual synoptical situation.
The observations are made inside the affected space on the
ground as well as in the air.
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Fig. 7: Scheme of rotor streaming

2. Active turbulent layer

The empirical solution is represented by the active turbulent
layer established and maintained in the lee area by periodical
release of stable vortex pairs from the mountain ridge. The
empirical base for the conception of the active turbulent

Photo 8 a: Typical rotor cloud, the main feature of the rotor streaming,
which usually appears in a single row relatively close to the mountain ridge
By Dr. A. Becvar
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Photo 8 b: Another quasistationory cloud type which appears during rotor
streoming conditions, The cloud as o whole remains in the same area but its
shape is changing in short periods. The changed humidity distribution is the
couse of a completely different cloud appearance compared with the preceding

photograph By D. A. Becvar

layer (ATL) has been established by systematical flight ob-
servations, made by crews of planes crossing a salient moun-
tain ridge of the height h = 400 m as well as by the experi-
ence of glider pilots, flying in the lee waves in the same region.
With suitable wind and stability conditions (mostly during
winter months) more than 50 traverses of the lee space were
made together with supplementary ground observations and
upper wind measurements from the nearby airfield.

During the landings in most of the mentioned cases signifi-
cant altimeter errors were observed reaching in a few extreme
cases the value of 100 ft between the beginning and the end of
the runway. This is believed to be the manifestation of local
pressure differences of dynamical origin that affect the lee
space when the ATL is acting.
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Fig. 9: Scheme of periodical position changes of rotor and wave clouds during
the lee wave or rotor streaming

All traverses made in levels a, b, ¢ (Iig. 11) confirm the
existence of two separate layvers (a, ¢) with heavy gustiness
concentrated in isolated centers, weakening gradually with
a distance from the ridge. The traverses in the level b have
shown a thin layer with Jaminar airflow conditions and with
alternate up- and downdrafts. When flying against the wind
in the level b an unusual decrease of ground speed will often
be reported. This corresponds to an increased horizontal
wind component, as shown for the level b by the upper wind
measurements.
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Photo 10 a: Wave cloud south of High Tatra mountain in its rear position—
before o leap agoinst the wind blowing from the right By Dr. A, Becvar

The nature of the upper gustiness centers is shown by
down- and updrafts experienced just in front and downwind
of the upper vortices, which is the opposite of the known
“ground rotors”. The theory of vortex pairs appearing in
acrodynamics shows the inability of such formations to re-
main stable in a horizonlal airstream with axis plane parallel
or perpendicular to the undisturbed airstream. But some in-
clined axis plane may provide stabilily for a vortex pair that
becomes able to affect greatly the surrounding airflow. The
theory of an ATL based on this assumption supposes the for-
mation of windward and lee vortices leaving periodically the
space of mountain ridge in the form of stable vortex pairs
with inclined axis plane (Fig. 12).

From the moment of release cach vorlex pair is main-
tained by inertia and usually undergoes two stages continu-
ously alternating: moving and standing stage. Both stages
have the same duration of a few minutes, which time depends
on the period of the release of the following vortex pairs.
This period has been observed to be shorter with smaller
obstacles and stronger winds. For mountain ridges about
1000 m high it is of the order of tens of minutes.

The lee vortices of each vortex pair follow, during their
moving and standing stages, the ground drift path, while the
upper ones are drifting through the upper path. In this way
two distinet layers of gustiness are formed separated by a

Photo 10 b: Wave cloud south of High Tatra mountain six minutes later in its

front position By Dr. A. Becvar




Photo 15: Lee vortex during its standing stoge in the form of a rotor cloud.
This photograph was taken in the area of the preceding two photos on another
occasion with increased oir humidity but with similor airtlow conditions

By M. Koldovsky

sible for further airflow deformations corresponding to the
composite wave type. In this way the ATL svstem could  ex-
plain the measured upper wind distribution with local maxi-
mum around the level 2 h, the occurrence of heavy clear air
turbulence centers registered round the level 3 h, as well as
the local pressure and wind fluctuations throughout the
turbulent layer. The intensity of all these mentioned features
may reach such extremes as observed in the area of Sierra
Nevada.

In special cases there occur strong wind layers of sharp
limited vertical extent, corresponding to 4 h—2 h even in the
lee of medium and low ridges. Under these conditions an
ATL of the same structure but smaller dimensions is observed,

with very significant local pressure deviations belween the
wave troughs and crests. This tyvpe of airflow is known as
the “rotor streaming’.
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Fig. 16: Barogram of a soaring flight during lee wove conditions south-east
of Ore Mountains. The denctated part contains six fluctuations experienced by
the pilot tending to remain stationory to the ground. Indicated air speed
fluctuations of similar periods were also reported

3. The ATL effects

Very deep wind layers will support the vertical propagation
of lee waves induced in the airflow by the ATL. Thus the
secondary thermodynamical effects well expressed in the
area of wave crests and wave troughs may partially eliminate
the local pressure deviations caused by the mechanism of the
ATL. This elimination becomes insignificant with shallow
wind layers. Then even in lee of low ridges there occur pres-
sure differences of the order of several millibars between
locations only a few kilomelers apart.

The complexity of the ATL under similar conditions may
lead to serious navigational errors during a horizonlal flight
and, what is even more important, during instrument ap-
proach-to-land. Fig. 18 represents the enlarged sector of
Fig. 12 with isobaric surface deviations corresponding to == 1p.
The plane flving downwind through the area with sufficient
engine power to climinate the cffect of downcurrents will
follow the undulating isobaric surface without experiencing
any change of pressure altimeler and variometer indications.
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Usually full engine power cannot overcome the strong
downcurrents and the altitude indication decreases in the
space of increasing positive altimeter error. The resulting
pressure allimeter readings underestimate the true altitude
in critical points of the flight path. The reverse will appear
when flying in opposite direction—the altitude indication
will decrease with increasing negative altimeter crror. The
result is the addition of both indicated height difference
-—AH and the unknown height difference corresponding
to Ap. The sum of these two differences will exceed the
order of 100 m even in lee of low mountains.

Owing to longer traverses of the downcurrent area when
flving with headwind the forced height difference — (11 will
be greater than in the opposite case. It may be enlarged many
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Fig. 17: The scheme of possible turbulent layer mechanisms responsible for
unusual pressure ond wind fluctuations, registered by two stations of Malte
and described by Lamb. The dots on the path of o radiosonde balloon released
trom o third station represent positions ot minute intervals after release
(1—10). Corresponding upper vortex positions denoted on the horizontal axis
may explain the measured decreose of the vertical velocity between the second
and fifth minutes of the ascent.

times when crossing the unfavourable area with a small
during the flight almost parallel to the mountain

ridge. This case will correspond on many airfields in hilly

angle

counlries to [inal approach track directions.

The same will take place if the descending flight ABCDIE
is intended (Fig. 18). The true flight path with eliminated
downdraft effect will be AB, CD, E with changed rate of
descent without indication. The foreed altitude decrease will
cause further flight path deviation corresponding to the dotted
line AB, C, D, E, which contains the critical point D..

4. Conclusion

The known lee wave and rotor streaming cases, occuring in
the arca of low as well as high mountains under appropriate
airflow conditions, lead to the result that the causes of these
similar airflow types must be similar, too. It has heen shown
that the ATL could represent the system occuring in various
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Fig. 18: The enlarged section of Figure 7 with denoted front and rear positions
of two included vortices (heavy and light circles) and with oppropriote stream-
line detormation. The broken line with opposite wave deformation meaons the
isobaric surface corresponding to the level 2 h. The deviations -+ Apare the
result of cerodynamical forces caused by both vortices during their standing
stage. The line ABCDE means on intended descending flight level in upwind
direction. Owing to pressure altimeter and variometer errors the real flight
poth will be ABiCD(E. If the engine power will not overcome the effect of
strong downdraft, then the resulting flight path will correspond to the dotted
line containing the critical point D2



Photo 19 a, b: Quickly changing cloud appearonce downwind of High Tatro
before the quosistationary ATL system is established. Only one minute time
difference belween these photos shows clearly the sudden increase in cloud
amount as well as cloud position changes By Dr. A. Becvar

dimensions and intensities, depending on orographical as
well as meteorological conditions.

The unchangeable topography of any locality and the
continuously varying meteorological conditions represent an
unlimited number of cases differing by airflow structure, by
cloud appearance or by both. In the above paper the airflow
structure alone has been chosen as a satisfactory eriterion in
order to distinguish different airflow types. [t has been shown
that a different humidity distribution with height may com-
pletely change the external appearance of clouds even during
the same airflow type.

Among the main airflow Lypes the lee wave and the rotor
streaming only have been found to depend on the develop-
ment of an ATL. This may explain why the lee waves and

rotors are gencrally short time phenomena and how many
other types may occasionally become similar, when judged
only on the basis of cloud appearance.

The local airflow conditions may change rapidly for hours
when approaching to the state supporting the full develop-
ment of an ATL (Photo 19 a and b). The duration of really
ideal conditions, represented by photograph 4, may be limited
to periods of a few hours only. IFor that reason these rare
ideal periods deserve the topmost attention of the observer.

Bibliography

Bhalotra, Y. P. R., 1955, Weather, Oclober 1955.
Colson, De Ver, 1954, Bull, of the AMS, No. 8.
Corby, G. .\, 1954, QIRMS, Vol. 80, p. 491.

and Radok, U., 1'49. Note on Vertical Air Currents
on the Tasmanian Air Route. Weather Development and
Rescarch Bulletin, No. 13,

Farchtgott, J., 1949, Charles Universily, Praha.

— 1952, OSTIV Congress, Madrid.

3. QJRMS. Vol. 81, No. 319,

Jenkins, C.F., 1955, 1CAO Circular 39-AN/34-Aireraft Accident
Digest. No. 5.

Kiittner. J., 1938, Beilr, z. Physik d.

Desmond, I,

)

fr. Atm., XXV, p. 79, dito,

AFCRC Technical Report, 53—56.
Jenkins, C.F., Lamb, H.I1.. 1954, The Meteorological Magazine.
Vol. 83, No. 987.
Larsson, L., 1954, Tellus, Vol 6, No. 2.
Long, K. R.. 1953, Tellus, Vol 5. p. 42—57.
Mdarikofer, W.. 1950, Verhandlungen der Schweiz, Naturforschen-
den Gesellschaft, Davos, p. 11—32.
Radok, U.. 1954, Bull. of the AMS. Vol. 35, p. 412—416.
Scorer, RS, 1949, QJRMS, Vol 75, No. 323,
-— 1951, QIRMS, Vol. 77, No. 332,
1953, QIRMS, Vol. 79, No. 339.
- 1955, QJRMS, Vol 81, No. 349,
Geophysik u. Bioklimatologie, Wien, Vol. 8,

Schiiepp, W., 1955,
p. 1—24.
Schitz, J., Steinhauer, F., 1955, Arch. Mel, Geoph. Biokl,, Vol. 6,

P. 207—224,
Turner, H.S., 1955, The Meteorological Magazine, YVol. 84, No. 933,
- 1955, Weather, September.
Yates, A H. 1949, Weather, February 1949, Vol 4, No. 2.
— 1953, Flight, January.

Separate print from OSTIV Section of the ‘ Swiss Aero Review ", June, No. 6/1957

Y2F 11




