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Summary

Lee waves resulting from airflow over mountains were
first observerd and, in detail, described by glider pilots.
Leewavecloud bandsonalength of up toseveral hundred
kilometers downstream were detected in satellite images
from the beginning of this new observation technique. An
overview on criteria of formation of lee wave clouds and
their characteristic scaleand shapeis presented. The recep-
tion area of the institute’s satellite receiving station allows
one to observe lee wave formation over whole Europe and
small islands in the North Atlantic. On the basis of daily
high resolution AVHRR images the mean monthly num-
ber of days with lee wave clouds for a number of regions is
given and seasonal differences are shown. For the British
Islesand Scandinavia the highest number of lee wave days
is found.
1. Introduction

A wind crossing mountain ranges often produces lee
waves which are nearly stationary. Their existence is pri-
marily due to vertival oscillations of air induced by the
obstacle. The first detailed observations of lee waves and
the wave flow were provided by glider pilotsbetween 1920
and 1940, in particular by Kiittner and Forchtgott over
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European mountains. Since then further observations were
undertaken by glider, powered aircraft, radar, lidar, con-
stantlevel balloons and satellite. Since the beginning of the
availability of weather satellite images in 1960 mesoscale
features aslee waves were being observed and interpreted
in terms of atmospheric conditions. The improvement of
spectral and spatial resolution of satellite sensors led to the
detection of a wider range of observable wavelengths.
Satellite images furthermore revealed the great extent of
lee wave trains as well asa great variety of patterns. A vast
literature is available on lee wave observations and on
theoretical background and numerical simulations of ob-
SE’I'\'(‘.‘d },‘Fi’lt';‘l'lﬂl"ﬂf;;l’lﬂ‘ Tht_‘ pI‘L‘SE’nt Pﬂp(}l' gi\-’l'_’_q a S}‘Iort over-
view of necessary conditions for the formation of lee waves
and their appearance in satellite images and conclusions
that can be drawn from the different size and structure of
the lee wave phenomena. For different regions of Europe
a statistical investigation of the frequency of lee wave
cloud formation is presented, based on daily high resolu-
tion satellite data, which are received and processed at the
institute.
2. Lee wave generation

Whenair flows overamountainrange or isolated moun-
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tain vertical displacements occur and gravity waves are
excited. Their existence is based on the buoyancy forces in
astable stratified atmosphere which try to return the air to
the equilibrium level. For these quasi-stationary waves in
the lee of obstacles the name lee waves is in common use.
Since thelowerand middle troposphere usually hasenough
water vapor, slight ascent will bring air to saturation and
condensation and lee waves could become visible as cloud
formations.

From theoretical work two main parameters for the
formation of lee waves have to be considered: the vertical
wind profile and the static stability. They are combined in
the SCORER parameter:
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where U is the mean wind speed, S is stability and @
potentnl temperature.
If 12 decreaqeq with height, lee waves can be generated.
A decrease of 12 may come from strong vertical increase of
wind speed and/or from a strongly btablt‘ layer. In most
cases when wave trains are seen in satellite images, these
are of the type of trapped lee waves. The obstacle is the
source of energy and the wave energy is found down-
stream andbounceq up and downbetween the ground and
the low 12 region, i.e. the inversion layer. This leads to a
standing wave patternin the vertical. The waveenergy can
be advected large distances downstream.
3. Lee wave clouds
Lee wave clouds are formed predominantly behind
mountains of small or medium height and width. In the
caseof highmountains as the Alps the humidity may be too
low and subsidence too strong for cloud formation in the
lee side. Lee wave cloud bands in satellite images are in
mostcases two-dimensional, oriented perpendicularto the
air flow. They appearrelatively unaffected by the underly-
ing terrain, but in some cases complex interference pat-
terns can be seen. It is not yet clear which criteria are
deciding the regularity of the wave trains. The regularity
and the large extent of lee wave cloud bands which in most
cases consist of stratocumulus were a new discovery from
satellite data. The stratocumulus wave clouds often origi-
nate from a continuous cloud layer which is distorted by
the mountains and wave motion. The following criteria
have been evaluated as favorable for the formation of lee
waves (lee wave clouds):
- the wind speed increases with height, vertical wind
shear is in the range 4....9*10-3 s-1
- the minimum wind speed in the height of mountain
tops is between 7 and 13 m/s.
-the wind direction is within +/- 30 degrees from the
perpendicular to the wave band
- they form inaregion of widespread subsidence .lml
atypical vertical profile of potential temperature
follows: quasi-neutral layer from the ground up to
theinversion, a very stable layerin the inversionand
aless stable layer above,
Summarizing differentinvestigations onleewaveclouds
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in satellite imagery it can be stated that:
- the horizontal extent of lee wave trains seems to be
inversely proportional to the thickness of the stable
layer;
- strong stability and low windspeed favor short
wwelenutha and less stability and strong winds fa-
vor long wavelengths;
- the first band behind the mountain may be the zone
of rotor formation near the surface with strong turbu-
lence;
- the wavelength range is from 1km to about 30km
with a relative maximum in the range of 10-20 km,
which corresponds to a resonance property of the
atmosphere; and
- lee wave cloud patterns are observed up to 500 km
downstream.

Figure 1 demonstrates quite clear the existence of lee
wave patterns perpendicular to the flow in the middle
troposphere with a variety of different wavelengths be-
tween Scotland, eastern Central Europe, former Yugosla-
via down to the southern tip of Italy. The longest wave-
lengths of 20-23 km are found over Scotland and Czech
Republic, very shortwavelengths of 3-4 kmare found over
Wales and northeastern Germany. Figure 2 shows a large
number of lee wave pattum% over West and Southwest
Europe withsome very long wave trainsand other remark-
able features: over Ireland so-called s ship-wave patternsare
seen and in the lee of the Pyrenees lee wave clouds do not
appear, butto the westand to the eastof the Pyrences they
are well organized. As in Figure 1 the orientation of the
parallel cloud bands is perpendicular to the flow in the
lower troposphere.

4. Three-dimensional lee wave pattern

In the case of isolated mountains or mountains on small
islands in the North Atlantic there appear transverse and
diverging wavesystemsinawedge-shaped region behind
the obstacle, as can be seen over h cland in Figure 2. These
lee waves are typical for three-dimensional wave motion
and areinmany respectssimilar to the occurence of surface
waves behind a ship moving in calm water. Some possible
explanations for the formation of three-dimensional lee
wave patterns are:

-both typesappeartogether ifairis streaming slowly
in a thick layer below the inversion;

-at high windspeed in a shallow inversion the trans-
verse waves disappear, only diverging waves occur,
the orientation of crests gets close to the free stream
direction;

-thetopographicscale of the obstacle playsanimpor-
tant role: diverging waves are more dominant in the
case of a small mountain profile; and

- the wedge angle of 38” as derived from theoretical
work appears in some satellite images exceeded,
which indicates that energy is transported beyond
387,

Inthe wake of theisland of Jan Mayen in the Norwegian
Sea often waves and vortex streets are generated. In the
eastern part the near conical mountain Beerenberg rises to
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FIGURE 1. Lee wave cloud patterns over parts of Europa (above) and corresponding 500 hPa upper air chart for April
2, 1995, 00 UTC.
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N7, AVHRR (Ch.2: 0.7-1.1 um)

FIGURE 2. Lee wave cloud patterns over Western
Europe and Western Mediterranean Area.

2277m, the western part is also montainous with heights
up to 769m. The Figure 3 presents a three-dimensional lee
wave pattern in a time interval of 100 minutes.

The wave patternseems tobe generally unchanged, typical
for a quasistationary situation.
5. Geographical and seasonal distribution

At the institute AVHRR data from NOAA satellites are
received and processed operationally in full Tkm resolu-
tion. Based on daily data covering whole Europe the fre-
quency of occurence of lee wave clouds has been deter-
mined for the period January 1, 1995 to April 30, 1997. The
monthly distributions for January to April are therefore
based on three years, for May to December on two years.
Lee wave cloud patterns are found everywhere in Europa
behind even hills of small height and width as well as
behind islands in the Norwegian and Barents Seas. Figure
4shows theareas whichhave beenchosen forastudy of the
monthly distribution of lee wave clouds:
1. Novaya Zemlya
2. Svalbard
3.Jan Mayen
4. Iceland
5,6. Scandinavia
7. Faroe [slands
8,9. UK and Ireland
10. France
11. Central Europe
12. Alps
13. Carpathian mountains
14. SE-Europe
15. Iberian Peninsula
16. Balearic Island, Corsica, Sardinia
17. Italy
18. Greece
19. Northern Africa

The average number of days with lee wave clouds in
satellite images for these regions is given in Figure 5. The
highestnumbersare found in UK and Ireland, Scandinavia

Figure 3. Three-dimensional lee waves in the wake of Jan Mayen NOAA 14 AVHRR Ch.2(0.7-1.1 um) July 20, 1996: 11.30

UTC (left) and 13.00 UT (right)
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FIGURE 4. Surveyed areas
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FIGURES5. Mean monthly distribution of lee wave days derived from satellite images for the period 1995-1997 for several

regions of Europe.

104 TECHNICAL SOARING




and Iceland, in countries around the Mediterranean Sea
the number is only somewhat lower. In some of the graphs
the seasonality is clearly visible. In the northernmost re-
gions in the Arctic lee wave clouds are observed mainly in
summer, whereas in the Mediterranean there is a mini-
mum in summer and spring and autumn are preferred
seasons.

Iceland and Scandinavia show a maximum number in
late summer and autumn and in the UK and Ireland two
maxima inspring and autumn and a minimum in January-
February occur. For interpretation the following factors
have to be taken into account:

a. Visible or near infrared channels are best suited for
lee wave detection. In the thermal infrared channel
the contrastis low due to the fact thatlee wave clouds
are formed inlower troposphere mainly withrelative
high cloud top temperatures leading to a medium
grey in the images. During November to January
thermalinfrared images are generally used instead of
shortwave channels with their illumination prob-
lems.
b. The occurence of lee waves which are visible in
satellite images depends on the varying synoptic
situation and circulation pattern. A longer observa-
tion period isnecessary for deriving a more represen-
tative seasonal distribution. The investigation there-
fore will be continued.
6. Conclusions
Satellite images of 1 km spatial resolution (NOAA-
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AVHRR) covering whole Europe between the Arctic and

Northern Africa allow continuous observation of lee wave

cloud patterns. The lee wave clouds generated by moun-

tainranges of variable heightand width all over Europe are
mostly two-dimensional, isolated mountains or moun-
tains on small islands sometimes generate three-dimen-
sionallee wave patterns. The highest frequency of leewave
cloud formation is found over the British Isles and

Scandinaviaand toaslightly lesser degree over Mediterra-

nean countries. Due to geographical position the seasonal

variation shows differences.

7. References

Atkinson, B.W.:Meso-scale AtmosphericCirculations Aca-
demic Press, 1981, p. 495.

Brown, P.R.A.: Aircraft measurements of mountain waves
and their associated momentum flux over the British
Isles., Quart.J.Roy.Met.Soc., 109, 849-865, 1983.

Cruette,D.: Experimental study of mountain lee-waves by
means of satellite photographs and aircraft measure-
ments, Tellus, 28, 499-523, 1976.

Gjevik, B. : Orographic effects revealed by satellite pic-
tures: mesoscale flow phenomena. In: Orographic
effects in planetary flows, WMO/ICSU GARP Publ.
Ser. 23, 301-316, 1980.

Scorer, R.S.: Environmental Aerodynamics, Ellis Horwood
Ltd. Chichester 1978.

Smith, R.B.: The influence of mountains in the atmosphere
Adv. in Geophysics, 21, 87-230, 1979.

105




