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Abstract. The passage of the air over regions with a rugged terrain raises
interest due to the phenomena it generates and especially due to the wave
clouds. Exploring the air environment with the C-band weather radar
located in Bucharest allowed noticing that in the extra-Carpathian section of
the Curvature, cloud bands occur, approximately placed at equal intervals,
parallel with one another and parallel to the crest line of the Curvature
Carpathians, east of that line.
It is important to know which is the relationship between the air motion, the
nature and geometry of the terrain on the one hand, and the occurrence of
the undulating motion and of insular precipitation, as an echo of the
existence of terrestrial relief summits, parallel and equally distanced from
one another. The basic structure of a wave cloud is determined by the shape
and size of the mountain and by vertical profiles of the wind speed,
temperature and moisture.
Forecasting the undulating motion is firstly important to the air navigation.
These phenomena can be forecast even in the absence of the moisture
necessary for the formation of wave clouds, when only specific undulating
clear air turbulence occurs, dangerous to the air navigation and detectable
with the lidar.

1. INTRODUCTION
The undulating motion mainly occurs in a stable air layer or under
an inversion; i.e. air that moves over a mountain crest, with limited speed;
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when the moisture and heat conditions are adequate, that motion is
accompanied by characteristic wave clouds.
Besides the specific thermal stratification, other conditions are also
necessary for the occurrence of the undulating motions, namely:
1. a long enough mountain ridge, disposed perpendicularly to the wind
direction;
2. wind blowing perpendicularly to the ridge, or at an angle of no more than
30º;
3. wind speed increasing with the altitude or remaining constant, at no less
than 7-8 m/s at ridge level.
4. a concave mountain ridge, with concavity facing the wind, which favours
more noticeably the occurrence of wave clouds compared to a straight ridge.
Gravity wave sources are: orographic obstacles (2D and 3D),
convection, frontal activity, inertial instability and wind shear, as well as the
geostrophic adjustment.
The deep convection has long been acknowledged as a major gravity
wave and turbulence major generating source (Gossard and Hooke, 1975).
The intermittent nature of convection in space and time makes observation
studies a challenge but the high spatial and temporal resolution of the
meteorological radar supplies a useful device for measuring the effects of
convection on the generation of gravity waves and turbulence (Gage, 1990).
Results of the case studies (covering intervals from several hours to
several days) using radar observations from several radar locations all over
the world show an increase in the activity of gravity waves during
convective events (Roettger, 1980; Ecklund et al. 1981; Larsen et al. 1982;
Lu et al. 1984; Bowhill and Gnanalingam, 1986; Sato, 1992, 1993).
There is a series of parameters describing wave clouds, like the
Rossby number (1):
(1)
where U is the flowing speed of the air, f is the Coriolis parameter and L is
the scale of the phenomenon. A small Rossby number signifies a system
strongly affected by the Coriolis forces, whereas a high Rossby number
signifies a system where the inertial and centrifugal forces dominate. In
tornadoes, for instance, the Rossby number is high (≈ 103), but in the low
pressure systems it is small (≈ 0.1 – 1).
Another parameter is the Froude number (2).
(2)
where N is the Brunt-Waisala frequency and h is the mountain height.
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If
i.e. if the mountain is high and the stratification is stable
(high Brunt-Waisala frequency), the air will not be able to escalate the
mountain and will go around it instead. If the mountain is also long, the
blocking phenomenon will occur with the subsequent splitting of the flow.
), i.e. either the air is very
When the Froud number is big (
lightly stable (low Brunt-Waisala frequency) or the mountain is small or the
impacting speed is high, the air will climb over the mountain with a very
little lateral displacement. In case that the air passes the mountain, the width
of the mountain becomes a factor.
The Richardson number is also worth mentioning (3)

(3)

The Richardson number represents a parameter that can be used to
predict the occurrence of turbulences in fluids, namely if the number
, then flotability is unimportant within the flux of the flow. If
, then flotability is dominant (in the sense that there is not enough
kinetic energy to homogenize the fluid).
The Scorer parameter describes the air flow over a mountain barrier
(4).
(4)
When the Scorer parameter is almost constant with the height,
conditions are favourable for the vertical propagation of wave clouds.
However, this parameter is most often used as an indicator signaling the
case when those waves are expected that can be stopped and returned
towards the surface of the Earth. Those waves appear when
decreases
briskly with the height. This is valid especially when the decrease occurs
suddenly in the mean troposphere, splitting it into two regions, a lower layer
with a high
(high stability) and an upper layer with small
values (low
stability).
In the area of the massif mountain chains, with steep slopes, the air
flow will cause the occurrence of stationary vortices with a horizontal axis
at the base of the slopes facing the summits, and of shelter waves on the
opposite, downwind slopes, these waves being nothing else than undulating
motions of the air, replicating the upwards and downwards motions induced
by the presence of the mountain chain. In such cases, the stationary vortices
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will maintain a longer period and will even enhance, generating fresh
unsettled weather processes and phenomena, wind gusts, heavy precipitation
a.o. (Stancescu I., 1983).
When widening the analysis of the terrestrial relief hypsometry on
the disposition of the mountain summits, of the distances between them and
of their position in the inner Curvature sector, it can be noticed that those
are, to a first approximation, summits parallel with one another, like:
Perisani Mountains, Baraolt Mountains and Bodoc Mountains, generally
having a NNE-SSW orientation, perpendicular to the circulation direction of
the air masses (WNW-ESE). Through their positions against the mentioned
circulations, the summits of these mountains are the “pattern” the
tropospheric “relief” waves that will occur in the extra-Carpathian sector of
the Curvature, amplified through a multiple resonance effect (Ion-Bordei N.,
1984, 2008).
An analysis of any map with the annual or multiannual quantitative
distribution of precipitation in Romania highlights a decrease in the east and
north-east of the Romanian Plain, where values are smaller than 500 mm/
year in comparison with the surroundings. There are, however, within this
area with small precipitation amounts several spots constituting exceptions:
Urziceni and Pogoanele, but also Viziru, Faurei, Grivita and not only - on
other maps, with amounts higher than the sector’s average, anyway without
modifying the generally scanty character of the precipitation regime in
Baragan (Ion-Bordei N., 1989, 2008). The causes leading to the
accumulation of these higher precipitation amounts with an insular
appearance on the generally scanty background constitute one of the
questions we have undertaken to answer.

2. DATA AND METHODS
Skew T soundings were used (the thermodynamic diagram from the
Bucuresti-Baneasa atmospheric physics observatory) along with real data
from the weather stations, available on the MESIR and SINAPSA(R)(TM)
SINTEGRATOR applications, and also METEOSAT8 (MSG) satellite
images, with a temporal resolution of 15 minutes and Modis Terra and Aqua
satellite images from the polar orbital satellites, with a horizontal resolution
of 250 m and a temporal resolution of one image per day.
Use was also made of data from the C-band meteorological radar
located in Bucharest, more precisely radar products were generated for the
reflectivity field and for the precipitation one.
Cross sections were constructed within the study area with the
numerical data of the ALADIN limited area model (potential temperature
and wind speed at different vertical levels).
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3. RESULTS AND DISCUSSIONS
We analysed from the synoptic, satellite and radar angle three cases
when gravity waves were generated in the area of the Curvature Carpathians
and along the southern frame of the Southern Carpathians. We attempted to
identify those circulations that make wave clouds to occur, as well as to
restart discussions on the mechanisms accountable for their occurrence.
The first case we will refer to and analyse is that of 24 February 2012, when
the Euro-Atlantic context was dominated by a low pressure area of Icelandic
origin, with three active centres, namely: one, the oldest, over the Moscow
area, the second- above the Arctic Ocean, east of the Svalbard Islands and
the third- over the Norwegian Sea.
The Azores High dominated the south-eastern half of Europe. At the
southern border of the vast low pressure area of Icelandic Origin, the
tropospheric circulation was very intense, with a well shaped frontal
activity, as can be seen on the synoptic maps of 24 February, 2012, 12:00
UTC and on the satellite images from the 10:00-15:000 UTC interval
(Figures 1, 2, 3, 4).

Figure 1. Ground map, from 24 February 2012, 12:00 UTC (courtesy of NMA, processed
by E. Ion-Bordei).

22

Figure 2. 850 hPa maps on 24 February 2012, 12:00 UTC (courtesy of NMA).

Figure 3. 700 hPa hPa maps, from 12:00 UTC, on 24 February 2012, courtesy of NMA.

Figure 4. 500 hPa maps, from 12:00 UTC, on 24 February 2012, courtesy of NMA.

In the mean and upper troposphere (Figs. 3 and 4) the same pressure
configuration is displayed- a warm ridge over the south-west of the
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continent and a wide trough expanded over the eastern half of Europe.
Between these two geopotential structures, the polar jet had a north-west to
south-east disposition, with the area exiting the jet in the area of the
Anatolian Plateau. In those given circumstances, there was intense
circulation, perpendicular over the summits of the Curvature Carpathians
and the Southern Carpathians, which actually generated gravity waves on
the southern slopes – wave clouds that made light precipitation to occur in
central Baragan, at a certain distance from the orographic obstacle.
The radar images (see Fig. 5) taken in the area of the Curvature
Carpathians, corroborated with the satellite image of 24 February 2012, at
12:00 UTC, Figure 6, suggest the occurrence of wave clouds as the
Curvature Carpathians were crossed, which is supported on the synoptic
map, Figure 1, by the wind direction and the pressure gradient.

Figure 5. Radar-derived accumulated precipitation on 24 February 2012, 12:00 UTC.

Figure 6. Satellite map on 24 February 2012, 12:00 UTC.

Precipitation accumulated from 24 to 25 February 2012, 06:00 UTC
can be noticed in Figure 7.
24

Figure 7. Precipitation amount from 24 to 25 February 2012, 06:00 UTC .

To forecast the wave clouds, we also used vertical sounding data and
the numerical data of the ALADIN limited area model (Figures 8 and 9).

Figure 8. Bucharest vertical sounding, 24.02.2012, 12:00 UTC.
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Figure 9. Cross sections in the study area with ALADIN limited area numerical model, on
the Sibiu-Craiova axis, from 24.02.2012, 12:00 UTC.

The following case referred to is that of 4 March 2012, when the
aerosynoptic context over northern, central and eastern Europe was
particularly favourable to the development of very active northern
circulation in the low troposphere above Romania. It was owed to the cold
hider part of an anticyclone centred in the south of the Russian Plain (more
precisely at the intersection of the 50ºN parallel with the 40ºE meridian).
This depression was a trough expanded over the eastern Mediterranean, an
area that shelters Mediterranean cyclonic activities. The cold advection was
also supported by the cloudiness type, as rendered by the satellite map from
06:15 UTC, on the mentioned date (Figure 10).

Figure 10. Satellite map from 4 March 2012, 06:15 UTC.
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The second important pressure centre (as regards its position) was
the Scandinavian High, centred above the Baltic Sea. Its rather steep eastern
slope coupled with the east European low, supplying its hinder part with
cold air. The emergence of wave clouds on the eastern slopes of the Wooded
Carpathians (in Ukraine) and of the Eastern Carpathians (in Romania), with
a special highlight for the Curvature Carpathians, called our attention to this
synoptic situation.
The cold front, considered to be principal, that was affecting
Moldavia and the Eastern Carpathians on 4 March, 2012, at 00:00 UTC
raised interest. At the same moment in time, a secondary cold front was
taking shape at the latitude of Belarus, moving southwards noticeably fast
(Figures 11, 12, 13, and 14).
A direct polar circulation could therefore be foreseen along the
whole of the tropospheric column. The warm ridge that advanced
northwards in the latitude close to the Barents Sea, following the warm
advection from the front part of the Icelandic Low stabilized the whole
tropospheric column and enhanced the anti-cyclogenetic processes. This
materialized in warm air in the mean troposphere, yet particularly cold at
ground level, as produced by the advection of the Arctic maritime air, i.e. a
stable anticyclone with a remarkable vertical extension. Under such
circumstances the direct-polar circulation propagated in the whole
troposphere, down to the south-east of the continent.

Figure 11. Ground map from 4 March 2012, 00:00 UTC (courtesy of NMA, processed by
E. Ion-Bordei).
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Figure 12. 850 hPa map from 4 March 2012, 00:00 UTC.(courtesy of NMA).

Figure 13. 700 hPa map from 4 March 2012, 00:00 UTC (courtesy of NMA).

Figure 14. 500 hPa maps, at 00:00 UTC, on 4 March 2012, courtesy of NMA.
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The precipitation accumulated at the weather station from 3 March,
06:00 UTC, to 4 March, 06:00 UTC and radar-derived accumulated
precipitation can be seen in Figures 15 and 16.

Figure 15. Precipitation amount estimated from rain gauges, 3 to 4 March 2012, 06:00
UTC.

Figure 16. Radar-derived accumulated precipitation, 4 March 2012, 08:00 UTC.

On the radar map, the extra-Carpathian echoes of the clouds are
shaded by the cloudiness belonging to the cold front, which was active in
the east of the country.
To forecast the wave clouds we used numerical data of the Aladin
limited area model and vertical sounding data (Figures 17 and 18). In such a
situation in the south-north disposed vertical section there can be noticed the
downdraft motion of the isentropic surfaces immediately after passing the
orographic obstacle and the slight updraft more to the south (towards point
A). This disposition of the isentropic surfaces usually supports the
propagation of the emergence of cloud waves.
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Figure 17. Cross-section of the study area from ALADIN model, on Bucharest-Brasov
axis, on 4 March 2012, 02:00 UTC.

Figure 18. Bucharest vertical sounding on 4 March 2012, 00:00 UTC.

The last analysed case is that of 18 August 2008, when the synoptic
context of the day was the following: Icelandic cyclonic activity over Great
Britain, the Low Countries and the Baltic Countries, a light 1015-1017 hPa
anticyclonic field over the central and north-east European countries.
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Above Ukraine and the Republic of Moldova, a 1008-1010 hPa
cyclonic centre was active whose evolution cycle had almost come to an
end. Despite that, it was to regenerate through a rapid cold air mass supply,
owed to the front part of the anticyclone located over central Europe.
Figures 19 and 20 render the fronts within the low troposphere active
in the area of interest.

Figure 19. Ground map from 18August 2008, 12:00 UTC (courtesy of NMA, processed by
E. Ion-Bordei).

Figure 20. 850 hPa map from 18 August 2008, 12:00 UTC (courtesy of NMA).

31

The mesoscale analysis of the pressure field (Figure 21) at ground
level pointed at a significant rise of the air pressure in the intra-Carpathian
areas (south-western Transylvania excepted) but also in the northern half of
Moldavia, associated to the cold secondary front.

Figure 21. Ground map – mesoscale analysis, 18 August 2008, 16:00 UTC.

The curvature of the Carpathians (Figure 22) was entirely in the way
of the cold air masses (Figures 23 and 24).

Figure 22. The great geographic divisions of the Carpathians, after V. Mihailescu (1969);
I) absolute altitudes above 2000 m; II) absolute altitudes between 1 500 and 2 000 m; III)
absolute altitudes between 500 and 1 500 m; IV) depressions.
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Figure 23. 700 hPa map on 18 August 2008, 12:00 UTC (courtesy of NMA).

Figure 24. 500 hPa map on 18 August 2008, 12:00 UTC (courtesy of NMA).

In the mean and high troposphere (Figures 23 and 24) there was an
atmospheric disturbance represented through a shortwave trough evolving
slowly. The axis of the trough was positioned above western Romania. The
tilt of the cyclonic axis westwards was noticeable, which pointed at an
energetic regenerating potential at ground level and at enhanced potential
instability.
From the above presented it may be inferred that the gravity waves
generated in the Curvature Carpathians area were determined by physical
processes taking place in the low troposphere (within the lower limit), i.e.
33

by the north-western flow of the air associated with the cold penetration
behind the weather front and not by intense north-western flow in the mean
and high troposphere.
Figures 25 and 26 render the wave clouds in the satellite image, as
they emerge in eastern Wallachia; also in the reflectivity field, several
reflectivity islands are noticeable, corresponding to the waves’ ventre.

Figure 25. Satellite map from 18 August 2008, 12:00 UTC.

Figure 26. Radar reflectivity map and radar reflectivity at 12:00 UTC, on 18 August 2008.
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In the precipitation data obtained from the weather stations, certain
areas can be noticed where precipitation amounts exceed the area’s average
(Figure 27).

Figure 27. Precipitation amount from 18 August 2008, 06:00 UTC to 19 August 2008,
06:00 UTC.

For the forecast of the wave clouds there were used data from the
Aladin model and vertical sounding data ( Figures 28 and 29).

Figure 28. Cross sections in the study area with numerical data from ALADIN limited
area model on Brasov-Bucharest area, from 18 August 2008 at 12:00 UTC.
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Figure 29. Bucharest vertical sounding from 18 August 2008 at 12:00 UTC.

Figures 28 and 29 highlight the wind share in the low troposphere
and wind speeds of about 8m/s, at 1500 m.a.s.l. In the section from the
ALADIN model, wind speed values, potential temperature and wave clouds
generation can be seen.

4. CONCLUSIONS
Within the prevailingly western and north-western circulations, ideal
conditions occur for driving the air transversally over the crests of the
Curvature Carpathians, in the extra-Carpathian environment and for the
emergence of wave clouds.
In the situations with unstable environment in the area of the
Southern and Curvature Carpathians respectively, gravity waves are able to
initiate and enhance the convective systems generated in the mentioned
area.
Wave clouds may also be generated in the case of north-western
circulations in the low troposphere, not only the typical circulations that
propagate throughout the tropospheric column.
The ratio that exists between the air motion and the nature and
geometry of the terrain leads to the occurrence of undulating air motion and
of insular precipitation, as an echo of the existence of terrestrial relief
summits, parallel and equally distanced from one another.
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