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Abstract. The project ERA-40 from ECMWF was used at the National Meteorological
Administration in Bucharest, in order to obtain a re-analysis of the data valid for
Romania, using the regional climate model RegCM3. The study is based on this reanalysis for classifying the synoptic conditions in which the low-level jet appears in
Bucharest’s airports area. A statistical analysis was also undertaken. The results have
shown that LLJs can be organized in three main types and that the majority of the cases
appear between 975 and 925 hPa for 3–12 hours, with a depth for the maximum wind
speed of 10–50 hPa.
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1. INTRODUCTION
The low-level jet (LLJ) was defined in many ways. The widest definition is
that of any maximum in lower troposphere in the vertical profile of the horizontal
wind. A LLJ can appear, under favorable synoptic conditions, anywhere in the
world: North America (in the Great Plains), Australia (Koorin Jet and Southerly
Buster), East Africa (Somali Jet), the Caribbean area, Europe (pre-alpine area in
Bavaria, Romania), South America, Asia or Antarctica.
Blackadar (1957) was the first to notice that a maximum for the wind speed
below 1000 m was often found during the night, with the maximum speed at the
top of the nocturnal inversion. He described the formation mechanism of this
maximum through the theory of inertial oscillation [1].
Holton (1967) describes LLJ as a response to diurnal heating and cooling
above sloping terrain, which leads to a periodic oscillation of thermal wind and, as
a consequence, to an oscillation of the surface geostrophic wind [2].
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Bonner (1968) defined the wind maximum as LLJ when the wind speed
reaches at least 12m/s and decreases in altitude to at least half of the maximum
below 3000 m [3]. He concluded that for LLJ’s formation, synoptic conditions that
create a strong pressure gradient along the Great Plains in lower troposphere are
required.
Browning and Pardoe (1973) concluded that LLJ is embedded in the convective
boundary layer, having the maximum speed between pressure levels 900 and
850 hPa [4].
Ucellini and Johnson (1979) show that LLJ often appears in the exit region of
an upper tropospheric jet streak [5]. Then, Ucellini (1980) proposed the explanation of
this LLJ as part of a lower branch of an indirect circulation and the development of
the LLJ due to the isalobaric component (Fig. 1) of the wind in the lower
troposphere [6].

Fig. 1 – Low-level jet stream coupled with an upper level jet [7].

Chen et al. (1994) were the first to make a distinction between two types of
wind maxima at low levels. The first is a boundary layer jet that has a strong
vertical wind shear and a diurnal variation. The maximum of its activity is reached
early in the morning and, in the afternoon, it ceased. The latter appears between
900 and 600 hPa pressure levels and it is usually associated with fronts and
cyclones [8].
Walters and Winkler (2001) [9] and Walters (2001) [10] had organized LLJ
situations in 12 spatial configurations of the southerly warm season low-level wind
in Great Plains. They came to the conclusion that just one of those 12
configurations had a pure cause in the planetary boundary layer. For all others,
there are various influences of synoptic or boundary layer forcing.
In order to understand the forcing or to test different parameterizations
schemes, studies that investigate one or more cases had been organized.
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Van de Wiel et al. (2010) show that the nocturnal wind speed profile
describes an oscillation around the nocturnal equilibrium wind vector, rather than
around the geostrophic wind vector (as in the Blackadar case). From this new
solution, inertial low-level jet dynamics can be predicted. In addition to jet
dynamics, the model suggests the existence of so-called backward inertial
oscillations which they suggest that forms an important mechanism behind the
weakening of low-level winds during the afternoon transition [11].
For Romania, the LLJ was studied by Draghici (1988), who associated the jet
in the Romanian Plain with the orographic blockage of the Carpathian mountains in
the north-easterly surface flow which is combined with an advective inversion in
upper levels (Fig. 2). The thermal blockage of the Black Sea in cold season can
play a similar role for the coastal jet [12].

Fig. 2 – Romanian Plain, where the two airports of Bucharest – “Henri Coanda” and “Aurel Vlaicu”
are placed and the low-level jet.

The low-level jet is one of the meteorological hazards that aircrafts have to
face on the takeoff/ landing path (Fig. 3).

Fig. 3 – The effect of low-level jet on aircrafts [13].

4

The low-level jet for Bucharest’s airports

641

Therefore, this study is related to the characteristics of the LLJ affecting the
takeoff and/or landing of the aircrafts. The data and the methodology used are
presented in Section 2. Section 3 is dedicated to data analysis and discussions on
the synoptic patterns which are favorable to LLJ generation. The conclusions end
the paper.
2. DATA AND METHODOLOGY
Data from the re-analysis project ERA-40 from ECMWF (European Centre
for Medium-Range Weather Forecasts) was used at the National Meteorological
Administration as initial conditions and lateral boundary conditions for the regional
climate model RegCM3. This regional climate model has 10 km horizontal
resolution and was run for Romania for data valid between 1959 and 2000.
With 11 vertical levels by 500 hPa, from which 5 vertical levels by 925 hPa,
data from RegCM3 re-analysis between 1959 and 1982 was used to study the cases
in winter season (December–February) in which low-level jets appeared in the
region of Bucharest’s airports.
The low-level jet cases were extracted from the wind data using the software
GRADS; then, a separate treatment for the cases was considered. The cases in
which LLJs are associated with upper jets were considered one class of LLJs and
the others, a second one. In the first class, the upper jet appeared simultaneously
with or before the LLJ. A statistical analysis was made for these classes, regarding
the time of manifestation of the LLJ, the number of cases of LLJ as function of the
depth of the LLJ or the pressure level at which LLJ appeared. The synoptic patterns
were analyzed for all the cases using ERA-40 re-analysis [14]. The criteria
concerning the manifestation of a low-level jet in the area of Bucharest’s airports
(Fig. 4) are extracted related to atmospheric conditions to be used in forecasting LLJ.

Fig. 4 – The runways location for “Henri Coanda” and “Aurel Vlaicu” airports [15].
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The definition considered for the low-level jet was that of a region of
maximum wind speed of at least 12m/s at some altitude in the boundary layer, with
the wind speed at surface and below the 700 hPa pressure level (about 3000 m)
decreasing to at least half of the maximum wind speed.
There were 193 cases in which low-level jet appeared in the studied period of
time; the first attempt to classify the LLJ was in relation to the upper level jet: 57
cases were associated with an upper jet stream before or after the LLJ appeared and
136 cases were not associated with an upper jet stream. For each case, a synoptic
analysis was performed, leading to 8 classes of LLJ associated with an upper jet
stream (described in Table 1) and 11 classes not associated with an upper jet stream
(described in Table 2), depending on the synoptic structures and the structure of the
geopotential of 500 hPa pressure level. All these cases were regrouped, each in 4
classes. Then a statistical analysis was performed for the 2 main groups.
Table 1
Classes of LLJ associated with an upper jet stream
Synoptic and altitude patterns
1
2
3
4
5
6
7
8

A low of Mediterranean origin at surface and a sharp trough in altitude, Romania
being ahead of the trough
A Mediterranean cyclone and a high pressure belt over southern Europe at surface
and a trough in altitude, Romania being ahead of the trough
A Mediterranean cyclone, reactivated over Black Sea and the East-European High at
surface and a cut-off in altitude
A trough of a low situated in the north-eastern part of Europe, both at surface and in
altitude
A trough of a low situated in the northern part of Europe, both at surface and in
altitude
An intense northerly circulation over the eastern part of Romania at surface and a
prevailing northern circulation in altitude
A well developed low in the northern part of Europe (up to the tropopause)
A deep low in the center of the Mediterranean Sea extended with a trough over
Black Sea

No of
cases
21
2
5
13
4
6
2
4

Table 2
Classes of LLJ not associated with an upper jet stream
Synoptic and altitude patterns
1
2
3

A low of Mediterranean origin or a low in the Black Sea at surface and a trough
in altitude, Romania being ahead of the trough
A Mediterranean cyclone and a high pressure belt over southern Europe at
surface and a trough in altitude, Romania being ahead of the trough
A Mediterranean cyclone and the East-European High at surface and a trough or
a cut-off in altitude

No of
cases
6
34
27
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Table (continued)

4
5
6
7
8
9
10
11

A trough of a low extended from the north-eastern part of Europe, both at surface
and in altitude
A trough of a low extended from the northern part of Europe, both at surface and in
altitude
A trough of the Icelandic Low coupled with an anticyclone in south-eastern Europe
The Azores High coupled with a Mediterranean low at surface and a trough in
altitude
The Scandinavian High and an Icelandic trough
The Greenland anticyclone
An anticyclone centered over Romania
A subtropical rigde and a low in the Black Sea area

7
16
7
7
10
11
5
6

3. RESULTS AND DISCUSSIONS
3.1. LOW-LEVEL JETS ASSOCIATED WITH AN UPPER JET STREAM

3.1.1. SYNOPTIC ANALYSIS
The 8 classes, in which the cases of low-level jet associated with an upper jet
stream were divided, were classified in 4 groups.
1.1. – A Mediterranean cyclone and an upper trough over Central Europe (23 cases)

Fig. 5 – Mediterranean cyclone and an upper trough over Central Europe: the mean sea level pressure
(the left image) and the 500 hPa geopotential surface height (the right image) analysis from
13.12.1960 at 00UTC from ECMWF ERA-40.

At surface, a Mediterranean low, extended over Adriatic Sea, Balkan Peninsula
and Aegean Sea is active and is developed up to 850 hPa pressure level, an easterly
flow over southern Romania being present. In altitude, the polar air mass arrived in
the Mediterranean area behind the trough is return over Romania ahead of the
trough on a southerly circulation. At 300 hPa, Romania is at the left exit region of
the jet stream.
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1.2 – A Mediterranean cyclone and an upper cut-off (9 cases)

Fig. 6 – Mediterranean cyclone and upper cut-off: the mean sea level pressure (the left image) and the
500 hPa geopotential surface height (the right image) analysis from 17.12.1961 at 00UTC from
ECMWF ERA-40.

At surface, the East-European Anticyclone is extended through Central
Europe, the circulation over southern Romania being north-easterly; the pressure
gradient is stronger over south-eastern part of Romania, because of a
Mediterranean low reactivated over Black Sea. In altitude, the cold air mass from
the southern part of a trough covering Eastern Europe was isolated in Adriatic Sea
area, thus a strong southerly circulation towards Romania being generated;
Romania is positioned at the left exit region of the jet stream.
1.3 – A trough or a low in N/ NE part of Europe, in lower and upper levels (19 cases)

Fig. 7 – A trough or a low in N/ NE of Europe, in lower and upper levels: the mean sea level pressure
(the left image) and the 500 hPa geopotential surface height (the right image) analysis from
03.01.1962 at 00UTC from ECMWF ERA-40.

At surface, the Azores High is well extended to the south-east part of Europe,
thus blocking the trough asociated to a northern low and inducing an intens
northerly circulation over Romania. This structure is also found in altitude with the
warmer oceanic air mass that generates a ridge structure, Romania being positioned
ahead of or behind the trough.
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1.4. – Strong Azores anticyclone coupled with an eastern low (6 cases)

Fig. 8 – Strong Azores High coupled with an eastern low: the mean sea level pressure (the left image)
and the 500 hPa geopotential surface height (the right image) analysis from 15.01.1967 at 00UTC
from ECMWF ERA-40.

The Azores High is well developed both at surface and in altitude and is
extended over Central Europe. At the contact with the eastern low strong gradients
and jet streams at low levels and high levels appear.
3.1.2. STATISTICAL ANALYSIS
For the same cases, a statistical analyses was performed, a series of pie charts
being drawn. The charts show the period of time that LLJ manifests (between 3 and
36 hours), the number of cases of LLJ as function of the depth of the LLJ (between
10 hPa and 100 hPa) or the pressure level at which the base of the core of the LLJ
appeared (975 hPa to 900 hPa).

Fig. 9 – The time period for the manifestation of the LLJ (from 3 to 36 hours).

As chart in Fig. 9 shows, in 81% of the cases the LLJ has manifested for
about 3 hours, in 9% for 6 hours and in other 9% for 12 hours.
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Fig. 10 – The depth of the LLJ (in hPa) (from 10 to 100 hPa).

From the chart in Fig. 10 it can be seen that the majority (87%) of the cases
of LLJ had a 10 hPa core depth (about 100 m), 6% having a 25 hPa depth (about
275 m) and 4%–50 hPa (about 550 m).

Fig. 11 – The level (in hPa) at which the core of the LLJ occurred
(from 975 to 900 hPa pressure levels).

In 75% of the LLJ cases, the base of the core of LLJ appeared at 950 or
925 hPa, which correspond to approximately 500 m to 750 m height and 17% at
975 hPa, corresponding to about 200 m.
3.2. LOW-LEVEL JETS NOT ASSOCIATED WITH
AN UPPER JET STREAM
3.2.1. SYNOPTIC ANALYSIS
The 11 classes in which the cases of low-level jet not associated with an
upper jet stream were divided, were classified in other 4 groups, as it follows:
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2.1. – A Mediterranean cyclone and a large upper trough (47 cases)

Fig. 12 – Mediterranean cyclone and a large upper trough: the mean sea level pressure (the left image)
and the 500 hPa geopotential surface height (the right image) analysis from 05.01.1960 at 06UTC
from ECMWF ERA-40.

A Mediterranean cyclone and a belt of high pressure formed by the union of a
ridge of the Azores High and a ridge of the East-European High intensified the
easterly circulation in the southern part of Romania. The cold air mass associated
to the East-European ridge is extended on the vertical axis, generating the trough
structure in the middle troposphere.
2.2. – A Mediterranean cyclone and a cut-off/upper trough (27 cases)

Fig. 13 – Mediterranean cyclone and cut-off/upper trough: the mean sea level pressure (the left
image) and the 500 hPa geopotential surface height (the right image) analysis from 30.01.1963
at 00UTC from ECMWF ERA-40.

The East-European Anticyclone coupled with a Mediterranean low led to an
easterly flow over southern Romania. In altitude, a marked omega circulation in the
Euro-Atlantic area is present.
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2.3. – A trough or a low in N/ NE of Europe, in lower and upper levels, with a weak circulation
in upper levels (23 cases)

Fig. 14 – A trough or a low in N/ NE of Europe, in lower and upper levels, with a weak circulation in
upper levels: the mean sea level pressure (the left image) and the 500 hPa geopotential surface height
(the right image) analysis from 28.12.1967 at 18UTC from ECMWF ERA-40.

At surface, a trough from a low situated in northern or north-eastern part of
Europe is extended over whole Europe and the marked pressure gradient in
Romania’s area at the contact with the East-European ridge had generated the lowlevel jet. In altitude, the circulation is weak.
2.4. – An anticyclone (Scandinavian, Azores, Greenland or Subtropical ridge) over Romania
and a weak circulation in upper levels (39 cases)

Fig. 15 – An anticyclone (Scandinavian, Azores, Greenland or Subtropical ridge) over Romania and weak
circulation in upper levels: the mean sea level pressure (the left image) and the 500 hPa geopotential
surface height (the right image) analysis from 01.01.1963 at 18UTC from ECMWF ERA-40.

The Greenland anticyclone is extended into Eastern Europe, Romania being
at the periphery of the high pressure system, with an intensifying easterly flow and
a weak upper circulation.
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3.2.2. STATISTICAL ANALYSIS
For these cases, the same statistical analysis was performed as for the LLJ
cases with upper jet stream. The charts show the period of time that LLJ manifests
(between 3 and 72 hours), the number of cases of LLJ as function of the depth of
the LLJ (between 10 hPa and 100 hPa) or the pressure level at which the base of
the core of the LLJ appeared (975 hPa to 850 hPa).

Fig. 16 – The time period for the manifestation of the LLJ.

The chart in Fig. 16 shows that the majority of the cases (71%) has the time
of manifestation of 3 hours, 15%–6 hours and 6%–12 hours.

Fig. 17 – The depth of the LLJ (in hPa).

The majority (81%) of this type of LLJ has a 10 hPa core depth, 9% having a
25 hPa depth and other 6% of the cases has 50 hPa core depth.
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Fig. 18 – The level (in hPa) at which the LLJ occurred.

Regarding the level at which the LLJ occurred, 80% of the cases were
between 975 hPa and 950 hPa (about 200–500 m), with 54% at 950 hPa and other
18% at 925 hPa (about 750 m).

4. CONCLUSIONS
The cases of low-level jet that occurred in winter season in Bucharest’s
airports area, between 1959 and 1982, were analysed taking into account the
presence of the upper jet. For the cases of LLJ associated with an upper jet, there
were 8 synoptic situations which were re-grouped into 4 main classes (Figs. 5–8);
the 57 cases of LLJ appeared mostly at the 950 and 925 hPa pressure levels, for o
period of 3 to 12 hours, with a depth of the maximum wind speed between 10 and
50 hPa. The cases (136) of LLJ not associated with an upper jet were grouped in 11
synoptic situations, which were further re-grouped in 4 main classes (Figs. 12–15)
and they appeared mostly at 975 and 950 hPa, for a period of 3 to 12 hours, with a
depth of the maximum wind speed of 10 to 50 hPa.
The extreme events, when the wind speed in the LLJ core (denoted wspd)
was more than or equal to 20m/s, appeared in 77 cases from the total of 193.
From their distribution according to the 8 main classes (Figs. 19 and 20) it
results that the largest number of cases (21) with wspd >= 20m/s appeared in
the 2.1 class, which represents 44.68% of the entire class and 27.27% of the
total amount of extreme cases or 10.88% of all cases, followed by 15 cases in
1.1 class, which represents 65.21% of the entire class and 19.48% of all
extreme cases or 7.77% of all cases.
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Fig. 19 – The distribution of cases with wspd>=20m/s (extreme cases) and wspd < 20 m/s according
to the 8 classes and the total amount of cases.

Fig. 20 – The frequency (%) of extreme events distributed according to the 8 classes (% of all
extreme cases- on left image and % of total amount of cases- on right image).

These 8 classes of LLJ can be reorganized into 3 main types:
I. Type I: a Mediterranean cyclone at surface and a cut-off or a trough in altitude
which, if it is sharp, it is accompanied by a jet stream and if it is relaxed
there is no upper jet stream – 112 cases;
II. Type II: a trough of a northern or north-eastern European low, both at surface
and in altitude – 42 cases;
III. Type III: an anticyclone of different origins at surface and a weak circulation
in altitude – 39 cases.
Classes 2.1 and 1.1 which have the largest number of extreme events are part
of Type I, thus it can be said that this type is more likely to generate extreme
events. With respect to the total number of cases within type I, the number of
extreme events is equal to the number of non-extreme events.
Taking into account the results obtained from the statistical analysis for all
cases of LLJ, it results that the majority of the LLJ cases (over 90%) appears
between the levels of 975 and 925 hPa (200–750 m) for 3 to 12 hours, with a depth
for the maximum wind speed of 10 to 50 hPa (approximately 100–550 m), more
than 80% being of 10 hPa.
For the 3 main types of LLJ, an analysis of the mechanism that leads to their
formation will be undertaken.
In order to have a better image of this phenomenon, this study should be
completed with data from all seasons and from all years available.
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