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Abstract. Clear Air Turbulence (CAT) is a weather phenomenon often met in
the atmosphere, creating disturbances in air traffic efficiency and regularity. This work
analyses CAT occurrence probability in Romanian airspace considering the number of
in-flight pilot reports (AIREP) and air traffic density. The study used AIREPs
between June 2017 and May 2019. In 24 months, 496 moderate or severe turbulence
encounters at altitudes equal to or higher than 6100 m were reported, amongst which
19% severe turbulence reports. The results confirm the significant role of topography
as a CAT generating factor within the Romanian airspace.
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1. INTRODUCTION

The clear-air turbulence (CAT) phenomenon prediction in the upper troposphere
and lower stratosphere is a significant challenge because of the multiple scales
involved in the phenomenon. However, CAT prediction is an essential task for
increasing air traffic [1]. Over time, CAT has come to know several definitions,
each trying to explain this specific phenomenon as close to reality as possible.
One definition of CAT is atmospheric turbulence on aircraft-affecting length
scales that exist outside clouds and thunderstorms and their associated convective
updrafts and downdrafts [2]. Another definition of CAT is given by the American
Meteorological Society [3] as “a higher altitude (6–15 km) turbulence phenomenon
occurring in cloud-free regions, associated with wind shear, particularly between
the core of a jet stream and the surrounding air.” CAT was also defined as turbulence
not associated with clouds and thunderstorms, and this may include turbulence
associated with breaking mountain waves (mountain wave turbulence, MWT) [4].
Regions within convective clouds and thunderstorms are usually turbulent,
but thunderstorm‐generated turbulence can extend well outside the cloud boundaries.
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Convectively Induced Turbulence (CIT), which occurs in and around thunderstorms,
has been blamed as the cause for 60% of turbulence-related aircraft accidents [5].
Since CIT can occur within, above, or around the cloud, to distinguish incloud from out-of-cloud CIT, the term Near-Cloud Turbulence (NCT) can be used
for the latter CIT category. Pilots can easily assimilate NCT to Clear-Air Turbulence
(CAT) since it cannot be detected using onboard weather radars [6].
Ellrod has identified the main genesis mechanisms of CAT being KelvinHelmholtz instability and internal gravity waves, specifically the orographically
induced waves [7]. Orographic waves form in the lee side of a compact obstacle and
can generate even extreme turbulence, which, depending on the obstacle height,
was reported up to 20 km in altitude [8].
Although CAT areas are considered cloud-free areas, satellite imagery
sometimes reveals the presence of Cirrus clouds or a high gradient of water vapor
concentrations in the vicinity of a jet stream [9].
Consistently with pilot report based turbulence climatologies derived by Wolff
and Sharman [10] and climate model–derived seasonal variabilities evidenced by
Jaeger and Sprenger [11], Sharman et al. [12] found a clear seasonal dependence of
turbulence exhibited in the US airspace, with maxima in spring at all altitudes and
in winter at upper levels.
The statistical properties of turbulence in the upper troposphere and lower
stratosphere (UTLS) are still not well known, partly because of the lack of adequate
routine observations [12]. Until recently, these analyses were restricted to the
United States (USA) but started to become available worldwide, as the list of EDRsoftware equipped aircraft expands [12].
The present study aims to initiate such an analysis for the Romanian airspace
based on pilot reports over different topographic regions. Another objective of the
paper is to identify the areas in which turbulence is more frequent and to suggest
the sources of CAT over these specific regions based on geographic particularities
and seasons.
The paper is organized as follows: in section 2, “Data used”, are presented
the pilots’ reports (AIREPs), indicating turbulence intensity as assessed by the pilots.
The evaluation of the probability of encountering turbulence in a given area and
time interval is presented in Section 3. Section 4 is dedicated to results and discussions.
Conclusions end the paper.
2. DATA USED

Within the Romanian airspace, pilot reports or air-reports (AIREP) regarding
turbulence encounters are transmitted (via voice radio communication) to the air
traffic services units, which relay them to the meteorological service unit [13].
According to the International Civil Aviation Organization (ICAO), only moderate
and severe turbulence is reported in this way [14]. ICAO defines these turbulence
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categories based on the effects on aircraft and their occupants [13]. In the present
study, we refer the moderate or severe turbulence as “moderate or greater” (MOG)
turbulence [12].
To identify the CAT reports within the Romanian Airspace, we used a
database containing all turbulence AIREPs relayed to the national Meteorological
Watch Office of the Romanian Air Traffic Services Administration (ROMATSA)
between June 2017 and May 2019. The database contains 496 AIREPs for severe
and moderate cases at altitudes equal to or higher than 6100 m (20000 ft or FL200),
i.e. in the upper troposphere and lower stratosphere (UTLS) (not necessarily CAT),
amongst which 95 (19%) severe turbulence reports. The database entries contain
the pilot’s report on turbulence intensity, altitude (flight level – FL), geographical
coordinates, and added synoptic context diagnosis [13]. All 496 AIREPs were
analyzed to confirm their classification as CAT.
Turbulence information is routinely reported worldwide during the enroute
phase of the flight by aircraft equipped with a specific software package, in terms
of the cube root of the eddy dissipation rate (EDR) ε1/3, where ε is the viscous or
eddy dissipation term of the turbulent kinetic energy balance (e.g. [15]). Sharman
et al. [12] briefly describe the complex underlying algorithms of the in situ EDR
estimation software that automatically estimates ε1/3 based on aircraft vertical
acceleration data.
If available, both the average and peak value of the cube root of EDR need to
be reported for the 15 minutes immediately preceding the observation [14]. When
included in the meteorological hazard report section of Mode-Select Enhanced
Surveillance (Mode-S EHS) data structure, EDR reports can be relayed to
meteorological services via Air Traffic Control surveillance radars [16, 17].
ICAO set standard thresholds of 0.10, 0.40, and 0.70 m2/3 s–1 for the peak
EDR values during a 15-min sampling interval for light, moderate, and severe
turbulence intensities for medium-sized aircraft [14]. These thresholds are based on
comparisons with pilot reports from the same or nearby aircraft, allowing
calibration of EDR vs. subjectively reported intensity categories [12]. However,
AIREP inaccuracies in time, position, and intensity can lead to uncertainties in the
verification results [18].
The domain of the study – for which the turbulence reports were collected –
is the so-called Bucharest Flight Information Region (FIR), approximately
coinciding with the Romanian territory. It was divided into four quadrants, defined
by the 45.9o N latitude line and 25o E meridian, coordinates of the center of the
rectangular domain circumscribing FIR. The four quadrants have relatively similar
surfaces (Fig. 1).
Air traffic data within the Romanian airspace was obtained from the European
Organization for the Safety of Air Navigation (EUROCONTROL) via their Network
Strategic Tool (NEST). NEST datasets describe the European airspace and route
network and the traffic distribution, also providing data visualization features [19].
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Fig. 1 – Quadrants or research areas over Romanian territory.

The air traffic density in 2018 was considered representative for the study
period, as 2018 is the only full-year included in this period and given the quasilinear variation of the air traffic between 2017 and 2019 (Fig. 2).

Fig. 2 – Average and maximum daily traffic in Bucharest Control Area, 2017–2020 (NEST).
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3. SHORT THEORETICAL CONSIDERATIONS

The probability of encountering turbulence in a given area and time interval
was estimated for each quadrant by the ratio between the number of reports and the
number of aircraft flying in the same given area and time interval, considering the
density of air traffic (Fig. 3).

Fig. 3 – Bucharest Flight Information Region and its division in quadrants, after Aeronautical
Information Publication – Romania [20].

We assumed that the number of turbulence reports per surface unit area and
time unit is given by:
dnturb  pturb  dnacft  pturb 

dnacft
dS  dt

 dS  dt  pturb  f a  dS  dt ,

(1)

where: dnacft is the number of aircraft flying within the given area and time unit; fa
is the air traffic density, i.e., the aircraft number per area unit and time unit; pturb is
the probability of occurrence of a given class of turbulence within the given area
and a particular time interval. It is specific to the surface unit and time unit used to
define the air traffic density. It represents the ratio between the expected number of
turbulence reports within the area and the number of times the area is being
sampled by aircraft flying through during a time unit. In our study, a grid box of 40
x 40 NM and a time unit of one day is used to express air traffic density; the area is
equal to that used by Sharman et al. [12].
By using Reynolds averaging (e.g., [15]) the expected number of turbulence
reports within the area Sq and during the time interval ∆t can be written as:
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where < > designates the time averaging operator, ¯ the surface averaging operator
and r the position vector on the map plane.
Hence,
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(6)

Considering that there is no covariance of the turbulence probability and air
traffic density in the given time interval and within a defined quadrant, the second
term in (6) cancels and the time and space averaged turbulence probability within a
quadrant in a given time interval Δt can be estimated as:
pturb 

N turb
t  f a  S q

.

(7)

Recall  f a  is a space and time-averaged value of air traffic density (see
Table 1), and Nturb is the number of turbulence reports within the quadrant (see
Table 2). It follows the average value of the probability of a given turbulence class
being reported within a quadrant of area Sq, and over a time interval Δt = n months
is given by
pturb 

N turb (quadrant, n  month)
S q  n  30  day 

N acft (gridbox, day)

(8)

S gridbox  day

Considering the surface of Bucharest FIR as being 240000 km2, the
approximate surfaces of the quadrants were estimated as follows: SQNW = 48000 km2,
SQNE = 56000 km2, SQSE = 80000 km2, and SQSW = 56000 km2. Also, the surface of
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the grid box used to define the air traffic density can be approximated to 5000 km2,
hence from (8), we obtain:
pturb 

N turb (quadrant, n  month)
S q  n  30 

(9)

N acft (gridbox, day)
5000  km

2

Table 1
Average air traffic density per quadrant at FL200 and above in 2018 (unit: aircraft/day/1600 NM2 ≈
aircraft/day/5000 km2), data source: NEST
Average daily air traffic density
Annual
Winter
Summer

QNW
874
709
1038

QNE
159
64
254

QSE
686
602
771

QSW
840
615
1065

4. RESULTS AND DISCUSSIONS

Table 2 below shows the distribution of (MOG) reports at FL200 or above.
The maximum number of reports for both categories is in the SW quadrant, and
most of the reports are located in the western half of the domain.
Out of the 95 reports of severe turbulence (CAT) FL 200 or above, as shown
in Table 3, the most (41) were reported in the SW quadrant. Most of the events (62)
were recorded in the western half, compared with 33 in the eastern one. As well,
most of the MOG CAT reports were recorded during winter, while the numbers of
severe CAT reports during winter and summer were comparable.
Table 2
Number of moderate and severe turbulence reports at FL200 and above per quadrant (478 reports),
number of similar reports during winter (DJFM) and summer (MJJA)
MOG
Total: 496
Winter: 220 (9 months)
Summer: 118 (8 months)

QNW
105
37
34

QNE
44
27
7

QSE
151
87
24

QSW
196
69
53

Table 3
Number of severe turbulence reports at FL200 and above per quadrant (95 reports), number of similar
reports during winter (DJFM) and summer (MJJA)
SEVERE
Total: 95
Winter: 34 (9 months)
Summer: 35 (8 months)

QNW
21
2
12

QNE
9
7
1

QSE
24
14
4

QSW
41
11
18
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By applying (9), we obtained approximate values for the (temporal and spatial)
average probability of various turbulence categories reported within the four quadrants.
These results are summarized in Tables 4–9.
Table 4
Average annual probability of moderate and severe (MOG) turbulence being reported at FL200 and
above per quadrant (unit = 10–5), based on average traffic density values in 2018
QNW: 1.7
QSW: 2.9

QNE: 3.4
QSE: 1.9
Table 5

Average summer probability of moderate and severe turbulence being reported at FL200 and above
per quadrant (unit = 10–5), based on average traffic density values in summer 2018
QNW: 1.3
QSW: 1.6

QNE: 0.9
QSE: 0.7
Table 6

Average winter probability of moderate and severe turbulence being reported at FL200 and above per
quadrant (unit = 10–5), based on average traffic density values in winter 2018
QNW: 2.3
QSW: 4.2

QNE: 15.6
QSE: 3.8
Table 7

Average annual probability of severe turbulence being reported at FL200 and above per quadrant
(unit = 10–5), based on average traffic density values in 2018
QNW: 0.3
QSW: 0.6

QNE: 0.7
QSE: 0.3
Table 8

Average summer probability of severe turbulence being reported at FL200 and above per quadrant
(unit = 10–5), based on average traffic density values in summer 2018
QNW: 0.4
QsW: 0.6

QNE: 0.1
QsE: 0.1
Table 9

Average winter probability of severe turbulence being reported at FL200 and above per quadrant
(unit = 10–5), based on average traffic density values in winter 2018
QNW: 0.1
QSW: 0.7

QNE: 4.1
QSE: 0.6

We note that if there is a positive covariance domain within the averaging
domain between the turbulence probability and air traffic density, then equation (6)
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shows that the approximate relation (7) overestimates the average probability of
turbulence. Conversely, the average turbulence probability is underestimated if that
correlation is negative. For instance, in QNE, the apparent negative correlation
between the air traffic density (lower in winter) and the turbulence probability
(higher in winter) signifies that the annual turbulence probability in this quadrant is
underestimated.
For moderate and severe turbulence reported at FL200 and above, the
obtained value of the averaged probability over the entire flight information region
(Bucharest FIR) was 2.5 ∙ 10–5. The value is very close to that of the average
climatological frequency of EDR values over 0.5 m2/3 s–1 (previously considered as
moderate turbulence threshold by ICAO) within the USA airspace at FL200 and
above determined by Sharman et al. [12], as shown in Fig. 4.
The order of magnitude of the probability of severe turbulence reports at
FL200 and above (10–6) was the same as that of the average climatological
frequency of peak EDR values over 0.7 m2/3 ·s–1 within the USA airspace at FL200
and above (Fig. 4).

Fig. 4 – Probability distribution function (PDF) of peak EDR (ε1/3) as sampled routinely by aircraft
flying at altitudes ≥FL200 within the US airspace between 2004–2013.
Adapted from [12], their Fig. 10.

The probability estimates of MOG turbulence at FL200 and above (Fig. 5)
were one magnitude order lower (10–5) than the probability of peak EDR exceeding
0.4 m2/3 ·s–1 within the USA airspace at FL200 and above (10–4, Fig. 4). The same
order of magnitude was reached in conditions favoring MWT in the NE quadrant
during winter, as further discussed in this section.
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Fig. 5 – Annual CAT probability (severe, MOG) in the four quadrants of Bucharest FIR.

The probability of severe turbulence reports at FL200 and above had the
same order of magnitude (10–6) as the frequency of peak EDR values exceeding the
ICAO severe turbulence threshold (0.7 m2/3 ·s–1) [14], which would be expected if
EDR climatology for the USA area applied for the Romanian airspace (Fig. 4).
The winter estimates of MOG CAT probability were higher than the values
found in summer for all quadrants (Fig. 6, Fig. 7), confirming the seasonal variation
pattern found in the USA by Sharman [12].

Fig. 6 – Winter (left, unit: 10–5) and summer (right, unit: 10–6) probability of CAT (SEV, MOG)
in the four quadrants of Bucharest FIR.

For severe CAT, this variation pattern remained only in the eastern quadrants,
whereas in the western quadrants, the summer probability was comparable with the
winter probability, even higher in QNW. The reason for this exception lies with the
synoptic context of the summers within the studied interval, as explained below.
Over the study interval, the most turbulent quadrants in Bucharest FIR were
QNE and QSW (Fig. 5). One of the possible types of turbulence occurring during the
study interval can be the orographically induced turbulence, taking into account
that, considering the prevailing westerly winds and the topography of Romania,

11

Study of CAT occurrence probability in Romanian airspace

Article no. 704

this region often meets the conditions of orographic wave formation [7, 8, 21, 22].
Wolff and Sharman [10] showed that moderate to severe orographic turbulence is
typically found where the obstacle height is more than 1.500 m, a condition locally
met all over the Romanian Carpathians.

Fig. 7 – Winter and summer CAT probabilities in the four quadrants of Bucharest FIR
(left: MOG CAT, right: severe CAT).

The meridianal orientation of Eastern Carpathians, quasi-orthogonal to the
mid-latitude westerly airflow, makes this mountain chain an effective generator of
MWT, especially during the winter season when the mid-tropospheric westerly
flow intensifies. The assumption is supported by an analysis of the context of the
high probability of turbulence in QNE during winter when the probability of MOG
and severe CAT was the highest in Bucharest FIR, an order of magnitude higher
than the typical CAT probability values (10–4 vs. 10–5). During DJFM 2018, orographic
turbulence was favored in QNE, as the 700 hPa anomalous wind was almost
perpendicular to the Eastern Carpathians mountain range (Fig. 8). Therefore, it is
likely that the high winter probability of MOG and severe CAT in QNE was mainly
due to orographic turbulence related to lee waves and mountain wave breaking.

Fig. 8 – 700 hPa wind vector (m/s) composite anomaly vs. 1981–2010 climatology, NCEP/NCAR
reanalysis; the arrow shows the direction and the color shading the speed of the wind anomaly
(m/s, as indicated on the color bar) (data source: https://psl.noaa.gov).
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In QNW and QSW, the probabilities of severe turbulence are very similar in
winter and summer, not exhibiting the seasonal variation pattern of MOG
turbulence probability and severe turbulence probability from QNE and QSE. In the
QNW and QSW quadrants, the topography was not favorable for mountain waves
development, as the cross-mountain flow anomaly was low (Fig. 8).
Moreover, the distribution of precipitation anomaly (Fig. 9 left) and outgoing
longwave radiation (OLR) anomaly (Fig. 9 right) during the summers of 2017–2018
suggest a significant NCT summer contribution in these quadrants. Indeed, in central
Europe, the observed increases in precipitation during summer are mainly due to an
excess of convective precipitation [23], and therefore a positive precipitation
anomaly is a proxy for enhanced convection.

Fig. 9 – Surface precipitation rate (mm/day, left) (left) and OLR (W·m–2, right) composite anomalies
for June – August 2017, 2018, shaded as indicated on the color bars (data source: https://psl.noaa.gov).

Also, cold top clouds exhibit low outgoing longwave radiances (OLR), so a
negative OLR anomaly is a proxy for an enhanced convective activity during
summer. Therefore, the fact that during the summers of 2017–2018, QNW and QSW
were the only quadrants affected by positive precipitation and negative OLR
anomalies supports the hypothesis that in the two quadrants NCT was the main
contributor to a relatively high level of turbulence probability during summer. We
note that this NCT contribution was to the severe turbulence domain.
5. CONCLUSIONS

The average values of severe turbulence probability obtained in Bucharest
FIR during the studied interval are close to the exceedance probability values for
the relevant EDR thresholds established by ICAO [14] that were obtained for the
USA airspace [13], which is an indirect confirmation of the validity of the ICAO
EDR threshold for severe turbulence.
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Regarding the moderate and severe turbulence, the estimated average probability
obtained for Bucharest FIR during the studied interval is very close to the exceedance
probability obtained by Sharman [13] for a threshold value of 0.5 m2/3 s–1.
The probability estimates of moderate and severe turbulence at FL200 and
above were one magnitude order lower than the probability of peak EDR exceeding
the ICAO moderate threshold value [14] within the USA airspace at 6100 m (FL200)
and above. The same order of magnitude was reached in conditions favorable for
mountain wave turbulence in QNE.
The estimates of MOG CAT probability in Bucharest FIR confirmed the
seasonal variation pattern shown by existing turbulence climatologies, with a
maximum in winter.
The study results confirm the significant contribution of topography as a
generating factor for CAT in Bucharest FIR, in terms of a significant increase of
CAT probability when the flow anomaly favored orographically induced turbulence
(MWT) in the north-eastern quadrant.
NCT, although less obvious, was still a significant contributor to severe
turbulence during summer in enhanced convection conditions, reversing the observed
seasonal variation pattern for severe CAT probability in QNW.
A statistical study regarding the types of CAT and constructing a turbulence
climatology for the Romanian airspace are to be considered as future developments
of the present study.
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