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Abstract

Foehn is an extreme weather event caused by high wind gusts and its
forecasting is still a challenge. The foehn in Bulgaria is observed on the northern
slopes of the mountains. The foehn in Sofia occurs after the air mass passes
over Vitosha and Lulin mountains. Foehn days in Sofia are selected using as
criteria the surface temperature, relative humidity and wind direction. For the
period 1993-2014 there are 136 foehn days. For 55.9% the wind gust is between
14 and 19 m/s corresponding to yellow Meteoalarm code, 14.7% are with gusts
20-29 m/s (orange code), and 1.5% are with gusts over 30 m/s (red code). For
the foehn days the upper-air flow at mountain peak Cherni Vrah is in 47.4%
of the days from 202° direction and in 36.8% from 225°. Orange code days
are 55.0% with wind direction 225° at Cherni Vrah, while for red code it is
180°. Cherni vrah-Sofia Stability Index is computed and found to have high
sensitivity to foehn/no foehn conditions. The case studies in 2010 show that
the Index decreased by 20% with foehn start, and increased by up to 29% after
the foehn. For the foehn days a manual circulation classification is created
with 4 circulation classes. The circulation class I with Mediterranean cyclones
passing over Hungary, results in 51.3, 65.0 and 100.0% of the days with yellow,
orange and red code, respectively.
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Introduction. The warm and dry wind blowing on the lee side of a moun-
tain, is observed in mountainous regions globally and is referred to as foehn. Foehn
gusty wind is an extreme weather event and its forecasting is still a challenge for
operational weather forecasting. Due to its local occurrence the number of foehn
studies is limited to the mountain regions. Studying the Altdorf foehn [1,2| con-
clude that: 1) there is not a pronounced long-term trend in the foehn frequency
over 150 year period, 2) there is considerable year to year variability with an
average of 60 foehn registrations per year and a maximum of 114 registrations
(1872) and a minimum of 27 registrations (1955), and 3) the foehn frequency has
a pronounced seasonal cycle. A review of the Andean foehn (zonda) in Argentina
[3] covers: 1) empirical observational methods, 2) synoptic elements for forecast-
ing, 3) probabilistic method, and 4) Numerical Weather Prediction models and
concludes that “as in the European Alps, the skills of experienced forecasters fa-
miliar with the local and regional situations are still an important prerequisite
for a successful forecast”. NORTE [4] defines zonda wind categories based on the
maximum gust as follows: 1) moderate with the maximum gust less than or equal
to 18 m/s, 2) severe for maximum gust between 18 and 25 m/s, 3) very severe
with gust between 25 m/s and 33 m/s, and 4) extremely severe with the gust
greater than 33 m/s. The foehn in Bulgaria is observed on the northern slopes of
the mountains, as a result of a warm air mass advection from the south and south-
west. Its occurrence is highest north of the Vitosha and the Balkan Mountains.
One way to facilitate the operational weather forecasting is via development of
indices which provide guidance for particular meteorological phenomena.

A probabilistic method, developed by MeteoSwiss, using two pressure gradi-
ents across the Alps and a pressure tendency, called Widmer’s foehn index [5], is
reported to be reliable for 36 h forecast [2]. OTERO et al. [6] aim at obtaining
an index for predicting the probability of zonda occurrence from using radiosonde
data at Mendoza (Argentina). Surface zonda wind events are selected based on an
objective classification method. A principal component analysis is used to identify
the leading patterns of the vertical structure of the atmosphere before a zonda
occurrence. The entry matrix for the analysis includes: 1) temperature, and 2)
dew point temperature anomalies for the standard levels between 850 and 300
hPa [6]. The analysis yielded six significant components explaining 94% of the
variance. A zonda/no zonda index is estimated combining temperature and dew
point temperature profiles with regional climatology. The zonda index efficiency
is reported to be 74.7% and increased to 87.8% when surface observations were
added.

In operational forecasting in Bulgaria the first index developed by STOY-
CHEVA and EvTiMOV |7] named Cherni vrah-Sofia Stability Index (SSI) is based
on Brunt—Vaisala frequency concept and estimates the strength of the static sta-
bility of the atmosphere over Sofia during fog. This index is currently being tested
in an operational environment.
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In the last two decades atmospheric remote sensing using Global Navigation
Satellite Systems (GNSS) became widely used for monitoring high temporal and
spatial variability in atmospheric water vapour. GNSS atmospheric remote sensing
in Bulgaria started with development of the Sofia University Atmospheric Data
Archive (SUADA, [8]). SUADA data is used for case studies of thunderstorm
diagnosis for Sofia [9] as well as fog. The GNSS derived water vapour is an integral
characteristic of the air mass above the station and its temporal variation provides
additional information about air mass transformation during foehn. This study
aims to provide quantitative evaluation of the atmospheric conditions leading to
foehn in Sofia with particular focus on the foehn events with issued Meteoalarm
warning.

Observations and data. Foehn criteria. To select the days with foehn,
observations from the SYNOP Sofia station for the period 1993-2014 are anal-
ysed. Synoptic observations are made every 3 hours following the standards and
recommendations of the World Meteorological Organization. The proposed by [10]
quantitative criteria for foehn selection are used to select the foehn days. They
are as follows: 1) south wind (112-247°) and its increase by at least 5 m/s in 3
hours, 2) sharp increase of the temperature by 5 °C or more in 3 hours, and 3)
decrease of relative humidity by more than 20% in 3 hours. As a part of European
extreme weather alert, the Meteoalarm system is developed for EUMETNET, the
Network of European Meteorological Services. The National Institute of Meteo-
rology and Hydrology (NIMH) started to issue Meteoalarm warnings in 2010. The
Meteoalarm provides information about the possible occurrence of severe weather,
such as heavy rain with risk of flooding, severe thunderstorms, strong winds, heat
waves, forest fires, fog, snow or extreme cold with blizzards, avalanches or severe
coastal tides. The alarm is coded in three colours — yellow, orange and red and
presented on the website maps [12]. In calm conditions the colour code is green.
NIMH issues wind gust warnings as follows: 1) yellow 14-19 m/s, 2) orange 20-30
m/s, and 3) red above 30 m/s. In this work a manual circulation classification for
foehn days in Sofia presented in [13] is used. It is based on analysing the synop-
tic conditions using the archive of National Centres for Environmental Prediction
[11].

Modified Cherni vrah-Sofia Stability Index and Equivalent Poten-
tial Temperature. In this study the proposed by [7] Cherni vrah-Sofia Stability
Index (SSI) is used. SSI is defined as:

1+ AT/17
1 SSI =
( ) \/1 + Tch.vr‘ah/273-157

where AT is the temperature difference between Cherni vrah and Sofia NIMH,
and Tgp oran 18 surface air temperature at station Cherni vrah in degrees Celsius.
The scaling factor of 17 reflects the altitude difference of Sofia-Cherni vrah which
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is 1700 m. In this work a modified SSI (SSI*) is proposed to take into account
that during the foehn conditions the temperature lapse rate is higher than 10 °C
for 1 km. The modified SSI* is calculated with scaling factor 22 as follows:

o) SSI*:\/ 1+ AT/22

1+ Tch.vrah/273-15 '

The scaling factor 22 is selected based on assumption of super-adiabatic tem-
perature lapse rate. BYRAM and HACKMAN [18] report that super-adiabatic lapse
rate for foehn registration is Switzerland. The super-adiabatic lapse rate during
foehn is the result of dry adiabatic lapse rate warming during air descent on the lee
side of the mountain in combination with surface heating in the lower troposphere
in the afternoon hours. In addition, Equivalent Potential Temperature (EPT) is
calculated following [14,15].

GNSS tropospheric products. In this work we use GNSS tropospheric
products from station Sofia — Plana (SOFI). The International GNSS Service
(IGS) tropospheric products for SOFI are produced with Bernese GPS Software
5.0 using precise point positioning. The IGS processing strategy is presented
in [19]. The tropospheric product from GNSS processing used in this work is
Zenith Total Delay (ZTD). In [8] a detailed description of Integrated Water Vapour
(IWV) computation and pressure difference correction is presented.

Results. Foehn in Sofia: 1993-2014. Figure la shows the number of
foehn days in Sofia per year. The years with the maximum number of days are
1999 and 2014 followed by 2005 and 2012, while the minimum are during 2005 and
2012. There is a tendency to reduce the number of days with foehn after 2003.
The average number of days for the period 1993-2003 is 7.2, while for 2004-2014
it is 5.2, i.e. 2 days less. This is explained in [16]. As seen in Fig. 1b the month
with the highest number of foehn days is March (26) followed by December (14),
January and February (12). Figure 1c shows the number of foehn days depending
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Fig. 1. Number of days with foehn in Sofia for the period 1993-2014: a) per year, b) per
month, and c) per wind gust code: green (below 14 m/s), yellow (14-19 m/s), orange (20-30
m/s) and red (over 30 m/s)
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on the wind gusts in Sofia. In 56.6% of the days it is between 14 and 19 m/s,
corresponding to yellow Meteoalarm code. In 14.7% the average wind gust is
20-30 m/s, which corresponds to the orange code, and in 1.5% of the days it is
above 30 m/s (red code). The wind gusts over 30 m/s were observed only twice.
The highest registered wind gusts are 30 m/s in 1997 and 2000. In the period
studied by [10] the maximum wind gust is 35-37 m/s. The prevailing wind gusts
are between 15 and 20 m/s with no clear distinction of the wind gusts by years,
i.e. for one year it varies with a wide range.

SSI (SSI¥), EPT and IWYV during foehn. The SSI is developed to ana-
lyze fog conditions in Sofia. It is found that SSI increases with fog formation and
decreases with fog dissipation. In this work SSI and modified SSI* are computed
for foehn registrations in the period 1993-2014. The index is suitable for this type
of weather events as it takes into account differences in the temperature gradient.
Unlike fog, where SSI values are higher than 0.8, during foehn they are lower than
0.8. In Fig. 2a the SSI (black line) and EPT (grey dashed line), are presented
for year 2010. The grey bars are the wind gusts following Meteoalarm coding. As
seen in Fig. 2a, SSI is in the range from 0 to 1 but for each measurement it could
not be calculated. This is the reason to propose the modified index SSI* with
scaling factor 22. The SSI* takes into account that the temperature gradient rises
by more than 1°/100 m during foehn, i.e. it accounts for super-adiabatic temper-
ature lapse rate. A clearly seen tendency is that during foehn SSI* decreases and
reaches its minimum value and then, with its increase, the foehn ends. Very high
sensitivity of SSI*is seen for the foehn free intervals between 8 and 10 November
2010 (Fig. 2a) but also others. In many of the foehn days SSI* increase starts
before the foehn’s end, which can be used for early guidance in operational fore-
casting. The statistics for the 22-year period of SSI*during foehn conditions gives:
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Fig. 2. a) SSI (green line), SSI* (yellow line), EPT (red dashed line), grey bars for
Meteoalarm code for 2010, and b) IWV (blue line), SSI* (yellow line), and grey bars
for the Meteoalarm wind gust
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1) lowest value of 0.11, 2) highest value of 0.83, 3) mean of 0.52, and 4) 25 and
75 percentile of 0.46 and 0.6. It is clearly seen that SSI* values below 0.52 (black
horizontal line) are obtained also for days without foehn. This is an indication
that SSI*alone could not be used to distinguish between foehn/no foehn condi-
tions. In most of the foehn events EPT (dashed red line in Fig. 2a) reaches its
maximum value during foehn.

The first study of the Integrated Water Vapour (IWV) during foehn is made
by [17]. For five foehn events in 2010, SSI* has local minimums during foehn
and demonstrates high sensitivity for foehn free intervals on 8 and 9 November
(Fig. 2b). The IWV minimum corresponds to SSI* minimum only on 2 January
2010. For the remaining four events in 2010, the IWV temporal variability before,
during and after the foehn does not have a clear tendency. Thus, it is confirmed
that the SOFI station does not register the air mass, which is transformed by
passing over Vitosha mountain. The GNSS station location and the IWV values
suggest that the air mass is likely passing around Vitosha mountain and not drying
substantially.

Wind direction at Cherni vrah. To study the upper-air flow the surface
observations at Cherni vrah situated at about 2300 m a.s.l. are used. In particular,
the wind direction at Cherni vrah is investigated for the foehn days in Sofia for
the period 1993-2014. As shown in Table 1 the major wind directions at Cherni
vrah are 202° and 225° (southwest), with 41 and 39 days (41.8% and 39.8%),
respectively. The wind direction at Cherni vrah from 157° to 180° is recorded for
11 days (about 11.2%) and 7 days (7.1%) with wind direction 247-270°. Further,
the wind direction at Cherni vrah is analyzed based on the Meteoalarm criteria,

Table 1

Wind direction at Cherni Vrah, Number of Days (NoD) and percentage for yellow code (lines
2 and 3), orange code (lines 4 and 5) and red code (lines 6 and 7) warning of Meteoalarm
system. The period is 1993-2014

Wind direction Ch.vrah | below 180° 180° 202° 225° above 225°
NoD total 1 10 41 39 7
% 1.0 10.2 41.8 39.8 7.1
yellow code

NoD 1 4 36 28 7
% 1.0 5.3 474 36.8 9.2
orange code

NoD — 4 5 11 —
% — 20.0 25.0 55.0 -
red code

NoD - 2 - - -
% - 100.0 - - -
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Table 2

Number of Days (NoD) and percentage with foehn in Sofia by classification type I, I and
IIT orange code (lines 4 and 5) and red code (lines 6 and 7) warning of Meteoalarm system.
The period is 1993-2014

Type Ta Ib Ic Id IIa IIb IIIa | IIIb I 1I 111
NoD 18 5 6 10 8 6 * 29 4

yellow

% 23.7 6.6 | 7.9 | 13.2 | 10.5 7.9 25.0 | 5.3 51.3 | 184 | 30.3
NoD 10 2 - 1 2 1 3 1

orange

% 50.0 | 10.0 - 5.0 | 10.0 5.0 15.0 | 5.0 65.0 | 15.0 | 20.0
NoD 2 - - - - - -

red

% 100.0 - — — — - - 100.0

used by operational weather forecasters in NIMH, for issuing warnings for yellow,
orange and red code (Table 1, rows 4-9). For yellow code in Sofia the predominant
wind direction at Cherni vrah is 202° with 47.4% of the days followed by 225°
with 36.8%. Fifty-five percent of the days with orange code in Sofia are with wind
direction at Cherni vrah 225° and all foehn events with red code are with the wind
direction at Cherni vrah 180°. The manual circulation classification of the foehn
days with yellow, orange and red code is presented in Table 2. The circulation
class I results in 51.3%, 65.0%, and 100.0% of the days with yellow, orange and
red code, respectively. In particular, class Ia is responsible for all days with red
code, 50.0% of the days with orange, and 23.7% of the days with yellow code.

Conclusions. The 22-year foehn climatology of Sofia valley gives 136 foehn
days selected by using quantitative criteria based on observed surface temperature,
humidity and wind direction. Foehn is investigated with respect to Meteoalarm
warning code criteria for wind gusts, applied in operational weather forecasting
in Bulgaria. In 55.9% of the foehn days the wind gusts are between 14 and 20
m/s, corresponding to yellow code. In 14.7% the gusts are 20-30 m/s, which
corresponds to the orange code, and in 1.5% it is above 30 m/s (red code). The
modified Sofia-Cherni vrah Stability Index (SSI*) tends to decrease, reaching its
minimum value, during foehn and increase with the foehn end. For the majority
of foehn events the SSI* increase marks the foehn end and can be used for early
guidance in operational forecasting. The mean SSI* value during foehn is 0.53 but
it is also obtained for days without foehn, which is an indication that SST* alone
could not be used to distinguish between foehn/no foehn conditions. The upper-
air flow at mountain peak Cherni Vrah shows the major wind directions 202°
and 225° (southwest) in 41.8% and 39.8% of the foehn days in Sofia, respectively.
Further, the wind direction at Cherni vrah is analysed based on the Meteoalarm
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criteria and for yellow code wind gusts in Sofia the predominant wind direction at
Cherni Vrah is 202° with 47.4% of the days followed by 225° with 36.8%. 55.0%
of the days with orange code are with wind direction at Cherni Vrah 225°, and
for all foehn events with red code the wind direction at Cherni Vrah is 180°. For
the foehn days a manual circulation classification is created with four circulation
classes. Circulation class I, Mediterranean cyclone passing over Hungary, results in
51.3, 65.0 and 100.0% of the days with yellow, orange and red code, respectively. A
detailed case study for 2010 shows that SSI* has very high sensitivity to foehn/no
foehn conditions, and for all events in 2010 it has local minimums during foehn.
The IWV on the other hand does not show clear tendency before, during and after
the foehn, and confirms previous findings that it registers the air mass passing
around the Vitosha mountain.
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