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Thessaloniki set a new absolute record maximum. The thermodynamic analysis indicated that the event took place
in an environment that could support deep thunderstorm activity. The development of this intense event was asso-
ciated with significant low-level convergence and upper-level divergence even before its triggering and a positive
vertical gradient of relative vorticity advection. The high resolution (1.667 km x 1.667 km) non-hydrostatic WRF-
ARW numerical weather prediction model was used to simulate this intense precipitation event, while the Lightning
Potential Index was utilized to calculate the potential for lightning activity. Sensitivity experiments suggested that
although the strong synoptic forcing assumed primary role in the occurrence of intense precipitation and lightning
Lightning Potential Index activity, their spatiotemporal variability was affected by topography. The application of the very fine resolution to-
Topography pography of NASA Shuttle Radar Topographic Mission improved the simulated precipitation and the calculated
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1. Introduction

On 15 July 2014, Thessaloniki and Chalkidiki in northern Greece
(Fig. 1) were affected by strong precipitation, which caused significant
problems, including flood and damages to both infrastructure and culti-
vations in the city of Thessaloniki and the surrounding regions. The me-
teorological station of the Department of Meteorology and Climatology
of the Aristotle University of Thessaloniki (AUTH), which is located near
the city center, measured 98.5 mm of rain from 21:00 UTC on 14 July to
12:00 UTC on 15 July 2014. Almost all of the total rain amount
(98.4 mm) was collected after 00:00 UTC, while the maximum rate
reached 41.0 mm in 3 h. The station of the Hellenic National Meteoro-
logical Service (HNMS) at the airport of Thessaloniki (LGTS) recorded
61 mm of rain between 00:00 UTC and 12:00 UTC on 15 July. The mea-
surement of AUTH is a record maximum, exceeding the previous abso-
lute maximum of 98 mm (Anagnostopoulou and Tolika, 2012), which
was observed in 24 November 1985. Similarly, the measurement of
LGTS exceeded the maximum daily value of 60.2 mm, which appeared
in the climatology of Kornaros (1999) for July 1959-1997. The fact
that the mean annual precipitation is 449.6 mm at AUTH
(Anagnostopoulou and Tolika, 2012) and 448.7 mm at LGTS
(Kornaros, 1999) further exhibits the severity of the event.

Previous intense precipitation events that affected Greece have been
investigated through both observational and/or modeling studies (e.g.,
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Kallos and Pytharoulis, 2005; Kotroni et al., 1997, 1999; Lagouvardos
et al.,, 1996; Papadopoulos, 2001). Such case studies offer a unique
testbed for the investigation of the performance and tuning of modern
numerical weather prediction models in extreme conditions. Kotroni
et al. (1997) have shown that convergence zones promote summer
storm activity in Greece, but, under weak synoptic flow. Lagouvardos
et al. (1996) and Kotroni et al. (1999) have pointed out the role of oro-
graphic lifting in the eastern mainland of Greece in inducing heavy pre-
cipitation and floods.

Lightning activity was associated with the event of July 2014 and af-
fected the entire region of Thermaikos Gulf and most of Chalkidiki.
Lightning discharges are among the most impressive physical phenom-
ena, but also highly lethal. They pose a serious threat to the physical en-
vironment because they are associated with wildfires, industrial
accidents and power failures (Nie et al., 2008; Peterson et al., 2010;
Renni et al.,, 2010), while they are equally dangerous to humans
(Ashley and Gilson, 2009; Rakov and Uman, 2003). A football player
died during training in Greece in November 2014, because of a cloud-
to-ground lightning strike. Papagiannaki et al. (2013) reported 20
deaths due to lightning strikes in Greece from 2001 to 2011.

During the last years, the availability of modern lightning detection
systems (e.g., ATD, LINET, WWLLN, ZEUS) has resulted to an increased
interest in their study, prediction and use. A number of studies have re-
cently appeared in the literature, investigating their statistical charac-
teristics, their relationship with topography, terrain slope and
vegetation in the Mediterranean basin and Greece (e.g., Defer et al.,
2005; Katsanos et al., 2009; Kotroni and Lagouvardos, 2008; Mazarakis
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Fig. 1. (a) The two nests (D01, D02) used by WRF-ARW in the numerical experiments and (b) the topography of the inner domain and the locations of the available stations. In panel (b):
i) the square indicates the region of interest (39.75°N-40.75°N, 22.5°E-24.0°E), ii) the numbers depict the observed 24 h accumulated precipitation (mm) from 18:00 UTC on 14 July to
18:00 UTC on 15 July 2014, iii) the black bullet indicates the location of the weather radar at Filyro, and iv) the black line depicts the area of the vertical section of Fig. 14.

etal., 2008; Nastos et al., 2014). Papadopoulos et al. (2005) developed a
technique for the assimilation of lightning observations for a regional
numerical weather prediction model, in order to improve the convec-
tive precipitation in the Mediterranean. Papadopoulos et al. (2009) suc-
cessfully applied this methodology to represent the precipitation during
a flood event. Fierro et al. (2012) assimilated total lightning data into
the Weather Research and Forecasting (WRF) numerical model during
the 24 May 2011 Oklahoma tornado outbreak and significantly im-
proved the representation of convection at both the analysis and fore-
casts. More recently, Lynn et al. (2015) used the WRF model and the
dynamic lightning model of Lynn et al. (2012), in four case studies
with different convective regimes over the U.S.A., and showed that the
assimilation of observed lightning improved the spatial distribution
and intensity of forecast lightning.

A number of indices have been proposed in order to predict the
lightning activity and not only the probability or severity of convection,
based either on statistical methods or simplifications of the lightning
physics (e.g., Bright et al., 2005; Dahl et al.,, 2011a,b; Lynn et al., 2012;
Mazany et al., 2002; McGaul et al., 2009; Price and Rind, 1992; Yair
et al., 2010). These indices may be calculated using radiosonde data,
radar measurements or numerical weather predictions. The lack of
lightning data prevented the use and validation of such techniques in
Greece until recently (Giannaros et al., 2015; Pytharoulis et al., 2012;
Yair et al., 2010).

The intense precipitation event of July 2014 and its associated light-
ning activity offered the motivation and the chance to test the perfor-
mance of the state-of-the-art WRF numerical weather prediction
model along with the Lightning Potential Index (LPI) of Yair et al.


Image of Fig. 1

1. Pytharoulis et al. / Atmospheric Research 169 (2016) 523-538 525

(2010). The first two aims of this study are: a) the examination of the
synoptic/mesoscale conditions that influenced this severe rain and
lightning event's development and b) the investigation of the forecast
accuracy of the WRF model at extremely high resolution with explicit
microphysics and the LPI to realistically predict precipitation and the
potential for lightning activity. Moreover, this incident took place in a
region with varying physiographic characteristics and complex terrain.
Although, several studies (e.g., Kotroni et al., 1999; Lagouvardos et al.,
1996) have pointed out the role of orography of the eastern mainland
of Greece in inducing heavy precipitation, Matsangouras et al. (2014)
suggested that topography may not always have a strong influence on
high impact weather events that develop under strong synoptic forcing,
even in cases of significant topographical variation. Therefore, the third
aim of this study is the investigation of the role of topography in the de-
velopment of the July 2014 event.

The following section describes the utilized data and the setup of the
numerical model. The synoptic and mesoscale analysis is performed in
Section 3, while Section 4 analyzes the numerical experiments. Finally,
conclusions are drawn in the last section.

2. Data and numerical model setup

In this study, surface and upper air measurements, lightning obser-
vations and gridded analyses were utilized along with the Weather Re-
search and Forecasting numerical weather prediction model. The
surface observations (Fig. 1b) were retrieved by the automatic weather
stations of the National Observatory of Athens (NOA) at 27 locations in
northern Greece, the meteorological station of AUTH, which is located in
the city of Thessaloniki, and the station of HNMS at the airport of
Thessaloniki (LGTS; about 12-13 km south of AUTH). The radiosonde
observations were also derived from the latter station. The lightning
data were provided by the ground-based ZEUS network operated by
NOA. ZEUS is a very low frequency (VLF) based lightning detection sys-
tem. It is capable to detect not only cloud-to-ground, but also intra-
cloud lightning discharges (Lagouvardos et al., 2009; Yair et al., 2010).
However, Lagouvardos et al. (2009) showed that ZEUS has a reduced ef-
ficiency to detect intra-cloud strokes compared to cloud-to-ground
ones. Detailed presentation of the system is given in Kotroni and
Lagouvardos (2008) and Lagouvardos et al. (2009).

Precipitation data were also available from the C-band weather
radar of 3D S.A. company (http://www.3dsa.gr), which is located at
Filyro (40.672°N, 23.014°E) northeast of Thessaloniki (Fig. 1b). The
data were disseminated and used up to a radius of 100 km because of
the existence of high topography at larger distances. This radar is oper-
ationally used by the Greek Agricultural Insurance Organization in the
hail suppression program which runs from spring to autumn each
year since 1984 (Karacostas, 1984). The precipitation estimation was
based on radar reflectivity measurements using the Marshall-Palmer
relationship with constant values a = 200 and b = 1.3. These constants
were derived after calibration that took place by the Meteorological Ap-
plications Department of the Greek Agricultural Insurance Organization
(Sioutas and Rudolph, 1993), to fit summertime convective rainfall in
Northern and Central Greece. The precipitation amounts were interpo-
lated from the radar grid (750 m x 750 m) to the mesh of WRF-D02
through the Climate Data Operators (CDO) software using the first
order conservative remapping that conserves the total amount of rain
which has fallen in an area.

The observations were combined with gridded surface and upper-
air analyses of the European Centre for Medium-Range Weather Fore-
casts (ECMWEF). The analyses were retrieved near and at the surface
and on isobaric surfaces at 6-hourly intervals on a regular 0.125°
lat. x 0.125° lon. grid.

The nonhydrostatic Weather Research and Forecasting model with
the Advanced Research dynamic solver (Version 3.5.1) was utilized in
the numerical experiments (Skamarock et al., 2008; Wang et al.,
2013). Two interactive model domains covered the wider area of the

Balkan peninsula (DO1; Fig. 1a) and northern Greece (D02; Fig. 1b) at
horizontal grid-spacing of 5 km and 1.667 km, respectively. The inner
domain was two-way nested to its parent one. Following Mass et al.
(2002), a very fine resolution was employed in D02, in order to provide
a more accurate representation of the meteorological conditions in the
area of interest, which is characterized by significant variability of the
physiographic characteristics and terrain. The operational analyses of
the European Centre for Medium Range Weather Forecasts at 6-hourly
intervals (0.125° x 0.125° lat.—long.) were used as initial and boundary
conditions of the coarse domain in the numerical experiments. The sea-
surface temperatures were provided by the National Centers for Envi-
ronmental Prediction (NCEP) at a fine horizontal grid increment of 1/
12° x 1/12° lat.-long. (~0.083° x 0.083°), and remained fixed to the ini-
tial values throughout the forecast horizon. In the vertical, both nests
employed 51 sigma levels (up to 50 hPa) with increased resolution in
the boundary layer.

Fine resolution data were used for the definition of topography at both
nests. The topography of the control run was derived from the United
States Geological Survey (USGS) at a resolution of 30 arc sec x 30 arc
sec lat.-long. The very fine resolution dataset (3 arc sec x 3 arc sec lat.—
long.) of NASA Shuttle Radar Topographic Mission (SRTM) was employed
in the second numerical experiment. These data were retrieved from the
Consortium for Spatial Information (CGIAR-CSI) of the Consultative Group
for International Agricultural Research (CGIAR), which has subjected the
original SRTM data to a number of processing steps to create and offer a
post-processed 3 arc sec x 3 arc sec (latitude-longitude) topography
dataset for the globe (http://srtm.csi.cgiar.org).

The RRTMG (rapid radiative transfer model application for global cli-
mate models) (lacono et al., 2008), the Monin-Obukhov (MM5) and the
Yonsei University (YSU; Hong et al., 2006) schemes were used in all
nests to represent longwave/shortwave radiation, surface layer, and
boundary layer processes, respectively. The YSU scheme and its preced-
ing version of Hong and Pan (1996) have been used for precipitation
forecasting over the complex terrain of Greece (e.g., Mazarakis et al.,
2009; Bartzokas et al., 2010; Efstathiou et al., 2013; Sindosi et al.,
2015) and worldwide (e.g., Hong et al., 2006). Efstathiou et al. (2013)
examined the sensitivity of the WRF model rainfall predictions to the
choice of boundary layer schemes, through the simulation of an excep-
tionally heavy rainfall event over Chalkidiki in northern Greece. They
showed that configurations using YSU scheme provided better statisti-
cal scores for heavy precipitation than the ones with Mellor-Yamada-
Janjic boundary layer scheme. The soil processes were represented by
the NOAH (NCEP/Oregon State University/Air Force/Hydrologic Re-
search Lab) Unified model (Chen and Dudhia, 2001) in four layers
(0-10, 10-40, 40-100, and 100-200 cm). Cumulus convection was pa-
rameterized only in the outer nest (D01) by the most recent version
of the Kain-Fritsch scheme (Kain, 2004). The WRF Single-Moment 6-
class scheme (WSM6; Hong and Lim, 2006), which includes separate
variables for cloud water, rain, ice, snow and graupel, was employed
at both nests in order to parameterize the microphysical processes.
This scheme is suitable for the calculation of the lightning potential be-
cause it calculates the masses of liquid water, ice, snow and graupel.

Each numerical experiment had a horizon of 30 h and was initialised
at 12:00 UTC on 14 July 2014 (i.e., about half a day before the onset of
the event). The initialization time was selected in order to allow enough
time for the model spin up. The model outputs were retrieved at 5 min in-
tervals, so as to provide sufficient time resolution for the detection of the
convective storms and the estimation of lightning potential and strikes.

3. Synoptic and mesoscale analysis
3.1. Description of the event
The lightning activity during the first half of 15 July 2014 in

Thermaikos Gulf, Thessaloniki and Chalkidiki was characterized by
two bursts. The first convective storms with lightning developed over
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Fig. 2. a, b) The locations of the observed lightning strikes from 03:00 UTC to 03:59 UTC and from 06:00 UTC to 06:59 UTC on 15 July 2014, and (c) the timeseries of the hourly number of
the observed lightning strikes in the area between 39.75°N-40.75°N and 22.5°E-24.0°E (Zeus data). In panel (c), the number of lightning at each hour T corresponds to the period from
T:00 to T:59 UTC time.
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Fig. 3. 24-hour accumulated precipitation (18:00 UTC 14 July to 18:00 UTC 15 July 2014) estimated from the weather radar at Filyro. The color scale indicates the precipitation amount in
mm. The location of the radar is depicted in Fig. 1b.
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the land northwest of the city of Thessaloniki and in the Gulf of
Thermaikos between 01:00 and 02:00 UTC. Two hours later (between
03:00-03:59 UTC), thunderstorms affected the entire area of
Thessaloniki and the Thermaikos Gulf (Fig. 2a) and the total number
of strikes rose to 288 (Fig. 2c) in the area of interest (39.75°N-
40.75°N, 22.5°E-24.0°E). In the following hours, the main center of
lightning activity moved over Chalkidiki, while it continued to affect
the wider area of Thessaloniki (Fig. 2b). The maximum hourly number
of strikes (341) was observed between 06:00 and 07:00 UTC in this re-
gion. Their total number during the event (01:00-09:59 UTC) was equal
to 1451, which corresponds to a density of 1 strike per 10 km?.

The locations of Thessaloniki, Chalkidiki and the Gulf of Thermaikos
were affected by intense precipitation and lightning. Thus, in this study,
the area of interest was considered to extend from 39.75°N to 40.75°N
and from 22.5°E to 24.0°E (Fig. 1b). Small changes to its size would affect
the total number of strikes, but not the conclusions about the evolution
of the event. Moreover, the use of a much larger or smaller area was
avoided, because in the former case the lightning of the surrounding re-
gions would be erroneously considered, while in the latter case the ac-
tual activity would not be represented adequately due to its spatial
extent (Fig. 2) and possible location errors by Zeus system (~6.8 km;
Lagouvardos et al., 2009).
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Fig. 4. a) Temperature (°C; shading), geopotential height (gpm; contours) at 500 hPa and wind vectors (>30 m/s; in red color) at 250 hPa, and b) divergence (x10~° s~ !; shading) and
wind vectors at 950 hPa, at 00 UTC, 15 July 2014. In panel (a), the thick red line at 23°E indicates the location of the vertical section of Fig. 5. The vectors below each panel correspond to the

reference wind speed of 50 m/s and 10 m/s (ECMWF analyses).
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Table 1

The Mean Error (ME; model — observation), Mean Absolute Error (MAE) and Root Mean
Square Error (RMSE) of the WRF-D02 simulated mean sea-level pressure (mslp), 2 m tem-
perature (T2m), 2 m relative humidity (RH2m) and 2 m dew point temperature (Td2m) at
the locations of the 27 NOA stations and LGTS from 18:00 UTC on 14 July (T + 6 h) to
18:00 UTC on 15 July 2014 (T + 30 h) in the control simulation (experiment 1). The inter-
polation method of distance weighted mean (from the values of the 4 surrounding
gridpoints) was utilized to derive the forecast values at the location of each station. The
values in brackets indicate the lower and upper limits of the confidence interval at the
95% significance level.
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and northwest of the area of interest in the same period (e.g., 35 mm
at Veroia, which is located about 62 km west of AUTH). In agreement
with the station observations, the radar estimated precipitation showed
intense precipitation above 30-40 mm in large regions of Thessaloniki,
Thermaikos Gulf and western Chalkidiki (Fig. 3). More locally, in the
areas near the city and the airport of Thessaloniki daily precipitation
amounts of 60 mm or above were calculated. It is noted that the station
measurements of 42.2 mm and 29.4 mm at the western and central pen-
insula of Chalkidiki (Fig. 1b) are not in agreement with the radar data.

Parameter ME MAE RMSE Therefore, the radar derived precipitation was not used: i) over and be-

mslp (hPa) 0.5(0.37,0.63) 14 (131, 1.49) 1.8 (1.74,1.94) tween the western and central peninsula of Chalkidiki (Kassandra and

Elz_g‘ (K()A) ;8 50'215;']3)3 o 1;'2 85723’51.1923.2}8) ]g-i 232’62‘14;17) Sithonia, respectively) southeast of the radar, due to the mountains lo-
m (% —9.0 (—9.93, —8. . E . s . .

Td2m (K) —13(—145—120) 18 (172 1.90) 22 (2.13,235) cated in this direction, and ii) in the cone of silence.

The precipitation exhibited a significant spatial variability in north-
ern Greece (Figs. 1b, 3). This is frequently observed in convective events.
The station of the Department of Meteorology and Climatology of AUTH
(very close to the town center) recorded the maximum value of
98.5 mm, from 18:00 UTC on 14 July to 18:00 UTC on 15 July 2014.
The maximum rate reached 41 mm/3 h in each one of the periods
00:00-03:00 UTC and 06:00-09:00 UTC on 15 July 2014. These high in-
tensities, as well as the extreme total amount of precipitation, were re-
sponsible for the floods in Thessaloniki. Regarding other locations in the
area of interest, large amounts were also observed at the airport of
Thessaloniki — LGTS (61.0 mm) and at Kassandria (42.2 mm),
Marmaras (29.4 mm) and Polygyros (27.6 mm) in western and central
Chalkidiki. Amounts of 98.4 mm at AUTH and 61.0 mm at LGTS were
measured between 00:00 and 12:00 UTC on 15 July. Fig. 1b shows that
large amounts, in excess of about 25 mm, were also measured north

ao
0.9
0.8

3.2. Synoptic analysis

Over the two days prior to the precipitation/lightning event of this
study, the synoptic situation in the central and eastern Mediterranean
Sea was dominated by the passage of two mid-tropospheric troughs,
with the second one being responsible for the severe weather. At
500 hPa, the second trough appeared between France and Italy at 00
UTCon 14 July 2014 and in the following hours it moved southeastward
along Italy while it was transformed into a closed low. The system was
located over the southern Adriatic Sea and the northern Ionian Sea at
00 UTC on 15 July (Fig. 4a), just before the onset of the lightning activity
in the area of interest and the intense precipitation in Thessaloniki. Af-
terwards, the center of the closed low moved over central and northern
Greece and colder air masses (of about —13 °C) were advected at
500 hPa over the area of interest.
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Fig. 7. a) Probability of Detection (POD) and False Alarm Ratio (FAR), and b) Equitable Threat Score (ETS) and Heidke Skill Score (HSS), of the 24 h simulated accumulated precipitation
(WRF-D02) from 18:00 UTC on 14 July (T + 6 h) to 18:00 UTC on 15 July 2014 (T + 30 h) in the three experiments for different Distances (km) at the threshold of 60 mm. The confidence
intervals at the 95% significance level are also plotted.
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In the upper troposphere, the jet-stream was located above the mid-
tropospheric baroclinic zone south of the closed low at 00 UTC on 15
July (Fig. 4a). At that time, the area of interest was located at the left
flank of the jet-stream exit and its divergence reached about
15-10~° s~ ! at 250 hPa. The indirect secondary circulation that arises
at the exit of the jet streams is associated with upwards motions and
upper level divergence at its left flank. Fig. 5 shows that upward veloc-
ities, up to about —50 to — 60 hPa/h, occurred throughout the tropo-
sphere over the area of interest at 00 UTC on 15 July.

At mean sea-level, the combination of the stationary low pressure
system of the Anatolian plateau with the higher pressures to the west
resulted to an almost north-south orientation of the isobars over the
Aegean sea (not shown). The low-level wind pattern resembled the Ete-
sian winds with easterly-northeasterly, northerly and northwesterly
flow over northern, central and southern Aegean sea (Fig. 4b), respec-
tively. Fig. 4b also shows strong low-level convergence zones (up to
about —18-107> s~ ! at 950 hPa) over the Thermaikos Gulf and
Chalkidiki at 00 UTC on 15 July, induced by the abovementioned synop-
tic flow. Kotroni et al. (1997) have shown that convergence zones pro-
mote summer storm activity in Greece, but, under weak synoptic flow.

3.3. Thermodynamic structure of the troposphere

The radiosonde ascent at the airport of Thessaloniki, which took
place at 00 UTC on 15 July 2014 (not shown), exhibited the existence
of conditional instability from the surface up to 600 hPa, while the tem-
perature followed the moist adiabat above that level. The convective
available potential energy (CAPE) exhibited a large value (1386 J/kg)
and the convective inhibition (CIN) was — 61.5 ]J/kg. The University of
Wyoming provided access to the radiosonde data and calculated the
thermodynamic variables. Therefore, the thermodynamic structure of
the atmosphere was favorable for strong and deep convection (up to
about 233 hPa). However, a mechanism was necessary in order to sur-
pass the negative energy region and lift the air mass up to the level of
free convection.

The widely used instability indices K and LI (lifted index), which
were calculated by the University of Wyoming using the above radio-
sonde ascent, provided a good indication of the intensity of the convec-
tive activity prior to its triggering. K index was equal to 34.1, suggesting
85% probability of thunderstorm occurrence (following Yair et al.,
2010). The LI (—3.84) indicates that thunderstorms are probable, but
not likely to be severe. It needs to be noted that the values of both K
and LI indices were close to the threshold of the next category which
suggests “100% chance for thunderstorms” and “severe thunderstorms
are possible”, respectively.

3.4. Time evolution of dynamic and thermodynamic parameters

The time evolution of the area averaged values of the vertical gradi-
ent of the equivalent potential temperature, the divergence and the ver-
tical gradient of the advection of relative vorticity in the area of interest
(39.75°N-40.75°N, 22.5°E-24.0°E) are presented in Fig. 6. They were es-
timated from the gridded ECMWEF analyses using second order centered
finite differences for the calculation of the horizontal and vertical gradi-
ents. The vertical gradient of the equivalent potential temperature
showed a prolonged period of instability (Fig. 6 top left panel). The max-
imum value of the gradient reached about —8 to —9 K at low levels a
few hours before the event. A lifting mechanism was needed in order
to raise the potentially unstable layer to saturation and trigger the insta-
bility. Fig. 6 top right and bottom panels show that the prevailing synop-
tic conditions played a significant role in providing this mechanism.
Both the low-level convergence and the upper-level divergence started
to increase at the late hours of 14 July (i.e., a few hours before the trig-
gering of the convective activity), and allowed the lifting of the air
masses, and contributed to the development of strong vertical motions.
Moreover, upward motions would be expected to be associated with
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Fig. 8. The maximum ETS values of the 24 h precipitation forecasts (18:00 UTC 14 July to
18:00 UTC 15 July 2014) for different thresholds in the three experiments. At each thresh-
old, the maximum ETS at Distances from 0 to 50 km (i.e., for neighborhood regions up to
100 km x 100 km) is plotted.

the positive values of the vertical gradient of relative vorticity advection,
observed in almost the whole troposphere after 00 UTC on 15 July,
ahead of the approaching closed mid and upper-tropospheric low
(Holton, 1992). It is noted that the potential vorticity anomaly associat-
ed with the closed low would also be expected to modulate the static
stability below it (Hoskins et al., 1985), enhancing the probability of
convection.
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22.5°E-24.0°E from 18:00 UTC on 14 July to 18:00 UTC on 15 July 2014 in the three
experiments.

4. Numerical experiments

The intense precipitation event of 15 July 2014 and its associated
lightning episodes were simulated using the WRF model. The lightning
activity was represented through the Lightning Potential Index. Accord-
ing to Yair et al. (2010) who introduced this index, “in a developing
thunderstorm, the LPI is the kinetic energy of the updrafts, scaled by
the potential for charge separation within the main charging zone of
the cloud (0 °C to —20 °C)”. LPI does not calculate the electric charge,
but the potential of the thundercloud to separate the charge in the
cloud layer between 0 °C and —20 °C. It is estimated through the
model predicted values of vertical velocity, liquid water, cloud ice,
snow and graupel (Yair et al., 2010).
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4.1. Model verification

The verification of the control simulation (experiment 1, hereafter)
was performed using first all the available surface observations in D02
and the radiosonde data of the airport of Thessaloniki against the
WREF-DO02 values. Results during the first 6 h of simulation (during
“spin-up”) were ignored. Therefore, the model was verified from
18:00 UTC on 14 July to 18:00 UTC on 15 July 2014. The interpolation
method referred to as “Distance Weighted Mean” (from the values of
the 4 surrounding gridpoints) was used to derive the simulated values
at the location of each station. According to the manual of the Model
Evaluation Tool (MET) of WRF which was used for the verification, the
weight given to each gridpoint is the reciprocal of the square of the dis-
tance from the actual location of each station. The weighted sum of sim-
ulated values is normalized by dividing by the sum of the weights. The
pairs of observed versus model simulated values were created using
mean sea-level pressure (mslp), 2 m air temperature (T2m), 2 m air rel-
ative humidity (RH2m) and 2 m dew point temperature (Td2m) mea-
surements from 28 stations. These were the 27 automatic NOA
stations in hourly intervals and LGTS in 3-hourly intervals (SYNOP
reports).

The errors of simulated mslp, T2m, RH2m and Td2m in WRF-D02
and their confidence intervals at the 95% significance level (using the
bootstrapping statistical method) are illustrated in Table 1. The model
overestimated mslp and T2m by 0.5 hPa and 1.0 K, while it
underestimated RH2m and Td2m by 9.0% and 1.3 K, respectively. The
MAE (and RMSE) of mslp, T2m, RH2m and Td2m were 1.4 hPa
(1.8 hPa), 1.8 K (2.3 K), 12.3% (15.4%) and 1.8 K (2.2 K), respectively.
These scores are in general agreement with the ones that appear in
the literature for modern high resolution numerical weather prediction
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models in Greece and eastern Mediterranean. Papadopoulos and
Katsafados (2009) evaluated the POSEIDON forecasting system
(0.05° x 0.05°) across the eastern Mediterranean from mid-November
2007 to October 2008 and obtained RMSE between 1.2 and 1.8 hPa for
mslp and 2.3 to 2.9 K for T2m, in the first 2 forecast days. Pytharoulis
et al. (2014) validated the operational WRF-ARW modeling system of
the Department of Meteorology and Climatology of AUTH at a resolu-
tion of 5 km x 5 km. They calculated the model errors over the wider
Greek area in 2013. The MAEs of mslp, T2m and RH2m were about 1.1
to 1.8 hPa, 1.8 to 2.1 Kand 11 to 13%, respectively, during the first 2 fore-
cast days. Certainly, one must keep in mind that the scores of this study
correspond to high-impact weather events that affected a limited geo-
graphical area and not to different weather types for long periods (as
in the literature). The errors of the near surface parameters are not ex-
pected to detrimentally affect the results of this study. Sensitivity anal-
ysis was performed by introducing these near surface errors (i.e.,
overestimation of T2m and mslp, as well as underestimation of Td2m)
to the actual radiosonde ascent of Thessaloniki at 00 UTC on 15 July
2014. The outcome was a small lifting of the lifting condensation level
(by a few tenths of meters) and a small decrease of the wet bulb poten-
tial temperature (<1 K). Thus, the CAPE decreased only by a few percent
(~3%) while the CIN remained almost unchanged.

General instability indices from the model simulation were calculat-
ed using RIP software. They were calculated for the nearest gridpoint
closest to the location of LGTS at 00:00 UTC on 15 July 2014. This was
just prior to the onset of the severe convective event, when the ob-
served sounding was available. The predicted values of the instability
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indices Showalter, LI, K and Total Totals were — 1.6, —3.4, 36.0 and
51.0, while their observed values were —1.31, —3.84, 34.1 and 49.8, re-
spectively. The comparison of the model simulated stability indices with
the observed ones showed that they were of close magnitude. Similarly,
the precipitable water of the actual sounding was 38.73 mm and the
simulated one was very close at 39.5 mm. The small difference may be
attributed to model errors and to the fact that the humidity was mea-
sured up to 300 hPa in the actual sounding, while the model top reached
50 hPa.

At the gridpoints of WRF-D02 which are nearest to the stations of
AUTH and LGTS (where the maximum amounts were observed), the
model predicted 47.0 mm and 32.7 mm against the observed values of
98.5 mm and 61 mm, respectively. However, 94 mm was simulated
about 24 km southeast of AUTH. In an area of about 43 km x 43 km cen-
tered at the nearest gridpoint to AUTH, the threshold of 80 mm/24 h
was exceeded at 9 gridpoints in the control simulation. Moreover,
56.3 mm (58.2 mm) were predicted about 5.7 km (8.2 km) east (east-
southeast) of LGTS. Therefore, it was necessary to evaluate the simulat-
ed results of the very high resolution domain (WRF-D02) against the
precipitation estimates of the weather radar at Filyro using a neighbor-
hood based approach. Following the methodology of Clark et al. (2010),
a hitis considered at a gridpoint when an event is forecast (observed) at
the gridpoint and it is observed (forecast) at the same gridpoint or at
any grid point within a specified region of this predicted (observed)
event. The neighborhood based techniques avoid the “double penalty”
problem of the traditional point to point statistical verification of high
resolution model forecasts (e.g., Ebert, 2008; Rossa et al., 2008).
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Fig. 12. Total 24-h accumulated precipitation in the three experiments of WRF-D02: a) exp1, b) exp2 and c) exp3. The accumulation was performed from 18:00 UTC on 14 July to 18:00 UTC

on 15 July 2014. The color scale indicates the precipitation amount in mm.
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Fig. 7 illustrates the categorical neighborhood based scores of the
24 h accumulated precipitation for different neighborhood sizes. The ac-
tual size of the specified region is 2Distance x 2Distance (km?). There-
fore, the “Distance” which appears on the x-axis of Fig. 7 represents
the half of the side of the square which encompasses each neighbor-
hood region. The confidence intervals were calculated at the 95% signif-
icance level using the bootstrapping method (with 1000 subsamples of
the matched pairs). The Probability of Detection (POD) of the control
simulation (EXP1) exceeded 0.9 at Distances of about 32 km and
reached 0.96 at Distances of about 47 km when precipitation events
stronger than 60 mm/24 h were considered. The False Alarm Ratio
(FAR) dropped to 0.21 at Distances of 50 km. The Equitable Threat
Score (ETS) and the Heidke Skill Score (HSS) maximized at about
47 km with values of 0.40 and 0.57, respectively. The maximum values
of ETS for different thresholds are illustrated in Fig. 8. At each threshold,

533

the maximum ETS at Distances from 0 to 50 km (i.e., for neighborhood
regions up to 100 km x 100 km) is plotted. It appears that the ETS of the
control simulation reached 0.71 at the threshold of 35 mm/24 h while it
dropped to values below 0.5 at thresholds greater than or equal to
45 mm/24 h (except at 65 mm).

These results are in good agreement with precipitation ETS scores
calculated by neighborhood-based verification techniques in Europe
(Weusthoff et al., 2010) and the USA (Clark et al., 2010). Weusthoff
et al. (2010), who verified COSMO-2 model (with 2.2 km grid spacing)
against the Swiss radar data, at the threshold of 5 mm/3 h found ETS
scores of 0.14-0.15 at spatial scales of 19.8 and 33 km, which reached
0.17 at 99 km. Clark et al. (2010) verified the NCAR WRF model (at
3 km grid-spacing) which operated over the USA in 2007-08, against
NCEP multisensor rainfall estimates. At thresholds of 0.25-in.
(6.35 mm) per 3 h they found ETS between about 0.3-0.46 at radii of
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Fig. 13. Timeseries of WRF-D02 maximum simulated values of Absolute Vorticity (s~ ') and the vorticity equation terms (s~ '/h) of horizontal (Hadv) and vertical advection (Vadv), tilting/
twisting (TT) and divergence (Div), at 1 km above sea-level in the area of interest (39.75°N-40.75°N and 22.5°E-24.0°E), for the three experiments.
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40-60 km. It is recognized that the accumulation period of the above
studies is 3 h compared to 24 h in the present study.

The lightning activity was represented in the simulations through
the LPL Fig. 9 presents the maximum hourly value of LPI, calculated
from the 5-min outputs of D02, and the number of lightning detected
by Zeus system. Both timeseries were calculated in the area of interest
(39.75°N-40.75°N, 22.5°E-24.0°E). The model predicted the occurrence
of the activity, but with a delay of about 3 hin its outset and about 1 h in
its termination (Fig. 9a). The time of the peak activity was represented
with a delay of about 1 h, in good agreement with observations.

The evaluation of the control simulation (exp1) showed that WRF
model produced a successful representation of the meteorological con-
ditions during the intense precipitation event of 15 July 2014, despite
some discrepancies which were due to the severity of the phenomena.
Moreover, its combination with LPI provided a warning of the lightning
activity in the area of interest. Therefore, it is concluded that this model
setup of the control simulation can be used in the sensitivity
experiments.

4.2. Sensitivity experiments

This section investigates the effect of topography on the intense pre-
cipitation event of 15 July 2014 and its lightning activity. The area of in-
terest is characterized by large variability in its physiographic
characteristics, complex topography and the highest Greek mountain

EXP1
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(Mt. Olympus with its highest peak Mytikas rising to 2919 m) at its
western side. The second experiment (exp2) employed the SRTM to-
pography in order to examine the effects of this very fine resolution
dataset on the modeling of the high impact weather event. In the
third experiment (exp3), the model setup was identical to the one of
the control simulation (exp1), but the topography was completely re-
moved in the area covered by D02 (in both nests). Smoothing was ap-
plied near the boundaries of DO1 with D02. The topography of the
three rows and columns of D01 which are located just outside D02
was reduced by 25% (3rd row/column far from D02), 50% (2nd one)
and 75% (1st one). The aim of this experiment is to understand the im-
portance of topography in this weather event which occurred under
strong synoptic forcing.

Fig. 9b indicates that the performance of the second experiment in
predicting the potential for lightning activity was more successful
than the one of the control experiment, because it reduced the delay
of its outset by 1 h and simulated quite well its double peak. On the
other hand, the lack of topography in D02 resulted in small but notice-
able changes in the time evolution of predicted lightning potential
(Fig. 9¢). The activity was unrealistically extended by 1 h and multiple
peaks appeared. The linear correlation between the hourly time series
of the observed lightnings' number and the maximum LPI of the three
experiments (24 pairs), was 0.63 (99% significance level; exp1), 0.82
(99% significance level; exp2) and 0.47 (95% significance level; exp3)
in the area of interest from 18:00 UTC on 14 July to 18:00 UTC on 15
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Fig. 14. Vertical sections of WRF-D02 simulated specific humidity (g/kg; shaded) and wind flow along the section (vectors) for the three experiments at 00:00 UTC, 03:00 UTC and 05:00
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July 2014. The evaluation of the maximum hourly LPI in the area of in-
terest at the same 24 h period is presented in Fig. 10 using categorical
statistics. At each hourly interval it was considered to have: a) actual
lightning activity if the hourly number of strikes detected by Zeus was
greater than zero and b) simulated activity if the hourly maximum of
LPI (calculated by the 5 min WRF-DO02 output) was non-zero. The
highest POD and ETS were exhibited by experiment 2. The 3rd experi-
ment had the same POD as the control run, but higher FAR and lower
ETS. Therefore, as far as the time evolution of the simulated lightning ac-
tivity is concerned, the 2nd experiment appeared to be the most suc-
cessful, because it predicted its beginning, duration and temporal
variability in better agreement with observations.

Sensitivity analysis was performed by omitting LPI values smaller
than 10% of the maximum value of LPI at each experiment in the area
of interest (39.75°N-40.75°N, 22.5°E-24.0°E), and not in the entire
high resolution domain (D02). This means that the LPI values of 3.9 ]/
kg (at 10 UTC 15 July 2014 in experiment 1; Fig. 9a) and 5.8 J/kg (at
10 UTC 15 July 2014 in experiment 2; Fig. 9b) were not considered to
correspond to simulated activity. This led to: i) a reduction of FAR of ex-
periments 1 and 2 to zero and ii) an increase of ETS of experiments 1 and
2 to 0.56 and 0.69, respectively. Therefore, the conclusions about the
performance of each experiment to simulate the time evolution of light-
ning activity did not change and the best scores were still exhibited by
experiment 2 followed by experiment 1. However, in this case the im-
portance of orography on the simulation of lightning activity became
more evident.

The spatial variability and extent of the LPI in the entire D02, averaged
from 18:00 UTC on 14 July to 18:00 UTC on 15 July 2014, is illustrated in
Fig. 11. The lack of values near the boundaries is due to the methodology
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used for the calculation of the index. At each grid-point, LPI may take non-
zero values only within the “charging zone” (0 °C to — 20 °C) of the thun-
derstorm, when the majority of the model grid-points in a radius of 10 km
has vertical velocity greater than 0.5 m/s (Yair et al., 2010). Therefore, the
index was calculated only at the grid points which were located at least
10 km far from the boundaries of D02. The spatial extent of the predicted
activity is very similar in experiments 1 and 2, and is in good agreement
with the observations (Fig. 11d). Both experiments indicated the threat
at the areas of Thermaikos Gulf, Chalkidiki and Thessaloniki. The various
inaccuracies/misplacements of the simulated lightning threat may be
due to model errors, initialization errors and to the complexity of atmo-
spheric processes involved in the calculation of LPL The 3rd experiment
suggests that although this weather event occurred under strong synoptic
forcing, the lack of topography resulted in a significant misplacement of
the highest LPI values over the land west of Thessaloniki where no actual
strikes were detected. Certainly, this experiment also represented the
threat over the regions of Chalkidiki and Thessaloniki.

The influence of the topography changes on the total precipitation ac-
cumulated from 18:00 UTC on 14 July to 18:00 UTC on 15 July 2014, is
depicted in Fig. 12. The two experiments with the actual topography pre-
dicted high precipitation amounts not only in Thessaloniki and Chalkidiki,
but also in the Thermaikos Gulf where the lightning observations indicat-
ed the occurrence of convective activity. On the other hand, in the exper-
iment without topography (experiment 3) strong precipitation was
simulated in Thessaloniki and Chalkidiki, but not in Thermaikos Gulf
since extremely large amounts (up to 128 mm/24 h locally) were unreal-
istically predicted west of Thessaloniki. Finally, it is noted that all experi-
ments predicted intense precipitation (>60 mm/24 h) close to
Thessaloniki where the floods occurred. In an area of about
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30 km x 30 km (361 gridpoints) centered at the nearest gridpoint to
AUTH, where the maximum precipitation was recorded, the threshold
of 60 mm was exceeded at 23 (6.4%), 19 (5.3%) and 22 (6.1%) grid-
points in experiments 1 to 3, respectively. In agreement with these re-
sults, Fig. 7 shows that the 3rd experiment exhibited the lowest maxi-
mum scores of POD, ETS, HSS and the highest minimum False Alarm
Ratio (which were statistically significant at the 95% level) at Distances
up to 50 km. Similarly, experiment 3 had had systematically the lowest
scores of maximum ETS at all thresholds (Fig. 8). Figs. 7 and 8 also show
that the 2nd experiment produced the best forecasts of precipitation at
high thresholds (greater than 50 mm/24 h).

The absolute vorticity budget was used in order to study the influ-
ence of topography on the dynamical processes that affected the precip-
itation and lightning event, following the methodology of Matsangouras
et al. (2014). This is a useful tool which is commonly applied in studies
of atmospheric dynamics. The absolute vorticity and the vorticity equa-
tion terms were derived at 5 min intervals at a height of 1 km above sea-
level. This height was selected because it is generally located near the
base of thunderstorms and in the simulations it was generally found
above the model topography in the area of interest (except from its
SW corner and a few gridpoints in Chalkidiki). The calculations were
based on the WRF-D02 simulations. The necessary upper air fields
were vertically interpolated at 250 m intervals before the calculation
of the vertical derivatives. The derivatives were estimated by second
order centered finite differences. The grid-points with topography
above or equal to 750 m (which was the lower level in the vertical de-
rivatives) were not considered.

Fig. 13 illustrates timeseries of the maximum values of the absolute
vorticity and of the vorticity equation terms of horizontal and vertical
advection, tilting/twisting and divergence in the area of interest
(39.75°N-40.75°N, 22.5°E-24.0°E). The solenoidal term was at least
four orders of magnitude smaller than the other terms and it was not
plotted. The simulations with topography were associated with higher
values of maximum absolute vorticity in the area of interest than the ex-
periment without topography (Fig. 13). The maximum absolute vortic-
ity was about 0.012 s~ ! and appeared in the 2nd experiment (with the
high resolution topography). The most important term of the vorticity
equation appeared to be the twisting/tilting of horizontal vorticity to
the vertical direction, with values up to 0.32 s~ !/h, 0.29 s~ !/h and
0.23 s~ !/h in experiments 1, 2 and 3, respectively. The predominance
of this term was probably associated with the strong vertical shear of
the horizontal wind which reached area-averaged (39.75°N-40.75°N,
22.5°E-24.0°E) magnitudes of 8.3 m/s and 6 m/s for its u and v compo-
nents, respectively, between 700 and 950 hPa in the control experiment
(not shown). The vertical shear is also an important factor for long-lived
convective storms. The lack of topography in the 3rd experiment may
have also contributed to the occurrence of weaker horizontal gradients
of the vertical wind component. The second most important term was
generally the horizontal advection of vorticity due to the approaching
mid-tropospheric closed low. The vertical advection and the divergence
terms were generally equally important to each other and less impor-
tant than the twisting/tilting and the horizontal advection terms (main-
ly in experiments 1 and 2). At higher altitudes (not shown) the
horizontal and vertical advection terms increased and became equally
important to the twisting/tilting term. In the mid-troposphere the ver-
tical advection term was the dominant one (not shown). Regarding
the time evolution of the maximum absolute vorticity at 1 km height
(Fig. 13), its increase occurred between 03 and 05 UTC in good agree-
ment with the triggering of lightning activity in the 3 simulations
(Fig. 9). Actually, the maximum vorticity increased firstly in the 2nd ex-
periment in the area of interest, similarly to what happened in the sim-
ulated lightning activity.

Fig. 14 displays zonal sections of specific humidity and wind flow (u
and omega) across the mountain range located at the western boundary
of the area of interest (40.15°N, 21.90°E-40.15°N, 22.70°E) from the
three experiments. The results are shown at 00:00, 03:00 and 05:00

UTC on 15 July 2014, before and just after the onset of simulated light-
ning activity (Fig. 9). Air masses with high values of moisture
(>10 g/kg) were advected from the Gulf of Thermaikos to the land re-
gions under the influence of the low-level easterly current. In the two
experiments with topography, the air masses were lifted on the eastern
side of the mountains triggering convection. Fig. 12 shows that in exper-
iments 1 and 2, larger precipitation amounts were simulated east of
these mountains in the Gulf of Thermaikos and along its western coast-
line. It needs to be noted that moist air masses also crossed the orogra-
phy to promote precipitation farther west (Fig. 12a, b) outside the area
of interest, west of 22°E. The lack of topography in the 3rd experiment
allowed the moist air masses to penetrate over the land, without
being lifted on the western coastline of the Gulf of Thermaikos. In this
case, the precipitation amounts in the Gulf were much smaller than in
the experiments with topography and the areas of convective activity
appeared mainly over land (Figs. 11, 12) and were determined by the
synoptic forcing of the upper tropospheric flow and local convergence
zones.

During the first hours of the event (03:00-06:00 UTC in the experi-
ments vs 02:00-05:00 UTC in Zeus data) a comparison of the simulated
with the actual lightning activity is also presented in Fig. 15. The first
lightning strikes were observed on the eastern side of the north-south
oriented mountain range west of the Gulf of Thermaikos (Pieria moun-
tains and Olympos), in the Gulf of Thermaikos and in the vicinity of
Thessaloniki. The two experiments with topography exhibited a similar
pattern of the 3 h averaged LP], predicting lightning activity in the Gulf
and along its western coast (probably in thunderstorms that were due
to orographic lifting). However, the 2nd one predicted higher values
of LPI and mainly provided a more pronounced indication of the light-
ning threat in Thermaikos in better agreement with observations
(Fig. 15d). On the contrary, the lack of topography in experiment 3 re-
sulted in no simulated lightning in the Gulf. Finally, all the experiments
did not manage to provide indication of the lightning threat in
Thessaloniki during the onset of the event of this study.

5. Summary — conclusions

An intense precipitation event associated with lightning activity af-
fected Thessaloniki, Chalkidiki and Thermaikos Gulf on 15 July 2014.
The station of AUTH, which is located near the center of Thessaloniki,
measured 98.5 mm of rain in 15 h. Also, the station of the airport of
Thessaloniki recorded 61 mm of rain in 12 h. The maximum rate at
AUTH reached 41 mm/3 h in each one of the periods 00:00-03:00 UTC
and 06:00-09:00 UTC on 15 July 2014. The measurement of AUTH is a
record maximum for all seasons. The instability indices and the high
values of CAPE indicated that the event took place in an environment
that could support thunderstorm activity. The development of this in-
tense event was associated with significant low-level convergence and
upper-level divergence even before its triggering and relative vorticity
advection, since the area of interest was located ahead of an ap-
proaching mid-tropospheric closed low.

The high resolution (1.667 km x 1.667 km) non-hydrostatic WRF-
ARW numerical weather prediction model simulated this intense pre-
cipitation event, while the Lightning Potential Index was calculated
from WRF model output. This index estimated the potential for light-
ning activity. The model results were in good agreement with the avail-
able observations of mean sea-level pressure, temperature, humidity
and the instability indices of the sounding at Thessaloniki's airport.
The application of neighborhood-based statistical verification against
radar data showed that the model simulated the occurrence of intense
precipitation in the vicinity of Thessaloniki. The sensitivity experiments
suggested that the precipitation and lightning event of this study was
affected by topography. Strong precipitation and intense lightning
were predicted even in the 3rd experiment, associated with convection
that developed during the period of strong synoptic forcing. Neverthe-
less, topographical variations in elevation also had a strong influence
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on the spatial distribution and intensity of each. The application of the
very fine resolution topography of NASA Shuttle Radar Topographic
Mission improved the simulated precipitation and the calculated light-
ning potential. However, further investigation is needed in order to clar-
ify its role on small scale circulations and their non-linear interactions.
Additional studies would be useful to help forecasters understand the
potential model limitations in predicting intense precipitation and
lightning activity, and the potential utility of using the neighborhood
approach to warn about possible severe conditions within certain sensi-
tive areas.
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