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MepiAnyn

Kard 1 didpkeia g 17" kai 18™ louviou 2009 n ©cooalovikn Kal apKeTEC TTEPIOXEC TNG KevTpIKAG
Makedoviag eTTnNPEedOTNKAV  ATTO  EVIUTTWOIOKN dpacTnPIOTNTA  KEPAUVWV-ACTPATIWY N OTToid
XOPaKTNEIoTNKE aT1Td OUO €TMIPEPOUG €TTEICOOIO Kal afloonueiwTn XwpPIKA PeTaBAnTdéTNTA TOU UETOU. H
OUVOTITIKA] KUKAOQOpia £TTaIEE onuUAvTiKO pOAO oTnv €u@avion dIa@opIkAG HETaPOPAs 100d0vaung
OUVANIKAG BeppoKkpaciag oTa KATwTepa TTTEdA Kal oTn Péon Tpotroéoaipa. H duvauik aotdbeia
TTou dnuioupyndnke atrd auth TN dIAQOPIKA PETAPOPA Hadi e TN OUYKAION OTA KATWTEPO ETTITTEDQ
euavidovrar va egivar utredBuvol yia Tnv kartalyidoeoépo dpdon. YwnAig avdAuong TmeipduaTa
€UQIOONCIOG PE TO TTEPIOXIKO HN-UBPOOTATIKG OTUOOPAIPIKO apIOUNTIKG HoviéAo WRF-ARW, o€
OUVOUOOPO pe TO OtikTn OUVAMIKOU OOTPATTWV-KEPAUVWY, £O€IEE OTI Ol TTAPAUETPOTTIOINCEIS TG
MIKpoQuOlkng Twv Goddard, WDM6 kai Milbrandt-Yau édwoav Tnv KaAUtepn avatmrapdoTtacn Tng
OpaACTNPIOTNTAS KEPAUVWIV-AOTPATTWV.
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Abstract

During 17-18 June 2009 the city of Thessaloniki and several regions of central Makedonia were
affected by impressive cloud-to-ground and intracloud lightnings associated with convective storms.
This activity was characterized by two bursts and noticeable spatial variability of precipitation in
Thessaloniki. The synoptic scale environment appeared to play an important role in promoting
differential 8, advection at low-levels and in the mid-troposphere. Potential instability that resulted from
the differential 8, advection together with low-level convergence are suggested to be responsible for
the convective storms. High-resolution sensitivity experiments of the regional non-hydrostatic
atmospheric numerical model WRF-ARW, combined with the Lightning Potential Index, showed that
the microphysical parameterizations of Goddard, WDM6 and Milbrandt-Yau provided the best
representations of the lightning activity.

A€geig kA&1d1d: aoTpaTr), KepAuvog, aplBunTikG PoviéAo WRF, TTOPOUETPOTTOINCEIG HIKPOPUOIKNG,
O€IKTNG BUVANIKOU KEPAUVWV-COTPATTWY
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1. Introduction

Lightning, which is associated with convective storms, is among the most damaging and deadly
weather hazards worldwide. Despite the importance of its forecasting, the state-of-the-art atmospheric
numerical models do not contain cloud electrification schemes to produce quantitative estimates of
lightning threat within storms. During the last years it has been attempted to parameterize the
probability, density and areal extent of lightning activity using gridded output from high-resolution
sophisticated numerical models.

33
WYnoeiakn BiBAI0BAKN Oed@pacTog - TuAua MewAoyiag. A.lNM.O.



9° MANEAAHNIO FEQIPA®IKO YNEAPIO

The lightning activity over Greece and its relationship with rainfall, topographic features and cloud
microphysical parameters has been studied through climatological or case study approaches
(Katsanos 2007; Kotroni and Lagouvardos 2008; Katsanos et al. 2009; Roupa 2009). It has also been
achieved to utilize lightning measurements in Numerical Weather Prediction (NWP) models in order to
improve convective precipitation forecasts in the Mediterranean (Papadopoulos et al. 2005). Recently,
Yair et al. (2010) introduced the Lightning Potential Index (LPI) in order to predict the potential for
lightning activity. They demonstrated its successful use and its superiority relative to other indices
through selected case studies in the Mediterranean sea basin, including Greece.

During 17-18 June 2009 the city of Thessaloniki and several regions of central Makedonia were
affected by impressive cloud-to-ground and intracloud lightning activity associated with convective
storms (Figure 1). A black-out of about one hour occurred in Thessaloniki in the night of 17 June
because of lightning strikes on the station of the public power corporation at Oreokastro (~10km far
from the centre of Thessaloniki). The prefectures of Chalkidiki, Serres and Kilkis were similarly
affected by the damages on the electrical power station.

The aims of this research that focuses on Central Makedonia are:

e to study the synoptic and mesoscale conditions that promoted the convective activity of this event
e to investigate the performance of a state-of-the-art cloud-resolving NWP model to simulate the
lightning activity of this event through LPI under different microphysical parameterizations.
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Figure 1: Photograph of a cloud-to-ground lightning strike at Thessaloniki on 17 June 2009.

2. Data and numerical model

Surface and upper-air observations from the airport of Thessaloniki (LGTS) and the meteorological
station of the Department of Meteorology-Climatology of the Aristotle University of Thessaloniki
(AUTH) were used in this study. The lightning data were extracted from the ZEUS European long-
range lightning network (Lagouvardos et al. 2009) and were provided by the National Observatory of
Athens. The observations were combined with the gridded surface and upper-air analyses of the
European Centre for Medium-Range Weather Forecasts (ECMWF). The analyses were disseminated
at 6-hourly intervals on a 0.25° lat. x 0.25° lon. A-type grid. The necessary fields were retrieved at and
near the surface and on the pressure levels of 1000, 925, 850, 700, 500, 400, 300, 250, 200, 150,
100, 70 and 50 hPa.

The nonhydrostatic Weather Research and Forecasting model with the Advanced Research
dynamic solver (WRF-ARW Version 3.2.0) was utilized in the numerical experiments. It is a flexible,
state-of-the-art numerical weather prediction system designed to operate in both research and
operational mode (Skamarock et al., 2008; Wang et al., 2010). It is suitable for a broad spectrum of
applications such as idealized simulations, parameterization research, data assimilation research and
real-time forecasting in global and regional scales.

Two interactive model domains (Figure 2) covered Balkans and the wider area of Makedonia at
horizontal grid-spacings of 10km x 10km and 2km x 2km, respectively, utilizing the staggered Arakawa
C grid. Fine-resolution data (30” x 30”) were used in the definition of topography, land use and soil
type. Six-hourly ECMWF analyses were used as lateral boundary conditions for the coarse domain,
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while the fine inner domain was two-way nested to the larger one. The sea-surface temperatures were
also derived from the ECMWF analysis and were kept fixed to their initial values throughout the
simulations. In the vertical, 51 sigma levels (up to 50 hPa) were used by both nests. The GFDL
scheme, the Monin-Obukhov (Eta), the Mellor-Yamada-Janjic level 2.5 (MYJ) and the NOAH Unified
model were used in both nests to represent longwave/shortwave radiation, surface layer, boundary
layer and soil physics, respectively. The terrain slope was taken into account in the calculation of the
surface solar radiation flux. Cumulus convection was parameterized only in the coarse nest by the
Kain-Fritsch (new Eta) scheme. The 8 microphysical schemes that were used in the sensitivity
experiments are: i) Lin, ii) WRF Single Moment 6-classes (WSM86), iii) Goddard, iv) New Thompson
V3.1, v) Milbrandt-Yau, vi) Morrison, vii) WRF Double Moment 6-classes (WDM6) and viii) Old
Thompson V3.1. Detailed information and references can be found in Skamarock et al. (2008) and
Wang et al. (2010).
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Figure 2. (a) The two nests used by WRF-ARW in the numerical experiments. (b) The topography of

the inner domain (D02) and the locations of the available stations. In panel (b) the red square (40°N-
41°N, 22.5°E-23.5°E) indicates the region that various parameters were processed in Figures 3d, 5-8.

3. Synoptic-mesoscale analysis

The lightning activity in the night of 17-18 June 2009 at Thessaloniki was characterized by two
bursts. Figure 3d shows the number of lightning strikes in a square of 1°x1° centered approximately at
Thessaloniki and covering the region between 40°N-41°N, 22.5°E-23.5°E (Figure 2b; hereafter
referred to as area of interest). It is suggested that the number of strikes in this square represents the
lightning threat in the wider area of Thessaloniki, allowing for the location error of Zeus as well. The
primary burst started between 1700-1800 UTC in the plains of Imathia-Pella with the formation of
cumulonimbus and affected the wider area of Thessaloniki until about 2100 UTC (Figures 3a-c). By
that time a convective complex had covered the prefectures of Thessaloniki and Chalkidiki. The
lightning strikes in the power station of Oreokastro and the black-out in the city of Thessaloniki
occurred during this period. The maximum hourly number of lightnings in the area of interest reached
354 strikes. A second burst occurred after 0000 UTC on 18/06/09 (Figure 3d), but its hourly number of
strikes did not exceed the value of 45 in the area of interest. The precipitation exhibited important
spatial variability since 4.0 and 14.7 mm were observed in the airport of Thessaloniki and AUTH
(located near the town centre) respectively, between 1800 UTC on 17/06/09 and 0600 UTC on
18/06/09.

The low-level atmospheric conditions in the airport of Thessaloniki (40.516°N, 22.966°E) appear in
figure 4a. The temperature and dew point temperature (humidity) were almost similar during the two
days before the event. However, both the temperature and the dew-point increased on 17 June. As a
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result, highervalues of equivalent potential temperature (8.) were observed on that day. Maximum 6,
values of 341-342K were measured in the late afternoon and night hours (Figure 4a).

The sounding of 1200 UTC, 17/06/09 at Thessaloniki (Figure 4b) showed that the atmosphere was
conditionally unstable up to about 550 hPa, while its temperature followed the moist adiabat above this
level. The Convective Available Potential Energy (CAPE) was extremely small (~6 J/kg) while the
Convective Inhibition (CIN) exhibited a very large value (-517 J/kg). These conditions were certainly
not conducive to lifting an air parcel and trigger convection not only because a large amount of energy
should be provided in order to be raised to the level of free convection (LFC) but also due to the
absence of CAPE above LFC.
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Flgure 3: (a b, c) Locations of Ilghtnlng strikes. (d) Timeseries of the hourly number of strikes between
40 N-41 N, 22.5E-23.5E. In panel (d) the number of strikes corresponds to the time interval from
T+0 mins to T+59 mins (time in UTC). Zeus lightning data.
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Figure 4: a) Timeseries of 2m temperature (<C), dew point tempetature (<C) and equivalent potential
temperature (K) at Thessaloniki airport during 15-18/06/09 and b) sounding at Thessaloniki airport at
1200 UTC, 17/06/09.

The hovmoller diagram of the area-averaged 6. (40°N-41°N, 22.5°E-23.5°E) and its vertical
gradient (Figures 5a, b) suggest that potential instability was responsible for the convective activity of
the event. During the previous two days (i.e. on 15 and 16 June) the vertical gradient of 8. was
negative in a shallow layer below 800 hPa. However, this potentially unstable layer (of negative 96./0z)
became deeper on 17 June and it reached 500 hPa just before the triggering of the event. The 6,
difference between 500 hPa and 925 hPa in the area of interest maximized from 1800 UTC on 17/6/09
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to 0000 UTC on 18/6/09 with values up to -12 K. The increase of the potential instability on 17 June
was due to the synoptic scale flow that advected high 6. air at low-levels (0.2-0.4 K/hr) and low 8, air
in the mid-troposphere (up to -0.4 K/hr; Figure 5c¢).

At low-levels a transient anticyclone moved from western to central Europe on 16 June and
extended to Balkans in the early hours of 17 June. This pattern induced low-level divergence north of
Greece that promoted the southward advection of warmer (during the first half of 17/06) and mainly
moister air masses in the area of interest before the triggering of the first burst. At 0000 UTC on 18
June the anticyclone was centered over Balkans, the isobars exhibited an east-west orientation over
northern Greece and the Aegean Sea, and their gradient increased with time. As a result moist air
masses were advected at low-levels from the northern Aegean sea to the area of interest and the 6,
increased further. At 500 hPa, a ridge prevailed over the Mediterranean (from Spain to Greece) during
15-17 June with its centre mostly located over southern Italy. The northerly flow that was observed
over southern Balkans advected cold, low- 8, air masses southwards in the mid-troposphere of the
area of interest. This differential advection appears to be responsible for the deepening of the
potentially unstable layer.

Potential instability means that if such an air mass is lifted bodily until completely saturated, it will
become unstable in the parcel sense regardless of its initial stratification. Therefore, a mechanism that
will force the potentially unstable air column to be lifted until saturation is necessary to trigger
convection. It is suggested that this lifting mechanism was provided by the convergence zones that
appeared at low-levels in the area of interest between 1200 and 1800 UTC on 17 June (Figure 6a)
when the first convective burst was triggered and reached values stronger than -4x10® s locally in
Thessaloniki (Figure 6b). Kotroni et al. (1997) have shown that convergence zones promote summer
storm activity in Greece.
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Figure 6. (a) Hovmoller diagram of area-averaged divergence (x10” s™) between 40 N-41N, 22.5E-23.5E
(this square appears in figure 2b) and (b) wind vectors and divergence (x10®° s™) at 925 hPa at 1800 UTC,
17/06/09 (only negative values are shaded). ECMWF analyses.

4. Numerical Experiments

The aim of the numerical experiments is to investigate the performance of the WRF-ARW model to
simulate the lightning activity of this event through LPI under different microphysical
parameterizations. Eight experiments were conducted in analysis mode using identical setup
(described in section 2), initial and boundary conditions, but, different combinations of microphysical
parameterizations. The model was initialised at 1200 UTC on 17 June 2009 (approximately 6 hours
before the first convective burst) and was integrated until 1200 UTC on 18 June.

The LPI (J/kg) is defined as LPI =1/VJ]] aw’dxdydz where V is the volume of air in the layer

between 0°C and -20°C (the charging zone), w is the vertical wind speed (m/s) and € is a
dimensionless number (between 0 and 1) that depends on the model mass-mixing ratios of snow,
cloud ice, graupel and total liquid water (Yair et al. 2010). This index is nonzero only within the
charging zone and is computed within the cloud volume. Figure 7 presents the maximum hourly value
of LPI for each simulation together with the hourly number of lightning strikes from Zeus (same as
figure 3d). The maximum hourly LPI corresponds to the spatiotemporally maximum value in the area
of interest (40°N-41°N, 22.5°E-23.5°E) at each hour (derived from 5-min WRF output). It represents
the maximum predicted potential for charge generation and separation that may lead to lightning
activity in the area of interest. It seems that all simulations represented the potential for lightning
activity and threat in general agreement with observations. The simulation with the recently developed
Milbrandt-Yau scheme not only simulated two separate periods of activity, but also predicted their
duration in good agreement with the Zeus data. On the other hand, the use of the Thompson V3.1
scheme resulted to only one episode. Regarding, the initial time of the activity it was predicted with a
lag that ranged from 1 hour (Goddard, Milbrandt-Yau, WDM®6) to 5 hours (Thompson V3.1). Moreover,
the former schemes produced the best quantitative representation of the precipitation associated with
the event at AUTH and LGTS stations (Figure 7). A summary of the performance of the simulations is
produced with the use of contingency tables and the statistical scores of BIAS, Probability of Detection
(POD), False alarm ratio (FAR) and Equitable Threat score (ETS) (Wilks 1995, Katsafados 2003). In
these tables, lightning activity was considered when the hourly strikes were more than 0 and was
predicted through WRF-LPI when the maximum hourly LPI was greater than 0 in the area of interest
(40°N-41°N, 22.5°E-23.5°E). The scores of each experiment were derived by 24 pairs of Zeus vs
WRF-LPI values. Figure 8 shows that most of the simulations exhibited very satisfactory scores and
the ones with the schemes of Goddard, WDM6 and Milbrandt-Yau were systematically among the
best. These three schemes resulted to the highest ETS scores with values ranging from 0.5 to 0.6. On
the other hand, the Thompson V3.1 and V3.0 schemes exhibited the poorest scores in almost all
statistics. This was a first analysis of the performance of WRF-ARW to predict the lightning activity and
threat through LPI. Future analysis will not simply take into account the occurrence/prediction (or not)
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of lightning activity, but will also consider the strength of actual activity, the magnitude of LPI and their
spatial distribution.
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Figure 7. Timeseries of maximum hourly LPI (columns) and hourly accumulated number of lightning strikes (line)
from Zeus (in the area between 40 N-41N, 22.5%€-23.5E), in the simulations with a) Lin, b) WSM6, c)
Goddard, d) new Thompson V3.1, e) Milbrandt-Yau, f) Morrison, g) WDM6 and h) old Thompson V3.0
microphysical schemes. Time in UTC. The WRF precipitation between 18z, 17/06/09 and 06z, 18/06/09 at the
locations of AUTH and LGTS appears on the top-right corner of each panel.

5. Conclusions

e During 17-18 June 2009 the city of Thessaloniki and several regions of central Makedonia were
affected by impressive cloud-to-ground and intracloud lightnings associated with convective storms.
The activity was characterized by two bursts and noticeable spatial variability of precipitation.
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¢ Potential instability that resulted from differential 6. advection at low-levels and in the mid-
troposphere together with low-level convergence appeared to be responsible for the event.

o WRF-ARW simulations represented the potential for lightning activity and threat, through LPI, in
general agreement with observations. The sensitivity experiments with Goddard, WDM6 and
Milbrandt-Yau schemes exhibited the highest statistical scores, lowest precipitation errors and
predicted the initial time of the event with a lag of only one hour. Future analysis will also consider
the strength of actual activity, the magnitude of LPI and their spatial distribution.
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Figure 8. Bias, probability of detection (POD), false alarm ratio (FAR) and equitable threat score (ETS)
of lightning activity versus microphysical parameterization. The scores correspond to the area
between 40 N-41 N, 22.5E-23.5%E and were derived by 24 pairs of Zeus measurements vs WRF-
LPI. The lightning activity was represented by the maximum hourly predicted value of LPI and the
hourly number of strikes (Zeus) both being greater than 0.

Acknowledgments

We would like to thank the National Observatory of Athens and particularly Dr. Kotroni kai Dr.
Lagouvardos for prodiving the Zeus lightning data, ECMWF for the LGTS observations and the
gridded analyses and NCAR for making available the WRF model.

Bibliography

Katsafados P., 2003: Factors and parameterizations that determine the performance of limited area models in
long-range weather forecasts. PhD Thesis, Dept. of Physics, Univ. of Athens, pp. 257. (in Greek)

Katsanos D., 2007: Study of extreme weather events with the use of environmental satellite products and
lightning activity data. PhD thesis, University of Patras. (in Greek)

Katsanos D., V. Kotroni and K. Lagouvardos, 2009: Lightning in the Mediterranean in relation with cloud
microphysical parameters. In “Lightning: Principles, Instruments and Applications”, H.D. Betz et al. (eds),
Springer Science, 433-446.

Kotroni V., G. Kallos and K. Lagouvardos, 1997: Convergence zones over the Greek Peninsula and associated
thunderstorm activity. Q. J. Roy. Meteor. Soc., 123, 1961-1984.

Kotroni V. and K. Lagouvardos, 2008: Lightning occurrence in relation with elevation, terrain slope and
vegetation cover over the Mediterranean. J. Geophys. Res., 113, D21118.

Lagouvardos K., V. Kotroni, H.-D. Betz and K. Schmidt, 2009: A comparison of lightning data provided by ZEUS
and LINET networks over Western Europe, Nat. Hazards Earth Syst. Sci., 9, 1713-1717.

Papadopoulos A., T.G. Chronis and E.N. Anagnostou, 2005: Improving convective precipitation forecasting
through assimilation of regional lightning measurements in a mesoscale model. Mon. Wea. Rev., 133, 1961-
1977.

Roupa P., 2009: The characteristics of lightnings in Greece and their relationship with precipitation. MSc
dissertation, Department of Geology, Aristotle University of Thessaloniki, pp. 106. (in Greek)

Skamarock W.C., J.B. Klemp, J. Dudhia, D.O. Gill, D.M. Barker, M.G. Duda, X.-Y. Huang, W. Wang and J.G.
Powers, 2008: A description of the Advanced Research WRF Version 3. NCAR/TN-475.

Wang W., C. Bruyére, M. Duda, J. Dudhia, D. Gill, H.-C. Lin, J. Michalakes, S. Rizvi, X. Zhang, J. Beezley, J.
Coen and J. Mandel, 2010: ARW Version 3 Modeling System User’s Guide. NCAR-MMM. pp. 352

Wilks D.S., 1995: Statistical Methods in the Atmospheric Sciences, Academic Press NY, pp. 467.

Yair Y., B. Lynn, C. Price, V. Kotroni, K. Lagouvardos, E. Morin, A. Mugnai and M.d.C. Llasat, 2010: Predicting
the potential for lightning activity in Mediterranean storms based on the WRF model dynamic and
microphysical fields, J. Geophys. Res., 115, D04205.

40
WYnoeiakn BiBAI0BAKN Oed@pacTog - TuAua MewAoyiag. A.lNM.O.





