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Abstract. The meteorological model MM5 is applied oper-
ationally for the area of north-western Greece for one-year
period (1 June 2007–31 May 2008). The model output is
used for daily weather forecasting over the area. An early
warning system is developed, by dividing the study area in
16 sub-regions and defining specific thresholds for issuing
alerts for adverse weather phenomena. The verification of
the model is carried out by comparing the model results with
observations from three automatic meteorological stations.
For air temperature and wind speed, correlation coefficients
and biases are calculated, revealing that there is a significant
overestimation of the early morning air temperature. For pre-
cipitation amount, yes/no contingency tables are constructed
for 4 specific thresholds and some categorical statistics are
applied, showing that the prediction of precipitation in the
area under study is generally satisfactory. Finally, the thun-
derstorm warnings issued by the system are verified against
the observed lightning activity.

1 Introduction

The area of north-western (NW) Greece presents significant
interest from a meteorological point of view, as it often expe-
riences severe weather events. This is due to its geographical
position and the influence of its specific morphological char-
acteristics on atmospheric circulation. It mainly consists of
the Region of Epirus (the NW part of continental Greece),
which is morphologically separated from the eastern part of
the country by the Pindus mountain range, orientated from
NW to SE and exceeding 2000 m height. At the NW part of
the country, the northern Ionian Sea and the islands of Corfu
(Kerkyra) and Paxi usually experience similar weather events
(Fig. 1).
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During the cold period of the year, weather in NW Greece
is affected by Mediterranean depressions, which mainly form
in the cyclogenesis regions along the northern Mediterranean
coasts and move eastwards over the warm Mediterranean
waters towards the southern Balkans (see e.g. Alpert et al.,
1990; Maheras et al., 2001; Trigo et al., 2002). Since most
of the low pressure systems moving in the Ionian Sea en-
counter, at first, NW Greece, Epirus is frequently called “the
gate of the cyclones to Greece”. During the eastwards evo-
lution of these depressions, the surface and upper air flows
over NW Greece are usually southerly or southwesterly. The
contact with the warm Mediterranean sea-surface makes low-
level air masses warm and humid, increasing static and po-
tential instability. The high static instability over the sea and
the ascending of the potentially unstable air masses on the
windward slopes of the Pindus Mountains, along with the
positive vorticity advection in the middle troposphere, favour
the development of severe precipitation events and thunder-
storms. Also, southerly winds over the Ionian Sea and strong
easterly downslope flow sometimes occurring in the leeward
slopes of the Pindus mountain range can be very strong caus-
ing significant problems in human activities (Koletsis et al.,
2009).

During the warm period of the year, weather in NW
Greece is mainly affected by anticyclonic circulation. The
warm and dry subtropical air masses, along with the high
static stability over the relatively cool Mediterranean sea-
surface do not favor the formation and the development of
frontal depressions (see e.g. Lolis et al., 2008). The low
large-scale sea-level pressure gradient, along with the intense
land heating during the day, lead to the formation of local
circulations (breezes) and the air mass transfer between land
and sea areas. Some times, cold air masses, transferred from
northern Europe, prevail in the middle troposphere, instead
of the subtropical ones, and these types of circulation along
with the high static instability over the land, may lead to
the appearance of severe thunderstorms during the afternoon
(see e.g. Metaxas, 1978; Dalezios and Papamanolis, 1991;
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(a)

(b)  

Fig. 1. Representation of(a) the three nested domains used and
(b) the model Grid 3 topography (the dots indicate the location of
the three surface stations: I – Ioannina, IG – Igoumenitsa, and A –
Arta).

Kotroni et al., 1997). These thunderstorms may be responsi-
ble for significant damages in infrastructure and may become
dangerous even for human life.

Severe weather events in NW Greece have been studied by
many researchers in the past (see e.g. Bartzokas and Hous-
sos, 2005; Houssos and Bartzokas, 2006; Koletsis et al.,
2009), but the attention has been mainly focused on the cli-
matology of these events and not on the analysis and evalua-
tion of high-resolution weather forecasts. By taking into ac-
count the aforementioned meteorological, geographical and
morphological characteristics of NW Greece, the usage of a
meteorological model at high-resolution would be useful, in
order to simulate and forecast the significant local circula-
tions and processes that take place over this region. Indeed,
Kotroni and Lagouvardos (2004) who verified MM5 near-
surface temperature and wind forecasts over a period of one
year over the Greater Area of Athens, Greece, have shown

that increasing the grid spacing from 8 to 2 km, results in an
improvement of the forecast skill. Therefore, the MM5 me-
teorological model has been operationally implemented for
the area of NW Greece at a high resolution (2×2 km grid).
The operational weather forecast chain was performed on
daily basis from 1 June 2007 to 31 May 2008 as a part of
RISKMED project (Bartzokas et al., 2010), which was fi-
nanced by the EU and the Ministry of Economy of Greece
in the frame of INTERREG IIIB/ARCHIMED programme.
MM5 model outputs are used for issuing warnings in 16 sub-
regions defined over the area of Epirus. In order to exam-
ine the accuracy of the model outputs and of the correspond-
ing warnings, a verification procedure is carried out, by us-
ing surface meteorological observations. This verification is
completed through the use of lightning data, in order to as-
sess the model ability to predict thunderstorm activity.

2 Data and methodology of verification

2.1 MM5 model

The MM5 model (version 3.6) is a non-hydrostatic model,
which has been widely used by many institutes and meteo-
rological services around the world (Dudhia, 1993). MM5
allows the selection among a large number of parameteri-
zation schemes of various physical processes. In the present
study, the microphysical scheme described by Schultz (1995)
and the convective parameterization scheme of Kain and
Fritsch (1993) are selected. After testing the implementa-
tion of many schemes, this selection has been found to be the
best for the Greek area (Kotroni and Lagouvardos, 2001).
For the atmospheric boundary layer, the scheme of Hong
and Pan (1996), known as MRF scheme, is used. The se-
lection of MRF scheme is based on the findings by Akylas
et al. (2007), who have compared the MM5 operational fore-
casts over Athens with three different atmospheric bound-
ary layer schemes for the warm period of 2002. They found
that the MRF scheme produced the best forecasts in terms of
near-surface temperature.

Weather forecasts are performed on a daily basis, using
the following 1-way nesting strategy (Fig. 1): Grid 1 (24-
km horizontal grid increment) covers the major part of Eu-
rope and the Mediterranean, Grid 2 (8-km horizontal grid
increment) covers Greece and the surrounding waters, while
Grid 3 (2-km horizontal grid increment) covers Epirus area
and part of the Ionian Sea. The 00:00 UTC Global Forecast
System (GFS, provided by the National Centers for Environ-
mental Predictions-NCEP, USA) gridded analysis fields and
6-h interval forecasts, at 1-degree lat/lon resolution, are used
to initialize the model and to nudge the boundaries of Grid 1
during the simulation period. Grid 1 and 2 simulations last
for 72 h and Grid 3 for 48 h.
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2.2 Observational data

For the verification procedure, meteorological data from
three automatic weather stations operating in the areas of the
towns Ioannina, Arta and Igoumenitsa are used. The location
of the three stations is shown in Fig. 1b. Moreover, for the
verification of thunderstorm forecasts and to compensate the
scarcity of weather stations, especially in the mountainous
areas, data from the lightning detection system ZEUS, oper-
ated by the National Observatory of Athens are used. Details
on ZEUS system, its detection efficiency and location errors
are given in Kotroni and Lagouvardos (2008) and Lagouvar-
dos et al. (2009).

2.3 Verification methodology

The MM5 outputs at the grid points that are closest to the
three meteorological stations are used for the model verifi-
cation. For air temperature, the verification is carried out
for the t+4, t+12, t+28 and t+36-h forecast outputs of the
model Grid 3. These outputs are compared with the obser-
vations at 04:00 and 12:00 UTC (Greek local time is UTC+2
during winter and UTC+3 during summer). 04:00 UTC and
12:00 UTC have been selected, by taking into account that
the air temperature approaches the daily minimum and max-
imum values, respectively, at these times of the day. For wind
speed, the verification is carried out for t+12 and t+36 only,
since, very early in the morning, in most cases, the wind
speed is very low. For precipitation, the verification refers
to the forecast of the total daily amount (24-h accumulated
precipitation, starting at 00:00 UTC), as well as to the four 6-
hourly forecasts of the day. These amounts are calculated by
averaging the 24-h and 6-h forecast values of the six neigh-
boring grid points around the corresponding station. A 2×2
(yes/no) contingency table is then constructed for each sta-
tion and for each of the precipitation thresholds (2, 8, 15,
and 30 mm). Categorical statistics are computed in order to
describe particular aspects of precipitation forecast perfor-
mance. Specifically, accuracy (AC), bias score (BIAS), prob-
ability of detection (POD), false alarm ratio (FAR), prob-
ability of false detection (POFD), threat score (CSI), equi-
table threat score (ETS), Hanssen and Kuipers discriminant
(HK), Heidke skill score (HSS) and Odds ratio (OR) are cal-
culated. AC expresses the fraction of the correct forecasts.
BIAS measures the ratio of the frequency of forecast events
to the frequency of observed events and it indicates whether
the forecast system has a tendency to underpredict (BIAS<1)
or overpredict (BIAS>1) events. POD expresses the fraction
of the observed “yes” events that were correctly forecasted.
FAR expresses the fraction of the predicted “yes” events
that actually did not occur. POFD expresses the fraction of
the observed “no” events that were incorrectly forecasted as
“yes”. CSI measures the fraction of observed and/or fore-
casted events that were correctly predicted. ETS measures
the fraction of observed and/or forecasted events that were

 

Fig. 2. The 16 sub-regions of Epirus.

correctly predicted, adjusted for hits associated with random
chance. HK answers the question “How well did the fore-
cast separate the “yes” events from the “no” events?” HSS
measures the fraction of correct forecasts after eliminating
those which would be correct due purely to random chance.
Finally, OR measures the ratio of the odds of making a hit to
the odds of making a false alarm.

As stated in the Introduction, the temperature, precipita-
tion and wind speed outputs of the model are used as an
input for a severe weather event warning system. The area
of NW Greece has been divided in 16 sub-regions, taking
into account the morphological and population characteris-
tics (Fig. 2) and the warning system is applied for each sub-
region separately. When the value of a meteorological pa-
rameter, at one or more grid points of a sub-region during a
6-h period, is forecasted to be beyond specific thresholds, a
yellow, orange or red warning is set for this particular sub-
region, depending on the severity of the event. Warnings
have been set for extremely high/low temperature, high wind
speed, heavy precipitation, large snowfall amounts and thun-
derstorms. The snowfall warnings correspond to extreme
precipitation amounts associated with air temperature be-
low 2◦C, while the thunderstorm warnings correspond to ex-
treme precipitation amounts being convective at a percentage
higher than 50% of the total amounts. Because of the moun-
tainous topography of Epirus, snowfall warnings are issued
only when snowfall is forecasted below specific altitudes
(400 m, 700 m, and 1000 m for coastal, inland and mountain-
ous sub-regions, respectively), in order to avoid false alarms.
The thresholds for the various meteorological parameters are
shown in Table 1. They have been defined by taking into
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Table 1. Thresholds for the severe weather event alerts.

Parameter Yellow level Orange level Red level

Wind speed (Beaufort) 7–8 8–9 > 9
Precipitation (mm/6 h) 8–15 15–30 > 30
Thunderstorm (mm/6 h – 50% convective) 8–15 15–30 > 30
High Air Temperature (◦C) 33–36 36–39 > 39
Low Air Temperature (◦C) (–4)–(+2) (–8)–(–4) <(–8)
Snowfall (mm/6 h) (air temperature<2◦C) 3–8 8–15 > 15

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 

 

 

 

 
 
 Fig. 3. Yellow, orange and red warnings for each event and each sub-region of Epirus for the under study year.

account the climatic records of the analyzed region and the
effect of specific meteorological conditions on human activi-
ties.

The verification of thunderstorm activity is performed for
the 16 sub-regions, using again a 2×2 (yes/no) contingency
table and computing several statistical parameters. For the
construction of the table, a “yes” forecast corresponds to a
thunderstorm warning (yellow, orange or red) inside each
sub-region, while a “yes” observation corresponds to the de-
tection of lightning within this sub-region. Since the warn-
ings are provided by the early warning system at 6-h inter-
vals, this time interval is used as the verification time interval.
Analyses of the one year lightning data have shown that most
of the observed lightning occurs over the study area during
the warm period of the year and especially between 12:00–
18:00 UTC. Therefore, the verification is performed for this

specific time window, using the model-based warning issued
the same day, (simulation period between t+12 and t+18) and
the day before (simulation period between t+36 and t+42).

3 Results

3.1 Overview of RISKMED issued warnings

At first, a brief overview of the number of warnings issued by
the system during the studied period is presented. As stated
in the Introduction, when temperature, wind speed or pre-
cipitation forecast exceeds the defined thresholds (Table 1)
in one of the 16 sub-regions (Fig. 2), yellow, orange or red
alerts are issued accordingly. In Fig. 3, the histograms of the
number of yellow, orange and red alerts for each event are
presented. Most of the low temperature warnings refer, as
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expected, to the mountainous regions, while most of the high
temperature ones are issued for the low altitude regions. For
precipitation, most of the warnings correspond to the moun-
tainous areas, while for the thunderstorm warnings, there is
no clear geographical preference. However, monthly anal-
ysis (not shown) revealed that during winter, warnings are
more frequent in the coastal sub-regions, while during sum-
mer, in the continental sub-regions. For snowfall, a very high
percentage of the warnings correspond to the mountainous
regions and only a small number of them to the sea and low
altitude regions. Finally, for wind speed, it is shown that
most of the warnings correspond to the high altitude areas,
as wind speed generally increases over high terrain.

The frequency distribution of yellow, orange and red warn-
ings for high/low temperatures, high wind speed and thun-
derstorms are supposed to follow the rule that frequency has
to be generally maximum for yellow and minimum for red
warnings. This is in agreement with the fact that the values
of most meteorological parameters including air temperature
follow the normal distribution. This is not the case for high
precipitation and snowfall amount warnings. Specifically, for
precipitation, red warnings are more than the yellow ones in
some areas, while for snowfall the number of orange warn-
ings in the high altitude areas is the minimum, instead of
the number of the red ones. Thus, this is an indication that
possible corrections should be made regarding the threshold
definition of the above parameters, as it is more rational to is-
sue less red than orange alerts. However, this has to be done
with caution and after some additional years of results as, on
the one hand, Epirus is the rainiest part of Greece and, on the
other, daily precipitation amounts do not follow the normal
distribution (Katsoulis and Pappas, 2000).

3.2 Verification of temperature and wind forecasts

The 2-m temperature observations of the three meteorolog-
ical stations are compared with the outputs of the model
Grid 3 at the grid points that are closest to each station. The
differences in altitude between the stations and the corre-
sponding grid points are around 10 m, not affecting the re-
sults. The comparison is performed at 04:00 and 12:00 UTC.
More specifically, the 04:00 and 12:00 UTC air temper-
ature values at the three stations are compared with the
corresponding t+4/t+28 and t+12/t+36 model forecasts, re-
spectively (Figs. 4–6). Correlation coefficients, biases and
standard deviations of the differences are presented in Ta-
ble 2. It is shown that the correlation coefficients are high-
est for 12:00 UTC air temperatures, while the early morning
(04:00 UTC) air temperature is overestimated by the model,
especially in the area of Ioannina, where the bias is 6◦C
for the t+4 forecast and 5.2◦C for the t+28 forecast. The
12:00 UTC temperature is also overestimated, but the bias
does not exceed 1.5◦C for the t+12 and 0.8◦C for the t+36
forecast. The significant overestimation of the early morn-
ing temperature, especially in the inland regions, could be

probably attributed to the fact that radiative cooling of the
ground and the corresponding surface temperature inversion
is not satisfactorily simulated by the model and this may
be associated with either the specific reflection or radiation
properties of the ground material. As it concerns the other
two stations (Arta and Igoumenitsa), the bias is significantly
reduced, especially for the noon time forecasts (for the t+12
and t+36 forecasts).

The same procedure is followed for the verification of
wind speed forecasts (Figs. 7–9). The 10-m height wind
speed outputs of MM5 have been modified according to the
surface roughness and the anemometers height, in order to be
comparable with the wind speed records of the surface sta-
tions. It is shown (Table 2), that the correlation coefficients
for the 12:00 UTC wind speed are generally low, hardly ex-
ceeding 0.5. The considerably low correlation coefficients
must be due to the fact that wind is a very sensitive meteoro-
logical parameter. Wind is strongly affected by local small-
scale geomorphological characteristics (natural and artificial)
and the associated micrometeorological effects, not satisfac-
torily simulated by the model because of the low (relatively
to the size of the above mentioned characteristics) resolution
of Grid 3. Further, the model slightly overestimates the wind
speed at all three stations with biases ranging between 0.8
and 1.6 m/s at 12:00 UTC. The effect of the additional surface
roughness due to the above local characteristics (e.g. hills,
buildings and trees) on the station wind speed records seems
to be dominant here.

3.3 Verification of the precipitation forecasts

For daily accumulated precipitation, the comparison between
the model results and the station observations is graphically
presented in Fig. 10. The correlation coefficients are not cal-
culated because of the too many zero values, generating a
data distribution significantly deviating from the normal one.
The biases are presented in Table 2 and range from –0.4 mm
in Ioannina to +0.2 mm in Igoumenitsa. The effect of static
instability over the land (in summer) and/or potential insta-
bility of the ascending air masses on the windward slopes of
the Pindus Mountains (in winter) on precipitation seems to
be slightly underestimated by the model, as the forecast pre-
cipitation amounts are lower than those recorded at the two
inland stations and higher than the observed at the coastal
station. Categorical statistics of the contingency tables for
2, 8, 15, and 30 mm daily precipitation thresholds are pre-
sented in Table 3. Bias scores indicate that for 2 mm thresh-
old, the model forecasts precipitation correctly as its values
are close to 1 (1.00 for Ioannina, 0.97 for Arta, and 1.06 for
Igoumenitsa). For the highest threshold (30 mm) precipita-
tion is not forecasted so accurately (0.50, 1.17, and 1.13)
but it has to be noted that the total number of cases is very
small (4, 6, and 8). The ETS, in general, also decreases with
increasing threshold and it ranges from 0.54 to 0.20. It is
shown that AC, and POFD values are close to the perfect
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Air temperature difference (MM5 t+12 - Station 12UTC)
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Air temperature difference (MM5 t+28 - Station 04UTC)

-15

-10

-5

0

5

10

15

1/
6/

20
07

1/
7/

20
07

31
/7

/2
00

7

30
/8

/2
00

7

29
/9

/2
00

7

29
/1

0/
20

07

28
/1

1/
20

07

28
/1

2/
20

07

27
/1

/2
00

8

26
/2

/2
00

8

27
/3

/2
00

8

26
/4

/2
00

8

26
/5

/2
00

8

Te
m

pe
ra

tu
re

 d
iff

er
en

ce
 (C

)

Air temperature difference (MM5 t+36 - Station 12UTC)
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 Fig. 4. Verification of air temperature forecast for Ioannina.
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Air temperature difference (MM5 t+12 - Station 12UTC)
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Air temperature difference (MM5 t+28 - Station 04UTC)
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Air temperature difference (MM5 t+36 - Station 12UTC)
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 Fig. 5. As in Fig. 4, but for Igoumenitsa.
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 Fig. 6. As in Fig. 4, but for Arta.
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Table 2. Correlation coefficients between forecast and observed values, biases and standard deviations of the differences. Biases and standard
deviations are given in◦C for air temperature, in m/s for wind speed and in mm for precipitation amount.

Ioannina Igoumenitsa Arta

Parameters R bias Std R bias Std R bias Std

Temp t+4 (MM5) – Temp 04:00 UTC (station) 0.83 6.0 3.6 0.93 2.9 2.4 0.96 2.1 2.0
Temp t+12 (MM5) – Temp 12:00 UTC (station) 0.98 1.4 2.0 0.98 0.7 1.7 0.98 0.4 1.9
Temp t+28 (MM5) – Temp 04:00 UTC (station) 0.85 5.2 3.5 0.92 2.0 2.4 0.96 0.9 1.8
Temp t+36 (MM5) – Temp 12:00 UTC (station) 0.97 0.8 2.2 0.98 0.2 1.8 0.97 0.3 2.0
Windsp t+12 (MM5) – Windsp 12:00 UTC (station) 0.53 0.8 1.5 0.49 1.4 1.5 0.54 1.4 1.8
Windsp t+36 (MM5) – Windsp 12:00 UTC (station) 0.52 0.9 1.6 0.48 1.6 1.6 0.46 1.5 1.9
Precipitation (24-h) – –0.4 4.8 – 0.2 5.8 – –0.1 4.7
Precipitation 00:00–06:00 UTC – –0.2 1.6 – –0.0 2.5 – –0.3 2.9
Precipitation 06:00–12:00 UTC – 0.0 1.3 – 0.4 3.2 – 0.2 2.2
Precipitation 12:00–18:00 UTC – –0.1 3.2 – –0.1 2.7 – 0.1 2.4
Precipitation 18:00–24:00 UTC – –0.2 2.5 – –0.0 3.0 – –0.1 2.4
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Fig. 7. Verification of wind speed forecast for Ioannina.
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Fig. 8. As in Fig. 7, but for Igoumenitsa.
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Fig. 9. As in Fig. 7, but for Arta.
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Table 3. Categorical statistics for 24-h accumulated precipitation.

Categorical Daily (24 h)
statistics

Ioannina Arta Igoumenitsa Range Perfect
score

≥ ≥ ≥ ≥ ≥ ≥ ≥ ≥ ≥ ≥ ≥ ≥

2 mm 8 mm 15 mm 30 mm 2 mm 8 mm 15 mm 30 mm 2 mm 8 mm 15 mm 30 mm

AC 0.88 0.93 0.95 0.99 0.88 0.94 0.96 0.98 0.90 0.90 0.94 0.98 0–1 1
BIAS 1.00 0.81 0.82 0.50 0.97 0.95 0.83 1.17 1.06 1.13 0.91 1.13 0–Inf. 1
POD 0.69 0.57 0.41 0.25 0.67 0.71 0.50 0.50 0.77 0.63 0.45 0.63 0–1 1
FAR 0.31 0.30 0.50 0.50 0.31 0.25 0.40 0.57 0.27 0.44 0.50 0.44 0–1 0
POFD 0.08 0.03 0.02 0.00 0.07 0.03 0.02 0.01 0.07 0.06 0.03 0.01 0–1 0
CSI 0.53 0.46 0.29 0.20 0.52 0.57 0.38 0.30 0.60 0.42 0.31 0.42 0–1 1
ETS 0.44 0.42 0.27 0.20 0.44 0.54 0.35 0.29 0.52 0.37 0.28 0.41 –1/3–1 1
HK 0.62 0.54 0.39 0.25 0.60 0.68 0.48 0.49 0.70 0.57 0.42 0.61 –1–(1) 1
HSS 0.62 0.59 0.43 0.33 0.61 0.70 0.52 0.45 0.68 0.54 0.44 0.58 –Inf.–1 1
OR 27.39 43.75 32.20 113.67 26.49 81.55 53.67 84.00 43.20 26.08 26.17 139.17 0–Inf Inf.
Cases (obs) 70 38 18 4 69 38 18 6 73 39 23 8

(a)

 

 (b)

 

 

(c)

 

 

Fig. 10. Verification of the 24-h precipitation forecasts for:(a) Ioannina,(b) Igoumenitsa, and(c) Arta.
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Table 4a.Categorical statistics for the first 6-hour interval (00:00–06:00 UTC) accumulated precipitation.

Categorical First 6-h interval (00:00–06:00 UTC)
statistics

Ioannina Arta Igoumenitsa Range Perfect
score

≥ ≥ ≥ ≥ ≥ ≥ ≥ ≥ ≥

2 mm 8 mm 15 mm 2 mm 8 mm 15 mm 2 mm 8 mm 15 mm

AC 0.95 0.99 1.00 0.95 0.98 0.99 0.95 0.97 0.99 0–1 1
BIAS 0.78 0.86 0.50 0.78 0.75 0.40 0.89 0.90 1.33 0–Inf. 1
POD 0.48 0.57 0.50 0.56 0.38 0.20 0.59 0.50 0.33 0–1 1
FAR 0.39 0.33 0.00 0.29 0.50 0.50 0.33 0.44 0.75 0–1 0
POFD 0.02 0.01 0.00 0.02 0.01 0.00 0.03 0.01 0.01 0–1 0
CSI 0.37 0.44 0.50 0.45 0.27 0.17 0.46 0.36 0.17 0–1 1
ETS 0.34 0.44 0.50 0.43 0.26 0.16 0.43 0.34 0.16 –1/3–1 1
HK 0.46 0.57 0.50 0.54 0.37 0.20 0.57 0.49 0.32 –1–(1) 1
HSS 0.51 0.61 0.67 0.60 0.42 0.28 0.60 0.51 0.28 –Inf.–1 1
OR 41.38 224.67 Inf. 65.21 67.00 85.00 56.55 83.00 56.67 0–Inf Inf.
Cases (obs) 24 7 2 27 8 5 27 10 3

Table 4b. Categorical statistics for the second 6-h interval (06:00–12:00 UTC) accumulated precipitation.

Categorical Second 6-h interval (06:00–12:00 UTC)
statistics

Ioannina Arta Igoumenitsa Range Perfect
score

≥ ≥ ≥ ≥ ≥ ≥ ≥ ≥ ≥

2 mm 8 mm 15 mm 2 mm 8 mm 15 mm 2 mm 8 mm 15 mm

AC 0.96 0.98 1.00 0.94 0.99 1.00 0.93 0.96 0.99 0–1 1
BIAS 0.88 1.14 1.50 1.26 0.88 0.67 1.44 1.71 2.00 0–Inf. 1
POD 0.67 0.57 1.00 0.58 0.63 0.67 0.76 0.43 0.67 0–1 1
FAR 0.24 0.50 0.33 0.54 0.29 0.00 0.47 0.75 0.67 0–1 0
POFD 0.02 0.01 0.00 0.04 0.01 0.00 0.05 0.03 0.01 0–1 0
CSI 0.55 0.36 0.67 0.34 0.50 0.67 0.45 0.19 0.29 0–1 1
ETS 0.53 0.35 0.66 0.32 0.49 0.66 0.42 0.17 0.28 –1/3–1 1
HK 0.65 0.56 1.00 0.54 0.62 0.67 0.71 0.40 0.66 –1–(1) 1
HSS 0.69 0.52 0.80 0.48 0.66 0.80 0.59 0.30 0.44 –Inf.–1 1
OR 126.80 111.67 Inf. 33.21 280.00 Inf. 56.63 27.50 169.50 0–Inf Inf.
Cases (obs) 26 7 2 19 8 3 26 8 3

scores for all thresholds. This means that the model is skill-
ful in reproducing correct forecasts of precipitation at a per-
centage close or better than 90%, while the fraction of incor-
rectly forecasted events when no event was observed is also
very low (lower than 8% for all thresholds and stations). OR
value for Igoumenitsa is remarkably high for 30 mm thresh-
old, showing that the ratio of the odds of making a hit to
the odds of making a false alarm is remarkably higher for
the high precipitation amounts. In general, POD, CSI, ETS,
HK and HSS values decrease as the precipitation threshold
increases with few exceptions only.

The same verification process has been followed for the
four 6-h intervals of the day. The results are presented in Ta-
ble 4a–d. In this case, the 30 mm threshold has been omitted
because of the too low number of events. For the same rea-
son, the results for the 15 mm threshold cannot be considered
robust. A detailed examination of Table 4 reveals that there
is not a clear trend towards lower or higher values as thresh-
old and time change. However, in general, it could be ar-
gued that precipitation forecast appears slightly better for the
second 6-h interval (06:00–12:00) and somewhat worse for
the last 6-h interval (18:00–24:00). These results compared
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Table 4c.Categorical statistics for the third 6-h interval (12:00–18:00 UTC) accumulated precipitation.

Categorical Third 6-h interval (12:00–18:00 UTC)
statistics

Ioannina Arta Igoumenitsa Range Perfect
score

≥ ≥ ≥ ≥ ≥ ≥ ≥ ≥ ≥

2 mm 8 mm 15 mm 2 mm 8 mm 15 mm 2 mm 8 mm 15 mm

AC 0.91 0.96 0.98 0.92 0.97 0.99 0.91 0.96 0.98 0–1 1
BIAS 1.16 0.58 0.67 1.38 0.82 0.80 1.00 0.50 0.60 0–Inf. 1
POD 0.58 0.25 0.33 0.69 0.36 0.60 0.47 0.31 0.20 0–1 1
FAR 0.50 0.57 0.50 0.50 0.56 0.25 0.53 0.38 0.67 0–1 0
POFD 0.06 0.01 0.01 0.06 0.01 0.00 0.05 0.01 0.01 0–1 0
CSI 0.37 0.19 0.25 0.41 0.25 0.50 0.30 0.26 0.14 0–1 1
ETS 0.32 0.17 0.24 0.37 0.24 0.50 0.26 0.25 0.14 –1/3–1 1
HK 0.52 0.24 0.33 0.64 0.35 0.60 0.42 0.30 0.19 –1–(1) 1
HSS 0.59 0.30 0.39 0.54 0.38 0.66 0.42 0.40 0.24 –Inf.–1 1
OR 22.85 27.50 84.50 37.75 37.71 510.00 16.41 49.55 42.38 0–Inf Inf.
Cases (obs) 32 12 6 26 11 5 31 17 5

Table 4d. Categorical statistics for the fourth 6-h interval (18:00–24:00 UTC) accumulated precipitation.

Categorical Fourth 6-h interval (18:00–24:00 UTC)
statistics

Ioannina Arta Igoumenitsa Range Perfect
score

≥ ≥ ≥ ≥ ≥ ≥ ≥ ≥ ≥

2 mm 8 mm 15 mm 2 mm 8 mm 15 mm 2 mm 8 mm 15 mm

AC 0.91 0.97 0.99 0.91 0.97 0.99 0.91 0.96 0.98 0–1 1
BIAS 0.77 0.75 0.00 0.81 0.88 1.00 1.36 0.60 0.60 0–Inf. 1
POD 0.18 0.25 0.00 0.39 0.38 0.33 0.56 0.10 0.00 0–1 1
FAR 0.76 0.67 – 0.52 0.57 0.67 0.59 0.83 1.00 0–1 0
POFD 0.04 0.01 0.00 0.04 0.01 0.01 0.06 0.01 0.01 0–1 0
CSI 0.11 0.17 0.00 0.27 0.25 0.20 0.31 0.07 0.00 0–1 1
ETS 0.09 0.16 0.00 0.23 0.24 0.20 0.27 0.06 –0.01 –1/3–1 1
HK 0.14 0.24 0.00 0.35 0.36 0.33 0.50 0.09 –0.01 –1–(1) 1
HSS 0.16 0.27 0.00 0.38 0.39 0.33 0.43 0.11 –0.01 –Inf.–1 1
OR 5.32 27.83 – 14.67 50.10 85.25 19.15 7.36 0.00 0–Inf Inf.
Cases (obs) 23 9 3 33 8 3 26 10 5

to those for the 24-h period (Table 3) appear poorer (except
maybe for the 06:00–12:00 6-h), as was expected, because of
the higher requirement in terms of time-accuracy.

It has to be underlined that the selection of the above
thresholds (2, 8, 15, and 30 mm), which are the same with
the ones for the severe weather events warning system, does
not imply that the verification of the precipitation forecasts
can be considered as an indirect verification of the issued
alerts. Epirus is a very mountainous area with a sparse rain
gauge network and the 16 sub-regions defined cover areas

of approximately 25×25 km containing more than 150 grid
points. For the same reason, verification of snowfall fore-
cast has been avoided since the sub-areas 1, 4, and 10, where
the three stations belong to, contain high altitude grid points
where snowfall is apparently more frequent than in the cities
(in the continental town of Ioannina the mean annual number
of snowfall days is 7). Thus, the above results are represen-
tative for small areas around Ioannina, Arta and Igoumenitsa
only.
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3.4 Verification of thunderstorm warnings

As already mentioned in Sect. 2, the verification of thunder-
storm warnings is performed for all sub-regions, using as ref-
erence lightning measurements by the ZEUS lightning detec-
tion system. The verification of convective precipitation fore-
casts is really a challenging task that cannot be fulfilled by
using raingauge observations, especially over regions such
as Epirus where the surface network is not dense. For such a
task, radar data would be needed but they are also not avail-
able in the area. For this reason, lightning data have been
used as a proxy for the occurrence of convection in order to
verify the RISKMED warnings of thunderstorms. Further, as
long-range lightning detection networks suffer from underes-
timation of the number of flashes (Lagouvardos et al., 2009),
a quantitative approach that incorporates thresholds for the
number of lightning would not be possible. Therefore, the
adopted verification procedure is limited to the qualitative
measure of a yes/no for both the lightning and the thunder-
storm warnings.

As reported in Table 1, thunderstorm warnings are issued
if forecast precipitation amounts exceed 8 mm in 6 h and at
least 50% of this amount is produced by the convective pa-
rameterization scheme. The contingency table for the veri-
fication of thunderstorms was constructed by considering a
yes/no of the observation of at least one lightning in each
sub-region and a yes/no of a forecasted thunderstorm warn-
ing of any level in the same sub-region. The calculation of
the relevant scores reveals the following:

– For the simulations issued the same day (forecast inter-
val t+12–t+18), POD equals 0.36, FAR 0.30 and CSI
0.30.

– For the simulations issued the previous day (forecast in-
terval t+36–t+42), POD equals 0.29, FAR 0.28 and CSI
0.27.

As expected, thunderstorm forecasts are more skilful for
shorter lead time. However, the statistical scores appear quite
low. Therefore the statistical analysis was repeated, changing
the thresholds given in Table 1 from 8 to 4 mm in 6 h. The
results show that:

– For the forecasts issued the same day (t+12–t+18), POD
equals 0.52, FAR 0.38 and CSI 0.39.

– For the forecasts issued the previous day (t+36–t+42),
POD equals 0.41, FAR 0.37 and CSI 0.33.

Therefore, the modified threshold provides more accurate
forecasts of thunderstorm occurrence and it is suggested that
in the operational procedure of RISKMED, this new thresh-
old has to be adopted. However, it is reminded that these
results do not use direct measurements of thunderstorm ac-
tivity (a task that would demand a large number of manned
stations) but remote observations of lightning activity.

4 Conclusions

The MM5 meteorological model is applied operationally for
the area of NW Greece for the period 1 June 2007–31 May
2008 and the results are used in order to construct a severe
weather event warning system. A verification of the model is
carried out by comparing the model outputs with the records
from three automatic meteorological stations. According to
the verification results and the frequency of the warnings, the
following conclusions can be drawn:

1. Daily maximum air temperature is slightly overesti-
mated by the model, while minimum temperature is
significantly overestimated. This overestimation is
strongest for the inland area of Ioannina, where the bias
for minimum temperature is 6◦C.

2. Surface wind speed is generally overestimated by the
model. This can be considered as logical, taking into
account the small-scale (lower than 2 km, which is the
spatial analysis of Grid 3) natural and artificial obsta-
cles near the ground, not being simulated in the 2x2 km
model forecasts.

3. Precipitation prediction is generally satisfactory, as in-
dicated by the categorical statistical tests for 24- and 6-h
totals.

4. Verification of thunderstorm warnings for all sub-areas,
using as ground-truth lightning data from ZEUS light-
ning detection system revealed the need for refinement
of the corresponding warnings thresholds, in order to in-
crease the probability of detection of thunderstorm ac-
tivity.

5. The application of the warning system seems to work
properly and the only issue that could be further ex-
amined is the definition of thresholds for precipitation
amount.

The authors plan to continue the verification of the system for
a longer period, introducing a larger observational dataset,
since in 2009 a new network of 10 automatic weather stations
has been installed in the area.
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