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Numerical Study on the Influence of Surface Conditions on an Intense Storm over  
Northern Greece 

The sea surface temperatures may influence the atmosphere in different ways. Nowadays, 
various datasets are available for the definition of this field in the numerical weather 
prediction models. An intense storm associated with heavy precipitation, floods and lightning 
activity, affected northern Greece on 15 July 2014. The aim of this study was to investigate 
the influence of the sea surface temperatures on this high impact event. High-resolution 
numerical experiments were performed with the use of the Weather Research and 
Forecasting (WRF) numerical weather prediction model. The potential for lightning activity 
was estimated diagnostically by the Lightning Potential Index. The sensitivity experiments 
were forced by the sea surface temperature datasets of the National Centers for 
Environmental Prediction (NCEP), the European Centre for Medium-Range Weather Forecasts 
(ECMWF) and the National Aeronautics and Space Administration (NASA), which exhibited 

differences up to about 1-2C. The surface fluxes of energy were modulated by the above 
datasets. The sea surface temperatures appeared to affect the spatial distribution of 
precipitation and the spatiotemporal distribution of the lightning activity. The existence of 
actual sea surface temperature measurements is deemed necessary in order to reduce the 
uncertainty in the definition of the surface conditions in the numerical weather forecasts.  
Keywords: intense precipitation, sea surface temperatures, WRF model, Lightning Potential 
Index, neighbourhood based verification 
 
 

Introduction 
 

Various studies have shown the importance of the surface conditions for meteorology and 
climate (e.g. Garratt, 1993). The sea surface temperatures (SSTs) may control the evolution of 
the weather systems at different scales. High impact weather events in the Mediterranean, 
such as torrential precipitation, floods, tornadoes and tropical-like cyclones, have been 
affected by the SSTs (e.g. Miglietta et al., 2011, 2017; Millan et al., 1995; Pytharoulis, 2017). 
Tompkins and Craig (1999) suggested that the SST changes influence convection, only in the 
presence of large scale flow. However, the explosive deepening of the eastern Meditteranean 
“bomb” of January 2004 was not sensitive to the surface fluxes and the SSTs (Lagouvardos et 
al., 2007; Katsafados et al., 2011). The latter authors suggested that only the spatial 
distribution of precipitation was sensitive to the definition of the SSTs (satellite/ analysis data). 
Also, a numerical study of the Mediterranean tropical-like cyclone of November 2014 

simulated a slightly weaker system when warm SST anomalies of 2C and 3C were imposed 
(Pytharoulis, 2017), because of changes in its upper air warm core. Therefore, the SSTs may 
influence the atmosphere in different ways. This is particularly important in numerical 
weather prediction because miscellaneous SST datasets, produced by different techniques 
and at various resolutions, are available.  
An intense storm (with strong precipitation and lightning activity) occurred at northern 
Greece, and mainly in the Gulf of Thermaikos, in Thessaloniki, as well as in western Chalkidiki, 
on 15 July 2014. The precipitation reached 98.5 mm and 61 mm at the meteorological station 



of the Aristotle University of Thessaloniki (AUTH) and at the city airport in a 24 hr interval 
ending at 18:00 UTC 15/7/14. Its development was associated with a mid-tropospheric closed 
low and strong low-level convergence, in an environment supporting deep convection. 
Pytharoulis et al. (2016) presented a detailed synoptic/dynamic analysis of the event and 
showed the important role of the strong synoptic forcing. Tolika et al. (2017) proposed that a 
“lake” effect, due to SST warming in the almost closed Gulf of Thessaloniki, is likely to have 
promoted this event. The aim of the present study is to investigate the influence of the SSTs 
on the development of this event, which affected a highly populated area and tourist 
destination, focusing on precipitation and lightning activity. 
 
 

Data and methodology 
 

This study utilizes surface observations from the meteorological stations of the Department 
of Meteorology and Climatology in AUTH and the airport of Thessaloniki (LGTS; Figure 1). The 
precipitation was also estimated from the weather radar of the 3D S.A. company at Filyro 

(40.672N, 23.014E), using the TITAN software. This radar is used operationally by the 
Hellenic Agricultural Insurance Organization in its hail suppression activities in northern 
Greece. The lightning data were measured by the ZEUS system (Kotroni & Lagouvardos, 2008, 
2016; Lagouvardos et al., 2009) operated by the National Observatory of Athens. 
The numerical experiments were performed using the non-hydrostatic Weather Research and 
Forecasting (WRF) numerical weather prediction model, with the Advanced Research dynamic 
core (WRF-ARW version 3.5.1; Skamarock et al., 2008; Wang et al., 2013). Figure 1 shows that 
two model domains were applied (a) in Balkans, southern Italy and in a part of the eastern 
Mediterranean Sea (D01; 292 x 288 grid points) and (b) in the wider area of northern Greece 
(D02; 219 x 171 grid points). The horizontal grid-spacing of the two-way nested domains D01 
and D02 was 5 km and 1.667 km, respectively, while 51 sigma levels (up to 50 hPa) were used 
in the vertical by both nests. The initial and boundary conditions of D01 were based on the 6 
hourly operational analyses of the European Centre of Medium-Range Weather Forecasts 

(0.125x0.125 latitude-longitude). High-resolution (30 arc sec) data from the United States 
Geological Survey, were used in order to define the topography and the land use. 
The microphysical, boundary layer, surface layer and soil processes were modeled by the WRF 
Single-Moment 6-Class (WSM6; Hong & Lim, 2006), Yonsei University (YSU; Hong et al., 2006), 
Monin-Obukhov (MM5), NCEP/ Oregon State University / Air Force/ Hydrologic Research Lab 
(NOAH; Chen & Dudhia, 2001) schemes, respectively. NOAH used four layers extending at 0-
0.1, 0.1-0.4, 0.44-1.0 and 1.0-2.0 m below the surface. The cumulus convection was 
parameterized at D01 using the Kain-Fritsch scheme (Kain, 2004), while it was considered to 
be explicitly resolved in the inner nest (D02), due to its fine resolution. The shortwave and 
longwave radiation fluxes were represented by the RRTMG scheme (rapid radiative transfer 
model application for global climate models; Iacono et al., 2008), taking into account the 
terrain slope in the calculation of the former fluxes. This model setup was used successfully 
by Pytharoulis et al. (2016) in a numerical study of the effect of topography on this event.  
The sensitivity of the intense precipitation event of 15 July 2014 and its lightning activity on 
the SSTs was investigated through the implementation of three numerical experiments, with:  



 

Figure 1 The two domains (D01, D02) used in the numerical experiments of WRF-ARW model. 
The colour shading illustrates the topography of D01. The blue rectangle encompasses the 

region of interest (39.75N – 40.75N, 22.5E - 24E). The locations of the meteorological 
stations of the Aristotle University of Thessaloniki (AUTH) and the airport of Thessaloniki 
(LGTS) are depicted by the magenta and blue colored bullets, respectively.  

 
 (a) The daily high-resolution SSTs of the National Centers for Environmental Predictions 

(NCEP) at a grid-spacing of 1/12 x 1/12 (~0.083x0.083) latitude-longitude  
(http://polar.ncep.noaa.gov/sst/ophi/; hereafter NCEP_SST or control experiment).  

(b) The SSTs of the 6-hourly ECMWF analyses at a grid-spacing of 0.125x0.125 (ECMWF_SST). 
(c) The daily National Aeronautics and Space Administration / Jet Propulsion Laboratory 

(NASA/JPL) SSTs, at a grid-spacing of 0.01x0.01 latitude-longitude (Chao et al., 2009), which 
are produced through multi-sensor satellite data and in situ buoy observations (NASA_SST). 
All the experiments were performed from 12:00 UTC 14 July 2014 to 18:00 UTC 15 July 2014 
and the SSTs did not change relatively to the initial values. The simulated lightning activity was 
calculated diagnostically through the Lightning Potential Index (LPI; Yair et al., 2010) using the 
WRF output at 5 minute intervals. The selected WSM6 microphysical scheme is suitable for 
such applications, because it is effective in high resolution simulations and computes the mass 
mixing ratio of liquid water, graupel, snow and ice which are needed by LPI.   
 
 

Results 
 
Figure 2 illustrates the SSTs of the three experiments in the inner domain (D02). In NCEP_SST, 

the surface temperatures ranged from about 24.5C to 25.5C at the Gulf of Thermaikos. The 
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SSTs of ECMWF_SST were generally warmer than NCEP SSTs, up to about 1-1.5C, in the Gulf 
of Thermaikos where heavy precipitation was estimated (Figure 3a) and most of the lightning 
activity took place. Similarly, the NASA SSTs were warmer than in the control experiment, with 

anomalies up to about 1.5-2C. Moreover, the higher resolution SSTs of NASA were able to 
resolve smaller scale anomalies, especially near AUTH and LGTS. 
 

  

 
Figure 2 The sea-surface temperatures (C) of D02, in the (a) NCEP_SST, (b) ECMWF_SST and 
(c) NASA_SST WRF experiments. 
 
The accumulated precipitation estimated by the C-band weather radar from 18 UTC 14/7/14 
to 18 UTC 15/7/14, at a radius of 100 km, appears in Figure 3a. The 24 hr precipitation 
exceeded 40 mm (and even 90 mm locally) in large parts of western Chalkidiki and Thessaloniki 
where the floods occurred. In agreement with the radar data, all the experiments simulated 
large precipitation amounts greater than 40 mm in the abovementioned areas, near AUTH 
and LGTS where the maximum amounts were recorded, and in the Gulf of Thermaikos (Figure 
3). The heaviest precipitation (> 100 mm in 24 hr in Thermaikos Gulf and western Chalkidiki) 
was simulated by NASA_SST (Figure 3d), that was forced by the warmest SSTs (Figure 2).  
High resolution simulations may provide a realistic representation of the atmospheric flow, 
but, they may suffer from displacement errors (Ebert, 2008). AUTH measured 98.5 mm in the 
aforementioned 24 hr period. The maximum 24 hr precipitation near AUTH was simulated at 
about 24.2 km, 24.6 km, 13.2 km southeast of the station, with amounts of 94 mm, 85.6 mm 
and 85 mm in NCEP_SST, ECMWF_SST and NASA_SST, respectively. Hence, the statistical 
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evaluation of the simulated precipitation against the radar-derived one was performed using 
the neighborhood based methodology of Clark et al. (2010). Firstly, the radar values were 
interpolated to the grid of D02. Then, they were compared with the simulated values at 
neighborhoods of different sizes, instead of using a point-to-point evaluation. The cone of 
silence and the region southeast of the radar, influenced by the mountains and technical 
issues, were not considered. The neighborhoods corresponded to squares centered at each 
grid-point, with their sides extending progressively from about 3.33 km x 3.33 km to 100 km x 
100 km. Following Clark et al. (2010), at a specific precipitation threshold, a hit is counted at a 
grid-point when the observed value exceeds it at this grid-point and the simulated value 
exceeds it at the same grid-point or at least at one grid-point of the neighborhood. 
 

  

 
Figure 3 The accumulated precipitation (mm) (a) estimated by the weather radar and 
simulated by the WRF-ARW experiments (b) NCEP_SST, (c) ECMWF_SST and (d) NASA_SST in 
D02, from 18:00 UTC 14/7/2014 to 18:00 UTC 15/7/2014. 
 
The statistical scores were calculated for each different size of neighborhoods using the Model 
Evaluation Tool (MET) of WRF. Figure 4 shows the maximum value of the Equitable Threat 
Score (ETS) in the different size neighborhoods versus the precipitation threshold. The 
ECMWF_SST (NCEP_SST) produced the best spatial distribution of the 24 hr precipitation for 
thresholds larger (smaller) than 45 mm. The NASA_SST exhibited higher scores than NCEP_SST 
only for large thresholds greater than 55 mm in 24 hr. 

(a)  RADAR (b)            NCEP_SST 

(c)       ECMWF_SST (d)           NASA_SST 



 
Figure 4 The maximum Equitable Threat Score (ETS) of the D02 precipitation accumulated 
from 18UTC 14/7/14 to 18UTC 15/7/14, for neighborhood sizes up to 100 km x 100 km, versus 
the precipitation threshold (mm) in NCEP_SST, ECMWF_SST and NASA_SST experiments. 
 
The horizontal distribution of the density of lightning strikes at the grid-points of D02, from 18 
UTC 14/7/14 to 18 UTC 15/7/14, is illustrated in Figure 5a. Most of the lightning activity 
affected the Gulf of Thermaikos, the two western peninsulas of Chalkidiki (Kassandra and 
Sithonia) and the region near the city and the airport of Thessaloniki. All the experiments 
simulated the threat in these regions, through the LPI index (Figure 5). The maximum 
predicted values appeared in the Gulf of Thermaikos, near the western peninsula of Chalkidiki 
(Kassandra) and near the northwest borders of Greece. The overestimation of the latter 
activity is likely to be due to model errors and to the complexity of processes involved in 
lightning physics. The NASA_SST experiment provided the most pronounced indication of the 
lightning threat in the above regions and mainly at Thessaloniki. 
Figure 6 presents the temporal evolution of the actual and simulated lightning activity in the 

area of interest (39.75N-40.75N, 22.5E-24.0E; Figure 1) in half-hourly intervals. This 
rectangle was successfully used by Pytharoulis et al. (2016), in order to examine the effect of 
topography in this event, and is adopted here. All the experiments simulated most of the 
duration of the lightning activity. NASA_SST experiment provided the best estimate (a) of the 
triggering of the activity, but with a delay of about 2 hours and (b) of the time of peak activity. 
The statistical scores were calculated using the half-hourly number of actual strikes and 

maximum LPI in the area of interest (39.75N-40.75N, 22.5E-24.0E) in the whole 24hr 
period (Figure 6). A hit was considered when the number of the actual strikes and maximum 
LPI were greater than zero. NASA_SST produced the best temporal distribution of the lightning 
activity. NCEP_SST and ECMWF_SST exhibited identical scores, but the latter experiment 
produced a higher linear correlation coefficient (0.597). 
The SSTs influence the troposphere through the surface fluxes of heat and moisture. In turn, 
they change the equivalent potential temperature of the boundary layer, modulating the 
likelihood and intensity of convection. The warmer SSTs of the NASA dataset resulted to the 
simulation of the strongest average surface latent heat fluxes (at the sea points of the area of 
interest) before the triggering and during most of the lifetime of the lightning activity in 
NASA_SST, followed by ECMWF_SST (Figure 7). The average surface latent heat fluxes in 
NASA_SST (ECMWF_SST) over the sea points of the area of interest were about 35 W/m2 (15 
W/m2) stronger than in NCEP_SST at the outset of the lightning activity. The average surface 
sensible heat fluxes were almost zero before the event, but reached about 30% of the surface 
latent heat values during the event. Similarly, the strongest sensible heat fluxes were 
simulated by NASA_SST, followed by ECMWF. Therefore, it seems that the warmer SSTs 



resulted to an earlier triggering of the lightning activity in NASA_SST, closer to the observed 
time of its outset, and an improvement of the temporal correlation between the actual and 
the simulated activity in NASA_SST and ECMWF_SST (Figure 6).   
 

 

  

Figure 5 (a) The density of lightning strikes (number/km2) detected by the ZEUS system and 
(b), (c), (d) the maximum value of LPI (J/kg) in the NCEP_SST, ECMWF_SST and NASA_SST 
experiments of WRF-ARW, respectively, in D02 from 18UTC 14/7/14 to 18UTC 15/7/14. 

 

 
Summary - Conclusions 

 
This study investigated the sensitivity of an intense precipitation and lightning event, which 
affected northern Greece on 15 July 2014, to the sea surface temperatures. Three high 
resolution numerical experiments were performed with the use of the non-hydrostatic WRF-
ARW model. The simulations were forced by the operational NCEP, ECMWF and NASA/JPL SST 

datasets which exhibited differences up to about 1-2C in the Gulf of Thermaikos. Both 
ECMWF and NASA SSTs were warmer than the NCEP ones in the Gulf, despite the slightly lower 
resolution of the ECMWF dataset. All the experiments simulated heavy precipitation, stronger 
than 40 mm/ 24 hr, in large parts of the affected regions. The maximum simulated values 
exceeded 80 mm/ 24 hr locally in agreement with the radar data. The statistical evaluation of 
the model precipitation against the radar estimated one, was performed through a 
neighbourhood based verification method. It showed that the experiment with the ECMWF 
SST field, which is created by the same assimilation system as the meteorological input data, 
resulted to the best representation of the spatial distribution of precipitation. The best 
representation of the outset and maximum intensity times, as well as of the temporal 
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evolution of the whole lightning activity were produced by the experiment with the NASA 
SSTs. It is suggested that the warmer SSTs of NASA improved the representation of the 
temporal evolution of instability, allowing a more efficient triggering of the lightning activity. 
In conclusion, this intense event was sensitive to the definition of the sea surface 
temperatures. Unfortunately, no actual SST measurements are available in this area, resulting 
to large differences in the various SST datasets. The existence of an observational SST network 
is deemed necessary in this region. 
 

  

 
Figure 6 Timeseries of the number of ZEUS lightning strokes and the maximum value of the 

calculated LPI (J/kg) in half-hourly intervals in the area of interest (39.75N-40.75N, 22.5E-

24.0E). The number of each hour appears at the first half-hourly interval of the hour. The 
frequency Bias, Probability Of Detection, False Alarm Rate, Equitable Threat Score, linear 
correlation coefficient (R) and its significance level at each experiment are also provided.        
 
 

 
Figure 7 Timeseries of the surface latent (LH) and sensible heat (SH) fluxes averaged over the 

sea points of the area of interest (39.75N-40.75N, 22.5E-24.0E) of D02. 
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