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Abstract This study presents the evaluation of 1 year of operational lightning forecasts

provided for Europe, using the Weather Research and Forecasting model coupled with a

cloud-top height-based lightning parameterization scheme. Three different convective

parameterization schemes were employed for parameterizing sub-grid cloud-top heights

and consequently driving the lightning scheme. Triggering of the lightning scheme was

controlled by means of a model-resolved microphysics-based masking filter, while the

formulation for deriving lightning flash rates was also modified, assuming a single

‘‘marine’’ equation instead of the original equations discriminating between continental

and marine lightning. Gridded lightning observations were used for evaluating model

performance on a dichotomous decision basis. Analysis showed that the lightning

scheme is sensitive to the parameterization of convection. In particular, the Kain–Fritsch

convective scheme was found to outperform the Grell–Devenyi and Grell–Freitas schemes,

showing a statistically significant better performance with respect to lightning prediction.

This was most evident during the warm season, while smaller differences among the

schemes were recorded during the cold season. Further, for all examined convective

schemes, it was found that the application of the masking filter is desirable for improving

model performance in terms of lightning forecasting. Last, the reported results revealed

that the refinement of the formulation of the lightning parameterization scheme, adhering

to a ‘‘global’’ marine equation instead of distinguishing between land and sea lightning,

may be necessary in order to obtain reliable lightning forecasts.
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1 Introduction

Lightning is a typical feature of severe weather that raises significant concern for public

safety. Every year, lightning kills thousands of people around the world and tens of

thousands are injured (e.g., Mills et al. 2008; Navarrete-Aldana and Cooper 2014; Papa-

giannaki et al. 2013; Salerno et al. 2012; Zhang et al. 2011). Globally, it is estimated that

lightning is responsible for approximately 6000–24,000 deaths per year (Cardoso et al.

2001; Holle 2008). Besides its potentially lethal impacts on human life, lightning has been

also documented to be of significant interest for a broad spectrum of geoscience appli-

cations, including forest fire initiation (e.g., Drobyshev et al. 2010; Liu et al. 2016;

Peterson et al. 2010) and ozone production (e.g., Cooper et al. 2007; Hudman et al. 2007;

Ryu and Jenkins 2005).

Considering the importance of lightning as a natural hazard, it is understandable that

there is a need for reliable and accurate lightning forecasts. To this end, several lightning

parameterization schemes (LPSs) have been proposed during the past two decades. The

most well documented and commonly used of such parameterizations is perhaps the one

developed by Price and Rind (1992, 1993, 1994) (hereafter referred to as PR92), which

relates lightning flash rates to the fifth-power of convective cloud-top height. Alternative

approaches have been also developed, based on either bulk- or resolved-scale storm

parameters that correlate well with lightning flashes. Examples of such parameters are the

deep convective mass flux (Allen and Pickering 2002; Allen et al. 2010), the ice water

content (Petersen et al. 2005), the convective available potential energy (CAPE) and other

instability indices (Burrows et al. 2005; Tinnmaker et al. 2015; Zepka et al. 2014), the

updraft volume (Deierling and Petersen 2008), and mixed-phase graupel flux (McCaul

et al. 2009). Explicit lightning physics schemes, performing at cloud-resolving scales, have

been also proposed (e.g., Fierro et al. 2013).

Aiming to provide qualitative lightning forecasts for the public, Yair et al. (2010)

introduced the concept of the Lightning Potential Index (LPI), based on the fractional ice

and super-cooled liquid water mixing ratios between the freezing level and the -20 �C
isotherm. Bright et al. (2005) also followed a qualitative approach for developing the

Cloud Physics Thunder Parameter (CPTP), based on CAPE and the temperature at the

equilibrium level. Both LPI and CPTP differ from other lightning parameterizations in that

they do not directly diagnose or predict flash rates or flash counts.

This study presents the evaluation of a modeling system, designed and implemented to

provide operational lightning forecasts for increasing public awareness. The modeling

system is based on the Weather Research and Forecasting (WRF) model and the cloud-top

height-based PR92 LPS. Hence, one of the key goals of the study is to assess the capacity

of PR92 to support a real-time numerical weather prediction (NWP) application. For this,

we focus on the verification of daily 3-day lightning predictions, provided operationally for

Central-South Europe during a 1-year period.

The present study extends the earlier works of Wong et al. (2013) and Giannaros et al.

(2015), upon which it is conceptually based. In this context, the original WRF imple-

mentation of PR92 (Wong et al. 2013) was properly adapted to allow for using different

convective parameterization schemes (CPSs) for driving the lightning scheme. The for-

mulation of Price and Rind (1992), distinguishing between continental and marine light-

ning flash rates, was also modified with the aim to improve lightning forecasts. Further, the

concept of the masking filter, introduced and preliminarily assessed by Giannaros et al.

(2015), was evaluated on an operational basis, over the entire study period.
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2 Methodology

2.1 Modeling system setup and implementation

The modeling system evaluated in the present study is based on the NWP WRF model,

version 3.6.1 (Skamarock et al. 2008). Numerical simulations using parameterized con-

vection were carried out on a single modeling domain, focusing on Central-South Europe

with a horizontal grid spacing of 24 km and a mesh size of 185 9 125 grid points (Fig. 1).

In the vertical, 28 unevenly spaced full sigma levels were defined and the model top was

set to 100 hPa. Given that the specified vertical resolution can be considered to be rather

coarse, there is in principle the possibility that the present results could be adversely

affected. However, the testing of a newer version of the modeling system, employing a

significantly larger number of vertical levels, revealed no important dependence of light-

ning forecasts on the vertical resolution.

Shortwave and longwave radiation were parameterized with the Dudhia (Dudhia 1989)

and Rapid Radiative Transfer Model (RRTM; Mlawer et al. 1997) schemes, respectively.

The Thompson parameterization (Thompson et al. 2008) was used for handling micro-

physics processes. For the planetary boundary layer, the Mellor–Yamada–Janjic (MYJ)

parameterization (Janjic 1994) was employed, coupled with the Eta similarity

scheme (Janjic 1996, 2002) for the representation of the surface layer. Land surface

interactions were handled with the Noah land surface model (Tewari et al. 2004).

The daily 0000 UTC 0.5� 9 0.5� spatial resolution and 6-h temporal resolution Global

Forecast System (GFS) data, provided by the National Centre for Environmental Predic-

tions (NCEP), were used for initializing the modeling system. High-resolution

(0.083� 9 0.083�) sea-surface temperature analyses, provided by NCEP, were also

employed during the initialization. Numerical forecasts were conducted operationally

during the period spanning from October 1, 2014, through September 30, 2015. Forecasts

were initialized at 0000 UTC on each day and extended to 84 h, allowing for a 12-h spin-

Fig. 1 WRF modeling domain (black rectangle denoted with DO1) and verification area (red rectangle)
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up of the WRF model. The remaining 72 h of forecast data were used for the model

evaluation. No data assimilation was carried out.

2.1.1 Parameterization of lightning

Lightning was parameterized using the cloud-top height-based PR92 LPS. The WRF

implementation of this lightning scheme (Wong et al. 2013) initially required that a

specific CPS be used, namely the Grell–Devenyi (GD) ensemble scheme (Grell and

Devenyi 2002), in order to derive sub-grid cloud-top heights for computing flash rates. This

restriction is lifted in the present study by proper modification of the lightning scheme’s

code. Consequently, the Kain–Fritsch (KF) scheme (Kain 2004) and the Grell–Freitas (GF)

ensemble (Grell and Freitas 2014) scheme were used as alternatives to the GD

parameterization.

To account for the resolution dependency of PR92, discussed in detail in Wong et al.

(2013), the ‘‘calibration factor’’ approach of Price and Rind (1994) was used. Partitioning

of the simulated total lightning flash rates into intra-cloud (IC) and cloud-to-ground (CG)

was carried out with the empirical equation of Prentice and Mackerras (1977).

Following Giannaros et al. (2015), who provided a preliminary assessment of the PR92

LPS for Greece, a masking filter was applied for controlling the computation of lightning

flash rates. The principal function of this filter can be summarized in preventing the

production of lightning when the model-resolved column-integrated ice content (Qice) does

not exceed a certain threshold value (2 g). For a detailed presentation of the development

and assessment of this masking filter, the reader is advised to refer to Giannaros et al.

(2015).

The above-presented adaptation of the PR92 lightning parameterization can be regarded

as an ad hoc tuning procedure. In principle, this is necessary when diagnostic lightning

prediction schemes are implemented. In developing their parameterization, Price and Rind

(1992) established the fifth-order dependence of flash rates to the cloud-top height rather

than to the radar echo top height. This basic assumption may not be applicable in all

regions and seasons, since cloud tops exhibit sharp variations both spatially and tempo-

rally. For instance, the top of a convective cloud may be a few kilometers higher than the

height to which significant radar echo exists, especially over ocean regions (Liu et al.

2007). Further, the atmosphere may occasionally be unstable to great heights, but with only

small buoyancy, allowing deep clouds to form, with only weak updrafts. Such conditions

hamper the process of charge separation within the cloud and, consequently, result in

reduced lightning. On the other hand, the presence of increased concentrations of cloud

condensation nuclei (CCN), particularly over land, may result in increasing lightning

activity for the same cloud-top height (e.g., Mansell and Ziegler 2013). Ultimately, one

should bear in mind that cloud-top height is generally a poor tracer for the intensity of

convective and lightning activity and that tuning is almost always necessary when

implementing parameterizations similar to PR92 (e.g., Wong et al. 2013).

2.2 Evaluation procedure and data

Hourly measurements of CG lightning flashes over Central-South Europe, confined to the

geographical area between 0�N and 48�N, and 0�E and 33�E (Fig. 1), were used for the

evaluation of the modeling system. Data were provided by ZEUS, a ground-based very

low-frequency (VLF) lightning detection network operated by the National Observatory of

Athens (NOA). ZEUS detects primarily CG lightning, with a detection efficiency of about

4 Nat Hazards (2017) 85:1–18

123



30 %, and only a few high-amplitude (IC) flashes, while over the verification area (Fig. 1)

the location error approximates 6.5 km (Kotroni and Lagouvardos 2008; Lagouvardos

et al. 2009). These characteristics suggest that the lightning data derived from ZEUS must

be used with caution when investigating total lightning and, consequently, when studying

the microphysical/convective evolution of thunderstorms. In this study, however, we focus

on CG lightning as a natural hazard, not dealing with the examination of the structure and

evolution of thunderstorms. Further, when compared to other long-range detection net-

works (e.g., WWLLN; Rodger et al. 2004), ZEUS shows a better detection efficiency and

location error, while it has been shown to be capable of capturing the occurrence of

lightning (as an event) with a success rate of 95 % (Lagouvardos et al. 2009). Therefore,

the ZEUS lightning data are considered to be of sufficient quality for the purposes of this

study.

To allow for comparisons against model data, lightning observations were aggregated to

the 24-km WRF grid. In terms of data availability, 51 days were excluded from the

verification procedure due to either missing lightning observations or modeling system

failures. Overall, data availability for the 1-year verification period is considered to be

adequate (i.e., *86 %) to assess the robustness of forecast statistics presented herein. In

particular, data availability during June, July, and August, which is the most active period

in terms of lightning activity (e.g., Galanaki et al. 2015; Kotroni and Lagouvardos 2016), is

about 95 %.

The evaluation of the modeling system was conducted on a boolean decision basis (i.e.,

yes/no occurrence of lightning). Using contingency tables, the following verification scores

were computed: (a) probability of detection (POD), (b) false alarm ratio (FAR), and

(c) equitable threat score (ETS). In the above procedure, a single lightning threshold was

considered: lightning counts[1. This approach was adopted since the principal require-

ment of this study is to assess the model’s skill for successfully forecasting lightning

occurrence rather than lightning in terms of absolute numbers. The statistical significance

of differences in the scores has been verified using the bootstrapping-based hypothesis test

approach of Hamill (1999), which is described in detail in Accadia et al. (2003, 2005) and

Giannaros et al. (2016). The significance test was carried out assuming a 95 % (a = 0.05)

confidence interval.

3 Results

3.1 Overall performance and evaluation of the masking filter

To assess the overall performance of the modeling system and evaluate the masking filter,

verification scores were first computed using the dataset for the entire study period. For

this, the gridded ZEUS data were organized into 72-h intervals, beginning at T0 ? 12 (T0

is the initialization time of the modeling system), out to T0 ? 84, on each day of the 1-year

period, and compared against the corresponding 72-h WRF data. As shown in Table 1, the

selection of the CPS influenced model performance in terms of lightning forecasting.

Compared to the control GD simulation, KF showed the largest, statistically significant,

improvements in all scores. Rather small differences, statistically significant for POD and

FAR but not for ETS, were computed between GD and GF, most probably due to the fact

that both schemes are based on the same conceptual model for parameterizing convection

(Grell and Devenyi 2002; Grell and Freitas 2014).
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In agreement with the earlier study of Giannaros et al. (2015), the results presented in

Table 1 suggest that the implementation of the Qice-based masking filter improved light-

ning prediction. In particular, it is evident that the application of the filter restricted false

alarms in all simulations (GD, GF, KF). A reduction in POD was also found, but the net

effect of the masking filter on model performance was positive, as highlighted by the

increase seen in ETS. More importantly, the corresponding differences (i.e., NOFLT

[control] against FLT) were found to be statistically significant, highlighting the robustness

of the masking filter approach.

In addition to the computation of verification scores, observed and modeled data were

used to determine the number of grid points in DO1 (Fig. 1) affected by lightning on each

day of the study period. The corresponding scatter plots are shown in Fig. 2. The reported

correlation coefficients (R) indicate that even without the masking filter (Fig. 2a, c, e), the

day-to-day variation of lightning activity over Europe was reproduced rather well. How-

ever, lightning occurrences were generally overestimated. This inadequacy of the modeling

system was partially addressed when the masking filter was applied, resulting in improved

R values for all three CPS (Fig. 2b, d, f).

With regard to the sensitivity of PR92 to the parameterization of convection, Fig. 2

confirms the previously reported superiority of KF over GD and GF. Furthermore, it now

becomes evident that differences in the prediction of lightning activity do exist in between

the simulations conducted with the GD and GF schemes. In particular, lightning forecasts

derived with GF (Fig. 2c, d) were found to be better correlated with observations than the

forecasts produced using GD (Fig. 2a, b). As will be shown (Sect. 3.3), the overall better

performance of the model with the KF scheme is primarily due to the better representation

of convective processes during the warm season.

3.2 Forecast lead-time

Figure 3 presents the variation of the computed verification scores with respect to the

forecast lead-time. To calculate the scores, the gridded ZEUS and WRF data were

aggregated into 24-h intervals, starting at T0 ? 12 on each day of the 1-year verification

period. Hence, three datasets were constructed, each containing data for the periods

T0 ? 12 - T0 ? 36 (T24), T0 ? 36 - T0 ? 60 (T48), and T0 ? 60 - T0 ? 84 (T72).

Given the demonstrated positive impact of the masking filter (Sect. 3.1), results presented

hereinafter (Sects. 3.3, 3.4) are based on model data derived with the implementation of

the masking filter (FLT).

Table 1 Verification scores computed over the entire study period, without (NOFLT) and with (FLT) the
implementation of the masking filter, for each of the examined CPS

CPS NOFLT FLT

POD FAR ETS POD FAR ETS

GD 0.62 0.54 0.33 0.59* 0.45* 0.37*

GF 0.69 0.58 0.32 0.66* 0.51* 0.36*

KF 0.71 0.52 0.37 0.68* 0.47* 0.40*

Scores appearing in bold font indicate a statistically significant difference (at a = 0.05) between GF/KF
simulations and the GD simulation (control). Scores with an asterisk indicate a statistically significant
difference between the FLT and NOFLT (control) simulations, for each given CPS
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The results shown in Fig. 3 indicate that the predictive ability of the modeling system

drops with increasing forecast lead-time. For each of the three CPS, POD was found to

decrease by approximately 10 % from T24 to T72 (Fig. 3a). On the other hand, FAR was

found to increase (*7 %) in the simulations conducted with KF, remaining fairly constant

when either GD (*-2 %) or GF (*2 %) was employed. With regard to ETS, simulations

with the KF scheme were found to exhibit the largest decrease (*12 %) from T24 to T72,

whereas lower reductions were computed for GD (*5 %) and GF (*8 %).

The deterioration of model performance with increasing lead-time is in principle

associated with the basic uncertainties of NWP (e.g., Cuo et al. 2011; Leutbecher and

Palmer 2008). Initial conditions are of particular importance, and these can be only

determined within a certain accuracy. Given that NWP models have, by their nature,

Fig. 2 Scatter plots of observed (ZEUS) versus modeled (WRF) daily lightning activity, represented by the
number of grid points in DO1 (Fig. 1) with at least one lightning count, for each of the examined CPS (top,
middle and bottom row) without (left column; NOFLT) and with (right column; FLT) the implementation of
the masking filter. Pearson correlation coefficients (R) are shown within the plots
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inadequacies in representing physical processes, these initial errors may amplify during a

forecast, thus resulting in a model performance that drops with increasing lead-time.

The results presented in Fig. 3 also suggest that KF is generally a better option for

driving PR92, compared to GD and GF. This was most pronounced in the very short-range

(T24) forecasts, while for the T72 lightning forecasts, the computed ETS scores indicate

rather small differences in between the three convective schemes. Indeed, a statistically

significant improvement in ETS for T24 is only evident for KF (Fig. 3c).

3.3 Seasonal variations

To investigate model performance on a seasonal basis, the 1-year study period was split

into two seasonal periods: (a) the warm period, ranging from May through September, and

(b) the cold period, ranging from October through April. This particular seasonal cate-

gorization was selected based on past studies focusing on convection and lightning activity

(e.g., Giannaros et al. 2015; Kotroni and Lagouvardos 2001; Mazarakis et al. 2009).

Further, it allows for examining model performance under different meteorological con-

ditions associated with the lightning occurrence (e.g., dynamically versus thermally driven

convection).

The results presented in Table 2 reveal interesting aspects of model performance dif-

ferentiation due to employment of different CPS. One can easily notice that the

Fig. 3 Variation of model performance metrics with respect to the forecast lead-time: a POD, b FAR, and
c ETS. Verification scores were computed using model data derived with the implementation of the masking
filter (FLT). The asterisk above or below a data marker indicates a statistically significant difference (at
a = 0.05) between GF/KF simulations and the GD simulation (control), for the given forecast lead-time
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performance of each CPS is quite similar, one to the other, during the cold period of the

year. In this period, the development of storm systems, which may potentially lead to the

occurrence of lightning, is primarily driven by synoptic-scale forcing. Hence, the role of

the CPS is restricted. This, in turn, restricts the differentiation of model performance in

terms of lightning forecasting.

Conversely, when the synoptic-scale forcing is weak, as is the general case during the

warm season, the role of the CPS is enhanced and differences in model performance arise.

Indeed, as shown in Table 2, the examined parameterizations perform differently, with

respect to lightning forecasting, during the warm period of the year. Most notably, the

computed POD scores indicate that the KF scheme significantly outperformed GD and GF

in successfully capturing the occurrence of lightning. This could be attributed, at least to a

part, to the trigger function of this particular scheme that eventually allows for an improved

spatiotemporal simulation of convection, and consequently lightning activity. In brief, KF

employs low-level vertical motion for triggering convection and CAPE as the closure

(Kain 2004). Hence, it allows for a better representation of convective processes associated

with thermodynamic vertical motions induced by heating at the lower boundary, which

typically occurs during the warm season. On the other hand, the GD and GF schemes

employ a plethora of closure assumptions and trigger mechanisms that, by means of

ensemble techniques, are used for initiating and describing convection (Grell and Devenyi

2002; Grell and Freitas 2014). Both schemes are conceptually based on the original model

of Grell (1993), which has been shown to perform better under conditions of large-scale

forcing (e.g., Liang et al. 2004; Pei et al. 2014) than under thermally driven forcing.

3.4 Marine versus continental lightning

As discussed by Wong et al. (2013), the PR92 LPS considers different formulations for

deriving lightning flash rates over land and sea. Therefore, it is of particular interest to

examine model performance with respect to forecasting the occurrence of continental and

marine lightning. For this purpose, the gridded ZEUS data were first separated into two

groups based on the location of occurrence, either over land or over the sea. Model

performance metrics were then computed separately for each group.

Table 2 Verification scores computed over the warm and cold seasonal periods, for each of the examined
CPS

CPS POD FAR ETS

Wa Cb W C W C

GD 0.55 0.63 0.46 0.44 0.34 0.40

GF 0.64 0.68 0.52 0.50 0.34 0.37

KF 0.72 0.64 0.46 0.47 0.41 0.39

The calculation of the performance metrics was carried out using gridded observed and modeled (with the
implementation of the masking filter) lightning data, aggregated to 72-h intervals, beginning at T0 ? 12 on
each day of the verification period. Scores appearing in bold font indicate a statistically significant differ-
ence (at a = 0.05) between GF/KF simulations and the GD simulation (control)
a Warm period
b Cold period
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To draw the overall picture of model performance over land and sea, verification scores

for each CPS were computed over the entire 1-year period (refer also to Sect. 3.1, Table 1).

Results are presented in Fig. 4. Most notably, FAR scores for marine lightning were found

to be significantly lower than for continental lightning (Fig. 4b). Particularly for GD and

KF, the ‘‘marine FAR’’ was computed to be as low as about its half value over the land.

Smaller differences, not exceeding 20 %, were computed for POD, which suggest better

predictive ability over the land than over the sea (Fig. 4a). Overall, however, the ETS

scores depicted in Fig. 4c suggest better prediction of lightning over the sea than over the

land, especially when GD or KF was employed.

The above results suggest that irrespective of the employed CPS, marine lightning was

better forecasted than continental lightning. Thus, it is reasonable to assume that the reason

for this lays in the formulation of PR92, rather than in differences attributed to the con-

vective schemes. To evaluate this speculation, the original WRF implementation of PR92

was appropriately modified. In particular, instead of distinguishing between continental

and marine lightning, a ‘‘global’’ marine equation (Eq. [1] in Wong et al. 2013) was used

for deriving flash rates over both land and sea. More details on the distinction between

continental and marine lightning, and the corresponding mathematical formulations, are

available in Wong et al. (2013).

Table 3 summarizes the performance of the modeling system after the modification of

PR92. It presents the verification scores that were calculated over the warm and cold period

of the year, as well as over the 1-year period. Clearly, the predictive ability of the modeling

Fig. 4 Model performance metrics for continental (land) and marine (sea) lightning, for each CPS,
computed over the entire study period: a POD, b FAR, and c ETS. Model data with the implementation of
the masking filter were used for the calculations. The asterisk above or below a data column indicates a
statistically significant difference (at a = 0.05) between GF/KF simulations and the GD simulation
(control), for the given sub-dataset (i.e., land/sea). For each of the given CPS, the differences between
‘‘land’’ and ‘‘sea’’ scores were found to be statistically significant (at a = 0.05)
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system was overall improved. Most notably, comparing the metrics of Table 3 against

those shown in Tables 1 and 2, one can notice that the use of the marine equation for

computing continental lightning flashes resulted in significant reductions in FAR. These

reductions are evident for all examined CPS, although higher for GD and KF than GF, and

for both seasonal periods, as well as on an annual basis. POD was also found to decrease,

but the relative changes were computed to be lower than in the case of FAR, suggesting

that the modification applied to PR92 successfully dealt with reducing falsely predicted

lightning rather than negatively affecting correct predictions. This is also reflected in ETS,

the values of which were computed to be higher by approximately 10 %, on average,

compared to the forecasts provided with the original PR92.

3.5 Subjective evaluation

Besides the quantitative verification (Sects. 3.1, 3.2, 3.3, 3.4), the performance of the

modeling system was subjectively evaluated for selected cases of the 1-year study period.

For this purpose, maps of observed and forecasted lightning, aggregated to 24-h intervals,

were constructed and intercompared. For clarity, the results reported herein refer to two

cases, one for the cold and one for the warm period of the year (see Sect. 3.3). The

presented maps depict a parameter that has been named to be the ‘‘level of lightning

activity’’ (LLA). Briefly, for each grid point of the modeling domain, LLA is defined as the

number of observed/modeled lightning flash counts divided by the domain-wide maximum

of observed/modeled lightning flash counts. Thus, LLA can be considered as a measure of

the relative intensity of lightning activity, observed or modeled, at a particular grid point,

with respect to the maximum observed or modeled lightning activity. Forecasting maps for

LLA are currently produced operationally, on a daily basis, at NOA and can be accessed

via the Web at http://www.thunderstorm24.com.

Table 3 Verification scores computed over the warm and cold seasonal periods, and the entire study
period, for each CPS, after the modification of the PR92 LPS

CPS POD FAR ETS

Wa Cb Yc W C Y W C Y

GD 0.52* 0.55* 0.53* 0.37* 0.28* 0.32* 0.37* 0.43 0.40*

GF 0.62* 0.60* 0.61* 0.47* 0.42* 0.44* 0.37* 0.39 0.38

KF 0.71 0.58* 0.63* 0.40* 0.35* 0.37* 0.45* 0.42 0.44*

The calculation of the performance metrics was carried out using gridded observed and modeled (with the
implementation of the masking filter) data, aggregated to 72-h intervals, beginning at T0 ? 12 on each day
of the verification period. Scores appearing in bold font indicate a statistically significant difference (at
a = 0.05) between GF/KF simulations and the GD simulation (control). Scores with an asterisk indicate a
statistically significant difference between the FLT_LAND and FLT simulations, for each given CPS
a Warm period
b Cold period
c Year

Nat Hazards (2017) 85:1–18 11

123

http://www.thunderstorm24.com


3.5.1 Cold period case: November 10–11, 2014

The event of November 10–11, 2014, was selected as a typical example of convection

occurring in the cold period of the year. This particular event was characterized by the

occurrence of mostly marine lightning over the Central Mediterranean Sea (Fig. 5a), as it is

typically the case during autumn (e.g., Galanaki et al. 2015; Kotroni and Lagouvardos

2016; Price and Federmesser 2006).

Among the examined CPS, GD showed the worst performance with respect to the

reproduction of the spatial distribution of lightning activity (Fig. 5b). Most notably, marine

lightning was poorly forecasted. On the other hand, employment of GF (Fig. 5c) and KF

(Fig. 5d) yielded a more realistic spatial pattern for LLA. For both schemes, it is worth

noticing the positive impact of the masking filter, whose implementation resulted in

reducing falsely forecasted lightning activity over the African part of the domain (Fig. 5c2,

d2). In addition, the adoption of the modification for computing continental lightning

(Sect. 3.3) further improved LLA forecasts (Fig. 5c3, d3). It is evident that KF outper-

formed GF, providing an overall better forecast for the spatial distribution of lightning

activity. For instance, the areas of higher LLA east of Corsica and Sardegna (Fig. 5a) were

better captured by KF (Fig. 5d3) than by GF (Fig. 5c3). Further, in the GF forecast

(Fig. 5c) lightning was erroneously forecasted to occur along the west coast of Italy and

over the Adriatic Sea, whereas the KF forecast (Fig. 5d) was found to be in better

agreement with observations (Fig. 5a) over both of the above geographical regions. Last, it

is worth noticing that all simulations reproduced a secondary maximum of LLA over the

northwest coast of Italy, which is not present in the observations. Examination of the

synoptic setup and the driving large-scale model (i.e., GFS) revealed a precipitation

maximum over the area of interest, associated with the presence of a stationary front (not

shown). Hence, the disagreement between the model and the observations could be par-

tially attributed to the overestimation of the large-scale forcing influence on convective

and, consequently, lightning activity.

3.5.2 Warm period case: August 12–13, 2015

The event of August 12–13, 2015, was chosen as representative of conditions that typically

occur in summer. As shown in Fig. 6a, this specific case was marked by the occurrence of

continental lightning over parts of Greece, Italy, France, and Spain. Compact marine

lightning activity was also observed southwest of Greece.

Looking at Fig. 6, it is easy to notice that the KF CPS outperformed GD and GF in

reproducing the spatial distribution of lightning activity. This is particularly true when

focusing on marine lightning. Both GD (Fig. 6b) and GF (Fig. 6c) generally failed in

capturing lightning activity over the sea area southwest of Greece, whereas KF provided a

spatial pattern (Fig. 6d) closer to the observed (Fig. 6a). Similarly to what has been pre-

viously noted for the cold period case (Sect. 3.5.1), the implementation of the masking

filter and the modified equation for deriving continental lightning reduced erroneously

forecasted lightning, especially over the northern parts of the Balkan Peninsula and the

bFig. 5 Level of lightning activity in past 24 h (10 November 1200 UTC to 11 November 1200 UTC 2014)
derived from a ZEUS lightning detection network and WRF forecasts with b GD, c GF and d KF schemes.
For each CPS, plots derived without (b–d1; NOFLT) and with (b–d2; FLT) the masking filter, and with the
masking filter and the modified PR92 equation for continental lightning (b–d3; FLT_LAND), are presented.
The color scale is common to all plots
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African coast, irrespective of the employed CPS. Considering the magnification of LLA

over this maritime area, as seen when comparing Fig. 6d1–d3, this could be attributed to

the reduction of predicted lightning over the northwesternmost part of the domain due to

the implementation of the masking filter and the modification for continental lightning. As

a result, the secondary maximum of LLA over the region southwest of Greece was

magnified.

4 Conclusions

The significance of lightning for public safety and other geoscience applications has driven

important progress in the development of predictive parameterizations for this natural

hazard. PR92 (Price and Rind 1992, 1993, 1994) is one such parameterization that has been

recently implemented in the WRF model (Wong et al. 2013). It has been preliminarily

evaluated by Giannaros et al. (2015) for Greece, and despite the fact that it is considered to

be a purely diagnostic lightning scheme, it showed promising potential in terms of its

suitability for real-time weather forecasting applications.

In this general context, this paper presents the evaluation of an operational modeling

system for lightning forecasting in Europe, built upon the WRF model and the PR92 LPS.

Different parameterizations for convection were examined as potential drivers for the

lightning scheme, while a modification in the computation of marine and continental

lightning was also applied and assessed. The analysis focused primarily on the qualitative

aspect of lightning forecasting, employing ground-based observations.

Overall, the reported results suggest a successful implementation of the WRF-based

modeling system for lightning forecasting in Europe. Confirming the preliminary results of

Giannaros et al. (2015), the verification of 1 year of operational data revealed that the

implementation of a masking filter is necessary for obtaining reliable lightning forecasts.

The positive impact of the Qice-based filter was evident in all simulations, irrespective of

the employed CPS.

Regarding the sensitivity of PR92 to the parameterization of convection, the KF CPS

was found to generally outperform the GD and GF schemes. The largest differences

between the examined CPS were found in the warm season of the year, when the synoptic-

scale forcing is generally weak and the role of the convective schemes is more important.

As discussed, the superiority of KF could be possibly attributed to its trigger function that

allows for a better representation of the observed convection and consequently lightning.

Nevertheless, further investigation is required prior to drawing final conclusions about the

actual reasoning.

This study also revealed the possible need for revisiting the PR92 LPS. In particular, it

was found that, irrespective of the implemented CPS, lightning forecasts are overall more

successful over the sea than over the land. Replacement of the continental lightning

equation with the equation used for computing marine flash rates improved model per-

formance. The improvement was evident during both the warm and the cold period of the

year, as well as for the entire 1-year period.

Drawing the wider picture, the presented work highlights the limitations imposed on

forecasting lightning, when diagnostic schemes, such as the PR92, are used. The use of

various storm parameters, including cloud-top height, makes the results of any diagnostic

scheme dependent on the ability of the driving NWP model to reproduce storm charac-

teristics (Barthe et al. 2010). In turn, the representation of storms in any NWP model is a
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matter of scale, which also introduces uncertainties in diagnosing lightning. Hence, ad hoc

tuning is highly necessary in order to obtain realistic forecasts with a lightning scheme of

similar nature to the one used in this study (Wong et al. 2013; Giannaros et al. 2015).

Alternatively, explicit lightning schemes, operating at cloud-resolving scales, may be used.

Such schemes are based on charge separation parameterizations and, thus, have a stronger

physical foundation compared to diagnostic schemes. Additionally, they can take advan-

tage of lightning data assimilation techniques, which have been shown to improve the

quality of the resulting forecasts (e.g., Lynn et al. 2015). It is anticipated that the progress

in operating forecasting systems at convection-allowing resolutions will promote shifting

entirely from diagnostic to explicit lightning schemes in the near future.

Summarizing, the results of the current study are promising, but further work is cer-

tainly required. To the authors’ knowledge, this is the first study that provides a detailed

verification of lightning forecasts from the point of view of parameterized-convection

operational weather forecasting, utilizing real-time data from a 1-year period. Hence, more

similar studies are required to compare results against and identify the strengths and

weaknesses of each approach. More importantly, however, the present study should be

extended in the future to include other sources of data that could provide different insights

on model performance. For instance, it would be of great interest to use observed cloud-top

height data to further analyze the performance of the different CPS in terms of lightning

forecasting.
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