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a b s t r a c t

This study introduces WRF-LTNGDA, a lightning data assimilation technique implemented in the
Weather Research and Forecasting (WRF) model. This technique employs lightning for improving the
representation of convection by means of controlling the triggering of the model's convection parame-
terization scheme. The development and implementation of WRF-LTNGDA was carried out in a frame-
work that could easily allow for its exploitation in real-time forecasting activities. The assimilation
algorithm was evaluated over eight precipitation events that took place in Greece in the years 2010
e2013. Results clearly show that lightning forcing has a positive impact on model performance. The
conducted analysis revealed that the employment of WRF-LTNGDA induces statistically significant im-
provements in precipitation verification scores, especially for high rainfall accumulations. Separate ex-
amination of one of the eight case studies highlighted the overall better agreement between the
modelled and observed spatial distribution of precipitation when lightning data assimilation was
applied, than in the control simulation.

© 2015 Elsevier Ltd. All rights reserved.
Software availability

Software name: WRF-LTNGDA
Developers: TheodoreM. Giannaros, Vassiliki Kotroni, Konstantinos

Lagouvardos
Contact address: National Observatory of Athens, Institute for

Environmental Research and Sustainable Development,
Vas. Pavlou & I. Metaxa, 15236, Athens, Greece

Email/Tel.: thgian@noa.gr, þ30 210 8109203
Hardware required: Any Linux-based PC
Software required: Weather Research and Forecasting (WRF)

model, version 3.5.1 or higher
Program language: Fortran
Availability and cost: Currently provided freely through personal

communication with the developers.
1. Introduction

It has well been documented that the success of a numerical
simulation depends heavily on the accuracy with which the true
atmospheric state is represented at the time of model initialization.
This accuracy can be achieved through data assimilation. For
instance, Carvalho et al. (2012) demonstrated that the imple-
mentation of a simple nudging scheme in the Weather Research
and Forecasting (WRF) model can provide better wind predictions.
Van Loon et al. (2000) used the Ensemble Kalman Filter approach to
assimilate ozone in the chemistry transport model LOTOS, while a
sequential emulator-based assimilation scheme was implemented
by Margvelashvili et al. (2013) in a 3D coastal sediment transport
model. More recently, Peters-Lidard et al. (2015) presented a WRF-
based integrated land-atmosphere modeling system that exploits
the latest techniques for assimilating a variety of observational
data.

The development and implementation of lightning data assim-
ilation techniques in numerical weather prediction (NWP) models
have been attracting significant scientific effort during the past few
years (Alexander et al., 1999; Papadopoulos et al., 2005, 2009;
Mansell et al., 2007; Pessi and Businger, 2009; Fierro et al., 2012,
2014; Lagouvardos et al., 2013; Lynn et al., 2015). This effort is
primarily driven by the necessity to provide more accurate pre-
dictions for convective precipitation, which is often associated with
flash floods resulting in significant loss of life and property dam-
ages. The selection of lightning is justified since it has been widely
recognized as a valuable proxy variable for identifying the
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occurrence of severe convection (Schultz et al., 2011), relating well
with convective precipitation (Goodman et al., 1988; Zhou et al.,
2002; Gauthier et al., 2006).

Several different techniques have been proposed for the inges-
tion of lightning data into NWP models, aiming to tackle the well-
documented spin-up problem (e.g. Davidson and Puri, 1992) due to
inadequate determination of moisture and divergence fields in
initial conditions. The study of Alexander et al. (1999) is considered
to be the first one to report on the positive feedback of lightning
data assimilation on 12e24 h precipitation forecasts. In this study,
lightning data were used for deriving rainfall rates that were,
consequently, assimilated in the meteorological model for simu-
lating an extra-tropical cyclone. Chang et al. (2001) followed a
similar approach a couple of years later. Mansell et al. (2007)
modified the KaineFritsch (Kain and Fritsch, 1993) convective
parameterization scheme (CPS) in the Coupled Ocean-Atmosphere
Mesoscale Prediction System (COAMPS) mesoscale model (Hodur,
1997) to enable the use of lightning data for controlling the
“trigger” function of the CPS. Lagouvardos et al. (2013) also
implemented a similar technique in their simulations of a heavy
precipitation event with the MM5 model (Dudhia, 1993).
Papadopoulos et al. (2005, 2009) made use of lightning data to
force deep moist convection in a mesoscale model by nudging the
modelled humidity profiles towards empirical profiles derived
from observations during thunderstorm days. More recently, Fierro
et al. (2012) and Qie et al. (2014) presented two lightning data
assimilation techniques that can perform at cloud-resolving scales,
by means of modifying the microphysics parameterization scheme
of the Weather Research and Forecasting (WRF) model (Skamarock
et al., 2008).

The present study employs a mesoscale meteorological model
and a lightning data assimilation technique very similar to those
used in Mansell et al. (2007) and Lagouvardos et al. (2013), which
are conceptually based on the earlier work of Rodgers et al. (2000)
focusing on the assimilation of radar data. In this context, lightning
data from a ground-based long-range detection network are used
to control the triggering of a CPS during a prescribed assimilation
period ending up to the forecast period. As highlighted by Mansell
et al. (2007), the primary objective of this technique is to utilize
lightning data to enable the activation or deactivation of subgrid-
scale moist, deep convection during the assimilation period. This
is expected to induce improvements on the representation of the
mesoscale environment in the model, especially in cases when past
convection has modified the environment by means of generating
outflow boundaries and mesoscale upper-tropospheric outflow
plumes (anvils).

The presented lightning data assimilation technique has been
already tested in the COAMPS and MM5 models, showing prom-
ising results with regards to improving the simulation of precipi-
tation (Mansell et al., 2007; Lagouvardos et al., 2013). However,
both past studies were based on the investigation of a single pre-
cipitation event. This significantly influences the credibility of their
results since the statistical significance of the changes induced by
the assimilation technique on model performance has not been
verified. In addition, Mansell et al. (2007) and Lagouvardos et al.
(2013) employed large data assimilation time windows (i.e. 24 h
and 18 h, respectively) that could hardly support operational
readiness in a weather forecasting system.

Considering the above, this study presents a different frame-
work for the evaluation of the impact of lightning data assimilation
on precipitation forecast. The presented technique is implemented
in the WRF model (Skamarock et al., 2008) and is evaluated over
eight precipitation events that took place in Greece from 2010 to
2013. An advanced statistical significance test is consequently
employed to ensure that the reported results are statistically tested.
Further, a realistic assimilation time window is adopted, allowing
for the examination of the capacity of the assimilation technique in
terms of supporting operational weather forecasting applications.

2. Methodology

2.1. The assimilation technique

The technique for lightning data assimilation is based on the
work of Mansell et al. (2007), as adapted by Lagouvardos et al.
(2013). This technique employs lightning observations for con-
trolling the activation of the CPS, which in the present study is the
KaineFritsch (KF) scheme (Kain and Fritsch, 1993). This particular
CPS has been selected instead of its newer version (Kain, 2004) due
to its proven and well-documented capacity in terms of repre-
senting convection in the study area (e.g. Kotroni and Lagouvardos,
2001, 2004; Mazarakis et al., 2009). Further, the implemented
lightning data assimilation technique has been originally devel-
oped and preliminary tested using the “old” KF scheme (Rodgers
et al., 2000; Mansell et al., 2007; Lagouvardos et al., 2013).

The decision process tree of the assimilation technique is pre-
sented in Fig. 1. The lightning data assimilation procedure is called
for each grid column of the model at 10 min intervals of integration
time, checking the activation of the KF scheme. If the KF scheme is
(not) active and lightning is (not) observed, then no action is taken.
On the other hand, if the KF scheme has not been activated but
lightning is observed, then the data assimilation algorithm decides
whether or not it should be activated. Similarly, if the KF scheme
has been activated but lightning is not observed, the algorithm
decides, based on what the user requires, whether or not it should
be suppressed.

The procedure used for triggering the KF scheme, when the
latter is not active and lightning is observed, is described in detail in
Mansell et al. (2007) and Lagouvardos et al. (2013). Briefly, the data
assimilation algorithm begins with forcing the model layer of air
most likely to coincide with the source of convection to its level of
free convection (LFC). The capacity of this forcing in terms of
allowing the KF scheme to produce a cloud at least 3 km deep is
consequently checked. If such a cloud cannot be produced, then
moisture is added to the parcel source layer by increments of
0.1 g kg�1, up to 1 g kg�1, aiming to force the formation of a
convective cloud at least 3 km deep. If this is not achieved, the effort
to trigger the KF scheme is abandoned.

For the case in which no lightning is observed, the data assim-
ilation algorithm provides two options: (i) total suppression of the
KF scheme, and (ii) no suppression at all (i.e. normal trigger of the
KF scheme). If adopted, the first option results to skipping the KF
scheme in all model grid points where no lightning activity is
observed. Conversely, the second option results to a normal
implementation of the KF scheme, even for those model grid points
where lightning is not observed. The decision to incorporate these
two options in the lightning data assimilation technique is based on
the study of Mansell et al. (2007), who concluded that, depending
on the case, either of the options might be appropriate.

2.2. Data sources

Lightning observations were provided by ZEUS, a long-range
lightning detection network operated by the National Observa-
tory of Athens (NOA) (Kotroni and Lagouvardos, 2008; Lagouvardos
et al., 2009). ZEUS is capable of locating the source of very low
frequency (VLF) radio emissions produced by cloud-to-ground (CG)
and, secondarily, by strong intra-cloud (IC) lightning strikes, but it
cannot distinguish between the two of them. The location accuracy
of the network is approximately 6 km, while its detection efficiency



Fig. 1. Schematic representation of the decision process followed by the lightning data assimilation technique. Adapted from Lagouvardos et al. (2013).
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equals ~25%.
The ZEUS network provides point data that need to be gridded

in order to be used by the lightning data assimilation technique. For
this, the observed lightning data are gridded to a 2D arraymatching
the dimensions of the adopted model grid configuration (Sec. 2.3).
Data are aggregated at 10 min intervals over a 6 h period, with each
lightning impact simply incrementing the count in the model grid
box in which it falls. The selection of the 10 min period for accu-
mulating lightning observations is based on previous studies
(Mansell et al., 2007; Lagouvardos et al., 2013), where a similar
interval was employed to allow for alleviating the patchiness
resulting from gridding the original point data.

Given the temporal resolution of the gridded lightning data, the
KF scheme was set up to perform at the same time interval (i.e.
“called” by themodel every 10min of integration time). The control
of the scheme was consequently conducted on the basis of
observed lightning activity within 10 min prior and 20 min after
each model time step (i.e. employ three 10 min periods for con-
trolling the activation of the KF scheme). This particular time
window was adopted to allow for including the cases where con-
vection may have initiated with lightning occurring later on, but no
later than 20 min ahead of the considered time step. The threshold
used for defining the occurrence of lightning activity is 1 lightning
count per model grid cell, which is considered to be sufficient
considering the location accuracy and detection efficiency of ZEUS.
2.3. Model setup

The lightning data assimilation technique was developed for
and implemented in version 3.5.1 of the WRF model (Skamarock
et al., 2008). For the current study, two 1-way nested modelling
domains were specified with horizontal grid resolution of 24 km
(DO1; mesh size of 185 � 125) and 6 km (DO2; mesh size of
181 � 173), as shown in Fig. 2a. The outermost domain (DO1) is
used for simulating synoptic-scale atmospheric motions, while the
innermost domain (DO2) focuses on the study area. In the vertical,
28 unevenly spaced sigma levels, up to 100 hPa, were defined for
both domains.

Short-wave and long-wave radiation processes were
parameterized with the Dudhia (Dudhia, 1989) and RRTM (Mlawer
et al., 1997) schemes, respectively. For the planetary boundary layer,
the MelloreYamadaeJanjic (MYJ) parameterization (Janjic, 1994)
was selected, coupled to the Eta similarity parameterization (Janjic,
1996, 2002) for the surface layer. Microphysics processes were
parameterized with the Thompson scheme (Thompson et al.,
2008), while Noah (Chen and Dudhia, 2001) was defined as the
land-surface model. The KF CPS (Kain and Fritsch, 1993) was
enabled on both domains, with lightning data assimilation also
conducted in both domains.
2.4. Numerical experiments

To evaluate the performance of the lightning data assimilation
technique, numerical experiments were conducted for eight events
observed in the period 2010e2013 (Table 1). The events were
selected to represent cases with widespread lightning activity and
high precipitation amounts observed in the study area. For all
events, WRF was initiated at 1200Z of the first day using the 6-
hourly, 1 � 1 spatial resolution operational atmospheric analysis
surface and upper air data provided by the National Centre for
Environmental Predictions (NCEP). Daily high-resolution (i.e.
0.083 � 0.083) sea-surface temperature analyses, provided by
NCEP, were also used for initializing the model. The duration of
each numerical simulation was set to 30 h, and the interval for
outputting data equaled 1 h.

For each of the selected events (Table 1), three numerical ex-
periments were conducted, resulting to 24 simulations in total. The
experiments marked with “CNTL” refer to the control WRF simu-
lations with no lightning data assimilation. Experiments denoted
with “LTNGDA” refer to WRF simulations with lightning data
assimilation activated and the KF scheme being suppressed when
lightning was not observed. Last, experiments denoted with
“LTNGDA_NS” are similar to LTNGDA experiments, except for that
the KF scheme is not being suppressed. Assimilation of lightning
data was carried out for the first 6 h of each simulation (hereafter
referred to as the “assimilation period”) at 10 min intervals. The
remaining 24 h of the simulation (hereafter referred to as the
“forecast period”) were used for the evaluation of the data



Fig. 2. (a) The WRF modelling domains used in this study. (b) Locations of the rain gauges (black circles) used for the verification of precipitation with identification of geographical
areas of interest (text).
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assimilation technique.
At this point it is worth justifying the selection of the duration

(i.e. 6 h) for implementing the lightning data assimilation tech-
nique in the numerical simulations. As highlighted in Sec. 1, the
primary objective of this study can be summarized in the evalua-
tion of the lightning data assimilation in terms of its capacity for
supporting real-time weather forecasting applications. To achieve
this goal, it was necessary to define a realistic assimilation window
that could be adopted in an operational forecasting service without
significantly affecting the service's timeliness.
2.5. Verification procedure

Precipitation data collected from a network of more than 200
rain gauges, operated by NOA and spread across the Greek territory
(Fig. 2b) were used for evaluating the performance of the imple-
mented lightning data assimilation technique. Since the key
objective of the present study is to examine the capacity of the data
assimilation technique with regards to improving precipitation
forecasting, the verification procedure focused primarily on the
forecast period of each numerical simulation. For this, the 24 h
accumulated precipitation (T0þ 6 to T0þ30, where T0 is the



Table 1
Summary of the synoptic-scale setup of the eight precipitation events.

Case Group Main characteristics

20e21 May 2010 NWSb,
ILAc

Low of ~1011 hPa west of Italy (20 May 2010), moving eastwards (~1009 hPa west of Greece, 21 May 2010). 24 h accumulated
precipitationa exceeded 50 mm in three stations (2 in north Greece, 1 in west Greece). Significant lightning over west and central
Greece during the assimilation period.

18e19 February 2011 WSd,
SLAe

Low of ~997 hPa over the Gulf of Sidra (18 February 2011), moving north-eastwards (~995 hPa southwest of Greece, 19 February 2011).
24 h accumulated precipitation exceeded 70 mm in three stations in north Greece. Significant lightning over southwest Greece during
the assimilation period.

14e15 May 2012 NWS,
ILA

Low of ~1009 hPa over Albania (14 May 2012), moving southwards (~1002 hPa over central Aegean Sea, 15 May 2012). 24 h
accumulated precipitation exceeded 35 mm in four stations in north Greece. Significant lightning over northwest and northecentral
Greece during the assimilation period.

29e30 December 2012 WS, SLA Low of ~1010 hPa in west Greece (29 December 2012), moving south-eastwards (~1009 hPa over Crete island, 30 December 2012). 24 h
accumulated precipitation exceeded 100mm in six stations in south Greece. Significant lightning over central-south Aegean Sea during
the assimilation period.

07e08 February 2013 NWS,
SLA

Low of ~995 hPa in northern Balkans (07 February 2013), moving rapidly southwards (~996 hPa over north Greece, 08 February 2013).
24 h accumulated precipitation exceeded 40 mm in two island stations in south-east Aegean Sea. Significant lightning activity across
the Aegean Sea during the assimilation period.

13e14 February 2013 NWS,
SLA

Low of ~1001 hPa in south Italy (13 February 2013), moving south-eastwards (~1009 hPa over southwest Greece, 14 February 2013).
24 h accumulated precipitation exceeded 40 mm in three island stations in south Aegean Sea. Significant lightning over northwest
Greece and across centralenorth Aegean Sea.

30 September-01
October 2013

WS, ILA Successive short-wave troughs moving eastwards over Greece. 24 h accumulated precipitation exceeded 60 mm in five stations in
south Greece. Significant lightning over west Greece during the assimilation period.

13e14 November 2013 WS, ILA Almost stationary low of ~1009 hPa in south Italy. 24 h accumulated precipitation exceeded 50 mm in three stations in central Greece.
Significant lightning over southwest Ionian Sea during the assimilation period.

a The 24 h accumulated precipitation refers to the period from 1800Z of the first day of the event through 1800Z of the second day.
b NWS: Non-widespread precipitation events.
c ILA: Intense lightning activity events.
d WS: Widespread precipitation events.
e SLA: Scarce lightning activity events.
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model's initialization time) at the innermost modeling domain
(DO2; Fig. 2a) was verified against observed data from the rain
gauge network of NOA (Fig. 2b). For the verification, the nine model
grid points surrounding each rain gauge were first considered. The
grid point with the closest value to the observed was consequently
chosen to represent the predicted value. This approach was adop-
ted to avoid penalizing model performance due to small displace-
ments of precipitation, which may result from the specified
horizontal resolution.

The verification of model performance under the different nu-
merical experiments was primarily based on a categorical dichot-
omous statement (i.e. yes/no statement) for five distinct
precipitation thresholds: above 1 mm, 2.5 mm, 5 mm, 10 mm and
20 mm. Given the matched pairs of precipitation predictions and
observations, a 2 � 2 contingency table was built for each
threshold. The scores consequently computed in this study include:
(a) the probability of detection (POD), the false alarm ratio (FAR),
and (c) the critical success index (CSI) or threat score.

The above reported statistical measures do not account for the
magnitude of precipitation errors. As such, they cannot be strictly
used for estimating the error of precipitation predictions. For this,
the mean absolute error (MAE) was computed. Similarly to the
qualitative verification scores, calculation of MAE was carried out
for five precipitation ranges, defined based on observed data: [0.1,
2.5 mm), [2.5, 5 mm), [5, 10 mm), [10, 20 mm), �20 mm.

In addition to the statistical verification, one event is selected
and presented in more details. This approach was followed to allow
for investigating the impact of lightning forcing on the simulated
rainfall distribution, in association with modifications induced on
the mesoscale environment.

2.5.1. Determination of statistical significance
When carrying out comparisons of model performance under

different configurations, it is important that a measure of uncer-
tainty in score differences be defined. Considering the qualitative
statistical measures (i.e. POD, FAR and CSI), this can be achieved by
conducting a hypothesis test to verify that a score difference
between two competing “models” is statistically significant at a
pre-defined confidence interval. In this study, the hypothesis test
approach implemented is the one originally proposed by Hamill
(1999), as adapted by Accadia et al. (2003, 2005). This approach is
based on the construction of a probability density function (PDF)
that is consistent with the selected null hypothesis. A brief
description of the method is provided herein; a comprehensive
description and discussion of the method is available in Hamill
(1999) and Accadia et al. (2003).

The null hypotheses (H0) adopted in the present study are that
the differences in the verification scores (SCR) between the CNTL
and either the LTNGDA or LTNGDA_NSmodel experiments are zero:

H0 : SCRi � SCRCNTL ¼ 0:0 (1)

The alternative hypotheses are:

H1 : SCRi � SCRCNTLs0:0 (2)

In Eqs. (1) and (2), SCR is one of the computed scores (i.e. POD,
FAR, or CSI) and i an index corresponding to either the LTNGDA or
the LTNGDA_NS experiment. The verification scores were
computed for each threshold after summing the contingency tables
that were constructed for each of the eight examined cases. This
process effectively allows for minimizing the sensitivity of the
scores to small changes in the elements of contingency tables
(Hamill, 1999).

Random sampling of the contingency tables was carried out
100,000 times for each comparison (i.e. CNTL versus either LTNGDA
or LTNGDA_NS) at each threshold, using the bootstrap method
(Diaconis and Efron, 1983), as presented in Accadia et al. (2003,
2005). Through this approach, the PDF of score differences
consistent with the null hypothesis (Eq. (1)) was first built. The
hypothesis of difference in the verification scores was consequently
tested by specifying the location of the actual score differences in
the distribution of the resampled differences (Hamill, 1999). The
significance test was performed assuming a 90% (a ¼ 0.10) and a
95% (a ¼ 0.05) confidence interval.
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The statistical significance of the differences in MAE between
the conducted experiments was also evaluated. Since this partic-
ular statistical measure is directly derived from observed and
modelled data, the non-parametric Wilcoxon signed-rank test
(Wilks, 1995) was used, assuming a 90% and 95% confidence in-
terval. According to Hamill (1999), this statistical test is considered
to be a good alternative to the resampling technique implemented
for the scores derived from contingency tables.

3. Results and discussion

To assess the overall performance of the lightning data assimi-
lation technique, verification scores (Sec. 2.5) for the 24 h accu-
mulated precipitation were first examined over all cases. At a
second stage, the studied events were split into two groups and
verification measures were then examined over the events of each
group. The criterion used for grouping the events was the occur-
rence of 24 h accumulated precipitation exceeding 20 mm at more
than 25% of the considered rain gauges. The events that met this
criterion were classified into the “widespread” (WS) precipitation
group, whereas the rest of the events were grouped to form the
“non-widespread” (NWS) precipitation group (Table 1). In essence,
this categorization allows for examining the performance of the
lightning data assimilation technique during the occurrence of
spatially more extensive (i.e. WS) or more restricted (i.e. NWS) high
precipitation events. One could argue on this, supposing that for
the NWS events the number of gauges reporting >20 mm precip-
itation is small, thus not allowing for a sound verification at the
above threshold. However, it should be underlined that all NWS
events exhibit a satisfactory number of >20 mm measurements,
ensuring the quality of the computed statistics.

Last, the considered events were categorized depending on the
total number of WRF grid points affected during the assimilation
period. In particular, all events with >1000 model grid boxes
exhibiting at least 1 lightning count were classified into the
“intense lightning activity” (ILA) group, whereas the rest of the
events were categorized into the “scarce lightning activity” (SLA)
group (Table 1). Such a classification allows for examining any
possible dependence of the assimilation scheme on the amount of
observed data employed for assimilation in WRF.

3.1. 24 h accumulated precipitation

Overall, an improvement can be seen in the statistical scores
when lightning data are ingested in the model (Fig. 3). More
importantly, the positive impact on precipitation prediction is
found to be statistically significant (at least at a ¼ 0.10) and most
profound for the highest rain threshold (i.e. >20 mm). This con-
firms earlier similar studies reporting on the stronger potential of
lightning data assimilation in areas of high precipitation amounts
(Papadopoulos et al., 2005, 2009; Lagouvardos et al., 2013) rather
than in regions with low to moderate precipitation accumulations.
Considering that lightning activity is directly related to the occur-
rence of vigorous convection, the expectation for improving pre-
diction of intense precipitation appears to be quite successfully
met.

The impact of lightning data assimilation on the prediction of
intense precipitation is found to be generally greater for the
LTNGDA_NS experiment than for the LTNGDA. This is primarily
highlighted by the large reduction seen in FAR (Fig. 3b), equaling
25%, as well as by the statistically significant improvement of CSI
that approximates 10% (Fig 3c). On the other hand, LTNGDA shows a
large relative increase in FAR for themoderate threshold of >10mm
(Fig. 3b). This unwanted effect could be associated with the acti-
vated option to suppress the KF scheme in the absence of observed
lightning. Using the same lightning data assimilation technique in
the COAMPS model, Mansell et al. (2007) also reported less
spurious precipitation in their numerical simulations when con-
vection was not actively prevented from being initiated (i.e.
LTNGDA_NS in this study). This can be attributed to the fact that the
considered CPS may be naturally suppressed by the compensating
subsidence originating from past convection, since some positive
vertical motion is required to activate the trigger function (Fritsch
and Chappell, 1981).

3.2. WS and NWS events

Examining separately WS and NWS events, it is evident that
even without the assimilation of lightning, WRF performs better
when intense precipitation (>20 mm) occurs extensively across the
study area (Fig. 4) than when it occurs more locally (Fig. 5). How-
ever, this is not a very surprising differentiation in the model's
performance. For instance, Liu et al. (2012) recently reported that
WRF shows the best performance in reproducing precipitation
events characterized by spatiotemporal evenness of the observed
rainfall, as is generally the case of the WS events in the present
study.

The ingestion of lightning data appears to further improve
model performance, especially considering the WS events. For the
highest rain threshold, LTNGDA_NS is found to induce relative
improvements of 9%, 27% and 12% (statistically significant at least at
a¼ 0.10) in POD (Fig. 4a), FAR (Fig. 4b) and CSI (Fig. 4c), respectively,
as well as a reduction in the predictions' MAE by 5% (Fig. 4d; sta-
tistically significant at a ¼ 0.05). LTNGDA also results to overall
improved precipitation predictions of intense rain, but its impact is
found to be lower than in the case of LTNGDA_NS. The large in-
crease seen in FAR (statistically significant at a ¼ 0.10) when
LTNGDA is examined could be due to the implemented approach of
suppressing the KF schemewhen no lightning is observed, an effect
that has been previously discussed.

Examining NWS events (Fig. 5), lower overall improvements are
found for both LTNGDA and LTNGDA_NS experiments. The differ-
ences in the impact of the two assimilation experiments on model
performance are found to be small, while this impact is only found
to be statistically significant (a ¼ 0.10) for low and moderate rain
thresholds. This is true for all verification scores (Fig. 5aec) except
for MAE (Fig. 5d) where a statistically significant reduction of 5%
was computed for the highest rain threshold when LTNGDA was
examined. This rather restricted enhancement of model perfor-
mance, as compared to the results obtained for the WS events,
could be attributed, at least partially, to the inherit difficulty, pre-
viously discussed, of the WRF model to reproduce spatially uneven
precipitation events (Liu et al., 2012), as is generally the case of
NWS events considered in this study. Even with the forced initia-
tion of convection through the ingestion of lightning, it appears
that it is difficult for the model to reproduce precipitation events
that occur more locally rather than those affecting larger areas. This
is an interesting finding that deserves to get more attention in
future applications of the assimilation technique, especially
considering that similar studies have been, most frequently,
focusing on extensive and generally extreme events.

3.3. ILA and SLA events

Results indicate that the impact of lightning assimilation on
model performance is not significantly influenced by the amount of
data being ingested. Indeed, for both ILA (Table 2) and SLA (Table 3)
events precipitation prediction is overall improved. This enhances
the reliability and robustness of the assimilation scheme, which
proves itself capable of positively influencing model performance



Fig. 3. Verification scores for various 24 h accumulated precipitation thresholds of the different numerical experiments conducted with the WRF model, considering all 8 cases: (a)
probability of detection, (b) false alarm ratio, (c) critical success index, and (d) mean absolute error. Percentages above a precipitation threshold indicate statistically significant (one
asterisk denotes a ¼ 0.10, two asterisks denote a ¼ 0.05) relative changes in scores. The different font colour used for the percentages corresponds to the colour assigned to each of
the two assimilation experiments (i.e. blue: LTNGDA, red: LTNGDA_NS). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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under both restricted and abundant lightning data availability
during the assimilation period.

Similarly to what has been previously presented and discussed,
LTNGDA_NS is found to be more consistent than LTNGDA in
improving overall model performance (Tables 2 and 3). This is
particularly true for the highest rain threshold (>20mm), for which
statistically significant (at least at a ¼ 0.10) improvements in all
verification scores can be seen when LTNGDA_NS is considered. On
the other hand, the major deficiency of LTNGDA appears to be the
reduced ability to restrict spurious precipitation (Mansell et al.,
2007), an effect that has been previously discussed and that can
lead to increased FAR scores as seen in Tables 2 and 3

Although the differences in the verification results between ILA
(Table 2) and SLA (Table 3) events are generally small, one could
notice that slightly larger improvements are found when intense
lightning activity takes place during the assimilation period (i.e. ILA
events). This is more evident focusing on LTNGDA_NS and espe-
cially examining MAE, a quantitative statistical measure. In
particular, a considerably large (~20%) and statistically significant
(a ¼ 0.05) reduction can be seen in MAE for the highest rain
threshold under the LTNGDA_NS experiment for the ILA events
(Table 2). Conversely, for the SLA events MAE values are found to be
larger than for ILA events and reductions induced by either LTNGDA
or LTNGDA_NS can be seen to be smaller and statistically significant
only at lower rain thresholds.
4. Example case study: 13e14 November 2013

The selected event, starting on 13 November 2013, is considered
to be a typical example of weather systems that frequently affect
the study area, resulting in heavy precipitation and, occasionally,
flash floods. At 1200Z 13 November a cut-off low at 500 hPa is
present south of Italy (Fig. 6a). In the next 12 h (0000Z 14
November) the upper-level system begins to weaken, moving
slowly north-eastwards (Fig. 6b) and gradually giving place to the
development of a weak upper-air short-wave trough (Fig. 6c). This
particular synoptic setup indicates that during the examined event,
unstable atmospheric conditions dominated the study area,
resulting in strong ascending motions and convective activity.

Observed and simulated precipitation accumulations over the



Fig. 4. Same as Fig. 3 but with verification scores averaged over the 4 WS events.
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first two 6 h forecast periods are presented in Fig. 7 (13 November
1800Z to 14 November 0000Z) and Fig. 9 (14 November 0000Z to 14
November 0600Z). The decision to only focus on the first 12 h of the
forecast period has been made for the sake of clarity, taking also
into consideration that the heaviest rainfall amounts were recorded
in this time window of the examined event.

Significant differences can be seen in the first 6 h forecast period
(13 November 2013 1800Z to 14 November 2013 0000Z), between
themodeled and observed rainfall distributionwhen lightning data
are not assimilated. For instance, the south-to-north oriented band
of heavy rain simulated in CNTL experiment (Fig. 7b) over Pelo-
ponnesus, is a feature not supported by observations (Fig. 7a). In
addition, precipitation is significantly overestimated over the
islands of Kefalonia and Zakynthos. When lightning data are
assimilated, one can easily notice that precipitation simulation
generally improves. Evidently, the most striking feature common to
both assimilation experiments (Fig. 7c, d) is the more realistic
representation of rainfall over Peloponnesus. This is primarily
highlighted by the removal of the erroneous heavy rain band and
the more accurate reproduction of rainfall in north/central Pelo-
ponnesus and in the vicinity of the Myrtoan Sea, where the highest
accumulations were actually observed (Fig. 7a). On the other hand,
LTNGDA and LTNGDA_NS also exhibit differences that are
particularly significant over Kefalonia and Zakynthos. Clearly, the
experiment that employed active suppression of the KF CPS (Fig. 7c)
improved precipitation prediction over both islands, contrary to the
experiment that did not actively suppress convection (Fig. 7d),
which enhanced the unrealistically high rainfall amounts present in
the CNTL experiment (Fig. 7b).

The above reported difference between LTNGDA and
LTNGDA_NS is also reflected on the 10 m wind field and 850 hPa
equivalent potential temperature (qe), 1 h following the end of the
assimilation period (13 November 2013 1900Z). As seen in Fig. 8,
both assimilation experiments indicate the formation of a cold pool
in north-west Peloponnesus, a feature that is not present in the
CNTL experiment. However, LTNGDA results' (Fig. 8b) suggest a
stronger and wider cold pool than the one reproduced by
LTNGDA_NS (Fig. 8c). Apparently, the active suppression of the
model's CPS allowed for increased grid-scale precipitation in the
examined area (not shown), thus strengthening evaporative cool-
ing. The different intensity and coverage of this particular cold pool,
along with its associated outflow boundary, seem to be the reason
for the differences in precipitation, between the two assimilation
experiments, over the islands of Kefalonia and Zakynthos.

Examination of the closest in time operational analysis, derived
from the European Centre for Medium-Range Weather Forecasts



Fig. 5. Same as Fig. 3 but with verification scores averaged over the 4 NWS events.

Table 2
Summary of verification scores for various 24 h accumulated precipitation thresholds of the different numerical experiments conducted with the WRF model, considering ILA
events. Statistically significant changes are highlighted in bold (one asterisk denotes a ¼ 0.10, two asterisks denote a ¼ 0.05).

POD

>1 mm >2.5 mm >5 mm >10 mm >20 mm

CNTL 0.96 0.93 0.91 0.86 0.73
LTNGDA 0.97* 0.95* 0.93 0.89* 0.75
LTNGDA_NS 0.97 0.92 0.91 0.88* 0.77*

FAR

>1 mm >2.5 mm >5 mm >10 mm >20 mm
CNTL 0.08 0.10 0.09 0.11 0.19
LTNGDA 0.08 0.09 0.09 0.14 0.20
LTNGDA_NS 0.08 0.10 0.11 0.10 0.14*

CSI

>1 mm >2.5 mm >5 mm >10 mm >20 mm
CNTL 0.89 0.84 0.84 0.78 0.62
LTNGDA 0.90 0.87 0.85 0.78 0.63
LTNGDA_NS 0.89 0.84 0.82 0.80* 0.69*

MAE

[0.1, 2.5 mm) [2.5, 5 mm) [5, 10 mm) [10, 20 mm) �20 mm
CNTL 1.97 2.23 3.90 4.38 6.90
LTNGDA 2.27 2.17 3.51 4.00 7.00
LTNGDA_NS 2.36 2.11 3.12 4.00 5.86**
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Table 3
Same as Table 2 but with verification scores referring to SLA events.

POD

>1 mm >2.5 mm >5 mm >10 mm >20 mm

CNTL 0.97 0.94 0.86 0.79 0.73
LTNGDA 0.97 0.96 0.90* 0.81* 0.78*
LTNGDA_NS 0.97 0.93 0.89* 0.80 0.77*

FAR

>1 mm >2.5 mm >5 mm >10 mm >20 mm
CNTL 0.07 0.09 0.11 0.10 0.18
LTNGDA 0.08 0.12* 0.11 0.13* 0.18
LTNGDA_NS 0.07 0.10 0.09* 0.09 0.14*

CSI

>1 mm >2.5 mm >5 mm >10 mm >20 mm
CNTL 0.90 0.86 0.78 0.73 0.63
LTNGDA 0.90 0.85 0.81 0.72 0.66
LTNGDA_NS 0.90 0.85 0.82* 0.74 0.68*

MAE

[0.1, 2.5 mm) [2.5, 5 mm) [5, 10 mm) [10, 20 mm) �20 mm
CNTL 1.54 4.69 2.80 4.37 13.13
LTNGDA 1.84 5.56 2.72** 3.99 12.62
LTNGDA_NS 1.40* 4.75 2.70 4.46 13.34

Fig. 6. 500 hPa geopotential heights (at 50 gpm intervals) derived from NCEP/NCAR reanalyses (Kalnay et al., 1996), valid at (a) 1200Z 13 November 2013, (b) 0000Z 14 November
2013, and (c) 1200Z 14 November 2013 (Images provided by the NOAA/ESRL Physical Sciences Division, Boulder Colorado from their website at http://www.esrl.noaa.gov/psd/).
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Fig. 7. Observed and simulated 6 h accumulated precipitation ending at 14 November 2013 0000Z: (a) Rain gauge data, (b) CNTLWRF experiment, (c) LTNGDAWRF experiment, and
(d) LTNGDA_NS WRF experiment.
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(ECMWF) at a 0.125�� 0.125 horizontal resolution, confirms that
the assimilation of lightning does improve the representation of the
mesoscale environment. For instance, Fig. 8d indicates that the
advection of warm unstable air (higher qe values) is confined to the
area south-west of Peloponnesus, whereas colder and more stable
air (lower qe values) is present over north-west Peloponnesus, in
the vicinity of Kefalonia and Zakynthos islands. This particular
mesoscale setup seems to be better resolved in LTNDGA (Fig. 8b)
and LTNGDA_NS experiments (Fig. 8c) than in the CNTL simulation
(Fig. 8a).

Examination of the second 6 h forecast period (14 November
2013 0000Z to 14 November 2013 0600Z) reveals that WRF is
capable of maintaining the information provided by the lightning
data assimilation scheme during the 6 h initialization period (13
November 2013 1200Z to 13 November 2013 1800Z). In both
assimilation experiments (Fig. 9c, d) precipitation is reduced in
central Continental Greece, while in the wider region of the
Myrtoan Sea and Cyclades, precipitation is increased. Compared to
the CNTL experiment (Fig. 9b), the above changes result to a rainfall
distribution that is, overall, in better agreement with observations
(Fig. 9a). Similarly to what has been discussed for the first 6 h
forecast period, the prevention of the KF scheme from activation in
the absence of observed lightning seems to result to more realistic
precipitation amounts. For instance, the overestimation of rainfall
in central Continental Greece is lower for LTNGDA than
LTNGDA_NS, while LTNGDA also manages to reproduce the
observed maximum in south-west Attica. On the other hand,
LTNGDA results' indicate an erroneous precipitation maximum
over central Evia, not present in the case of LTNGDA_NS.

The effect of lightning forcing on the low-level atmospheric
environment remains evident 7 h following the end of the assim-
ilation period (14 November 2013 0100Z), as shown in Fig. 10.
Compared to the experiment with no lightning data assimilation,
both assimilation experiments are found to produce a stronger cold
pool in the wider region of north Peloponnesus and central-south
Continental Greece, a feature that is possibly linked to the previ-
ously reported decrease in the simulated precipitation in this area.
Further, it seems that the ingestion of lightning enhances the
advection of unstable warm and moist air (high qe values) in the
Cyclades area, consequently increasing precipitation during the
second 6 h forecast period.

Similarly to the previous 6 h forecast period, inspection of the
corresponding ECMWF analysis (Fig. 10d) reveals an overall better
representation of the mesoscale environment when lightning data
are ingested in the model. This is particularly evident focusing on
the areas of Peloponnesus and the Ionian Sea, for which the CNTL



Fig. 8. 10 mwind barbs overlaid with 850 hPa equivalent potential temperature at 13 November 2013 from (a) CNTLWRF experiment, (b) LTNGDAWRF experiment, (c) LTNGDA_NS
WRF experiment at 1900Z, and (d) ECMWF analysis at 1800Z. Note that the horizontal grid spacing for the WRF maps equals 6 km, while for the ECMWF map it approximates
12.5 km.
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experiment (Fig. 10a) indicates the presence of unstable warm air
(higher qe values). On the other hand, both LTNGDA (Fig. 10b) and
LTNGDA_NS (Fig. 10c) experiments provide a representation closer
to the analysis (Fig. 10d), characterized by colder and more stable
air (lower qe values) over much of Peloponnesus and relatively
warmer and less stable air (higher qe values) over the wider area of
Kefalonia and Zakynthos islands.

Coming to the end of the discussion of this particular event, it
should be underlined that limited data availability might restrict
the conclusions drawn. For instance, large precipitation amounts
simulated by either of the two assimilation experiments over the
Ionian Sea and the west and central peninsulas of Peloponnesus
(e.g. Fig. 7c, d) cannot be verified due to the spatial coverage of the
measurement sites (Fig. 2b). Alternative data sources, such as radar
imagery and/or radiosondes, which could be employed for
strengthening the discussion of the present study's findings, were
unfortunately not available.

5. Conclusions

A technique employing lightning data for improving
precipitation prediction has been implemented in the WRF model.
This technique (WRF-LTNGDA) utilizes lightning as a proxy for
identifying the location of convective activity and, consequently,
controlling the trigger function of the model's CPS. Although this
cannot be considered to be a novel approach, it is still the first time
that such an assimilation technique is incorporated in a widely
implemented NWP model with the aim to evaluate its capacity for
operational weather forecasting applications. In this context, the
implemented lightning data assimilation technique has been
evaluated over eight precipitation events that took place in Greece
in the period 2010e2013. A short (i.e. 6 h) assimilation period,
allowing for operational readiness, was adopted, and the conse-
quent 24 h accumulated precipitation was verified against obser-
vations. Within this frame, this study deviates from similar past
ones focusing on a single or a couple of extreme precipitation
events.

The results of the present study clearly suggest that lightning
forcing has a positive impact on precipitation prediction. Despite
the restricted assimilation period, the ability of the model to
correctly predict the occurrence/no occurrence of precipitation up
to the next 24 h was found to improve. More importantly, the



Fig. 9. Same as Fig. 7 but with 6 h accumulated precipitation ending at 14 November 2013 0600Z.
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improvements induced on the computed verification scores were
found to be statistically significant (at least at a¼ 0.10), particularly
for the intense precipitation thresholds. Examination of model
performance for different groups of events revealed that the posi-
tive impact of lightning assimilation is generally larger for cases
with extensive occurrence of intense precipitation, rather than for
cases with more local intense rainfall occurrence. The conducted
analysis also revealed no significant dependence of the perfor-
mance of assimilation on the amount of data used during the
assimilation period.

In the current implementation of the lightning data assimilation
technique, the model's CPS may or may not be prevented from
generating convection when lightning is not observed. The adop-
tion of one or the other option consequently modifies the impact of
lightning assimilation on model performance. Overall, and in
agreement with the original work of Mansell et al. (2007), it was
found that active suppression of the CPS might occasionally in-
crease spurious precipitation. However, this effect was found to be
primarily evident in moderate rainfall amounts, being almost ab-
sent for intense accumulations.

Closer inspection of model performance under the different
numerical experiments was carried out focusing on a single pre-
cipitation event. The results of this analysis highlighted an overall
better subjective agreement between the simulated and observed
rainfall distributions when lightning forcing was applied. In both
experiments employing lightning data assimilation, WRF was
found to be able to better reproduce precipitation distribution,
removing erroneous intense rainfall bands and more correctly
placing rainfall maxima. Differences between the two assimilation
experiments did exist, mostly attributed to the different modifica-
tion of the low-level atmospheric environment.

The present study demonstrates that the lightning data assim-
ilation technique proposed by Mansell et al. (2007), as adapted by
Lagouvardos et al. (2013), is sufficiently capable of improving pre-
cipitation prediction, particularly in the context of operational
weather forecasting activities. This is primarily highlighted by the
restrictions that were applied for the evaluation of the technique.
First, a very short assimilation period, equaling 6 h, was set in order
to account for the necessity for operational readiness of the
modeling system. Second, the employed data were restricted to CG
lightning, which represents only a small part of the total lightning
activity. Given the above two significant restrictions, the statisti-
cally significant overall improvements seen in precipitation pre-
diction become more important. Nevertheless, the evaluation of
the presented lightning assimilation technique should be
continued, focusing on longer forecast periods and possibly using
alternative lightning data sources.



Fig. 10. Same as Fig. 9 but for 14 November 2013 0100Z (WRF) and 0000Z (ECMWF).
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