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Abstract—Aerological data of the days, when upward lightning
flashes with large charge transfer in winter were observed, were
analyzed. Indices used for the evaluation of stability of air in
summer, are not suitable to apply to winter lighting condition,
however, some combinations of parameters derived from
arerological data seem to be related to the days when upward
flashes occur, including occurrence of energetic upward flashes.
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I.  INTRODUCTION

Lightning flashes hitting tall structures in winter in the
coastal area of the Sea of Japan are mostly upward lightning
[Ishii, M. et al., 2009, 2011, 2013, 2014; Natsuno et al., 2010;
NEDO report, 2015; Saito and Ishii, 2016, 2017a, 2017b].
Characteristics of such upward lightning in winter are different
from those of downward lightning observed in summer,
especially in the current parameters.

Lightning currents were directly observed at 27 wind
turbines in Japan in the 5-year research project, from 2008 to
2013, of NEDO (New Energy and Industrial Technology
Development Organization), Japan. The extensive observation
provides statistical data on lightning currents flow into wind
turbines by direct lightning hits, and facilitates improvement of
lightning protection of wind turbines. The ratio of the flashes
with transferred charge exceeding 300 C, which may threat wind
turbines, was 4% [NEDO report, 2015; Saito and Ishii, 2016].

Classification of weather pattern related to severity of winter
thunderstorms by using the weather chart was tried [NEDO
report, 2015], however, automatic classification of weather
charts is still difficult. In summer, likeliness of occurrence of
thunderstorms are evaluated from aerological data by using such
indices as Showalter index, Total totals, SWEAT index and K
index etc. [ Vogel, S., et al.,2016a, 2016b, 2017a, 2017b ;
Fujisawa, G., and R. Kawamura(2005)], though, these indices
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are reportedly not quite suitable for winter lightning condition
[G. Fujisawa, and R. Kawamura(2005)].

This paper reports on the parameters extracted from
aerological data on the days when upward lighting flashes hit
wind turbines in winter, and for those when upward flashes with
large charge transfer were observed.

II.  DATA SUBJECT TO ANALYSIS

676 lightning currents were observed during 5 seasons from
October to April at the NEDO research project [NEDO report,
2015; Saito and Ishii, 2016]. In other months, only 10 data were
recorded as shown in Fig. 1(a), although observation was
carried out through the year.

Almost all of recorded currents were associated with upward
lightning, and in this paper, the 676 lightning currents are
classified as winter lightning. 27 lightning flashes with
transferred charge exceeding 300 C were observed in winter
months from December to March only, as seen in Fig. 1(b), and
the tendency of monthly distributions of these two figures is
somewhat different. This suggests that there may be difference
in charge structures of thunderclouds in winter between majority
of thunderclouds and those produce energetic upward lightning.
Fig. 2 shows differences in the polarity of flashes belonging to
these two groups, ordinary and energetic ones. Bipolar flashes
are the majority in the energetic flashes.

The aerological data were observed at upper air
observatories in Japan every 12 hours (9h JST, 21h JST). So
upward flashes observed in a half-day bin (12hours) are grouped
to form one datum. As the majority of observed upward flashes
were on Honshu Island, the data obtained on this island only are
analysed. Consequently, 327 half-day aerological data from
November to March, on days upward flashes were observed, are
analysed.
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Fig. 1 Monthly variation of number of observed current
data.

Aecrologogical data [ http://weather.uwyo.edu/upperair/ |
obtained at three upper air observatories are used, and data from
instrumented wind turbines are analyzed in conjunction with the
data from the closest upper air observatory. Observed lightning
flashes are put in the half-day bin with the closest observation
time of upper air data. The locations of wind turbines and upper
air observatories are shown in Fig. 3. Among the analyzed 327
half-days, 23 half-days had flashes with transferred charge
exceeding 300 C. The distribution of observed maximum charge
amount during a half day for the 327 half-days are shown in
Fig.4.
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Fig. 2 Ratios of polarities of upward winter lightning
flashes dependent on the amount of transferred charge.
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Fig. 3 Locations of instrumented wind turbines and upper
air observatories in the coastal area of the Sea of Japan.
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III. MONTHLY VARIATION OF METEOROLOGIAL DATA

Fig. 5 shows averaged monthly variations of meteorological
parameters at each atmospheric pressure level at Wajima
Observatory. Fig. 6 shows the atmospheric stability for the 327
half days, evaluated by using various indices employing criteria
for prediction of occurrence of thunderstorms in the convective
season. The thresholds of each criterion are shown in Table 2
[ http://weather.uky.edu/kind.html ]. As shown in Fig. 6, the
judgements are not successful in both populations of all flashes
and of energetic flashes except by Total Totals. Total Totals
shows better judgement, however, there is not clear distinction
between the ordinary and energetic flashes.

The reason for the poor results except by Total Totals may
be difference between the convective and non-convective
seasons in altitudes where charge separation actively occurs.
Minus 10°C isotherm level, which is the temperature height,
where charge in thunderclouds frequently accumulates
regardless of the season [Ishii, M. et al., 2011], considerably
varies dependent on the season.
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Fig. 5 Averaged monthly variations of meteorological parameters at Wajima Observatory.
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Fig. 6 Analyzed stability by using various indices when
upward winter lightning occurred, by employing criteria for
prediction of occurrence of thunderstorms in convective
season.

The height of —10°C is around 500hPa in typical summer
(August) and is around 850 hPa in typical winter (January) in
Japan, whereas the indices used to evaluate atmospheric stability
are mainly calculated by using aerological conditions between
850 hPa and 500 hPa. Amount of water vapor in the atmosphere
is important for formation of cloud particles, and is mostly from
the surface of warm current in the Sea of Japan at winter
lightning condition in Japan. This situation and meteorological
parameters at each pressure level are quite different between
summer and winter in Japan. Thus, criteria to judge stability
useful in the convective season will need modification for winter
condition.

Table 2 Thresholds of classifications used to produce Fig. 6.

K index Unstable > 18 > Stable
Total Totals Unstable > 43 > Stable
SWEAT index Unstable > 272 > Stable
Showalter index Unstable < 4 < Stable

Considering the different condition between summer and
winter, each index is calculated by using the adjusted levels
shown in Table 3 and formulae (1)~(4). The results for indices
calculated by using the adjusted levels are shown in Fig. 7.

Level adjusted K-index

=T (925 hPa) +Td(925 hPa)
~T(700 hPa) — DD(850 hPa) €))
Level adjusted Total Totals
=T (925 hPa) +Td(925 hPa) — 2[T(700 hPa)] 2)

Level adjusted SWEAT Index
= 12[Td(925 hPa) ] +20 (TT’ -49)

+ 2[f (925 hPa)] +f(700 hPa) +125(S’+0.2) 3)
Level adjusted Showalter Index
= T (700 hPa ) — Tp (from 925 hPa to 700 hPa) 4)

Here, T is temperature, Td is dew point temperature, DD is
dew point depression, TT’ is level adjusted Total totals, f is
wind speed, S’ is wind shear between 700 hPa and 925 hPa, and
Tp is temperature of lifted parcel .

Regarding K-index, it heavily relies on T and Td at low
altitude (850 hPa at conventional, 925 hPa at level adjusted).
Thus, the values stay stable in winter. Note that T and Td in low
altitudes do not change much in winter because of wet updraft
from the Sea of Japan as seen in Fig. 5(c). At the level adjusted
values, T and Td at the low altitude are slightly higher than those
of the conventional values. The differences of T(700 hPa ) and
T (925 hPa), however, are slightly smaller than the conventional
values (between 500 hPa and 850 hPa) as seen in Fig. 3(b).
Consequently the values move to a more stable side at the level
adjusted values.



Table 3 Conventional and adjusted levels employed to

produce Fig.7
Conventional indices Level adjusted indices
500 hPa - 700 hPa
700 hPa — 850 hPa
850 hPa — 925 hPa

At Total Totals, it judges the condition is unstable if the air
is humid. Thus, the values are on the unstable side when
lightning flashes are observed. At level adjusted wvalues,
however, differences of T (700 hPa) and T(925 hPa) are slightly
smaller than for the conventional values (between 500 hPa and
850 hPa) as seen in Fig. 3(b). Thus, the level adjusted values
move to a more stable side.
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Regarding SWEAT Index, it heavily relies on the values of
low level Td (850 hPa in conventional evaluation, 925 hPa in
level adjusted) and the values of Total Totals. Thus, the level
adjusted values move to more stable side because the level
adjusted Total Totals also move to stable sides as is explained
above.

At Showalter index, the conventional values are stable
because; 1) T(500 hPa ) is too cold to evaluate instability, 2) the
moist adiabatic lapse rate and the dry adiabatic lapse rate are
quite close at temperatures between 850 hPa and 500 hPa levels
in winter as seen in Fig. 3 (b). Thus, conventional values are on
the stable side. The level adjusted index, however, shows better
performance to evaluate stability of winter lightning condition,
and the calculated values of the index move to unstable sides.
Fig. 8 shows the stability evaluated by the level adjusted
Showalter index by using the same threshold shown in Table 2.
Most half days are evaluated as unstable when upward flashes
hit wind turbines.
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Fig. 7 Comparison of conventional indices and level adjusted indices.
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Fig. 8 Stability at winter thunderstorms by using level-
adjusted Showalter index.

IV. ENERGETIC UPWARD FLASHES IN WINTER

As shown in Fig. 8, the most half days are evaluated as
unstable by the modified Showalter index, however, there is not
much difference in the index for half days with and without
upward flashes associated with charge transfer over 300 C.

Fig. 9 and Fig. 10 show the relationship between the charge
amount in a half day and the corresponding modified Showalter
index of the half day. Most of the energetic flashes exceeding
400 C were observed on the half day, when the modified
Showalter index is in between 1 and 4.

This result suggests that upward flashes with extremely large
charge transfer tend to occur in the less convective condition
among days with unstable air. This concentration of half days
with energetic flashes on days of less active convection agrees
to the tendency of the study using LLS data [Vogel, S. et al.
2017b] that energetic upward flashes more likely to occur at
thunderstorms of moderate activity.

—_—

O—NWEAUNAINOO—

1o
N —

Level adjusted Showalter index

0 200 400 600 800 1000 1200 1400
Maximum charge of the half days[C]

Fig. 9 Relationship between maximum charge amounts and
level adjusted Showalter index.
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V. CONCLUSION

Aerological data when upward flashes were observed at
instrumented wind turbines on the coast of the Sea of Japan in
winter are analyzed. Criteria to calculate indices to evaluate
atmospheric stability in the convective season are not suitable to
evaluate condition of winter thunderstorms; however, by
modifying the calculation condition, Showalter index turns out
to be effective in evaluating stability in winter. Moreover, days
of storms which produce energetic lightning flashes seem be
separated by using this modified Showalter index. Such flashes
associated with large charge transfer were observed more
frequently when activity of convection was moderate.

ACKNOWLEDGMENT

This work was supported by JSPS KAKENHI Grant
Number JP16K01342.

REFERENCES

Fujisawa, G., and R. Kawamura (2005), Recent tendencies of winter
thunderstorms in the Hokuriku District and associated atmospheric
conditions, Tenki, Vol. 52, No. 6, pp. 449-460, (in Japanese).

Ishii, M., and M. Saito (2009), Lightning electric field characteristics associated
with transmission-line faults in winter, IEEE Trans. Electromagnetic
Compatibility, vol. 51, pp.459-465.

Ishii, M., M. Saito, F. Fujii, M. Matsui, and D. Natsuno (2011), Frequency of
upward lightning from tall structures in winter in Japan, 7th Asia-Pacific
International Conference on Lightning (APL), Chengdu, China.

Ishii, M., M. Saito, D. Natsuno, and A. Sugita (2013), Lightning current
observed at wind turbines in winter in Japan, International Conference on
Lightning Static Electricity (ICOLSE), Seattle, USA.

Ishii, M., M. Saito, D. Natsuno, and A. Sugita (2014), Lightning incidence on
wind turbines in winter, Proc. 32th International Conference on Lightning
Protection (ICLP), 460, Shanghai , China.

Natsuno, D., S. Yokoyama, T. Shindo, M. Ishii, and H. Shiraishi (2010),
Guideline for lightning protection of wind turbines in Japan, 30th
International Conference on Lightning Protection (ICLP), No. SSA-1259,
Cagliari, Italy,.

NEDO report 20150000000080 (2015), Research and development of next-
generation wind power generation technology for technology



corresponding to natural environment etc. for measures of lightning
protection (FY2008-FY2012), Annual Report of NEDO, Japan, (in
Japanese).

Saito, M., and M. Ishii (2016), Application of LLS to detection of winter
lightning flashes hitting wind turbines, Proc. 33rd International
Conference on Lightning Protection (ICLP), Estoril, Portugal.

Saito, M., and M. Ishii (2017a), Reproduction of electric field waveforms
associated with GC strokes hitting wind turbines, 4th International
Symposium on Winter Lightning (ISWL), Joetsu, Japan

Saito, M., and M. Ishii (2017b), Relationship between aerological data and
characteristics of upward lightning hitting wind turbines in winter, 2017
International Conference on Lightning and Static Electricity (ICOLSE),
Nagoya, Japan

Vogel, S., and J. Lopez (2016a), Lightning location system data from wind
power plants compared to meteorological conditions of warm- and cold
thunderstorm events, CIGRE - International Colloquium on Lightning
and Power Systems, Bologna, Italy.

Vogel, S., J. Holbell, J. Lopez, A. C. Garolera, and S. F. Madsen (2016b),
European cold season lightning map for wind turbines based on radio
soundings, Proc. 33rd International Conference on Lightning Protection
(ICLP), Estoril, Portugal.

Vogel, S., M. Ishii, M. Saito, and D. Natsuno (2017a), Upward lightning
attachment analysis on wind turbines and correlated current parameters,
4th International Symposium on Winter Lightning (ISWL), Joetsu, Japan.

Vogel, S., M. Ishii, M. Saito, A. Sugita, and D. Natsuno (2017b), Correlations
of current parameters with flash density from winter thunderstorms in
Japan, 2017 International Conference on Lightning and Static Electricity
(ICOLSE), Nagoya, Japan.



	I. Introduction
	II. Data Subject to Analysis
	III. Monthly Variation of Meteorologial Data
	IV. Energetic Upward Flashes in Winter
	V. Conclusion
	Acknowledgment 
	References



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



