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1. Introduction

Severe weather often has alarge impact on human activity in many different areas, for in-
stance transport and agriculture, to mention a few. The implementation of new automatic
observation systems with a much denser data coverage and the increasing resolution and
improvements of the numerical limited area models provide a basis for the devel opment of
new automatic or partly automatic methods for forecasting severe weather. A project (PVV,
Projekt voldsomt vejr) to improve on the forecasts of severe weather and to investigate the
extent to which these can be automatically produced has been initiated at DMI.

A preliminary study in this project has been to investigate the potential use of stability indi-
cesto indicate the risk of thunder and lightning. The indices are used as measures of the
necessary atmospheric conditions for thunderstorms to occur. Other studies on the use of
indices as a measure of the necessary atmospheric condition for thunderstorms in Europe
can be found in (H.Huntrieser 1996) and (H.Haakenstad 1999).



2. Data

The stability indices have been calculated from radio sounding from Schleswig 12 UTC. For
each radio sounding the various stability indices have been calculated and stored together
with the number of lightning strokes recorded in an area around Schleswig during a certain
time window.

The data sample covers the period from 02-11-95 to 30-08-1999. This data sample has been
divided into two sub periods, one from 02-11-1995 to 02-11-1997 and a second from 03-11-
1997 to 30-08-1999. Data from the first period are used to determine the parametersin a
probabilistic indication model and data from the second period are used to verify the prob-
abilistic model.

Data from an automatic lightning stroke detection system have been used to identify days
with lightning. The system can detect the occurrence of alightning stroke and then calculate
the position and strength. The number of lightning strokes occurring in an area around
Schleswig during atime window of 3 hours from 12 to 15 UTC are counted and stored to-
gether with the value of the indices on that particular day.

To investigate the dependence of the area, the number of lightning strokes occurring in five
areas of different size has been counted. The sizes of the areas are listed in table 1.

Tablel

Area A0 Area Al AreaA?2 Area A3 Area A4

133 * 129 [knf] |83 * 96 [knT] |55 * 61 [knT] | 28 * 33 [knf] |11 * 13 [knT]

To investigate the dependence on time a 6 hour window from 12UWd Céhave been used
together with area A0 and Al.

Supplementary to the automatic lightning detection system, conventional synoptic reports
have been used to identify days with thunder. One data set is based on th&esltd¢iswig

alone for times 12, 13, 14 and W3 C. A second set is based on stations in an aree corr
sponding in size to area Al in the automatic data set for the same times. Thunder is ind
cated in this data set if at least one of the stations reports thunder. The stations included are
listed in table 2.

Table 2

6110 |Vojens 10042 | Olpenitz

6119 |Kegnhees 10046 | Kiel

6124 |Tasinge 10131 | Cuxhaven

10020| List 10124 | Leuchtturmalte Weser
10022| Leck 10146 | Quickborn

10028| St. Peder-Ording 10150 | Dorisk

10035 Schleswig 10156 |Lubeck




3. Comparison of automatic lightning detection and con-
ventional synop reports

Simultaneous data from the automatic lightning detection system and from the synoptic re-
ports have been compared to investigate the correspondence between the two methods of
detecting lightning and thunder.

The synoptic datafrom Schleswig are compared to theareas A1, A2, A3 and A4 inthe
automatic data set. The results are summarised in table 3, where column one shows the
number of dayswith both lightning detected by the automatic system and thunder in the
synoptic reports, column two shows the number of days with thunder in the synoptic reports
but no lightning detected by the automatic system, column three shows the number of days
with lightning detected by the automatic system but without thunder in the synoptic reports,
and finally column four shows the number of days where neither systems indicates either
lightning or thunder. The last column shows the total number of days with lightning detected
by the automatic system. The number of days with observed thunder in the synoptic reports
at Schlewig is a constant number of 18.

Table3
Both lightning (automatic) | Thunder |Lightning |[No Total
and thunder (synop) (synop) |(automatic) |thunder/lightning
Schleswig
A4 oneor more 11 7 10 690 21
A4 two or more 7 11 7 693 14
A3 oneor more 17 1 31 669 48
A3 two or more 14 4 16 684 38
A2 oneor more 16 2 40 660 56
Al two or more 18 0 83 617 101
All stations
Al two or more 65 17 60 836 125

First we may notice the obvious fact that the number of automatic detected lightning occur-
rences isincreasing as the area of detection is expanded.

In thefirst row in table 3 one or more lightning strokes detected by the automatic systemin
area A4 defines a day with lightning and in the second row two or more lightning strokes
detected by the automatic system defines a day with lightning. That is, aday with only one
lightning stroke detected is disregarded as a day with lightning.

For days with one or more lightning strokes detected in area A4 (row one) there are eleven
days with both lightning strokes detected and thunder in the synoptic reports, and there are
seven days with thunder in the synoptic reports but no lightning strokes detected. The ladder
may be because the thunder occurs outside the small area A4. The number of days with
lightning strokes detected but without thunder in the synoptic reportsis ten. These could be
days with only one lightning stroke detected by the automatic system.




To look into this, row two in table 3 shows the number of days with two or more lightning
strokes detected by the automatic system. Now only seven days have lightning strokes d
tected but no thunder in the synoptic reports, thus the number of days with only éne ligh
ning stroke detected is three.

On the other hand it turns out that the number of days with both lightning detected and
thunder in the synoptic reports is reduced from eleven to seven, thus four of the eleven days
with both lightning detected and thunder in the synoptic reports are also days with only one
lightning stroke.

Another explanation could be that only the synoptic cede has been used to identify
days with thunder . Including “WW?” for the past weather would increase the number of days
with thunder in the synoptic reports.

The third row in table 3 shows the values for area A3 for days with one or more lightning
strokes detected by the automatic system. Here 17 days have both lightning strokes detected
and thunder in the sgptic reports and only one day with thunder in the synoptic reports

is not detected by the automatic system. This indicates that the area A3 is large enough for
the automatic system to capture all thunder in the synoptic reports. 31 days with lightning
strokes detected are not in the synoptic reports.

Row four in table 3 shows the values for A3 and two or more lightning strokes detected.
Now the number days with both lightning strokes detected and thunder in the syaoptic r
ports is reduced only from 17 to 14, whereas the number of days with lightning seokes d
tected but without thunder in the synoptic reports is reduced significantly from 31 to 16. The
remaining 16 days may be further reduced in number if “WW?” is used to identify days with
thunder in the synoptieports.

It seems therefore reasonable to conclude that the thunder recorded by a human observer is
restricted to thunder occurring within a distance of 30 km, and that days with single ligh

ning at large distances are not recorded by a human observer. However still approximately
half of the days with lightning strokestdcted have no thunder in the synoptic reports.

Increasing the area further (rows five and six in table 3), only the numbers of days with
lightning strokes detected and not recorded by a human observer increases significantly,
supporting the conclusion that the thunder recorded by a human observer is restricted to 30
km. This agrees well with the distance calculated from the refraction of sound waves at the
interface of adjacent thin layers of air with different velocities of soung. - T7).

For area Al the number of days with lightning strokes detected but without thunder in the
synoptic reports is 83 (row five in table 3). The previous conclusion suggests then that a
number of these days only have thunder more than 30 km awaystleswig. If the st

tions in table 2 covering the area Al are used to identify days with thunder from the synoptic
reports when at least one of the stations reports thunder, row six in table 3 shows, that 65
days have lightning strokes detected by the automatic system and thunder in the synoptic
reports, and that again approximately half of the days equal to 60 with lightning steokes d
tected are not found in the synoptic reports. This further supports the previous conclusion.



Again some of the days with lightning strokes detected but without thunder in the synoptic
reports may be due to the used the cade™in identifying thunder in the synoptic reports.

However, 17 days with thunder in the synoptic reports are not detected by the automatic
system. This may be due to the difficulty in matching the number of stations and the area of
automatic detection so that some of the thunder in the synoptic reports have lightning
strokes outside the area Al.

It may not be possible to extract some decisive conclusion about the correspondénce of o
servations recorded by a human observer and automatic observation, but it seems-to be po
sible to establish a relation between the thunder in the synoptic reports and automatically
detected lightning strokes if one uses appropriate areas.



4. Indices

In this preliminary study a number of different indices related to thunder and lightning have
been investigated. The indices are listed in table 4 with their definition and a shog-descri
tion.

Table 4

K (T850 - T5oo) + TD850 - (T700- TD700) Air mass index

T (Teso+ TDgso) - 2*Ts00 Air mass index
SHO T500 - T 850-5500 Lifting index

Sl700 Ts00 -T" 700->500 Lifting index

SLI Ts500-T" sur>500 Lifting index

DCl (Tgs0+ TDgsg) -SLI Deep Convection
HI (Tes0- TDgs0) + (T7z00- TD700) + (Ts00 -TDsoq) Humidity
CAPEsurace | Integral of Tt - Teny)/Tenv WhenTen<Tii

CAPEgs Integral of Tt - Teny)/Tenv WheNnTen<Tii

HereT,pp is the temperature at pressure level PPPTang, is the dew point temperature at
pressure level PPR: ,5p>5001S the temperature of a parcel lifted édiabatically from pre
sure level PPP (or the surface in case PPP is egsat)tto its condensation level and moist
adiabatically thereafter to the 50@a pressure level.

CAPEraceis theConvective Available Potential Energy whdig is the potential t@-
perature of a parcel lifted dadiabatically from the surface to its condensation level and
moistadiabatically thereaftel.e,, is the potential temperature of the environment. CAPE
is the same aSAPErace€XCeEpL that the parcel is lifted from 85Pa.

The temperatures are from measutiosoundings




5. Statistics of lightning and indices
5.1 Thenumber of lightning occurrences as a function of the daily value of the index

The area Al 83*96 [kf and the 3 hour window have been used as the base case and all
results refer to this area and time window unless something else is explicitly stated.

Figure 1 shows the number of lightning strokes detected versus the index value of K (left
hand side of figure 1) and the index valué&af (right hand side of figure 1) for all days in

the period from 02-11-95 to 30-08-1999. The red dots represent days with lightning and the
blue dots represent days without lightning (The number of lightning strokes detected is O for
such a day). Similar plots have been made for the other indices.

There is no significant mathematical correlation between K values and the numbet- of ligh
ning strokes because there are many days with no lightning strokes and K values similar to
the K values for days with lightning strokes. On the other hand, it is seen by visual inspe
tion that days with lightning tend to have a large K value and, though not quit as pr
nounced, that days with many liging strokes detected tend to have the largest K values.

A large K indicates a large temperature gradient and a large humidity in the lowsr atmo
phere, both favourable conditions for convection and thunder. This is also the case for the
indexTT, which has the same pattern as the K index (not shown).

The opposite is seen for tB&| index, where days with lightning tend to have small values

and days with many lightning strokes detected tend to have the sr8allestiue. A large
temperaturd’ q:>500 Of the air parcel lifted indicates favourable conditions for convection

and results in a small value of t8&l index. This holds for all the lifting indices, which

have a similar pattern in the number of lightning strokes detected versus the index value (not
shown).
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Figure 1. The number of lightning strokes detected in area A1 during 3 hours as a function of the index value.
Left hand side as afunction of the K index. Right hand side as a function of the SLI index.



DCI isacombination of humidity in the lower atmosphere and alifting index. The favour-
able conditions for convection and thunder is large humidity together with a small lifting
index, which then combine to alarge value of DCI for days with lightning, which is also
confirmed in the data (not shown)

The humidity index HI is a measure of the dew point depression in the atmosphere below
500 hPa. A small HI isfavourable for thunder.

5.2 Frequency of dayswith lightning as a function of index value.

The relation between the number of days with lightning and the index value is more clearly
demonstrated if the frequency of days with lightning is plotted against the index value. Each
column in figure 2 shows the number of days with lightning having K and SL1 values within
the interval indicated under the column divided by the total number of days with lightning.
Thisand all subsequent analyses are based on the first set of data from the period 02-11-
1995 to 02-11-1997.

Notice that the lengths of the intervals are unequal, since the first interval for the K index
runs from -80 to -20, and the second interval runs from -20 to 0. Thisis because of the low
number of days with lightning in these intervals. Similarly for the SLI index the length of
the intervals are enlarged at large index values.

It is clearly seen that days with lightning tend to have large K values, with arelative maxi-
mum of 33% of all days with lightning having K valuesin the interval from 25 to 30.

For the SLI index days with lightning tend to have small values, with almost 35% of all days
with lightning having SLI valuesin theinterval from -2 to O.
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Figure 2. The fraction of dayswith lightning as a function of the index value. Left hand side as a function of the
K index. Right hand side as a function of the SLI index.



Furthermore both frequencies are relatively narrow, which is necessary if the index is used
asindicator of lightning, see later.

The other indices show similar patterns, but with a more or less broadened distribution.
5.3 Therelative frequency of days asa function of index values.

In the previous section the frequency of days with lightning as a function of the index value
were analysed. It is, however, aso interesting to know the relative frequency of daysasa
function of the index value. In this section both the frequency of days and the frequency of
days with lightning relative to the total number of daysis studied as a function of the index
value.

In figure 3 the blue columns show the number of all days with the index values within the
interval below the column divided by the total number of days in the data sample. The red
columns show the corresponding number of days with lightning again divided by the total
number of daysin the data sample. Note that this fraction is different from the frequency
presented in the previous section since this fraction is now relative to the total number of all
days in the data sample whereas the previous frequency was relative to the total number of
days with lightning.

Notice that the remark about the interval length given in the previous section isalso valid in
this figure, which more pronounced affects the blue column representing all days, since a
large fraction of days have index valuesin these intervals. K values between -20 and 0 occur
in 24% of al days and the SLI values between 10 and 50 occur in more than 37% of all
days. However, in both cases lightning seldom occurs on days with index valuesin these
intervals, which shows that the occurrence of lightning is not an everyday phenomenon.
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Figure 3. The frequency of days as afunction of the index value. Blue columns represent all days and red
columns represent days with lightning. Left hand side as function of the K index. Right hand side as afunction
of the SLI index.
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In fact, the area of the red and the area of the blue columns are proportional to the occur-
rence of days with and without lightning respectively. The area of the red columnsis signifi-
cantly smaller than the area of the blue columns. The fraction of the area of the red column
to the area of the blue column is approximately 0.12 which thus corresponds to the clima-
tological frequency of lightning in the data sample.

The interesting feature, however, isthat the relative frequency of all daysin many of the
intervals also having a significant relative frequency of days with lightning, are agreat deal
larger than the frequency of days with lightning for that interval, though varying from inter-
val to interval. The importance of this feature is that although days with lightning tend to
have index valuesin these interval s the opposite statement, that a day with an index value in
these intervals will result in aday with lightning, is unfortunately not valid. In other words,
some days without lightning also have index valuesin these intervals.

The same analyses have been made for other indices. For these the distributions of the days
with lightning are more flat with no pronounced maximum.

5.4 Threshold value as an indicator of lightning.
Therelative frequencies of all days and days with lightning as a function of the value of an
index can be used to examine an indicator for the occurrence of lightning agiven day de-

fined by athreshold value for that index.

Figure 4 isa summary of the performance of the K index as a function of the threshold val-
uesindicated under the columns.
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Figure 4. Summary of the performance of the K index as an indicator of the occurrence of lightning defined by
the threshold value indicated under the columns, see the text for further explanation.
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The curves are read as follows. Assume for instance that K greater than 15 is chosen as
threshold value. The red curve then shows that more than 80% of all days with lightning are
indicated, which on the other hand means that around 20% of all days with lightning is not
indicated and thus referred to as surprises (or misses). The blue curve shows that in only
30% of the days indicated as days with lightning, lightning actually occur or, equivalently,
that 70% of the days are falsely indicated (false dlarm). The yellow curve showsthat alittle
less than half (35 %) of all days are indicated as days with lightning. This should be com-
pared to the climatological frequency of only 12 %.

If the threshold value isincreased to 25 the yellow curve reads about 12% so that days with
lightning are indicated with the correct frequency. Now in about 50% of the days indicated
as days with lightning, lightning actually occur, or, equivalently, only 50% of the days are
indicated wrong (false alarm) which is an improvement, but then only 50% of all days with
lightning are indicated in stead of 80%, which means that the frequency of detection has
gone down.

5.5 Probability of lightning as a function of index value

A more fruitful description of the relation between days with and without lightning may be
defined as the relative frequency of days with lightning divided by the corresponding rela
tive frequency of al days. For each interval this fraction can be interpreted as the probability
for the occurrence of lightning given that the particular day has an index value in the inter-
val. Figure 5 shows the probability for the K and the SLI1 indices.
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Figure 5. The probability as a function of the index value. Left hand side as afunction of the K index. Right
hand side as a function of the SLI index.

For the K index the probability is an increasing function of K values with a maximum just
below 60% for K valuesin the interval from 30 to 35. The probability decreases as a func-
tion of the SLI index with a maximum of 0.8 for SLI valuesin the interval from-10 to -4.
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This method for estimating the probability as afunction of the index value has been applied
to thefirst half of the data covering the period from 02-11-1995 to 04-11-1997 with 567
days having useful datafor theindex K. The probability p(K ) determined from these data
has then been approximated by an exponential function of the form €% ) limited by a
maximum probability of 1, where the coefficients a; and a; are found by minimising the sum
of (I; - min(e®%*"%i) 1) Y2 with I; equal to 1if it isaday with lightning and 0 if not. The

sum is proportional to the Brier score and the procedure is similar to logistic regression.

The probability function thus found have subsequently been applied to the second half of the
data covering the period from 04-11-1997 to 30-08-1999 with 549 days having useful data.

The probability function has then been verified through the calculation of the reliability
curve and the sharpness. The results are shown in figure 6.
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Figure 6. Reliability curve for the probability based on the K index.

Since the highest probability is less than 70% and since the occurrence of thisvalueisrare,

the model isnot very efficient at indicating thunder/lightning. A better model should have

more cases with high and reliable probability, that isa U shape of the columns, sincethisis
important seen from a users point of view.
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The Brier score for the model (BSmoqe) and for the climatology of the sample (B Sgimae) and
for persistence (BSyasistence) defined such that the probability of lightning today is equal to 1
if lightning occurred yesterday and O if not, have been calculated. The Brier skill scores
with the sample climatology as reference for the model (SSiode vs. ciimate) @nd the persistence
(SSpersistence vs. dimate) have also been calculated and the results are shown in table 5.

Table 5.

(BSmOdel) 0.096 (SSmodeI VS. CIimate) 0.20
(BSdimate) 0.120

(BSpersistence) 0175 | (SSpersistencevs climate) |-0.45

Itisclear from table 5 that the probability model is superior to both climate and persistence.
Persistence isin this case not a very useful approach in indicating lightning

5.6 The dependency of therelative frequency of days on the season.

Therelative frequency of days as afunction of the K index value has been calculated for
winter and summer months separately. Figure 7 shows the frequencies for the winter months
October to April and for the summer months May to September.
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Figure 7. Frequencies for winter months October to April and for the summer months May to September.
The most important information in this figure is that the relative frequency of dayswith
lightning is extremely low in the winter months, so that the most of the days with lightning

occursin the summer months. Table 6 shows the number of days with lightning for each
month for datain the period 02-11-1995 to 04-11-1997.
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Table 6

Month | Total number | Number of days | Month Total number | Number of days
of daysin data | with lightning of daysindata |with lightning
January 41 0 July 58 16
February 35 2 August 58 14
March 29 0 September 49 5
April 30 1 October 49 2
May 56 13 November 51 3
June 56 17 December 45 0

5.7 The dependency of therelative frequency of days on the size of the area of detec-
tion

The influence of the size of the areain which lightning is detected has been studied by using
five different areas. If the areaisincreased, the total number of days with lightning will in-
crease, and for each interval of the index values the number of days with lightning will be
constant or increase.

The following analysisis carried out for the K index, and it is assumed that large K values
correspond to more favourable conditions for lightning.

For large values of K, that is favourable conditions for lightning, the number of days with
lightning is expected to increase fast when going from very small areasto larger areas and
then become more constant during further increase.

To outline this alittle further, assume that K is large and that in fact lightning occurs. As-
sume further for ssimplicity of the arguments that the lightning strokes are equally spaced.
When asmall areais placed randomly, lightning is likely to lie outside the area. Increasing
the areaincreases the likelihood that the lightning isinside the area. When the sizeislarge
enough, lightning will occur inside the area . Further increase will not result in more days
with lightning since lightning is already detected, however the number of lightning strokes
will increase. If the areaisincreased even further, the air conditions in the newly covered
regions may be different from the K value at the centre, resulting in asmaller K value, and
thus no lightning expected here.

For small values of K, that is unfavourable conditions for lightning, the number of days with
lightning for asmall areais small. When the size of the areais increased, new regions with a
possibly larger K value and thus a possibility of lightning may increase the number of days
with lightning, no matter how big the area becomes.

The influence of increasing the size of the area on the probabilities is the same as the influ-

ence on the number of days with lightning, because the probability is just this number di-
vided by the total number of dayswith K valuesin the interval which isa constant for all

15



areas. The considerations given for the number of days with lightning holds for the prob-
abilitiesaswell.

Figure 8 shows the probability for K values for al five areas with A4 being the smallest and
A0 being the largest. For the intervals going from 30 to 35 and from 25 to 30, that islarge K
values, the probability rises fast when going from A4 to A1, whereas the probability for Al
isjust alittle less than for AO. For the intervals from 10 to 15 and from 15to 20, smaller K
values, the probability still rises fast when going fromA4 toA 1, and here the probability
continues to rise when going from A1 to AO.

a7 , 1 , 1 ,
O lndex K Probability | Areas A0
W Index K Frobability |, Area Al
o5 1| B Index K Probability | Area A2 1
EIndex K FProbability | Area A3
E Index K Frobahility | Area A4
0,5
=
N
=
2 o= 1 ]
o
o,z 1 []
0,1 H H
o N M [i_ﬂ-\
= - = o = oy = o =
— e — — ] o—a [ o =
= — bl = = = =3 = A

[-80-20]

Index value
Figure 8. Probability as afunction of the K index for areas A0 to A4.

It is not clear how to choose the size of the area. In this study the philosophy has been to
obtain the smallest area and the largest maximum probability. The probability can be 1 if the
areais chosen large enough (for instance the whole globe). A1 has been used as base case
because further increase of areawill not result in significantly larger maximum probability,
whereas the area A2 will decrease the maximum probability.

Thearea Al haslinear dimension about 100 km, which corresponds to regional forecast
areas.

5.8 A combined index.

The previous analysis has shown that the K value may be large without the occurrence of
lightning on that particular day. Now two or more indices may be combined to give a new
index which separate the days with and without lightning better. Figure 9 showsthe SLI
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index plotted against the K index. As known from the previous analysis, K should be large
and SLI should be small when lightning occurs. Figure 9 shows however that some days
with large K value smultaneously have alarge SL1 value when no lightning is detected.
These days lie in the upper right quarter of the grey rotated co-ordinate system. If anew in-
dex is defined asnew = (K - 4* SL1), then these days will reduce the index value and thus
the probability. The relative frequency of days has been estimated for this new index and is
shown in the left hand side of the figure 10. The corresponding probability is shown in the
right hand side of the figure 10.
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Figure 9. The SLI index plotted against the K index.
The grey lines represent arotated co-ordinate system.

| | . g Schleswig: Areal 1, 12-15UTC
| W Mew B MNew and lightning, A1 | Schleswig: Areal 1, 1215 T B ndex Mew Probshility | Area A1
0,45 1
04 09
0a
0,33
o7
5 o3
s
025 g0
; 3
g 8 os
o ©
= 027 a4
= o 04
s
]
B oas 03
[I§] 02
0,05 o1
0

o
[1525]
[2535]
[3545]
[45860]

)
[515]H
[1525] 'IF'T.
[2535]r

[3545] '
[4550].

[-176-35]
[-35-25]
[-25-15]
[-15-5]
[6093]
[-176-35]
[-35-25] F
[-25-15] _
[-15-5] H
[-55] H
[515] #

Index value Index value
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Therelative frequency of days with lightning is much more equal to the relative frequency
of all daysin the intervals with large index values. This results in amuch larger probability
for lightning for these intervals. The maximum probability is now 100% compared to the K
index alone which gives a maximum less than 70%.

Figure 11 shows the reliability curve based on the probability of the combined index.
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Figure 11. The reliability curve based on the probability of the combined index.

The highest probability indeed has increased, but still occurs very seldom, and the overall
reliability show some under prediction of the probability . The Brier score is now equal to
0.081 and less than 0.098 for the K index alone and the Brier skill scoreis0.33, oneand a
half times larger than 0.20 for the K index alone, which is a substantial improvement.

The under prediction may at least to some extent be due to relative small number of cases
with high probability.
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6. Logistic regression and Kalman filter

The problem of finding the probability as a function of the index value may be solved by
logistic regression arkhlman filtering. Logistic regression is similar to normal regression

but with the difference, that the dependent variable can take only a discrete set of values. In
the present case the values are binary data equal to 1 for days with lightning and O for days
without.

The main difference is that the problem is transformed to a probability formulatiorr-1In no
mal regression of one dependent variable Y from a set of independent vafiabids...,N

the equation is Y =g@ta* X 1+...+ay* Xy for the estimated value of Y. Tlaés are dete

mined by minimising the sum of (Y~- ¥pver a set of known values. Usingtalman filter
technique the value of tleés may be estimated recursively as the observed Y’s becomes

available.

In logistic regression the equation Y g+g*X 1+...+ay*X  is transformed into a probabi
ity by a logistic function p = pgata*X 1+...+ay*X ) which take values between 0 and 1.
The logistic function is usually defined by p @&4%™ 1 ™A V/(1+ %" &1+ A™V) ,
but in the present study the following functisamin(1,é%" %™ 1 **3%™ V) has proved to

be more useful and is equal to the approximation of the probability discussed in section 5.5.

Instead of the error function (Y- ¥the error probability is calculated as 2*Arctanh(l-p),
where p is the estimated probability and | is 1 for days with lightning and 0 for days without.

Changing to the probability function and using the error probability function ikelhen
filter thea’s and thus the probability are estimated recursively as the observed Y’s becomes
available.

The logistickalman filter for the K index has a mean value ghi@und -2.937, and a mean
value of a around 0.065, which correspond well with the values of -3.366 and 0.091 used
in section 5.5.

However, one of the advantages of udf@man technique is that the coefficients gpe u

dated recursively when new data becomes available and as such not constdaliEine

filter is therefore able to take a time dependent variation into account by changingfthe coe
ficients properly. One of the time dependent variations is the seasonal changes in the relative
frequency of occurrence of lightning. The recursive estimategarfcha are shown in @-

ure 12 where the variations with time is clearly seen.
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Figure 12. Left hand side: The Kalman filter estimate of a, for the index K. Right hand side: The Kalman filter
estimate of a, for index K.

The long waves are due to the seasonal variations.

Figure 13 left hand side shows the estimated probability day by day together with the | func-
tion as function of the K value. This should be compared with figure 5. The broadening of
the values of p for larger valuesis aresult of the variation in the estimate for the ay and the
& values and may to some extent account for seasonal variation.
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Figure 13. Left hand side: The Kalman filtered probability and the | function for each day as afunction of K
value. Right hand side: The corresponding reliability diagram.

Figure 13 right hand side shows the corresponding reliability diagram which should be com-

pared to figure 6. Probabilities between 70 and 80%, which could not be estimated using the
method in section 5.5 are estimated by the Kalman filteret model, so the Kalman filtered
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model in that respect is an improvement, thought the occurrence of this large probability is
still rare. This may also be part of the explanation of the under estimate of the probability
especialy for the 70-80% interval, which contain only two days.

The calculated Brier score for the Kalman filtered probability is 0.096 and the Brier skill
scoreis0.20, which is equal to that found in section 5.5.

Also the new index described in section 5.8 can be estimated with atwo-variable Kalman
filter. The mean value of the coefficient a is estimated to around -2.017 and the mean value
of a; isestimated to around 0.041. The estimates used in section 5.8 of ay and a; are -1.97
and 0.044. a,/a, isthe coefficient to SLI used in section 5.8 and is with the Kalman filter
estimated to a mean around -4.5. The recursive estimate of a, and a; and the coefficient to
the SLI index are shown in figure 14, where again the seasonal time variation is clearly seen.
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Figure 14 : Left hand side: The Kalman filter estimate of a, for the two indices K and SLI. The centre: The
Kaman filter estimate of a, for the two indices K and SLI. Theright hand side: The Kalman filter estimate of
alay coefficient to SLI .

Thereliability diagram for the combined index is shown in figure 15.
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The largest probability is now increased to the interval 90-100% with actually also a small
increase in the occurrence though still rather rare. The Brier score is calculated to 0.081 and
the brier skill scoreis calculated to 0.33, which is similar to the values found in section 5.8.

The Kalman filtering technique has thus proved to be an efficient and powerful tool to esti-
mate the probabilities and capture the time dependence from a set of indices.
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7. Conclusion and per spectives

It has been shown in this preliminary study that it is possible to develop a useful automatic
model for a probabilistic indicator of thunder/lightning based on very simple stability indi-
ces, which perform significantly better than climatology and persistence.

The model is unfortunately not very good in the region of high probability, which of course
is very important seen from a users point of view.

It should though be pointed out that the present study assumes, that the atmospheric condi-
tions at some time determines the possibility of the occurrence of lightning during the next
three hours. Whether or not lightning actually occurs dependends on wether atrigger
mechanism (forcing) initiates the possible devel opment necessary for lightning to occur.

On the other hand due to the simplicity of the indices used in the present model it is ex-
pected that the use of more sophisticated information from HIRLAM such as cloud water,
precipitation, liquid water/ice, vorticity, wind shear, advection etc. and the numerical con-
vection scheme should make it possible to improve the method significantly, hopefully in
the region of high probabilities where the present model needs to be improved the most.

It is also shown that there is a seasonal variation, which should somehow be taken into ac-
count, either by adding a seasonal variable or having two distinct models or perhaps by in-
corporating it into the Kalman filter.

A spatial variation is also expected, but this has not been analysed yet. Thisisrelated to the
size of the area used, which still remains to be solved. Also the rel ation between two areas
of different size needs to be examined further.

The logistic regression using a Kalman filter has proven to be an efficient and powerful tool
in devel oping and maintaining an automatic model for a probabilistic indicator of thun-
der/lightning. It is expected that this method can be used in other areas such as accumul ated
precipitation, development of Cb, etc.

The results are of course limited to the time 12 UTC and the location Schleswig used in the
study. Different times of the day such as night time and other locations will presumably give
different results.

An operational system is therefore expected to for instance contain a number of different
Kaman filters for the different times of the day and locations.
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