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Abstract— Measurements of electrostatic field are known to
provide some marginal value in lightning warning applications,
above and beyond that provided by lightning locatig systems
(LLSs). However, when a simple electric field thrdsold is used,
numerous false alarms also typically occur. To datenost analysis
of the utility of electrostatic field measurementsin lightning
warning have taken place either very close to seauel (e.g.
Kennedy Space Center / USAF Eastern Range, Puget (8,
Nanjing, China) or at fairly low altitude (northeastern Spain).
These studies have all utilized measurements takéy one or more
Electric field mills (EFMs). EFM networks have beeninstalled at
high altitudes in Colombia (at Medellin, 1600 m MSL_Manizales,
2000 m, and Bogotéa, 2700 m), but to date, only oaealysis of the
contribution to lightning warning from an EFM at 1600 m in
Medellin has been published. One case of EFMs depki in a
moderately high-desert environment (White Sands Misile Range,
NM, U.S., 1200 m MSL) showed false alarms due todwing dust.
High-altitude environments are important in applications such as
mining and recreation. High-altitude sites differ sgnificantly from
near-sea-level sites in the proximity of the thundstorm charge
centers to the ground, and they may also differ sigficantly in the
dominant mechanisms of thunderstorm development and
propagation. For example, whereas sea breezes arenajor factor
in the development of thunderstorms in coastal site such as
Kennedy Space Center, they are completely absent ihigh-
altitude, interior continental locations. In order to augment the
diversity of information available about the contribution of
electrostatic  field measurements to lightning warnig
applications, we have taken EFM measurements duringhe
summer of 2015 on the roof of the Vaisala facilityn Louisville,
CO, U.S., atan altitude of 1640 m MSL and adjacerib the eastern
slope of the Rocky Mountains. Although this site isot directly in
the highest terrain, it is in a transitional area where thunderstorms
can occur due to a variety of synoptic and mesosealforcing
mechanisms but upstream of where storms often orgae into
well-defined propagating lines or mesoscale convéa¢ systems.
This site at mid-latitudes is expected to be quitdistinct from the
near-equatorial Medellin. In this paper, we presentour initial
findings based on the EFM data, along with some plieninary
comparisons of thunderstorm behavior between the gdcent
mountains and the Vaisala facility based on U.S. Nianal
Lightning Detection Network (NLDN) data, in order to make some
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inference about the utility of EFM measurements inthe higher
terrain.
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altitude

l. INTRODUCTION

Lightning warning is a critical component of thdoef to
protect people from lightning risk. Numerous stgdievarious
parts of the world have shown that the populatiomsst
vulnerable to lightning injury and death are thseural areas
where dwellings often do not provide adequate ptimte and/or
a lot of work takes place outdoors, particularlyaigriculture
(e.g. Raga et al. 2014, Gadge and Shrigiriwar, 2018mini
2009, Navarrete et al. 2014, Zhang et al. 2012¢réxdional
activities are also a frequent source of lightnaagualty, as
documented by, e.g., Mills et al. (2008), Gadge Shdgiriwar
(2013), and Jensenius (2014).

Mountainous areas are often the site of both outtidmwr
activities, particularly mining, and numerous types
recreational activity. Indeed, Ashley and Gilso0(Q2) found
that the U.S. state of Colorado, which has the dsglaverage
terrain altitude among states in the continent&. Uranked %
among all U.S. states in terms of lightning fayatidte, despite
its much lower ranking in population (P2as of 2014), and
Roeder et al. (2014) noted that Colorado has aehilightning
casualty rate than surrounding mountainous we&le®n states
because of the high incidence of recreational #gtivio
complicate matters further, high-altitude sites lsaparticularly
challenging in terms of advance warning of lightnihreat: The
diurnal cycle of thunderstorm activity in the viitinof high
terrain shows that the mountains are frequentlyfitise place
where thunderstorms develop each day (e.g. Hollet,2@nd
Holle and Murphy 2015, regarding the diurnal cyaflehe North
American monsoon). Indeed, Hodanish et al. (2004)
documented a case of a small cloud that develoippectlg over
a 4300-m peak and produced a single cloud-to-grflast that
resulted in a fatality.



A number of studies have shown that lightning ligat
systems (LLSs) are effective in lightning warnireghuse most
thunderstorms approach from elsewhere rather tbamitig
directly overhead (e.g. Murphy and Holle, 2005,&0D08). In
a few studies, it has been inferred that on theroofl 10% of
storms develop overhead (e.g. Murphy et al. 20@8leHet al.
2014). That inference has been made both on the dladirect
analysis of cloud-to-ground (CG) lightning detentialata
(Murphy et al. 2008) and by inference from the gain
probability of detection from the addition of clolightning data
to CG data (Holle et al. 2014). It is importanthiate, however,
that these analyses were done in locations thatmatly or
entirely away from high terrain. Given what is rbtabove
about the first thunderstorm development of the gahigh
terrain, it is quite possible that a larger peragatof storms
develop directly overhead at high-altitude sitemtblsewhere.

To date, the literature has described three maiys vaod
detecting the development of thunderstorms, atebat two of
them are specific to the first lightning flash (tB€ being
geostationary satellite-based detection of conwvedtiitiation —
see Mecikalski et al. 2015). Radar can detect éveldpment
of precipitation in the mixed-phase region of ttheud, where
electrification takes place, and dual-polarizatiadars offer the
additional advantage of the specific identificatadrice. In the
context of the lightning warning problem, Woodatdle (2011)
and references therein have discussed the usenglesiand
dual-polarization radar data. To be effective aeding the
conditions conducive to electrification, howevée tadar beam
does have to sample the relevant range of altitkelegthermore,
the detection of precipitation in the right tempera band to
produce electrification is not a guarantee of sidfit charge
separation to produce lightning. Aside from rag¢ectric field
mills (EFMs) can be used to detect the slow chamgfee quasi-
static electric field that is associated with cleasgparation.
Unlike radar, this is a direct detection of chasggaration.
However, EFMs are short-range instruments,
significant departures from the fair-weather elecfield only
over distances from a few km to perhaps as mu@® &, and
they are subject to false detections due to ndrtdigg related
charge separation from dust storms, blowing snow charged
raindrops. EFMs have been applied to the lightniragning
problem primarily at sites either at or near seall¢e.g. Hoeft
and Wakefield, 1992, Murphy et al. 2008, Zeng efal.3) or
in modest terrain at or below about 1000 m MSL ¢Risnd
Chapman, 1988, Montanya et al. 2004, Arangureh,e2@09,
Ferro et al. 2011).

We are aware of only one study, Lopez et al. (20iR)
which electric field measurements made at a moootei site
were systematically applied to the lightning waghproblem.
That site is Medellin, Colombia, at 1600 m MSL aibdut 6.25
°N latitude in the deep tropics. The Lopez et tldg is quite
relevant insofar as Colombia has also been thesfadfua
detailed study of lightning casualties (Navarreteale 2014).
Obviously, one study provides no geographic or atotogical
diversity in the use of electric field measuremeatshigh
altitudes in the lightning warning problem. Oure@tijve in this
paper is to add a mid-latitude site to increasghtly that
diversity of information. Specifically, we preseglectric field
and lightning observations between July 3 and Déesns8,

2015, (most of the 2015 thunderstorm season ploe sif the
post-season) at the Vaisala facility in LouisvilB®), U.S., at an
altitude of 1640 m MSL and latitude of 39.97 °N.

Il.  METHODS

A. General

In our prior studies of lightning warning methodsch as
Murphy et al. (2008), we consideredAsea of Concern (AOC)
surrounding the central point of interest of thernirgs. The
AOC is typically designed to represent the arewliich CG
lightning is sufficiently close to be threatenifidhe AOC may
double as a buffer zone to take into consideratiensize of a
large facility such as an airport. The AOC is tylig
surrounded by a second region calledWaening Area (WA).
The primary purpose of monitoring lightning actymitithin the
WA is to provide advance notice of the possibilitfy CG
lightning in the AOC. Once a warning is initializea count-
down timer referred to as thievell time is initiated. Each time
that a new lightning discharge or other warninggering event
occurs while the dwell time has not yet expired timer is
restarted. The purpose of the dwell time is tosaw the time
period over which one would normally wait at thel ef each
thunderstorm episode before considering it safeesume
outdoor activity. A standard value is 30 minutedlofving the
convention of the “30-30 rule” and subsequent lgig safety
guidelines (Roeder, 2008).

B. Prior literature

In their study over Medellin, Colombia, Lépez et(2012)
used a dwell time of 30 minutes. The AOC and WAeneoth
circles with radii of 10 and 20 km, respectivelyheTelectric
field threshold was 2 kV/m, although they usedjost a field
threshold, but rather, a combination of that pietdfrate-of-
change plus field changes due to lightning. Theg dot

detgctinspecifically indicate that any smoothing was agplie the

electric field data, but given the reliance on btth rate of
change of the field and the sudden changes in field to
lightning, we suspect that no smoothing was apph&xte that,
according to Lopez et al. (2012), a more detailestdption of
the Medellin EFM and associated data collection gitzen in a
2006 thesis by Aranguren, but repeated on-lineckearfor that
document failed to provide an electronic copy géiitd thus, we
have inferred the above information based on theekdéet al.
paper alone.

Aranguren et al. (2009) deployed an EFM in TerraSpain,
at an altitude of approximately 300 m MSL, over tseonmer
seasons. The AOC in their study was also a cirdle avradius
of 10 km, and the dwell time was set to 30 minulde WA
was not used, because the warning decisions weealsmlely
on the EFM data. In the first instance, a simpkteic field
threshold was applied, and the characteristichefwarnings
were examined as that threshold was varied bet@deand 3.0
kV/m. Following that, these authors also examirtesl use of
polarity reversals as the means of triggering wegsi In all
cases, the raw electric field observations wereothsa with a
60-second running average in order to focus onstbely-
varying field changes associated primarily to theeteification



process and avoid rapid changes in field due tbtrdigg
discharges.

Murphy et al. (2008) used data from two EFMs atNIA&S A
Kennedy Space Center. In their study, the dwek twas set to
15 minutes. The AOC and WA were both boxes, rathan
circles, that extended out £10 and +20 km fromcieter point.
Electric field thresholds of 1 kV/m and 2 kV/m weused.
Unlike Lépez et al. (2012), no additional elecfi@ld criteria
other than the basic threshold were applied in wiaening
analysis. The EFM data were originally sampled ette of 50
Hz, but similarly to Aranguren et al. (2009), thmabwas to look
at the slowly-varying field changes, and therefarphy et al.
(2008) smoothed the EFM data with 10- and 60-seconding
averages, ultimately finding that 10-second smagtiproduced
better warning performance.

The warning rules used by Murphy et al. (2008) wbedt a
warning was only triggered if (a) lightning was ebged in the
WA and 1 EFM was above threshold, (b) both EFMsevediove
threshold, or (c) lightning occurred in the AOCl&we to the
case where lightning in the WA by itself was allalte trigger,
the EFM-inclusive set of rules actually performemmgwhat
worse because at least one high field was requiredldition.
Thus, the rules used by Murphy et al. (2008) andedtused by
Lépez et al. (2012) and Aranguren et al. (2009)artedirectly
comparable. When one or two smoothed electric figldies
were required to be above threshold as part oivdraing rules,
the best performance (both highest POD and lowaR) kvas
found with 10-second smoothing and 1-kV/m threshold

More
methodology, and not always with detailed explamatZeng et
al. (2013) used electric field data sampled at sewend
intervals at four separate sites near Nanjing, &hah or below
about 100 m MSL altitude. The warning rules wetdased on
a combination of radar and electric field inforroati not just
electric field alone. The rules involved in the niag involved
the absolute electric field exceeding a thresheler @ certain
fraction of the time covering three radar scansatdeast two
jumps in electric field exceeding a different threlsl within a
time covered by two radar scans. The optimal ftaleshold
was found to be 1 kV/m, and the optimal threshdlthe one-
second jumps in field was found to be 0.15 kV/rBisvastava
et al. (2015) modeled the evolution of electri¢dfias a Markov
chain. The EFM was located in northeastern Indenadltitude
of 609 m MSL. Srivastava et al. noted that the teledield
“variation” was stored every minute of the day, huvas not
clearly stated whether that was a one-minute aeecdglata
sampled at a higher rate, or an instantaneous .vBamsed on
five ranges of absolute electric field, five statemre defined,
with the final state being the one associated Wihtning
warning. On the basis of the one-minute data,iiglgf warnings
were triggered when the probability of transitienthat final
state was greater than 0.15.

C. Specific methods used in this study

A Vaisala EFM550 was installed in the central racda of
the north building of the Vaisala facility in Lowi#le, Colorado.
Standard roof-mounting practice was used, and #Md Bas
located in the middle of a flat roof approximat&yym from the
roof edge and approximately 10 m from the roof as@@ea, a

recent studies have employed more comple>lg

small room with a height of approximately 3 m abtive roof
line. The enhancement factor was set to 1.0, ciemisvith a
standard roof mount, and this resulted in typicét-fveather
electric field readings of 0.04 to 0.08 kv/m. AS@Hta with a
resolution of 0.04 kV/m were logged to a file bedng on
2015-07-02. During the initial three weeks of opierg the data
were recorded once every 10 seconds, but startiag:@0 UT
on 2015-07-24, the sampling rate was increasechte @er
second. Both sampling rates automatically introduseme
smoothing of lightning-caused electric field chasygand thus,
we did not apply any further smoothing prior tongsthe data
in this study.

Due to an intermittently bad contact in the settad prior
to 2015-11-09 21:40 UT, there were occasional jurops
approximately +1 kV/m during times when the fieldsvat or
below about 1 kV/m. The problem was fixed at 21t4D on
2015-11-09, too late to catch any thunderstormisptior to the
first major snowfall of the season. Several attamptre made
to correct the jumps, but all were only partly ssesful. Because
nearly all of the jumps occurred during low-fieldnditions,
rather than attempting to correct the data, wedptsply to
extract all periods of time that had fields in escef +1.5 kV/m
with a 30-minute buffer on either side of the fiestd last
crossing of that field value. Please note thatvdlee of +1.5
kV/m was selected only as a means of avoiding thjernity of
the false jumps, not as a warning criterion.

Lightning data from the U.S. National Lightning Betion
Network (NLDN) were used both as part of the wagnin
triggering criteria and as the validation data Sdte “two-
egion” approach (Murphy and Holle, 2006) was addpusing
concentric circles as the area-of-concern (AOC) wathing
area (WA). The center of the AOC was initially calated with
the EFM site at latitude, longitude of 39.97, -1105 In addition,
in order to assess the differences in the lightiminly warning
performance between the EFM site and a higheuddit
location nearby, we also set an AOC and WA centerec
popular mountain recreational area located 40 komfthe
Vaisala facility at an altitude of 3200 m MSL. Nd-® is
currently available at that location, but we aredb compare
the performance of lightning-only warnings using DL data
at the two locations.

The specific warning parameters and triggeringsrdethis
study were set as follows: The dwell time was e&Q minutes,
as in both Lopez et al. (2012) and Aranguren €28i09). The
AOC and WA were circles with radii of 10 and 20 km,
respectively. All warnings in which at least one €@ke was
ultimately observed in the AOC were “effective atal in the
terminology used by both Lépez et al. (2012) andniyuren et
al. (2009), and warnings in which no CG occurrethim AOC
were false alarms. When lightning data alone weseduto
trigger warnings, any discharge, whether cloud &, @ithin
either the AOC or WA was permitted to trigger a miag; this
is referred to as the “lightning only” rule in tremainder of the
paper. When the EFM at the Vaisala facility wasluded,
warnings were triggered under one of two conditiofly
lightning occurred in the WA OR the electric figleched +2
kV/m, or (2) lightning occurred in the WA AND thdeetric
field reached +2 kV/m. Note that the only differenoetween
these two is the boolean condition related to the of the



electric field. If the first occurrence of lightmgjrwithin the AOC
was due to a CG stroke, a warning was triggereahaatically
and was considered a failure to warn. In praciicetorms over

The addition of the electric field in the lightni@R electric
field case also raised the FAR from 71.2% to 78.d%at
deceptively small increase in terms of percentagmt® is

the Vaisala facility, this situation only occurnetien the second actually associated with an increase in the tatatler of false

condition above (the “lightning AND electric fieldile”) was
applied, but it did occur in the lightning-only dysis at the
3200-m site in the nearby mountains.

To assess the performance of warnings, we use athnd

contingency-table metrics of the type used in st studies.
Cases in which CG lightning was observed in the AQ€E
assessed by the probability that at least 2 minoftésad time
were provided prior to the first CG stroke in th®@, the so-
called “POD2" used in Holle et al. (2014) and othmior

studies. Cases in which fewer than 2 minutes af teae were
provided are classified as failures to warn (FTWhe false
alarm ratio (FAR) is the usual metric of the petege of
warnings in which no CG lightning was ultimatelysebved in
the AOC.

. RESULTS

A. Warnings at the Vaisala Louisville faciliity with and
without EFM

During the period of analysis, there were 17 sdpara

episodes when CG lightning was observed over th€ A@und
the Vaisala facility. The three essential metriéswarning

performance, POD2, FTW, and FAR, are summarizekhalrie

I, based on three warning triggering rules: (1htigng in the
WA OR electric field reaching 2 kV/m, (2) lightrgnn the WA
AND electric field reaching +2 kV/m, and (3) ligltig only.

The 100% POD2 value in the lightning-only case shtivat all
storms that produced CG lightning within the AOG! la& least
some lightning activity in the WA at least 2 minsifgrior to the
first CG stroke in the AOC. Thus, in these 17 s&rthe EFM
was not able to improve upon the POD2. Rather, wthen
electric field was required to reach +2 kV/m in #ida to

lightning in the WA, the POD2 was reduced signifitta Of

course, the FAR is also reduced significantly witenelectric
field and lightning are both required, as opposeti¢ lightning-
only and lightning or electric field cases.

TABLE I. WARNING PERFORMANCE METRICS AT TH&/AISALA
FACILITY WITH AND WITHOUT EFM DATA
Lightning in Lightning in WA Lightning
WA OR EFM AND EFM only
POD2 (%) 100.0 70.6 100.9
FTW (%) 0.0 29.4 0.0
FAR (%) 78.2 433 71.2

Although the POD2 was obviously unchanged in gfiog
the lightning-only to the lightning OR electric Ifierule, the
warning lead times were improved in the latter ciseight of
the 17 storms with CG lightning in the AOC, thedetime
increased between 1 and 5 minutes in the light@Rgelectric
field case relative to the lightning-only case. €allethe median
lead time over the entire set of 17 storms improkgdone
minute, from 19 to 20 minutes.

warnings from 42 in the lightning-only case to 6hen the
electric field threshold is included. Most of théd#ional false
alarms occurred on days when there were alreadg fhrms
due to lightning in the WA but not the AOC, suggestthat
electrified clouds were either sufficiently close sufficiently
sheared to produce high electric fields that lealdditional false
alarms on days when thunderstorms were alreadjeratea.
Three of the additional false alarms occurred @ rtonth of
November and were all associated with wet snowtsubat did
not produce lightning anywhere within 20 km of ttiaisala
facility.

B. Lightning-only war nings between the Vaisala facility and
the nearby high-altitude site

Table Il compares the warning performance metrgiagu
only lightning data at both the Vaisala facility rigpeat of the
final column of Table I) and at the nearby reci@atirea at 3200
m altitude. At the latter site, there were 29 stothat produced
CG lightning within the AOC during the same timeipé of
analysis. In the high terrain, the occurrence gtithing within
20 km is much less likely to provide at least 2 umés of
warning than at the lower-altitude site, but alsostantially less
likely to result in a false alarm. This suggestd thunderstorms
more often develop directly overhead in the higteia, but that
they are also less likely to produce lightning omithin the WA
on many thunderstorm days. The higher FAR at Lallesmay
also be partially attributed to the fact that ibften to the west
or northwest of the convergence line associatell té Denver
cyclone (see, e.g., Wilczak and Glendening, 198Bviitson et
al. 1992), leading to thunderstorms that develagr tive eastern
part of the WA but then propagate away from the without
generating any lightning in the AOC.

TABLE II. WARNING PERFORMANCE METRICS USING LIGHTNING DATA
ALONE
Vaisala f?:)'“ty (1640 Recreation area (3200 m)
POD2 (%) 100.0 65.5
FTW (%) 0.0 345
FAR (%) 71.2 51.7

The cumulative distributions of lead times betwehs
Vaisala and mountain sites are presented in Figur@he
comparison is very interesting, showing that ndy aloes the
high-terrain site have a much larger proportionedr-zero lead
times (failures to warn), but it also has a mucigkr tail of very
long lead times than the Vaisala facility. Thedatbehavior
suggests that, in addition to the days when thstolens
develop nearly simultaneously in many places withkm,
there is also a sizable population of days on withehstorm
development progresses very slowly from some poribthe
WA into the AOC. In both the very short and verndgoead-
time cases, it seems that the mountain site woanefit greatly
from the combination of electric field measurementish



lightning data. Our future plans are to extend ttisdy by
deploying an EFM at a mountain recreational areskoresort
at the same time as we continue measurementsatfiefiéeld
at the Vaisala facility in order to ascertain thelative
importance of electric field data in the high mains.
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Fig. 1. Cumulative distributions of lead timesfargns over the Vaisala facility
and the mountain site

In only two cases did a long lead-time storm arghert
lead-time storm occur on the same day at the sit¢he
mountains. On 14 August, a failure to warn casaioed at
20:41 UTC, followed at 23:34 by a second periodGsd
lightning in the AOC where the lead time providsdightning
in the WA was 99 minutes. As indicated by the 12t00C
sounding from Denver (70 km ESE of the mountaie)sithe
winds from 3200 m up through the mid-troposphereewe
around 2.5 m/s from the north (nearly parallel toe t
mountains), and the convective available potentéiaérgy
(CAPE) from the 700-mb level (roughly 3200 m) upsviairly
weak. Thus, 14 August case was likely a case eduoff-on air-
mass thunderstorm activity over the whole areahbgpened
to resultin an extended break in lightning wittlie AOC itself,
and the episode at 23:34 UTC happened to be prédada
long period when lightning occurred somewhere witthie
WA. On 29 September, the first episode of CG ligigrin the

Only three additional cases of very long lead tgtegms at
the mountain site were noted, and all occurreduly and
August. Similar to the 14 August case, the 12:0€C$dunding
suggested fairly weak CAPE above the 700 mb levallithree
of these cases, and in two of the three, mid-trppesc winds
were quasi-parallel to the highest terrain, altitbsgmewhat
faster than on 14 August.

The remaining cases of very short lead time (0-2utais)
were split between four summer days (18 July, 2,absl 31
August) and three autumn days (23 September, 2 28nd
October). Based on the Denver sounding data, themmm
feature of all but one of these days (23 Septhas the winds
at and above the 3200-m level were nearly perpetatito the
highest terrain, although with speeds ranging amye/tfrom
about 5 to about 30 m/s. Although our sample sizEbiviously
quite small, we can at least tentatively suggest tiear-zero
lead times at the 3200-m site are more likely tabsociated
with winds perpendicular to the highest terrainjlevtong lead
times are typically associated with winds nearlyafial to the
highest terrain. Such tentative conclusions defipiheed to be
confirmed with additional data from additional stoseasons,
but they nevertheless may help to clarify under twha
circumstances an electric field measurement mightriost
useful in the high terrain.

C. Comparison with prior literature

Lépez et al. (2012) found that when they includbd t
various electric field criteria (threshold of +2 k¥, plus rate of
change of field, plus field changes due to lighghjtthe number
of false alarms increased by more than a fact@, efhile the
number of effective alarms increased by only 4nffi4 to 28).
They found that a much better balance between P@IFAR
could be achieved by dropping the electric fielceghold and
considering only the electric field rate of charagel the field
changes due to lightning. Although we cannot compaur
results directly with those of Lopez et al. (201@§g note that
the total number of false alarms in our case irsgdaless
dramatically than in Lépez et al.: somewhat leas t50% in our
case in going from the lightning-only case to tasecwhere we
used lightning or the electric field threshold &f ¥V/m.

In an analysis of warnings based solely on liglgnitata

AOC actually had 60 minutes of advance warning fronPver Colombia, Inampués et al. (2009) found thet fifghest

lightning in the WA, and this was followed a fewuns later by
two more episodes with lead times of 3 and 0 msuRy
contrast with 14 August, the 12:00 UTC sounding 2th
September indicated 15-20 m/s westerly winds (petigalar

to the mountains) at and above the 3200 m levelaandarly
saturated, moist adiabatic atmosphere. By 00:00 GRG0
September, closer to the time of the late-afternoo
thunderstorms, the
destabilized and the westerly winds increased twdsen 20-30
m/s in the mid-levels. Thus, all three of the egeo of
lightning in the AOC on 29 September were due tppgating
storms, and a simple analysis of the soundings doeseveal
an immediately obvious meteorological explanatidnttee
difference between the long and short lead-timsce}#s.

terrain areas of northern and central Colombia vasssciated
with a distinct maximum in FAR and minimum in POLhe
POD values over the high mountains in that studyewe
consistently between 30-50%, and FAR was gene®@&lty or
greater. Though not called out specifically, theaaaround
Medellin appeared to have POD values in the 60sF#&R
values in the 70s in the analysis by Inampués .e{2809),

. S Ronsistent with the values denoted as the “Classiethod in
mid-troposphere  was  signifigantl | gne; et al. (2012). In our case, we find a redurcih POD2 in

going from 1640 m to 3200 m. This reduction is agged with
the nearly simultaneous development of thundersaver the
AOC and the WA. However, we also find that the FARImost
20 percentage points lower at 3200 m than at 1640 contrast
with Inampués et al. (2009). At least part of tliéecence is
almost surely attributable to the larger size &f YMA (30 km)
used by Inampués et al. (2009) vs. our 20 km,thubuld also



be reasonable to assert that differences in tmeatblogy of
thunderstorm development and propagation betweerddlep
tropics and mid-latitudes also exert an influencerdhe FARs
in the two locations. That effect remains to bertjifiad.

At the NASA Kennedy Space Center, Murphy et al0O@0
found that the best combination of POD and FAR el#sined
when the electric field threshold was set to +1rk\&hd when
the 50-Hz electric field values were smoothed usiig-second
running average. When they required at least oecrad field
value to cross the threshold of £1 kV/m in additiorightning
in the WA, the POD dropped (as expected) but thB Bétually
increased relative to the lightning-only case. Heavemany of
the extra false alarms in that study were foundet@ssociated
with the fact that warnings were also allowed ibtmeighboring
electric field measurements both crossed the tbtésbf +1
kVv/m. When that additional allowance was droppedhtdOD
and FAR were found to be lower under the lightréamgh-
electric field rule than under the lightning-onlye: 30% POD
and 60% FAR vs. 67% POD and 68% FAR, respectilyen
we apply the lightning-and-electric field rule &4D m and
nearly 40° latitude, we attain a higher POD of #0#&nd lower
FAR of 43.3%. The latter result is consistent wite
anticipation by Murphy et al. (2008) that the FARght be
lower at a high-altitude location where the EFMphgysically
closer to the thunderstorm charge center and aehiglectric
field threshold than at KSC could be applied.

Consistent with the KSC results, when an electigdd f
threshold was used as the warning-triggering meshary
Aranguren et al. (2009), they found that a low shad (0.8
kV/m in their analysis) was required to produceropt warning
performance at their location, which was at 3004titude.
However, they also noted that better warning peréorce
overall was achieved by switching from the use dfiraple
threshold to the use of polarity reversals to giggarnings.

IV. CONCLUSIONS

In this study, we have used electric field measearsiat an
altitude of 1640 m at a mid-latitude station to aslime
geographic diversity to the study of how lightnimgrning
performance is affected by the use of electricdfidata in
combination with lightning location data. Comparedth
Medellin, Colombia, a tropical site with similatialde (1600
m), we find that the use of an electric field tin&d does not
raise the FAR as dramatically at our mid-latituie as it does
at Medellin. Similarly, we find that using lightgjrdata alone at
an even higher-altitude site does not increaseAi®, as it does
in Colombia, but rather decreases it relative #odite at 1640
m. With respect to a site at sea level, the contioneof an
electric field threshold and lightning data in iv& produces a
much lower FAR at 1640 m, consistent with the etqiémn that
when the thunderstorm charge centers are cloglee t6FM, the
FAR can be reduced by the use of a higher eledigid
threshold.

The current study suffers from a low sample siazabise
only 17 thunderstorms with CG lightning in the AQre
observed at the 1640-m site while the EFM was djpeva, and
all of these are from just a portion of one thustem season.
Over the same time period, only 29 storms with ©@B8thing in
the AOC were observed at the 3200-m site. Futwaies will

expand upon this preliminary analysis by havingticoious
operation of the EFM over a longer time periodadidition, we
will also deploy a second EFM in the highest ternagar the
Vaisala facility in order to evaluate the effect warning
performance there.
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