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Abstract

Helicopters are sometimes hit by lightning when flying offshore along the coast of Norway.
Often, the helicopter’s presence is what triggers the lightning strike, and this phenomenon
is called Helicopter Triggered Lightning (HTL). These lightning strikes present both an eco-
nomic and a safety risk to offshore operators. The current forecast for HTL in Norway was
introduced in 2016, and named Helicopter Trigger Index. Since then, cases of HTL have
been reported, which implies that the introduction of the forecast did not provide a robust

enough forecast to prevent all HTL events.

This thesis provides a thorough investigation into reported incidents of triggered lightning in
Norway. In addition, the available theoretical models used as a basis for the HTL forecast
are assessed. The thesis reaffirms the importance of the 0°C isotherm in forecasting HTL.
It is found that the Helicopter Trigger Index might be improved upon by increasing the
weighting of current precipitation and temperature parameters when computing the index.
It is also concluded that a possible predictor of HTL is wind directed on-shore, which is a

parameter not included in the index today.

The study found also an error in the forecasting algorithm, leading to an overestimation of
risk related to offshore flying. It was found that the correction of the algorithm error would

increase the forecast skill, especially on the northern facing coast of Norway.
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1 Introduction and Motivation

Helicopters are a vital part of the transport of personnel to offshore installations along the
Norwegian coast. Offshore personnel report fear of being involved in helicopter incidents.
They also experience unease from flying in turbulent and bad weather (Wasilewska, [2019).
These weather types may be causal to lightning incidents, as suggested in earlier work (e.g.
Lande, 1999; Wilkinson et al.,|[2013; Smart,|1997). It has been estimated that the repair cost
due to a lightning strike to a helicopter was on the order of 100,000 U.S. Dollars (Lande,
1999). The incident rate can be estimated from earlier data sets to about 2.05 per year for
Norwegian operators in the period 1979-1999. This would then result in the accumulated
economic loss of about 4 300 000 U.S. Dollars for the Norwegian operators. This potential
in economic loss is severe in itself, but added onto this is also the danger helicopter pilots and
passengers are put in, when the aircraft is hit by lightning. There are two major helicopter
crashes related to lightning in the last 30 years (1995 and 2001) as discussed later in this
section. By comparison, in the same period there has been only one airplane crash among
the Norwegian operators (transport, [2007), even though airplanes are flying much more fre-
quently in Norway. It is therefore imperative to exhaust the investigation into the causes of

and possible ways to prevent helicopter related incidents.

Lightning strikes can in various ways be the cause of helicopter incidents. These incidents
include events when rotors have been destroyed, as in the case of Flight 56 in 1995 (Smart,
1997). Sometimes a breakdown of the structural integrity of a rotor by lightning is not
discovered right away, but can still be serious. For example, a lightning strike in 1999 is
believed to have caused a fatal crash in 2002 (Smart, [2005). Incidents of less fatal variety

include disruption to electrical equipment (Table 2. in M. Uman and V. Rakov, |[2003).

Helicopters flying offshore are in practice only hit by lightning in wintertime (See Figure
[I.T). These incidents usually happen even though there is no lightning activity in the area
beforehand. (Helicopter pilots naturally avoid regions with lightning activity.) When the
helicopter is hit by lightning in an area without lightning activity it is referred to as
[Triggered Lightning] (HTL) (e.g. Lande, [1999; Wilkinson et al., 2013). The triggering refers

to the helicopter initiating the lightning strike by its presence, meaning that without the
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Figure 1.1: Seasonal variation of helicopter cases, showing no cases in May to September.
Data is produced from Lande, [1999 and Wilkinson et al., 2013, Legend notes time-periods

and amount of cases in each study.

helicopter there would be no lightning strike.

The study of[HTL] had its peak around the turn of the century, due to two helicopter incidents
related to lightning (1995 and 2002). The 1995 incident was a non-fatal incident. A light-
ning strike destroyed the main rotor of the helicopter, forcing the pilot to perform a landing
in the ocean (Smart, [1997). The 2002 incident resulted in eleven fatalities and is believed to
have been caused by internal damage to the helicopter’s main rotor back in 1997. The initial
inspection of the rotor did not uncover any damage, causing the helicopter to be cleared for
flight. This initial structural damage later resulted in failure of the main rotor, leading to the
crash in 2002 (Smart, 2005)). These events resulted in practical guidelines to helicopter pilots
based on data from earlier incidents (Lande, 1999, Hardwick, [1999)). Furthermore, the UK

Met Office added numerical simulation and forecasting to these guidelines, with the introduc-

tion of [Helicopter Trigger Index| (HTT). This provided a more robust warning for helicopter
pilots (Wilkinson et al., 2013). Since then, general [Numerical weather prediction| (NWP)

forecasts have improved and continue to improve due to better physical understanding, more
and higher quality observations, and increase in available computational power. This thesis
aims to improve upon the understanding of the [HTL] phenomenon by using state-of-the-art

model products as described in Section [3.1]

The author makes use of a novel dataset from Avinor containing reported incidents of both

[HTL]and a similar phenomenon: [Fixed wing Triggered Lightning| (FwTL).[FwTL]is triggered

2



CHAPTER 1. INTRODUCTION AND MOTIVATION

lightning involving planes and rockets, where the wings are fixed. unlike [HTL} is of
less danger to both personnel and materials. Fixed wing aircraft are generally hit in the main
body. Fuel and vital electronics are also better protected in fixed wing aircraft (Petrov et
al., 2012). Helicopters are mainly hit through the rotor into the main body (Lande, |1999).
Despite this difference in actual risk, both incidents are associated with non-negligible risk,

and require thorough inspection of the aircraft after the fact.

To investigate atmospheric conditions during [HTL]and [FwTL]incidents, the ECMWF atmo-
[spheric reanalysis| (ERAS]) data set is utilized. Also used for this purpose is the operational

IMetCoOp ensemble prediction system| (]MEPS

These are the research questions this thesis attempts to answer:

e Are there still cases of [Helicopter Triggered Lightning|in Norway?

e What meteorological phenomena are present during triggered lightning incidents?

e In what ways can the forecast be improved?

The goal is to improve and strengthen the confidence in the current operational forecast.
Also under investigation is an error found in the algorithm used to produce the operational
forecast where the accumulated precipitation, and not the intended hourly precipitation, was
used in the operational forecast. This lead to a potential over-estimation of risk related to

offshore flights.

1lMeteorological Cooperation on Operational Numeric Weather Predictionl (IMetCoOpI)

3






2 Theory and Background

Observation of lightning is a natural part of human history, from early man believing it to be
caused by the wrath of deities, to the modern storm chaser utilizing radar observations of pre-
cipitation to get the best view of a storm. The scientific study of lightning, on the other hand,
is relatively new. The first steps towards systematic study were the experiments performed
by Benjamin Franklin, along with the development of the theory of electromagnetism. Only
in the last century have we acquired the means to thoroughly investigate the electrical and
meteorological mechanisms resulting in a thunderstorm. This is due to both more available
measurements and better physical understanding. The measurements are made possible by
aircraft being able to fly through storm clouds providing in-situ observations, and satellite

imagery providing a view into the vertical composition and structure of clouds.

This chapter briefly explains cloud creation, cloud electrification and lightning, using this

to describre what is known about what separates [Helicopter Triggered Lightning| and [Fixed

wing Triggered Lightning|from natural lightning. Finally the[Helicopter Trigger Index|(HTT)

is introduced and described.

2.1 Convection and cloud creation

Lightning occurs in storm clouds, and therefore an explanation of cloud creation mecha-
nisms is necessary to understand why lightning occurs. One of the key components to cloud
creation is an unstable atmosphere: an atmosphere where temperature decreases with height.
Instability can be understood by recognizing that warm air is less dense than cold air, and
thus buoyant in the colder surrounding air. When air rises, less pressure is exerted on it, since
the atmosphere is densest at the surface. This lower pressure causes work to be done by the
rising air, to expand to a new equilibrium. If the air rises fast enough for the expansion to
be adiabatic, this work leads to a cooling of the air mass. This cooling slows the vertical

movement due to less buoyancy.

However, if moisture is present at the surface, water vapor will be displaced upwards by
this vertical movement. When the air mass is cooled by the expansion, the saturation vapor

pressure decreases. Lower saturation vapor pressure favours more water in the condensed

5



2.2. CLOUD ELECTRIFICATION

phase, either as ice or water particles. Condensation of water vapor heats the ascending air,
which causes more vertical movement. Thus, a dry atmosphere is inherently more stable than
a humid atmosphere, as the lack of condensation would lead to equilibrium due to adiabatic

cooling alone.

If temperatures are sufficiently low (< 0°C), the liquid water may freeze to ice crystals.
The uncertainty here is due to the heat released when a crystalline surface is created: A
typically sized liquid droplet requires a temperature of around —38°C or lower to initiate ho-
mogeneous freezing (Lamb and Verlinde, 2011).This leads to relatively clean air containing
super-cooled liquid droplets below bulk freezing temperature of 0°C. Alternatively, by intro-
ducing a surface which the structure can grow on (an ice nucleation particle), this reduces the
energy released, thus raising the temperature requirement for freezing initiation up towards

the melting temperature (Jeffery and Austin, |1997).

Convection is, by its very nature, a chaotic and stochastic process. Convection is the result
of turbulent effects, and therefore it is hard to model and forecast. This is abated by use of

ensemble prediction systems and fine scale convection-permitting models.

2.2 Cloud electrification

There are different theories in the still-open field of thunderstorms, pertaining to both the
electrification mechanisms and the general electrical structure of thunderstorms. This is fur-
ther complicated by the fact that there seem to be different mechanisms at work for different

scales of storms.

There are two main mechanisms of electrification believed to be dominant (e.g C. Saunders,
2008} Soula, |2012): inductive effects from hydrometeors falling and colliding in the fair-
weather electric field present in the atmosphere (Harrison, 2012) and the electrochemical
effects in water colliding with other water particles of different size and phase (e.g. Williams,
1991} Kallay, Drzymala, and Cop, 2015)

Inductive electrification

There is a fair weather electrical field present in the atmosphere on the order of 100% (e.g.
Harrison, 2012)). Any polarizable particle moving through this field will be polarized such
that the negative charge is on the top and the positive charge is on the bottom. Thus, a water
droplet or ice crystal falling as precipitation may selectively capture negative ions as they are

attracted to the positive pole on the bottom of the particle. The positive ions will be repelled

6



CHAPTER 2. THEORY AND BACKGROUND

by the same charge. This will then remove only one type of charge from the atmospheric
layer and lead to a charge buildup. It can then be understood that if there are concurrent
streams, one of precipitation falling faster than the updraft, and one of hydrometeors being
carried aloft in the updraft, they would remove ions of opposite polarity at different heights
such that you get a dipole or a more complex tripole structure (Stolzenburg, Rust, and Mar-
shall, [1998)). Thus, the inductive electrification mechanism requires a substantial number of
hydrometeors to create enough charge for lightning to be produced. This is observed in thun-
derstorms with high amounts of precipitation and can happen in pure liquid clouds.
Non-inductive electrification

Outside of a strong electrical field, one can still measure electrification from particle colli-
sions between ice and water or over a freezing/melting ice surface. This effect, dubbed the
Costa-Ribeiro effect in e.g. (Pinatti and Mascarenhas, [1967)), is due to an electrical double
layer at the ice-liquid interface (Kallay, Drzymala, and Cop, [2015). This causes a potential
across the interface and the equalization of this potential leads to a charge reorganizing in the
colliding particles. The resulting charge build-up is found to be heavily reliant on ambient
temperature and cloud liquid water content (C. P. R. Saunders et al., 2006; Takahashi, Tajiri,
and Sonoi, [1999).

When the electrification has happened, areas of dominant charges are created. To equalize
the charge distribution, charge is transferred between these areas of different polarity. These

discharges are what is observed as lightning.

2.3 Natural lightning

To explain what separates [Helicopter Triggered Lightning| from other lightning, an explana-

tion of natural lightning is appropriate. The fypical lightning storm is created in summertime.
It can generally be caused by solar radiation heating up the ground, creating an unstable at-
mosphere (V. A. Rakov and M. A. Uman, 2003). Alternatively, or in combination with
this, an instability may be caused by colder air moving over less cold (warmer) areas. The
"natural" lightning then refers to an instability and electrification process strong enough to
create a lightning discharge from the clouds to the ground. This is on the order of 106% for
dry air at surface pressure (V. A. Rakov and M. A. Uman, 2003}, which is approximately
100mC situated in a point charge 1km away from the point of measurement. Typical values

for charge density in thunderclouds are on the order of 1 — 100;’1—§, though the total elec-
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2.3. NATURAL LIGHTNING

trical field is on the order of 105% (V. A. Rakov and M. A. Uman, 2003). The difference
between the required electric field and measured electric fields requires a triggering event to
initiate a lightning strike. In natural lightning, the triggering event is believed to be random
plasma channels or leaders emitted from the strong electric field, explained thoroughly in
V. A. Rakov and M. A. Uman, 2003, Lower air pressure and more available humidity (or
other polarizable particles) increase the conductivity of the air and thus reduce the required

electrical field for a lightning strike.

Lightning discharges in a thunderstorm can generally be divided into two categories (e.g.

Lynn et al., 2011)): [Intracloud discharge] and [Cloud-to-ground discharge| (CG)), see Fig-

ure [2.1]for description and comparison. A [CG]is seen developing downwards before making
contact with the ground. The stream of electrons developing downwards (Visible as a tree of
characteristic jagged "lightning" shape) is what is referred to as a leader (V. A. Rakov and
M. A. Uman, 2003)). On the other hand, [IC| often does not have an observable leader, since
the distance between charged parts of the cloud are closer to each other than to earth, and

thus does not require a leader to trigger the strike.

2.3.1 Winter lightning

Winter lightning is a type of natural lightning specifically relevant to in Norway, as
discussed in the next section. It is a relatively well-studied phenomenon in Japan. Cold air
from Siberia moves over the warm Tsushima current off the west coast of Japan, causing
convection due to a strong temperature gradient between the cold air and the warm ocean.
The supply of humidity from the seawater leads to formation of hydrometeors. The resulting

convection has been shown to produce lightning strikes and thunderstorms during winter

(Michimoto, 2007).

Winter lightning is also observed off the west coast of Norway (e.g March et al., [2016;
Kgltzow, Dobler, and Eide, 2018)). Cold air is moved from the Arctic to the Norwegian coast
where the ocean is warmed by the North Atlantic Current. The resulting temperature gradient
gives rise to convection and subsequent electrification. As a result, there is a convective and
electrically active belt along the coast of Norway during the winter, which is seen in the
lightning climatology for winter in Kgltzow, Dobler, and Eide, 2018, Winter lightning also
differs from summer lightning storms in that the frequency of lightning strikes is lower and

the polarity is often more positive (Michimoto, 2007).
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CHAPTER 2. THEORY AND BACKGROUND

A: Intracloud discharge (IC) B: Cloud-to-ground discharge (CG)

Figure 2.1: Simple diagram illustrating the two main categories of lightning. A shows an

[Intracloud discharge| (IC), this could be between different storm cells or between different

charge areas of the same storm cell. B shows a[Cloud-to-ground discharge| (CG)), the po-

larity is defined by the charge change of earth. Negative cloud-to-ground (-CG) is defined
by increase of negative charge at ground, and so positive cloud-to-ground (+CG) is defined

by decrease of negative charge (increase in positive) at ground

2.4 Helicopter Triggered Lightning

A [Helicopter Triggered Lightning|is thought to be triggered by the helicopter’s presence,

such that the required electric field for this to happen can be much smaller than for natural
lightning. This also means that a system that would create an [HTL] may be hard to identify,

as natural lightning needs not precede the [HTL]

Weather phenomena common to [HTL}events are (from Lande, [1999):

e [Outside air temperature] (OAT)) at current flight level near freezing point

e observed frozen precipitation, as snow, ice and graupel.
e clouds around or above the helicopter

e a cumulonimbus cloud within 5 nautical miles of the helicopter.

[HTL] is believed to be caused by the helicopter entering or coming close to an electrically

charged part of a convective system. This may be caused by several different mechanisms:
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mmm Hardwick UK (22)
20 mmm Lande UK (20)
mmm Lande Norway (41)
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i .I
5 ]
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0 | - I

Observed outside air temperature - [°C]

Figure 2.2: Outside air temperature (OAT|) adapted from earlier|[HT Lt studies, showing the

0 and -2 degree temperatures to be most represented in @-wses

The helicopter could be subject to a charge build-up during flight and then cause a discharge
into the charged area of opposite polarity. However, given high enough charge density in the
cloud, the charged area could also discharge into the helicopter without charge buildup in the

helicopter. Alternatively, the helicopter could induce a by acting as part of the leader,
see Figure[2.3]

During the 1960s and 1970s in the U.S. military, charge build-up on helicopters in-flight was
studied to prevent static discharges seen when cargo helicopters were hooked up to equip-
ment on the ground (Seibert, [1972). This phenomenon was found to be related to particles
frictionally charging the helicopter blades. This charge was transported to the rest of the he-
licopter, since helicopters at the time were metallic. It was found that snow blowing through
the rotors was a major factor in charging rate and accumulation, such that the maximum volt-
age measured between earth and helicopter was -200,000V when snow was blowing into the
rotor (Seibert, [1962). This, in turn, lead to the understanding that helicopters are negatively
charged when flying in the North Sea (Wilkinson et al., 2013)), such that a positive discharge

is electrically favorable.
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A: Triggered lightning B: Induced lightning

Figure 2.3: Illustration of different models for aircraft triggering. A shows the normal
trigger situation, where the electrical discharge is grounded into the oppositely charged
aircraft. B shows the situation where the aircraft is only acting as a pathway to the ground

(Here ocean or land)

A positively charged discharge is believed to cause more damage to helicopters than their
negatively charged counterparts, as the action integral (Joule workl] integrated over time,
assuming R = 1Q) of a positive lightning is higher than that of a negative lightning (Hard-

wick, [1999). The discharges to helicopters seem to also more often be positive (Hardwick,

1999).
2.5 Fixed wing Triggered Lightning

As introduced in Chapter [I] a [Fixed wing Triggered Lightning] (FWTL)) is a similar phe-

nomenon to lightning triggered instead by the presence of an airplane or a rocket. The
main difference between [FwTL|and [HTL]is that[FwTL]is not solely a winter phenomenon; it
occurs during all seasons M. Uman and V. Rakov, 2003, Presumably, this is because planes

fly higher and in a larger range of altitudes than helicopters: In summer, convective clouds
can reach the tropopause, causing the electrical parts of the clouds to be spread further up,

whilst in winter, the convection is not as deep, and the electrical parts of the clouds are closer

1Any conductor has heat work (J) based on the resistance (R) and the current (/) through the conductor:

J=1I°R
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to the surface (e.g. M. Uman and V. Rakov, |2003; Michimoto, 2007).

2.6 Helicopter Trigger Index
As stated in Chapter [T} operational forecasting of is relatively new. In Norway, the

Norwegian Meteorological Institute began forecasting the risk of [HTL] [Helicopter Trigger]
(HTT), in 2016. The theory behind the forecast is based on findings by Hardwick, [1999
and Wilkinson et al., [2013| and is computed from four sub-indices, which are based on

the following meteorological factors:

e Vertical wind speed in the altitude that helicopters generally fly in.
— Computed from the maximum vertical wind speed within the 7 nearest grid cells
in the forecasting model.
— Positive (upward) vertical wind gives a non-zero value, and negative (downward)
vertical wind gives 0 value.
— Figure shows the conversion between vertical velocity in m /s and this sub-
index.
e Temperature at the altitude that helicopters generally fly in.
— Temperatures in the [0, —6]°C range gives non-zero value.
— 0 for temperatures outside this range
— Figure [2.4b|shows the conversion between temperature in °C and this sub-index.
e Total precipitation during the last hour.

Computed from the maximum precipitation within the 7 nearest grid cells in the

forecasting model.

Linear from 07" with 0 value to full value at 0.75%™ precipitation intensity.

Figure shows the conversion between precipitation intensity in mm/hr and

this sub-index.

An error in the system producing the [HTT was found to be using the Accumulated
total precipitation, and is described in[2.6.1]
e Low clouds in the surrounding area.
— Computed as the difference between the maximum and minimum cloud cover
within the 7 nearest grid cells in the forecasting model.
— Full cloud cover gives value 0, to exclude stratiform cloud systems and fog. No

clouds also gives value 0.
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Figure 2.4: Sub-index value for different input for the four parameters used in the calcula-

tion of|

- Figure [2.4d shows the conversion between minimum and maximum cloud cover

and this sub-index.

To prevent under-forecasting due to convection being placed incorrectly in the forecast sys-
tem, the vertical velocity, cloud and precipitation parameters use a neighbourhood approach

to capture the spatial variation. The total [HTT|is the sum of these four sub-indices,

Vertical Wind =~ Temperature Precipitation =~ Cloud

HTI= 4 4 4 4

equally weighted, such that is valued in the range [0, 1]. The index is categorized in four
different classes of severity, from no danger (White) to very high risk (Red). See figure [2.5]
for example and [A.10|for procedures.

e White: HTI < 0.73
e Yellow: 0.73 < HTI < 0.90
e Orange: 0.90 <HTI < 0.99
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e Red: 099 < HTI

The severity categories are based on discussion with the main offshore helicopter operators in
Norway (Bristow and CHC), and are changed if deemed necessary after the yearly evaluation
of the season. is not based on a regression analysis, but rather a subjective review of the

earlier cases of incidents.

2.6.1 Precipitation error in HTI

When trying to recreate the HTIHunctions during the work , it became apparent that the op-
erational forecast had been wrongly using the accumulated precipitation and not the intended
hourly precipitation. This shifted some of the investigation into whether this erroneous use
of the accumulated precipitation had led to any significant over-forecasting of The re-
sult of this would be limiting helicopter flights when there had been precipitation forecast
earlier. Thus, any precipitation would lead to the precipitation sub-index to take the value
one (1) (the maximum) for the rest of the forecast. For example, precipitation during the first
hour of a forecast could wrongly overestimate the of the following 17 hours of forecast

made available to the flight planner.
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Figure 2.5: Screenshot from https://www.ippc.no for 21. of January 2020, showing the
HTlI-forecast with 8 hour lead-time after midnight. The blue thunder-cells show another
forecast-product from MET, forecasting risk for natural lightning. A plane was hit by light-

ning, and was therefore diverted from flying into Bodg during this forecasts valid time.
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3 Methods

This chapter briefly describes the model data used herein as basis for the atmospheric state at
the time of lightning related incidents. It also describes observational data (meteorological
observations and incident reports) used to investigate weather conditions during inci-
dents. Further, the different methods of data processing is described. Lastly, some limitations

are discussed.

3.1 Models

It is important to distinguish between the two model types used in this thesis. This section
intends to explain both the general idea behind the model types, and the specifics pertaining

to the chosen models.

3.1.1 Numerical Weather Prediction - model

A [Numerical weather prediction| (NWP)-model uses observational data as input to create an

analysis for the current atmospheric state. This is done such that the model is run with the
best estimate of the atmosphere . When the model then runs it advances in time, with a given
timestep. This advance is done by solving the governing equations to calculate the next state
of the atmosphere.This state is then recorded at fixed intervals and this predicted/forecasted
state is what constitutes a weather forecast. Operational NWP}models are often updated
when model upgrades are ready, so models for different time periods can be using different
physics schemes. Modern NWP}models also utilize perturbed ensemble-members. This is
done by having a control run use the original observational data, and then making small
(inside of the observational uncertainty range) changes or perturbations to the initial state.
This could also include changes to the model itself (e.g. Toth and Kalnay, 1993). Each run
is then a member in the whole ensemble, and the ensemble as a whole is meant to represent
a range of possible outcomes from the observed starting state.

MEPS

The operational MetCoOp ensemble prediction system| (]MEPSHH model uses a timestep of

75s, a horizontal grid with a 2.5x2.5km resolution, with 65-vertical model levels in the

"Note that in February 2020, both the format and frequency of model runs for[MetCoOp ensemble predic-|
tion system| (MEPS)) was changed considerably, operational here refers to the model-runs from 2016-2019
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HARMONIE-AROME system (Bengtsson et al., 2017). The data is recorded at 1hr-intervals
and output at both pressure and the hybrid sigma levels from the model. Archived data for
this model-setup is available for the period 2016 to 2019 at thredds.met.no. became
available in November 2016, and hence can only provide atmospheric conditions for cases

that have occurred since then.

3.1.2 Reanalysis - model

A reanalysis differs from an operational NWP}model in that it uses a fixed version of an
[NWP}model on historical weather observations. This is done to create the best possible his-
torical weather data, by turning point and field observations into a complete gridded archive
of historical weather. Reanalysis models may also be run with pertubated ensembles, to
capture variation between the times when observational data is considered.

ERAS

The ECMWF atmospheric reanalysis| (ERAJ) data set is created by the [European Centre]

ffor Medium-Range Weather Forecasts) ECMWEF) and provides hourly data, in 31x31km

grids, with 137 vertical model-levels. The data ranges from 1979 to and including 2019
(At the completion of this thesis. ERAS is continually updated). The observational data is
assimilated in 12-hour windows (Hersbach et al., 2018)). This thesis utilizes the data
set to create a set of climatologies and case-based atmospheric conditions, using the data

reported on pressure levels.

3.2 Data

3.2.1 Incidents from Avinor

For the purpose of this thesis, the author received a data set from Avinor. This data included
all reports on helicopter and plane incidents reported to Avinor pertaining to lightning. To
utilize this data set, cases where there was observed lightning in the area and not striking the
aircraft, has been filtered out to prevent identifying "normal" lightning. Further a filter has
been applied to the geographical positioning of this data set, such that all incidents related
to either take-off or landing are moved to the position of the respective airport. No attempt
has been made to identify the position of aircraft en-route (between two locations), as this
was not available in the data set. Cases without exact position recorded are therefore only
included in analysis of larger geographical zones herein. These zones are defined in Figure

[B.1] in Appendix [B] The Avinor data set covers the years 2008 to late 2018, and as such
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Total cases | Height info | Position | Reported temp. (OAT)) | After November 2016
Helicopters 40 37 24 12 19
Fixed-wing 256 217 256 1 57
Total 296 254 280 13 76

Table 3.1: Data available for each case in the Avinor-dataset. Note that there is one

helicopter case where height is not known, but position is.

Table 3.2:

METARFcode | Description

CB | Cumulonimbus cloud
TCU | Towering Cumulus cloud

RA | Rain

SN | Snow

GS | Hail

GR | Graupel

SH | Showers

VCSH | Showers in vicinity

FEW | Few clouds (1-2/8)
SCT | Scattered clouds (3-4/8)
BKN | Broken clouds (5-7/8)
OVC | Overcast (8/8)

METAR-codes for reporting weather phenomena. The last four categories in-

cludes a numerical value for how much of the cloud is covered by clouds, OVC refers to

total cloud cover, FEW refers to one to two eights of sky is cloud

covers a larger period than MEPS}archives, which is why [ERA3S| was included. The data set

has been summarized in Table 3.1} The author has only been authorized to share statistics

and analysis done on the data set, not the data set itself.

3.2.2 Meteorological aerodrome report

Meteorological aerodrome reportl (METAR) is a report given every half hour at airports

throughout the world, to monitor whether the weather allows flying. This is a subjective

report of the current weather generated by trained personnel or in some cases automated

by instruments. The METAR|report is a listing of relevant meteorological phenomena, but

will always include certain parameters. In this thesis the categories listed in Table [3.2] are

used, due to their relation to convective clouds, which in earlier studies has been related to

triggered lightning incidents.
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3.3 Composite plots

In the meteorological field it is common to use composite plots to investigate the atmospheric
situation related to a type of incident. Given a data set of certain parameters related to the
specific type of incident, the composite plots consist of a mean and a standard deviation over
these parameters in the data set. This is done to visualize the commonalities in the set of
cases and the differences between them, to identify what conditions are generally present for

the incident type.

In this thesis, composite plots are produced to study atmospheric conditions during triggered
lightning incidents. Using the location and temporal information from [HTL}and [FwTL)inci-
dents in the Avinor data set (see Section[3.2.1)), in combination with ERAS data (see Section

[3.1.2), atmospheric conditions are reproduced for the incidents. After being grouped into dif-
ferent geographical regions (to study to what degree incidents in the same area might occur

in similar atmospheric conditions), composite plots are computed.

Where the standard deviation is low, the mean is significant for the set of cases. If the
standard deviation is high, it may either be due to insignificance or local spatial variation in

the data set.

3.4 Decomposition of HTI

To investigate the performance of the [Helicopter Trigger Index| it is important to study the

current index during all the registered incidents of triggered lightning. Since is the sum
of sub-indices (see Section [2.6), the effects of the sub-indices are studied. During any trig-
gered lightning incident where the forecasted is lower than Red, such a decomposition
might suggest which of the sub-indices is failing. Any commonalities in sub-indices that

under-perform might suggest improvements to [HTT

3.5 Interpolation

Since the data used in this thesis is sparsely populated both temporally and spatially, it is
necessary to interpolate. To calculate both the vertical velocity and the temperature interpo-
lation is used to get the velocity and temperature representative for a specific height. This is
done by calculating a linear vertical change rate and then multiplying this change with the

difference in height. The temperature for a given height H between a higher and lower level
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with temperatures 7 and height Z is then found by:
Thigher — Tiower ( AT

H— Zlower) - TO +-—=AH

TH - Tlower + A7

Zhigher - Zlower
The same procedure is applied on the vertical velocity W:

AW

See Section [3.6.2] for limitations with the current interpolation scheme.

3.6 Model limitations

The usage of forecasting and reanalysis model data will always bring with it uncertainties,
since there is always both spatial and temporal uncertainty in models. The resulting limita-

tions in analysis of ERAS5|and [MEPS] are discussed herein.

3.6.1 Temporal uncertainty

Temporal uncertainties arise from the fact that model data is output at hourly time steps,
meaning that processes which happen on shorter timescales cannot be captured accurately.
In this thesis, only nearest hour has been used when collocating model data to incidents and

observational data. No other effort has been made to reduce the temporal uncertainty.

3.6.2 Pressure level vs Model level interpolation

As mentioned in the Section [3.5] the model data is sparsely populated, and this will in turn
introduce an uncertainty. To prevent the vertical uncertainty a interpolation was applied
(motivated also by the fact that interpolation is used in the operational forecast). The MAD
is a statistical tool used to determine systematic difference between two different dataset
containing n variables x and y. It is calculated by:

n

MAD =

Figure [3.1] shows the difference between model level and pressure level interpolation in
Since both are model products, it is not certain which is the "correct" situation,
such that the MAD] only shows the difference between the data set, and not a bias for one

compared to the other. Figure [3.2] shows the difference of [ERAS| and [MEPS]| temperatures

found from pressure level interpolation to case height for triggered lightning incidents. The
substantial difference in temperature arises from having a much finer pressure level
output (850iPa to 1000hPa was represented for each 25hPa interval), whilst have a
much coarser level output: only 1000hPa, 925 and 850hPa was available at the same 850hPa
to 1000/ Pa interval. The 850hPa to 1000APa range should contain all HTL}incidents.
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Temperature model-level vs pressure-level in ERAS for cases
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Figure 3.1: Difference between model level and pressure level interpolations for a) Tem-
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3.6.3 Loss in data due to archiving
Due to the Meteorological Institute reducing their available archived model data, the ver-
tical velocity parameter was not available for cases before October 2018. To perform the

decomposition analysis, the vertical velocity sub-index was determined from its relation to

[HTT:

Vertical Wind Temperature  Precipitation  Cloud
4 = HTT=(— 4 ;)

Thus the was needed to calculate the vertical velocity, and as such the cases where

was set to zero by the land-sea mask, the vertical velocity index was not retrievable.
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4 Results and discussion

4.1 Analysis of Avinor triggered lightning data set

As discussed in Chapter [2] there exists a body of research showing that the 0°C isotherm

in a cloud is related to winter- and [Helicopter Triggered Lightning] Figure [4.1] shows that

the Avinor data set has the same seasonal variation as these earlier studies, except for the
additional case in May. This is presumably due to the Norwegian climate being generally
colder than the British, which is where most of the earlier cases were from. Additionally,
Figure [4.3]shows an increase in [HTL]cases after the introduction of the operational forecast,
with a rate of 2 incidents per year before the forecast was introduced, to 5.5 incidents per
year afterwards. Looking at the source data set, this seems to be more of a increase in reports
from helicopter operators than an actual failing of the [HTI| This is due to an increase in

reports about incidents with no damage.

In contrast to the earlier research, the temperature found from ERAS in Figure 4.2] shows
that the peak is situated around —3°C and not the 0°C isotherm. This can either be attributed

to a systematic error in pressure level interpolation (see Section [3.5)), or due to operational

Number of lightning related incidents to helicopters

Jun Jul Aug Sep Oct Nov Dec Apr May
Month of the year

-33
-30
-27
-24
-21
-18
-15
-12
-9
-6
-3
-0

This study - Norway cases (2008-2019), 40 cases
Wilkinson - UK cases (2003-2010), 14 cases
Lande - UK cases (1990-1999), 25 cases

Lande - Norway cases (1979-1999), 15 cases

Figure 4.1: Seasonal variation of helicopter cases, showing no cases in June to September.
Same as Figure[I.1} with cases looked at in this study added to it. Older data is produced
from Lande, 1999 and Wilkinson et al., | 2013l Legend notes time-periods and amount of

cases in each study.
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Number of cases per 1°C bin (ERA5)
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Figure 4.2: Temperature in fixed-wing and helicopter cases (interpolated from ERAS pres-

sure levels)

procedures implemented due to Lande, 1999, which advises avoidance of the 0°C isotherm
when [HTL] is forecast or when flying inside of a cloud. Taking into account the
temperature in the same figure, there seems to be a —1°C shift from 0°C since the peaks are
at —1°C and —3°C compared to Figure [2.2] This also supports the previous statement about
the effect of avoiding the 0°C isotherm, as this is not a procedure followed by pilots flying

fixed wing aircraft.

Figure 4.4] shows the incidents divided by the zones shown in Figure It should be
noted that there are no cases at Gardermoen, and only one case off the coast of Denmark in
the Southern coast zone. The April peak is primarily contributed to by the North coast zone,
which can be explained by the fact that the sea is still relatively warmer than the atmosphere
during this time compared to the coast further south. This therefore supports earlier work in
which it was proposed that cold air over warmer oceans caused convective systems to appear

and be electrified.

Figure .54 shows the same picture that [HTL] is a winter phenomenon and supports the
claim in Section [2.5]that [FwTL]is an all-year phenomenon. The august peak in[FwTL]can be

explained by August being the month with the highest lightning activity in Norway. July also
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Figure 4.3: Cases per year from the Avinor data set, delineated between cases before

operational forecast was in place in the left figure, and after operational forecast was used

in the right figure.

has some lightning activity, but commercial air travel is reduced compared to August.

Figure [4.5b] shows that there is a geographical variation in cases, namely southern coast

and Gardermoen primarily have cases during April-October, whereas the north, west and

northwest are more represented during October-April. This shows a similar picture to that in

Kgltzow, Dobler, and Eide, 2018: The Norwegian lightning climatology is primarily coastal

in nature for winter lightning, and primarily inland for summer lightning.
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Figure 4.4: Zonal division of helicopter cases
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(b) Zonal division of helicopter and fixed wing cases, see Figure d.5dlfor categorical distribution

4.2 Meteorological phenomena related to triggered light-
ning
4.2.1 METAR observations

Figure {6 shows the meteorological phenomena reported in the report during trig-
gered lightning incidents (both[HTL|and [FwTL). The helicopter cases show a high frequency

(above 50 %) for scattered, few and broken clouds, but zero of the cases had overcast con-
ditions. Also found were showers in 20 % of the cases, and rain and/or snow was found in
more than 20 % of the cases. Only 20 % of the cases had a report of cumulonimbus clouds.
For the fixed wing, the cumulonimbus frequency is much higher (60 %), and rain was in
40 % of the cases and snow in less than 5 %. Showers were also often reported (60 %).

The fact that snow was less often reported for fixed wing compared to helicopter cases may
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be due to it being an all-year phenomenon such that snow was not observed at the ground
during summer events. This, in turn, supports both Lande, 1999 in that cuamulonimbus was
not always observed during triggered lightning incidents, and the choice to include maxi-
mum cloud cover minus minimum cloud cover since almost none of the cases show overcast

conditions.
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Figure 4.6: Frequency of different categories of [METARphenomenon for Helicopter and

Fixed wing cases, included are only cases where airport had a [METAR}report that was

taken by a non-automatic system. Note that SH also include VCSH
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Figure 4.7: Percentage of \METAR}reports involving at least one of the meteorological

phenomena at Hammerfest, Qrlandet, Flesland, Sola, and Gardermoen airports. Selection

is based on geographical variation and representation.



4.2. METEOROLOGICAL PHENOMENA RELATED TO TRIGGERED LIGHTNING

To investigate the parameters used in the operational forecast, composites have been
created for the cases from the Avinor data set. The parameters studied are temperature,
vertical velocity, precipitation and cloud cover. Cloud cover did not show any clear signal
due to ERAS horizontal scale, and therefore was moved to Appendix [A]l Also studied is the
general circulation during these cases, by looking at the composite of the mean sea level

pressure.

4.2.2 Temperature during triggered lightning events

Shown in Figure [4.8] are temperature composites divided into the geographical zones de-
scribed in Appendix [B] The figure reveals that for the different geographic zones, the aver-
age temperature in the composites are around -3 to 0°C. This is in accordance with previous
findings that happens at temperatures right below or at 0°C. One also sees that group-
ing of the cases leads to a reduction in the standard deviation along each zone’s coast, except
for the North zone. This hints to that these temperatures are closely related, but North zone
should ideally be divided into finer zones. (This would, however, be less robust due to the

North zone only containing 40 cases.)

Figure 4.9 shows that the temperatures at Flesland and Sola are, as expected, around 0 to
-1°C, and here the variation in temperature is much lower as seen in the respective standard
deviation plots. The standard deviation is lowest in Flesland, but this is to be expected, since
there are double the amount of cases at Flesland than Sola. Looking, though, at Figure
one sees that Gardermoen airport has a much warmer situation at around +2°C. Here, the

standard deviation also is higher. This coincides with the variation shown in Figure|4.2]

4.2.3 Typical pressure pattern during triggered lightning events

Figure [4.§] contains, in addition to temperature, composites of pressure during triggered
lightning events. The general circulation from these pressure systems seems to tend toward
geostrophic wind directed toward the coast. Notable exception is the South zone, which does
not have a clear low pressure system in the ocean, but the standard deviation hints to a lot of
variation over the ocean. The geostrophic winds for the remaining zones also would be com-
ing from colder areas, i.e. Iceland and the Arctic. This would lead to cold air being blown
over the relatively warm North Atlantic Current, as discussed in Section[2.3.1] as a precursor
for convection and lightning activity. The pressure in Figure 4.9 shows the same picture for

both Flesland and Sola airports, being dominated by low pressure systems situated in the
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Norwegian Sea, such that the geostrophic wind would be directed inland toward the airports.
The convection observed here may be a result of topography and surface roughness chang-
ing when moving from ocean to land. Since the land does not dissipate the kinetic energy in
form of waves, the energy leads to more turbulence in the air, causing local convection. This
suggests that wind incident on land is present in most cases of triggered lightning events at

the coast of Norway.

However, Gardermoen being located inland does not see this roughness effect. This sug-
gests that incidents at Gardermoen are instead related to local convective systems seen in the
summertime. This explains why Gardermoen airport’s pressure situation is "normal" during
triggered lightning events, since the incidents are related to local convective systems, rather
than bigger circulation causing local convection. The standard deviation shows the same

picture in that the pressure does not have a large standard deviation.
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Figure 4.8: Temperature composites for both

(d) Temperature for cases in South zone.

HTL

and

FwTL

cases in different geographi-

cal zones. Included are only cases for which height information was provided in the Avinor

data set. The temperature was found by interpolating to the correct height as described in

Section @
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(a) Temperature for cases at Flesland airport. (b) Temperature for cases at Sola airport.

Mean - Temperature (31)

(c) Temperature for cases in Gardermoen zone.

Figure 4.9: Same as Figure but for only the biggest airports.

4.2.4 Vertical velocity during triggered lightning events

Figure .10 shows vertical velocity composites for the different geographic zones. It should
be noted that the color bar is inverted, such that red is negative and blue is positive. This is
done due to the units being Pa/s, so that negative values infers upward velocity and positive
downward velocity. One can see a clear trend among the coastal zones (north, northwest and
west) that there is upward vertical velocity related to the cases. There is also a somewhat high
standard deviation in these same zones, but this could be related to placing of the upward
velocity systems in the model. Looking at Figure .11} one sees the same for both Flesland
and Sola: A clear vertical velocity in the composite, but some higher standard deviation

in the Sola case. (Again, presumably because of the lower number of cases.) There is a
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very weak vertical velocity for the Gardermoen case. This can be explained by Gardermoen
predominantly being subject to summer lightning, which is due to local convective areas and

may not be correctly resolved in the coarse horizontal grid of ERAS.

Mean - Vertical velocity (40) ) Mean - Vertical velocity (32) )
|— 1 = L5 I- 1
B j} @
& Y - ; -0 8
A o 2
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(a) Vertical velocity for cases in North zone. (b) Vertical velocity for cases in Northwest zone.
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(c) Vertical velocity for cases in West zone. (d) Vertical velocity for cases in South zone.

Figure 4.10: Vertical velocity composites for both |HTL| and |FwTL| cases in different geo-

graphical zones. Included are only cases for which height information was provided in the

Avinor data set. The velocity was found by interpolating to the correct height as described

in Section E;I
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(c) Vertical velocity for cases in Gardermoen zone.

Figure 4.11: Same as Figure .10} but for only the biggest airports.

4.2.5 Different types of precipitation for triggered lightning events

The ERAS reanalysis model differentiates between convective precipitation arising from the
convection scheme in the integrated forecasting system and large scale precipitation arising
from the cloud scheme in the integrated forecasting system. To investigate the atmospheric
conditions, this thesis divides into these two different categories of precipitation to distin-
guish between large scale and locally caused precipitation.

Large scale precipitation

Figure 4.12] shows no clear sign of large scale precipitation being present anywhere but the
west coast of Norway. However, for all the composites (all zones), only the west coast has

substantial amounts of large scale precipitation. This is further reinforced when looking at
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the case for Flesland and Sola in Figure[4.13] Again, Gardermoen sticks out due to not having

any clear sign of large scale precipitation neither at the west coast nor around Gardermoen.

This can again be explained by Gardermoen predominantly having triggered lightning events

during summertime.
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Figure 4.12: Large scale precipitation composites for both
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(d) Large scale precipitation for cases in South zone.

HTL and|\FwTL|cases in differ-

ent geographical zones. Included are cases where height information was not provided in

the Avinor data set.
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Figure 4.13: Same as for Figured.12| but for only the biggest airports

Convective precipitation

Now, considering the convective precipitation as shown in Figure 4.14] there are clear con-
vective systems precipitating in all zones, even in the South zone. The standard deviation
is also somewhat high, but this is to be expected when considering the chaotic nature of
convective precipitation. This standard deviation is also higher than the mean value in some
cases, which also hints to a problem of placing convective scale systems, as was the case for
the coastal zones discussed in Section[4.2.4] The cases near the airports are shown in Figure
M.T3] Flesland and Sola show the same picture as the previous figure in that there is a large
precipitation intensity along the west coast, but high standard deviation, especially around

Sola in the Sola case and around Flesland in the Flesland case. Here, Gardermoen also has

39



4.2. METEOROLOGICAL PHENOMENA RELATED TO TRIGGERED LIGHTNING

very clearly convective precipitation related to the triggered lightning events.
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Figure 4.14: Convective precipitation composites for the different zones
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Figure 4.15: Convective precipitation composites for the biggest airports.

4.2.6 Why are there more HTL near Flesland than near Sola?

Looking at the flight traffic data compared to triggered lightning events in Table[d.1] it is clear

that Flesland airport has the highest incident per traffic ratio of the large Norwegian airports.

Figure 4.7 shows Flesland to have a higher (20%) frequency of rain than Sola at 15%. The

same is seen for both categories of showers (SH, VCSH). This suggests a more convective

area around Flesland airport than at Sola airport. @rlandet has similar convective activity

to Flesland, but has almost no commercial air traffic. Therefore, any triggered lightning

incident would not be in this data set and there is a smaller amount of potential trigger

events.
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This convective difference between Flesland and Stavanger cannot be explained by yearly
traffic differences, and their geographical positions are so close that there should not be any
substantial climatological temperature differences between the two. There is somewhat less
lightning activity observed at Flesland compared to Sola. As discussed in 4.2.3] the local
topography seems to be important for triggered lightning incidents. As such Flesland airport

is situated among mountains, whilst Sola airport is in a flatter area.

Sola (ENZV) | Flesland (ENBR) | Gardermoen (ENGM)
Average yearly traffic (2016-2018) | 74 532 92 128 253 599
Lightning close to airport (2008-2019) | 30 920 22774 68 321
Cases close to airport | 24 63 35
Case per traffic | 1/31 055 1/14 624 1772457
Case per recorded lightning | 1/1 289 1/361 1/1952

Table 4.1: Average traffic, accumulated lightning activity, and cases within 0.5°(~ 50km)

radius of the three biggest Norwegian airports.

4.3 Implications of precipitation error in HTI

As stated in Section [2.6.1] an error has been found in the usage of precipitation data when
forecasting The error was usage of accumulated precipitation instead of hourly pre-
cipitation in the forecast. A complete case-by-case effect of this is shown in the figures in
Appendix [A] Figure [4.16shows the effect of considering hourly instead of accumulated pre-
cipitatimﬂ Shown is an approximate halving of the frequency of Yellow risk for all airports.
The higher risk categories (Orange and Red) are only substantially reduced at northfacing
airports, i.e. airports in the northwest and North zone. Sola and Flesland see a halving in the
Orange category, but not a substantial reduction in the Red. Flesland and Sola have approx-

imately the same frequency of Red and Orange forecasts, but as shown in[4.1] Flesland has

double the amount of and cases.

To further investigate whether this leads to any reduction in forecast skill, data
was considered to verify that correctly identifies coastal and off-shore convective ac-
tivity. Thus, the effect for the three airports from the North zone are shown in Figure §.17]
The figure shows a clear increase in frequency of non-White risk categories for all three air-

ports. Hammerfest and Bodg have a slight increase in related phenomena forecasted as

"Maps showing the effect for the whole domain are moved to Appendix @
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White (Here, snow and showers.) However, there is also some reduction in other phenomena
such that this seems to be a non-substantial increase. The same is observed for Figure {.18]
which shows the risk categories for the three northwestern coastal airports: a clear increase
in frequency of non-White risk categories when convective activity is observed. It should be
noted that there seems to be no clear total increase or decrease in the White category for all
three airports. In all, the skill of the m does not seem to be reduced, but rather increased

by taking into account the hourly precipitation.
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Figure 4.16: Frequency of|HTIrisk levels during | HTLtseason (October-April), before and

after fixing the erroneous forecast, for selected airports.

43



4.3. IMPLICATIONS OF PRECIPITATION ERROR IN HTI

0.5

0.4

0.3

0.2

0.1

0.0

0.5

0.4

0.3

0.2

0.1

0.0

0.5

0.4

0.3

0.2

0.1

0.0

0.5

0.4

0.3

0.2

0.1

0.0

Observed when White forecast for ENHF

mmm Reference
mmm Modified precipitation

CB TCU RA SN GS SHVCSHSCT FEW BKN OVC
Observed when Yellow forecast for ENHF

mmm Reference
mmm Modified precipitation

CB TCU RA SN GS SHVCSHSCT FEW BKNOVC
Observed when Orange forecast for ENHF

mmm Reference
mmm Modified precipitation

CB TCU RA SN GS SHVCSHSCT FEW BKN OVC
Observed when Red forecast for ENHF

mmm Reference
mmm  Modified precipitation

CB TCU RA SN GS SHVCSHSCT FEW BKN OVC

Figure 4.17: Frequency of

0.5

0.4

0.3

0.2

0.1

0.0

0.5

0.4

0.3

0.2

0.1

0.0

0.5

0.4

0.3

0.2

0.1

0.0

0.0

Observed when White forecast for ENBO

mmm Reference
W Modified precipitation

CB TCU RA SN GS SHVCSHSCT FEW BKN OVC
Observed when Yellow forecast for ENBO

mmm Reference
mmm Modified precipitation

CB TCU RA SN GS SHVCSHSCT FEW BKN OVC

Observed when Orange forecast for ENBO
mmm Reference
mmm Modified precipitation

CB TCU RA SN GS SHVCSHSCT FEWBKN OVC

Observed when Red forecast for ENBO
mmm Modified precipitation

CB TCU RA SN GS SHVCSHSCT FEW BKN OVC

mmm Reference

HTI

0.5

0.4

0.3

0.2

0.1

0.0

0.4

0.3

0.2

0.1

0.0

0.5

0.4

0.3

0.2

0.1

0.0

0.5

0.4

0.3

0.2

0.1

0.0

Observed when White forecast for ENBN

mmm Reference
mmm Modified precipitation

CB TCU RA SN GS SHVCSHSCT FEW BKN OVC
Observed when Yellow forecast for ENBN

mmm Reference
mmm Modified precipitation

CB TCU RA SN GS SHVCSHSCT FEW BKNOVC
Observed when Orange forecast for ENBN

mmm Reference
mmm Modified precipitation

CB TCU RA SN GS SHVCSHSCT FEW BKN OVC
Observed when Red forecast for ENBN

mmm Reference
mmm Modified precipitation

SH VCSHSCT FEW BKN OVC

CB TCU RA SN GS

Lrisk given observed meteorological-phenomenon during

[HTL}season (October-April), for the three northernmost coastal airports: Hammerfest

(ENHF), Bodg (ENBO), and Brgnngysund (ENBN)

44



CHAPTER 4. RESULTS AND DISCUSSION

Observed when White forecast for ENOL Observed when White forecast for ENKB Observed when White forecast for ENFL
0.5 mmm Reference 0.5 mmm Reference 0.5 mmm Reference
mmm Modified precipitation mmm Modified precipitation mmm Modified precipitation
0.4 0.4 0.4
0.3 0.3 0.3
0.2 0.2 0.2
0.1 II 0.1 0.1
00 - - m __ T II II 0.0 ~ - II “ II = g0 I | n .. II II II n
CB TCU RA SN GS SHVCSHSCT FEW BKN OVC CB TCU RA SN GS SHVCSHSCT FEWBKN OVC CB TCU RA SN GS SHVCSHSCT FEWBKNOVC
Observed when Yellow forecast for ENOL Observed when Yellow forecast for ENKB Observed when Yellow forecast for ENFL
0.5 mmm Reference 0.5 mmm Reference 0.5 mmm Reference
mmm Modified precipitation mmm Modified precipitation mmm Modified precipitation
0.4 0.4 0.4
0.3 0.3 0.3
0.2 0.2 0.2
00 w a1 oo = i || a la m o, dalla ] il
CB TCU RA SN GS SHVCSHSCT FEWBKNOVC CB TCU RA SN GS SHVCSHSCT FEWBKN OVC CB TCU RA SN GS SHVCSHSCT FEWBKNOVC
Observed when Orange forecast for ENOL Observed when Orange forecast for ENKB Observed when Orange forecast for ENFL
0.5 mmm Reference 0.5 mmm Reference 0.5 mmm Reference
mmm Modified precipitation mmm Modified precipitation mmm Modified precipitation
0.4 0.4 0.4
0.3 0.3 0.3
0.2 0.2 0.2
00 miha 0o il Wl nog, || d 000l II
CB TCU RA SN GS SHVCSHSCT FEW BKN OVC CB TCU RA SN GS SHVCSHSCT FEWBKN OVC CB TCU RA SN GS SHVCSHSCT FEW BKN OVC
Observed when Red forecast for ENOL Observed when Red forecast for ENKB Observed when Red forecast for ENFL
0.5 mmm Reference 0.5 mmm Reference 0.5 mmm Reference
mmm Modified precipitation mmm Modified precipitation mmm Modified precipitation
0.4 0.4 0.4
0.3 0.3 0.3
0.2 0.2 0.2
Ml | | | | * || |1l I
w Nm ] o mil il w o, WA . | I
CB TCU RA SN GS SHVCSHSCT FEW BKN OVC CB TCU RA SN GS SHVCSHSCT FEWBKN OVC CB TCU RA SN GS SHVCSHSCT FEW BKNOVC

Figure 4.18: Frequency of [HTltrisk given observed meteorological-phenomenon dur-

ing season (October-April), for the three northwestern coastal airports: @Qrlandet
(ENOL), Kristiansund (ENKB), and Florp (ENFL)

4.4 Decompositional analysis of triggered lightning incidents
As discussed in Section [3.4] calculating sub-indices of forecasted [HTI| during recorded inci-
dents allows for investigation into which, if any, of the sub-indices was under-evaluating the
risk. As stated in Section 2.6 is calculated to be representative for the 750m
(=~ 2500 feet) altitude. Thus, the following discussion only pertains to what is forecast

at this altitude, and not (necessarily) at the height of the incident, as was done in Section

4.2.2

Figure[d.19|shows 11 HTL]cases from the Avinor data set with the sub-indices stacked on top
of each other. On the x-axis is the altitude (in feet) at which the helicopter was flying. The

figure shows the @ to be at least 0.5 for all 11 cases, but no cases were forecasted as Red
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and only two cases were forecasted as Orange. This is summarized in Table 4.2 Figure 4.20]
shows the sub-indices clearly delineated so that one can see which of the indices are lacking.
The temperature sub-index is full for all but the third case, which, when calculated, had a
temperature of -.67 °C. Increasing the temperature to full would not increase the risk level
in this case. Further, it can also be seen that in two of the 11 cases, precipitation would have
been reduced to almost 0 if hourly instead of accumulated precipitation was considered, thus
reducing the risk level to White. The third case where precipitation would be almost 0, was
already White, so a reduction in risk level would not be seen. The most variability is found
in the cloud and vertical velocity parameters. It should be noted that vertical velocity has had
a positive value for all the cases, meaning that the upper threshold of the vertical velocity
sub-index may be too strict. The cloud parameter reduces the risk level substantially (from

Red to Yellow) for four of the cases.

Looking now at the Fixed wing cases in 4.21, which shows the total decomposed to
the sub-indices, with the altitude of the aircraft in feet on the x-axis. It can be seen that ten
of the 34 cases would have a reduction in due to consideration of the hourly (and not
accumulated) precipitation. Only for three cases would this give a decrease in risk level.
Even though some of these fixed wing incidents are happening at higher altitudes (e.g. 7000
feet), we see a relatively high sub-index for some of them, suggesting that there may be some
convective activity in the whole column. This is also summarized in Table 4.3] Looking at
Figure 4.22] one can see that vertical velocity is non-zero for all cases, showing the vertical
velocity to be positive in the case of triggered lightning events - even though many cases
might be situated above or below the 750m altitude. The precipitation sub-index is generally
not affected by differing heights, since it is a measure of how much precipitation would reach
the ground - not precipitation in each level. The temperature sub-index shows a somewhat
bad relation to the 19 of the cases had zero contribution from the temperature. This
could be solely due to the aircraft being situated above or below the 750m altitude, but still

close to the 0 °C isotherm.

It is to be noted from Tables§.2]and [4.3]that even though four fixed wing cases were correctly
identified as Red, 41% were below the Yellow threshold. For the helicopter cases, zero were
correctly identified as Red, but only two of the 11 (18.2%) were below the Yellow threshold.
Further, the helicopter data set is heavily influenced by the fact that they were recorded after

the operational forecasting started: Any Red events were warned against and helicopter pilots
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have had an increased participation and reporting during this period. This may have lead to

a skewing of the data set towards the tail of the majority of the cases, as seen in Figure .2}

where the helicopter cases do not have a peak at the expected 0°C isotherm.

1.00

0.90

0.75

0.73

0.50

0.25

0.00

mmm Vertical velocity

= Low cloud cover

mmm Temperature
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Figure 4.19: Contributions from the different sub-indices, for Helicopter cases during the
operational forecast. X-axis is height of incident in feet. Black on yellow is correction
made by using the hourly precipitation instead of accumulated precipitation. Included are

only cases from Avinor data set where position and height was available, for cases after

November 2016.

Forecast | With Accumulated | Without Accumulated | Missed (%)
>Yellow (0.73) 9 7 2 (18.2%)
>Orange (0.90) 2 2 7 (63.6%)

>Red (0.99) 0 0 11 (100%)

Table 4.2: Amount of cases forecast in each risk category based on the 11 Helicopter cases

in Figure A Red risk is counted in Orange, and Yellow.
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Figure 4.20: Same as.19| but clearly delineated between the sub-indices
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Figure 4.21: Contributions from the different sub-indices, for Fixed wing cases during the
operational forecast. X-axis is height of incident in feet. Black on yellow is correction
made by using the hourly precipitation instead of accumulated precipitation. Included are
only cases from Avinor data set where position and height was available, for cases after

November 2016.

Forecast | With Accumulated | Without Accumulated | Missed
>Yellow (0.73) 22 21 14 (41.2%)
>Orange (0.90) 10 8 25 (73.5%)

>Red (0.99) 4 3 30 (88.2%)

Table 4.3: Amount of cases forecast in each risk category based on the 34 Fixed wing cases

in Figure A Red risk is counted in Orange, and Yellow.

49



4.4. DECOMPOSITIONAL ANALYSIS OF TRIGGERED LIGHTNING INCIDENTS

mmm Vertical velocity
1.00 m==m |ow cloud cover
mmm Temperature
e Accumulated Precipitation
mmm Hourly precipitation
ﬁll _ull I | I

o o
=} —
o o
<]
~

0.

u
o

0.

v
ey 1
nan

0.00 -
o o o o o © © © 0o 9 © © © © © © 9 © o o o o o < c
S ~ o o o S 9 09 9 9 9 O © 9 ®w O O O o o o c o @8 o
S 1 © N © S & © 9 9 © © © © o+ © & o S & o S o©
n ¥ © ® o A~ o © o © o h o o - S S 0 S °©
- T A = N NN < - n © ™ ® ©

o n
©o o~ - —
Height of incident - [feet]

Figure 4.22: Same as4.21} but clearly delineated between the sub-indices
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5 Conclusions

5.1 Are there still cases of Helicopter Triggered Lightning

in Norway?

IHelicopter Triggered Lightning|is still a recurring phenomenon, even after several years of

forecasting the [Helicopter Trigger Index| This is the reason why it is necessary to continue

researching the phenomenon - the ideal scenario would be a forecast which prevented such

cases altogether.

This thesis found there to be an increase in cases in Norway after forecasting began in 2016.
However, this may be seen as an artificial increase, as helicopter operators were in direct
dialogue with the Meteorological Institute and more interested in reporting cases in order
to improve the forecasting ability. It should also be noted that during the forecast period
there have been no major incidents. The cases happening were also found to be happening
at lower temperatures than the expected 0°C isotherm. This was discussed in Section d.1} It
is probably the result of forecasting removing the theoretical peak at 0°C, where more major

incidents would have happened.
5.2 What meteorological phenomena are present during trig-

gered lightning incidents?
To identify atmospheric conditions leading to [HTL] both[METAR|and composite plots were
studied. This thesis found from both  METAR| and composite plots that convective precipi-

tation and non-stratiform cloud types are related to triggered lightning incidents. This thesis
also reaffirms that the temperature during triggered lightning events were situated around -3
to 0°C for the altitude of the aircraft, both for the fixed wing and for the helicopter situation.
It also found typical pressure patterns leading to geostrophic winds incident on coastal areas,
suggesting convection due to ocean-land roughness effects being an important factor in trig-
gered lightning incidents. This ocean-land roughness effect may also contribute to Flesland
having more triggered lightning incidents than Sola, due to Flesland being surrounded by

more mountainous landscape.
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5.3 In what ways can the HTL forecast be improved?

By implementing a decomposition strategy, this thesis found the precipitation and temper-

ature sub-indices in the [Helicopter Trigger Index|to be quite good at forecasting The

vertical velocity sub-index along with the cloud sub-index may have reduced the risk level

from Red to Yellow in seven of the 11 cases studied.

These results imply that improvements can be made to the by weighting the precipitation
and temperature sub-indices. Also, a reduction in the upper threshold of the vertical velocity
criteria should be considered, as there is present a positive vertical velocity in all the recorded

triggered lightning incidents.

By reintroducing the hourly precipitation, there seems to be no severe risk increase, but
rather a skill increase of the forecast, such that an implementation of this fix would im-
prove the forecast ability. This thesis was not able to perform an investigation into whether
ensemble systems were able to increase the forecast skill, though preliminary efforts into
this is expected to help in cases where precipitation was missing. There is also a known
underestimation of coastal precipitation in the system, such that investigations into
increasing the precipitation threshold should be done when this known underestimation has
been corrected. Lastly, including the 0°C isotherm in the operational forecast should be con-
sidered, but further sensitivity tests are necessary. As discussed in Section [3.6.2] the current
interpolation scheme for the temperature is for a coarse vertical area based on the findings
of Wilkinson et al., 2013, Investigations into improving this by using model level interpo-
lation instead of the current pressure levels may give increased ability, as the difference in
case temperatures between the finer [ERAS5|pressure levels and coarser MEPS| pressure levels

were substantial.
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A Additional figures

A.1 HTI before and after fix of erroneous forecast

Fixed Wing at 1500.00 feet height Fixed Wing at 1829.00 feet height
Before fix 1.00 After fix 1.00 Before fix 0.97 After fix 0.97
gg-1.00 - 100 B o -1.00 B - 100
- - - L
= = L = =
099 099 e 099 ) 099
3 3 N 3 ~ 3
= = = =
-090 £ -090 £ -090 £ -090 £
@ @ p 5 @
= = j=2) =
o o =y o
—070C —o70'C —070C —070C
2 2 2 2
= = g2 =
g g g g
] ] ] ]
If 0.00 ¢ -0.00 : J If 0.00 § N If 0.00 ¢

(a) (b)

Fixed Wing at 3000.00 feet height Helicopter at 500.00 feet height

Before fix 0.00 “Loe After fix 0.00 B Before fix 0.53 oo After fix 0.53 B
L. -099 E -099 E -099 "M_ -099 E
x x x f— x
3 3 b 3
° = = - =
i -090 £ -090 £ -090 £ . -090 £
g g & g
+ E E 2 | E
—070C —o070C —070C —070C
L L 2 L L
g g g B g
S S S S
S S =] S
-0.00 ¢ -0.00 -000 ¢ -0.00 ¢
> 3

(c) (d)
Fixed Wing at 1000.00 feet height Helicopter at 2000.00 feet height

-1.00 - 100

-1.00 - 100
Before fix 0.75 After fix 0.75 Before fix 0.81 After fix 0.61
J"‘:-_-.J_-T-. A '% Foy ! =L o
_ Foa N - . -

% u99§ - 099E u99§ u99§
x x = x
3 3 b 3
° ° = °
-090 £ -090 £ -090 £ -090 £
@ @ [l @
= = & =
o o = o
—o70 ' —o70 ' —o70 ' —o70 '
L L 2z L
a a = a
S S S S
o o %) o
I—uoog I—uuo% -000 ¢ I—uoo%

Helicopter at 2000.00 feet height

Before fix 0.78 - 100 After fix 0.78 - o0
-099 £ -099
x x
@ @
= =
-090 £ -090 £
@ 3
= =
=4 =
—or0l —o70';
2 2
a =4
3 g
S =}
-000 ¢ -000 ¢
»

(g)

Figure A.1: North zone, cases with HTI-value before and after precipitation change
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A.1. HTI BEFORE AND AFTER FIX OF ERRONEOUS FORECAST
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Figure A.2: North West zone, cases with HTI-value before and after precipitation change
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Figure A.3: West zone (First part), cases with HTI-value before and after precipitation

change
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Figure A.4: West zone (Second part), cases with HTI-value before and after precipitation

change
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Figure A.5: South zone, cases with HTI-value before and after precipitation change
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A.1. HTI BEFORE AND AFTER FIX OF ERRONEOUS FORECAST
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Figure A.6: Cases where exact position

precipitation change
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Figure A.7: Cloud cover composites for both |\ HTL|and |FwTL| cases in different geograph-

ical zones. Included are cases where height information was not provided in the Avinor

data set.
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(c¢) Cloud cover for cases at Gardermoen.

Figure A.8: Cloud cover composites for both

HTL

and |FwTL| cases for only the biggest

airports. Included are cases where height information was not provided in the Avinor data

set.
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Figure A.9: Frequency of the different risk levels of |[HTI

during

HTL

-season (October-

April), before and after correction of erroneous use of accumulated precipitation. Also

shown is the absolute difference between the original and fixed frequencies.
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A.1. HTI BEFORE AND AFTER FIX OF ERRONEOUS FORECAST

Helicopter Triggered Lightning

Risk Action
Proced ures H Tl High Do not plan Flights into Red areas
Medium Enter these areas subject to the following
conditions.
This table has been & Maintain at least 10 NM from CB cells
. * Avoid heavy precipitation by
adapted by all helicopter continuous use of weather radar
Operators on the Norwegian enroute
* If possible maintain VMC below cloud
Shelf b possl intan u
ase
* Avoid wherever safe to do so, the
This table is also pu blished temperature band between -2°Cand
+2°C
in the OM A * At least5% additional contingency fuel
shall be carried
. NOTE: During hours of Night, Brown shall be
Please notice that the considered Red, and procedures for Red
required “action” differs should be followed.
. Yellow Low Mo restrictions, but proper caution towards
between Night and Day actual conditions (CB’s, heavy precipitation,
temperature) that may contribute to Triggered
Lightning should be exercised.
NOTE: During hours of Night, Yellow shall be
considered Brown, and procedures for Brown
should be followed.

='\T- Bristow

TARGET
ZERO

Figure A.10: Operational risk levels and description of procedures during reported risk for

As reported to the helicopter operators. Note: Brown risk level has been consequently

called Orange through the whole thesis.
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B Airport names and geographical zones

The airports have been grouped together to reduce noise in the composite plots as discussed

in Section the zones are shown in Figure[B.1

B.1 ICAO-codes

ICAO-codes are airport identification codes determined by the International Civil Aviation

Organization, ICAO. These are used to identify different airports in this thesis, and are tabu-

lated in Table

ICAO-code

Airport name

ENGM
ENBR
ENZV
ENKB
ENFL
ENBO
ENBN
ENOL
ENHF
ENML
ENHV

Gardermoen (Oslo)
Flesland (Bergen)

Sola (Stavanger)
Kvernberget (Kristiansund)
Florg

Bodg

Brgnngy (Brgnngysund)
@rland

Hammerfest

Arg (Molde)

Valan (Honningsvag)

ICAO-code

Offshore installation

ENXA
ENLE
ENXV
ENSF
ENQS
ENUG
ENNE
ENHE
ENDR
ENQA
ENGC
ENHM
ENSL

Ekofisk A
Ekofisk L
Varg
Statfjord A
Statfjord C
Goliat FPSO
Norne A
Heidrun A
Draugen
Troll A
Gullfaks C
Heimdal
Sleipner A

Table B.1: ICAO-code for the airports and helipads used in this thesis.
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B.1. ICAO-CODES

NORTH-WEST gga

WEST E=
Lo

Figure B.1: Zones used in this thesis, with used METAR-stations in white, and airports with at least one incident in red.
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