RESEARCH ARTICLE

In-Flight Decision-Making by General Aviation Pilots
Operating in Areas of Extreme Thunderstorms

Douglas D. Boyd

BACKGROUND: General aviation (comprised mainly of noncommercial, light aircraft) accounts for 94% of civil aviation fatalities in the
United States. Although thunderstorms are hazardous to light aircraft, little research has been undertaken on in-flight
pilot decision-making regarding their avoidance. The study objectives were: 1) to determine if the thunderstorm

METHODS:

accident rate has declined over the last two decades; and 2) assess in-flight (enroute/landing) airman decision-making
regarding adherence to FAA separation minima from thunderstorms.

Thunderstorm-related accidents were identified from the NTSB database. To determine en route/arriving aircraft
real-time thunderstorm proximity/relative position and airplane location, using a flight-tracking (Flight Aware®) website,
were overlaid on a graphical weather image. Statistics employed Poisson and Chi-squared analyses.

RESULTS: The thunderstorm-related accident rate was undiminished over the 1996-2014 period. In a prospective analysis the
majority (enroute 77%, landing 93%) of flights violated the FAA-recommended separation distance from extreme
convection. Of these, 79 and 69% (en route and landing, respectively) selected a route downwind of the thunderstorm
rather than a less hazardous upwind flight path. Using a mathematical product of binary (separation distance, relative
aircraft-thunderstorm position) and nominal (thunderstorm-free egress area) parameters, airmen were more likely to
operate in the thunderstorm hazard zone for landings than en route operations.

pIscussioN: The thunderstorm-related accident rate, carrying a 70% fatality rate, remains unabated, largely reflecting nonadherence
to the FAA-recommended separation minima and selection of a more hazardous route (downwind) for circumnaviga-
tion of extreme convective weather. These findings argue for additional emphasis in ab initio pilot training/recurrency
on thunderstorm hazards and safe practices (separation distance and flight path).
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eneral aviation, mostly comprised of piston engine
powered aircraft,? is classified as all civil aviation
excluding passenger/freight transport and regulated by
a set of rules enshrined in the Code of Federal Regulations
(14 CFR Part 91)." In contrast, commercial transportation by
air carriers and charter operations are governed by a more
stringent set of rules (14 CFR Part 121 and 14 CFR Part 135)."
Although accidents for the latter group have dramatically
declined over the last few decades,® only a very modest decrease
has been witnessed for general aviation, the latter accounting
for 94% of civil aviation fatalities in the United States.*® Indeed,
the fatality rate for general aviation is 23 times higher than that
of the air carriers.®
While there have been a plethora of studies identifying risk
factors for general aviation accidents over the last two decades
(see review®), little research has been undertaken on in-flight

pilot decision-making related to convective weather (thunder-
storms) avoidance. By virtue of their violent turbulence, hail,
and windshear,'® thunderstorms pose extreme hazards to light
aircraft, often resulting in a fatal outcome.?® Importantly, such
adverse weather conditions can prevail some distance from the
visible thunderstorm. Indeed, moderate to severe turbulence
has been reported in regions of low radar reflectivity with eddy
dissipation rate studies demonstrating a fourfold increased rela-
tive risk of moderate or greater turbulence some 16 nmi from a
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thunderstorm.?’ In addition, gust fronts (outflow) may lead the
visible thunderstorm by up to 15 mi.'**’

Unlike transport category aircraft, which are mandated® to
have onboard radar which provides real-time reflectivity data,
no such requirement exists for general aviation. Additionally,
wind-shear alert systems pertinent to safe operations for arriv-
ing/departing aircraft are mandatory for air carrier operations
under 14 CFR Part 121.358,»!¢ but again no comparable
requirement exists for general aviation. Moreover, major air-
ports serving commercial operators in thunderstorm-prone
areas, unlike aerodromes commonly used by general aviation,
often are equipped with Terminal Doppler radar or low-level
windshear systems™* which can also provide advance warning
of windshear. Nevertheless, and notwithstanding a lag period
inherent to the weather products, the increasing availability of
onboard data-linked weather has provided airmen the ability to
determine the location of thunderstorms, allowing for strategic
circumnavigation.'>#

In view of the aforementioned thunderstorm-associated
hazards, the Federal Aviation Authority (FAA) has long advised
airmen to maintain a 20-mile separation from convective activ-
ity characterized as “extreme” (=50 dBZ radar reflectivity or
echo tops of =35,000 ft'*'°) and to avoid landing or departure
in the face of an approaching thunderstorm.'” Operations
ahead (downwind) of an advancing thunderstorm are regarded
as more hazardous than those to the rear (upwind) of the con-
vective weather due to the potential of hail and gust fronts.!”~"
With this in mind, the objective of this study was twofold. First,
has the thunderstorm accident rate declined over the last two
decades? Second, in a prospective analysis of in-flight opera-
tions in a thunderstorm environment, did airmen adhere to
FAA-recommended separation minima for en route and land-
ing operations?

METHODS

Sources of Data

The National Transportation Safety Board (NTSB) accident
database (March 2017 release)®! was used to identify thunder-
storm-related general aviation accidents. Annual fleet flight
time used, as denominator, to determine accident rate was
obtained from the FAA general aviation survey.** NEXt genera-
tion RADar (NEXRAD, representing modernization of the
U.S. National Weather Service system partly via deployment of
WSR-88D Doppler radars across the country®”) weather data
(vertically integrated liquid content, projected storm track,
lightning strikes, echo tops) were from the Consolidated Storm
Prediction for Aviation web-based application (CoSPA).!*!3
Vertically integrated liquid content was converted to reflectivity
values (dBZ) as described elsewhere.!® Aircraft make/model,
flight position (latitude/longitude), ground speed, and altitude
were obtained from a commercial source (FlightAware®?).
Prevailing aerodrome weather data (MEteorological Terminal
Aviation routine weather Report) within 10 min prior to the
time of aircraft landing [either per the instrument flight rules
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(IFR) flight plan or the most current at the time of the actual
landing] were obtained from either https://mesonet.agron.
iastate.edu/request/download.phtml or https://www.aopa.org/
airports/.

General Aviation Thunderstorm-Related Accident Rates

To determine general aviation accident rates the NTSB Access
database was queried for mishaps occurring over the period
spanning 1996-2014 involving aircraft (with 1-2 engines)
operating under 14 CFR Part 91 regulations. To restrict the
query to thunderstorm-related accidents, the narrative cause
was searched for any of the following terms: “thunderstorm,’
“‘cumulus,” “*convective,*” “inflight breakup,” “hail,” “heavy
rain,” “extreme precipitation,” “lightning” Data were exported
to Excel and records manually inspected to confirm that acci-
dents were thunderstorm-related. Annual fleet flight time for
piston-powered aircraft, used as denominator to calculate an
accident rate over multiyear periods, represented the sum of
fleet time across the time span specified.

Determination of Aircraft Proximity/Relative Position to
Extreme Convective Weather
The study period for the prospective analysis of general aviation
flight operations conducted under IFR spanned November 1,
2016, through June 9, 2017. All flight operations were during
daylight hours, i.e., between the beginning of morning civil twi-
light and the end of evening civil twilight.'® The following pro-
cedure was used to determine the distance and relative position
of aircraft or airport of intended landing to extreme convection.
The evening preceding the search, the 48 contiguous states of
the United States were checked for areas at elevated risk for
convective activity using the Aviation Weather Center website
(Convective Outlook product).”® The following day, the
so-identified geographical areas were then manually scanned
in CoSPA for extreme convective weather over the course of the
day. Note that although the FAA defines 50+ dBZ reflectivity
as extreme convection,'® “bright-banding” phenomena'? may
over-estimate thunderstorm severity. Consequently, a radar
reflectivity of 50+ dBZ in conjunction with either the presence
of concurrent lighting strikes or echo tops of 35,000 ft or greater
was operationally used to define extreme convection herein.
In parallel, U.S.-registered light aircraft (<12,500 Ib) operat-
ing under IFR whose projected flight path (shown as a dashed
line) would, in the future, intersect with the aforementioned
extreme convection were identified using FlightAware®.* To
be included in the study, aircraft had to be a minimum of
50 nmi from convective weather at the time of selection and not
be exceeding a ground speed of 180 and 120 kn (en route and
during the approach phase, respectively) per FlightAware®. The
latter criterion was employed to include a margin of error (see
below for explanation). Aircraft operated for paid passenger
transportation were excluded on the basis of being identi-
fied as “airline” or having a non-N-prefixed registration per
FlightAware®. Note that no aircraft was represented more
than one time for either en route or arrivals based on its
N-registration.
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Time-stamped latitude/longitude coordinates (from
FlightAware®) of a selected aircraft, at its closest proximity to
extreme convective weather, was used to overlay its position
on a 6-min delayed CoSPA image, also time-stamped. This
procedure was performed to take into account the 4-6 min
volume scan of the NEXRAD radar in precipitation mode
over the various tilt angles.***> To further reduce the chance
of error in determining whether an aircraft had violated the
recommended distance from the extreme convection, a 3-min
margin of error, converted to distance, was applied as follows.
Thus, for aircraft traveling at a maximum of 180 (3 nmi/min
en route) and 120 kn (2 nmi/min landing), a 3-min margin of
error corresponds to a covered distance of 9 and 6 nmi,
respectively, thus reducing the FAA-recommended 20-nmi
separation to a more conservative 11 and 14 nmi, respectively.
For convenience, the safe distances from extreme convection
(inclusive of the aforementioned margin of error) were arbi-
trarily set at 10 and 14 nmi for en route and arriving aircraft,
respectively.

CoSPA images, with the plotted FlightAware® aircraft posi-
tion, were exported to a vector-based graphics program (Corel-
Draw v. X7) and a circle, whose center was positioned on the
aircraft or landing airport, was constructed with a radius of 10
or 14 nmi for en route and arriving traffic, respectively. Aircraft
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Fig. 1. Visual depiction of measurements and weather phenomena used for aircraft separation from extreme convec-
tion. A CoSPA image of extreme convection captured with aircraft position overlaid. The inner ring (solid line), adjusted
for a margin of error, describes an area for which en route aircraft adhering to the separation distance prescribed by
the FAA should be free of extreme convective weather. The outer ring (dashed line) represents a circle of 20 nmi radius.
Reflectivity, echo tops, storm movement, and lightning strikes are shown. Note that the CoSPA image capture is
delayed by 6 min to take into account the multiple rotations of the radar at the various tilt angles. Aircraft registration

is redacted (black rectangle).

were defined as violating the FAA-prescribed separation dis-
tance if any extreme convective weather (as defined above) lay
within the defined circle (Fig. 1; solid line).

Thunderstorm-Free Egress Area

For aircraft which operated in contravention to the FAA-rec-
ommended separation distance, a lateral area described by a
20-nmi radius circle centered on the airplane was used to iden-
tify the surrounding thunderstorm-free airspace. This circle
was segmented into 8 X 45° “pie slices” An “egress” (escape)
segment was defined as any 45° pie slice absent for reflectivity
=30 dBZ (Fig. 1; grey solid lines in the top left quadrant of the
circle).

Risk Exposure Category

To quantify the level of thunderstorm-related risk for en route
and landing aircraft, a metric was constructed using the fol-
lowing dichotomous or ordinal parameters per Table I: 1) vio-
lation of the FAA-prescribed distance for extreme convection;
2) thunderstorm location relative to the aircraft; and 3) the
number of thunderstorm-free egress segments. A risk expo-
sure score (on a scale of 0-6) representing the product of these
three measures was then calculated (Table I; column 7). For
each flight, one of four risk exposure categories (None, Low,
Medium, High) was then assigned
based on this score (Table I;
Column 8).

Statistical Analysis

A Poisson probability distribu-
tion analysis'! was used to deter-
mine if the thunderstorm-related
accident rate changed over time
using piston-powered general
aviation aircraft fleet times (natu-
ral log) as an offset for the respec-
tive periods. A Chi-squared test*!
was employed to assess differ-
ences in proportions. All statis-
tical analyses were performed
using the SPSS program (v. 24;
IBM, Armonk, NY).

RESULTS

Thunderstorm-Related Accident
Rate

A query of the NTSB aviation
accident database indicated a
total of 141 thunderstorm-related
accidents over the period span-
ning 1996-2014, an average of
7 mishaps per year. Of these,
71% had a fatal outcome (i.e., at
least one occupant perished per
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Table I. Description of Risk Exposure Analyses.
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COLUMN

1 2 3 4

Violation of FAA
Prescribed Distance
from Extreme

Location of
Extreme Convection

Thunderstorm-Free

(<30 dB2) Egress Risk Exposure  Risk Exposure

Convection Assigned Score Relative to Aircraft Assigned Score Pie Slice Count Assigned Score Score (0-6) Category
Yes 1 Upwind 2 0-2 3 0 None
No 0 Downwind 1 3-5 2 1-2 Low
6-7 or N/A 1 3-4 Medium
5-6 High

Each aircraft, at its closest proximity to extreme convective weather, was assigned scores based on: 1) whether the aircraft had violated the FAA-recommended separation distance from
extreme convection; 2) the position of the aircraft relative to the thunderstorm; and 3) the number (0-7) of thunderstorm-free egress “pie slices! A risk exposure score, representing the

product of these three parameters, was assigned to one of four risk categories (column 8).

accident), substantially higher than the 14-23% cited for non-
thunderstorm-related general aviation mishaps.”?%*

The accident rate showed an initial increase (Fig. 2) from the
earliest (1996-2000) to the subsequent period (2001-2005).
However, this increase was not statistically significant per a
Poisson rate analysis (P = 0.083). Although a decrease was evi-
dent thereafter, again, however, using the initial period as refer-
ent, this difference was not statistically significant (P = 0.163).
Additionally, using the 2006-2010 period as referent, the appar-
ent reduction in accident rate for the most recent period was
also not statistically significant (P = 0.155). Note that 2014 was
chosen as the most recent year analyzed since the average time
to completion of an NTSB accident investigation is 13 mo.?
These data indicate that accidents related to convective activity
still continue to pose a hazard to general aviation operations.

In-Flight Decision-Making for Enroute Operations

Opver the period spanning November 1, 2016-June 8, 2017, 112
en route general aviation flights whose projected IFR route
intersected with extreme convection were captured. Regarding
thunderstorm circumnavigation, the majority (69%) of aircraft
did not observe the FAA-recommended separation distance
from extreme convection (Table II). Moreover, for aircraft

n=48

n=38
n=17

Thunderstorm-Related Accident Rate
(per 10 million fleet hours)
w

0 T T T T
1996-2000 2001-2005 2006-2010 2011-2014

Time Period

Fig. 2. Thunderstorm-related general aviation accident rate for the period
spanning 1996-2014; n: accident count.

violating the FAA-prescribed distance, 79% were located down-
wind of the thunderstorm—a region characterized as more
hazardous compared with the upwind sector.

In-Flight Decision-Making for Landing Aircraft

Over the identical period, 54 general aviation flights were iden-
tified whose projected arrival/landing coincided with extreme
convection within the FAA-recommended distance from the
airport. Of these, 45 (83%) aircraft landed, whereas the
remaining diverted to an alternate airport. For the aircraft
which elected to land, 93% operated in contravention with the
recommended distance prescribed by the FAA for extreme con-
vection (Table IT). Moreover, despite the potential for gust
fronts and windshear, of the landing aircraft violating the rec-
ommended distance from extreme convection, 69% arrived in
the path (downwind) of the advancing thunderstorm.

Risk Exposure for En Route and Landing Operations

An aggregate risk exposure was calculated for en route and
landing operations based on whether the recommended dis-
tance from extreme convection was compromised, aircraft
location relative to the thunderstorm, and the enumeration of
thunderstorm-free 45° egress segments (allowing airmen a
thunderstorm-free zone of airspace for egress). Based on a met-
ric of these parameters, over 40% of landings were character-
ized as high risk (Fig. 3) compared with one fifth for enroute
operations.

Importantly, only a modest proportion of general aviation
airmen exercised safe practices with respect to negotiating
extreme convection. Thus, 31% (en route) and 7% (landings) of
operations were categorized in the “None” risk category. Pro-
portion analysis (x* P < 0.001) indicated that airmen were
more likely to operate in a thunderstorm-associated high-risk
environment for the landing phase compared with en route
operations.

DISCUSSION

The study herein demonstrates an undiminished thunder-
storm-related general aviation accident rate over the last two
decades. Importantly, these types of mishaps carry a high
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Table Il. Summary of Aircraft Proximity and Location Relative to Extreme Convection.

EN ROUTE LANDED
AIRCRAFT < PRESCRIBED AIRCRAFT < PRESCRIBED

AIRCAFT DISTANCE FROM DISTANCE FROM EXTREME AIRCAFT DISTANCE FROM DISTANCE FROM EXTREME

EXTREME CONVECTION CONVECTION (N = 77), EXTREME CONVECTION (N = 45) CONVECTION (N = 42),
(N = 112) LESS THAN FAA- THUNDERSTORM LOCATED LESS THAN FAA- PRESCRIBED THUNDERSTORM LOCATED

PRESCRIBED DISTANCE UPWIND DISTANCE UPWIND
N % N % N % N %
77 69 61 79 42 93 29 69

Data collected over the 7-mo period for en route and landing aircraft are summarized; N: count.

fatality rate, ranging from 70% (in the current study) to 100%,%
well in excess of the 14-23% for nonweather related acci-
dents.”>?® With almost certainty, the unchecked thunderstorm-
related accident rate is likely due to a disregard (by design or
ignorance) by a subset of general aviation airmen of the FAA-
recommended separation distance from extreme convection
as well as selection of a route downwind of the approaching
thunderstorm.'®'?

A major question arising is why these recommendations are
not adhered to. Several possibilities, as discussed below, exist.
The first of these could reflect a limited understanding of thun-
derstorm hazards, as reported elsewhere.*’ A second possibility,
considering the increasing availability of onboard data-linked
weather, is data misinterpretation.>® A third plausible expla-
nation is human factors**®*” driving the decision-making
process.

As to a limited comprehension of thunderstorm dangers,
anecdotally, a not uncommon perception among general avia-
tion airmen is that visual separation from convective activity
suffices in keeping one out of the “hazard zone” However,
convective-induced turbulence may prevail some distance
from the thunderstorm and, importantly, in areas of low
radar reflectivity.>*’ Indeed, examples of thunderstorm-related

n=18
40 - _ —
BN Enroute n=d3
[ Landed (%)
n=35
7 n=13
= n=11
E S—_—
g n=23
<< 20 4
2
10 - n=11
n=3
0 .H T T T
None Low Medium High

Risk Category

Fig. 3. Summary of risk exposure for en route and landing operations. The per-
centage of flights within the binned risk exposure category is shown for each
phase of operation (en route and landing) over the 7-mo study period. For each
phase of operation, the percentage sum across the four risk categories equals
100. n: aircraft count. Risk exposure categories were determined as described in
Table I. Proportion analysis was with a 2 X 2 Chi-squared test (None/high risk vs.
en route/landing).

accidents illustrate this point. Reconstruction of two recent
general aviation thunderstorm-related fatal accidents (NTSB
CENI14FA300 and CEN15FA268)* demonstrated that in both
cases airmen were either visually navigating a route between
cloud build-ups or were operating in an area of light precipita-
tion. Control upset due to windshear and structural failure ulti-
mately led to these accidents.” As to thunderstorm hazards
relating to arriving aircraft, general aviation airmen may also be
unaware that automated surface observation systems® located
at the airport of intended landing are incapable of windshear
detection. In contrast, a low-level windshear detection system
and/or Doppler radar>*® are commonly installed at major
airports serving air carriers, not to mention the requirement
for comparable equipment on transport category aircraft.'®
Another misconception is that the 20-nmi prescribed limit sim-
ply reflects an arbitrary, conservative value chosen by the FAA.
However, this separation distance is rooted in sound scientific
observations. Eddy dissipation rate studies have demonstrated
that moderate or greater turbulence, generated by horizontally
propagating gravity waves, can be elevated over 20 nmi from
visible storms.?’

The current study did not evaluate the extent to which
onboard data-linked weather was used for weather circum-
navigation. However, the increased accessibility of NEXRAD
products (radar reflectivity, lightning strikes, echo tops) and
associated hardware, commonly with a distance measurement
scale, is well recognized for this aviation sector. Indeed, near
real-time weather (due to the ~6-min delay associated with
completion of multiple radar tilt angles) has proven efficacious
in improving weather awareness' for general aviation pilots,
albeit in a flight simulated environment. If indeed such weather
products were used, a second plausible explanation for the
infringement of the thunderstorm hazard zone could lie in the
inadequate interpretation of such data coupled with their inap-
propriate usage for tactical (rather than strategic) avoidance.®’
Conversely, the possibility that at least a subset of flights cap-
tured in the current study lacked weather data/equipage must
be entertained. The author is unaware of published data on
usage of onboard weather data by general aviation pilots. There-
fore, in instances where airmen lack such in-flight information,
estimating separation distances between aircraft and convective
weather could prove difficult. That said, en route air traffic con-
trol (ATC) are capable (all IFR operations are mandated to be in
communication with ATC) of providing at least a distance esti-
mate upon request.
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Human factors may also contribute to the decision of gen-
eral aviation airmen to violate the prescribed separation dis-
tance from extreme convection. In a web-based questionnaire
conducted by the FAA,** it was shown that risk-tolerant pilots
elected to navigate through increasingly shorter gaps between
two thunderstorms compared with their less risk-tolerant
counterparts. In addition, the opportunity for financial gain can
also weigh in on the decision of the general aviation pilot to
negotiate adverse weather.*® Finally, the disproportionate num-
ber of landing operations categorized as high risk compared
with those for the en route phase echoes previous findings
showing that airmen are more likely to complete a flight after
the midpoint.**’

This study was not without limitations. For example, only
IFR-general aviation traffic was studied, reflecting the flight-
tracking source (FlightAware®) not tracking visual flight
rules (VFR) operations. A second limitation was that pilots
who elected not to depart due to forecast convective weather
would have escaped capture in the present research. Third,
in a few cases airmen cancelled their IFR flight plan en route
and may have diverted under VFR to an airport unaffected
by thunderstorms, maintaining, at all times, a safety zone
per the FAA-recommended distance. Such cases were, there-
fore, lost (since FlightAware® does not track VFR aircraft).
The consequence of the latter in our analyses would be to
decrease the count of airmen who, in fact, were adhering to
the FAA-recommended distances, thereby artificially yield-
ing a higher percentage of aircraft infringing the hazard
zone. Fourth, the flight experience (total flight time) of the
airmen involved was not determined. This could be relevant
since a previous study reported that a higher flight time
increased the probability of an adverse weather encounter
(albeit VER to IFR),*® while a separate investigation identi-
fied greater experience as a risk factor for a fatal accident.”
Finally, the imprecise nature of radar (due to the time for a
single 360° sweep) in determining aircraft location necessi-
tated the inclusion of a margin of error, thus precluding an
analysis of varying distance from extreme convection as a
risk factor. However, such a study is warranted in the future
with a shift to the more precise satellite-based system for
U.S. air traffic control planned for the year 2020.

In conclusion, the overwhelming majority of general avia-
tion pilots operating in an IFR environment intrude into poten-
tially hazardous areas of extreme convection in contravention
to FAA-recommended separation distances. Such unsafe prac-
tices presumably are a major contributing factor to the undi-
minished thunderstorm-related general aviation accident rate
evident over the past two decades. These findings advocate the
wide dissemination of training courses on thunderstorm haz-
ards and avoidance strategies® for both the ab initio airman as
well as those engaged in recurrency training in geographical
areas prone to such adverse weather. Importantly, such training
should emphasize knowledge on the hazards of windshear and
the paucity of corresponding weather data relevant to arriving
and departing aircraft at the majority of airports serving gen-
eral aviation.
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