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Sharper eyes for a rougher sky: a theoretical perspective on how the
mathematics of perfectly matched layers support the prevention of
turbulence-related injuries to airline passengers and crew
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(Abstract h

Background: Turbulence is the leading cause of injury in commercial aviation, and the burden is expected to grow as
climate change strengthens the wind shears that generate it. Many such injuries, mostly fractures among cabin crew,
follow a potentially preventable sequence in which a hazard is not detected early enough for occupants to be secured.
Detection depends on airborne radar and remote-sensing instruments whose design is validated by simulation of
electromagnetic wave propagation, and the fidelity of that simulation depends on how faithfully the unbounded
atmosphere is represented on a finite grid. This theoretical viewpoint proposes that a specific tool for that truncation,
the perfectly matched layer, may be indirectly relevant to passenger and crew safety, and sets out the argument with
the underlying mathematics made explicit and accessible.

Methods: We present a self-contained account of the perfectly matched layer as a complex coordinate stretching of

reported.

aviation-medicine communities.

the governing wave equations. Using analytic continuation into complex coordinates, we derive its frequency-
independent attenuation and the stability, discretization and angular limits that bound its accuracy. The work is
theoretical: no human-subject data, clinical outcomes, new simulations or operational aviation-system validation are

Results: The framework shows why the layer is reflectionless in the continuous limit, why its absorption is frequency
independent, and precisely where it degrades. These are the properties that govern the accuracy of the sensor
simulations on which radar-based turbulence detection partly rests. We also outline a staged pathway for validation
against numerical benchmarks, realistic atmospheric data and existing detection methods.

Conclusion: Improved boundary treatment is not a clinical intervention, but may contribute upstream to more reliable
hazard detection; any reduction in injuries remains an untested hypothesis. We frame the idea, state its limits honestly,
including the radar-invisibility of clear-air turbulence, and invite collaboration between the wave-simulation and
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Background

Injury in commercial aviation is, to a first approximation, a
turbulence problem. National Transportation Safety Board data
for United States air carriers show that turbulence accounts for
the largest single share of accidents, more than a third of the total
across recent decades, and that most of these events produce one
or more serious injuries without any damage to the aircraft itself
[1]. The injured are disproportionately cabin crew, who are
unrestrained while performing their duties, but passengers who
are out of their seats or unbelted are also hurt, sometimes
severely, with fractures, head injuries and spinal trauma the
characteristic pattern [1,2]. The clinical definition of a serious
injury in this setting is not trivial: hospitalization beyond forty-
eight hours, fracture, internal organ involvement or severe soft-
tissue damage [1]. These are real harms to real people, and they
are concentrated in a hazard that is, in principle, partly
foreseeable. An analysis of National Transportation Safety Board
reports for United States commercial flights from 2008 to 2023
identified 136 turbulence accidents with 143 serious and 218
minor injuries; flight attendants were injured in 92.6% of these
accidents, most events occurred en-route, and the commonest
specified injuries were ankle fractures, leg fractures and spinal
injuries [2]. Hospital data tell a similar story: in a series of 43
crew members and passengers treated after eight turbulence
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encounters, nearly two-thirds had multiple injuries, extremity
and head injuries predominated, about half were admitted and
about a quarter required surgery [3]. Turbulence can also be fatal.
On 21 May 2024, a Boeing 777 operating Singapore Airlines
flight SQ321 over southern Myanmar, probably above an area of
developing convective activity, recorded a change in vertical
acceleration from +1.35 g to —1.5 g within 0.6 s and an altitude
loss of 54 m (178 ft) within 4.6 s; one passenger died and many
occupants were injured [4]. Beyond physical trauma, severe
encounters can precipitate acute stress reactions and post-
traumatic stress disorder, with implications for the fitness of crew
to fly and for the wellbeing of passengers [5]. Turbulence injury
is therefore at once a trauma-care, occupational-health and
public-health problem, and turbulence encounters were the most
frequent category of accident in global scheduled commercial
aviation in 2023 [6]. For a journal concerned with health, the
question of whether such injuries can be anticipated and
prevented is a natural one. Two features make this an unusually
tractable target for prevention. First, the mechanism of injury is
almost always the same, an unrestrained body accelerated against
a fixed cabin structure, so that the single protective act of being
seated and belted removes most of the risk [1,7]. In the National
Transportation Safety Board review of United States air carrier
accidents from 2009 to 2018, only one of 123 seriously injured
passengers was documented as wearing a seatbelt, and pilot
associations continue to advise that passengers keep their
secatbelts fastened whenever seated [1,8]. Second, the protective
act requires warning: the crew must know, with enough lead
time, that rough air is coming, so that the cabin can be secured.
The prevention problem is therefore in large part a detection-and-
warning problem, and detection is where physics and
mathematics enter the clinical story. In the terms of injury
prevention, detection and warning act before the injury event,
restraint acts during it, and trauma care acts after it; the argument
developed here concerns only the first of these. The burden is not
static. A consistent body of atmospheric-science evidence
indicates that anthropogenic climate change is strengthening the
vertical wind shear in the jet streams at cruising altitude, and that
the airspace volume containing clear-air turbulence is projected
to grow substantially over the coming decades [9,10]. Reanalysis
data indicate that this change is already under way: over the
North Atlantic, the annual duration of severe-or-greater clear-air
turbulence at a typical cruising level increased by an estimated
55% between 1979 and 2020 [11], climate models reproduce
reanalysis-based turbulence diagnostics with useful skill [12],
and projections suggest that mountain-wave and near-cloud
turbulence, not only clear-air turbulence, will become more
frequent in a warmer climate [13]. If the hazard is increasing
while the cabin countermeasure remains the same belt it has
always been, then the value of earlier and more reliable detection
rises correspondingly. It is against this background that we make
an argument that will at first seem remote from medicine: that an
abstract technique from computational wave physics, the
perfectly matched layer, may belong among the distal, upstream
factors that influence turbulence-injury risk, and that its
mathematical properties are worth understanding by anyone
interested in why detection sometimes fails. The chain of
reasoning is as follows. Convective turbulence and the wind-
shear signatures associated with some turbulences are detected,
when they are detected, by airborne weather radar and by remote-

sensing instruments. Current practice combines several
complementary sources: turbulence forecasts derived from
numerical weather prediction, increasingly enhanced by
machine-learning methods trained on automated eddy dissipation
rate reports from aircraft [14,15]; pilot and automated in situ
reports; airborne weather radar for convective hazards; and, still
at the research and flight-test stage, forward-looking Doppler
lidar intended to sense clear-air turbulence ahead of the aircraft
[16]. These instruments are designed, sited on the airframe, and
their performance predicted, using simulations of how
electromagnetic waves propagate, scatter and return [17,18].
Such simulations must represent an effectively infinite
atmosphere inside a finite computer, which requires that the
artificial edge of the simulated region absorb outgoing waves
without reflecting spurious energy back into the scene. A
boundary that reflects even weakly corrupts the very quantities,
the returned signal, the antenna pattern, the detectable range, that
determine whether a hazardous cell is painted on the display in
time. The perfectly matched layer is the mathematical
construction that makes that boundary, in the ideal case, perfectly
absorbing [17]. Its guarantees, and its limits, may therefore
propagate, through several intermediate steps that have not yet
been quantified, to the reliability of the warning that protects a
passenger. We now make those guarantees precise, and

afterwards return to what they do, and do not, imply for safety.

Novelty, scope and objectives

The perfectly matched layer is a mature technique, and the
derivation below follows established expositions [17,19]. What
is new is the explicit interdisciplinary linkage: to our knowledge,
the properties of absorbing boundaries have not previously been
placed within the causal chain that runs from sensor simulation
to turbulence warning and, potentially, to occupant injury, nor
have they been presented in a form intended for readers in
aviation medicine and injury prevention. The article is a
theoretical and conceptual viewpoint. It reports no human-
subject data, no clinical outcomes, no new numerical simulations
and no validation within an operational aviation system, and any
benefit for turbulence detection or injury prevention discussed
below is a potential application to be tested, not a demonstrated
outcome. Its objectives are threefold: to set out the relevant
mathematics accessibly; to state precisely where the guarantees
of the method fail; and to propose how the hypothesized link to
injury prevention could be validated before any operational or
health benefit is claimed.

Methods

Study Design

This is a theoretical, conceptual and mathematical viewpoint. No
human participants, human data or animals were involved, and
no experimental or clinical results are reported or implied. The
mathematics below is a self-contained account of the perfectly
matched layer as a complex coordinate stretching; it draws only
on results already established in the physics and numerical-
analysis literature, which are cited, and follows in particular the
complex-coordinate exposition of Johnson [17]. Readers without
a background in applied mathematics may wish to read the plain-
language overview below and Table 1 first; the technical
subsections can be skipped without losing the main argument.



Plain-language overview

A computer can simulate only a finite piece of the sky, so any
simulation of a radar signal must stop somewhere. If the edge of
the simulated region behaved like a wall, outgoing waves would
bounce off it and return as false echoes, much as sound echoes in
an empty room. A perfectly matched layer is a thin artificial
border, wrapped around the simulated region, that soaks up
outgoing waves without creating such echoes, rather like the
sound-absorbing foam that lines an acoustic test chamber. The
mathematics below explains why such a border can, in principle,
absorb waves of every frequency and direction without reflecting
them and, equally importantly, the practical conditions under
which this ideal is lost. The symbols used are few: u and v are
the wave fields, a and b describe the medium, k is the spatial
frequency of the wave (its propagation constant), @ its temporal
(angular) frequency, ox the strength of absorption inside the
layer, and 0 the angle at which a wave strikes the boundary.

The wave equation and its abstract form

The prototype is the source-free scalar wave equation, V-(aVu) =
b *u/ot?, for a possibly inhomogeneous medium, with local
phase velocity ¢ = V(ab); for lossless propagation a and b are real
and positive. It is convenient to split this second-order equation
into two coupled first-order equations by introducing an auxiliary
field v, so that ou/0t =bV-v and ov/ot = aVu. Collecting the fields
into a state vector w, the system takes the abstract form ow/ot =
Dw. The property that makes this a wave equation is that D is
anti-Hermitian under an appropriate inner product, which is what
produces oscillatory solutions and conservation of energy.
Maxwell's equations for electromagnetism, the elastodynamic
equations, and the Schrédinger equation can all be written in this
same abstract form [17,19], so the construction that follows
applies to radar and to any other wave sensor equally.

Radiating solutions

Far from the region of interest, where the medium is
homogeneous and unchanging along the truncation direction,
radiating solutions decompose into plane waves whose
dependence on the truncation coordinate x is the complex
exponential exp(ikx). The essential point is that this dependence
is an analytic function of x. For energy carried outward the group
velocity is positive, and in ordinary media the phase velocity
shares its sign, so the propagation constant k may be taken

positive.

Analytic continuation into complex coordinates

Because exp(ikx) is analytic, it may be evaluated at complex
values of x. If beyond some plane the coordinate is given a
positive imaginary part that grows with distance, the exponential
separates as exp(ik Rex)-exp(—k Imx), so the field decays
exponentially exactly as though it had entered an absorbing
material. Crucially, in the interior, where x remains real, the
solution is unchanged. The medium is therefore not merely
absorbing but reflectionless: interior and exterior are two
evaluations of a single analytic function, and where the contour
is the real axis, the solution cannot differ from the original. The
continued field satisfies the same differential equation, since in
the truncation region the equation is invariant along x and the
derivative of an analytic function is independent of direction in
the complex plane.

The stretch factor and its material meaning

Solving along a complex contour is inconvenient, so we change
variables back to the real part. This stretched-coordinate
interpretation of the layer is developed in detail by Johnson [17].
Writing the contour as X = x + if(x), every derivative along it
becomes the ordinary derivative divided by a stretch factor s, =
1 + icJ/m, where oy is an absorption profile and ® the angular
frequency. Where oy is positive the oscillatory solution decays;
where it is zero the equation and its solution are unchanged and
there is no reflection. In the scalar equation this stretch factor
enters as an effective anisotropic complex material, and for
Maxwell's equations it is a theorem that any coordinate
transformation is equivalent to the untransformed equations with
modified permittivity € and permeability p tensors [17]; the
uniaxial perfectly matched layer used in most radar solvers is
exactly this coordinate stretch absorbed into material tensors
[17,18].

Frequency independence

The division of o, by ® is deliberate. Under the substitution the
wave acquires a decay governed by the ratio k/m, the reciprocal
of the phase velocity; in a dispersionless medium this is fixed, so
every wavelength is absorbed at the same rate. Had ® been
omitted, short wavelengths would be absorbed faster than long
ones and the layer would be spectrally biased, which matters
because weather radar and wind-shear sensors operate over finite
but non-negligible bandwidths.

Time-domain implementation and stability

In the frequency domain the layer is applied simply by dividing
each relevant derivative by its stretch factor. In the time domain
the frequency dependence of s, is handled, in one dimension
trivially and in higher dimensions through an auxiliary
differential equation that introduces a further field to represent
the required integration in time [18]. A well-posed stability
analysis of the resulting system, ensuring that the auxiliary
equations introduce no growing modes, is a precondition for any
use on which safety depends [19].

Limits of the construction

Two limits bound what the layer achieves. First, exactness holds
only for the continuous equations; once discretised onto a grid
the interface is no longer perfectly reflectionless, and residual
reflection appears. This is controlled by turning the absorption on
gradually, so that an adiabatic argument drives the reflection
down, and by refining the grid [17]. Second, the attenuation
scales as k cos 0, where 0 is the angle of incidence, so absorption
weakens toward glancing incidence; when radiation originates in
a bounded region the incidence angle at a distant boundary is
capped and the layer can be made thick enough to absorb the
admitted cone [17]. The construction also fails where the medium
varies along the truncation direction, since analytic continuation
then has no basis [17], although rigorous convergence analysis
has recently been extended to some non-uniform configurations,
such as wave scattering by step-like surfaces [20]. These are not
incidental caveats; they define the conditions under which the
mathematics may responsibly be relied upon.



Results

The framework yields five results of a purely mathematical
character, none of them experimental or clinical. We state each
as a proposition, give the relation on which it rests, and note its
bearing on the fidelity of the sensor simulations discussed above.
Throughout, o, denotes the absorption profile, @ the angular
frequency, k the propagation constant along the truncation
coordinate, and 0 the angle of incidence measured from the
boundary normal.

Result 1: Reflectionlessness in the continuous limit

Under the complex stretch 6/0x — s, 0/0x with s, =1 +iox(x)/0,
a right-going solution exp(ikx) of the untransformed equation is
carried to exp(ikx)-exp[—(K/®)fo* ox(x) dx']. Where o, = 0 the
exponent vanishes and the field is pointwise identical to the
original; where ox > 0 it decays. The interface reflection
coefficient is therefore exactly zero for every frequency, every
angle and every polarisation, independent of the profile 6x(x) and
even for a discontinuous jump in oyx. The property is a
consequence of analytic continuation alone: interior and layer are
two evaluations of one analytic function that agree on the real
axis, so no special impedance-matching of a physical material is
invoked. For sensing, this establishes that the truncation itself
contributes no spurious return; any residual reflection in a
computed radar scene must originate in discretisation (Result 4),
not in the continuous construction.

Result 2: Frequency-independent attenuation

The round-trip amplitude transmission through a layer of
thickness d backed by a perfect reflector is R = exp[—2(k/@)Jo
ox dx']. Writing k/o = 1/cy, the reciprocal of the phase velocity
along the truncation coordinate, the attenuation exponent is
—2¢, o 6, dx’, which contains no explicit factor of . In a
dispersionless medium cy is constant, so all spectral components
are attenuated equally; had the stretch been defined without the
1/o factor, the exponent would scale with k = w/cx and short
wavelengths would be absorbed preferentially. Because weather
radar and wind-shear sensors occupy finite bandwidths, a
spectrally flat absorber is a precondition for the simulated return
to preserve the shape of a broadband waveform; Result 2 is what
guarantees it.

Result 3: Equivalence of the split-field and uniaxial
formulations

Absorbing the stretch into the constitutive relations rather than
the derivatives replaces the scalar coefficient a by an anisotropic
tensor whose diagonal entries carry reciprocal stretch factors, of
the form diag(s«', sx, Sx) up to the transverse convention, while b
acquires the scalar factor s,. This is the uniaxial (UPML)
medium; Berenger's split-field system is the same operator
written in characteristic variables. The two are thus not
competing schemes but two coordinate readings of a single map,
a correspondence that follows for Maxwell's equations from the
transformation-optics theorem that any coordinate change is
equivalent to modified € and p tensors [17,19]. Practically, this
shows that the anisotropic complex materials coded into
[17,18]
reflectionlessness of Result 1 and the spectral flatness of Result
2.

production radar solvers inherit, verbatim, the

Result 4: Loss and adiabatic recovery of exactness under
discretisation

On a grid of spacing h the continuous dispersion relation is
replaced by its discrete counterpart, and the layer interface
acquires a non-zero numerical reflection because the discrete and
continuous operators no longer share the same analytic solution.
Two independent controls drive this residual toward zero. First,
grading the profile so that o«(x) rises smoothly from zero,
typically as a quadratic or cubic polynomial across the layer,
makes the medium slowly varying on the scale of a wavelength;
an adiabatic argument then bounds the reflection, which falls
monotonically as the transition is lengthened [17]. Second,
refining h brings the discrete operator toward the continuous one,
so the reflection of Result 1 is recovered in the limit h — 0. The
consequence for sensing is quantitative rather than qualitative:
achievable boundary accuracy is set by mesh resolution and layer
grading, both of which are design parameters under the
modeller's control, so a target reflection floor for a given radar
simulation is attainable at known computational cost.

Result 5: Angular degradation at glancing incidence and its
bounded regime

For a plane wave incident at angle 0, the relevant propagation
constant is the normal component ky = k cos 0, so the attenuation
exponent of Result 2 scales as cos 6 and vanishes as 6 — 90°:
absorption fails at grazing incidence, and near-glancing
components suffer the largest round-trip reflection for a fixed
thickness. The regime is nonetheless bounded in the geometry of
interest. When all radiation emanates from a compact interior
region, the incidence angle at a boundary receding to distance L
is capped, and for a cubic computational domain the worst-case
angle striking any face approaches cos'(1/¥3) = 55° as L grows,
so cos 0 is bounded below and a finite layer thickness suffices to
absorb the entire admitted cone [17]. This delimits precisely the
configurations in which a sensor simulation can be trusted and
those (near-grazing structure, obliquely truncated features) in
which it cannot. Taken together, results 1 to 5 characterize both
the guarantees and the failure boundaries of the construction in
closed form. Results 1 to 3 establish that, in the continuous
setting, the truncation is exact, spectrally flat, and identical across
the formulations used in practice; Results 4 and 5 quantify the
two mechanisms, discretisation and grazing incidence, by which
that exactness is eroded and the conditions under which it is
effectively restored. All five are established consequences of the
underlying theory; the contribution here is their unified
derivation from a single coordinate map and their explicit
placement within the chain of reasoning that connects boundary
fidelity to the
hypothetically and as yet untested, to occupant injury. Table 1
restates the five results in plain language. No numerical

reliability of turbulence warning, and,

simulation, field measurement or clinical outcome is reported,
and none of the five results by itself demonstrates an
improvement in turbulence detection.



Table 1. Plain-language summary of the five mathematical results, their relevance to sensor simulation and their main caveats.

Result Plain-language meaning

Relevance to sensor simulation

Main caveat

the
mathematics, the absorbing border

1. Reflectionlessness In idealized  (continuous)

The border itself adds no spurious return

to a simulated radar scene.

Holds the

equations are placed on a computer

exactly only before

appears, but it can be made as small as
desired with a finer grid and a gradual
border.

controllable design choice with a known

computational cost.

produces no false echo at all. grid.

2. Frequency independence | Waves of all frequencies are absorbed | Broadband radar pulses are not distorted | Assumes a medium  without
at the same rate. by the border. dispersion.

3. Equivalent formulations Two common ways of programming | Results 1 and 2 carry over to the | Requires a correct and stable
the border are the same method written | formulations used in practical radar | implementation.
differently. solvers.

4. Discretisation On a computer grid a small false echo | Boundary = accuracy  becomes a | Finer grids and thicker borders

increase computing time.

the

shallow angles are absorbed poorly.

5. Glancing incidence Waves skimming border at

Identifies simulation geometries that can
and cannot be trusted.

The border must be thick enough, or
far enough away, to cover the
expected range of angles.

The results are theoretical properties of the absorbing boundary; they are not measurements of sensor performance or of injury outcome

Discussion

The claim of this viewpoint is deliberately modest and, we hope,
defensible. Improved boundary treatment in a wave solver is not
a clinical intervention and does not by itself prevent a single
injury. What it can do is raise the fidelity of the simulations used
to design and evaluate the sensors that provide warning, and
warning is the hinge on which turbulence-injury prevention
turns. Because the injury mechanism is so consistent, an
unrestrained body meeting a fixed structure, and because the
countermeasure is so simple, being seated and belted, the
marginal value of detecting a hazard a little earlier or a little more
reliably is unusually high in this domain [1,7]. Mathematics that
makes sensor simulation more trustworthy could therefore, at one
remove, contribute to passenger and crew safety, although the
size of any such contribution is unknown. Several qualifications
are essential, and stating them plainly is part of the argument
rather than a retreat from it. The most important is that a large
and growing share of the turbulence that injures people is clear-
air turbulence, which produces no significant radar return and
cannot be detected by conventional weather radar at all [9]; for
this hazard the relevant instruments are forecasting models and
forward-looking optical techniques such as LIDAR [14,16], and
no improvement in electromagnetic boundary treatment will
make invisible air visible. In the National Transportation Safety
Board analysis, convective turbulence accounted for 57% and
clear-air turbulence for 28% of turbulence injuries [1,8], so the
share of the hazard that radar can in principle address is
substantial but far from complete. The honest scope of the
present argument is therefore the radar-detectable portion of the
hazard, principally convective turbulence and certain wind-shear
signatures, together with any optical or radio sensor whose
design is itself validated by wave simulation. Within that scope,
the recurring finding in accident investigations, that a convective
cell was not painted as a significant return until too late, is
precisely the kind of failure that higher-fidelity sensor and
propagation modelling might help to reduce, although no such
effect has yet been demonstrated. A second qualification is that
the perfectly matched layer inherits the limits derived above: it is
exact only in the continuous limit, weakens at glancing
incidence, requires a stable time-domain implementation, and

fails in media that vary along the truncation direction [17,19].
Any safety-relevant claim must be verified against these limits
and against recognized aviation certification standards, not
assumed from the mathematics. A third is that detection is only

one link

in a longer chain that

includes forecasting,

dissemination, crew procedure and the passenger's own choice to
remain belted; the National Transportation Safety Board has
repeatedly emphasized these operational and human factors [1],
and better sensing complements rather than replaces them. With

those qualifications in place, the constructive proposal is simply
that the wave-simulation community and the aviation-medicine

community have more to say to one another than either currently

supposes. The mathematics of reflectionless truncation is mature

and general; the epidemiology of turbulence injury is well

characterized and, unusually, points to a single dominant and

partly detectable hazard with a single simple countermeasure
[1,2]. Bringing the two together, so that improvements in
simulation fidelity are evaluated explicitly in terms of their
contribution to timely warning and thence to injury reduction,
seems to us a worthwhile and largely unexplored idea. The staged
approach outlined below offers one way of testing it.

Pathway to validation

Because the link between boundary treatment and injury
prevention is hypothesized rather than demonstrated, we propose
that it be tested in four sequential stages, each of which must
succeed before the next becomes meaningful and before any
operational or injury-prevention benefit is claimed.

Stage 1, numerical benchmarks: An implementation should first

reproduce problems with known answers: the analytical
reflection coefficient of Results 1 and 2 in one dimension; the

convergence of residual reflection with grid spacing and profile
grading predicted by Result 4, using established adiabatic-

absorber benchmarks [17];

long-time

stability tests for

anisotropic and dispersive media [19]; and grazing-incidence test
cases [17]. Results should be compared with independently
developed solvers and with large-domain reference solutions in
which the boundary is placed so far away that its reflections
cannot reach the region of interest within the simulated time

[18,19].




Stage 2, realistic atmospheric scenes: Simulated radar returns
should then be computed for realistic three-dimensional fields of
reflectivity, wind and turbulence intensity taken from high-
resolution numerical weather prediction or reanalysis, including
documented convective encounters such as that of flight SQ321
[4], and compared quantitatively with simulations that use
conventional absorbing boundaries. Appropriate outcome
measures are the error in the simulated returned power and
Doppler spectrum width, the modelled detection range for
hazardous cells and the computational cost.

Stage 3, comparison with existing detection methods: Any
improvement in simulated sensor performance should be
assessed against what operational systems already achieve, using
automated in situ eddy dissipation rate reports from aircraft as
ground truth [14] and comparing the probability of detection,
false-alarm ratio and warning lead time with those of current
airborne radar turbulence algorithms, forecast products,
including machine-learning forecasts [14,15], and experimental
lidar systems [16].

Stage 4, operational and injury outcomes: Only if the earlier
stages show a meaningful gain in warning lead time or reliability
would it be appropriate to examine operational and health
outcomes, for example the interval between hazard detection and
illumination of the seatbelt sign, and turbulence injury rates per
departure derived from National Transportation Safety Board
and airline safety data [1,2]. Such studies would need to account
for confounding by crew procedures, route and season, and for

the long-term rise in turbulence frequency [11].

Limitations of study

This work has important limitations. First, it is theoretical and
conceptual: it contains no human-subject data, no clinical or
injury outcome data, no new numerical simulations and no
validation within an operational aviation system, so its
conclusions are hypotheses rather than findings. Second, the
causal chain from boundary fidelity to sensor design, to warning,
to cabin preparation and finally to injury has several intermediate
links, none of which has been quantified for this purpose; in
practice, the contribution of absorbing-boundary errors to overall
detection performance may be small compared with other
sources of error, such as sensor physics, signal processing,
atmospheric variability and human factors. Third, clear-air
turbulence, which accounts for a substantial share of injuries, lies
beyond the reach of radar and is addressed here only insofar as
optical or other sensors are themselves designed with the help of
wave simulation. Fourth, the mathematical results are established
ones, and their applicability depends on the assumptions stated
in the Methods, notably a medium that is uniform along the
truncation direction, adequate grid resolution and a stable
implementation. Finally, studies linking turbulence detection to
injury outcomes remain scarce, which limits the extent to which
any upstream improvement can currently be translated into an
estimate of injuries prevented.

Conclusion

Turbulence is the principal cause of injury in commercial
aviation, its burden is projected to grow, and the injuries it causes
are, for the detectable portion of the hazard, potentially
preventable given timely warning. Warning depends on sensors
whose design rests on wave simulation, and the fidelity of that

simulation rests in part on how the unbounded atmosphere is
truncated onto a finite grid. We have set out, with the
mathematics made explicit, why the perfectly matched layer
provides a principled and in the ideal case perfect solution to that
truncation, and precisely where it does not. We do not claim a
measured reduction in injury, and we are explicit that clear-air
turbulence lies outside the reach of radar and hence of this
argument. What we do claim is that the mathematical soundness
of the absorbing boundary is a plausible, if distant and as yet
unquantified, upstream influence on how reliably a hazard is
seen, and therefore potentially on the health and safety of those
on board. This proposition requires the staged validation
described above before any benefit for turbulence detection or
injury prevention can be claimed. We offer the idea in the hope
of prompting collaboration across the disciplines it spans.

Abbreviation

CAT: Clear-Air Turbulence; LIDAR: Light Detection and
Ranging; NTSB: National Transportation Safety Board; PML:
Perfectly Matched Layer; UPML: Uniaxial Perfectly Matched
Layer.
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