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Abstract—This third installment of a three-part series explores
the engineering implementation of lightning protection systems
(LPS) for spaceports and launch complexes. It builds upon the
historical failures and standards analysis presented in Parts I
and II, providing a comparative evaluation of common LPS con-
figurations such as catenary wire systems with insulated masts,
metallic pole structures, and integrated umbilical tower systems.
Case-specific considerations are also examined, including pro-
tection for hypergolic fuel storage, electromagnetic interference
(EMI) control, and site-specific environmental and infrastructure
constraints.

The paper further addresses how expanding spaceport op-
erations and evolving architectural demands—driven by in-
creased commercial participation and national security mis-
sions—necessitate adaptable and risk-informed LPS designs.
These adaptations are especially relevant in light of the 2025
Space Threat Fact Sheet, which underscores the strategic vulner-
ability of U.S. launch infrastructure. The paper concludes with
recommendations to enhance resilience, including independent
inspections, transient modeling, and proactive LPS maintenance,
in support of continued mission assurance.

Index Terms—Lightning protection, Launch pad design, Cate-
nary wires, Infrastructure resilience, Spaceport engineering, Um-
bilical towers, Electromagnetic interference (EMI), Hypergolic
protection, Lightning transients, Spaceflight safety.

I. INTRODUCTION

This paper is the third and final installment in a three-part

series on lightning protection systems (LPS) for spaceports and

launch complexes. Part I reviewed historical lightning-related

launch failures and the physical mechanisms of triggered

lightning. Part II focused on regulatory frameworks, technical

standards, and maintenance challenges associated with LPS

enforcement. This final part focuses on engineering applica-

tions, offering practical design comparisons and insights for

evolving spaceports.

II. LPS FOR LAUNCH PADS AND SPACEPORTS

Designing a lightning protection system (LPS) for a launch

pad requires careful evaluation of multiple variables. The

optimal solution is not universal but depends on a combination

of environmental, operational, and technical factors, including:

1) Geography and lightning density – Sites with high

ground flash density (e.g., Kennedy Space Center) re-

quire more extensive LPS compared to locations with

predictable weather windows and lower lightning activ-

ity (e.g., Vandenberg Space Force Station).

2) Electromagnetic interference (EMI) sensitivity – Vehi-

cles with highly sensitive avionics or long umbilicals

are more vulnerable to induced transients, necessitating

better shielding and grounding strategies. The LPS must

be designed to ensure that the vehicle and payload are

not exposed to EMI exceeding their design or qualifica-

tion thresholds.

3) Economic and risk considerations – The cost of LPS

implementation must be weighed against potential finan-

cial losses from mission delays, vehicle damage, payload

loss, or launch scrubs due to lightning-related concerns.

4) Launch availability and cadence – A higher launch

cadence increases the exposure of vehicles at the launch

pad, raising their lightning exposure. Frequent launches

also limit the time available for post-lightning inspec-

tions, making a more reliable LPS configuration critical.

If the LPS is inadequate, lightning-related incidents can

negatively impact the launch schedule and create an

operational backlog.

5) Vehicle stay duration at the pad – Rockets that remain

at the pad for extended periods (e.g., days or weeks)

require more robust protection than those moved from a

protected hangar just before launch. Lightning risk ex-

posure increases with vehicle height, as taller structures

have a larger lightning collection area.

6) Vehicle launch trajectory – The LPS must be designed

so that it does not interfere with the vehicle’s trajectory

under all potential launch weather conditions.

Given these considerations, different launch complexes

adopt different LPS strategies. However, the lack of en-

forceable regulatory standards results in inconsistent protec-

tion across commercial spaceports. Some companies rely on

minimum compliance, while others, like NASA , implement
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highly engineered solutions to mitigate risks. The following

sections analyze the most common LPS configurations and

their respective trade-offs.

The placement of lightning protection towers is often dic-

tated by underground infrastructure constraints rather than

electromagnetic analysis. Taller LPS towers increase the prob-

ability of lightning attachment, but greater tower distance

reduces electromagnetic coupling while increasing vehicle

exposure. Given the absence of prescriptive requirements

and enforceable standards, spaceport operators have various

options when designing their LPS.

For horizontal launch systems, where the vehicle and pay-

load remain in a lightning-protected hangar until minutes

before launch, procedural lightning protection may suffice,

and no additional LPS may be required—assuming LLCC is

not a concern and vehicles can wait for favorable weather

conditions. Similarly, launch pads located in regions where

thunderstorms are rare and predictable (e.g., Vandenberg Space

Force Station, California) may not require an extensive light-

ning protection system. Ultimately, LPS design must balance

known risk factors and uncertainties, selecting the solution that

maximizes protection while minimizing operational risks and

costs .

In the past, alternative LPS concepts have been explored,

including balloons with conductive tethers, cranes positioned

atop vehicles, triggered lightning techniques to discharge

clouds, and procedural controls . However, these methods

present significant drawbacks :

• Conductive balloons – Strong winds during thunder-

storms may prevent them from remaining in the required

position.

• Cranes atop vehicles – Cranes may need to be lowered

during strong winds, negating their effectiveness as part

of the LPS.

• Airborne triggered lightning systems – Equipment used

to trigger lightning discharges could pose a collision risk

to the vehicle and payload. Triggered lightning does not

eliminate the occurrence of natural lightning.

Ultimately, selecting an LPS for a launch complex requires

a delicate balance between costs, benefits, and operational

constraints. The final decision must integrate technical feasi-

bility, reliability, and mission safety requirements to ensure an

optimal solution tailored to each spaceport’s unique conditions.

This is achieved through advanced lightning risk assessments,

which evaluate all relevant factors to determine the most

effective protection strategy.

Among available LPS options, the catenary wire system

with insulating masts remains the gold standard for launch

complexes, with extensive validation at Kennedy Space Center

(KSC) and Cape Canaveral Space Force Station (CCSFS) [2].

Unlike traditional metallic pole systems, which allow lightning

currents to flow through tower structures, insulated masts

prevent direct current conduction, significantly reducing elec-

tromagnetic interference (EMI) exposure to launch vehicles

and payloads.

A. Catenary Wire System with Insulating Masts

The most effective lightning protection system for launch

pads is a catenary wire system with insulating masts. This

configuration has been extensively used at NASA’s KSC,

CCSFS, and other major launch facilities worldwide due

to its effectiveness in protecting and shielding the launch

vehicle, payload, and the surrounding infrastructure. Unlike

earlier designs, modern launch complexes like LC-39B utilize

a catenary wire system with insulating masts to reduce EMI

exposure and provide comprehensive protection. This is illus-

trated in Figure 1, which shows the three lightning protection

towers with insulating masts at LC-39B [15].

Fig. 1. Image of the Lightning Protection System (LPS) at LC-39B as seen in
September 2022, showing three tall towers with insulating masts supporting
a catenary wire system. The design effectively intercepts lightning strikes
while minimizing electromagnetic interference (EMI) to the launch vehicle
and ground support equipment.

The system consists of metallic towers with tall insulating

masts on the top, often made of fiber reinforced plastic

(FRP), that support overhead catenary wires made of stainless

steel. These wires span above the vehicle and pad structures,

intercepting lightning strikes and safely directing the current

to ground away from the launch pad. The insulating masts pre-

vent the direct conduction of lightning current down the tower

and other pad structures, reducing electromagnetic interference

(EMI) effects on sensitive avionics and payload electronics.

This solution provides flexibility on the location of the towers,

since the catenary wires can be configured to minimize EMI

if there are constraints on the placement of the towers.

A key advantage of this system is that it offers superior

protection not just to the vehicle but also to the launch

pad surface. This design can create areas underneath where

personnel may safely continue work during thunderstorms, a

feature determined through lightning risk assessments. The

system also provides significant control over the lightning

electromagnetic environment (LEME) in the area where the

vehicle and payload are located, ensuring that EMI is min-

imized. However, the system requires precise engineering,



significant installation costs, and careful placement to avoid

interference with operational requirements.

B. Metallic Poles With Catenary Wires

This solution involves the use of conductive towers with

catenary wires interconnecting the top of the towers. This

configuration is used at the Soyuz launching pad (ZLS) in

Guyana. The main difference between this approach and

the previously described LPS with insulating masts, catenary

wires, and downconductors, is that the lightning currents will

distribute among the towers and flow to ground through the

towers, creating horizontal magnetic field components that

couple with the vehicle and its umbilicals, increasing the EMI

exposure to the vehicle and payload. Note that to date, the

authors are not aware of a launch pad that uses electrically

conductive towers with catenary wires and downconductors,

but such a solution would further reduce E- and B-field

exposure to the vehicle and payload, though still less effective

than LPS with insulating masts.
This configuration, depending on its design, can reduce

the electric and magnetic field exposure to the vehicle and

payload, when compared to the stand alone metallic pole LPS

described next.

C. Stand Alone Metallic Poles

Some launch providers opt for a protection system based

on metallic poles, strategically placed around the launch pad

using the rolling sphere method. This approach creates zones

of protection by ensuring that lightning is more likely to strike

the poles than the vehicle.

Fig. 2. The Lightning Protection System (LPS) at Launch Pad-0A, Wallops
Flight Facility (Goddard Space Flight Center, Virginia, USA). The system
consists of four standalone metallic towers designed to serve as primary
lightning attachment points. Unlike catenary wire systems, this configuration
does not provide overhead shielding and results in higher electromagnetic
interference (EMI) exposure to the vehicle and payload. Image credit: Virginia
Spaceport Authority.

This system is currently used at Launch Pad-0A, Wallops

Flight Facility (Goddard Space Flight Center, Virginia, USA)
An example of this type of system can be seen in Figure 2,

at Wallops Flight Facility. However, it presents several limita-

tions:

• No shielding for the launch pad surface – Unlike catenary

wire systems, stand-alone poles do not create a covered

protective zone, leaving pad infrastructure and personnel

at risk.

• Higher electromagnetic interference (EMI) risks – With-

out overhead catenary wires to channel lightning away

from the pad, more energy is deposited near the launch

vehicle, increasing the likelihood of induced voltages on

umbilicals and avionics.

• Direct strike exposure to ground assets – Lightning

currents from a strike to a metallic pole must travel

through ground conductors, increasing the risk of poten-

tial differences that can cause unexpected current surges

in connected systems.

A potential improvement to this system is the addition

of downconductors to better distribute current and reduce

induced transients. However, this does not mitigate the lack

of shielding, making it a less effective option compared to

catenary wire systems with insulating masts.

This system has a lower installation cost and is simpler

to maintain than a catenary wire system, although it may

expose hardware, such as electrical and mechanical systems

(e.g. FAA lights) to increased risks of direct lightning strikes.

The absence of overhead wires avoids obstructions to cranes

and launchers, but increases lightning risk at the pad surface.

The EMI exposure is also much higher compared to a catenary

wire system, as the metallic poles conduct lightning currents

directly into the ground near the launch pad or the launch pad

itself.

A variant of this system may be adding downconductors to

allow for some of the lightning current from a direct strike to

a tower to flow away from the vehicle and payload.

D. Conductive Poles with Guy Wires

Another potential option is using poles with guy wires to

form the lightning protection system. This method functions

similarly to stand-alone metallic poles, with the poles acting

as preferential lightning attachment points. However, the pres-

ence of guy wires introduces additional complexity and the

probability of lightning strikes to the guy wires.

Depending on how the system is designed and installed, it

can lead to high EMI exposure to the vehicle and payload.

Guy wires can conduct lightning currents and create multiple

injection points, increasing secondary effects and grounding

complexity.

On the positive side, poles with guy wires can provide

a lower-cost alternative to catenary systems while offering

more stability than freestanding metallic poles. The additional

grounding paths through the guy wires may help distribute

lightning currents more effectively, reducing peak current den-

sities. However, these benefits come at the expense of a more

complex installation, additional stress points where lightning

may enter the system, and higher maintenance requirements

due to the structural considerations associated with guy wires.

E. Umbilical Tower

A different approach involves using the umbilical tower

itself as the primary lightning attachment point. This design



relies on the structure being engineered as the preferential

strike location, reducing the probability of direct attachment

to the vehicle.
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Fig. 3. Illustration of the Apollo lightning protection system, highlighting
areas shielded by the original launch umbilical tower (LUT) and additional
protection added by a single lightning mast (adopted from [1]).

This was the original lightning protection system used for

the Apollo program (see Figure 3). However, past experience

has demonstrated significant challenges. The history of Apollo

lightning-related damages highlight the risks associated with

this approach. The lack of overhead shielding also leaves the

pad surface unprotected, increasing hazards for ground crews.

Additionally, lightning currents are shared between the tower

and vehicle, increasing the induced environment on the vehicle

umbilicals and vehicle itself.

F. Lightning Protection for Fuel and Hypergolic Storage

Tanks

Hypergolic storage areas require dedicated lightning protec-

tion due to their extreme ignition sensitivity. Tank thickness

does not shield against lightning. Direct attachment can cause

internal arcing and explosions. Control cables, sensors, and

metallic structures like ladders and piping further increase risk

by providing current pathways. A strike can induce transients,

disrupt control systems, or unintentionally activate valves.

These risks demand dedicated LPS systems with insulated

masts and catenary wires that intercept lightning before it

reaches critical structures. Without these measures, even a

single strike may cause catastrophic failures, endangering

nearby infrastructure and personnel.

G. Recommendation

Selecting an appropriate lightning protection system (LPS)

for a launch pad or spaceport is a fine balance between opera-

tional efficiency, electromagnetic compatibility, infrastructure

constraints, and cost. Each configuration presents trade-offs in

terms of shielding effectiveness, electromagnetic interference

(EMI) mitigation, and implementation complexity.

Among the available options, catenary wire systems with

insulating masts provide the most comprehensive protection.

They offer superior shielding for both the launch vehicle and

ground infrastructure, reduce EMI exposure, and create safe

working zones for personnel. Their effectiveness has been

validated at Kennedy Space Center (KSC) and Cape Canaveral

Space Force Station (CCSFS), making them the preferred

choice for high-risk sites.

However, in cases where space constraints, cost, or struc-

tural limitations prevent the installation of a catenary wire

system, other solutions may be considered:

• Metallic poles with catenary wires: A viable alternative

that reduces EMI exposure compared to stand-alone

metallic poles but still results in greater coupling of

magnetic fields with the launch vehicle.

• Stand-alone metallic poles: Used in some spaceports (e.g.,

Wallops Flight Facility), but these offer inferior EMI

mitigation and no shielding for the launch pad surface.

• Conductive poles with guy wires: Provide additional

mechanical stability, but they introduce additional current

injection points, which can complicate grounding design

and increase EMI risks.

• Umbilical tower as a preferential strike point: A historical

approach (e.g., Apollo-era LPS) that has proven inade-

quate for modern launch systems, as it exposes umbilicals

to high induced currents.

While cost and infrastructure constraints often drive

decision-making, more conservative approaches are necessary

when unknowns exist. If a launch complex has high-value

payloads, frequent launch operations, or an extended vehicle

stay at the pad, the most protective LPS option should be

prioritized.

A robust regulatory framework is essential to ensure con-

sistent enforcement of effective lightning protection across

commercial spaceports. Without clear compliance mandates,

individual companies may under-prioritize LPS implementa-

tion, leading to higher risks for launch vehicles, payloads,

and personnel. Moving forward, a regulatory model incorpo-

rating transient analysis, EMI constraints, and validated LPS

performance benchmarks should be developed to standardize

protection across all spaceports.

However, spaceports are not static facilities—continuous

modifications introduce new risks that demand equally adapt-

able lightning protection strategies. A summary of the ad-

vantages and disadvantages of the most commonly used LPS

strategies is provided in Table I.



TABLE I
SUMMARY OF LPS STRATEGIES FOR LAUNCH COMPLEXES. ACRONYMS:

IM = INSULATED MASTS, MP = METALLIC POLES, CW = CATENARY

WIRES, UT = UMBILICAL TOWER, GP = GUYED POLES.

Type Advantages Disadvantages

CW + IM High shielding; low EMI
coupling; protects per-
sonnel areas

High cost; complex layout

CW + MP Easier to install; moder-
ate EMI control; lower
cost than CW + IM

Less shielding than IM;
more EMI exposure

MP only Simple; cost-effective High EMI; no pad shield-
ing; exposed assets

GP Structurally stable; mul-
tiple down paths

High EMI; grounding
complexity; harder to
maintain

UT only Cost-efficient reuse; in-
tegrated design

EMI coupling; no shield-
ing; legacy-driven

III. EVOLVING SPACEPORT INFRASTRUCTURE AND THE

NEED FOR CONTINUOUS LPS ADAPTATION

Spaceports undergo frequent modifications to support new

operations, safety protocols, and infrastructure expansions.

Unlike fixed industrial facilities, launch complexes regularly

integrate new technologies, increased fuel capacities, addi-

tional power infrastructure, upgraded communication systems,

and antennas. Moreover, a launch pad initially designed for

unmanned missions may later transition into a crewed launch

facility, significantly altering its risk profile and safety require-

ments.

As these modifications take place, the lightning protection

system (LPS) must evolve in parallel to ensure uninterrupted

protection against direct strikes and induced transients. Failure

to integrate LPS updates with new infrastructure elements

may leave critical assets unprotected, creating unintended

vulnerabilities.

The continuous oversight of third-party experts specializing

in launch pad LPS is essential. Routine inspections should

not be limited to generic electrical evaluations but should

involve specialists who understand transient behaviors, elec-

tromagnetic shielding, and aerospace-specific grounding re-

quirements. These experts must assess whether newly installed

systems, such as fuel tanks, antennas, or support structures, are

properly bonded, shielded, and integrated into the LPS.

Enforcement of LPS standards at spaceports requires spe-

cialized expertise. Independent review teams must be trained in

EMC, transient mitigation, and LPS design. Where in-house

expertise is lacking, access to certified external reviewers is

essential. We advocate:

1) Mandatory third-party inspections for major infrastruc-

ture changes,

2) LPS training for enforcement staff,

3) Structured compliance reviews prior to implementation.

Launch facilities evolve continuously. Only dynamic risk mit-

igation and informed oversight can ensure lasting protection

and operational continuity.

IV. CONCLUSIONS

Lightning remains one of the most severe and well-

documented risks to spaceflight operations, capable of causing

catastrophic failures when not properly mitigated. Decades

of rigorous scientific research, engineering advancements,

and real-world validation have irrefutably demonstrated that

a properly designed lightning protection system (LPS) is

mission-critical for launch vehicle and payload safety. Yet,

as the commercial space industry expands, the absence of

enforceable, science-based LPS standards and the continued

proliferation of fraudulent lightning protection devices intro-

duce unnecessary, preventable risks.

The historical record is clear: lightning-related launch fail-

ures have repeatedly driven advancements in LPS design. The

shift from umbilical tower-based systems to modern catenary

wire systems with insulating masts has drastically reduced

mission failures and risks at Kennedy Space Center (KSC)

and Cape Canaveral Space Force Station (CCSFS), the most

active spaceports in the world and with the highest lightning

activity. Despite this, many commercial spaceports continue to

neglect these proven safeguards—whether due to cost-cutting

pressures, inadequate regulations, or the false promise of non-

scientific lightning “suppression” or “elimination” devices.

Among the greatest threats to commercial spaceflight safety

today is the continued marketing and installation of these de-

vices, which do not work and never have. These systems have

been extensively studied, empirically evaluated, and defini-

tively debunked by the scientific community [3]–[10]. Since

the physics governing lightning behavior remains unchanged,

any “new technology” making similar claims will inevitably

fail to provide the protection advertised by their manufacturers.

Their deployment creates a false sense of security that places

launch vehicles, payloads, and personnel at risk. The failure

of these devices is not an open question; it is an established

fact. Their continued use contradicts decades of experimental

validation, fundamental atmospheric physics, and even legal

rulings in U.S. courts.

Conversely, scientifically validated LPS designs—such as

those used at KSC and CCSFS—have repeatedly demonstrated

their effectiveness. These systems have withstood >140 kA

lightning strikes without damaging launch vehicles or in-

frastructure. These are not theoretical protections—they are

real, tested, and proven. Any spaceport or launch facility that

chooses to rely on unproven or discredited protection methods

is knowingly increasing the risk of mission failure.

Despite existing standards such as NFPA 780, SSCMAN

91-710, and FAR Part 417, the commercial space industry

still lacks a unified, enforceable regulatory framework that

mandates a minimum standard of lightning protection across

all launch facilities. This regulatory failure has resulted in

dangerous inconsistencies, where some spaceports employ

robust, validated LPS while others rely on ineffective, non-

scientific solutions that leave critical assets vulnerable to com-

pletely preventable lightning-related failures. As spaceflight

hardware advances, newer electronic systems have become



more susceptible to electromagnetic interference (EMI) from

lightning transients, making robust lightning protection even

more essential than in the past.
Adding to this inconsistency is the lack of uniform inspec-

tion and maintenance requirements across different standards.

NFPA 780, Chapter 8, explicitly prescribes periodic inspec-

tions, which are applicable to launch pads, but AFMAN 32-

1065 establishes different intervals depending on facility type,

creating ambiguity in enforcement [10], [12]. IEC 62305-

3 also requires LPS inspections but lacks a standardized

frequency, allowing variability based on local risk assessments

[14]. Meanwhile, SSCMAN 91-710 and FAR Part 417 provide

general maintenance directives but do not define a clear

inspection schedule for LPS in launch facilities, further exacer-

bating compliance discrepancies [11], [13]. Without a cohesive

maintenance framework, spaceports risk system degradation,

undetected faults, and failures due to inconsistent upkeep. Es-

tablishing a harmonized approach to inspections—aligned with

validated risk assessment methodologies—must be prioritized

to maintain operational resilience.
To eliminate these risks and enforce industry-wide com-

pliance with proven LPS methodologies, immediate action is

required:

• Mandate standardized LPS requirements for all commer-

cial and federal launch facilities, eliminating subjective

interpretations and ensuring uniform protection.

• Explicitly ban the installation and use of systems that

advertise to “repel,” “eliminate,” or “suppress” lightning.

• Require transient analysis and modeling as mandatory

design practices for all launch pad infrastructure, ensuring

that electromagnetic shielding and surge mitigation are

properly incorporated.

• Implement real-time lightning monitoring and pre-launch

risk assessment protocols as standard operating proce-

dures at all launch facilities.

• Enforce compliance with validated engineering standards

through strict regulatory oversight and penalties for non-

adherence, ensuring that LPS systems meet objective

safety criteria.

• Unify inspection and maintenance requirements to pre-

vent system degradation due to inconsistent upkeep across

different standards.

• Require dedicated lightning protection for fuel and hy-

pergolic storage facilities, as direct lightning attachment

to storage tanks can lead to ignition, explosions, and

catastrophic failures.

While catenary wire systems with insulating masts remain

the gold standard for vertical launch platforms, LPS design

should be guided by a rigorous risk assessment tailored to

each spaceport’s operational requirements, procedures, and

constraints.
This is precisely what a properly structured, enforceable

launch pad and spaceport lightning protection standard must

dictate—one that does not yet exist. The future regulatory

framework must establish objective, science-based criteria to

guide spaceport operators in selecting the most effective LPS

for their specific launch environments. However, protection

must not be treated as a static requirement; launch complexes

and supporting structures are dynamic facilities that undergo

continuous modifications, necessitating LPS upgrades and

expert-driven evaluations. A mandatory system of third-party

inspections and structured training for compliance teams is

essential to prevent unknown vulnerabilities from emerging

due to infrastructure expansion.

The lack of an enforceable and applicable standard may

allow the rapidly growing spaceport infrastructure to begin

with subpar lightning protection or with devices that fail to

provide adequate protection, exposing spaceflight operations,

vehicles, and infrastructure to unnecessary risks. Proven en-

gineering solutions exist—adopting them is not optional but

essential.

One principle is already clear: even scientifically vali-

dated LPS will fail if enforcement—including design, inspec-

tion, and maintenance—is left to undertrained personnel or

outdated regulations. Moving forward, continuous expertise-

driven oversight and evolving LPS enforcement must become a

foundational principle of launch complex and spaceport safety.
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