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Abstract

Lightning-induced currents and voltages were directly measured on a legacy spacecraft umbilical cable installed at the
Kennedy Space Center in Florida. Measurements were recorded for 88 return strokes that terminated within 3km of
the umbilical instrumentation during 2022 and 2023. Overall umbilical current, inner shield current, and inner twisted-
shielded pair (TSP) conductor current were simultaneously measured in addition to TSP pin voltages. The umbilical
current peaks were found to be well correlated with the current peaks of the S12 inner shield, while the peaks of the
umbilical current derivative and the S12 inner shield current derivative were found to be strongly correlated with the TSP
voltage peaks. Finally, the S12 inner shield current peaks were found to be strongly correlated with the short-circuit
current on the TSP conductor. Correlations were established via simple second order polynomial or linear functions.
Simultaneous current measurements demonstrated the effectiveness of multi-layer shielding toplogies where the current
amplitude and risetime were reduced from overall umbilical current, to S12 inner shield current, to TSP conductor current.

1 Introduction

Lightning poses a significant challenge for space launch
operations, particularly at the Kennedy Space Center
(KSC) and Cape Canaveral Space Force Station (CCSFS)
in Florida, where both the lightning ground flash density
[1] and the launch cadence are high. KSC/CCSFS sup-
ported a total of 73 orbital launches in 2023, or a launch
about every 5 days. Spacecraft, launch vehicles, and asso-
ciated ground support equipment (GSE) are susceptible to
the direct and indirect effects of lightning during integra-
tion, transport to the launch facility, pre-launch check-outs
and testing, and day-of-launch operations. Spacecraft and
launch vehicles are connected to GSE via large, complex
cables referred to as “umbilicals". Umbilical cables typi-
cally incorporate high-density connectors to carry a mul-
titude of signals for communication, control, and moni-
toring circuits. The umbilical cables are typically con-
structed with multiple shielding layers composed of over-
braids and metallic tapes, which cover internal twisted-
shielded cable pairs. During past operations, the tran-
ceivers, level-shifters, and other critical electronics on both
the spacecraft and GSE sides of the umbilical cables have
experienced damage due to coupled lightning transient sig-
nals. In situ measurements were not available to quantify
the amplitudes, energy content, and waveform character-
istics of these damaging events in order to determine how
manufacturer-specified component thresholds had been ex-
ceeded. Such lighting-related damage requires expensive
and time-consuming retest operations. Further, the po-
tential for on-orbit manifestation of latent damage exists
where components were stressed (but not to failure) during
pre-launch exposure to lightning.
For some missions (particularly NASA science initiatives),

lightning transient monitoring systems are utilized to pro-
vide direct measurements of the overall umbilical current
in addition to electromagnetic fields near the spacecraft.
Engineers utilize the overall umbilical current data along
with modeled cable transfer impedances to estimate the
coupled pin voltages on the inner conductors. Many times,
the use of lightning transient monitoring systems is not fea-
sible due to cost, schedule, and installation restrictions at
the launch site.
Prior to Summer 2022, NASA LSP engineers conducted
tests on the the response of a legacy spacecraft umbilical
cable to various electromagnetic excitation sources pro-
duced inside an anechoic chamber at CCSFS. Note that
laboratory excitation sources, while valuable from a re-
peatability standpoint, cannot accurately replicate signals
radiated by real lightning. Further in situ evaluation of pin-
to-pin voltages for a spacecraft umbilical cable were also
described in [5], where an impulse generator was utilized
to provided “lightning-like" excitation. Based on known
challenges and laboratory data collection, Scientific Light-
ning Solutions, LLC was tasked by the NASA Launch Ser-
vices Program (LSP) to conduct a field study to directly
monitor the coupling of radiated actual lightning signals to
a legacy spacecraft umbilical cable. The following study
goals were established:

• Measure lightning-induced currents on the umbili-
cal cable (both overall and on the inner conduc-
tors/shields).

• Measure lightning-induced single-ended and differen-
tial voltages on the umbilical cable twisted shielded
pairs.

• Develop equations to predict the induced cur-
rents/voltages on the inner conductors based on the



overall umbilical current measurements.

The study period spanned the latter portions of Summer
2022 and Summer 2023.

2 Instrumentation

The umbilical instrumentation system was installed at the
northern end of Static Test Road at Camera Site 15, KSC.
An aerial image illustrating the location of the umbilical
instrumentation system is shown in Figure 1. The umbil-
ical cable is about 50-ft in total length and was elevated
about 6-ft off the ground on wooden supports (see Fig-
ure 2). The umbilical cable has a high-density rectangular
connector at the launch vehicle interface and three individ-
ual high-density circular connectors at the opposite end for
connections to GSE. For the field installation, the launch
vehicle interface connector was mated to the shielded en-
closure containing the data acquisition hardware (see fore-
ground of Figure 2) and the three circular connectors were
located at the field end of the cable. Connector ‘P1’ at the
field side of the cable was mated to a smaller aluminum
enclosure. Terminal blocks are mounted inside the field
enclosure that allow the inner conductors of the harness,
which are broken out in pigtails, to be connected in various
configurations. Connector ‘P1’ contains twisted shielded
pairs being monitored (TSP1, TSP2, TSP3, and TSP4).
The pinouts for the field end of cable (P1) and the instru-
mentation end of the cable (PU2) are shown in Figure 3.
Note that shield connections ‘S12’, ‘S5’, and ‘S34’ are all
independent and were confirmed to be electrically isolated.
The shields within group ‘S’ are all electrically connected
and were confirmed to be electrically isolated from ‘S12’,
‘S5’, and ‘S34’. Note that ‘S12’ is the inner shield for
TSP1 and TSP2 and ‘S34’ is the inner shield for TSP3 and
TSP4.
A roughly 50-ft section of 1-in tubular stainless steel
braided wire was bonded to the instrumentation enclosure
and then routed along the ground under the elevated umbil-
ical cable to the aluminum enclosure on the field end of the
cable. The braided wire was similarly bonded to the field
enclosure, completing the loop. The total enclosed loop
area formed by the umbilical cable and the ground connec-
tion is about 300-sqft. Note this loop area simulates the
ground loop formed when an umbilical cable is mated to
the grounded spacecraft.
Lightning data were acquired via two of SLS’ Jupiter Tran-
sient Monitoring System (TMS) high-speed data acquisi-
tion systems. The Jupiter TMS that supported the umbili-
cal instrumentation provided continuous, event-driven data
collection. Each system supports four independent, differ-
ential analog input channels that are sampled at 80 MS/s
(12.5 ns sampling resolution) with about 40 MHz of ana-
log bandwidth. Jupiter TMS is a true zero-deadtime data
acquisition system, that is, it is capable of triggering con-
tinuously without missing a single sample of data. This
unique capability is critical for ensuring data are recorded
for 100% of lightning events that occur within the defined
area of interest. Each Jupiter TMS unit was provided with
a GPS timing source, which allows captured events to be

Figure 1 2023 umbilical instrumentation installation at
Camera Site 15 and KSC.

Figure 2 Image of the umbilical cable. The instrumen-
tation enclosure containing the Jupiter TMS transient
recorders is shown in the foreground.

Figure 3 Connector pinouts for the four TSPs and as-
sociated cable shields for the NASA umbilical cable. P1
connections correspond to the field end of the cable and
PU2 connections correspond to the instrumentation end of
the cable.

correlated with sample-point accuracy, and allows accu-
rate correlations with data from large-scale lightning lo-



Figure 4 Schematic representation of the umbilical instrumentation system from June 25-August 2, 2022. The ground
loop cable that connects the instrumentation and field enclosures is shown.

Figure 5 Schematic representation of the umbilical instrumentation system from August 3-September 14, 2022. The
ground loop cable that connects the instrumentation and field enclosures is shown.

Figure 6 Schematic representation of the umbilical instrumentation system from July 12-September 17, 2023. The
ground loop cable that connects the instrumentation and field enclosures is shown.

cation systems. When a pre-defined trigger threshold is
exceeded on any of the four channels, Jupiter TMS stores
the four-channel data into permanent memory and immedi-
ately pushes the data file to a remote cloud server. Trigger
levels, polarity, and logic are independently configured for
each data acquisition channel. In addition, the input dy-
namic range of each channel was independently adjusted to
maximize the resolution of the acquired data. Channel in-
put impedances were configured at either 50Ω (for current
measurements) or 1MΩ (for voltage measurements). Pear-
son current transformers were utilized to measure the over-
all umbilical current (Model 5949), the S12 inner shield
current (Model 4100), and the TSP1 short-circuit current
(Model 5101).
The instrumentation systems are fully solar-powered and
communicate data and status to a remote cloud server via a
cellular modem connection. Operation is continuous with

sufficient battery backup capacity to maintain the instru-
mentation for 2-3 days, even during cloudy conditions.
Three configurations of the umbilical cable were utilized
during the study, spanning June 25-August 2, 2022 (Fig-
ure 4), August 3-September 14, 2022 (Figure 5), and July
12-September 17, 2023 (Figure 6). The schematic rep-
resentations of the umbilical cable connections depict the
measurements at left and field terminations shown at right.
The ground loop cable that connects the instrumentation
and field enclosures is shown.

3 Data Summary

SLS obtained lightning strike location data from the
NLDN (National Lightning Detection Network), operated
by Vaisala, and MERLIN (Mesoscale Eastern Range Light-



ning Information Network), operated by the 45th Weather
Squadron, for 2022 and 2023, respectively. During 2022,
SLS was provided access to the NLDN cloud-to-ground
lightning database. This access was not available during
2023. NLDN and MERLIN provide a typical strike lo-
cation accuracy of about 100-150m for strikes to ground
at KSC/CCSFS [2][3]. Data obtained from the umbil-
ical instrumentation system were correlated against the
NLDN/MERLIN return stroke time-stamps for strokes re-
ported with peak currents larger than 10kA (either posi-
tive or negative polarity). A threshold of 10kA was cho-
sen based on prior analyses and published literature to
statistically exclude misreported cloud-to-cloud lightning
events [4]. Further, only events recorded on the umbili-
cal instrumentation system with overall induced currents
greater than 1A were considered. A total of 88 return
strokes reported by NLDN/MERLIN with peak current
larger than ±10kA and within 3km of the instrumentation
were recorded during the study period.

4 Analysis

The primary goal of the present study was to develop equa-
tions to relate the measured currents on the overall umbil-
ical cable to the currents and voltages coupled to the inner
conductors/shields. These equations can be utilized when a
comprehensive set of measurements is not available, which
is the case for most orbital launches. In some prior opera-
tional installations, the overall umbilical current is directly
measured, but currents and voltages on the inner conduc-
tors are not.

4.1 Overall Umbilical Current Vs. S12 In-
ner Shield Current

The current peaks for the overall umbilical current and S12
inner shield current were measured for 88 common events
in 2022 and 2023. Note the configuration of the overall um-
bilical current and S12 inner shield current measurements
did not change throughout the study. A scatter plot show-
ing the current peaks for common events is shown in Fig-
ure 7 with overall umbilical current peak on the horizontal
axis and S12 inner shield current peak on the vertical axis.
A second order polynomial function provided the best fit
to the distribution using the bisquare weights method (see
Equation 1). The best fit curve is shown in red (n = 88,
RSS = 0.893, R2 = 0.933). Data points at higher over-
all umbilical current amplitudes tended to diverge further
from the best fit curve.

S12I = 0.00251 · I2
Umb +0.06862 · IUmb +0.06658 (1)

An example waveform plot of the overall umbilical cur-
rent (left axis) and the S12 inner shield current (right axis)
is shown in Figure 8 for a negative cloud-to-ground stroke
on July 18, 2022 at 22:06:35.008 (UT). NLDN reported the
stroke a distance of 642m from the instrumentation with
peak current of about -73kA. Note this was an unusually
strong negative subsequent stroke. The stroke was pre-
ceded by a dart-stepped leader with regularly spaced leader
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Figure 7 Scatter plot of the overall umbilical current
peaks vs. S12 inner shield current peaks for 2022/2023
(n = 88 events).

Figure 8 Example waveforms for the overall umbilical
current (left) vs. S12 inner shield current (right) for an
event on July 18, 2022 at 22:06:35.008 (UT).

step pulses evident in the overall umbilical current wave-
form in the several hundred microseconds prior to the re-
turn stroke. The overall umbilical current peak was about
10.8A. The S12 inner shield current exhibited a slow rise
beginning about 400µs prior to the return stroke. The S12
inner shield current peaked about 37µs after the overall
umbilical current at a level of about 1A. The S12 inner
shield current has a longer pulse-width than the overall um-
bilical current with a slower decay.

4.2 Overall Umbilical Current Derivative
Vs. TSP1 Single-Ended Voltage

The overall umbilical current peaks were poorly correlated
to the TSP1 single-ended voltage peaks. Based on the
raw waveform data, the shape of the TSP1 single-ended
voltage measurements demonstrates a strong resemblance
to electric/magnetic field derivative waveforms recorded
in close proximity to the umbilical instrumentation sys-
tems. How does the overall umbilical current derivative
waveform peak correlate to the TSP1 single-ended voltage
peak? In order to perform this correlation, the first step
involved computing the numerical derivative of the over-
all umbilical current waveform. Numerical differentiation
is an inherently noisy process. Multiple signal processing



techniques were tested to produce the numerical derivative
with the maximum signal-to-noise ratio. The best solution
was to apply a Savitzky-Golay polynomial smoothing filter
to the raw umbilical current data before taking the numer-
ical derivative. Optimal filter parameters were polynomial
order of 5 and frame length of 25. The Savitzky-Golay fil-
tering technique successfully preserves the high-frequency
components of the input signal while still adequately re-
jecting noise. After the numerical differentiation was per-
formed, the peak numerical derivatives for each waveform
were tabulated. A scatter plot of the overall umbilical cur-
rent derivative peaks plotted against the TSP1 single-ended
voltage peaks is shown in Figure 9 (n = 69 events) for 2022
data. There were only 16 events captured in 2023, which
does not provide a statistically significant sample. The lin-
ear best fit curve is shown in red and is represented by
Equation 2. Curve fit parameters were n= 69, RSS= 0.265
and, and R2 = 0.845, indicating a quite strong correlation.
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Figure 9 Scatter plot of the overall umbilical current
derivative peaks vs. TSP1/TSP2 single-ended voltage
peaks for 2022 (n = 69 events).

T SP1SEV = 0.008331 · dIUmb

dt
+0.04345 (2)

4.3 S12 Inner Shield Current Derivative Vs.
TSP1 Single-Ended Voltage

The correlation between the S12 inner shield current peaks
and the TSP1 single-ended voltage peaks was similarly
weak to the comparison to the overall umbilical current
peaks. A similar topology was followed to take the nu-
merical derivative of the measured S12 inner shield cur-
rent waveforms and compare the peak derivatives to the
TSP1/TSP2 single-ended voltage peaks. The Savitzky-
Golay smoothing method was utilized with polynomial or-
der of 5 and frame length of 25. Note there were a to-
tal of 26 events during 2022 where the S12 inner shield
current derivative was well resolved. A scatter plot of the
S12 inner shield current derivative peaks plotted against the
TSP1/TSP2 single-ended voltage peaks is shown in Fig-
ure 10. The relationship was best fit with a second order
polynomial function according to Equation 3. Curve fit pa-
rameters were n = 26,RSS = 0.019, and R2 = 0.978, indi-
cating a very strong correlation. The S12 inner shield cur-
rent derivatives peaks were better correlated (with lower

residuals) to the measured TSP1/TSP2 single-ended volt-
age peaks than the overall umbilical current derivative
peaks.

T SP1SEV = 1.492 · dS122
I

dt
+1.128 · dS12I

dt
−0.0009491

(3)
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Figure 10 Scatter plot of the S12 inner shield current
derivative peaks vs. TSP1 single-ended voltage peaks for
2022 (n = 26 events).

4.4 Overall Umbilical Current & S12 Inner
Shield Current Vs. TSP1 Short-Circuit
Current

The short-circuit current for TSP1 was measured for 24
events from August 8-17, 2022. The measured peaks of the
TSP1 short-circuit current were correlated against the mea-
sured peaks of both the overall umbilical current and S12
inner shield current. This set of measurements presents
a very unique opportunity to analyze currents recorded
at three different “depths" within a single umbilical ca-
ble. Example waveforms for a first stroke negative polarity
event on August 13, 2022 at 19:20:12.420 (UT) are shown
in Figure 11. The overall umbilical current, S12 inner
shield current, and TSP1 short-circuit current are shown in
blue, orange, and black, respectively. NLDN reported the
stroke 163m from the instrumentation with peak current of
-19.3kA. As with prior examples, the overall umbilical cur-
rent exhibits a relatively strong response to the leader step
pulses in the hundreds of microseconds prior to the return
stroke as the leader channels descend towards ground level.
The overall umbilical current peaked at about 7.7A. The
S12 inner shield current exhibits the typical slower rise-
time than the overall umbilical current and peaks about
32µs after the overall umbilical current at about 0.56A.
The high-frequency fluctuations associated with the leader
step pulses are not pronounced on the S12 inner shield cur-
rent measurements. The TSP1 short-circuit current rises
significantly slower than the S12 inner shield current and
peaks about 48µs after the S12 inner shield current (nearly
80µs after the overall umbilical current) at a level of about
0.33A. The decay after the current peak is slowest for the
TSP1 short-circuit current measurements. These exam-
ple waveforms clearly illustrate the reduction in both in-



duced current amplitude and high-frequency content from
a multi-layer shielding topology.

Figure 11 Waveforms for the overall umbilical current
(blue, fastest risetime), S12 inner shield current (orange,
slower risetime), and TSP1 short-circuit current (black,
slowest risetime) associated with a negative polarity first
return stroke on August 13, 2022 at 19:20:12.420 (UT).
The S12 and TSP1 current amplitudes correspond to the
right axis and the overall umbilical current amplitude cor-
responds to the left axis.

A second order polynomial best fit curve was established
for the relationship between the S12 inner shield current
and TSP1 short-circuit current peaks (see Figure 12) ac-
cording to Equation 4. Curve fit parameters were n = 22,
RSS = 0.005, and R2 = 0.977, indicating a very strong cor-
relation.

T SP1SSI =−0.1346 ·S122
I +0.7368 ·S12I −0.01178 (4)
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Figure 12 Scatter plot of the S12 inner shield current
peaks vs. TSP1 short-circuit current peaks for 2022 (n =
22 events).

5 Conclusions

The analyses performed for 2022/2023 data demonstrated
that measurements of the overall umbilical current and/or
it’s derivative can be used to help predict currents and volt-
ages on the inner conductors of large umbilical cables.

These relationships were generally best fit with second or-
der polynomial or linear functions. The induced voltages
on the internal conductors strongly resemble the wave-
shapes of the overall current derivative and inner shield
current derivative. These observations have important im-
plications on how spacecraft umbilical cables are instru-
mented in the operational environment.
Based on the volume of data analyzed, it is clear that the
umbilical current derivative rather than the umbilical cur-
rent is a more valuable measurement for predicting in-
duced currents and voltages peaks on the inner shields
and conductors. Numerical differentiation (an inherently
noisy and challenging technique) was utilized to extract
the current derivative from the experimental current data.
This approach, while functional to demonstrate the ob-
served relationships, may not fully reproduce the wave-
shape and high-frequency content of a directly measured
current derivative signal. Future experimental efforts to
predict coupling to the inner conductors and shields of um-
bilical cables should incorporate direct current derivative
measurements in addition to overall current measurements.
This recommendation also extends to the operational envi-
ronment. The overall umbilical current is also a valuable
measurement, particularly for quantifying the overall en-
ergy coupled into the umbilical cable.
Finally, the experimental results for umbilical data
clearly show the benefits of multi-layer shielding topolo-
gies by reducing both induced current amplitudes and
high-frequency content on inner conductors from actual
lightning-induced coupling. To the authors’ knowledge,
these unique measurements are the first of their kind on
a spacecraft umbilical cable tested to real lightning stimuli
outside the laboratory.
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