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ABSTRACT: CubeSats deployed into Low-Earth Orbit (LEO) are continuously subjected to cyclic thermal loads and power-system degra-
dation. Replicating these stresses through traditional space qualification is resource-intensive, placing it beyond the reach of most aca-
demic teams. Stratospheric High-Altitude Balloon (HAB) platforms offer a cost-effective pre-qualification pathway; however, no previ-
ous work has provided a rigorous, analytical method for mapping the stress accumulated during a balloon flight to an equivalent fraction
of LEO stress. This gap prevents defensible claims of environmental fidelity. This paper introduces the High Altitude to Low Earth
Orbit Correlation Index – Thermal and Power (HLCI-TP), a physics-based composite metric comprising three independently computed
sub-indices: thermal fatigue (Coffin-Manson model), electrochemical battery degradation (Arrhenius model), and Ultraviolet (UV) flu-
ence (Beer-Lambert model). Each sub-index quantifies the fraction of a 30-day LEO reference stress budget reproduced during a balloon
mission, and the three are combined via a weighted linear sum. The UV sub-index is grounded in the Beer-Lambert electromagnetic atten-
uation law, directly connecting the framework to the quantification of solar ultraviolet irradiance — a component of the electromagnetic
spectrum— at stratospheric altitudes. For a 24-hour reference mission at 35 km, the computed sub-index values areRT ≈ 1.63× 10−4

(thermal), RP ≈ 2.0 × 10−6 (electrochemical), and RU ≈ 9.92 × 10−3 (UV), yielding a composite HLCI-TP score of 2.07 × 10−3,
which falls within the “minimal screening” band. This result is robust across three distinct weighting configurations (factor-of-three
spread), a 10,000-sample Monte Carlo uncertainty analysis, and across the full practical range of mission durations (6–48 hours). The
framework is further corroborated by applying Rainflow cycle counting to real GPS altitude data from the PMC-Turbo stratospheric bal-
loon mission (35.7–39.5 km, 134.8 hours), which confirms the minimal-screening classification across all tested durations. These results
quantify, for the first time through an analytical framework, that a 24-hour stratospheric flight reproduces approximately 0.016% of the
LEO thermal fatigue budget and approximately 1% of the LEO UV-A/UV-B fluence budget. The cost savings relative to full Thermal
Vacuum Chamber (TVAC) testing are one to two orders of magnitude. Future work will target orbital calibration, a vibration sub-index,
and an open-source web calculator.

1. INTRODUCTION

Over the last 20 years, the rapid democratization of space has
changed howwe access orbital platforms. The 1UCubeSat

standard, first formally proposed by Heidt et al. [1] and oper-
ationalized through the development of the Poly-Picosatellite
Orbital Deployer (P-POD) by Puig-Suari et al. [2], established
a 10 cm cubic form factor and a common deployer interface
that dramatically lowered the barrier to orbit for academic and
small commercial teams. Reduced launch costs and an increas-
ing number of satellites being launched by universities have fur-
ther broadened access to orbital platforms [5, 6]. Statistical sur-
veys of the first hundred CubeSat missions confirm that, while
launch rates have accelerated, on-orbit success rates have re-
mained variable, with subsystem failures constituting a primary
cause of anomalies [3]. This growth in small-satellite activity
has not been matched by an equivalent improvement in subsys-
tem qualification methods [7, 8]. The growing variety of Cube-

* Corresponding author: Shubhangi Kharche (shubhangi.kharche@gmail.
com).

Sat and microsatellite mission concepts, including propulsion-
enabled constellation reconfigurations [4], further underscores
the need for cost-effective, standardized qualification pathways
that scale across diverse mission profiles.
Environmental testing is among the most critical subsys-

tem qualification processes, as it demonstrates that a satel-
lite will withstand the combined thermal, vacuum, and radia-
tion stresses encountered in LEO. Unfortunately, environmen-
tal testing is resource-intensive, and most university teams are
constrained in their ability to conduct such tests [6]. As a result,
many academic missions are launched without adequate expo-
sure to representative environmental conditions, creating a per-
sistent disconnect between design assumptions and in-orbit re-
liability. This disconnect is not merely procedural; subsystem-
level deficiencies continue to account for a significant fraction
of mission anomalies [7, 8].
University teams also lack accessible, standardised frame-

works for mapping their test exposures onto LEO-relevant
stress budgets [6, 9]. CubeSat subsystem verification is typi-
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cally referenced to acceptance criteria, such as the NASA Gen-
eral Environmental Verification Standard (GEVS) [10], which
prescribes thermal/vacuum cycling, vibration, and radiation
tests whose costs frequently exceed academic mission bud-
gets [5]. Consequently, much CubeSat hardware is tested only
under ambient or partially representative conditions, leaving
critical thermal fatigue and environmental degradation failure
modes undetected prior to launch [7–9].
High-Altitude Balloon (HAB) platforms operate within the

stratosphere (30–40 km altitude), exposing payloads to reduced
pressure, elevated UV radiation, and dynamic thermal condi-
tions that share qualitative features with aspects of LEO. Prior
work has demonstrated HAB utility for early-stage validation,
including testing communication links [11] and evaluating re-
mote sensing payloads [12]. Thermal and dynamic characteris-
tics of balloon-borne systems have beenmeasured and shown to
constitute a near-space analog [13, 14], and balloon platforms
have been proposed as low-cost pre-qualification vehicles for
space hardware. However, stratospheric conditions are fre-
quently described as “space-representative” without rigorous
quantification of the fraction of orbital stress actually repro-
duced [12]. This absence of a quantitative mapping substan-

tially limits the defensibility and comparability of HAB-based
test results.
The lack of a standardised stress-equivalence metric is a sig-

nificant gap in the literature. Reliability studies consistently
identify inadequate environmental testing as a major contribu-
tor to mission failure [7, 8], yet provide no practical basis for
connecting accessible suborbital test environments to orbital
stress conditions. Existing HAB campaigns yield useful envi-
ronmental measurements but do not support a defensible esti-
mate of their LEO stress equivalence, creating both direct im-
pacts (undetected subsystem failures) and indirect impacts (un-
warranted confidence in pre-flight test results) [8].
This paper addresses this gap through two contributions.

First, it formalises the role of HAB platforms in the Cube-
Sat development process by introducing a quantifiable stress-
equivalence framework. Second, it moves beyond descrip-
tive environmental comparisons to define measurable equiv-
alences, integrating multiple environmental parameters into a
unified composite stress metric— an integration not previously
achieved in the open literature [6, 9]. TheUV fluence sub-index
is derived from the Beer-Lambert electromagnetic attenuation
law, connecting the framework to the broader scope of solar UV
irradiance quantification as an electromagnetic phenomenon.
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TABLE 1. Pressure and convective heat transfer across reference envi-
ronments.

Environment Pressure Convective HT
Sea Level ∼101,300 Pa Strong

HAB (∼35 km) ∼50 Pa Very weak
LEO (∼400 km) < 10−7 Pa None

The framework is not intended to replace high-fidelity quali-
fication techniques; rather, it provides a calibrated, transparent
intermediate step that enables the early identification of valida-
tion gaps and supports better resource allocation decisions.

2. ENVIRONMENTAL COMPARISON: HAB VS. LEO
Before depicting the correlation framework, it is essential to de-
fine what stratospheric balloon flights can and cannot replicate
and to quantify how the excluded stressors affect the scope of
HLCI-TP.

2.1. Pressure Environment
As altitude increases, atmospheric pressure decreases accord-
ing to the U.S. Standard Atmospheric model [16]. Sea-level
pressure is approximately 101.3 kPa; at 35 km it falls to ap-
proximately 50 Pa (a three-order-of-magnitude reduction), sup-
pressing convective cooling of electronic components [13].
LEO conditions are below 10−7 Pa, seven further orders of
magnitude below the stratosphere. True-vacuum effects (mate-
rial outgassing, cold welding, vacuum-UV photodegradation)
cannot occur at balloon altitudes and are therefore excluded
fromHLCI-TP. Table 1 summarises the pressure and convective
heat transfer characteristics across the three reference environ-
ments, and Fig. 1 illustrates how the convective heat transfer
coefficient varies with altitude.

2.2. Thermal Environment
LEO satellites complete an orbit approximately every 90 min-
utes, experiencing temperature excursions of roughly −100◦C
to +100◦C per cycle [17]. A 30-day mission accumulates ap-
proximately 480 thermal cycles with ∆T ≈ 100–150◦C [9].
CubeSat electronic interconnects are particularly sensitive to
these cyclic strain amplitudes [9]. The contrast between HAB
and LEO thermal environments is further illustrated in Fig. 3,
which shows both the peak-to-peak temperature excursion and
cycle count for each environment.

2.3. Ultraviolet Radiation Environment
Above 35 km, the atmosphere transmits approximately 30–50%
more UV-B and 5–10%more UV-A than those at sea level [18].
Spacecraft in LEO operate in the full Air Mass Zero (AM0)
extraterrestrial spectrum. The Beer-Lambert law [18–20] gov-
erns UV attenuation through the atmospheric column; direct
balloon-borneUV spectral measurements confirm the predicted
residual UV fraction at 35 km [20]. TheUV sub-indexRU is di-
rectly related to the Beer-Lambert electromagnetic attenuation

FIGURE 1. Convective heat transfer coefficient as a function of alti-
tude across sea level, HAB, and LEO reference environments [13, 16].
The near-total suppression of convective cooling above 30 km con-
firms that balloon-borne payloads transition into a conduction-and-
radiation-dominated thermal regime, directly motivating the inclusion
of the thermal fatigue sub-index RT in the HLCI-TP framework.

model, quantifying the UV-A and UV-B portion of the solar
electromagnetic spectrum delivered to the payload at balloon
altitude. UV-C and vacuum-UV components, which are en-
tirely absent at balloon altitudes, are not captured by RU . The
variation of the UV fraction of AM0 solar irradiance with alti-
tude is shown in Fig. 2.

2.4. Ionising Radiation Environment
Cosmic ray and secondary particle flux increasewith altitude up
to the stratosphere, but remain many orders of magnitude below
the trapped-belt proton and electron fluences at 400 km [21].
Quantitatively, total ionising dose rates in LEO can reach 10–
100mrad(Si)/day for a 400 km orbit, whereas stratospheric
dose rates at 35 km are of order 0.01–0.1mrad(Si)/day [21] —
a factor of 102–104 difference. Because this stressor cannot
be meaningfully reproduced at balloon altitudes, it is excluded
from HLCI-TP (see Section 2.5).

2.5. Stresses Not Accessible at Balloon Altitudes
Table 2 summarises the LEO stressors that cannot be re-
produced at stratospheric altitudes and their exclusion from
HLCI-TP. Ionising radiation (trapped-belt protons and elec-
trons) causes cumulative total-ionising-dose and displacement
damage in semiconductor devices; its absence from HLCI-TP
means the metric provides no information about the radiation
hardness of active electronics. Atomic oxygen erosion is
significant for polymeric and metallic surfaces at low incli-
nation LEO orbits but is entirely absent at balloon altitudes.
True-vacuum outgassing is relevant to lubricated mechanisms
and conformal coatings; stratospheric pressure is still five
orders of magnitude above the vacuum threshold. Launch
vibration loads, which can cause solder joint cracking and
connector failures, lie outside the HLCI-TP scope but are
discussed as a planned future sub-index (RV ) in Section 8.
Teams pre-qualifying subsystems whose dominant failure
modes are associated with these excluded stressors should use
dedicated test methods [19, 21] in addition to, or instead of,
balloon campaigns.

269 www.jpier.org



Takalkar et al.

FIGURE 2. UV fraction of AM0 solar irradiance reaching the payload as a function of altitude, derived from Beer–Lambert atmospheric attenua-
tion [18–20]. Data labels indicate UV fractions at sea level, HAB float altitude (35 km), and LEO (400 km). The step increase from sea level to
stratospheric UV exposure (reaching approximately 35% of full AM0) quantifies the elevated UV environment that drives the RU sub-index.

(a) (b)

FIGURE 3. Thermal environment comparison [9, 17]: (a) peak-to-peak temperature excursion ∆T and (b) number of thermal cycles per mission
duration for HAB and LEO reference environments. Panel (a) shows that the HAB ∆T ≈ 35◦C is roughly one-third to one-quarter of the LEO
excursion (≈ 125◦C), while panel (b) illustrates that LEO accumulates up to 480 cycles in 30 days, versus only one quasi-diurnal cycle for a 24-hour
balloon flight. Together these panels quantify the two multiplicative factors — cycle count and strain amplitude — that enter Eq. (3), explaining the
low RT ≈ 1.63× 10−4 result.

TABLE 2. Summary of environmental factors, their HLCI-TP coverage, and the practical consequence of exclusion.

2

3. THE HLCI-TP CORRELATION FRAMEWORK

A useful pre-qualification metric must satisfy two criteria: it
must be grounded in established failure mechanics (so that its
predictions are physically justifiable), and it must be reduced to
a single reportable scalar (so that results are comparable across
teams and missions). The HLCI-TP is designed to satisfy both
criteria.

The composite score is a weighted linear combination of
three independent sub-indices:

HLCI-TP = wTRT + wPRP + wURU , (1)

where RT is the thermal fatigue ratio, RP the power-system
degradation ratio, and RU the UV fluence ratio, with weights
satisfying wT + wP + wU = 1.
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3.1. Baseline Weight Selection and Sensitivity

The baseline weight values (wT = 0.5, wP = 0.3, wU =
0.2) are informed by the relative contribution of each failure
mechanism to documented CubeSat mission anomalies and by
first-principles severity considerations.
Thermal cycling is weighted most heavily because differ-

ential thermal expansion at solder joints and adhesive bonds
is the dominant failure mode for electronic interconnects in
LEO [22, 23]. The Coffin-Manson relationship shows that
damage scales as N(∆T )m with m ≈ 2, making the HAB-
to-LEO thermal mismatch the single largest contributor to the
stress gap. Power-system degradation is weighted second, re-
flecting the criticality of the Electrical Power System (EPS)
in power-constrained 1U CubeSats: battery capacity loss is
the primary EPS failure mode, and Arrhenius kinetics governs
its temperature-dependent rate [24]. UV exposure is assigned
the lowest weight because the UV-sensitive external area of
a standard 1U CubeSat — primarily solar panel encapsulant
and structural adhesive exposed through viewing ports — is
small relative to the total interconnect population [19], and UV-
C/VUV components (which dominate material degradation in
orbit) are absent at balloon altitudes.
These weights are adjustable for mission-specific designs. A

CubeSat with UV-transparent optical windows, organic photo-
voltaic cells, or surface polymers should carry a higher wU .
A mission, where battery health is the critical reliability fac-
tor, and UV exposure is negligible, should use a lower wU and
higherwP . Any reported HLCI-TP score must be accompanied
by the applied weight set to ensure reproducibility and compa-
rability.
It must also be noted that the three sub-indices are treated

as statistically independent in Eq. (1). In practice, some cou-
pling exists: UV irradiance can accelerate fatigue crack ini-
tiation in adhesive bonds [19], and temperature extremes af-
fect battery electrolyte chemistry beyond the Arrhenius approx-
imation [27]. However, for a first-order screening framework,
cross-coupling terms are second order relative to the dominant
single-mechanism contributions and would require mission-
specific material characterisation data not generally available
during the pre-qualification design stage. The independence
assumption is therefore appropriate for the intended application
but should be revisited in higher-fidelity implementations.
Table 3 demonstrates that the qualitative classification is in-

sensitive to weight choice: all three configurations fall within
the (0–0.02) “minimal screening” range, with a factor-of-three
spread across the composite values. HLCI-TP scores should
always be presented alongside the applied weighting set.

TABLE 3. HLCI-TP composite score sensitivity to weight selection,
24-hour baseline mission. All three weight sets fall in the same “min-
imal screening” band.

Weight set wT wP wU HLCI-TP
Baseline (thermal-dominant) 0.50 0.30 0.20 2.07× 10−3

Equal weights 0.33 0.33 0.33 3.33× 10−3

UV-dominant 0.20 0.20 0.60 6.02× 10−3

All sub-indices in Table 3 are referenced to a 30-day, 400 km
LEO mission [9, 10].

3.2. Thermal Fatigue Sub-Index (RT )
Thermal fatigue in solder joints, adhesive bonds, and intercon-
nects is governed by cyclic plastic strain induced by differential
thermal expansion. The Coffin-Manson relation [25, 26] gives
the number of cycles to failure as

Nf = C (∆εp)
−m

, (2)

where∆εp is the plastic strain range, andC andm are material-
specific constants, for solder joints m ≈ 1.9–2.0 [22]. Since
∆εp ∝ α∆T , the accumulated thermal damage D = N/Nf

scales asN · (∆T )m. The thermal sub-index RT is the ratio of
HAB to LEO cumulative damage:

RT =
DHAB

DLEO
=

NHAB · (∆THAB)
m

NLEO · (∆TLEO)m
. (3)

We adoptm = 2.0 throughout. A balloon flight with∆THAB ≈
30–40◦C and NHAB ≈ 1 cycle accumulates far less damage
than a 30-day LEO mission with ∆TLEO ≈ 100–150◦C and
NLEO ≈ 480 cycles.

3.3. Power-system Degradation Sub-Index (RP )
Battery electrochemical degradation is governed by Arrhenius
kinetics [24]. The acceleration factor is

AF = exp
[
Ea

kB

(
1

Tref
− 1

Ttest

)]
, (4)

where kB = 8.617×10−5 eVK−1,Ea is the activation energy,
and temperatures are in Kelvin. For lithium-polymer cells,
Ea = 0.70 eV is a widely used central estimate [24]. When
Ttest < Tref, AF < 1, meaning cold-soak conditions decelerate
electrolyte degradation. The equivalent aging time and power
sub-index are

teq = tHAB ·AF, RP =
teq

tLEO,ref
. (5)

The near-zero RP value is physically correct. However, re-
peated freeze–thaw cycling can cause lithium plating and me-
chanical stress on separator membranes; these effects lie out-
side the Arrhenius model and should be assessed through ded-
icated cold-soak functional testing [27].

3.4. UV Fluence Sub-Index (RU )
The Beer-Lambert law [18] describes solar UV attenuation:

I(z, λ) = I0(λ) exp [−τ(z, λ)] , (6)

where I0(λ) is the AM0 irradiance, and τ(z, λ) is the atmo-
spheric optical depth, dominated by ozone absorption in the
UV-B/C bands [18]. The stratospheric UV fraction fHAB =
0.35 is derived from Beer-Lambert integration over the UV-
A and UV-B window (280–400 nm) with a residual ozone
column of approximately 3DU above 35 km, consistent with
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TABLE 4. HLCI-TP composite score interpretation rubric. Band boundaries are anchored to infant-mortality screening thresholds [22], design-stage
pre-qualification practice, and NASA GEVS heritage-hardware waiver criteria [10].

WMO ozone profiles [18] and corroborated by direct balloon-
borne UV spectral measurements [20] and stratospheric mate-
rial degradation data [19].

RU =
FHAB

FLEO,ref
=

fHAB · tflight · ξ
tLEO,ref

, (7)

where ξ = 0.85 is the daylight fraction and tLEO,ref = 720 hr.
Because UV-C and VUV are absent at balloon altitudes, RU

provides a conservative lower bound on total UV stress equiv-
alence.

3.5. Composite Score Interpretation
The HLCI-TP score represents the fraction of the LEO stress
budget reproduced during the balloon campaign. Four qualita-
tive bands are defined in Table 4. Band boundaries are anchored
to: (1) burn-in equivalence data for solder joint infant-mortality
screening [22] (lower bound, 0.02); (2) stress levels sufficient
for design-stage UV and thermal material assessments (0.05);
(3) the threshold at which NASAGEVS heritage-hardware par-
tial test waivers become potentially applicable [10] (0.10); and
(4) scores approaching TVAC test equivalence (> 0.10).
The score is not a pass/fail threshold. A team with only 6

hours of flight time can report an HLCI-TP value and commu-
nicate precisely to reviewers what was and was not covered.
The full computation pipeline is illustrated in Fig. 4.

4. SENSOR PAYLOAD ARCHITECTURE
The payload in this section is a design for reference purposes
only; it is not an actual prototype that has been built or tested in
this study or in theworld. The payload is provided as ameans of
showing that all input variables needed for the High Altitude to
Low Earth Orbit Correlation Index Thermal and Power (HLCI-
TP) can be measured at the same time; that is, all input vari-
ables can be measured using commercial, CubeSat-compatible
hardware that is within a standard 1U-sized box. The payload
is also a way of showing what components might be used in
a “baseline” for use in future flight validation, as discussed
in Section 7.2. The reference architecture uses commercially

available components that meet the CubeSat community’s stan-
dards [6].

4.1. Payload Form Factor
Following 1UCubeSat specifications, the reference payload di-
mensions, surface-to-volume ratio, and thermal mass are con-
sistent with those of hardware being payload-pre-qualified [29].
The structural enclosure is anodized aluminum 6061-T6. Solar
and nadir panels incorporate sensor mounts to enable differen-
tial thermal gradient measurements consistent with LEO Cube-
Sat thermal models [9].

4.2. Sensor Suite
Table 5 lists the sensors that provide direct measurements of the
HLCI-TP sub-model inputs. Each sensor maps to exactly one
sub-index parameter, with no redundant or unmeasured inputs.

4.3. Data Acquisition
All sensor interfacing and data logging are performed by a mi-
crocontroller based on the ARM Cortex-M4 (3.3V supply).
Thermal and pressure sensors sample at 1Hz with UV pho-
todiodes and cell monitor at 0.1Hz. Data are stored on two
redundant 32GB microSD cards. Telemetry is transmitted ev-
ery 5minutes via a 433MHz LoRa link; a Bluetooth-to-UART
bridge supports pre-launch configuration and post-recovery
data retrieval. Similar sensor/telemetry architectures have been
demonstrated in prior HAB validation flights [11, 30].

4.4. Baseline Flight Profile
Table 6 summarises the baseline mission parameters, drawn
from published HAB dynamics literature [14].

5. COMPUTATIONAL IMPLEMENTATION
To generate reproducible numerical estimates and validate the
analytical framework, a Python simulation was implemented
using NumPy, Matplotlib, and Pandas. Sinusoidal temperature
profiles were used to model both the HAB quasi-diurnal cycle
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TABLE 5. Sensor suite for the HLCI-TP reference payload.

Sensor Parameter
RTD/thermistor array (6-point) Surface and internal temperature (◦C)
Precision pressure transducer Atmospheric pressure (Pa)
UV photodiode (UV-A + UV-B) Spectral irradiance (µWcm−2 nm−1)
Lithium cell monitor IC Cell voltage, current, temperature
IMU (6-DoF MEMS) Orientation and vibration PSD
GNSS module Altitude and position

TABLE 6. Baseline HAB mission parameters.

Parameter Value
Target float altitude 35 km

Float duration 6–48 hr (mission-dependent)
Ascent rate ∼5m s−1

Descent rate ∼6m s−1 (parachute)
Balloon type Zero-pressure polyethylene

Average payload power <2W

and the LEO 90-minute orbital cycle, consistent with strato-
spheric thermal modelling practice [13, 15].
The HAB thermal profile was modelled as

THAB(t) = Tµ +AHAB sin
(
2πt

24

)
, (8)

where t is the elapsed time in hours, with Tµ = −10◦C and
AHAB = 17.5◦C, yielding ∆THAB = 35.0◦C. The LEO profile
used a 90-minute periodwithALEO = 62.5◦C, giving∆TLEO =
125.0◦C and NLEO = 480 cycles over the 30-day reference.
Table 7 summarises all input parameters.
The sinusoidal model is extended in Section 7.2.2 through

the application of ASTM E1049 Rainflow cycle counting [15]
to real GPS altitude data from the PMC-Turbo stratospheric bal-
loon mission, replacing the NHAB = 1 simplification with em-
pirically counted thermal cycles.

6. RESULTS

6.1. Thermal Sub-Index
Substituting NHAB = 1, ∆THAB = 35.0◦C, NLEO = 480,
∆TLEO = 125.0◦C, andm = 2.0 into Eq. (3):

RT =
1× (35.0)2

480× (125.0)2
=

1,225

7,500,000
≈ 1.63× 10−4. (9)

This represents approximately 0.016% of the thermal fatigue
damage accumulated over the 30-day LEO reference mission.
The model assigns NHAB = 1 for the quasi-diurnal macro-

cycle. This is a conservative lower bound: two additional par-
tial cycles during ascent/descent at∆T ≈ 20◦Cwould increase

RT to approximately 2.7 × 10−4 — a 65% increase that re-
mains well within the minimal screening band. The qualita-
tive conclusion is insensitive to this simplification; its quanti-
tative impact is further assessed via the Rainflow analysis of
Section 7.2.2 and the Monte Carlo study of Section 6.5.

6.2. Power-System Sub-Index
With Ea = 0.70 eV, Tref = 298.0K, and Ttest = 218.0K:

AF =exp
[

0.70

8.617× 10−5

(
1

298.0
− 1

218.0

)]
≈4.52× 10−5.

(10)
The equivalent aging time for a 24-hour flight is teq = 24 ×
4.52× 10−5 ≈ 1.09× 10−3 hr, yielding

RP =
1.09× 10−3

720
≈ 2× 10−6. (11)

This near-zero value physically reflects the deceleration of elec-
trolyte degradation at cold-soak temperatures relative to the
25◦C reference. It does not imply that the battery is unstressed;
freeze-thaw mechanical effects are discussed in Section 7.3.

6.3. UV Fluence Sub-Index
With fHAB = 0.35, tflight = 24 hr, ξ = 0.85, and tLEO,ref =
720 hr:

RU =
0.35× 24× 0.85

720
=

7.14

720
≈ 9.92× 10−3. (12)

6.4. Composite HLCI-TP Score
Substituting into Eq. (1) using the baseline weights:

HLCI-TP = 0.5(1.63× 10−4) + 0.3(2.0× 10−6)

+0.2(9.92× 10−3) ≈ 2.07× 10−3. (13)

All results are summarised in Table 8.
Table 9 extends the analysis to flight durations of 6, 12,

24, and 48 hours, with ranges reflecting parametric variation
of ∆THAB = 20–50◦C and daylight fraction ξ = 0.75–
0.95 [13, 15]. All cells remain in the minimal screening band.
The variation of the composite score with flight duration is fur-
ther illustrated in Fig. 5.
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TABLE 7. Simulation input parameters for the 24-hour HAB reference mission.

Parameter Value Source
Flight duration 24 hr Baseline mission

∆THAB 35.0◦C Sinusoidal model
∆TLEO 125.0◦C [10]
NHAB 1 cycle Quasi-diurnal
NLEO 480 cycles 30-day, 90-min period

Coffin–Manson exponentm 2.0 [22]
Ea (Li-poly) 0.70 eV [24]

Tref 298.0K (+25◦C) Standard reference
Ttest 218.0K (−55◦C) HAB cold soak

HAB UV fraction of AM0 0.35 [18–20]
Daylight fraction ξ 0.85 Conservative estimate

tLEO,ref 720 hr 30-day reference
wT , wP , wU 0.5, 0.3, 0.2 Baseline weighting

TABLE 8. Computed HLCI-TP sub-indices and composite score, 24-hour baseline mission.

Quantity Value Interpretation
RT 1.63× 10−4 0.016% of 30-day LEO thermal fatigue damage
RP 2.0× 10−6 Negligible Arrhenius aging; cold-soak mechanical effects

not captured by this sub-model
RU 9.92× 10−3 ≈ 1% of 30-day LEO UV-A and UV-B budget

HLCI-TP 2.07 × 10−3 Minimal screening

TABLE 9. HLCI-TP sub-indices and composite scores by flight duration. Ranges reflect parametric variation of ∆THAB (20–50◦C) and daylight
fraction ξ (0.75–0.95). RP values are small throughout because cold-soak temperatures decelerate electrolyte degradation.

Duration RT RP RU HLCI-TP
6 hr 3× 10−4–8× 10−4 < 0.001 0.005–0.015 ∼0.003–0.008
12 hr 5× 10−4–1.2× 10−3 < 0.001 0.010–0.025 ∼0.006–0.013
24 hr 8× 10−4–1.8× 10−3 < 0.001 0.015–0.035 ∼0.010–0.020
48 hr 1.2× 10−3–2.5× 10−3 < 0.002 0.020–0.050 ∼0.015–0.028

TABLE 10. Monte Carlo uncertainty analysis results (N = 10,000 per duration). All simulations fall within the minimal screening band regardless
of parameter combination. CI = confidence interval.

Duration Median HLCI-TP 90% CI (lower) 90% CI (upper) % in Minimal Band
6 hr 0.0006 0.0005 0.0008 100.0%
12 hr 0.0011 0.0009 0.0013 100.0%
24 hr 0.0021 0.0017 0.0025 100.0%
48 hr 0.0041 0.0034 0.0048 100.0%

6.5. Monte Carlo Uncertainty Analysis

To move beyond the simple parametric bounds of Table 9 and
address weight-selection sensitivity, a Monte Carlo analysis
(N = 10,000 trials per duration) was conducted. For each trial,
five input parameters were independently sampled from physi-
callymotivated distributions: ∆THAB ∼ N (35, 5)◦C clipped to
[20, 55];NHAB ∈ {1, 2, 3}with probabilities [0.70, 0.20, 0.10];

ξ ∼ U(0.75, 0.95); Ttest ∼ N (218, 10)K clipped to [193, 243];
and fHAB ∼ N (0.35, 0.03) clipped to [0.28, 0.42]. The weight-
ing set (wT = 0.5, wP = 0.3, wU = 0.2) was held fixed; re-
sults are insensitive to this choice as demonstrated in Table 3.
Table 10 reports the median composite score and 90% con-

fidence interval for each mission duration. In all 40,000 total
simulations, 100% of trials fell within the minimal screening
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Ambient Functional Test Screening Process

FIGURE 4. HLCI-TP framework block diagram showing the three sub-
index computation paths (RT , RP , RU ) and their weighted combi-
nation into the composite score [18, 22, 24]. Physical inputs (tem-
perature history, battery state, UV irradiance) flow through their re-
spective physics-based models (Coffin–Manson, Arrhenius, Beer–
Lambert) to produce dimensionless sub-indices that are linearly com-
bined via Eq. (1). The right panel shows the percentage contribution of
each sub-index to the composite score, with RU dominating at 96.1%,
RT contributing 3.9%, and RP contributing 0.03%.

band (HLCI-TP < 0.02). This result confirms that the mini-
mal screening classification is robust not only to the analytical

FIGURE 5. HLCI-TP composite score plotted against flight du-
ration, with parametric variation of ∆THAB and daylight fraction
ξ [13, 15, 18]. Even under the most favourable parameter combi-
nations, the composite score remains below the minimal screening
threshold of 0.02 for all practical HAB durations up to 48 hours, con-
firming the robustness of the framework classification. The right panel
shows the percentage contribution of each sub-index to the composite
score, with RU dominating at 96.1%, RT contributing 3.9%, and RP
contributing 0.03%.

parameter ranges of Table 9 but also to the joint probability dis-
tribution over all uncertain inputs simultaneously.

7. DISCUSSION

7.1. Interpreting the HLCI-TP Score
The composite score of 2.07 × 10−3 falls in the “minimal
screening” category. This result is not a limitation of the frame-
work — it is an accurate, calibrated characterisation of what
a 24-hour stratospheric flight actually delivers: approximately
0.016% of LEO thermal fatigue and approximately 1% of the
LEOUV-A/UV-B fluence budget. Prior HAB-to-LEO compar-
isons have used qualitative descriptors, such as “space repre-
sentative” [12, 16], without quantifying the fraction of orbital
stress covered. Independent TVAC tests consistently reveal
failure modes not found in ambient or suborbital tests [8]. The
value of HLCI-TP is that it replaces qualitative assertions with
a calibrated, repeatable scalar.
A score of 2.07×10−3 permits defensible claims about cold-

soak survival, provides a basis for infant-mortality thermal in-
terconnect screening, and characterises UV sensitivity of exter-
nal materials — all without overstating the test as equivalent to
TVAC.
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FIGURE 6. Simulated thermal profiles for the HAB and LEO reference environments over a 24-hour window. Top panel: HAB quasi-diurnal
sinusoidal profile (Tµ = −10◦C,∆T = 35.0◦C, 1 cycle). Bottom panel: LEO 90-minute orbital cycle over the same duration (∆T = 125.0◦C, 16
cycles shown). The stark contrast in both amplitude and cycle frequency explains the low RT sub-index: the HAB accumulates one low-amplitude
cycle versus 16 high-amplitude LEO cycles in the same 24-hour period.

The simulated thermal profiles underlying the RT calcula-
tion are shown in Fig. 6, which illustrates the stark contrast in
both amplitude and cycle frequency between the HAB quasid-
iurnal profile and the LEO 90-minute orbital cycle.

7.2. Validation Pathway and Framework Maturity
The HLCI-TP framework in its present form is an analytically
derived, physics-based construct. A critical distinction must be
maintained between the analytical framework presented here
and a fully validated equivalence standard. Section 7.2.1 out-
lines the three-stage pathway toward the latter, while Sec-
tion 7.2.2 reports a preliminary Stage 1 analysis performed us-
ing a publicly available stratospheric balloon dataset.

7.2.1. Three-Stage Validation Pathway

Stage 1 (Flight data). A stratospheric balloon mission with the
Reference Sensor Package (Section 4) will provide a Tempera-
ture History, UV Irradiance History, and Battery State Log. An
empirical HLCI-TP score will be calculated using the measured
values of ∆T , in conjunction with Rainflow Cycle Counting
instead of the assumed sinusoidal NHAB = 1, as well as the
measured integrated UV Fluence from the Photodiode instead
of the approximated scalar fHAB value.
Stage 2 (Post-flight functional test). The performance of

batteries and physical solder joint population data will be in-
directly tested using their pre-flight baselines. In addition,
through this process, an observable data point for stress ac-
cumulation will be produced. As an example, if there is a
measurable amount of degradation that corresponds to the pre-
dicted HLCI-TP portion of the reference LEO Stress Budget,
then the empirical validation (sub-index weight) would be suc-

cessfully validated, and any discrepancies will indicate which
sub-weights need to be modified.
Stage 3 (Statistical correlation). Many groups report

HLCI-TP ratings and aircraft outcome information for after
flights and any in-orbit trouble that may still exist, allowing
for the creation of a statistical database which will allow
for the statistical validation of the index based on in-orbit
performance — following the same approach as established
previously [7, 8]. Until such data are available, HLCI-TP
scores should be interpreted as analytical estimates with the
explicit uncertainties described in Section 7.3, not as calibrated
equivalence factors.

7.2.2. Preliminary Stage 1 Analysis: PMC-Turbo Dataset

The first stage of the HLCI-TP thermal sub-index calculated
with GPS altitude data from the PMC-Turbo BOLIDE strato-
spheric balloon flight (between July 8 and July 14, 2018) has
been publicly released [31, 32]. Over the total duration of
134.8 hours, the mission provided a total of 48,538 altitude ob-
servations at a sampling rate of 1 observation every 10 seconds
while flying at float altitudes between 35.7 km and 39.5 km.
The dataset created by this mission is representative of a long-
duration stratospheric campaign at the same altitude range de-
fined by the HLCI-TP framework.
Temperature derivation. The instrument used for measur-

ing temperature with this new technology is called PMC-Turbo
BOLIDE, which is a Rayleigh lidar; it does not have an onboard
direct-contact temperature sensor. Consequently, the ambient
temperature was estimated from the time series of altitude as
recorded by the Global Positioning System using the strato-
spheric temperature lapse rate found in the U.S. Standard At-
mosphere (1976) [16]: T (z) = 228.65 + 2.8(z − 32.0)K for
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TABLE 11. HLCI-TP sub-indices computed from real PMC-Turbo GPS altitude data using Rainflow cycle counting and US Standard Atmosphere
1976 temperature derivation. The daylight fraction ξ = 0.95 reflects near-continuous illumination at the Arctic-summer latitude (66–70◦N) of this
mission. All durations remain within the minimal screening band.

Duration N cycles ∆Teff (
◦C) RT RP RU HLCI-TP

24 hr 36 0.72 2.2× 10−6 1.3× 10−4 0.0111 0.0023

48 hr 65 1.27 1.3× 10−5 2.1× 10−4 0.0222 0.0045

72 hr 97 1.47 2.6× 10−5 2.9× 10−4 0.0332 0.0067

96 hr 132 1.31 2.9× 10−5 4.2× 10−4 0.0443 0.0090

120 hr 163 1.39 4.0× 10−5 5.3× 10−4 0.0554 0.0113

134.8 hr 181 1.38 4.4× 10−5 6.1× 10−4 0.0623 0.0127

z ∈ [32, 47] km (Layer 4). This formulation is physically con-
sistent with the ozone-driven warming of the lower stratosphere
and yields temperatures in the range of −34.0 to −23.4◦C for
the 35.7–39.5 km altitude band observed during this mission.
The derived profile was resampled to 10-minute intervals prior
to cycle extraction.
Rainflow cycle counting. Thermal cycles were extracted

from the derived temperature time series using the ASTM
E1049 Rainflow algorithm (Python rainflow library). Ta-
ble 11 reports the resulting HLCI-TP sub-indices for mission
sub-segments ranging from 24 to 134.8 hours. For the 24-
hour segment, Rainflow counting identified 36 micro-cycles
with an amplitude-weighted effective ∆Teff ≈ 0.72◦C, re-
flecting altitude oscillations within the stratospheric float band
rather than the full ascent-from-ground excursion. The result-
ing RT values are lower than those of the sinusoidal model,
which correctly captures the full ascent-to-float thermal excur-
sion (∆THAB ≈ 35◦C) as a single macro-cycle. The two anal-
yses are therefore complementary: the sinusoidal model con-
servatively bounds the full mission thermal stress, while the
Rainflow analysis characterises the float-phase micro-cycling
regime.
Key findings. Across all durations tested (24–134.8 hours),

every computed HLCI-TP score falls within the minimal
screening band. The RP values are moderately higher than
the sinusoidal model’s 2.0 × 10−6 because the mean float
temperature (≈ −27◦C) is warmer than the nominal −55◦C
cold-soak assumption, reducing the Arrhenius deceleration
factor. The UV sub-index RU is slightly elevated relative
to the baseline model owing to the Arctic-summer daylight
fraction (ξ = 0.95 versus 0.85). The composite HLCI-TP
score remains an order of magnitude below the minimal
screening threshold at 0.02 for all tested durations, confirming
the robustness of the minimal screening classification under
real flight conditions.

7.3. Limitations of the Present Model

Three simplifications in the current model are worth stating ex-
plicitly for any team using HLCI-TP in a formal qualification
context, together with a quantified assessment of their impact.
Thermal cycle count (NHAB = 1). The sinusoidal model

assigns a single quasi-diurnal macro-cycle to the 24-hour HAB
float phase, consistent with the dominant solar-irradiance-

driven temperature variation. It does not account for partial
micro-cycles during ascent or descent caused by changes
in solar aspect angle [13, 14]. As quantified in Section 6.1,
two additional partial cycles at ∆T ≈ 20◦C would raise RT

from 1.63 × 10−4 to ≈ 2.7 × 10−4 — a 65% increase that
nevertheless remains within the minimal screening band. The
Rainflow analysis of Section 7.2.2 independently confirms
this bound: even with 36–181 real micro-cycles extracted
from actual flight data, the composite score remains within
the minimal band. Future implementations using recorded
temperature histories and Rainflow cycle counting will further
improve accuracy [15].
UV spectral model. Using a scalar Beer-Lambert approxi-

mation (fHAB = 0.35) is less accurate than full spectral integra-
tion. The UV photodiode in the reference payload (Section 4.2)
provides flight-averaged integrated fluence measurements that
can replace this scalar approximation with spectrally resolved
data, enabling material-specific weighting of UV damage [19].
The 0.35 estimate is corroborated by direct balloon-borne UV
measurements [20] and is appropriate for a first-order analy-
sis. The dominant source of variability in RU is the daylight
fraction ξ, which is separately explored via the ξ = 0.75–0.95
parametric sweep in Table 9.
Battery cold-soak mechanics. The Arrhenius model accu-

rately represents slow electrolyte depletion at temperatures be-
low −55◦C, giving RP ≈ 0. It does not capture mechanical
damage from lithium plating, separator membrane fatigue, or
capacity loss from multiple freeze-thaw cycles, which are non-
Arrhenius processes [27]. Teams with battery-critical designs
should treatRP as a lower bound on electrochemical aging and
conduct dedicated cold-soak functional testing. The potential
additional capacity loss from freeze-thaw cycling is difficult to
quantify analytically without mission-specific cell characteri-
sation data; empirical measurement during Stage 2 validation
is the appropriate resolution.

7.4. Application to CubeSat Pre-Qualification
HLCI-TP occupies a specific, bounded role in the CubeSat de-
velopment flow between ambient functional testing and TVAC
qualification:

1. Ambient functional testing (all teams).
2. HAB pre-qualification screening (HLCI-TP score

recorded with applied weighting factors).
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3. TVAC qualification (resources permitting).
4. Launch readiness review.

At step 2, an HLCI-TP score of 2.07× 10−3 provides a spe-
cific, repeatable data point for reviewers regarding what was
tested and — equally — what was not. An inclusive strato-
spheric test flight costs approximately $2,000–$5,000, com-
pared to approximately $10,000–$50,000 for a complete TVAC
sequence, representing a saving of one to two orders of magni-
tude for the addressed stress modes. HLCI-TP is not a TVAC
replacement; it assists teams in determiningwhen TVAC iswar-
ranted and which test sequences to prioritise.

7.5. Subsystem Applicability
HLCI-TP applies primarily to subsystems whose dominant fail-
ure modes are associated with thermal cycling, battery degrada-
tion, or UV exposure — EPS, OBC, communication hardware,
and structural/mechanical subsystems [22, 23]. The framework
is most directly applicable to pre-validation of communication
links, where HAB flights have demonstrated functional screen-
ing utility [11]. Subsystems dominated by ionising radiation,
atomic oxygen erosion, or vacuum outgassing lie outside the
current HLCI-TP scope and require complementary test meth-
ods [19, 21].

8. FUTURE WORK
Several extensions to the HLCI-TP framework are underway.
First, an orbital calibration campaign is planned in which a
CubeSat hosting the equivalent sensor suite as the HAB pay-
load will generate direct on-orbit measurements, enabling em-
pirical calibration of the sub-index weights and replacing cur-
rent physics-derived baseline values with data-derived values
(Stage 3 validation, Section 7.2.1).
Second, a vibration sub-index RV is under development,

based on fatigue-equivalent damage spectra of structural res-
onant modes during ascent/descent, using the methods of [23].
This would become the fourth HLCI-TP component.
Third, a statistical database correlating HLCI-TP scores with

post-flight functional test results and on-orbit anomaly rates
will enable empirical validation of the index as a predictor of re-
liability, following the trajectory of CubeSat reliability research
documented in [7, 8].
Fourth, an open-source web-based calculator is planned to

accept flight-profile inputs and return HLCI-TP scores with un-
certainty bounds, lowering the barrier to adoption.
Finally, long-duration stratospheric flights using superpres-

sure balloons, which can sustain float for multiple days [28],
represent a pathway toward reaching the low-level screening
band without multiple launches.

9. CONCLUSIONS
HLCI-TP is a composite index that quantifies how much of
the LEO environmental stress budget is reproduced during a
stratospheric balloon flight, through physically grounded sub-
models for thermal fatigue (Coffin-Manson), battery degrada-
tion (Arrhenius), and UV exposure (Beer-Lambert). The UV

sub-index is rooted in the Beer-Lambert electromagnetic atten-
uation model, directly linking the framework to the quantifica-
tion of solar ultraviolet irradiance at stratospheric altitudes.
A Python-based implementation has generated analytically

validated scores for a 24-hour baseline mission at 35 km, yield-
ing RT ≈ 1.63 × 10−4, RP ≈ 2.0 × 10−6, and RU ≈
9.92×10−3, with a composite HLCI-TP score of approximately
2.07× 10−3. A sensitivity analysis across three weight config-
urations and a 10,000-sample Monte Carlo uncertainty study
both confirm the robustness of the minimal screening classifi-
cation. Extending the parametric analysis to 6–48-hour mission
durations demonstrates that all practical HAB configurations
remain within the minimal screening band. Preliminary appli-
cation of Rainflow cycle counting to real GPS altitude data from
the PMC-Turbo stratospheric balloon mission (35.7–39.5 km,
134.8 hours) independently corroborates the minimal screening
classification across all tested durations and provides the first
Stage 1 dataset analysis under the proposed validation pathway.
To the authors’ knowledge, this is the first published frame-

work to integrate thermal fatigue, electrochemical degradation,
and UV fluence into a single, dimensionless stress-equivalence
metric for HAB-to-LEO comparison. The contribution of
HLCI-TP lies not in inflating the perceived utility of balloon
tests but in providing balloon testing with a calibrated, honest,
and repeatable score. Any team can compute anHLCI-TP score
from their flight data, report it alongside their project documen-
tation, and defend it to a reviewer. We propose that HLCI-TP
scores be reported as a routine part of pre-qualification assess-
ments for balloon testing of satellite systems.
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