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Abstract

This systematic review summarizes a 30-year body of research (1996-2025) on in-cabin
noise measurement and evaluation across transport modes, including road, rail, air, hybrid
and electric vehicles. Guided by the PRISMA 2020 framework, 38 included records were
identified and analyzed, comprising 33 empirical and 5 standards/guideline documents
to address six research questions (RQ1-RQ6): the distribution of studies by mode and
context, the methods and descriptors employed, comparative strengths and weaknesses
of standard and psychoacoustic metrics, the identification of dominant noise sources
and mitigation strategies, the development of a hybrid integrated noise index, and the
existence of electric-vehicle-specific indicators. Results show that the equivalent continuous
sound level (Leq) remains the most widely used descriptor due to regulatory acceptance.
In contrast, psychoacoustic parameters such as loudness and sharpness show stronger
correlations with perceived comfort and annoyance. Hybrid indices VACI, NCI, NAF],
and SQI offer enhanced predictive accuracy but are mainly limited to automotive and
HVAC contexts. Primary interior noise sources include powertrain, tire-road or wheel-rail
interactions, and HVAC systems, with effective mitigation achieved through acoustic
insulation, aerodynamic refinement, and active noise control below 300 Hz. To unify these
approaches, this review proposes a Hybrid Integrated Cabin Noise Index (HCNI) that
combines physical SPL metrics with perceptual psychoacoustic descriptors, all measured
under standardized protocols. The HCNI framework provides a pathway toward a cross-
modal, perception-driven standard for evaluating acoustic comfort in next-generation
transport cabins, including electric and autonomous vehicles.

Keywords: in-cabin noise; noise comfort index; psychoacoustics; vehicle acoustics; hybrid
noise index; vehicle interior noise; transport cabins; occupational exposure; passenger
comfort; indoor environmental quality

1. Introduction

Noise inside transport cabins is widely recognized as a critical environmental and
ergonomic factor influencing passenger comfort, safety, and health. Across diverse modes
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of transportation, including road vehicles, rail systems, aircraft, and maritime vessels, cabin
noise arises from a complex interplay of aerodynamic forces, mechanical systems, structural
vibrations, and auxiliary equipment, often interacting in ways that produce highly variable
acoustic environments [1,2]. Interestingly, in developed regions such as the EU, about
100 million people are estimated to be exposed to harmful road traffic noise, necessitating
various interventions (including special noise barriers) to mitigate the risk [3]; however,
vehicle interior noise suggests that exposure extends to vehicle occupants both indoors
and outdoors. Mitigating immediate noise and annoyance risks to vehicle passengers is
also needed, providing a holistic approach to combating noise-associated risks. To quantify
and characterize these environments, the Noise Level index has emerged as a standardized
framework, most commonly expressed in A-weighted decibels [dB(A)] to align with the
frequency sensitivity of human hearing (ISO 1996-1:2016) [4]. Typical assessments employ
the equivalent continuous sound level (Leq) as a primary descriptor, supplemented by
maximum sound level (Lmax) and statistical indicators such as L10 and L90, which capture
temporal variations and noise distribution over time [5].

The current review motivation hinges on the existential risks posed by suboptimal
acoustic performance and the occupational hazards associated with interior vehicle noise.
Notably, poor indoor environmental quality (IEQ) parameters in transport microenviron-
ments, including noise, air quality, thermal and visual comfort, can pose elevated risks
to occupants with longer exposure durations, alongside other factors such as occupancy
density, pollutant concentrations, heating, ventilation, and air conditioning (HVAC) sys-
tem/settings, cabin geometry, vehicle age and condition. However, vehicle interior noise
is often underrepresented in these risk factors, even though the aforementioned factors,
combined with elevated noise and annoyance, adversely affect health, comfort, well-being,
and performance. Commuting on public transport can exceed the reported average of 4-7%
of modern man’s daily indoor time spent in transport microenvironments, underscoring the
need to mitigate risks associated with commuting and occupational exposure [6]. Evidence
from the London Underground further demonstrates that routine metro commuting can
contribute substantially to cumulative daily noise exposure, highlighting the importance of
assessing passenger exposure using standardized dosimetry and exposure-based acoustic
metrics [7]. Moreover, besides the long-exposure tendency for passengers and drivers
during long hauls, professional drivers, transport operators, delivery personnel, and other
mobile workers experience prolonged exposure to vehicle-cabin noise as part of their oc-
cupational environment. Understanding and characterizing this exposure is essential for
assessing potential impacts on comfort, stress, fatigue, cognitive performance, and IEQ
condition in transport cabins.

Notably, a recent review of vehicle cabin climate has highlighted that noise remains
one of the least integrated dimensions of the in-vehicle environment [8]. While thermal
comfort and air quality are increasingly assessed using standardized indicators, the evalua-
tion of interior noise remains fragmented, relying largely on separate physical metrics (e.g.,
sound pressure level (SPL)) and psychoacoustic descriptors such as loudness, sharpness,
and roughness [9,10]. Recent research shows that objective noise measurements alone are
insufficient to explain occupants’ perceived acoustic comfort, particularly in EVs, where the
absence of engine masking reveals new tonal and high-frequency sounds that significantly
affect user perception [11]. Empirical investigations reveal substantial variation in cabin
noise levels across transport modes and operational contexts. For instance, typical cruise
noise levels in commercial aircraft range from 80 to 85 dB(A), with peaks near 88 dB(A),
while high-speed trains may average 70-75 dB(A) depending on track smoothness and
aerodynamic conditions [12]. Although these levels often remain below occupational haz-
ard thresholds, research indicates that even moderate noise can impair speech intelligibility,
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elevate physiological stress responses, and reduce perceived service quality, particularly
with prolonged exposure [13,14]. Chronic exposure above 85 dB (A) is associated with
increased risks of hearing loss and cardiovascular effects [15], underscoring the importance
of precise measurement and targeted mitigation [11,16,17]. Focusing on vehicle acoustics
and EVs highlights prevailing knowledge gaps regarding the integration of quantitative
acoustic indicators with qualitative human-centered assessments of soundscape and com-
fort. Despite advances in sound-quality evaluation, no widely accepted integrated noise
index exists to simultaneously capture physical exposure and subjective perception within
vehicle cabins, and this gap is even more pronounced for EVs [11]. Furthermore, the rapid
transition toward electrified transportation introduces new acoustic exposure profiles that
require updated assessment frameworks.

International standards, such as ISO 5128:2023 [18] for Road vehicles, ISO 5129 [19]
for aircrafts and ISO 3381 [20] for railway vehicles, provide guidelines for in-cabin noise
assessment. These guidelines prescribe instrumentation protocols, microphone placement,
and operational-phase categorization to ensure reproducibility. Despite these standards,
cross-study comparability remains challenging due to differences in study design, weight-
ing filters, sampling durations, and environmental conditions. To address these limitations,
recent research has increasingly incorporated psychoacoustic metrics, such as loudness,
sharpness, and fluctuation strength, which offer more profound insight into subjective
comfort perceptions than physical measurements alone [21]. However, comprehensive
cross-modal analyses integrating both physical and perceptual data remain scarce, de-
spite their essential role in advancing vehicle design, refining regulatory frameworks, and
guiding innovations in passive and active noise control technologies.

Within this broader context, noise and vibration harshness (NVH) performance has
become a defining factor in the overall quality perception of modern vehicles, influencing
both measurable comfort indices and subjective user satisfaction. Among the various in-
cabin noise sources, the HVAC system is particularly significant, especially in low-engine
noise conditions, such as those found in hybrid and electric vehicles [22]. Although HVAC
noise is typically not the dominant sound source, its psychoacoustic attributes, loudness,
sharpness, and roughness, induce annoyance, distraction, and a decline in perceived
acoustic comfort [23,24]. This has prompted a shift from merely reducing SPL to actively
enhancing sound quality (SQ) through psychoacoustic optimization and sound design
strategies [13,14].

Traditional noise evaluation approaches, dominated by SPL and dB(A) metrics, often
fail to capture the nuanced perceptual dimensions of acoustic comfort [25,26]. Studies
have shown that psychoacoustic metrics such as Zwicker loudness, sharpness, roughness,
and fluctuation strength correlate more strongly with human auditory perception than
SPL alone [14,24]. For example, Yoon et al. [15] demonstrated that regression and neu-
ral network models combined with semantic differential methods can effectively predict
“pleasantness” from objective metrics, with neural networks outperforming statistical
models due to their ability to model complex perceptual relationships. Similarly, Ku-
mar and Riyazuddin found strong correlations between statistical loudness/roughness
and subjective annoyance ratings in rattle-noise evaluations of air-vent assemblies [27].
The assessment of acoustic comfort has also evolved toward soundscape approaches,
satisfaction-based indices, and hybrid frameworks that integrate physical measurements
with perceptual and contextual factors [26]. This shift reflects recognition that passenger
comfort perception is influenced not only by measurable acoustic variables but also by
cognitive, affective, and situational elements [11,26]. Notably, psychoacoustic parameters
alone may account for only part of the variance in perceived comfort, underscoring the
need for multimodal, context-aware evaluation methods. The transition to electric and
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hybrid mobility has further reshaped NVH profiles, reducing traditional engine noise and
increasing the relative prominence of auxiliary sources such as HVAC systems, tire-road
interaction, and aerodynamic vents [22,28]. Comparative studies between internal com-
bustion engine vehicles (ICEVs) and hybrid/electric vehicles (HEVs) show that HVAC
noise, once masked by engine operation, now plays a more dominant role in shaping
cabin acoustics, requiring more precise prediction and mitigation strategies [22]. Effective
noise-refinement solutions, including structural modifications, the application of acoustic
felts, and vent-geometry optimization, have demonstrated reductions in both SPL and tonal
peaks, thereby improving perceived quality [25,28]. Given the diversity of transport modes,
noise sources, measurement methods, and descriptors employed in the literature, a system-
atic review is necessary to consolidate existing evidence, identify methodological trends,
highlight knowledge gaps, and propose a framework for integrated noise evaluation in
transport cabins. Notably, besides the fundamental objective of enhancing the interior IEQ
comfort metrics of vehicles, the proposed integrated framework, which combines physical
and psychoacoustic metrics, aligns with the advancements and evolutions of soundscape
science, with respect to the objectives of environmental acoustics [29]. Additionally, this
SLR focuses on improving the acoustic environment of vehicle interiors; to this end, we
used a fundamental and successful methodological approach: defining research questions
(RQs) to be answered, following the method used in these studies [30-32]. The six RQs are
as follows:

1. RQ1: What are the characteristics, transport modes, geographical contexts, and study
distributions of the included records?

2. RQ2: Which sound descriptors and measurement methods are used to assess interior
transport-cabin noise?

3. RQ3: What are the strengths, weaknesses, opportunities, and threats (SWOT) associ-
ated with the principal noise descriptors and indices?

4. RQ4: What are the dominant cabin-noise sources and reported mitigation strategies
across transport modes?

5. RQ5: What evidence supports the development of an integrated Hybrid Integrated
Cabin Noise Index (HCNI), and what should its conceptual structure contain?

6. RQ6: Does a dedicated or universally recognized electric-vehicle-specific noise index
currently exist?

2. Materials and Methods

This systematic review was planned and conducted in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses to ensure a transparent, repro-
ducible, and rigorous synthesis of the available evidence. A review protocol was prepared
before the literature search and specified the research question, eligibility criteria, search
strategy, screening procedures, and data-extraction methods. However, the protocol was
not prospectively registered in a public systematic-review registry; therefore, no registration
number is available. The objective of the review was to identify and synthesize empirical
studies that quantitatively assessed noise levels or related acoustic parameters within
transport-cabin microenvironments across different modes of transportation, including
road vehicles, rail systems, aircraft, and maritime vessels.

2.1. Inclusion and Exclusion Criteria

Eligibility criteria were defined as a priority and applied consistently throughout
screening. The criteria considered publication characteristics, language, study context, and
methodological approach. Studies were considered eligible when they investigated noise
within passenger or crew compartments and reported quantitative acoustic measurements
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obtained using appropriate measurement instrumentation. Eligible studies were empiri-
cal investigations published between January 1996 and December 2025 in peer-reviewed
journals, Scopus-indexed conference proceedings, book chapters, or official technical and
scientific reports. Only studies published in English were included. Eligible studies were
required to investigate noise within transport-cabin or passenger-compartment microenvi-
ronments and to provide quantitative acoustic measurements, including descriptors such
as equivalent continuous sound level (Leq), maximum sound level (Lmax), L10, L90, sound
exposure level (SEL), or other relevant acoustic or psychoacoustic parameters. Studies also
had to provide sufficient methodological information to identify the measurement proce-
dures, instrumentation, and principal operating conditions. Numerical or simulation-based
studies were considered eligible only when their results were supported by experimental
validation. Studies were excluded when they were review articles, non-indexed literature,
unpublished drafts, books without an empirical research component, or other publications
outside the predefined evidence categories. Publications not available in English were
also excluded. Studies investigating external vehicle noise, environmental or ambient
noise, buildings, or other non-transport environments were excluded because they did not
address the target transport-cabin microenvironment. Similarly, numerical or simulation
studies without experimental validation and studies focused on occupational noise in
maintenance, industrial, or other contexts unrelated to passenger-cabin environments were
excluded. Studies for which the available methodological information was insufficient to
determine the measurement procedures, instrumentation, or principal operating conditions
were also excluded because their findings could not be reliably interpreted or incorporated
into the planned synthesis. The complete inclusion and exclusion criteria are presented
in Table 1.

Table 1. Inclusion and Exclusion Criteria for Study Selection.

Inclusion Exclusion

Published empirical studies between January 1996 and
December 2025 in peer-reviewed journals,
Scopus-indexed conference proceedings, book chapters,

Review papers, grey reports, literature, unindexed
articles, reports, conference proceedings, books, and
technical drafts.

and official technical reports were included.

Only articles and indexed scientific reports in English Articles and reports that were not in English
Noise assessment studies of vehicle interior and Noise assessment studies in buildings of any type, or
transport microenvironment vehicle exterior, and ambient noise

Noise studies that applied Numerical and simulation
Noise studies that applied Numerical or simulation approaches without experimental validation, or
approaches with experimental validation. occupational noise in maintenance and industrial

contexts unrelated to passenger cabins

2.2. Literature Search Strategy

A comprehensive literature search was conducted in Scopus, Web of Science Core Collec-
tion, ScienceDirect, and the Transportation Research Information Database (TRID). Supple-
mentary searches were conducted in Google Scholar and ResearchGate to identify additional
relevant records and potentially overlooked technical or grey-literature sources. The reference
lists of relevant publications were also manually screened to identify additional eligible studies.
The searches were conducted during the final literature-search phase of the review, with the
publication period extending through December 2025, consistent with the predefined eligibil-
ity criteria. The database-specific search strategies combined terms describing transport-cabin
noise, transportation modes, and acoustic measurement or assessment. Boolean operators,
phrase searching, and truncation were used where supported by the individual databases.
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The principal Scopus search strategy was structured as follows: (“cabin noise” OR “interior
noise” OR “in-cabin noise” OR “noise level index” OR “Leq” OR “Lmax”) AND (“aircraft”
OR “bus” OR “train” OR “railway” OR “metro” OR “ship” OR “ferry” OR “vehicle”) AND
(“measurement” OR “assessment” OR “evaluation”). Equivalent database-specific adapta-
tions were developed for Web of Science, ScienceDirect, and TRID according to their respective
search interfaces, field restrictions, Boolean syntax, and truncation functions. The complete
database-specific search strategies, including the searched fields, Boolean operators, truncation
symbols, phrase restrictions, and publication-date limits, are provided in Supplementary Table
51 to facilitate reproducibility. The search date for each database and supplementary source
is also reported in Supplementary Table S1. Google Scholar and ResearchGate were used as
supplementary discovery sources rather than primary bibliographic databases. Searches in
these sources were restricted to the predefined publication period and search concepts, and all
identified records were subjected to the same eligibility and screening procedures as records
retrieved from the primary databases. Reference-list screening of relevant publications was ad-
ditionally conducted to identify potentially eligible studies not retrieved through the database
searches. All retrieved records were imported into EndNote X9 for reference management and
duplicate identification. Duplicate records were removed before title and abstract screening.

2.3. Study Selection Method

Following the removal of duplicate records, the retrieved records were screened in
two sequential stages. First, titles and abstracts were independently assessed by two
reviewers against the predefined eligibility criteria. Records considered potentially relevant
by either reviewer were subsequently retrieved for full-text assessment. The full texts were
independently evaluated against the inclusion and exclusion criteria, with disagreements
resolved through discussion and consensus. The principal reasons for full-text exclusion
were documented during the selection process. The overall study-selection process is
presented in the PRISMA 2020 flow diagram.

2.4. Methodological Assessment and Data Extraction

A structured methodological reporting framework was applied to characterize the
completeness of the included studies. Five domains were evaluated: instrumentation,
calibration, operating and environmental conditions, measurement protocol, and data
analysis/reporting. Each domain was scored from 0 to 2 (maximum score = 10). This frame-
work was used to assess reporting transparency and guide interpretation rather than as a
formal risk-of-bias instrument. The assessment was used to characterize methodological
reporting and to inform the interpretation and synthesis of the evidence, rather than as a
post-inclusion exclusion criterion. Data from all included studies were extracted using a
standardized data-extraction form to ensure consistency across the review. The extracted
information included bibliographic characteristics such as authors, publication year, and
country, as well as transport mode, vehicle or cabin type, study setting, and passenger or
crew compartment characteristics. Information concerning measurement methodology
was extracted, including instrument type, calibration procedures, microphone placement,
frequency weighting, measurement duration, sampling conditions, and applicable mea-
surement standards. Operational conditions, such as vehicle speed, passenger or load
conditions, and other relevant environmental or operational factors, were recorded where
available. The reported acoustic outcomes included Leq, Lmax, L10, L90, SEL, and psy-
choacoustic parameters, together with information concerning compliance with relevant
international measurement standards and the principal implications of the findings for
passenger comfort, health, exposure, or transport-cabin design. Where reported, exposure
duration, TWA, noise dose or dosimetry, and vibration measurements were also extracted
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to assess cumulative exposure and the extent to which noise and vibration were jointly
considered within the NVH framework. Particular attention was given to methodological
characteristics that could influence the comparability of reported noise measurements,
including acoustic instrumentation and calibration, microphone location, frequency weight-
ing, measurement duration, operating and environmental conditions, and the application
of recognized standards such as ISO 3381, and ISO 5129, where applicable. These char-
acteristics, together with the methodological quality assessment, were considered during
the interpretation and comparative synthesis of the evidence. The percentile noise levels
L10-L90 were treated as separate acoustic descriptors throughout the review and were not
combined into a single notation, as such a representation could be misinterpreted. Where
both percentile levels were reported, the difference between L10-L90 was considered as
a potential indicator of temporal variability in the measured cabin-noise environment.
Accordingly, L10-L90 remained distinct variables during data extraction and synthesis.

2.5. Data Synthesis

The extracted data were compiled into comparative tables to facilitate the cross-modal
analysis of cabin-noise levels, measurement methodologies, and reported acoustic de-
scriptors. Particular attention was given to differences among road, rail, aviation, and
maritime transport environments, as well as to differences in measurement procedures,
operating conditions, and acoustic metrics. The synthesis also considered the extent to
which standardized measurement procedures were applied and whether reported mea-
surements could reasonably be compared across studies. Where measurement methods,
operating conditions, study characteristics, and reported acoustic metrics were sufficiently
homogeneous, quantitative synthesis or meta-analysis was considered. However, substan-
tial methodological and contextual heterogeneity was anticipated across transport modes
and study designs. Therefore, where statistical pooling was not considered appropriate,
a qualitative and comparative synthesis was conducted to identify recurring patterns,
methodological differences, evidence gaps, and factors influencing noise levels within
transport cabins.

3. Results
3.1. Results Summary

A systematic literature search identified 1290 records, comprising 1245 publications
retrieved from Scopus, Web of Science Core Collection, ScienceDirect, and the TRID,
together with 45 additional records identified through searches of grey literature sources,
including Google Scholar and ResearchGate. After removing 190 duplicate records and
five records excluded for other reasons, 1095 unique publications remained for title and
abstract screening. During this stage, 930 records were excluded because they did not meet
the predefined inclusion criteria. The full texts of 165 potentially relevant publications
were sought for retrieval, of which three reports could not be obtained. Consequently,
162 full-text articles were assessed for eligibility. Following detailed evaluation, 124 studies
were excluded because they did not satisfy the eligibility criteria, owing to insufficient
methodological reporting, failure to satisfy the predefined eligibility criteria, or duplication
of previously published work. The selected studies represent a comprehensive body of
evidence on transportation cabin acoustics, encompassing investigations of passenger cars,
buses, coaches, heavy vehicles, commercial vehicles, railway systems, aircraft cabins, and
HVAC systems. Together, they provide a robust foundation for examining noise sources,
assessment methodologies, psychoacoustic descriptors, passenger comfort, and noise
mitigation strategies across different transportation environments. Figure 1 illustrates the
study selection process, summarizing the identification, screening, eligibility assessment,
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Identification

Screening

Included

and final inclusion of studies in accordance with the PRISMA 2020 reporting guidelines. The
final evidence set comprised 38 included records, including 33 empirical studies and five
standards and guideline documents. Standards and guidelines were synthesized separately
from empirical studies because they provide normative methodological guidance rather
than original empirical evidence.

Identification of studies via databases and registers

Records identified from:
Databases (n = 1245)
» Scopus (n=512) ¢ Duplicate records removed (n=190)

o Web of Science Core Collection  (n=1361)
(=28 — * Records removed for other reasons

(e.g., retracted, not in English,

Records removed before screening:

o ScienceDirect
¢ Transportation Research

Information Database (TRID) (= 124) hor-articie: gocuments) (n=3)
Grey literature (n = 45)
» Google Scholar (n=32)
¢ ResearchGate (n=13) Total records removed

before screening (n = 195)
Total records identified (n = 1290)

Y

Records excluded
(n=930)

Records screened

v

ey (Title/abstract not relevant to the topic
or not meeting inclusion criteria)
\d
Reports sought for retrieval Reports not retrieved
(n = 165) ¥l (n=3)
(Full text could not be accessed)
A
Reports excluded (n = 124):
Reports assessed for eligibility . Irrelevant‘ scope (n=70)
(n=162) o Low quality (n=35)

« Duplicate publications (n=19)

Total reports excluded (n = 124)

Y

Studies included in review

(n=38)
¢ Research articles (n=33)
¢ Standards / guidelines (n=15)

Total studies included (n = 38)

Figure 1. PRISMA flow diagram of the study selection process.
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3.2. RQ1—Characteristics and Distribution of the Included Studies

Table 2 summarizes the characteristics of the 33 empirical studies and five standards
included in this systematic review. The publications span the period from 1996 to 2025,
demonstrating the growing research interest in transportation acoustics, IEQ, psychoa-
coustics, and passenger comfort. The studies represent a broad geographical distribution
and encompass investigations conducted in Europe, Asia, Africa, North America, and
Australia. They also cover a wide range of transportation environments, including buses,
trains, passenger cars, electric and hybrid vehicles, heavy vehicles, commercial vehicles,
aircraft cabins, and HVAC systems.

Table 2. Characteristics and key findings of the 33 empirical studies and five standards included in
the systematic review on in-cabin noise (1996-2025).

References Title Year Country Environment Findings
A Field Survey on Indoor IEQ gaps: 83% had defective
Ogundiran Climate in Land 2004 Nigeria & Bus & Train  ventilation; many didn’t meet
et al. [33] Transport Cabins of Portugal cabins standards for CO,, thermal,
Buses and Trains and acoustic comfort.
. N.O ¢ Leyel and Indoor L Leq ranged 59-88 dBA; many
Ogundiran  Air Quality Assessment Nigeria & . ) ..
. 2025 Bus cabins exceeded acoustic/IAQ limits
et al. [32] of Public Transport Buses Portugal
. L under EU/WHO norms.
in Portugal and Nigeria
Indoor Environmental o . .
Ogundiran Quality Assessment of Identified non-compliance in
& ; . 2023 Nigeria Train cabins IAQ, thermal, and acoustic
et al. [34] Train Cabins and
o comfort.
Passenger Waiting Areas
Reliability Improvement Neural network models
of a Sound Quality Index using loudness, sharpness,
Yoon et al. for a Vehicle HVAC 2012 South Korea Vehicle cabin and roughness predicted
[23] System Using a (HVAQ) perceived pleasantness more
Regression and Neural accurately than regression
Network Model models.
Structural modifications and
Noise Refinement . . acoustic felts applied to
W:Xf;% [&;5] Solutions for Vehicle 2013 Australia Ve?IiIC\l/e Acg;)m HVAC systems reduced both
HVAC Systems SPL and specific frequency
peaks.
Modeling and Validation Corgfalrlfigz}ggﬁg;z::tlc
Zakri et al. of Acoustic Comfort for . Electric p ',
) . . 2022 Indonesia . . roughness, sharpness) with
[16] Electric Vehicles Using a vehicle cabin hods f
Hybrid Approach soundscape methods for
Y better comfort analysis.
. . Developed a Noise Comfort
Zhao et al. Satlsfactlon—Base(.:l . On-board Index (NCI) correlated with
On-board Acoustic 2020 China . .
[10] L. spaces user satisfaction, better than
Comfort Classification
SPL alone.
Identified key comfort
factors—temperature, air
Gameiro da Measurements of 2008 Portugal Various quality, noise, vibration, light,

Silva [35]

Comfort in Vehicles

vehicle cabins

ergonomics—and highlighted
integration of physical and
subjective evaluations.
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Table 2. Cont.

References Title Year Country Environment Findings
Proposed a comfort index
Index for Vehicle combining Zwicker loudness,
Mohd Nor . . Passenger car ~ sharpness, roughness, and
Acoustical Comfort 2010 Malaysia 4 .
etal. [14] . cabin fluctuation strength;
Inside a Passenger Car s
correlated strongly with jury
test results.
Reducing engine noise in
HEVs increases the
Masullo et al. HVAC Noise in Car 2019 Italy /Japan ICEV & HEV ~ prominence of HVAC noise;
[22] Cabin: ICEVs vs HEVs y/jap cabins psychoacoustic analysis
revealed differences in
perceived sound quality.
Interviews identified
How Automotive descriptors and perceptual
Duroyon Acousticians Talk About 2022 France Electric definitions for
etal. [13] Sounds and Comfort in vehicle cabin  pleasant/unpleasant sounds;
EV applicable for EV sound
design.
Strong correlation between
Kumar & Evaluatlon. of A1r—V§nt . statistical
. . Rattle Noise Severity . Vehicle loudness/roughness and
Riyazuddin . d 1i 2018 India . biecti .
[27] Using Sound Quality air-vent subjective annoyance;
Parameters proposed optimized rattle
testing.
Found HVAC and engine
Caseriu & Assgssment on the. . Heavy noise as main Cor}trll?utors;
’ Acoustic Comfort Inside 2018 Romania - . assessed cumulative impact
Blaga [36] vehicle cabin
the Heavy Vehicle Cabin on acoustic and thermal
comfort.
Interaction between the valve
Guérin et al. Aeroacoustics of Vehicle and grille increases noise;
[28] Automotive Vents 2004 France/UK HVAC vents  relocating the valve upstream
reduced the SPL.
Loudness, tonality, and
A Sound Quality-Based spectral composition were
Leite et al. Investigation of the 2009 Brazil Vehicle cabin key in HVAC noise
[24] HVAC System Noise of (HVAQ) perception; Zwicker’s
an Automobile Model loudness model predicted
annoyance.
Loudness measures are
A Compariso o Noi cosely et o sfciv
Watts [37] Measures for Assessing 1996 UK Vehicle noise g .
Vehicle Noisiness advantage over A-weighted
SPL when the spectra are
similar.
Evaluation of Acoustic . .
Flor etal Noise Level and 2022 Poland Vehicle cabin Fﬁnfcgatef?ﬁiﬂﬁf
[38] Impulsiveness in Vehicle P P

Cabins

harshness in cars.
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Table 2. Cont.

References Title Year Country Environment Findings
Characteristics of Cab Commercial The neural network
Xie et al. [39] Interior Noise Under 2024 China vehicle accurately predicted noise
Operating Conditions from operational parameters.
Simulating HVAC Noise . . Used CFD and
Kandekar . . . . . Vehicle Lattice-Boltzmann methods
in Vehicle Cabin with 2022 India ..
et al. [40] . . HVAC to predict airborne HVAC
Material Modeling .
noise.
Experimental Validation -
Grigg etal. of HVAC 2021 Turke Vehicle anIc(i1 ilél fleidirtlhea(;otrl?elza rer?rsr?;r
[41] Humming-Type Noise in y HVAC PIPING 2 P y
; humming noise sources.
Vehicles
. . Acoustic camera &
Acoustic Sensing and Vehicle psychoacoustic metrics
Thietal [42] Noise Identlflcatl.on ofan 2021 UK HVAC identified dominant HVAC
HVAC Unit .
noise sources.
Fl(?w—lnduced NOIS? Heavy Validated HVAC noise
Prakash et al. Prediction and Validation . .. .
. 2025 Japan vehicle predictions using CFD and
[43] of a Heavy Vehicle HVAC experimental data
HVAC System p '
R Sombined svdynanic
) Metamodels to Assess 2022 India Vehicle cabin &
[44] . . . noise paths for NVH
Interior Cabin Noise e
optimization.
Sineau et al Vibration Transfer Path Vehidle Ranked vibration transfer
' Analysis for NVH 2020 Iran . . paths to diagnose
[45] L interior .
Optimization structure-borne noise.
. . Acoustic Factors in . Linked acoustic traits with
Torija & Ruiz . . Railway -
Railway Noise 2025 France . instantaneous annoyance
[46] cabins .
Annoyance ratings.
Fast] & Using Psychoacoustics to . Transport en- Lqudness & sharpness
Zwicker [21] Assess Urban and 2015 Spain vironments predicted annoyance better
Transport Noise than SPL alone.
Interior noise
characteristics, source
identification, and its
Schulte- uantification Hich-speed Average Leq 70-75 dB(A);
Fortkamp & quartie 2021 China &1°P influenced by track
Fiebig [47] contribution of a train smoothness & aerodynamics
400 km/h high-speed ’
train in different
operating environments
Tang et al. Soundscape Analysis in High-speed Applied the soundscape
. . 2006 Germany . framework to railway
[2] High-Speed Rail train
passenger comfort.
Influence of . Aerodynamic noise
ziza}id?igT Aerodynamic Noise on 2019 China ngt}; :ifleed dominates above 300 km/h; a
’ Train Cabin Comfort fairing design mitigates it.
. . . HVAC, tire-road, and
Jiang etal.  Analysis of Noise Levels 2022 South Korea  Passenger car  aerodynamic noises interact

(5]

in Typical Passenger Cars

non-linearly.
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Table 2. Cont.
References Title Year Country Environment Findings
Evaluating the Impact of
Meng et al. Metro Interior Noise on . . L10 a nd L0 capture
[40] Passeneer Annovance: 2021 China Metro train fluctuations better than Leq,
An Expgrimentalys tu d§.7 which is linked to annoyance.
The Role of Noise in .
Mohd Nor Passenger Perceived Bus & rail Noise above. 70 dB(A)
2. . 2014 UK . reduced service quality
etal. [7] Quality in Public cabins .
Transport perception.
Criee ot al Passenger Car Interior Passencer car Loudness & sharpness are
f[;fl] " Noise Evaluation Using 2011 Malaysia cabgin most critical for perceived
Psychoacoustics comfort.
Personal noise dosimetry
showed that underground
Garbala & Passenger Noise London subz?:i(:;%ecrjriﬁ)ae’;?:ieoise
Gomez- Exposure in London 2015 UK Underground exposure; LAeq, LCPeak and
Agustina [7] Underground (metro) LEX,8 h were used following
standardized occupational
exposure methods.
Psychoacoustics: Facts Various Defined loudness, sharpr}ess,
ISO 3381 [20] and Models 2007 Germany environments roughness, and fluctuation
strength for comfort studies.
Railway Applications—
ISO 5129 [19]  Measurement of Noise 2019 International Rail cabins . Stam.:lard methodology for
Inside Rail Vehicles in-cabin noise measurements.
WHO 2018  Acoustics-Measurement 2019 International Aircraft Standardized cabin noise
[50] of Noise Inside Aircraft cabins measurement procedures.
Environmental Noise Transport Recommended limits for
OSHA [15] Guidelines for the 2018 International noige exposure to transport noise to
European Region protect health.
ISO Acoustics— Provides methods for
5128:2023 Measurement of interior 2013 International =~ Road vehicles = measuring interior vehicle
[18] vehicle noise noise.

The 38 included records selected through the PRISMA screening process repre-
sent a diverse body of research investigating in-cabin noise and related IEQ factors
across multiple transportation modes, geographical regions, and methodological ap-
proaches. The reviewed literature encompasses public transport systems, including
buses, coaches, trains, and passenger waiting areas [6,30], passenger cars [14,37], elec-
tric and hybrid vehicles [13,22], heavy and commercial vehicles [36,39,43], railway
systems [2,46-48], vehicle HVAC systems [41,42,44], and internationally recognized
standards and guidelines [15,19,20,50]. Collectively, these studies provide a compre-
hensive overview of the principal noise sources, assessment methodologies, passenger
perception, and mitigation strategies employed in transportation acoustics. Studies
conducted in public transportation environments frequently combined acoustic mea-
surements with assessments of thermal comfort, indoor air quality, and ventilation per-
formance, revealing widespread exceedance of WHO and European recommendations
for acoustic and environmental comfort and identifying defective HVAC and venti-
lation systems as major contributors to passenger discomfort [22,33,34,44]. Research
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on passenger cars, hybrid vehicles, electric vehicles, heavy vehicles, and commercial
vehicles primarily focused on engine, tire-road interaction, aerodynamic turbulence,
structural vibration, and HVAC noise, demonstrating that psychoacoustic descriptors,
particularly loudness, sharpness, roughness, and fluctuation strength, provide more
accurate predictions of passenger comfort than conventional sound pressure level mea-
surements alone [13,14,22,26,36-39,41-44]. A substantial proportion of the reviewed
literature investigated vehicle HVAC systems, identifying blowers, ducts, compressors,
valve—grille interactions, and airflow-induced noise as the dominant contributors to
cabin noise. These studies demonstrated that acoustic insulation materials, optimized
ventilation geometries, Computational Fluid Dynamics (CFD), machine learning, and
neural network models can significantly improve both noise prediction and mitiga-
tion [21,27,39,47,48]. Similarly, studies on railway and high-speed rail environments
identified wheel-rail interaction, aerodynamic turbulence, and traction systems as the
primary noise sources, with psychoacoustic metrics and soundscape approaches pro-
viding stronger correlations with passenger annoyance than conventional A-weighted
sound pressure levels [2,46-48].

Several cross-modal investigations proposed integrated acoustic comfort indices, in-
cluding the Noise Comfort Index (NCI) and the Vehicle Acoustical Comfort Index (VACI),
demonstrating that hybrid approaches combining conventional acoustic descriptors with
psychoacoustic parameters provide more reliable predictions of passenger comfort and
perceived sound quality than physical metrics alone [14,26]. International standards and
guidelines, including ISO standards, the World Health Organization (WHO), and the Occu-
pational Safety and Health Administration (OSHA), provide standardized measurement
procedures and exposure limits that serve as essential references for evaluating trans-
portation cabin noise and ensuring consistency across studies [15,19,20,50]. The reviewed
studies reveal a clear transition from traditional sound pressure level-based assessments
toward integrated evaluation frameworks that combine objective acoustic measurements,
psychoacoustic descriptors, subjective passenger responses, and advanced computational
modeling. These findings provide the scientific foundation for the development of the
proposed Hybrid Cabin Noise Index (HCNI).

3.2.1. Comparative Synthesis of the Included Studies

To facilitate comparison across transportation modes, the included studies were further
synthesized by dominant noise sources, assessment objectives, acoustic descriptors, and
principal findings. This comparative synthesis highlights the common characteristics and
methodological differences across transportation environments while identifying emerging
research trends and remaining knowledge gaps. The results of this synthesis are presented
in Table 3.

As shown in Table 3, engine operation, tire-road interaction, aerodynamic turbulence,
HVAC systems, structural vibration, compressors, and wheel-rail interaction were consis-
tently identified as the principal contributors to transportation cabin noise. Although Leq,
Lmax, L10, and L90 remain the most frequently reported descriptors, researchers increas-
ingly incorporated psychoacoustic parameters, including loudness, sharpness, roughness,
tonality, and fluctuation strength, to better explain passenger perceptions of acoustic com-
fort. The synthesis also demonstrates the growing application of CFD, machine learning,
neural networks, and transfer path analysis to predict and mitigate cabin noise. Collectively,
these findings indicate a clear transition from conventional sound pressure level assessment
toward integrated, perception-based acoustic comfort evaluation.

https://doi.org/10.3390/environments13100569


https://doi.org/10.3390/environments13100569

Environments 2026, 13, 569

14 of 27

Table 3. Summary of in-cabin noise studies (1996-2025) by transport mode, sources, objectives,

metrics, and key findings.

Transport Mode Rep;(telslzri\:;tlve Domslz{alil;celjmse Typical Objectives Descrlp[tjc;iscllMetncs Key Findings
Leq ranged
59-88 dB(A); many
Eneine. tvre—road IEQ and comfort Leq, Lmax, L10 and  exceeded
Ogundiran et al. intgrac ’;io};l HVAC assessment; 190, loudness, EU/WHO limits;
Buses/Coaches [33], Torija et al. blower. s trl,lC tural compliance checks; sharpness; CO; and noise > 70 dB(A)
[46] vibra tic,)n multimodal thermal parameters  reduced service
comfort analysis in IEQ context quality; ventilation
defects in >80% of
surveyed buses
Average Leq
ntraction,  SPL profiing imocther k&
Trains-High- Schulte-Fortkamp aerodynarr;ic aerodynamic Leq, Lmax, L10 and fairings reduce
. . L. mitigation; 190, SEL, loudness, . .
speed/intercity =~ & Fiebig [47,51] turbulence aerodynamic noise;
(>300 km /h) soundscape sharpness sharpness
. ’ comfort analysis P .
traction motors correlates with
annoyance
L10/L90 captured
Wheel-rail . . fluctuation better
Trains— Jiang et al. [5]; roughness, curve 211121115 esil-lczlsizr?ner Leq, L10, L90, than Legq;
Metro/commuter Torija et al. [46] squeal, traction YSIS p & loudness noise > 70 dB(A)

motors

comfort evaluation

lowered perceived
service quality

Mohd Nor et al.

Development of

Leq, loudness,

Comfort index
using
psychoacoustics

Passenger cars [14]; Watts [37]; Engine, tyre-road, = comfort indices: sharpness, correlated strongly
(ICE) ! ! aerodynamic noise  multi-source roughness, with jury ratings;
Lee etal. [1] y 5 jury g
' interaction analysis  fluctuation strength ~HVAC-tyre-aero
noise interacts
non-linearly
Engine noise drops
Characterizing Leq, loudness, increased HVAC
Electric/Hybrid Masgllo etal [2.2]’. Tyre-road, HVAC new NVH profile; sharpness, prominence; .
cars Zakri et al. [16]; blower, aero vents  psychoacoustic roughness, psychoacoustics
Duroyon et al. [13] ! . soundscape outperforms SPL
comfort analysis . -
methods in predicting
comfort
HVAC + engine
Acoustic/thermal main contributors;
Heavy vehicles Caseriu & Blaga Engine, HVAC comfort Leq, Lmax, CFD &
y [36]; Thi et al. [42] blower, hydraulics  assessment; HVAC  loudness experiments
noise validation validated HVAC
noise predictions
Yoon et al. [23]; Neural networks &
Wang & Watkins Noise source psychoacoustics
[25]; Leite et al. Blower, ducts, identification: Loudness, predicted comfort
HVAC-specific [24]; Guérin et al. vents, compressor, mitication de’s iom: sharpness, better than SPL;
studies [28]; Kandekar valve-grille simfla tion 8t roughness, tonality,  acoustic felts &
et al. [40]; Satar interactions validation SPL design changes
etal. [52]; Grigg reduced SPL and
etal. [41] tonal peaks.
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Table 3. Cont.
Representative Dominant Noise . .. Descriptors/Metrics . 1.
Transport Mode Studies Sources Typical Objectives Used Key Findings
Neural networks
Aerodvnamic predicted SPL from
Commercial Xie et al. [39]; rollin yelectri,c Predictive NVH SPL metrics, operational data;
- Prakash et al. [43]; & € modelling; transfer  loudness, vibration  ranked vibration
vehicles . motor noise; )
Sakhaei et al. [44] . . path ranking levels paths to target
vibration paths
structure-borne
noise.
Loudness/sharpness
Railway . Multiple interior Link acoustic traits ~Loudness, are b'e ter
annoyance Sineau et al. [45] . predictors of
. noise sources to annoyance sharpness, SPL
studies annoyance than
SPL alone
Define
Provide instrumentation,
ISO 3381: [20]; ISO SPL, SEL, mic placement,
Standards & measurement & . .
idelines 5129: [19]; WHO — eXDOSUTe psychoacoustic and operating
& [53] P metrics (optional) states; set
frameworks. .
health-protective
limits.

3.2.2. Classification of Transport and Noise Study Contexts

To illustrate the distribution of the reviewed literature across transportation modes,
the included studies were classified according to their principal research context. The
classification distinguishes investigations of buses and coaches, railway systems, passenger
cars, electric and hybrid vehicles, heavy vehicles, commercial vehicles, HVAC-specific
studies, and international standards and guidelines, as shown in Figure 2.

J,3 A2

B,2
c1

Trains-High-speed / Intercity

Trains - Metro / Commuter

Railway Annoyance

1,7 D,3

Buses / Coaches

Heavy Vehicles

Commercial Vehicles
Passenger Cars (ICE)
Electrical Vehicles
HVAC Specific
Standards & Guidelines

E,3

H,3
G,3 F2

“l=mo g0 |wE |

Figure 2. Classification of Transport and Noise Study Contexts.

Figure 2 shows that passenger cars, HVAC systems, and railway applications consti-
tute the largest proportion of the reviewed literature, reflecting the increasing emphasis
on passenger acoustic comfort in these transportation modes. In contrast, relatively fewer
studies have focused on heavy vehicles, commercial vehicles, and integrated indoor en-
vironmental quality assessments. This distribution highlights important opportunities
for future research, particularly in developing standardized methodologies capable of
evaluating acoustic comfort consistently across different transportation systems.
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3.3. RQ2—Sound Descriptors and Measurement Methods

In a review on the evaluation of comfort in vehicles, Gameiro da Silva [19] discussed
the relevant noise descriptors for evaluating acoustic comfort in vehicles, such as SPL,
sound power level (PWL), sound intensity level (SIL), loudness, composite rate of pref-
erence (CRP), equivalent sound level (Leq), Articulation Index (AI), predicted speech
interference level (PSIL) [35], Speech Transmission Index (STI), and Sound Insulation In-
dex (DnT,w). The aforementioned noise descriptors primarily apply to physical acoustic
metrics, including maximum sound level (Lmax), background noise level (L90), and Rever-
beration Time (RT60). However, vehicle interior noise is evaluated alongside vibration and
harshness. NVH collectively impacts passenger comfort in vehicles. Another class of noise
descriptors, referred to as psychoacoustic descriptors, includes loudness (N), sharpness (S),
tonality (T), fluctuation strength (FS), roughness (R), impulsiveness (I), and oppressiveness
penalty (OP) [54]. These psychoacoustic descriptors are particularly relevant for assessing
the impact of noise on exposed human occupants [55]. In Table 4, the most used sound
descriptors and noise indices are presented.

Table 4. Categories of Sound Descriptors and Noise Indices.

SN Physical Acoustic Psychoacoustic Noise Indices
1 Maximum sound level (Lyax) Loudness (N) Noise Annoyance Fuzzy Index (NAFI)
2 Background noise level (L90) Sharpness (S) Noise Comfort Index (NCI)
3 Composite rate of preference Fluctuation strength Vehicle Acoustical Comfort Index
4 Equivalent sound level (Leq) Roughness (R) Sound Quality Index (SQI)
5 Articulation Index (AI) Impulsiveness (I)
6 Predicted speech interference level =~ Oppressiveness penalty
7 Speech Transmission Index
8 Sound power level (PWL)
9 Sound intensity level (SIL)
10 Insulation Index (DnT,w)
11 Reverberation Time (RT60)
12 Noise Equivalent Power

Moreover, other kinds of descriptors may be explored in the context of the activity that
occupants are experiencing, including effects on comfort, privacy, control perception, or
suitability for such activities, reinforcing the notion that noise is highly subjective, though
it can be objectively evaluated; hence the need for an integrated index that accounts for
acoustic comfort regarding indoor spaces, including transport microenvironments.

Notably, most studies assessed interior vehicle noise together with NVH, recognizing
their combined influence on passenger acoustic comfort. Based on the studies included in
this systematic review, Figure 3 presents the quantitative distribution of the acoustic de-
scriptors applied in field investigations. Loudness was the most frequently used descriptor
(9 studies), followed by sharpness (7 studies) and Leq/LAeq (7 studies), confirming the
continued importance of equivalent continuous sound level for regulatory and comparative
assessments. Roughness, SPL, and composite noise indices (including VACI, NAFI, NII,
and NCI) were each reported in four studies, whereas Lmax and L10-L90 appeared in
three studies. SEL, fluctuation strength, tonality, LCPeak, and LEX,8 h were used less
frequently, appearing in only one or two studies. Garbala and Gomez-Agustina further
expanded conventional cabin-noise assessment by applying personal noise dosimetry and
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cumulative exposure descriptors (LAeq, LCPeak, and LEX, 8 h) throughout complete
passenger journeys in the London Underground rather than during vehicle operation
alone, demonstrating the value of exposure-based measurements for evaluating commuter
noise in metro systems [7]. Overall, the distribution highlights the growing importance of
psychoacoustic descriptors, particularly loudness and sharpness, while emphasizing the
continued relevance of Leq for standardized assessment and the limited adoption of cumu-
lative exposure and advanced temporal descriptors in transport-cabin acoustics. Exposure
duration and cumulative exposure were less consistently reported than conventional acous-
tic descriptors. SEL, TWA, noise dose, and personal dosimetry were not systematically
applied, indicating an important gap in the assessment of cumulative cabin-noise exposure.
Future studies should report both instantaneous sound levels and exposure duration to
improve comparability across transport modes.

B Loudness

® Sharpness
Leq
Roughness

B Noise Index

m SPL

Frequency of Use m Tonality

Figure 3. Frequency of Use of Descriptors in Cabin Noise Studies (1996-2025).

3.4. RQ3—SWOT Analysis of Noise Descriptors and Indices

RQ3 evaluates the strengths, weaknesses, opportunities, and threats of A-weighted,
psychoacoustic, and hybrid descriptors, and this analysis was conducted to assess the
performance and practical applicability of the main categories of in-cabin noise descriptors
identified in the reviewed literature: A-weighted SPL metrics, psychoacoustic descriptors,
and hybrid or composite indices. This analysis aimed to determine how each descriptor
type contributes to understanding, predicting, and managing interior noise in transport
environments. A-weighted SPL descriptors such as Leq, Lmax, L10, and L90, and SEL
remain the most frequently used measures due to their simplicity, repeatability, and recog-
nition in international regulatory frameworks such as the WHO [25], ISO 3381 [20], ISO
5129 [19] and OSHA [15]. Their key advantage is that they enable cross-study comparability
and compliance with acoustic standards. However, these descriptors compress spectral
and temporal characteristics into single-number values, limiting their ability to capture
perceptually essential aspects of sound such as tonal sharpness or modulation depth [25,26].
In contrast, psychoacoustic descriptors, including loudness, sharpness, roughness, and
fluctuation strength, provide insight into how passengers perceive sound rather than how
it is physically measured [14,22,23]. These perceptual descriptors have shown stronger
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correlations with comfort and annoyance, especially in EV and HVAC environments where
tonal or high-frequency noise dominates [22]. Finally, hybrid indices such as the VACI [14],
NCI [26], NAFI [26], and SQI [23] integrate physical and psychoacoustic parameters to
produce single, perceptually weighted comfort scores. Despite their superior predictive
performance (R? > 0.85 with subjective ratings), they remain limited to automotive and
HVAC research contexts. The following table summarizes the strengths, weaknesses, op-
portunities, and threats identified for each descriptor category. Table 5 presents a SWOT

analysis of the cabin noise assessment metrics.

Table 5. SWOT Analysis of Cabin Noise Assessment Metrics.

Category Strengths Weaknesses Opportunities Threats
Universally Cannot represent Can serve as a Risk of overreliance
recognized by WHO, s ectra(l) ore’seriseoral bazelisr?e v?/itlsﬁn leading to outdated
A-weighted SPL EU, and OSHA P variabilit p hvbrid indices methodologies
Metrics (Leq, Lmax, Enables regulatory Weak correla};ion Con}{ atibility with Poor perceptual
L10 and L90, SEL) compliance and ith 1 P y R accuracy in
cross-study with perceptua 150 sta.ndar'ds ot low-noise EV/HEV
comparability comfort cabin noise environments
Psychoacoustic Directly linked to Requires advanced Core foundation for
Descriptors human perception gnal sis tools perceptual noise Inconsistent methods
(Loudness, Strong predictor of Lachs lobal indices may limit
Sharpness, comfort and standar c%iza tion Applicable to comparability
Roughness, annoyance Hicher measurement EV/HEV and Absence of reference
Fluctuation Strength,  Captures tonal and & complexit Al-based sound values across modes
Tonality) modulation effects pleaty modeling
Integrate physical .
and perceptual . Basis ff)r .
arameters Currently limited to standardized, Methodological
Hybrid Indices Hi }F correlation (R2 automotive/HVAC cross-modal HCNI fragmentation may
(VACI, NCI, NAFI, & > 0.85) with studies development delay acceptance
SQI, Proposed sub’ec’;ive comfort Absence of a Potential for Lack of validation in
HCNI) ) universal weighting  regulatory adoption  public transport and

Facilitate design
optimization and

framework

and comfort
certification

aircraft cabins

benchmarking

The table shows that A-weighted SPL descriptors, although indispensable for com-
pliance and benchmarking, offer only a limited representation of the passenger acoustic
experience. Their standardization through WHO [50], ISO 33 [6], and ISO 5129 [5] ensures
regulatory consistency but restricts perceptual insight, as these measures cannot account
for frequency distribution, prominence, or amplitude modulation, all crucial to perceived
annoyance and comfort [25,26]. In contrast, psychoacoustic descriptors such as loudness,
sharpness, and roughness better capture the human auditory response to cabin noise by rep-
resenting subjective sound qualities [14,21,23]. Research by Yoon et al. [23], Leite et al. [24],
and Masullo et al. [22] demonstrate that psychoacoustic parameters outperform traditional
SPL metrics in predicting perceived comfort, especially under the quiet operating condi-
tions of EVs and HEVs, where HVAC and aerodynamic tonalities become dominant [22].
Nonetheless, adoption slowed because standardized computational methods and refer-
ence scales across modes were lacking. Hybrid indices, such as the VACI, NCI, and SQI,
address this gap by integrating physical SPL and psychoacoustic parameters into unified
frameworks that better correlate with subjective comfort (R? > 0.85) [14,26]. However, these
indices are primarily confined to automotive and HVAC studies, limiting their broader
applicability. The synthesis underscores the need for a Hybrid Integrated Cabin Noise
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Index (HCNI) that harmonizes regulatory SPL descriptors with perceptually grounded
psychoacoustic metrics, enabling a standardized, human-centered evaluation of in-cabin
noise across all transport modes. Such a framework would not only enhance cross-study
comparability but also align future acoustic comfort research with the perceptual realities
of passengers in modern, low-noise transport systems.

Comparative Assessment of Standard A-Weighted Indices to Psychoacoustic Metrics

The review reveals that standard A-weighted SPL descriptors, including Leq, Lmax,
L10, L90, and SEL, are the most consistently applied tools for quantifying interior noise
across all transport modes. Their popularity stems from regulatory recognition (e.g., WHO,
EU directives, OSHA), straightforward instrumentation, and cross-study comparability.
Leq is the primary indicator of continuous exposure; Lmax captures instantaneous peaks;
L10 and L90 describe the statistical distribution and temporal stability; and SEL quantifies
the total energy of transient events such as train pass-bys, aircraft take-offs, or door slams.
In public transport research [8]. These metrics are usually used to assess compliance with
health-based limits and capture operational variability. Notably, in metro systems, L10
and L90 were more effective than Leq at reflecting fluctuations during curve squeal events,
improving predictions of passenger discomfort.

While valuable, A-weighted metrics compress complex spectral and temporal charac-
teristics into single-number values, limiting their ability to account for spectral distribution,
tonal prominence, and modulation patterns that strongly influence perception. Although
A-weighting partially compensates for the ear’s frequency sensitivity, it can overlook
perceptually essential features. For example, two sounds with identical Leq can elicit
very different comfort ratings if one has high-frequency tonal peaks or pronounced low-
frequency modulation. Psychoacoustic descriptors, including Zwicker loudness, sharpness,
roughness, and fluctuation strength, quantify specific perceptual attributes and offer richer
insight into passenger response. Loudness reflects perceived intensity across the spectrum
and is influenced by both level and spectral shape; sharpness captures the proportion of
high-frequency content; roughness measures rapid amplitude modulations (15-300 Hz);
and fluctuation strength quantifies slower modulations (<20 Hz) associated with “wob-
bling” or “pulsating” impressions. In the reviewed studies, loudness and sharpness were
the most predictive single indicators of annoyance, especially in automotive and HVAC con-
texts [14,22,23]. In EV cabins, the reduced broadband engine noise exposed high-frequency
HVAC and aerodynamic tones, making sharpness a critical measure of discomfort [13].
Roughness and fluctuation strength, though less frequently used, were particularly rele-
vant for identifying annoyance from tonal modulations caused by compressors and from
propeller-blade passage in turboprops.

Studies that combined A-weighted and psychoacoustic measures consistently pro-
duced the most accurate models of passenger comfort. For example, [26] developed an
NClI integrating Leq, loudness, and sharpness, achieving correlations above R? = 0.85 with
satisfaction ratings, substantially outperforming SPL-only approaches. Similarly, employed
a hybrid framework that combined loudness, sharpness, and soundscape analysis with Leq,
achieving higher predictive accuracy for EV comfort than either method alone. Although
psychoacoustic analysis requires more advanced measurement and processing tools, its
inclusion bridges the gap between physical sound characterization and human percep-
tion. The evidence supports a dual-layer evaluation framework: retaining A-weighted
SPL metrics for compliance, baseline assessment, and regulatory alignment, while sys-
tematically incorporating psychoacoustic descriptors to enhance perceptual relevance and
predictive accuracy.
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3.5. RQ4—Cabin-Noise Sources and Mitigation Strategies

RQ4 identifies dominant noise sources and effective mitigation strategies reported
across transport modes. In road vehicles with internal combustion engines, engine and
powertrain noise, tire-road interaction, and aerodynamic noise at higher speeds are pre-
dominant [14,48], while in electric and hybrid vehicles, the reduction of engine noise makes
tire-road, HVAC blower, and aero-ventilation leakage more perceptible [13]. Buses and
coaches are typically affected by engine bay noise, tire-road vibration, HVAC blower op-
eration, and structural resonance [8], whereas rail systems are dominated by wheel-rail
interaction (including roughness, corrugation, and curve squeal), traction motor noise, and
aerodynamic turbulence at high speeds [12]. Aircraft cabins are primarily influenced by
aeroacoustic excitation of the fuselage and windows, turbofan or propeller noise, and envi-
ronmental control system (ECS) duct noise [19]. In contrast, maritime cabins are affected
mainly by propulsion machinery, auxiliary equipment, and hydrodynamic hull flow [36].
Transmission pathways encompass a combination of structure-borne noise propagated
through the chassis, bogies, suspension systems, or fuselage panels, and airborne noise
entering via glazing, door and window seals, ventilation ducts, and body shell open-
ings [43,44]. Effective mitigation strategies reported in the literature include improved
sealing of doors and windows to reduce airborne leakage [25,28]; acoustic insulation and
damping using multi-layer floors, laminated glazing, and acoustic felts [23,24] structural
optimisation such as resilient rail pads and tuned mass dampers [12]; aerodynamic refine-
ments through fairing design and smooth exterior surfaces [2]; HVAC noise control via
blower isolation, grille geometry optimization, and acoustic lining [40,41], use of low-noise
components such as optimized tyres and redesigned propeller blades; and active noise
control (ANC) for low-frequency attenuation, particularly below 300 Hz [26].

3.6. RQ5—Ewvidence and Conceptual Structure of the Hybrid Cabin Noise Index

RQ5 addresses the design and development of an HCNI that unites physical and per-
ceptual measures. The HCNI presented in this review is a proposed conceptual framework
rather than a validated or standardized acoustic index. Its mathematical formulation, nor-
malization procedure, weighting coefficients, thresholds, and scoring equation remain to be
established through future empirical validation. At the first layer, the index should incorpo-
rate Leq, Lmax, and percentile measures (L10, L90), and SEL for transient events, measured
in accordance with relevant ISO standards (e.g., ISO 3381 [20] for rail, ISO 5129 [19] for
aircraft, ISO 362 [4] adaptations for road interiors) using IEC 61672 Class 1 instrumentation
with traceable calibration. These descriptors ensure alignment with compliance require-
ments, enable comparison with existing exposure limits (WHO, EU, OSHA), and capture
the overall level, peak events, and temporal variability. The second layer should integrate
Zwicker loudness, sharpness, roughness, and fluctuation strength, which quantify percep-
tual attributes critical to passenger comfort and annoyance. Loudness provides a measure
of perceived intensity; sharpness reflects the prominence of high-frequency content; rough-
ness quantifies rapid amplitude modulations (15-300 Hz); and fluctuation strength captures
slower modulations (<20 Hz), often associated with HVAC or aerodynamic “pulsation”
effects. The hybrid index would output both a physical score (dB-based) and a perceptual
score (psychoacoustic-based), weighted according to the relative predictive power of each
descriptor for passenger comfort, as demonstrated [14,26].

To enhance cross-study comparability, future research should adopt standardized
protocols for reporting operational conditions, including vehicle type and configuration,
speed, road/track quality, HVAC settings, and environmental parameters such as tempera-
ture, humidity, and wind speed. Microphone placement should follow the relevant ISO
standard for the mode studied, and studies should document both calibration traceability
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and measurement uncertainty. Reporting should include both steady-state and transient
analyses, with time histories or spectral plots to allow secondary analysis. Importantly,
studies should utilize both layers of the HCNI framework to ensure that both regulatory
and perceptual dimensions are addressed, thereby enabling meta-analyses across modes
and geographies. Finally, integrating subjective evaluations (e.g., comfort or annoyance
ratings) alongside objective field surveys is strongly recommended, as it provides essential
data to refine weighting factors in the hybrid index.

The HCNI presented here is a proposed conceptual framework, not a validated stan-
dardized index. The present review does not establish normalization constants, weighting
coefficients, decision thresholds, or a validated scoring equation. Future studies should
derive these parameters from sufficiently large datasets linking synchronized physical
and psychoacoustic measurements with standardized passenger comfort or annoyance
responses. Candidate weighting coefficients should then be estimated using transparent
statistical or machine-learning models, followed by independent validation across transport
modes, vehicle types, operating conditions, and passenger populations. Ongoing moni-
toring and evaluation of multimodal transport options, including emerging technologies
such as EVs, autonomous shuttles, and high-speed rail, should be prioritized to ensure the
HCNI remains relevant within rapidly evolving transportation systems.

3.7. RQ6—Electric-Vehicle-Specific Noise Indices

RQ6 investigates whether an EV-specific noise index currently exists and identifies
research gaps for future development. The review found that, despite the rapid transition
toward electric mobility, no dedicated or universally recognized noise index currently exists
for electric vehicles (EVs) or hybrid electric vehicles (HEVs). While several studies have
examined the acoustic characteristics of EV interiors, most have relied on existing physical
or psychoacoustic descriptors rather than developing bespoke indices tailored to the unique
noise profile of these vehicles. In traditional internal combustion engine vehicles (ICEVs),
engine and powertrain noise dominate cabin acoustics, often masking other sound sources.
However, in EVs and HEVs, the reduction of engine masking reveals new dominant noise
contributors such as HVAC blower noise, tyre-road interaction, aero-ventilation leaks,
and high-frequency tonal components from electric drivetrains and inverters [13,22,25].
These sound characteristics are more perceptually intrusive at moderate sound pressure
levels, as they exhibit tonal sharpness and fluctuation patterns not adequately captured
by A-weighted SPL descriptors. Studies by Masullo et al. and Zakri et al. confirmed that
the acoustic environment in EVs is strongly influenced by the psychoacoustic properties
of tonal and broadband components rather than overall sound level, emphasizing the
need for a perceptually sensitive evaluation framework [22]. Similarly, Masullo et al. [22]
and Zakri et al. [18] reported that loudness and sharpness remain the most influential
predictors of comfort and annoyance in low-noise EV interiors, outperforming standard
SPL-based measurements that correlate with passenger satisfaction [13,23,25]. However,
the indices applied in these studies, such as the NCI, VACI, and SQI, were adapted from
combustion-engine or HVAC contexts and were not explicitly formulated for EV-specific
sound signatures. Consequently, there is a clear methodological gap in existing litera-
ture. While psychoacoustic analysis has advanced the understanding of EV interior noise
perception, a dedicated EV Noise Comfort Index (EV-NCI) or equivalent framework has
not yet been developed or validated. This gap underscores the need to extend hybrid
frameworks, such as the proposed HCNI, to incorporate weighting factors that account
for the tonal, high-frequency, and low-level noise features characteristic of EVs. The de-
velopment of an EV-specific extension to HCNI would enable accurate comfort prediction,
standardize acoustic design targets, and improve cross-modal comparability, providing the
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foundation for perception-driven acoustic optimization in the next generation of electric
and autonomous vehicles.

4. Discussion

This review highlights the evolution of in-cabin noise assessment methods in vehicles
over the period 1996-2025, demonstrating a gradual shift from reliance on standard A-
weighted SPL metrics to incorporating psychoacoustic parameters and composite Noise
Indices. Traditional descriptors, such as Leq, Lmax, L10, L90, and SEL, remain necessary for
regulatory compliance and comparison (WHO, 2018; OSHA, 2020; ISO 3381, 2019; ISO 5129,
2019), but their predictive ability for passenger comfort is limited. They do not provide
direct information about spectral content, tonal prominence, or modulation characteristics,
all of which are crucial in human perception [37].

The emergence of Noise Indices in automotive research addresses this gap. Notable
examples include VACI [12], NAFI [12], Noise Isolation Index (NII) [35], NCI [26], and
SQI [20]. These indices combine psychoacoustic metrics—loudness, sharpness, roughness,
and fluctuation strength with physical SPL measurements to produce a single comfort score.
Studies consistently show that such hybrid indices better align with subjective annoyance
or satisfaction ratings than SPL alone, particularly in identifying discomfort associated
with tonal HVAC noise, aerodynamic whistles, or interactions between vibration noise and
other sources [22]. Mode-specific results further reinforce the value of hybrid metrics. In
ICE passenger cars, engine and powertrain noise dominate, whereas in EVs and HEVs,
tire-road interaction, HVAC blower noise, and aero-ventilation leaks are more perceptible
due to the absence of masking engine noise [13]. Noise Indices have been effective in
these contexts, capturing perceptual effects that conventional SPL measurements fail to
capture. For HVAC-specific assessments, the SQI framework has proven effective in
isolating and mitigating blower and duct noise using targeted design interventions [25,40].
Exposure duration and cumulative noise exposure were not reported consistently across
the reviewed literature. Sound Exposure Level (SEL) was used in a limited subset of
studies, whereas time-weighted average (TWA), personal noise dose, and other cumulative
exposure indicators were not consistently available for cross-modal synthesis. Evidence
from London Underground passenger measurements illustrates the value of explicitly
considering journey duration and cumulative exposure in addition to instantaneous sound
levels [50]. This limited reporting represents an important research gap, particularly for
frequent commuters and transport workers whose risk depends on repeated or prolonged
exposure. Similarly, although vibration is frequently discussed within the NVH framework,
integrated noise—vibration exposure assessment remains insufficiently developed in the
reviewed evidence. Future studies should therefore report synchronized acoustic and
vibration measurements, exposure duration, and cumulative dose where relevant.

Despite these advances, notable gaps remain. Most Noise Indices have been developed
for passenger car cabins or HVAC systems, with limited application to other vehicle
categories such as heavy trucks, buses, trains, or aircraft. Cross-modal validation is rare,
and even within automotive studies, indices are often tested under narrow operating
conditions without accounting for variability in road surfaces, driving styles, passenger
loads, or climate control settings. Moreover, no unified Noise Index standard exists,
leading to fragmented methodologies that hinder comparability across studies and limit
the translation of findings into industry-wide comfort benchmarks.

This fragmentation supports the case for an HCNI applicable across vehicle types and
transport modes. Such a framework would retain regulated SPL measures (Leq, Lmax, L10,
L90, SEL) to ensure compliance, while integrating psychoacoustic descriptors loudness,
sharpness, roughness, and fluctuation strength to capture perceptual relevance. Incorpo-
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rating ISO-compliant measurement protocols, detailed operational state reporting, and
subjective passenger feedback would ensure reproducibility, comparability, and practical
value. Adopting a standardized HCNI could shift in-cabin noise evaluation from merely
meeting regulations to a comprehensive measure of passenger experience, enabling tar-
geted strategies that enhance both objective performance and perceived comfort. The
proposed HCNI should therefore be interpreted as a conceptual framework derived from
the reviewed evidence rather than a validated standardized index. Future studies should
derive and validate its weighting coefficients using synchronized physical and psychoa-
coustic measurements together with standardized passenger comfort responses. This
change is significant as the industry shifts to EVs and autonomous vehicles, where the noise
profile is evolving, and previously masked tonal and high-frequency sounds are becoming
more noticeable.

5. Conclusions

This systematic review synthesized 38 included records (1996-2025), comprising
33 empirical studies and 5 standards documents on in-cabin noise across road, rail, and
aircraft environments, with targeted coverage of HVAC-specific research. Five integrative
conclusions emerge. (i) Descriptors: A-weighted SPL metrics (Leq, Lmax, L10, L90, SEL)
remain indispensable for regulation and comparability, yet they under-represent percep-
tually salient attributes such as tonality and temporal modulation. (ii) Psychoacoustics:
Loudness and sharpness, followed by roughness and fluctuation strength, consistently
exhibit stronger associations with passenger comfort/annoyance than SPL alone, especially
in EV/HEV and HVAC contexts where tonal /high-frequency content is prominent. (iii) Hy-
brid indices: Composite approaches (e.g., VACI, NCI, NAFI, SQI) outperform single-metric
evaluations by fusing physical and perceptual information, but their validation is primarily
confined to passenger cars and HVAC subsystems. (iv) Sources & mitigation: Dominant
sources are mode-dependent (engine/powertrain and tire-road for ICE, HVAC and aero-
ventilation for EV/HEYV, wheel-rail and aero-turbulence for rail, ECS/aeroacoustics for
aircraft). Effective strategies include sealing and insulation upgrades, aerodynamic re-
finements, HVAC component optimization, transfer-path and structural treatments, and
low-frequency ANC. (v) Field gap: No widely accepted, cross-modal EV-specific noise
index exists; consequently, there is no standard benchmark for the perceptual qualities
that define acoustic comfort in modern low-noise vehicles. To address these gaps, the
review proposes an HCNI that preserves regulatory SPL descriptors while systematically
incorporating psychoacoustic parameters, implemented under ISO-aligned measurement
and reporting protocols and paired with standardized subjective evaluations. Collectively,
these findings provide an evidence-based pathway from compliance-oriented measurement
toward human-centered acoustic comfort in transport cabins.

6. Future Work

Future research should focus on standardizing the HCNI by developing an open,
ISO-aligned protocol covering Class-1 instrumentation, calibration, microphone layout,
and standardized operating states. Large cross-modal datasets linking SPL, psychoacoustic
metrics, and subjective ratings should be created to derive reliable perceptual weightings
using transparent and data-driven models. A dedicated EV-specific extension (EV-HCNI) is
needed to account for tonal prominence, sharpness, and modulation characteristics typical
of electric drivetrains and HVAC systems and to be validated across diverse vehicle types
and environments. Broader modal coverage is essential, extending studies to buses, rail,
aircraft, and heavy vehicles to confirm the transferability of HCNI. Future work should also
integrate multiple IEQ factors, such as vibration, thermal comfort, air quality, and lighting,
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to understand their combined influence on acoustic perception. Research into mitigation
strategies such as low-frequency active noise control, HVAC design optimization, and
structural damping should quantify improvements using pre- and post-HCNI comparisons.
Real-time HCNI assessment tools and open datasets should be developed to enhance
reproducibility. Finally, studies should address inclusivity and accessibility, ensuring
that the next generation of acoustic comfort models reflects diverse passenger needs and
use contexts.
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Abbreviations

Abbreviation Full Term

Al Articulation index

dB Decibel

dB(A) A-weighted decibel

ANC Active Noise Control

CFD Computational Fluid Dynamics

ECS Environmental Control System

EV Electric Vehicle

HEV Hybrid Electric Vehicle

HCNI Hybrid Integrated Cabin Noise Index
HVAC Heating, Ventilation, and Air Conditioning
1AQ Indoor Air Quality

ICE Internal Combustion Engine

ICEV Internal Combustion Engine Vehicle
1IEQ Indoor Environmental Quality
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ISO International Organization for Standardization
Leq Equivalent Continuous Sound Level

Limax Maximum Sound Level

L10-L90 Statistical Noise Levels

NCI Noise Comfort Index

NII Noise Isolation Index

NAFI Noise Annoyance Fuzzy Index

NVH Noise, Vibration, and Harshness

OSHA Occupational Safety and Health Administration
SEL Sound Exposure Level

SPL Sound Pressure Level

SPI Speech intelligibility index

SQ Sound Quality

SQI Sound Quality Index

VACI Vehicle Acoustical Comfort Index

WHO World Health Organization
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