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ABSTRACT

The Lombard Effect is an increase in vocal effort in re-
sponse to rising noise levels and disturbance in the com-
munication environment. The objective of this study is
to evaluate the Lombard Effect during four intensity lev-
els from 45dB(A) to 75dB(A) of low-frequency, medium-
frequency, and high-frequency energy noise to measure
the effect of disturbance and vocal discomfort on the
speaker’s intent to communicate, as well as the effect on
speech intelligibility. Twelve conditions were randomly
presented and recorded for each participant with the three
types of noise and levels. At each condition, 20 partic-
ipants were asked to read a passage. Immediately fol-
lowing each reading, participants were asked to rate the
amount of noise disturbance and vocal comfort they had
experienced. After, the speech intelligibility was evalu-
ated by asking the participants to repeat the sentences of
the QuickSin test emitted by a Head and Torso Simulator.
The medium-frequency energy noise showed the highest
Lombard Effect and the stronger decrease in intelligibility.
In the conditions with noise with mid-frequency energetic
content, the decrease in intelligibility was drastic with the
increase in noise level. Low-frequency noises minimally
impact speech intelligibility. High-frequency noises show
little change in intelligibility with the increase in noise
level.
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1. INTRODUCTION

Research has shown that the Lombard effect is a reflexive
response to changes in the level of background noise, with
speakers modifying their vocal effort to compensate for
the degraded auditory input [1–5]. This results in Lom-
bard speech, which is characterized by increased vocal
amplitude and fundamental frequency, changes in first for-
mant frequency, articulation, lengthening of vowel dura-
tion, and increased vowel intensity [6–12]. The mech-
anisms performed to modify vocal characteristics have
been shown to make Lombard speech more intelligible
than speech produced in the absence of noise [8].
The increase in vocal effort is characterized by the equiv-
alent continuous A-weighted sound pressure level (SPL)
of speech measured at a distance of 1 m in front of the
mouth in anechoic conditions [13]. The vocal effort for
average conversational speech is around 60 dBA at 1 me-
ter from the mouth of the speaker, but this level increases
as a function of the environmental noise level. When the
conversational background noise is present at a level up to
about 30-40 dB(A), speech is marginally affected with an
increase of 0.24 dB(A)/dB(A) [5, 14, 15]. However, when
the noise level exceeds about 43 dB(A), the average power
of speech undergoes an increment of about 0.65 dB(A)
for every unit increase in the noise level [16], until reach-
ing the saturation at high noise levels due to physiological
constraints (“ceiling effect”) [17].
Although attention has been given to the Lombard effect
and its effects in various conditions [3–5,17,18], no defini-
tive knowledge is available regarding how the energetic
content of the noise influences the Lombard effect. The
human ear perceives frequencies between 20 and 20,000
Hz, but the most important frequencies for speech intel-
ligibility are between 500 and 4,000 Hz [19]. In addi-
tion, the sensitivity of the human ear varies with frequen-
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cies, with the highest sensitivity for frequencies critical
for speech (1,000- 4,000 Hz) and less sensitivity above
and below that range [20, 21].
Since speech self-monitoring depends on the perception
filtered by the auditory system, and the auditory system
sensitivity varies as a function of frequency, the energy
content of the noises should have a different effect on
the Lombard effect vocal response and the disturbance
and discomfort that the noise at different frequencies pro-
duces. In particular, evidence has indicated that the vo-
cal response in the Lombard effect is not generalizable
to every competing sound in the environment. In fact, it
has been shown to be sensitive to frequency content, par-
ticularly those critical for speech [18, 22]. Similarly, the
different energy content of noise may also have a differ-
ent effect on speech intelligibility. Noise with an acous-
tic spectrum similar to that of speech should result in
more degraded speech perception. Consequently, the fo-
cus of this study was to determine whether there are dif-
ferent Lombard slopes (Voice level vs Noise level) when a
broadband noise is characterized by a low (LF) (20-500
Hz), medium (MF) (500-4000 Hz) and high frequency
(HF) (4000-20000 Hz) energetic content. We also focused
on its relationship with perceived communication distur-
bance and vocal comfort, as well as speech intelligibility.
The research questions were as follows:

1. Is there a difference in the Lombard Slope when
the noise has an energetic content at low, medium,
and high frequencies?

2. Is there a difference in the slope on the communi-
cation disturbance from noise when the noise has
an energetic content at low, medium, and high fre-
quencies?

3. Is there a difference in the slope on the comfort as-
sociated with noise level when the noise has an en-
ergetic content at low, medium, and high frequen-
cies?

4. Is there a difference in the slope on the intelligibil-
ity associated with noise level when the noise has
an energetic content at low, medium, and high fre-
quencies?

Since the noise at medium frequency energetic content is
the range where the hearing sensitivity is the highest and
most of the information of the human speech is contained,
we hypothesize that MF will have the most detrimental
effect on the vocal effort, disturbance, and discomfort and
will cause the highest reduction of speech intelligibility.

2. EXPERIMENTAL METHOD

2.1 Participants

The test was administrated to 20 participants between 18
and 32 years old with an average age of 22.4 (SD=3.9).
The participants were equally distributed between males
(10) and females (10). 17 participants were native speak-
ers of American English while three were advanced speak-
ers. Three participants underwent speech therapy at a
young age and no one reported a history of hearing im-
pairment. All participants signed informed consent for
their participation in the experiment, which was approved
by the Institutional Review Board of the University of Illi-
nois Urbana-Champaign under Protocol No. 18179.

2.2 Room acoustics and Procedure

The experiment took place in a single-wall sound-proof
booth where the participants were seated facing a human
listener positioned 2.5 m away, to simulate a real com-
munication setting. Two directional loudspeakers (KRK
Systems studio monitor model Rokit5 G3) directed at the
participant at 45° from the mouth axes, also placed at a
2.5 m distance, emitted broadband noises with energetic
content at different frequencies: low frequencies (LF) (20
-500 Hz), medium frequencies (MF) (500-4000 Hz), and
high frequencies (HF) (4000-20000 Hz). The spectra of
the three types of noise are shown in Fig. 1
Twelve conditions were randomly presented and recorded
for each participant with a combination of noise at 3 dif-
ferent frequency ranges and 4 levels with a step of 10 dB
(45dB(A), 55 dB(A), 65 dB(A), and 75dB(A)). The noise
levels for the twelve conditions were measured with the
ears of a Head and Torso Simulator with Mouth Simula-
tor (HATS, 45BC KEMAR, GRAS, Holte, Denmark), lo-
cated in the participant seat in the booth and analyzed by
means of NTI XL2 Audio and Acoustic Analyzer. At each
condition, participants were asked to read a six-sentence
excerpt of the Rainbow passage [23] which was displayed
on a vertical screen in front of the participant. After that,
the speech intelligibility was evaluated by asking the par-
ticipants to listen and repeat the sentences of the QuickSin
test [24] emitted by a HATS with a normal vocal effort of
60 dB(A) at 1 meter. [13] The order of the lists for the in-
telligibility test and the order of the noise conditions were
randomized for each participant. The participants were
asked to speak pretending they were talking to the per-
son seated in front of them. The speech was acquired by
a measurement microphone placed in front of the partic-
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Figure 1. Spectra of the three types of noise with
low, medium, and high energetic content.

ipant at mouth level at a distance of 15 cm. Immediately
following each condition of noise, participants were asked
to rate the amount of communication disturbance and vo-
cal comfort, they had experienced. Participants marked
their responses on a visual analog scale ranging from “Not
at All” to “Extremely,” corresponding numerically to a
range of 0 to 100.
The questions were the following:

1. Disturbance: How disturbed was your communica-
tion by the noise in this condition? (The extremes
of the lines were “extremely disturbed” to the left
and “not at all disturbed” to the right.)

2. Comfort: How comfortable was it to speak in this
condition? (The extremes of the lines were “ex-
tremely” to the left and “not at all” to the right.)

The participant answered the questions by making a verti-
cal tick on a continuous horizontal line of 100 mm length
(a visual analog scale) right below each question.

2.3 Analyses

Analysis MATLAB (R2022a) was used for speech signal
analysis. For each noise condition, the equivalent SPL
was measured, and the mean value of the SPL was ob-
tained per subject. For each subject, the average SPL
among the conditions was computed and subtracted from
each mean SPL value for that subject (termed ∆SPL).
This within-subject centering was performed in order to
evaluate the variation in the subject’s vocal behavior in the
different noise conditions from their typical vocal behav-
ior (mean value of the SPL per subject). The levels were
a combination of two sources: the voice and the noise.
In order to evaluate the Voice to Noise Ratio (VNR) in

the recordings, the distributions of the two sources were
studied using the Expectation-Maximization algorithms
for Gaussian mixtures [25, 26]. The algorithm allows for
analyzing the mixture of distributions. In our case, the
distribution of sound levels is a mixture of the voice and
the noise levels. The algorithm estimates the mean val-
ues of the two distributions. The difference between the
two mean levels represents an estimation of the VNR. The
analysis was performed on a time history of the SPL, with
a time step of 0.05 s, considering the subset of the dataset
per noise condition.
Statistical analysis was conducted using the software
R3.6.0 and the lme4 (version 1.1–10) package [27]. Lin-
ear mixed effect models were fit to the response variables
∆SPL, self-reported disturbance, self-reported vocal dis-
comfort, and intelligibility scores (IS) and as predictors,
the noise level (Ln) (dBA), the type of noise (LF, MF, and
HF), and their interaction. The listener ID was considered
as a random factor. The self-rating of communication dis-
turbance and discomfort was reported by each participant
making a tick on visual analog scales. The score was ob-
tained by measuring the distance between the left end of
the line and the tick and converted in percentage from 0
(no disturbance or discomfort) to 100 (maximum distur-
bance or discomfort). The IS was measured as a percent-
age of words of the QuickSin test correctly identified for
each acoustic condition. The models’ output includes the
estimates of the fixed effects of the coefficients, the stan-
dard error associated with the estimate, the test statistic, t,
and the p-value.

3. RESULTS

A total of 20 participants (n=10 male participants; n=10
female participants) have been tested by reading the rain-
bow passage and repeating the sentences pronounced by
the HATS in twelve noise conditions (3 frequency ranges
and 4 levels). As a first result, the VNR in the record-
ings was evaluated. The average VNR among the different
noise conditions was 11.4 dB with a standard deviation of
3.6 dB. This result confirms that the effect of noise on the
equivalent level was negligible. Model results of ∆SPL
and Ln are reported in Tab. 1. The relationship between
SPL, grouped by noise at different frequency content, is
shown in Fig. 2. The model showed a statistically signif-
icant relationship between ∆SPL and Ln with ∆SPL in-
creasing when Ln increased for all the frequency ranges.
Concerning the effect of noise type, there is a significant
difference between the intercepts of the models for MF
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and LF, while the difference between the slopes is not sig-
nificantly different. The intercepts of the two regression
models for the MF and the HF are not significantly differ-
ent while the difference between the slopes is approaching
a statistically significant level with the slope for the MF
noise 0.05 dB/dBA higher.

Figure 2. Regression lines from the model between
Ln and ∆SPL. The results are grouped by frequency
energetic contents, and the shaded regions indicate ±
confidence interval.

Model results of the self-reported disturbance in the
communication and Ln are reported in Tab. 1. The model
showed a statistically significant relationship between dis-
turbance and Ln, with the disturbance that increases when
Ln increases for all the frequency ranges. Regarding the
effect of noise type, there is no significant difference be-
tween the intercepts of the models for MF and LF, while
the difference between the slopes is approaching a statisti-
cally significant level with the slope for the MF noise 0.48
dB/dB higher. The two regression models for the MF and
the HF noise are significantly different in both intercepts
and slopes. In particular, the model for HF has a higher
intercept and a smaller slope compared to the model for
MF.

Model results of the self-reported comfort in the
communication and Ln are reported in Tab. 1. The model
showed a statistically significant relationship between
comfort and Ln with comfort that decrease when Ln
increases for all the frequency ranges. Regarding the
effect of noise type, there is a statistically significant
difference between the intercepts and the slopes of both
the models for MF and LF and MF and HF. In particular,

Table 1. Piecewise Linear model output for four
models with response variables ∆SPL, Disturbance,
Time, and Budget as a function of Ln and Hearing
Loss (with reference level equal to Normal Hearing).

Predictor Estimate st.error t-value p-value
∆SPL / dB

(Int.) -13.82 1.22 -11.30 0.001
Ln 0.26 0.02 12.74 0.001
LF -4.33 1.73 -2.51 0.013
HF 0.99 1.73 0.57 0.567
Ln:LF 0.03 0.03 1.06 0.289
Ln:HF -0.05 0.03 -1.74 0.083

Disturbance / %
(Int.) -37.83 11.78 -3.21 0.002
Ln 1.80 0.19 9.60 0.001
LF -7.58 16.21 -0.47 0.641
HF 34.60 16.21 2.13 0.034
Ln:LF -0.48 0.27 -1.82 0.070
Ln:HF -0.78 0.27 -2.95 0.003

Comfort / %
(Int.) 168.37 11.65 14.46 0.001
Ln -1.93 0.19 -10.32 0.001
LF -38.18 16.10 -2.37 0.001
HF -65.40 16.10 -4.06 0.001
Ln:LF 1.06 0.26 4.00 0.001
Ln:HF 1.20 0.26 4.57 0.001

Intelligibility Scores / %
(Int.) 206.13 7.50 27.49 0.001
Ln -2.66 0.11 -23.21 0.001
LF -85.03 9.90 -8.58 0.001
HF -107.30 9.90 -10.83 0.001
Ln:LF 2.17 0.16 13.34 0.001
Ln:HF 2.35 0.16 14.46 0.001

the model for MF has a slope of 1.06 dB/dB higher
compared to the model for LF, and 1.20 dB/dB higher
compared to the model for MF.
Model results of IS and Ln are reported in Tab. 1. The
relationship between IS, grouped by noise at different
frequency content, is shown in Fig. 3. The model showed
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Figure 3. Regression lines from the model between
Ln and intelligibility. The results are grouped by fre-
quency energetic contents, and the shaded regions in-
dicate ± confidence interval.

a statistically significant relationship between IS and
Ln with IS that decreases when Ln increases for all the
frequency ranges. Regarding the effect of noise type,
there is a statistically significant difference between the
intercepts and the slopes of the models for MF and LF
and MF and HF. In particular, the model for MF has a
slope of 2.17 %/dB higher compared to the model for LF,
and 2.35 %/dB higher compared to the model for MF.

4. CONCLUSIONS

This study aimed to determine if broadband noise at dif-
ferent frequency ranges (low, medium, and high) pro-
duce different Lombard slope and have a different ef-
fect on perceived communication disturbance, vocal com-
fort, and speech intelligibility. The results showed that
the medium frequencies generated the greatest increase
trend in SPL (Lombard Effect) with the increase of the
background noise level. A lower SPL, suggesting lower
vocal effort, was instead produced with the noise in the
low-frequency range, and when the noise was increasing,
the rate of increase of voice was smaller compared to the
other types of noise. The noise in the high-frequency
range elicited similar vocal effort required as in middle
frequencies at low noise levels but increased with a less
steep slope compared to the conditions with medium fre-
quencies noise. Regarding speech intelligibility, the in-

crease of noise at mid-frequency energetic content pro-
duced the greatest and the steepest decrease in intelligibil-
ity. On the other hand, noise at low-frequency and high-
frequency content had a minimal impact on speech intel-
ligibility with small changes when the noise level was in-
creased. The high-frequency background noise of 45 dBA
seems to be enough to mask the high-frequency content of
the speech spectrum at a normal vocal effort (i.e. 60 dBA
at one meter in an anechoic condition).
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[27] D. Bates, M. Mächler, B. Bolker, and S. Walker, “Fit-
ting linear mixed-effects models using lme4,” Journal
of Statistical Software, vol. 67, no. 1, pp. 1–48, 2015.

2924


