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Abstract 

This study examines how vowel quality and lexical tone interact 
with voice source behaviour in Mandarin Chinese. Six monoph-
thongs (/i/, /y/, /u/, /ɤ/, /o/, /a/) were elicited in monosyllabic 
words under four tone conditions, both in carrier phrases and 
citation form, from ten female and two male native speakers. 
Relevant acoustic parameters (f0, jitter, shimmer, HNR, CPPS) 
were extracted and compared across vowel and tone conditions 
using mixed-effect models.  

Results suggest that different vowel qualities are associated 
with differences in voice quality parameters. In general, close 
vowels (/i/, /u/, /y/) showed higher f0 and HNR and lower jitter 
and shimmer than /a/, indicating more regular phonation. /u/ 
exhibited lower CPPS than other vowels. The effect of different 
tonal environment (particularly Tones 3 and 4) on phonation 
was not the same for all vowels. Close vowels (/i/, /u/, /y/) 
tended to show less tone-related phonatory instability, whereas 
the opposite was found for close-mid back vowels (/ɤ/, /o/). 
These findings suggest that articulatory configurations and the 
realisation of tonal targets tend to co-vary. 

The study provides preliminary evidence from a tonal lan-
guage that source and filter characteristics interact in shaping 
phonatory outcomes, with potential relevance for tonal phonet-
ics and applied speech research. 

Index Terms: source-filter interaction, lexical tone, vowel 
acoustics, Mandarin Chinese, phonation, speech production 

1. Introduction 

According to the source-filter theory of speech production [1, 
pp. 15–21], speech signals originate from an acoustic source 
(airflow through vibrating vocal folds for voiced sounds or 
turbulent airflow for voiceless sounds) and are filtered by the 
vocal tract, where the acoustic energy of the source is shaped 
by resonances (formants) of the vocal tract. The theory assumes 
the source and the filter to be independent processes. However, 
they are known to interact, with  vocal tract adjustments 
influencing properties of the laryngeal system and vice versa 
[2], [3]. Biomechanical studies show that vocal tract and 
laryngeal changes can interact to modulate voice quality [4]. 

Early work by Lieberman [2] proposed that changes in vo-
cal tract configuration can affect the glottal cycle and thus in-
fluence source properties. Similarly, Stevens’ [3] theory of the 
“quantal nature of speech” suggested that small articulatory 
variations can lead to non-linear acoustic effects, implying a co-
ordination between source and filter. Ladefoged and Lindau [5] 
further demonstrated that such effects require compensatory ar-
ticulatory strategies, meaning that the vocal tract actively inter-
acts with the glottal source to maintain a desired acoustic out-
put. Biomechanical studies corroborate this view: the larynx 

and vocal tract are anatomically and functionally intercon-
nected, with alterations in one subsystem influencing the other 
through shared musculature and pressure dynamics [6], [7], [8]. 
Garellek [4] also notes that vowel quality, a filter property, can 
modulate voice quality, a source characteristic, through laryn-
geal constriction and resonance effects. 

This interdependence is reflected in what have been de-
scribed as intrinsic vowel properties such as fundamental fre-
quency (f0) and intensity. Close vowels tend to be produced 
with higher f0 than open vowels, a pattern observed across lan-
guages [9], [10]. Physiologically, raising the tongue increases 
tension on the larynx and vocal folds, thereby elevating f0. 
However, studies have reported exceptions to this pattern. For 
instance, Shu et al. [11] found no significant f0 differences be-
tween close (/i/, /u/, /y/) and open (/a/) vowels under the level 
tone (Tone 1) in Mandarin, suggesting that vowel-pitch interac-
tions may vary by language or context. Their study examined 
vowels produced under Tone 1 and did not consider the poten-
tial influence of lexical tone. 

Various acoustic measures are used to objectively quantify 
aspects of vocal function and voice quality. Perturbation 
measures, namely, jitter (cycle-to-cycle variation in f0) and 
shimmer (amplitude perturbation), reflect the stability of the 
glottal source. However, their relationship with vowel quality 
remains inconsistent. Some studies report lower jitter and shim-
mer for back or high vowels [12], [13], whereas others find 
higher values for low vowels or no systematic pattern at all [11], 
[14], [15]. Harmonics-to-Noise Ratio (HNR) [16] quantifies the 
relative amount of periodic (harmonic) energy to aperiodic 
(noise) energy in the voice signal and is related to the regularity 
of vocal fold vibration. MacCallum et al. [17] report that open 
vowels have lower HNR values. Shu et al. [11] found the close 
back /u/ vowel had significantly higher HNR values than other 
vowels. Cepstral Peak Prominence (CPP) [18] quantifies the 
strength of the dominant cepstral peak relative to the overall 
cepstrum, and was designed to capture the degree of harmonic 
organisation within a voice signal. CPP has been proposed as a 
robust measure of dysphonia in clinical applications [19], [20]. 
CPP has been found to distinguish between phonation types 
[20] and to vary with vowel height, with open vowels often 
showing higher CPP values [21], [22]. Shu et al. [11] reported 
that the close back vowel /u/ had the lowest CPP in Mandarin 
compared to other vowels. 

Tones are primarily realised through modulations in f0, 
which is a direct correlate of laryngeal activity (the rate of vi-
bration of the vocal folds). Esling [23] and Kuang [24], [25] 
demonstrate that tone and phonation are linked: low tones are 
frequently associated with creaky voice, while high tones often 
exhibit tenser, more periodic phonation. Mandarin, a tone lan-
guage, provides a valuable test case for examining such inter-
actions. It has four contrastive tones: Tone 1 (high level), Tone 
2 (rising), Tone 3 (low dipping), and Tone 4 (falling). They are 
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realised through f0 modulations that involve varying degrees of 
laryngeal tension. Tone 3, in particular, is often produced with 
creaky phonation [24], [26]. Previous studies report systematic 
tone-related differences in vowel articulation in Mandarin and 
other tone languages, particularly for low-onset tones, which 
are found to condition a lowered tongue body for open vowels 
and a raised tongue for close front vowels [27], [28], [29], [30]. 

Previous research on Mandarin vowels and associated 
phonatory characteristics provides a useful foundation. In a 
clinically motivated study, Shu et al. [11] examined sustained 
Mandarin vowels produced with Tone 1 and found systematic 
differences in acoustic parameters related to voice quality in 
different vowels. Their results indicated that /a/ exhibited the 
highest jitter and shimmer, /u/ the highest HNR, and /a/ the 
lowest HNR and highest CPP, suggesting correlation between 
vowel articulation and phonatory characteristics. Their study 
was limited to one tone and their statistical analyses did not 
account for speaker variation or tone-vowel interactions. 

This study explores whether differences in vowel quality 
are associated with differences in voice quality under different 
tone conditions. Specifically, it compares acoustic parameters 
associated with periodicity (f0), phonatory stability (jitter, shim-
mer) and the amount of noise in the voice signal (HNR, CPP) 
across different vowel qualities under different tone conditions 
in Mandarin Chinese. It extends the study of Shu et al. [11] by 
incorporating multiple lexical tones and investigating how 
vowel quality and tone interact with phonatory characteristics. 
The same set of acoustic parameters is used here as they allow 
comparison with previous work [11] and provide a comprehen-
sive profile of voice quality. Formant frequencies (F1, F2) are 
used to describe vowel qualities (vocal tract filter characteris-
tics), while f0 reflects pitch variation in lexical tone.  

The study addresses the following questions: 

1. Do Mandarin vowels of differing quality (height, 
backness, and lip rounding) exhibit systematically 
different intrinsic voice and pitch properties? 

2. Do different tones co-occur with characteristic pat-
terns in perturbation or spectral/cepstral measures? 

3. How do vowel quality and tone interact in their ef-
fects on phonatory measures, and what does this re-
veal about the degree of interdependence between the 
voice source and the vocal tract filter? 

The study aims to clarify the extent to which vowel articulation 
and tone jointly interact with voice quality in Mandarin. In 
doing so, it hopes to contribute to broader theoretical 
discussions of source-filter interaction and provide some 
empirical data relevant to both phonetic modelling and clinical 
voice analysis. 

2. Methods 

This study is loosely based on methodological framework in 
[11] and includes voice parameters commonly used for clinical 
voice assessment with adaptations to investigate vowel-tone 
interactions in connected speech rather than sustained vowels. 
Pilot testing conducted prior to the current study indicated that 
sustained vowels were inappropriate for tonal analysis, 
particularly for the low dipping tone (Tone 3), as the resulting 
pitch contours sounded unnatural to a native speaker consultant. 
Consequently, vowels were elicited in monosyllabic words in 
citation form and in carrier phrases.  

The study was approved by the Research Ethics Committee 
of the authors’ institution, with written informed consent 
obtained from all participants. Twelve native speakers of 
Mandarin Chinese (10 female, 2 male) participated. Participants 
were university students, aged 18-30, with no history of voice 
disorders or smoking. 

2.1. Materials 

The stimulus set consisted of monosyllabic Mandarin words, 
each with one of six target monophthongs (/i/, /y/, /u/, /ɤ/, /o/, 
/a/) realised with four lexical tones, 24 tokens in total.  

The wordlist was designed with guidance from a native 
Mandarin consultant to ensure naturalness and phonotactic 
plausibility. A partial wordlist is shown in Table 1. The words 
are monosyllabic with open syllable (CV) structure to avoid 
coda effects. Onsets were primarily bilabial or velar stops (/p/, 
/b/, /k/), providing a consistent consonantal environment while 
minimising coarticulatory influence. Because of Mandarin pho-
notactic constraints, the front rounded vowel (/y/) was elicited 
in natural /l/ or /j/ contexts. 

Table 1: Partial wordlist used to elicit vowels.  

Target Vowel 
IPA (Pinyin) 

Target 
Tone 

Word  Translation 

i (i) 1 pī / 批 critics  
y (ü) 1 yǖ / 淤 bruise 
u (u) 1 pū / 哭 to cry 
ɤ (e) 1 kē / 科 discipline of study 
o (o) 1 bō / 波 wave/storm 
a (a) 1 bā / 巴 to wish  

 

Words were elicited both in citation form and as embedded in a 
carrier phrase (1). 
 

(1)  再把_说㇐遍         (Simplified Chinese)  

Zài bǎ _ shuō yībiàn (Pinyin)  
Say _ again  (English Translation) 

 

The elicitations were recorded in a semi-anechoic chamber 
using a Neumann TLM 103 microphone, in WAV format at a 
44.1 kHz sampling rate, 16-bit quantisation. Each participant 
read the word list three times in randomised order, resulting in 
1,728 tokens (12 participants x 24 words x 2 elicitations x 3 
repetitions). 

2.2. Data annotation and extraction 

Recorded WAV files were annotated manually using Praat [31]. 
Each recording was manually segmented using TextGrids, with 
three annotation tiers marking the steady-state vowel portion, 
full vowel interval, and vowel midpoints for measuring formant 
frequencies. Vowel formant frequencies (F1, F2) and interval 
durations were extracted in Praat. Praat Voice Report with de-
fault voice analysis settings (raw cross-correlation) was used to 
extract f0, jitter, shimmer, and HNR. Cepstral Peak Prominence 
smoothed (CPPS) was extracted using Praat’s native method 
with the default settings. Mean and SD were calculated for these 
measures over the entire duration of each vowel in each tone 
condition. 

To represent dynamic variation of f0 and voice quality in 
vowels under different tones, contour data for f0 and CPPS were 
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extracted at 0.2 s intervals across the full vowel interval, 
normalised for duration using a custom Praat script. These 
contours were plotted using LOESS [32] smoothing in RStudio 
[33]. 

2.3. Statistical analyses 

Statistical analyses were conducted in R [33] using the lme4 
[34] and lmerTest [35] packages. Paired-sample t-tests indi-
cated no significant differences between acoustic parameter 
values elicited in carrier phrase and citation form, so these 
datasets were combined for analysis. Linear mixed-effects 
models were fitted to each acoustic parameter, with vowel 
quality, lexical tone and their interactions as fixed effects and 
participant and word as random intercepts. Due to the limited 
number of male participants, analyses focused on female data 
(n = 10). 

3. Results  

Figure 1 shows normalized F1-F2 data for the six Mandarin 
monophthongs based. The clear and well-separated ellipses 
confirm expected distinctions in vowel height and backness. 
Vowel /ɤ/ overlaps slightly with the back vowels /u/ and /o/. 
Overall, vowel categories are distinct across speakers and 
contexts. 

 
Figure 1. Formant frequencies (Lobanov-normalised) 

of Mandarin Chinese vowels in this study. 
 

3.1. Effects of vowel quality  

Figure 2 illustrates acoustic parameter values for each vowel 
under Tone 1. Mean values reflected vowel effect: f0 ranged 
from 253 Hz (/a/) to 280 Hz (/u/); jitter and shimmer were 
lowest for the high/front vowels; and HNR was highest for /y/ 
(27.2 dB) and lowest for /a/ (19.4 dB). CPPS values were 
broadly similar across vowels, with lower value for /u/. Linear 
mixed-effects models were fitted for each acoustic parameter 
(f0, jitter, shimmer, HNR, CPPS) with Vowel as the fixed effect 
and /a/ as the reference. Random intercepts were included for 
Participant and Repetition. For female speakers (n = 10), all 
vowels showed significantly higher f0 than /a/ (β = 14.98-25.24, 
t = 4.05-6.83, p < .001). Jitter was significantly lower for /i/, /y/, 
and /ɤ/ (β = –0.09 to –0.13, t = –2.65 to –3.93, p < .01), while 
shimmer was also lower for /i/, /y/, /ɤ/, and /o/ (β = –0.80 to –
1.87, t = –3.68 to –8.60, p < .001). All non-/a/ vowels had 
significantly higher HNR values (β = 5.42-7.82, t = 12.31-
17.74, p < .001), indicating a clearer or more periodic voice 
quality relative to /a/. Only /u/ showed a significant reduction 
in CPPS (β = –1.80, t = –7.92, p < .001), suggesting greater 
spectral noise for this vowel.  

These patterns broadly align with those reported by Shu et 
al. [11] where /a/ also showed the highest jitter and shimmer 
and the lowest HNR. Both studies found that close vowels (/i/, 
/y/, /u/) yield lower jitter and shimmer and higher HNR values 
than /a/. Our CPPS results also corroborate findings in [11], 
with /u/ showing lower CPPS compared with all other vowels.  

 
Figure 2. Acoustic measures (median, IQR, min and 

max values) of female voice by Vowel (Tone 1).  

3.2. Effects of vowel quality and tone 

Figure 3 shows parameter values for each vowel by tone. Linear 
mixed-effects models were fitted for each acoustic parameter 
(f0, jitter, shimmer, HNR, CPPS) with Vowel, Tone, and their 
interaction as fixed effects, and random intercepts for 
Participant and Repetition.  

For f0, both vowel and tone had significant effects. High 
vowels (/i/, /y/, /u/, /ɤ/, /o/) showed significantly higher f0 rela-
tive to /a/ across all tones (β = 21.44, 16.96, 25.24, 21.40, 14.98; 
t = 5.80, 4.59, 6.83, 5.79, 4.05; p < .001). Tones 2 and 3 showed 
significantly lower f0 relative to Tone 1 (β = –40.5, –51.7; t = –
7.6, –9.7; p < .001) across all vowels. Several vowel-tone inter-
actions were significant: under Tone 3, for /ɤ/ and /o/ vowels f0 

lowering was smaller (β = 26.8, 17.0, p < .05) than under Tone 
1, while /i/ and /u/ showed the opposite trend (β = –18.6, –21.2, 
p < .05). Under Tone 4, /i/ showed a greater f0 reduction (β = –
17.3, p = .022). 

For jitter, tone had a strong main effect, with higher jitter 
values under Tones 2, 3 and 4 relative to Tone 1 (β = 0.81, 1.74, 
2.79; t = 4.8, 10.3, 16.7; p < .001), although vowel-tone inter-
actions were also observed. Thus, under Tone 3, /u/ and /o/ 
showed smaller increases in jitter than /a/ (β = –0.48, –0.63, p 
< .05), whereas /o/ showed higher increase in jitter under Tone 
4 (β = 0.65, p = .005). 

For shimmer, both vowel and tone were significant, signif-
icant interactions were also observed. Vowels /i/, /y/, and /ɤ/ 
showed lower shimmer than /a/ (β –1.59, –1.87, –1.02; t = –
7.29, –8.60, –4.69; p < .05). Shimmer values were higher under 
Tones 2 and 3 (β = 2.6, 5.9, t = 6.1, 14.0, p < .001). /i/, /y/, /u/, 
and /o/ showed smaller shimmer increases under Tones 2 and 3 
(β = –1.6, –2.0, −2.1, −2.6, p < .01) compared to Tone 1, 
whereas /ɤ/ and /o/ showed greater shimmer increases under 
Tone 4 (β = 2.7, 3.1, p < .001). 

For HNR, all vowels (/i/, /y/, /u/, /ɤ/, /o/) had higher HNR 
than /a/ (β = 5.42, 7.82, 6.40, 5.55, 6.15; t = 12.31, 17.74, 14.52, 
12.60, 13.95; p < .001). HNR values were lower under Tones 2, 
3 and 4 relative to Tone 1 (β = −5.3, −8.2, −10.7; t = −10.7, 
−16.1, −21.8; p < .001). Under Tone 3, vowel /ɤ/ showed further 
reduction in HNR (β = −1.9, p = .007), while /i/ and /u/ partially 
offset it (β = 2.4, 1.4, p < .05). 
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For CPPS, only /u/ had significantly lower CPPS than /a/ 
across all tones (β = −1.7, t = −5.5, p < .001). Under Tone 3 (β 
= −4.7, t = −14.8, p < .001) and Tone 4 (β = −2.0, t = –6.2, p < 
.001), all vowels showed reduced CPPS values compared to 
Tone 1. In terms of significant vowel-tone interactions, /y/ and 
/u/ had higher CPPS under Tones 3 and 4 compared to /a/ under 
Tone 1(β = 1.0, 1.7; p < .05), while /o/ under Tone 4 had lower 
CPPS than /a/ under Tone 1 (β = –1.0, p = .020).  

 

 

 

 

 
Figure 3. Acoustic measures (median, IQR, min and 

max values) of female voice by vowel and tone. 
 

 
Figure 4. Mean contour plots of CPPS (dB) by tone. 

The time-normalised contour plots for CPPS across vowel dura-
tion (Figure 4) show relatively stable spectral periodicity for 
Tones 1, 2 and 3. In contrast, for Tone 4, mean CPPS rises with 
the f0 increase. Quantitative modelling of these trajectories 
could offer deeper insight into these dynamic effects. Note that 
qualitative inspection of male data (n = 2) showed similar 
trends, but the small sample limits generalisation. 

4. Discussion 

Although admittedly limited in scope, this study provides 
preliminary evidence that both vowel articulation and tone 
shape voice quality measures in Mandarin, and that these 
effects are not purely additive. The significant interactions of 
vowel and tone effects indicate that their influence on source 
behaviour must be interpreted jointly. 

Vowel-related patterns broadly aligned with findings re-
ported in earlier studies, with non-low vowels exhibiting higher 
f0 than /a/. Jitter, shimmer, and HNR also varied systematically, 
with /a/ showing higher perturbation and lower HNR, in line 
with previous research on Mandarin vowels [11] and English 
vowels [17]. These results suggest that vowel articulation 
affects laryngeal behaviour rather than passively filtering it. It 
is possible that the configuration of the vocal tract during close 
vowel production creates more favourable biomechanical 
conditions for regular vocal fold oscillation. The wider 
pharyngeal opening and lowered larynx associated with open 
vowels may cause breathy or irregular phonation patterns [36, 
pp. 92–7]. Interestingly, /u/ shows a different acoustic profile. 
Despite being a close vowel, it exhibits significantly lower 
CPPS values across all tones, which suggests less periodic 
spectral structure. This may be attributable to articulatory 
features unique to /u/, such as lip rounding. 

Tonal effects were also evident, although they differed with 
vowel context. Tone 1 showed comparatively stable phonation, 
while Tone 3 yielded the greatest perturbation and the lowest 
periodicity, consistent with previous descriptions of creaky or 
irregular voice associated with this lexical tone [24], [26]. 
Tones 2 and 4 showed intermediate values indicating moderate 
instability compared to Tone 1. In terms of vowel-tone interac-
tions, tone-induced instability was attenuated in close vowels, 
while the reductions in periodicity associated with Tone 3 and, 
for some parameters, Tone 4 were more pronounced in close-
mid, back vowels (/ɤ/, /o/). These findings indicate that articu-
latory configuration can modulate how tonal pitch movements 
are implemented at the laryngeal level. Articulatory studies find 
that Tone 3 involves systematic retraction and lowering 
gestures, suggesting a broader coordination of supralaryngeal 
and laryngeal adjustments [28]. 

This study provides some empirical support for models of 
speech production [37] that treat source and filter as 
dynamically interconnected rather than independent. The 
findings support intrinsically higher f0 for close vowels [10], 
[38], [39] and creaky phonation under Tone 3 [24], [26] in 
female voice. However, the current dataset is small, and 
quantitative analyses were limited to female data. Future work 
with larger, balanced samples is needed to corroborate these 
findings and explore sex-related differences. 

5. Conclusions 

The findings suggest that vowel quality and lexical tone jointly 
shape phonatory characteristics in Mandarin, with tone-related 
phonatory instability varying with vowel quality. Open vowels 
tend to be less stable, and Tone 3 exerts a strong destabilising 
effect. Close or rounded vowels can buffer against tonal insta-
bility. Trends were consistent with established descriptions of 
intrinsic vowel effects and tonal phonation. The observed 
vowel-tone interactions support the need for integrated models 
of articulatory-laryngeal coordination. Future larger-scale 
studies should explore sex-related differences and cross-
dialectal variation to assess the universality of these patterns. 
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