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Tonal development and voice quality in the stops of Seoul Korean
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Abstract

Korean stops are currently undergoing a tonogenetic sound change, as found in the Seoul dialect in which a merged VOT of
aspirated and lax stops induces FO to be the primary cue for distinguishing the two stops and the lax stops have lower FO
than the aspirated stops. In tonal languages, low tone is produced with a breathy voice. This study investigated whether
there are changes in voice quality with respect to the tonogenetic sound change of Korean stops. Two age groups speaking
the Seoul dialect participated in this study: five females and six males born in the 1940s and 1950s and nine females and
eight males born in the 1980s and 1990s. This study replicated previous findings of VOT and FO and further examined
H1-H2, H1-Al, and H1-A2 to see how they correlate with the sound change. In the older and younger generations, H1-H2,
H1-Al, and H1-A2 were significantly lower after the tense stops than after the aspirated and lax stops, but they were not
significantly different after the aspirated and lax stops. However, the younger females exhibited some different results for
H1-H2 and H1-A2 than the older generation. In the younger females, the H1-H2 mean was higher after the aspirated stops
than it was after the lax stops at the vowel onset, and the H1-H2 difference increased at the vowel midpoint. Although there
was an inter-speaker variation in the results of HI-H2 and H1-Al, analyses of individual speakers showed that the H1-H2
and H1-Al were higher after the lax stops than after the aspirated stops in the younger female speakers. These results
indicate that lax stops tend to be breathier than aspirated stops in the younger female speakers. They also indicate that

changes in voice quality are on Korean stops with tonal sound change, but are still developing.
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1. Introduction

Korean has the three voiceless stops: aspirated, lax, and tense.
Lax stops are commonly described as plain, lax, lenis, slightly
aspirated or unaspirated, and breathy; aspirated stops are described
as strongly aspirated and spread glottis; and tense stops are
described as fortis, tense, laryngealized, creaky, unaspirated, and
reinforced (Cho et al., 2002; Dart, 1987; Kim, 1965).

Previous studies on Korean stops showed that the three types of
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Korean stops are fully distinguished from each other by Voice Onset
Time (VOT) and the different degree of VOT is the primary cue in
Korean stops; VOT is longest for aspirated stops, intermediate for
lax stops, and shortest for lax stops (Cho et al, 2002; Han &
Weitzman, 1970; Kim, 1965; Lisker & Abramson, 1964). However,
in contemporary Seoul dialect VOT is not a crucial cue in the
distinction of the aspirated and lax stops in phrase-initial position,
because VOTs of the aspirated and lax stops partially or completely
overlap (Silva, 2006). Kim (2000) found that tonal information of
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Korean words is used in the perception of phonation contrasts by
Korean listeners, and suggested that Korean is undergoing
tonogenesis. Kim ez al. (2002) and Kim (2004) also showed that
fundamental frequency (F0) is an important perceptional cue for
identification of the aspirated and lax stops. FO was a redundant
secondary cue in the distinction of Korean stops before the VOT
overlapping of the aspirated and lax stops; the voice onset after the
lax stops has lower FO than after the aspirated and tense stops (Cho
et al., 2002; Han & Weitzman, 1970; Kim, 1965; Kim, 1970). A
number of recent studies (Kang & Guion, 2008; Kang, 2014; Kim,
2012, 2013, 2014; Kim, 2004; Kim & Duanmu, 2004; Silva, 2006)
have revealed the overlap in VOT between the aspirated and lax
stops and the continuation of a robust FO distinction in the two stops
in younger Seoul dialect speakers, and they support the tonogenesis
hypothesis in Korean. While VOT of the aspirated stops decreased
and VOT of the lax stops increased over time, FO difference
between the two stops has been manifested over the following
vowels and has become the primary phonetic feature in the
distinction of the aspirated and lax stops. Furthermore, Kang &
Guion (2008) and Kang (2014) reported that FO distinction among
the three stops has increased over time despite the overlap in VOT,
and Kang (2014) reported the FO distinction is more enhanced in
females compared to males.

The voice quality variation is characterized by a glottal
configuration (Klatt & Klatt, 1990). Ladefoged (1971) and Gordon
& Ladefoged (2001) proposed a simplified model of possible
phonations by glottal constriction continuum, shown in (1).

(1) Most open <4 >
Phonation type voiceless Breathy Modal Creaky Glottal Closure

Most open

From the left to the right of the continuum, phonation differences
in voice are classified from voiceless voice, through breathy, modal,
and then through creaky to glottal closure. The glottal open quotient
(OQ) varies with changes in voice quality. For creaky voice, the
vocal folds are tightly adducted but open along a small portion
of the anterior and adducted vocal folds results in irregular
voicing with a low glottal flow and subglottal pressure (Gordon &
Ladefoged, 2001; Keating et al., 2015). For breathy voice, the vocal
folds are never completely adducted and incompletely closed vocal
folds results in a high glottal flow with a low subglottal pressure
(Hombert, 1979). For modal voice known as normal voice, the vocal
folds are adducted enough to have regular voicing (Gordon &
Ladefoged, 2001).

Relative amplitude of the first two harmonics (H1-H2) is the
most popular measurement of voice quality. H1-H2 is well-suited
to characterizing voice quality on a breathy to creaky continuum
proposed by Ladefoged (1971), and Gordon & Ladefoged (2001)
(Esposito, 2010a, 2010b; Hanson, 1997; Holmberg et al., 1995;
Keating & Esposito, 2006). A higher HI-H2 is correlated with an
increased OQ. Creaky voice usually shows weaker H1 than H2, and
breathy voice shows stronger H1 than H2. Breathy voice shows
greater H1-H2 than modal voice (Keating & Esposito, 2006; Stevens,
2000). In Korean, HI-H2 of the tense stops is always the smallest
(or negative) indicating that a voice quality is (laryngealized) creaky
for the tense stops. H1-H2 is greater for the aspirated stops than that
of the lax stops, indicating voice quality is breathier for the aspirated
stops than for the lax stops (Ahn, 1999; Chang, 2007; Kang &
Guion, 2008). Cho e al. (2002) reported that H1-H2 was greater for

the lax stops than that of the aspirated stops, and they commented
that different age of speakers or procedural differences could possibly
cause the different H1-H2 results of Korean stops in Ahn’s (1999)
and their findings However, Kang & Guion (2008) demonstrated
that H1-H2 of aspirated stops is greater than that of lax stops in both
younger and older Koreans.

Breathy voice quality is found in lower FO syllables in tonal
languages such as Vietnamese (Brunelle, 2009), Green Hmong
(Andruski & Ratliff, 2000) and Wu dialect spoken by Shanghai
Chinese speakers (Jiang & Kuang, 2016), and also in non-tonal
languages such as Hindi (Ohala, 1973) and Gujarati (Khan, 2012).
The phonation types of consonants interact with a tone of syllable.
The phonetic tone raising hierarchy proposed by Hyman & Schuh
(1974) places breathy voice at maximally tone lowering on the
continuum showing consonant-tone interaction, shown in (2).

2) Tone raising Implosive
A voiceless aspirated
voiceless unaspirated
sonorants
voiced obstruents
v

Tone lowering breathy voice

A VOT difference is diminishing between the aspirated and lax
stops, and with tonogenetic sound change FO contrast plays an
important role in distinguishing the aspirated and lax stops. (Kang,
2014; Kim, 2012, 2013, 2014; Kim et al., 2002; Silva, 2006). In
English, breathy voice and lower FO in the vowel are perceptual
cues to distinguish the voiced stops from the voiceless stops
(Kingston, 2011). Breathy voice with slacker vocal folds typically
occurs with low tone syllable. Breathy quality of Korean lax stops is
induced in the onset of the following vowel and this breathy quality
leads to FO lowering. As FO becomes a significant factor to
distinguish the aspirated and lax stops in the contemporary Seoul
dialect, breathy voice may be improved on the following vowel of
the lax stops as part of the tonogenesis sound changes. Kim (2014,
2016) has reported that H1-H2 was higher (positive) at the voice
onset after the lax stops than after the aspirated and tense stops in
her younger female speakers. She stated that there is a correlation
between tone and breathiness in accordance with the tonogenesis
sound change in Korean, and H1-H2 is another important property
with FO involved in the sound change. Furthermore, she found that
her female speakers kept having higher H1-H2 at the vowel
midpoint after the lax stops than after the aspirated stops, indicating
that they kept having breathier voice from the onset to midpoint of
the following vowel after the lax stops than after the aspirated stops.

Besides H1-H2, voice quality can also be captured by the
amplitude of H1 relative to the rest of the spectrum (i.e. H1-Al,
H1-A2, H1-A3) (Blankenship, 2002; Esposito, 2010a, 2010b;
Garellek & Keating, 2011; Keating & Esposito, 2006). Al, A2, and
A3 correlate with the first, second, and third formant respectively.
Measurements of spectral slope of H1-Al, H1-A2, and H1-A3
correlate with the abruptness of vocal fold closure (Hanson et al.,
2001). Although the H1-H2 pattern of Korean stops differed from
that in other previous studies, Cho et al. (2002) measured H1-A2 of
Korean stops and reported that as in the results of H1-H2, HI-A2 of
the tense stops was the smallest and H1-A2 of the lax stops was
greater than that of the lax stops. Breathy voice is associated with
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higher values of H1-H2, HI-Al and H1-A2. Wayland & Jongman
(2003) found that HI-H2 and HI1-Al distinguished breathy and
modal voice in Khmer. Esposito (2010a) found that H1-H2, H1-A2,
and H1-A3 distinguished breathy and modal voices in 10 languages
or dialects. Blankenship (2002) found that H1-H2, and HI-A2
distinguished breathy voice from modal voice in Mazatec, and
HI1-A2 better distinguished breathy from modal phonation than
H1-H2 in Chong. Khan (2012) found that H1-H2, HI-Al, and
H1-A2 distinguished breathy and modal voices in Gujarati.
Furthermore, Esposito (2004, 2010b) and Avelino (2010) reported
gender differences in contrasting phonation types. In Esposito
(2004, 2010Db), the three phonations (breathy, modal, and creaky)
in Santa Ana del Valle Zapotec were distinguished by H1-H2
for females and H1-A3 for males. In Avelino (2010), the two
phonations (modal and laryngealized) in Yalalag Zapotec were
distinguished by H1-H2, H1-A2, and H1-A3 for males and H1-A3
for females.

As mentioned above, lower F0 is associated with breathy voice in
tonal languages. The FO distinction of the aspirated and lax stops
with the weakening VOT distinction may influence voice quality in
Korean stops. This study investigated whether there is a change
in voice quality of the phonation type contrast for Korean stops
in accordance with the tonogenesis sound change. This study
examined H1-H2, H1-Al, and H1-A2 at the onset and midpoint of
the vowel after word initial stops. It also examined VOT and FO of
the stops to confirm the sound change. If the lax stops are breathier
than the aspirated stops in younger Korean, H1-H2, H1-Al, and
H1-A2 may be higher after the lax stops than after the aspirated
stops.

2. Method

2.1. Participants

Two age groups of Korean speakers, who have lived in Seoul
from birth participated in this study: older generation (OG) group
and younger generation (YG) group. The participants in both age
groups reported no history of articulatory or auditory problems. The
OG group consisted of five females and six males (mean age: 66.9,
standard deviation of age: 7.2). The YG group consisted of nine
females and eight males (mean age: 28.8, standard deviation of age:
7.6), and eight of the YG group were university students. One male
in the OG group had lived in Kangwon province for three years for
his work, but he had come to Seoul every weekend to stay with his
family. Other participants have never lived in other province or
other countries.

2.2. Stimuli and procedure

The wordlist consisted of real Korean words having the three
types of stops (aspirated, lax, and tense) at the three places of
articulation (bilabial, alveolar, and velar) in the initial position:
fptali/, /patal, /pal.ee/, Matso/, ftalil, /fakae/, /K"ale/, /kabay,
/'a.makwi/. To omit an orthographic effect, pictures that the
speakers can associate with the target words were presented to the
speakers. Before an actual recording, the speakers had a practice
recording. The speakers read the target words in a carrier sentence
(ie., ikotin __ ipnita ‘0|42  QIL|CL’) in a quiet room, and
each speaker recorded three times. A recording was done using a
Pyle-ProPMHM2 omnidirectional head-mouthed microphone at a

sample rate of 44.1 khz with Praat software. The microphone was
about 3—5 cm from the corner of the mouth. A total of 756 tokens (9
wordsx28 speakersx3 times) were recorded four times for analysis.
All measurements were taken in the Praat on Fourier spectrogram
with a Gaussian window shape, a Frequency Range of 05,000 Hz,
Window Length of 0.005 seconds, and dynamic range of 50 dB.

The boundaries of each target stop were manually annotated with
a Praat textgrid from the beginning of the burst of the target stop to
the onset of periodicity in the following vowel in the wave form.
The boundaries of the following vowel were also manually annotated
using a Praat textgrid from the onset of periodicity to the offset of
vowel F2. For the word initial stops, VOT, FO at the onset and
midpoint of the following vowel, and H1-H2, H1-Al, and H1-A2 at
the onset and midpoint of the following vowel were automatically
measured using Praat scripts. Some cases did not display a pitch
track at the onset of the following vowel. In such cases, FO was
measured at a nearer point within 10 ms from the onset. The
values of FO for each subject were normalized because FO varies
according to subjects’ age and gender. Each FO was normalized by
an individual speaker, by dividing each raw FO value by the mean
FO for that speaker.

2.3. Statistical analysis

All analyses were performed in R 3.5.0 (R Core Team, 2018).
Separate analyses were carried out on data from the two age groups
sampled. Individual acoustic measurements were separately analyzed
using linear mixed using linear mixed-effect modelling in the
package Ime4 (Bates et al., 2018). Main effect of phonation types
was tested using the Anova function from the car package (Fox &
Weisberg, 2011) to attain x*-value. When a significant difference
was detected, a Tukey post-hoc test was used to see pair-wise dif-
ferences between phonation types using the glht function from the
multcomp package, with p-values adjusted for multiple comparisons
(Hothorn et al., 2008). The effect of interaction between phonation
type and gender sampled was tested using likelihood ratio test
(LRT) with the Anova function comparing two models (one including
the interaction and another with only additive effects of the two
factors) to attain X-values.

3. Results

3.1. VOT and FO

Figure 1 gives mean and standard error values of VOT of the
word initial stops produced by the OG and YG groups for each
phonation type separately. The VOTs of the aspirated stops in the
OG group were longer than those in the YG group, and the
difference in VOT between the aspirated and lax stops was smaller
in the YG group than in the OG group.
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Figure 1. Mean VOT (+1 standard error) in the three stops produced by the
OG and YG groups.

The OG group showed a significant effect of phonation type on
VOT (x*=488.07, p<0.001). The VOTSs of the aspirated stops were
significantly longer than that of the lax stops (»p<0.001), and the
VOTs of the lax stops were significantly longer than that of the
tense stops (p<0.001). There was a significant effect of interaction
of phonation type and gender (x*=32.23, p<0.001) on VOT. When
comparing the VOTs of the males and females, the males produced
significantly longer VOTs for the aspirated stops than the females
did (p<0.001).

The YG group also showed a significant effect of phonation types
on VOT (x*=439.66, p<0.001). The VOTs of the aspirated and lax
stops were significantly longer than that of the tense stops
(p<0.001), but the VOTs of the aspirated and lax stops were similar
(p=0.19). A significant interaction of phonation type and gender was
found in the YG group (x’=0.75, p<0.05). The males produced
significantly longer VOTs for the aspirated stops than the females
did (p<0.05).

Figure 2 gives means and standard error values of normalized FO
after the stop release in the OG and YG groups separately. The
differences in FO between the three stops were greater in the YG
group than in the OG group.
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Figure 2. Mean of normalized FO (+1 standard error) at the vowel onset and
midpoint of the three stops produced by the OG and YG groups.

The OG group showed a significant effect of phonation type on
FO at the vowel onset (x*=179.19, p<0.001) and at the vowel
midpoint (x*=132.31, p<0.001). The FOs after the aspirated and
tense stops were significantly higher than those after the lax stops at
the vowel onset and midpoint (p<0.001). The FOs after the aspirated
and tense stops were not different at the vowel onset (p=0.3) but
they were significantly different at the vowel midpoint (p=0.05). A
significant interaction of phonation type and gender on FO was
found at the vowel onset (X’=32.23, p<0.001) and at the vowel
midpoint (x*=32.23, p<0.001), corresponding to the previous studies
such as Cho et al. (2002), Kim (2013) and Kang (2014). In the OG
group, the females produced significantly higher FOs at the vowel
onset and midpoint after the aspirated stops than the males did
(»<0.01). However, the males produced significantly higher FO at
the vowel onset after the tense stops than the females did (p<0.001).

The YG group also showed a significant effect of phonation type
on FO at the vowel onset (x’=709.31, p<0.001) and at the vowel
midpoint (X*=846.04, p<0.001). The FOs at the vowel onset and
midpoint after the aspirated stops were significantly higher than that
of the tense stops (p<0.001). However, unlike the results of previous
studies, the FOs of the tense stops were significantly higher for the
lax stops (p<0.001) in the YG group. There was no significant
interaction of phonation type and gender on FO.

The results of VOT and FO in the three stops of the OG and YG
groups were similar to the finding of previous studies (Kang, 2014;
Kang & Guion, 2008; Kim, 2012, 2013, 2014; Kim et al., 2002;
Silva, 2006). The FO distinction of the aspirated and lax stops in the
YG group with the large overlap in VOTs of them supports the
hypothesis of tonogenesis. Furthermore, the three Korean stops were
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significantly distinguished by FO at the vowel onset and midpoint in
the YG group.

3.2. H1-H2, H1-Al, and H1-A2
Figure 3-5 give mean and standard error values of HI1-H2,

HI1-Al, and H1-A2 at the vowel onset and midpoint after stop
release in the OG group and YG group separately.
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Figure 3. Mean H1-H2 (+1 standard error) in the three stops produced by
the OG and YG groups.
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Figure 4. Mean H1-Al (+1 standard error) in the three stops produced by
the OG and YG groups.
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Figure 5. Mean H1-A2 (+1 standard error) in the three stops produced
by the OG and YG groups.

The OG group showed that there was a significant effect of
phonation types on HI-H2 (x’=85.7, p<0.001), HI-Al (x*=97.35,
p<0.001), and H1-A2 (x*=19.28, p<0.001) at the vowel onset. At the
vowel midpoint, there was also a significant effect of phonation
types on H1-H2 (x’=48.35, p<0.001), H1-Al (x*=31.92, p<0.001),
and H1-A2 (X*=36.49, p<0.001). The H1-H2, H1-Al, and H1-A2
were significantly lower after the tense stops than after the aspirated
and lax stops (p<0.001) at the vowel onset and midpoint. However,
they were not significantly different after the aspirated and lax stops
at any position. The H1-H2 at the vowel onset after the aspirated
stops were significantly higher in the females than in the males (=
8.3, p<0.05).

The YG group also showed that there was a significant effect of
phonation type on H1-H2 (x°*=202.22, p<0.001), H1-Al (X*=103.65,
p<0.001), and H1-A2 (x’=38, p<0.001) at the vowel onset. At the
midpoint, there was a significant effect of phonation types on
HI-H2 (x*=143.56, p<0.001), HI-Al (x*=46.58, p<0.001), and
HI-A2 (X2=36.O3, p<0.001). The values of HI-H2, H1-Al, and
H1-A2 were significantly lower after the tense stops than after the
aspirated and lax stops (p<0.001) at the vowel onset and midpoint,
but they were not significantly different after the aspirated and lax
stops at any position. The H1-A2 at the vowel onset after the tense
stops was significantly lower in the males than in the females (=
10.2, p<0.05). The H1-H2 at the vowel midpoint after the aspirated
stops was significantly lower in the females than in the males (=
15.7, p<0.1).

4. Summary and Discussion

4.1. VOT and FO

The VOT was no longer a phonetic cue to effectively distinguish
the aspirated and lax stops in the YG group. While the VOT
completely distinguished the three types of stops in the OG group,
the VOT distinguished only the tense stops from the aspirated and
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lax stops in the YG group. The VOTs of the aspirated stops
decreased and the VOTs of the lax stops increased in the YG group.
This difference in VOTs between the OG and YG groups
corresponds to previous studies (Kang, 2014; Kang & Guion, 2008;
Kim, 2012, 2013, 2014; Silva, 2006). On the other hand, the FO
completely distinguished the three Korean stops in the YG group,
while the FO distinguished only the lax stops from the aspirated and
tense stops in the OG group. This indicates that not only VOT
weight but also FO weight differed between the OG and YG groups
in terms of differentiation of the three stops in production. In
addition, when comparing the VOTs and FOs for each place of
articulation, the VOTs of the three stops were significantly different
from each other at all three places of articulation in the OG group
(»<0.001), while the FOs after the three stops were significantly
different from each other at all places of articulation in the YG
group (p<0.05 at bilabial, and p<0.001 at alveolar and velar). As FO
weight has increased as an important perceptual phonetic cue, it
seems that the FO contrast between the aspirated and tense stops
increased in younger Korean speakers along with the enhanced FO
contrast between the aspirated and lax stops. However, the FO
difference of the aspirated and tense stops may disappear when tonal
development is accomplished in Korean stops, because the aspirated
and tense stops can be perfectly distinguished by VOT and because
FO does not influence the perception of tense stops (Kim, 2004). For
raw FO, the difference between the aspirated and lax stops was
greater in the female speakers than in the male speakers in the YG
group (mean diff=48 for the males; mean diff=87 for the females)
than in the OG group (mean diff=38 for the males; mean dift=71 for
the females). This enhanced FO difference in the females over time
corresponds to the finding of Kang (2014).

4.2. H1-H2, H1-Al, and H1-A2

H1-H2, HI-Al, and H1-A2 well distinguished the tense stops
having creaky voice from the other stops in the OG and YG groups.
However, the aspirated and lax stops were not distinguished by
H1-H2, H1-Al, and H1-A2 in both groups. For H1-H2, although the
aspirated and lax stops were not separated, there was some
difference in H1-H2s between the OG and YG groups. The mean
H1-H2 at the vowel onset was higher after the aspirated stops than
after the lax stops in the OG group, while the mean H1-H2s at the
vowel onset after the aspirated and lax stops were similar in the YG
group. At the vowel midpoint, the mean H1-H2s after the aspirated
and lax stops were merged in the OG group while the mean H1-H2
after the lax stops was higher than that of the aspirated stops in the
YG group. For H1-Al, the mean value after the aspirated and lax
stops were similar at the vowel onset and midpoint in the OG and
YG groups. For H1-A2, the mean value after the aspirated stops
were similar or lower than that of the lax stops in the OG group, but
the mean value after the aspirated stops were higher than that of the
lax stops in the YG groups.

In Kim (2014), younger Seoul dialect speakers showed that mean
H1-H2s after the aspirated and lax stops were similar at the vowel
onset, but the mean H1-H2 of the lax stops was higher than that of
the aspirated stops at the vowel midpoint. However, she reported a
gender difference in H1-H2. In her younger female speakers, the
H1-H2 was significantly higher after the lax stops than after the
aspirated stops, and thus, the H1-H2 significantly distinguished the
different types of Korean stops. However, in her younger male
speakers, the H1-H2 was still higher after the aspirated stops than

after the lax stops. Furthermore, although there was only one Korean
female in Broersma (2010), the female showed higher H1-H2 at the
vowel onset after the lax stops than after the aspirated stops. In this
current study, the means of H1-H2, H1-Al, and H1-A2 at the vowel
onset and midpoint were compared for the females and males in the
OG and YG groups, as shown in Table 1 and 2.

Table 1. Means of HI-H2, H1-Al, and H1-A2 at the vowel onset after the
aspirated and lax stops in the OG and YG groups

Phonation oG YG
type Female Male Female Male
Aspirat ) . 4. 4,
HI-H2 s?;ied Z?g igz 5.161 3.4313
Aspirat 6.33 8.70 4.13 5.44
HI-Al silfzed 6.87 7;0 497 3.66
Aspirated | 9.45 9.85 8.98 8.58
HI-A2 Sgie 9.57 9.46 8.52 6.10

Table 2. Means of H1-H2, H1-Al, and HI-A2 at the vowel midpoint after
the aspirated and lax stops in the OG and YG groups

Phonation oG YG
type Female Male Female Male
Aspirated 4.03 5.84 1.65 4.38
HI-H2 Lax 4.05 5.24 5.03 3.40
HI-Al Aspirated 1.04 2.04 0.30 0.01
i Lax 0.06 2.74 139 0.50
Aspirated 8.26 7.48 5.66 6.51
HI-A2 Lax 8.55 7.50 6.75 3.93

In the OG group, at the vowel onset, the mean H1-H2 was higher
after the aspirated stops than after the lax stops in the females, and
the mean H1-H2s after the aspirated and lax stops were similar in
the males. However, the H1-H2s after the aspirated and lax stops
were not significantly different in the females (p=0.7) and males
(»=0.2). However, as compared to in the males, the HI-H2s at the
vowel onset after the aspirated stops were significantly higher in the
females (p<0.05), indicating the females produced breathier voice at
the vowel onset after the aspirated stops than the males did. At the
vowel midpoint, the HI-H2s of the aspirated and lax stops were
similar in the females (p=0.8) and males (p=0.5), and the females
and males showed similar H1-H2s for the aspirated (p=0.2) and lax
(p=0.4) stops.

In the YG group, at the vowel onset, the mean H1-H2 was higher
after the lax stops than after the aspirated stops in the females, while
it was reverse in the males. However, the H1-H2s of the aspirated
and lax stops were not significantly different in the females (p=0.5)
and males (p=0.4). Unlike the females and males of the OG group,
the females and males of the YG group produced H1-H2 similar at
the vowel onset after aspirated (p=0.8) and lax (p=0.1) stops.
However, at the vowel midpoint, the H1-H2s were significantly
lower after the lax stops than after the aspirated stops (»<0.001) in
the females, while the H1-H2s after the aspirated and lax stops were
not significant in the males (p=0.5). Furthermore, the H1-H2s at the
vowel midpoint after the aspirated stops in the females were
significantly lower than those in the males (p<0.01), while the
H1-H2s at the vowel midpoint after the lax stops were similar
between the females and males (p=0.1). In addition, in a comparison
of the OG and YG groups for each phonation, the H1-H2s at the
vowel midpoint after the aspirated stops in the YG females were
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significantly lower than those in the OG females (p<0.05). These
H1-H2 results indicate that there was a change in voice quality from
the OG females to the YG females. It seems that the YG females
produced less breathy voice for the aspirated stops than the OG
females, while the females in the OG and YG groups produced
similar breathy voice for the lax stops.

For H1-Al, there was not any significant difference in the OG
and YG groups and between the OG and YG groups. For HI-A2, in
the YG group the values were significantly lower after the aspirated
stops than after the lax stops (p<0.01) in the males, but the H1-A2s
after the lax stops were not significantly different between the males
and females (p=0.3).

Kim (2014, 2016) and Cho et al. (2002) reported that the H1-H2s
of the three phonation types of Korean stops varied among the
individual subjects. Figures 6, 7 present the means of H1-H2 at the
vowel onset after the three phonations for the individuals in the OG
and YG groups, and variations of H1-H2 were shown among the
speakers of the OG and YG groups. For H1-H2, despite the
variations among the speakers; overall, the females tend to have
higher H1-H2s after the lax stops than after the aspirated stops in the
YG group when compared to in the OG group. Only one of the six
females showed higher H1-H2s after the lax stops than after the
aspirated stops in the OG group, but five of the nine females showed
higher H1-H2s after the lax stops than after the aspirated stops in
YG group. In Kim (2014, 2016), the H1-H2s at the vowel onset
were significantly different among the three types of Korean stops
in the younger female speakers. However, she also reported speaker
variations in voice quality. In her study, some of the female speakers
had higher H1-H2 after the aspirated stops than after the lax stops.
This speaker variation may explain the reason why a significant
difference was not found in H1-H2s of the aspirated and lax stops in
the current study. For H1-Al, the females tend to have higher values
after the lax stops than after the aspirated stops in the YG group.
Two of the six females showed higher H1-Al after the lax stops
than after the aspirated stops in OG group, while six of the nine
females showed higher H1-Al after the lax stops than after the
aspirated stops in YG group. For H1-A2, there was no difference in
tendency between the OG and YG groups.

Studies on gender-correlated difference in sound change (Eckert,
1989; Labov, 1990) has reported that females lead sound change in
speech. In the YG group, the females showed more VOT merger
and FO distinction in Korean stops than the males like the results of
previous studies (Kang, 2014; Kim, 2014; Silva, 2006). The means
of H1-H2s of the lax stops were lower than after the lax stops than
after the aspirated stops in the YG females. The analyses of H1-H2
and H1-Al values of the individuals show that more YG females
took part in the sound change in Korean stops than the YG males
did. There is a tendency that the YG group have breathier voice for
the lax stops than for the aspirated stops, and in the YG the females
have breathier voice for the lax stops than for the aspirated stops, as
compared to the males. Thus, it seems that there is a change in voice
quality that the lax stops with lower tone are breathier than the
aspirated stops in younger Korean females. However, inconsistent
patterns of H1-H2 and HI-Al values indicate that the change in
voice quality is in progress. So, it seems that the FO distinction
occurred simultaneously with the VOT merger, but the change of
voice quality with respect to the FO distinction is subsequent process
in Korean stops. In accordance with the change of FO role as VOTs
of the aspirated and lax stops being merged, H1-H2 showed the voice
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Figure 6. Means of H1-H2, H1-Al, and H1-A2 at the vowel onset of the
three stops produced by the individuals of the OG group. The females are
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quality change more than H1-A1 and H1-A2.

Studies on gender-correlated difference in sound change (Eckert,
1989; Labov, 1990) has reported that females lead sound change in
speech. In the YG group, the females showed more VOT merger
and FO distinction in Korean stops than the males like the results of
previous studies (Kang, 2014; Kim; 2014; Silva, 2006). The means
of H1-H2s of the lax stops were lower than after the lax stops than
after the aspirated stops in the YG females. The analyses of H1-H2
and H1-Al values of the individuals show that more YG females
took part in the sound change in Korean stops than the YG males
did. There is a tendency that the YG group have breathier voice for
the lax stops than for the aspirated stops, and in the YG the females
have breathier voice for the lax stops than for the aspirated stops, as
compared to the males. Thus, it seems that there is a change in voice
quality that the lax stops with lower tone are breathier than the
aspirated stops in younger Korean females. However, inconsistent
patterns of H1-H2 and HI-Al values indicate that the change in
voice quality is in progress. So, it seems that the FO distinction
occurred simultaneously with the VOT merger, but the change of
voice quality with respect to the FO distinction is subsequent process
in Korean stops. In accordance with the change of FO role as VOTs
of the aspirated and lax stops being merged, HI1-H2 showed the
voice quality change more than H1-A1 and H1-A2.

In summary, while the VOTs were overlapped between the
aspirated and lax stops, FO contrast was enhanced as the primary
perceptual cue in the YG group. The females tend to have higher
H1-H2 and H1-A2 for the lax stops than for the aspirated stops in
the YG group as compared to in the OG group. This indicates that
the females tend to produce breathier voice for the lax stops than the
aspirated stops in the YG group. However, an inter-speaker
variation was found in the HI-H2 and H1-A2 in the female of the
YG group.
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