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Despite the growing number of studies on the acoustics of non-modal phonation, little is known about
how two distinct non-modal phonations can interact acoustically when coarticulated. This study
investigates the acoustics of breathy-to-creaky phonation contours in vowels from a production study
of native speakers of English and White Hmong. These languages differ in the nature of the non-modal
phonation types. In the English corpus, both the breathiness and creakiness are non-contrastive. In the
Hmong corpus, the breathiness can be contrastive or a result of coarticulation with a neighboring
segment, but the creakiness is always contrastive.
The contours were analyzed using the three measures of phonation that were found to best
differentiate non-modal from modal phonation in these languages: H1n–H2n, H1n–A1n, and harmonicsto-noise ratio. Results from these measures provide support for the presence of breathy–creaky
contours in vowels. The timing and sequencing of the breathy and creaky phonation types are largely
dependent on whether they are contrastive, with contrastive non-modal phonation being present
during more portions of the vowel than non-modal phonation derived from coarticulation. The acoustic
results also provide evidence for simultaneous breathy and creaky phonation types in Hmong.
& 2011 Elsevier Ltd. All rights reserved.

1. Introduction
This study investigates the acoustics of breathy phonation
that is coarticulated with creaky phonation in English and
(White) Hmong. There is little known about how two distinct
non-modal phonations can interact when coarticulated. Studies of
non-modal phonation typically focus on experimental (usually
acoustic) descriptions of the production of contrastive non-modal
phonation, as in Green Mong (Andruski & Ratliff, 2000), White
Hmong (Esposito, Ptacek, & Yang, 2009; Huffman, 1987), Khmer
(Wayland & Jongman, 2003), Chong (DiCanio, 2009) Zapotec
(Avelino, 2010; Esposito, 2010a), and Mazatec (Garellek &
Keating, 2011). Additionally, there has been some research on
the interaction of phonation and prosody, especially in English
(e.g. Epstein, 2002; Huffman, 2005), on the phasing of non-modal
phonation (Silverman, 1995), and its duration (Blankenship,
2002). Recently there has also been research on the perception
of contrastive phonation types (Abramson, L-Thongkum, & Nye,
2004; Esposito, 2010b; Gerfen & Baker, 2005).
Other research has been directed at non-modal phonation that is
non-contrastive, as in English (Ladefoged, 1983; Löfqvist &
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McGowan, 1992), Swedish (Gobl & Nı́ Chasaide, 1999; Löfqvist &
McGowan, 1992), Trique (DiCanio, 2011) and Tagalog (Blankenship,
1997), to name a few. The studies of non-modal phonation have
either implicitly or explicitly dealt with coarticulation of phonation,
because non-contrastive non-modal phonation is usually due
to coarticulation from adjacent segments, mostly glottalized or
aspirated ones. An example is the breathiness of English vowels
following aspirated stops (e.g., Epstein, 1999; Löfqvist & McGowan,
1992). However, there is currently little understanding of how one
type of non-modal phonation may be coarticulated with another.
The goal of this study is therefore to investigate the acoustic
consequences of non-modal phonation coarticulation.
One point of interest in studying phonation coarticulation is to
investigate the timing and sequencing of the adjacent voice
qualities. Blankenship (2002) found that contrastive non-modal
phonation lasts longer and is more differentiated from modal
voice than non-modal phonation derived from coarticulation. This
ﬁnding is interesting, because studies of other types of coarticulation have shown that coarticulation can span whole segments and
even across segments. For example, Cohn (1990) found that nasal
ﬂow in English begins early for a vowel preceding a nasal. Thus,
the non-contrastive vowel nasalization of English is not substantially shorter than the vowel nasalization of contrastive nasal
vowels in French, though the overall amount of nasalization in
English may be less than in French. Additionally, Öhman’s study
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on coarticulation (1966) revealed that in VCV sequences, the ﬁrst
vowel already shows effects of the following vowel in English and
Swedish. West (1999) also found coarticulatory effects of English
/l/ and /r/ on vowels immediately and more distantly preceding
the liquid. The coarticulation of some Mandarin tones, which like
phonation involve laryngeal articulation, can also inﬂuence large
portions of vowels (Xu, 1997).
Blankenship’s ﬁndings imply that an interval of non-contrastive non-modal phonation should be shorter than an interval of
contrastive non-modal phonation even when the two are adjacent. However, if two types of non-contrastive non-modal phonation are adjacent in a given segment, then they should have
roughly the same duration. In her study, Blankenship did not
study non-contrastive phonation in languages with a phonation
contrast. Presumably, the non-modal phonation derived from
coarticulation in these languages should be shorter in duration
than the contrastive phonation, but not necessarily shorter than
the corresponding non-modal phonation in a language without
phonation contrasts. On the other hand, studies by Manuel and
Krakow (1984) and Manuel (1987, 1990) have shown that the
number of contrasts can limit the extent of coarticulation in a
given language. Looking at V-to-V coarticulation, they found that
coarticulation was greater in languages with fewer vowel contrasts. They interpret this ﬁnding in terms of the presence of
output constraints on segments. These constraints are determined
in part by the number of contrastive phonemes of the language
(in their case, the number of contrastive vowels). Coarticulation is
faithful to these constraints, and so is found to be less extensive in
languages with many vowels occupying a common space. From
the point of view of phonation coarticulation, these studies
suggest that having a phonation contrast in a given language
should result in less coarticulation of non-modal phonation. Thus,
non-modal phonation derived from coarticulation should be less
extensive in languages with a phonation contrast, but contrastive
phonation should always be extensive. This hypothesis differs
from Blankenship’s, in that it assumes that the extent of coarticulated non-modal phonation will depend on the presence of a
phonation contrast in the language, rather than on intrinsic
timing differences between contrastive and non-contrastive phonation derived from coarticulation.
Thus, the goals of this study are to describe the acoustics of
coarticulated non-modal phonation in English and Hmong, and to
determine whether Blankenship’s or Manuel and Krakow’s and
Manuel’s predictions hold true under environments of non-modal
coarticulation. As I will show, both languages investigated have
the potential of showing breathy–creaky contours in vowels,
where by ‘breathy’ and ‘creaky’ I make no speciﬁc claims about
the nature of the articulatory gestures involved, which may also
differ depending on whether the non-modal phonation is contrastive. For the purposes of the present study, by ‘breathy’ and
‘creaky’ I mean that the acoustic measures that are known to
differentiate breathy and creaky voice cross-linguistically show
statistically signiﬁcant differences from modal voice.
In this study, the breathy–creaky contours differ in whether
the breathiness and creakiness are contrastive or from coarticulation with an aspirated or glottalized segment. Speciﬁcally,
audio recordings were made of words with expected breathy–
creaky contours in English (for which both the breathiness and
creakiness are non-contrastive), and in Hmong (for which the
creakiness is contrastive but the breathiness may or may not be
contrastive). Keeping with Blankenship (2002), I would predict
that the phonemic breathiness of Hmong should be more extensive and more differentiated from modal than the non-contrastive
breathiness in Hmong or English. Conversely, the phonemic
creakiness of Hmong should be more extensive and more differentiated from the modal than the non-contrastive creakiness of
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English. If indeed there are output constraints on phonation
coarticulation similar to those proposed for vowels by Manuel
and Krakow (1984) and Manuel (1987, 1990), then the noncontrastive breathiness of Hmong should be more restricted in its
timing than that of English, given that Hmong contrasts three
types of phonation while English has no phonation contrast.
In Section 2, I will review previous studies of non-modal
phonation in English and Hmong, and the acoustic correlates
used to characterize phonation cross-linguistically. In Section 3,
I describe the experiment and show time courses of the measures
used in this study. Section 4 and the conclusion are devoted to a
discussion of the results presented in the previous section,
interpreting the results in light of the studies mentioned above.

2. Phonation types in English and Hmong and their acoustic
correlates
This section reviews non-modal phonation found in English
and Hmong, and outlines which acoustic measures have been
used to characterize non-modal phonation in these languages and
others.
2.1. Phonation in English and Hmong
2.1.1. English
English does not have a phonation contrast, but vowels can
show non-modal phonation in certain prosodic conditions (Dilley,
Shattuck-Hufnagel, & Ostendorf, 1996; Epstein, 2002; Huffman,
2005; Kreiman, 1982; Pierrehumbert & Talkin, 1992; Redi &
Shattuck-Hufnagel, 2001, among others) and adjacent to certain
sounds. Vowels following /h/ and aspirated stops are slightly
breathy (Epstein, 1999; Gobl & Nı́ Chasaide, 1999; Ladefoged,
1983; Löfqvist & McGowan, 1992). By ‘breathiness’ in English I am
not referring to the (voiceless) aspiration noise that can follow
voiceless stops, which in fact is a primary cue to the phonemic
contrast between voiced and voiceless stops in English (Lisker &
Abramson, 1964). Rather, I am referring to the breathy voicing in
the vowel following such aspiration noise. Although aspiration
noise is known to be a salient cue in the perception of stop
contrasts in English, there is little evidence to show that listeners
rely on the following breathy voicing as a cue to the preceding
stop category. Because the breathy voicing is due to coarticulation
following the aspiration noise, it is viewed as non-contrastive in
the present study, just as the breathiness in Tagalog vowels
following /h/ were treated by Blankenship (2002).
In addition, often appear as allophones of voiceless stops in
English, especially after sonorants (nasals, liquids, glides or
vowels), or before other obstruents and sonorants in coda position (Cohn, 1993; Epstein, 2002; Huffman, 2005; Selkirk, 1972;
Westbury & Niimi, 1979). Vowels before these glottalized stops
often have some creaky phonation, derived from coarticulation
with the coda (Garellek, 2011a).
Breathiness and creakiness can theoretically co-occur in an
English vowel if the environments for both are combined. For
example, the vowels in words like cat or hat will show breathiness
at the vowel’s onset, because they follow an aspirated stop or /h/.
Moreover, the same vowels should show creakiness at the vowel
offset, because they are followed by a voiceless stop in coda
position. Therefore, my hypothesis is that English words like cat
or hat should show a phonation contour in the vowels, starting
from more breathy-like phonation and ending in more creaky-like
phonation. Again, by ‘breathy’ and ‘creaky,’ I mean that the
phonation types are acoustically closer to breathy and creaky
voice than to modal. It should matter little, for English as well as
for Hmong, whether in reality these contours are breathy-tense,
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or lax-creaky, for example, although a more extreme phonation
(i.e., a phonation that is more differentiated from modal voice)
might in fact be inherently longer in duration. The possibility that
cross-linguistic timing differences might be a result of differences
in the type of non-modal phonation will be assessed in the
discussion section below.
2.1.2. Hmong
Whereas English only shows non-modal phonation due to
coarticulation, Hmong contrasts both breathy and creaky vowels
with modal ones. In Hmong, non-modal phonation is associated
with certain tones. Vowels may have a phonemic low creaky tone
(e.g. /p] / ‘blanket’) or a phonemic falling breathy tone, for
~
example /p]^ / ‘pile’. Both the creaky and breathy tones contrast
€
with tones with
similar pitch but different phonation types. Thus,
/p] / ‘blanket’ and /p]^ / ‘pile’ contrast mostly in phonation with
~
modal /p] / ‘stick’ and€ /p]^ / ‘ﬂower’, respectively, although differences in the pitch contours exist as well, especially for the creaky
tone (Esposito et al., 2009; Ratliff, 1992).
Hmong distinguishes unaspirated from aspirated stops at all
its places of articulation. The aspirated stops cannot occur before
breathy vowels, suggesting that the aspiration noise is perceptually confusable with vowel breathiness. Indeed, both phonemically modal vowels following aspirated stops and phonemically
breathy vowels show increased breathiness in comparison to
modal vowels (Esposito & Khan, 2010; Fulop & Golston, 2008).
However, creaky vowels may follow aspirated stops in Hmong,
for example in /ph] / ‘chubby, fat.’ Such words should show a
~
breathy–creaky phonation contour. Unlike in English, the creakiness in such contours is phonemic.
2.2. Phonation measures
Although phonation strictly speaking involves only differences
in the mode of vibration of the vocal folds, non-modal phonation
is known to sometimes involve other laryngeal and even supralaryngeal postures (Edmondson & Esling, 2006). Moreover, a
range of non-modal phonation is possible, even at the level of
the vocal folds. For example, breathy phonation can be produced
by a wide resting aperture of the vocal folds, by the less abrupt
closing of the folds, or by maintaining a constant posterior (interarytenoid) gap between the folds (Gordon & Ladefoged, 2001). In
their laryngeal articulator model, Edmondson and Esling attribute
laryngealized voice and glottalization not only to the vocal folds
but also the ventricular folds, arytenoids, and aryepiglottic folds.
Additionally, phrase-ﬁnal creak has been found to involve low
sub-glottal pressure (Slifka, 2006), and certain types of creaky
voice may include additional effects like vocal fry and period
doubling (Gerratt & Kreiman, 2001). Owing to this multi-dimensional nature of non-modal phonation, various acoustic measures
have been used to distinguish modal phonation from its nonmodal counterparts. By far the most commonly used measure is
H1–H2, or the difference in the amplitudes of the ﬁrst and second
harmonics. A higher value of H1–H2 is thought and often found to
be correlated with greater glottal open quotient (DiCanio, 2009;
Holmberg, Hillman, Perkell, Guiod, & Goldman, 1995; Stevens &
Hanson, 1995; Sundberg, Andersson, & Hultqvist, 1999; but cf.
Kreiman et al., 2008). Open quotient (OQ) is the proportion of a
glottal period during which there is no contact between the vocal
folds. H1–H2 as a correlate of OQ should be a good measure for
differentiating non-modal phonations from modal, since breathy
phonation often has a greater OQ than modal, whereas creaky
phonation can involve a more closed glottis. Indeed, for languages
with contrastive breathy phonation, H1–H2 (or its formantcorrected counterpart, denoted by asterisks: H1n–H2n) has been

shown to be greater in breathy phonation than in modal for a
variety of languages (Bickley (1982), for Gujarati; Huffman
(1987), for Hmong; Blankenship (1997), for Mazatec; Wayland
and Jongman (2003), for Khmer; Miller (2007), for Ju9’hoansi;
for other languages, see Esposito (2010b)). For languages that
contrast creaky phonation with modal, a lower H1–H2 has also
been found for Mazatec (Blankenship, 1997; Garellek & Keating,
2011), Green Mong (Andruski & Ratliff, 2000), Ju9’hoansi (Miller,
2007), Chong (DiCanio, 2009), and Santa Ana del Valle Zapotec
(Esposito, 2010a).
In addition to H1–H2, wideband spectral tilt measures comparing H1 to the amplitude of the ﬁrst formant (A1) or the second
or third formants (A2 or A3) have been used. These measures are
thought to correlate with the abruptness of vocal fold closure
(Stevens, 1977). H1–A1 is also thought to be correlated with the
bandwidth of the ﬁrst formant, which might reﬂect posterior
glottal opening at the arytenoids (Hanson, Stevens, Kuo, Chen, &
Slifka, 2001). Taking these studies into account, a higher value of
H1–A1 should be an indication of whispery voice, which is
produced by means of air ﬂowing through the arytenoids (Laver,
1980), whereas the higher spectral tilt measures like H1  A2 and
H1  A3 should correlate with speed or abruptness of closure.
Blankenship (1997) found that some of these measures could
distinguish modal from laryngealized phonation to some degree.
As with H1–H2, these measures are more often used for comparing breathy and modal than creaky vs. modal phonation types.
For more on the effectiveness of these measures at distinguishing
breathy vs. modal phonation in a number of languages, see
Esposito (2006). Esposito (2010b) showed that H1–A1 was able
to distinguish breathy from modal phonation in several languages. If H1–A1 is a correlate of whispery voice, this suggests
that some degree of whispery phonation is present in the breathy
phonation of some languages, as is claimed in some studies, e.g.
by Fulop and Golston (2008). This is not surprising, given that
breathy voice often involves incomplete closure of the vocal folds,
which could facilitate inter-arytenoid opening as well.
Noise measures have also been used to distinguish breathy or
creaky phonation from modal. De Krom (1993) found that the
harmonics-to-noise ratio (HNR) decreased almost linearly as the
noise in the signal increased. Noise can be due to aspiration,
which is a characteristic of breathy voice, or to aperiodicity, which
is a characteristic of creaky voice (Gordon & Ladefoged, 2001).
Thus, both breathiness and aperiodicity result in lower HNR
values. HNR has been used to distinguish breathy from modal
phonation in Javanese (Wayland, Gargash, & Jongman, 1994),
Ju9’hoansi (Miller, 2007), and White Hmong (Fulop & Golston,
2008). Miller (2007) also found an effect of HNR for glottalized
vowels. Blankenship (2002) showed that a similar measure
of noise, cepstral peak prominence (Hillenbrand, Cleveland, &
Erickson, 1994), distinguished breathy from modal phonation
in Mazatec and Chong, as did Esposito (2010b) for a number of
languages.
In sum, breathy–creaky contours are likely to be found in
English and Hmong The contours may well be manifested by
different acoustic measures, given the success of various studies
at characterizing phonation differences using a variety of
measures.

3. Experiment
The experiment was designed to compare vowels with
breathy–creaky contours to modal vowels in English and Hmong.
In addition, breathy–modal and modal–creaky contours were
included for comparison in both languages, and contrastive
breathy vowels were included for Hmong.

M. Garellek / Journal of Phonetics 40 (2012) 152–161

3.1. Method
3.1.1. Stimuli
3.1.1.1. English. The stimuli are divided into four groups based on
expected phonation pattern. The target group consists of
monosyllabic English words with an expected breathy–creaky
contour. These words begin with an aspirated stop /p, t, k/ or
/h/, have a low vowel /æ/ or />/, and end in coda /p, t, k/, for
example pat.
The next group consists of words with an expected breathy–
modal contour. These differ from the breathy–creaky words by
having a coda /s/ (or sometimes /st/, /sk/, or /z/) instead of coda
stops, for example pass. Although /s/ also involves glottal spreading
and therefore in principle could induce some breathiness on the
vowel, little breathiness was found. Fricative codas were chosen
because a pilot study revealed that voiced stops in coda position
still resulted in creak, and sonorants were avoided because they
were likely to inﬂuence the formant tracking. The voicing difference between /s/ and /z/ in codas was deemed trivial, in that it was
unlikely to alter the voice quality of the preceding vowel appreciably. Moreover, the following word from the carrier Say the words
_____ for me begins with voiceless /f/, thus resulting in the partial
devoicing of /z/ codas by assimilation. The carrier contained words
in plural because the target was always preceded by a function
word (either a, to, or I), for reasons to be motivated below for target
words beginning with /h/. For complex codas, speakers usually
elided the second consonant (either /t/ or /k/), given that the
following word began with an obstruent.
The third group of words is comprised of those with an
expected modal–creaky contour. These differ from the breathy–
creaky words in that they begin with a voiced stop /b, d, c/
instead of an aspirated one, for example bat.
The last group consists of words with expected modal vowels
with little phonation contour. These differ from the modal–creaky
words in that they end with /s/ or /z/, for example boss.
To increase the likelihood that the word-initial /h/ would be
partially voiced, all target words were preceded by a function
word ending in a vowel so that /h/ would be intervocalic and
voiced. Voiced [9] might be more likely to induce breathiness on
the following vowel, given that it involves breathy phonation,
whereas voiceless [h] involves mostly aspiration noise. Indeed,
phonemic breathy vowels can be reﬂexes of intervocalic /h/, as in
Gujarati (Fischer-Jørgensen, 1967) and Mazatec (Silverman,
Blankenship, Kirk, & Ladefoged, 1995). The reason for including
voiced [9] was therefore to see whether the breathiness on the
following vowel differed in any way from the breathiness following aspirated stops.

3.1.1.2. Hmong. Hmong has no coda consonants except [F], which
was avoided for the effects of nasality on the preceding vowels.
Thus, all stimuli are words of shape CV, where the vowel carries a
tone, written orthographically as -m (low creaky), -g (falling
breathy), and the modal tones -s, -v, -b, and -j, or null. The
stimuli are divided into four groups based on expected phonation
pattern. The ﬁrst group consists of words with an expected
breathy–creaky contour. These words begin with an aspirated
stop /ph, th, kh/ or /h/ and have an open or open-mid creaky vowel
/] / or /L /, for example /ph] / ‘chubby, fat.’
~
~
~
The second group consists of words with an expected breathy–
modal contour. These differ from the previous group in that their
tones were modal, either high, mid, or low level tones, e.g. /pha/
‘to lead the way.’ The low tone was preferred because its pitch
resembles most closely that of the creaky tone, but if such a word
could not be found then other level modal tones were used.
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The third group consists of words with unaspirated onsets
/p, t, k/ and the breathy falling tone, e.g. /p]^ / ‘pile.’
€
The fourth and ﬁfth groups consist of words
with unaspirated
onsets /p, t, k/, but whose tones were creaky (e.g. /p] / ‘blanket’)
~
and modal (e.g. /p] / ‘stick’).
As for English, the carrier word preceding the target stimuli in
Hmong ended in a vowel, promoting the voicing of /h/ to [9] in
targets beginning with that sound. The Hmong carrier was [DĽ haı
_____ dua] ‘Repeat _____ again.’1
The complete list of stimuli for the two languages can be found
in the Tables A1 and A2 of Appendix A in the Supplementary
Material.
3.1.2. Participants
Twelve speakers of North American English were recorded:
six women and six men. Two of the male speakers were from
Canada and Washington D.C.; the rest were from California. Most
of the speakers described themselves as ﬂuent in at least one
other language. The English speakers were recorded in a soundattenuated booth using a Shure SM10A head-mounted microphone, whose signal ran through an XAudioBox pre-ampliﬁer and
A-D device. The recording was done using PCQuirerX at a
sampling rate of 22,000 Hz. Thirteen speakers of Hmong were
recorded: seven women and six men. One of the women was not
included in the analysis because she was a native speaker of
Green Mong. Three of the Hmong speakers spoke both White
(Daw) and Green (Leng) natively. The remaining speakers spoke
only the White variety. All the Hmong speakers could speak some
English as well as Lao or Thai. All were living at the time in
California. The speakers were recorded in a sound-attenuated
room using a CAD u37 USB microphone and a laptop computer
and using Audacity at a sampling rate of 22,000 Hz.2
3.1.3. Test sentences and procedure
Speakers were asked to say the target words in a carrier
phrase. They were instructed to repeat each phrase before saying
the next one. No instructions were given regarding rate of speech
or voice quality, and the speakers were asked to utter the
sentences as naturally as possible. The English carrier was Say
the words _____ for me. This carrier phrase was chosen because it
ensured that the coda-[t] would be unreleased (and thus likely
preceded by creaky voice). The Hmong carrier was [DĽ haı _____
dua] ‘Repeat _____ again’. In total, 969 English and 773 Hmong
tokens were obtained.
3.1.4. Labeling and measurements
The target vowel was labeled in Praat (Boersma & Weenink,
2009). The onset and offset of the vowel were taken to be the
beginning and end, respectively, of clear ﬁrst and second formants, in order to obtain reliable values for voice quality
measures that depend on formants. All vowels were coded for
quality (either /æ/ or />/ for English and /a/ or /L/ for Hmong), as
well as for preceding and following consonants. In the case of
Hmong, the vowel’s tone was also coded.
The acoustic measures for the labeled portions were obtained
using VoiceSauce (Shue, Keating, Vicenik, & Yu, 2011), which
1
The effect of Hmong /d/ on the phonation of the preceding word is unclear,
but presumably any effect would be the same for all contours. The tones of all the
target words were pronounced at the expected pitch level and phonation type,
suggesting that no tone sandhi inﬂuenced the pronunciation of the target word.
2
The fact that the Hmong speakers were recorded in a different environment
and with different equipment could theoretically affect the noise measures.
However, the Harmonics-to-noise measure was actually highest in amplitude for
Hmong, indicating that the harmonic amplitudes were well above the noise ﬂoor
for these recordings.
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calculates F0 and phonation measures optionally using the
correction algorithm from Iseli, Shue, and Alwan (2007). A variety
of measures were initially obtained to determine which ones
best distinguish the phonation types. These included F0 using
the STRAIGHT algorithm (Kawahara, Masuda-Katsuse, & de
Cheveigné, 1999) and spectral tilt measures corrected for formant
values as denoted by use of asterisks: H1n–A1n, H1n  A2n, and
H1n A3n. The formant frequencies and their amplitudes are
calculated using the Snack Sound Toolkit (Sjölander, 2004).
Harmonics-to-noise ratios for four frequency ranges ( o500 Hz,
o1500 Hz, o2500 Hz, o3500 Hz) are calculated using the algorithm in de Krom (1993).

9

Breathy-creaky
Breathy-modal
Modal-creaky
Modal-modal

7
5
H1*-H2* (dB)
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3
1
-1
-3
-5
1

The measures investigated in this study are H1n–H2n, H1n–A1n,
and harmonics-to-noise ratio under 500 Hz (HNR). Of the measures
obtained by VoiceSauce (see Section 3.1.4), these three measures
were found to be the best at distinguishing breathy phonation from
modal phonation, as well creaky phonation from modal phonation,
for the English and Hmong corpora (Garellek, 2010). In order to
compare the time courses of each measure and for each language,
VoiceSauce output the averages over ninths of the labeled interval
corresponding to the voiced portion of the target vowel. These time
courses were then averaged across all words belonging to the
expected phonation contour. The time courses are thus in normalized
rather than raw duration, which smoothes the data. Another reason
for choosing to normalize time was so that the beginnings and ends
of the vowels could be compared across contours. Given that
preceding and following consonants are known to affect the vowel’s
voice quality, it would be less informative to compare the measures
for different contours at raw duration points if one contour would be
inﬂuenced by the preceding or following segment but not another.
Importantly, time normalization can only allow for accurate
cross-contour comparison if the contours are of roughly the same
duration. Thus, to avoid any substantial averse effect of the time
normalization, the time courses to be described only include a
subset of the data for which the vowel durations all fell within
one standard deviation from the overall mean duration. In total,
666 English tokens and 672 Hmong tokens were retained. All the
vowels analyzed in this study had roughly the same durations,
differing by at most 24 ms across contours, as shown in Table 1.
Because the durations of the contours differed little within
language, it is assumed that the timing of non-modal phonation
(where the non-modal phonation is different from modal) is
representative of its raw duration. It should also be noted that
in general, the contours were much shorter in English than in
Hmong, likely due in part to the fact that the Hmong words were
open syllables, whereas the English ones had voiceless codas.
The time courses for each measure are plotted in Figs. 1–6,
organized by measure. For each language plot there are four lines
corresponding to four contours: breathy–creaky, breathy–modal,
modal–creaky, and modal–modal. The contours beginning with
breathy phonation are dark; those beginning with modal are light.
The contours ending in modal phonation have solid lines; those
Table 1
Average raw duration (with standard deviations in parentheses) in ms by contour,
for the subset of data included in the analysis.
English
Breathy–creaky
Breathy–modal
Modal–creaky
Modal–modal
Breathy–breathy

113.06
119.83
129.56
132.76
–

Hmong
(13.19)
(14.90)
(13.74)
(13.98)

188.84
193.63
201.26
212.72
206.04

(27.09)
(26.39)
(25.99)
(22.78)
(27.46)
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Fig. 1. Time courses of H1n–H2n for English with 95% conﬁdence intervals.
Breathy–creaky contour is the dotted dark line; breathy–modal contour is the
solid dark line; modal–creaky is the dotted light line; modal–modal is the solid
light line. Different colored lines should be compared at the beginning; different
textures at the end. p-Values under 0.01 are checked off.
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Fig. 2. Time courses of H1n–H2n for Hmong with 95% conﬁdence intervals.
Breathy–breathy contour is the dashed line; breathy–creaky contour is the dotted
dark line; breathy–modal contour is the solid dark line; modal–creaky is the
dotted light line; modal–modal is the solid light line. Different colored lines
should be compared at the beginning; different textures at the end. p-Values
under 0.01 are checked off.

ending in creak are in dotted lines. If a measure differentiates
between breathy and modal at the vowel onset and between
modal and creaky at the vowel offset, then the ﬁgure should show
differentiation by line color at the beginning, but differentiation
by line texture at the end. For Hmong, an additional breathy–
breathy contour, derived from a contrastively breathy vowel, is
included in a dashed line.
The modal–modal contour was used as the baseline for
comparison with the other three contours. This contour was
chosen as a baseline rather than an average of all contours or
an average of modal values so that at each ninth, the comparison
between modal and non-modal phonation could be made while
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Fig. 3. Time courses of H1n–A1n for English with 95% conﬁdence intervals.
Breathy–creaky contour is the dotted dark line; breathy–modal contour is the
solid dark line; modal–creaky is the dotted light line; modal–modal is the solid
light line. Different colored lines should be compared at the beginning; different
textures at the end. p-Values under 0.01 are checked off.
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Fig. 5. Time courses of HNR for English with 95% conﬁdence intervals. Breathy–
creaky contour is the dotted dark line; breathy–modal contour is the solid dark
line; modal–creaky is the dotted light line; modal–modal is the solid light line.
Different colored lines should be compared at the beginning; different textures at
the end. p-Values under 0.01 are checked off.
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Fig. 4. Time courses of H1n–A1n for Hmong with 95% conﬁdence intervals.
Breathy–breathy contour is the dashed line; breathy–creaky contour is the dotted
dark line; breathy–modal contour is the solid dark line; modal–creaky is the
dotted light line; modal–modal is the solid light line. Different colored lines
should be compared at the beginning; different textures at the end. p-Values
under 0.01 are checked off.

Fig. 6. Time courses of HNR for Hmong with 95% conﬁdence intervals. Breathy–
breathy contour is the dashed line; breathy–creaky contour is the dotted dark line;
breathy–modal contour is the solid dark line; modal–creaky is the dotted light
line; modal–modal is the solid light line. Different colored lines should be
compared at the beginning; different textures at the end. p-Values under 0.01
are checked off.

still factoring out the inﬂuence from the preceding and following
segments. At each ninth, a linear mixed-effects model was run in
R using the lmer function of the lme4 package (Baayen, Davidson,
& Bates, 2008), comparing each contour to the baseline, with the
acoustic measure in question as the dependent variable. The
largest signiﬁcant model had subject and item as random effects.
The inclusion of additional ﬁxed or random effects such as F0,
vowel quality, or onset type did not signiﬁcantly improve model
ﬁt. Thus, although voice quality measures are known to interact
with F0 and vowel quality across languages (Garellek & Keating,
2011; Kuang, 2011; DiCanio, 2011), no such interactions were
found. No substantial difference was found between aspirated
stops and /h/, and so vowels following both were considered to

begin breathy. The expected phonation contour was used as the
ﬁxed effect of the model. The p-values for the coefﬁcient estimates were obtained using the pvalues.fnc function in the languageR package in R, which approximates p-values by conducting
Markov chain Monte Carlo (MCMC) sampling with 10,000 simulations (Baayen, 2007). Given the large number of tests performed,
the p-values were adjusted so that those under 0.01 were
considered statistically signiﬁcant. The exact p-values can be
found on the author’s website, listed in the acknowledgments.
3.2.1. H1n–H2n
The time courses of H1n–H2n are plotted in Fig. 1 for English
and Fig. 2 for Hmong. Four contours are plotted in each
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ﬁgure: breathy–creaky, breathy–modal, modal–creaky, and
modal–modal. For Hmong, an additional breathy–breathy contour, derived from a contrastively breathy vowel, is included. The
higher the value of H1n–H2n, the breathier the phonation. Conversely, the lower the value of H1n–H2n, the creakier the phonation. The statistical differences from the modal–modal (MM)
contour for the three or four non-modal ones (abbreviated as
BB, BC, BM, and MC) are shown below each ﬁgure. Statistically
signiﬁcant differences below 0.01 are checked off in the ﬁgures.
The results for H1n–H2n for English show that the measure has
higher values for breathy phonation than for modal during the
ﬁrst ﬁve ninths of the vowel (depicted by both the solid and
dotted black lines). H1n–H2n does not differentiate modal from
creaky phonation at the vowel offset. Note that for modal-ending
contours (the solid lines), the value of H1n–H2n tends to rise
towards the end of the vowel. This is likely due to the coda /s/ in
such words, which is [þspread glottis] (Halle & Stevens, 1971).
The results for Hmong in Fig. 2 show that H1n–H2n is higher
for breathy than for modal phonation during the ﬁrst two ninths
of the vowel for breathy–creaky words, but for the ﬁrst four
ninths for breathy–modal ones. The contrastively breathy words
(represented by a dashed line) have breathier vowels than modal
words (represented by a light solid line) for every interval of the
vowel. Unlike for English, H1n–H2n for Hmong does differentiate
modal from creaky phonation at the vowel offset (in the ﬁnal
third), for both modal–creaky and breathy–creaky contours.
3.2.2. H1n–A1n
The results for H1n–A1n for English in Fig. 3 show that the
measure differentiates breathy and modal phonation during the
ﬁrst half of the vowel. For breathy onsets, H1n–A1n is higher, as
expected. As with H1n–H2n, H1n–A1n does not consistently
differentiate modal from creaky phonation at the vowel offset,
although the trend is in the expected direction, with lower values
for creaky offsets.
For Hmong, H1n–A1n (in Fig. 4) differentiates between breathy
and modal phonation during the ﬁrst third of the vowel for
breathy–creaky and breathy–modal. This ﬁnding is similar to that
of H1n–H2n, lending further support that words that start with an
aspirated stop and have a phonemically modal vowel are breathier than those with unaspirated onsets at the beginning of the
vowel. For the breathy–breathy contour, H1n–A1n is higher than
the modal–modal contour in the ﬁrst half of the vowel, but these
values are smaller than those for the breathy–creaky and
breathy–modal contours in the ﬁrst third. This is surprising, given
that in the latter two contours the breathiness is non-contrastive.
3.2.3. Harmonics-to-noise ratio
HNR is expected to be lower for breathy and creaky portions,
because the measure is sensitive to both aspiration and aperiodicity. The results for HNR for English in Fig. 5 show that the
measure differentiates between breathy and modal phonation
during the ﬁrst third for breathy–modal, though in the opposite
direction than expected, with breathy onsets having a higher
HNR. However, the higher values of HNR for breathy phonation
might be a result of a prominent ﬁrst harmonic, which is typically
found for breathy phonation. Indeed, the higher values of H1n–
H2n for breathy phonation in English and Hmong are likely due to
the prominence of H1. This effect is not found to be signiﬁcant for
breathy–creaky contours except in the ﬁrst ninth. HNR is lower in
creaky phonation than in modal phonation in the latter two
ninths of the vowel for breathy–creaky, and in the ﬁnal ninth
for modal–creaky. The differentiation between modal and creaky
phonation is in the predicted direction, with creaky values having
lower HNR values, presumably due to decreased periodicity.

The results for HNR for Hmong in Fig. 6 indicate that this
measure differentiates between non-contrastive breathy and
modal phonation during the ﬁrst four ninths for breathy–modal.
For the modal–creaky contour, HNR is lower than the modal–
modal contour after the ﬁrst ninth, suggesting that the creakiness
of the contour is responsible for the early drop in the measure.
Indeed, for both contours ending in creaky voice, HNR has lower
values for creaky phonation for nearly the whole duration. This
suggests that HNR in Hmong is reﬂecting mostly the noise due to
creaky phonation, rather than that of breathy phonation derived
from coarticulation with an aspirated segment. Interestingly, it is
the non-contrastive breathy onsets that have the higher HNR
values at the vowel onset for English and Hmong, suggesting that
the breathy voicing after aspiration is more periodic. For the
contrastive breathy–breathy contour, HNR is lower than for the
modal–modal contour for the ﬁnal two-thirds of the vowel, which
suggests that in contrast to the non-contrastive breathiness, the
phonemic breathiness in Hmong is noisy.

3.3. Spatial differentiation
As mentioned earlier, Blankenship (2002) also found that
contrastive non-modal phonation is more differentiated from
modal than the non-modal phonation derived from coarticulation.
Since I found non-modal phonation to be most differentiated from
modal at the onsets and offsets of the vowel, this claim is tested for
breathy–modal contours at the ﬁrst ninth, and for modal–creaky
ones at the ﬁnal ninth, by comparison with the modal–modal
contours. Differences in the level of breathiness are assessed using
the best measures found for differentiating breathy from modal
phonation in the two languages, H1n–H2n and H1n–A1n. Differences in the level of creakiness are assessed using HNR, which was
found to be signiﬁcant in differentiating modal from creaky
phonation in the two languages (Tables 2 and 3).
The HNR difference for Hmong modal vs. creaky is higher than
for English. These results conﬁrm that non-modal phonation,
when contrastive, can be more differentiated from modal.
Although the modal vs. non-contrastive breathy differences in
H1n–H2n and H1n–A1n do not differ much between the two
languages, it is surprising that the contrastive breathiness of
Hmong differs from modal less than the non-contrastive breathiness. This may be due to the fact that phonemic breathy voice in
Hmong is differentiated from modal vowels over the entire
duration of the vowel, so large differences in degree of breathiness are not needed.
Table 2
Absolute differences (in dB) in measures of breathiness (H1n–H2n and H1n–A1n)
between breathy–modal and modal–modal contours at the ﬁrst ninth. The
difference between contrastive breathy–breathy and modal–modal for the Hmong
is included in the table for comparison.

English—non-contrastive breathiness
Hmong—non-contrastive breathiness
(cf. Hmong—contrastive breathiness)

H1n–H2n

H1n–A1n

4.59
3.42
1.61

8.95
10.84
2.21

Table 3
Absolute differences (in dB) in HNR between
modal–creaky and modal–modal contours at the
ﬁnal ninth.
HNR
English—non-contrastive creakiness
Hmong—contrastive creakiness

7.09
16.75
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3.4. Summary of results
The results show that breathy is differentiated from modal
phonation mostly by H1n–H2n and H1n–A1n. For English, initiallybreathy contours are breathy for the ﬁrst half of the vowel (about
50–60 ms), in line with previously found results, e.g. those
obtained by Löfqvist and McGowan (1992). In Hmong, the
breathiness derived from coarticulation is differentiated from
modal phonation in more intervals for the breathy–modal than
for the breathy–creaky contour, because creakiness starts early in
Hmong. For H1n–H2n the effects of phonemic breathiness are seen
throughout the vowel’s duration. Thus, non-contrastive breathiness can be found in more timing intervals in English than in
Hmong, but this depends on the vowel’s phonation contour.
Further, because the Hmong vowels were about 60% longer than
English ones (see Table 1), it is not the case that the breathiness in
English is longer in duration than in Hmong, even though it can be
found over more portions of the vowel.
Creakiness is manifested most strongly by the HNR values. For
English, the difference between modal–creaky and modal–modal
vowels is made at the vowel offset, in the latter third of the vowel.
For Hmong however, creakiness starts after the ﬁrst ninth and
persists throughout the remainder of the vowel. Interestingly, the
creakiness occurs in the same timing intervals for which H1*–H2*
and H1*–A1* show breathy phonation. Hmong creaky phonation
is also more differentiated from modal phonation than English
creaky phonation, but the two language’s non-contrastive
breathiness have the same degree of differentiation from modal
phonation. Surprisingly, Hmong phonemic breathiness is less
differentiated from modal than its non-contrastive breathiness.

4. General discussion
4.1. The acoustic measures
Many acoustic studies of voice quality use several measures to
characterize non-modal phonation. The use of multiple cues rests
on the assumption that phonation is multi-dimensional in its
articulation (Edmondson & Esling, 2006; Gordon & Ladefoged,
2001) and in its perception (Esposito, 2006, 2010a; Gerfen &
Baker, 2005), as well as from cross-linguistic work showing that
listeners of different languages rely on different cues to perceive
phonation differences (Esposito, 2006, 2010a).
Since acoustic measures of phonation are thought to reﬂect
various articulatory postures from which non-modal voice arises,
we can speculate on the articulatory origins of the acoustic results
found in this study. First, the major contribution of H1n–A1n to
the breathy category of the contours in the three languages
suggests that aspiration noise in English and Hmong contains
strong whispery components in addition to incomplete closure of
the folds, which is arguably correlated with H1n–H2n. The contrastive breathiness in Hmong is manifested less by H1n–A1n and
more by H1n–H2n and HNR, suggesting that it is produced
differently than the breathiness resulting from coarticulation.
This has been found before for the breathiness in Hmong vowels
following a voiced aspirated stop (Esposito & Khan, 2010; Fulop &
Golston, 2008), but further study is needed to see how such
breathiness differs from the kind shown in this study. Creakiness
in English and Hmong pattern similarly, and are best differentiated from modal voice by the harmonics-to-noise ratio measure,
but also by H1n–H2n.
It is also interesting that the acoustic measures have generally
higher values for Hmong speakers than for English speakers. This
could accidental, i.e. it could be that the Hmong speakers sampled
in this study happen to have breathier voices than the given
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English participants. However, it is also possible that in Hmong,
the baseline for modal phonation is slightly breathier than in
English. Other cross-linguistic work on phonation has shown than
languages differ greatly in their realization of modal phonation
(Keating, Esposito, Garellek, Khan, & Kuang, 2011). Why languages differ in this regard is still unclear and worthy of further
investigation.
4.2. The sequencing of coarticulated non-modal phonations
The results indicate that breathy–creaky contours are observable in English and Hmong. Thus, it is not the case that the
presence of one non-modal phonation type on a vowel precludes
the presence of some other, even opposing phonation, at least for
the languages studied here. In fact, different phonation types are
known to co-occur on a single vowel in Chong (DiCanio, 2009)
and in some Zapotecan languages (Munro, Lopez, Méndez, Garcia,
& Galant, 1999). Although both breathy and creaky portions
surface in contours here, the languages differ in their timing of
each portion. The results concerning the timing of phonation are
partially in agreement with those of Blankenship (2002), in that
the non-contrastive breathiness of Hmong is limited in duration
compared to the creakiness or the phonemic breathiness. In
contrast, English breathiness and creakiness were strongest in
the initial and ﬁnal third of the vowel’s duration, respectively.
Timing of non-modal phonation here is assumed to be correlated
with its duration, because the contours analyzed were of approximately the same duration. Therefore, this study indicates that,
when two non-modal phonation types are juxtaposed, the contrastive type will last longer.
Can these timing differences be due to inherent timing
disparities across differing types of non-modal phonation? This
is unlikely, given that the non-contrastive and contrastive
breathiness in Hmong were manifested using the same acoustic
cues. The fact that the same measures show differences in timing
for contrastive vs. non-contrastive phonation suggests that timing
differences are not solely due to different non-modal phonation types.
The presence of modal voice in the breathy–creaky contours is
also of interest. In English, the vowels start off breathy, then
become modal, and ﬁnally end creaky. On the other hand,
breathy–creaky contours in Hmong are dominated by creak,
which lasts for most of the vowel and co-occurs with the
breathiness derived from coarticulation. In Hmong, no modal
portions appear in these contours. The simultaneity of breathy
and creaky voices runs counter to the basic model of phonation
involving only the glottal opening (e.g. in Gordon & Ladefoged,
2001; Ladefoged, 1971), given that the glottis cannot be both
open and closed at once. The ﬁndings do lend support, however,
to models of phonation involving either the vocal folds as a whole
(e.g. Hanson et al., 2001; Laver, 1980), or the entire laryngeal
system, such as the Laryngeal Articulator Model (Edmondson &
Esling, 2006; Esling, 2005). Nevertheless, it should be noted that
these acoustic ﬁndings are merely presumed to be correlated with
aerodynamic or articulatory postures, so future articulatory
research would be needed to conﬁrm both the simultaneity of
breathy and creaky phonation as well as the nature of these voice
qualities for the languages at hand.
4.3. Contrast and phonation coarticulation
This study shows that the creakiness in English is concentrated
at the end of the vowel and is not strongly differentiated from
modal phonation. This ﬁnding is similar to that by Blankenship
(2002), who showed for other languages that contrastive
non-modal phonation is more pronounced and lasts longer than
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non-modal phonation resulting from coarticulation. In Hmong,
however, the contrastive creakiness is more pronounced and is
differentiated from modal phonation for most of the vowel. Since
contrastive features require that they be perceptually salient in
order to distinguish words of a language, it is not surprising that
contrastive non-modal phonation should be present in more
intervals and be well-differentiated from modal phonation.
However, Blankenship’s predictions do not hold as well for
non-contrastive vs. contrastive breathiness in Hmong. The results
of this study show that breathiness following aspirated sounds is
more differentiated from modal than contrastive breathiness.
Nevertheless, the former is restricted to the ﬁrst third of the
vowel, whereas the latter is widespread throughout the vowel.
Therefore, although Blankenship’s timing predictions are borne
out in this study, her predictions about differences in the degree
of differentiation between non-contrastive and contrastive phonation types are only found for creakiness. Therefore, it seems as
though the timing and spatial properties of non-modal phonation
can trade off with one another.
It is also interesting that non-modal phonation which is noncontrastive should consistently be restricted to small portions of
the vowel. Coarticulatory effects are not always found to be shortlived. According to Manuel and Krakow (1984) and Manuel (1987,
1990), coarticulation can be strongly inﬂuenced by the number of
contrasts in a language. Assuming that languages have output
constraints on coarticulation that are inﬂuenced by the number of
contrasts to be maintained, a language should not have to limit its
coarticulation of a certain feature, if that feature is not contrastive. It is therefore interesting that English should have such
limited non-modal phonation. In Hmong, the breathiness derived
from coarticulated aspiration is timed with only the early parts of
the vowel perhaps because the language must contrast modal,
creaky, and breathy vowels. For English, such an explanation
would not hold, because the language does not contrast phonation. Even in the breathy–modal contours, which for English
ended with slight breathiness due to the coda /s/, breathiness
derived from the aspirated stop drops after a third of the vowel’s
duration, only to rise again for the /s/. This seems to imply that
English vowels have a more modal target. The non-contrastive
breathy phonation in English behaves similarly to the breathiness
occurring after aspirates in Tagalog and Navaho, which also
showed rapid onsets and offsets (Blankenship, 1997). To account
for this, Blankenship hypothesized that in these languages,
vowels are featurally speciﬁed for modal voice. Indeed, Cohn
(1990, 1993) found that gestural coarticulation for nasality
typically shows a sharp decline when the language has a feature
speciﬁcation corresponding to the gesture, but not when there is
underspeciﬁcation. Another possible explanation for modal target
effect seen for English could be one of perceptual ease, given that
modal phonation is thought to allow for better cue retrieval by
listeners (Silverman, 1995; but cf. Garellek, 2011b). Whether
English vowels tend towards modal phonation in order to increase
perceptual recoverability or due to feature speciﬁcation is left for
future study.

5. Conclusions
The goals of this study were twofold. The ﬁrst was to show
that breathy–creaky contours in vowels can be found in the
world’s languages, even in English which lacks contrastive phonation. These contours can be described using common measures
of phonation. Measures of spectral tilt like H1n–H2n and H1n–A1n,
as well as noise measures like HNR, are useful for distinguishing
either the breathy or creaky portions of such contours, or in some
cases both types of non-modal phonation.

The second goal was to account for cross-linguistic differences
in the timing and sequencing of the contours using previous work
on phonation timing and theories of coarticulation. The ﬁndings
of this study support the ﬁndings of Blankenship (1997, 2002)
that non-modal phonation is longer when it is contrastive. The
creakiness in Hmong is found throughout the vowel and is more
pronounced than the non-contrastive form in English. However,
this study also shows, contra Blankenship, that contrastive nonmodal phonation may be less differentiated from its non-contrastive counterpart, as is the case with contrastive vs. noncontrastive breathiness in Hmong. The more restricted timing of
non-modal phonation derived from coarticulation might be
attributed to the perceptual beneﬁts of modal phonation. This
study adds to our understanding of the production of phonation
by showing that codas can alter a vowel’s phonation signiﬁcantly,
that rapid changes in phonation within vowels are possible and
likely more common than assumed, and that breathiness can be
found to co-occur simultaneously with creakiness in vowels.
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