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Acoustics and Phonology of Complex Tone Sandhi
An Analysis of Disyllabic Lexical Tone Sandhi in the Zhenhai Variety of Wu Chinese

Phil Rose

Department of Linguistics, The Faculties, Australian National University, Canberra, Australia

Abstract. This paper presents a detailed acoustic and auditory description of the kind of
complex tone sandhi found in the Northern Wu dialects of Chinese. Mean fundamental

frequency, amplitude and duration values from many tokens of I native speaker of Zhen-

hai dialect are used to show how the acoustical characteristics of the 6 citation tones can

be related to the 20 different forms in disyllabic lexical sandhi. Three phonetically moti-
vated processes are demonstrated in this relationship: stress effects; paradigmatic replace-

ment of pitch and phonation type features on the second syllable, and intrinsic effects

associated with the intervocalic consonant, and phonation rate and duration of the first
syllable.

Introduction

The Wu dialects of East Central China
have long been known to exhibit the most
complex tone sandhi of the various Chinese

languages, and possibly of any of the

world's tone languages [Chao, 1967 ' Wang,
1967; Ballard, 1980, 19881. One of the
sources of the complexity lies in the appar-
ent phonetic opacity of the rules which re-

late underlying or citation forms (of which
there are typically seven or eight) to san-

dhied forms. In Shaoxing dialect disyllabic
words for example, a tone with high falling
pitch ([51]) followed by a low convex pitch
(2311) results in a pitch pattern of mid level
plus high fall (33 511) [Wang, 1959, pp.77,

841. Or in Zhoushan dialect a sequence of
high rising and low rising pitches will yield
a fall from high to mid, followed by a

higher mid [Fang, 1987, p. 119]. On the ba-

sis of examples like this it has been pointed
out [Ballard, 1980; pp. 144,153ff.] that Wu
tone sandhi rules are for the most part not
phonetically natural in the sense oi Hymanf

and Schuh's [974] West Alrican tone rulesl
The phonetically motivated universals
which have been claimed for the West Afri-
can data - for example the raising effect of
a high tone, the exclusive rightwards
spreading of tone, or the influence of con-

sonants on tone - are either not found or
contradicted in Wu. Moreover, there are in-
dications that additional features like stress
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and phonation type are required to moti-
vate the sandhi [Ballard, 1988, pp. 10, 108;

Rose, 1989b, pp. 242, 2431.

Unfortunately, although there are many
existing auditory descriptions of tone
sandhi in Wu [most of which are summar-
ized in Ballard, 19881, they are generally
characterized by considerable lack of pho-
netic detail. Reflecting and reinforcing the
received assumption that tone is equivalent
to pitch, most studies provide pitch data in
the Chao [1930] integers, or simply use

non-contour features like H(igh) or L(ow),
but do not mention other phonetic charac-
teristics like length, voice quality qua
phonation type, and especially stress. This
makes it very difficult to work out what is

going on in the tone sandhi. For example,
given the pitch specification l442ll of
some Suzhou disyllabic words, it is not
clear whether the low-falling pitch on the
second syllable represents a deliberate, ex-
trinsic gesture like the Cantonese low-fall-
ing tone in e. g. [saj jan 55 2l] 'westerner';

whether it is an intrinsically reduced form
due to stress on the first syllable, as in
Standard Chinese ['to4 ei 55 21] 'thing'; or
whether it is part of a unitary level-falling
contour spread over two syllables, as has

been claimed lZee and Maddieson, 19801

for Shanghai, e.g. [ajara 55 2l] 'fight'. [For
the notions of extrinsic and intrinsic, see

Tatham, 1971.1

In contrast to the many, if underspeci-
fied, auditory descriptions, there is a dearth
of instrumental studies on Wu tone sandhi.
There are published acoustic data of a lim-
ited nature for only three Northern Wu
sites: ShanghailZee and Maddieson, 19801,

Suzhou [Liao, 1983] and Wuxi [Chan and

Ren, 19861. These sites show a (for Wu) rel-
atively simple tone sandhi, characteristic of

a subset of Northern Wu varieties, with few
citation forms and a small number of differ-
ent pitch shapes in polysyllabic lexical
items. As yet no instrumental data is avail-
able on the more complex Northern Wu
varieties like Chongming or Changzhou
with seven or eight citation forms and up to
24 different shapes on polysyllabic items,
and Toda's [989; in press] work on
Daishan represents the only study of a

more complex variety further south.
In view of the claim of phonetic opacity

and the general lack of phonetic data on
Wu tone sandhi, this paper has the follow-
ing two aims: to document some suffi-
ciently detailed auditory and instrumental-
acoustic data on complex Wu tone sandhi
from the hitherto undescribed variety of
Zhenhai, and to examine from these data
the nature of the relationship between the
citation tones and the sandhi shapes. Zhen-
hai is a rural county in NE Zhejiang pro-
vince: the varieties spoken there are charac-
terized by several different tone sandhi sub-
systems for numerals, diminutives, verb-ob-
ject constructions and lexical items [Rose,
19741. This study will examine the tone
sandhi on disyllabic lexical items. I shall
discuss the monosyllabic citation forms
first, then the disyllabic tone sandhi data.

Citation Tones

Auditory Description

In Zhenhai, any citation monosyllable or
monosyllabic word belongs to one of six
contrasting tones. Differences between
tones involve several pervasive co-occurring
and recurrent phonetic features in addition
to pitch. Sets of six minimally contrasting
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Table 1. Examples of the six Zhenhai tones

I

2

3

4

5

6

Itai 44ll 'to fill'
Itai? 323] 'chicken'

Itai.23ll 'to ride'

Itai.'l 21 3l'he / she / it'

[ter? 5] 'knot'

Itap? 231 'straight'

lpa4 44tl

[pa4? 3231

lp3'l 2311

lp-}\? 2t3l

lpa? Il
lpg? 231

'to run'
'origin'
'dish'

'stupid'
'eight'

'white'

t?yq aal] 'sound'

l?jta? 3231 'shadow'

[j-14 231] 'win'

U1.n? 213f iead'

t?jr? !l 'one'

fip? 23I 'leafl

tones are given in table 11. Their auditory
characteristics are as follows:

Tone l: High falling pitch with short in-
itial level component; shorter than average
length; modal voice with either gradual or
creaked offset to voicing.

Tone 2: Concave pitch in the mid pitch
range terminated by a glottal stop; average
length; modal or tense voice quality.

Tone 3: Convex pitch in the low-mid
pitch range; average length; whispery voice

[..]/growl [-] with gradual or creaky offset.
(Whispery voice refers to the compound
phonation type described and demon-
strated in Laver [1980, pp. 134, 136 and ac-

companying tapel. It occurs on relatively
close oral vowels. Growl [an auditory term
proposed in Rose, 1982b1 occurs on rela-
tively open vowels and nasalized vowels. It
is auditorily similar to some productions of
'ventricular voice' in the Bushman Lan-
guage !X66 and gives the impression of a

series of strong pulses accompanied by

I The six tones reflect two mergers in the devel-
opment lrom the eight Middle Chinese tones. Tone
1 is a reflex of Middle Chinese *Yin ping and *Yin
qu tones; tone 4 is a reflex ol Middle Chinese
*Yang shang and *Yang qu tones. Tones 2,3,5 and
6 come from Middle Chinese *Yin shang, xYang

ping, *Yin ru and *Yang ru tones, respectively. (The
lorms for 'chicken' and 'he/she/it' in table I are

irregular correspondences.)

harsh ventricular voice. This pulse train is
also perceivable as a second pitch, much
lower than the pitch of the tones with whis-
pery voice, and so growl is also diplo-
phonic. A discussion of the various phona-
tion types heard on tones 3, 4 and,6 can be
found in Rose [1989b]. Unless relevani,
phonation types on vowels will not be tran-
scribed below.) There are indications that
the production of tone 3 involves a burst of
pulmonically induced subglottal pressure,
rather than changes in vocal cord tension
[Rose, 1984, pp. 148-152].

Tone 4: Low rising pitch with either a

level or slightly falling initial component
and glottal stop offset; longest of the six
tones ; whispery voice./growl.

Tone 5: Very short high level or fatrling
pitch with glottal stop offset; tense voiee;
shortest of the six tones.

Tone 6: Very short low rising pitch with
glottal stop offset; whispery voice,/growl;
slightly longer than tone 5. A burst of pul-
monically induced subglottal pressure rnay
also be involved in the production of this
tone as with tone 3.

In addition to the prosodic aspects out-
lined above, subsets of the tones are charac-
terized by a variety of segmental and struc-
tural features. Features at syllable onset
characterize tones l, 2 and 5 against types 3,

4 and 6, and features associated with the Fi-



nal characterize tones 5 and 6 against tones
1-4.

Segmentally, tones l, 2 and 5 occur with syi-
lable-initial aspirated and unaspirated voiceless
stops, and long voiceless fricatives; syllable-initial
sonorants are preglottalized [?m, ?1, ?j, ?a] etc.
Tones 3, 4 and 6 occur with syllable-initial voiceless
stops with whispered release [p, te] etc., and short
voiceless whispered lricatives [s, e] etc.; syllable-in-
itial sonorants have whispery voice and gradual
voicing onset [m, 1] etc.

Structurally, tones 1, 2 and 5 show syllable-in-
itial contrasts between aspirated and unaspirated
stops, and between /b/ and zero. These contrasts
are absent in tones 3,4 and 6. Syllable-initial sonor-
ant consonants are lexically rare in tones 1,2 and 5,

but occur freely in tones 3, 4 and 6.

Structural dilferences between tones 5 and 6 and
the rest are reflected in the very small number of
contrasting Finals in the former subset. About
45-50 Finals, comprising oral and nasalized mon-
ophthongs, falling diphthongs, syllabic consonants,
and vowels plus velar nasal coda, contrast in tones
1-4, compared to the five contrasting monophthon-
gal Finals on tones 5 and 6. Segmentally, the differ-
ence between tones 5 and 6 concerns vowel quality
and length. Vowels in tones 5 and 6 are short and
'lax' (in the sense of auditorily non-peripheral); the
other tones have long, peripheral vowels, except be-

fore the nasal coda.

Acoustic Dala

The main acoustic characteristics of the
Zhenhai citation tones - fundamental fre-
quency (Fs), radiated amplitude (A.), dura-
tion - have been extensively described for
several speakers elsewhere [Rose, 1982a,b,
19871. Rose [1989b] contains data on the
acoustic correlates of the phonation types
in tones 3, 4 and 6. The acoustics of the ci-
tation tones of the speaker who is used in
this study have been reproduced in fig. 1,

which shows F6 and A. plotted as functions
of absolute (i. e. unnormalised) duration.

The curves for each tone represent arith-
metic means of about 12 CY syllables,
where C : voiceless obstruent, V : audi-
tory monophthong. Fig. 1a shows the rela-
tionship between Fo, A. and duration for
each individual tone, and fig. 1b shows the
paradigmatic relationships between the
tonal Fe shapes. The abrupt fall in Fo after
the peak in tones 2, 4-6 is one acoustical
manifestation of the syllable-final glottal
stop and is not perceivable as a pitch drop.
Note that tones 5 and 6 have between one
quarter and one third the duration of tones
l-4.

Ph on ological Ob s e rv ation s

Inferences based on the citation form
acoustic data, together with the structural
facts described above (and the tone sandhi
to be described below), indicate that the six
tones are not separate unanalysable wholes,
but must be decomposed into more basic
phonological units. For example it is clear
that the Fs shapes oftones 2 and 4 represent
an upper and lower register version of the
same concave contour. ('sameness of con-
tour' can be demonstrated by the applica-
tion of a simple percent of range normaliza-
tion which factors out register to yield sta-
tistically the same residual contour [Rose,
1982a, pp. 35, 361).

There are many indications that the six
tones result from the interaction of three
syllable-level prosodies which can be called

[Register], [Truncation] and [Pitch Target].
Table 2 shows the way these prosodies com-
bine to characterize the six tones. The [Re-
gisterl distinction, which from a structural
point of view governs the distribution of the
co-occurring features of phonation type,
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Table 2. Phonoiogical composition of the six
Zhenhai tones

IRegister]

High Fall High High
(') Concave (-)

(')

IPitch Target]

Fig. 1. Mean acoustic characteristics ol Zhenhai
citation tones. : Fo: __-_: Ar. a compar-
ison ol mean F6 and A, ol individual tones. 6 com-
parison of Fo shapes.

manner of onset, pitch onset height and
general pitch location, is basic to the whole
system: both [Truncation] and [Pitch Target]
are orthogonal to it. Productionally, [Regis-
terl involves differences in phonation type.
Acoustic and fibrescopic evidence suggests

that the remarkable auditory effects of Low
Register tones result from a combination of
extrinsic epiglottalisation (intrinsically sus-
pended on relatively close oral vowels) and
a glottal configuration open at the back and
allowing phonation at the front [Rose,
1989 bl.

't40
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The interaction between [pitch Target]
and IRegister] requires some comment.
Their productional orthogonality has al-
ready been noted: it seems that tones 2 and
4 share the same contour at some produc-
tional level. However, this relationship is
not paralleled by the other two pairs of
tones, because tones I and 3 and 5 and 6 do
not simply instantiate 'higher' and .lower'

versions of the same contour. If it is ac-
cepted that the observed acoustic shapes re-
sult from the interaction of the syllable
prosodies, it is necessary that the values for
[Pitch Target] include the specification
'high'. The phonological representation for
tone 3, for example, implies that its convex
pitch results from the speaker trying to pro-
duce a high falling pitch in combination

ll- '-rllt
114

with a [*Low Register] setting. If no 'high'
were specified, a low falling, not convex
pitch would result. Similarly, there would
be no way pf explaining the rising pitch on
tone 6 without assuming a high pitch target.
The magnitude of the durational difference
between Long and Short tones is too great
for a vowel length contrast [Lehiste, 1970,
pp. 33, 341. This is therefore an additional
phonetic indication that the [Truncation]
contrast is prosodic and not segmental.

In the discussion below, the phonological repre_
sentation will be normally used to refer to cases
where the features are realized on the surface. The
[Long] ('S') feature will be left unmarked, as well as
the [High] pitch target in [Shorr] (,q') syllables. The
six tones are thus represented as: U (tone l), O
(tone 2). L (tone 3t. L (tone 4). Uq (tone 5)and Lq
(tone 6).

| -''ol lo [-',^1 35 1242
[_'-

14
| _'(.'l

125

Fig.2. Auditory characteristics of disyllabic lexical sandhi in zhenhai.' : stress; ..: whispery voice,/growl; ?: glottal stop. Letters A-T cross-reference acoustic values in ligure 3.
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Tone Sandhi

Auditory Description

The auditory characteristics of Zhenhai
disyllabic lexical items (pitch, stress; voice
quality qua phonation type; phonation off-
set) are shown in figure 2. Stress (') refers to
prominence judgements by native speakers,
not transcriber.

Combinations are arranged according to
the tones of the constituent syllables, with
the tone of the first syllable (S1) given down
the left, and the second (S2) across the top.
Thus for example in combination E, a word
with a long, low level pitch and whispery
voice,/growl on the first syllable followed
by a stressed second syllable with a high
falling pitch results from a combination of
an initial syllable with tone 3 followed by
any Long tone (i.e. tones 1,2,3 or 4). Some
examples of Zhenhai disyllabic words are
given in table 3. (Certain lexical items in
Zhenhai have a high level pitch on the sec-

ond syllable, e.g. I ld da] 'l 14 441(tone 4 -l
tone 3) 'here' I teju dei '334 441 (tone 2 -t
tone 3) 'pimple' l'a ary'44441 (tone I + tone
2) 'aunI'. The @4) tone on the second syl-
lable is the reflex of a floating High diminu-
tive/familiar tonal suffix. These morpho-
logically complex forms are not considered
in this paper.)

In figure 2 it can be seen that combina-
tions with tone 1 and tone 4 on the first syl-
lable have different shapes, depending on
stress placement. (The different stress
placements for combinations beginning
with tones 1 and 4 go back to different his-
torical tones (see also footnote 1). Stressed

tone I on the first syllable corresponds to
the Middle Chinese *Yin qu tone; un-
stressed tone 1 corresponds to *Yin ping.

Stressed tone 4 on the first syllable is a re-
flex of *Yang shang; unstressed tone 4 on
the first syllable comes from *Yang qu.)

The distribution of stress with respect to
position in disyllabic utterances in Zhenhai
is conditioned by both syntactical bound-
aries and tonal identity. In lexical tone
sandhi, the position of stress is partly condi-
tioned by tonal composition. Thus un-
stressed tones 2 and 5 do not occur on the
initial syllable in lexical tone sandhi, al-
though they occur freely in verb-object and
auxiliary verb-functive verb constructions

[Rose, 1974,pp.87, 88]. Stressed tone 3 can
occur on the initial syllable when the sec-

ond syllable is a tone 2 morpheme (this
combination is then realized as l'243 211.

Pairs with the same tonal input but differ-
ing as to stress placement are ['13 ts1] 'son',

[.tejc sq] 'tide' vs. [tcy0 'tst] 'skirit. [mo13 ku]
'Mongolia'. It is not clear whether tone 6

can occur on an initial stressed syllable in
Zhenhai lexical tone sandhi, although it is
possible in neighbouring varieties. Such a

stress pattern, with a pitch shape of l'21511,
is regular, for example, some 40 km to the
south-west in Fenghua dialect. Native
speakers are also well aware of this stress
difference between, say Fenghua ['yt dzju
'24511and Zhenhai [!'r'teju 1242] tione 6

+ tone 3)'moon'.
A comment on the realization of syl-

lable-initial consonants on Lower register
tones in tone sandhi is also necessary here,
since it influences the size of the corpus to
be investigated. Word-internally in all com-
binations except where the first syllable is
tone 6, syllable-initial obstruents on Lower
register tones are modally voiced. After
tone 6 and at the beginning of a word they
remain voiceless whispered, like their reali-
zation in citation form. Thus the svllable-in-
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Table 3. Examples ol Zhenhai disyllabic lexical items

St : tone 1

l'44 311

'1+ 1 'teju kai
'l+2 'tsvg he
'l+3 'thawu
'l+4 'pceja

l'44 321

'l+5 'er4kho?
'1+6 'tehiir?

noon
'Zhenhal'
'lake Tai'
'midnight'

'envelope'
'strength'

'4411

'1 tshv4 'thi
'2 tari'ejc
'3 toq'nei
'4 ko'dai

'spring'
'how many?'
'south east'
'grand'

'China'
'western calender

11

+
+
+
+

t33 ',l1

1+'5 tso6 'ko?

1 +'6 ei 'lr?

St : tone 2

[ 334 51]

'2+ | 'tci to
'2+2 'teju sq
'2+ 3 'ter! dcei
'2+4 'tcy wc

[ 334 5]
'2+ 5 'eju kwa?
'2+ 6 'tai dzt'l

'scissors'
'banquet'
'pillow'
'ghost story'

'arm'
'simply'

St : tone 3

lrt'4411
3+'1 fd'ke
3+'2 mei'khwd
3 +'3 ma4 'dzo4

3+'4 !t'do
tl1 4l
3 +'5 ta!' 'fa?

3 +'6 to4 'o?

bedroom'
'coal mine'
'mosquito'
'fashionable'

'hair'
'fellow student'

St : tone 4

[ 114 51]

'4+ I 'cja sr
'4+2 ',.lo teju
'4+3 ',Iy Ir!
'4+ 4 'to lu

['r14s]
'4+ 5 'mei ko?
'4+6'ha!nr?

'Xiangshan
'wine'
'woman'
'way'

'America'
'day after tomorrow

[1 I 334]

4+'l ti fd?
4+'2 sd'he?

llt'241
4+'3 teju ni?
4+'4 hc've?

t11 '4t

4+'5 4a'ko?
4+'6 sd'1rr?

'place'
'Shanghai'

'last year'
'food'

'abroad'
'yesterday

itial aff
morphe.
tion fon
nasty'[t]
'the (p

[o'tejc
ally voi
[mrq dz.1

voicelesl
lable-ini
tones dr

cause of
that takt
mentary
and no
which o<

ning of
obtains i

three-wa
voiced, \,

aspiratec
triplet ill
[mr4 dzjr

Dynasty'
'tomorro
'tone 2) '
the phor
within ar

smith, l9
rate leve,

target an

Acoust

Corpus
The cor

speaker an,

the segmen
longs phon
der to contr
exponents .

an obstruen
whispered

St : tone 5

t!511
'5+1 'pDtcu;
'5 +2 'ha pe
'5+3 'famIq
'5+4 'kamo

ruil
'5+5 kapr?
'5+6 'tshadzo?

'Peking'
'blackboard
'invent'
'thus'

'neighbour'
'pick up'

6 + '1 [1 '441] po 'to
6+'2 [] 351]r 'pr4?

6 + '3 11 '2421ae'tey
6+'4 [1 '114] ne 'nc?

6+'5 lL'11w'taja?
6+'6 ll'25lta'pe?

'knife'
'mooncake
'tongue'
'noisy'
'day'
'special'

The tone on the lirst syllable (S y) is given at the top ; both input tones are listed at the lelt of each example.
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itial affricate in the Lower register tone 3

morpheme 'dynasty' is whispered in cita-

tion form llajc ZZll and in the words for 'dy-
nasty' [tejc 'da ll 44ll (tone 3 4 'tone 4) and
'the (period of the) Six Dynasties'

[o tejc | 242] (tone 6 + 'tone 3); but mod-
ally voiced in the word 'Ming Dynasty'

[mr4 dzjc ll 44ll (tone 3 * tone 3). The

voiceless aspirated and unaspirated syl-

lable-initial obstruents on Upper register
tones do not change in tone sandhi. Be-

cause of changes in pitch and voice quality
that take place in the sandhi, the comple-
mentary distribution between whispered
and normal syllable-initial consonants

which occurs in citation form, at the begin-
ning of words, and after tone 6, no longer
obtains in many contexts and results in a

three-way surface contrast between modally
voiced, voiceless unaspirated, and voiceless

aspirated obstruents. A typical subminimal
triplet illustrating this three-way contrast is

[mr4 'dzjc 114411 (tone 3 * 'tone 3) 'Ming
Dynasty', [mr4 'tejc ll 441](tone 3 * 'tone 1)

'tomorrow', and [I4 'tehjc 1l 441] (tone 3 *
'tone 2) 'skillful'. This is an indication that
the phonology is probably best analysed

within an autosegmental framework [Gold-
smith, 19761, with the segmentals on a sepa-

rate level of representation from the pitch
target and register values.

Acoustic Analysis

Corpus
The corpus was recorded by 1 young male native

speaker and consisted ol 402 disyllabic words with
the segmental structure C1 V1 C2 V2, where C2 be-

longs phonologically to the second syllable. In or-
der to control lor some intrinsic effects, the C and V
exponents were restricted as follows. Cl was either
an obstruent (Upper register tones), or a sonorant or
whispered obstruent (Lower register tones). Sam-

ples contained roughiy comparable numbers ol high
and low vowels, in order to control for the intrinsic
ellect of vowel quality on Fq and A. lor both V. Au-
ditory monophthongs were chosen as exponents of
V to minimise these elfects within the single vowel.
In order to investigate the effect ol voicing ol the in-
tervocalic consonant (Cz), each olthe sandhi combi-
nations A-J, M, N was divided into two groups de-

pending on whether the second syllable had a

Lower or Upper register tone: on second syllables
with an Upper register tone, C2 was a voiceless un-
aspirated obstruent, e.g. [p, t, ts, s]; on second syl-

lables with a Lower register tone, C2 was either a

sonorant or an obstruent, both modally voiced.
It was not possible to control the segmental

composition ol the first syllable in the following
cases (refer to fig. 3 lor the acoustic consequences):

(1) Combination B: 'tone I * tone 6: five of the

eight first syllables had 'buzzed' or'apical' vowels
(q, tl).This has caused a gradual onset to the A.,
and possibly the lack ol an initial Fs perturbation.
(2) Combination F: tones 3, 4 + 'tone 6: six of the
nine first syllables had a short vowel plus velar na-

sal Final, which is responsible lor the abrupt dip in
Ar. (3) 'Combination H: 'tone 2 + tone 6: the flat (as

opposed to rising) A, shape is possibly the result of
a diphthong in three ol the five lirst syllables.

Procedure
Tokens were segmented into first-syllable vowel

(V1), intervocalic consonant (C2), and second-syl-

lable vowel (V2) using wide-band (300 Hz) spectro-
grams with their good time-domain resolution. C2

was defined to extend from the observed onset of
(for fricatives) the consonantal stricture or (for
stops) the hold phase, to (for voiced C) the release

of the occlusion/stricture, or (for voiceless C) the
onset ol periodicity alter release. In a1l cases, points
delining segmental boundaries involved clear
acoustic discontinuities, and could be located to
within one or two glottal pulses. Arithmetic mean

and standard deviation values for the duration of
the V1, C2, and V2 segments are given in table 4, to-
gether with the number ol tokens per sample.

F6 and A. were sampled at various percentage

points of the vocalic segment's duration with a suffi-
ciently high sampling rate to resolve the details of
their time course. (This necessitated about 13,000 in-
dividual acoustic measurements made over a period
ol several years.) F6 and A, were also sampled in the
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Table 5Table 4. Mean and standard deviation values for duration in Zhenhai disyllabic lexical tone sandhi

Tones

mean SD

Y2V1

SDSD

D

G

K
L
M

o
P

a
R

S

T

l6
2l

9

8

t6
l6
l0
9

20

2t

l8
9

17

l3

9

5

13

l9

6

11

15

l5
l5
I2

10

l0
7

9

10

il
t2

l1

I7.4
8.1

ts.3
6.3

I7.4
7.7

14.0

8.7

16.5

8.0

15.5

7.9

t4.5
7.0

t2.7
7.2

14.4

7.3

15.2

7.6

16.3

7.2

t2.9
7.0

I 5.1

1.2

17.5

t5.7

9.1

8.5

I 1.0

7.7

5.2

2.7

3.4
1.0

3.6

1.4

1.8

0.7

4.7

2.4

3.4
z--1

2.7

1.8

2.9

2.9

3.5

1.8

5.6

1.9

4.2

2.5

4.1

3.8

4.5

1.9

1.8

4.3

4.3

3.2

5.0

2.2

3.4
2.7

1.4

2.6

J.J

2.8

2.1

2.5

2.9

3.1

2.1

t.'7

3.9

2.3

1.7

1.7

2.8

2.4

1.3

2.0

2.7

2.8

3.7

2.8

1.8

1.8

4.1

3.9

3.9

1.5

2.2

2.5

'l + 1,2
'l + 3,4

'l+5
'1+6
| +'1,2
I +'3,4
1 +'5
1 +'6
3 +'1,2
3 +',3,4

3,4 +'5
3,4 +'6
'2 + 1,2
'2 + 3,4

'2+5
'2+6
'4 + 1,2
'4 + 3,4

'4+5
'4+6
4 +'1,2
4 +'3,4
'5 + 1,2
'5 + 3,4

'5+5
'5+6
6 +'l
6 +'2
6+'3
6 +',4
6+'5
6 +'6

28.9

33.4

23.9
29.6

32.6
3 1.8

25.9

32.1

30.4

35.3

30.7

32.1

25.9

29.1

23.3

3 3.0

28.8

33. r

28.6

29.5

32.1

3 1.6

7.4

9.1

6.7

8.7

6.2

5.0

8.2

10.3

6.7

10.6

7.1

8.7

8.2

8.8

5.2

8.4

8.2

1 1.5

7.0

8.8

8.0

5.9

5.2

5.4

6.1

6.5

5.5

9.0

5.1

6.4

6.6

7.7

1.7

t.4

1.3

1.4

0.4

1.4

1.6

1.3

1.7

2.4

1 5.9

t6.6

5.4

8.6

20.0
21.0

8.6

10.8

20.1

21.8

9.1

10.8

17.0

16.1

7.9

8.1

17.3

16.7

5.4

8.8

26.1

27.6

15.8

19.1

6.6

7.9

21.9

24.9

26.1

30.0

8.8

12.1

0o/o 
'5o/o

200/o I

400/o I
600/o 1

800/o I
95o/o

100 o/o I

C

0o/o I
l0oio
200/o 1,

40o/o l:
60o/o l'.
800/o 1,

100 o/o I l

j
0o/o 15

5o/o

200/o 15

400/o 15

600/o 15

80 o/o 15

950/o

1000/o 15

C

0o/o 14

20o/o 14

400/o 14

60o/o 13

800/o 12

100 o/o I 1

N

vl : first-syllable vowel;vz: second-syllable vowel;c: intervocalic consonant; n: number of items in
sample. Letters A-T at left cross-reference auditory shapes in figure 2 and acoustic shapes in figure 3.

Values in par
values for int
tory shapes ir
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Table 5. Mean and standard deviation values for F6 and A, in Zhenhai disyllabic lexical tone sandhi

'1 + 1,2 (n : 16) 'l + 3,4 (n : 21) 'l + 1.2(n: 16) 'l +3.4 (n: 16)SD

3.4

2.7

1.4

2.6

3.3

2.8

2.1

2.5

2.9

3.1

2.1

1.7

3.9

2.3

1.7

1.7

2.8

l.+

1.3

2.0

2.7

2.8

3.7

2.8

1.8

1.8

4.1

3.9

3.9

1.5

2.2

2.5

2.3

3.1

2.4

3.1

3.4

3.6

4.2

3.6

3.5

3.0

2.4

2.9

3.1

3.1

2.7

Fe SD Ar SD FO SD A, SD Fo SD A, SD Fo SD A. SD

0o/o 154
5o/o

200/o 153

400/o 154

600/o 155

800/o 156

95 o/o

100 o/o 1 53

C

0o/o l4'l
100/o

200/o 140

400/o 132
600/o 125

800/o I 19

l00o/o 1 13

15.'7 3 .5

19.4 3.1

2t.3 2.9

2t.t 3.1

20.8 3.1

20.5 3.0

18.2 2.9

15.3 3.4

12.5 3.9

17.9 3.3

18.4 3.6

16.9 3.7

15.4 4.0
13.6 4.0

10.6 3.4

t44 12 13.5

17.8

138 9 18.3

137 10 18.3

137 10 18.1

137 tr 17.6

15.7

137 9 13.1

159 10 14.8

20.4
16t ll 2l.4
156 10 21.8

146 10 21.0
132 7 18.6

1t4 7 12.3

146 913.9 3.3

18.2 4.4
140 6 18.0 3.5

138 6 17.5 3.2

138 5 17.7 3.2

138 5 t] .9 3.3

17.7 3.0

139 6 t6.9 2.9

r40 8 16.3 3.6

t49 9 19.1 3.1

22.5 2.5

156 9 23.2 2.6

155 9 22.6 2.6

148 8 21.7 2.9

134 6 18.9 2.9

lll 9 13.1 2.4

12 155 10 13.4 4.1 0o/o

l7.8 3.9 5o/o

154 ll 19.9 3.8 200/o

156 11 19.9 4.1 400/o

156 11 19.8 3.7 600/o

156 11 19.6 3.8 800/o
19.3 3.7 950/o

152 1l 17.9 3.6 1000/o

149 11 15.9 4.9 C

147 l0 l7.0 4.5 0o/o

18.8 4.2 l0o/o
144 10 19.1 4.0 200/o

134 9 18.5 3.8 400/o

126 8 l7.l 3.6 600/o

119 6 14.7 3.3 800/o
l15 7 11.3 3.7 1000/o

10

t2

9

9

8

9

8

7

6

6

6

'l + 5 (n:9) I + 6 (n:8)

Fs SD A. SD Fo SD A' SD

1 +'5 (n: 10) l+'6(n:9)

FO SD AI SD FO SD AI SD

0o/o

5o/o

200/o

400/o

6Qo/o

80 o/o

95 o/o

100 o/o

C

0o/o

200/o

400/o

600/o

80 o/o

I 00 o/o

156 9 13.7

17.9

155 7 20.1

15'7 8 19.8

158 8 t9.'7

158 8 19.5

t7.t
155 7 14.7

148 10 16.1

148 12 19.8

143 t2 20.7

136 t2 20.4

126 l 18.9

118 10 16.4

158 t2 12.4 3.8

t5.9 3.2

160 10 19.0 2.0

161 8 20.5 2.1

162 8 20.8 1.8

163 8 21 .2 1.8

20.8 1.8

161 819.4 2.2

159 9 18.6 4.4

157 9 20.5 2.7

153 9 22.2 2.0

148 9 22.7 2.8

139 9 22.2 3.3

r28 8 20.5 3.4

112 t3 17.4 3.5

149 t3 15.3

18.2

140 6 18.0

138 7 t7 .3

139 7 17.7

139 7 17.1

15.5

139 10 t2.9

161 1l 19.0

161 9 24.2

t6l 9 24.5

161 9 24.3

158 8 23.6

t46 8 20.7

150 7 16.1 3.0

18.8 3.1

144 6 18.3 3.3

t42 4 17.6 2.8

t42 3 l8.i 3.0

142 3 18.4 3.0

17.9 3.4

145 5 17.7 3.5

143 5 15.5 5.5

154 4 20.6 3.0

160 3 24.3 2.2

163 4 25.3 2.7

164 4 24.6 2.6

t59 6 23.3 2.4

146 919.6 3.4

4.5

4.7

4.4

4.0

3.5

3.5

3.9

4.3

4.1

2.7

3.0

3.1

2.9

3.0

2.8

2.1

2.5

3.5

2.8

3.3

3.4

3.4

2.3

2.7

2.9

2.9

2.5

2.5

0o/o

5 o/o

200/o

400/o

600/o

80 o/o

95 o/o

100 o/o

C

0o/o

200/o

400/o

600/o

80 o/o

1 00 o/o

ms ln

3.

Values in parentheses indicate number oltokens in sample. Percent values indicate sampling points; C:
values lor intervocalic consonant. Letters A-T at top cross-reference acoustic shapes in figure 3 and audi-
tory shapes in figure 2.
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Table 5. (cont.) Table 5. (cont.

3 +'1,2 (n : 20) 3 +'3,4 (n:21)

FO SD A. SD Fo SD Ar SD

'2 + 1,2 (n: 17) 2 + 3,4 (n: 13)

Fo SD A. SD Fo SD A, SD

148 l4 13.8

18.2

144 12 19.8

t46 t2 20.4

152 t3 2t.l
21.5

160 l3 21.3

163 t4
19.9

163 14 11 .5

172 t4 15.6

170 13 21.3

168 13 22.1

157 t0 21.9

143 1 20.5

127 6 t7.7
114 l0 12.5

9

9

9

21.4

159 919.9
157 l4 15.8

164 10 19.9

165 10 21.5

164 t0 22.0
156 tt 21 .6

t45 I1 20.0
t29 8 18.6

I 16 9 14.3

13.3 2.3

18.I 2.7

19.5 2.6

19.7 2.5

20.6 2.6

21.2 2.9

2.6

2.2

5.9

2.8

2.1

1.6

2.1

3.0
2.9

2.9

'4-

Fo

0o/o l2l
5 o/o

200/o 120
400/o 125
600/o 138

800/o 154
9l o/o I 59

95 o/o

l00o/o 155

C

0o/o 168

l0o/o 170
200/0 169
400/o 16 I

600/o 149
800/o 133

l00o/o I 18

0o/o

5 o/o

200/o

400/o

600/o

80 o/o

950/o

100 o/o

C

0o/o

l0o/o
200/o

400/o

600/o

80 o/o

100 o/o

121

114
113

113

lt4

tt7
124

141

154
155

148

135

118

0o/o

5o/o

200/o

400/o

600/o

7 0o/o

80 o/o

93 o/o

95 o/o

100 o/o

C

0o/o

l0o/o
200/o

400/o

600/o

80 o/o

I 00 o/o

t4t
143

148

154
159

t22 6 14.7

t6.2
l15 5 15.9

rt2 6 t4.9
I 13 4 14.5

t12 5 14.0

13.4

115 5lL.',7

161 I l 15.8

2t.3
t64 t2 22.0

160 lt 22.3

150 9 21.6

133 7 19.0

t14 11 l3.l

4.2

3.8

3.5

3.7

3.5

3.5

3.8

3.9

3.3

3.6

J.J

3.0

2.7

2.7

2.8

6

5

5

5

6

8

8

9

9

9

8

7

4.0

3.4

2.8

2.6

2.9

2.9

2.8

2.5

3.0

4.1

3.1

2.6

2.7

J.J

3.5

3.6

12.2 3.4
15.1 3.0

15.2 2;1

14.8 2.4
14.5 2.5

14,4 3.0

15.2 2.7

14.6 2.9

13.8 4.6

18.4 2.6

23.0 2.5

23.8 2.2

229 2.0
21.5 2.4
19.5 2.8

13.8 3.1

t42 9

9

8

3,4 +' 5 (n : 18) 3,4+'6(n:9)

Fo SD Ar SD Fo SD Ar SD

'2+5(n:9) '2+6(n:5)

Fo SD A. SD Fo SD A. SD
'4+

Fe Sl

0o/o

5 o/o

200/o

400/o

600/o

80 o/o

950/o

100 o/o

C

0o/o

200/o

400/o

600/o

80 o/o

I 00 o/o

|7 8 12.7 5.0

14.3 5.0

tt2 7 15.3 4.6

I l0 6 14.9 4.3

109 4 t3.7 4.2

109 413.4 4.4
12.2 3.9

109 5 10.8 3.8

154 ll t7.9 3.0

157 11 23.0 2.9

t60 fi 23.7 3.0

161 11 23.5 2.6

157 t2 22.'7 2.8

139 t4 19.6 3.0

l12 5 t2.l 1.8

14.3 2.4
107 5 t4.0 2.1

lOi 5 n.7 2.4
108 512.2 3.3

I l0 7 13.0 3.6

13.0 3.0

I 13 8 12.5 3.2

t23 8 1l.l 3.4

t44 8 17.6 2.4
151 ll 23.2 2.0

159 13 23.6 t.5
t65 t2 23.9 0.9

162 7 23.0 1.7

134 t'| 18.4 3.5

14'1 8 14.7 s.2
18.0 6.0

t4-1 9 20.4 5.5

148 8 21.8 s.2

155 9 23.1 4.7

163 12 23.1 5.2

165 l3
19.3 6.3

164 t4 16.2 7.5

173 t6 18.8 3.7

175 14 24.3 3.4

l't3 t4 24.7 3.3

t70 14 24.2 3.2

158 10 22.9 3.7

138 8 t9.3 4.7

152 7 t4.7
18.7

l5l 5 22.0
155 6 21.6

162 7 21.5

169 6 21.6

l7l 7 l93o/ol
21.0

168 5 19.8

159 615.4
170 9 20.0

114 9 23.6

172 9 24.1

167 lt 22.8

157 12 20.5

139 8 16.1

0o/o 120

5 o/o

200/o 114 1

400/o I 16

600/o 127 tj
800/o 143 lt
95 o/o

l00o/o 156 11

C

0o/o l7l 15

200/o 169 14

400/o 167 12

600/o i56 I I
800/o 145 I 0

l00o/o 136 t2

0o/o

5 o/o

200/o

400/o

600/o

80 o/o

900/o

95 o/o

I 00 o/o

c
0o/o

200/o

400/o

600/o

80 o/o

100 o/o

2.9

3.1

4.4
3.0

3.0

3.2

-1. I

4.2

3.0

2.2

1.6

2.5

2.0

2.4

2.8

I



f

Acoustics and Phonology of Complex Tone Sandhi 13

Table 5. (cont.)

4 + 1,2 (n: 13)

Fs SD Ar SD Fo SD A. SD

'4 + 3,4 (n : 19) 4+'\,2(n: 15) 4+'3,4(n: 15)

Fg SD AI SD Fo SD A. SD

0o/o 121

5 o/o

200/o 120

400/o 125

600/o 138

800/o 154
91 o/o I 59

95 o/o

l00o/o 155

C

0o/o 168

100/o 170

200/o 169

4Qo/o 161

600/o 149

800/o 133

100 o/o I 18

7 t2.9 2.9

15.2 2.0

716.2 1.8

l0 r6.9 1.8

t2 18.4 2.0

13 20.2 r.'7

l4
18.5 2.0

14 15.1 2.5

11 15.6 2.2

1 1 19.8 3.1

11 20.3 3.0

1 1 19.7 2.1

1.2 19.',7 1.9

9 t7 .2 1.8

8 11.9 2.6

118 7 14.0 2.6

15.9 2.6

tt4 7 16.2 2.6

122 9 16.8 3.1

133 11 \8.5 2.7

t47 12 20.t 2.5

20.7 3.4

158 12 t9.6 2.9

161. 13 16.9 3.2

168 ll 18.1 3.5

i68 10 21.5 3.0

1.67 11 22.3 2.9

160 ll 21.5 2.2

148 10 20.9 2.3

132 8 18.1 2.4

117 8 13.6 2.4

122 6 1 1.0

\4.2
tl2 5 14.5

I 11 5 13.9

t12 5 13.4

tt4 5 13.8

14.5

115 5 14.0

1r4 5 1l .1

122 3 14.8

t7.'7

18.5

124 519.2
I 30 6 18.9

139 8 20.6

153 10 21.6

159 l1 [900/o]
142 12 16.5

0o/o

5o/o

200/o

400/o

600/o

80 o/o

95 o/o

100 o/o

C

0 o/o

5o/o

100/o

200/o

400/o

600/o

80 o/o

88 o/o

I 00 o/o

121

112

112

r12
113

ll5 5

t38 8

136 7

137 8

143 9

t54 l0
158 9

I4l 9

13.4 4.0

15.3 3.6

14.2 3.0

14.0 2.'7

13.7 2.'1

13.2 2.7

t2.1 2.5

10.4 3.3

13 .7 3.5

1',7 .9 3.6

l8.9 3.4

19.3 3.1

19.8 3.0

21.0 3.1

21 .1 3.5

16.9 3.1

5

4

5

6

2.9

2.0

2.2

2.1

2.5

2.4

2.0

2.6

2.9

z. -)

2.0

2.0

2.2

2.0

1.9

2.0

1.9

,

I

)

i

t

;

L

)

)

)

;
9

1

4

0

0

2

,1

,2

.0

.2

,6

.5

,0

,4

I

3.2

2.3

2.1

2.5

1.9

2.7

2.7

3.9

2.9

-1.1

3.1

J.J

3.6

4.5

3.0

3.3

3.0

2.6

3.0

3.1

2.6

3.4

3.4

J.J

3.7

3.5

3.1

4+5(n:6) 4+6(n:11)

Fo SD A. SD Fo SD A' SD
5 + 1,2 (n: 15) 5+3,4(n:12)

F9 SD A. SD Fo SD A. SD
0o/o

5 o/o

200/o

400/o

600/o

80 o/o

950/o

100 o/o

C

0o/o

200/o

400/o

600/o

80 o/o

1 00 o/o

t20 '7 13.6

16.8

It4 516.6
I t6 '7 16.9

t27 1t 18.1

143 12 20.2

19.5

156 t4 17.8

t 7l 15 18.9

t69 14 22.7

t67 12 23.2

156 1r 22.4

145 10 20.8

136 12 18.2

I2t 5 t3.4 4.8

t7 .0 3.4

118 7 18.0 1.6

122 9 18.2 1.8

t32 12 19.6 1.1

145 11 21.2 2.2

21.4 2.3

157 10 20.6 1.6

t62 l0 20.1 3.2

166 11 20.7 3.2

169 lt 22.9 2.3

168 11 23.8 2.2

t63 11 23.6 1.5

154 13 22.0 1.3

r34 t5 18.4 1.6

174 12 18.0

116 L1 22.3

178 l1 23.1

t78 12 22.4
176 14 20.7

169 20 17.4

176 18 15.9

20.6

t78 14 21.1

t67 12 21.0

154 10 20.5

139 9 r7.7
t2l 7 13.4

175 11 16.3 2.7

176 t2 21.4 2.3

176 ll 22.2 2.4

1',76 12 22.1 2.1

1'.7'7 rt 2r.7 2.3

174 t0 19.9 3.2

172 1 17.3 5.3

172 9 19.\ 4.2

21.',1 2.2

170 12 21 .8 2.0

163 13 21.5 3.1

149 12 20.9 3.0

133 I 18.6 2.8

t21 7 t4.3 2.7

0 o/o

200/o

400/o

600/o

80 o/o

100 o/o

C

0 o/o

100/o

200/o

400/o

600/o

80 o/o

I 00 o/o
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Table 5. (cont.)

'ra]

itl

t::l

itl

o
I
I
I'5+5(n:10) '5+6(n:10)

Fo SD A. SD FO SD A, SD

6 +'3 (n: 10) 6+'4(n:ll)

Fo SD A. SD Fg SD AI SD

0o/o

200/o

400/o

600/o

80 o/o

100 o/o

C

0o/o

200/o
400/o

600/o

80 o/o

1 00 o/o

0o/o

200/o

400/o

600/o

80 o/o

100 o/o

C

0o/o

5o/o

l0o/o
200/a

400/o

460/o

600/o

67 o/o

80 o/o

85 o/o

890/o

1 00 o/o

t7 | 7 16.6

172 8 22.0
t73 9 23.5

t75 9 23.4
175 l0 22.0
175 15 18.9

181 16 18.5

181 t5 23.2
177 14 243
r72 15 24.0
163 19 22.6
148 l5 20.5

173 t2 16.8 2.6

t75 tt 22.2 2.9

t76 tt 23.0 2.7

176 1l 22.9 2.6

176 ll 22.6 2.6

172 12 20.5 3.2

168 12 16.4 4.5

173 919.8 2.6

176 t2 23.0 2.9

173 10 23.9 3.3

169 11 23.4 2.8

159 tl 22.5 1.9

134 t3 19.4 2.2

125 9 12.8

119 7 t5.9
tl1 6 16.7

116 5 17.2

116 5 16.9

t14 4 15.5

111 7 8.9

122 6 15.1

4.6

4.1

3.5

3.4

3.5

3.4

4.7

2.4

123 719.4 t.6
128 10 20.9 1.8

145 10 223 2.9

22.4 2.9

158 10 21.9 2.9

159 1l
155 10 20.4 3.9

125 15 12.9 3.4

120 8 14.1 3.5

116 6 17.1 2.3

tl4 6 17 .9 1.7

n2 5 17.'7 1.4

I l1 6 16.7 2.0

111 6 15.6 1.9

112 5 13.9 4.2

117 5 16.4 1.6

t7 .7 1.5

i 8.1 2.0

118 6 18.4 1.8

t24 919.9 1.5

135 13 21.1 1.3

154 14 21.7 2.2

2t.7 2.3

161 14

142 t0 16.4 3.3

3.2

2.8

3.2

3.5

3.5

3.0

3.6
)1
2.5

2.8

3.1

3.1

0

o

t::l
,.ol -<
,ral /

t::l'
'*l

'..j x

,-i
,oo J

,,ol ,'^--

,:"i 
-t.-

,-l

'o'1 3

"ol ,'-'':;t\
;-

6 +'1 (n:7) 6 + '2 (n:9)

F6 SD A, SD Fo SD A. SD 0

0o/o

200/o

400/o

600/o

80 o/o

100 o/o

C

0o/o

5 o/o

100/o

200/o

400/o

600/o

720/o

800/o

87 o/o

100 o/o

119 4 16.2 2.1

119 3 t8.7 2.0

tl7 3 17.7 2.0

115 3 15.9 2.5

tt4 2 t3.9 3.3

I 15 2 12.2 3.4

161 716.8 2.8

20.8 3.0

166 9 21.4 2.2

t64 t0 22.3 1.9

159 10 22.5 2.2

t42 10 20.4 3.0

109 10 t3.9 4.4

t23 413.9
120 3 16.6

118 4 16.9

I 16 5 17.0

113 4 15.8

111 4 13.3

139 7 15.7

20.3

21.5

137 7 22.0
143 9 22.7

153 14 23.3

23.2
168 16 22.6
170 l7
149 19 17.3

123 713.7 3.3

t20 8 16.4 2.9

I 18 8 17.0 3.4

t1'7 8 16.8 3.5

I 15 8 15.6 5.1

115 8 t3.4 4.3

152 10 18.5 4.2

152 t2 23.3 4.0
tss 12 23.5 3.8

160 11 23.0 3.8

160 11

158 10 22.4 3.9

139 12 19.2 3.8

119 9 14.4 4.0

117 7 17.1 4.4
116 6 t6.9 4.3

115 6 16.5 3.9

1 15 5 16.7 3.1

113 6 16.t 2.9

1 15 6 14.9 4.3

123 6 17.8 4.2

126 7 21.7 2.7

t38 7 23.5 2.6

156 8 24.5 3.0

169 lt 24.3 2.8

146 13 20.3 3.0

4.6

3.1

2.8

3.6

4.0

3.9

6+'5(n:12) 6+'6(n:11)

F6 SD Ar SD Fo SD Ar SD

2.8

3.2

3.0

2.1

3.1

3.1

3.5

3.4

0o/o

200/o

400/o

600/o

80 o/o

100 o/o

C

0o/o

200/o

400/o

600/o

700/o

80 o/o

I 00 o/o3.4
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130
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110

K
4.3,4

,1.2

mid-consonantal duration ol those intervocalic con-

sonants on a Lower register tone on the second syl-
lab1e.

Fs was measured lrom narrow-band (45 Hz)
spectrograms (accuracy + 4 Hz al 900/o conlidence
level). A. was measured lrom 'average amplitude'
spectrograms (wide-band, flat, eflective full-wave
rectification; accuracy + 0.5 dB at the 900/o confi-

dence level). The accurate alignment of F6, A, and
segment boundaries was achieved by reference to
click transients, imposed for this purpose during the
process of editing from the master onto the analysis

tape.
Arithmetic means and standard deviations for Fs

and A, are shown in table 5 as functions of percent-

age points ol segmental duration (the actual dura-

tion ci
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Fig. 3. Mean acoustic characteristics of Zhenhai disyllabic lexical tone sandhi. A.; 

- 

: F6;

.....:Fs und A, values during intervocalic consonant. Scales: left:F6 (Hz), right:A, (dB), horizon-
tal: absolute duration (cs). Letters A-T cross-reference auditory shapes in figure 2.

tion can be read lrom table 4). Figure 3 shows the
mean Fs and A. values of the sandhi types plotted as

functions of absolute duration. The acoustic shapes

are cross-referenced to the auditory shapes in fig-
ure 2. Note that in figure 3 the acoustics ol combi-
nations with Upper register tones 1,2 and 5 on the
second syllable are shown separately from those

with Lower register tones 3, 4 and 6. This means

that each auditory shape lor combinations A-J, M
and N in figure 2 corresponds to two acoustic

shapes in figure 3.

Results
Each tone in this study has potentially

many acoustical allotones conditioned by
its specific environment. Possible condi-
tioning factors are whether it occurs on the
initial or final syllable in the word, or in ci-
tation form; whether it occurs stressed or
unstressed: whether it occurs before/after a
Long tone or a Short, and the pitch height
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of the adjacent syllable, and whether it oc-
curs before,/after a voiced or voiceless inter-
vocalic consonant. Thus tone I has l3 pos-

sible shapes in addition to its citation shape
(fig. 1). On initial syllables, allotones of
tone 1 occur both stressed [44] and un-
stressed [33], and both of these can occur
before a voiced or voiceless intervocalic
consonant, and before a Long or Short tone
on the second syllable. As a second syllable,
clearly identifiable allotones of tone I only
occur in stressed position (after tones 1, 3

and 6), but this can be with a voiced or
voiceless intervocalic consonant, and after a

long mid or low pitch, ([33], I ll), or after a

short low pitch ([1]) on the first .syllable.
With initial syllables, which will be dis-

cussed first, there is no problem in identify-
ing the intrinsic factors conditioning the
different acoustic shapes of the tones occur-
ring on them. This is because it is clear
which shapes are allotones of which tones.
With tones on initial syllables, therefore, I
shall specify these intrinsic factors first, in-
dependently of any particular group of
tones. With many second syllables, how-
ever, it is not possible to say a priori which
acoustic shapes are allotones of which
tones, because of apparent additional mor-
phophonemic changes. For example, in
combination L, is the acoustic shape of the
stressed second syllable tone to be consid-
ered an allotone of tone 4 or of tone 2? Or
to what tone, if any, do the unstressed sec-

ond-syllable shapes belong (combinations
A, B, G-J, M, N)? In these cases, what is
going on in the sandhi has to be inferred
from an examination of the different acous-
tic shapes in the light of knowledge of pos-

sible intrinsic effects. Hence in the discus-
sion of tones on second syllables, the puta-
tive intrinsic factors are discussed sepa-

rately with each tone. The second-syllable
tones will be treated in the following sub-
sets: stressed second-syllable tones after
Long tones (i. e. combinations C, D, E, F,
K, L); unstressed second-syllable tones (i. e.

combinations A, B, G-J, M, N), and
stressed second-syllable tones after tone 6

(i. e. combinations O-T). The acoustics of
the intervocalic consonant will be discussed
after the first-syllable tones.

First-Syllable Tones

On the first syllable, there are 34 sepa-

rate acoustic shapes, which comprise eight
allotones each of tones I and 4, four allo-
tones each of tones 2,3 and 5, and six allo-
tones of tone 6. The major differences be-

tween these 34 separate shapes and the ci-
tation tones can be explained by stress ef-
fects. Smaller differences are accounted for
by intrinsic effects mostly associated with
the following consonant, but also with F6

onset height and Truncation value of the
second-syllable vowel. The voicing specifi-
cation of the following consonant causes

small systematic differences in the duration,
Fs and A. of first-syllable allotones.

As might be expected, duration of the first-syl-
lable vowel is generally greater (by about 3-4 cs) be-
fore a voiced consonant (compare e.g. the duration
of the initial vowels in combination E, fig. 3). A.
does not decay so abruptly before a voiced conso-
nant, and over the last 20-300/o of the lirst vowel
has relatively higher values (compare e.g. the A,
profile ol the initial vowels in combinations K and
L, fig.3). F6 shows a slightly greater positive
perturbation over the last 200/o ol duration before a

voiced consonant, but only lor tones before a sec-

ond syllable with high Fs onset value (compare e.g.
the F6 prolile on initial vowels in combinations D
and F, fig.3).
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In addition to the elfect ol the intervocalic con-
sonant, there are some indications that the first syl-

lable is conditioned in a minor way by the Long/
Short distinction on the second syllable, and the F6

onset height of the second-syllable vowel.
The elfect of the Fs onset height of the second-

syllable vowel may be seen in the Fe values of the
last 200/o of duration of the first-syllable tone: the

diflerence between F0 values at 80 and 1000/o ol du-
ration is greater before a second syllable with higher
F6 onset. (Compare lor example the Fs oflset prolile
for the first syllable in combination L with that for
tone 3 when lollowed by tones 3 or 4 in combina-
tion E.) The Long,zShort distinction on the second

syllable correlates weakly with the duration and F0

of the first-syllable tone. Long level tones on the
lirst syllable tend to be about 3 cs shorter belore
Short tones, and the Fs is regressively assimilated to
the slightly higher F6 values after onset on Short sec-

ond-syllable tones (which themselves possibly re-

flect regressive assimilation in vocal cord tension

lrom the syllable-final glottal stop).

The arithemtic means of the various sets

of the first-syllable allotones were calcu-
lated to factor out the intrinsic effects just

discussed. (Once intrinsic effects were dis-
counted, no statistically significant differ-
ence - based on t tests - could be demon-
strated between the acoustic reflexes of un-
stressed tone 4 in combinations K and L
and unstressed tones 3 and 4 in combina-
tions E and F. The acoustics of these low
level pitch tones were therefore pooled.)
This reduces the original 34 different
shapes to the seven which correspond to the
seven different pitch shapes of initial-syl-
lable tones. The acoustics corresponding to
these seven pitch shapes are shown in fig-
ure 4. Table 6 has the numerical summaries.

Figure 4 shows that the Fe shapes on the
first-syllable tones reflect the pitch shapes

in figure 2 fairly clearly. Within a range of
about 70 Hz, from I 10 to 180 Hz, are

distributed the two Short tones, tone 5

a 180

110

160

150

Fig.4. Tone sandhi shapes on lirst syllables.
..... : short tones. a Fs (Hz). t Ar (dB).

forming the highest Fq shape, and tone 6

low; and the five long Fe shapes of the Long
tones (three level and two rising). The seven

F0 shapes originate frorrr four distinct
points, three of which are about evenly dis-
tributed at upper, lower and mid values in
the Fs range. The Low register tones 3, 4
and 6 share a low locus at about 120 Hz1'

stressed tone 2 and unstressed tone I have a
mid locus at 146 H4 and tone 5 a high ori-
gin at 174 Hz. Stressed tone I has a separate

onset at 155 Hz, roughly between the mid
and high onset points, and significantly dif-
ferent from both at least at the 0.1 0/o level.

120
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Table 6. Mean and standard deviation values for Fq and ,{1 and duration (D, s) for pooled data on first-

syllable tones in figure 4.

1t331 t [44] 4 11t4l 5 tll

F6 SD Ar SD Fo SD Ar SD

0o/o

5 o/o

200/o

400/o

600/o

80 o/o

95 o/o

100 o/o

D

n

t20

116

122

t33
148

158

SD

3.3

2.7

2.3

2.5

2.2

2.2

2.9

3.2

Fg SD AI Fs SD A. SD

174 \t 17.0 2.9

175 11 22.0 2.8

t'76 tl 23.0 2.8

176 11 22.'7 2.7

176 1l 21.6 2.9

172 15 19.0 3.3

8.0, 1.7

47

0o/o 146 l0 14.4

5 o/o 18.2

200/o 140 7 18.2

400/o 139 7 17.7

600/o 138 7 17.9

80 o/o 139 7 17 .7

950/o 16.7

1 000/o 139 8 15.1

D 30.9, 8.3

n 51

3.0

3.4

2.9

3.1

3.1

3.3

3.6

3.9

155

155

156

157

157

154

11 14.0 4.0

18.0 3.8

t0 20.2 3.4

9 20.4 3.5

9 20.3 3.2

10 20.1 3.2

18.9 3.4

10 16.8 3.8

29.8, 8.6

53

6 13.5

16.0

7 16.6

9 17.1

12 l8;7
12 20.4

20.t
12 18.6

30.6, 7.3

49

3,4 [1 1] '213341 6 t1l

0o/o

5o/o

200/o

400/o

600/o

80 o/o

930/o

95 o/o

100 o/o

D

n

SD

3.9

3.6
1)
3.2

3.2

3.3

Fo SD Ar

120 7 12.8

15.0

113 6 15.0

111 5 14.3

112 5 13.8

112 5 13.7

F6 SD A.

t21 8 14.0

I t8 6 16.9

1t7 6 17.2

1 15 6 16.9

ll4 6 16.1

113 6 14.5

8.0, 2.6

6013.5 3.3

114 6 12.4 3.6

7)) '75

98

20.4 3.7

163 13 18.2 4.4

27.2, 6.2

44

Fo SD A. SD

147 ll 14.0 3.7 0o/o

18.2 3.8 200/o

145 ll 20.1 3.6 400/o

147 1l 20.6 3.3 600/o

1s2 12 21.4 3.3 800/o

160 13 21.'.7 3.4 1000/o

163 12 D

SD

3.8

J.J

3.0

3.2

3.6

3.5

n : Number of items per sample. Percent values in-

dicate sampling points.

This pattern (low locus at 120 Hz with
evenly distributed mid and high onset

points) also characterizes the citation tone
shapes (fig. 1b), and [+ Lo Fe onset] can be

seen as an additional acoustical correlate of
the Upper vs. Lower register distinction.

The F6 shapes on the first-syllable tones

can be readily related to those in the ci-
tation paradigm (fig. 5) by invoking two
plausible stress-related effects:

(1) In unstressed position before a

stressed syllable (fig.5b), F6 contours are

uniformly simplified to levels, the height of
the level conditioned by the Register of the

tone. Thus the high falling contour of
tone 1 becomes mid level, the low convex
and concave shapes of tones 3 and 4 arc

neutralized to long low level, and the low
short rising tone 6 becomes short low level.

(2) Stress on the first syllable (fig. 5a) re-

sults in a raising of the Fo on the latter part
of the vowel. Thus stressed tones 2 and 4 do

not dip as much at onset, and rise quicker
to a higher peak value than in citation form,
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Fig. 5. Relationship between F0 on citation tones (bold lines) and on stressed (a) and unstressed (6) first-
syllable tones.

,a"l

,-l

and the latter part of the falling Fq on
stressed tone I is raised to a high level
shape. The high Short tone 5 simply be-
comes higher when stressed.

Fs and A, on the first-syllable tone are

highly correlated (r:0.9a) in both overall
level and contour. (The correlation coeffi-
cient is based on linear regression of A, on
F6 at 60 and 800/o sampling points in Short
tones, and 20-800/o sampling points in
Long tones. Here, as elsewhere, it is as-

sumed that F0 and A, data pairs at other
sampling points nearer the onset and offset
of the tone are likely to reflect intrinsic ef-
fects associated with rapidly changing vocal
tract occlusion and glottal area and are not
used for regression.) Differences in stress

on the first-syllable tone are not reflected in
differences in FelA. correlations, however.

Three separate populations can be dis-
tinguished within the overall regression. A

small difference in the A,,/Fs relationship
correlates with Fo contour: tones with rising
Fe have a little (l dB) more A, per unit F6

than tones with level Fs. Figure 4 shows
that the unstressed Short tone 6 also has
about 2.5 dB more A, for the same Fo than
the corresponding Long tone from un-
stressed tones 3 and 4 (the diflerence is sig-
nificant at least at the 0.1 o/o level).

Durational differences among the seven
first-syllable tones reflect extrinsic differ-
ences in the Truncation feature and prob-
ably intrinsic differences between Long syl-
lables conditioned by Fo features. Stress
does not correlate with duration in first-syl-
lable tones.

For Long tones, duration vaires inversely
with Fo height (tones with level Fe), and
proportionately to Fu range (tones with
contour Fo), and contour tones are shorter
than level tones. As in citation form, Short
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tones have between one quarter and one
third the duration of the corresponding
Long tones.

Intervocalic Consonant

The major determinant of the acoustic
properties of the intervocalic consonant is,
as might be expected, the feature [voice].
No Fs is registered for voiceless consonants
since it had already died out before the
sampling point in mid consonantal hold.
Voiced consonants always show periodicity
lasting at least until mid hold, and an A,
drop of between I and 6 dB alter the point
of onset of supralaryngeal occlusion. (Once
allowance has been made for the different
composition of individual samples with re-
spect to sonorants and obstruents [see Rose,
1989 a, pp. 65, 79, for the detailed acoustic
reflexes of the distinction between voiced
obstruent and sonorant in this positionl, it
is clear that voiced consonants show about
2 dB more drop on unstressed than stressed
second syllables. Voiceless consonants have
on average almost exactly twice the dura-
tion of the voiced - in absolute terms a dif-
ference of about 8 cs. Note that it is not
possible to identify in the sampled acous-
tics any reflection of the auditory difference
between the whispered consonants (which
occur on Lower register tones after tone 6)
and modally voiced consonants (which oc-
cur on Lower register tones in the other in-
tervocalic positions). (Figure 3 shows a dif-
ference between combination Q and combi-
nations R and T in amount of A, drop on
the intervocalic consonant. This difference
may reflect a much larger proportion of in-
tervocalic obstruents in the tone 6 + ' tone 3

sample.)

Second-Syllable Tones

Long Stressed Tones after Tones I and 3
(Combinations C and E)

After unstressed tones I and 3 on the
first syllable, all Long stressed tones (i. e.

tones 1-4) appear to be neutralized to in-
trinsic allotypes of tone 1. This can be
seen in figure 6 a, which shows the Fs
shapes for Long stressed tones on a sec-
ond syllable after tones I and 3, compared
with the Fo of citation tone 1. From figure
6a it is clear that after unstressed tones I
and 3, tones on second syllables with a
voiceless initial consonant (these are from
underlying Upper register tones I and 2)
have Fe contours which closely resemble
that of citation tone 1, although they are
several centiseconds shorter in duration.
Tones on syllables with a voiced initial
consonant (these come from Lower regis-
ter tones 3 and 4) show both a lower Fe

onset and a lower, posteriorly displaced Fe

peak than on syllables with voiceless in-
itial consonant. In addition, voice quality
on stressed second syllables after un-
stressed tones I and 3 is modal, irrespec-
tive of the Register of the corresponding
citation syllable. The most plausible expla-
nation for these facts is that, after the un-
stressed first syllable, the speaker is target-
ing a tone 1, or U shape (i.e. modal voice
and high falling pitch), and the differences
between the F6 shapes shown in figure 6a
reflect intrinsic effects on acoustic param-
eters caused by the voicing of the initial
consonant of the second syllable and
phonation rate on the first syllable.

As was the case with the first syllable-
the smaller intrinsic effects on the second-
syllable U target are exerted by the intervo-
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calic consonant, which affects all three pa-

rameters of Fo, A. and duration.
Figure 6 a shows how a voiced intervo-

calic consonant lowers the Fe onset of the
second-syllable tone, and the subsequent
trajectory for up to about 6 cs into the
vowel. The magnitude of the intrinsic ef-
fects depends on the phonation rate on the
first-syllable tone: Fs is lowered at onset by
20 Hz after a voiced consonant preceded by
low Fe on the first syllable (compare also
second-syllable Fe onsets in figure 3, combi-
nation E), but by 10 Hz with a preceding
mid F6 (compare also second-syllable F6 on-
sets in figure 3, combination C). Both dif-
ferences are significant at least at the 0.50lo

level. At 200/o of the duration of the sec-

ond-syllable vowel the difference has de-

creased to a non-significant 5 Hz after mid
vs. a still significant (0.50/o > p > 0.10l0)

10 Hz after low.
The phonation rate on the first syllable

has an effect on the F6 onset of the second-

syllable vowel, but only when a voiced con-
sonant intervenes. In this case the F6 onset
is 8 Hz lower after a low Fu on the first syl-
lable than after a mid (compare also sec-

ond-syllable Fs onsets after a voiced conso-
nant in fig. 3, combinations C and E).

In contrast to the F6, there is relatively
more A. over the first 40 o/o of the duration
of the second-syllable vowel after a voiced
consonant: after a voiced consonant, the A,
has a 2.5-4 dB higher onset (significant at
least at the 10lo level), and peaks about 1 dB
higher and 200/o earlier than after a voice-
less consonant. Vowels on the second syl-
lable are about 1.5 cs longer after a voiced
consonant.

Since most of the corpus shows a slightly greater
duration lor second-syllable vowels alter a voiced
consonant, this will not be mentioned separately be-
low. Short tones are on average 2.0 cs longer after
voiced consonants, and the individual diflerences
are signilicant at least at the 20/o level for half the
cases. The mean diflerence for long tones is 1.0 cs,

but oniy one of the individual dilferences is signifi-

b

170

roo]

t::]

010200100102030

Fig.6. Relationship between F0 on citation tones (bold lines) and on target tones on stressed second syl-
lables. -V:Fo alter voiceless initial consonants; +V:Fo after voiced initial consonants;

F0 after mid Fe on preceding syllable: : Fo after low Fs on preceding syllable.
aTone I (U). 6Tone 5 (Uq1. cTone 2 iUl and F6 of citation tone 4.

I
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15

br:

Fig.7. Mean Fe and A, of tone I (_)
and tone 5 (.....) targets on second syllable.

: values of tone I after tone 6. a F6 (Hz).
, Ar (dB).

Table 7. Mean and standard deviation values for
F6, A, and duration (D, s) for pooled data on sec-
ond-syllable tone 1 [441] and tone 5 [4] targets in fig-
ure 7

14411/ r,3 ' [4] / 1,3,4,6

cant - that of 3.3 cs for tones after stressed tone 5

(50/o > p > 20/o). Note that this general increase in
duration correlates positively with the degree of F0
contouricity caused by the intrinsic inertial elfect of
the F6 on the preceding voiced consonant. This
correlation is thus opposite in nature to that ob-
served on the lirst syllable, where F6 contouricity is

associated with a decrease in duration.

Figure 7 shows the mean Fe and A. for all
U target syllables after unstressed tones I

and 3. Table 7 has the numerical values. A,
and F0 are again very highly correlated (r :
0.85). Figure 7 also shows that most of the
Fs values for tone I after tone 6 (combina-
tion O) lie about l0 Hz higher than the
mean values after unstressed tones 1 and 3.
This difference is significant at least at the
5 0/o level for the values at 60 and 80 o/o of
tonal duration. The A. values of tone I after
tone 6 are also about I dB higher than those
of the U target in the latter half of the tonal
duration, but not significantly so. This pat-
tern also characterizes the contrast in
acoustic values between tone 1 after tone 6

and its most comparable tone I target with
voiceless initial consonant after low level
pitch on the first syllable (see figure 3, com-
bination E, tone 3 + tones 1, 2).

Short Stressed Tones after Llnstressed
Tones l, 3 and 4

(Combinations D and F)

Parallel to the Upper register neutraliza-
tion of stressed Long tones after tones I
and 3, stressed Short tones 5 and 6 are neu-
tralized after tones I and 3 to the Upper
register tone 5, with differences between the
acoustic allotypes intrinsically conditioned
by the initial consonant of the second syl-
lable, and phonation rate on the first syl-
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lable. Note that this neutralization extends

also to occurrences of Short tones after un-
stressed tone 4, which have the same sandhi
shape as Short syllables after unstressed

tone 3 (combination F, fig. 3).

Figure 6b shows how the Fe of stressed

Short tones patterns in the same basic way
after unstressed tones l, 3 and 4 as in the
Long tones. Note that citation tone 5 lies a

little higher at onset than the others, which
indicates a slightly stronger progressive ef-

fect from the first-syllable phonation rate

on Short than Long second-syllable tones.

Since, as with Long tones, the voice quality
on Short stressed second-syllable tones is

modal irrespective of the input Register, it
appears that the target is clearly tone 5, i.e.
high pitch target and modal voice (Uq).

Figure 6b shows that a voiced initial
consonant lowers the Fs onset ofthe second

vowel by about 10 Hz (compare also sec-

ond-syllable Fe onsets after voiced and
voiceless consonants in figure 3, combina-
tion D and combination F). However, un-
like Long tones after tones I and 3, the
peak Fe of Short tones, which is at 600/o of
duration for all allotypes, is actually about
4 Hz higher after voiced than voiceless con-
sonants. Also unlike Long tones, there are
no systematic differences in A, conditioned
by the consonant. A low phonation rate on
the first syllable pulls the F6 onset of the
second vowel down by 7-10 Hz, depending
on whether the consonant is voiced or
voiceless (this effect can also be appre-
ciated in figure 3, combinations D and F).

The acoustic values of tone 5 when it oc-
curs after tone 6 (combination S) do not dif-
fer from those of tone 5 when it occurs after
unstressed tones 3 and 4, and so they have

been included in the calculation of the
mean values for the stressed tone 5 (Uq) tar-

get. These values are given in table 7, and
plotted in figure 7.

There is not a wide enough Fs range in
the tone 5 target sample on which to regress

the A,, but figure 7 shows that, as with tone
6 on the first syllable, the Short tone 5 tar-
get on the second syllable has significantly
more (1.3 dB) A, per unit Fo than the corre-
sponding Long tone 1 (U) target (5 o/o > p

> 2o/o). Tone 5 targets on the second syl-
lable are almost exactly one third the dura-
tion of the Long tone I target.

Long Stressed Tones after Tone 4
(Combinations K and L)

In the same way as all Long tones after
unstressed tones I and 3 can be identified
as tone I targets, all Long tones after un-
stressed tone 4 can be analysed as tone 2

targets. As with the other stressed second-
syllable tones, the Low Register voice qual-
ity is lost, and the difference in acoustic
shape between citation tone 2 and the
stressed second-syllable tone after tone 4
can be accounted for in terms of the low
phonation rate on the first syllable, and the
voicing of the intervocalic consonant.
(These considerations are important, be-

cause a similarity in F6 shape between ci-
tation tone 4 and stressed syllables with a

voiced initial consonant after tone 4 sug-
gests an alternative analysis: that the latter
might be identified as an allotype of tone 4
rather than tone 2. This will be discussed
below.)

Figure 6 c shows the Fs of citation rone 2

compared with the F6 of Long tones after
unstressed tone 4. Note that, as with tone 1,

citation tone 2 is about 5 cs longer than the
corresponding second-syllable tone. Figure

l-
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Fig. 8. Mean F9 and A. of tone 2 targets on sec-
ond syllable (-), and tones 2 and. 4 after tone 6
(-____) -V: Tone 2 target after voiceless initial
consonant; *V: tone 2 target after voiced initial
consonant. a Fs (Hz). , Ar (dB).

6c also shows that, compared with the S-Hz
negative perturbation at the onset of the ci-
tation tone 2, the Fs on the syllable with the
voiceless initial consonant only dips
slightly. This is the result of the low phona-
tion rate on the first syllable, which, as has
already been demonstrated for tone 1 and
tone 5 targets on the second syllable, can
lower Fs onset by up to 10 Hz. After a

voiced initial consonant, the perturbatory
effects are much greater. The voiced initial
consonant significantly (0.10/o > p) lowers
the Fe onset of the second vowel by 16 Hz
(cf. the corresponding 20-Hz dif'ference

with the tone I target). The subsequent F0

trajectory converges gradually on that after
the voiceless consonant, and attains statisti-
cally the same peak value. The Fs time
course after the voiced consonant remains
significantly lower (5 0/o > p > 2o/o) than
that after the voiceless consonant for about
14 cs into the second vowel. The F6 pertur-
bation caused by the voiced consonant lasts
more than twice as long than with the tone
I targets, but does not differ from these in
the magnitude of the Fe difference at onset.
These data show then that the Fe contour of
a tone can affect the duration of a conso-
nantally induced intrinsic perturbation,
with intrinsic effects taking longer to equal-
ize on tones with rising F6 than falling Fo.

Such longer effects are naturally more sa-
lient perceptually, which is the probable
reason why I heard a pitch difference ([334]
vs. [24]) between stressed tones after tone 4,
where the tones had an overall rising Fs, but
not after tones I and 3, where the Fe on the
tone I target was falling (see figure 2, com-
binations K and L, and C and E).

Figure 8 shows the F6 and A, of tone 2

targets after unstressed tone 4, together with
the Fo and Ar of tones 2 and 4 after tone 6.

The same kind of A. differences condi-
tioned by the consonant can be seen in fig-
ure 8 as with the tone I target. Thus the A.
onset after voiced consonants is slightly
higher, and it is possible to interpret the
(concave vs. straight) difference in the sub-
sequent A. profile as reflecting once again a
relatively greater amount of A, in the 8 cs

after consonantal release in tones with a
voiced initial consonant. The concomitantly
lower F6 in tones with voiced initial conso-
nant means there is a greater ratio of A. to
Fs immediately after consonantal release,
also as in tone 1 targets. The correlation be-
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tween A. and F0 in tone 2 targets is again a
high 0.93.

As was the case with the tone 1 targets
after unstressed tones I and 3, the acoustics
of tone 2 targets after tone 4 differ lrom
those of comparable tones 2 and 4 after
tone 6 (combinations P and R). Figure 8

shows that the Fs of tone 2 after tone 6
starts at the same value but rises consider-
ably higher than the tone 2 target after a
voiceless consonant. The difference in Fu

values has become significant at least at the
5 0/o level by 600/o of duration of the tone.
The corresponding A, shapes differ by
about 2.5 dB, with those for tone 2 after
tone 6 being significantly higher (5 o/o > p
> 2o/o) at 40 and 600/o of tonal duration.
The F6 of the tone 2 target with a voiced
consonant lies about 6 Hz higher than that
of tone 4 after tone 6, and this difference is
significant at least at the 20/o level for val-
ues up to about 300/o of duration of the
tone. There is no significant difference be-
tween the A. values of these two tones, al-
though their different profiles over the first
400/o of tonal duration suggest a reflection
of the different phonation mode of their in-
itial consonants.

The similarity in F0 shape between syl-
lables with voiced initial consonant after
unstressed tone 4 and unambiguous realiza-
tions of tone 4 in the data suggest an alter-
native, but only slightly different analysis:
namely, that these second syllables with
voiced initial consonant are allotypes of
tone 4, not tone 2 targets. Figure 6c shows,
to be sure, that the putative tone 2 target
after a voiced consonant is nearer in F6 val-
ues to citation tone 2 than citation tone 4.

Nevertheless the relationship between the
Fs of citation tone 4 and that of the tone 2

target in figure 6c is similar to that between

citation tone 4 and tone 4 on stressed first
syllables in figure 5 a. Moreover, there is the
close similarity (fig. 8) between F6 shapes of
the putative tone 2 target after a voiced con-
sonant and that of tone 4 after tone 6 (the
significant difference at onset is not neces-
sarily indicative of the tone 2 identity, be-
cause it could be caused by the difference
in the modal vs. whispery phonation types
of the initial consonants). At this point,
therefore, it is worth rehearsing my reasons
for preferring the tone 2 target analysis.
Firstly, the loss of the Lower register voice
quality indicates a change to a U (i.e. tone
2) target, and this change is clearly paral-
leled by the behaviour of Lower register
stressed syllables after tones I and 3. Sec-
ondly, the differences between the F6 shape
on the syllable after the voiced consonant
and the unambiguous tone 2 target can be
partly explained by a factor already demon-
strated for the other, unambiguous stressed
second tone targets, namely, regressive as-
similation to low phonation rate on first syl-
lable. ('Partly', because a differential factor
has to be assumed in the duration of intrin-
sic effect of the voiced consonant.) Thirdly,
the phonology is simpler if all stressed sec-
ond-syllable tones undergo the Register
shift, since otherwise the shift has to be re-
stricted to occurrences after unstressed
tones 1 and 3 and after tone 4 when the sec-
ond syllable is Short. (This is because com-
binations of unstressed tone 4 plus Short
tones are the same as combinations of un-
stressed tone 3 plus short tones, see figure
2.) It would also create an exception to the
correlation between phonation type and
Lower register in isolation form since we
would have effectively a tone 4 with modal
voice. In addition to these points, there is
also evidence from pitch shapes in trisyl-
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labic lexical tone sandhi. Words with un-
stressed tone 4 on the first syllable followed
by any two Low register tones, the second
of which is stressed (e. g. [nari mi 've ?] 'glu-
tinous rice', [te mr4 'dz 1?], 'pronoun'), have
alll2234l pitch. If the final syllable were a
tone 4 target (say I l4D, it would be diffi-
cult to explain the (clearly audible) jump in
pitch between the first and second syllables.
(What seems to be happening in these trisyl-
labic examples is the familiar contour sim-
plification to level I l] on the unstressed
first syllable, a shift to tone 2 target [34] on
the final syllable, and a transitional pitch

[22] on the middle syllable.)
The problematic interpretation of shapes

after unstressed tone 4 would probably be
solved by further research in two areas. In
disyllabic expressions consisting of verb
plus object, the first syllable is unstressed,
and undergoes contour simplification to
mid or low level. The six-way isolation
tonal contrast is preserved on the second
syllable [Rose, 1974, p.87]. A comparison
of Fe shapes on verb-object constructions
with Low register tones 3 or 4 on the first
syllable and tone 4 on the second syllable,
with lexical sandhi shapes with unstressed
tone 4 plus Low register second syllable
tone should reveal whether or not the sec-
ond syllable in the lexical sandhi can be
considered a realization of tone 4. The sec-
ond area concerns application of objective
acoustic correlates of phonation types, e. g,

Rose [989b].

Stressed Second-Syllable Tones :
Summary

The three cases just discussed show that the
acoustic shapes on stressed second-syllable tones
when not preceded by tone 6 are the same as the

corresponding citation tones l, 2 and 5, once allow-
ance is made for the intrinsic eflects of (l) the syl-
lable-initial consonant, (2) the phonation rate on the
first syllable (differential with respect to Long and
Short tones) and (3) the longer duration on Long ci-
tation tones. Phonologically, the shapes on the
stressed second-syllable tones reflect two changes.
There is, firstly, a change ol the Register ol the
stressed syllable to Upper (i. e. modal voice). The
other change becomes clear when the pitch targets
of the tones involved are considered. We have seen
that tone I targets (U) occur after unstressed tones I

(U) and 3 (i), and tone 2 targets (U) after unstressed
tone 4 (L). This appears therefore to represent an as-

similation whereby the pitch target of the first-
syllable tone is copied onto the second: after','after'. This change must of course be ordered
before the rule which simplifies contours to levels in
unstressed lirst-syllable tones.

Tones on Unstressed Second Syllables
(Combinations A, B, G-J, M, N)

The corpus contains l6 separate samples
of tones on unstressed second syllables.
These comprise the tones which occur after
stressed tones l, 2, 4 and 5, each divided
into Long and Short sets (fig. 2). The falling
pitch of tones after stressed tone I - combi-
nations A and B - is transcribed [31,321,
and tones after stressed tones 5,2 and 4 -
combinations M, N and G-J - are tran-
scribed with a higher pitch: [51, 5].

The acoustic characteristics of un-
stressed Long and Short tones on the sec-
ond syllable differ in several respects from
the corresponding stressed tones (i. e. tone
I and 5 targets). This indicates that the un-
stressed tones are not to be identified as ex-
trinsic targets of any particular tone, but
rather interpreted as values determined by
the tone on the stressed first syllable.

The Fs and A, of unstressed tones exhibit
intrinsic effects from the intervocalic conso-
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nant, but these generally differ from those
on stressed tones in magnitude and nature.

With the exception of combination B

('tone 1 * tones 5, 6) there is an expected,
but small intrinsic effect of the voiced con-

sonant on the Fe of the second vowel, which
has onset and peak values some 5 Hz lower
than after a voiceless consonant (compare,

e. g., second-syllable Fs onsets in combina-
tion G, fig. 3). (In stressed second-syllable
tones, the mean difference in F6 onset as a
function of the consonant is greater - about
15 Hz [Long tones] and 9 Hz [Short tones]-
and Short tones actually show a higher F6

peak after a voiced consonant.) The A, after
a voiced consonant onsets about 3.0 dB
higher than after a voiceless one (this can

also be seen in combination G, fig. 3).

Otherwise there is no difference in the A,
shapes after voiced and voiceless consonant
(unlike in stressed second syllables, where
there are differences in location and value
of peak A,).

The acoustic shapes for unstressed sec-

ond syllables are shown in figure 9; table 8

has the numerical summaries. Figure 9 and
table 8 incorporate the following findings.
Combined measurements for tones on sec-

ond syllables with voiced and voiceless con-
sonants after each of the four stressed tones
were compared, and no difference was

found between the acoustic shapes of un-
stressed syllables after tones 2 and 4. How-
ever, Fs values after the Short high tone 5



30 Acoustics

0o/o

l0o/o
200/o

400/o

600/o

80 o/o

100 o/o

D

n

I I 14.9

18.4

l0 18.7

9 \'.7.8

t t6.3
6 14.2

7 11.0

16.3,3.0
37

lt 20.9

11 21.'7

10 21.2

l0 19.6

11 16.8

7 .1, 2.6

l7

Table 8. Mean and standard deviation values lor
Fe and A. and duration (D, s) lor pooled data on un-
stressed second-syllable tones in figure 9.

I3tl / t l32l / '

F6 SD Ar SD F6 SD Ar SD

are about 5 Hz significantly higher at least
at the 5 0/o level than those after tones 2 and
4. Note that this difference is too small to
be reflected in the pitch transcription. Note
also in figure 9 the absence of a correspond-
ing difference in the A, values: any differ-
ence between the A. of unstressed syllables
after tone 5 and after tones 2 and 4 was
presumably small enough to have been
swamped by a greater variance associated
with intrinsic vowel amplitude. The F0 and
A. values of unstressed tones after tone I
can also be seen to lie considerably lower
than those after tones 2,4 and 5.

There are no significant durational differ-
ences within the groups of Long and Short
unstressed tones. Unstressed Long tones,
with a mean duration of about 17 cs, are 2.3

times longer than unstressed Short tones
(mean : 9.5 cs), and this is the same ratio as

that between comparable stressed Long and
Short second-syllable tones 1 and 5. In abso-
lute terms, however, unstressed second-syl-
lable tones are a little shorter (Long tones by
4 cs, Short tones by 2 cs) than their stressed
counterparts. This is even though (at least
after tones 2,4 and 5) they display higher Fe

values than stressed tones and could there-
fore be expected to be intrinsically longer. (It
is claimed [Hombert, 1977,p.15] that dura-
tion varies proportionally with Fs register in
syllables with falling F6.) For Long tones, it
appears that stress correlates with syntag-
matic durational relationships. The vowels of
stressed second syllables are between two
thirds and four fifths of the duration of those
on unstressed first syllables, whereas un-
stressed second-syllable vowels have only a
little more than half the duration of stressed
first-syllable vowels.

The already noted difference in the A,/
F6 relationship between Long and Short
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tones is also found with unstressed second-
syllable tones, but in this case the Short
tones have 2.5-3.0 dB more A, per unit F,1

than Long tones. This is twice the amount
found in stressed second-syllable tones
(compare A. values in figure 7, 9).

A. is correlated even more closely with F0

in unstressed second-syllable tones (r :
0.93) than in the corresponding stressed

tone I target (r : 0.85). Despite the high de-
gree of correlation for both stressed and un-
stressed tones, the difference in stress does
seem to be reflected in the A,,/Fs relation-
ship over about the first 40 0/o of duration of
the vowel, with the stressed tone I showing
more A, per unit F6. For example, in un-
stressed tones after tone 5, the F6 at 200/o of
duration is 15 Hz significantly higher (0.1 o/o

>p), but the A. 1.3 dB significantly lower
(50/o > p > 2o/o) than values at20o/o of du-
ration in stressed tones; and in unstressed
tones after tones 2 and 4, the F6 at 200/o of
duration is 8 Hz significantly higher (0.10lo

> p), but the A.0.9 dB lower (100/o > p >
50/o) than the corresponding stressed val-
ues.

The most interesting point concerning
the unstressed second-syllable tones is that
it is possible to predict their Fo onset value
to within 4 Hz from the F6 trajectory of the
first syllable extrapolated for the duration
of the intervocalic consonant. This can be

appreciated visually from the F6 curves in
figure 9. (The best trajectory predictions are

least squares straight line fits to all F6 data
points for tones 2, 4 and 5, or the last 3 data
points for tone 1. This gives 900/o confi-
dence limits that run from + 2.1 Hz lafter
tone 1l to + 13.2 Hzfafter tone 5].) The F6

onset of the unstressed second-syllable
tones seems therefore to be determined by
phonatory inertial effects from the preced-

ing syllable, and the rest of the F6 shape
(and acoustic shape in general) probably
reflects a relaxation in vocal cord tension
and/or subglottal pressure. For Short un-
stressed second syllables this relaxation in-
teracts with whatever laryngeal gestures are
involved in producing the syllable-final
glottal stop.

Unstressed Tones on the Second Svllable:
Summary

The acoustic characteristics of unstressed Long
and Short tones on the second syllable have been
shown to differ in several respects from the corre-
sponding stressed tones (i.e. tone 1 and 5 targets).
In particular, the predictability of the unstressed Fe

contour lrom the F9 trajectory on the stressed first-
syllable tone indicates that the unstressed tones are
not to be identified as extrinsic targets ol any partic-
ular tone, but rather interpreted as 'deflault' values
determined by the tone on the stressed Iirst syllable.
This perhaps could be represented formally by de-
leting both [Pitch Target] and [Register] specifica-
tions of unstressed second-syllable tones, and insert-
ing pitch values conditioned by the stressed tone 1

traiectory, e.g.:

51 (s)

I (q)
pitch -

3l (s)
/' 44

32 (.q)

(That is, pitch on Long (S) second-syllable tones
will be [51] after a stressed first-syllable tone with
either [334] or [1 14], etc.)

Work in progress on the acoustics ol trisyllabic
lexical sandhi in Zhenhai gives additional indica-
tion of the separate phonological status of position
alter stressed first-syllable tones 1, 2, 4 and 5. After
these tones, the pitch lalls over the remaining syl-
lables from [5] to []. Thus a trisyllabic word with
stressed tone 2 on the initial syllable has the pitch
shape ['345321]. This pitch lall corresponds to a

falling F6 contour demonstrably spread over the two

/ fi] ) 4
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syllables. Unstressed non-initial position seems

therefore to be associated with a unitary F6,zpitch
fal1 spread over all unstressed syllables.

At this juncture I want to consider an alternative
interpretation ol the unstressed second-syllable
data. It has been common in the literature on Wu,
and especially Shanghai tone sandhi, to analyse
polysyllabic pitch shapes as resulting from a spread-

ing of the underlying tone(s) associated with the

lirst syllable over the remaining syllables lZee and
Maddieson, 1980; Chan and Ren, 19861. It might
appear that such an approach could apply in the
case of ZhenL.ai combinations A and B: could not
the ['44 3l)/ l'44 32] pitch shapes be analysed as,

say, a spread (H)HL on the lirst syllable, rather than
a stressed allotone ol tone 1 followed by a default
shape? I have eschewed such an analysis because it
lacks phonetic support. It is clear that['44 31]is sim-
ply not an example ol the phonetic spreading of the
tone 1 shape. Instrumental data on the neighbour-
ing dialect ol Daishan [Toda, 1989, p.67] clearly
demonstrate that when tone I is spread over two syl-
lables, the F0 contour of the disyllable is a simple
linearly expanded version of the citation syllable F9,

with a substantial fall on the lirst syllable. The re-

sulting pitch shape is [53 211, not l'44 3l]. Since

Daishan also has the disyllabic shapes ['44 31] and

[44321for lexical items cognate with Zhenhai, it is

clear that these values cannot be considered as

phonetically spread contours of the first-syllable
tone. If['44 31] is analysed as a spread tone 1 shape,

there is also the problem ol accounting lor the other
unstressed second-syllable shapes (after tones 5, 2
and 4). It has been shown that these behave phonet-
ically just like the [31] and [32] shapes, but the pitch
shapes ol which they form the latter portion are

clearly not spread versions of the rising or level tone
on the preceding syllable. It seems therefore that a
solution of phonological spreading can only be in-

sisted on in contradiction ol the phonetic reality.

Stressed Tones after Tone 6
(Combinations O-T)

The morphotonemics of combinations
beginning with tone 6 are transparent: the

short low level pitch on the first-syllable

tone results from the pitch target contour
simplification described above, and the 6

acoustic shapes occurring on the second

syllable are easily identifiable with corre-
sponding citation tones.

Phonetically, however, the acoustic
shapes of tones on the syllable after tone 6
differ from their corresponding citation
shapes, and also from their corresponding
tone 1 and 2 Largels on the second syllable
after unstressed Long tones l, 3 and 4.

(These differences have already been com-
mented on, and are shown in fig. 7, 8.)

The acoustics of tones after tone 6 and
corresponding citation forms are compared
in figure 10. Differences are in all three
acoustic dimensions, but the easiest to see

are in the F6, where tones after tone 6 show
a general shifting up of the Fs in the latter
part of their time course. The effect results

specifically in higher Fe peaks in tones with
rising Fe (tones 4, 2 and 6), a higher and
posteriorly displaced peak in tone 3, and a

posteriorly displaced peak in tones 1 and 5.

The absence of expected higher values on
these last two tones can be explained by the
already demonstrated intrinsic lowering ef-
fect ofthe low phonation rate ofthe preced-

ing syllable. (Figure l0 shows that the onset
of the Short tone 5 is pulled down more
than that of the Long tone 1, which is the
same differential effect as has already been
noted for tone targets I and 5 after low level
Fs on the unstressed first syllable (fig. 6a,
b).) Thus the raising effect on the F6 of
tones after tone 6 emerges as surprisingly
uniform.

Occurrence after tone 6 conditions two
differential effects in the duration of the
following tone, relative to citation forms.
There is no appreciable effect on the dura-
tion of Short tones after tone 6, whereas

Fig. I
istics of <
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after tont
bottom :
tones; _-

Long tt
amount
Tones
about 7

and3(
shorten
tween r

corresp
Con

after to
for higl
140 Hz
of Fs ar

the con

the Fs,

tones, I

A, valu
vocal (

higher



Acoustics and Phonology of Complex Tone Sandhi J-t

a 170

160

150

140

130

120

110

Fig. 10. Acoustic character-
istics of citation tones (c) com-
pared with tones on syllables
alter tone 6 (f). Top : F6 (Hz);
bottom : A, (dB); . .. .. - short
tones; _____: tone 3.

Long tones are shortened, but by different
amounts depending on their pitch target.
Tones 2 and 4 (wittr) are shortened by
about 7 cs which is twice as much as tones I
and 3 (with). As a result of this differential
shortening, Short tones after tone 6 have be-
tween a third and a half of the duration of
corresponding Long tones.

Compared with citation forms, tones
after tone 6 show relatively less A, to unit F6

for higher F6 values (i. e. values above about
140 Hz). This results in a less linear scatter
of Fe and A, data pairs, which is reflected in
the considerably lower value (r : 0.59) for
the Fs./A, relationship than for citation
tones, where r : 0.86. The relatively lower
A, values may indicate more involvement of
vocal cord tension in the production of
higher Fs values in tones after tone 6.

20-

l5 -

13 -

Stressed Tones after Tone 6: Summary

Occurrencd after tone 6 conditions a second set
ol stressed second-syllable allotones, dillerent lrom
the tone I and 2 targets alter unstressed Long tones.
The only factor correlating with the difference be-
tween target tones after unstressed Long tones and
those after tone 6 is the [Truncation] value of the
first-syllable tone. This must therelore be added to
the list ol factors which can condition the acoustic
shape of the second-syllable tone. Because no mor-
photonemic changes are involved in combinations
with tone 6 on the lirst syllable, the phonological
part of their derivation is simple, involving only
contour levelling on the lirst syllable, whereby [Z]
becomes [1 ]. It is not clear, however, how the low
level phonetic changes of the type observed on the
second syllable could be described and explained
within current leature frameworks, especially since
it is not immediately obvious how the shortness of a

tone on the first syllable could condition raised Fg

values on the second.
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Summary

This paper has shown how the acoustic phonetic

shapes of Zhenhai citation tones can be conceptu-
ally related to shapes in disyllabic lexical sandhi by

three processes operating on phonetically defined
syllable prosodies. The first process is morpho-
tonemic and involves the paradigmatic replacement,
by changes in [Register] and [Pitch Target] features.

ol stressed second-syllable tones alter Long tones.

The second process invokes stress efflects. On un-

stressed first syllables, contour pitch targets become

level; on unstressed second syllables, tones assume

falling pitch shapes, the onset of which is deter-

mined by the preceding stressed tone; stressed first-
syllable tones have raised Fs and A, values; stressed

second-syllable tones reflect the paradigmatic

morphotonemic changes. The third process involves

the intrinsic eflects ol the intervocalic consonant,

the phonation rate and duration of the first- (and
possibly second-) syllable tone on the Fs, Ar, and

duration of both syllables. These tone sandhi me-

chanics result in the extensive leflt-to-right neutrali-
zation of tones characteristic ol Northern Wu. They

do not, however, involve the type of phonetic tone
contour spreading that has been documented for
some Wu dialects, e.g. Daishan lToda, 1989] or Su-

zhou [Liao, 1983]. Below is a possible derivation of
the word [pg ju 11 '4411 'friend' illustrating the ap-

plication of the proposed phonological constructs
within an autosegmental approach.

(1) Phonological representation bA 'ju

(c.1. isoiation lorms [p[ 231],

U.u? 2l3l) L L

(2) Pitch target contour assimilation
and shift to U register on stressed

second syllable L U

(3) Levelling of contour on un-
stressed first syllable L- U

(4) Pitch reahzalion conditioned by
Register and Pitch Target
(s:syllable) pitch-- [11] / L 's

p41l / s 'i
(5) Changes in segmental quality

conditionedbyRegisterfeature 
:---*! / L
a+A

The incorporation olthe phonological leature ol
stress in the analysis enables the tone sandhi
changes to be expressed in a phonetically natural
way, and reveals that Wu tone sandhi (at least as it
is exemplified in Zhenhai disyllabic lexical items) is

not as phonetically opaque as hitherto presumed.
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