
Subglottal Pressure and NAQ Variation in 
Voice Production of Classically Trained Baritone Singers 

Eva Björkner*†, Johan Sundberg†, Paavo Alku* 

*Laboratory of Acoustics and Audio Signal Processing, Helsinki University of Technology, Finland 
†Department of Speech Music Hearing, KTH, Stockholm, Sweden 

evab@speech.kth.se

Abstract
The subglottal pressure (Ps) and voice source characteristics 
of five professional baritone singers were analyzed. Glottal 
adduction was estimated with amplitude quotient (AQ), 
defined as the ratio between peak-to-peak pulse amplitude 
and the negative peak of the differentiated flow glottogram, 
and with normalized amplitude quotient (NAQ), defined as 
AQ divided by fundamental period length. Previous studies 
show that NAQ and its variation with Ps represent an effective 
parameter in the analysis of voice source characteristics. 
Therefore, the present study aims at increasing our knowledge 
of these two parameters further by finding out how they vary 
with pitch and Ps in operatic baritone singers, singing at high 
and low pitch. Ten equally spaced Ps values were selected 
from three takes of the syllable [pae], repeated with a 
continuously decreasing vocal loudness and initiated at 
maximum vocal loudness. The vowel sounds following the 
selected Ps peaks were inverse filtered. Data on peak-to-peak 
pulse amplitude, maximum flow declination rate, AQ and 
NAQ will be presented. 

1. Introduction
Singing is a highly controlled way of phonating when 
compared to spontaneous speech. Thus in singing, phonation 
mode cannot be allowed to change automatically with 
subglottal pressure (Ps) or fundamental frequency (F0) since 
such changes may produce inappropriate expressive effects. 
Therefore, we found it justified to investigate the behavior of 
voice production over a wide range of Ps values with 
professional singers. 

To gain information about the voice source, vocal tract 
resonances must be eliminated. Inverse filtering [1] is a 
widely used technique for this purpose. By canceling the 
contributions of the vocal tract in the voiced signal, recorded 
either with a flow mask or a free-field microphone, an 
estimation of the pulsating transglottal airflow, e.g., flow 
glottogram waveform is obtained. Parameters typically used 
in expressing voice source characteristics are, for example; 
the peak-to-peak pulse amplitude (Up-t-p), and the negative 
peak of the differentiated flow glottogram, i.e., the maximum 
flow declination rate (MFDR). Up-t-p has been found to 
correlate strongly with the amplitude of the fundamental [2,3] 
and MFDR, determined by the glottal closing phase, has 
shown to be closely related to several voice characteristics, 
such as vocal intensity [4], sound pressure level (SPL) [2], 
and Ps [5]. MFDR and Up-t-p alone represent glottal 
information and have become the focus for several studies. 

Parameterization of time-based features of the glottal flow 
from amplitude-domain values was first proposed by Fant et
al. [6]. In parallel with Fant´s studies, Alku et al. [7, 8] 
introduced the Amplitude Quotient (AQ), defined as the ratio 
between the peak-to-peak flow amplitude of the glottal 

waveform and the negative peak amplitude of the 
differentiated flow (Up-t-p /MFDR). Alku et al found that the 
AQ parameter systematically reflected changes in phonation 
mode and that AQ differed between sexes. Hence, Alku et al.
[9] introduced the normalized version of AQ called NAQ, 
which normalizes the AQ values with respect to the duration 
of the fundamental period (AQ/T0). High AQ or NAQ-values 
have been shown to indicate a less adducted phonation mode 
and hence lower values indicate a more adducted phonation 
mode. Since its introduction NAQ has been used in a number 
of studies. Vilkman et al. [10] used NAQ in a study of vocal 
dynamic extremes, Gobl et al. [11] and Campbell et al. [12] 
in studies of voice quality, and Airas & Alku [13] found that 
NAQ varied depending on the emotional colouring of speech. 
In all of these studies, the voice material analyzed was 
speech. Sundberg et al. [14] were the first to apply NAQ to 
singing voices. Their results showed good correlations 
between NAQ and perceived degree of phonatory pressedness 
in a single singer subject, phonating in different singing styles 
and modes of phonation.

Summarizing, Ps variation in phonation affects F0 and 
MFDR. MFDR, in turn, is part of the NAQ parameter, and 
NAQ varies with glottal adduction/phonation mode. It is 
therefore interesting to find out how NAQ is affected by Ps
variation and if that relationship is affected by F0. 

2. Material and methods 

2.1. Subjects and recording 

Five Swedish professional baritone singers with international 
opera carriers, age range between 29 and 65 years, 
volunteered as subjects. They were asked to sing a 
diminuendo at a constant pitch while repeating the syllable 
[pae:], starting from high lung volume and at maximum 
degree of vocal loudness (see Fig 1). The sequence was 
repeated three times, each at approximately 25%, and 75% of 
their professional pitch range as measured in semitones. Oral 
airflow was captured by the so-called Rothenberg mask [15]. 
Ps during the [p]-occlusions was captured by means of a thin 
plastic tube attached to a pressure transducer (Glottal 
Enterprises). The singer held this tube in the corner of his 
mouth. The flow and the pressure signals were recorded on 
separate tracks on a multichannel TEAC PCM recorder 
together with an audio signal, picked up by a B&K condenser 
microphone, 30 cm in front of the subjects’ mouth.

Calibration signal of flow, pressure, and sound pressure 
level were all recorded on the same tape and calibration 
values were announced on the tape. The recorded material 
was transferred into sound files using the Soundswell signal 
analysis workstation (Hitech Development AB). The inverse 
filtering in the present study was based on analyses of the 
sound pressure signal. 
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Pressure measurements 
A detailed analysis of the influence of Ps on glottal 
parameters should ideally be analyzed as a function of several 
equally spaced Ps values. Therefore, from the three takes, ten 
equally spaced Ps values were selected by calculating the 
extremes of the singer’s total Ps range and by dividing it by 9, 
giving 10 ideal Ps values. The Ps values closest to these ideal 
values were then identified and the subsequent vowel was 
selected for analysis.  

Figure 1. An example of the task. Audio (top) and 
pressure (bottom) signals for a sung diminuendo at a 
constant pitch while repeating the syllable [pae:], 
starting from maximum degree of vocal loudness. 

2.2. Inverse filtering and flow glottogram measurements 

Flow glottograms were estimated by inverse filtering the 
pressure signal, using the custom made program DeCap 
(S.Granqvist). Since the microphone pressure signal was used 
there was no information about the DC component of the 
glottal flow. From the inverse filtered samples, four adjacent 
periods in the middle of the sample were averaged and period 
time (T0), peak-to-peak pulse amplitude Up-t-p, and MFDR 
were measured. Then, the ratio between Up-t-p and MFDR, i.e. 
amplitude quotient AQ [7] as well as the normalized version 
NAQ [9] were calculated.  

The reproducibility of the flow glottogram measurements 
was examined. The same person who had carried out the first 
analysis (co-author EB) analyzed 20 randomly selected 
samples after approximately 5 month. The resulting values 
were plotted against the corresponding values from the first 
analysis and a correlation coefficient was calculated for each 
parameter. The correlation coefficient equaled 0.999, 0.898, 
0.990, and 0.996 for MFDR, Up-t-p, NAQ, and AQ, 
respectively. These high correlations suggest that the 
measurements could be considered reliable.  

3. Results
The Ps range clearly differed between subjects. Yet, even 
though the Ps ranges differed between the singers, a similar 
relationship between Ps and F0 was found in all of them. 
Fig.2 show the five singers mean pressure values for the ten 
samples. The linear trend shows a high correlation and on 
average all singers approximately doubled their Ps for the 
higher F0 as compared to the lower F0. 

Fig. 3 shows Ps and MFDR, both averaged across 
subjects. MFDR increases with increasing Ps for both F0 
values, as expected. For a given Ps value, the low F0 shows 
higher MFDR-values and also increases more rapidly with Ps
as compared to the higher F0. 

Figure 2. Pressures, averaged for each of the ten 
samples across the five singers, for the low and the 
high F0 (~139 Hz and ~278 Hz, respectively) 

Figure 3. Mean MFDR as a function of mean Ps for 
the five singers. Curves and equations show the best 
power function fit of the data sets, and R2 represents 
the squared correlation

 The relationship between NAQ and Ps is illustrated in Fig. 
4a where Ps is expressed in terms of the normalized excess 
pressure Psen [16]. This value compensates for the fact that 
high F0 values require higher Ps values than low F0 values. 
Thus Psen facilitates comparisons along the F0 continuum.  
 NAQ tends to decrease with increasing Psen. Although the 
NAQ values differ between the two F0 values, the 
relationship is similar; NAQ decreases quickly at low Ps and 
reaches an asymptote-like value at high Ps. Fig. 4b illustrates 
how the non-normalized AQ varied with Psen. The variation 
was much smaller than for NAQ, even though for very low 
Psen values AQ was somewhat greater for the low F0 than for 
the high F0. Similarly to NAQ, the AQ-values tended to reach 
an asymptote at high Ps.
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 The individual singer’s relationships between Psen and AQ 
showed no clear differences between the two F0 values. For 
the very lowest Psen values, Psen < 1, AQ decreased quickly 
with increasing Ps, but for higher Psen values AQ tended to 
remain constant. 

Figure 4. NAQ and AQ values (upper and lower 
graph, respectively) for each of the five singers´ ten 
selected samples as function of normalized excess 
pressure Psen. Filled and open symbols refer to low 
and high F0 (139 Hz and 278 Hz), respectively 

4. Discussion
The non-normalized AQ parameter showed much less 
variation with F0 than the normalized NAQ parameter. If it is 
correct that the NAQ measure faithfully reflects phonation 
mode, this would indicate that the singers used a more 
pressed mode of phonation at low F0 than at high F0. This, 
however, seems highly implausible. In untrained voices and 
in amateur singers high tones are likely to sound more pressed 
than lower tones. Professional operatic singers, on the other 
hand, would have learnt to avoid changing phonation mode 
with F0. This calls into question a close connection between 
phonation mode and NAQ. One possibility would be that AQ 
more accurately than NAQ reflects phonation mode within a 
voice phonating at different F0´s and that NAQ is more 

appropriate in comparisons of phonation mode between 
genders and/or between subjects.

Still, it is somewhat surprising that NAQ as opposed to 
AQ differed so clearly between F0 values. The difference 
between these measures is merely that AQ is based on 
absolute time values while NAQ is based on time values 
expressed as fractions of the period time. For a sine wave, the 
maximum value of NAQ is  

 NAQSin = 2*A0/(2 *F0*A0*F0-1) = 1/  0.318 (1) 

where A0 denotes the amplitude of the sine wave. This value 
is close to what was observed for the lowest Ps values. NAQ 
for a saw-tooth wave will be infinitely high but the saw-tooth 
is clearly an unrealistic approximation of a flow glottogram, 
since the closing of the glottis and the termination of the flow 
pulse cannot be performed in infinitely short time. For higher 
Ps values NAQ approached an asymptote value of 
approximately 0.07 and 0.14 for the lower and higher F0, 
respectively. The physiological background of this asymptote, 
which was very similar for our five singers, might be related 
to the maximum speed of tissue motion. Schade [17] observed 
an upper limit for the horizontal vocal fold motion speed, 
being 1.6 m/s for the closing speed and 1.8 m/s for the 
opening speed. The relationship between this maximum tissue 
speed and the maximum flow declination rate is complex, so 
the lowest possible NAQ value cannot be predicted. The 
better performance of AQ as compared to NAQ is likely to be 
related to the maximum speed of vocal fold motion during the 
closing phase. 

The almost constant NAQ and AQ values, produced with 
wide Ps range, are likely to be relevant from the point of view 
of voice quality. If we assume that NAQ reflects phonation 
mode the results indicate that the baritones kept phonation 
mode constant when they varied vocal loudness but that 
phonation mode differed depending on F0. If, within gender 
or within a voice, AQ rather than NAQ reflects phonation 
mode, the results suggest that the singers kept phonation 
mode independent on both loudness and pitch. 

The singers´ AQ values showed a quite small dependence 
on Psen, particularly at the high F0. At the low F0, AQ 
increased quickly for the very lowest Psen values. It seems 
likely that opera singers rarely use these extremely low 
pressures, since a large operatic stage raises certain demands 
on the lowest useful sound levels. If this is correct the data 
suggest that the singers used the same phonation mode 
throughout their dynamic range. 

Vilkman et al [18], studying vocal-fold collision mass and 
register, conclude that the softest possible phonation can be 
produced only in the falsetto mode. These findings could 
explain our results for the low F0. The abrupt increase of the 
AQ values in the very softest phonation might be a result of 
such a register shift. Another possibility is that the abrupt 
change of AQ at low pressures is associated with a sudden 
disappearance of vocal fold closure.

Sundberg and collaborators [19] found in their study on 
male singing that Ps systematically increased with increasing 
F0, and that a doubling of F0 was typically associated with a 
doubling of Ps.

In acoustical analysis of voice function, systematic 
variation of, or at least information about Ps and F0 is 
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important. Such information may be difficult to obtain from 
speech data bases. The systematic variation of Ps, AQ and 
NAQ observed in our baritone singers is likely to be a result 
of their vocal skills; during years of training singers learn 
how to master and control forces relevant to voice production. 
Thus, in investigations of voice function the use of singer 
subjects may be quite advantageous 

5. Conclusions
Our baritone singers showed a linear increase of Ps with F0. 
AQ and NAQ were found to be principally unaffected by 
increases of Ps, except at very low Ps values. However, NAQ 
differences were found between the two FO values. The AQ 
values, by contrast, remained basically unaffected. If it is 
assumed that classically trained singers keep phonation mode 
independent of loudness and pitch, AQ is likely to reflect 
mode of phonation. Nevertheless, more studies are needed to 
fully understand the information about voice production that 
is offered by AQ and NAQ values. 
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