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Introduction1

With the installation and voicing of the 
wonderful new Fisk Opus 133 tracker 
organ in the First Presbyterian Church 
of Santa Fe, New Mexico, a number of 
interesting effects and impacts of Santa 
Fe’s thin air became apparent. This ar-
ticle will note the major observations and 
describe the physical acoustics related to 
organ pipe function at high altitude. 

Santa Fe is located at the foot of the 
southern Sangre de Cristo mountains at 
an altitude of about 7,000 feet above sea 
level. In fact, the altitude at the church 
is 2,127 meters or 6,978 feet. At this al-
titude, both the atmospheric pressure 
and density of air are reduced to about 
77% of their values at sea level. This dif-
ference in pressure corresponds to about 
92 inches of water. Considering that most 
organs operate with a wind pressure of 2 
to 4 inches (water column), this differ-
ence is quite signifi cant. It is not surpris-
ing that organ operation is impacted by 
this difference; perhaps what is surpris-
ing is that the impact is not greater. The 
fi ne people of C. B. Fisk dealt with these 
differences with little diffi culty.

Parameters in which high altitude might 
impact pipe organ performance include: 

• Pipe intonation—essentially no ef-
fect;

• Windchest blower requirements—
observed signifi cant effect;

• Tone production: pre-voicing and 
voicing—observed signifi cant effect;

• Sensitivity to windchest pressure—
observed signifi cant effect; 

• Sanctuary acoustics—small but real 
effect.

Pipe intonation
The impact of altitude on the basic 

intonation of the organ pipes themselves 
is minimal. The frequency at which a 
pipe sounds (fundamental) is based on 
the length of the pipe and the speed of 
sound. The length, of course, does not 
depend on altitude, and fortunately nei-
ther does the speed of sound because the 
ratio of the pressure to density remains 
the same so long as the temperature is 
fi xed. Basic intonation is therefore not 
affected by altitude.

Windchest blower requirements
The relationship between blower out-

put (cubic feet per minute, or CFM) 
and desired windchest pressure (usually 
measured in equivalent inches of water 
column supported above the ambient 
pressure) is given by Bernoulli’s equa-
tion. This is perhaps the most fundamen-
tal law of fl uid fl ow and basically is just a 
statement of the conservation of energy. 
Because density also decreases with alti-
tude, a higher blower capacity will be 
required in high altitude installations 
than at sea level in order to obtain the 
same windchest pressure used at sea 
level. Using a higher output blower has 
become standard practice for high alti-
tude installations.

Tone production: pre-voicing and 
voicing

As Mitchell and Broome have pointed 
out,2 windchest pressure must compensate 
for altitude differences when pre-voicing 
will be performed in a shop that is at a dif-
ferent altitude than the location at which 
the organ will be installed and receive fi -
nal voicing. In both fl ue and reed pipes, 
the velocity has a direct impact on tuning 
and sound quality, and it is clearly desir-
able to produce the same pipe velocities 
during both pre-voicing and voicing. Once 
again from Bernoulli’s equation, since the 
density of air is greater at sea level than 
at high altitude, a higher windchest pres-
sure must be used at sea level to produce 
the same velocities in the shop as in the 
installation. The desired shop windchest 
pressure is found by multiplying the de-
sired windchest pressure at altitude by the 
inverse ratio of the atmospheric pressures 
at the two locations. This is the formula de-
scribed by Mitchell and Broome.

Pressures of 3 inches and 4 inches 
were required for Opus 133, and the 

of Dr. Raney, the members of the choir, 
and the organ committee, the pursuit 
of our art and our sojourn in Santa Fe 
would not have been half so rewarding 
and enjoyable. 

—Gregory Bover
Project Manager
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Dr. Linda Raney, organist at the First 
Presbyterian Church, Santa Fe

Morgan Faulds Pike carving the columns 
that fl ank the Great Prestant 8′ pipes

Dean Ekmann applies corner 
reinforcement gussets to the wedge 
bellows

Jason Fouser building wooden fl utes

Figure 1. HVAC system of FPC Santa Fe

inverse pressure ratio between Santa 
Fe and sea level is 1/0.77 = 1.3. There-
fore, pre-voicing in the Fisk Gloucester 
shop used pressures of 3.9 inches and 5.2 
inches (water column).

Sensitivity to windchest pressure
During the fi nal stages of voicing in 

Santa Fe, Fisk Opus 133 was perform-
ing very well, but suddenly developed 
signifi cant intonation and sound quality 
problems when the HVAC (heat, venti-
lation, and air conditioning) system for 
the sanctuary switched between its two 
modes of operation. The change result-
ed in an increase of windchest pressure 
from 3 inches to 3¼ inches (water col-
umn). At sea level a change of ¼ inch 
could be accommodated without greatly 
impacting organ tuning and voicing, but 
in Santa Fe such was not the case. This 
sensitivity was not anticipated, but can 
be understood through an examination 
of tone production in organ pipes. In 
both fl ue and reed pipes steady energy 
is supplied through air streams produced 
by the windchest pressure, and a com-
plex mechanism converts this energy 
into oscillating energy (sound).

Flue Pipes
In both a tin whistle and in fl ue pipes, 

production of oscillation, that is, tone, 
is through “edge tone generation.” The 
edge tone frequency depends strongly 
on air velocity through the windway, and 
must resonate with one of the natural 
modes (frequencies) of the pipe; the fun-
damental mode is always chosen. How-
ever, a small change in frequency of the 
edge tone can pull the edge-tone-pipe 
system away from the desired intonation. 
A small change in windchest pressure at 
altitude will result in a larger change in 
velocity (and therefore in pitch) than at 
sea level, due to the reduced density of 
air at altitude. 

Reed pipes
In a reed pipe, air is supplied to the 

boot from the windchest at a pressure 
greater than the pressure in the reso-
nator. This causes air to fl ow under the 
reed (tongue) into the resonator. Oscilla-
tion and therefore tone generation occur 
when very specifi c relationships are met 
among the variables and the stiffness of 
the reed. Both the stiffness and the oscil-
lating length of the reed are set by the 
tuning wire.

The effect of a small change in 
windchest pressure on the frequency of 
a reed pipe is also greater than it is at sea 
level. Furthermore, the operating point 
of the reed, that is, the zero point of its 
oscillation, moves closer to the shallot 
as windchest pressure is increased. This 
may sharpen the onset of each cycle of 
the oscillation, increasing high frequen-
cy content, and, if close enough to the 
shallot, cause the fl ow under the reed to 
become turbulent. Both effects can alter 
the sound quality of the reed pipe.

To summarize this discussion, for 
both reed and fl ue pipes the sensitivity 

to small changes in windchest pressure 
is greater at altitude than at sea level, as 
the Fisk personnel discovered. The solu-
tion to this problem for Opus 133 was to 
gain a better understanding of the Santa 
Fe FPC sanctuary HVAC system and 
take appropriate steps to minimize the 
windchest pressure difference between 
the two operating modes. Figure 1 is a 
schematic of the system. The two modes 
of operation are as follows:

• Recycle mode: Air fl ows from the 
blower room to the sanctuary and is re-
turned through the bellows room to the 
blower room.  Valve R is open and Valve 
FA is closed down to 15%.

• Outside air mode: Outside air 
is brought in to the blower room and 
distributed to the sanctuary, and exits 
through the roof when the sanctuary 
pressure rises above that of the outside. 
The recycle valve is closed and the fresh 
air valve is 70% open.

Cost and environment are the two rea-
sons for two modes of HVAC operation. 
During winter when outside air is well be-
low the desired ambient temperature in 
the sanctuary, the air exchange is limited 
to the 15% required by code for healthy 
fresh air in the sanctuary (corresponding 
to the 15% setting of the fresh air valve). 
A larger percentage of fresh air would 
require more preheating, increasing gas 
costs. During summer when outside air 
is warmer than that desired for the sanc-
tuary, a larger fresh air fraction would in-
crease electric costs for cooling. On the 
other hand, during spring and fall, when 
some cooling is needed and outside air is 
marginally cooler than the desired sanc-
tuary temperature, an increased recycle 
fraction saves cooling costs. Of course, 
environmental concerns track with in-
creased gas and electric costs.

Organ pressure is supplied by the small 
blower in the bellows room and regulat-
ed by the bellows. It was found with a 
simple manometer (U-shaped tube with 
water) that the organ pressure during 
the recycle mode was 3 inches of water 
(that is, water in the manometer rose 3 
inches), and in the outside air mode, the 
organ pressure was 3¼ inches (water col-
umn). The ¼-inch change signifi cantly 
impacted tuning and sound quality. The 
reason for the ¼-inch change was that the 
recycle mode involved a great amount of 
air fl ow in the return ducts through the 
bellows room to the blower room, cre-
ating a pressure drop of ¼ inch in the 
return ducts. In this mode, then, the bel-
lows regulating system had to supply 3¼ 
inches of pressure in order to yield the 
desired 3 inches of windchest pressure. 

When the recycle valve closed to 
change to the fresh air mode of operation, 
the only fl ow in the return duct from the 
sanctuary to the bellows room was the 
much smaller fl ow used by the organ it-
self. Therefore, there was no loss in that 
section of duct, and the bellows room was 
essentially at the same pressure as the 
sanctuary. With the bellows regulation 
system still set at 3¼ inches, the windchest 
pressure became 3¼ inches.

Organ Acoustics at High Altitudes  by James W. Toevs
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Fabry, Inc., Antioch, Illinois
First Presbyterian Church, 
Racine, Wisconsin

Located in one of southeast Wiscon-
sin’s oldest settlements, First Presbyte-
rian Church’s history closely follows that 
of Racine. While Racine was incorporat-
ed as a village in 1841, the group of men 
(and women) that made up the roots of 
the fi rst Presbyterian church gathered in 
1839. The current sanctuary was built in 
1851, and the church recently celebrated 
its 150th anniversary.

There have been a few organs that 
have graced the church. The fi rst organ, 
located in the balcony, a Johnson organ of 
two manuals and 10–20 ranks with an at-
tached console, was installed around the 
late 1880s. Some of the current organ’s 
pipes are from the original installation. 
From then on, history is sketchy, but the 
organ was rebuilt and then relocated to 
the front of the sanctuary in 1935 by 
the Besch Co., a small Milwaukee or-
gan company, and a detached console 
was built. In 1988, R. A. Colby of John-
son City, Tennessee, built a new console 
and updated only the console combina-
tion action to a single-memory system. 
When Fabry, Inc. arrived to assume the 
maintenance of the instrument, in addi-
tion to addressing some easily noticeable 
concerns, the issue of multiple memories 
was brought up.

The church decided to proceed with 
an original plan to work our way from 
division to division releathering the pri-
mary pneumatics. After fi nishing the 
Swell pneumatics, primary and second-
ary double-box primaries, the church 
announced their plans to renovate the 
front of the sanctuary to make the pul-
pit more accessible, allow more room for 
ensembles, and improve the acoustic of 
the room by eliminating the carpet in the 
front third of the room and replacing it 
with hardwood fl oor. 

It was at this time that it became clear 
the console would need new cables, and 
the church elected to have Fabry, Inc. 
install a new Peterson ICS-4000 system 
as well. The console was gutted with 
only the shell and keyboards kept. Com-
pletely new drawknob banks were con-
structed to incorporate the new draw-
knobs with those that were retained. A 
new coupler bracket was built into the 
nameboard as well. During the course 
of the job, we also replaced all of the 
cloth-covered wire, improved chamber 
lighting, installed new expression mo-
tors, and fi nished the primary releather-
ing. The organist’s previously purchased 
Ahlborn-Galanti Romantic MIDI Mod-
ule was seamlessly integrated with the 
Peterson system. The organist now has 
100 memories to play with.

While there are many people involved 
with a job that encompasses many aspects 
and facets that require constant attention, 
Fabry, Inc. had the pleasure to work with 
Jerry Buck, organist at First Presbyte-
rian Church. He kept us up to date with 

scheduling confl icts and questions from 
the church members and committees. 
His attention to our details helped make 
this one job we won’t soon forget.

—Phil Spressart

GREAT
 8′ Principal
 8′ Double Flute
 8′ Viola d’Gamba
 8′ Dulciana
 4′ Octave
 4′ Flute Traverso
 4′ Violin
 2′ Super Octave
  Fourniture IV
 8′ Tuba
  Tremolo
  Chimes
  Zimbelstern
  Great to Great 4
  Great Unison Off
  Great to Great 16

SWELL
 16′ Bourdon
 8′ Stopped Diapason
 8′ Salicional
 8′ Vox Celeste
 4′ Principal
 4′ Flauto
 4′ Fugara
 22⁄3′ Nazard
 2′ Flautino
  Scharff III
 8′ Trumpet
 4′ Klarion
  Harp
  Tremolo
  Swell to Swell 16
  Swell Unison Off
  Swell to Swell 4

CHOIR
 8′ Violin Diapason
 8′ Concert Flute
 8′ Keraulophone
 8′ Unda Maris
 4′ Flute
 22⁄3′ Twelfth
 8′ French Horn
 8′ Krummhorn
  Tremolo
  Choir Unison Off
  Choir to Choir 4

PEDAL
 32′ Acoustic
 32′ Resultant
 16′ Double Open Diapason
 16′ Subbass
 16′ Gedeckt
 8′ Octave
 8′ Bass Flute
 32′ Contra Fagotto
 16′ Fagotto

Swell to Great 16, 8, 4
Choir to Great 16, 8, 4
Pedal to Great 8
MIDI to Great
Great to Pedal 8, 4
Swell to Pedal 8, 4
Choir to Pedal 8, 4
MIDI to Pedal
Swell to Choir 8, 4
MIDI to Choir
Choir to Swell 8
MIDI to Swell

Gt/Ch Manual Transfer

Sound Absorption in Air at 72°F

 Frequency, Hz Relative Humidity Attenuation, dB/km Attenuation, dB/km
   Sea Level (0 feet)  Santa Fe, NM (7,000 feet)
 110 50% 0.33 0.50
 110 10% 0.70 0.73
 440 50% 2.60 2.40
 440 10% 3.20 4.90
 1000 50% 5.00 4.90
 1000 10% 13.00 20.00
 4000 50% 28.00 43.00
 4000 10% 113.00 100.00

Table 1.  Sound absorption at different altitudes for various frequencies and values 
of relative humidity

During this time, the main HVAC 
blower was operating at 100% capacity 
(60 Hz) even though the blower system 
included a variable speed control. The 
following experiment was performed: the 
variable speed control was set to reduce 
the blower speed to 2/3 of full capacity 
(40 Hz), and the pressure differential be-
tween the sanctuary and the blower room 
was measured for both modes of opera-
tion—recycle with 15% air exchange and 
fresh air with 70% air exchange. The 
only change from the original HVAC set-
tings is that the blower now operates at a 
lower speed. It was found that the pres-
sure differential at 15% air exchange was 
1⁄8 inch, and at 70% air exchange (recycle 
valve closed) was 1⁄16 inch. As expected, 
with the organ operating with the bel-
lows regulating system set at 3¼ inches, 
the organ pressure was 33⁄8 inches at 15% 
air exchange (recycle mode) and 35⁄16 
inches at 70% air exchange.

The bellows regulating system is now 
set at 31⁄16 inches, yielding an organ-to-
sanctuary pressure of 3 or 31⁄16 inches 
in the two modes of operation—a dif-
ference of 1⁄16 inch, small enough that 
tuning is now not adversely affected. In 
addition, HVAC noise has been greatly 
reduced, and the air circulation in the 
sanctuary, while quite adequate, is less 
drafty for those sitting in the ends of 
pews near the walls, where the supply air 
vents are located.

Sanctuary acoustics
FPC Santa Fe underwent major reno-

vation before Fisk Opus 133 was installed. 
This included considerable acoustic work 
in the sanctuary to prepare it for this fi ne 
instrument; much of the focus was on 
steps to increase the reverberation time. 
The chancel has diamond plaster side 
walls, which diverge slightly to help sound 
radiate into the sanctuary. The sanctuary 
has hardwood fl oors with minimal car-
peting, hard plaster walls, and hardwood 
pews with reasonably refl ective pew cush-
ions. The ceiling was rebuilt with heavy 
plywood above latillas, and fi ne sand one 
foot deep was poured onto the plywood 
to help contain low frequencies from the 
organ. Although the reverberation time 
has not been measured, it is estimated to 
be about 1.5–2.2 seconds.

In addition to sound energy absorp-
tion each time a sound wave encoun-
ters a surface, sound energy can be lost 
through absorption in air. Absorption in 
air is a rather complex phenomenon in-
volving molecular dynamics, and it varies 
with air density and relative humidity in 
a manner that is counterintuitive: thin, 
dry air attenuates sound more than 
thick, wet air. Furthermore, the attenu-
ation varies with frequency. Table 1 pro-
vides values for attenuation at different 
frequencies for sea level and the Santa 
Fe altitude and for 10% and 50% rela-

tive humidity. Notice that absorption is 
greater at low humidity, high altitude, 
and higher frequency. At high altitude 
air is thinner and can hold less moisture; 
relative humidity of 12%–15% is not un-
usual on summer days in Santa Fe. To 
mitigate against the drying effects on or-
gan components, a humidifying system 
is used to maintain relative humidity at 
around 40%; this also helps to reduce air 
absorption at higher frequencies. 

In Table 1, the sound absorption is 
given in decibels per kilometer, which 
is just a little farther than sound travels 
during a reverberation time of 2.2 sec-
onds. Figure 2 provides a plot of these 
attenuation data at sea level and in Santa 
Fe at 50% relative humidity.

Clearly, the attenuation is greater at 
high altitude and high frequency. How-
ever, to understand whether or not this 
will impact the sound of the organ in the 
sanctuary, the attenuation must be com-
pared with reverberation decay, the de-
cay in sound energy due to refl ection off 
surfaces. This comparison showed that 
at 4 kHz, the air attenuation at sea level 
would be barely noticeable if at all, and 
would be completely negligible at lower 
frequencies. In Santa Fe a very astute 
listener might notice the lack of high 
frequency components after initial tran-
sients on a very dry day, but otherwise 
the sanctuary acoustics should be little 
affected by the high altitude.

Conclusion
The differences in organ acoustics and 

operation between sea level locations and 
Santa Fe are real and observable, but not 
severe. Judicious choices of windchest 
pressure for pre-voicing and voicing and 
better understanding of the HVAC sys-
tem both have contributed to a very suc-
cessful installation: Fisk Opus 133 is now 
performing regularly and brilliantly. It is 
hoped that these observations will serve 
others who choose to install a fi ne organ 
at similar altitudes. ■

Jim Toevs has a doctorate in nuclear astro-
physics. While a professor at Hope College, he 
taught and consulted in acoustics. A musician, 
for 20 years he was the principal trumpet in 
the Los Alamos (NM) Symphony Orchestra 
and has sung in and directed church choirs.

Notes
 1. Editor’s note: A more detailed version 
of this article, including equations, is available 
on The Diapason website. See the “Learn 
More!” for this article (www.TheDiapason.
com).
 2. “Voicing for Higher Altitudes,” Freder-
ick L. Mitchell and David A. J. Broome, The 
American Organist, Vol. 13, No. 8, August 
1979, page 23. Since atmospheric density is 
greater in the sea-level Fisk Gloucester shop, 
windchest pressure had to be increased dur-
ing pre-voicing to keep blower output velocity 
the same as in Santa Fe.

Figure 2. Sound attenuation in decibels/kilometer versus frequency at 50% relative 
humidity for sea level and Santa Fe, NM (7,000 feet).  One kilometer is 3,281 feet.
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