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F O R E W O R D

This work is primarily an architectural overview of the 
current trends in large observatory design.

The type of observatory that is basically considered for 
discussion here are buildings designed to house ground-based 
optical telescopes of a large size, those with apertures of 
2.0 meters or larger.

Although most requirements may be similar for other 
types of observatories (solar or infrared, for instance) 
it might be necessary to consider other factors and 
the importance of them should be weighted against those 
mentioned here.

As each project is unique because the conditions greatly 
vary from one to another, the project is expected to be 
somewhat different from a proposed standard design. This 
work does not intend to give specific solutions but merely 
tries to expose some of the different trends in design that 
now exist. It is by no means a complete listing of the 
concepts that have been or will be used. It is certain that 
in the future, with the development of more sophisticated and 
complex equipment, it will be necessary for buildings to meet 
very special requirements we now cannot imagine.
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In this very special type of project the architect 
might consider some of the concepts presented here as well as 
search for new solutions and find new applications for old 
ideas.

If this work serves as a guide to those interested in 
the realm of observatories, it will have fullfilled its 
purpose.
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I INTRODUCTION

The last two decades have seen the rise of new 
technology both in the design and in the construction of 
telescopes and their housing. The classical image of an 
observatory as an old, venerated building with a round dome 
in a respectable university has been replaced by that of a 
much larger metallic enclosure at the top of a mountain far 
from all human development.

Not too many years ago few people would have imagined 
that in their near future there could be five-story buildings 
that could be moved by just pressing a button. The implicit 
law that established architecture as a fixed-to-the-ground 
activity has been broken. And not only has this law been 
shattered but many others: Architecture has merged so 
thoroughly with technology that it is impossible to 
differentiate the limits of one from the other. In a way, 
this type of buildings are partly responsible for the change 
of image of conventional design to that of a high-technology 
Architecture.

It took more than twenty years to bring the Palomar 200- 
inch telescope from the first study phase to completion. The 
concept of a European telescope in the southern hemisphere 
preceded the installation of the 3.6 m at La Silla by 23 
years. For the former, the war years may have caused delays, 
and for the latter, the time-consuming process of setting up 
an effective European collaboration. Nevertheless, it is 
clear that it is not too soon to begin considering what 
telescopes will be needed in the last two decades of this 
century.

To put the matter in its proper context, let us first 
see what optical telescopes of 1.5 m of aperture or more have 
been or are in the process of becomming completed. Figure 1.1 
plots the number of telescopes of a specific aperture versus 
the year of completion up to the year 1980. Until 1950 the 
three large telescopes built at Hale's initiative provided a 
rapid increase in maximum collecting area per telescope. 
Subsequently, however, the goals of most telescope makers 
have become more modest, and while at least six telescopes 
have been or are being added in the four meter class, only 
one attempt at a larger telescope has been made.
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2 .5 - -

1.6 - ■

FIGURE 1.1. Aperture In meters of optical telescopes vs. year of completion.
Telescopes designed primarily for observing infrared regions with 
relaxed specifications, the MMT, and projects which were not 
completed by 1980, were not included. (From W oltjer, 1978).

32 - -

16 - -

FIGURE 1.2. Estimate of the effective aperture of the largest telescopes as 

a function of epoch. In determining the effective aperture, the 
detector efficiency normalized to 1948 has been taken into 
account. (From Woltjer , 1978 ).
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This picture, however, is quite deceptive. The 
efficiency of light detectors has increased spectacularly, 
especially over the last two decades. As a result, the 
capability of telescopes for collecting weak light fluxes has 
very much increased. In Figure 1.2 the change of the 
"effective aperture" ( derived from the product of collecting 
area and detector efficiency) is indicated for the largest 
telescopes.

Of course, the figure is only impressionistic, since 
photographic detectors with their threshold effects cannot be 
properly described by only one efficiency factor.
Nevertheless, the picture is clear. There has not been much 
pressure for larger telescopes because the effective light 
gathering power of the largest telescopes has been increasing 
quite fast. By the same token the total light gathering 
power of all large telescopes has been increasing much faster 
than would follow from a plot of integrated aperture versus 
time.

Presently available detectors reach efficiencies of up 
to 20-50 percent at some optical wavelengths. It is clear, 
therefore, that the present phase of development must be 
coming to an end. Future increases in light gathering power 
will again have to come from increases in the collecting 
area, and the time has come to consider the possibility of 
telescopes substantially larger than the present ones.

Architecture is not excluded from these changes. New 
designs will have to be built, new requirements will have to 
be met, and Architecture plays a major role in their 
development. This is an attempt to enter the fascinating 
world of these magnificent buildings.
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II. ASTRONOMICAL OBSERVATORIES t TYPES AND CONSTRAINTS

Observatories are unique buildings. They are unusual in 
the sense that their functions are very different from 
buildings which were designed for everyday activities and 
that we know from common experience. This is probably the 
reason why there has been some kind of special appeal for 
them all through history: times may change but the basic
lure for the skies still attracts Man.

A. TYPES OF OBSERVATORIES.

An observatory is a place where a group of scientists 
make regular observations. There can be many types of 
observations, and in the same way, there can be several kinds 
of observatories.

Some of them have telescopes and their main interest is 
directed towards Astronomy, but there are several other 
kinds: meteorological, for weather observations; auroral, to 
watch northern and southern light near the Earth's poles; 
seismic, to record earthquakes; military, to detect aircraft 
and long range missiles; radar installations to track 
satellites, etc.

B. TYPES OF ASTRONOMICAL OBSERVATORIES.

Our main interest, however, lies in the astronomical 
observatory. This could also be classified into different 
groups according to certain characteristics: design, date of 
completion, location, wavelength at which observations are 
primarily performed, etc. Usually observatories are referred 
to as to their location and their basic wavelength reach.

Table II. 1 shows how observatories can be classified by 
the wavelength of their observing window and their view of 
it. Each has specific requirements that may differ from one 
to the other, but they also have some common characteristics 
that are common to some or all of them.
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TABLE II. 1
TYPES OF ASTRONOMICAL OBSERVATORIES ACCORDING TO THEIR 

BASIC WORKING WAVELENGTH.

A. Optical. (300 to 700 nm) [1]
1. Solar.
2. Deep sky.
3• Positioning and catalogue compiling.
4. Time keeping.
5. Wide field (comets, meteor showers, etc.)

B. Radio wavelengths.
C. Infrared.
D. X-Ray.
E. Cosmic Rays.
F. Gravitational waves.

Appendix "A" gives a brief description of 
electromagnetic radiation and its spectrum, as well as some 
absorption capabilities of the atmosphere.

In the present work we will deal basically with the need 
and the trends in design and construction of optical 
telescope enclosures, that is, those housing instruments that 
have as their primary interest the visible range of the 
electromagnetic spectrum (wavelengths between 300 and 700 
nm).

But classifying observatories according to their basic 
working wavelength is not the only way to consider them.
Table II.2 gives the types of observatories selected 
according to their location. The basic groups are determined 
by their placement within or outside the Earth's atmosphere. 
This of course, allows us to talk about, for instance, a 
ground-based observatory at the same time that it is 
classified as an optical observatory by another type of 
criterion.
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TABLE II.2
TYPES OF ASTRONOMICAL OBSERVATORIES CLASSIFIED 

ACCORDING TO THEIR GENERAL LOCATION.

A. Terrestrial (those within the Earth's
atmosphere).

1. Ground-based.
a. Island.
b. Coastal.
c. Inland.

2. Airborne.
a. Balloons.
b. Aircraft.

B. Space Observatories (those outside the
Earth's atmosphere)

1. Orbiting.
2. Planetary or satellite based.
3. Space probes.

1. TERRESTRIAL OBSERVATORIES.

Terrestrial observatories are those located within the 
Earth's atmosphere, being either ground-based or airborne. 
Both are greatly influenced by the atmosphere which creates, 
much to the astronomer's sorrow, problems of decreasing 
sharpness of the incoming image, reduction of the apparent 
brightness of the object, and lessening of the wavelength 
range within which observations are possible.

Due to the refractive, absorbing, and scattering 
properties of the atmosphere, these effects are present even 
on the clearest nights. In addition, general meteorological 
conditions such as cloudiness, wind, high humidity or
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extremely low temperatures, further impair or prevent the 
operation of the astronomical equipment.

These effects can be avoided or reduced by placing the 
equipment above most or all of the atmosphere. This 
technique is used by launching balloon-borne instruments to 
record scientific data, and more recently, aircraft carrying 
equipment. The Kuiper Airborne Observatory is one of these. 
It is a reconverted jet plane in which special doors have 
been cut, like the slit of an observatory dome, to allow a 
36-inch telescope mounted inside to look out from flight at 
40,000 ft, gaining some of the advantages of space observing. 
This airborne observatory achieved considerable publicity in 
1977 when astronomers aboard used it to unexpectedly discover 
the rings of Uranus.

2. SPACE OBSERVATORIES.

Space observatories can be considered those located 
outside the Earth's atmosphere, being either orbiting or 
located in a planet or satellite.

Space telescopes have the great advantage of reducing or 
totally eliminating the constraints of ground based optical 
observatories. It is surprising to realize that the idea of 
the space telescope goes back to at least six decades when 
Herman Oberth (1923), the rocket pioneer, pointed out the 
advantages of such an instrument. His perception was 
visionary, for almost none of the technology existed then.

A few years later, in the United States, Lyman Spltzer, 
working at Princeton University, began his work on space 
telescopes. He published a report, originally classified, 
that not only gave the advantages of space environment, but 
even listed scientific problems that could be addressed (1946).

As bigger rockets became available in response to 
pressures of the "cold war", the potential for space 
astronomy became greater, and by the time the National 
Aeronautics and Space Administration (NASA) was formed, it 
was clear to at least a few visionary scientists that 
astronomy should be part of the science program of this agency.
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Finally, after many meetings and proposals, the space 
telescope became ready for NASA's design and development 
phase in 1977, and after almost a decade, it should be 
launched sometime during the second half of the 1980s.

If the orbiting space observatories provide great 
advantages over terrestrial instruments, they also have their 
drawbacks: they are far to be reached, placed, controlled, 
maintained and repaired with relative ease. The space 
telescope remains a comparatively small telescope. 
Consequently, when somewhat more detailed spectral studies or 
rather faint objects are aimed for, a large ground-based 
instrument would be superior.

C. CONSTRAINTS ON GROUND-BASED OPTICAL TELESCOPES.

There are three ways of measuring the performance of an 
optical telescope: its ability to image, its ability to 
detect faint objects, and its wavelength coverage.

The first of these determining factors, imaging, is 
characterized by the intention to achieve the best image 
quality and by the usable field of view. Usually the best 
images are found at the center of the field. The theoretical 
limit to the image quality of a telescope is set by the 
diffraction of the light passing through the principal 
aperture. Rayleigh showed that the limiting quality image is 
characterized by a central image core of diameter 2.44 L/D 
radius, where L is the wavelength and the D the diameter of 
the aperture, surrounded by successive fainter and larger 
rings of light.

The perfect limit 
arbitrarily set at the 
first dark ring of one 
other.

to the resolution of two stars is 
condition 1.22 L/D radians, where the 
falls under the central image of the

Although these computations are helpful, they are 
usually never met in practice: the atmosphere imposes 
limitations long before perfect resolution is reached.

Detection of faint objects is primarily a question of 
signal to noise. A fixed efficiency system with a constant 
sky brightness will improve linearly with decreasing image 
size and only linearly with increasing aperture.
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This last conclusion is interesting: it means that the 
larger the telescope, the fainter the objects it can record. 
Since most of the time fainter images mean that objects are 
farther away, we can safely assume that a larger telescope 
will be able to see more distant objects.

"Astronomical seeing", or frequently just called 
"seeing", is an extremely important limit on ground-based 
telescopes. It is the great equalizer: it essentially brings 
the giant down to the level of the dwarf. It has driven the 
astronomer to the mountain tops in search of better observing 
conditions. Seeing, it is often said, is always present and 
seems to be at its best at a given site just before the fist 
large telescope is completed.

It is easy to understand what determines the quality of 
seeing. As we look out through the Earth's atmosphere, a 
line of sight to a point source (for instance, a star), 
passes through many inhomogeneities of temperature, pressure, 
and most important, index of refraction. Figure 2.1 shows the 
thermal structure of the atmosphere up to a height of about 
110 km. The great variation of temperatures with altitude 
can clearly be seen.

This means that a ray coming from a star to an observer 
undergoes a random-walk process and when it reaches the 
objective of the telescope it will appear to have come from a 
slightly different direction than is really the case. When 
the aperture is much smaller than the inhomogeneities, or 
what is generally called "seeing cells", the image of the 
star will be as small as the telescope allows through its 
size and quality, but will move about as the seeing cells 
change position. The human eye is an example of such a small 
telescope and this is why stars twinkle, since sometimes the 
star images are moved completely off the eyes's pupil.

The fact that seeing also depends upon zenith distance 
is also obvious to the naked eye, as twinkling increases 
rapidly towards the horizon, since the atmosphere is thicker 
and the number of seeing cells is increased (see Figure 2.2).

In large telescopes, seeing manifests itself in a 
different, more serious fashion. When the telescope aperture 
is significantly larger than one meter, which is
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characteristic of the seeing cell size, the star's image is 
composed of many images or speckles. Each speckle is a sharp 
image of a quality determined by the telescope. The problem 
is that there are so many such speckle images, each faint and 
moving, so that time exposures average the speckles out into 
a non-moving but fixed direction image called seeing disc 
(see Figure 2.3).

The size of the seeing disc varies with time at any 
given site and the best and average conditions vary between 
sites. Since the seeing disc size is just as important as 
the aperture in detection of faint objects, it is not 
surprising that observatories should be located at the best 
seeing sites, even if they are remote.

Figure 2.4 gives the relative occurrence of images of 
different size with the Hale Telescope (200-inch) at Palomar 
Mountain, California. This is not one of the best sites for 
seeing, but it is characteristic. What we see is that a 
variety of conditions is found and the most common value is 
about 2 seconds of arc. Sometimes it is appreciably better, 
but other times it is so much worse that observation stops.

Figure 2.5 shows the percentage of observing nights with 
seeing equal or less than two seconds of arc for the Cerro 
Tololo Inter-American Observatory from data obtained from two 
years of observation from sigma octantis trails by Walker (1981).

This fundamental limit is placed on all large telescopes 
and means that the gains achieved by increasing the aperture 
are only linear, while the construction costs vary at a much 
larger power (for a more detailed discussion of costs, refer 
to Chapter XXIII).

Construction of even larger ground-based telescopes is 
certainly worthwhile, and the thrust of the efforts is to 
keep the cost of instruments and their housings from 
increasing dramatically with aperture size. However, the 
performance advantage lies in observatories in space, for a 
system like the Space Telescope will produce images some ten 
times better than those the Earth allows. When new 
technology is developed for ground-based telescopes, it can 
also be applied to space observatories.
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F I G U R E  2 . 4

Seeing disk size for the Palomor 200-inch telescope. 
(Beckers, 1961)

91

d ' F M A M J J A S O N D  
F I G U R E  2 . 3

P e r c e n t a g e  of nights with seeing = 2 ."0 at Cerro Tololo 

Inter-Am erican Observatory In Chile. (Data from 2 years of 
observations: Walker, 1971, P.A.S.P. 83  , 401 ).
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The new field of speckle imaging promises very high 
angular resolution from the ground through high time 
resolution of images followed by data processing of each 
speckle and superimposing them onto a single, composite 
image. There is much room for growth in this technique, but 
practical limits will keep this approach from being used for 
faint sources.

Geography affects the usefulness of a given site in ways 
beyond the seeing. Sites away from the equator usually have 
weather patterns of rainy and dry seasons. Sometimes they 
can be out of phase with the seasonal change of length of the 
nights. Southern California, for instance, has its clear 
season in the summer, when the nights are shortest.

All sites are affected by the lunar cycle. The 
brightness is increased about 25 times at full moon, which 
means that the observing programs are often tailored around 
this reduction of observing capability. Traditionally, the 
bright sky period near the full moon has been the time for 
high resolution spectroscopy, where the sky brightness is not 
an important factor.

The refraction of light through even a perfectly 
quiescent atmosphere limits the observations through two 
effects: (1) chromatic and (2) differential aberration. The 
amount of refraction is greater for shorter wavelengths. The 
difference in refraction is one half second of arc between 
the blue and yellow at 30 degrees zenith distance and 
increases rapidly from there. This distortion is 
superimposed on the seeing disc. Differential refraction is 
the second-order effect due to differences across the field 
of view. One half arc second degradation of images occurs 
across 1/3 field of view over a range of distance from the 
zenith to 50 degrees. This effectively limits the 
observations to about four hours.

D. NON-OPTICAL ASTRONOMY.

The first half of the twentieth century saw the coming 
of a change in astronomical research. The opening of new 
windows in the electromagnetic spectrum (briefly described in 
Appendix "A"), set Astronomy at the forefront of science.
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Before the 1930s recorded information was only available in 
the optical wavelengths and although radioastronomy was born 
at this time it was not until after World War II that it 
actually developed.

Figure 2.6 shows a simplified picture of the wavelengths 
that are of special interest to Astronomy. There are only 
two parts of the spectrum that are transparent to external 
radiation, the optical and part of the radio windows. The 
optical window ranges from about 300 to 700 nanometers, while 
radio waves can be observed from the ground over a range of 
wavelengths from a few millimeters to several meters.

But besides the optical and the radio waves that we can 
observe, there are far more types of radiation throughout the 
spectrum. Some of these regions are highly attenuated by the 
atmosphere, but some can be studied if suitable equipment and 
proper conditions are present.

Although the purpose of this report is mainly focused on 
the characteristics involved in the observation within the 
optical wavelengths, we will briefly summarize some of the 
features of non-optical Astronomy.

1 . THE RADIO WINDOW.

The technique of making astronomical observations at 
radio wavelengths developed rapidly after the last World War, 
especially in countries like. Australia, the Netherlands, 
England, and the United States. The radio waves we receive 
from space are those that can pass through the ionized layer 
of the atmosphere, those with wavelengths in the range from 
few millimeters to about 20 meters.

Since radio waves are reflected by conducting surfaces 
just as light is reflected from an optically shiny surface, 
radio reflecting telescopes can be built. They basically 
consist of a parabolic reflector, analogous to a telescope 
mirror. One advantage of observations at radio wavelengths 
is that some atmospheric effects that limit optical astronomy 
are not bothersome. In particular, radio observations are 
not affected by atmospheric seeing, they are less limited by 
weather and optical sky brightness, and at some wavelengths 
observing can even be done during the entire 24 hours. Man
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made interference is a serious problem. Interference from 
terrestrial radio transmitters poses a threat to radio 
astronomy: at present the invasion of more and more channels 
by larger numbers of higher-powered transmitters jeopardizes 
the future of ground-based radio observations.

2. INFRARED ASTRONOMY.

Infrared radiation with wavelengths less than about 2.5 
microns, the near infrared, is adjacent to the optical 
spectrum. Oxygen, nitrogen, and argon in the Earth's 
atmosphere are almost transparent to infrared radiation, but 
water vapor and carbon dioxide strongly absorb in certain 
spectral regions.

Most of the intermediate infrared radiation, from 2.5 
microns to 50 microns, does not penetrate the atmosphere 
to sea level: both water vapor and carbon dioxide combine 
strongly to prevent this type of radiation from reaching the 
ground. Ground-based observatories centered in the 
intermediate infrared are best located at high mountain 
sites, which lie at elevations above most of the absorbing water vapor.

The far infrared extends from 50 to about 1000 microns 
(1 mm) which overlaps the microwave radio region. There are 
some clear atmospheric windows in the infrared, although some 
gaps have to be filled by observation done above the 
atmosphere.

Infrared telescopes are essentially the same as optical 
reflecting telescopes. They have to be reflective systems 
since the far infrared cannot be focused with glass lenses. 
There are some differences, however, between infrared and 
optical observations. Typical temperatures on earth are 
close to 300 degrees Kelvin, which means that the earth and 
everything warm around it —  the telescope, the dome, the 
astronomer himself-- are radiating infrared radiation with a 
peak wavelength of about 10 microns, so that to infrared eyes 
everything is bright. Telescopes intended especially for 
infrared observations are designed to greatly reduce the 
radiation originating from them.
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Hear the microwave frequencies, infrared observations 
are limited by radiation from the air, therefore it is 
desirable to get above as much of the atmosphere as possible.

Today, when very large optical astronomical telescopes 
are planned and built, their potential for work in the 
infrared is also considered.

3. THE SHORTWAVE REGION.

Although the atmosphere is transparent to the optical 
and some parts of the radio frequencies, it is opaque to 
electromagnetic radiation of wavelengths smaller than 300 nra. 
In this range, which we call the shortwave region, we find 
three basic groups of radiation:

a. Ultraviolet.
b. X-Rays.
c. Gamma Rays.

Since the atmosphere blocks out most of these types of 
radiation, observation in these wavelengths can only be made from space.

Ultraviolet telescopes are similar to optical 
telescopes, except that their optical surfaces need special 
coatings that have high ultraviolet reflectivity, and of 
course, the telescopes should be taken outside of the 
atmosphere.

X-ray radiation has no special feature that 
distinguishes it from ultraviolet, except that the 
wavelengths are less than 100 to 120 Angstroms (10 to 12 nm). 
The shorter the wavelength, the higher the energy of the 
photons, so that X-ray and gamma ray astronomers often speak 
of the energies of the photons they observe rather than their 
wavelengths. Those of lower energy are called "soft" X-rays, 
and those with a higher energy (shorter wavelength), "hard" 
X-rays. Radio waves are characteristic of the energy emitted
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from cold bodies, while Infrared, visible, and ultraviolet 
are characteristic of that from hot bodies of temperatures 
from 1000 to 100,000 degrees Kelvin ( characteristic 
temperatures of the ones we encounter in the surfaces of the 
stars). X-rays are emitted from gas at very high 
temperatures, 10 exp(7) to 10 exp(9) degrees Kelvin. Thus in 
different spectral regions we observe parts of the universe 
that are at different temperatures.

X-Ray astronomy has had a rapid growth in the last few 
years. Table II. 1 shows the number of American scientists 
alive in 1975 writing articles in X-ray astronomy ( 1962- 
1972). Three indicators document the field's rapid growth: 
the first concerns "research activity", which simply reflects 
the number or papers written by scientists on X-ray topics. 
Presumably, if scientists published a large number of 
articles, they performed a healthy amount of innovative work. 
The second indicator describes the number of people 
conducting studies in the research community, while the final 
indicator describes the growth of X-ray astronomers relative 
to the total number of astronomers in the community.

Gamma rays were first discovered among the radiation 
emitted during the decay or radioactive elements. Although 
this gamma radiation is of far higher energy than that of 
common X-rays, there is no gap in the electromagnetic 
spectrum. In fact, physicists sometimes call the same kind 
of photons by different names, X-rays or gamma rays, 
according to their origin. There are cosmic sources of 
electromagnetic radiation of all energies, so astronomers 
tend to call all photons of high energy gamma rays. The 
boundary between X-rays is, of course, arbitrary, but is 
usually taken as about 0.1 Angstrom.
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TABLE II.1
NUMBER OF AMERICAN SCIENTISTS ALIVE IN 1975 WRITING 

ARTICLES IN X-RAY ASTRONOMY 1962-1972.

YEAR TOTAL
PAPERS

NUMBER 
OF X-RAY 

ASTRONOMERS
TOTAL 
NUMBER OF 
ASTRONOMERS

PERCENTAGE 
OF X-RAY 

ASTRONOMERS TO 
TOTAL

1962 1 4 507 0.8
1963 6 8 571 1.4
1964 23 7 665 1 . 1
1965 31 21 746 2.8
1966 62 30 878 3.4
1967 85 45 925 4.9
1968 98 70 1120 6.3
1969 150 84 1220 6.9
1970 196 89 1303 6.8
1971 212 98 1406 7.0
1972 311 170 1518 11.2

Data compiled from Astro'nomischer Jahresbericht (Berlin: 
published annually between 1962 and 1968) and Astronomy and 
Astrophysics Abstracts (Berlin: published biennially between 19%9 and 1972).
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III. HISTORICAL OVERVIEW OF OBSERVATORIES.

A. THE BEGINNINGS. THE NINETEENTH CENTURY. 
STIMULUS AND INCENTIVES.

Just as the stars have always inspired awe and wonder to 
man, the places that have been set aside to observe the sky 
have attracted people to them.

When telescopes first came into use in Astronomy, 
observatories, as such, were not immediately needed.
Galileo's instrument was small enough that a balcony would 
suffice. Similarly, Isaac Newton (who invented the newtonian 
reflecting telescope, forerunner of today's giant 
telescopes), could place it in a small table for use.

It was only when telescopes became awkwardly large and 
unportable that special places to house them became 
necessary. Early in the 1800s, the notion that specially 
designed buildings to protect the instruments were required, 
began to be accepted. By mid-century several observatories 
of basically modern design had been built, including those 
with metal or wooden round domes. As telescopes of larger 
and larger dimensions were built, the basic observatory 
design was simply extended to fit. During this time and up 
to the early twentieth century, the refractor telescope [1] 
remained the preferred instrument of the professional 
astronomer. Its size was naturally increasing as time passed 
and grinding and polishing methods evolved. From 1824 to 
1927 the size of the lenses increased around one centimeter 
per year (see Figure 3.1).

Not only telescopes increased in size but also in 
number. A new continent was destined to be the center of 
development for astronomical instruments for the years to 
come.

The stimulus which led to observatory building in 
America came from three sources:
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a. The first was a desire to observe astronomical occurrences 
and to do research work. Several celestial phenomena 
aroused scientific interest. A transit of Venus had 
occurred in 1769 and expeditions were sent long distances 
to observe it. In 1833 came a brilliant display of the 
Leonid meteor shower and everyone was looking forward with 
eagerness to the return of Halley's Comet in 1835.

b. In the second place, the needs for surveying on a large 
scale brought Astronomy into prominence. No sooner had the 
early colonists come to America than boundary disputes 
arose everywhere. To settle these disputes and to fix 
with accuracy the boundaries between the colonies, 
surveying on a large scale had to be done. This required 
the determination of latitude, longitude, time, and 
azimuth by astronomical methods and essentially with 
astronomical instruments. It was said in those days that 
a mathematician or an astronomer could not earn his living 
without being either a surveyor or a clock-maker, or both. 
Sometimes not only was a good support provided for the 
instrument but a shed or tent may have been placed over 
it. It might be claimed in those cases that a small 
temporary astronomical observatory had been set up.

c. In the third place, the needs of navigation stimulated the 
building of observatories. The determination of latitude 
at sea in the early part of the eighteenth century was not 
very difficult. The observation of the meridian altitude 
of some heavenly body by means of a cross staff or a crude 
early sextant would determine the latitude with fair 
accuracy. The determination of the longitude was, 
however, extremely difficult. The two rival methods were 
by means of carrying a time keeper or by means of lunar 
distances and neither method was accurate or satisfactory. 
On land, the eclipses of Jupiter, the occultation of stars 
by the Moon, and the time of occurrence of lunar eclipses 
could also be used with far greater accuracy. Before the 
invention of the telegraph these were, in fact, the five 
methods for determining longitude. After the invention of 
the chronometer by John Harrison in 1761, the method of 
determining the longitude at sea by means of lunar 
distances gradually fell out of use leaving the 
chronometer method supreme. The determination of time is 
necessary for the chronometer method since the chronometer 
must be carefully rated, and the best method of 
determining time was then by means of a transit instrument 
and a good clock located in an observatory.
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By the end of the nineteenth century the largest 
telescopes were immense refractors with long enough focal 
lengths to require giant domes, some as much as 50 feet in 
diameter. Until then, however, the astronomical community 
had not experienced the growth that was about to come during 
the present century.

The great increase of astronomical facilities in the 
twentieth century was largely due to the development provided 
by three types of institutions that were able to support, 
both culturally and economically, the establishment of new 
instruments and their respective housing. The universities 
and educational institutions, the private foundations, and 
the government observatories were largely responsible for 
this great increase in instrumentation and telescope 
envelopes.

B. THE TWENTIETH CENTURY.

1. University Observatories.

At the beginning of this century the more advanced 
countries usually had one large government observatory, 
staffed with 10 to 20 scientists and assistants, often even 
fewer. Principal universities in Germany, France, Russia, 
England, and the United States, usually provided one chair of 
Astronomy, which meant, of course, only one regular 
professorship. Many universities employed one or two 
additional astronomers as assistant professors or 
instructors; they were expected to teach some of the required 
courses but rarely were given the time to conduct research.

Unless the professor could secure economic support from 
private sources, he had few if any assistants and computers. 
Budgets in university observatories, always small, were 
usually insufficient for maintenance and proper care of the 
instrument. Observatory libraries existed mainly through the 
world wide exchange of publications among the observatories, 
and funds for the publication of research rarely were 
provided on a continuing basis. Until around 1925, the 
library budget of a typical university observatory was about 
$ 50.00 per year, not even enough for subscriptions to the 
few available periodicals. They usually managed to get them 
only because the observatory directors normally donated 
publications acquired for their personal use.
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Since most astronomers were trained in observational 
work, upon their appointment as professors they usually 
attempted to secure university funds to obtain a modern 
observational instrument, which almost invariably remained in 
use for half a century or more.

They could not get appropriations for additional modern 
equipment other than small auxiliary attachments. Students, 
therefore, were compelled to develop interests related to the 
instrumentation available at their universities. Special 
interests could only be pursued by obtaining a fellowship or 
other form of grant to enable the young astronomer to go to a 
national observatory—  perhaps Pulkovo in Russia, Paris in 
France, or Greenwich in England, observatories established to 
investigate navigational and geodesic problems but that were, 
around 1900, expanding into other fields.

2. Privately Endowed Observatories.

In addition to the many small university astronomy 
departments, a few relatively large observatories were built 
around the turn of the century. These larger facilities can 
be attributed to the mid-nineteenth century rise of 
capitalism in the Western World. Wealthy persons, honoring 
institutions in the cities where they lived or had been born, 
created such outstanding facilities as Lick and Yerkes 
Observatories in the United States.

J. Lick, a Pennsylvania born piano and organ maker who 
amassed his fortune through real-state speculation during the 
Gold Rush, gave the funds for the construction of the Lick 
Observatory to the University of California around 1875. 
Similarly the name of C.T. Yerkes, a Chicago streetcar 
magnate, will be remembered for the considerable sums he 
donated to the University of Chicago for a large telescope 
and subsidiary buildings and instruments. It is, in fact, 
Yerkes Observatory that has a 40-inch refractor, largest 
instrument of its kind in the world.

Mount Wilson Observatory, started by the Carnegie 
Institution of Washington, acquired its 100-inch telescope 
through funds that were a gift from J.D.Hooker, a Los Angeles 
businessman. A wide spread of interest created in New 
England by the appearance of a bright comet was partially 
responsible for the founding of the Harvard Observatory in 
1839, but its instruments too were paid for by a few wealthy 
individuals.
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The last observatories built with private or foundation 
funds were the McDonald Observatory of the University of 
Texas, whose 82-inch reflector was completed in 1939, and 
Palomar Observatory in California, built around 1947-48, and 
financed by the Rockefeller Foundation.

In Europe neither capitalism nor the consequent 
philanthropy achieved the peaks they did in the United 
States. Still, a private foundation created the observatory 
at Nice in France, and the Simeis Observatory in the Crimea, 
Russia, opened about 1909 as a private observatory. This 
later was given to the Pulkovo Observatory and it functioned 
thereafter as a southern observing station for Pulkovo.

The Engelhardt Observatory was V.P. Engelhardt's gift to 
the University of Kazan. In Great Britain a number of small 
observatories were created as private institutions; some are 
still in operation. One of these was the Norman Lockyer 
Observatory in southern England. Sir Norman Lockyer, one of 
the first astrophysicists, obtained funds from wealthy 
friends after he decided to leave the Solar Physics 
Observatory in London.

As a rule, the large, privately endowed observatories 
were equipped by the donors with one or more powerful 
instruments that could be expected to provide useful results 
for several decades. In most cases the institutions 
accepting the gifts undertook to maintain the observatories, 
but there rarely was enough money to provide even the modest 
auxiliary equipment and never enough to replace the principal 
telescopes with more modern instruments. Thus the Lick 
Observatory depended for about 70 years upon the 36-inch 
refractor built from money willed by Mr. Lick and the 36-inch 
Crossley reflector, a gift of a wealthy English amateur 
astronomer, E. Crossley. Similarly, Yerkes has had to rely 
completely on its 40-inch refractor completed in 1897, until 
a 24-inch reflector was constructed by G.W.Ritchey years 
later.

3• Government Observatories.

Completely new types of observatories began to be built 
after World War II. The flood of funds from the wealthy had 
diminished, and further progress could be achieved only by 
governments assuming responsibility for the development of 
new facilities.
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In the United States the first new type of observatory, 
the Kitt Peak National Observatory near Tucson, Arizona, was 
born in 1953 at a small conference of astronomers interested 
in photoelectric photometry, the determination of stellar 
brightnesses. The astronomers, who had been accusturned only 
to very meager resources, recommended to the National Science 
Foundation (NSF) of the United States [2], that a small 
optical telescope be financed by the government and made 
available to photoelectric scientists from eastern 
universities. The National Science Foundation convened a 
small committee and upon its recommendation decided to create 
a large national optical observatory wholly financed by the 
NSF and operated by a board of trustees [3) •

Around 1956 the NSF decided to create a National Radio 
Astronomy Observatory in Green Bank, West Virginia, 
resembling in character the Kitt Peak National Observatory. 
Both of these national observatories are financed wholly by 
the government; the NSF realizes the it is no longer 
justifiable to build one large telescope and then provide 
only minimal additional funds for relatively inexpensive 
auxiliary equipment. In this manner, both observatories take 
advantage of new inventions and build new and improved 
instruments more or less continuously. Both have permanent 
scientific staffs who carry on their own research and also 
provide assistance to visiting scientists from all parts of 
the United States and the world.

Similar observatories are being developed in the Soviet 
Union, France, Germany, and other countries. It is expected 
that this kind of government funding will provide enough 
economic support so greatly needed for the development of 
scientific facilities, not only in Astronomy but in all fields.
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NOTES

[1] • Refractors are telescopes employing lenses as light-
gathering elements, while reflectors are telescopes 
with parabolic or spherical mirrors.

[2] . The National Science Foundation is an organization
established by the federal government and supported by 
federal funds for the purpose of encouraging and 
financing research in the basic sciences.

[3] . The board of trustees is known by the designation AURA
(Association of Universities for Research in Astronomy, 
Inc.). Under its original charter, the NSF is not 

permitted to operate scientific institutions directly, 
but the foundation is permitted, and even encouraged by 
the government, to provide funds for appropriate 
governing bodies such as AURA.
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IV ARCHITECTURAL EVOLUTION OF THE OBSERVATORY

A. INTRODUCTION.

Observatories, like other buildings, evolve thru time. 
This can be clearly seen if we study the plans and elevations 
of existent observatories around the world and relate them 
with the technical and technological advances of their time.

Architectural evolution is particularly noticeable in 
this kind of building due to its total dependency on the 
demands of the instrumentation. As telescopes improved, so 
did the specific requirements for them and changes were 
reflected in their architectural design. The nineteenth and 
twentieth century provide vivid examples of this evolution 
and it is worth examining some of the design trends of those 
times.

Architectural history and criticism have not frequently 
included buildings planned for scientific or industrial 
purposes. More attention has generally been given to 
private, religious, and nontechnical public buildings.

Astronomical observatories have posed special problems 
in construction, some of which have changed with progress in 
instrumentation. The concept of an observatory as a single 
building, or even as part of a building, was dominant from 
the early years of the seventeenth century to the last 
quarter of the nineteenth century. Advances in size, 
sensitivity, and specialization of observing apparatus by the 
late 1870s made necessary a change to separate buildings for 
the various instruments, at least for many of the larger 
institutions. An observatory can therefore no longer be 
defined as a single building, but rather as an enterprise 
which may be housed in one building or several.

Domes have long been the most notable exterior features 
of observatories. Usually, though not necessarily, 
hemispherical, they have appeared as protuberances atop the 
main buildings, as at Munich, or have comprised nearly the 
entire mass in itself, as at Mount Palomar. Various methods 
have been tried to maintain a constant temperature inside a 
dome, including systems of air circulating through double 
walls and reflection from white or aluminum paint. The 
efficiency of rotation and shutter mechanisms was increased 
by the introduction of electrical systems, such as that of 
Yerkes Observatory in 1897.
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The diameters of domes have usually been determined by 
the focal lengths of the telescopes, which are different for 
refractors than for reflectors. The dome of the 40-inch 
refractor at Yerkes Observatory is 90 feet in diameter, while 
that of the 200-inch Palomar reflector is 135 feet in 
diameter, not at all in the same proportion. The ever
present need for economy in construction has fixed diameters 
of domes at the minimum distance required for operation of 
the telescopes.

The tower is another type of building which has been 
used from time to time for observatories. Beginning with the 
original observatory at Leiden in 1632, towers to house 
telescopes and other instruments were used when available or 
were added to buildings already standing. In the rooms thus 
provided, comparatively small mountings were adequate for the 
small telescopes first made. Apart from the short-lived use 
of aerial telescopes, tower rooms might well serve most 
observing needs. With the manufacture of larger telescopes 
at the beginning of the nineteenth century, the mounts had to 
be founded more securely. The telescope pier, which might be 
of considerable height, was based on the ground and the 
observatory built around it.

The tower appearance was lost, as was the concept of a 
tower observatory. As described by Rees, in 1810, it could be 
observed that "this description, a tower, erected on an 
eminence, though it may apply to ancient observatories, does 
not agree with modern practice, where firmness of foundation, 
and a convenient disposition of instruments, are considered 
of more importance than any particular form of structure or 
eminence of situation". Now, at Kitt Peak and Cerro Tololo, 
towers are once more being constructed as separate units, but 
these units are for single instruments only, rather than for 
the entire observing program, and the necessary isolation of 
the instruments is provided by central piers.

B. THE EARLY NINETEENTH CENTURY.

During the first three quarters of the eighteenth 
century, while efforts were made to enlarge and improve 
telescopes, the dominant form of the observatory was some 
kind of tower. By the next century, the concept of the 
tower-observatory was seriously questioned and several 
alternatives appeared.
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During the nineteenth century, advances in the making of 
lenses and mirrors together with the introduction of 
photography and spectroscopy put the telescope in the 
dominant role among astronomical instruments. This prominence 
caused the planning of observatories to center primarily upon 
housing for telescopes, a focus of attention that had a 
variety of stylistic consequences. More than 200 major 
institutional observatories were built between about 1815 and 
the present time, some of them being replacements for 
earlier structures. Certain examples may be selected which 
will illustrate the more important developments of the early 
nineteenth century.

A symmetrical arrangement with a central dome or tower 
was most frequently chosen and had been used a number of 
times in the eighteenth century. With few exceptions, a 
central dome for the largest telescope was flanked by wings 
containing other instrument rooms, offices, and workrooms. 
Later in the century the various instruments of some 
observatories would be housed in separate structures, all 
belonging to the same site, and here again the domes for the 
largest telescopes would dominate these groups of buildings.

Stylistically, observatories of this period were 
designed almost exclusively in the Classical mode. The 
Gothic, Egyptian, and other manifestations of the romantic 
and eclectic period were generally avoided. A plan 
consisting of a central block with wings on either side was 
most frequently adopted for the principal observatories built 
between 1815 and 1875. These wings might be L-shaped, 
resulting in a U-shaped plan, or they might be straight 
lateral extentions. In the former category may be found the 
observatories at Gottingen, Munich, Cambridge, Berlin, and 
Pulkowa. In the latter group are those at Washington, 
Cambridge (Mass.), Copenhagen, and Leipzig. In addition to 
these large institutional observatories, some of the smaller 
ones were built on the same plan. Prominence was given to a 
central dome covering the principal instrument, with a 
variety of possible arrangements for the other instrument rooms.

The earliest of the first group mentioned here is the 
University Observatory at Gottingen. An earlier observatory 
had been erected on a tower of the old city wall in 1751 by 
Tobias Mayer. The mathematician Carl Friedrich Gauss was 
appointed director of the observatory and professor of 
astronomy. A new observatory had already been started and 
was completed in 1816. The building was planned as a U-shape 
with the observatory proper across the base and apartments 
for Gauss and his assistants. The principal entrance is on
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the south side and is distinguished by two doric columns in 
its front. A modified doric entablature extends across the 
building, and an attic story rises above it. The central 
rotunda was originally flanked by meridian rooms 25 feet 
high. These have been subdivided into workshops and offices 
and the slits closed (see figure 4.1). The original dome was 
replaced in 1888.

When the German architect Karl Friedrich von Schinkel 
was called upon to design the Babelsberg Observatory in 
Berlin, in 1828, he chose to place the principal dome between 
two smaller ones, with the meridian dwelling on the east (see 
Figure 4.2). The whole building is shaped like a Latin 
cross. The central dome surmounts an octagonal portion, with 
a library in the space surrounding the central piers. A 
staircase to the observing room winds around the pier. The 
acquisition of a 27-inch Zeiss refractor in 1879 resulted in 
some rebuilding of the principal dome at that time.

The plan of the Berlin observatory was an enlargement 
upon the symmetrical plans already adopted for other 
observatories. For the exterior Schinkel chose broad 
surfaces of dressed stone, with a stringcourse dividing the 
first and the second stories and an entablature encircling 
the entire building. A pediment with sculpture and acroteria 
[1] was provided to give a semblance of a temple front to the 
east facade, but otherwise the exterior was left severely 
plain.

The shallow U-plan was used for the central part of a 
much larger and more elaborate observatory at Pulkowa in 
1834-39 (see Figure 4.3). The observatory was nearly 
destroyed during World War II and has since been rebuilt on 
the original foundations. The site chosen, 17 miles south of 
the present Leningrad, provided stable soil for foundations, 
enough elevation from the main road to avoid vibrations, and 
enough isolation to avoid the nuisance of smoke. The 
observatory was built under the direction of the subsequent 
first director, Friedrich Georg Wilhelm Struve, after designs 
by the Russian architect Alexander Bruloff.

Pulkowa was the first of the large institutional 
observatories of the nineteenth century. The plan chosen for 
it was an extension of the Gottingen type. The observing 
rooms occupied the entire central block, and the living 
quarters were moved to wings extending farther to the east and west.
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The central room for the principal dome was a square 
with chamfered corners and eight interior pillars supporting 
a movable tower. This tower was 37 feet high, 32 feet in 
diameter and housed the 15-inch Fraunhofer refractor, then 
the largest in the world. The tower was built by M . Thibaud, 
a designer of theatrical devices. This central tower was set 
behind the north facade of the building and was approached 
through an extended temple-front portico. A large room for 
the prime vertical transit instrument projected on the south, 
terminating in a bay. The rooms directly east and west of 
the central tower were one story high and provided with 
vertical wall slits for the meridian circle and meridian 
telescope. Beyond these rooms were workrooms with small 
domes for a small telescope and a heliometer. Offices 
projected to the south level of these workrooms.

Bruloff, who had recently returned to Russia from Rome, 
may have intended a reflection of the Pantheon in the center 
of the Pulkowa observatory, with a projecting portico and 
dome behind it. Chamfering the corners of the square room 
beneath the dome brought the mass of that room closer to a 
circle and to the round tower on the top. Beyond this 
possible reference to the Roman building, Bruloff made little 
use of Classical motifs except for the Doric portico, 
rudimentary temple fronts on the wings, and the pilastered 
drums of the smaller domes which echoed that of the main dome 
in the center. The rest of the exterior was without notable 
elaboration, and the necessary slits were obvious [2].

The factor that stimulated the planning and construction 
of these large early nineteenth century observatories was the 
advance in optical glassmaking brought about by Pierre Louis 
Guinaud and Joseph Fraunhofer. From Gulnaud's introduction 
of the fireclay stirrer in 1805 to Fraunhofer's application 
of more reliable methods of correcting aberrations in 
objects-glasses for the 9.5-inch refractor for the 
observatory at Dorpat in 1825, a new era in visual work was 
made possible. The Dorpat refractor also had the 
equatorial mounting devised by Fraunhofer, which was to be 
the standard type of mount used for most of the nineteenth 
century. Apparently the Pulkowa observatory was the first at 
which a permanent pier for a large equatorial refractor was 
planned from the start, since the Dorpat telescope was first 
given temporary quarters on a wooden pier and a dome for it 
added in 1825.
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C. MIDDLE AND LATE NINETEENTH CENTURY

During the middle years of the nineteenth century, 
several large reflectors were made as successors to Sir John 
Herschel's great MS-inch mirror completed in 1789. These 
telescopes, while making possible some notable observations, 
were not housed in permanent buildings but were mounted 
independently outdoors at their several sites. The 
significance of the large reflectors for architectural 
development came later. In the meantime, several other major 
buildings were constructed for observatories, some differing 
from those with central blocks and wings.

This second block of observatories is characterized 
primarily by more elaborate designs in the Classical manner. 
The first of these to be noted is the observatory built on 
Calton Hill in Edinburgh in 181M-18 by the Edinburgh 
Astronomical Society, which later became the Royal 
Observatory of Scotland.

Other interesting examples can be noted. A plan 
differing from the centralized plans was prepared in 1838 for 
the observatory at Toulouse by the city architect, Urbain 
Vitry (see Figure M.M). A mansion on the east side, entered 
by a deep Doric portico, provided a residence for the 
director and assistant director. A central hall led to a 
staircase on the west, and the observing rooms were located 
in.the western extension. The level of the long meridian 
room was raised above the first story of the residence in 
order to accommodate the three piers for the quadrant, 
meridian telescope, and clock. This extension terminated in 
two round towers, one with a revolving dome over an observing 
room and the other with a winding stair giving access to the roof.

The residence of the observatory is finished with Doric 
detail, including a recessed entrance with columns.
The entablature is carried around the west wing as well, 
interrupted by the slits in the observing room wall. Since 
round towers give a medieval shape to the west wing, the 
entablature continued around them producing a curious effect.

Although a Greek cross for plan and elements of Greek 
orders for details evidently appealed to some of the 
architects of this period, this tightly knit scheme does not 
seem to have been widely favored for observatories.
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Particularly in the larger buildings adequate space and 
correct orientation had to be provided for instruments 
mounted on piers, and then offices, laboratories, libraries, 
and lecture rooms were required in addition. All of these 
were easier to place in more widely extending wings, which in 
turn violated the unified principles of Greek or Roman temple 
design. In observatories, at least, in the period of the 
Classical Revival, a convincing harmony of functionalism and 
antiquarian!sm was never fully achieved.

Several developments in instrument making which were of 
great value for the progress of astronomy took place in the 
third quarter of the nineteenth century. The nature of 
investigations could be widened from the recording of 
positions of stars to include the study of their physical 
characteristics as well. As a result, institutional programs 
were considerably enlarged in Europe and America in the 1870s 
and 1880s.

As sometimes happens, progress in the making of 
refractors was not exactly parallel with that of reflectors. 
By the middle of the century refractors were dominant, thanks 
to the work of Fraunhofer and Merz. Several other telescope 
makers began to supply lenses of increasing diameter, one of 
the prominent makers being Alvan Clark of Cambridge, 
Massachusetts, who began working in the 1850s. With the 
largest telescopes made by Clark, refractors reached their 
greatest size in the 1880s and 1890s.

A change in the manufacture of reflectors was also 
introduced in the 1850s. Mirrors of speculum metal were up 
to 3 and 4 feet in diameter, but they required cumbersome 
mountings and were difficult to refigure. In 1856, Carl 
August von Steinheil and Louis Foucault each successfully 
used the silver-on-glass technique for mirrors. The lighter 
instruments were easier to mount, the surfaces were easier to 
repolish and the new method was widely adopted. Reflecting 
telescopes of great size were not made, however, until the 
end of the century, and the largest mirrors did not have 
significant architectural consequences until the twentieth 
century.

While telescopes were being enlarged and perfected, two 
entirely new procedures were devised which added to the work 
that could be done with the large telescopes: photography and 
spectroscopy. An early attempt to make daguerreotypes of the 
moon had been made by J. W. Draper in 1840, but more 
effective use of photographic plates was made by such
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astronomers as Warren de la Rue and Lewis Rutherford, 
beginning in the 1850s. Then in the 1860s the spectroscope, 
which had first been constructed by Fraunhofer in 1814, was 
developed for use with a refractor by William Huggins. These 
two techniques, of recording and analysis, were combined by 
the astronomer Henry Draper in 1872.

None of the studies for which the telescopes and other 
instruments were perfected would have been possible without 
convenient and accurate mountings for the optical parts. The 
great engineers and instrument makers played increasingly 
critical roles. From the second quarter of the nineteenth 
century two great firms in particular produced mountings for 
telescopes and other astronomical instruments. The firms of 
Georg and Adolph Repsold of Munich and Edward Troughton and 
jfilliam Simms of London continued under family management 
into the twentieth century.

The architectural problems of observatories and their 
planning were now more and more compounded with engineering 
requirements coming from the developments mentioned above. 
Leading architects of the late nineteenth century were 
interested in the various historical styles as ornamental 
vocabularies for the buildings they designed. In this 
connection, observatories were particularly difficult because 
they could not stay within the limits that architects were 
trying to delineate. A building normally provides shelter for 
activities taking place within it, and it may be placed and 
designed for communication with activities elsewhere. The 
activity of an observatory, however, is not merely to be 
sheltered, but is dependent on constant connection with 
material not only outside the building but also from outer 
space. In the larger and wealthier institutions, the 
combination of more elaborate programs and sensitive 
instrumentation and the greater desire for a splendid 
appearance provided difficult challenges to the architects of 
an eclectic era.

When Theopilus von Hansen was engaged on the building of 
the Athens observatory in 1842, his older brother, Christian, 
was also in the city, where he had been working on the 
university buildings since 1837 [3]. In 1857 Christian 
returned to Copenhagen to teach in the Royal Academy of Fine 
Arts, and in 1859 he designed the University Observatory. He 
made no effort to repeat his brother's temple form, but 
instead followed the now familiar arrangement of a central 
block with a dome, flanked by wings for observing rooms and 
residences (see Figure 4.5).
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A room for the prime vertical instrument projects on the 
north (as at the Harvard College Observatory). The transit 
and the meridian rooms on east an west are very short, and 
the projecting walls of the residence are recorded to have 
caused troublesome reflections of light at the slits. The 
central pier has a mounded masonry base in the foundation of 
the building and is hollow, with a supporting arch halfway up 
the center. The stairs wind around the pier to the domed 
chamber for the equatorial telescope. The dome, about 19 
feet in diameter, turns on balls.

If the relation between the observing wings and the 
dwellings proved to be a problem at Copenhagen, this was 
probably not yet evident when the observatory for the 
university at Leipzig was built in 1861 (see Figure 4.6).
To some extent the plan resembles that of the Berlin 
observatory, which traditionally was the model, but there are 
some significant changes. A brick pier 28.5 feet high and 
7.5 feet thick for the 8-inch equatorial is in the center of 
an octagon with unequal sides at the east end of the 
building. The stair winds against a ring wall which supports 
the dome and forms a corridor with the wall of the octagon. A 
room for the prime vertical instrument projects on the south 
side of the dome building. The meridian room is placed 
directly on the west, and it opens into a rectangular 
building containing offices, and auditorium, and a residence.

Had the Berlin plan been followed more exactly, there 
would have been another extention east of the dome, and the 
main entrance would have been in the center of the north 
front. Economy may have dictated the reduced plan at 
Leipzig. If so, the architects made an interesting 
compensation for the reduction. The working rooms are in the 
eastern part of the rectangular building, the dwellings on 
the west, farthest from the dome. The principal entrance to 
the entire observatory is in the center of the north side of 
this building, with a staircase hall leading to an auditorium 
on the south side. Whatever the reasons for this departure 
from the Berlin plan, the result seems to have been the first 
major institution with the principal dome at the end of the 
building rather than in the center.

The observatory at Toulouse also has the tower for the 
equatorial telescope at one end of the building, with the 
office and residence building preceding the observing rooms. 
But at Toulouse, this tower is not large enough to dominate 
the entire building, nor is it on the principal axis. At 
Berlin, the principal dome is on the long axis of the 
observatory, and, unlike that of Toulouse, the entrance hall 
forms another short axis at the opposite end of the building.
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Another interesting example of an observatory of the 
late nineteenth century is the Royal Astrophysical 
Observatory in Postdam (1874-1879) shown in Figure 4.7. The 
plan is similar to that of the Berlin observatory, with a 
central dome, wings east and west for smaller domes, and a 
north wing for offices, workrooms, etc. A 12-inch refractor 
was the principal instrument. The architect, Paul Spieker, 
gave the building one of the most individual exteriors among 
nineteenth century observatories. He used bands of 
multicolored brick, arcades with banded brick, and a high 
battlemented northern entrance tower in the manner of an 
Italian palazzo. The tower held a reservoir. A surprising 
and apparently unique provision was made to assist in 
securing even temperatures in the building. The roofs were 
planted with sod in 1884, with at least some good effect.

More significant was the omission of observing rooms in 
the wings immediately east and west of the central dome.
These became arcaded passages leading to the antechambers of 
the two smaller domes. Here was possibly the beginning of 
the separation of the parts of an observatory so that one 
principal observing chamber was not directly adjacent to 
another. This was the natural result of the Postdam program, 
which was to employ the new techniques of spectroscopy and 
photography for astrophysical studies rather than to use the 
meridian instruments for precision measurements. For the 
newer instruments, clarity and stability of the atmosphere 
were to become of greater importance than ever before, a 
factor accounted for in the choice of the site. In both the 
development of a new kind of investigation and the 
modification of the traditional building program, the Postdam 
observatory proved to be a major turning point in the late 
nineteenth century.

D. THE AGE OF THE GIANT REFRACTORS.

As the technical problems were solved, telescope makers 
could increase the diameter of the lenses they made, and this 
began the age of the giant refractors, that is, telescopes 
that use lenses as their main optical components.

It seems that the University Observatory at Vienna 
(1880) was the first observatory to be planned as one of this 
type of telescopes. In 1875 a 27-inch refractor had been 
ordered, and when completed in 1879-80, it became the largest 
in the world.
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The Vienna observatory is a Latin cross, 330 feet long 
from north to south and 240 feet across the arms from east to 
west (Figure 4.8). This reflects the plan of the Berlin 
Observatory but enlarges upon it. The central dome, 45 feet 
in diameter, was designed by Grubb, and the three subsidiary 
domes are separated from it by meridian rooms on east and 
west and a room for the prime vertical instrument on 
west and a room for the prime vertical instrument on the 
north. A 12-inch equatorial telescope by Clark was mounted 
in the east dome and a 6-inch telescope by Fraunhaofer in the 
west dome. The north dome covered the comet seeker. The 
building was placed on a hill sloping south, and there are 
two stories of the south wing below the level of the cross 
wings. The foundation of the northern part is of sandstone, 
from which rise the brick piers, surrounded by spiral iron 
staircases to the levels of the observing floors.

The main entrance is through a door on the south and 
leads to the south wing containing residence, offices, 
library, and lecture room. This south wing is served by a 
central staircase in a rectangular well, lighted by a 
skylight. When the building was in the planning stage, there 
was concern for the heat emmanating from some parts of it 
[4]. The plan developed by the architects resulted from an 
effort to make the observatory something more than a 
strictly utilitarian building and to develop monumental 
effects for the exterior as well as the interior.

In the 1880s, the construction of even larger refractors 
coincided with the appearance of observatories having 
specialized buildings and situated on high mountain sites.
At Bordeaux, the observatory begun in 1880 was planned with 
separate domed buildings for the telescopes. The 14.9-inch 
refractor at Bordeaux was not much larger than the 12-inch 
principal refractor at Postdam and considerably smaller than 
the 27-inch refractor at Vienna, but it was housed alone.
The site does not appear to have been planned with any 
particular pattern or symmetry. The domes were built as 
independent structures, not crowning or providing focal 
points for large buildings. The French architect Perroux 
provided a series of pilasters around the first story of the 
principal dome, but it is otherwise undistinguished.
Visually, a group of separate domes present a different 
problem from that of a group of domes united by placement on 
a single building.

At about the same time a 19-ich refractor was completed 
for the University Observatory at Strassburg (see Fig. 4.9). 
The observatory was begun in 1877, where a large refractor
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was mounted under a dome 36 feet in diameter over the center 
of a Greek cross. In an abbreviated space, this building was 
planned to include in the arms of the cross those additional 
rooms which had traditionally been placed in wings, namely 
the vestibule or hall, the director's room, the library, and 
the lecture room.

The principal dome building was made to be fairly 
imposing, with pediments and balaustrades enriching its 
temple-like appearance. Eight pillars on the ground floor 
carry a series of domes and arches which in turn support the 
telescope stand in the upper chamber. The pillars on the 
ground floor are hollow inside for rapid equalization of 
temperatures, a necessity for so large a telescope. The 
whole central portion of the building, beginning with the 
eight ground-floor piers, forms the major pier, in contrast 
to the more usual narrow pier contained within the shell of 
the building.

The meridian rooms, absent at Potsdam, were made into a 
separate building with two towers crowned with smaller domes 
at the west end. The dwelling was placed somewhat to the 
south of the observing building and connected with them by 
covered walks. The positions of these buildings on the land 
was possibly determined to some extent by the pattern of 
streets and the adjacent Botanic Garden, and these were not 
laid out according to compass direction. The axis of the 
main dome and the dwelling follows the lines of the streets, 
while the meridian building is necessarily set at an angle 
for correct orientation. No apparent attempt was made to 
unite the three buildings in a visual group.

The idea of an observatory with buildings separated was 
applied to the problem of housing considerably larger 
refractors in the same decade. The 27-inch refractor at 
Vienna had soon been exceeded in size by the 30-inch 
telescope for the Pulkowa observatory in 1884. This was 
housed in a separate new building and did not affect the 
original plan of the observatory. The size of other larger 
refractors of the 1880s did, however, determine much of the 
planning of the institutions on which they were installed 
such as the 18-inch refractor for La Plata, Argentina ( 1882), 
the 30-inch instrument at Nice (1887), and the 36-inch 
telescope completed at Lick Observatory on Mount Hamilton, 
California, in 1888.

SB



Installation for a large refractor inaugurated another 
innovation in design at the Lick Observatory. As early as 
1873 the telescope was planned as a gift to the University of 
California by James Lick, who died before the completion of 
the observatory. Professor George Davidson, then president 
of the California Academy of Sciences, influenced the choice 
of a mountain location although he disagreed that Mt.
Hamilton was desirable. The site was, however, approved by 
the astronomer S.B. Burnham in 1879, and construction began 
in i860.

From the time of Newton, the desirability of a clear and 
steady atmosphere for observing had been recognized. Only 
occasional attempts to discover favorable atmospheric 
conditions at high altitudes were made before the middle of 
the nineteenth century. Interest in mountain sites was 
stimulated by Prof. Piassi-Smyth's installations at 8,903 
feet and 10,702 feet at Teneriffe in 1856. A reliable 
pattern of clear weather and a favorable surrounding terrain 
are also necessary for good viewing conditions, and these may 
be more conveniently found at sea level. Expense of 
construction may also make a mountain site undesirable. Yet, 
in general, an increased steadiness of atmosphere is to be 
expected at higher altitudes, and the Lick Observatory was 
followed by several others at high elevations and with major 
telescopes.

The principal building of Lick Observatory was planned 
by Prof. Holden and Prof. Newcomb, and the plans were 
prepared by the architect S.E.Todd of Washington (see Figure 
4.10). The 36-inch refractor was to need a dome much too 
large to be placed conveniently in the traditional central 
location. The 76-foot dome was accordingly put at the south 
end of the building. At the opposite end of a long row of 
offices, a smaller 25-foot dome was built for a 12-inch 
refractor. Separate buildings were constructed for the 
meridian circle and photoheliograph.

An Italian Renaissance flavor was given to the main 
building by the use of entablatures and moldings, with a 
pediment over the west door. In 1879, Holden prepared a 
memorandum on the proposed observatory in which he commented 
that ornaments were superfluous [5). The main building, 
completed in 1885 except for the large dome, consisted of an 
entrance hall at the center, offices and workrooms opening 
off a corridor on either side, a smaller dome at the north 
end and the large dome at the south end. This large dome was
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completed by the Union Iron Works of San Francisco. The 
mounting for the 36-inch equatorial telescope was made 
between 1886 and 1888. It was installed on a cast iron pier 
10 feet by 17 feet at the base, tapering to 4 feet by 8 feet 
at the top. The rising floor surrounding the pier was the 
first of its kind and could be adjusted vertically 16.5 feet.

Another effect of Lick Observatory was to demonstrate 
the extent to which the principal telescope now determined 
the character of the entire institution in which it was 
installed. On Mt. Hamilton, the original meridian circle 
building and the transit house were torn down in 1957, and it 
is noteworthy that they were separate structures. The stage 
had now clearly been reached where for a major observatory 
these engineering considerations were far more important than 
they had been in the early part of the century. The role of 
the architect shifted here from planner to adviser, with 
little opportunity for personal expression beyond the surface 
detailing.

Two other major observatories built shortly after the 
Lick Observatory followed the same plan with the principal 
dome at one end: the Royal Observatory of Scotland in 
Edinburgh ( 1892-1896), and Yerkes Observatory at Williams 
Bay, Wisconsin ( 1892-1897).

Yerkes houses the largest refractor that has ever been 
constructed and, if current trends remain the same, it will 
remain the largest of its kind in the world. At the time of 
the completion of the Yerkes refractor, Alvan Clark 
recognized that it was unlikely to be exceeded in size 
because the weight of the glass would in itself distort 
larger disks. Clark's prediction has proved to be correct, 
and there have been no further single observatory buildings 
on the scale of Yerkes (Figure 4.11).

A somewhat smaller observatory with an interesting and 
unique plan was built at Ottawa in 1902-1905, where the 
principal instrument was at first a 15-inch refractor. The 
dome for this telescope crowns a central tower, octagonal 
outside and circular inside, from which two-story wings 
recede to the west wing (see Figure 4.12).
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E THE GIANT REFLECTORS

While the Ottawa observatory was under construction, 
another was begun which was the first in the other major 
group of observatories built for optical telescopes. In 
1903, the Carnegie Institution of Washington made available 
funds for the building of a 60-inch reflecting telescope on 
Mount Wilson in California. This inaugurated the era of the 
great reflectors, for which observatories were built 
following the principle of separate buildings established at 
Strassburg, buildings in which engineering considerations 
generally outweighed the architectural.

The main offices, library, laboratory, and shops were 
not planned for the site of the Mount Wilson telescope, but 
were built in Pasadena. The 58-foot dome for the main 
instrument was built at an elevation of 5,704 feet above sea 
level and completed in 1908. It was built of steel on a 
concrete foundation, with double walls for circulation of 
air. The twenty girders which support the dome were left 
visible on the lower story. A dormitory was provided for the 
workers on duty, but otherwise the site was originally 
dominated by the installation of the single large telescope. 
Further instruments and the buildings to house them have been 
added on Mt. Wilson, including the 100-inch reflector of 1917 
and the 120-inch reflector of 1950.

Many large reflectors and domes were built in the early 
twentieth century: the Dominion Astrophysical Observatory at 
Victoria, B.C. (1913), the David Dunlap Observatory of the 
University of Toronto (1933-35), to name a few, but the one 
that was to remain the home of the largest telescope in the 
world until recently was Mt. Palomar observatory near 
Pasadena, California.

The inspiration for this 200-inch reflector came largely 
from Dr. George E. Hale, who had been instrumental in the 
founding of Mt. Wilson Observatory. The site chosen after 
extensive investigation is 5,600 feet above sea level. The 
dome, designed by Russell W. Porter to be 137 feet in height, 
dominates the site, on which two Schmidt-type telescopes have 
since been installed. The engineering refinements necessary 
for the housing of so large a telescope need not be recounted 
in detail here, except to note the 4-foot insulation space 
between the steel walls of the dome and the isolation of the 
pier, with its base on the granite of the mountain.
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The hemispherical dome rests on a comparatively low- 
story base, which the architect left plain except for a 
banding above the first-story windows. A walk around the 
base of the dome is protected by an enclosed parapet, so that 
the pattern of a cylinder and bands beneath the hemisphere is 
unbroken. The entrance is surrounded by simple blocks, the 
simplicity lending force to the large scale of the building. 
In size, at least, the Mount Palomar Observatory is the 
culmination of the kind of planning of buildings for separate 
instruments begun at Strassburg in 1877.

A comparison could be made with the Pantheon in Rome (c. 
126 A.D.). The height and diameter of the Palomar dome are 
nearly equal to those of the Pantheon. Measurements reveal 
142 feet in the interior of the rotunda of the Pantheon and 
about 137 feet at Mount Palomar. The Pantheon was 
constructed with cosmological references which were 
philosophical as well as practical. The symbolic values of 
astronomical domes have nearly disappeared in the twentieth 
century, but formed important design concepts for builders of 
domes in Antiquity and during the Middle Ages.

Finally, more recent mountain observatories should be 
mentioned: Kitt Peak National Observatory near Tucson, 
Arizona, Cerro Tololo Inter-American Observatory at La 
Serena, Chile, and the Multiple Mirror Telescope at Mt. 
Hopkins, Arizona, fully described in Chapter XIX.

The site of Kitt Peak, 6,875 feet above sea level, was 
chosen in 1958 after three years of search for a major high- 
altitude location. To the usual considerations of steady 
atmosphere and the absence of dust and city lights was added 
that of air traffic patterns, a problem which had not existed 
for earlier astronomers. Building the observatory on Kitt 
Peak was made possible by the cooperation of the Papago 
Indians, on whose reservation the mountain rises.

Planning and development of the observatory on Kitt Peak 
is of particular interest because of the efforts to preserve 
the rights and traditions of the Indians. Several telescopes 
have been installed, including the McMath Solar Telescope 
(described in Appendix H), an 84-inch reflector, a 90-inch 
reflector, and a new building for the 158-inch reflector.
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The most interesting building at Kltt Peak is that which 
has been completed for the 158-inch reflector. Here a return 
to the tower principle is noteworthy. The pier for the 
telescope, 37 feet in diameter and 100 feet high, rises to a 
domed chamber 105 feet in diameter, the overall height of the 
building being 180 feet. The main observing room is about 99 
feet above ground level. This arrangement was made in order 
to raise the mirror above heated air currents nearer the 
ground (see Figure 4.13).

NOTES.

[ 1) Acroteria: Plural for acroterioum: (aero = high, +
-terion, suffix designating place for), a pedestal for 
a sculpture or ornament at each base or at the apex of a 
pediment.

[2] Bruloff's economy of expression was praised by the
American astronomer Maria Mitchell: "I could not detect 
in the whole structure, anything like carving, gilding, 
or painting for mere show. It was all for science; and 
its ornamentations were adapted to its uses, and came at 
their demand".

[33 Christian van Hausen was also associated with Edward 
Schambert on the excavation of the Nike temple.

[4] Dr. Warren de la Rue expressed concern about the plan:
"Although the personal comfort of the astronomers will be 
greatly promoted by a residence within the walls of the 
Observatory, it would have been, in my opinion, 
preferable for the dwelling to have been detached, as 
the heated air emanating from them will be liable to 
disturb the definition of the instruments". Heat from 
adjacent buildings was yet another threat to the new and 
more sensitive instruments.

[5] In Holden's words, "It is not at all desirable that any 
unnecessary expense be incurred in architectural 
ornament. The first object should be to prepare 
everything with reference to its use, and then to give 
the building such architectural effect as seems best 
without its utility".
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V. SITE SELECTION CRITERIA

The effectiveness of large ground-based telescopes is 
greatly limited by the action of the terrestrial atmosphere: 
it is one of the important elements that determines the 
limiting magnitude, resolving power, and the wavelength range 
within which observations are possible.

In addition to these factors we have to consider the 
general meteorological conditions that may exist, such as 
cloudiness, wind, high humidity or extremely low temperatures 
that may further impair or prevent the operation of the 
astronomical equipment.

In ground-based observatories the atmospheric effects 
cannot be totally eliminated, but it is possible, however, to 
choose sites for terrestrial observatories where they could 
be reduced. Just where the optimum conditions may be found 
depends on the specific instrument and type of project. 
Economic, political, or cultural circumstances, as well as 
the working conditions and equipment, may change the weight 
factor applied to each of these effects.

Although there are not definite solutions for site 
selection criteria for all observatories, it is possible to 
consider some of the most important general requirements.

SITE REQUIREMENTS.

As shown in Table V.1, the factors that determine the 
observatory requirements are classified into three major 
groups:

1. Optical Factors.
2. Mechanical Factors.
3• Socioeconomical Factors .

The first two of these groups are defined according to 
the need to obtain the best astronomical seeing conditions. 
The term "astronomical seeing conditions" is supposed to 
comprise all effects by which the terrestrial atmosphere 
imposes limitations on astronomical observations [1].
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TABLE V.1

REQUIREMENTS AND FACTORS FOR SITE SELECTION CRITERIA IN 
GROUND BASED OBSERVATORIES.

I. OPTICAL FACTORS.
A. SEEING.
B. SCINTILLATION.
C. EXTINCTION.
D. BRIGHTNESS OF THE SKY BACKGROUND.

1. OPTICAL WAVELENGTHS.
2. NON-OPTICAL WAVELENGTHS.

E. AVERAGE NUMBER OF CLEAR NIGHTS PER YEAR.
F. ACCESS TO A CONSIDERABLE FRACTION OF BOTH NORTHERN 

AND SOUTHERN SKIES.
G. LOCATION TO AVOID OR MINIMIZE FUTURE DETERIORATION 

DUE TO LIGHT, RADIO, OR ATMOSPHERIC POLLUTION.

II. MECHANICAL FACTORS.
A. WIND.

. B. AMBIENT TEMPERATURE.
C. DAY/NIGHT TEMPERATURE RANGE.
D. AIR HUMIDITY.
E. TOPOGRAPHY

1. LARGE SCALE.
2. LOCAL SCALE.

III. ENVIRONMENTAL AND SOCIOECONOMICAL FACTORS.
A. COST.
B. ACCESSIBILITY.
C. AESTHETIC CONSIDERATIONS.
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TABLE V.1 (CONTINUED)

D. LAND JURISDICTION.
E. RECREATION.
F. LIVING CONDITIONS.
G. BIOLOGICAL CONSIDERATIONS.
H. ACCLIMATIZATION.
I. PUBLIC RELATIONS.

Optical factors comprise all those that affect the beam 
of light as it passes from the top of the atmosphere to the 
signal detecting device in the telescope.

Mechanical factors are those that affect the functioning 
of the equipment.

The third group comprises all those diverse factors that 
affect the development of the project and may be decisive for 
its realization. These may include economical, 
psychological, cultural, or aesthetical considerations that 
are often taken into account for the final decisions on the 
observatory projects.

While considering optical and mechanical effects, the 
objective weighting of each one of them is possible. With 
certain assumptions made, we can devise a grading system to 
define which sites serve best to a definite purpose, which 
are average and which are definitely rejected.

In the third category, the weight assigned to the 
sociocultural factors, is highly variable, depending on the 
specific circumstances. In one project, for instance, cost 
may be a definite limit, while in other, accessibility and 
comfort may be more important factors. Variation due to 
subjective weighting of these effects are often common, since 
there is not a totally objective way of grading factors that 
greatly depend on the individual.
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In the following chapters we will deal with each of 
these groups of determinant effects in detail.

NOTES.
[ 13. Russian authors have proposed the designation

"astroclimate", which according to some astronomers may 
serve the purpose even better than the term 
"astronomical seeing conditions".
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VI. SEEING, OR QUALITY OF IMAGE

A. GENERAL CONSIDERATIONS.

The term "seeing" is widely used by English speaking 
astronomers, while the term "quality of image" has been 
proposed by Sub-commission 9b of the International 
Astronomical Union (I.A.U.) as the correct designation of the 
phenomenon that defines the observing capabilities of an 
instrument in a specific situation. This term is supposed to 
include all random variations in the direction of all or part 
of the total light received by the telescope.

The most obvious effect of seeing is that of a reduction 
in the resolving power of the telescope: optical atmospheric 
turbulence plays a crucial role in determining the detection 
limit and operating efficiency of a given instrument. For 
example, at a site where the average diameter of the stellar 
image is 2", a telescope of 3• 00 meters aperture will be 
required to observe stars to the same detection limit as will 
be attained in the same time using a 1.50-meter telescope at 
a site where the average seeing is 1". Selection of that 
site with the best seeing is therefore absolutely essential.

This effect is so large that in fact, while the largest 
telescopes in existence theoretically should resolve a few 
hundreths of a second of arc, they hardly ever resolve a few 
tenths because of the seeing. Lunar and planetary work, or 
double star observations, greatly depend on the seeing, 
because in these activities resolving power is basic. The 
same is true for work on globular clusters, or on nuclei and 
brightest stars in galaxies. Many more examples could be 
mentioned.

Just as important as the resolution of faint stars is 
the measurement of their magnitudes'. The seeing spreads the 
light of a star over a certain area, there it is superimposed 
on the sky background, from which it has to be distinguished. 
The more concentrated the light of a star, the more contrast 
it has against the background.

This condition is important for photographic or 
photoelectric work. In the case of photoelectric 
measurements, the effect of seeing in the measurement of 
faint stars can readily be treated quantitatively.
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In slit spectroscopy of faint stars, one has to make the 
choice between the limiting magnitude and spectral 
resolution. In order to increase the resolution one has to 
narrow the slit, while in order to get as much of the 
starlight as possible one has to widen it. In slitless 
spectroscopy the resolution is wholly determined by the 
seeing (with telescopes of short focal length the graininess 
of the photographic plate may also be of importance).

In photographic photometry, seeing can be a troublesome 
factor. It can greatly affect the calibration curve relating 
plate photometer readings to magnitudes. Thus photographic 
transfers of magnitude scales, where two different areas may 
be photographed at the same plate, can be vitiatied because 
of the change in the seeing conditions, or because the two 
areas did not have the same zenith distance.

Precise measurement of the astronomical seeing has been 
a rather difficult problem, the technique used being in most 
cases rather subjective and yielding results differing 
substantially with both the method used and the observer.

Reliable seeing measures have become possible by use of 
the polar star trail seeing telescopes described by Harlan 
and Walker ( 1965) and Walker ( 1970, 1971,1983). These 
instruments consist of 15 cm (6 inches) refracting 
telescopes, mounted with their objectives at a height of 
about 3 m above the ground, and equipped with enlarging 
lenses that permit photographing the diurnal trails of the 
polar stars (Polaris in the northern hemisphere and Sigma 
Octantis in the southern) at a scale of 15".5/mm. The seeing 
is determined by comparing these trails with a set of 
standard trails that were calibrated by simultaneous visual 
observations of the diameter of the star image on the slit of 
the coude' spectrograph of the Lick Observatory 3 m (120- 
inch) reflector.

This technique provides an objective, uniform method of 
measuring the seeing, and a large number of sites have now 
been tested using this method. Consequently, we are now able 
for the first time to make a meaningful intercomparison of 
the image quality at a number of sites in quite different 
types of locations. Table VI.1 shows some of the results 
that Walker (1984) has obtained by the use of the polar star trail method.
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TABLE VI.1
COMPARISON OF POLAR STAR TRAIL SEEING AT VARIOUS SITES.

LOCATION PERCENTAGE OF NIGHTS WITH ALTITUDE
INDICATED AVERAGE SEEING.

(seconds of arc) m (feet)
1.0 1.1-1.5 1.6—2.0 >2.0

ISLAND AND 
COASTAL SITES
Mauna Kea 21 29 19 30 4205 (13,796)
(Hawaii) 9 41 11 37if 29 12 56
Cerro Tololo 
(Chile)

24 32 22 23 2399 (7871)

Izana Tenerife 
(Canary Isl.) 13 33 18 35 2391 (7844)

Fuente Nueva 
(Canary Isl.)

26 26 15 33 2366 (7762)

Junipero Serra 
(California)

26 38 13 23 1787 (5862)

Encumeada Alta 25 29 15 32 1784 (5853)(Madeira) 36 24 7 32

INLAND SITES
Sn.Pedro Martir 
(B. California) 17 23 17 42 2826 (9252)

Flagstaff 
(Arizona)

1 5 29 65 2310 (7579)

Kitt Peak 
(Arizona)

15 30 16 39 2064 (6772)

Piper Mount. 
(California) . 9 30 20 42 23*8 (7703)

Mt.McKinlay 8 25 20 47 1049 (3442)(Australia)
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In this table, the percentages of night with indicated 
average seeing are the observed percentages, with no 
reduction made to a particular standard latitude (in the 
original paper some of these quantities were reduced to 
a standard latitude of 36 degrees).

Note that the values listed in Table VI.1 are the 
percentages of the observable hours with the indicated 
seeing; for a better description of the site quality, these 
numbers would have to be multiplied by the percentage of 
clear hours during the observing periods.

The percentage of night with average seeing equal or 
less than one second of arc appears to a be useful diagnostic 
tool for assessing the quality of a site from the standpoint 
of astronomical seeing, according to Walker. These 
quantities are plotted as a function of altitude for each 
site in Figures 6.1 and 6.2. In these figures the sites have 
been divided according to their geographical location: island 
and coastal sites are shown in Figure 6.1, while inland sites 
are plotted in Figure 6.2. In both figures, the percentages 
reduced to latitude 36 degrees are indicated by filled 
symbols. In those instances where the observed percentages 
differ from those reduced to this particular latitude, the 
observed percentages are indicated by open symbols.

Examination of these figures reveals a clear separation between the island and coastal sites on one hand, and inland 
on the other. It appears that the best seeing conditions 
occur among the island and coastal sites. Within each group, 
there is an improvement in seeing quality with altitude.

This last conclusion, that the seeing quality increases 
with altitude, has taken astronomers to the top of the 
mountains and has led a new trend in observatory site 
reconnaissance.

A substantial portion of the scatter in Figures 6.1 and
6.2 is probably attributable to the effects of local 
topography. In the case of Mauna Kea, it seems that it is 
affected both by air flowing around the higher summit cones 
and by air forced up the relatively gentle slope of the 
shield volcano. The slope angle is about 7 degrees within
3.3 km of the site: judging by observations at Fuente Nueva, 
La Palma, a slope angle of something like 16 degrees is 
needed to cause the incoming air-stream to divide the flow 
around the peak instead of being forced over the summit 
(Walker, 1983).
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Interestingly, both of the coastal sites, Junipero Serra 
Peak and Cerro Tololo, have slightly poorer seeing for the 
same altitude as compared to the best island sites (Mauna 
Kea, La Palma, and the better of two sites in Madeira), 
perhaps indicating that the airflow at these locations has 
already lost some of its laminar character owing to its 
passage over the land area between the ocean and the site.

Among the inland sites, Flagstaff stands out as being 
particularly poor, and the site is significantly the only one 
not located on an isolated mountain peak, being situated on 
an extensive plateau from where there rise higher peaks (most 
notably the San Francisco peaks, altitude 3851 m (12,633 
feet). Thus considerable turbulence and mixing of air masses 
might be expected due to disturbance of the airflow by high 
peaks, air drainage from these peaks, and the passage of the 
airflow over the surface of the plateau where it will pick up 
masses of air cooled by contact with the surface.

Considering only the best island and inland sites, we 
see that at an altitude of 3000 m, the best inland sites have 
about 20 percent of the nights with an average seeing better 
than one second of arc, while on the best island locations 
this percentage rises to about 40 percent, that is, about 
twice as much as at the inland locations. At some altitude, 
that portion of the seeing arising in the free airflow and 
not induced by local effects around the observing site should 
eventually become the same, regardless of where the sites are 
located.

It is therefore interesting to note that Barletti, et 
al. (1977) have found from radiosonde measures of atmospheric 
turbulence that the turbulent properties of the (free) 
atmosphere above 4000 m are essentially the same over oceans 
and mountainous continental areas, so that it is those layers 
below 4000 m that are responsible for the variations in 
seeing from site to site.

Within 4000 m above sea level, the best seeing will 
occur where the airflow is the most nearly laminar. Analysis 
of the results of the seeing tests discussed by Walker lead 
to the following conclusions as to where this condition will 
be found:

a. Best seeing (and minimum air pollution) will occur at 
altitudes above the top of the temperature inversion 
layer, since this marks the upper boundary of the surface 
convection zone.
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b. Even above the surface convection layer, seeing quality 
continues to improve with altitude, so that location of 
the site at as high an altitude as practical is desirable.

c. Best seeing will occur on isolated mountain peaks that 
present a steep, convex profile toward the incoming 
airflow, minimizing the amount of air forced up-slope and 
over the observing site. To achieve this condition the 
slope angle should be of the order of 16 degrees or 
greater.

d. The most nearly laminar airflow occurs where the air has 
travelled for a long distance over the ocean, permitting 
the turbulence induced by passage over an obstructing land 
mass to die out or to be sensibly decreased. Therefore 
the very best seeing will occur on island sites meeting 
conditions "a" thru "c" above. . These sites will also have 
the lowest amount of atmospheric pollution and offer the 
best opportunity to avoid or control light pollution. The 
next best seeing will occur at coastal sites where the 
prevailing airflow is in from the ocean and where the 
observing site is located on the summit of the first high 
ground encountered by that flow.

e. Location in maritime-tropical-stable (mTs) airmass, 
associated with the eastern side of the oceanic high 
pressure systems and underlain by cold ocean currents, is 
extremely desirable since:
1. These regions are characterized by subsidence and 

divergence of the airmass, producing stability against 
vertical disturbances (turbulence) and lowering the 
relative humidity.

2. Subsidence of the airmass and the low ocean temperature 
lead to the formation of a strong temperature inversion 
at a relatively low altitude [1].

The location of the mTs regions is shown in Figure 6.3, by 
the dotted curves off the western coasts of North and South 
America, North and South Africa, and Australia. The 
associated cold ocean currents are indicated in the figure by 
arrows.

Based on these considerations, the ideal observing site 
is a single, steep mountain rising out of the ocean [2].
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B. MAN-CONTROLLABLE SEEING

The theoretical study of man-made seeing is extremely 
difficult. First, one is not just trying to discover the 
characteristics of nature as is done with the atmosphere as a 
whole; instead one is trying to relate specific adjustable 
factors to the seeing that they cause. Parts of the theory 
are incomplete, as is the case with the relationship of 
seeing to temperature and wind gradients. In addition, the 
local outer scale of turbulence is small near the telescope.

There are theoretical treatments of a finite outer scale 
of turbulence. We have, however, a huge range of scales 
involved; thus close to the primary mirror, the outer scale 
may well be the boundary layer thickness of 1 to 2 
centimeters, whereas near the dome slit it may be several 
meters.

Consequently most studies of dome seeing and related 
phenomena under human control have been empirical. Woolf 
( 1979) has attempted to derive quasi-theoretlcal formulations 
to allow extrapolation to new circumstances.

There are two key questions asked in man-controllable 
seeing: what is the effect of a given heat input into the 
dome, and what is the effect of having a particular surface 
at a particular temperature. One might hope that the second 
question could be rephrased in terms of the first question by 
the normal empirical rules for convective losses from 
surfaces. While this may be correct inside well-shielded 
domes, there is evidence that in some buildings (the Multiple 
Mirror Telescope, for instance) these rules do not apply.

There have been a few studies that relate seeing to the 
temperature difference from a dome to its exterior. Hoag et 
al. (1965) made a series of experiments and observations 
relating seeing effects by and in telescope domes and those 
caused by large mirrors. They measured image half-width at 
the Naval Observatory 1.5 m telescope at Flagstaff and showed 
that when the dome's inside and outside temperatures differed 
by more than 3 degrees (a strong indicator of local seeing 
effects), during half the time there was no measurable change 
in image size with zenith distance.

Gillingham (1978) also measured the image size. From 
two sets of results, the effects are somewhat different; for 
Hoag, a temperature differential of one degree Celsius 
produced about 0.28 second of arc degradation, while for
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Gillingham it produced 0.5". We should probably not perceive 
a particular temperature differential as a cause of seeing, 
but rather as a crude measure of temperature imbalance. We 
should not be surprised that there is only a rough agreement 
in the results, in fact, Beckers (1981) found that the seeing 
diameter can be related to the hottest surface found near the 
light path in the Multiple Mirror Telescope, by image 
diameter being approximately half of the change in 
temperature.

Progress has also been made in relating seeing to the 
difference between the temperature of the primary mirror and 
the ambient temperature. Lowne ( 1979) studied this effect by 
having a 12-inch diameter mirror above or below ambient 
temperature. He showed that the image degradation was worst 
with the mirror pointed vertically, with a degradation of 75 
percent by 0.7" per degree centigrade above ambient 
temperature, and about three times a smaller rate for an 
excessively cold mirror. If the mirror was inclined 20 
degrees to the vertical, the seeing effect was reduced to 
about 0.2". At a 50 degree inclination, it was reduced to 
about 0.1" per degree Celsius.

A modest flow of forced air across the mirror could 
substantially reduce the zenith-pointing degradation, while 
leaving it virtually unchanged at 20 degrees, and even 
becoming worse at 50 degree zenith distance. From these 
experiments it seems that the natural convective flow along 
the surface can help stabilize the boundary layer for small 
mirrors. For large mirrors, Woolf and Angel have suggested 
that most flows are likely to be turbulent and so be much 
less helpful, and possibly even harmful to seeing.

Another area in which there has been great progress is 
in finding the general seeing effect of dissipating heat in 
the dome (Murdin and Bingham, 1975). Finally, the seeing 
effect of high emissivity paints in domes, as warned about by 
Meinel in I960, has been observed in experiments carried out 
in the MMT dome (refer to Paint and color in domes, Chapter 
XVII). One is concerned about the heat flow into, or out of 
a surface. If the surface can radiate well into space at 
night, then it will cool below the air temperature, and 
cooled air will flow off it at a radiative rate.

If one changes from a high emissivity surface to a 
shiny metal surface, the rate may be reduced by a factor of 
around 100, and the heat flux can be reduced from perhaps
0.05 watts/cm2 to 0.005 watts/cm2. The effects of the former 
are noticeable but not the latter, according to Woolf (1979).
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To put a theoretical model to these observations is 
challenging. Variations should be taken into account due to 
the width of the dome slit and the heat storage capacity of 
the building and equipment. If we take the heat flux from 
inside a normal telescope dome that cools some 5 degrees 
Celsius in the night and pass that heat out of a conventional 
small, slit, it is indeed possible that the heat flux alone 
will account for the seeing produced. Thus, for example, if 
one calculates cooling for 400 tons of telescope alone, 
measurable seeing effects should be expected if the heat must 
pass though a narrow slit. On the other hand, when one takes 
a less massive telescope with a much wider slit like the MMT, 
the results Beckers obtained on seeing degradation seem 
somewhat surprising. It may be that in a very open dome the 
wind is so gusty that it is continually changing the boundary 
layer thickness.

When the wind is relatively fast, it strips away most of 
the boundary layer and mixes into the dome air. If this is 
so, then the hoped-for seeing advantages of a small, open 
dome, may not be realized, and one is instead forced to go to 
equally good thermal designs inside all domes. Those who 
would like to do away with domes altogether, however, should 
take note of the experience at the Anglo-Australian 
Telescope. With outside winds gusting up to 20 meters per 
second, occasional telescope mispointing amplitudes up to 5" 
were recorded. At the MMT it was necessary to install 
shields for the yoke to reduce buffeting in that very open 
dome.

Despite all these tribulations, there do seem to be real 
opportunities for the designer and user to reduce dome seeing 
effects by good insulation and ventilation, good aerodynamic 
design for low domes, reduced emissivity materials near the 
slit opening, precise thermal control of mirrors, etc.

Thermal time constant for mirrors is probably more 
responsible for poor seeing than any other factor in 
telescope design. The thermal time constant for a mirror to 
reach air temperature is, for mirrors less than 30 cm thick, 
set by conduction across the boundary layer of air. For a 10 
cm thick mirror, it is about 5 hours. Even this is very 
long.
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NOTES

>

[ 1 ]. The effect that subsidence of the airmass and the low 
ocean temperature lead to the formation of a strong 
temperature inversion at relatively low altitudes can be 
seen in several cases. Along the California coast, and 
along the Chile coast as well, the height of the 
inversion layer is typically 1000-1500 m , so that good 
observing sites can be found at altitudes higher than 
2000 meters. On the other hand, in Hawaii, which is 
situated in a warm ocean, the height of the inversion 
layer is usually about 2750 m , so that it is necessary 
to go to altitudes above 3000 or 3500 m to avoid the 
surface convection zone.

[2]. An example of such a location can be found in the island 
of Pico, in the Azores. The height of the peak is 2321 
meters (7615 ft).
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VII. SCINTILLATION

The amplitude of the random fluctuations of the stellar 
intensity, to which the term scintillation refers, depends on 
the aperture of the telescope, in the sense of decreasing 
with increasing aperture. For naked-eye observations they 
are readily noticeable as twinkling with apertures of only a 
few centimeters. The scintillation can no longer be seen 
visually, but it can be observed readily at relatively high 
frequencies with photoelectric equipment.

With large apertures and long-time constants (one second 
or more), they practically disappear; hence, for large 
telescopes, scintillation may be regarded as a relatively 
unimportant factor. For telescopes up to 50 cm in aperture, 
however, they may be of importance.

A schematic representation of the effects of 
scintillation on different light-gathering areas is 
described in Figure 7.1. It is obvious that with a very 
small aperture, like, for instance, the human eye (1/3 of an 
inch in diameter approx), the light from a star is sometimes 
falling in and sometimes falling out of it, thus causing the 
effect of scintillation or "twinkling". As apertures 
.increase the probability of missing the ray decreases since 
there is more collecting area.

A considerable number of investigations of stellar 
scintillation, or the rapid fluctuations in the apparent 
brightness of a star, were made during the 1960s. These 
studies had, in general, used photoelectric cells as sensing 
devices, usually of the multiplying type. The multiplier 
photocell is well suited to such studies because of its high 
sensitivity and small inherent time constant.

Hall, in 1953, demonstrated that scintillation as a 
noise source in stellar photometry is only important in the 
case of the brighter stars; for faint stars the statistical 
fluctuation in the arrival rate of the incoming photons soon 
mask the scintillation fluctuations. Hall has placed the 
crossover point where scintillation becomes important at 
about the sixth magnitude for the 40-lnch Naval Observatory 
instrument.
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F I G U R E  7.1

Ef f ect  of •c ln t l l le t le n  on d ifferent light-gotherlng areas >

★ *

Consider three cases' sm all, medium, and large light-collectors'

1) In ( A ) ,  the human eye ( 0 .3  -  inch approx, diam eter). Is 

strongly affected by scintillation < stars appear to twinkle 

when light sometimes falls within the eye's collecting area 

and sometimes out of i t .

2 )  Medium apertures may occasionally suffer this e ffec t, and

3) Large light-collecting areas (C ) such as those found in 

large telescopes ( d > 5 0 c m )  do not have this problem.
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It would appear, then, that scintillation as an 
observational hazard or as a quick means of estimating seeing 
is not of great concern to the astronomer. It can be shown 
on the other hand, that scintillation as a phenomenon in its 
own right may be used to study turbulence in the earth's 
atmosphere, and as such could become a meteorological tool. 
Studies of scintillation relating it to meteorology have been 
done by van Isacker (1953) and Keller (1956).
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VIII. EXTINCTION.

Extinction is caused by the constituents of the lower 
and upper atmosphere and consists essentially of four 
components:

1. Dielectric scattering by the molecules of the dry, clean 
air. The wavelength dependence of the Rayleigh scattering 
is nearly proportional to the fourth power of the 
wavelength. Its dependence on air mass, and on elevation 
can be predicted.

2. Ozone absorption in the ultraviolet prevents any radiation 
with a wavelength shorter than about 2950 Angstroms from 
reaching the ground. The ozone layer is so high in the 
atmosphere that its effect will be the same over large 
areas.

3• Numerous water vapor bands partially absorb radiation in 
the infrared region. Parts of these bands may become 
semi-transparent in dry climates.

4. Impurities in the atmosphere such as smoke or dust produce 
an absorption of unpredictable nature. If moisture is 
present, these impurities may induce condensation of 
droplets, which alter the absorbing properties of the 
atmosphere in an unpredictable way.

Figure 8.1 shows absorptivities for some gases in the 
atmosphere plotted against wavelength; also the effects of 
extinction of water vapor and ozone can be seen.

Extinction is particularly important in two fields: 
photometry and spectroscopy. The effect on spectroscopy 
is to increase exposure times and to limit the usable 
spectral range. By choosing a site with a high elevation, 
the useful range can be extended toward the ultraviolet by 
several hundred angstroms close to the limit set by the 
ozone.

For photometric work it is, of course, desirable to have 
extinction as low as possible. It is more important, 
however, that extinction remains fairly constant through 
time, and that it does not depend on the azimuth. For 
fundamental photoelectric work, constancy of extinction is
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required for practically a whole night. Furthermore, it 
should be the same in all directions, and the extinction 
coefficient should be proportional to the airmass.

Magnitude standards over the entire sky, free of 
systematic errors can be set up only if these conditions are 
fulfilled. Once such standards are available, the 
requirements as far as constancy of the extinction is 
concerned, are no longer so strict. The standards 
themselves can then be used to check on variations of the 
extinction or its dependence on azimuth. The necessity of 
excellent extinction measurements cannot be over-emphasized 
for precise, reliable photometry.

Since one of the major causes of reduced atmospheric 
transparency are dust and aerosols, the site must be selected 
with regard both to the distance from sources of atmospheric 
pollution, such as cities or dry arid deserts, and to the 
direction of prevailing winds, in order to avoid locations 
that are down wind from these sources.

A preliminary investigation can be made from maps of the 
region together with published data on wind directions. 
Careful field studies, however, are also needed since the 
published data cannot, in most instances, provide sufficient 
information. This is particularly so since the upward 
transport of dust and aerosols depends upon the presence or 
absence of a temperature inversion layer.

Where a strong temperature inversion exists, as over the 
ocean and coastal areas, upward transport is greatly limited. 
When no inversion occurs, such as over the continental areas, 
transport to high altitudes can occur. Over the continents 
it is found that the density of atmospheric aerosols 
decreases exponentially with altitude, the scale-height of 
the vertical distribution being 1500 m (4291 ft) according to 
Hayes and Latham (1975). Hence, for maximum transparency, 
the site should be located either above the temperature 
inversion in island and coastal areas, or above 2000 or 3000 
meters in inland regions.

A useful method of testing atmospheric transparency is 
to observe the amount of scattered light around the occulted 
disk of the sun. Quantitative measures of this scattered 
light can be made using an Evans photometer (Evans, 1948).
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Qualitative measurements, however, can be made by visual 
observation with the sun hidden behind some object of the 
same or slightly larger angular diameter. A permanent, semi- 
quantitative record can be made by photographing the sky 
around the occulted disk using color film. If Kodachrome 25 
ASA film is used, a shutter speed of 1/100 sec at f/16 gives 
the proper exposure (Walker, 1984).

Under conditions of ideal transparency, no detectable 
brightening of the sky or change in sky color will be 
observed in the visual region of the spectrum in the color 
photographs with decreasing angular distance from the sun. 
This is a very sensitive test, and a fairly extensive solar 
halo will be observed before a significant effect on the 
atmospheric extinction coefficient is detected.

At sites with good transparency, particularly at high 
altitudes, the extinction in the visual region is so small 
that visual observations are not precise enough to determine 
its value or its variations. Photoelectric equipment is 
needed for its study. Extinction can be determined with the 
help of the brighter stars. Hence a relatively insensitive 
photometer attached to a small telescope is suitable. A 
telescope with an aperture of about 10 cm, a photomultiplier 
tube, and an accurate D.C. amplifier, with all current from 
batteries, can fulfill the purpose quite well.

For field tests at various sites over a long period of 
time, it would be convenient to have the color 
characteristics of the equipment remain constant. From this 
point of view a refractor is to be preferred to a reflector, 
because the reflection coefficient of the reflecting surfaces 
of the latter is bound to change with time.
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IX. BRIGHTNESS OF THE SKY BACKGROUND

An obvious premise for the selection of a particular 
site for an observatory development is that suitable 
observations can be made from it without major light- 
pollution problems. Since almost all the information that 
Astronomy has at this moment is deduced from analysis of 
radiation emitted or reflected by celestial bodies, it is to 
the advantage of scientists to have the clearest and sharpest 
image possible. Also most of the research in the optical 
wavelengths has been done during the nighttime so we usually 
assume that the information on sky brightness is that of the 
nighttime sky.

The appearance of the daytime sky may give some 
indication about the conditions at night, for when the 
daytime sky is free from haze, it is often quite likely that 
the night sky will also be clean. A Hazy day-sky, however, 
does not necessarily mean a hazy night sky. Thus, daytime 
observations have only a limited application. Nevertheless 
they can serve to preselect sites that have a good chance of 
having a clean, clear night skyt the blueness of a daytime 
sky is a sensitive criteria to determine the presence of haze 
and observations of halos around the sun serve equally well.

The fact that dark skies were needed was realized since 
the beginning of astronomical observations, but now that 
research is done not only in the optical wavelengths but also 
in some other regions, the classical concept of dark sky is 
much wider that before. Although the main concern of most 
optical observatories is the amount of light received in the 
visible frequencies, the concept of darkness here is referred 
to as the absence of a certain type of radiation, not 
necessarily visible, in a particular place, so that we can 
therefore speak of a dark infrared sky even though it might 
possible be, at the same time, a bright sky in the radio 
portion of the spectrum.

In dealing with the study of sky brightness there are 
different approaches as to how to measure the amount of light 
of a particular portion of the sky, but we basically handle 
the concepts of "magnitude" and a most useful unit, the 
equivalent number of tenth magnitude stars per square degree, 
the "S10" unit, both explained in Appendix "B".
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A. COMPONENTS OF THE LIGHT OF THE NIGHT SKY

It is not just after the sun sets that immediate sky 
darkness is achieved: as the Earth's rotation carries the sun 
from the horizon to an 18 degree depression angle, the zenith 
brightness decreases about 400,000-fold (see Figure 9.1).

In the tropics this darkening can occur in as a short 
time as 72 minutes. With increasing depression angle, 
progressively higher levels of the upper atmosphere are being 
irradiated by the Sun, until the night level of "brightness" 
is achieved.

The human eye has a remarkable ability to adapt to a 
very wide range of brightness from day to night levels. The 
dark adaptation of the eye is a complicated process involving 
a small factor (of about seven) that is due to the opening of 
the iris to admit more light, and a very large factor (which 
can be more than a thousand) that results from a chemical 
change in one of the two types of light receptors in the 
retina. Under excellent conditions, stars can be detected to 
a level between visual magnitude 5 and 6 at the end of 
twilight (see Figure 9.2).

The several components of the light of the night sky are 
listed in Table IX.1, and will be discussed next. Gross 
separation of each component, except for minor constituents 
(diffuse light and integrated cosmic light) in a location 
well away from auroral interactions is shown in Figure 9.3 and 9.4.

1 . INTEGRATED STARLIGHT.

The contribution of light from the sidereal background 
is formed by large numbers of unresolved stars and nebulae. 
From Figure 9.2 we find that the human eye can distinguish 
stars up to sixth visual magnitude from a mountain top and up 
to fifth visual magnitude from sea level. Over the entire 
sky there are 4850 stars brighter than magnitude 6 and 1620 
brighter then magnitude 5.

When a telescopic aid is used, however, the number of 
stars increases enormously (see Figure 9.5). For instance, 
there are one million stars brighter than visual magnitude
11.2 and one billion (one thousand million) brighter than
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TABLE IX.1
COMPONENTS OF THE LIGHT OF THE NIGHT SKY.

COMPONENT FUNCTION OF PHYSICAL
ORIGIN.

Integrated starlight. Stars in our galaxy.

Zodiacal Light. Sunlight scattered 
by interplanetary 
dust.

Airglow.
of Local time. Ambient excitation

Latitude.
Season.
Solar activity. 
Wavelengths. 
Height.

upper atmosphere 
atoms and molecules, 
(photochemical pro
cesses ).

Aurora. Magnetic lat. Excitation of upper
Season. atmosphere atoms and
Solar activity, molecules by 
Magnetic act. energetic particles. 
Wavelengths.

Diffuse galactic light. Scattering of 
starlight by inter
stellar dust.

Integrated cosmic light Cosmological
redshift and 
model.

Moonlight. Phase. 
Position. 
Elevation. 
Aerosols.

Scattering of moon
light by air and 
aerosols.

Artificial light. Population. Man-made pollution.
Distance.
Surface albedo.
Light control.
Type of lighting.
Local topography.
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magnitude 20. A definite count is possible only for brighter 
stars but for fainter ones counting has been completed only 
for samples [1].

Based on data on star counts made by the Mount Wilson 
Observatory [2] and by the Groningen Astronomical Observatory
[3] it was found that if the stars were uniformly distributed 
over the entire sky and diffused so that they were not 
individually discerned, they could produce a general glow 
that would be equivalent to 105 stars of magnitude 10 for 
each square degree of sky (105 S10). In the hemisphere above 
the horizon there are 20,626 square degrees, so that the 
total average illumination of the sky is equivalent to 2.17 
million stars of visual magnitude 10, or expressing it in 
other terms, the total illumination would be the same as if 
there were 51 stars as the brightest star we now have in the 
sky (Sirius, magnitude = -1.5). Equivalent expressions for 
sky brightness are shown in Table IX.2.

TABLE IX.2
EQUIVALENT EXPRESSIONS FOR STARLIT-SKY BRIGHTNESS.

REFERENCE OBJECT APPARENT NUMBER TO EQUAL ONE
MAGNITUDE HEMISPHERE OF

STARLIGHT

10th magnitude star. 10.00
1st magnitude star 1.00
Sirius -1.58
Venus (at brightest) -4.3
Full Moon -12.5
Sun —26.72

2.17 million
590
51

4
22 x 10 (-5) 
445 x 10 (-12)

As it happens, stars are not uniformly distributed over 
the sky. Since the number of stars increases towards the 
center of the Galaxy, the region of the Milky Way is some ten 
times as rich in stars as the sky well away from it (see 
Figure 9.6).
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starlight (Jm) per mag. Interval as a 

function of apparent visual magnitude. 

(Roach, 1973) .
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2. ZODIACAL LIGHT AND THE GEGENSCHEIN

The scattering of sunlight by dust clouds around the 
Earth, particularly near the ecliptic region, is the main 
cause of the zodiacal light.

In absence of moonlight, aurora, and man-made light 
pollution, the zodiacal light is the brightest component of 
the night sky, although it is not generally recognized as 
such due to several reasons:

a. It is best observed near the western horizon after 
twilight and near the eastern horizon before dawn, and it 
is often confused with the twilight/dawn phenomenae.

b. Because it is brightest near the horizon, the potential 
zodiacal light observer suffers the competition of low- 
lying clouds and city lights.

c. Since the ecliptic in mid and high latitudes is often 
significantly inclined towards the horizon, the zodiacal 
light is best seen in the tropics, where the ecliptic is 
more or less vertical with respect to the horizon.

For a well located observer the zodiacal light appears 
visually as a cone of light oriented along the ecliptic and 
brightest near the horizon. It diminishes in both brightness 
and width as it extends toward the zenith. The brightness of 
this phenomenon highly depends on the sun's elongation at the 
time of the observation.

Although not as notorious as the zodiacal light, the 
gegenschein [4] is an extended faint glow that may be seen on 
that part of the ecliptic opposite the Sun. Its existence is 
clearly defined in photometric measurements, but elusive to 
the visual observer. Optimum observational conditions to 
locate the gegenschein are obtained when the antisolar region 
is well away from the Milky Way and when the antisun 
direction is as high as possible over the horizon; that is, 
near midnight.
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3. THE NIGHT AIRGLOW OR NIGHTGLOW

The Earth is covered in a nocturnal glow that usually 
goes unnoticed. The physical causes of this airglow include 
chemical reactions of the neutral constituents of the upper 
atmosphere and reactions involving ionized constituents, both 
resulting in the emission of light.

The night glow has been observed by astronauts during 
their "night" orbit around the Earth, since this tangential 
view through the emission layer increases the effective path 
length by around 30 times relative to a zenith observation on 
the Earth's surface. The effect that this nightglow has 
on the sky is an unavoidable but slight dilution of contrast. 
Its position or brightness cannot be accurately defined since 
it is a dynamic phenomenon that changes in small lapses of 
time.

4. THE POLAR AURORA.

The mysterious and beautiful luminosity which we call 
aurora has excited the curiosity and wonder of men since the 
dawn of history. The polar aurora differs from the nightglow 
in two observational features, one in degree and the other in 
fundamentals. First, the aurora is brighter than the 
nightglow especially in the visible part of the spectrum. 
Second, the spectroscopic features of the aurora indicate a 
high level of excitation, being due to the transfer of energy 
from high speed incoming particles in contrast to nightglow 
excitation arising from the exchange of energy in photo
chemical reactions in the upper atmosphere.

Aurora consists of a luminosity, usually distributed in 
regular or irregular horizontal bands which sometimes have 
vertically oriented striations or rays. Most commonly seen 
forms have their lower limits between 100 and 120 km above 
the Earth's surface and have a vertical extent of less than 
50 km. Auroral bands are usually oriented very approximately 
in the magnetic East-West direction and have a horizontal 
extent of 10 to 20 km perpendicular to their length which can 
be of 100 km or more. Much or perhaps most of aurora is too 
low in intensity to cross the color threshold of the eye so 
that it is seen by scotopic vision and hence appears without 
definite color. Most observers report the sensation as being 
white. More intense forms appear green or more rarely red; 
purple, violet, and blue auroral occurrences are seen very 
occasionally.
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It has been widely assumed that auroral phenomenae are 
independent of the site longitude, an assumption that has yet 
to be proved. What is known is that they are highly 
dependent on the geomagnetic latitude of a site. The overall 
possibility of seeing aurora reaches a maximum in a 
approximately circular zone of 22 degrees of radius approx., 
centered on the geomagnetic poles. This zone is, however, 
eccentric with respect to the pole and is displaced about 3 
degrees toward the dark side of the Earth, so that the 
auroral maximum occurs near 67 degrees of geomagnetic 
latitude on the night side and 78 degrees on the day side 
(see Figures 9.7 and 9.8). The intensity of auroral forms is 
variable from just a detectable level comparable to that of 
the Milky Way up to 1000 times brighter.

In addition to the latitude dependence for occurrence of 
aurora there are well-defined temporal fluctuations:

1. The eleven year cycle, associated with the sunspot 
activity. There is some evidence of a 1 or 2 year lag on 
the sunspot number curve (see Figure 9.9)

2. Semi-Annual variations, being seasonal variations with 
maxima at the equinoxes (see Figure 9.10).

3. A 27-30 day periodicity, which are recurrences associated 
with the apparent rotation period of source regions of the 
Sun.

5. DIFFUSE GALACTIC LIGHT.

The phenomenon of diffuse galactic light is associated 
with scattering of starlight by the dust that exists in the 
interstellar regions of the Milky Way.

In the overall study of the night sky, Roach (1973) 
describes an excess of light in the Milky Way after allowing 
for that due to the summation of the contribution of the 
unresolved stars in photometric observations, that could be 
accounted by scattering of galactic light.

The diffuse galactic light is brightest, in absolute 
terms, in regions close to the center of the Milky Way where 
both the interstellar dust that scatters the light and the
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concentration of stars themselves are at a maximum

6. COSMIC LIGHT.

Light coming from sources outside our own galaxy is 
referred to as cosmic light, and is generally considered to 
be very small when compared to other components of the light 
of the night sky. Vaucouleurs (1949) made an estimate of the 
surface brightness of cosmic light and found that is should 
be around 0.5 S10 (photographic) corresponding to 0.9 S10 
(visual). A comparison between the contribution of 
integrated star light with that of cosmic origin is presented 
in Figure 9.11.

Accurate measurement of such low levels of brightness is 
difficult, but is usually assumed that cosmic light should be 
about two percent of that of diffuse galactic light.

7. MOONLIGHT.

If the scattered light of the interstellar and general 
star background is of minor importance, scattered moonlight, 
however, can greatly increase the brightness of the 
background. The light that the Moon provides to the night 
sky determines the limiting magnitude at which an astronomer 
can work during that time.

The brightness of the sky when the Moon is present is a 
very sensible indicator for the existence of scattering 
particles in the air other than molecules of the air itself. 
In fact, the increase in background brightness produced by 
haze can easily be an order of magnitude larger than its 
effect on transparency.

8. ARTIFICIAL LIGHT POLLUTION : OPTICAL WAVELENGTHS.

By far the most important factor to consider in 
observatory site planning when studying the contributors of 
the night sky brightness is artificial light pollution. The 
influence of radiation produced by human activities and 
development occupies most regions of the electromagnetic 
spectrum and in all but a few places its presence is evident.
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Needless to say, the possibility of invasion by light 
pollution might be enough to discard a particular place as 
a potential site for observatory developments. It is 
therefore important to understand the relationships between 
light pollution and night sky brightness in the most used 
wavelengths. (For a short discussion of the electromagnetic 
spectrum, refer to Appendix "A").

Most of the sites of the present major observatories 
were among the best at the time of their construction. Now, 
however, work at these places is either presently or 
potentially limited by the increase in the illumination of 
the night sky from nearby cities.

Walker (1973) refers to the gradual decrease in the 
darkness of the sky in California and Arizona: the first 
observatory to feel the effect of increased sky illumination 
was Mount Wilson, California. While conditions were still 
good at the site when the 100-inch telescope was installed in 
1918, it became evident by the early 1930's that the increase 
in sky illumination made it impossible to locate the 
projected 200-inch reflector at Mount Wilson, with the result 
that the more remote Mount Palomar site was chosen instead.
As was reported in 1973, the sky illumination at Mount Wilson 
was very intense, being about V = 19 magnitude per square arc 
second, or about three magnitudes or a factor of 16 in 
intensity units brighter than would be expected in absence of 
artificial illumination. As a result the telescopes at this 
site were no longer useful for observation of extremely faint 
sources in the visual and photographic regions of the 
spectrum, and were then used only for observations of 
relatively bright sources (as in high- dispersion stellar 
spectroscopy) and for observations in the infrared region of 
the spectrum.

At Lick Observatory the sky remained dark until some 
years after the end of World War II, so that when the 
planning of the new 120-inch telescope began in 1946, there 
was no doubt that the instrument should be located on Mount 
Hamilton. This area received a large influx of population 
soon afterwards with the result that the night sky became 
sufficiently bright to prevent certain observations from 
being done. The observations at Mount Hamilton at an 
altitude of 45 degrees toward the north-west are shown in 
Figure 9.12.
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The straight lines in this figure correspond to an 
increase in both B and V [5] of 0.05 magnitude per year since 
1948, while the level of illumination in 1973 in that 
particular direction (45 degrees altitude, northwest) was 
about 1.3 magnitude in V and 1.4 magnitude in B or factors of 
3.3 and 3.6 respectively, in intensity units, brighter than 
site with no artificial illumination.

The importance of this increase in sky brightness is 
evident when we recall that when observing faint sources 
against the background of the night sky with a receptor of 
finite storage capacity such as the photographic plate or 
optical or electronographic-output image tubes, we can expose 
only until some percentage of the storage capacity of the 
detector has been utilized.

Under these conditions, and for a given quality of the 
optical turbulence or seeing, the detection limit will vary 
directly with the brightness of the night sky. In the case 
of detectors of unlimited storage capacity, such as 
photoelectric photometers, the observing time required for a 
given precision varies directly as the intensity of the sky 
background. Thus, at Mount Hamilton at the time the survey 
was made (1973), it was then required 2.5 (at the zenith) and 
4.0 times (at an angle of 45 degrees of altitude) as long to 
achieve a given photometric precision for a given magnitude 
as at a dark site. In other words, for this type of 
observation the 120-inch telescope was only as effective as a 
telescope of 60 to 76 inches of aperture situated at a dark 
site.

Several studies have been made to determine the effects 
of urban lighting on the brightness of the night sky in the 
optical wavelengths. In 1965 and 1966 sky brightness 
measurements showed that even on relatively remote sites like 
Mount Palomar the increase in artificial light pollution 
amounted to one or two tenths of a magnitude, what was then 
adopted as the maximum amount acceptable for a potential 
dark-sky site. While doing research for the location of the 
new Lick Observatory, Walker (1970) showed some relationships 
between various factors: luminosity, brightness, population, 
distance to the source of light. His investigations were 
expanded in 1973 and 1977, where he summarized some of this 
relations:
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1. The Luminosity-Population Relationship.

It is found by that author that the total light emitted 
by a city is proportional to its population, at least for 
regions of similar economic development.

In his study he used a number of cities of California in 
the Santa Clara and Monterey counties, the economic levels 
and types of street lighting being roughly the same in those 
areas. His results are plotted in Figure 9.13.

Although street lighting is not the only source of 
outdoor illumination, the assumption of a linear relationship 
between the total light output and the population of a city 
is probably satisfactory since, if anything, the relationship 
would tend to overestimate rather than underestimate the 
distance needed to have a dark sky.

2. The Brightness-Distance Relationship.

The way in which artificial illumination of the sky 
varies with distance, at an angle of 45 degrees of altitude 
in the direction of the source, is found to vary as I 
proportional to D exp(-2.5) where "I** is the intensity and 
"D" the distance to the source. Figure 9.14 shows the 
brightness-distance relationship for a typical city.
Salinas, California, was selected for this study because it 
is large and bright enough that the sky illumination which it 
produces could be measured to a reasonable large distance, 
but at the same time it is not so extended as to depart 
greatly from a point source at small distances. It was also 
considered that this city is relatively well separated from 
other surrounding cities, so that the light measurements 
were not too greatly affected by contamination of other 
sources.

3. The Population-Distance Relationship.

Walker (1970) found in 1966 that the artificial 
Illumination of the night sky at Palomar mountain produced by 
the light of Los Angeles and San Diego was 0.2 magnitude at a 
45 degree angle of altitude in the direction of the sources, 
so that this amount of artificial illumination was adopted as 
the maximum acceptable at a site for a new dark-sky
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Relationship between population and number of lumen* of 
street lighting for cities in Santa Clara and Monterey counties, 
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observatory in California. Assuming that the illumination 
of a center of population is proportional to its number of 
inhabitants a curve, Figure 9.15, was constructed giving the 
distance of a given population at which the illumination of 
the night sky will be equal or less than 0.1 magnitude at the 
zenith and equal or less that 0.2 magnitude at a 45 degree 
angle of altitude toward the city.

Using this plot, the areas within which the sky is 
artificially brightened by more than the above limits could 
then be plotted on a map of California, as shown in Figure 
9.16 (a). In the map, conditions from 1970 are indicated by 
solid lines, except for all cities within populations between 
10,000 and 20,000 where the circles were drawn with a radii 
of ten miles instead of the smaller values predicted by the 
curve.

Although the limits shown in this map are only 
approximate, it was designed to indicate in a general way to 
show the areas that were too close to sources of light to be 
considered as possible long-term sites for future dark-sky observations.

Recently, confirmation of this analysis has come through 
night time photographs of city lights across the United 
States taken from a U.S. Air Force weather satellite, as 
shown in Figure 9.16 (b).

In general, the agreement between the pollution maps and 
the satellite photographs is quite striking. The maps show 
larger areas of pollution since they refer to a quite low 
level of sky illumination, due to scattering, while the Air 
Force photographs shows illuminated areas directly.

The agreement between the pollution maps and the 
photographs confirms that to a first approximation, the 
population of a city or a region can be used as an indicator 
of the amount of sky illumination to be expected. Exceptions 
do exist, however: when compared with the population, 
military bases tend to have very bright lights, as do resort 
cities.

Similar maps have been made for other regions of the 
country, like the one reproduced in Figures 9.17(a) and 9.17
(b) for Arizona.
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Enlargement of a portion of a U S. Air Force weather satellite photograph showing 
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F I G U R E  9 .1 6  ( A )

Map of California showing regions having an artific ia l tight illumination *  0?l at 
the zenith and <" d?2 at 4 5 °  altitude in the direction of the light source, 

calcu lated  using Figure 9 . IS and census fo r  1970. Regions of high population 

density are indicated In block (W a lk e r , 1 9 7 3 ) .
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Mop of A r iz o n o  showing regions Moving on artific ial light illumination < oTl at 
the zenith and f  0*2 at 4 5 °  altitude in the direction of the light source, 

ca lcu la ted  using Figure 9 .15  and census fo r 1970. Regions of high population 

density are Indicated In block (W a lke r, 1 9 7 3 ) .
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city lights in A r iz o n a . At the edges ot the illuminated areas the artific ia l 
illumination of the sky Is about &V= 0?8 and AB= iTO ot the zenith, and AV = lT5 

AB = l?5 ot an altitude of 4 5 °  in the direction of the source (W alker, 1973).
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Observations of different cities seen to fit the 
straight line corresponding to P proportional to D exp(2.5), 
where "P" is the population and "D" is the distance to the 
source of light (see Figure 9.18), at least for a range of 
population between 4,300 to 1,200,000.

Departures from the predicted level of sky brightness 
may result from such effects as surface albedo: light 
colored desert areas cause a slightly higher level of sky 
illumination due to higher reflectivity.

The possibility that nighttime sky brightness could be 
affected by differences in albedo of the surrounding regions 
has been stated in literature. A few observations of the 
brightness of the night sky with no moon were made in 1966 at 
several sites in California. Values representative of 
average good conditions of these places are given in Table
IX.3.

TABLE IX.3
REPRESENTATIVE VALUES OF THE NIGHT SKY BRIGHTNESS ( 1966) .

SITE SKY BRIGHTNESS 
(mag/sq.sec.arc)

ZENITH DISTANCE 
(deg)

V B
Piper Mountain 21.6 22.6 25
Hunter Mountain 21.4 22.6 25
Junipero Serra 21.9 23.0 35

Examination of the values in Table IX.3 indicates that
there is little difference between Piper Mountain and Hunter 
Mountain, both of which are located far from significant 
sources of light pollution (1966). Their sky, however, 
appears to be significantly brighter than the one Junipero 
Serra has, and this difference might account for by the 
action of auroral effects during observations at the two 
brightest sites, or most likely, from differences in the 
reflection of starlight from the Earth's surface (albedo).
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Piper and Hunter mountains are surrounded by extensive areas 
of light -colored rock and sand, while Junipero Serra Peak is 
surrounded by a dark forested region and by the dark surface 
of the sea. In this way the lower albedo of the regions 
surrounding Junipero Serra together with the somewhat greater 
transparency of the air, could cause less light to be 
reflected and a darker sky, even though the site is closer to 
the sources of light than those in the trans-Sierra region.

Light pollution might be less severe than Walker's 
figures suggest due to other factors. If the sources of 
light are circled with mountains, this would prevent the 
light from propagating through the lower, scattering layers 
of the atmosphere, and direct it upwards, where it would 
escape with less harm. Also, if city ordinances on control 
of artificial light are enforced, the possibility of 
selection of dark skies near population centers is increased. 
The Walker population-distance relationship is based on the 
use of mercury vapor street lighting, so with the advent of 
the newer high pressure sodium lighting some change in the 
relation might be required.

Studies made by Schneeberger et al. (1979) from the 
Sacramento Peak Observatory in New Mexico show that the 
Walker relationships overestimate the sky brightness by one 
order of magnitude. This may be due to different socio
economic conditions between California cities used to 
calibrate the relation and those in New Mexico, but is more 
likely due to altitude effects which are not included in the 
original computation.

The existence of these relationships proves invaluable 
to the planner, since from such relations maps can be then 
constructed indicating those areas presently affected by 
light pollution, and, using figures for projected population 
growth, establish those that are likely to be so affected in 
the future.

a. OUTDOOR CITY LIGHTING.

The population-distance relation shown in Figure 9.15 is 
of course dependant on the type of outdoor illumination that 
is used. Astronomers make basically two types of 
measurements: narrow band and broad band. If the interference 
that we have as a result of radiation pollution is narrow 
band, then most of the spectrum remains free from
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interference in astronomical observations.
On the other hand, within the narrow range of 

wavelengths affected by the radiation, the problem would be 
serious for a particular wavelength. If the interference is 
broad band or consists of a large number of spectral lines, 
then the astronomer cannot escape it. Moonlight is an 
example of low-level continuum interference affecting optical 
measurement at certain times of the month, and astronomers 
routinely do high-resolution spectroscopy of bright stars 
under such conditions.

Narrow band observations are still possible even with 
relatively intense interference if it is confined to 
wavelengths outside of spectral regions of interest. As an 
example, low pressure mercury vapor lamps produce relatively 
few but intense spectral lines with large gaps between them; 
as long as one is concerned only with detail in the spectrum 
between interfering lines there is no serious problem. 
Unfortunately this is not often the case. For example, the 
spectral line for triple ionized oxygen (0 III) at 436.3 nm 
which is crucial in the study of gaseous nebulae, is near the 
435.8 nm mercury line.

Broad band measurements such as astronomical photography 
and photoelectrical photometry are seriously affected by 
interference, whether it is in spectral lines or spread over 
a continuum, as long as it falls within the passband being observed.

Let us consider the main types of outdoor lighting that 
are generally used in the city:

1. Incandescent: tungsten and tungsten-halogen.
2. Mercury vapor.
3* Fluorescent.
4. Metal Halide.
5. High pressure sodium.
6. Low pressure sodium.

Figures 9.19 and 9.20 show the efficiency in lumens per 
watt of these popular lighting sources. Their basic 
characteristics are the following:
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1. Incandescent: tungsten and tungsten-halogen lamps.
The maximum efficiency of an Incandescent lamp, with the 

filament operating just below the melting point of tungsten, 
is around 60 lumens per watt although the actual efficacy is 
about a quarter of this value. Most outdoor lighting was of 
this type until recently. Also most of the lamp filaments 
are made from tungsten, which is a selective emitter, the 
spectral emissivity varies with wavelength and temperature. 
Only a few percent of the input power of a typical 
incandescent lamp is radiated in the visible region between 
300 and 700 nm and most is radiated in the infrared, peaking 
at about 1000 nm. Thus, tungsten and tungsten-halogen lamps 
have a very low luminous efficiency. Figure 9.21 shows the 
visual sensitivity curve for humans and the spectrum of a 
typical incandescent lamp.

Many astronomical photographic emulsions and 
photoelectric detectors have their peak sensitivity toward 
the blue part of the spectrum, thus these lamps have two 
properties that make them desirable to astronomers:

* They radiate with a very low efficiency, producing 
relatively little light in the visible wavelengths.

• Very little of the visible light that is produced 
interferes with the blue-sensitive detectors.

2. Mercury vapor.

The high-intensity gas discharge lamp is succeeding the 
incandescent lamp of most outdoor lighting. The mercury 
vapor
lamp is most popular. Such lamps emit most of their light in 
a few spectral lines, which is good from the astronomical 
point of view.

Most of the discussion on specific properties of light 
sources will refer to high-intensity vapor lamps and not the 
older incandescents.

The relative importance of the incandescent lamp has 
been declining as seen in Figure 9.22, which shows the 
relative numbers of in-service vapor and incandescent lamps 
as a function of time from 1950 to 1970 in the United States. 
As early as 1970, the bulk of the total luminous radiation
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was produced by vapor lamps (about 85 percent). Most of the 
continuum, however, was still produced by the remainder 15 
percent of Incandescent lamps.

Mercury vapor light sources emit at wavelengths of 
365.0, 404.8, 546.1, and 578 nm (see Figure 9.23). The 435.8 
nm line has been most annoying to astronomers since it is by 
far the strongest, lies in the blue portion of the spectrum, 
and most frustratingly, it is on the tail of the standard 
visual response curve (Fig. 9.21) where it contributes 
inefficiently to the lumen output of the lamp.

3. Fluorescent.

The fluorescent tube is essentially a low pressure 
mercury vapor discharge lamp producing ultraviolet radiation 
which is converted to visible radiation by a layer of 
phosphor
coated onto the inside surface of the tube. The efficiency 
of this type of lamps is in the range of 30 to 90 lumens per 
watt (see Figure 9.24).

4. Metal halide.

Metal halide lamps are similar to high pressure mercury 
vapor lamps, and they offer an alternative to fluorescent 
tubes for commercial lighting where a compact source is 
preferred (see Figure 9.25).

5. High Pressure Sodium Discharge Lamps.

One of the most important light sources in outdoor 
lighting, high sodium lamps offer a good compromise between luminous efficacy and color rendition. The spectrum of high 
pressure sodium lamps is shown in Figure 9.26.

Its most interesting characteristic is strong continuum 
radiation and a much richer line spectrum relative to the 
cleaner mercury vapor lamp spectrum. Although presently 
these type of light sources do not account for a high 
percentage of outdoor lights in small towns, it is possible 
that in a near future they will become major contributors of 
outdoor lighting. Municipalities and commercial light users 
are beginning to install them at a high rate, and the

120



S
pe

ct
ra

l 
O

ut
pu

t 
(m

W
/n

m
 p

er
 

In
pu

t 
H)

Mercury lamps

Wavelength (nm)

F I G U R E  9 . 2 3

S p tc tr o l power d is trib u tio n s  of 250  W mercury 

lomps: (o) MB lum p, (b ) MBF (Kolorlux standard) lamp, 

and (c ) M B T F  lamp ( Waymouth, 1971 ) .



S
pe

ct
ra

l 
O

ut
pu

t 
(m

W
/n

m
 p

er
 

In
pu

t 
W

)
Fluorescent lamps

Wh i te  
3400K 
51001m

Warm White  
3000K 

49501m

N atu ra  1 
4000K 

37001m

Cool White  
4300K 

48001m

Wavelength (nm)

F I G U R E  9 . 2 4

S p e c tro l c h arac teris tics  of some 1500 mm lamps: a ll are 

6 5  W except P o ly lu x , which is 5 8  W (Way mouth, 1971).

122



S
pe

ct
ra

l 
O

ut
pu

t 
(m

W
/n

m
 p

er
 

In
pu

t 
W

)

Ko 1o r - r i t e  
4000K 

33501m

700 ‘

A r t i f i c i a l  D a y l i g h t  
6500K 

2600 1m

Have length (nm)

F I G U R E  9 . 2 4  ( c o n t i n u e d )

123



S
p

e
c

tr
a

l 
O

u
tp

u
t 

(m
H

/n
m

 
p

e
r 

In
p

u
t 

N
)

Metal halide lamps

Wavelength (nm)

F I G U R E  9 . 2 5

S p e c tra l power d is trib u tio n s  ot metal halide lamps: ( a )  
(a ) sodium - scandium and (b ) dysprosium -  thallium lamp.

124



S
pe

ct
ra

l 
O

ut
pu

t 
(m

W
/n

m
 p

er
 

In
pu

t 
W

)
High pressure sodium lamps

Wavelength (nm)

F I G U R E  9 . 2 6

S p e c t r a l  power d istributions for the 2 50  W SON lamp at 
two sodium vapor pressures; (a ) the standard lamp at 10 Pa

and ( b ) improved colour lamp at 4 x 10* Pa (Waymouth, 1971).

125



possibility that much of the skylight near urban areas will 
someday be of this type of lamp should be considered. Their 
large number of spectral lines would present a serious 
light pollution problem.

Since the population-distance relationships were derived 
basically considering mercury vapor lighting, the conversion 
to high pressure sodium lamps will increase the level of 
illumination and therefore some changes in the curve should 
be made. The change to the high pressure sodium lamps will 
have an effect on spectroscopy much greater than it is 
suggested by the Walker relationship.

6. Low Pressure Sodium Lamps.

Similar in many aspects to a fluorescent lamp, the low- 
pressure sodium lamp consists of a discharge in an atmosphere 
of a rare gas (usually neon or argon) and sodium vapor. A 
major point of difference is that the wavelengths of the 
emitted sodium radiation are in the yellow visible portion of 
the spectrum, very near the maximum of the eye sensitivity 
curve.

The spectral composition of a light source is important 
from several approaches. In the first place, it determines 
the color appearance of the source and the way in which the 
source will render the colors of the objects it illuminates. 
Because of its monochromatic characteristic, low pressure 
sodium lamps have no color rendering. Yellow objects cannot 
be distinguished from white ones and red objects from blue 
ones. In fact, with monochromatic light the whole concept of 
color is meaningless. The visibility of objects illuminated 
by sodium light depends only on their reflectivity at this 
wavelength and the contrast with the background. Principally 
for these reasons this type of source has been used only for 
one purpose: street and highway lighting, where color 
rendition is of secondary importance.

But the spectral composition of the light emitted by the 
source may also have a noticeable influence on visual 
reliability. This is especially the case under monochromatic 
low-pressure sodium light where the eye is able to come to a 
sharper focus than is possible with multi-line or continuous 
spectra. Many studies have shown that the detection of 
objects due to difference in contrast is scarcely, if at all, 
influenced by the spectral composition of the light. If 
identification as well as detection is important, then the 
perception of small detail of the object, and thus the visual 
acuity in general becomes important. From published sources
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it is known that the visual acuity under low-pressure sodium 
lighting is significantly better than with other non 
monochromatic sources.

What could on one hand be regarded as a practical 
disadvantage for most people, the monochromatic 
characteristic of low-pressure sodium lamps, is most 
important in astronomical work. As we can see from Figure 
9.27, the amount of visible radiation emitted other than the 
589.0 and 589.6 m , resonance lines is negligible. What this 
means is that, if properly filtered, the light emitted by 
sources of light pollution that use low-pressure sodium lamps 
could be greatly reduced. Since the efficiency of low- 
pressure sodium sources is high and very near the maximum 
visual sensitivity of people, almost all the energy emitted 
would be used in illumination and would not be wasted through 
other invisible wavelengths. This means that light pollution 
could be reduced by using less sources. Furthermore, the 
efficiency of low-pressure sodium sources is one of the 
highest available on the market (around 100 to 180 lumens per 
watt, see Figure 9.19 and 9.20) the cost of lighting would be 
also reduced.

For these reasons it is advisable to use low pressure 
sodium discharge sources in regions where light pollution 
might affect astronomical research and where color rendition 
is not a highly important issue.

b. LIGHT POLLUTION REMEDIES.

Factors that influence the proliferation of outdoor
lighting are:
1. The rate of growth of the population.
i1. The evolution of zoning practices and the suburban 

spread rate.
ill. The possible conversion from the automobile to 

public transportation systems.
iv. Changes in lighting technology.
v. Aesthetic and protective policies that governments 

might adopt which will have some influence on light 
pollution.
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The last item on this list seems to be the one that most 
likely will have the largest effect. Some remedies could be 
enforced to provide promising astronomical research sites a 
reasonably dark sky.

Even if outdoor illumination is used for things like 
streets, cars, parking lots and buildings, a part of this 
light goes up to the sky because all illuminated surfaces 
have some reflectivity. Dark asphalt has a low reflectivity 
while lighter surfaces -like concrete- have a much larger 
reflection coefficient. Encouraging the use of surface 
materials of low reflectivity might have a slight influence 
in light pollution control, but is not likely to be very 
effective.

A more promising alternative is lamp design: how much 
light is directed downward where it will do some good, and 
how much goes uselessly up into the sky.

An effort to control light pollution has been undertaken 
by the Kitt Peak National, Steward, and Smithsonian 
observatories in Tucson, Arizona. There the problem is 
relatively simple since almost all of the present 
illumination derives from only one city: Tucson. The city 
has been persuaded to adopt an ordinance [6] setting 
regulations on the elevation distribution of luminaries -- 
the amount of light that can be directed upward. The 
ordinance also requires that new luminaries be equipped with 
filters which are opaque to the far-blue and ultraviolet 
lines of mercury, such as the 435.8 nm line. This element of 
the Tucson ordinance should be considered for adoption in all 
regions where astronomical research might be affected: it is 
a concept of reserving for astronomy a portion of the 
spectrum toward the blue where visual efficiency is low 
but where astronomical detectors tend to work very well.
This specific ordinance requires that the lamps be equipped 
with filters which absorb at least 90 percent of radiation of 
wavelengths shorter 440 nanometers. The Tucson example is a 
valuable precedent toward the protection of the astronomical 
observing environment without compromising the legitimate 
lighting needs of the public.
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B. CONCLUSIONS.

For practical purposes in observatory planning, we can 
consider that:

1. The typical values for several components of the light of 
night sky of natural origin are the following:

TABLE IX.4
COMPONENT S 10 (VISUAL) UNITS.

Nlghtglow
Zodiacal light
Integrated starlight from:

m = 5 to inf.
m = 15 to inf. 
m = 20 to inf. 

Diffuse galactic light.
Cosmic light.

50
117

28
2.6
0.15
9 (estimate)
0.9

2. Excluding aurora, moonshine and artificial light
pollution, the major contributors to the terrestrial 
night skylight are integrated starlight, zodiacal light 
and nlghtglow. 3

3. Integrated starlight and zodiacal light are always
present. Fortunately their effects are relatively small 
and stable.
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4. Aurora and nightglow usually emit light only in certain 
spectral bands and lines and by choosing the proper 
regions their influence can be reduced. There is a 
residual nightglow that is spectroscopically continuous 
over much of the spectrum. This cannot be eliminated 
by filtering and constitutes a general limitation on 
deep sky studies from ground-based observatories.

5. Scattered light of lunar origin is unavoidable in ground- 
based observatories and greatly determines the limiting 
magnitude of observation of faint objects in the sky.

6. By far, the most important factor that contributes to the 
night sky brightness to consider in observatory site 
planning is artificial light pollution. The total light 
output of cities of similar economic development is at 
least approximately proportional to their population.
The artificial illumination of the night sky at 45 
degrees altitude in the direction of the city varies as
I prop. D exp(-2.5), while the distance at which cities 
of a given population produce a brightening of the sky 
of 0.2 magnitude at an altitude of 45 degrees towards 
the light source varies as P prop. D exp (2.5)» over 
populations in the range of 4,300 to 1,200,000.

7. These population-distance-brightness relationships can be 
affected by the site's altitude, city ordinances on 
light control, type of street lighting used, topography 
of the source and albedo of the region surrounding the 
site.

8. The use of certain types of lighting such as low pressure 
sodium lamps and the adoption and encouragement of city 
ordinances in regions where astronomical observational 
research might be affected could greatly help to reduce 
light pollution.
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NOTES

[ 1 ]. Even the best sky surveys cannot deal with such 
impressive numbers of stars. In one of the most 
complete studies made, the National Geographic Society- 
Palomar Sky Survey, the entire sky visible from 
Palomar's latitude was photographed, including stars as 
faint as photographic magnitude 20 (visual magnitude
18.8). Figure 5 indicates that there are on the order 
of 5 x 10 exp(8) stars brighter than visual magnitude 
18.8. Note, however, that this is less than 2 percent 
of the total number of stars in our galaxy.

[2]. Scares, F.H. et al. Astrophysical Journal, vol. 62, 320. 
(Mt. Wilson Publications, 301), 1925

[3) • van Rhijn, P.J., Publications of the Groningen
Astronomical Observatory,No. 43, 1925.

[4] . The german word gegenschein has been internationalized
to delineate the phenomenon: "gegen" (counter) "schein" 
(glow).

[5] . "B" and MVM stand for blue and visual systems of
measuring magnitudes. The apparent brightness of a 
celestial body can depend to some extent on its color. 
Since about I960 the most commonly used magnitudes have 
been U (ultraviolet), B (blue), and V (visual). The U 
and B magnitudes are obtained from measures from the 
flux from stars through certain standarized ultraviolet 
and blue filters with a common type of photomultiplier. 
The visual magnitude (V) is measured through a filter 
that approximates the response of the human eye.

[6) . City ordinance number 3840, Tucson, Arizona.
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X. AVERAGE NUMBER OF CLEAR NIGHTS PER YEAR

A. GENERAL CONSIDERATIONS.

Meteorological data covering long periods of time are 
available for many parts of the world. Their main purpose is 
to give basis for forecasting and for determining conditions 
for air and sea traffic. In many cases along with the 
primary network of meteorological stations there are 
secondary posts with suitable recording equipment. Data from 
both of these networks form the basis material from which 
weather statistics are compiled.

The nature of the data collected depends on the 
importance of the station. First-order stations accumulate 
data on barometric pressure, temperature, relative humidity, 
wind speed, wind direction, precipitation, with continuously 
recording equipment. Cloud observations are usually made 
visually, and in a few cases photographically at certain 
times of the day.

Second-order stations record temperature and humidity, 
and at times wind velocity. In addition to the ground 
observations, radiosondes, basically balloons with 
thermometers, an hygrometer, and a radio transmitter, give 
information about the vertical structure of the lower 
atmosphere and about wind velocities aloft. These types of 
observations are scarce. A much more usual way of 
determining cloud cover for a wide zone is that made by 
observations from weather satellites and may give a good idea 
of the general conditions of a region at a particular time.

Meteorological data contains information useful to the 
site planner. This information, however, must be selected 
and interpreted with care to avoid false conclusions.

Initial surveys for general regions with low cloud cover 
can be made using data now available from weather satellites. 
A general, preliminary search can be made from several 
sources. One of these is the low-resolution Global Atlas of 
Relative Cloud Cover (Miller, 1971). This atlas can be 
useful to define the general areas around the world having 
minimum cloud cover, such as those shown in Figure 10.1, 
where the shaded regions represent those areas having more 
then two octas of cloud cover at least fifty percent of the 
time throughout the year.
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Table X. 1 shows the approximate values for cloudiness 
measured as a percentage (zero = clear) and in octas.

TABLE X.1
VALUES FOR CLOUDINESS IN PERCENT AND IN OCTAS.

CLOUDINESS RANGE OF CLOUDINESS 
(percent)

APPROXIMATE 
CLOUDINESS 

(octas)
Open < 20 0 - 2
Mostly open 20 - 50 3 - 4
Mostly covered 50 - 80 5 - 6
Covered > 80 7 - 8
Heavily covered 8.

Other sources could be used: Sadler's Average Cloudiness 
in the Tropics from Satellite Observations presents an 
interesting study of monthly cloudiness for regions around 
the globe of latitudes between 30 north and 30 south.

The map in Figure 10.1 shows, that, in general, minimum 
cloud cover occurs in two latitude zones around the world, 
extending from about 10 to 35 or 40 degrees north, and 0 or 
10 to 35 or 40 degrees south latitude, depending on the 
longitude [1]. Final evaluation, however, should be done on
site to verify that local effects, such as cloud-caps around 
a mountain peak, do not occur on a distance scale too small 
to be visible on satellite photographs.

Satellite meteorology has the possibility of making 
important contributions in the future, since up to now we 
must rely heavily on cloud information based predominantly on 
surface observations of cloud distribution. Fortunately, 
data supplied by satellites does not seriously question the 
accuracy of available surface observations.
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W o rld  map showing a rea s  with more than two octas cloud 

cover at least 3 0 %  of the time annually (shaded zones) 
{D ata  from Global Atlas of Cloud Cover. M iller, 1971; plot 
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It has to be kept in mind that most cloud cover 
observations are made during the daytime. In certain parts 
of the world, for instance, in the eastern United States and 
most of Europe, there is little difference between daytime 
and nighttime cloudiness, and cloud statistics as published 
by the weather bureau can be directly applied. In semi-arid 
and arid regions, as well as in mountain regions, this is not 
the case. Diurnal variation of cloudiness may be very 
pronounced. Consider for example that the summer afternoon 
showers in the south western United States are often followed 
by clear night. As previously mentioned when studying the 
night sky brightness, the appearance of the daytime sky may 
only give some indication of the situation at night, and thus 
daytime observations have only a limited application. The 
condition that there might be some variations in the cloud 
cover statistics from day to night may mean that the planner 
has to go back to the original observations and use only 
those falling at night rather than using the monthly 
statistical results that are often published.

There is another reason to make this precaution 
necessary. Usually the cloud occurrence is given as a 
certain percentage, that may mean that during the entire 
month this fraction of the sky was covered, or, in other 
words, that for this fraction of the month the sky was partly 
clouded all the time, or that for this fraction the sky was 
entirely overcast while it was clear for the remaining 
fraction, or any distribution between these two extremes. It 
is evident that for site planning purposes statistics have to 
be presented in other ways.

Precipitation data can help to locate areas of low cloud 
occurrence, but this correlation is not necessarily helpful. 
In certain areas the precipitation shows an even more 
pronounced dependence on the time of the day than cloudiness 
does.

Good information of nocturnal cloud cover is almost non
existent. Some studies have been made reporting the cloud 
conditions of the continental United States: in 1952 Irwin 
pointed out that the daytime cloud cover showed a marked 
minimum centered at Yuma, Arizona. The same year, Hess 
questioned the sharpness of this minimum for nocturnal cloud 
since he thought it might mainly reflect the absence of 
mountains near the region. According to him, the minimal 
nocturnal cloud might persist over a wide range of longitudes 
from California to west Texas. Smith and McCrosky (1954) 
used nine years of nighttime cloud cover observations 
reported for twenty southwest cities to further explore 
regional cloudiness. They confirmed that Yuma is indeed a 
center of minimal cloud cover at night as well as during the
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day. Using rainfall as an indicator of persistent cloud to 
fill in detail, they produced a map of nocturnal clear hours, 
which shows considerable similarity to the ones developed in 
1968 by Baldwin (see figure 10.2).

In part of the AURA supported site survey effort which 
ultimately led to the astronomical development of Kitt Peak, 
McDonald (1958) addressed the general issue of cloudiness 
over this region and its relationship to astronomical 
observing. It was concluded that in the region that was 
studied daytime cloud statistics were indeed reasonably 
accurate indicators of astronomically significant nocturnal 
cloud. Furthermore, he suggested that sunshine hour 
statistics could be employed as a useful supplemental 
indicator of cloud conditions. Figure 10.3 shows maps 
similar to those used to indicate the frequency of clear and 
overcast skies considered by McDonald as reliable tracers of 
astronomical conditions, while similar maps prepared by 
Baldwin (1968) shown in Figure 10.4, 10.5, and 10.6 have the 
same general patterns with a longer time base.

Woolf (1984) expresses the general conditions of daytime 
and nighttime cloudiness within certain parts of Arizona as we can see in Table X.l.

TABLE X.l
DIURNAL COMPARISON OF CLEAR CONDITIONS IN ARIZONA

SITE SUNSHINE
HOURS

DAYTIME
CLOUD

6;20am 
CLOUD

6:20am S-M Clear
CLEAR NIGHT HRS

Yuma 4077 0.17 0.22 276(0.76) 6.8
Phoenix 3832 0.35 0.30 244(0.67) 5.8
Prescott 3549 0.39 0.30 242(0.66) 6.4
Tucson 3839 0.39 0.34 230(0.63) 5.8
Winslow 3350 0.40 0.32 240(0.66) 5.7
Flagstaff 3380 0.43 0.32 230(0.63) 5.4
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F I G U R E  10.3
Average annual number of clear and cloudy days (McDonald, 1 9 5 8 ).
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The last column, S-M Clear Night Hours, refers to the 
number of clear hours per night estimated by Smith and 
McCrosky. The second column plots the number of hours of 
sunshine per year. Although there are some discrepancies, 
Table X.1 seems to support the conclusion that there is a 
reasonable correlation between daytime and nighttime 
cloudiness in the Southwest.

B. CLOUD OBSERVATIONS.

The emphasis that cloud observations should be made at 
night is basic for determining the conditions of a site and 
its suitability as an astronomical observatory site. In 
fact, unless one is interested in the daytime living 
conditions of a site, daytime observations can be discarded.

Nighttime cloud observations can be made either visually 
or photographically. Visual observations are preferable 
because the observer can appreciate the conditions of the 
entire sky while it is more difficult to do that from 
photographic observations. Also, in the case of a partial 
overcast, the observer can more readily judge whether the 
conditions are still suitable for astronomical observations 
than can be done on the basis of photographs.

When determining the fraction of the sky covered with 
clouds, astronomical observing practice should be taken into 
account. In particular, clouds low in the horizon need not 
be considered, and in fact, it seems justified to neglect all 
clouds below 20 degrees of altitude (Stock, 1962).

Concerning the types of clouds to be noted for 
astronomical purposes it is sufficient to distinguish only 
two types, namely, those with sharply defined edges, which 
are always dense and non-transparent, like cumulus, and 
clouds with fuzzy edges. The latter type is usually 
semitransparent, like cirrus. In the case of sharply-edge 
clouds, there is a good chance that the space between clouds 
is actually clear. In the case of cirrus, however, thinner 
clouds of the same type, but not usually seen by the 
observer, may exist in between, causing a definite 
deterioration of the observing conditions. In fact, the 
effect of thin clouds is so great that when present one can even detect them when the moon is up.
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a. Visual Cloud Observations.

Cloud observations made by an observer should give the 
fraction, in eighths or tenths, of the sky above 20 degrees 
of altitude, that is covered by the clouds. At least should 
be noted what kind of clouds were present, and if the Moon 
had some influence on the observations. On mountain sites 
the observer may find himself at times in a confusing 
situation, namely, when the wind drives pieces of fog over 
the mountain. At the moment the observer would be within the 
fog and consequently write "10" for cloudiness, if given in 
tenths, while a short time later the site could be free of 
fog for a moment, corresponding to a notation of "0". In 
this case the fraction of time in which the mountain was 
covered with fog would be the proper notation.

b. Photographic Observations.

On a moonless night it is hard to photograph the portion 
of the sky covered with clouds. A photographic record of the 
clouds can be obtained by long exposures with a fixed camera. During the clear periods the photographs will show 
uninterrupted star trails of uniform thickness, while 
interrupted trails or trails with variable thickness will 
indicate that it was overcast. A movie camera, which with 
the aid of an external clockwork advances the film by one 
frame at regular intervals, serves this purpose. As 
attractive as this method seems, it usually has the 
disadvantage of a limited field of view, 40 to 60 degrees at 
best, but for statistical purposes such information is 
sufficient.

C. CLOUD STATISTICS.

Just as for observations, cloud statistics must take 
into account astronomical observing practice. The total 
number of clear hours is not the only figure that counts, 
because for a number of programs one fully clear night is 
more valuable than two half nights. Programs of 
photoelectric photometry are of this nature. Furthermore, a 
partly clouded sky could still be useful, provided the 
coverage is not excessive. Statistical information of the 
following types for every month, in order to reveal a 
seasonal trend, may serve most purposes:
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i. Percentage of clear hours.
11. Percentage of useful hours defined as those with 40 

percent or less clouds.
ill. Percentage of useless hours defined as those with 50 

percent or more clouds.
iv. Percentage of photometric nights, defined as those with 

a least three successive quarters with clear sky. 
Instead of three quarters during the whole night one 
might require a minimum of six consecutive clear hours.

v. Useful nights, defined as those which are not 
photometric, but have at least two quarters of the 
night in succession with 40 percent or less cloud 
coverage.

vi. Useless nights, defined as the remainder of (iv) and 
(v).

NOTES.
[ 1). Brooks (1951) has studied the worldwide distribution of 

cloud cover. In the northern hemisphere he finds a 
minimum of about 40 percent cover at 26 degrees north 
latitude, with an increase as one goes further away 
from this latitude, the cover reaching 44 percent by 33 
degrees north and 19 degrees north. Although this 
result is based on an average for land and ocean that 
includes mainly daytime data, it nevertheless suggests 
that, generally speaking, comparable cloud conditions 
might prevail within latitudes of interest. More 
recent studies (Hartmann and Short, 1980; Stephens et 
al., 1981) tend to support this tendency.
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XI. ACCESS TO A CONSIDERABLE FRACTION OF BOTH NORTHERN AND 
SOUTHERN SKIES.

While maximum sky coverage is desired for observatories, 
in practice this is not always achieved. Obviously the 
observable sky at a specific time cannot exceed half of the 
celestial sphere (that is, neglecting effects such as 
altitude and refraction of the atmosphere). As the Earth is 
rotating, we are steadily seeing new portions of the sky. 
These variations are basically functions of the time at night 
and the time of the year at which observations are made.
These changes are unavoidable in ground-based observatories, 
which usually schedule their observing time to meet their 
requirements in the best way.

But nighttime sky coverage is also a function of the 
latitude of the site, and it is here where the planner can 
choose between several options available between sky coverage 
vs. observing time of that part of the sky.

Lets consider three cases for better imaging the motion 
of the sky as seen from different places on Earth:

First, consider an observer at the North Pole. The 
celestial north pole is at a point exactly over his head 
(which is sometimes called the zenith) and the celestial 
equator along his horizon (refer to Figure 11.1). The stars 
neither rise or set but they circle around the observer in a 
motion parallel to the horizon. Obviously, only half of the 
sky that is north of the celestial equator is visible to the 
observer. Similarly, an observer at the south pole would 
only be able to see the part of the sky that is south of the 
celestial equator.

Now, consider the situation of an observer located at 
the equator (see Figure 11.2). There the celestial poles, 
the points about which the sky turns, would be exactly at the 
horizon. All stars will rise and set, and during a 24-hour 
period, all stars are above the horizon exactly half of the 
time. Thus, sky coverage for an observer situated at the 
equator would be 100 percent.

A third case, the most common and the most probable to 
be encountered, is where an observer is located at any 
latitude (except zero and 90 degrees, because these are the 
latitudes of the equator and the poles, respectively) on 
earth. Suppose that the observer is located at Tucson,
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latitude 32 degrees north. Here the north celestial pole is 
32 degrees above the observer's north horizon (see Figure 
1 1.3), so the south celestial pole is 32 degrees below the 
southern horizon. As the earth turns, stars appear to circle 
around the sky, parallel not to the terrestrial equator but 
to the celestial equator.

For this observer, stars within 32 degrees of the north 
pole never set, always being above the horizon (day and 
night, of course). On the other hand, stars within 32 
degrees of the south celestial pole never rise and so that 
part of the sky is not accessible to an observer situated in 
that latitude.

For any place, the region obscured from a particular 
site will range from 90 degrees to 90 degrees minus the 
latitude of the site, in the opposite celestial hemisphere. 
In our example of Tucson, it means that sometime during the 
year we can see all parts of the sky except those regions 
between 90 degrees and [90-32=] 58 degrees in the southern 
part of the sky.

If the latitude-sky coverage relationship was the only 
one to determine the optimum zones on Earth to build 
astronomical observatories, we could conclude:

1. The region on the earth's surface with maximum sky 
coverage throughout the year is the equatorial region 
(zero latitude). From there we can observe practically 
all the celestial sphere.

2. Polar regions could only see half of the observable sky, 
providing minimum sky coverage. Their observable sky 
would be that from 90 degrees to the equator [90-90= 0 ]. 
Thus the observable sky from the poles is half of the 
celestial sphere. 3

3 . Regions between the poles and the equatorial regions will 
have an intermediate coverage of the sky: while some parts 
will remain visible throughout the year, other portions 
will remain unobservable. Sky coverage will range from 
slightly less than 100 percent to slightly more than 50 
percent of the celestial sphere.
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These considerations, however, have some limitations if 
we consider not maximum sky coverage but also the observable 
time at which observations are possible, at night. Earth's 
rotation and its inclination axis produce variations in the 
observing time and sky coverage that generally offset each 
other, so that in regions with small sky coverage there is a 
longer time for night observation, and in the opposite case, 
areas with high coverage have less night observing time. In 
the case of the polar observer the time he could make 
night observations of certain parts of the sky is unlimited 
( six months if we consider the "day" and the "night" being 
half a year long; the stars never set), while in the case of 
the observer situated at the equator, the maximum time he can 
observe a certain astronomical fixed object at night is 12 
hours.

Several other factors affect the amount of sky coverage, 
slightly increasing the field of view of the observer towards 
the horizon. A high altitude over the earth's surface and 
the effect of refraction by the earth's atmosphere will tend 
to increase sky coverage by a very small amount. As 
mentioned earlier, observations near the horizon are greatly 
affected by air currents, turbulence, a denser atmosphere, 
low clouds, and other factors that make them impractical. 
Stock ( 1962) considers only that part of the sky 20 degrees 
above the horizon as useful, although in unusual 
circumstances observations at lower altitudes can be 
attempted.

As it happens, only in a very few cases access to both 
northern and southern skies plays a vital role in observatory 
site planning. In most instances the selection of a site as 
a promising place for future development of astronomical 
installations remains within the borders of a region, or in 
the best of cases, of a country. There are examples, 
however, of observatories in which gaining access to a 
particular part of the sky was a decisive factor in their 
development. Cerro Tololo in Chile, was such a case, where 
coverage of the southern sky was desired.

From a more general point of view, if we consider the 
location of observatories around the world, we see that in 
the longitudinal distribution, differences in concentration 
occur basically due to geographic, political and economic 
features of the globe, showing two centers of greater 
density, one in Europe, an other in North America (see Figure 11.4).
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While differences in longitude are moderate, latitude 
differences are considerably greater. Figure 11.5 clearly 
shows that observatories are far more numerous in the 
northern hemisphere than in the southern hemisphere. The 
graphs are based on data given in The American Ephemeris and 
Nautical Almanac for 1985, so that observatories from the 
last and the present centuries are listed. The picture would 
take a different aspect when only the observatories with 
giant telescopes having an effective diameter of 2 m or more 
are considered. Figure 11.6 shows the geographical location 
of the world's largest telescopes.

(
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XII WIND

One of the most critical factors that determines not 
only the selection of a site as suitable for astronomical 
development but also the design of the telescope and its 
envelope, is wind.

Wind can have decisive effects which could be grouped in 
two main categories:

1. Large-scale effects .
2. Local effects.

How wind affects astronomical seeing is not yet 
completely understood. Some authors consider that the 
turbulence created by wind passing over obstacles in the 
ground causes poor seeing and deterioration of general 
observing conditions. Some correlation between seeing and 
wind has been observed, although it seems to be more 
appropriate to say that both wind and poor seeing had the 
same origin, namely large-scale temperature and pressure 
gradients, rather than one causing the other. Otherwise it 
would be difficult to explain how at times good seeing can be 
observed with strong wind. This result would tend to explain 
that the calmest site does not necessarily have the best 
seeing nor does a windy site necessarily have poor seeing. 
Calm to moderate conditions, however, are preferred and 
necessary for technical reasons.

A. LARGE SCALE EFFECTS.

It is generally considered that the large-scale effects 
of wind tend to affect the zone in which an astronomical 
research facility could be built. Walker (184) considers 
that the best seeing will occur where the airflow is the most 
nearly laminar (usually within 4000 meters above sea level. 
Refer to Chapter VI, Seeing).
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The most nearly laminar flow [1] is found where the air 
has travelled for a long distance over a relatively smooth 
surface, such as the ocean. This permits that the turbulence 
induced by passage over land obstacles dies out. His results 
seem to favor areas centered on the tropical maritime stable 
airmasses with low ocean temperatures that generally lead to 
formation of a strong temperature inversion at relatively low 
altitudes.

The action of frictional forces from the ground acting 
over the air above it can be simply explained if we consider 
the earth's surface as at rest with the wind stream passing 
over it. The action of frictional forces is to reduce to 
almost zero the air velocity adjacent to the surface, so that 
large shearing gradients and stresses are developed in the 
air. These have the effect of retarding the layers near the 
ground and these layers, in turn moving more slowly than 
those beyond them, will influence the outer ones and tend to 
slow them down in their turn, and so on outwards until the 
effect is negligible. It is evident that the velocity 
increase which takes place along a vertical line must be 
continuous from zero on the surface to a maximum some 
distance away.

The height at which the velocity ceases to increase and 
the velocity at that point are what are called the gradient 
height and the gradient velocity, respectively. We can 
easily calculate the wind speed below gradient height by the 
following relationship:

exp
Vz = Vg [ Z / Zg ]

where:
Vz = Wind speed, mph.
Z = Height above ground, ft.
Zg = Gradient height, ft.
Exp = Exponent dependent on the terrain.

Typical values for Zg and the exponent dependent on the 
terrain are given on Table XII. 1.
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TABLE XII.1
TYPICAL VALUES FOR GRADIENT HEIGHT AND EXPONENTS
TERRAIN Zg Exp

Open country 900 ft 1/7
Suburban areas 1200 ft 1/4.5
Metropolitan areas 1500 ft 1/3

Figure 12.1 shows how the reduction of wind velocity due 
to ground friction extends vertically up to the gradient 
height where wind is no longer affected by the ground, for 
several conditions.

B. LOCAL EFFECTS.

We can distinguish two types of local effects:

1. Atmospheric effects around the site.
2. Man-made effects.

Each of these groups is briefly described below:

1. ATMOSPHERIC EFFECTS.

Several categories can be distinguished in this group, 
that may arise from:

a. Geographic factors related to nighttime ground temperature 
inversions.

b. General circulation of the atmosphere, and especially 
polar and subtropical jet streams moving above the site.
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c. Wind speed at the site mixing air of different 
temperatures.

d. Being on the lee wake of flow over a different mountain or 
range.

e. Topography of the mountain itself.

Nighttime mountaintop seeing is carried out through an {
atmosphere that rarely has rising warm currents, because the i
ground can usually cool itself radiatively below the air j
temperature. There results a downslope flow of cold air that ;
is replaced from the atmosphere. Some questions and problems 
relate to the drainage of cold air. Harlan and Walker ( 1965) \
have also reported the danger of warm air trapped by foliage ;
and released by the wind that shakes the vegetation. I

i*
i!If the cold air drainage is good, one should expect an 

equilibrium situation in which a thin layer of cold air over j-
the mountain creates a pressure differential that causes the 
cooled air to flow away as fast as new air is cooled. If 
there is wind, one can conceive a number of possible 
phenomena. The wind may create a drag that helps move the 
cool air layer off the mountain or, on the other hand, if the 
wind is gusty and strong it could easily disturb the high air 
by mixing the ground layer into it. x

Woolf ( 1982) considers several possible circumstances of j
wind flow around the site. For very calm nights, a moderate !
inversion layer may develop over any mountain summit that is j
not sharply peaked. All telescopes could be at times below j
the inversion layer so that differences in air density and
temperature will be swept away without much turbulence, so S
that even low-lying telescopes will be above the layer and j
can have good seeing. For stronger winds the boundary will
be turbulent and cool air will be carried up into the light j
path to the telescope and create very poor seeing. The j
higher the telescope, the better its chance of avoiding this
cold air in its light path (see Figure 12.2). I

How high one should go in order to reach the inversion 
layer boundary and therefore avoid turbulence largely depends 
on the wind speed at that moment. Lynds ( 1970) studied 
microthermal activity at Kitt Peak. On one site he showed 
that for wind speeds of less than 4.4 meters per second the 
modal level reached by the cooled air of the inversion was
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about 10 meters, while for winds above 4.4 meters per second 
the equivalent height was about 40 meters. It is now 
generally considered that the first 10 meters above the 
ground are by far the worst part of the path. At the best 
site on a mountain of optimum shape, in the right geographic 
location, one should expect a 10 meter high dome to be 
adequate, with comparatively little gain, but considerable 
expense, for higher towers.

Figures 12.3 and 12.4 show some information related to 
the existing wind conditions at Kitt Peak National 
Observatory. Shutdowns of the telescopes usually occur when 
the wind velocity exceeds 35-40 miles per hour.

It is clear that the structure of the mountain must 
quite drastically affect local turbulence and so set the 
mixing of the air at different temperatures. Sharp pinnacles 
should be regarded as natural towers and should be taken 
advantage of whenever possible. In fact, a sheet of air 
moving over the earth's surface is reluctant to rise in the 
face of an obstacle such as a hill or peak and, if the 
topography is suitable, will tend to flow around rather than 
over the obstruction.

There are good physical reasons for this tendency. As a 
rule, the energy changes required to accelerate the flow 
round the obstacle at the same level are less than those 
involved in increasing the potential energy of the air in 
lifting it.

Being on the lee wake of flow can also have definite 
effects on seeing and on the observatory structure. How far 
from the disturbing body we must go until its effects are 
negligible is difficult to determine since the contour of the 
wake not only depends on the form of the disturbing body, but 
also on the speed of the flow (see Figure 12.5). In any 
case, it is advisable to avoid potentially problematic sites 
on the lee wake of airflow.

Sometimes this is not possible to achieve since the wind 
can blow from different directions. For instance, on Mt 
Hopkins, when winds blow from the north (very rarely) and 
over a snow bank, images downwind are some three times larger 
than when the telescope is pointed upwind (with images of 
about one arc second). This result shows that the air in the 
mountain's own wake may be highly disturbed, particularly if 
the high emissivity and high latent heat of snow is involved.
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The first condition for ensuring that the site seeing is 
not appreciably worse than free air seeing is that the site 
should be out of the turbulent wake of upstream mountains. 
Eddies die out in several times their own length, presumably 
over distances of about 20 km (Woolf 1983)• Also one may 
consider the processes in which eddies decay into thermal 
energy, somewhere around half an hour. Thus, we may expect 
that a mountain with no others within 20-30 km will be free 
of upstream problems, unless it creates them itself.

How much wind we may be able to allow into an envelope 
without considerable loss in the performance of a telescope 
is a question of the specific design of the instrument. If 
we assume that the telescope has an abrupt cut off in 
operation at a certain level of deformation or mispointing, 
then the thickness of the telescope members, and thus the 
mass of the telescope, must increase with the cut off speed 
required. Although the statement that the overall cost of a 
telescope is directly proportional to its mass can be 
regarded as a naive oversimplification, if applied to 
calculate performance for high winds, we would find that the 
bulk of funds would be spent to gain a very small amount of 
observing time.

Figure 12.6 shows wind speeds for three mountain sites 
on which observatories have been built. The static wind 
pressure (that is, those effects due to the mean wind 
pressure) is about 0.05 km/m2 when the wind is 1 m/sec, or 2 
kg/m2 at a wind of 6 m/sec. Large parts of major telescopes 
tend to have surface mass densities of about 1000 kg/m2 while 
smaller parts have surface densities of about 100 kg/m2.

Thus for these parts wind forces represent no more than 
two percent perturbation for the gravitational deflection. 
Although good telescope designs attempt to keep the 
instrument aligned despite variations in the gravity vector, 
the precision of this alignment cannot practically be better 
than five percent. For this reason, with winds of this 
magnitude, they should not play a significant role in the 
alignment of the telescope [2].

2. MAN-MADE EFFECTS.

Although astronomers tend to believe that flaws in 
quality of image lie mainly in their atmosphere rather than 
in the buildings themselves, evidence seems to favor a more 
even distribution of blame.
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C. Same as (B) but with low drag coefficient.
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The theoretical study of man-made effects is difficult 
since parts of the theory are still incomplete, and at the 
same time we have a huge range of scales involved in the 
process: close to the primary mirror the outer scale may
well be the boundary layer [3] thickness of 1 to 2 cm, while 
near the dome slit it may be of several meters.

The concept that a dome is a necessity for the 
protection of astronomical equipment was for many years 
accepted as the ultimate solution. While protection from the 
sun, wind, dust, rain and snow is the most important 
characteristic of dome design, in applying the concept 
designers sometimes assumed that the more protection, the better.

Now we know that this is not always true. If we 
consider the effect of wind in a dome the options are simple: 
too much shielding and narrow dome slits produce turbulence, 
due mainly to air temperature differentials (and therefore a 
long time for thermal equilibrium of the building to reach 
the outside temperature, to cool off); a very wide opening to 
avoid the wind, on the other hand, will prove ineffective to 
protect the instrument from gusting winds that may produce 
vibration, mispointing, and therefore poor images.

Although a compromise between those two extreme cases 
could be an acceptable choice, these options were not fully 
realized until a few years ago, when performance of the 
traditional dome began to be questioned. A new telescope 
design was conceived and built with a greater open space at 
the dome, providing good airflow around the instrument. Its 
innovative concept not only provided a large dome, but also 
had the building actually rotating on a central axis. Figure 
12.7 shows a schematic view of the Multiple Mirror Telescope 
(MMT), better described in Chapter XIX.

Since this telescope showed the way to new design for 
instrumentation and domes, it is natural to refer to it for experiences related to wind effects.

The MMT experience revealed that poor seeing for most 
large telescopes was mostly self-induced, and was in part 
caused by an attempt to shield them from the wind. 
Nevertheless, totally open "enclosures" proved not to be the 
definite solution either. Having observatories with two 
different types of envelopes, open and closed domes, 
hopefully experiences could be compared and some information 
could be thus obtained.
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But the study of wind effects within the done is a 
complex and difficult task. Apparently contradictory results 
have to be explained by theories in which causes are 
sometimes not totally understood. Some experiments have been 
done regarding the use of windscreens, shielding from warm 
air, and optimum times for thermal equilibrium.

The net effect of the use of windscreens on domes has 
been determined, at least partially, on a trial-and-error 
basis. Woolf (1982) states that for wind speed less than 
about 15 meters per second turbulence is relatively 
unimportant. Appendix "C" shows some typical wind speeds in 
what is called the Beaufort scale.

Higher wind speeds, however, blur the image since air 
flow is affecting the telescope, in a phenomenon sometimes 
referred to as "sailing", and that can be prevented by the 
use of windscreens. Experiments done in domes where for a 
trial period the upper and the lower screens were removed, 
showed that with outside wind speeds gusting up to 20 m per 
second, occasional telescope mispointing amplitudes of up to 
5" were recorded (Blades, 1979). On the other hand, on open 
domes such as the MMT, and with small wind velocities, a 
windshield was tried and abandoned because, when used, the 
image size increased from about 0.8" to 1.00", showing the 
free airflow is crucial to the MMT images. For higher wind 
speeds, however, the use of windscreens might prove useful. 
The MMT design is very rigid, and winds at Mt. Hopkins are 
generally low, but despite this, the vibration of the MMT is 
just marginally permissible. Scaling the results of 
experiments done with this telescope to larger sizes suggests 
that wind vibration will be a major problem with giant 
lightweight telescopes, and a major task in both site 
selection and telescope-envelope design is to avoid these 
problems.

In general the efficiencies of the windscreens in 
reducing wind speed vary according to their permeability. 
Solid windscreens with zero permeability are not the most 
efficient. In fact, violent eddies are formed just behind 
the screen and extend for a distance of approximately five 
heights (see Figure 12.8). When a certain amount of air is 
allowed to go through the windscreen, such eddies are 
reduced. With permeabilities of 30 percent, the eddies are 
practically eliminated, and the air flowing through and over 
the screen is steady and laminar. Up to a permeability of 
35 percent the efficiency increases, but for larger
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Reduction of wind speed for fences of various permeabilities. 
(M e lo ro g n o , 1 9 8 2 ).
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permeabilities it starts to decline. Figure 12.9 shows the 
reduction of wind speed for different permeabilities. Note, 
however, that the eddy effect is not indicated.

The great effect that small quantities of heat can have 
on the performance of an instrument can be noted by some of 
the experiences of the process to bring the MMT into 
operation. The floor of the observing chamber was sealed 
where the yoke arms came through, and as a temporary 
appropriate material sheets of flexible plastic were used.
The images noticeably improved, but more surprisingly, a few 
days later it was noticed that the mirrors on one side of the 
telescope were not performing as expected. The cause was 
traced to a small crack between two of the plastic sheets on 
the side, allowing warm air to leak into the observing 
chamber. Detection of heat leakage can now be done by the 
use of thermography, which basically measures the radiation 
temperature of different surfaces (more on thermography in 
Chapter XII, Temperature Effects).

Air flow and temperature variations are also related.
The strategy of setting air and facility temperature the same 
within a fraction of a degree was made possible by the 
overall design. First, the very open observing chamber 
allowed wind to flow through the telescope, and so permitted 
the thermal time constant to be short. Second, it allowed the 
telescope tube to be treated separately from the yoke so that 
only 50 tons of material had to be brought to ambient 
temperature, compared to some 400 tons for a conventional 
telescope of this size. Although the time for thermal 
equilibrium greatly depends on the heat absorbed and released 
by the telescope tube and the yoke, perhaps the most helpful 
feature of the design was the use of lightweight primary 
mirrors of about 7 cm equivalent solid thickness, that have 
an equilibration time scale of about one hour, as compared 
with days for large solid blanks.

C. SHIELDING EFFECT OF BUILDINGS.

Structures block and divert winds. The effect that a 
building has on its surroundings can greatly vary depending 
on the specific conditions: it can act as a windscreen to 
reduce wind speed, or it can channel the air at an increased 
speed through narrow openings. It is to the advantage of the 
designer to know the general characteristics of wind behavior 
on architecture and its environment.



On the lee side of a building there is a shadow area of 
reduced wind speed where eddies are formed. The length of 
such an area varies with the geometry of the building; 
basically the slope of the roof, the depth of the building in 
the direction of the wind, and the height.

In general, the taller and longer the building or other 
barrier, the more extensive the eddy on the downwind side.
The eddle is a zone of low pressure, where the air is 
relatively quiet and is moving erratically, or even in a 
direction contrary to the prevailing flow. Thus, a tall, 
thin, long wall is the most effective windbreak. As 
mentioned earlier, windscreens are even more effective if 
they are not impenetrable, so that air pressure in the lee is 
not lowered so far that it causes strong turbulence.

Air movements between groups of buildings or in complex 
designs are difficult to foresee, so that it may sometimes be 
desirable to study air movement on the site by means of a 
scale model. Such studies are best made in a low speed 
tunnel with technical instrumentation an with trained 
personnel. This is the only way to get quantitative data on 
predicted wind speed and pressure. Since this type of 
instrumentation is expensive and hard to get, it still is 
possible to make rough predictions of wind direction and 
regions of calm and turbulence by testing the model with 
smoke on an amateur wind tunnel.

In the case of single buildings with simple form, it is 
sometimes possible to predict some of the wind effects that 
such a building is going to experience.

For flat-roof buildings with a depth equal to the 
height, the shadow area is 3.75 times the building height. 
When the depth is 2 or 3 times the height, the length of the 
shadow area is respectively, 3 or 3.25 times the height (see Figure 12.10).

For buildings with variable roof pitch that have a depth 
in the direction of the wind equal to the building's height, 
the lengths of the leeward shadow area are 3.75A, 3.75A, 
4«25A, and 4.75A for the respective roof pitch: 0, 0.33, 0.5 
and 0.67, where A is the building's height (see Figure 12.11).
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( M e la ra g n o , 1 9 8 2 ) .
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For buildings with variable roof pitch that have a depth 
in the direction of the wind equal to 3 times the building 
height, the lengths of the leeward shadow areas are 3.25A,
3 • 75A, 4.25A and 4.25A for the respective roof pitch: 0,
0.33,0.5, and 0.67 (see Figure 12.12).

Open structures exposed to the wind separate the 
streamlines so that the air flows not only over and around 
them, but also under them. Convex, flat, or concave roof 
configurations generate zones of eddy formation over and 
under the structure and deflect wind in various ways, as 
illustrated by figure 12.13. As the air is deflected, the 
velocity also varies, increasing as the streamlines converge, 
and decreasing as they diverge and their spacing widens.

If we want to calculate the total wind force on a 
particular surface (sometimes referred to as the drag force), 
we use the product of the surface area (A), measured as the 
projected area of the structure on a plane perpendicular to 
the wind direction, times the dynamic pressure (q) , times the 
"shape factor", (C).

Thus we have:

Wind force = A q C

The dynamic pressure (q) can be determined by the 
following relationship:

2
q = 0.5 R V

where:
q is the dynamic pressure,
R is the air density, and 
V is the velocity of the flow.
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A irflow  over and below open structures % eddy zones produced 

by interaction of wind and structures are shown for various 

configurations ( M etaragno, 1 9 0 2 ) ,
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F I G U R E  1 2 . 1 3  ( Continued ) .
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Substituting the value of the air density (R) at 
standard conditions, the previous expression becomes:

2
q = 0.00256 V

where:
q is the dynamic pressure in psf, and 
V is the wind velocity in mph.

Dynamic pressures of wind velocities from 10 to 300 mph 
are given in Table XII.2.

As for the "shape factor" (C), its value can be divided 
into two basic components: one perpendicular to the wind 
force, the lift coefficient, and other parallel to the wind 
force, the drag coefficient. Generally the lift coefficient 
is a very small quantity so that for practical purposes the 
shape factor (C) is approximately the same as the drag 
coefficient. Several values for different geometrical forms 
are given in Appendix "D", and those for simple forms are 
shown in Figure 12.14. Since the drag coefficient acts in 
the wind force equation as a product, smaller values of it 
will correspond to smaller wind forces. Thus, geometrical 
forms with small drag coefficients will be more effective to 
avoid wind pressure, turbulence, and wakes.

174



F I G U R E  12. 14

Drag coefficients fo r  infinitely long sharp-edged prisms

Sectional shape C ,

- □ Square with face to wind 2 0

-o Square with corner to wind 1-5

6/2 H-

- o
Rectangle—broad face to wind 2-2

—  I II* Rectangle—narrow face to wind 14

- <
Equilateral triangle—apex to wind 12

- t >
Equilateral triangle— face to wind 2-0

- <

Right angled triangle 1-55

(token from McDonald, 1972 )
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TABLE XII.2
DYNAMIC PRESSURE FOR DIFFERENT WIND VELOCITIES

WIND DYNAMIC WIND DYNAMIC
VELOCITY PRESSURE VELOCITY PRESSURE
(mph) (pfs) (mph) (pfs)
10 0.26 160 65.520 1.0 170 74.0
30 2.3 180 83.0
40 4.1 190 92.4
50 6.4 200 102.4
60 9.2 210 11370 12.6 220 124
80 16.4 230 135.590 20.7 240 147100 25.6 250 160
110 31.0 260 173120 37.0 270 187130 43.3 280 201
140 50.2 290 215.5150 57.6 300 230

NOTES.

[1]. Airflow can be either laminar or turbulent. Laminar 
flow consists of air particles moving along smooth 
linear paths, or, as the word implies, air moves in 
stratified laminae or layers that indicate smoothness of 
flow. Turbulent flow is the opposite; the air particles 
move in an erratic and random fashion in all directions, 
breaking the smoothness of the flow.

[2], The only part of the telescope where forces are balanced 
to a precision considerably higher than 2 percent is the 
large primary mirror. An 8 meter light-weight honeycomb 
mirror could adequately support forces of this type if 
properly designed. On the other hand, a thin solid 
mirror (some five times thinner) would be 25 more 
flexible, and thus unable to cope by itself with winds 
of about 5 meters per second.

(3]. That portion of the air where the speed of its particles 
is modified by the presence of a body (for instance, a 
moving plane in still air, or a still building in 
flowing wind) is called boundary layer.
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XIII. TEMPERATURE EFFECTS

Some of the effects caused by a large temperature range 
can be detected In both the performance of the astronomer and 
his equipment.

The effects of temperature can be grouped into two 
categories:
A. Ambient Temperature Effects.
B. Temperature Range Effects.

A. AMBIENT TEMPERATURE EFFECTS.

The best observing sites are generally located on high 
altitude peaks where low temperatures are expected. Cold 
weather can sometimes be a discomfort to the observer, 
especially if he has to remain in areas close to the 
observing instrument where heating conditions might not be 
available or, if they are, could be undesirable.

Heating systems are generally avoided due to their 
turbulence-producing characteristics, and even when buildings 
are heavily insulated a certain amount of heat flows outward. 
The rate of heat flow through the walls and roof is increased 
by the speed of the air flow striking these surfaces: the 
higher the wind speed,the higher the rate of heat loss.

B. TEMPERATURE RANGE EFFECTS.

It is generally considered that in most buildings it is 
preferable to have the smallest possible difference between 
the exterior and the interior temperatures.

Observatories being especially affected by temperature 
changes (consider, for example, distortion in the optical 
system of telescopes due to temperature variations), 
temperature differences are tried to be kept to a minimum.
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Temperature-dependent errors have been reported in 
literature (Ulich, 1982), especially in the pointing accuracy 
of the telescopes. The mean pointing accuracy of the Multiple 
Mirror Telescope (MMT) guide scope, for instance, varies with 
the ambient temperature by about 0.5 arc second per degree 
Celsius, in each axis. The cause, if indeed there is one, is 
not presently understood, and this drift limits the long-term 
reckoning pointing accuracy of the MMT. The air temperature 
measure in the telescope chamber is used by the mount control 
computer to correct the axis shift (and to calculate the 
atmospheric refraction coefficient). As more data are 
accumulated, the accuracy with which this drift can be 
predicted will probably improve (now about one arc second 
after several months have elapsed and over a 10 degree 
Celsius temperature range).

Domes are usually suitably vented and insulated to 
reduce the influx of external heat to acceptable levels. 
Light tones in the colors of paints are also used to reduce 
heating of the covering surfaces (see section D, Chapter 
XVII, Paint and Color in Domes), while the rotation of the 
dome before sunset in a way that the slit faces an opposite 
direction to that of the Sun, so that it cools down to night 
time temperature, is an acceptable practice.

Daytime observing can affect the thermal balance of the 
exterior nighttime temperature and interior dome temperature. 
Major observatories establish guidelines to avoid this 
problem:

1. During daylight observing, the sun must never shine on the 
telescope. Specifically the dome aperture must not come 
closer to the sun than +/- 2 hrs. in right ascension and 
+/-30 degrees in declination even while directing the dome 
to an object.

2. If the daytime observer does not have the telescope the 
following night:
a. The sun must never enter the dome or even strike the 

arch girders, i.e. the azimuth of the dome aperture 
must never be closer than 90 degrees to the sun; the 
right ascension difference must exceed six hours. To 
use the precise constraint, it is the following:
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angle OP* > 90 , where
cos (OP*) = sin DS sin D* + cos DS cos D* cos [A* - AS]
where: DS = Declination of the sun.

D* = Declination of the star.
AS = Right ascension of the sun.
A* = Right ascension of the star.

b. The dome must be closed if the temperature of the
outside air as indicated on the control console becomes 
>3 degrees Celsius than the dome air.

These requirements are aimed at preventing degradation of 
night-time seeing.

C. TEMPERATURE OBSERVATIONS.

The fluctuations of the temperature during a clear night 
are at least as important as its diurnal range. Hence a 
continuous recording of the temperature is to be preferred to 
observations of maxima and minima only.

In flat areas and in moist climates the temperature 
usually has the tendency to drop through the entire night (on 
clear nights). On dry mountain sites the temperature drops 
rapidly during the late afternoon and levels off a few hours 
after sunset. The temperature then stays constant through 
the night. Its value corresponds to the temperature of the 
free air at the same elevation. On sites not very high above 
the valley floor, and more so on low peaks above a large flat 
plane, one can often observe a second rapid drop of the 
temperature later in the night, with a lower constant 
temperature. At the same time, the valleys keep cooling off 
through the night, and they reach temperatures in the morning 
that may be well below those found at the same time on peaks 
1000 or even 2000 meters higher. The drier the air, the more 
pronounced is this effect.

The effects described can readily be understood. They 
are due to the rapid and effective cooling of the surface, 
and to the lack of moisture in the atmosphere. The surface 
cools by radiation. When the air is dry and no clouds are 
present, little of this radiation is absorbed by the air or 
reflected back to the surface. Without water vapor, the air 
is not an effective radiator, and it cools off very slowly by

!
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radiation. In fact, the temperature of the free atmosphere 
remains practically constant during the night. However, the 
air in contact with the higher places cools off rapidly and 
flows down into the valleys, and it is replaced by air of 
constant temperature drawn from the free atmosphere. The 
valleys therefore fill up with cold air during the night.
The top of the cold air may easily reach an elevation of 1000 
meters or more during a night. Above this cold air one finds 
warmer air with temperatures corresponding closely to those 
of the free atmosphere. The boundary between the cold air 
drained from the mountains and "the free air above it is often 
marked by conspicuous temperature inversion. In case some 
moisture and condensation nuclei.are present, haze can form 
in the cold air. The top of the haze clearly marks the level 
of the temperature rise. This temperature inversion 
maintains itself during the day until the lower atmosphere 
has been warmed up enough to re-establish an adiabatic 
temperature distribution. If the warming up of the lower 
atmosphere continues after that, convection through the 
entire atmosphere begins.

The temperature inversion produced by this situation 
outlined above is a source of very poor seeing. On valley 
floors, or in large flat planes, one can expect to be below 
the temperature inversion during the entire night. Sites 
with insufficient elevation will have good seeing conditions 
for the first part of the night until the temperature 
inversion has reached their level. A rapid drop of the 
temperature, and deterioration of the seeing, mark the moment 
when the inversion climbed over the elevation of the site.
The Boyden Observatory in South Africa, or the Lick 
Observatory station on Cerro San Cristobal in Santiago,
Chile, are examples of such sites.

The average and the maximum elevation of the temperature 
inversion level are probably the most important data to be 
determined before other types of studies are made in a given 
area. Temperature measurements at various elevations, or 
even only visual observation of the top of the haze layer in 
the morning are sufficient. Such observations will indicate 
the minimum elevation for a site worth further investigation.

D. TEMPERATURE STATISTICS.

The detection of effects related to a temperature 
inversion often cannot be done by statistical means, but only 
by a direct inspection of the thermograph and hydrograph
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records. A statistical analysis, however, will determine 
under what average and extreme conditions the equipment and 
the astronomers will have to work. Again, one has to 
consider which items affect the operation of astronomical 
equipment. In the first place, this means that statistics 
have to be made for clear periods only. The following data 
are of interest:

a. The diurnal change of the temperature, defined as the
difference between the maximum of one day and the minimum 
of the following night (not the difference between the 
minimum of one night and the maximum of the following 
day). Figure 13.1 shows typical observations for day to 
night temperature change observed at Ritt Peak National 
Observatory, Arizona. This figure is needed when 
insulation problems of buildings and domes are being 
considered. The average diurnal range, and its minimum 
and maximum value per month can be derived.

b. The average minimum temperature at night, and its highest 
and lowest values per month are important. These data 
give the average and the extreme operating conditions. 
Figure 13.2 shows data obtained approximately 2 meters 
above ground at the summit of Mt. Graham ( 10,720 feet 
above sea level), Arizona, for 25 days in September 1980 
and January 1981.

c. Of great importance is the behavior of the temperature at 
night. The total range of the temperature during night 
hours can easily be read off the thermograph record, and 
analyzed statistically. However, this figure alone is 
insufficient to indicate the stability of the temperature 
during the night. Thus, a drop of five degrees during the 
first two hours of the night with stable temperature 
thereafter, or a gradual drop by the same amount during 
the entire night, or a gradual rise, or an erratic 
variation within the same range during the entire night, 
would all give the same range. The effect of the 
equipment, however, would be quite different.

A typical night to night temperature change plot is 
shown in Figure 13•3 with data taken from representative 
conditions at Kitt Peak National Observatory.

d. The highest and the lowest temperature conditions of the 
month are also of interest. This information refers more 
to the extremes of the living conditions on the site than 
to observing conditions.
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DAY-TO-NIGHT  
TEMPERATURE CHANGE

Moximum doytime temperature 
minus following night's 
minimum.

(1975, July 8  August omitted)

FIGURE
Doy to night temperoture chonge ot Kilt Peak Notional Observatory, Arizona. 
(Source: K P N O  , 1982  ) .

F I G U R E  1 3 . 2

Diurnal temperature variation ~ 2 .0 m  above Mt. Graham summit (Dec 8 0 - Jan 81) 
( Wo o l f ,  1985 ).
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One night's minimum minus 
next night's minimum.

(1975, July 8  August omitted)
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F I G U R E  1 3 . 3

Night to night temperoture change at Kitt Peak National Observatory, in 

Arizona ( Source •• KPNO , 1985).

Mt Grohom (night)

Mouno Keo (night)

Mt Grohom (day)

F I G U R E  1 3 . 4
V a r ia t io n  of temperature with height at Mt. Graham, Arizona. 

( Woolf , 1 9 8 5 ) . Data for Mouno Keo Is shown for comparison.
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Variations of temperature with height in a particular 
microclimate have been detected in several major 
observatories (see, for example, Figure 13.4). In the case 
of Mt. Graham, two distinctly different variations of 
temperature with height are found for daytime and for 
nighttime. Values for Mauna Kea Observatory show similar 
variations (data taken from Cayrel (1984) as quoted by 
Woolf(1985)). The difference between these two sites appears 
to be that the heavy-forested Mt. Graham does not develop the 
rapid variation of temperature close to the ground which is 
characteristic of bare sites.

E. LOCAL EFFECTS OF TEMPERATURE ON SEEING CONDITIONS.

If thermal effects that make for locally-produced bad 
seeing are to be avoided, some essential strategies have to 
be followed.

As nearly as possible the temperature of the exposed 
surfaces of the telescope and of the dome structure, inside 
and out, should closely approximate the external air 
temperatures during night observing hours. Ideally the 
interior parts would be kept at nighttime temperature during 
the day. With the normal precautions of insulation and of 
convection between inner and outer skins, there is a diurnal 
leakage rate of a few kilowatts during the warmer part of the 
day. This heat input has to be taken away by means of 
ventilation and radiation to the eastern sky during the pre
sunset and twilight period.

Man-made seeing tests and measurements have been made in 
several observatories to determine the sources of local 
effects of temperature on seeing conditions and their 
evaluation.

The local seeing results from thermal inhomogeneities in 
the air through which the star light passes before reaching 
the telescope focus. These thermal inhomogeneities result 
from temperature variations within the telescope and the 
building and around the building and the site. There are 
three origins of these temperature variations:
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1.Thermal Inertia
Thermal inertia of large thermal masses is found in 

objects like the telescope chamber floor, the mirror, the 
telescope yoke, and the mountain top. This large thermal 
inertia prevents the object from following ambient air 
temperature. A large thermal mass by itself is harmless 
provided that its surface temperature approaches that of 
ambient air.
2. Active Heating.

Heating by electronics, people, heaters, etc. around the 
telescope causes thermal inhomogeneities. In solar 
telescopes the sun itself is a major source of active 
heating. For stellar telescopes solar heating is only of 
concern in connection with thermal inertia effects.
3. Radiation Cooling.

Results from the exposure of telescope, building, and 
site to a low sky radiation temperature, especially on good 
nights when the cloud cover and water vapor content are low.

The philosophy as seeing control at the MMT, for 
example, has been to made all surface temperatures of the 
telescope, building, and surrounding site equal to the 
ambient air temperature in as short time as possible by: (a) 
elimination of hot components, or by active air circulation 
cooling of hot components, (b) by thermally insulating large 
thermal masses. This makes their surface temperature rapidly 
follow the air temperature, and, (c) by reducing the 
radiation cooling effects through applying proper surface 
coverings to different structures.

Telescope domes often are traps of hot air especially 
when equipped with wind screens. The telescope itself is in 
an insulator (the dome) and is therefore subject to large 
thermal differences. The MMT building has the great 
advantage of being relatively very open so that the air 
temperature in the telescope chamber follows closely the 
temperature of the outside air. It was decided, therefore, 
not to negate this advantage by the installation and use of 
windscreens but rather to concentrate the efforts in 
improving the rigidity of the mount, thus making it rather 
immune to wind forces. Windbaffles are, however, installed 
just in front of the telescope yoke arms. These eliminate 
many of the wind forces without introducing seeing effects.
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Telescopes and their domes are often located well above 
ground level so as to avoid ground seeing effects. For cost 
saving reasons this was not done with the MMT apparently with 
no ill effect. Whereas the ground heating by sunlight is 
important for solar telescopes, we found that the temperature 
of the site surrounding the MMT equals or falls below the 
ambient air temperature because of its very short surface 
thermal time constant and because of radiation cooling of the 
gravelled surface.

In order to reduce temperature differences there are 
several strategies that have been applied with apparently 
good results in some observatories to avoid thermal 
inhomogeneities:

1. Relatively open domes with good air circulation.
2. Active cooling systems.
3. Passive cooling strategies (for example, using shading 

strategies, or rotating the slit away from the sun).
4. Insulation of large thermal masses.
5. High albedo (light-colored) paints in domes.
6. Artificially induced ventilation; fans to draw ambient air 

to force thermal uniformity.

For example, the floor of the MMT chamber is equipped 
with cooling pipes. Such a cooling system if fully 
implemented could be used to adjust the chamber temperature 
during the day to the anticipated temperature of the 
following night thus reducing any thermal differences. 
Although the implementation of such a system would indeed 
appear beneficial, it was decided to follow another plan 
because of the cost involved in implementing and operating a 
full cooling system. In this alternative plan the main 
offending components were covered with a heavy layer of 
insulation. After testing different materials it was decided 
upon a combination of 19 mm (3/4") of plywood over 19 mm of 
styrofoam covered on the floor with an antistatic carpet.
This combination provided a floor that was strong enough to 
support the heavy mirror handling equipment.

The surface temperature difference with the air of this 
combination was measured to be only 5 percent of the 
temperature difference between the floor/yoke and the air 
thus reducing the approx. 2000 watts heat input of the 
uninsulated floor (for a temperature difference of 2 degrees 
Celsius, zero wind velocity) to 100 watts. Considering that 
the 25-50 watts generated by a person standing underneath a 
telescope creates a clearly visible seeing effect, this
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reduction of the floor and yoke heating is very significant. 
Not all of the yoke could be covered with insulation so that 
in addition to a partial insulation an air suction device was 
installed which operates only when the building shutters are 
open. At night it draws ambient air from the chamber through 
the yoke to force closer thermal uniformity. This air is 
disposed of to the downwind side of the MMT (HE) where it 
does not appear to affect the seeing.

Figure 13.5 shows the maximum temperature difference in 
the chamber of the MMT, between the yoke and the air, where 
the largest differences occurred. Variations are plotted 
during a night from a time before the chamber was opened 
through sunrise.

Studies using thermograms have been made at the MMT, and 
from them, the following was derived:

(a) The location of offensive electronic equipment on the 
telescope as well as their size and temperature was 
found. Much of this equipment was associated with the 
laser active optics system which has since been replaced 
with much lower heat components.

(b) The determination of heat leakage through the chamber 
walls, especially some hot spots where the wall 
insulation was less efficient.

(c) The fact that there is heat leakage from the building to 
the outside especially prominent at places where the 
building structural frame is located.

(d) The major effect which radiation cooling has on the 
building and the Optical Support Structure under clear 
sky. Uniform thermal conditions which exist before the 
opening of the chamber are rapidly upset when the chamber 
shutters are opened when the sky is clear. When there is 
cloud cover uniform thermal conditions return. The time 
constant for thermal changes to appear is substantially 
less than half an hour.

(e) The site (gravel covered parking lot) to have the 
remarkably short time constant of 5 minutes. At sunset 
it almost immediately cools down to ambient temperature 
and it is reported that perhaps even drops below this 
temperature due to radiation cooling.
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Figure 13.6 plots the daily temperature variation of air 
temperature of the MMT observing chamber. This is typical 
temperature curve where the outside temperature increases by 
a large amount in the day and the inside temperature rises 
little. Near sunset the decreasing outside temperature 
equals the slightly increased chamber measurement. At that 
time the chamber is opened to make the MMT and its 
surroundings adapt to the ambient temperature. During the 
night the air temperature drops little and the telescope 
chamber follows this gradual thermal drop. At sunrise the 
chamber is closed until next sunset. Compare this plot to 
that of Figure 13.7, which shows the same variation for the 
dome of the Haute-Provence Telescope using active cooling 
systems: the interior temperature practically remains 
constant. Although the mentioned value of heat input into 
this dome is 3000 watts, it is gotten rid of by ventilation 
and radiation to the eastern sky during the pre-sunset and 
twilight period.
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XIV. HUMIDITY

Although some authors consider that a small amount of 
humidity in the air is indeed beneficial for astronomical 
observations (Dommanget, 1962) , especially for visual
precision observations such as those of double stars and 
positional astronomy, it is generally regarded that a very 
low amount of water vapor in the atmosphere is desirable.

Water vapor can, in certain conditions, play the role of 
a protective covering to avoid large thermal changes between 
the soil and the lower levels of the atmosphere, and this can 
oppose the formation of convection currents, one of the 
components of atmospheric turbulence.

The amount of water vapor in the atmosphere of a 
particular site is important from the optical point of view 
due to its properties to block specific zones of the 
electromagnetic spectrum. Figure 14.1 shows the atmospheric 
transmission as a function of frequency for one millimeter of 
precipitable water vapor in the line of sight. It is 
immediately clear that observations at the short wavelength 
end of the submillimeter spectrum (300 - 600 micrometers) 
require very dry conditions which can only be achieved for a 
limited fraction of the time even at the very best mountain 
sites in the world.

Low atmospheric water vapor content determines what can 
be achieved spectroscopically in the infrared regions 1 to 6, 
7 to 8 , 16 to 25, and longward of 300 microns. These 
regions open up beautifully when the water vapor goes down 
and new parts of the spectrum can be explored (Kuiper, 1970). 
At very low frost points almost the entire infrared region 
becomes accessible. In fact, the evaluation of site 
performance in the infrared has been generally restricted to 
determinations of the line-of-slght precipitable water vapor, 
based on absorption measurements against the sun, and more 
recently, the moon (Merrill, 1984).

But besides its optical properties, the presence of much 
moisture in the local atmosphere can lead to condensations on 
optical parts, refrigerated auxiliary equipment, electrical parts, etc.
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The relative humidity can also be a good indicator of 
the location of a site with respect to a stratification of 
the atmosphere. Moisture can readily radiate and thus reduce 
its temperature during the night. Thus moist air can be 
expected to cool off at nighttime and to sink down to lower 
levels. This process can easily be seen from mountain sites. 
Haze driven up to high elevations during the day can be 
observed to sink down during the first hours of the night.
The relative humidity at low levels will increase during the 
night and may lead to dew or even fog in the valleys. The 
cold air draining down from the.mountains helps the effect.
At high levels the humidity will drop during the night. At 
an intermediate critical level one can observe an erratic 
behavior of the relative humidity, usually stabilizing itself 
with dry conditions later in the night. For a given area the 
elevation of the critical level may depend considerably on 
the season. For good seeing conditions and freedom from 
haze, one has to choose sites above this critical level.

The average and the extreme relative humidity data are 
of interest in a particular site. The most important 
function of the humidity recordings is to indicate the 
location of a site with respect to a stratification of the 
atmosphere. Other than that its value is of little interest, 
so long as it is not near saturation, or of certain regions 
of the electromagnetic spectrum are to be studied. For 
certain types of equipment, such as photometers cooled with 
dry ice or liquid air, it is preferable to have a very low 
relative humidity. To prevent damage to instrumentation, 
observatories generally establish as a policy to stop 
observations when air dew point temperature is less than 3 
degrees Celsius above telescope structure temperature.

Local measurements of absolute humidity are probably of 
secondary importance because they do not vary very much over 
distances of a few tens of kilometers; what does vary sharply 
in short distances is the relative humidity.

The measurements of precipitable water vapor (p.w.v.) 
above a given site tend to scatter greatly because of short 
and long term statistical variations and because of the 
difficulties in accurately calibrating the infrared spectral 
hygrometers normally used in such surveys. For sites in 
different weather patterns, one or two years' worth of data 
are insufficient even to rank sites on a reliable basis. 
Therefore we should approach this subject with considerable 
caution. One cannot make a meaningful statement about the 
relative or absolute merits of any site based on only one
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year of data. In the absence of a long statistical data 
base, the best approach to estimating p.w.v. over a site is 
to use global p.w.v. atlases (which do cover rather long time 
periods) which show a distinct decrease in p.w.v. at a 
constant altitude toward the poles. Kuiper (1970) suggested 
this method and it has been generally confirmed by Roosen and 
Angione (1977). In general, an increase in latitude of 13 
degrees in the temperate zones corresponds to a decrease in 
p.w.v. by a factor of 1.6, which is equivalent to a vertical 
displacement of 3000 ft, or 914 m.

As shown in Figure 14.2, Mt Lemmon, Arizona, has indeed 
virtually the same precipitable water vapor as that measured 
at Mauna Kea, Hawaii, both observatories being roughly at the 
same altitude (Mt. Lemmon being slightly lower). More p.w.v. 
measurements have been made from Mt. Lemmon over the past 20 
years than for any other astronomical observatory site, and, 
as shown in Fig. 14.3, the cumulative probability 
distribution of p.w.v. is now reasonably well determined.

Figure 14.4 shows comparative water vapor measurements 
for several observatories. It is clear that an optimum site 
would be that in which p.w.v. average levels of about 1.5 mm 
p.w.v. or, better, frequently below 1 mm. Indeed, such is 
the goal for the placement of the New National Technology 
Telescope (NNTT) as described by Woolf and Merrill (1984).
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XV. SITE RECONNAISSANCE AND SELECTION

A. GENERAL CONCEPTS.

The problem of making the correct decision In choosing a 
suitable site for an observatory development turns out to be 
more difficult than what is normally expected because there 
are a large number of factors to be considered in the 
selection.

As we have seen, the development of a design is 
regulated by both subjective and objective factors, the 
latter having the possibility of being more or less 
accurately measured. One might expect that while there may 
be some disagreement over the importance given to subjective 
factors -- say, for instance, the significance of aesthetic 
feelings towards the site, towards the buildings, and the 
conservation of the aesthetic qualities of both -- most 
people would tend to agree on the policies that should be 
followed to achieve a successful placement and design of an 
observatory.

Surprisingly this is not so. Most of the time 
discrepancies arise not only over the importance attributed 
to specific factors, but to the existence of the factors 
themselves.

The understanding of the objective and measurable 
features that the planner should deal with in this type of 
design is most important, and usually professional advice 
from people in the specific field proves invaluable. 
Specialists, however, tend to overestimate certain factors 
above others, mainly due to professional bias, a natural and 
unavoidable human characteristic. Everyone will be inclined 
to consider his own field of study of prime importance and 
the designer or architect is most probably going to be 
bombarded with information that, although correct, should be 
placed in the proper overall perspective, and weighted 
accordingly.
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B. CONTEMPORARY SITE SURVEYS.

In recent years several countries have developed site 
reconnaissance surveys. In the published literature there 
are some specific site survey reports that bring up the issue 
of site selection in the continental United States, and as 
this country is one of the pioneers in the development of 
astronomical facilities, it is natural to review some of the 
work done in the field.

Generally speaking, the early surveys studied the 
performance characteristics of a site in the optical 
wavelengths, but seldom attempted to address the astronomical 
needs for high performance simultaneously in the optical and 
in the infrared. The interest in this last region of the 
spectrum has greatly increased in the past few years to such 
a degree that the choice of the place for major observatories 
in the future will probably assess a high weight to qualities 
important for infrared observations.

A report on the site survey for what was later to become 
Kitt Peak National Observatory (KPNO) made by Meinel (1958) 
examined an area for possible sites including six western 
states centered upon Arizona. The general region of the 
south western United States was selected because of its high 
percentage of clear skies.. Preliminary reconnaissance of 
potential sites was made by examination of rocket 
photographs, and later followed by an aerial view of the 
entire region, narrowing the practical sites to 150. Ground 
inspections succeeded in elimination of all but a dozen 
places. Sites were rejected for a variety of reasons 
relating to practicality of testing and construction of 
astronomical facilities. Early assessment of meteorological 
factors -- rainfall, cloudiness, dust -- and artificial 
factors -- smog, smoke, light pollution —  enabled five sites 
to be suitable for testing. These five sites and one 
alternate are the only sites referred to by name in the 
report. All are at low elevations, the highest being Hualapai Mountain at 8266 feet.

Within the field of site surveying several reports 
appeared in scientific literature during the year 1970. A 
site survey by Walker ( 1970) summarizes the results of a two- 
year investigation of potential dark skies in California, 
south of San Francisco's latitude. It was undertaken in 1965 
in order to locate a new site for future large optical
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telescopes since the growth of atmospheric and light 
pollution near Mt. Hamilton was limiting the usefulness of 
that site for observation of very faint objects and 
photometry. Only the mountain top sites with altitudes 
between about 5000 to 9000 feet were considered: the lower 
limit was set by the need of avoiding low-level haze and 
atmospheric turbulence, while the upper limit was established 
by problems of heavy snowfall and low winter temperatures. 
Accessibility was a determining factor, since funds for 
extensive road building were not available.

In preparing a list of sites to be investigated, only 
those were considered at which artificial illumination of the 
night sky was less than one tenth of a magnitude at the 
zenith, and less than two tenths of a magnitude at an 
altitude of 45 degree in the direction of the light source.

Woolf ( 1970) is referred to as having described the 
selection process for the University of Minnesota/University 
of California 60-inch telescope, in an unpublished paper 
submitted to the National Science Foundation.

Gerald Kuiper (1970) investigated the suitability of 
several U.S. mountain sites. Thirteen peaks of the western 
part of the country were listed, the lowest elevation 
represented being 11,750 feet. Basically the paper considers 
the concept of a "true high-altitude observatory" with 
atmospheric water vapor minimal during an acceptable fraction 
of the year. Both the infrared and the millimeter regions 
would clearly be benefited by such sites, but this 
performance could only be achieved at the expense of 
hardships, danger, and efforts (consider, for example, the 
low local temperatures, low pressures, difficulty of access, 
high construction and maintenance costs, etc.).

Westphal (1974) is referred to as having discussed the 
observations which were later used to select among existing
observatories the site for NASA's Infrared Telescope Facility (IRTF).

Some other general surveys at optical wavelengths have 
been primarily concerned with seeing and light pollution. 
Walker (1971) compared the seeing and observing conditions at 
several sites: Kitt Peak and Flagstaff in Arizona, San Pedro
Martir in Baja California, Cerro Tololo in Chile, and Mount 
McKinlay in Australia. His results appear to support the 
conclusion that at least between latitudes 30 to 40 north and
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south, the best seeing occurs at sites on peaks near sea 
coasts having ocean currents offshore at relatively low 
temperatures that reduce the height of the inversion layer 
where the laminar airflow set up over the ocean still 
persists.

Although not specifically dealing with general site 
reconnaissance but with site testing, there are two studies 
that are quite interesting. Research that considered sky 
brightness, cloud cover, seeing and precipitable water was 
presented by Beckers et al. (1979) and Schneeberger (1979). 
It was a summary of the night sky conditions, both in the 
optical and the infrared portions of the spectrum, at the 
Sacramento Peak Observatory in New Mexico .

That same year, 1979, the search for a suitable site to 
house a solar observatory in the Canary Islands (Tenerife and 
La Palma) was completed. Brandt and Wohl (1982) summarize 
the efforts of about 55 observers from 8 european countries 
that participated in the campaign. Interesting data about 
invasion of Sahara dust is presented. They consider that 
although detrimental to solar observations requiring 1ow 
levels of scattered light or very stable transparency, those 
dust storms tend to bring along good seeing and observing 
conditions.

Walker (1984), definitely a specialist in the field, 
presented some of his conclusions at the ESO workshop on Site 
Testing for Future Large Telescopes, held at la Silla,
Chile, in 1983.

In a very comprehensive way he summarized the 
astronomically significant site conditions from a world-wide 
survey, and at the same time he made a strong case for 
conserving our diminishing astronomical site resources. He 
concluded that there is the need to extend site testing 
programs to additional locations. An interesting part of 
this research dealt with the conditions of island, coastal, 
and main-land sites, and the ways they are affected by 
altitude, mountain profiles, and general geographic situation.
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C. QUANTITATIVE ASSESSMENTS

Some attempts have been made to assign numerical values 
to the physical properties of a site as a possible prospect 
for an astronomical observatory development. In this way an 
exploration of potential observing sites can be made, 
yielding quantitatively the most promising places for further 
study. Certain characteristics are taken into account, 
especially those which are considered the most important 
features in the site selection criterion.

A region is first surveyed and then values are given to 
the compliance of the conditions in accordance to the 
criterion previously established. Many of the considerations 
chosen to parameterize as features of merit could only depend 
on information taken from maps and earlier surveys while 
others will have to be measured thru individual inspection of 
the places.

The given numbers are then normalized, that is, modified 
in such a way that they more accurately represent the value 
assessed to each characteristic. This normalization, 
sometimes referred to as the weighting of importance, can be 
accomplished by the introduction of some combination of 
coefficient and additive constants. Data can be dealt with 
as the weighted sum of each of the aspects considered, even 
on different weighting schemes: while one model can be built 
with data obtained by the adding of factors of equal weight 
in all figures of merit, others can be made by giving 
exclusive emphasis to a specific situation, for instance, 
seeing considerations in the optical wavelengths, in the infrared, or both.

This approach renders an easy way to modify, include or 
delete, increase or decrease, the importance of each of the 
features considered in each of the models, and theoretically 
the final figures will objectively define a quantitative 
evaluation of the candidate places, giving a valuable tool of 
comparison to the planner.

Valuable as this method is, it is only meant to be 
considered as a rough initial procedure to pinpoint the most 
promising sites in the survey, which are later to be studied 
or monitored. In the final selection of the site, however, 
the number of variables and their complexity becomes so great



that it is almost inoperable. Many of the factors that 
contribute to the successful selection of a site are either 
difficult or impossible to measure quantitatively, and the 
researcher will find that for many conditions, data is not 
readily available. Political and social decisions, 
economical and jurisdictional considerations, environmental 
planning and design requirements, all contribute to the final 
selection of the site, and it is often said that up to this 
day there is not a single observatory site that has been 
selected merely by its observational capabilities.

This quantitative method has been recently applied by 
some researchers in the site selection process, such as in a 
study done thru the National Optical Astronomy Observatories 
(NOAO by Lynds and Goad (198it). The purpose of this 
investigation was to determine potential observatory sites 
for the NNTT, the National New Technology Telescope, in the 
southwestern region of the United States.

Criteria used in the selection of the peaks included 
possible seeing-related conditions, low sky brightness in the 
optical and in the infrared regions of the spectrum, and the 
probability of clear weather. In order to restrict their 
attention to sites having a high possibility of clear skies, 
the area surveyed was limited to the "Sunshine Belt" of the 
southwest, this region taken to be circumscribed by the 
contour of the 3200 annual sunshine hours. The search 
yielded a total of 56 peaks meeting the adopted criteria: 24 
in Nevada, with the remainder about equally divided between 
Utah, New Mexico, Arizona, and California.

Since the report deals with many of the factors that 
have to be taken into account in a site reconnaissance 
program, it is worthwhile to review some of its more 
interesting aspects.

Since the infrared observational capability is one of 
the aspects that has been increasingly gaining importance in 
observatory development in the past few years, it was taken 
into account within the considerations of the study through a 
non direct way. While several peaks were ruled out on the 
grounds of possible severe problems of atmospheric light 
pollution from the city lights, for most of the places 
infrared sky brightness measurements were non-existent, thus 
forcing the researchers to use general criteria to asses 
certain infrared observing characteristics through other 
parameters such as elevation and latitude. It is well known 
that the main condition for suitable observations in the
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infrared-microwave wavelengths is a low atmospheric water 
content: water molecules close some of the regions of the 
spectrum that could otherwise be reached. Although is not 
usual in the site preselection process to have available 
infrared observing data, we can infer some of the 
characteristics by the amount of water vapor above a specific 
place. Because of the infrared constraint, only sites having 
elevations above 8000 to 9000 feet, where water vapor content 
is much less, were considered.

As for the night sky brightness, an estimate of the city 
light contribution to the moonless, night time sky brightness 
at an elevation angle of 45 degrees in the direction of the 
source was computed by the following relationship:

-2.5
I = 100 C P D

where C = 0.01, P is the city's population, and D is the 
distance in kilometers. This equation, given by Walker 
(1977) and Cayrel et al. (1980), gives the night sky
brightness as a percentage of the so called "natural" sky 
brightness as the sum of the contributions from nearby 
cities.

•The large scale topographic setting was also taken into 
account, giving the most importance to the surrounding 
terrain, mainly in the direction of the prevailing 
atmospheric flow. The existence of major mountains within a 
distance of 10 to 20 miles in the direction of the prevailing 
wind tended to disqualify a site. Also to be considered, a 
peak had to be 3000 feet or more above the windward terrain.

Although the qualitative basis of these assumptions are 
clear, the quantitative specifications of these restrictions 
are somewhat uncertain. Not much is known of how long it 
takes for the temperature gradients of atmospheric mixed 
inversion to come to rest, and the 10-20 mile limit is only a 
guess. On the other hand, under conditions of fair weather 
air stability tends to increase with height, and the most 
stable conditions are obtained when there is a subsidence 
inversion, that is, with temperature increasing upward, 
generally found at a height of about 3000 feet above the 
surrounding land surface. Although this was the figure taken 
into account in the investigation, is only an average for 
the subsidence inversion height, and is probably higher for 
regions within desert valleys in the summer.
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The fact that local topography of the site greatly 
affects the performance of the instruments has also been 
considered, and basically the report gives preference to 
peaks for which its features indicate good drainage for the 
nocturnal boundary layer and to sites that present a 
relatively narrow profile to the prevailing atmospheric flow.

The quantitative evaluation of the candidate peaks was 
performed in the way previously described. The figures of 
merit were normalized so that they took values roughly in the 
range of 0.5 to 1.00. The reason for this is that because 
the places had already been selected as somewhat exceptional, 
no peak should receive a figure of merit much less than half 
as that of the best peaks.

Seven parameters were graded according to the following 
considerations (taken from Lynds and Goad, 1984), the
coefficients introduced to match their working scale were 
eliminated. For graphic description of some of the 
parameters considered, refer to Figure 15.1.:

1. (P), the sharpness of the summit mass as seen from the
direction of atmospheric flow, is an indicator of the ease 
with which the wind can pass around the top of the 
mountain, as opposed to being forced over the peak,

P = t b/a ] - 1
where a and b are, respectively, the base width and the 
height of the summit as seen from the direction of wind 
flow.

2. (S), represents the smoothness of the slope in the
windward direction, the predisposition for laminar flow 
over the peak, according to:

S = 1 - [ d/f ]
where d and f are, respectively, the differential height 
and horizontal distance from the peak to major 
irregularities on the windward slope.
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3. (R)» is the height of the summit mass with respect to the 
height of the peak above the windward side valley floor, a 
measure of the aerodynamic independence of the summit in 
relation to the mountain range,

R = [ b/c ] + 0.4
The smaller R gets, the greater the flow of air that will be forced over the peak.

4. (V), is the height above the windward valley floor. It is 
the degree to which the peak may be above convected water 
vapor emitted by vegetation and above the convection zone.

5. (I), represents the dryness of the atmosphere above the 
peak, the height of the peak above the infrared limit,

I = e + 0.02 [ L - 32 ] - 0.4
where e is the elevation in units of 10,000 feet, and L is 
the latitude in degrees.

6. (E), is the absolute elevation of the site, normalized to
be 0.5 at an elevation of 9000 feet and 1.0 at 14,000 
feet.

E = e - 0.4

7. (L), represents the astronomical coverage as a function of 
the latitude of the site, normalized to be 0.5 at a 
latitude of 42 degrees, and 1.0 at 32 degrees.

L = 2.6 - 0.05 L

The general idea is that the closer to the pole that an 
observatory is, the less annual coverage of sky possible.
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Having these seven considerations evaluated, the next 
step is deciding which type of weighting schemes to apply. 
Several models can be created for study, depending on the 
emphasis given to each of the figures of merit. If the 
infrared considerations are to be analyzed, for instance, 
major weight will be given to (I), the dryness of the 
atmosphere above the peak and some to (V), the degree of the 
peak above the water vapor zone, while not considering the 
other factors at all. The range of weighting was from zero 
(factor not considered), to 4 (very important). Table XV. 1 
shows the weight assigned to each of the conditions for five 
cases examined:

TABLE XV. 1
WEIGHTS FOR DIFFERENT SCHEMES.

1. Equal weight for all figures 
of merit.

1 1 1 1 1 1 1

2. Emphasis to seeing considerations. 3 2 1 1 0 1 0
3. Emphasis to infrared sky 

considerations. 0 0 0 1 4 0 0
4. Combination of seeing and infrared 

considerations. 3 2 1 2 4 1 0

5. Addition of latitude to 4. 3 2 1 2 4 1 1

While comparing different locations, the highest values 
in each model will correspond to the most promising sites to 
be later monitored. Again, it is generally accepted that 
this method is not meant to be taken as a final step to the 
site selection process, but only as a rough way of defining 
the most desirable places to start a full depth analysis.
It is only the first action towards what later could become a 
more complete study of possible observatory sites.
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XVI. BASIC DESIGN CONFIGURATIONS

The form and the size of a telescope envelope obviously 
greatly depend on the specific requirements of the instrument 
that needs to be protected. On dealing with optical 
telescopes, there are several basic design configurations 
that we may consider:

A. Conventional Telescopes.
B. Steerable Dish.
C. Singles Array.
D. Fixed Primary: the Hemispherical Bowl Concept.
E. The Rotating Shoe Concept.
F. Multiple Mirror Array.
G. Siderostats.

A. CONVENTIONAL TELESCOPES.

What could be called conventional telescope designs 
have a wide range of different optical configurations 
(Newtonian, Cassegrain, Schmidt, etc.). They all are based, 
however, on a principle that could be described as a more or 
less open tube supporting the optical system. This tube is 
mounted on a structure that can be of two types:

1. Equatorial Mounting.
2. Altazimuth Mounting.

Ancient telescopes were hand-held, pivoted about the 
body axis in azimuth and elevated by the arms. It was 
recognized very early by Isaac Newton and others that a mount 
axis parallel to the earth's rotation would provide easy, 
uniform star tracking with an adjustable declination axis for 
the main optical system. These equatorial or polar axis 
mounts in various forms have been standard for over two 
hundred years. They have the advantage of a simple axis 
system with nearly constant tracking motion about only the 
polar axis with no rotation of the star field.
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In very large telescopes, however, and particularly with 
massive radio telescopes, the tilted polar axis becomes 
excessively difficult and the aperture may be longer than the 
allowable short polar bearing. The large overhanging 
structure becomes unwieldy. Heavy construction may become 
easier with the alt-azimuth configuration, ,but at the 
expense of simple drive and optical field rotation. With the 
present availability of computer conversion techniques and 
precise servo-drive for two axis alt-azimuth motion, star 
tracking is accomplished with only a small loss of sky area 
at the zenith "dead zone" of 180 degree rotation of azimuth 
axis.

EQUATORIAL MOUNTS.

It is well known that the equatorial mount (see Fig.
16.1) has quite a number of advantages from the astronomer's 
point of view:

a. Because the axis is parallel with the earth's rotation 
axis, the drive becomes relatively simple, because it is 
only needed to unwind the earth's rotation at one axis.

b. There is no rotation of the star field.
c. There are no "dead zone" areas at the zenith, which is the 

area that has the least atmospheric refraction and the 
best seeing.

Equatorial telescopes are generally classified either as 
"symmetrical" such as the fork, yoke, or modified horseshoe 
type, or as "asymmetrical" such as cross axis or offset fork 
types.

In conventional telescopes, symmetrical mountings 
were preferred so that no matter the orientation, the 
deflection, and deformations are the same. It became 
increasingly difficult to use asymmetrical designs in very 
large structures since the efficiency of the design of the 
structure itself depends on using all possible material for the stiffness of the telescope and the structure cannot 
afford to carry dead weight, that is, excess counterweights.
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The asymmetrical class is used quite frequently for the 
advantages of access to the Cassegrain and polar region, 
especially in small sizes where the off-axis space, redundant 
counter-balance and non-concentricity with the dome is not 
too critical. Examples cover a wide range up to the 82-inch 
and 108-inch at McDonald Observatory, the 72-inch at 
Victoria, and the bent fork design of the 98-inch at Mauna 
Kea, Hawaii. The radial sweep of the Cassegrain station is 
large and usually requires an elevating floor.

With larger sizes the structural problems become 
difficult due to the large tube counterweights required, the 
overhang of the main tube axis, and the off-center 
orientation with the dome and shutter.

The space limitations of the smaller symmetrical 
telescope classes diminish as the size increases, the 
elimination of the extra tube counterweight decreases the 
structural problems, the fork or yoke provides a more rigid, 
wider spaced declination axis bearing, and the concentricity 
with the dome provides better clearance safety and access to 
observing stations and cages. The lower tube is usually 
shorter and with a smaller sweep radius of the Cassegrain 
focus so that "stand up" operations without elaborate rising 
platforms are possible, such as represented by Schmidt 
telescopes and various 36-inch to 60-inch sizes similar to 
the 60-inch photometric telescope at Palomar and the 60-year 
old 60-inch telescope at Mount Wilson.

In the larger sizes of symmetrical classes there are 
examples of nearly every type from the Lick Observatory 120- 
inch (3.0 meters) fork type, the Mount Wilson 100-inch (2.5 
meters) closed yoke type, and the 200-inch (5 meters) open 
yoke horseshoe at Palomar. Of the 150-inch series built in 
Arizona and Chile, all are symmetrical and range from fork, 
open yoke and horseshoe, and modified short yoke and 
horseshoe.

ALTAZIMUTH MOUNTS.

The problem of having large bearings producing high 
friction, large loads on the horseshoe supports favored the 
use of the altazimuth mount.
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First, the construction is much simpler, to have the 
main axis vertical and the other axis horizontal, but the 
disadvantage is that it has a dead zone at the zenith, which 
might be up to three degrees. This dead zone is, of course, 
no different than for the equatorial mount, except that for 
the equatorial mount the dead zone is at the pole. There are 
field rotation problems, and also there are problems of the 
axis angle and readout conversions.

Despite all these problems, large telescopes have 
started using this type of mounting. The Soviet 6 meter 
telescope (see Fig1. 16.2), now the largest in the world, 
located on the northern slope of the main Caucasus mountain 
chain, between the Black and the Caspian Seas, uses this 
altazimuth mounting system.

Simpler altazimuth systems have been devised, as can be 
seen in Fig. 16.3•

Among the advantages of this type of mounting are the 
following:

a. The relative simplicity from the point of view of 
mechanics in comparison with any kind of equatorial 
mounting.

b. The loading on the vertical axis is symmetrical and 
constant.

c. The flexure of the tube is limited to one plane and 
depends on zenith distance only.

d. The balancing of the telescope is rather simple. The 
tubes must be balanced in one plane only.

e. The mounting is independent of the latitude of the site.

The main disadvantages of this type of mounting are:

a. When tracking a celestial object, both axes have to be 
turned at non-uniform speeds.

b. The field of view rotates continually.
c. There is a dead zone at the zenith point.
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FIGURE 16.2
Altazim uth mounted telescope: the 6-m  soviet telescope in the 

Caucasus mountains, U.R.SS. ( Kopylov , 1971).

211



FIGURE 16.3
Altazimuth mounted telescope. Here shown • a 2 -m eter reflector. 
(B a rr , I9 6 0 ) .

\
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B. STEERABLE DISH

Derived directly from precision radio telescope 
technology, upgraded for the required optical tolerance for a 
precision telescope. It is, perhaps, the most compact design 
of all and easily adaptable to being utilized in an array of 
telescopes. Figure I6.lt shows an example of what a steerable 
dish might be in the future.

C. SINGLES ARRAY.

Many conventional telescopes of steerable dish-type 
instruments are beam-combined. The images gathered by each 
of the telescopes are overlapped so that they form a single, 
sharp and bright image.

One principal advantage of this type of configuration 
lies in reducing the cost of the individual telescopes 
through mass production, but the task of combining so many 
light beams is likely to be difficult and costly. Despite 
this problem, arrays offer the possibility of individual 
telescope usage on separate objects, adaptability to long- 
base interferometry and the chance to fund and build up the 
array in stages. Figures 16.5 thru 16.7 show a conception of 
how such an array may look like [1].

D. F/IXED PRIMARY: THE HEMISPHERICAL BOWL CONCEPT.

Derived from the Arecibo radio telescope, with optical 
relays to correct spherical aberration and comma, the 
hemispherical bowl concept proves very interesting for future 
design configurations.

The concept has several advantages:

a. A very large aperture is provided at very low relative
cost. The cost saving factor may be up to a factor of ten or more.
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The Steerable Dleh Concept ( Barr, I9 6 0  ).
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A dome concept for o 3-m  telescope showing relative 
size and spacing ( Richardson 6  Grand mam, 1978).
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b. Gravitational deflections are unimportant to the design 
and cost of the telescope. This results, obviously, from 
the fact that the primary is unmoving, and that in a good 
design very little else moves and even then in a limited, 
easily controlled way. This advantage is one of the main 
causes of the low cost of these instruments. It is to be 
noted that thermal deflections of the structure are still 
important, and indeed, these become essentially the 
primary matter of concern in structural design. It is 
helpful to the designers to be able to deal with these 
alone, without having to consider the consequences to 
gravitational deflections.

c. All mirror segments may be identical and spherical in 
figure. The spherical figure is, of course, one of the 
easiest to produce, thus reducing costs. The fact that 
all segments may be identical can have a further good 
influence on costs.

d. Accurate placement and alignment of the optics can be much 
simplified by exploiting the spherical geometry. It is 
extremely valuable to employ a design which gives access 
to the center of curvature of the spherical primary.
Then any number of devices can be utilized at the center 
of curvature to place the reflecting segments easily and 
accurately in the required precise positions, usually 
without the need for any computations. A laser 
interferometer will accomplish this task easily and 
directly, as will modern equivalents of the classic 
Foucoult knife-edge test.

e. Relatively small structures need to be moved and pointed. 
The device carrying the focal region optics and 
instruments will be very much simpler and less massive 
than the moving structure of a fully steerable telescope. 
This greatly relaxes the demands on bearings, drive 
systems and pointing controls, and reduces costs 
enormously.

f. Numerous foci may be available. X This consequence of the 
symmetry of the sphere is exploited at all times at 
Arecibo, where there are normally eight instrumented 
energy collectors, at different foci, all performing 
ideally. This provides great flexibility in telescope 
scheduling. However, secondary optical systems for 
spherical optical telescopes which would permit easy 
multi-focus use at optical wavelengths have not been 
developed.
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There are, of course, important disadvantages to 
spherical primary telescopes:

a. Limited sky coverage and tracking time. With all 
reasonable designs, appreciably less than the available 
sky can actually be observed. This fraction can be 
greater than 50 % of the sky available to a fully 
steerable telescope, but may not include important 
celestial objects of special interest. For example, at 
Arecibo the galactic center is inaccessible. However, it 
is possible to tailor the design to include a maximum 
number of regions of particular interest. Similarly, 
tracking time is limited. Reasonable designs can give 
tracking times of perhaps three to four hours. This is 
usually not an important disadvantage because of the large 
number of objects available at all times to a large 
instrument, offering the ability to apply the telescope to 
some high quality project at all times.

b. The telescope primary, in reasonable designs, must possess 
appreciably more collecting area than is normally in use. 
Typically two times the normally used collecting area must 
be constructed. Thus the cost advantage of the sphere 
will be obtained only if the cost of producing the mirror 
area does not dominate the overall instrument cost.

c. The optical system must correct for spherical aberration. 
Although there are a number of good solutions for this at 
radio wavelengths, it remains a serious problem at optical 
wavelengths. There are, of course, simple and good 
solutions utilizing reflecting and refracting secondaries 
for optical wavelengths, but these provide a very limited 
field of view.

Figure 16.8 shows an example of a design based on a 
fixed primary concept, for a 25 meter diameter bowl.

The domes, or envelopes of this type of configuration 
may be much smaller and simpler than the domes for fully 
steerable telescopes. Fig. 16.9 shows the required geometry 
of the dome for the telescope in Fig. 16.8, the overall dome 
area of about one third of the area of a dome for a fully 
steerable telescope of the same size. This dome does not 
move, greatly reducing engineering problems and cost. 
Provision must be made to open only a portion of the dome, 
where the portion to be opened includes only the area 
outwards from the "unused area".

X
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F I G U R E  1 6 . 8

Fixed primary concept In a hemispherical bowl design. 

( Drake , 1980 ).

Required geometry of the dome of the telescope shown 
in Fig. 16.8 ( Drake, 1980 ).
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E. THE ROTATING SHOE CONCEPT

A section of the hemispherical primary is moved in 
azimuth, derived from the hemispherical bowl concept (Fig. 
16.10). A two mirror secondary assembly scans the primary.

Two difficult problems still remaining are the overall 
size of the telescope (and therefore of the envelope) and the 
fact that the secondary scans across different portions of 
the primary surface during observation. Correction of these 
problems leads one to consider concepts where all of the 
aperture is being used all of the time and the overall size 
is greatly reduced.

F. THE MULTIPLE MIRROR ARRAY.

Several conventional telescopes are combined on a common 
mounting, beam-combined to a Cassegrain or Nasmyth focus.
The Multiple Mirror Telescope (MMT) essentially divides one 
large telescope into a number of smaller telescopes and 
mounts them on a common supporting frame. There is a modest 
increase in structure width compared to a steerable dish, but 
this is offset by the ability to cross-brace the structure 
between telescopes and by the relatively short focal length 
of the individual primary mirrors compared to that of a 
single dish. The net result is a relatively compact support 
structure we all associate with the Multiple Mirror Telescope 
(Fig. 16.11).

A more detailed description of the dome of the MMT is 
presented in Chapter XIX, Rotating Domes.

G. SIDEROSTATS.

Included in the full utilized aperture category are 
telescopes using a reflecting flat that feeds light into the 
primary mirror (Fig. 16.12).



FIGURE 16.10
The Rotating Shoe Concept (enclosure not shewn ).
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The M ultiple M irror Telescope concept. 

( B o r r , 1 9 8 0 ) .
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Two Mirror Slderostot concept.

( Barr, I9 6 0 ) .
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In this concept the primary mirror remains fixed with 
respect to gravity although the flat mirror must still rotate 
about the optical axis. An unusual variant of the two mirror 
concept is the two mirror azimuth-azimuth telescope 
(Fig.16.13) where both mirrors remain fixed relative to 
gravity, but one must be supported upside down.

Perhaps the major difficulty with either of the two 
mirror concepts is simply that two large mirror assemblies 
must be built and supported, not just one.

NOTES.

[ 1 ] . Project by Armour Blewett and Partners, Architects. 
Vancouver, British Columbia, Canada.
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Two Mirror Azimuth Telescope. 

( B orr, I9 6 0 ) .
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XVII. CRITICAL ARCHITECTURAL AND ENGINEERING DOME
REQUIREMENTS.

A. DOME REQUIREMENTS.

It is apparent that as the size of the telescope 
increases the protection required will also have to increase, 
and it becomes difficult to provide it. In many 
of the architectural-engineering requirements there are 
some of the same penalties of increased deflection, of 
adverse thermal effects within the structure itself, of 
vibration, and of the increased loading. Some of these 
effects are considerably lower in degree than those 
required on the telescope design, but, nevertheless, they are 
going up by the same scaling laws that we talk about on 
telescopes.

Telescope designers have now succeeded in making much 
larger telescopes and larger apertures with shorter focal 
lengths, in order to get around the problem of the critical 
support and the mechanical solutions required for large 
optics. These architectural and engineering requirements 
on the building have increased in one other field, and that 
is that recent tests indicate from most site investigations 
that is desirable to have the dome at a much higher elevation 
above the ground, anywhere from 40 to 150 feet. These place 
additional restrictions on the mounting itself.

The desire to get above the so called "ground seeing" 
effects mean that the engineers now have to contend with 
longer cantilever structures, which are more susceptible to 
wind vibrations and to thermal gradients, perhaps not as 
great at night as they are during the daytime, but 
nevertheless they do affect the pointing accuracy and can 
only be satisfied by careful consideration of operating 
conditions and a desire or a necessity to operate the 
telescope under the optimum optical conditions. It seems 
to be fairly generally conceded that you can't expect to have 
the greatest accuracy or the greatest resolution without 
operating under conditions of reasonably low wind velocities, 
perhaps below 15 miles per hour.

Some of the most important dome requirements are here 
mentioned.
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First of all, the dome size must be ample enough to 
clear the telescope. This sounds like a very simple 
requirement, yet most telescopes end up with rather serious 
restrictions at the top of the cage. There must be enough 
space to have operations for such things as assembling the 
telescope itself, for removing observing cages, for 
allowing access platforms to get to the prime focus, and to 
provide auxiliary access to the prime focus installation if 
there is one. This is important because particularly under 
night-time conditions it is desirable to keep a low light 
level in the dome and at the same time avoid accidents. This 
means that the optimization of the dome size must consider 
these other operating and auxiliary features rather than just 
bare clearance for the end of the tube. Figures 17.1 thru 
17.5 show some of the general dimensions of conventional and 
rotating domes for large aperture telescopes. Although dome 
size greatly varies, this might serve as a rough estimate of 
the approximate size of a dome for a specific telescope.

The second point that the designer has to worry about in 
the dome is the design of the mechanisms for the 
rotation of the dome and for the operation of the 
windscreen and the shutters. There are also aerodynamic 
problems involved in this. For the windscreen we may have 
canvas, scoops, perforated screens or any other material.
The drives, however, must be smooth, they must be accurate, 
they must be repeatable, they must provide for operation at 
any part of the night particularly if there is fully or 
semi-automatic operation required in large telescopes. These 
motions are likely to occur at random times rather than at 
the will of the observer, and therefore they must not 
introduce vibration motion on the telescope. Independent 
foundations for the instrument and the dome have proven to be 
helpful in this respect. With many telescopes in the past, 
one had to operate the dome or the wind screen or the shutter 
at times other than critical observing use. In the dome of a 
large telescope, however, we must realize that these motions 
have to take place without interfering with the seeing or the 
detectors.

One of the other items that must be considered is the 
sealing of the dome. We as Architects often take this for 
granted in our other structures, but a rotating dome with 
shutters, whether there are biparting, or up-and-over, or 
clam-shell type, must provide adequate sealing for weather 
conditions like we have today. It is essential to have 
seals to prevent the blowing in of rain, or ice and snow. 
One of the largest investments, of course, is in the 
mirrors themselves, so dust and dirt, which are serious 
problems at most observatories, should be thought of at 
length. The period of time between washing mirrors or
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Is shown for comparison. Note the variation of the mirror area/building volume ratio 

for different concepts.



Limit of obscuration 
3 0 0 *  horizontal view

SO feet 
clearing

SO ft 
clearing

Limit of obscuration 
3 0 * above horizon 
this area.

ELEVATION

Approximate limit of 
tree clewed area

Approximate shape of 
telescope enclosure

15-M E TER
CO NCEPT

231 F I G U R E  1 7 . 3



Limit of obscuration-  
300° view of horizon

>

62:tt

1 ■
h "  - 4-  ELEVATION

\  .to th* north 
. star

•  View to the north should not be 
obscured above 30° from hor.

ELEVATION



_________ . .i % I

10 feet topping 
required for sky 
view

5
• B

■ # ____________ ■

' i

4<) f t

f

^  ! !
3 5  ft-

Additlonol clearing 
needed if trees are 
not topped.

50 fe e t-  
clearing

E L E V A TIO N

horizon

Limit of obscuration 
3 0 0 ° of view of horizon

An alternate solution 
Is to place the telescope 
upon a base.

i  z
10 ft.

- U .  t o  feet 
1 clearing

ELEVATION

to the nort&x"' 
star , •

Limit of obscuration

ELEVATION

Limit of obscuration 
3 0 ° above horizon in 
this area. Approximate limit of 

y  tree clearing

50 ft  min
PLAN VIEW

50 ft

4 - M E T E R
CONCEPT

F I G U R E  17 . 5



between aluminizing, and the difference between a good 
limiting photograph and an average one, is related to how 
clean the optical system is. This has lead to take care of 
such things as when the dome is open, consider moisture 
measurements, dust, and in some observatories like in 
California, even fire ash and pollen. There are a variety of 
things that can cause deposits on glass that in the presence 
of moisture can produce deterioration of the aluminum 
surface. This has lead to, in some cases, the use of 
positive air pressure in some rooms, such as the coude' and 
inside the pedestal. One of the real problems in a dome is 
to keep things clean.

Another item is the increased foundation loads that are 
required, particularly on the higher structures, and the very 
stringent requirements for the prevention of vibration and 
coupling modes. Many observatories have solved the problem 
by separating the coude' room from the telescope pier and 
separating the telescope pier from the main dome pier. Since 
both the pier and the dome structure have periods of the 
order of 2 to 4 seconds, they are in the range where they 
are easily coupled with the motion of a man, with the 
excitation from wind loads, and particularly with other 
man-made vibrations from auxiliary equipment, hoists, 
elevators, and such things.

This means that they have to be either isolated or 
designed to have very low coupling or to have a very high 
damping for these disturbances. It is difficult, for 
example, to design a tower over 100 feet high that doesn't 
have a period around 2 to 4 cycles and doesn't have a sway 
amplitude, even at the lowest winds, on the order of 1".
This is right on the range of the deflection that we would 
like to keep within for just the optical system alone. This 
means that there must be a proper separation of footings by 
at least the diameter of the inner base. One thing that 
has proven equally useful is to make one foundation near 
the surface of the ground while keeping the other one down 
deep. Some of the internal dome components that the 
architect or the engineer must supply in an adequate way 
are auxiliary equipment (air compressors, ventilation fans, 
etc). The effect of these undesirable vibrations and some 
ways to deal with this problem are treated more extensively 
in a later chapter.

The fifth point concerns the 
areas. The total area over which 
either inside or outside the dome 
tests might be useful to test the 
envelopes against wind loads.

large increase of exposed 
the winds are operating 
is large. Wind tunnel 
effectivity of several
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A better understanding and better solutions to the 
heat transfer problem in domes are needed. These problems 
have to do with the time constant and the mode of the heat 
transfer occurring at a particular optical element of the 
telescope or in part of the building. The mass of the 
observing floor, for example, will determine how much 
radiation one might have from it after opening the dome. 
Large astronomical instruments must be maintained at a 
constant temperature in order to avoid all harmful thermal 
effects, particularly from the mirror. In order to 
decrease the thermal variations of the instrument during 
the day, it is desirable that the dome transmits the least 
heat possible. That is the reason behind trying to have the 
dome and the instrument at nearly the same exterior 
temperature as is expected as night.

The computations of the heat transfer of a dome can be 
calculated by the following relationships:

Let us call "M" the mass of the mounting, etc., "c" 
the mean heat capacity, "S" the surface of the dome, "K" 
the transmission factor, and "WM the total heat source inside 
the dome. The equation of heat transfer is then,

cMdt = (KS (Te - T) + W)dt
where Te is the exterior temperature as a function of time, T 
is the inside temperature, and t is the time.

It is interesting to note that the factor which 
characterizes the isolation of the dome is the ratio

A = Me / KS
the "heat mass" over the quantity of heat exchanged through 
the surface. "A" is thus the damping relaxation time. In a 
good dome it is about a few hours.

Unlike most buildings, designers find that there are 
many things different about the dome. Just to point out some 
of the annoying ones, because the internal temperature is at 
average night temperature, there are such simple things as 
the worry about freezing water. The upper
stories of large domes can reach below freezing temperatures 
a good part of the year. If there are any rooms or 
laboratories in the dome, they are generally heated and 
insulated against the radiation inside the dome rather than 
radiation outside.
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In general, if one has large heat sources to worry about 
or if one is going to have a few hundred watts per equipment 
to dissipate from the station, then one should figure out the 
way to get the heat away from the optical beam of the 
telescope. In the case of several large telescopes, 
including the 200-inch at Palomar, the heat loss from such 
items as the room heaters, machinery, and constant 
temperature heaters (for example, for photographic work) may 
be pumped clear away from the building, so as to avoid the 
deterioration of the seeing due to heat loads in the dome. 
While these in themselves might be very small, they start 
accumulating as "hot spots" all over the place and account 
for a great deal of the heat and internal seeing 
turbulence.

Snow accumulation problems on the dome have been 
reported several times. This problem depends, in general, on 
the pitch of the shutters and whether the snow is away from 
the shutter opening. On hemispherical domes large quantities 
of snow can be collected at the top. This dead weight should 
be taken in consideration when calculation is made on the 
structure. In addition to the snow problem, we should 
consider that there is melting ice. In this case we might 
have a drain problem: the melted water runs down the shutter. 
The seal that closes the shutter should have a trough in it 
so whatever water gets in runs down and out.

Horsepower of the shutters and the dome drive and the 
rail seals should be designed for a break away torque high 
enough to unfreeze the water in it. On some 
observatories, such as Lowell Observatory in Flagstaff, 
electric heating cables were supplied in order to avoid the 
possibility of the shutter freezing open (although they are 
rarely used).

Steel wheels are generally used for the basic support of 
conventional domes and no problem of vibration due to their 
material has been of major importance. Although the use of 
pneumatic tires instead of steel wheels is not totally ruled 
out, loads in large domes are so high that 
the tires would not be able to support the weight. Tires 
have been used in small domes and although they reduce 
vibration to a minimum, their rolling friction is much 
higher.

Most large telescope domes have computer controlled 
movement. The Anglo-Australian Observatory (AAO) dome, for 
instance, rotates up to a maximum rate of 72 degrees per 
minute, while the maximum rate for the MMT is 90 degrees 
per minute.
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B. THERMAL BEHAVIOR OF BUILDING MATERIALS IN DOMES

The thermal behavior of materials is related to their 
density, specific heat and thermal conductivity. The 
values of these quantities for typical materials likely to be 
used in domes are listed in Table 17.1.

TABLE 17.1THERMAL PROPERTIES OF MATERIALS USED IN DOMES.
Steel Aluminum 

Wood Alloy
Quartz Concrete Wood

Thermal Conduct. 
( K: j. /cm C )

0.6 1.5 0.016 0.008 0.001

Density 
( gm / cm3 )

7.8 2.7 1.8 1.6 0.M5

Specific Heat 
( c: j. / go C )

0. H 0.95 0.7 1.0 1.H

Specif. Heat per 
unit volume ( c ) 3.1 2.6 1.3 1.6 0.63

Thermal
Diffusivity (c/K)

5.2 1.7 80 200 570

Thermal Parameter 
( K ro c ) 1.9 3.9 0.02 0.013 0.0007

Thickness (cm)
Tau boundary 1 hr

0.6 0.7 . 1.4 1. 1

Transition 
thickness (cm) 1200 3000 32 16 2.2

Transition time 
constant

88
days

180
days 23hrs.

in
hrs.

46
hrs.
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Note that for most materials, a thickness of about 0.7 
cm will cool off in an hour. Quite a lot of material in a 
dome will fall into this category. It is this material which 
causes the bad seeing soon after a dome is open, and one 
notices a rapid improvement in the first hour or so. The 
main problem of dome seeing is instead caused by massive 
structures of walls, floor, telescope mount, and primary 
mirror, and these do not change their temperatures rapidly 
enough to follow the air. They can cause bad seeing all 
night long.

In summary, temperature changes of 2.5 to 10 degrees are 
liable to lead to all surfaces convecting at a rate of 
1 to 4 x 10 (-3) w / cm3• Small pieces of matter will change 
their temperature rapidly, but all large structures will 
cause problems with dome seeing unless they are insulated.

In a typical dome the ratio of slit area to wall, floor. 
and "ceiling" area is likely to be about 40:1. Fortunately 
much of this area is likely to be a good insulator. One then 
expects the heat flow through the slit to be 10 (-2) to 0.16 
w/cm2. The seeing caused by this will typically be in the 
range of 0.5 to 3 arc seconds, unless a particular effort 
goes into the dome and telescope design.

The energy radiated within the dome is mostly received 
by other surfaces within the dome, because the slit usually 
subtends a fairly small solid angle. The dome air is 
virtually transparent to this radiation. If a surface has 
high emissivity, and its temperature differs a quantity delta 
T from the average, there will be a power flow of about 10 (-
4) delta T watts per cm2 , to or from the other objects.

If the air in the dome is static, then there will also 
be a transfer of energy to the air by free convection 
across the boundary layer. This boundary layer is 
typically less than 1 cm thick. The average transported will 
be 2 x 10 (-4) delta T exp (5/4) watts per cm2. This amount 
varies slightly with orientation of surfaces, and shapes of 
surfaces. At typical wind velocities inside domes of about 1 
meter per second, the convection is forced, and there is a 
noticeable increase in cooling rate. The cooling rate will 
be about 4 x 1 0  (-4) delta T (V)exp 0.5 watts per cm2 where V 
is the velocity in meters per second. To calculate the 
cooling of a surface one should add the radiative and 
convective losses, but the effect on the seeing will come 
directly only from the convective losses. Convection is a 
complex process, and the gross approximations made here are 
only intended to make design manageable.
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C. DOME USE AND BUILDING MATERIALS.

The decisions that need to be made about materials 
that might affect dome seeing depend on the strategy used 
with the dome. Here we will take as our starting point a 
concern that the dome, telescope, and particularly the 
primary mirror(s) should not become a moisture trap. Since 
the outside air may have a high relative humidity at any 
time, this decision is equivalent to deciding that any time 
the dome is opened all surfaces in the interior should be 
slightly warmer than outside air. This is a drastic 
decision, not to be taken lightly, because it forces the 
interior of the dome to follow the bulk of diurnal 
temperature cycle.

The stages of the argument are: (1) It is not reasonably 
possible to have a dry dome interior and a humid outside 
atmosphere. Water will diffuse back though the slit, and the 
boundary of the wet and dry air will have a refractive index 
change that will itself be a source of poor seeing. (2)
Water on the mirror and on the metal parts of the telescope 
causes deterioration that cannot be tolerated. The light
gathering power of a telescope is proportional to the 
reflectivity of its mirrors. The primaries of most 
telescopes have reflectivities distinctly poorer than 
secondaries, and this is probably because alkaline 
atmospheric dust reacts with dew on the surface of the 
primary, and then attacks the aluminum. Other parts of 
telescopes can be seriously disturbed by dewing. One is 
particularly concerned about surfaces of bearings.

The first consequences of the "no-dewing" decision is 
that the telescope mirror and some of the dome contents 
must rise in temperature some six. to seven degrees Celsius 
from dawn to the following sunset. The second is that the 
telescope must be able to share in the rapid cooling of the 
evening without giving up too much heat. One way to obtain 
the appropriate temperature increase is to bring the warm air 
from outside into the dome. If the outside air is dry it can 
be blown in directly; if it is moist, it must first be 
dehumidified. A better alternative is to use a heat 
exchanger, and simply heat up the existing dome air. A 
smaller amount of dehumidification should then be needed.
The goal should be to slightly overheat the dome, so that 
it can be opened for some time before observing begins, and 
all metal parts can have adapted to the observing environment.
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If a cold front goes through during the day, then the heating 
process automatically stops because the heat exchanger starts 
to operate backwards. Once this happens it is advisable to 
turn the dome away from the sun, and open up the shutters. 
This gives the telescope the maximum time to adapt to the 
lower temperatures. If a warm front goes through, the sky 
will probably be cloudy. One should not open the dome until 
the interior temperatures agree. This may lose some 
potential observing time, but after a warm front passage, dew 
is very likely to form.

The further consequences of this strategy include 
three drastic differences from current practice:

1. Massive solid mirrors should not be used. It is not 
reasonably possible to make them share in the diurnal 
cycle without them creating poor seeing. Even light
weight mirrors have a large thermal capacity, and 2 cm 
thick faceplates should be regarded as the upper limit.

2. Massive steel parts of the telescope, dome or auxiliary 
equipment should be thermally insulated. Because of the 
high conductivity of steel, this may well imply that 
most of the structure of the telescope should be 
insulated.

3. Bare concrete floors put out heat at a rapid rate, and 
some improvement is desirable. Wood is an excellent 
substitute, and a good insulator for an existing 
concrete floor. It may need some protective outer coating 
such as tile, and may require all carts, etc. to have soft 
tires.

4. The slit of most domes is some five to ten times smaller 
in projected area than is the floor. All the heat that 
flows out of the dome flows through it, and for that 
reason the integrated dome seeing is likely to be 
appreciably worse than the telescope seeing. Making all 
walls and the surface of the dome to be good insulators 
helps. Reducing the heat flow from the floor also 
helps. It is also possible to substantially change the 
ratio of slit area to floor area ( for instance, in the 
MMT case the ratio is 1:1). The disadvantage of doing 
this is that the wind buffeting is liable to be greater 
than for a conventional dome, and consequently, the 
telescope should be made more rigid. Apart from 
increasing the insulation around dome members, there are 
no other major requirements for satisfying this need for 
rigidity.
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One cannot adapt all existing telescopes to this 
strategy. Therefore we may ask for an alternate strategy 
that sacrifices some seeing, leaves some occasions when the 
dome is closed for fear of dewing, and which works without 
too much additional insulation.

D. PAINT AND COLOR IN DOMES.

It is no coincidence that most domes of the 
observatory complexes have either white or shiny surfaces.
The seeing effect of using high-emissivity paints in domes 
was discussed advantages or disadvantages of certain types of 
paints. If it is true that almost everyone agrees that 
light-tones in paints (representative high-emission colors) 
are to be preferred over dark colors, there is still 
disagreement over their use when compared to aluminum-based 
paints.

Meinel (I960) considered that white paint, particularly 
oil-based titanium dioxide pigmented paint, was not totally 
desirable, since it is a black body in the infrared region.
In the daytime this paint absorbs little in the visible 
region, while it reradiates well in the infrared. Thus it 
remains close to ambient temperature in daytime, but at night 
the infrared radiation losses cause rapid cooling. Titanium 
dioxide is therefore excellent for solar telescope structures 
but poor for stellar telescopes. Aluminum coats are neutral, 
showing high reflectivity in the visible wavelengths, and low 
emissivity in the infrared. As a consequence, aluminum 
finish will heat 5 to 10 degrees Farenheit during the day, 
but remain close to the ambient temperature at night.

Hardie and Geilker (1964) found no evidence to 
substantiate the argument that a white-painted dome is 
generally detrimental to night-time seeing, based on 
experiences on the Dyer Observatory. Having become 
acquainted with the excellent white paint brought to the 
attention of astronomers by several Lick Observatory staff 
and used rather widely at Kitt Peak Observatory, these 
researchers decided to try it out experimentally even 
though it seemed to violate a widely accepted rule-of- 
thumb. Initial experiments made by J. H. DeWitt on the
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dome of his private observatory indicated promising 
results. The paint used was an especially good radiator in 
the infrared and a good radiator in the visible; it was 
apparently not mixed with the customary oil or varnish base 
[1], Surfaces treated with it were reported to be 
distinctively cool even in full exposure to sunlight, and 
much cooler than new, bright, aluminum sheet metal.

The seeing effects of the use of titanium dioxide paints 
were finally observed by Beckers (1981) while making 
experiments with the MMT, at Mt. Hopkins, Arizona. The 
infrared emissivity of typical surfaces encountered at the 
MMT were as Table 17.2 show.

TABLE 17.2
INFRARED EMISSIVITIES OF SEVERAL BUILDING MATERIALS.

(Black body = 1)

Clear Aluminum Surface rroo

Polished Iron 0.25
Cast Iron 0.50
Glass 0.9%
Most Paints >0.90
Aluminum Paints 0.27
Paper 0.93
Plaster 0.91
Rubber 0.90
Water 0.95

The amount of cooling depends on a number of factors, 
including the rapid varying wind velocity v. To reduce the 
effects of radiation cooling it is necessary to reduce the 
infrared emissivity. Table 17.3 summarizes the results of 
testing of radiation cooling effects of different surface 
coverings on the type of metal beams used for the Optical 
Support Structure (OSS) and the insulated panels used for the 
MMT shutters.
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The surface coverings in Table 17.3 are (a) Titanium 
dioxide (Ti02) paint used for telescope and building, (b)
heavily pigmented aluminum paint, (c) a durable aluminum
reflecting foil with sticky back manufactured by 3M 
company, and (d) a material called "Maxorb" by Ergenics used 
for solar collectors which is black in the visible 
(absorbance 0.97) and light in the infrared (emittance = 
0.10). Similar measurements made for the sky exposed sides of 
the insulated panels are summarized in Table 17.M.

TABLE 17.3.
TEMPERATURE DIFFERENCE (T beam - T air) OSS BEAMS IN THE MMT. 

("v" given in km/hr, Temp. Differences in deg.Celsius)

SURFACE COVERING NOON NIGHT NIGHT
v= 1 5 v= 1 5 vs 3 0

Titanium Dioxide Paint +2.8 -1.7 GOO1

Aluminum Paint GOt-+ — 1 • 1 — 0*6
Aluminum foil +H.6 — 0 • 0 ooi

Maxorb + 19.4 C\Joi oo1

TEMPERATURE DIFFERENCE
TABLE 17. 

(T panel -
4
T air) for SHUTTER PANELS

("v" given in km/hr, Temp. Difference in degrees Celsius)
SURFACE COVERING NOON NIGHT NIGHTv s 1 5 vs 1 5 v = 30
Titanium Dioxide Paint +8.3 — 6*1 -1.4
Aluminum Paint + 17.8 -3*3 -1. 1
Aluminum Foil + 11.7 i o U) — 0.1
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As a result of these measurements it was decided to 
cover both the top of the MMT shutters as well as the OSS 
with aluminum foil. As a consequence the thermal differences 
with the ambient air will be reduced by over
one order of magnitude which will substantially reduce seeing 
effects and
which is expected to also reduce the thermal distortions of 
the OSS and the resulting misalignments.

NOTES.
[ 1 ]. This paint is manufactured by Pioneer Paint and Varnish 

Company, Box 5098, Tucson, Arizona and is specified as 
#4363 Exterior Titanium White.
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XVIII. LARGE DOME REQUIREMENTS

A. AUXILIARY FACILITIES.

Auxiliary facilities may, of course, vary from one 
observatory to another, but there are some basic 
considerations that most of these buildings share.

Concerning the erection of the telescope in the dome, it 
must be remembered that all parts have to be seized and 
shaped so that they can be assembled inside the dome 
structure. This limits the size of the component pieces and 
restricts the manner in which the assembly takes place. It 
is the responsibility of the engineers and architects to 
design an adequate dome structure to assure efficient 
assembly procedure. When a telescope is being assembled in a 
dome, the necessary tools and incidental equipment should be 
available. Having this equipment is a big factor for later 
maintenance and repair operations. It costs considerable 
money to develop this equipment, and scientists planning a 
new observatory site should be sure to budget for this 
equipment in order to save themselves embarrassment later on.

CRANES.
Different types of loads have to be considered when 

calculating the dome structure. Besides wind pressure and 
snow loads (which can be appreciable, depending on the 
specific design of the envelope) , the designer has to 
consider variable loading due to cranes and their live loads.

Cranes in observatories are used to lift parts of the 
instrumentation for maintenance or repair. Adequate cranes, 
both large and small, are primary prerequisites for assembly 
and maintenance of any large instrument. In the basic 
procedures of assembling and positioning various parts of a 
telescope, it is necessary on numerous occasions to perform 
the operation that is called outhauling. This, in essence, 
means that one moves a crane hook horizontally by means of 
another cable drum and cable set temporarily or permanently 
in a position on the dome lateral to the hoisting lines of 
the main crane. This technique for positioning heavy loads 
can be quite dangerous, and it is one reason why some people 
favor the method used at the 100-inch at Mt Wilson. Here 
the crane is so designed that it can function along the 
curvature of the main arch girders. Although the crane of
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this sort is more expensive to design, it alleviates the 
expense of outhauling and permits one to position any type of 
equipment from the center of the dome to the extreme edge.

There are basically two types of crane assemblies for 
observatory envelopes:
1. The Horizontal Type.
2. The "Up and Over" Type.

For economical reasons, in large domes we are probably 
forced to use a horizontal rail and limit the bridge travel 
to take care of all the normal operational procedures.

Cranes for telescopes should be the so-called power 
house cranes, in other words, slow speed. If one relies on 
the normal crane manufacturer, one will probably end with 
high speeds. A speed range of one and a half to seven feet 
per minute is reasonable (when you come down with a piece of 
equipment weighting several tons and worth millions of 
dollars, it will still seem very fast).

As far as the safety factors for handling loads is 
concerned, it is generally assumed that they should be pretty 
large. In the case of the 150-inch Anglo-Australian 
Telescope, for instance, the safety factor for handling the 
mirror is better than six, tested with a dummy mirror 
beforehand.

Besides the initial assembly, we must assume that at 
least some of the parts of the telescope will have to be 
taken apart during their lifetime. A sharp earthquake could 
badly damage the ball bearing assemblies in a telescope. and 
they would need to be replaced.

Forethought is necessary also so that component pieces 
will fit through hatches. Some of the clearances turn out to 
be remarkably small. Certain manufacturers ease the handling 
problem for themselves by means of special slings and rigging 
needed to set the part in place. In all fairness to them, 
these things should be specified or requested in the 
contract.
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The handling of large mirrors can be extremely hazardous 
if there has not been adequate forethought and planning into 
the proper rigging and the mechanics of positioning and 
handling. This causes one to think twice about using outhaul 
to position a piece of equipment if the situation can 
possibly be avoided [1]. The primary prerequisite for 
operations is safety. It is impossible to stress it enough. 
If ever in doubt as to what is going to happen to a half-inch 
cable, especially with mirror handling, then it is better to 
use a 5/8 or 3/4 inch cable.

In the handling of mirrors, one of the original methods 
was to use two steel tie bars and two wooden yokes. This 
procedure is still used on mirrors up to 60 inches or 
slightly larger. But it is unsafe and a physical 
impossibility to use this method on mirrors in the 84-inch or 
larger class. In handling the larger pieces of glass, it is 
necessary that the proper equipment be designed in the form 
of tilt tables with a vertical motion in addition to the 
spreader tilting feature, bars, and stainless steel hanger 
bands and hooks.

Mirrors have to be periodically aluminized: the 
reflective covering on them needs maintenance to keep their 
performance at an acceptable level. Alkaline atmospheric 
dust reacts with dew and then attack aluminum producing 
deterioration. Depending on the circumstances (dust, 
humidity, use of the instrument, fans, etc.) mirrors are 
usually aluminized every 2 to 3 years, though this time range can widely vary.

Figures 18.1 thru 18.5 show floor plans for a typical 
non-rotating observatory, in this case, the Canada-France- 
Hawaii Telescope at Mauna Kea. Room reference numbers should 
be helpful guides for the topics that follow. Not all 
architectural spaces in the plans are discussed here and not 
all are part of the necessary program for an observatory, due 
to expected variations from one building to another.

DARKROOMS.

Temperature-stabilized darkrooms and the associated 
equipment for providing water of controlled temperature 
present a problem. Most astronomers want to have these
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facilities close to the telescope for quick access during the 
night, and they would not agree to having plates developed by 
someone else in a distant building. In the colder months the 
temperature differential may be as much as 20 degrees Celsius 
above ambient outside air. With good insulation and double 
walls around the heated space, the heated air reaching the 
optical path can be kept within tolerable limits. An 
unheated loading room off the observing floor can be useful 
in reducing trips to the darkroom, as well as providing a 
good place to focus and test removable prime focus equipment, 
such as spectrographs. (For an example of this room, refer to 
Chapter XIX, Fig. 19.3, where a plate loading room is shown. 
It is unheated, and has easy access to the telescope 
chamber).

The basic equipment of observatory darkrooms (Rooms 
309,310, third floor) should include a sink, a writing desk, 
timers, nitrogen and air lines (two sets are preferable), a 
large light table, a binocular microscope for large format 
plates, a plate cutter, trays and drying stands. Also 
storage for large format filters and filter holders should be 
provided if provisions have not been taken to store them in a 
place close to the telescope.

COMPUTER FACILITIES.
The computer rooms (Rooms 410 and 411) house the 

computer system for the telescope control system and for data 
acquisition and processing. Generally these facilities are 
situated relatively close, or within, the observing chamber 
and have to be isolated to prevent heat leakage into the 
telescope chamber produced by the instrumentation and/or by 
working people in the room.

VISITOR'S GALLERY.
A part of the program that most astronomers do not 

particularly care for, and some are very vocal against, but 
which generally forces its way into every large telescope is 
the visitor's gallery (Room 501). Considerable expense is 
incurred in its supply, development and correct isolation. 
Although it is not usually heated, persons coming into it are 
enough to produce a detectable source of heat, so that 
correct isolation should be provided.
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ELECTRONOGRAPHIC CAMERA PREPARATION LAB
The electronographic camera preparation laboratory 

(Rooms 318 and 319, third floor) is composed of two rooms.
The first one (small) is a darkroom intended for testing, and 
is equipped with a sink, counterspace and cabinets. The 
larger one is equipped with a sink, counterspace, cabinets, 
and a fume hood for chemical handling, necessary chemical 
supplies, nanovolt and amp meter, high voltage power supply, 
heat gun, variable transformer, portable cryogenic 
containers, vacsorb pumping system and ionioc pump and a 
modest set of hand tools. These rooms are for exclusive use 
of trained personnel, electronographic camera users*

MECHANICAL SHOP.
A small mechanical shop should contain a bandsaw, cut

off saw. vise, shear, drill press, grinder, lathe, welding 
equipment, and an assortment of hand tools. This equipment 
is not intended for instrument fabrication, but for emergency 
repairs only and is not available to observers.

ELECTRONICS SHOP.
A modestly equipped electronics laboratory is located in 

the building to be used for servicing the telescope and the 
Canada-France-Hawaii (CFHT) instrumentation. This laboratory 
is for staff use and is not available to observers.
Observers should use the work station located in the 
instrumentation preparation room.

LIVING FACILITIES.
A heated lounge on the fourth floor (Room 403) is 

provided with comfortable furniture, and a kitchenette. This 
facility is for use by observers and assistants for short 
rest periods during the day or the night.

On the third floor there are two small bedrooms and a 
washroom (Rooms 314, 315, and 316) for use by observers for 
rest during day or night. These bedrooms are humidified but 
not pressurized (sleeping is difficult at high altitudes 
unless fully acclimatized. CFHT altitude is 4200 m above mean 
sea level).

254



OBSERVERS OFFICE
The Observers Office (Room 412, fourth floor, between 

the control/computer/PICA room and the hatchway) contains the 
major sky surveys that are used during the observing periods. 
This office should also contain other useful items for 
observations like cameras, an Abbe' comparator, a Zeiss 
spectrum comparator, and star catalogs (SAO Star Catalog, for 
instance).

LOAN EQUIPMENT ROOM.
On special occasions, certain instruments or apparatus 

may be loaned to observers who have experienced difficulty 
with their own equipment. Observatory equipment is usually 
expensive and security of the room may be a requirement.

HYPERSENSITIZING LAB.
Most observatories have facilities for increasing 

photographic plate sensitivity. Kodak Illa-J and IIIa-F are 
normally hypersensitized by successive soaking in nitrogen 
gas and hydrogen gas. IV-N and I-Z plates are soaked in 
silver nitrate solution. Other emulsion types are not 
normally hypersensitized. Provisions should be taken to 
provide the necessary installations to these rooms.

A small room is fitted with nitrogen distribution lines 
to enable plates to be soaked in a nitrogen atmosphere at 20 
degrees Celsius for extended periods. This is the 
hypersensitizing pre-treatment used prior to a hydrogen soak 
and is used for most Illa-J and IIIa-F plates. An 
alternative treatment to nitrogen soaking, introduced in 
1981, is the exposure of plate to vacuum. The vacuum 
technique is a more rapid process but only a few plates can 
be treated at a time. An automatic system controls the 
duration of the hydrogen soak and ensures that at the end of 
the soak the plates are stored in hydrogen. The box 
containing the plates to be hypersensitized is generally 
placed in a specially constructed, temperature controlled (20 
degrees C +/- 1 C) cabinet. Sometimes facilities exist for 
plates to be treated at temperatures up to 65 degrees C if 
required, with forming gas as the hypersensitizing agent 
rather than hydrogen.

235



B. SPECIAL INSTALLATIONS

POWER AT OBSERVATORIES.
Specifications for electrical power at the observatories 

greatly vary, but they generally comply with the 110/220 volt 
norms. In the case of the CFHT Observatory, electricity is 
provided by diesel generators (480 volts, 3 phase, 60 Hz). 
Every room within the observatory is equipped with 110 volts, 
15 A, 1 phase circuits. Additionally, there are special 
purpose 40 amp and 15 amp, 208 volt, 3 phase plugs available 
on the observing floor, coude' rooms, coude' observation 
room, and electronics camera lab. The regulation is 
generally plus or minus 10 % in voltage and plus or minus one 
Hz. Occasionally, surges are higher when heavy equipment is 
turned on, but do not exceed plus or minus 25 % voltage and 
plus or minus 5 Hz. All plugs in the building conform to 
American standards. French standard plug adaptors and 
110/220 volts transformers up to 500 kvA are available.

In the case of the Anglo-Australian Observatory (AAO) 
the voltage is 240 volt, 50 Hz. The telescope has also an 
uninterruptable power supply to which the computers and some 
instruments are connected. There are sockets for raw mains 
and the no-break supply in the Cassegrain and prime focus 
cages and various other parts of the building.

The complete electrical system is connected to a standby 
generator which will take over the supply within 30 sec of a 
power failure in the mountain feed line.

Except for darkrooms all areas are fitted with 
fluorescent lights. About 10 % of these are connected to the 
no-break supply. In areas where observer's dark adaptation 
should be preserved (for example, prior to walking back to 
the Lodge at night), dimmable red lights are provided.
Lights near the telescope and observing areas can be kept 
switched off by a master switch in the control room.

WATER SUPPLY.
Few mountain observatories have continuous water supply 

from a city distribution system. Most of them have to depend 
on other water sources: the water is either pumped, carried
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up by truck-cisterns, or collected from the rain and melted 
snow. Users of the facilities are usually urged to be as 
conservative as possible in their use of the liquid. 
Photographic rinsing, for example, is emphasized to be kept 
to a minimum. Provisions have been taken in some 
observatories to collect water by means of parking lots or 
large paved surfaces. Kitt Peak National Observatory is 
known to get at least part of its water supply by collecting 
it by means of a concrete-covered slab located at one side of 
the mountain.

COOLING SYSTEMS.
In order to keep the interior dome temperature and the 

telescope temperature as close as possible to the night 
external temperature, cooling systems are needed to reduce 
the temperature rise during the day.

In those cases where the expense of trucked water is 
significant, recirculating glycol cooling systems are usually 
installed. In the case of the CFHT Observatory, the use 
points are piped with a valved supply line and an drain. The 
cooling points are installed in the following locations:

COMPRESSED AIR.
Seven bar filtered and dried compressed air is generally 

available at major observatories at the following locations:

+ Coude' rooms and Coude' auxiliary rooms. 
4- Electronographic camera preparation lab. 
+ Infrared laboratory.
+ Instrumentation preparation room.

Coolant characteristics are as follows:
Maximum flow:
Maximum Pressure: 
Incoming temperature:

40 liters/minute 
5 bars
10 degrees C (adjustable)

+ Infrared laboratory.
+ Upper Coude' slit room.
+ Electronographic camera laboratory 
+ Telescope Cassegrain focus.
+ Darkrooms.
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DRY NITROGEN
Dry nitrogen outlets are usually available in the 

following locations:

+ Darkrooms.
+ Plate baking room.
+ Plate loading room (503).

HEATING SYSTEMS.
The danger of heat-producing elements near the telescope 

has already been discussed, but there are cases where heating 
systems are used provided that correct isolation strategies 
are followed.

The disturbance from a concentrated heat source can be 
reduced by an enclosure of considerable surface area around 
it, in order to give smaller thermal load per unit area for 
loss energy by radiation and convection. An order-of- 
magnitude figure is 10 watts/meter2/degree C temperature 
difference. Since air temperature differences of above 0.5 
degrees C are optically significant, exposed surfaces as much 
as 1 degree C above ambient temperature would perhaps be 
acceptable.

The current trend is that in the future, envelopes 
associated with large telescopes should not be planned with 
heated rooms to carry on those activities that can just as 
well be centered in buildings some distance away.

NOTES.
[ 1 ]. Each observatory has its own collection of true, 
interesting, nerve-wracking stories involving the handling of 
mirrors. A case in point, for example, is the time that the 
outhaul rigging got away from the people handling the mirror 
while positioning the 120-inch Lick Observatory primary 
mirror on its cell, and there was a 24,000 pound pendulum 
swinging from a set of 80 foot long cables.
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XIX. ROTATING BUILDINGS: THE MMT EXPERIENCE

Since it was dedicated on May 9, 1979, the Multiple 
Mirror Telescope (MMT) has shown designers a concept that 
presents, in many ways, a major departure from traditional 
telescope technology. This departure, risky as it may have 
originally appeared, has resulted in a relatively low-cost 
facility and a new technology that will undoubtedly change 
the ways the telescopes of the future will be built.

An integral part of any major telescope facility is the 
building that houses and services the telescope. Significant 
emphasis was placed on this relationship in the MMT project 
and, accordingly, considerable planning and design effort was 
expended toward this end.

The decision to utilize a completely rotatable building 
required that many conventional concepts of telescope-to- 
building and facilities interfacing be reexamined and 
reevaluated. Also, since no reference to prior design or 
construction experience with complete, whole-building 
rotation could be located, much new and innovative design was 
necessitated. Consequently, although overall space efficiency 
and cost effectiveness had already been shown to be 
anticipated, expanded design costs strained the budget. With 
limited funding available, additional cost saving schemes 
were fully explored. One such investigation showed that 
additional cost savings could be realized and more usable 
space would result if the building did not require compound 
or even singly curved surfaces. Subsequent wind tunnel tests 
on various building configurations indicated that wind 
effects due to a rectilinear structure would not be 
substantially worse than those resulting from a practical 
curvilinear structure. The building shape has thus evolved 
to the present configuration (see Fig 19.1 thru 19.6).

The building is a bolted and welded steel structure 
using a corrugated steel and steel/plastic-foam insulating 
panels for roof and siding (see Fig. 19.7). It is 19.4 m 
wide, 13•3 m deep and 16.2 m high and has been designed to 
survive wind speeds with gusts up to 225 km/h.

The building has about 900 m2 of usable floor space in 
five levels, of which the second level is even with the top 
of the mount yoke base and thus contains the observing floor.
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FIGURE 19.1
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FIGURE IG .2
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FIGURE 19.3
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FIGURE 19.4
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FIGURE 19.5
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FIGURE 19.6
MULTIPLE MIRROR TELESCOPE — M M T  — 

S E C T I O N
detail 'A*

265



FIGURE 19.7
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FIGURE 19.8.

MULTIPLE MIRROR TELESCOPE 
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Rooms are situated on both sides of the telescope chamber on 
the observing floor and on the third and fourth levels, which 
provide sizable work areas close to the telescope. One of 
these rooms is the telescope control room, another is a 
darkroom, and two others are particularly adapted for use 
with instrumentation utilizing the two Nasmyth platforms.

The first or lowest level will be used for building and 
telescope services, shop and office space, a receiving dock 
and employee amenities. Storage capacity is provided on the 
fifth level and below the first level in the stationary pit 
area enclosed by the foundation. This area also serves as a 
plenum for collecting and dispersing all exhaust cooling and 
ventilating air through a tunnel to an outlet below and 
downwind to the northeast approximately 60 m away. The 
observing floor in the telescope chamber and enclosure 
surrounding the mount yoke will be cooled and the walls, 
floor, and ceiling of the areas are well insulated to 
maintain the telescope at or near the expected night-time 
temperature.

The most unique and interesting aspect of the MMT 
building is its rotational capability, which deserves further 
elaboration. The entire building, which weights 372 metric 
tons, is supported and rotated on four large, slightly 
conical, steel wheels. These wheels are 91 cm in diameter 
and 13 cm wide and are suspended in a proprietary linkage 
arrangement, which positions a virtual axis of rocking 
motion tangent to the circular motion path and through the 
center of contact of the wheel and track. This arrangement 
provides for very smooth rolling over minor track 
irregularities. The track on which the wheels roll is a 
flat, hardened steel track about 17.5 m in diameter composed 
of 24 scarf-jointed curved sections each approximately 2.3 m 
long, 20 cm wide, and 7 cm thick. These track sections are 
bedded in grout atop a massive circular reinforced concrete 
foundation and have been leveled to an overall flatness 
better than 1.5 mm. The maximum load on any one wheel due to 
dead weight, live load, and maximum wind loading is 156 
metric tons.

Two of the wheels, diagonally opposite, are driven by 15 
hp DC motors and four-stage planetary-gear reduction units, 
while the other two wheels are non-driving but carry large 
retractable pin units used to lock the building against 
rotation due to high wind torques when in the stow position.
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The building is maintained on center while rotating by 
four radial wheels, each located at one of the four main 
support wheel units. These radial wheels bear against a 
curved railroad-type track of 18.9 m diameter grouted against 
the inside wall of the concrete foundation.

The maximum rotational speed of the building is 90 
degrees per minute but under normal operation the building 
drive is slaved to follow the telescope mount in azimuth 
within a half-degree tolerance zone. Should it be required 
for observational or maintenance purposes, the telescope 
building can be coupled so that up to 15 degrees of telescope 
azimuth motion can be obtained independent of building 
motion. The building drive is capable of driving against 
winds up to approximately 70 km/hr; at high winds the 
building must be locked against rotation by use of the stow 
pins at one of four specific rotational positions.

The telescope is supported on a large, independently 
founded, hollow reinforced concrete pier at the center of the 
building. All of the service connections for the facility, 
such as power, water, communications, etc., are carried into 
the rotating building through the center of the pier. The 
configuration necessarily limits the building rotation to a 
maximum of 540 degrees, but also eliminated the need for slip 
rings, rotating joints, and the like. This limited rotation 
has been determined to be only a minor operational 
inconvenience. A seal has been provided around the periphery 
of the building to maintain the plenum below normal 
atmospheric pressure and to prevent dust, insects, small 
rodents, etc. from entering the building. The seal is a 
vertical blade that is attached to and rotates with the 
building and is immersed in a liquid-filled trough on top of 
the circular foundation wall (see Fig. 19.7).

Another interesting aspect of the MMT building is the 
shutter. Because of the extent of the hexagonal pattern of 
the individual telescopes within the optical support 
structure (OSS) and an allowance for 15 degrees of 
independent OSS rotation, a clear slit opening of 8.7 m is 
required. In a building whose greatest dimension are 
scarcely twice this width, such a large opening presents an 
uncommon structural problem. To provide adequate structure 
for the opening, the two outboard ends of the building above 
the observing floor level were designed as free standing 
units with reinforced concrete floors providing diaphragm 
stiffness against racking. These two end units are tied 
together by deep structural trusses between the first and 
second levels that extend the complete building width.
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The horizontally moving, biparting shutter leaves 
covering this slit opening are large structural units 
themselves weighting 9 metric tons each. Each leaf is 
supported on two rollers along its bottom edge and two 
rollers along its top edge, which also corresponds with the 
building ridge line. The leaves are driven apart or closed 
by a chain and cable drive system, and they are locked 
together in the closed position by three heavy duty automated 
latch mechanisms. The shutters, when open, do not extend 
beyond the ends of the building and thereby do not alter the 
wind effects on the building by any appreciable factor. They 
are designed to operate in winds up to about 100 km/hr (see 
Fig1.19.8).

Two windscreens span the slit opening; one vertically 
from the observing floor to near the edge line of the 
building and one somewhat horizontally from under the ridge 
out to near the edge line. Additional items included in the 
building to facilitate telescope operations and maintenance 
are an overhead bridge crane, a personnel and equipment 
elevator, and outside platform atop the roof for viewing the 
sky, cloud and weather conditions, and an elevating platform 
for access to instrumentation at the usual Cassegrain 
location.

270



XX. VIBRATION

The elimination, or at least the reduction, of vibration 
that could affect the performance of astronomical instruments 
has been a basic issue in observatory design. Undesirable 
motion creates blur in the images of a telescope, therefore 
decreasing the quality of an observation.

Most major observatories have taken some measures to 
deal with the problem of vibration. At Palomar mountain, 
for example, even some of the minor equipment such as air 
compressors and ventilation fans in the rooms are isolated.
In spite of the fact that the horse power on some of these 
items ranged from 10 to 50 horsepower, the transmission to 
the ground in general is less than a 10,OOOths of an inch at 
the period of vibration. They are very carefully isolated 
with springs. And while these vibrations can be picked up on 
seismographs, the dome is very quiet. For many years there 
was one of seismology's more sensitive instruments, which 
could pick up the microsisms of waves on the Pacific shore 
front 60 miles away, located right inside the 200-inch dome, 
even with these auxiliary machines on.

A. INDEPENDENT TELESCOPE FOUNDATIONS.

Several design strategies have been developed in 
relation to this problem through the history of observatory 
construction, but perhaps the most influential was the use of 
independent foundations for astronomical equipment.
Telescope foundations independent from those of the building 
proved to be very useful to prevent motion from surrounding 
structures. Since the earlier years of observatory building, 
this advantage has been used to provide a steady support to 
the telescope.

The first observatory to have a central isolated pier 
was Dunsink Observatory at Dublin, Ireland, built in 1785 [1] 
which can be seen in figure 20.1. This building marked an
important advance by the introduction of two new elements.The first innovation was the central pier for the equatorial telescope in the dome. The location of this kind of 
telescope was one already familiar in the eighteenth century, 
in the highest observing room of the building. For the first
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F I G U R E  20. I
Dun»ink Observatory at Dublin, Ireland, built in 1785.
It was the first observatory to have a central isolated 
pier.
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time, however, its support came directly from the ground 
through a mass of masonry.

The second innovation was the isolation of the stone 
piers for the 28-inch equatorial telescope in the dome and 
the instruments in the meridian room, which were built to 
rise from the bedrock through the floors without touching 
them in order that the instruments might not receive any 
vibrations from footfalls or other sources of jarring within 
the building. With these measures the Dunsink Observatory 
had the principal elements of most nineteenth-century 
observatories.

The first American observatory to include a high central 
pier for the telescope was the U.S. Naval Observatory (1842), 
its cross section shown in Figure 20.2. Several other 
observatories rapidly followed its example. Georgetown 
University Observatory (1843) was constructed with a central 
pier resting on soil 12 feet deeper than the basement floor, 
independent of this floor and those above it.

Harvard College Observatory (1844) was built having the 
Naval Observatory as a model (see Figure 20.3), where the 
central pier was made of granite, 40 feet high, of which 26 
feet were below ground level, resting in a bed of hydraulic 
cement and coarse gravel . It is conical, tapering from 22 
feet in diameter at the base to 10 feet in diameter at the 
top, and it is surmounted by a capstone and a granite block 
carrying the telescope itself.

With the completion of the Harvard Observatory there 
were then at least five major institutions which had adopted 
a central masonry pier on which to mount a refractor, after 
the manner of installation at Dunsink. Problems of 
vibrations have more probably been caused by an increase of 
buildings and traffic in observatory areas than by defects in 
the original piers [2].

The concept of independent foundations for telescopes 
came to stay, and has remained up to the present, with 
structures reaching gigantic dimensions. At Kitt Peak's 158- 
inch reflector the pier is 37 feet in diameter and 100 feet 
high. The pier is isolated from the rest of the building and 
is surrounded by a windscreen with lozenge-shaped panels 
formed by steelwork [3].
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U.S. Novel Observatory , Washington, D C. , Section (Donnelly, 1973).
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Harvard College Observatory , Cambridge , Mass, Section ( Donnelly , 1 9 7 3 ).
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Cutaway drawing of the 4 -m eter Mayall telescope at 

Kltt Peak, Arizona.

275



Figure 20.4 shows a cutaway drawing, from the north, of 
the 158-inch Kitt Peak structure. Over the central concrete 
pier, the telescope rides in a horseshoe bearing which holds 
the declination axis. On the observing floor are the 
visitors gallery (right) and the coude' room (left). Overall 
height of the building is 180 feet, and the dome is 105 feet 
in diameter.

Figure 20.5 shows a typical disposition of independent 
foundations for a non-rotating structure supporting a 
rotating dome for a 4.2 meter telescope. Note how the 
instrument is isolated from undesirable vibrations originated 
in the dome or by mechanical equipment.

B. VIBRATION FROM MECHANICAL EQUIPMENT.

Undesired motions from mechanical equipment are often 
regarded as inevitable. Actually this is not so. There are 
simple building strategies to reduce vibration so that 
control is available.

Constructive vibration isolators can be used and are 
classified into several categories:

1. Hangers for Suspended Equipment.
2. Housed Vibration Isolators.
3 .Open Vibration Isolators.
4. Air Springs and Mounts.
5. Duct and Pipe Penetrations.
6. Vibration Isolation for Ceilings.

The use of one or more of these strategies will help to 
reduce the chance of vibration problems in buildings with a 
high priority for stability. Some of these strategies are 
the following:

1. Hangers for Suspended Equipment.
Springs with neoprene pad hangers should contain a steel 

spring that is set in a neoprene cup manufactured with a 
projecting bushing that passes through a hole in the hanger 
box or is otherwise isolated from the hanger box.
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Vibretion-lsoletion Hanger

(a)

(b)

Avoid contoct between rods

Minimum between Monger and structure above 1 in

Load

Double-deflection neoprene-in-sheer element, 50 durometer maximum

Neoprene sleeve through hole m Monger box, minimum 30* misalignment capability where Monger rod posses through Monger box Mole

Minimum space between hanger 
and structure above 1 in

Avoic contcc* between rods

Load

Neoprene cup at spring base end 
neoprene sleeve through hole m 
Monger box bottom to preven* 
metal-tc-metol contact, 
neoprene minimum 1/4 in thick 
and maximum 50 aurometer

Misoiignmer* capability must be 
such tno* bottom rod cor swing 
through o fuM 30* ore before 
touching the ŝ oes c* the bottom 
hole c* the hanger box

F I G U R E  20 . 6
Hanger mounts: la  ) N eoprene-in-shear Monger, 

lb )  Spring Monger.
I Jones, 1984).
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The neoprene cup should have a steel washer designed to 
distribute the load properly on the neoprene and prevent its 
extrusion. Spring diameters and the lower holes of the 
hanger boxes should be large enough to permit the hanger rod 
to swing through a 30 degree arc before touching the edge of 
the hole, because such contact between the hanger rod and the 
edge of the hole will make the spring ineffective (see 
Figures 20.6 and 20.7).

2. Housed Vibration Isolators.

Housed or semi-housed vibration isolators (see Figure
20.8) are not generally recommended, because they tend to 
have problems in the long run. These units are designed so 
that the inner guide members, which are an integral part of 
the top plate, will ride freely inside each of the two 
channel-shaped bottom housings. Neoprene pads are affixed to 
the inside of the housings to prevent contact between metal 
parts when the usually unstable springs tip or become 
misaligned. In fact, most of the springs do tip, and the 
weight of the equipment often causes the metal parts of the 
isolator to cut through the neoprene pads, making the spring 
mounts ineffective.

3. Open Vibration Isolators.

To prevent the problems of spring misalignment, open, 
stable, steel isolators with snubbing of lateral movement 
restrictors when required, should be used. Open spring 
units may be inspected easily, and static deflection of the 
spring under load may be measured with any ruler (see figure
20.9). Figures 20.10 and 20.11 show schematic diagrams for 
installation of equipment with open spring mounts.

H. Air Springs and Mounts.

Although difficult to get in some countries, air springs 
may be used where very low isolator natural frequencies are 
required. Air pressure in the air mount is easily controlled 
and maintained by coupling a bicycle-type hand pump to the 
air stem connection protruding through the front face of the 
isolator housing. Some of the most common spring mounts are 
shown in Figure 20.12.
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Steel spring in series with 

neoprene hanger-- hanger box 

rotation 360®.

(Jones, 1984).

F I G U R E  2 0 . 8  

Housed vibration isolators. 

(Jones, 1984).
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F I G U R E  20. i (continued)
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Recommended vibration* ieolotor detail for 

contiievered brocket and open spring isolator. 
( Jones , 1984 ) .
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Vibroioiion-isolotion Monger. See specificotion for ,exocT type.

Rigid electricol connectors - 360* loop or grossly slock flexible conduit or manufactured resilient fitting

Keep space beneath transformer and roils clear of foreign objects
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. o'.
6

FIGURE 20.10
Vibration isolation for floor-mounted transformers. 
( Jones , 1984).
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For electncol conduit 
connections less Thon 1 in m 
diometer, use full 360* 
loop of loosely coiled 
flexible conduit
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conduit 
connection ̂

For electncol conduit 
connections,
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use resilient 
connecto' fitting

Support pipe elbow 
directly to pump base
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Vibration isolation for compressor or pump.

Cor̂ rete mertio block base or 
steel fronw. os required

Resilient snubber-

Z JJnUE;
F I G U R E  2 0 .  12 

Air springs and mounts. 
I Jones, 1 9 8 4 ).
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5. Duct and Pipe Penetrations

Penetrations of walls, floors, and ceilings by ducts, 
pipes and conduit, should be treated for noise and vibration 
control. Figures 20.13 thru 20.16 show some of the 
strategies to avoid those problems.

6. Vibration Isolation for Ceilings.

Many types of ceiling installations may be hung 
resiliently [4] by the use of conventional vibration- 
isolation hangers. Of course, for the system to work 
properly, no construction or utilities should be allowed to 
form a rigid connection or bridge between the resiliently 
suspended ceiling and the construction above, neither should 
the suspended ceiling touch the walls of the room. An example 
of such an arrangement is shown in Figure 20.17.

NOTES.
[ 1 ]. The architect of the Dunsink Observatory was Graham

Moyers, with whom a contract was made ”for erection of a 
meridian-room and a dome for an equatorial, in 
conjunction with a becoming residence for the 
astronomer".

[2] . The remarks of Isaiah Rogers about the estimates for the
pier at Harvard may reveal the newly developed concern 
that astronomers felt about the mounting of large 
telescopes: "... there has been more work put on the 
stone of the large piers than I contemplated in my 
estimate or is called in the specifications, but there 
was so much feeling expressed that the pier should be 
made permanent, I have spared no expense on my part 
which I thought would render it so, and I believe 
it to be as strong a pile of masonry as can be 
constructed of its kind and form".

[3] The consulting architects for the dome are Skidmore, Owings, and Merrill.
[4] . Resilence is the ability or property of a material that

enables it to resume an original shape after being bent, 
stretched, etc.
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Detail of wall penetration for ducts. 

(Jones, 1984)

Minimum of two layers of 5/16-in-thick ribbed- or woffle- pottern neoprene toprovide separation between pipe clomp ond building, v

Floorconstruction^ «6 gouge seporotor piote
' o ■. o .

Seal top and bottom with nonhorden,nĝx resilient sealant '

Not*
Neoprene should be to 50 durometer, 40 to 50 PS‘ monmum loading, sized to accommodate the calculated load.

F I G U R E  2 0 . 1 4

Floor penetration detail for pipes. 

(Jones, 1 9 8 4 ) .
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Pipe sleeve orsheetmefoi sleeve
Mosonry or concrete 
block -------------------- 1/2- to 5/8-in space, pock with fibrous material oil around and full depth of penetration

Nonhordening 
resilient sealant 
both sides —^
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Partition with 
wood or metol studs 
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plasterboard both ^  
sides

Detail of pipe penetration. FIGURE 20. 15
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Floor
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Neoprene should be 40 to 50 durometer, 0̂ to 50 psi maximum loading.
F I G U R E  2 0 .  IS

Typical floor and ceiling penetration for pipes larger than 1-in diameter.
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Typical suspended ceiling joinl detail.
( Jones , 1984 ).
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XXI. EARTHQUAKE AND FIRE HAZARDS

A. EARTHQUAKES.

The effect of unwanted vibrations has already been 
discussed in the preceding chapter. Usually little or no 
attention is given to seismic zones when dealing with the 
optimum site for an observatory. Appendix F shows some of 
the regions around the world from where information on 
seismic activity is available.

Basically there are two ways to deal with the earthquake 
problem: one is to ignore it as part of the design process, 
and another is to design the telescope and its envelope 
accounting for some reasonable earthquake protection value, 
such as considering a load of one half of the gravity laterally.

In those cases where earthquake provisions have been 
ignored, some reinforcing has been required. In the 200-inch 
telescope at Palomar mountain, for example, tie-down bars 
were added when it was discovered that the horizontal 
component of some earthquakes could be high enough to cause 
either uplift or lateral shifting. In the case of Lick 
Observatory in California, design specifications were 
restricted to 20 percent of the acceleration in any 
direction.

Major catastrophic effects due to earthquakes are not 
generally considered in observatories and especially in 
telescopes as major threats, since earthquake forces are easy 
to take care of because the main design of the structure is 
one of rigidity, of stiffness, and in general, loads on 
members are small. The stresses are usually low on most 
members and can take forces quite well. Observatories built 
at Tokyo, a high risk earthquake zone, have considered one 
half of the gravity as a "standard", with no major problems 
so far.

Relatively small problems, like misalignment of the 
telescope bearings, can occur. This is why, as part of major 
observatories policies, after every major earthquake, 
observing should be stopped while the telescope operator 
makes a complete inspection of the telescope and its 
envelope.
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B. FIRE HAZARDS.

As in any other building, observatories are subject to 
fire hazards. The fact that not many fires have been 
reported in these type of buildings seems to lie more in 
their small number relative to other edifices rather than in 
their intrinsic safety. If on one hand it is true that domes 
generally do not house the furnishings and ornamental 
finishings (drapes, carpet, etc.) that traditionally could 
lead to a fire, it is also true that they usually contain 
more electrical and electronic equipment and chemical 
substances than the average building.

Although no one considers observatories as specifically 
dangerous buildings, domes have been reported to burn.
Yerkes Observatory, for example, was known to have a fire on 
the night of January 8, 1894, when the tube and the mount 
were fortunately rescued (Donnelly, 1973).

Some provisions have to be made related to fire hazards, 
and it is generally assumed that if the building complies 
with the fire regulations of the state in which it is 
located, it could be regarded as safe.

Some further suggestions to prevent fires are the 
following:

* Fire extinguishers should be installed in the buildings. 
The best is one having at least 5 pounds of chemical agent 
or else a 2A rating. The 2A means that it will put out 
at least 100 square feet of burning material.
"Multipurpose ABC dry-chemical" type work well on wood, 
paper, and flamming liquids and is safe for electrical 
fires, but has a drawback. This type of extinguisher 
works using high volumes of dry white dust, so when the 
fire is over, cleaning of electronics, optics, and 
mechanical systems is necessary.

Halon type extinguishers, on the other hand, use an 
inert gas to smother the flames and leaves no residue at 
all. Although more expensive than the dry-powder type, it 
will save time in cleanup.

* Smoke detectors should be installed with an external 
alarm. The sensor remains inside the building but the 
alarm (suitably protected from the weather) is outside.
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* Keep readily combustible material to a minimum. Storage 
of dangerous substances should be done in proper 
conditions.

Since many observatories are likely to be located in the 
mountains, forest fires have a definite influence on their 
performance. Wind action in combination with fires 
contributes to an increase in the general pollution of the 
air. A more dangerous situation is encountered when forest 
fires develop near the existing buildings, and since wind is 
normally present, some precautions should be taken.

The influence of wind on fires is threefold:

1. It affects the burning rate through the rate of oxygen 
that the wind supplies to the burning fire.

2. It varies the rate of fire spreading according to whether 
the wind direction coincides with or is opposite to the 
direction of the fire spread. The wind, in fact, tilts 
the flames fordward or backward, but its net effect is to 
increase the rate of spreading, even when the direction of 
fire spreading and of the wind are opposite. As the wind 
increases, the rate of propagation also increases. 
Naturally, when the wind and the fire move in the same 
direction, the fire advances at a higher speed than it 
would if the wind and fire were opposite each other. 
Figures 21.1 and 21.2 plot the rate of spreading of a fire 
as a function of wind velocity. In both cases, whether 
the wind velocity is positive (wind and fire moving in the 
same direction) or negative, the rate of spreading 
increases proportionally to wind velocity. One curve, 
however, is steeper than the other.

3. Another aspect of fire spreading caused by the wind is 
"spotting”. Smoldering ashes and burning embers can be 
picked up by the wind and carried fordward, starting new 
fires ahead. Burning particles have been known to have 
risen vertically thousands of feet where they are 
intercepted by high-level winds and carried several miles 
away, where they can start new fires at a considerable 
distance from the original fire.

4. Wind increases the danger of potential forest fires by 
drying the vegetation and consequently increasing its 
flammability.
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F I G U R E  21.1 Rate of fire spreading when the directions of the wind and fire are the same.
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F I G U R E  2 1 . 2  Rate of fire spread,ng when the directions of the wind and fire are opposite.
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XXII. VEGETATION

The influence of vegetation on the design of 
observatories and in their site selection has been generally 
underestimated. The importance of vegetal life around the 
buildings lies not only in its ornamental qualities, but in 
that it can modify certain parameters. Plants alter the 
surface form, increase the area of radiation and 
transpiration, shade the ground, slow and trap the moving 
air. A cooler, more humid, more stable microclimate is the 
result. Plants also trap some smoke and dust, although this 
is more likely to affect their own health than it is to 
purify the air in any marked way.

The general effect of wind flows has already been 
discussed in Chapter XII, so we will review some of its 
aspects related to vegetation. Belts of shrubs and trees are 
effective windbreaks, since they can reduce wind velocities 
by up to 50 percent for a distance downwind of ten to twenty 
times their height. For this purpose the belt should rise 
gradually in height on the windward side and should be 
somewhat open on its levels to reduce air turbulence in its 
lee (see Figure 22.1).

The use of a diversity of species, with a dense 
understory of shrubs and a medium density of larger trees 
overhead has proven highly efficient. Evergreen plants, 
especially at the shrub level, are more effective in winter. 
Shelterbelts can also be planted on windward crests, or on 
artificial berms to reinforce their effect.

Windbreaks are built using various materials and 
techniques. They can consist of trees properly selected and 
strategically planted (shelterbelts), or they can simply be 
fences, walls, earth berms, artificial sand dunes, etc. 
Their basic function, of course, is to create an area 
relatively protected from the full force of the wind. The 
area of maximum protection is on the leeward side, but even 
on the windward side there is a zone of reduced wind speed.

A schematic representation of the distribution of wind 
velocities on either side of the windbreak is shown on Figure 
22.2. In general, one could say that the area affected by 
the windbreak has a width of about 30 times its height on the 
leeward side and some ten times its height on the windward 
side (see Figure 22.3).
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Effective use of vegetation as windbreaks. Belts of shrubs and trees 
should rise gradually in height on the windward side, end should be some
what open at the top to prevent turbulent flows.
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Distribution of wind velocity around a windbreak whose permeability is 

defined as 'moderately dense'. The velocity is expressed as a percentage 

of the speed of the unobstructed wind. ( Melarogno, 1982).
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Profiles of the wind velocity produced by o forest and by a 

shelterbelt of average penetrability (Melaragno, 1982) .

Wind speed in percent of free wind. Opening • 10 meters

W I N D

F I G U R E  2 2 . 4

Effects of discontinuities in shelterbelts. An opening in a 

shelterbelt produces changes in the wind speed in the areas 

near the opening on the leeward and windward sides.
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The speed of the wind varies gradually in this area and 
at a certain distance is back to its original value. It is 
interesting to note that at each end of the windbreak, there 
is a small area where the speed is higher than the speed of 
the unobstructed wind itself (see Figure 22.4).

Shelterbelts are natural or artificial windbreaks made 
out of trees and/or shrubs, where the most effective 
orientation is perpendicular to the direction of the wind.

The width of the sheltered area near the side of a 
shelterbelt is reduced, because conditions there are 
different. It is advisable not to make shelterbelts shorter 
than 12 times the height that they reach. For shelterbelt 
lengths up to 20 heights, the protected area increases at a 
sharp rate, but above this value, the rate of protection 
increases in direct proportion to the length of the 
shelterbelt.

The density of the shelterbelt is inversely proportional 
to the amount of air filtering through it. The denser the 
shelterbelt, the lower the wind speed, as is shows in figure 
22.5.

The density of vegetation can be classified in terms of 
the lowest wind speed on the leeward side, as shown in 
Table XXII.1.

TABLE XXII. 1
VALUES FOR DIFFERENT WIND SPEEDS AS RELATED TO THEIR 

VEGETATION DENSITY.

DENSITY LOWEST WIND SPEED
Very dense 15 percent of unobstructed view
Dense 25 percent
Moderately dense 35 percent
Open 38 percent
Very open 68 percent
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Profilet of wind velocity for various shellerbelts having different 
density (M elaragno, 1982 ).

F I G U R E  22.6
D iffe re n t depths of sheltered area on the leeward side of a 

(o ) wide and (b) narrow shelter belt. Narrow shelterbelts show 

a higher efficiency when compared with thick ones.
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Notice that shelterbelts of different densities, when 
all other parameters are equal, have different wind-abatement 
profiles. The lowest speed occurs closer to the shelterbelt, 
as this is denser. A certain shelterbelt density can be 
achieved with a single row of tree planting or with multiple 
rows (see Figure 22.6).

When we want to consider the effect of the top part of 
the shelterbelts we see that pitched tops generally have low 
efficiencies, while as the top gets more irregular it starts 
increasing effectiveness to lower the wind speed (see Figure 
22.7).

We can also be interested in the wind effects on 
isolated trees, the deflected wind flow produces a zone of 
reduced pressure on the leeward side, with some eddies 
generated in this area. On the other hand, as the wind blows 
between the ground and the bottom of the tree foliage, it 
accelerates. This zone of higher speed can be taken into 
account if ventilation is desired, or in the opposite case, 
when it has to,be blocked, the phenomenon is equally relevant 
(see Figure 22.8).

The addition of simple shrubs to the isolated tree 
produces even a faster current under the tree if the shrubs 
are placed on the windward side of the tree, narrowing the 
space between the foliage and the ground. On the other hand, 
if the shrub is placed on the leeward side of the tree, the 
air current is deflected upward, creating a zone of reduced 
speed on the leeward of the shrub (see Figure 22.9).

The problem, of course, increases in complexity as the 
individual elements, trees and shrubs, increase in number and 
are used to produce a variety of effects that increase or decrease the wind speed.
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FIGURE 22.7
Efficiency of top profile for shelterbelts. 
( M elaragnot 1982).
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Wind deflection by on Isolated 

tree creates a zone of higher 

speed under, it.

(M e la ra g n o , 1 9 8 2 ) .

F I G U R E .  2 2 . 9

(a ) The addition of low shrubs ^  
In front of trees accelerates
the air near the ground.

(b) low shrubs behind trees deflect 

windflaw upward, creating a sheltered 

zone behind the shrubs. 
(M e la ra g n o , 1 9 8 2 ) .

(a  )

( b )
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XXIII. COSTS

A. CURRENT TELESCOPE AND DOME COSTS.

Maybe no other factor has so much influence in the 
development of an observatory than the economic 
considerations, and several studies have been done relating 
the cost of an instrument to its mirror diameter, weight,etc.

It is generally considered that the cost of an optical 
telescope depends directly on the size of its aperture, that 
is, the diameter of its primary mirror. While some 
relationships give a scaling law of cost proportional to an 
exponent of 2.6 of the main mirror diameter, others go as far 
as to consider an exponent of 3.0. But cost considerations 
are also affected by the amount of precision needed in the 
instrument and by the envelope that covers it. The ratio of 
costs between telescope and building is generally considered 
to be 2 to 1, that is, the telescope usually costs twice as 
much as the dome alone, although this relationship does not 
apply to some cases. In the Multiple Mirror Telescope (MMT), 
for example, designers were careful to minimize the costs of 
the instrument while the MMT envelope is by far the heaviest 
and most expensive dome of its size of any yet built.

Meinel (1980) has studied the cost-aperture relationship 
as shown in Figure 23.1. Plotting cost per unit aperture 
area, $/m2, has reduced the array of points to approximately 
a horizontal path. The solid points at the top of Fig. 23.1 
are for optical telescopes while the lower set is for radio 
telescopes. For information of possible interest data points 
for solar concentrators are also included.

The first point of interest is that the trend line for 
optical telescopes shows a minimum cost per unit area at 
about 2 meters diameter, a point mentioned occasionally in 
the discussion of telescope arrays. Note, however, that the 
minimum is shallow, and that there is really not much 
difference between telescopes over a considerable range of 
diameter. If we separate symmetrical and unsymmetrical 
telescopes we find that the symmetrical telescopes, fork,
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yoke, etc, are less costly than the asymmetrical ones. One 
element in the higher cost of the latter is undoubtedly the 
counterweight and resultant cost penalties in bearings and 
drives. If we give strict attention to the symmetric group 
we note a turnup beginning in cost between 3 and 4 meters 
diameter, the continuation being indicated by two dashed 
curves. It is clear that at some larger size the curve will 
break sharply upward, as is clearly indicated for large radio 
telescopes. Structures exceeding good engineering practice 
and increased weight create other problems; for example, 
deflection problems. The added weight, however, accentuates 
the deflection problems leading to further weight additions, 
and an asymptotic limit is abruptly reached.

Several telescopes lie below the trend line, indicated 
by open circles: the UNAM, the UKIR and the MMT telescopes 
(dome costs not considered). Two studies made by Meinel (the 
Nanjing and the Chung-li studies) are shown by open boxes. 
These are two very light weight designs that are considered 
to come close to defining the lower boundary of precision for 
optical telescopes.

It has been suggested that the low-cost very large 
telescope may require active compensation for optical and 
mechanical deflections, rather than the brute engineering 
approach of conventional totally passive telescopes, to make 
for a major reduction of weight in order to reach a lowest 
net cost domain.

Figure 23•2 has some additional data: weight per unit 
aperture area, kg/m2. The upper set of numbers attached to 
the points is in units of metric tons (1000 kg/m2) while the 
points for radio telescopes indicate simply kg/m2. The 
highest point is reached by the Max Plank Telescope, 42 
kg/m2. In general there is a trend of kg/m2 suggesting a set 
of nearly horizontal lines of equal values. The UKIR and the 
MMT are the lightest weight telescopes in the +3 meter range. 
For colateral interest there are two horizontal dashed lines 
to show the locus [1] of a single array, noting that with 
mass production of the array telescopes a typical locus might 
slope downward from the MMT through the goal region for the 
New Generation Telescope (NGT). These sets of curves would 
predict a weight of about 1000 kg/m2 for a 25-meter multiple- 
mirror dish.
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A second place for additional data Is the cost per 
kilogram of each telescope ($/kg), in Figure 23.3. Numbers 
have been added based on bringing all the telescopes up to 
1978 dollars, and inflation since then should be added to 
make costs current. Nevertheless costs also show systematic 
trends. A further set of horizontal curves is suggested to 
represent the peak to peak surface precision of telescopes 
that would be found in the domain between optical and radio 
telescopes.

B. FUTURE PREDICTIONS.

We can use the preceding diagrams to predict certain 
engineering requirements for future large telescopes. For 
example, cost per kilogram of telescope is reasonably bounded 
by current manufacturing experience, thus if telescope weight 
is known, then costs can be projected with reasonable 
assurance. The worst practice seems sometimes to take sway: 
design the telescope to look nice and then wish a cost on it. 
Such a procedure seems to have captured the solar 
concentrator domain.

Figure 23.4 shows data taken from the scaling law 
analysis to predict $/kg and total telescope weight limits to 
reach cost goals that have been expressed as "desirable". 
These goals are indicated by open boxes. Note that the MMT 
and other "low cost" telescopes lie relatively close to the 
conventional curve, further emphasizing the utter necessity 
to depart from quasi-conventional designs.

A final summary of data is given in figure 23.5 where 
telescope weights versus aperture are shown. The 
conventional trend line is from B. Rule's data and closely 
follows the cube of the diameter slope. The sturdy Max Plank 
Institute telescope lies above the trend line, while the UKIR 
and MMT lie below it. The weight goals required of the 7 
meter Texas and other large telescopes are indicated by open 
boxes, the dashed one being cases where weight estimates are 
not in hand, while the solid ones are cases analyzed for a 
first estimate of weight. These boxes lie very far toward the 
domain occupied by radio telescopes, yet precise optical performance is necessary.
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C.SUMMARY

To summarize the philosophical differences between 
various design approaches Figure 26.6 shows three classes of 
telescopes:

1. Conventional.
2. Quasi-conventional.
3. Unconventional.

A conventional f/2.75 is similar to the Kitt Peak 
National Observatory 4 meter telescope. A quasi-conventional 
telescope is one that in appearance resembles a conventional 
telescope, but has weight savings from use of a thin short f- 
ratio primary mirror. An unconventional telescope is one in 
which the total mass is reduced to an irreductable minimum 
and for the shortest primary f-ratio possible for reasonable 
prime focus field correction (about f/1.5).

The Nanjing Study Telescope approaches very closely to 
the irreductable minimum. Taking the three configurations 
shown in Figure 23.6 the estimated weight of the instruments 
have an approximate ratio 5:3:1, respectively.

The scaling law diagram shown in Figure 23.7 could be 
useful to make more realistic estimates, showing the degree 
to which a required design departs from the conventional 
trend line. From this diagram it would appear that the 
minimum costs to be expected for the several proposed very 
large telescopes will be in the order of the figures shown in 
Table 23.1.

ESTIMATED

APERTURE

7 meter 
10 meter 
16 meter 
25 meter

TABLE XXIII.1
COSTS FOR VERY LARGE TELESCOPES. [2] 
( 1980 U.S. Dollars)
TELESCOPECOST
6,000,000
13,000,000
55,000,000

240,000,000

TELESCOPE + DOME, 
SITE, PROJECT,ETC.

1 2,0 0 0 , 0 0 0

26,000,000
1 1 0,0 0 0 , 0 0 0

480,000,000
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Perhaps the most commonly heard objection to large 
telescopes hinges on cost-effectiveness. Since, for a given 
technology, the cost varies roughly as the cube of the 
diameter of the main mirror, small telescopes clearly yield 
more square inches of glass per dollar than large ones.
Thus, it is argued, it would be better to invest our money in 
several "small" (3-4 meter) telescopes than a single large 
telescope of heroic dimensions.

Aside from the question of whether much money would in 
fact be available for many smaller telescopes, this argument 
contains in itself the seeds of its own destruction. If 
"smaller" is always "better", why stop at the 3-4 m class?
It then should be better to have a number of 60-inch 
telescopes, or even better, a very large number of 36-inch 
instruments.

The answer is clear: changes of a factor of two in 
telescope diameter make a tremendous difference in the 
personal effort needed to complete a program. The time it 
takes to get 20 clear nights instead of 5 is enormous. Blocks 
of time this long are in general not available at the 
national observatories, even on small telescopes. Data 
reduction is also quadrupled, there being roughly four times 
as many photographic plates, magnetic tapes, etc. to be 
processed. And of course the burden of maintaining four 
times as many detectors and telescopes in perfect order is 
much greater as well. The personal productivity of every 
astronomer now working at the limit of our largest 
instruments would be reduced by at least a factor of four, 
were he restricted to a diameter only half of what he is now 
using. Worse yet, many projects that are now being done 
today simply would not be done at all. It is clear that the 
smaller-is-better argument, if carried to conclusion, leads us to logical absurdity.

NOTES.
[1] Locus describes a set or configuration of all points 
satisfying certain geometric conditions.
[2] In view of typical experience, the balance of the 
project, site dome, etc., will double the cost of the 
telescope alone. Complete project cost estimates are 
difficult to assess due to considerable variations introduced 
by highly site and choice dependent costs for buildings.
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XXIV. GENERAL DEVELOPMENTS

The general disposition of the buildings in an 
observatory is dictated by a number of factors: topography, 
wind , vegetation, environmental impact, economy, etc.
Figures 2H.1 thru 24.5 represent several of the major 
observatory developments, that although quite different from - 
each other, show some similarities in their general design.

Topography, for example, greatly influences the setting 
of buildings, roads, power lines, and water disposal. Major 
telescopes are usually located at the highest levels in 
altitude of the site: the investment and performance of large 
instruments deserve the best unobscured view, while smaller 
telescopes are generally given somewhat lower locations. The 
4 m Mayall telescope at Kitt Peak, the 3•6 m telescope at La 
Silla (Chile) and the 4 m telescope at Cerro Tololo are some 
of the typical examples of large instruments located in high 
areas.

Roads are usually planned so that they closely follow 
the contour lines of the site. Most of them show reasonable 
slopes although in cases high-degree inclinations are 
unavoidable (the last part of the road to the MMT, for 
example). Paving of the roads has not been a major problem 
for heat release at night. The use of gravel, however, is 
recommended due to its low thermal inertia. In the case of 
the MMT the gravel-covered parking lot shows to have a 
remarkably short time constant of 5 minutes. At sunset it 
almost adjusts to ambient temperature and perhaps even drops 
somewhat below this, a few degrees, on clear nights because 
of radiation cooling (Beckers, 1982).

The local effects of wind should be taken into account 
when locating major facilities for an observatory. Near the 
ground, airflow is greatly variable and generally turbulent. 
Local seeing effects due to atmospheric disturbances in 
microclimates are not to be discarded, and should be used to 
the best advantage of the design. Shading buildings from 
strong wind gusts, for instance, is possible if properly 
planned by the use of vegetation, other buildings or the site 
topography.
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The predominant wind direction of flow is especially 
important because the heat produced by auxiliary equipment, 
heaters, power generators, dormitories, etc. can be flushed 
downwind so that it does not create major seeing problems due 
to turbulence. This strategy has been followed in several 
observatories: the 200-inch telescope at Palomar, the MMT at 
Mt. Hopkins, to name a few.

Not only heat producing items should be taken into 
consideration, but heat-containing objects as well. Water 
storage tanks, for instance, can store a great amount of heat 
collected during the day and then released at night. The 
exact positioning of the storage tanks could sometimes 
conflict with that of the telescopes. If we consider that 
a gravitational feed to the buildings would be desirable, 
high locations would also be preferred, and therefore a water 
deposit could displace a major telescope location. If, on 
the other hand, the possibility of collecting water is taken 
into account, lower places might be desirable. Also water 
might have to be pumped up to the buildings.

For the final design of the observatory development a 
complete environmental site analysis impact study is highly 
desirable, and in places located either near or within Forest 
Service controlled areas this type of study is almost always 
a requirement. The U.S. Forest Service, for example, usually 
has its forest zones classified according to the following 
scheme:

VISUAL QUALITY OBJECTIVES

up it

"R"

"PR"

"M"

PRESERVATION. Allows ecological changes only. 
Management activities, except for very low visual 
impact recreation facilities, are prohibited.
RETENTION. Management activities must not be 
visually evident.
PARTIAL RETENTION. Management activities must 
remain visually subordinate to the characteristic 
landscape.
MODIFICATION. Management activities may visually 
dominate the original characteristic landscape 
but must borrow from naturally established form 
line, color, and texture.
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"MM"

"REH"

"E"

MAXIMUM MODIFICATION. Management activities may 
dominate the characteristic landscape. However, 
when viewed as background, the visual 
characteristics must be those of natural 
occurrences.
REHABILITATION. Restore landscapes containing 
undesirable visual impacts to a desirable visual 
quality (short term).
ENHANCEMENT. Increase positive variety where 
little variety now exists (short term).

DISTANCE ZONES.

GENERAL
DISTANCE

SIGHT
CAPACITY

(Distances in miles) 

VISUAL
CHARACTERISTICS.

fg FOREGROUND 0- 0.5 Detail Individual plants
mg MIDDLEGROUND 1/4- 5 Detail and 

general
Textures

bg BACKGROUND 3- inf. General: 
no detail

Patterns slight 
and dark.

Some of the definitions and design techniques that 
comply with the Forest Service requirements are here listed 
for the Retention and Partial Retention zones:

RETENTION. The Visual Quality Objective provides for 
management activities which are not visually evident. Under 
retention, activities may only repeat form, line, color, and 
texture which are frequently found in the characteristic 
landscape. Changes in their qualities of size, amount, 
intensity, direction, pattern, etc. should not be evident.

PARTIAL RETENTION. Management activities remain visually 
subordinate to the characteristic landscape when managed 
according to the Partial Retention Visual Quality Objective. 
Activities may repeat form, line, color, or texture common to 
the characteristic landscape, but changes in their qualities
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of size, amount, intensity, direction, pattern, etc. remain 
visually subordinate to the characteristic landscape. 
Activities may also introduce form, line, color, or texture 
which are found infrequently or not at all in the 
characteristic landscape, but they should remain subordinate 
to the visual strength of the characteristic landscape.

Various design techniques can be applied to achieve 
these visual objectives. Some examples are:

Use unseen areas for support facilities and for 
instruments when possible.
Design low profile preferable earth integrated 
structures.
Use small clearings with feathered edges, avoid straight 
line clearings.
Consider color and reflectivity of surfaces, they should 
be dark and non-reflective.
Use environmentally sensitive construction methods on 
all structures and vehicle areas.
Set construction limits for all structures, roads, and 
clearings.
Reduce number of roads on top to a minimum, group 
structures and small telescopes to share same roads 
and clearings and to share support facilities.
Consider alternatives to road access for construction, 
such as installation by helicopter.
Locate structures, including the rail mounted 
telescopes, off the main roads, along short spur roads, 
thus providing a visual buffer and reducing the risk of 
vandalism.

The Visual Quality Objectives that the U.S. Forest 
Service has set sometimes are in conflict with the 
desirability characteristics from a purely technical point of 
view, so general guidelines cannot be given. For instance, 
under the "Partial Retention" objectives, it is 
environmentally desired to have dark and non reflective 
surfaces, while, as we have seen, light colors and shinny 
surfaces sometimes are desired for observatory domes (Paint 
and Color in Domes, Chapter XVII).
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XXV. DAYTIME OPERATION AND REMOTE CONTROL

A. DAYTIME OPERATIONS.

In the past, large telescopes have been used 
occasionally during twilight and even during the day for 
special tasks such as planetary observations. or on the 
occasion of a very bright comet. Now that infrared 
spectroscopy and broad-band photometry is becoming 
widespread, and at wavelengths where the clear daytime sky is 
quite dark, one can anticipate that the infrared observers 
will want to use the telescope all through the day. The 
infrared region between 1 and 2.5 microns, for example, is a 
fortunate region in the way that both thermal sky emission 
and Rayleigh scattering are practically negligible.

During the year 1970, the Lick 120-inch was in fact 
scheduled for such operations on about 70 days. The 
traditional objection to such operations has been that if the 
dome is open all day, especially with full sunlight streaming 
directly in, the internal seeing or the telescope performance 
on the following night would be worsened. No great effects 
were detected at Mt. Hamilton. It is possible that at Lick 
these difficulties are minimized by the rather small day-to
night temperature range, and that problems would appear in 
other sites. But even if that were so, one must balance the 
scientific gains against the losses: that is, whether the 
astronomical results lost by a short period of poor internal 
seeing at the beginning of the night would overshadow the 
astronomical results gained by full day's infrared work.

With research becomming more specialized all the time, 
large telescopes designed to be used at specific wavelengths 
will probably soon be built.

If daytime work is to be undertaken seriously, then of 
course there is no need to invest in an expensive air- 
conditioning plant for dome cooling. Computer software will 
have to be modified: one must not forget to include in the 
dome-control computer program an instruction, in case that 
direct sunlight is allowed to fall on the primary mirror, 
that the solar image thus formed does not reach on any part 
of the inner dome surface that might be damaged by the heat.
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B. REMOTE CONTROL.

It is traditional to think of the observer, often 
heavily dressed for protection from the cold, sitting, often 
uncomfortably, at an eyepiece, doing elementary tasks with 
knobs or push buttons while he peers at a star image.

It has been so for centuries, but the question is raised 
if, with today's technology, it is still an acceptable way 
for a scientist to perform in science. Certainly the human 
mechanism can operate more efficiently in a warm, well 
lighted room, watching the field and the guide star on a TV 
screen, changing plates or filters by remote control, and 
going out to the cold telescope only for occasional tasks 
(such as changing gratings or optical elements) that are not 
worthwhile to automize or to carry out remotely.

In the interests of comfort and efficiency of operation, 
the control of new instrumentation at major observatories has 
been in large part removed from the telescope focus to a 
control or "data" room some tens of meters away (see Figure 
25.1). While the acquisition of data is still very much a 
hands-on process, the astronomer's hands are more likely to 
be on a computer terminal keyboard than on a filter bolt or 
shutter and his eyes are glued to a television monitor, not 
an eyepiece. Once the astronomers presence is no longer 
required at the telescope focus, there is less reason for him 
to be close to the instrument. The electrical cables through 
which he controls the telescope and monitors the acquisition 
of data might as well be thousands of kilometers long.

Such remote observing has obvious advantages, and 
perhaps equally obvious disadvantages. In at least some 
cases at Kitt Peak, and for telescopes at very remote sites, 
the advantages may outweight the disadvantages.

Among the benefits are the savings of time and money in 
travel, the savings associated with supporting fewer 
individuals at remote sites, the reduced disruption of the 
astronomer's routine at his home institution, and the 
possibility of adaptive telescope scheduling letting weather 
and seeing determine which of several programs is pursued on 
a given night.
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On the negative side, the astronomer will understand his 
instrument and telescope less well, will miss the opportunity 
to interact with astronomers from other institutions, and 
will be in a limited position to help rectify any 
difficulties which might develop in the course of an 
observing run.

During 1981, Kitt Peak National Observatory conducted a 
pilot program of remote observing experiments. The initial 
remote observing experiments were conducted with three voice- 
grade communications links between the 2.1 meter telescope 
building at Kitt Peak and the observatory facility at Tucson, 
Arizona. Observers who would ordinarily have travelled to 
the top of the mountain have instead observed from their home 
institutions. Of the three voice-grade telephone lines used, 
one line is used for voice communications with the telescope 
operator, another line is used to interface with the 
telescope computer which controls the telescope and 
instruments, and the third line is used to transmit a slow 
scan television picture from the telescope field acquisition 
camera. This system permitted the transfer of one complete 
picture frame every 34 seconds.

Observers have found this system to be quite effective. 
Problems with telephone line noise were encountered and 
several schemes for alleviating these problems are presently 
being implemented. Plans for more rapid video updating 
rates over voice grade lines, the use of greater bandwidth 
communication links and the multiplexing of voice, data and 
video over single channel are presently being considered.
The goal of the experiments is to investigate the 
effectiveness of this technique with respect to observing 
efficiency and cost savings.



XXVI. CONCLUSION

Each major advance in telescope size has resulted in a 
dramatic change in man's view of the universe and his place 
on it. Since Galileo's discovery of the satellites of 
Jupiter with the earliest telescopes, astronomers have 
continued to strive for larger and larger collecting areas.

At the same time improvements in instrumentation have 
rapidly increased the power of all telescopes and have 
extended the observable wavelength range into the infrared 
where most of the energy from many non-thermal sources and 
from regions of star formation is emitted. Indeed in many 
optical and infrared applications detectors are approaching 
the theoretical limits to their sensitivity. Despite this 
progress, or perhaps because of it, there remain many 
problems whose solutions appear beyond the capacity of the 
present telescopes. Although a technical barrier existed for 
some time at apertures of approximately 5 to 6 meters, it 
appears that recent advances in technology will now permit 
construction of very much larger telescopes at reasonable 
cost.

Progress in optical and infrared astronomy depends 
critically on steady growth in the effective light-gathering 
power of telescopes. During the first half of the 20 th 
century, the aperture of the largest reflecting telescopes 
grew from̂  less than im in 1898 to 5 m in 19%8. No telescope 
as large as 5 m has since been built in the U.S. although the 
speed of data collection has been increased enormously by 
technical breakthroughs in the performance of detectors and 
in the automation of telescopes. In consequence, the Hale 5 
m telescope is now equal in photon collecting power to a 30 m 
telescope with 19%8-style detection. There is still 
considerable room for improvement in the overall efficiency 
of the telescopes, by factors of perhaps 2 to 5, but once the 
remaining possible gains are achieved, as they probably will 
in the next decade, still further progress will only be 
possible through increased aperture.
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The breakthrough in detector technology came at a most 
opportune time because in the 1950's no one knew how to build 
a telescope much larger than 5 m at a permissible cost. The 
concepts of multi-mirror telescopes and multi-element mirrors 
had been known for some time, but without lasers and fast 
computers they could not be implemented in any workable 
fashion.

Since the only possible way to proceed in ground-based 
observatories is through increased aperture, the 
architectural requirements of the new buildings will 
certainly be more strict. Telescope envelopes will probably 
get larger and more complex as technology advances in the 
process of automation, and new strategies are still waiting 
to be tested in these unique buildings. It is the task of 
the architect, designer, planner or engineer to achieve the 
best results with whatever is available at the time. It is 
only in this way that progress in design can be achieved in a 
time of rapid change such as ours.

Tucson, Arizona 
1985.
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APPENDIX "A”
THE ELECTROMAGNETIC SPECTRUM.

Although light is the most familiar form of 
electromagnetic energy, it constitutes only a small part of a 
wide range of different kinds of radiation: gamma rays, X 
rays, ultraviolet, infrared and radio waves. All are the 
same basic type of energy and therefore could be thought of 
as different kinds of "light”.

Electromagnetic radiation with a wavelength of about 
0.0003 to 0.0007 mm (that is, 300 to 700 nanometers) 
comprises the visible light, where the frequency determines 
its color. A specific frequency always corresponds to a 
determinate color, so that an array of them in the visible 
light make up what is known as the spectrum. A mixture 
of light at all wavelengths in about the same proportions as 
are found in the light emitted by the sun, gives the 
impression of white light.

It is widely assumed that the wavelength determines the 
color of a particular radiation in the visible part of the 
spectrum. Actually this is not so. Radiations of different 
wavelengths also have different frequencies, so that in a 
vacuum the distinction of defining a color by its wavelength 
or its frequency is not significant. When radiation passes 
through a transparent medium, however, such as glass or 
water, its wavelength is decreased, but its frequency remains 
unchanged (thus red light still looks red underwater).
The electromagnetic spectrum is useful in indicating the 
relationships between the various radiant energy wavelength 
regions. Such a graphical representation should not be 
interpreted to indicate that each region of the spectrum is 
divided from the other in any physical way whatsoever. 
Actually there is a gradual transition from one region to 
another. Figure A.1 shows a general view of the 
electromagnetic spectrum.

Figure A.2 shows the different amounts of attenuation by 
the atmosphere of electromagnetic radiation. Two parts of it 
are basically transparent to outer space radiation: the 
optical region and part of the radio spectrum. On the other 
hand, the atmosphere is completely opaque to electromagnetic 
radiation less than about 300 nm, and consequently 
ultraviolet, X-ray, and gamma ray radiation highly suffers 
attenuation and therefore observations cannot be made from 
ground-based observatories.
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APPENDIX "B"

\

EXPRESSING LIGHT MEASUREMENTS: MAGNITUDE AND S 10 UNITS.

To the general reader the units for measuring a certain 
amount of light are probably unfamiliar and, although there 
are several systems are available, we shall discuss only two 
of them here.

MAGNITUDE.

Astronomers use a rather unusual system for numerically 
describing the brightnesses of stars and other astronomical 
objects. This system originated with the Greeks and was 
based on the kind of response that the human eye has to 
various brightnesses of images. The Greek astronomers 
divided the stars into six different groups according to 
their apparent brightness. They called these different 
groups "magnitude", and the brightest stars were called of 
the first magnitude, the faintest being of the sixth 
magnitude. To the human eye these magnitude intervals looked 
approximately like equal divisions, and so they apparently 
made up a natural system of measurement.

When more precise instruments became available for 
measuring the brightness of the stars, it was found that the 
magnitude intervals are not divisions of equal luminosity. 
Instead it is found that the human eye response is 
logarithmic rather than linear, and the magnitude system is 
found to have a logarithmic base.

The introduction of the telescope had made faint stars 
available to observation below the original sixth magnitude. 
At the brighter end, exceptionally bright objects, such as 
the sun, the moon, and some planets near maximum brightness, 
had to be defined by magnitudes above the old scale, that is, 
by negative numbers. Some examples of apparent magnitudes 
for bright celestial objects are the following:

326



OBJECT MAGNITUDE *

Sun - 26.8
Moon -12.7
Venus 4.4
Jupiter 2.6
Pluto + 14.9
Sirius 1.5

* Magnitudes are mean visual magnitudes at opposition or 
greatest elongation, Sirius (Alpha Canis Major) is the 
brightest star in the sky.

THE S 10 UNIT.

A most useful unit for expressing night sky brightness 
is the S 10 unit, the equivalent number of stars of tenth 
magnitude per square degree. The use of the square degree as 
the unit of solid angle in the S 10 unit follows historically 
from the fact that the square degree is the reference in 
stellar statistics. There are 41,253 square degrees over a 
sphere. The choice of magnitude 10 rather than any other -- 
such as 5, which is occasionally used -- is arbitrary.

Except for the zodiacal light and the brightest part of 
the Milky Way, brightnesses in S 10 units are expressed in 
three digits (less than 999)> which is convenient in 
practical computations.
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APPENDIX "C"
THE BEAUFORT SCALE FOR WIND SPEED.

FORCE DESCRIPTION SPECIFICATIONS FOR USE ON LAND.

0 Calm. Calm; smoke rises vertically.
1 . Light air. Direction of wind shown by smoke drift 

but not by wind vanes.
2. Light breeze. Wind felt on face; leaves rustle; 

ordinary vane moved by wind.
3. Gentle breeze. Leaves and small twigs in constant 

motion; wind extends light flag.
4. Moderate 

breeze.
Raises dust and loose paper; small 
branches are moved.

5. Fresh breeze. Small trees begin to sway; crested 
wavelets from inland waters.

6. Strong breeze Large branches in motion; whistling 
heard in telegraph wires, umbrellas 
used with difficulty.

7. Near gale. Whole trees in motion; inconvenience 
felt while walking against wind.

8. Gale Breaks twigs off trees; generally 
impedes progress.

9. Strong gale. Slight structural damage occurs 
(chimney pots and slates removed)

10. Storm. Seldom experienced inland; trees 
uprooted, considerable structural 
damage occurs.

11. Violent storm. Very rarely experience; accompanied by 
widespread damage.

12. Hurricane.
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APPENDIX "C" (CONTINUED)

THE BEAUFORT SCALE FOR WIND SPEED.

FORCE DESCRIPTION EQUIVALENT SPEED AT 10 M ABOVE GROUND.
MILES
Mean

PER HOUR 
Limits

METERS PER 
Mean

SECOND. 
Limits.

0. Calm. 0 <1 0 0
1 . Light air. 2 1 - 3 0.8 0 — 0.2
2. Light breeze. 5 4 - 7 2.4 0.3-3.4
3. Gen. breeze. 10 8 -12 4.3 3.4-5.5
k. Mod. breeze. 15 13-18 6.7 5.5-7.97
5. Fresh breeze. 21 19-24 9.3 8 -10
6. Str. breeze. 28 25-31 12.3 10-14
7. Near gale. 35 32-38 15.5 14-17
8. Gale. 42 39-46 18.9 17-21
9. Strong gale. 50 47-54 22.6 21-25
10. Storm. 59 55-63 26.4 25-28
11. Violent strra. 68 64-72 30.5 28-33
12. Hurricane. — — > 73 >33
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APPENDIX V

Drag coefficients for rounded prismatic shapes

C* for length/breadth ratio

Cross-iectiooal shape&mpc K6
Up to

i 1 2 5 10 20 00

(m*/s)
All surfaces <6

> 7
Rough or with 07 07 08 09 10 1-2
proiectioDS >6 *

Smooth >6 0-5 05 05 05 05 06 06

Ellipse <10 0-5 05 05 05 06 06 07
bid -  1/2 >10 02 02 02 02 02 02 02

Ellipse <8 as 08 09 1-0 11 1-3 1-7
bid- 2 >8 08 08 09 1-0 M 1-3 1*5

bid — 1 <4 0*6 06 06 07 08 08 1-0
rib ■ 1/3 >4 04 04 04 04 05 05 05

bid — 1 <10 0-7 08 08 09 1-0 H) 13
r/b -  1/6 >10 0*5 05 05 05 06 06 06

bid -  1/2 <3 0*3 03 03 03 03 03 04
rib — 1/2 >3 0*2 02 02 02 03 03 03

bid -  1/2 
r)b — 1/6

All
values 05 05 05 05 06 06 07

bid = 2  
rib -  1/12

All
values 09 09 1-0 M 1-2 15 19

bid-: 2 <6 07 08 08 09 10 1-2 1*6
rib — 1/4 >6 05 05 05 05 05 06 06

JtJq 3̂ j /3 <10 08 08 09 1-0 M 1-3 1*5
>10 05 05 05 05 05 06 06
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Appendix 'o' —co*fow*d

Q  for kog^/breadth redo

Cross-sectional shape
Up to

Vb i 1o
%

rPr

< n

< a

r/fl — 1/12

(ma/s)
All
values

r/fl *  1/48 All
values 0-9 0-9 04 11 1-2 1-3 1*6

rib *  1/4 <11 0-7 0-7 0*7 04 04 1-0 1*2
>11 0-4 *4 04 04 0*5 0-5 0*5

rib ”  1/12 All
values 0-8 0* 04 1-0 1-1 1-2 14

rib *  1/48 All
values 0-7 0-7 04 04 1-0 M 1*3

ml i* * 1 M <8 0-7 0-7 04 04 1-0 1-1 1*3r/o *  1/4 >8 0-4 04 04 04 0-5 0-5 0-5

1/48 < rib 
< 1/12

All
values 1-2 1-2 1-2 14 1-6 1*7 2-1

12-sided <12 0-7 0-7 04 04 1-0 M 1*3
polygon >12 0-7 0*7 0-7 0-7 04 0-9 M

Octagon All
values 1-0 1-0 H 1-2 1-2 1-3 14

In this table Vb is used as an indication of the airflow regime.
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APPENDIX "E"
SOME MAJOR OBSERVATORIES.

INSTRUMENTLOCATION

Mt. Pastukhov, Caucasus,
U.S.S.R.
Palomar Mt., California.

Canary Islands.

Kitt Peak, Az.

Cerro Tololo, Chile.

Siding Spring, Australia. 

Mount Hopkins, Az.

Mauna Kea, Hawaii.

La Silla, Chile.

Mount Hamilton, California.

Mount Locke, Texas.

6-m (236-in) reflector

5-m ( 2 0 0 - i n ) reflector
1.5-m (60-in) reflector
1•2 —m (48—in) Schimdt
4.2-m (165-in) refl.u.c.
2•5—m (98—in) reflector
4-m ( 158-in) reflector
2*1—m (84-in) reflector
1*5—m (60—in) solar
2*3—m (90 — in) reflector
4-m (158-in) reflector
1*5—m (60—in) reflector
3.9-m (155-in) reflector
1*2—m (48—in) Schimdt
Six 1.8-m (70— 
in the MMT.

in) mirrors

3.8-m (150-in) infrared
3.6-m ( 1 42-in) reflector
3*0—m (120 — in) infrared
2*2—m (88—in) reflector
3*6—m (142 — in) reflector
0*9—m (36 — in) Schmidt
3*0—m (120—in) reflector
1*0—m (40—in) reflector
0•9-m (36 — in) reflector
0*9—m (36—in) refractor
2.7-m (107-in) reflector2.1-m (84-in) reflector
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Crimea Astr. Obs. U.S.S.R. 
Armenia Obs.
Las Campanas, Chile

Wyoming
Williams Bay, Wis.

2.6- m (102-in) reflector
2.6- m (102-in) reflector
2.6- m (101-in) reflector
2.5- m (100-in) reflector
1.5- m (60-in) reflector
2.3-m (92-in) infrared 
1.0-m (40-in) refractor
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France, Spain

Seismic Risk
(Mercalll Scale)
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[5] Planned or under construction
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United Kingdom

Seismic Risk 
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Nuclear Power Plants 
0  Existing

f i ]  Planned or under construction
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Scandinavia
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India, Pakistan
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APPENDIX "G"
OBSERVING POLICIES AT MAJOR OBSERVATORIES.

It is natural that different observatories have diverse 
policies for their observing session, but certain general 
remarks could be made on the issues that they most commonly 
share.

Some of them are the following:

A telescope operator is always assigned to the telescope. 
He is responsible for the safety of the instrument and 
has the authority to control its use including closing 
down and insisting that personnel leave the mountain, if 
he believes that weather, and observer's conduct, or 
other conditions threaten danger to staff or equipment.
Telescope operators are instructed to terminate 
observations if any of the following conditions prevail:
a. Steady winds are above 100 km/h. When winds are 

strong observers are advised that telescope stability 
is better when the dome slit is downwind.

b. Wind brings dust into the dome. This can occur with 
winds well below 100 km/h, depending on the wind 
direction.

c. Air dew point temperature is less than 3 degrees 
Celsius above the telescope structure temperature.

d. Precipitation occurs.
e. Serious fire, earthquake or other emergency occurs.

In the event of a major earthquake, observing will be 
stopped while the telescope operator makes a complete 
inspection of the telescope and dome.

f. Safety of personnel or equipment is imperiled in the 
opinion of the telescope operator.

g. Essential equipment fails and cannot be repaired by 
the staff on call.
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At high-altitude observatories, observers and assistants 
are required to spend at least 24 hours in residence at a 
mid-level facility, before beginning their observing 
runs. This regulation is designed to ensure the safety 
of both personnel and equipment. Most individuals have 
no difficulty living and sleeping at an altitude of 2800 
to 3000 m.

Observers of greatly different ages and states of health 
who observe regularly at high-altitude site have found 
that reduced oxygen concentration at the summit present 
only minor difficulties in their work performance. 
Acclimatization is, however, necessary. While time 
spent at a mid-level altitude facility is helpful in 
acclimatizing to altitude, it is probably more beneficial 
to spend some time at the summit before observing.

A degree of altitude acclimatization is retained by the 
body on a time scale of days. Observers who have spent at 
least 3 days on the mountain summit may therefore leave 
it and spend no more than 3 days at sea level without 
losing the acclimatization required for top performance.

Reaction to high-altitude exposure is a very individual 
matter and while some symptoms are typical, certain 
people may experience more or less severe reactions.

The first day or night at the summit, after 24 hours 
of mid-level acclimatization, may result in sleepiness, 
slight dizziness, generally reduced efficiency, and 
lethargy. Individuals who have consumed carbonated 
beverages may feel especial discomfort, although not so 
severe as to prevent working throughout the night. The 
second night at the summit normally is much easier, with 
nearly all symptoms reduced or gone. By the third night 
individuals rarely feel any discomfort and can function 
almost routinely.

Those working at high altitudes have found that 
discomfort is reduced if large meals are avoided before 
going to the summit for a night's work. Fatty foods 
should be avoided, while those high in sugar content are 
preferred. Alcoholic beverages demand increased oxygen 
from the blood stream. Smokers normally feel more 
respiratory discomfort than do non-smokers.
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* Because air at high-altitudes is very dry, some observers 
will normally experience slight dehydration, generally 
characterized by dryness of the nasal membranes and 
throat. Throat lozenges usually relieve this condition. 
Lip balm is useful for treatment of dry lips. The 
dryness can also cause considerable discomfort for 
contact lens wearers.
If it is necessary to turn on bright lights in the dome 
at night, the dome shutter should be closed so as not to 
interfere with the work of other telescopes.

In order to maintain high quality of seeing in the site, 
observers are asked to cooperate by trying to avoid 
producing unnecessary light pollution. Curtains and 
window shutters are to be kept closed at night and trips 
by car to and from telescopes are to be kept to a 
minimum.

Observers are not to carry out changes in the telescope 
balance, the optical and mechanical alignment of 
telescopes or instrument, or in the electrocontrol.

When the relative exterior humidity reaches 95 percent, 
the observer must close the dome. This is to avoid 
condensation on vital optical components, and to avoid 
breakdown of electrical insulation in high voltage 
equipment.
During daylight observing, the sun must never shine on 
the telescope. Specifically the dome aperture must not 
come closer to the sun than +/- 2 hours in RA and +/- 30 
degrees in declination.
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APPENDIX H. SOLAR TELESCOPES

Although detailed analysis of solar telescopes is out of 
the scope of this work, it is worthwhile to give a general 
overview to the existent designs for this type of buildings.

While at night almost all optical effects of the 
atmosphere have to be investigated by using stellar images, 
the solar observer has at his disposal the solar disk of 
about half a degree in diameter, covered all over with low 
contrast details of about 1 arc second. This enables him to 
observe all effects occurring within the area of the sun 
simultaneously, to follow even the propagation of certain 
atmospheric effects across the disk. On the other hand he 
has only the sun and cannot, as night .astronomers might do, 
extend his observations to all directions in the sky.

At night exposure times of minutes and hours are needed 
for photographic work. In solar work exposure times will 
almost never exceed a few seconds. For this reason rather 
short intervals of excellent image quality can be already of 
great value to the solar physicist. One has to distinguish 
clearly between two types of solar sites: the site which 
gives images of extreme quality during short intervals and 
the site which gives less excellent but still very good 
images during much longer intervals.

The physical conditions of the surroundings of an 
astronomical observatory are very different at day and at 
night: during the day the surface of the earth, heated by 
solar radiation, changes the temperature distribution of the 
atmosphere completely up to several thousand meters by 
convective heating. Mountains, so well suited for night 
observations and for a short period after sunrise, are 
transformed at day time into efficient sources of turbulent 
convection, which spoils the atmosphere optically up to 
altitudes probably well above the mountain peaks.

Solar astronomers worry about turbulence caused by the 
slot in the observatory dome, heating of the dome surfaces, heating of the telescope, local convection, and turbulence 
within the optical system. Observers of the sun have devised 
a variety of design concepts to meet these difficulties.
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Some telescopes are mounted on towers to put them above 
local convection. Domes fold down like petals to remove 
their heated surfaces from near the objective lens. Pic du 
Midi Observatory in France uses a streamlined "snorkel" in 
one of its coronagraphs. Some Australian telescopes suck in 
air through screens to produce laminar flow near the 
objective.

In the case of the Sacramento Peak Solar Observatory 
using the Vacuum Tower Telescope (Fig. H-1 and H-2), the dome 
was eliminated. A window was placed high up on a 135-foot 
pyramidal tower and then air was evacuated from the entire 
telescope inside the tower. The latter reduces the effects 
of local convection and the vacuum eliminates the internal 
turbulence and seeing problems. Also, it provides a comfort 
of a heated observing room, as well as a stable environment 
for auxiliary instruments and electronic equipment. This 
rather drastic approach accomplished the principal objective 
of eliminating local seeing, but introduced a number of other 
design problems, such as finding the simplest possible 
optical system that could be evacuated.

Other examples could be mentioned. The McMath Solar 
Telescope at Kitt Peak in Arizona, is an excellent example of 
good technical rendition and at the same time achieving a 
design that is aesthetically attractive. Figure H-3 is a 
schematic representation of the optical light path of this 
solar instrument, while Fig. H-H shows a cross section of the 
building upon which the optical path can be traced. There 
were two principal design criteria and several subsidiary 
considerations which determined the final optics and the 
configuration of the McMath Telescope.

First, it was hoped that the telescope could be located 
at a site which would encompass 30 hours of 0.5 second of arc 
seeing or better, per year. This statement carries the 
guiding principle that after the light travels through the 
atmosphere the quality of the seeing should not be destroyed 
in the past hundred feet near the focus, either by local 
terrain or by the telescope itself.

Second, the optical arrangement must be such as to give 
0.33 seconds of arc resolution. In order to attain these 
goals, it was felt that the control of the thermal 
environment of the telescope was necessary, and that the 
possible use of a metal mirror should be investigated.
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FIGURE H-l.
Vacuum Tower Telescope, section. 
Sacramento Peak Solar Observatory. 

(SPO User's Manual, 1980).
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Many optical arrangements employing mirrors are possible 
for a solar telescope: the Cassegrain system of the usual 
stellar instrument, coelostat system, heliostat, and 
siderostat. All of these systems have been used in the past: 
each has its advantages and disadvantages. The heliostat 
system was adopted in the McMath telescope because its 
mounting is simple, involving only a single flat, hence its 
cost is less. Also, there is only one reflection, the 
polarization and ellipticity of the reflected beam is 
constant, there is no "noon shadow" of one mirror on the 
other as in the coelostat, and finally, it allows placement 
of the flat high above the ground and away from thermal 
disturbances.

A heliostat has two disadvantages: it causes the field of 
view to rotate once in 24 hours, and the angle between 
incident and reflected light is in general greater than for 
the optimum position of the two mirrors of a coelostat, thus 
it is more sensitive to mirror figure and astigmatism.

The heliostat is carried at the end of a 30 m high, 9 m 
diameter, concrete column surrounded by a water-cooled 
windshield. The optical path is inclined 31 degrees 57' 
to the horizontal plane (the latitude of the site), 60 m of 
the path are above ground and 90 m in the lower optical 
tunnel are below ground.

The design criterion of the heliostat tower specified 
that the tower was not to deflect the sun's image more than 
0.33 sec of arc when buffeted by a 18 m/sec wind. This was 
achieved by surrounding a 9 m diameter tower having 1.2 m 
thick concrete walls with a windshield, leaving only the 
heliostat exposed.

The portion of the light path above ground between the 
heliostat and ground level is shielded from the surrounding 
terrain and sky by a water-cooled enclosure of square cross 
section, 10 m of a side. A stable non-convective air column 
is maintained within the telescope by circulating a coolant 
in the panels, from bottom upward, maintaining roughly a 5 
degree temperature differential in the 155 meter length.

The exterior of the telescope is covered with 30 tons of 
copper sheeting. Each removable panel has a dimension of 
10 m x 2.5 m ; the panel surfaces are subassembled from sheets 
of copper 40 cm wide containing three integral, 1-cm diameter 
tubes which were inflated hydrostatically during fabrication 
of the panel. 70,000 liters of refrigerant water with 
antifreeze, chilled to a suitable temperature, is circulated 
at 40,000 liters/min through the structure.
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Painting the exterior white using a pure titanium 
dioxide pigment in a glyptal vehicle greatly reduced the 
refrigeration load. Those panels exposed to the sky and full 
sunlight are often much cooler to the touch than the panels 
underneath directed toward the ground, simply because this 
paint is white in the visible, black in the infrared, and the 
effective sky temperature is -15 to -30 degrees Celsius.

All mirrors are mounted in carriages which ride on a 
3.66 m gauge track extending the full length of the incline. 
In this manner, with suitable hoist, each mirror can be 
brought to the aluminizing room for washing and coating.

Another interesting example is the 61-cm Solar Vacuum 
Telescope, also at Kitt Peak. This building shows a slightly 
different concept in design.

In contrast to the McMath Solar Telescope, which uses a 
heliostat, the Vacuum telescope uses a coelostat. This 
arrangement offers the minimum mirror polarization for a 
given time of day and there is no image rotation (hence no 
need to rotate the spectrograph).

The telescope was located at the southeast edge of Kitt 
Peak where the prevailing wind may be expected to flush 
thermals from coelostat mirror surfaces. Also, the feed 
optics were placed as high as possible to avoid ground level 
turbulence.

Figure H-5 shows schematic cross-section views. The 
backbone of the telescope is a reinforced concrete structure, 
7 m x 8 m x 2 3 m  high, with 0.3 m thick walls. Weather 
protection is by a biparting nested clam shell patterned 
after the canopy for the Culgoora telescope in Australia.
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