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I. Introduction

The recent rapid development of receiver technology in the mm, sub-mm, and
infrared part of the electromagnetic spectrum is making possible the exploitation of
this part of the spectrum for astronomical observations. A thorough understanding of
the absorption characteristics of the earth’s atmosphere at the above wavelengths is.of
great importance for the effective planning of astronomical observations.

The basic theoretical work on microwave absorption by atmospheric gases was
done by Van Vleck towards the end of World War II. Since then numerous theoretical
and experimental investigations have been carried.out. As a result we arein a position
to evaluate the atmospheric absorption characteristics in the range 10°cms to 1 mm with
reasonakble accuracy for a certain elevation angle and given meteorological conditions.
Liftle reliable information is available at the moment for the wavelength region between
20 microns and I mm.

' The exploration of the infrared region had been started by extending astronomical
observaﬁoné at optical wavelengths. to the near infrared. During the I‘ast war and later
activity in the medium and far infrared region had been stimulated mainly by military
bapplicaﬁons. The available literature on this subject is very widespread. A report of
Altshuler {1} gives an exc‘éll.ent summary of the work done up to 1961.. The information

is presented in the form of graphs for an immediate application to practical absorption
calculations. Most of the results presented in this report for the infrared region are based
on Altshuler’s report.: - .. -

The:aim of this report is to giVe a review of the atmospheric models, to discuss
briefly the physical processes corine,cted with the atmospheric absorption and finally to
calculafe the zenith extinction for the whole wavelength region considered here for dif-
ferent reasonable meteorological conditions and sites of observation. The general trend
of extinction with possible windows is presented. The radiation from the atmosphere can
be predicted from such extinction data. By extinction is meant the combined effect of

scattering and attenuation. Under good observation conditions the scattering can be neglected



as compared to absorption, at least in the far infrared and microwave region.

The terminology used in this report is explained here. The transmission of the
atmosphere, when the line of sight subtends an angle z ("zenith distance™) to the zenith,
is given by the equation

F
@ I(z)/II.ncident =P (Z)'

I.Inci dent €30S the radiation intensity of a remote radiation source outgide the atmosphere
and I(z) means the intensity of this source as measured by an observer at the surface of the
earth. For z < 80°, F(z) = sec z; for larger distances z, the rigorous air mass func-
tion has to be used. Also for z =0, F(z) = 1. Hence p denotes the tra.t"ismissi;on coefficient
of the total atmosphere at zenith. By means of equation (1), it is possible to calculate the
transmission of the atmosphere for any zenith distance z if the transmission coefficient p
is known.

On the other hand, ‘p'can be calculated from experimental extinction values at
various zenith distances z. The values of p are presented in different forms by different
authors. Sometimes the value -log p is given, which then is a positive number, since
P £ 1. Then the loss of the atmosphere, which is defined as (1 - p) can be obtained for
small values of p using the relation

(2) 1-p = —logwp/o.4343.

Instead of the transmission very often the attenuation of the atmosphere is given, especially
for the microwave and sub-mm region:. The attenuation is then given in db and is related to

the transmission by

3) zenith attenuation in db' = 10 log L—l) = -10 log p.

This makes it convenient to compare -log p and zenith attenuation values given in db.



2. Model Atmos pheres

In order to correlate the different experimental conditions and theoretical assump-
tions, one needs to consider the major models of atmospheres. The physical and chemical
properties of the earth’s atmosphere vary significantly with alfitude. In all models, the
vertical structure of atmosphere is considered as consisting of nearly concentric, approxi-
mately sphericai shells with merging boundaries. Within these systems, the varicus shells
are distinguished from each other by differences in definable and measurable parameters
such as temperature, temperature gradient, icnizaticn, predominant chemicai processes or
a combination of several of these and other factors. One of the accepted systems is due to
‘Chapman (see ref. [2]). In this system the classification is based on deminant physical
prdéésses. Troposphere, stratosphere, mesosphere and thermosphere are based on tem-
perature variations. Homosphere and heterosphere are based on composition, ionosphere
on ionization, chemosphere depends on chemical reactions and excsphere is based on
‘mechanism of molecular escape.

Troposphere is the region nearest the earth’s surface extending tc an altitude of
-about ‘12 to 14 km depending on the latitude. It has a uniform decrease of temperature
with altitude. Temperature inversions happen however in this region as the weather changes.
The trcpopause is the upper boundary of troposphere: extending up to 18 km. These are the
‘regions in which electromagnetic radiation is mainly absorbed by water vapor and oxygen.

Even though there are several:tabulaticns of various parameters describing model
atmospheres, ARDC model atmosphere {2], revised at pericdic intervals, is the most
commonly used. Hogg [3], one of the early workers vv in this field, used the dependence of
temperatur'evand pressure on height based on the internaticnal standard atmosphere. The
water vapor content was és$umed to- vé.i'y linearly from 10 gm/meter? at the earth’s surface
to iero at a height of 5 km. Seversl authors use varicus moisture contents, in conjunction

with the atmospheric model chosen, depending on geographic location and iatitude.

3. Atmospheric Constituents

One has to consider the composition of air in order to estimate the relative impcer-
tance of various constituents. Air is a mechanical mixture of several gases. The mixing

ratio of some gases, as referred to the total amount of gas, is constant and does not depend



on altitude, whereas the mixing ratio of other gases varies markedly with time and loca-
tion, generally showing a rapid decrease in percentage with height. These atmospheric
gases are all selective absorbers, that is, they absorb at some wavelengths but are trans-
parent to others. An extraterrestrial radiation at these wavelengths of transparency
passes through the atmosphere only slightly attenuated. These windows are therefore of
special interest for earthbound observers.

The major constituents in the troposphere are molecular nitrogen ('Nz’ 78%),
molecular oxygen (O,, 21%), and argon (A, 1%). The minor constituents are carbon di-
oxide (COz), neon (Ne), helium (He), molecular hydrogen (H) and variable amounts of
carbon monoxide (CO), methane (CH,), nitrogen dioxide (NOz), nitrous oxide (Nzo), water
vapor (Hao) and ozone (02). The predominance of these major and minor constituents and
variable gases changes with altitude. Although water vapor usually comprises less than
3% of the gases even with moist conditions at sea level, it absorbs in the wavelength region
considered here nearly six times as much solar radiation as do all of the other gases
combined.

The following gases have approximately constant mixing ratios as referred to the

total amount of air at altitudes between 0 to 50 km.

Table 1. Concentration of Infrared Absorbing Gases [1]

Gas Concentration Amount in 1 km path at
{parts per million) sea level, atm-cm

CO2 320 32.0

N,0 0.27 0.027

CH 4 2.4 0.24

Cco 1.1 0.11

For example, CO2 exists in the atmosphere in the proportion of 0.032% by volume
{or 320 parts by million), which means that for every km of air at sea level, the light ray
traverses 32 atm-cm of COZ. The energy transition of these atmospheric compenents

contribute attenuation mainiy in the infrared region which will be discussed in section 11.



4. Precipitable Water Vapor

It is customary to express the amount of water vapor concentration, w, in the
atmosphere in precipitable cms. There are two notaticns, denoted by subscripts h and
v depending on whether the atmosphere path considered is horizontal or vertical. Wh
represents the thickness of the layer of liquid water that would be formed, if all water
vapor traversed by a light beam were condensed in a container of cross sectional area

equal to that of the parailel beam. The value of precipitabie cm of water in a horizontal

path, Wy, can be found from water vapor density and path length by an empirical formula
{1] as given below.
4) wy = pr/lo
where Wh = precipitable water content in horizontal path in ems
p,, = water vapor density (gms m=3)
x = path length in km

For the zenith attenuation calculations, the more important quantity is the vertical
water vapor content of the atmosphere over a given piace, in an air column of cross-sec-
tional area of 1 cm?2. This quantity is called precipitable cm in a vertical path and is
denoted by W The total amount of water vapor contained between the height 0 and the

height z would be
z

(5) L 6[ P dz

Since by definition the precipitable water is referred to a column of cross section 1 cm’,
w_can be expressed in either cms or gms/cm?,
wv can be expressed in different forms, depending on the data available. The

hydrostatic equation in the atmosphere is

(6) dp = -pgdz,
and the equation of state for water vapor is given by

(7) e = p —T



where e partial pressure of water vapor

~p_ = water vapor density or absolute humidity

m gm molecular weight.

The above two equations along with (5) give useful relations to cbtain W

Also, at saturation Pos is given by equation (7) -for corresponding saturation condi-
tions. The values of saturation humidity at different temperatures are available {4] and
these are valuable in moisture content conversions. The water vapor content varies with
the amount of water vapor in the atmosphere and can change from 3.75 gm/m3 to
15.0.gm/m? at sea level depending on the season and location. Normally standard values

of 7.5 or 10 gm/m3 are used.

5. Line Broadening Parameter

The line broadening parameter denotes the half power width (HPW) of the absorp-
tion line and is sometimes expressed in terms of wave number breadth denoted b¥ Ay/c,
frequency width/velocity of light. For example, there are large number 'of narrow oxygen
absorption lines in a band centered at 5 mm, a maxima about 2.5 mm and water vapor
maxima near 1.35 cm, 1.63 mm and at very many {600) sub-mm wavelengths. Due to the
line broadening effect these lines tend to merge into cne diffuse band.

For vertical transmission through the atmosphere, the absorption coefficient in
each speciral line varies from a very high value in the center of the line to a much smaller
value on the sides. Also the effect on the absorption ceefficient due to pressure, tempera-
ture and density (known as the broadening of absorption lines) is such that HPW of each
line decreases steadily with increasing altitude. Most of the workers have considered only
molecular collisions, whereas Meeks and Liliey [5] have included Zeeman effect above
40 km, and Doppler effect above 80 km, to calculate the broadening line widths.

For atmospheric absorption except at high aititudes, the decrease ih pressure with
height (1/2 atm. in the first 6000 m) is large enough to cause line width to be in the magni-
tude order of their separation and even of their center frequency. Under such conditions

in actual atmosphere, the absorption calculated at any frequency which does not coincide



with a strong absorption maximum, is greatly effected by the wings of many overlapping
lines and can widely vary depending on the broadening assumed for each of them. In

spite of this complexity and evidence {6], most attempts to adapt the theory to the absorp-
tion measurements used only a single line broadening parameter throughout the absorption

spectrum due to the lack of experimental verification and scarcity of information.

6. Variation of Water Vapor Content

The water vapor contained in the vertical atmosphere is described by the equiva-
lent amount of precipitable cm water and this quantity varies depending on the latitude and
altitude of a particular site. The data for 29 stations in the United States are taken from
Weather Bureau tables [7] and presented graphically in figures 1 and 2 to show the general
trend of dependence on latitude and altitude. The Weather Bureau report gives meén values
of precipitable water. These mean values are averaged over layers of certain depths
ranging between surface and 3 km altitude as well as over periods of one month.

In order to eliminate the aititude differences in the stations referred in the above
report, the annual average of precipitable water from 3 to 8 km has been computed and
presented as a function of latitude in figure 1. In the same figure the corresponding mean
monthly values are plotted. The ratio between the maximum and minimum monthly mean
values are about 3:1 (approximately independent of season). However, the ratio of maxi-
mum and minimum instantaneous values are considerably larger. Figure 1 reveais the
general trend, that the amount of precipitable water decreases with increasing latitude.

Figure 2 shows the variation of annual mean precipitable water from surface to
8 km, with base altitude, The 29 ‘sta,tions are divided into five groups, each group mem-
ber having approximately the same latitude. A straight line variation is drawn about the
average value of each group, even though the individual values are changing at random.
(For example, the increasing latitude of stations in two groups is shown by an arrow follow-
ing a dotted line.)

From this figure one can see the precipitable water decreases with increasing
altitude. It shall be noted that the Rocky Mountain area has the minimum amount of pre-
cipitable water.



Fig. 1  Variation of Precipitablé Water with Laﬁtude._
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Fig. 2 Variation of Precipitable Water with Altitude.’-;y :
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From these general observations, one can say that profitable experimental work
from ground based antennas depends on the quality of the site chosen as much as the
design of the instruments and one needs to choose a high mountain in a dry area (suitable

geographic latitude) for an observatory site.

7. Methods of Absorption Measurements

The general experimental methods are described here. First, there are the
convenient measurements over a chosen absorption path length between a laboratory trans-
mitter and receiver. This has the benefit of ability to control the factors introdueced in
the absorption path, but in practice is hard to simulate actual atmospheric conditions.
Also the path lengthg should be quite large in order to obtain measurable attenuation
specially in the wings of the absorption lines.

Second, quite a few absorption measurements at longer path lengths in km be-
tween ground based transmitter and receiver are available. The results give the hori-
zontal attenuation (db/km) at a known atmospheric pressure but do not account for the
vertical variations in the atmosphere. The atmospheric conditions over the entire propa-
gation path are not uniform, as in the first case.

The third method determines the absorption through the entire atmosphere by
measuring the radiation from bright extraterrestrial sources, like the sun, at different
elevation angles. To compare these spectral results with theory, one has to assume the
composition and other properties of the atmosphere as a function of altitude. Even though
this procedure has the difficulty of separating the measured attenuation as due to different
component contributions, based on theory, it has the benefit of giving the total vertical
attenuation in a column of atmosphere (db) rather than attenuation per unit length (db/km).
The resuits from these different measurements agree fairly well at frequencies of principal

absorption maxima, for the major absorbants oxygen and water vapor.



8. Microwave Spectrum of Oxvgen

Oxygen gas absorbs energy because the individual molecules behave like dipoles
with a permanent magnetic moment. The incidenf élecfromagnetic wave 'paésing over
these molecules reacts with them, causing them to oscillate and rotate in a variety of
ways. According to quantum theory, each of the vibrational states is associated with'a '
certain energy level and is given by "hv", Thus it can be ﬁsualized that thel incident
wave delivers to the gas molecules discrete amounts of energy (in steps of ™hv ") dur-
ing the transition from the lower to the higher energy level. When the molecule returns
to the lower level, it reradiates energy in all directions and only a small portion emerges
in the propagation direction. The net result is an attenuation in the é.mplitude of the inci-
dent energy. | 4

Figure 3 shows the horizontal oxygen atfenuaj:ion for various elevations in the
earth’s atmosphere and is due to Rogers [8]. Thus it represents the gross changes in
the absorption spectrum (50-70 kmcs) with increasing height. The various heights are
representative of high pressure, transition and low pressure regions. It can also be seen
that at the earth’s surface the oxygen lines overlap completely to form a continuous region
" of absorption centered around 60 kmecs. At a height of 8-11 km, the lines continue to over-
lap, but some lines get clearer. At 30 km and above,. the resonances due to individual
rotation lines are resolved and the attenuation between the lines becomes quite small,

The oxygen absorption values in the horizontal direction at a given altitude, can
be converted to other altitudes by using Van Vieck’s [9] empirical relation,

(8) L = Lgll-—5

where L and L o e the horizontal path iengths and h is the height where the absorption
has been measured, h, is the height to which this absorption value shall be converted.
This formula for altitude correction holds good only in the lower atmosphere (up to 20 km).
Using this relation one can see that the horizontal attenuation does not depend much on the
altitude of any possible observation site. This is shown in the two lower curves of figure

4. The continuous curve shows the horizontal attenuation at Green Bank (0. 83 km) based
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on Texas {10] sea level values. The dotted curve right below shows the horizontal attenua-
tion at Climax (3.45 km) which is hardly different from the above.

Van Vleck [11] has theoretically estimated a single line broadening parameter,
that can best approximate the observed line shape. Hogg [3] and Blake [12] used Van
Vleck’ s theory with their own model atmospheres and measurements and their calculated
attenuations are in fair agreement. Meeks and Lilley [5] are the only workers who based
their theoretical calculations on a variable (0. 01 to 100 mcs) line breadth parameter as a
function of height (0 to 100 kms) in conjunction with ARDC model. They also considered
the.-Zeeman (> 40 km) and Doppler (> 80 km) effects on the HPW. Rogers [8] also con-
aidefed these effects.

The top curve in figure 4 shows the variation of calculated zenith attenuation with
frequency (1-400 kmcs) due to Meeks and Lilley. Some measured values for cloudless
conditions are shown and the range of values for some frequencies represent the spread
in‘clear weather measurements. These are, however, mainly from astronomical observa-
tions and are due to the combined attenuation of wafer vapor and oxygen (there being no way
to separate them). Thus the comparison with the selected experimental values with the
theoretical curve shows that oxygen attenuation is predominant at these frequencies.

There is no simple reldation between the measured attenuation:in a horizontal path
and the total absorption of the atmosphere in the entire frequency rah‘ge. The empirical
relation sometimes used, thitthe zenith attenuation of the atmosphere corresponds to the
attenuation of a horizontal path of 5 km sea level length, seems to hold approximately at a
few gelected frequencies: (like 35 and 140'kmes). Tolbert, et al [13].also provide the
calculated oxygen attenuation in the frequency range 20 to 300 kmes based on Av = 1.9
mcs per mm of Hg from absorption cell measurements. Their experimental spread of
values at a couple ‘of frequencies are in good agreement with the calculated attenuation and
are denoted by T in‘figure 4.

Signai‘ propagation in the vicinity of the line frequencies requires a detailed know-
ledge of the shape intensity and pressure broadening associated with that line. Also the
measured attenuation can:give information about the vertical thermal structure of the

atmosphere.
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9. Water Vapor Attenuation

As pointed out before, even though water vapor comprises less than 3% of all
gases, it absorbs nearly six times as much solar radiant energy as do all the other gases
combined. Water vapor absorbs energy because the individual molecules behave like di-
poles, and in the cm-mm region they have permanent electric dipole moment. These
moments interact with incident electromagnetic energy to cause the molecular transi-
tions that are responsible for the absorption.

The zenith attenuation calculations at any altitude are made on the basis of Texas
group [10] values with the aid of Altshuler’s plots of mixing ratio, reiative humidity and
precipitable cm, of water vapor variation with aititude. The water vapor mixing ratio is
defined as the ratio of gms precipitable water vapor o kgms of dry air. The relative
humidity is the ratio of observed mixing ratio to that which would prevail at saturation, at
the same temperature. Since the pressure, temperature and density variations with alti-
tude alter the water vapor absorption, the amount of water vapor in the line of sight can
be equated to another vaiue at sea level conditions (288 °K temperature and 760 mm pr.).
Thus wV represents the equivalent precipitable cms of water vapor in a vertical path from
altitude h to » and w, represents the equivaient precipitable cms of water vapor in one km

h
actual horizontal path length at an altitude h. Both Wv and w, are corrected to sea level

conditions ‘and only v, is useful in zenith attenuation ca.“tculatlilons.

) Figure 3 shows the horizontal water vapor attenuaticn [10] at sea level, 2, 4, 8,
and 8 km elevations and horizontal oxygen attenuafion at sea level in the frequency range
10 to 400 kme. Using this horizontal attenuation {db/km) data for water vapor and oxygen,
the attenuation through the entire earth’s atmosphere can be determined theoreticaily by
interpolaﬁng and extrapolating the attenuation values, to all elevations by use of modified
Van Vleck-Weisskopf [14] (VVW) equation and commoniy accepted ARDC atmospheric
model. The horizontal attenuation vaiues of water vapor in figure 5 are normalized to unit
density, Hence, to obtain the total horizontal attenuztion at each elevation, one has to
~ know the corresponding density.

According to Altshuler, if the altitude of the tropopause changes, it will be
assumed that the relative humidity will remain constant af 100% below the tropopause

and the mxing ratio will remain constant above the tropopause. At sea level the water
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vapor mixing ratio is 10 decreasing to 4.5 x 10'2 at 11 km, and remaining constant there-
after. From this knowledge of variation of water vapor mixing ratio and ARDC density
variation of dry air, vne can readily obtain the water vapor density variation with aititude.
For an approximate estimate, the atmosphere can be considered to be made up of plane
parallel layers of equal thickeness and with the knowledge of water vapor density at each
layer. The total zenith attenuation from any aititude can be calculated.

After these calculations were completed a later article by Straiton and Tolbert [15]
showed that their attenuation calculations were normalized to water vapor density of one
gm m™3 at the ;surface. The total water vapor attenuation through the lower 9 km of the
earth’s atmosphere for different elevation angles from the earth’s surface were given in
the same frequency range 10 to 400 kmes. They have assumed a rate of decrease of water
vapor density with height in accordance with e 0- 5 Z where z is the elevation in km. Thus
the losses shown must be muitiplied by the ground level water vapor density to obtain the
total water vapor loss. With this given variation of water vapor density and altitude, one
can obtain the zenith attenuation plots at any aititude. The values obtained from both
Altshuler’s model and the above empirical relation have been checked and found to agree
quite well, |

Figure 6 shows the variation of calculated zenith attenuation with frequency for
different values of vertical precipitable cm, W of water vapor. The Weather Bureau
tables {7] based on monthly mean values, list maximum W, = 1. 1 cms and minimum W, =
.24 cms at Climax, Colorado. From Altshuler’s plet these water vapor values correspond
to altitudes of 1 km (1.2 cms) and 3.5 km (.24 cms), respectively. Sea level corresponds
to v, = 2.1 cms. Assuming a plane parailel layer atmosphere and using figure 5 with
Altshuler’s water vapor densities, the zenith attenuation in figure 6 is plotted for 10 to
400 kmcs for W= 2.1, 1.2 and .24 cms. From Altshuler’s transmission data (with W
as index), the zenith attenuation for a frequency range 150 to 10,000 kmcs is also plotted
for wv = 1.0 and .25 ems. One can compare the shifts in the frequency and the magnitude
variation of attenuation over the two overiapping window regions, to get an idea of the dif-
ferences from the two models used. Also from this comparison one can arrive at an

approximate factor to match the curves at any W, vaiue.
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10. Total Zenith Attenuation

Figure 7 shows the zerith attenuation due to water vaper, oxygen and their sum
at Green Bank. A rough measurement at Green Bank showed a variation of W, from .35
to 2.0 cms over a few days. From Altshuler’s medel, 2.1 cms corresponds to sea level
and 0.35 cms corresponds to 3 km. Again from the plane paralilel atmospheric approxi-
mation for water vapor is plotted for wV = 2.1 and 0.35 cms (surface up to 8 km) from
10 to 400 kmes. Also, the zenith oxygen attenuation due to Meeks and Lilley [5] from sea
level is plotted on the same figure from 1 to 400 kmes. If is assumed. that zenith oxygen
attenuation observed at an altitude of 3 km is not different from zenith attenuation at sea
Ievel since measurements or calculations from various elevations in the entire frequency -
range considered are not available. The total attenuation plots are extended up to 1'kmes
by matching Blake’s [12] values at 10 kmes. This was possible for higher wvj’z.ll cms.
For lower W this matching is not accurate, since aitenuation due to oxygen very much
exceeds water vapor attenuation in 1 to 10 kmes region.,

Two sets of zenith water vapor attenuaticn are plotted and the same sea level
zenith oxygen attenuation is added tc them separateiy to cbtain two sets: (for W= 2.1 and
.34 cms) cf total zenith atienuation. The center frequency, bandwidth, and attenuation
values in the window regions are tabulated for the two cases.

For wV =2.1cms

TABLE 2a
Center Minimum Bandwidth Attenuation at
Frequency Attenuation kmcs) Band Limits
(kmcs) {db) : S (db)

34 .35 30 - 38 ( .4)

85 .8 70 - 100 (1.0)
135 1.8 125 - 145 2 )
260 - 4. 230 - 290 5 )
375 7.9 350 - 400 (8.4)

For WV = 0.34 cms
TABLE 2b

95 .3 85 - 105 (.38)

147.5 <24 135 - 160 {.28)

250 .2 220 - 285 (- 25)
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Fig. 7 Calculated Zenith Attenuation Due to Oxygern,, Water Vapor and Their Sum.
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Figure 8 summarizes the presently available calculated and measured total zenith
attenuation values and the fext explains some of their limitations. The continuous curve
'i/s the same calculated one shown in figure 7 (from sea level up to 8 km). Hogg presents
the calculated values of total zenith attenuation through the atmosphere (0 to 20 km) from
14 to 40 kmes. Hogg’s curve shown dotted, used a different atmospheric model (described
in section 2) and the VVW equation with parameters adjusted to fit the curve for transmis-
sion {o zenith. Theissing and Caplan {16] give the attenuation values for zenith angle of 45°
under the different water wapor conditions (dry, medium, and humid). This data is con-
verted to zenith attemaation using the secant relation (equation (1)) and shown dotted in the
figure. They used actual temperature, pressure and water vapor measured values. The
source for the experiment was the sun and the detecior was sensitive to an extended spectral
Tange covering the sun’s spectrum. The calculations were based on the integration of VVW
equation over this spectrum, along with the observed parameters. The other available ex~
perimental data are also shown in figure 8 with the letters indicating the names of the
authors after Rosenblum {17]. It can be seen that the general agreement in the location
of windows and the order of attenuation magnitudes (other than at resonances) are compar-

able.

11. Zenith Attenuation frem 1 to 20 Microns

It has been found from quantum mechanical analysis that the far infrared and
mﬂliﬁeter wave-absorptions are associated with purely rotational states of molecules.
The molecular bands in the infrared over the speciral region 1-20 microns arise froin
vibrational states of the atoms within a2 gas molecule. A molecule in a given energy state
can absorb those wavelengths of radiation which correspond to the allowed quantum tran-
sitions to some 6thér energy states. The absorption corresponding to one set of initial
and final rotational energy étates gives rise to a spectral line, and the entire ensemble of
rotational lines associated with the transitions between two vibrational energy states is
called a vibration-rotation band. The width of the spectral lines depend on the tempera-
ture and pressure in a complex way.

The infrared absorbers are water vapor, co,, 0,, N,0, CH,, and CO. Near the
ground the principal absorbers are HEO and CO e Ozone is not distributed uniformiy
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through the atmosphere, but is mostly concentrated between 10 and 40 km above the
earth’s surface, with significant peak at about 20-30 km. Ozone showsA a large varia-
tion with latitude season and weather: conditions, The minor constituents CH 2 N20 and
CO, like CO, are found to be uniformly distributed throughout the atmosphere (as shown
in Table 1, section 3). Water vapor is the most variable in its concentration in the
atmosphere, because the humidity of air fluctuates widely with geography, seasons and
the time of day, most of it being near to the ground level.

As a major aid in the calculation of infrared transmission Altshuler [1] has pub-
lished a detailed procedure for the determination of the infrared line of sight (geometry
with respect to earth) and for the evaluation of amounfi. géiggﬁ)%sv, vapors and haze in the
line of sight. Gases and water vapor absorb infrareg\in regions: of their vibration-rotation
bands. Temperature and pressure will effect the width of the spectral lines which will then
alter the degree of absorption of infrared by the gas. Hence, rélai:ive to its infrared ab-
sorption, the amount of gas in the line of sight can be equated to another amount under sea
level conditions (288 °K temperature and 760 mm « Hg pressure). This sca level amount
is termed the "equivalent amount of gas in the line of sight, corrected to sea level
conditions™,

Thus d denotes the equivalent path length of dry air in the infrared path, corrected
to sea level conditions, in km. This is used as an index to specify amounts of COZ’ Nzo,
'CH o CO and haze, which have approximately constant mixing ratios with air, from 0 to
50 km altitude. w represents the equivalent precipitable cm of water vapor and z equiva-
lent atmospheric ems of ozone, ‘in the line of sight corrected to.sea level conditions. Small
lettered subscripts v and h refer to vertical and hqrizontal paths as used to describe W,
and wh. In the present case, as we are mainly interested in the zenith attenuation alone,
the line of sight is essentially vertical and dv’ L and z, become d, w and z, respectively.
Altshuler gives these equivalent sea level path lengths versus altitude to be used as an.
index to determine appropriate"transmi’ssioh ffom the transmission-frequency data.

Figure 9 makes use of the suggested Altshuler’s procedure, as outlined above, to
obtain zenith attenuation at Climax (3.44 km), Colorado. The attenuation due to water

vapor, COz, NZO, O’3 and scattering are considered as the transmission data for these
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constituents only are available. The absorption bands for CH 4 and CO are so weak in
comparison with other absorbers that they are not considered to affect the atmospheric
transmission sufficiently. Figure 9 thus shows the zenith attenuation for HZO, COz, N20
and 03 over a wavelength 0 to 20 microns. It can be seen that so far as water vapor is
concerned the major windows are in the 8-14 i, 3.7 to 4.5 y regions and some narrow

ones below 3 microns. There is limited transparency from 14 to 25 u, and from 25 to

approximately 1000 u, the earth’s atmosphere is made almost opaque by the pure rota
tional spectrum of water vapor. CO2 is the next major absorber with absorption bands '
around 15z, 4.3 u and 2,8 u, contributing fairly large amounts of attenuation. O3 and
Nzo also have few absorption bands but they contribute a minor loss of order of a db at
the peaks. Also CI—I4 and CO do have strong absorption bands in the lower 1-6 u spectral
region as evidenced from the infrared solar spectrum. But here it is assumed they do

mt coniribute much to the total attenuation. Scattering varies a little from 1 to 4y and
later remains constant about 0.1 db up to 20 p. From extinction measurements the com-
mon radii for haze are between 0.3 to 0.4 p and the empirical Rayleigh scattering varies
as lower power of A (order 0 to 1) and hence contributes very little to the attenuation.

_ According to Altshuler’s report the water vapnr sbsorption blocks more or less
campletely any observation in the wavelength region between 180 to 50 micron {as shown
in figure 6). Because of the lack of sensitive detecters for this wavelength region, very
few experimental results [18, 19] are available. Figures 10 and 11 show some of this
experimental data obtained by Yaroslavsky and Stanevich [18], Gebbie [19] and from these,
one may be able to find some more useful observation windows in the sub-mm and far
infrared region. Figure 10 gives the cptical density (relative transmission) of atmos-
pheric air, in the laboratory, for a layer of thickness 10 meters at a temperature of
20 °C, pressure of 760 mm Hg and absolute humidity 10.5 gm/m3. In Figure 11, the ob-
servations were made with-a two-beam interferometer cf 30 cm aperture and a Golay-type
thermal detector. Spectra were obtained from the interferograms by digital computaion.

There are some complete review articles {20, 21] on the transmission of the
atmosphere in the infrared and a few high resclution spectral [22] measurements. The
spectral data usually show the positions and relative intensities of the molecular absorp-

tion bands in the atmosphere, whereas figure 9 gives the absolute attenuation values due
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to various components and their sum, which provides a better means to compare the losses

in the various frequency regions.
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12. Appendix: Van Vleck-Weisskopf Theory

The theory of pressure broadening was first proposed by Lorenz [23]. Lorenz
treated resonant absorption, while Debye [24] treated nonresonant absorption. It was
anticipated that Debye’s theory would turn out to be a special case of Lorenz theory.
However, this supposition was nottne and the need for further clarification arose. A
single integrated absorption theory was put forward by Van Vleck and Weisskopf [14] by
combining both the above theories with modified assumptions. For a single absorption
line due to any gaseous constituent, the attenuation @, at an angular frequency w assoc-

iated with pressure broadening is given by VVW equation

27Ne2 | w 2( /T 1/7 ]

(9) a= = (E © - wo)2+ (1/7)2 + @rao)+ (/)

L

Here e and m are the charge and mass of an electron, c is the velocity of electromag-
netic wave, @, is the angular frequency of the center line, N is the number of molecules
per cubic cm and T is the mean interval between collisions. The term (1/7) may be re-
placed by Aw, the half width of the line at its half power point.

The contributions to the absorption from the various lines may be obtained by
adding their individual attenuations. The number of molecules per cubic em and the line
width can be seen approximately proportional to pressure. The line breadth parameter

Aw

Av=21r

atmospheric measurements. The more recent work on collision broadening has been

was left as an undetermined factor in this equation. This is best found by actual

directed toward deriving more explicit expressions for Av. The intensity distribution in
a pressure broadened line is represented by Fourier expression, to.obtain a formula for
the line breadth and the line shift of a spectral line [25]. Van Vleck subsequently modi-
fied the VVW equation for the microwave absorption of oxygen and water vapor by adding
another term to equation (9) to account for the residual effect of neighboring lines besides
the main absorption maximum.

According to Van Vlieck {11] the oxygen absorption in the range 0.7 to 10 cms is
proportional to the square of the pressure and at shorter wavelengths the absorption is
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independent of pressure. The attenuation increases gradually with the decrease in tem-
perature. At -40 °C the attenuation is about 78 percent higher than at 20 °C. Schulze
and Tolbert [26] have studied the details of the shape, intensity and pressure broadening
of 2. 53 mm oxygen absorpﬁon line wing in detail. There is discrepancy between these
measurements and VVW theory, probably due to axlljvinappropriate choice of line shape fac-
tor to describe the losses in the wings of absorption lines.

Van Vleck’s quantum mechanical calculation for water vapor [27] in the 0,07 to
10 .cms range shows that the combined residual attenuation due to neighboring lines
around 1.35 cm is inversely proportional to pressure. The attenuation is directly pro-
portional to pressure at other wavelengths. Attenuation increases slowly with decreasing
temperature and is 20 to 45 percent greater at -40 °C that at 20 °C., The measured attenua-
tion due to residual effect is found to be four times larger than predicted value. Tolbert,
et al [13] made atmospheric measurements in the 100-140 kmcs range. They also found
that the actual atmospheric values are four times larger than theoretically anticipated.v
This discrepancy can either be due to the assumption of Lorenz model of infinitely sharp
collisions, or inappropriate line width factors.

VVW theory assumes the period of oscilliation of incident energy to be much
JIonger than the mean duration of a molecular ccllision. This is true for microwaves but
becomes worse as the incident radiation frequency increases. Molecular collision
broadening is considered for the prediction of effects of pressure and temperature on line
broadening, Thus the VVW theory and the.modificaticns have been able to account quite
well for the observed :;naxi'ma of ‘oxygen and water vapor. However, the values of the
actual atmospherie attenuation in the wings of the lines do not agree with theoretical

values- due to.the complexities in the pressure broadening effects.
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Foreword:

The Low portable water meter has been an important
instrument in regard to aite surveys for radio and infra-red
agtronomy. I believe that the value of the inastrument liea (1)
in simplicity and ruggedness of its design and (2) in the choice
of a water-vapor band having a dynamic range appropriate for
evaluating astronomical sitea. Its accuracy is also well-
matched to the intrinsic sampling errors unavoidable in moat saite
surveys of atmospheric water vapor.

Unfortunately, moat of itas development ia chronicled in
unpublished papers and internal reporta which can be easily lost
from astronomical hiatory.

This report is a collection of the fundamental articles,
reprinted from the rare and often dog-eared copies in my files.
I hope that this anthology will preserve the history of the Low
meter for a little longer.

== M . An GO!‘dOn
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Paper 1: A Spectral Hygrometer for Measuring Total
Precipitable Water'", by N. B. Foater, D. T. Volz, and L. W.
Foakett.

This is a fundamental reference for the measurement concept.
It includes the empirical relationship between radiosonde
observationa of water vapor and the IR ratio used to
calibrate the Low meters.

Paper 2: ""A Comparison of Mean Precipitable Water-Vapor at
Several Selected Locations Using An Improved Type Water-
Vapor Hygrometer™, by F. J. Low.

This include the firsat results of the portable Low meter,
the original diatribution liat for the metera, and the
calibration curve for model A(3-1). Gerard Kuiper carried
A(3-1) to many sites world wide. It was used for the LBL
reporta on water vapor written by Kuiper. Its zero-point
calibration was made by Francis Gary Powera from a U2
aircraft over Tucson, Arizona. Thia meter, now broken, waa
in the possesasion of Arnold Davidasen in Tucson as of January
1986.

Paper 3: "Measurerenta of Atmospheric Attenuation at 1
Millimeter and a Deacription of a Portable Spectral
Hygrometer*”, by F. J. Low and A. W. Davidaen.

Thias paper gives a detailed technical desacription of the
fixed and portable Low meters and reportas aome obaervational
reasults of the fixed meter.

Paper 4: "Calibration of an Atmoapheric Water Vapor Metexr
by Means of Synthetic Spectra®", by T. N. Gautier and U.
Fink. This important but unpublished work confirms that the
square-root of pressure correction ia appropriate for
measurements taken with the 0.935 micron band. (It ia not
correct for other water banda, however).

Data: The apectral tranamission of the filtera for Low
meter *“C", reaident at the NRAO 12-m teleacope on Kitt Peak.
The filters of this inastrument have changed little aince it
was built.
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A Spectral Hygrometer

for Measuring Total Precipitable Water

by
Norman B. Foster, David T. Volz, and Lsurence W. Foskett

U. S. Weather Bureau, Washington, D. C.

ABSTRACT

This paper describes a recording photoelsctric
spectral hygrometer developed by the U. S. Weather
Buresu for determining the amount of water vapor in
a vertical column of the atmosphere. Basically, the
hygrometer monitors the relative radiant intensity
of direct solar energy transmitted in a water-vapor
absorption band. A sensing path directed at the sun
is maintained by means of a motor-driven equatorial
mounting.

The intensity of the radiation in ths selscted

region of absorption is compared to that of a rearby



region having esssntially no absorption. The
reglon of absorption is centered at 0.935 micron
and the reference region at 0.881 micron. Narrow-
band-pass interference filters isolate the two
spactral regions. Silicon solar cells are used

as radlation detectors.

The instrument is dasigned so that ths ratio
of the photocurrents is proportional to the ratio
of the transmitted radiant energies. Continuous
ratio measurements are automatically obtained on
a recording, self-balancing ratio bridge. Calibra-
tion depends on an empirical method involving simul-
tansous values of total precipitabls water calcu-
lated from radiosonde observations.

Both labofatory tests and trial operation
have demonstrated the depeandability of the spectral
hygrometer. Its stable design makes it suitable for
use in the opsrational activities of meteorology as

well as in ressaxrch.
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1. Introduction

Those interested in forecasting preclpitstion have for
many years felt the need for a field instrument that would
provide a continuous record from which the total precipitable
uaterl could at any time be readily determined. It is possi-
ble to make an approximate computation of the total precipi-
table water from radiosonde observations, but this is g
time-consuming procedure.

The absorption spectra method employed in the near
infrared region of the solar spectrum is, we believe, the
most practical means of measuring total precipitable water.
The fundamental technique was first described by Fowla (1912).
The method with respect to this hygrometer consists of iso-
lating two narrow regions of the solar spectrum: one in a
suitable water-vapor absorption band, the other in a nearby
région where no absorption occurs. A ratio is established
between the irradiance in these two regions. A change of
water-vapor concentration in the sensing path changes the
ratio. However, when the radiant flux changes dus to haza,

smoke, mist, etc., the ratio remains essentially unaltered.

lThe term, total precipitable water, is used in accordance

with the definition given in the Glossary of Meteorology (1959).



Thus the ratio can be used as sn index of tha amount of
water vapor in the sensing patﬁ. The latter quantity can
then be divided by the appropriate optical air mass value
in order to determine the vertical atmospheric water-vapor

content (total precipitable water).
2. Physical concepts

The water-vapor absorption bands arse identified with
the vibrational and rotational motions of the water-vapor
molecules. Ascribed to the three normal modes of vibration
of these molecules are three intense bands centered in ths
infrared near 6.27 p, 2.77 p, and 2.66 p. The last two of
thess overlap considerably, theraby forming a broad region
of absorption that is often referred to in the singular
as the 2.7-n band. A number of other bands, representing
various multiples and combinations of the fundamental fre-
quencies, occupy spectral positions from 3.17 p to 0.57 p.
The more prominent bands of this group are centered in the
near infrared at approximately 1.88 n, 1.38 p, 1.14 p, and
0.93 p (see Fig. 1). A dotailed identification of the
vibrational components of the water-vapor apesctrum can
be found in a paper written by Adel and Lempland (1938).

Molecular rotation also contributes to the formation of



the bands described sbove. In a sense, rotational motions
serve to shape these bands sround the central wavelengths
provided by the vibrational motions. Also contained in the
water-vapor spectrum is the strong and axtensive band that
lies in the far infrared beyond the so-called 10-pn window;
this band is attributed solely to the effacts of rotation.
To conclude this brief description of the water-vapor spec-
trun it seems appropriate to note that the bands diminish
in strength more-or~less gradually toward the shorter wave-
lengths, with those in the visible region exhibiting rela-
tively little absorption.

Care should be exercised in the seiection of a band
for use in measuring water vapor. A band should be chosen
with an intermediate range of fractional absorption for the
amount of water vapor likely to be contained in the sensing
path. If the absorption is too strong, total absorption
may occur when the water-vapor content is high. If the
absorption is too wesk, the instrument will suffer in sen-
sitivity and instrumentel errors will tend to mask true
values. Ths central region of ths 0.93-u band givss a
satisfactory range of fractional absorption for the amount
of water vapor usually encountered in the path of normal

incidence to the sun through the earth's atmosphere (Foster



and Foskett, 1945). A nreerby region in the vicinity of
0.88 n exhibits little or no absorption and therefore
serves as an excellent region of referencs.

In a spectral region of continuous absorption the
relationship between the absorption and the absorbing
mass can be expressed as a simple exponential function.
However, such a function doss not accurately describe the
absorption that occurs in the water-vapor bands, since
these are not of a continuous character. Actually these
bands consist of nurerous closely-spaced lines; moreover,
the line patterns are irregular in spacing and intensity.
Ths absorption that occurs in a band having such
irregularities is actually a complicated process not
precisely describable by a simple mathematical formula.
Nevertheless, a relationship between the absorption and
the absorbing mass does exist, and the curve approximating
this relatiocnship in a particular band, or subinterwval
thereof, can bas esteblished by empirical means. Further-

more, in most cases a relatively simple square-root expres-

P

gicn clos2ly descrikes this curvg through a limited ranges
of the fractional absorption.
Elsasser (1937, 1938, 1942, 1960) formalized the

square-root absorption law, which relates specifically to



subintervals within the infrared water-vapor bands. The
square-root law states that the fractional absorption A
which occurs in an atnospheric layer of finite thickness
is directly proportional to the square root of the absorb-
ing mass X and the square root of the atmospheric pressurs
P, and inversely proportional to the fourth root of the
absolute temperature T. If isobaric and isothsrmnal con-
ditions prevail throughout the layer, then the equation
A= K(XP)]'/zT'l/l’ (1)

can be used as an excgression of tha squars-root law. In
this equation the facior K is a dimensional constant that
depends on the units in which the variables are expressed
as well as the spectral charactsristics of the particular
subinterval under conszideration. Elsasser demonstrated
that the square-root law closely describes tha actual ab-
sorption curve in the rangs of relatively small to inter-
mediate valuss of the fractional absorption. Tha reader
is directed to the references cited above for further infor-
mation concarning the limitations of the square-root law as
well as for detalls partalning to its formulation.

The equation presented above clearly indicatas that
the absorption spactra method, as it is implemented in

this schems of measuring total precipitable water, is



narked by a degree of uncertainty due to the dependence of
tha absorption process on the pressures and temperatures
through which the atmospheric water vapor is distributed.

The approximate mean effects of the distributional relation-
ships are obviously incorporated into the empirical calibra-
tion of the spectral hygrometsr when radisonde observations
provide the comparative data for calibration. We are there-
fore basically concerned only with the relative errors saris-
ing from distributional variations. These errors are briefly
discussed in the following paragraphs.

A simple considerution based on Eq (1) shows that ths
absorption process is relatively insensitive to temperature
in tha range of temparatures through which the bulk of the
atmospharic water vaporr is distributed. This temperature
range 1s small in an absolute sense, gnd the distribution=-
al profilss within thins range are not excessively variant.
Since the absorption varies only as the reciprocsal of the
fourth root of the absolute temperature, it becomes apparent
that tha relative errors introduced by the temperature effect
are virtually insignificant.

A somewhat similar consideration, based on the same
equation, shows that tihe pressure effect is not prohibitive.

Tha bulk of the atmospheriec water vapor normelly appears



in the lower troposphere. In other words, the vertical
distributions of water vapor are weighted toward ths highsr
pressures. Obviously, the absorption preocess i3 relatively
less affscted by incremsntal pressure variations at these
preasurss than at the lower atmospheric pressuras. Sound-
ings show that the vertical profiles of atmospheric water-
vapor distribution are not excessivsly variant. In most
cases, therefore, the pressure effect doss not introduce
serious relative errors in this method of measuring totai.
precipitable water.

Howard, Burch,and Williams (1955) observed that the
fractional absorption in the entire 0.93-p band actually
varies more nearly as the fourth root, rather than the
square root, of tha atmospheric pressure. The weaker
pressure dependence in the observed case is attributed to
overlapping of neighboring spectral linss. The spacing
and intensity of the spsctral lines-—and hence, also the
degree of overlapping—-are variable in the uater-vapor
apectrun. Each wavelength interval has its own character-
4stic fine structure. With this in mind it seems reasonable
to conclude that ths pressure dependance of the absorption
region of the spectral hygrometer, which monitors only s

fraction of the waveleagths in the 0.93-nband, should



differ from that of the entire band. Theoretical con-
siderations as well as some general experimental evidence
given in the above-cited report lead us to believe that the
actual pressure dependence of this particular absorption
interval falls somewhere between the square-root and fourth-
root relationships. Further research is obviously nseded
in this respect.

In their report, Howsrd, Burch,and Williams (1955)
suggest that the actual effect of temperature might also
be smaller than indicated in the formal relationship repre-
sented by Eq (1). They note that overlapping of neighboring
spectral lines should be affected not only by pressure,
but also by temperature, since both of these variables
appear in the theoretical expression for the width of a
spectral line. Thus the argument for ignoring the tempera-
ture effect gains even more support. At this point it seems
appropriate to note that the slight uncertainties duve to
the temperature effect should merely serve to partially
offset those dus to the pressure effect. Considering that
temperature as well a3 pressure decreases with altituds
in normal atmospharic profiles, Eq (1) clearly shows that
the absorption is opposingly affected by pressure and tempera-

ture when a vertical displacement of water vapor occurs.
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In view of tha foregoing ciscussions it appears
that an empirical calibration of ths speciral hygrometer
ahould follow closely, through a limited ranges of fraction-
al absorption, the simple equation

A= Kk'x1/2, (2)
In this equation the new constant K' incorporates factors
representing the integrated mean effects of temperatura
and pressure as well as the factors ascribed to the con-
stant K in Eq (1).

Thus far we have shown that the sbsorption spectra
method can be expected to give fairly accurate relative
measurements of total precipitable water. However, the
dependence of absorption on pressure (and to a lesser
degree, on temperature) implies that due consideration
must be given to certain restrictions inherant to the appli-
cation of this method:

a. The spectral hygrometer should be opsrated

at elevatioas close to that of the location
where it is calibrated.

b. Use of the instrument should be limited to

a reasonabls range of optical alr mass values.

Obviously, the first restriction is relatively

important. King and Parry (1963) describe an actual casa,
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involving an experimental model of this instrument, which
verifies this point. Indegendent calibrations for this
instrument were obtained at two different elevations. A
significant difference was observed between the two cali-
bration curves, and an interesting relationship was found
betwean the two curves. More research in this respect is
highly desirable in order to determine whether an empiricsal
relationship of this type is adaptable for general appli-
cations.

The second restriction is not operationally signifi-~
cant. Basically, it involves the question of whether the
uncertainties due to the pressure effect are enhanced at
any given fractional absorption when the latter is permitted
to occur as a result of widely varying quantities of vertical
water-vapor content. A preliminary study, involving vertical
atmospheric profiles (water-vapor concentration versus
pressure), shows that the variability in the slant-path
profiles is not appreciably greater when these profiles
result from a wide range of values of vertical water=-vapor
content compared to a relatively narrow range. Indirect
evidence resulting from the empirical calibration procedure
and experimental use of the spectral hygrometer also indicates

that the uncertainties due to the pressure effect are not
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selectively magnified by optical air mass varisbility.

The discussion in the foregoing paragraph does not
take into account the inherent uncertainties attending
very low solar elevation angles. These uncertainties ars
primarily related to the effects of refraction and excessive
scattering, and to possible timing errors associated with

the rapidly-changing long optical paths.
3. Description of the instrument

The ooticgl components. The two spectral regions of
interest are isolated bty first-order, narrow-band-pass
interference filters. %The filters are placsd in the box
housing in front of the photocells (see Fig. 2). In opera-
tion the solar beam remains at normal incidence to the
filters since the hygrometer is continuously aimed at the
sun. The following data summarize the normal-incidence
characteristics of these filters: The filter that isolates
the region of absorption has its central wavelength at

0.935 p, a peak transmiitance of 43%, and a half-width

of 13 mp; the filter used for isolating the reference region

has its central wavelength at 0.881 p, a psak transmittance

of 50%, and a half-width of 13 mp. =35 §




Parallel tubss of 12-in. length end 1 7/8-in. 1i.d.
are used for collimating the sunlight. Sharp-cutoff red
filters, Corning C.S. No. 2-61 (transmittance <0.5% at
wavelengths below 0.530 u), are installed at the forward
ends of the collimating tubes to provide protection from
the weather as well as to prevent the transmission of
radiation through possible passbands of higher order. In
order to minimize srrors due to internal reflections, a
diaphragm with 1 3/8-in. i.d. is flush-mounted in the
front end of each tube immediately behind the cutoff filter.
A Plexiglas window is installed behind the collimating tubse
assenbly, thereby isolating the box-housing chamber for
more efficient thermostating of the photocells.

The photocells. Silicon solar cells with l1-in.-diam
active surfaces are used as the radiation detectors. They
are very fast in response (<20 usec), and have exceptionally
stable, long-life performance characteristics. A properly
matched pair of these cells gives continuous ratios of the
photocurrents in direct proportion to ths ratios of the
in-band to out-of-band solar energies. Laboratory tests
verified tha reliability of these cells.

Silicon solar cells exhibit a relatively high current

response in the naar infrared region at which this hygrometer
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oparate=. Tha spectral response range of this itypa of
photocall extends approximately from 0.35 2 to 1.15 j1, with

a maximum response occurring neer 0.75 u. The photocells used
have a nominal efficiency of about 10% in %the region of maxi-
mun response.

The responss of these cells to incident light energy
was found to be somewhat dependsat on the sambisnt temperaturs.
Tampasrature stability was achieved oy thermostating the photo-
cell mounting block at 100°F. This operating temperaturs
also serves to prevent condensaiion from forming on the inter-
nal optical surfaces.

The currant output of a silicon solar celil is diresctly
proportional to the intensity of light incident upon its active
surface when the load acrcss the ce2ll is small, approaching
short circuit. Lsboratory experiments were conducted o test
the cells for linearity under increased external losds. Ths
levels of illumination were adjusicd so thati o2 yaugs i Ui~
put current of each phofiocell was comparable to the range that
it generatss during nornal operation of the spactral hygrometer.
Tha results of thesa experiments indicate that under ths simu-
lated conditions of sffuctive iliuminaiticn ths output current
of this iype of photocall begins to fall off very slightly

from linearity as the external rssistance 1s increased to



values above about 10 ohms. This deviation was found to be
relatively small even for resistances as high as 50 ohms.
The deviation then increased more sharply for higﬁer resist-
ancas. Although tests showed the nonlinearity to vary with
different cells, it was found that by proper selection pairs
could be matched for similar deviations. By installing a
pair of matched photocells in the hygrometer and keeping
the external resistances fixed at specific values less than
50 ohms, it was possible to obtain ratios of output current
proportional to the ratios of incident radiant energy. The
error in the obtained ratios was always less than 1/2% regard-
less of the overall inftensity of the incident beam.
Fluctuations in the overall intensity of the incidsent
golar beam are related primarily to the procesgses of scatter-
ing and diffuse reflection by the atmospheric constituents.
The effect of the gaseous constituents is slight, and that
of the nongaseous constituents such as smoke, dust, and haze
is somewhat grsater. But obviously the greatest effsct is
that of clouds. However, these light-attenuating mechanisms
are essentially nonselactive in the near infrared region
within which the hygromster operates. Therefore, since the
hygrometer gives a linsar ratio response with propsrly se-

lacted values for the fixed external resistances across the
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photocells, the ratio given by the hygrometer represents
primarily a measure of the water vapor contained in the
atmospheric sensing path regardless of the fluctuations
in the overall intensity of the incident beam.

The foregoing statement is true only as long as the
incident sunlight is sufficiently intense for the photo-
cells to provide the minimum current necessary for the self-

balancing ratio bridg32

to find a balance point. In practice,
when thin clouds appear in the path of the solar beam, s
balance will occur only while the sun continues to cast
relatively discernible shadows. 1In this case, the direct-
beam intensity corresponds roughly to about 15% of that
obtained with full sunlight. Below this level of illumi-
nation the response of the recorder fails rapidly, snd the
scale error increases quite sharply. Future experimenta-
tion may show that increased amplification will permit
this hygrometer to give valid readings even though the sun-
light is obstructed by denser clouds.

The equgtorial mounting. In order to get a continuous

record of water-vapor measurements, the hygrometer is placed

2This circuit employes a conventional potentiometric

recorder which has been modified for use as a ratio bridge.
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on a motor-driven equatorial mounting (ses Fig. 3) and
trained on the sun. The mounting (also developed by the
Weather Bureau) is weather-tight and capable of following
the sun throughout the day without attention.

The ratio-bridge circuit. A schematic diagram of thse
gelf-balancing ratic~-bridgs circuit is shown in Fig. 4.
The two photocurrents are fed into the bridge circuit. The
ratio of the photocurrents is registered directly on the
recorder chart. The following discussion with reference
to Fig. 4 explains the relationship of the photocurrents
to the recorded ratios.

Several considerations led to the arbitrary choice of
L5.C cmas for dg and 20.0 oils fus Age  200Z Sus 14CLOTS
considered were ratio-bridge sensitivity, recorder resolution,
standardization of the recorder readings to the hygrometer
ratios, and linearity of hygrometer ratios (see discussion
on photocells). Further laboratory tests of this hygrometer
indicated that the linearity consideration requires a total
of 36.0 ohms across the reference-band photocell when 40.0
ohms are placed across the absorption-band photccell. Conse-

quently, the sum of Ry and Ry must bs held constant at

16-0 ohms.
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When a balanca of the bridzz occurs, the potentisl drop
in ons arm of the bridge equals that in ths other. This is
expressed by the equation IR, = I Rp., from which we obtain
the useful relationship I,/I. = B./R,. The latter equation
states that the ratio of the photocurrents varies inversely
as the ratio of the rusistances whicn ara effective in the
balancing process. Thils ratio of =ffective resistances is a
direct function of ths balance position of the bridge. There-
fore the recorder givas a direct.reading of the desired ratio
of the photocurrents.

An example, in accordance with the designations in
Fig. 4, clarifies tha above reletionship. As previously
noted, R, and Rg are fixed respsctively at 40.0 ohms and
20.0 ohms. Assume in this case that Ry is set at zero and
Ry at 16.0 ohms. (Ry is in the photocell loop, but never
becomes part of the bridge circuit.) Now, if ths recorder
balances at half scalz, R, i3 10.0 ohms and the ratio becomes
I./Ir = Re/Ry = (Ry + Rg)/Rgq = (0 + 10.0)/40.0 = .250.
Obviously these resistance values establish a ratio span
of .C00 to .500 across ths recordar.

The hygrometer harein dsscribed normally operates in a
range of ratios from .200 to .700, except with low solar

e ————

elevations in very hunid ueather (see Fig. 5). The equation
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in the paragraph above reveals that the ratio span of the
recorder 1s shifted to match the usual range of hygrometer
ratios (.200 - .700) by simply setting Ry at 8 ohms. (R4 is
then also set at 8 ohms.) In practice, Ry and Ry can be
designed into the circuit so that corresponding increments
(e.g., 4-ohm steps) can be simultaneously added and subtracted
(or vice versa) by means of a 2-pole rotary selector switch.
This step-resistance arrangement also facilitates the use of

the recorder with any of several speciral hygrometers.
4. Calibration

The calibration procedure consists of comparing the
hygrometer ratios as shown by the recorder against the corre-
sponding quantities of water vapor that exist in the respective

sensing paths at the times of these comparisons. Usually the

3The ratio range of a particular hygrometer depends
primarily on the combined effects of the respsctive character-
istics of the narrow-band-pass filters, the corresponding
responses of the photocells, the rslative solar intensities
in the respective wavelength intervals, and the fractional
absﬁrption coefficient for the specific wavelength interval

S ST o S i om
OL (a0 acs0rpuiin pa3ssiliGe.
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amount of water vapor in tha sansing path is expressed in
inchas (or centimeters) of precipitable water. Experience
shows that no simple method of celiibration is available. A
calibration using laboratory facilities is not feasible
becsuse of the excessive path lengihs required to duplicais
tha typical quantities of water vacor that exist in ths
atmospheric paths of the solar beam. Furthermore, labora-
tory techniques can only yield constant-pressure calibration
data. Since theoretical and experimantal knowledge regarding
the pressure effect is still somewnat limitaed, adjustment
of these data in an attempt to aprroximate average conditions
prevailing in the solar-inclined stmospheric paths would, al
this time, only add further ccmplications and uncertainties.
The decision was tnerefore madz %o obtain an approximate
empirical calibration which makss use of radiosonde measurements.
The spectral hygromster measures the amouni of water
vapor X in the atmospheric path of the solar beam, whereas
the radiosonde measurement represents the approximate amount
of water vapor W in a vertical column of the atmosphere. Ths
calibration procedure tharefcre taquires that the quantity
determined from the radiosonde data must in each case ba
multiplied by a proportionality factor: the ratio of the

length of the solar-inclined atmospheric path to that of the
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zenith atmospheric path. This ratio m, the optical air mass,
is approximated by cscou, where cv is the elevation angle of
the sun. Tha optical air mass is éxpressed mora precisely
by Bemporad's formula‘, particularly for solar elevations
below 20°. The solar elevatibn angle can be obtained from
appropriate tables or curves, or it can be measured directly
at the time of observation; the method used in determining
this angle depends largely on the facilities available and
the number and frequency of the desired observations.

The tentative calibration shown in Fig. 5 consists of
a plot of the recorded hygrometer ratios R versus appropriate
optical air mass multiples mW of the corresponding radio-
sonde evaluations of total precipitable water. All plotted

codintz in Shis zolileesion wzra oblained from zizulsansous
observations taken at the Cbservational Test and Development
Center5, U. S. Weather Bureau, Washington, D. C., on favor-
able days from June, 1961 through April, 1962. A more precise

calibration of this hygrometer is now being pursued.

ABemporad's formula together with computations in terms
of z, the complement of ct, can be found in Table 137 of

Smithsonian Metsorological Tables, 6th rev. ed. (1951).

5Lat 38°59'N, long 77°28'W, elev 276 ft MSL.

22



5. Concluding remarks and discussions

Instrumental rsliebility. The following general state-

ments are presented concerning the reliability of the speactrsl
hygrometer:

a. Laboratery tests have proved the stability and
linearity of the instrumental equipment. These
tests showed that the sccuracy of ths hygrometer
is not degraded by ambient temperature variations
or by intensity fluctuation of the incident radia-
tion.

b. Experimental operation has provided strong
evidence cf the dependebility and relative
accuracy of the instrument. Changes in total
precipitable water as detected by the spectral
hygrometer were quite consistently comparable
to those changes indicated by successive radio-
sonde measurements, regardless of the altitude,
and hence pressure, at which the changes cccurred.
Further confidence was established by means of
another spectral hygrometer of the same design.
The seccnd instrument was operated simultaneously
on an adjacent mounting during the calibration

period. The records frcm the two instruments
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shousd a striking asgreement in relative measure-

ments by consistently indicating identical changes

in total precipitable water over both short and

long periods of time.

A preliminary study of an approximate nature was
recently made in an effort to obtain a numerical
appraisal of the pressure effect. The associated
computations involved variations in the vertical
distributicnal profiles of water vapor as shown in
roughly 150 radiosonde records obtained during the
calibration period. Results of this study indicate
that the pressure-induced uncertainties in this method
of measuring total precipitable water should normally
not exceed .03 to .05 inch. Extreme variations in
the vertical profiles might cause occasional errors
up to .10 inch. Further studies of this type together
with more thorough knowledge regarding the pressure
effect are required before a more definite state-
ment can be made in this respect.

Possible applications. The availability of continu-

ous measurements of total precipitable water suggests

several distinct uses for the spectral hygrometer. Local

correlation studies between total precipitable water and
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other meteorclogical variables become more feasible.
These studies might include such factors as atmospheric
stability, probabiiity of precipitation or thunderstorms,
amount of precipitation, or minimum temperature. An im-
portant application might be in the field of agricultural
meteorology, especially with respect to the prediction
of damaging frost. A suitable network of spectral hygrom-
eters could provide important information regarding the
movement and extent of moist tongues, which are of par-
ticular interest to the forecasters of severe weather.
This type of network may also prove useful in conservation
activities, particularly in the field cof applied hydrology.
Research in the realm of physical meteorology may offer
further possibilities of instrumental application.
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Fig. 1. Curve showing the approximate solar energy distribution at sea level through the visible and part
of tae neer-infrared regions. Notation is made of the reference and sbsorption band centers. Some of the
more crominent bands of absorption are indicated. Ordinates are in arbitrary units, not strictly to scale.



Thermostat

Copper
Mounting
Biock

Bond - Photocells

Housing
Gasket

Plexiglas Window

Micarta

@ Spacers
(&

Alignment
Torget.

Heaters

Collimating
Tubes

Peep
Sight

Cutoft

Filters

(Diaphrogms Behind
Not Shown)

Fig. 2. Exploded view of the spectral hygrometer showing the relative orientation of the various components.
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Fig. 3. Spectral hygrometer on an all-weather, solar-tracking equatorial mounting.
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Fig. 4. Schematic diagram cf the ratio-bridge circuit. I --current from
the absorption-band photocell; I.-—current from the reference-band photo-
cell; Ry—-40.0 ohms, the total resistance across the absorption-band photo-
cell, which is also across the input of the recorder; Rp. = Ry + Rg-—-the
part of the resistance in the reference loop that is effective in the ratio
bridge (i.e., the total resistance below the balance point); Rg--20.0 ohms,
the entire resistance of the slidewire; Ry--the part of the slidewire
resistance below the balance point; Ryp--zero suppression resistance, or
the variable resistance below the slidewire which is used for shifting

the ratio range of the recorder to match the operational ratio range of
the hygrometer; Rt--compensating resistance, or the resistance above the
slidewire which is varied simultaneously with Ry so that the external
resistance across the photccell remains constant; DS--the 2-pole rotary
selector switch which facilitates the simultaneous changing of Rp and Ry
in equal amounts; M--the balancing motor.
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THE NRAO PRECIPITABLE WATER SURVEY

During the past year the NRAO has developed and calibrated
2 number of portable'spectral hygrometers for measuring total
atmospheric water vapor. In addition to measurements made at
Green Bank and at selected sites by NRAO personnel, we have
been fortunate to receive data from the High Altitude Observa-
tory, the University of Arizona, and Kitt Peak National Observa-
tory. All of the instiuments have been intercompared and the
compiled data have been reduced to unit air mass. These data
are given in tabular and graphical form,

It is anticipated that more data will be collected in the
future and a recompilation will be made when necessary. The

appendix describes the instrument, its use and calibration.



SITE DESCRIPTION

Green Bank, West Virginia

Located 180 miles west of Washingtsn, D. C. at an elevation
of 2690 ft.; site of National Radio Ast:zunomy Observatory.
Kitt Peak, Arizona

Located 45 miles southwest of Tucson, Arizona, at an ele-

vation of 6760 ft. Readings taken at the Solar Telescope of
the Kitt Peak National Observatory.

Catalina Mountains, Arizona

Optical observing site of the University of Arizona,
approximately 35 miles northeast of Tucson, Arizona at an ele-
vation of 8300 ft.

Climax, Colorado

Seventy miles southwest of Denver at 11,150 ft.; the site
of the High Altitude Observing Station.
Mt. Pinos, California

Located 60 miles northwest of Los Angeles; 8830 ft.

Jet Propulsion Lab, Pasadena, California

Elevation 770 ft.

Table Mountain, California

50 miles northeast of Los Angeles; 7500 ft. in height.



Hygrometer
*A(3-1)

A(1-3)

A(4-2)

A(2-4)

B(3-3)

B(4-4)

B(1-1)

B(2-2)

DISTRIBUTION OF HYGROMETERS

Designation

Used by NRAO observers until July 1964 when it was
taken to Kitt Peak.

Sent to John Firor at Boulder, Colorado (3/16/64).

At Climax, Colorado.

Shipped 3/12/64 to Harold Johnson, Tucson, Arizona.

Mailed to Bruce Gary, Jet Propulsion Lab, on 2/18/64.

Currently in use at NRAO

With Gerald Kuiper at University of Arizona

Spare in Lab at NRAO

*A calibration curve is included for this hygrometer,



mm
COMPARISON COMPILATION zy (Cont.)

Green Kitt Table Mt.
Month Day Bank Climax Peak Catalina | Mtn. Pinos JPL
March 19 2.99
20 0.97
23 3.25
24 6.68
27 2.04 1.6
28 2.1
29 1.51
30 1.73 2.24
April 1 3.86
2 2.40
7 1.33
8 1.33
9 6.53 1,29
10 4.41 1.70
11 3.09 1.82
12 1.49
13 1.50
14 2.02 1.40
15 1.94 2.20
16 6.11 2.13 2,00
17 5.51 2.95
18 3.2
20 2.1
21 1.4
25 3.00 2.1
26 1.8
29 2.48
May 1 4.00
4 7.37
5 7.18
6 8.14
7 2,25
9 1.3
10 3.3
11 10.60
12 2.82
15 4,84 2.47
16 4,78
17 3.14
18 7.66
19 11.70
20 7.73
21 6.65
- 22 9.47 4.19
24 4.3
25 4.58
26 7.85




COMPARISON COMPILATION % (Cont.)

Green Kitt Table Mt,
Month Day Bank Climax Peak Catalina | Mtn. Pinos JPL
May 28 2.88
29 1.93
June 1 3.65
2 3.44
4 6.95
5 8.10
6 4,18
8 3.61
9 2.47 4,65
10 2.44 3.27
11 7.30 1,95
12 12.80 2,03 4.0
13 3.59
14 4,36
— 15 4.86 1.82
16 7.0 3.81
17 9.1 5.6
18 4.28
19 2.16 3.81
20 2.93
21 3.21 2.95
22 3.04
23 2.61 4.0
24 3.52
25 8.2 3.50 3.33
27 5.8
28 5.53
29 13.8
30 4,28
July 1 3.74
5 6.62
6 5.50 6.14
7 12.8
8 4.08
9 4.81
10 7.76
11 3.40
15 6.71
16 8.46
17 12,0
18 6.60
22 7.59
25 3.67
26 2.41
28 23.5 10.2 11.5




COMPARISON COMPILATION f—:;‘ (Cont.)

Green Kitt Table | Mt.
Month Day Bank Climax Peak Catalina Mtn. Pinos JPL
Oct. 23 5.07
24 2,83
25 3.12
26 7.13
27 4,83
30 7.22
31 1,91
Nov. 1 8.25
2 7.55 2.13
4 6.85 2.15 1,71
6 5.30
9 5.72
11 1.89
12 1.66
13 5.4 1.69
16 0.83
- 17 6.35 0.88 1,20
20 3.27 0.61
21 0.57 0.76
22 3.23 0.88
23 2.98 1,95 1,83
24 1.50
25 2.37
28 2.07
29 2.16
30 1.71
Dec. 1 3.08
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APPENDIX - The Portable Spectral Hygrometer

The basic principle is that developed by F. E. Fowle (Ap. J. 35,
149, 1912) and used by N. B. Foster, D, T. Volz and L. W. Foskett in
their spectral hygrometer. Our design employs a single silicon diode
to drive a resistive but rugged microammeter, thus yielding a highly
portable hand held instrument. The spectral characteristics of the
diode are the same as the silicon solar cell used in the Weather Bureau's
instrument and the two filters are also essentially the same. The diode
has excellent linearity and high output. Our calibration does not change
noticeably with ambient temperature, and external power is not required.
Except for differences in the linearity of the different types of de-
tector, the NRAO instrument has a calibration curve similar to the
Weather Bureau's instrument. This is quite helpful because it enables
us to calibrate one of our instruments by comparison at the Weather
Bureau in Washington with one of Mr. Volz's instruments.

The diagram shows the very simple circuit:

Filters (880 and 935 millimicrons)

100K
AAYAY,
Sun LS200
light .
—_—
— X% 5K
. 7
l 0-10 K amp
]



To make a reading the instrument is pointed at the sun with the 880
filter in front of diode. The meter will deflect nearly full scale.
The reading should be carefully maximized and noted. With the 935
filter “he deflection is somewhat less and depends strongly on the pre-
cipitable water vapor in the patii. The ratio of the two readings is
recorded along with either the time or solar zenith angle. An on-off
switch is not required since negligible current flows when no sun light
falls on the diode. The calibration curve gives the total water vapor
in the path. This number is then reduced to units air-mass by means of
the secant z formula,

Hygrometer A 3~1 was calibrated as follows: Fowle's data from ab-
sorption tube experiments was used to establish the shape of the curve
at low water vapor levels, Comparison with Volz's instrument at highér
levels provided an absolute reference since his instrument was empirically
calibrated against radio sonde data. In addition A 3-1 was flown in a
U-2 aircraft at Lockheed. After correcting on the ground for the effect
of the airplane canopy, the reading at high altitude provided the zero
point. We are indebted to both Mr., D, T. Volz of the U. S. Weather

Bureau and to Lockheed Aircraft for their assistance.



