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Abstract

Measurements of apparent sky temperatures taken over a one-year period at
15, 17 and 35 Gc are summarized. Sky temperature profiles for various meteoro-

logical conditions are presented an well as curves showing the percentage time

aistributions for various zenith angles. Such factors as absorption and radiation
by oxygen and water vapor, extrapolation of the data #o other geographical areas.

and the relatlcn between total ,attenuation of the atmosphere and sky temperature

are discussed. A descriptior. of the radiometers and the calibi ition techniques are

included.

ASS.
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Apparent Sky Temperatures
at Millimeter-Wave Frequencies

I. INTROII'CTION

The sensitivity which can be obtained with low-noise receiving syotems opera-
ting at X-band frequencies and above is often limited by the presence of noise
generated in the troposphere. Both oxygen and water vapor, condensed and uncon-
densed, absorb and emit radiation in this part of the spectrum and account for
virtually all of the sky noise. Galactic radiation, which limits sensitivity below I
Gc, is negligible at these frequencies.

Since the noise intensity is highly weather dependent. statistical data is re-
quired on the intensity levels in order to specify the long-term performance of
sensitive receiving systems. The purpose of this report is to summarize such d.',a
obtained at 15, 17 vnd 35 Gc over the period February 1963 to February 1964.

2. THEORETICAL CONiDERATIONS

2.1 Noise TeoMwetwe Coscepts

The noise power received from the atmosphere by an idealized directive antenna

is given by

Pn a k Tg B (1)

(Received for publication 4 June 1964)
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where Pn is the noise power. k is Boltzmann's constant, T. is the apparent sky

temperature, or equivalent black body temperature, and B is the predetector band-
width. If there is no precipitation in the path of the antenna, the relation between T.

and the ),s through the atmosphere is

Ta i(I - 0 Tn) (2)

where a is the fractional tran,;missio' of the atmosphere (reciprocal of the loss)

and Tm is the mean absorption temperature of the atmosphere. The absorption per
unit distance decreases rapidly with increasing altitude, so Tm approaches the

surface temperature and normally falls in the range 250 to 2900K. Thus a fairly

accurate estimate o: total atmospheric losses can be obtained from sky temperature

measurements.

The effect of the sky temperature on the sensitivity of receiving systems depends

on the effective temperature of the system, Tr , which can be determined from the

relation

Tr x (NF - 1) 290 (3)

where NF is the overall system noise figure. Microwave receivers using mixers
without preamplification have effective temperatures of the order of thousands of

degrees and the sky temperature will have a negligible effect on sensitivity since,

from Eq. (2). it cannot exceed Tm. Receivers with low-noise front ends, however,

may have sufficiently low temperatures so that the sky temperatures will determine

the sensitivity. A total system temperature of less than 20 0 K has, for example,

been achieved with a int preamplificr at 6 Cc.

2.2 Al. .%de tbwpie

The absorption of microwave radiation by atn'ospheric gases has been the
subject of extensive investigation since World War II, 1 and is almost entirely due

to the rmolecular absorption of oxygen and water vapor. The absorption by oxygen

is due principally to a number of resonances centered at 60 Gc. Because of pres-

sure broadening, this series of lines appears a, a single broad resonance curve at

norrmal surface pressures. The principle water vapor resonances occur at 23 Gc

and at Infra-red frequencies. The absorption curve, however, extends throughout

the millimeter wave spectrum, again due to pressure broadening. The general

shape of the curves for sea level pressure and an absolute humidity of 7. 5 grams

per meter 3 is shown in Figure 1.

Absorption by water vapor is proportional to the water vapor density, and

since the density may have seasonal variation of over 20:1. correspondingly large
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,iriations in the absorption will occur. The absorption by oxygen, on the other
hr-id, remains fairly constant since the oxygen density does not vary markedly with
time. Given the pressure, temperature and water vapor density of a sample of the
atmospht re, the attenuation per unit distance can be computed from the formulas
of Van Vleck. 2

Uncertainties still exist in the absorption line widths, which are pressure and
temperature dependent, and thus limit the accuracy of the computed attenuation.
If the vertical composition of the atmosphere is known, the total vertical attenuation
can be determined by computing the attenuation of individual layers and then per-
formin a numerical integration. The total attenuation will, of course, increase
with increasing zenith angle since the path length increases. Once the absorption
of the individual layers has been determined, the apparent sky temperatre can be
computed by summing the noise temperatures oa the layers, the cortribution of each
layer being reduced by the attenuation between the layer and the ante.na.

Since rain readily absorbs energy at these frequencies, rr.latively high apparent
sky temperatures may result. The attenuation coefficient of rain and its frequency
dependence is well established3 and thus the noise temrierature due to a homogeneous
rain of a given rate can be computed. Ideally the comptlation should be made on
the basis ot the absorption rather than the attenuation uoefficient, which includes
both absorption and scattering; the latter effect, however, is relatively small. 4

Condensed water vapor in the form of clouds and fog is characterized by very small
drop size (seldom exceeding 0. 1 mm); the absorption at a given frequency depends
on the total water content and is independent of drop size. Since the water coticen-
tration in clouds seldom exceeds I gram per meter 3, the absorption and associated
noise temperature is normally considerably less than that resulting from rain. The
absorption coefficient of snow is small, so this type of precipitation does not contri-
bute sutstantially to the total sky temperature.

2.3 Sky Tsm pe uas a Fecties 01 Zeath Aisle

Since the total path length through the atmosphere ncreases with zenith angle,
a correspontI'ng increase in absorption and radiation occurs. For a plano earth the
path length i proportional to the secant of the zenith angle, and if the atmosphere

is horizontally stratified

a () a a0 sec 4 (4)

where ao Is the total vertical attenuation expressed in db. The secant law is widely
used in absorption calculations for the cast of the spherical earth down to zenith
angles of about 70 degrees. The relation can, however, also be used at larger
angles with fairly good accuracy because of the increasing predominance of low
altitude absorption with increasing zenith angle.



4

As shown in Figure 2 the path length through the first kilometer of the atmos-

phere is much longer than that through, for example, the 9 to 10 kilometer layer at

large zenith angles. This coupled with the fact that the absorption per unit distance

decreases rapidly with altitude results in a diminishing importance of higher altitude

absorption at large zenith angles. A sample calculation of total atmospheric attenu-

*tion for a zenith angle of 850 and the path length associated with a 4/3 earth radius.

was found to differ from that obtained from the product of the zenith attenuation and

secant 550 by less than 1%.

The apparent sky temperature at a zenith angle 4 is given by

Ts (6) (0 - 0a0 sec T m  (5)

where ao is the fractional transrmuission of the atmosphere at the zenith. To deter-

mine the dependence of TmO the mean absorption temperature on the surface tem-

per ature and humidity, this factor was computed u.ing the relation5

YO I"

Tm aJ Te- (6)-1"0
l-e 0

where T is the temperature at a given point along the r:,v path and r is the absorp-

tion integrated over the ray path to the height corresponding to T. Tm was com-

puted for various values of surface temperature and humidity at 15, 17 and 35 Gc;

u surface pressure of 1013 my was ssumed. The computations revealed that Tm

is essentially indep,!ndent of frequency, that it is essentially linear with surface

temperature and only moderately dependent on the relative humidity.

For the atmospheric model and line width constants used, the following relation

holds:

Tm a . 12 Tg- so (7)

where Tg is the surface temperature in degrees Kelvin. The relative humidity may

vary from 20 to 70% with Tm, as computed from Eq. (7), not being in error by more

than 20 K. It should be noted that Tm increases slowly with zenith angle, and while

Tm was computed for the zenith case only, the relation in Eq. (7) is believed useful

to 6 * 800. Computations of sky temperature from Eqs. (5) and (7) should be limited

to clear sky or thin cloud conditions, since the relations are not valid if there is

appreciable absorption or scattering by condensed water in the ray path.



3. SKY TEMPER ATURE A'I. 'REMENTS

3.1 Tho t vwm ut Ptogsuw

To obtain a statistical measure of apparent sky temperatures, measurements

were made on a once-a-day basis over a period of one year. Readings were taken

at 12 antenna elevation positions. Sky conditions were noted at each angle and the

surface temperature, pressure and relative humidity were recorded for each set of
measurements. I ie measurements were made using conventional Dicke radio-

meters with pyramidal ho:n antennas; the equipment and calibration method are
described in another section of the report. The program was carried out at the

AFCIPL field site at Prospect Hill, Waltham, Massachusetts, at an elevation of

480 feet.

3 2 4y Temp ,twnr Profile.

This section of the report presents a number of curves of apparent sky tem-

perature as a function of zenith angle under various meteorological conditions. Each

curve represents a single set of data; about 15 minutes were required to obtain the
dat, :or one profile. The data for 15, 17 and 35 Ge is shown in Figures 3, 4 and 5

respectively; Tg and p refer to the surface temperature and water vapor density at

the time the particular profile was taken. All the curves show a monotonic increase

of sky temperature with zenith angle. Sky conditions rtsulting in a decrease in tem-

perature in going from one zenith angle to a larger angle were encountered on only

a few occasions.

The two lowest curves in each of Figures 3, 4 and 5 are the extremes that were
measured under conditions of clear sky or cirrus clouds. The higher of the two

curves is typical for hot, humid days and the lower for cold, dry days. In the former

case the radiation is due principally to water vapor, and since the absolute humidity
fluctuates widely in the summer months, the clear sky temperatures also varied

considerably from day to day, particularly at 35 Gc. This is in contrast to winter
days, where the water vapor content is so low that the oxygen emission becomes

predominant, and clear sky temperatures are quite stable from day to day.

The contribution of clouds to the apparent sky temperature is a function of the

total water content in the antenna path and thus depends on the cloud type and thick-

ness. The increase in zenith temperature due to cirrus clouds, which are composed

of ice crystals, was not measurable at any of the frequencies. The contribution to

the zenith temperature of large fair-weather cumulus clouds ranged from 5 to 25 0 K

at 35 Ge; an increase of only a few degrees was measured at 15 Gc. As indicated

in the curves, low rain-bearing clouds result in relatively high sky temperatures.

Measurements curing rain were hampered by the filming of the teflon sheets

covering th;e apertures of the horn antennas. By drying the coverings just prior to

49k*a . . "' " ':



G

a measurement and by pointing the antenna away from the "w.nd, realistic readings

could be obtained except under heavy rain. During the course of the project a

system was incorporated by which a compressed air stream could be directed at

the coverings and proved very effective i. removing the water film. Occasionally

the sky temperat ires changed so rapidly that the operator had difficulty in obtaining

a realistic measurement.

Measurement of the temperature contribution from snow proved difficult due to

the associated cloud cover. On two occasions measurements were made under con-

litions of light snowfall and thin cloud cover; the temperatures observed were not

significantly higher than those that would be expected for a clear sky. One therefore

conicludes that the absorption and radiation due to snow is of relatively minor im-

portance.

3.3 Effet f ,%ot na Beiumidth

Since sky temperature is a non-linear function of zenith angle, the beamwidth

of the antenna will introduce an error in a measurement taken at a particular zenith

angle. It would be expected that the errors would be greater at large zenith angles,

where the sky temperature gradient is very high and where a significant part of the

antenna beam may intercept the earth. To determine the magnitude of such errors

as a function of zenith angle, theoretical sky temperature curves at 15 and 35 Cc

were first computed. 'Typical winter conditions were assumed and the path lengths

at the various angles computed on the basis of a 4/3 earth radius. Somewhat

iealized two-di-nen5'ional nntennn patterns were then used with t':e theoretical

cut yes to determine the 'r, ea-ured' sky temperatures. The computations were

made using a two dimensional sum of the form6

TS= "i "-. (8)

where C i A oi/2m and T i ar, the average gains and temperatures, respectively, in the
direction interval A 0. Figure 6 is a composite of part of the computed sky tem-

perature curves and the antenna patterns used, with the antennas oriented at a zenith

angle of 900. The apparent ground temperatures used are typical of those measured

in the winter months.

The results for 35 Gc are tabulated in T'?ble 1.

In Table i, Column 1 lists the computed sky temperatures and Column 2 the

corresponding temperatures weighted by the antenna pattern. Despite the fact that

at 6 = 900 the lower half of the antenna pattern intercepts the earth, the theoretical

temperature is higher than that weighted by the antenna pattern, due to the high

temperature gradient as 0 approaches 900.
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TABLE I. Measured and computed sky temperatures at 35 Gc

Zenith Angle 1 2 3 4

00 9. 60 K 9. 6 0 K 10 - 130 K 9. 60K
30 11 11 11 , 15 11
60 19 19 19 - 23 19

70 2 6 26 27 - 31 27

75 34 34 35 - 40 35

30 52 53 50 - 59 51
82.5 66 68 66 - 74 65
85 88 93 91 - 100 91

87.5 132 142 138 - 157 150
90 226 213 203 - 226

Column 3 of Table I lists the e.xtremes of 22 of the 60 profiles taken in the

months o' December through February. The surface temperatures varied from
- 10°C to +20 C and the absolute humidity from 0. 6 to 3. 5 grams/m 3 ; sky conditions
varied from clear sky to thin cloud Lcver. The greater spread in the readings at
the larger zerith angles is due in part to the fact that the profiles were taken at
various azimuth pos'.ons, over which the horizon varied from # - 900 to 4 a E0. 50.

The positioning accuracy of the antenna in elevation was about *O. 20. which also

contributed to the variation in readings. The effective temperature of the earth was
of course another variable, depending on foreground conditions.

The temperatures in Column 4 of Table 1 were computed from the relation
Ts (0) -(1 - aosec 0) Tm. A value of 2600 K was assumed for Tm and used at all
angles; &O the fractional transmission at the zenith, was obtained from

= I - Ts(O)/Tm. Some of the differences between Columns 4 and 1 of Table I
arise from approximations made in the numerical integration used in computing

the temperatures in Column I and in rounding off to the nearest degree; the agree-

ment, however, is good through 0 - 850.

A similar tabulation for 15 Gc is shown in Table 2.

In Table 2, the theoretical temperatures weighted by the antenna pattern
(Column 2) are considerably higher than the theoretical (Column 1) for 4 > 850 due
to the wider beamwidth at 15 Gc and the greater difference between the theoretical

temperature for 6 = 900 and for 0 > 900. The temperature extremes for 39 of the
60 profiles taken during the months December through February are listed in

Column 3 of Table 2 and are seen to be in good agreement with those predicted in

Column 2. The surface temperatures for the 39 profiles varied from -100 to +80 C
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TABLE 2. Measured and computed sky temperatures at 15 Gc

Zenith Angle 1 2 3 4

00 3.2 0 K 3.2 0 K 3 - 5°K 3.2 0 K

30 3.7 3.7 3- 6 3.7

60 6.4 6.4 5 - 8 6.4

70 9.3 9.3 8- 11 9.3

75 12 12 10- 16 12.2

80 17.5 18.5 16 - 23 18

82.5 23 26 22 - 32 24

85 32 42 38 - 50 35

87.5 56 82 71 - 89 64

I 90 131 146 142 - 166_1_--- _ I

and the absolute humidity from 0. 6 to 6 grams/m 3 . 1"he temperatures in Column 4

of rablc 2 were computed from the secant relation and again are in good agreement

with those in Column I through 6 v 850.

3, t Sky Temepratire Oi.ribtions

The percentage-time distributions for the year's period at 15. 17 and 35 Gc are

shown in Figures 7. 8 and 9 respectively, each curve representing 251 samples.

Percentage times were computed for each degree for temperatures up to 50°K; 50

averages were used in the range 50 to 1000, and 100 averages between 1000 and

300 ' . These points were then plotted and best-fit curves drawn. Considering the

rather limited number of samples the point spread was fairly low. At 35 Gc, for

example, the difference between 95% of all points plotted and the curves is less than

3%. While the scale used does not accurately describe the distributions for tempera-

tures near the maximum, it is commensurate with the measured data. Maximum

temperatures are associated with maximnum rainfall rates and since heavy rain

occurs over such a small percentage of the time, . more accurate distribution of

sky temperatures near the maximum could probably he obtained from computations

involving rainfall rate distributions rather ihan by period sampling.

Figure, 10 shows the seasonal distributions of zenith temperatures at 15 and 35

Gc. Since oxygen absorption predominates in the winter months, the associated

temperatures are more consistent from day to day than for other seasons. Ninety

percent of the December - February zenith readings at 35 Gc, for example, fell

within a 70 range; the corresponding range for the June - August readings was 250.

The deviations from normal temperatures and precipitation are shown in Table 3.



TABLE 3. Deviations from normal temperature and precipitation

Period Daily Average PrecipitationTem.perature

Dec - Feb -6. 8°F +1. 25"

Mar - May +3 -2.6

Jun- Aug +1.4 -4.71

Sep - Nov +3.9 +2.3

Over the year's period the average daily temperature was 1. 50 above normal; the

total precipitation was approximately 976 below normal.
Extrapolation of the curves to other geographic areas appears difficult since

it involves meteorological statistics; general trends, however, can be predicted.
Two important considerations are the altitude and latitude of the location, since the
mean annual precipitable water is a function of these factors only, increasing as
the latitude decreases and being inversely proportional to altitude. 7 Since the
oxygen densty also decreases with altitude, the total sky temperature falls off

rapidly at $;igher elevations. A sample calculation showed a zenith temperature of
I 10 K at sea level decreasing to approximately 70 at I km and to 3 at 3 km.

The minimum zenith temperature for a particular location could be computed

using a model atmosphere based on the lowest expected surface temperatures. The

maximum temperature could also be computed, using the maximum rainfaU rate.
Determining the slope of the line joining these two extremes of the distribution
would be difficult, however, since it involves the statistics of temperature. humidity.

cloud cover and rainfall. In general, the more stable the yearly weather pattern,
the steeper the slope. Once the zenith temperature distribution is known, fairly
accurate distributions for zenith angles of 850 or less can be readily determined

from the secant relation of Eq. (5). Figure 11 shows a comparison of measured

and computed distributions at 35 Gc; the computation method was similar to that

used to determine the temperatures in Column 4 of Table 1.

3.5 Sky Tempmifua s Computed from Radiosonde Data

During the course of the measurement program, several sky temperature

profiles were taken at the time of radiosonde launchings from Hanscom Field.
Zenith sky temperatures were computed from the radiosonde data with the aid of a
digital computer and were in close agreement with measured values. A discussion

of the computational method, the line-width constants used and other theoretical
considerations will be included in a future report to bc authored by V. Falcone.

AFCRL.
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3.6 Ay Tepffemtwe Fluctuaties

Since small-scale fluctuations in the appare." sky temperature may degrade the

performance of sensitive microwave radiometers, the amplitude distribution of such

fluctuations is of considerable interest to radio astronomers. Sky temperature
fluctuations imply a fluctuation in atmospheric attenuation, so a corresponding

scintillation in signals transmitted through the atmosphere would be expected. It
has been mentioned that clouds passing through the antenna path can produce signi-

ficant increases in the sky temperature, the magnitude depending on the total water

content and the frequency of operation. Clear sky temperature fluctuations are
presumably due to variations in the water vapor content in the path of the antenna.

The relatively large fluctuations encountered in rain are of lesser concern since

radio astronomy measurements are not normally made under such conditions.

To determine the feasihility of measuring temperature fluctuations, the output
of the 15 Gc radiometer was recorded for a total of 6 hours during the month of
January; the antenna zenith angle was 300 and sky conditions varied from clear to

moderately heavy cloud cover. Peak fluctuations of the radiometer itself, as deter-

mined by replacing the antenna with a matched load, was 0. 8OK with an integration

time of 8 seconds. Peak sky temperature fluctuations exceeded this value less than

4% o" the time. Thus a considerably more sensitive radiometer is required to

obtain meaningful statistics of the fluctuations, particularly if fine-grain data is

desired, which implies a shorter integration time.

1. I STRN' IENTATION

Two radiometers were employed in the measurement program, one operating at

35 Gc and the other time shared between 15 and 17 Ge; the frequency change merely

required retuning the local oscillator and adjusting the ferrite switch driv.e current.

The radiometer front ends were mounted on the antenna elev.ation mount and connec-

ted directly to the horn antennas, thus eliminating rotary joints and transmission

line losses. The equipment was housed in a maintenance shelter of World War It
vintage which was mounted on a rotating platform formerly used with an experimental

UHIF antenna. Measurements could thus be made at any elevation or azimuth angle.

Exterior and interior views of the shelter are shown in Figurer 12 and 13.

.I1 Radimete.

The two radiometers, of the switched load type, were designed and constructed

in the laboratory. The basic circuits of the two radiometers were identical; a block
diagram is shown in Figure 14. The pr'nciple of operation is as follows. The

ferrite switch, or modulator, alternately samples the noise output of the directional



coupler and the noise produced by a load at ambient temperature To . If the two

levels are not equal, the input to the mixer appears as noise amplitude-modulated

at the switching frequency. The detected IF amplifier output is then a noisy square

wave. Aiter passing through the filter amplifier, the 30 cps signal is applied to

the synchronous detector. The fluctuating d-c output is then integrated, amplified

and applied to a meter or recorder. In practice the precision attenuator !s adjusted

for an output meter null, in which case the antenna noise temperature plus that

injected from the noise source is equal to the load temperature T o . The injected

noise temperature is determined from the attenuator setting and since To is known.

the antenna temperature can be compated.

The choice of the IF amplifier cenier frequency is important in the design of

radiometers because of possible interference from signals falling in the IF passband.

As the result of a frequency survey conducted at the site, 125 Mcps was chosen as

the ce:.ter frequency. Interference at this frequency was in general limited to

transmissions from nearby aircraft. An audio monitor following the IF detector

proved useful in detecting incerference, and measurements were suspended during

these brief periods.

While multiple and submultiples of the power line frequency are usually avoided

Rs radiometer switching frequencies, no difficulty was experienced in using half the

line frequency. Although 60 cps hum is present at the input to the synchronous

detector, it produces no d-c component at the output. Good frequency stability of

both the switching frequency and the narrow band filter is required to insure that

the phase of the signal applied to the synchronous detector does not vary excessively.

Lncking a multivibrator to half the line frequency insured a stable switching fre-

quency. An L-C filter was employed in the 30 cps filter amplifier and little diffi-

culty was experienced with phase drift.

The minimum increment of temperature detectable by a radiometer is deter-

mined by output noise fluctuations due to the radiometer itself, and is a function of

system noise figure, bandwidth and integration time. The peak fluctuations of the

radiometers used were measured by replacing the antennas with matched loads and

applying the outputs to a calibrated chart recorder. A peak fluctuation of 0. 80 K

was measured at 15 Gc, 0. 90 K at 17 Gc and 1. 8°K at 35 Ge. An integration time of

8 seconds was used, which was the value employed for all the sky temperature

measurements.

4.2 IMadiower Calibmalon

As described previously, temperature readings were taken by adding sufficient

noise to that received by the antenna to produce an output null. Under these condi-

tions Ta a T o - T n. where Ta is the antenna temperature. To is the temperature of

the reference load and T n is the added temperature. Using the derivation by Hunt 8

it may be shown that
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'Ta o - -To - (9)

where Ln is the setting of the precision attenuator and

L2 C2K .2-(T n - T o })0

where L I is the loss between the antenna terminal and the directional coupler, 1-2
is the loss between the noise source and the coupler, including the fixd insertion

loss of the attenuator, C1 and C2 are the coupler coefficients and Tn is the tempera-

ture of the noise source. It should be noted that these relations assume that all loss

components are at a temperature T o .

There are two methods for determining the K factor. If the antenna is replaced

by a matched load immersed in a liquid of known temperature and Ln adjusted for a

null, the K factor may be computed directly from Eq. (9). The second method re-

quires sky temperature readings at the zenith and 600 from the zenith. If one

assumes that the temperature at 600 is twice that at the zenith, the K factor can be

computed from the relation

KzT La Lb (11)
0T 2 Lb - La

where La is the attenuator setting for a null at the zenith and Lb the setting at 600.

The second method has an advantage in that the small ohmic loss of the antenna is

included in the calibration. It also provides a convenient running check of the K

factor with no disassembly of the front end.

From Eq. (5) the relation between the zenith temperature Ts(O) and that at 600.

T s (60) is

T s (60) (I -a 2 ) T (60)
- (12)

To (0) (l-o) Tm (0)

Assuming Tm(O) - Tm( 6 0).

Ts(60) I + &

T (0)
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And sinceo 2 - T 8 01
0 T m

Ts(60) Ts(0(

To (0) T m

From Eq. (13) it is seen that the calibration accuracy decreases with increasing

zenith temperature.

Certain precautions were necessary for a consistent calibration, or K factor.

It was found that even slight flexing at some waveguide joints, particularly at the

directional coupler, produced a noticeable change in calibration. Since the entire
waveguide structure moved with the antenna, it was necessary to provide very solid

mountings for all waveguide components. The frequency of the local oscillator was

carefully monitored, since the calibration was found to be quite frequency sensitive.

The gas discharge noise-source current was also monitored. An important problem

arose in the accurate determination of the output meter reading corresponding to a

balance or null condition. Since the meter was connected to a d-c amplifier it was

subject to drift, and periodic checks of the null reading were necessary. To obtain

a null condition, the antenna was replaced with a load at a temperature T o and the

noise source turned off. Under these conditins the meter reading was found to be

a function of the ferrite switch current, being particularly critical in the 35 Gc

system. This offset is believed due to local oscillator noise being reflected into the

mixer by the ferrite switch.

Since the VSWR of the switch is a function of the drive current, the reflected

noise is modulated at the switching frequency with a resultant meter deflection. The

switch current required to give the same meter deflection as that obtained when the

input to the IF amplifier was disconnected was noted, and subsequent measurements

of the VSWR of the switch at this current and in the 'off' condition were found to be

approximately equal. During temperature measurements the switch currents were

carefully monitored, and the meter deflection corresponding to a null condition was

obtained by simply disconnecting the inputs to the' IF amplifiers.

Under conditions of clear sky or cirrus clouds and zenith temperatures less

than 12 to 130 K, temperatures were computed from a K factor computed from Eq.

(11). Under other conditions temperatures were obtained from calibration charts
based on average K factors. The variation in the individual K factors was less than

*l. 5% over the course of months.

The accuracy to which measurements could be made is rather difficult to assess

since it involves both the attenuator accuracy and the minimum detectable tempera-

ture. If the stated accuracy of the atteiiuator (0. 1 db) is considered in a K factor

calculation, excessive errors result. The important factor in the calculation,
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however. is the difference in the two attenuator readings. and since this is a small

fraction of a decibel, it is reasonable io assume that the readings were good to 0. 01
db. which in about the accuracy to which the attenuator could be read. This assump-

tion leads to possible errors of about 20 K at the lower temperatures. Several

measurements using a load immersed in a dry ice-acetone mixture and in liquid

nitrogen were within 30 K of the bath temperatures; readings from most of the clear-

sky winter profiles also fall within this tolerance when compared to those computed

from the serant law for 0 < 750. Measurement accuracy for 0 > 750 degrades due

to the effect of the antenna beamwidth and the inaccuracy in antenna positioning.

1.3 Amas

A very important factor in the measurement of sky temperatures is the charac-

teristics of the antenna used. Spillover and sidelobes Intercepting the relatively

warm earth can produce sizable contributions to the antenna temperature and thus

must be minimized. High directivity is required for good resolution at large zenith

angles since the sky temperature gradient Is high at these angles. Another requisite

is low VSWR. Since the antenna is essentially terminated in an ambient load, it

radiates noise at this temperature and a poor match could result in an apparent

temperature due to reflected noise.

Optimum pyramidal horns were chosen for the measurements since they meet

these requirements quite well, are fairly simple to design and fabricate, and could

be readily connected to the radiometers directly. H-plane sidelobes are inherently

very low. Thus by orienting the horns so the H-plane was in the verticul, the pick-

up of earth radiat.on was negligible except at large zenith angles. The E-plane side-

lobes were not troublesome since the sky temperature is normally quite constant

over the azimuth angle subtended by these sidelobes. Horn antennas have a dis-

advantage in that a weather-tight covering is required. Also, since doubling the

gain of such antennas requires doubling the length, they have a rather definite

maximum practicable gain.

The horns were stabricated of &luminum. dip brazed and iridited; their overall

length was 6 feet. Thin teflon ahie's were used to cover the horn apertureo; the

losbes introduced by the coverings were very low and the noise contribution was not

measurable. Dry air at low pressure prevented condensation on the inner surface

of the teflon.

The antenna characteristics are tabulated below:

'requency Gain Beamwidth VSWR

15 Cc 30. 6 db 60 1.01

35 Gc 34.9 db 3o I.O0

E- and H-plane patterns at 15 and 35 Gc are shown in Figure 15,

r
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S. CONCLU-'ONS

From the results of the measurement program, it is evident that noise generated

in the troposphere can seriously degrade the sensitivity of receiving systems opera-

ting above X-band and employing low-noise front ends. The problem is particularly

acute as the antenna position angle approaches the horizon. During the year's period,

zenith sky temperatures of 7, 8 and 17 degrees Kelvin were exceeded 50% of the tUne

at 15, 17 and 35 Ge. respectively; at a zenithangle of 850 the corresponding teffltta-
tures were 58, 75 and 138 degrees. Clear sky zenith temperatures of 3, 4 and 10
degrees were typical for cold, dry days at 15, 17 and 35 Ge. respectively; for hot,

humid days the corresponding temperatures were 8, 12 and 28 degrees. The tem-

perature contribution of cirrus clouds was found to be negligible at all frequencies.

The increase in zenith temperature due to large fair-weather cumulus clouds ranged

from 5 to 25 degrees at 35 Gc; an increase of only a few degrees was measured at

15 Gc. Rain and rain-bearing clouds produced relatively high sky temperatures.

Extrapolation of the statistical data to other geographical areas appears difficult

since it involves the statistics of local temperature, humidity, cloud cover and

rainfall rate. Once the zenith temperature distribution is known, the distributions

for other angles can readi)y be computed from the secant law.
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Figure 12. Exterior View of Equipment Shelter

Figure 13. Interior View of Equipment Shelter
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