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SIMULTANEOUS MEASUREMENTS OF ATMOSPHERIC EMISSIONS AT 10, 33 AND 90 GHZ

James B. Costales, George F. Smoot, Chris Witebsky, Giovanni De Amici and Scott D. Friedman
Lawrence Berkeley Laboratories, University of California,
Berkeley, CA 94720

ABSTRACT

As part of a larger experiment to measure the cosmic microwave background radiation
spectrum, frequent simultaneous measurements of the microwave thermal emissions from the earth’s
atmosphere were made at 10 GHz, 33 GHz and 90 GHz. We performed these measurements at two
separate locations, Berkeley, California and the White Mountain Research Station (located near
Bishop, California) which differed greatly in altitude and climatic conditions. Typical values of the
atmospheric antenna temperature measured in Berkeley (250 m elevation) during good weather are
2.5440.29K, 12.4+0.3 K and 34.31+0.5 K for 10, 33 and 90 GHz respectively. Corresponding values
measured at White Mountain (3800 m) are 1.11+0.04 K, 4.48+0.18 K and 11.0+0.1 K. Because
the measurements are simultaneous in nature, correlations between the measurements taken at
the various frequencies provide constraints on models-of the microwave emission of the earth’s
atmosphere, especially models describing atmospheric emission as a function of precipitable water
content. '

1. INTRODUCTION

As a source of noise and attenuation, the atmosphere plays a significant role in fields such
as radio frequency communications, remote microwave sensing and radioastronomy [Crane, 1981].
For example, precise measurements of the cosmic microwave background spectrum are severely
restricted not only by galactic emissions but also by atmospheric emissions mainly due to rotational
transitions of molecular oxygen and water. To reduce the galactic contributions to negligible levels,
one generally measures the spectrum at frequencies greater than about 2 GHz and at positions on
the sky away from the galactic plane. To reduce atmospheric emission fluctuations and magnitudes,
one generally uses a high altitude site, though the intensities remain significant, even at frequencies
corresponding to atmospheric windows. A good understanding of the atmospheric absorption and
emission is therefore essential to making atmospheric corrections for the spectrum measurements.

Much progress has been made in understanding and calculating the functional dependence
of the atmosphere’s opacity or emission on frequency, pressure and temperature. Scattering is
generally negligible at microwave frequencies, especially during clear weather, so that we may use
attenuation and emission interchangeably in this paper. One calculates the atmospheric emission
(brightness or antenna temperature) T4 s¢m,, at a frequency v by computing the radiative transfer
integral, i.e.

Tnaims = [ 906) exp = [ st |10, 0

where # corresponds to the point of observation, «, is the specific attenuation coefficient at frequency
v, and J, is the source function [Waters, 1976]. At microwave frequencies the atmosphere is
approximately non-scattering and in thermal equilibrium, so one may use the blackbody formula
(expressed in Kelvin) for the source function. The power P received by an antenna is related to
the antenna temperature T4 of the incoming radiation by

P = kT 4B, (2

where % is Boltzmann’s constant and B is the bandwidth of the receiver.

Figures 1 and 2 display evaluations of eqﬁation (1) (see Section 5 for details of the model
used) and corresponding measurements made at altitudes of 250 m and 3800 m. Such calculations



being quite tedious, it is useful to simplify equation (1) using several good approximations. Since
the physical atmospheric temperature and the blackbody function are approximately equal for
frequencies less than 100 GHz (hv << kT') and since the relative temperature dependencies of the
integrand are small, one may replace J, by Tpays {about 250 K), the average physical temperature
of the atmosphere. Performing the integral, one obtains

Ta,atm,w = Tphys[l — exp(—ku, 1,0 —Kv,0,)], (3)

where the specific attenuation coefficient has been separated into its oxygen and water components.
In the atmospheric windows and at frequencies below 18 GHz, the atmosphere is optically thin (see
Figures 1 and 2) so that we may expand the exponential keeping only the linear terms. Because the
pressure and temperature variations of oxygen are generally small at a given altitude, the oxygen
term may be expressed as a constant. The resulting calculated atmospheric emission may be written
as

TA,atm,u =a, +b, W, . (4)

where a, is the oxygen term, b, the water coefficient, and W [mm] the precipitable water content.
Although a, and b, depend on the ambient conditions of the atmosphere, these dependencies are
relatively weak for the fluctuations in dry air pressure and ambient temperature observed and hence
the terms may be generally considered as functions of altitude only.

Equation (4) indicates that atmospheric emissions at frequencies where the atmosphere is
relatively transparent should be linearly correlated. To verify this and to determine the correla-
tion parameters, we performed frequent simultaneous measurements of the atmospheric thermal
emissions at 10, 33 and 90 GHz at Berkeley, California and White Mountain, California. Partridge
et al. [1984] reported some of our previous results at White Mountain in addition to their measure-
ments at 9.4 GHz. In addition to providing corrections essential to the CBR spectrum experiment,
these measurements, being simultaneous, not only help to check the validity of atmospheric models
used to make the correction, but also constrain models of the microwave emission by the earth’s
atmosphere.

2. CONCEPTS AND DESIGN OF THE EXPERIMENT

The intensity of atmospheric emission is measured at a fixed frequency by a radiometer,
an instrument whose output signal is proportional to the power received by the antenna. We
measure the calibration constant by simultaneously looking with each radiometer at two targets
whose temperatures widely differ and are known to sufficient accuracy. As cold reference loads,
we used either a liquid helium- or liquid nitrogen-cooled target or the zenith sky. The cold load
cryostat has been described previously [Smoot et al., 1983] and has not been significantly modified.
In addition, each radiometer has an ambient-temperature blackbody load used as a warm reference

load.

One determines the thermal contributions from the atmosphere by measuring the antenna
temperature of the incoming radiation at various known zenith angles. Several sources of emission
comprise the total power received by the antenna. To a good approximation, the power T4, (f)
received by an antenna at frequency v when directed at an angle ¢ from the zenith is given by

TA,u (9) = TA,atm,u (0) + TA,CBR,U + Tground,u (6) + Tgala::y,v(e)’ . (5)

where Ta,qtm,.(6) is the antenna temperature of the atmosphere, T4 cBr,, is the antenna temper-
ature of the cosmic background radiation (CBR), Tyround,. (0) is the antenna temperature of the
terrestrial thermal radiation intercepted by the antenna sidelobes, and Tygixy,.(6) is the antenna
temperature of the radiation from the galaxy. At frequencies where the atmosphere is optically

thin, the atmospheric emission observed at a zenith angle 8, is approximately proportional to the
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path length of air looked through, so T4 4¢m, () is approximately the product of the secant of the
zenith angle sec(§) and the vertical atmospheric antenna temperature T4, s¢m,v (0).

By making differential measurements with the zenith sky as a reference source, one may
reduce the uncertainty in determining the atmospheric emission, since for isotropic sources, such
as the CBR, one must then only account for the difference in attenuation (< 40 mK) along the
reference and source paths. Although not isotropic, contributions from the galaxy are generally
very small (< 8 mK for frequencies greater than 10 GHz}, especially if one avoids directing the
antennas at the galactic plane, the sun and the moon. The contributions from the antenna sidelobes,
greatly reduced through the use of corrugated-horn antennas and ground screens, can nevertheless
be measured and are generally also relatively small (< 20 mK). Because the antennas have a finite
beam width, the calculation of T4 g¢m,. (0) must, involve convolving the measured antenna beam
pattern with the atmosphere, at the same time accounting for the curvature of the atmosphere and
atmospheric self-absorption.

For some of our measurements, it is necessary to use mirrors to redirect the incoming
radiation to the antennas of the radiometers. In general one must account for the fact that the
reflectors’ emissivity is a function of angle. To greatly reduce the angular dependency of the detected
reflector emission we used a receiver which only accepts circularly polarized radiation at 10 GHz
and adjusted the planes of polarization at 33 GHz to minimize the effect. The typical residual
correction was 23 and 60 mK, respectively. The 90 GHz radiometer did not use mirrors in these
measurements; the antenna pointed directly at the sky.

All three radiometers have superheterodyne receivers operated with Dicke switching, con-
ically shaped low-sidelobe corrugated-horn antennas, thermal control systems, ground screens and
mirrors. All three radiometers share the same power supplies, digital recording system and cold-
load dewar. The sensitivities of the radiometers range from 50-90 mK/Hzl/ 2. Previous papers
[Friedman et al., 1984; De Amici et al., 1984; Smoot et al., 1985] describe the radiometers in greater -
detail.

In order to check the performance of the radiometers several tests were performed, some of
which were periodically repeated. These tests include magnetic sensitivity tests, motion/orientation
sensitivity tests, integration tests, gain stability and linearity tests, side lobe tests and RF inter-
ference tests. All of the tests yielded acceptable results, some of which were used to calculate
experimental corrections and uncertainties.

3. OBSERVATIONS AND DATA REDUCTION

During the summer months of 1984, we measured the atmospheric emissions several times a
week at the Lawrence Berkeley Laboratories located about 250 m above sea level. Our measurements
were made under a variety of weather conditions. Typical values for the ambient temperature and
barometric pressure were 15-24 °C and 746 mm Hg, respectively.

We carried out our CBR spectrum measurements during August of 1984 at the University
of California’s high-altitude White Mountain Research Station located near Bishop, California on
a plateau at an elevation of 3800 m. Because of the high altitude and semi-arid climate of the site,
the atmospheric emission is greatly reduced. The typical column density of precipitable water (3
mm) is roughly one-third the minimum column density at Berkeley. Typical values for the ambient
temperature and barometric pressure were 2-10 °C and 490 mm Hg.

During a single sequence each radiometer measures the atmospheric intensity at 4-6 angles
in the north-south vertical plane (or, in the case of the 10 GHz radiometer, the east-west vertical
plane). The essential features of a sequence, in addition to measuring the intensity as a function of
angle, are measurements of the gain and instrumental offset.

The Berkeley data in general were read directly from voltmeters and recorded by hand.
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The 33 GHz data taken at Berkeley during the summer were for the most part analyzed using a
simple secant model which neglects the attenuation of the CBR, curvature of the atmosphere, and
the finite beam width of the antenna pattern. In general these corrections are small { < 20 mK)
and are of a lower order of magnitude than the fluctuations observed.

Similarly, the data taken at the White Mountain Research Station were first analyzed in
the field in this manner. These rough calculations in real time allow us to identify any problems if
they should arise. At White Mountain we used a Datel data logger which automatically recorded
radiometer output and target temperatures onto magnetic tape. Data files constructed from these
tapes were edited by hand to delete data recorded while the mirrors or targets were being positioned.
Computer programs customized for each radiometer analyzed the data files, computing atmospheric
emission and cosmic background intensity for each sequence. .

In general, systematic errors determine the accuracy of the measurements. especially at
White Mountain where the atmospheric fluctuations are minimal, The uncertainties in the gain,
pointing angles and mirror emissivity are the largest sources of systematic error. The uncertain-
ties in the antenna beam pattern, sidelobe contributions, average atmospheric temperature and
atmospheric scale height are smaller sources of experimental uncertainty taken into account. We
estimate the total systematic uncertainties in our atmospheric measurements to be 120 mK, 90 mK
and 180 mK respectively, for the frequencies of 10, 33 and 90 GHz.

4. RESULTS

The atmospheric emission at frequencies v; and vy may be expressed as
TA,atm,v, =Gy, + bv, w (60)

TA,atm,v, =a,, + bu, W, (Gb)
or, eliminating the precipitable water content W,

TA,at my, = Quyu, TA,atm,u, + ﬂv,,u, . (7)

The slopes and the intercepts are related to the coefficients by:

Ay, = bu,/bv, (80)

ﬂu,,v, =8y, "Gy, Qy, ., (Sb)

Thus the a’s serve to constrain the relative water coefficients, whereas both the a’s and the #’s
constrain the oxygen contributions at the respective frequencies.

Our results strongly confirm the linear correlation suggested by equations (4) and (7).
Figures 3-5 show the results of our Berkeley measurements. Each point on the figures corresponds
to the average measured atmospheric temperature during a sequence (4-6 points). Since the number
of measurements made over a sequence is small, the standard deviation of the data may not in
some cases give one a good idea of the statistical error. To overcome this, statistical errors were
averaged over a set of consecutive measuring sequences. The resulting averages were then summed
in quadrature with the system noise fluctuations.

The fluctuations due to the variability of the atmospheric conditions, i.e. relative humidity,
are evident in these figures. Average clear-night values of the atmospheric antenna temperature
are 2.54+0.29 K, 12.4%0.3 K, and 34.340.5 K, in order of increasing frequency. Since there are
obvious deviations resulting from higher order terms and possible attenuation and scatter by liquid
water [Ulaby, 1981], the best-fit lines are drawn through the points representing clear weather. At-
tenuation due to liquid water theoretically should be observable at some level since the attenuation
due to liquid water and the attenuation due to water vapor (dominated by the empirical term)
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have different dependencies on frequency [Ulaby, 1981]. Unfortunately, the low number of points
taken during foggy or cloudy nights as well as the scatter and large errors in the ones that were
taken prevent us from obtaining a quantitative result for the coefficients of the higher order terms
(W?) or the extra attenuation resulting from liquid water. The scatter of these points as well as
their large uncertainties reflect the spatial and temporal variability of the atmospheric conditions
on time scales smaller than the time it takes to perform a set of measurements (4~6 minutes).

The errors quoted in the figures represent quadrature sums of best-fit uncertainties and
systematic errors. To calculate the systematic uncertainty of these measurements we have consid-
ered two general types of errors: those which would merely shift the line without affecting its slope;
and those which would change the scale (stretch or shrink) thereby changing the slope and the
intercept. The first type of error (offset errors) includes uncertainties in the physical temperature
of the atmosphere (leading to an uncertainty < 16 mK at each frequency), atmospheric scale height
(< 15 mK), pointing angles (< 45 mK), sidelobe contributions (< 20 mK) and mirror emissivity
(< 60 mK). The second type (scale errors) include uncertainties in the gain (< 2%) and beam
pattern (< 1%).

Figures 6-8 show our results for our White Mountain measurements. Generally, the average
statistical fluctuations of a given sequence were larger than the noise of the system. Quite noticable
in these figures, especially in Figure 8, are the regions corresponding to various weather conditions,
i.e. clear weather (lower left), foggy weather (middle region), and cloudy weather (upper right
hand corner}. Typical values of the atmospheric antenna temperature during good weather ranged
between about 1.02-1.47 K at 10 GHz, 3.95-7.05 K at 33 GHz, and 9.1-13.8 K at 90 GHz. These
measurements are consistent with other measurements made at White Mountain about the same
time of year. At frequencies of 9.4 GHz [Wilkinson, 1967] and 35 GHz [Stokes et al., 1967], the
measured vertical atmospheric antenna temperatures ranged from 1.32to 1.49 K and 5.71 to 7.68 K,
respectively. Ewing et al. [1967] reported their measurements of T4 4¢m (0) at 32.5 GHz to lie in the
range 3.29-5.59 K. More recently Partridge et al. [1984] measured the atmospheric contribution at
9.4 GHz to range from 0.89 to 1.23 K. Although the measurements by Stokes et al. and Wilkinson
seem to be a little high, as noted by Partridge et al. [1984], they still fall within the ranges we
observed during clear weather.

Figures 6-8, especially Figure 8 where the effect should be most noticable, do not reveal
any clear indications of additional attenuation due to higher-order terms or due to liquid water.
However, the large scatter in the points and the lack of significant amounts of bad-weather data
prevent us from drawing any strong conclusions.

One test of the self-consistency of our results is the condition (by definition) on the slopes
that within experimental error,

010133038290 =1. (9)

10,90

Fo

For our Berkeley measurements, F, = 0.95 4 0.10. Our White Mountain results yield the value
F, =0.99 4 0.12. Both of these values indicate a good self-consistency.

5. DISCUSSION

The calculations displayed in Figures 1 and 2 result from a program based on the model by
Waters [1976] modified to account for first-order interference effects [Rosenkranz, 1975] among the
60 GHz oxygen complex lines. The non-resonant term derived by Rosenkranz was also used. The
calculations use the 1976 Standard Atmosphere [NOAA et al., 1976] for the altitude dependencies
of pressure and temperature. For the atmospheric emissions at an altitude of 250 m this model



Quantity Experimental Value Calculated Value
These Results

10,33 0.1720.01 0.13
Bro,33 0.310.2 1.2
10,90 0.047-:0.004 0.022
10,00 0.940.2 1.8
33,90 0.2640.01 0.18
Ba3,90 3.2740.15 4.89

Table 1: Comparison of Results with Theoretical Expectations for an altitude of
250 m. Measurements were performed in Berkeley, California. The #’s are in units
of Kelvin.

yields:
10.0 GHz : Ta,atm(0) =2.01 +0.065W

33.0 GHz : Ta,um(0) =6.89+0.516W - (10)
90.0 GHz: Taatm(0) =10.1+2.80W. :
Using relations (8a) and (8b), we may compare these values to the measured correlations. Table 1
summarizes the measured values and the model calculations for an altitude of 250 m.
For an altitude of 3800 m our model yields:

10.0 GHz: Ta,4tm(0) = 0.894 +0.044 W
33.0 GHz: Taam(0) =2.98 +0.366 W (11)
90.0 GHz: Ta,um(0) = 4.55 + 2.18W.

These are to be compared with previous calculations by Partridge et al. [1984] since a very similar
model was employed. Partridge et al. [1984] obtained the following results for an altitude of 3800 m:

10.0 GHz: Ta,a¢m(0) = 1.048 + 0.040W
33.0 GHz: Taatm(0) = 3.182 4 0.360W (12)
90.0 GHz: T4 utm(0) = 4.706 + 2.197W,

with uncertainties of 100 mK, 200 mK and 500 mK, respectively. Our calculations agree well with
the calculations of Partridge et al. The major discrepancies lie in the oxygen terms since different
non-resonant terms were used. More recent calculations ( Liebe, personal communication, 1985),
using for the most part relations and data presented in Liebe [1981], yield

10.0 GHz: Taam(0) = 1.046 + 0.041W |
33.0 GHz: Taatm(0) = 3.361 + 0.458 W (13)
90.0 GHz: Ta,atm(0) = 5.385 + 2.195W.
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Quantity Experimental Value Calculated Value
Partridge et al. Liebe These Results
10,33 0.118+0.008 0.111 0.090 0.120
Bo,33 0.5940.09 0.70 0.35 0.54
10,90 0.028+0.003 0.018 0.019 0.020
B10,90 0.82+£0.14 0.96 0.95 0.80
33,90 0.244:0.01 0.16 0.21 0.17
Ba3,00 1.87+0.13 2.41 2.24 2.21

Table 2: Comparison of Results with Theoretical Expectations for an elevation of
3800 m. The #’s are in units of Kelvin.

As one can see, these calculations agree fairly well with each other except for the water contributions
at 33 GHz and 90 GHz and the oxygen contribution at 90 GHz. The uncertainties in the interference
coefficients and the incomplete understanding of the excess water absorption limit the accuracy of
these equations especially at the higher frequencies. By eliminating W from equations (11-13), we
can compare these calculations with our experimental results. Table 2 summarizes the measured
and calculated values for an altitude of 3800 m.

Our measurements in themselves do not allow one to ascertain directly the oxygen and water
contributions at each frequency. We must have some foreknowledge of at least one a, and one b,.
Tables 1 and 2 reveal that the agreement between the model calculations and our measurements is
rather mixed. One notices that the agreement is better at the lower frequencies which are farther
removed from the oxygen and water lines. The major discrepancies in Table 2 may explained if
the calculated water attenuation at 90 GHz is too large. A value of 9o = 1.54 K/mm-water
for our model (11) would result in substantial agreement for all of the slopes and intercepts. An
overestimate of the water contribution at 90 GHz could be caused by the Gaut and Raufenstein
empirical term, which differs from that of Liebe [1981; personal communication, 1985], especially

“1in its frequency dependence.

The oxygen contribution at 10 GHz is dominated by the non-resonant term. The contri-
butions as calculated by Partridge et al. and by Liebe (equations 12 and 13) are consistent with
the lowest atmospheric emission measured at 10 GHz (1.02£0.12) whereas our calculations, using
the non-resonant term of Rosenkranz, reveal a contribution somewhat lower but not necessarily
inconsistent with our measurements. Previous low-frequency measurements (< 10 GHz) also in-
dicate that the Rosenkranz non-resonant oxygen term underestimates the oxygen attenuation at
these frequencies (see Figure 2).

That Table 2 shows much better internal agreement than Table 1 could also partly be
explained by the empirical term. One notices that all of the calculated slopes in Table 1 are
much smaller than the measured values. This again perhaps reflects a tendency for calculations to
overestimate the water contribution, but this time not just at 90 GHz.

Although an overestimate of the water contributions would account for many of the dis-



crepancies observed in Table 1, substituting the measured slopes into equation (8b) reveals further
discrepancies presumably due to the oxygen terms. The uncertainty in the temperature depen-
dence of the linewidths of the oxygen lines could in part account for the discrepancy [Rosenkranz,
1975]. As Lam notes [1977], the validity of the impact approximation, especially for water vapor
at higher pressures, is also somewhat questionable. The insolvability of many-body problems in
quantum mechanics presently hinders calculations which do not use the impact approximation.
That the impact approximation is more justifiable at lower pressures could account for both the
agreement between the measured and calculated values in Table 2 and the.disagreement of the val-
ues in Table 1. Interference effects (calculated by Rosenkranz to the first order) perhaps increase
the discrepancies shown in Table 1. Another more tangible cause of the discrepancy between our
measurements and calculations, especially at higher frequencies, could be the uncertainty in the
interference constants for the oxygen lines (Danese, unpublished, 1984). Indeed Liebe [1981] notes
that for at least two transitions the specific attenuation as calculated using Rosenkranz’s first order
theory become negative for frequencies larger than 160 GHz. :

In general, our White Mountain results and our Berkeley results both reflect the need for
an increased understanding of the microwave spectral behavior of the atmosphere. The discrepancy
between the experimental and calculated values of the relative oxygen and water vapor dependen-
cies could be the result of many factors. The most obvious shortcoming of existing theories is
the inability to explain the excess absorption observed in the window regions. An overestimated
water attenuation appears to be the major source of discrepancy between calculated and measured
correlations, especially at higher frequencies. Although many measurements of atmospheric atten-
uation and emission under 100 GHz already exist [Crane, 1981], the simultaneous nature of our
measurements will provide very good constraints on future models of atmospheric attenuation and
emission, especially in the window regions where the discrepancy is the greatest.
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LIST OF CAPTIONS

Figure 1: Calculated and measured vertical atmospheric emission as a function of frequency
at an altitude of 250 m. Measurements were performned in Berkeley, California during clear weather.

Figure 2: Calculated and measured vertical atmospheric emission as a function of frequency
at an altitude of 3800 m. Solid circles denote our measurements and open circles denote previous
measurements [Wilkinson, 1987; Stokes et al., 1967; Ewing et al. 1967; Mandolesi et al., 1984; Sironi
et al., 1984]. All measurements were performed at the White Mountain Research Station during the
summer. Solar hygrometer measurements performed in 1983 indicate that the precipitable water
content is closer to 3 mm during clear summer weather.

. Figure 3: Vertical atmospheric temperature at 10 and 33 GHz as measured from 250 m
above sea level (Berkeley, CA). The best-fitting line drawn through the clear-weather data has a
slope of 0.17 £ 0.01 and an intercept of 0.3 0.2 K.

Figure 4: Vertical atmospheric temperature at 10 and 90 GHz as measured from 250 m
above sea level (Berkeley, CA). The best-fitting line drawn through the clear-weather data has a
slope of 0.042 + 0.004 and an intercept of 0.9 0.2 K.

Figure 5: Vertical atmospheric temperature at 33 and 90 GHz as measured from 250 m

above sea level (Berkeley, CA). The best-fitting line drawn through the clear-weather data has a
slope of 0.26 £+ 0.01 and an intercept of 3.27 +0.15 K.

Figure 6: Vertical atmospheric temperature at 10 and 33 GHz as measured from 3800 m
above sea level (White Mountain, CA). The best-fitting line drawn through the data has a slope of
0.12 4+0.01 and an intercept of 0.59 + 0.09 K.

: Figure 7: Vertical atmospheric temperature at 10 and 90 GHz as measured from 3800 m
above sea level (White Mountain, CA). The best-fitting line drawn through the data has a slope of
0.028 £ 0.003 and an intercept of 0.82 + 0.14 K.

. Figure 8: Vertical atmospheric temperature at 33 and 990 GHz as measured from 3800 m
above sea level (White Mountain, CA). The best-fitting line drawn through the data has a slope of
0.24 £ 0.01 and an intercept of 1.87+0.13 K.
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Measured and Calculated Atmospheric Emission at Sea Level
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Figure 1: Calculated and measured vertical atmospheric emission as a function of frequency
at an altitude of 250 m. Measurements were performed in Berkeley, California during clear weather.
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Measured and Calculated Atmospheric Emission at 3.8 Km
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Figure 2: Calculated and measured vertical atmospheric emission as a function of frequency
at an altitude of 3800 m. Solid circles denote our measurements and open circles denote previous
measurements [Wilkinson, 1967; Stokes et al., 1967; Ewing et al. 1967; Mandolesi et al., 1984; Sironi
et al., 1984]. All measurements were performed at the White Mountain Research Station during the
summer. Solar hygrometer measurements performed in 1983 indicate that the precipitable water
content is closer to 3 mm during clear summer weather.
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MEASURED ATMOSPHERIC TEMPERATURE AT 10 AND 33 GHZ
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Figure 3: Vertical atmospheric temperature at 10 and 33 GHz as measured from 230 m
above sea level (Berkeley, CA). The best-fitting line drawn through the clear-weather data has a
~ slope of 0.17 £ 0.01 and an intercept of 0.3 £ 0.2 K.
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MEASURED ATMOSPHERIC TEMPERATURE AT 10 AND 90 GHZ
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Figure 4: Vertical atmospheric temperature at 10 and 90 GHz as measured from 250 m
above sea level (Berkeley, CA). The best-fitting line drawn through the clear-weather data has a
slope of 0.042 3 0.004 and an intercept of 0.9 £0.2 K.
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MEASURED ATMOSPHERIC TEMPERATURE AT 33 AND 90 GHZ
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Figure 5: Vertical atmospheric temperature at 33 and 90 GHz as measured from 250 m
above sea level (Berkeley, CA). The best-fitting line drawn through the clear-weather data has a
slope of 0.26 + 0.01 and an intercept of 3.27 £0.15 K.
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MEASURED ATMOSPHERIC TEMPERATURE AT 10 AND 33 GHZ
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Figure 6: Vertical atmospheric temperature at 10 and 33 GHz as measured from 3800 m
above sea level (White Mountain, CA). The best-fitting line drawn through the data has a slope of
0.12 - 0.01 and an intercept of 0.59 £ 0.09 K.
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MEASURED ATMOSPHERIC TEMPERATURE AT 10 AND 90 GHZ
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Figure 7: Vertical atmospheric temperature at 10 and 90 GHz as measured from 3800 m
above sea level (White Mountain, CA}). The best-fitting line drawn through the data has a slope of-
0.028 £0.003 and an intercept of 0.82+0.14 K. :
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MEASURED ATMOSPHERIC TEMPERATURE AT 33 AND 90 GHZ
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Figure 8: Vertical atmospheric temperature at 33 and 90 GHz as measured from 3800 m
above sea level (White Mountain, CA). The best-fitting line drawn through the data has a slope of
0.24 +£0.01 and an intercept of 1.87+0.13 K.
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