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ON THE DETERMINATION
OF ATMOSPHERIC PATH LENGTH
BY PASSIVE MICROWAVE RADIOMETER

william J. Webster, Jr.
ABSTRACT

The Pacific Plate Motion Experiment (PPME) will use inte ometry tech-
nigues to make precise measurements of geophysical e . At the level of
aceuracy required, the puth length error due to the neutrea. tover utmosphere
makes a signiticant contribution to the error budget of the inerferometer
measurements, In vrder to better define the needs of the PPME, this review
and studv was prepared.

A review ol previous work shows that, while very iittle hus been published on
the small-scale distribution of the atmospheric water vapor, the lurge-scale
distribution of water vupor is known to vary significantly over time scuales as
short as 20 minutes. This variation in water vupor content is the main source
of the changes in j-ath length error at a particular site,

It is shown thut the current "state of the art” in pussive microwave radiometry
ullows 4 very precis® measurement of the brightness temperuture of the sky.
It is also noted that the technulogical requirements of radiometers ure very
different from the requirements of radio astronumy. The technology has heen
used in the construction of radiometers which are sufficient for use in the path
length correction problemn.

A simulation study shows that, when combined with surface meteorology daty,
passive microwave radiometer data will allow a determination of the path
length correction to better than 2 em at the zenith, By 2 careful choice of
frequencies, a dual frequency system will allow a measurement of the path
length correction to better than 4 cm ut zenith angles as great as G0°., Be-
cause of the wide range of weather conditions to be expected for the PPME
sites (which include Alaska, Hawaii aud Massachusetts), it will probably be
necessury to use a separate correction algorithm for each site.

iii



CONTENTS

Page

1. THE PATH LENGTH PROBLEM ., .. .. C 8 s e e e e e e e 1
1I, THE CURRENT STATE OF INSTRUMENT DEVELOPMENT FOR

PASBSIVE MICROWAVE RADIOMETRY . . . v v v ¢ v v o s s 0 4 4 9
i, A SIMULATION STUDY OF THE PPME REQUIREMENTS FOR

PATH LENGTH MEASUREMENTS , , . . . v v ¢ v ¢ 5 ¢ o 002+ 12
ACKNOWLEDGMENTS - * [ ] L * L] [ [] * . L[] L] [] » L) . [ ] * L] [ . ['] - . * L) 19
BIBLIOG™APHY ... ... e s e e e e e e e e e e e v e e e s 20

FRECEDING PACE BLANK NOT FILMED



Figure

1

ILLUSTRATIONS

Attenuation Speetrum for the Entire Atmosphere under
Cloud'Fl"eeconditions. I T L T T R B R I I L T T T )

Brighiness Temperature Spectrum Corresponding to

Figul'EIQGtactlnooooolvoolllIC'li-oltu

Neormalized Weighting Functions for Frequencies Around the

22,235 GHz Water Vapor Line. . . . « ¢ v v v v o o v v v 0 o
Block Diagram of a typical NEMS Receiver, . . . . .. .. ..

Bloek Diagram of the TV 990 Sky Tewmperature Radiometer . ,

vi

Page

7
11

13



TABLES

Table
1 Accuracy of Path Length Determination and Correlation
Ol Monsurements . . « + ¢ « ¢+ ¢ s 2 0806600608840
2 Influence of Surface Meteorology Instruments on Accuracy. .
3 Behavior of the Frequency Pairs for Off-Zenith
Observations . . . . . e
4 Inversion of U,S. Standard Atmosphere . . . .. .. .. ¢ & 8

5 Error and Individual Correlations for the 18 GHz, 21 GHz
AndBRONHE THDIM . . » o v v 0 5 o5 50 59 TR T S

vii



I. THE PATH LENGTH PROBLEM

The atmospheric path length differs from the geometric path length because of
the Influence of the index of refriaction of the atmosphere. If T is the vector
from the observer to the object of interest, the difference between the geo-
metric and apparent path length (R) is given by:

= b
R=!m ) dF (1)

where the observer is at point a, the object is at point b and n is the index of
refraction.

Any precise measurement of a length within the atmosphere requires a correc-
tion for the path length error due to the atmosphere, Obviously, the impor-
tance of the correction increases as the geometric path length increases until
the ent re atmosphere is included. For example, the path length correction
for the zenith direction through the ¢ntire atmosphere is about 2, 2 meters for
frequencies around 3 GHz,

in this paper, we will deal with the problem of path length corrections in the
1.4 GHz to 10 GHz frequency range. As contrasted with the optical problem or
the millimeter wavelength problem, the following conditions hold:

1. Dispersive (i.e., frequency dependent) effects are negligible. Calcu-
lations show that at most 10 °of the path length correction at 10 GH~
is due to dispersive effects,

2. Clouds are nearly transparent, Except for the highest frequencies,
even heavy rain clouds are not opaque,

3. The dominant influence on the variation of the path length is the dis-
tribution of atmospheric water vapor and its changes. As we will see,
the index of rcfraction of the dry atmosphere is relatively constant,
while the index of refraction due to water vapor is highly variable,

In a sense, the dry atmosphere sets the average path length error
while the water vapor is responsible for the variations.

Bean and Dutton (1966) have shown that the radio refractive index can be ap-
proximated by:

(2

—



where e is the partial pressure of water vapor (mb), T is the temperature

("K) and P is the atmospheric pressure (mb), A and B are constants (A = 77.6
Qgr

Fﬁ%' B = 4810 “K), Substituting into (1) and using the ideal gas law

vields, for the zenith direction:

x10 °

Riem) =0.277 Plo) + (_:'”” dh (1)
1< (h)

(1]

where h is the altitude above the surface (em) and C is a constant,

Clearly, at a minimum, the surface pressure and the altitude distributions of
water vapor and temperature are required to determine R,

Of the approximately 2,2 m of typical path length, equation (3) shows that
about 1.5 meter is due to the d»v atmosphere. Since seasonal variativus of
the partial pressure of water vapor can be as much as 1007 there can be vari-
ations of nearly half a meter in the water vapor contribution to the correction,

Numerous studies have obtained approximations to the path length correction
based on atmospheric statistics ard surface meteorological measurements
(i,e., Hopfield, 1971; Marini and Murrayv, 1973). The conclusions have usu-
ally been that the correction schemes are accurate to about 2 em for the
zenith, However, a recent study (Goad, 1974) shows that, when the various
formulations are used for a site which was not included in the original statis-
tical ensemble, the predictions are accurate to 5 ¢m at best for the zenith and
become progressively noorer as the zenith angle increases, Since the contri-
bution of the atmospheric path length error to the accuracy of the PPME base-
line measurements can be considerable, it is necessary to measure the path
length correction to 2 em or better accuracy at the zenith,

Because of the difficulty of implementing active sounding techniques near a
high sensitivity receiver, radar-type systems cannot be used to measure the
path length correction., Because clouds are opague to visible and infrared ra-
diation, optical sounders will not measure the entire geometric path except for
clear sky conditions, We are therefore restricted to passive microwave tech-
niques to evaluate the path length correction.

The microwave spectrum of the earth's atmosphere contains two spectral line
complexes of importance for the path length problem. A measure of the dis-
tribution of water vapor (and thus e(h) ) can be obtained from observations
around the 22, 235 GHz water vapor line. Similarly, a measure of the temper-
ature and pressure distributions can be obtained by observations around the



60 GHz oxvgen band, In each case, the quantum physics of the line formation
is sufficiently well understood that the uncertainties in the atmospheric para-
meters dominate the uncertainties in the transition rates over most of the
‘ange of conditions of interest to us.

In Figure 1, we give the attenuation spectrum for the whole atmosphere to il-
lustrate the contributions of the various components of the atmosphere, Note
that the residual H,O attenuation is due to the 183, 6 GHz water line. Further,
over the region of interest to us (1.4 to 10 GHz) the frequency dependence of
the absorption is small (in a cloud free case), In Figure 2, we give the bright-
ness temperature spectrum corresponding to Figure 1. Note that the atmos-
phere is opaque within the 60 GHz oxvgen band due to pressure broadening,
The 22,235 GHz water vapor line is still partially transparent, however, In
order to observe the contributions from the higher altitudes, it is necessary
to make use of the line wings particularly for the oxvgen band,

The time dependence of the atmospheric index of refraction, and therefore the
path length correction, is dominated by the variations in atmospheric water
vapor content, The variations in the atmospheric water vapor content can be
thought of as corresponding to three levels of spacial structure:

1. Macrostructure: Tvpical sizes are of the order kilometers, These
structures correspond to meteorological phenomena such as "ber-
muda' highs and large cyclones,

2. Mezzostructure: The characteristic size of these structures is a lew
hundred meters. These structures correspond to typical clouds and
are the principal cause of atmosphere-induced fringe phase fluctua-
tions with short-baseline (1-5 km) interferometer systems,

3. Microstructure: These structures are a few meters or less across
and are the cause of non-ionospheric scintillations. It should be
pointed out that the division into size regimes is strictly arbitrary,
Except for stable cells, a continuum of sizes is almost always
present,

Only a relatively limited body of information has appeared on the characteris-
tics of the various size scales, This is particularly true for the microstruc-
ture. It is important that additional observations be obtained so that the de-
tailed importance of each effect be determined.

Current remote sensing systems directed toward sateliite applications are
concerned mostly with the macroscale water vapor structure, Various

3
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experiments (i, e, , Rosenkranz et al, 1972; Staelin et al, 1973; Wilheit et al,
1975) show that the variation of precipitable water between two macrostruc-
tures, while typically 1/2 to 1-1/2 gm/em? , can be as great as 4 gm /em’
The time scale for this change depends on the speed of the struet'. e's move-
ment and can be as short as 20 minutes or as long as several hours. Path
length (Manges of nearly 12 meter can occur in his period, The fronts which
bound the high and low pressure reglons often hwve a lavered structure due to
the intrusion of warm air into cold air and vice versa, As a result, the region
of the boundary between macrostructures is often a region of rapid and loca -
tion dependent path length changes,

Short baseline interferometer observations provide the best data on the mezzo-
structure, It is possible, for example, to determine bhoth the size distribution
and motion of water vapor "cells" by observing the time correlation of phase
fluctuations for several baselines of a 2 en interferometer (Hinder, 1970;
Basart et al, 1970; Wesseling et al, 1944, These studies show that the mez-
zostructure causes path length variation of between 0, 1 em and 5 em and the
charactevistic size i between 300 and 1200 meters with a median size of 700
meters (Hinder and Ryle, 1971), Since such structure is observed to occur at
1 - 2 km and seems to move with the winds at altitude, we need to make meas-
urements with a time scale as short as 5 seconds to distinguish the fastest
moving of the cells,

The microstructure is respon<ible for tropospheric scintillatiens. Virtuaily
nothing has appeared regarding the nature of such structure but it is .ikely
that microstructure represents local index of refraction variations within a
cloud and perhaps corresponds to turbulent eddies, It would be difficult to
separate the ionogphere and tropospheric scintillations in the wavelength range
of interest to us since the two species of irregularities will vield similar angu-
lar fluctuation spectra, Frequency dependences would be required to affect a
separation,

The proccdurve for determining the path length correction from passive micro-
wave observations must of necessity be a statistical one. This results from
the lack of perfect corrvelation between the distributions of meteorological vari-
ables and the measured brightness temperatures. Radiative transfer calcula-
tions show that individual 'requencies have an altitude response that peaks at
an altitude which depends on the frequency distance from the two major line
complexes, An example of these dependences, called weighting functions, is
given in Figure 2, Here we plot the normalized weighting function:

\\"Ihl? a, (h) U"!()(h) 4)
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where o is the absorption coefficient as a funetion of altitude at frequency »
and P H.O is the water vapor density as a function of altitude (after Staelin,
?

1966), As can be seen, the emission due to atmospheric water vapor at any
particular frequency comes mostly from a layer about 15 km thick,

The inversion procedure must include all relevant processes and must treat
the radiative transfer problem in detail. The prinzipal confusing effect in the
frequency range of interest is the distribution of liquid water, The liquid
drops in typical clouas make a very minor conteibution to the path length since
their size distribution contains no drops larger than about 50 mm. However,
the contribution of the liquid water to the atmospheri~ brightness temperature
can be over 1007 of the liguid free value, Therefore, the path leng*h correc-
tion scheme must correct for the influence of the liquid water on the bright-
ness temperiature measurements,

The inversion scheme is arranged so that the influence of radiometer noise
and the lack of per ' * correlation between the measured brightness tempera-
tures and the pa* . < _rs of interest are both treated, The details of the sta-
tistical inversion procedure are given in Gaut et al (1972), Briefly, the para-
metorg of interest are obtained by a matrix uperntlon-

BT (5)

where | is the vector of derived quantities, d is a vector of linear combina-
tions of the observations and D is the matrix which performs the inversion,

The inversion matrix D is obtained by a statistical analysis of the computed
brightness temperatures for a serieg ol observed atmospheres whose proper-
ties span the range of atmospheric conditions of interest, The advantage of
this approach is that the parameter vector p must be an improvement over a
parameter vector derived wholly from local statistics. The result of having
noisy brightness temperatures or of having no measurements is to force p to-
ward the loecal statistical value, Modifications of this simple scheme are re-
quired to account for non-linearities and to avoid a singular D but these modi-
fications are based on sound statistical principles,

An anaivsis of this type can also be us»d as the basis of a simulation study to
find the best instrument configuration and predict the ultimate accuracy ob-
tainable, Schaper et al (1970) have performed such a study for a specific fre-
quency complement (22, 24, 52, 60 and 53,65 GHz' and found that, together
with surface meteorological variables (humidity, temperature and pressure),

a radiometer system with 0, 2°K accuracy permits a determination of the zenith



path length correction to 1,1 em. A similar study will be reported in Section
1.

"I, THE CURREMNT STATE OF INSTRUMENT DEVELOPMENT FOR PASSIVE
MICROWAVE RADIOMETRY

Instruments employed in passive radiometry will seem insensitive by the
standards of present day radio astronomy, In # radiometer, sensitivity is
usually less important than ahbsolute stability and nccuracy; a useful radiometer
for a remote sensing system must have exceedingly great stability and an ac-
curacy (reproducibility) substantially better than most conventional radio as-
tronomy recetvers. Thus, an entirely different set of design criteria is re-
quired for passive microwave radiometry.

Front end amplifiers, such as parametric amplifiers, cannot be applied to
radiometer receivers because their gains cannot be determined with sufficient
accuracy and their absolute stability cannot be controlled. The traditional
noife tube calibration, even when attenuated to the same level as the incoming
signal, is useless because the absolute thermodynamic scale is not repeatable
even when the noise tube remaing on countinucisly. Further, it is extremely
difficult to determine the attenuation of a precision attenuator to the accuracy
required for use with a noise tube calibration,

For these anu other reasons, remote sensing radiometers are normally mixer
receivers with Di~ke switching. Latching ferrite circulators are used for
swit. hing and the untire radiometer is normally contained in a temperature
controlled enclosure, Both the Dicke load and the enclosure are usually main-
tained at a temperature slightly above ambient to improve thermal stability
even though this may incrcase the power requirements,

Instrumental calibration usually proceeds in two ways, In the first procedure,
the radiometer input (usually a horn antenna at the frequencies of interest tc
us) is surrounded by an enclosure of Eccoscrb or similar microwave black
body material of known temperature and the radiometer output is observed.
This yields a calibration point at high brightness temperature (perhaps 280°k).
The input is then immersed in a similar enclosure containing boiling liquid
nitrogen. This yields a calibration point at low temperature (77°k). Tempera-
ture coefficients for the various waveguide and switch losses are obtained by
observing the high brightness temperature load while the physical tempera-
tures of the components vary. These measurements serve to set the absolute
levels of the components independent of measurements of the sky brightness
temperature.



To handle variations in the eftective gain during observations, the tempera-
tures of all the temperature dependent components in front of the Dicke switch
are monvitored by thermistors., Additionally, a latching circulator is incated
immediately aft of the antenna so that calibration loads can be switched into
the signal path in place of the antenna, In modern receivers, these louds are
always chermally compensated resistors. In the many systems, one is at a tem-
perature higher than the highcat brightness temperature expected while the
other is lower than ine lowest expected brightiess temperature, Should it
prove impossible to obtain a low calibration low enough, it is necessarv to de-
pend on a linear receiver characteristic to extrapolate two high calibiations
downward.

In the past, satellite instruments have used either a radiation cooled toad or
else a horn viewing "ecold" space to obtain a low reference, Grourd based and
aireraft instruments have used a boiling liquid nitrogen reference, A precision
load and platinum resistance thermometer are immersed in a Dewar containing
the boiling liquid nitrogen. Boiling liquid nitrogen has the advantage that the
temperature is set by a phase transition whose temperature is very stable as
lon , as atmospheric condiiions (pressure) are reasonable. Thus thermal gra-
dients are suppressed. FPurther, the thermal capacity of liquid nitrogen is not
s0 high as to be a hazard unless one insists ca being "aggressively stupid. "

Both varieties of referver ¢ loads must be carvefully temperature controlled so
that their emissivily is invariant and their temperatures are well defined., In

praciice, the best systems allow gradients in the loads of 0. 1% at most. Thig
has proved to require consideruble care but has vielded the advantage that the
cold load Dewar nced not be filled for nearly 5 hours.

In the rest of this section, we will discuss the characteristics of two instru-
ments which illustrate these design considerations, There are the microwave
spectrometer now in operation on Nimbus 5 (NEMS) and the 37 GHz sky tem-
perature radiometer used on the NASA CV 990 during the Bering Sea
Experiment,

The Nimbus 5 microwave spectrometer (NEMS) consists of five 250 MHz band-
width receivers centered at 22, 235 GHz, 31.4 GHz, £.1,65 GHz, 54. 90 GHz and
58,30 GHz. The purpose of the experiment is to sound the temperature, pres-
sure and woter content of the atmosphere in nearly all weather conditions
(Staelin et al, 1972; Staelin et al, 1973). Each receiver is a load-switched,
double-sideband, superheterodyne receiver with a relative accuracy of 0,1 -
0.2%. In Figure 4, we give a block diagram of a typical NEMS receiver. The
two calibration loads ave maintained at 2157k and 296°k while the Dicke refer-
ence load is maintained at ambient temperature. The instrumental time

10
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constant is about 2 seconds and the calibrations are observed every 266 sec-
onds. The horn antennas used at each frequency yield a beamwidth of 10°,

The CV 990 sky temperature radiometer was used to det2rmine the liquid
water content of clouds (Wilheit et al, 1975) and for correcting surface emis-
sion measurements for reflected sky emission (Webster et al, 1975). A block
diagram is given in Figure 5. The cold load is in boiling liquid nitrogen,
while the hot load is maintained at about 300°k., The rms uncertainty in the
measured sky temperature is 0, 9°k for a 1 second integration, Because of the
need for the highest possible absolute accuracy, the instrument only views the
sky for 1/3 of the time. The remaining time is spent viewing the hot and cold
loads. It should be pointed out that the cold load has performed without any
difficulty even Juring short high-g turns and zero-g maneuvers,

II1. ASIMULATION STUDY OF THE PPME REQUIREMENTS FOR PATH
LENGTH MEASUREMENTS

Using the techniques outlined in Section I, we have simulated the performance
of a path length measurement system and so optimized the choice of frequen-
cies for the final sensor package, This study is based on a formulation devel-
oped by T, T. Wilheit and T. C., Chang for the Seasat Phase A Study (1973) and
the reader is referred to the Phase A report for details.

To summarize, the atmosphere i8 divided into 100 layers, The sensor pack-
age is assumed to include surface temperature, pressure and humicity meas-
urements as well as microwave radiometers, The microwave sky tempera-
tures were calculated from tho best current transition probabilities and line
formation theory. The atmospLare models were taken from the Handbook of
Geophysies and Space Environments and span the range from arctic to tropical
conditions. Cloud models were selected to span the range of most cloud types.

Before reviewing the results, it is appropriate to summarize the implicit and
explicit assumptions:

1.  The Handbook atmosphercs are assumed to span the conditions of in-
terest, Thus temperature inversions and other deviations from the
models are not treated. In addition, temporal variations were not
treated.

2. Cloud attenuations have been assumed to depend only on the total lig-
uid water content and Ravleigh scattering has been assumed.

12
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3. The wet and dry components have not been separated, The integral
has been approximated by a sum,

4. The radiometers have been assigned an rms measurement noise of
0.5 k. The sccuracy requirements for the meteorological sensors
will be discussed below,

5. It has been assamed that errors in the line formation theory make no
contribution,

We first examine the results for zenith observations, The first major conclu-
sion is that the most obvious frequency set (22, 235 GHz, either 18 or 31.4 GHz
and 53. 29 GHz) together with surface meteorology measurements (humidity,
pressure, temperature) determine the correction with an rms accuracy of 1. 8
em, In agreement with Wilheit and Chang (1973) and Schaper et al (1970), we
find that, if the 53, 29 Gz channel is not included, the error increases to 2,2
em,

As 1 test of the necessivy of lower frequency channels, the 8,4 GHz off -source
measurements from the pronosed PPME continuum receiver were included
with the 18, 22,235, 53, 29 triplet. If the sky brightness temperature is meas-
ured with an rms noise of 0,17k, the accuracy improves by a small amount
(0.1 cm).  Alternatively, if the more conventional rms noise of 0. 5°k occurs,
the error (ucreases by 9,2 ¢cm, Therefore, unless the sky brightness temper-
ature is measured to the accuracy level of the best current radiometcrs (i.e. ,
the NEMNS experiment; ee Section 11), the 8,4 GHz channel does not signifi-
cantly improve the determination,

An iterative scheme wias used to select the best pair of channels near the

22, 235 GHz water vapor line, The scheme shows that, regardless of the sec-
ond frequency, the water vapor line frequency should be about 1 GHz from the
line center, i.e,, either 21 or 23 GHz. An improvement of 0.2 - 0.3 em re-
sults depe ding on the gecond frequency. This is as expected since the per-
centage contribution to the total brightness temperature by higher altitude wa-
ter vapor is greater off the iine center, The region about 1 GHz from the line
center is an effcetive compromise between the need to measure the high alti-
tude water vapor and the need to have a high signal-to-noise ratio,

The second frequency is required to be at least 2 GHz away from the near-line
frequency. Since the second frequency gives the correction for the presence of
liquid water, within limits, the farther it is from the near-line channel, the
lower the errvor is. The limit is set on the low frequency side by the need for
a high signal-to poise retio and is about 17 GHz, The limit is set on the high

14



frequency side by the increasing contribution from the oxygen band at 60 GHz,
and is about 40 GHz,

In Table 1, we give the rms error in the path length determinations and the
total correlation between the measurements and the path length for a selection
of the frequency pairs which show the lowest errors. Note that the 18 and 19
GHz pairs . ve essentially identical. An extension to 31 Gilz results in a slight
improvemeni. Because of the sharpness of the local minimum in the sky
brightness ten:perature between the water vapor line and the oxygen, moving

1 GHz or more away from 31 GHz notably degrades the performance.

Table 1

Accuracy of Path Length Determination and Correlation of Measurements

Frequency Pair RMS Error Correlation

(GHz) (Cm) (%)
18 21 2.23 97.5
19 21 2.19 87.6
25 21 2.20 97.5
18 23 2.20 97.6
19 23 2.19 97.6
25 23 2.20 97.6
31 21 2.19 97.6
31 23 2,19 97.6

The above calculations have assumed that along with the microwave measure-
ments, the surface humidity is measured to 5%, the rurface pressure to 1 mb
and the surface air temperature to 2°K. Since the cos. of surface meteorolog-
ical instruments is a very strony function of the desired measurement accu-
racy, the contribution of improved accuracy for the meteorological instruments
must be determined. To illustrate the change in performance for improved ac-
curacy in the instruments, we give in Table 2 accuracies and correlations for
the 18 GHz - 21 GHz pair as the accuracy of the metesrology instruments im-
proves. Table 2 shows that the ultimate accuracy contribution of the meteor-
ology instruments increases much more slowly with instrumental accuracy

15



Table 2

Influence of Surface Meteorology Instruments on Accuracy

Assumed Meteorology Path Length H Per:ent
Ervor Error Correlation Improvement

Humidity o'l 2.23 em 97.4% --
Air Temperature i K
Pressure Zmb
Humidity 3% 2,04 em 97.4% 8%
Alr Temperature 'K
Pressure ImbH
Humidity 29 2.0 em . 97.4% 109
Air Temperature ! 'K
Pressure 0, bmb
Humidity 2% 1.98 em 97. 4% 11%
Air Temperature .0, K
Pressure . O0linb

) S | ;

than the cost. For example, according to T. A, Clark (personal communica-
tion), the cost of the last set of instruments is a ‘actor of nearly ten higher than
the cost of the third get, Accordingly it is not cost-effective to obtain the ac-
curacy ievel of the last set in the table, It is however desirable to obtain the
acouracy level of the third set since this yvields an improvement of 107 for an
estimated cost increment of about a factor of 2 (T, A. Clark, personal
communication).

We next address the oif-zenith problem. The calculations show that the path
length varies with the sccant of the zenith angle to high accuracy. This is as
expected since the pach length is the equivalent of the optical air mass which
also varies as the secant of the zenith zagle, "he inversion study shows that
the error also scales roughly as the secant. Ir Table 3 we give the errors and
correlations for some of the frequency pairs of Table 1 for zenith angles of 45°
and 607,

Clearly, by 60" zenith angle, the error has reached an unacceptably high level.
The PPME goal calls for an accuracy of no worse than 4 cm total at large
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Table 3

Behavior of the Frequency Pairs for Off-Zenith Observations

Frequency Pair z2=45" z=60°
(GHz) Error Correlation Error Correlation
(Cm) (%) (Cm) (%)
18-21 4,22 05,2 6.00 95. 1
19-21 4,24 95. 1 6,11 94.9
25-21 4,39 94.8 6,21 94,8
18-.3 4,28 95.0 6.24 94. 7
19-75 4.34 94,9 6.43 94. 4
25.23 4.46 94. 6 6. 50 04,2
31-21 4.21 95,1 5.99 95.1
31-23 4,14 95.3 6,28 94, 6
[ e ——— —

zenith angles. The question arises as to how much of the error is due to the
wide span of atmospheric conditions included in the analysis. In the preceding
analysis, the total range of atmosphere models covers conditions from clear
polar winter to humid cloudy tropic summer. We now restrict the range of at-
mosphere models to mid-latitude conditions. For each case in Table 1 and 3,
the errors are cut by a factor of 2. To illustrate the improvement, we have
calculated the 19 and 21 GHz brightness temperatures and path length for the
U.S. standard atrmosphe.e and performed the inversion. Since the U.S. stand-
ard atmosphere represents the average U.S. conditions, we expect that the in-
version will recover the calculated path length to high ac~uracy. As Table 4
shows, this is the case even for heavy clouds. Therefore, it may be necessary
to develop the regression constants for each of the PPME sites fron 1easured
atmospheric conditions which span the total range of conditions at the site,

Analyses were also made for three frequency schemes to indicate the influence
of the increased path length as the zenith angle rises, The two lower frequen-
cies were fixed at 18 GHz and 21 GHz while the third frequency ranged from 37
to 60 GHz. The region from about 55 GHz to 60 GHz made no contribuvtion to
the inversion since the atmosphere is opaque within the oxygen band. In the
region from 37 to 50 GHz, the contribution is of the same order as at 31 GHz
and becomes progressively worse as the frequency rises. In the region between
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Table 4

Inversion of U, 8, Standard Atmosphere

19 GHz, 21 GHz Surface Pressure, Ilumldllv. Air Temperature
z=0" ! 0.1 em No Clouds 0. 1 em Heavy Clouds
z=45" _}_ 0.6 em No Clouds 0.7 em Heavy Clouds

50 and 55 GHz, the brightness temperature is proportional to the temperature
and pressure distributions. Therefore, the error decreases somewhat for a
third frequency in this range. As the zenith angle increases, the correlation
of the third frequency decreases. This is due to the atmosphere becoming op-
tically thick at the larger zenith angles between 50 and 55 GHz, To illustrate
this, we give in Table 5 the errors including correlations for the 1% GHz, 21
GHz, and 53 GHz triplet for zenith, 45° and 60" zenith angle.

Table 5

Error and Individual Correlations for the 18 GHz, 21 GHz and 53 GHz Triplet

[ Zenith Angle B Error Correlations (%)
(Degwos) (Cm) 15 GHz 21 GHz 53 GHz
r——-- —————
0’ 1.8 Cm 84% 57% 83%
45 % 84% 57% 50%
60" 5.8 S4% 57% 20%

Thus, a system which will measure the path length correction to the required
accuracy should be configured as follows:

1. At least two microwave radiometers (18 GHz, 21 GHz) with 0,5 K rms
noise and 1°K long term stability., If a third frequency can be accom-
modated it should be about 53 GHz.

2. Surface meteorology instruments which measure relative humidity to
2, air temperature 1 K and pressure to 1.0 mb.
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