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One year of near-continuous water vapor radiometer (WVR) measurements at
DSS 13 has provided a database for characterizing the Goldstone tropospheric delay
properties in a statistical sense. The results have been expressed in terms of the
Allan standard deviation of delay and compared to a previous model for Goldstone
fluctuations and the specifications of the Cassini Gravitational Wave Experiment
(GWE). The new WVR data indicate that average fluctuation levels at hour time
scales or less are ^30-percent lower than the earlier Goldstone model predictions. At
>l-h time scales, the WVR indicated fluctuation levels are in closer agreement with
the model, although noise floor limitations may be artificially raising the average
WVR-derived atmospheric fluctuation levels at the longer time scales. When scaled
to two-way Doppler tracking at 20-deg elevation, as will occur for the GWE, these
results indicate that Goldstone winter tropospheric delay fluctuations will typically
be a factor of 10 larger than the GWE requirements at 1000 s and a factor of 4
larger at 10,000 s.

\. Introduction
Variations in the atmospheric path delay due to fluctuations in water vapor density are a major, if

not the dominant, error source in dual-frequency or high single-frequency [e.g., Ka-band (32 GHz)] radio
metric measurements such as very long baseline interferometry (VLBI) and Doppler spacecraft tracking.
The current model for the spatial and temporal fluctuations of vapor density at Goldstone [1] indicates
that the error budget requirements for the Cassini Gravitational Wave Experiment (GWE) cannot be met
for any time scales from 100 to 10,000 s without an independent calibration of the vapor-induced delay
fluctuations along the signal link line of sight. The fluctuation model is based on relatively small water
vapor radiometer (WVR), VLBI, and radiosonde data sets from the three DSN sites and does not include
sufficient sampling to characterize diurnal and seasonal variations. For the purpose of Cassini GWE
planning, it is clearly desirable to assess the accuracy and variability of the current Goldstone fluctuation
model. An improved, more detailed model will facilitate evaluation of the GWE tropospheric calibration
error budget, since demands on a number of components of the calibration system scale linearly with the
level of fluctuations.

Since October 5, 1993, the JPL R6 WVR has been operating almost continuously at Deep Space Station
(DSS) 13, obtaining sky brightness temperature measurements at frequencies of 20.7 and 31.4 GHz. Data



processing through September 1994 has been completed, providing a rich data set for characterizing
vapor-induced path delay fluctuations on all time scales >200 s and determining variations with time
of day and season. The WVR does not measure dry air delay variations. However, because the vapor-
induced fluctuations are much larger than the dry fluctuations at all time scales, the WVR measurements
essentially characterize the total effect of atmospheric refractivity fluctuations. This article describes
the WVR results primarily in terms of zenith path delay variability, using the Allan standard deviation
(ASD) parameter [2]. In Section II, brief instrument and operation descriptions for the R6 WVR will be
presented. Pertinent details of the WVR processing are presented in the Appendix. Results are presented
in Section III. After displaying the daily and monthly averaged path delay time series for the year's data,
emphasis is placed on the ASD of the measured delays over time intervals relevant to the Cassini GWE,
200 to 12,800 s. Seasonal and day/night contrasts are illustrated. Section IV discusses implications for
the Cassini GWE tropospheric calibration effort, and Section V summarizes the results.

II. R6 WVR Instrument Description and Operation
The R6 water vapor radiometer (Fig. 1) is a two-channel instrument that measures sky brightness

temperatures at 20.7 and 31.4 GHz. Design specifications are described in detail in [3]. For each channel,
the IF bandwidth is 100 MHz (double side band) and the antenna beamwidth is 7 deg with beam efficiency
equal to 99.9 percent for ±15 deg around beam center. The mechanical mount allows elevation scanning
from horizon to horizon and azimuth scanning over «85 percent of the full circle. Both the elevation and
azimuth slewing rates are ~3 deg/s. Estimated elevation position accuracy is 0.5 deg. Estimated absolute
antenna temperature accuracy is 0,5 K, based on tip curve calibration and correlations of gain variations
with measured instrument temperatures (see Appendix). The measured 1-s antenna temperature noise is
«0.06 K, and this value is characteristic of the precision of 1-s measurements over time scales of minutes
or less. At longer time scales, instrument temperature variations cause gain changes that cannot be
perfectly monitored in the processing, leading to a reduction in precision. Based on previous experiments
with side-by-side WVRs,1 antenna temperature precision of 0.1 K has been estimated over time scales of
hours. A more detailed discussion of the WVR calibration processing is given in the Appendix.

At the DSS-13 site, the R6 WVR is deployed on the northeast corner of the control building, ap-
proximately 400 m from the 34-m DSN antenna. It has operated since October 5, 1993, in a continuous
tipping-curve mode that provides calibration monitoring in clear weather and sky brightness temperature
measurements for all nonraining conditions at elevation positions of 30, 42, 90 (zenith), 138, and 150 deg.
If alternating azimuths are specified in the operating program, then four azimuth positions are sampled
for each of the nonzenith elevation positions (since the 138- and 150-deg positions are equivalent to the
30- and 42-deg elevations but at opposite azimuth). The complete tip curve elevation sequence is 30,
42, 90, 138, 150, 138, 90, 42, and 30 deg, requiring «4 min to complete. Most of the time is spent in
the changing of elevation positions, during which time no sky measurements are obtained. At each fixed
elevation position, 1 s of sky integrations are obtained for each channel with the receiver switched to the
feedhorn, followed by 1 s of base count measurements (each channel) obtained with the receiver switched
to an internal ambient reference load. This sequence of measurements provides absolute gain calibration
by effectively using the known cosmic background brightness temperature as a cold target and the internal
reference load as an ambient target. Details of the tip curve calibration formulation are included in the
Appendix.

Using derived gain functions, updated every 3 days, zenith brightness temperature time series were
computed by averaging the two 90-deg elevation sky and base counts of each tip curve and applying the
radiometer calibration equation (Appendix). Thus, each brightness temperature comprised 2 s of sky
integration over a ~4-min interval with effective AT noise of wO.04 K.

1 S. J. Keihm, Water Vapor Radiometer Intercomparison Experiment: Platteville, Colorado, March 1-14, 1991, JPLD-8898
(internal document), Jet Propulsion Laboratory, Pasadena, California, 1991.



Fig. 1. R6 water vapor radiometer deployed at
Goldstone DSS 13.

III. Results

A. Path Delay Time Series

The WVR-measured 20.7- and 31.4-GHz zenith brightness temperatures from October 1993 through
September 1994 were converted to a Goldstone zenith path delay (PD) time series using the retrieval
algorithm described in the Appendix. A 1-month segment of the 4-min sampled PD time series is shown
in Fig. 2. The September 1994 interval was chosen because it exhibits the full range of Goldstone
conditions and some of the most rapid large-scale variations seen in the data. (The missing data through
September 6 are due to an operational failure that commenced on August 26.) Path delay variations
of 5 to 10 cm are seen to occur over time scales of hours on the 8th, 10th, 17th, 24th, and 27th of the
month. There is also a week-long interval of extremely dry conditions (PD «5 cm) followed by a week
of much more humid conditions (PD wll cm). The September data illustrate the potential variability
of Goldstone summer conditions. Winter conditions are generally drier and more stable, as illustrated
in the January results (Fig. 3). Typical winter path delays are in the 3- to 5-cm range, with occasional
fluctuations to the wlO-cm level.

Daily-averaged path delays for the entire 1-year data set are shown in Fig. 4. Both clear and cloudy
conditions are included in the averaging over 24-h intervals. Seasonal variations are apparent. Large
fluctuations occur throughout the year, although their durations appear much shorter during the winter
months. The measured path delay annual mean for Goldstone is 6.4 cm. The average 24-h standard
variation is 0.9 cm.

B. Path Delay Fluctuation Statistics

The Allan standard deviation is useful for distinguishing the relative contributions of true path de-
lay fluctuations from WVR instrument effects. It is also the parameter used to define the requirements and
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Fig. 2. WVR-derived zenith wet path delay at DSS 13,
September 1994.
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Fig. 3. WVR-derived zenith wet path delay at DSS 13,
January 1994.

goals for tropospheric delay calibration for the Cassini GWE. For a time interval At, the ASD for vapor-
induced delay, 6, is denned as

f ([6(t + 2At) - 2<5(t + At) + 6(t)]2)
1/2

(1)

in s/s where <> denotes ensemble averaging, 6 = PD/c is the delay in s, and c equals the speed of light.
Equation (1) essentially characterizes the nonlinear variability of the delay or, equivalently, the variability
after any linear trend is removed.

The ASD of delay may be calculated from the WVR measurements, by the application of Eq. (1)
after the brightness temperature measurements have been converted to the delay variable. The results
to be presented are based on «24-h intervals of continuous clear weather data only. Clouds do not add
a significant component to the delay or delay fluctuations. However, they do contribute significantly to
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Fig. 4. WVR-derived daily and standard deviation of zenith path delay at
DSS 13, October 1993 through September 1994.

the brightness temperature measurements of both WVR channels. Because clouds have spatial structure
comparable to and smaller than the WVR beams, path delay retrievals under cloudy conditions are
inherently "noisy," and it is difficult to differentiate between the true variability that would be seen by a
DSN antenna and the WVR-measured variability that is contaminated by the beam-smearing effects.

When only clear weather data are included, the path delay variability can be calculated using only the
20.7-GHz brightness temperature measurements. ASD values have been computed for At values of 200,
400, 800, 1600, 3200, 6400, and 12,800 s using «24-h WVR data intervals from October 1993 through
September 1994. The continuous clear weather TB20.7 data sets were first interpolated at 200-s intervals
to facilitate the computations of Eq. (1). The results are shown in Figs. 5(a) through 5(d) for four of
the time scales that nearly span the intervals of interest (100 to 10,000 s) for the Cassini GWE. The
At = 200-s data include a +22-percent correction that accounts for the suppression of the ASD due to
each sample being the average of two zenith measurements wlOO s apart.2 At longer time scales, the
effect is negligible. Also shown in the plots are the previous model for the Goldstone mean fluctuations
and the WVR ASD measurement noise floor that would be produced by the estimated precision (varying
with Ai due to gain fluctuations) of the individual TB20.7 measurements.

The "Goldstone model" refers to the Kolmogorov turbulence model for atmospheric refractivity varia-
tions [1] and the derived annual mean structure constant parameter for Goldstone [4]. The basic assump-
tions are that the magnitude of vapor-induced spatial variations in refractivity vary with the 1/3 power
of distance, and that temporal variations are caused by spatial variations that are translated over a site
by the wind. The constant of proportionality between the fluctuations' magnitude and the 1/3 power of
distance is called the structure constant, CV, and its value, for a given level of delay variability, depends
on the assumptions of effective troposphere height and wind speed. Based primarily on VLBI measure-
ments, and assuming effective tropospheric height and wind speed of 2 km and 8 m/s, the Goldstone
model is characterized by a structure constant of CN = 7 • 10~8 m"1/3 and has been used to calculate
the "Goldstone Model" fluctuation levels referred to in Figs. 5 through 7.

The first clear impression from the Fig. 5 results is that the WVR-measured average Goldstone fluc-
tuations are significantly lower than previously modeled, especially at the shorter time scales. The WVR

2 R. Linfield, Jet Propulsion Laboratory, Pasadena, California, provided the calculations for assessing the effect of two-
sample averaging on the 200-s time scale ASD measurements.
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Fig. 5. WVR-derived Allan standard deviation of one-way zenith path delay at DSS 13, October 1993 through
September 1994. Each data point represents the ASD calculated from =24 hours of continuous cloud-free
measurements: (a) Af = 200 s, (b) Af = 800 s, (c) Af = 3200 s, and (d) Af = 12,800 s.

data indicate that the October 1993 through September 1994 mean fluctuation levels were «30- to 35-
percent lower than the previous Goldstone model at time scales <1 h. At the longer time scales, the
current WVR results approach the Goldstone model in terms of all-season average.

In examining the results shown in Figs. 5 (a) through 5(d), it is important to keep in mind that the
WVR measurement "noise" floor determines a lower bound of measurable tropospheric fluctuations. For
the ASD measurements, contributions from the instrument and troposphere add in quadrature, so that
data close to the true measurement noise floor only place an upper bound on the true tropospheric
component. The measurement noise floors shown in Figs. 5(a) through 5(d) are estimates based on the
inherent instrument noise temperature, integration time, and gain stability. At all time scales, a significant
fraction of the data is dominated by instrument variations, and the true atmospheric fluctuation levels lie
below the indicated noise floors. Thus, "average" conditions as determined by the WVR measurements
will always be biased high, dependent on the true instrument noise floor.

The second conclusion inferred from the WVR ASD results is that there are large seasonal variations
in the average fluctuation levels and large scatter throughout the year. To derive an updated Goldstone
model with seasonal dependence, the data of Fig. 5 have been averaged by month, as shown in Fig. 6.
Also shown in Fig. 6 are monthly averaged ASD results for subsets of the original 24-h intervals, including
only the 9 p.m. through 5 a.m. local nighttime measurements. As expected, the night-only fluctuations
show a general reduction in fluctuation levels relative to the 24-h data, with the effect most pronounced
at the shortest time scales. However, the day/night contrast is strongly seasonally dependent, with the
largest differences during the summer months and almost no difference during the November through
February time frame, when overall fluctuation levels are lowest.
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Fig. 6. Monthly averaged Allan standard deviation of one-way zenith path delay at DSS 13. The "night" data
refer to calculations that used only 9 p.m. through 5 a.m. local time WVR measurements: (a) At = 200 s,
(b) At = 800 s, (c) At = 3200 s, and (d) At = 12,800 s.

IV. Implications for Cassini GWE
The WVR-derived results for Goldstone path delay fluctuations, with seasonal and day/night depen-

dencies, provide a means for assessing the troposphere's expected impact on radio metric measurements.
For the Cassini Gravitational Wave Experiment, planned for Goldstone during winter months, the de-
tection threshold will be limited by uncalibrated troposphere delay fluctuations. The importance of
the effect is illustrated by comparing the measured average fluctuations for Goldstone with the Cassini
specifications3 of tolerable uncalibrated fluctuation levels, as shown in Fig. 7. The WVR-derived fluc-
tuation levels have been recomputed to account for the two-way Doppler tracking mode of the GWE at
20-deg elevation, the lowest elevation angle to be used in the experiment. For time scales >200 s, the
tropospheric fluctuations scale approximately linearly with air mass, resulting in a factor of 3 increase for
20-deg elevation relative to zenith. For At intervals <« t^r/2, where £RT is the GWE round-trip travel
time, the two-way ASD is « ^2 times the one-way ASD. For At « IRD, the one-way and two-way ASD
values are equal. For At » t/jT) the two-way/one-way ASD ratio approaches a value of 2. The net
effect of converting the modeled and measured one-way zenith ASD values shown in Fig. 6 to two-way
20-deg elevation fluctuation levels, shown in Fig. 7, is an increase by a factor of «4, with the results not
significantly sensitive to the signal round-trip travel time. The selected value of tRT — 6400 s is near the
average for the planned GWE measurements.

For time scales from 200 to 1000 s, average winter conditions at Goldstone will require a calibration
correction of a factor of wlO to meet the GWE requirements at 20-deg'elevation. At 10,000 s, the average

3 Cassini Radio Science Ground System D-Level and Cost Review (internal document), Jet Propulsion Laboratory,
Pasadena, California, February 27, 1995.
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winter fluctuation levels exceed the GWE requirements by a factor of 4. To meet the GWE goals, the
tropospheric calibration requirements will be 4 times more stringent at all time scales. Expressed equiv-
alently, at the 200- to 1000-s time scales, the GWE requirement/goal at 20-deg elevation will necessitate
an independent tropospheric calibration system that removes 90/98 percent of the expected level of fluc-
tuations. At the longest GWE time scales, the demands on the calibration system will be less severe
but still require measurements with significantly greater stability than now obtainable from the current
generation of water vapor radiometers.

V. Summary
One year of near-continuous WVR measurements at DSS 13 has provided a database for characterizing

the Goldstone tropospheric delay properties in a statistical sense. For the period from October 5, 1993,
through September 30, 1994, the mean zenith wet path delay was 6.4 cm with an average standard
deviation of 0.9 cm over 24-h intervals. The path-delay time series data revealed expected seasonal
dependencies with frequent large day-to-day variations, especially in the summer months.

Calculations based on «24-h intervals of clear data produced wet delay fluctuation levels over 1 full
year, expressed as the Allan standard deviation of zenith delay. Compared to the previous Goldstone
model, the annually averaged WVR results are 30- to 35-percent lower for all time scales from 200 s
to 30 min. For time scales of wl to 4 h, the WVR-Goldstone model differences decrease from w25 to
0 percent. The apparent convergence between the WVR results and the previous Goldstone model at the
longest time scales may be partially attributed to the noise floor of the WVR measurements.

Seasonal variations of ±30 to 40 percent from the annual mean ASD occur at all time scales, with
the November through March period lowest and the June through September period highest. Day/night
contrasts are apparent during the summer months, for which 9 p.m. through 5 a.m. fluctuation levels are
20- to 30-percent lower than the 24-h averages. No significant day/night contrasts were revealed in the
November through March time frame. For clear conditions, it is not expected that the annual or seasonally
averaged Goldstone fluctuation levels will vary significantly from year to year. Based on the annual
repeatability of clear weather 31-GHz atmospheric noise measurements from the Madrid DSN station,4

4 S. J. Keihm, B. L. Gary, and S. J. Walter, Spain 31 GHz Observations of Sky Brightness Temperatures: June 1990-June
199S, JPL D-10710 (internal document), Jet Propulsion Laboratory, Pasadena, California, October 1, 1992.



an upper limit of w!5 percent is estimated for year-to-year variations in the average Goldstone fluctuation
levels. Since almost a second full year of Goldstone WVR data is now available, the representativeness
of the new Goldstone model can be tested.

Comparisons of measured fluctuation levels with the Cassini G WE error budget reveal that an advanced
calibration system must be implemented to meet the GWE requirements and approach the GWE goals
at all time scales. For expected winter conditions, the calibration system must remove up to 98 percent of
the tropospheric signal, dependent on time scale and elevation angle, to approach the GWE goals. This
will require a nearly order-of-magnitude improvement relative to current WVR instrument stability.
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Appendix

WVR Data Processing

Conversion of radiometer detector counts to sky brightness temperatures requires the determination
of a system gain and offset and the monitoring of any variation of these parameters with time. Offset is
provided by the detector response to an internal reference load of known temperature. Gain is provided
by extrapolating the tip curve data to determine the detector response to the known cosmic background
flux:

,-, _~ ^ •>• base ~ (-'•L cos

where CToase are the base load (reference) counts for base temperature Tbase, and CTCOS are the extrap-
olated antenna counts for a target temperature of Tcos. In the actual calibration processing, both gain
and atmospheric opacity are determined together by requiring the brightness temperature (TB) values
obtained from the antenna counts versus elevation data to fit the air mass dependence predicted by the
simplified form of the radiative transfer equation, assuming a horizontally stratified atmosphere:

r TT3IH/ f \ T ^J-base ~ ^•Lsky(M) , — M r \ , rn n-Mr /A n\
TB(M) = Ibase -- -^ - = Te/f • (1 - 6 J + lcos ' 6 (A-2)

Lr

where M = I/ sm(el) is air mass, r is the zenith opacity, Tejj is the effective radiating temperature of
the atmosphere, and CTsky(M) are the elevation-dependent detector counts when the switch is set to the
antenna position. Given the sky counts for M = 1.0, 1.5, and 2.0, Eq. (A-2) can be solved iteratively
for both T and G. Gain results are insensitive to uncertainties in Teff. For all of the Goldstone R6
processing, a value of Te// =285 K was used.

Departures from horizontal stratification, primarily in the atmospheric distribution of water vapor,
contribute scatter to the clear weather tip-curve gain determinations. Variations of instrument com-
ponent losses with ambient temperature cause significant gain variations on longer time scales. These
effects are smoothed and monitored by correlating tip-derived gains with each channel's mixer tempera-
ture. The estimated resultant gain precision is «0.03 percent («0.1 K in TB) over time scales of hours.
Absolute accuracies for both channels are estimated at the 0.5-K level, with the major uncertainties due
to uncorrected detector nonlinearities and beam-smearing effects on the tip gain determinations. For the
Goldstone R6 data, gain function fits were performed for three-day tip data sets. The three-day intervals
were chosen as a compromise between the considerations of processing labor and the time variability of
gain fit parameters.

Brightness temperatures computed from the first equality of Eq. (A-2) are converted to path delay
using a statistical algorithm based on radiosonde data from Desert Rock, Nevada, a site with comparable
climatology and nearly the same surface elevation as Goldstone. Using the zenith brightness temperature
results from both the 20.7- and 31.4-GHz channels, both integrated cloud liquid (I/z) and vapor-induced
path delay (PD) are computed:

Lz(p,m) = -146 - 8.81 • TB2o.7 + 22.99 • TB31A (A-3)

PD (cm) = -4.95 + 0.374 • TB20.7 + 0.358 • TB31A for Lz < 100 (A-4)
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PD (cm) = -1.24 + 0.695 • TB2o.7 - 0.333 • TB3i.4 for Lz > 100 (A-5)

For clear conditions, path delays can also be computed from the single-channel (20.7-GHz) brightness
temperatures:

PD (cm) = -2.83 + 0.524 • TB2o.7 (A-6)

Estimated errors in derived path delay values are ±0.5 cm (absolute) for clear conditions and ±0.8 cm
for cloudy (Lz > 100) conditions. The precision of path delay variations is estimated to be «0.05 cm
over hour time scales and is not sensitive to the retrieval algorithm uncertainties.
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