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Atmospheric Media Calibration
for the Deep Space Network
Automatic calibration systems have been developed for tracking spacecraft

on inter-planetary missions; the systems account for communication

delays due to atmospheric effects.

By Yoaz E. Bar-Sever, Christopher S. Jacobs, Stephen Keihm, Gabor E. Lanyi,

Charles J. Naudet, Hans W. Rosenberger, Thomas F. Runge,

Alan B. Tanner, and Yvonne Vigue-Rodi

ABSTRACT | Two tropospheric calibration systems have been

developed at the Jet Propulsion Laboratory (JPL) using

different technologies to achieve different levels of accuracy,

timeliness, and range of coverage for support of interplanetary

NASA flight operations. The first part of this paper describes an

automated GPS-based system that calibrates the zenith tropo-

spheric delays. These calibrations cover all times and can be

mapped to any line of sight using elevation mapping functions.

Thus they can serve any spacecraft with no prior scheduling or

special equipment deployment. Centimeter-level accuracy is

provided with 1-h latency and better than 1-cm accuracy after

12 h, limited primarily by rapid fluctuations of the atmospheric

water vapor. The second part describes a more accurate line-

of-sight media calibration system that is primarily based on a

narrow beam, gain-stabilized advanced water vapor radiome-

ter developed at JPL. We discuss experiments that show that

the wet troposphere in short baseline interferometry can be

calibrated such that the Allan standard deviation of phase

residuals, a unitless measure of the average fractional

frequency deviation, is better than 2 � 10�15 on time scales of

2000 to approximately 10 000 s.

KEYWORDS | Calibrations; Deep Space Network (DSN); GIPSY;

GPS; interplanetary; navigation; spacecraft; troposphere; very

long baseline interferometry (VLBI); water vapor radiometer (WVR)

I . INTRODUCTION

The delays experienced by radiometric signals due to

refractive index variations in the Earth’s troposphere can

be a limiting error source in spacecraft tracking, very long

baseline interferometry (VLBI), and radio science applica-

tions. Detailed studies of present-day operational space-

craft tracking techniques (Doppler, range, and VLBI)

indicate that the uncalibrated troposphere delay is a major
source of astrometeric error [1]. Radio science experi-

ments, such as the Cassini gravitational wave experiment,

that involve signal propagation between Earth and the

spacecraft will be affected by the tropospheric phase

fluctuations and require accurate calibration [2]. VLBI

astrometric measurements indicate that the coherence

time of observations is limited and the delay-rate is

dominated by the phase fluctuations induced by the Earth’s
troposphere [3], [4]. To address these tropospheric errors,

the Jet Propulsion Laboratory (JPL) has developed two

troposphere calibration systems using different technolo-

gies to serve different levels of need for accuracy,

timeliness, and range of coverage.

Section II describes an automated GPS-based system

that calibrates the zenith troposphere to support Deep

Space Network (DSN) tracking of NASA-JPL interplane-
tary spacecraft. These calibrations cover all times and can

be mapped to any desired line of sight using appropriate

elevation mapping functions. Thus they can serve any DSN

user without requiring any prior scheduling or special

equipment deployment. They provide centimeter-level

zenith-equivalent accuracy with 1-h latency and better

than 1-cm accuracy after 12 h, limited primarily by the

inhomogeneous distribution and rapid fluctuations of the
atmospheric water vapor.

Section III describes a complementary system for

calibrating the fluctuating line-of-sight wet delay using
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JPL’s advanced media calibration system (MCS). This
system is composed of surface metrological equipment, a

microwave temperature profiler (MTP), and a water vapor

radiometer (WVR). At radio frequencies, the refractivity

fluctuations due to water vapor are significantly larger

than for hydrostatic air. Due to high refractivity fluctua-

tions and inhomogenous distribution in the atmosphere,

water vapor is primarily responsible for the tropospheric

phase fluctuations. The thermal emission from the
tropospheric water vapor may be measured along a given

line of sight on the sky by a water vapor radiometer [5].

These WVR measurements along with other MCS data can

be used to deduce the time-dependent delay along the

same line of sight, potentially improving the accuracy of

spacecraft tracking, radio science measurements, and the

coherence of high-frequency VLBI [6]–[9]. To support the

Cassini project radio science experiments, JPL developed a
narrow-beam gain-stabilized advanced water vapor radi-

ometer optimized to calibrate the tropospheric fluctuations

with high accuracy on the timescales of 100–10 000 s. This

system can be deployed in advance for the most demanding

DSN applications in order to obtain the most precise

calibrations possible at cost of increased latency in delivery

of the calibration.

II . ZENITH TROPOSPHERE
CALIBRATION SYSTEM

NASA’s Deep Space Network supports tracking and

navigation of an ever-increasing number of interplanetary

spacecraft: 15 to 20 are presently being tracked. All of

these require reliable, low-cost calibrations for the delay

experienced by spacecraft tracking signals due to variable
tropospheric refraction, typically with centimeter-level

zenith-equivalent accuracy, in order to reduce the effect of

this potentially limiting source of error in spacecraft

trajectory determination [10]. Spacecraft near planetary

encounters or trajectory correction maneuvers often

impose a further requirement for latency time of one day

or less.

In response to these needs, JPL has developed an
automated system that uses Global Positioning System

(GPS) data and the JPL GIPSY-OASIS II software1 to create

continuous calibrations of the zenith troposphere delay

(ZTD) at the DSN tracking sites in Goldstone, CA; Madrid,

Spain; and Tidbinbilla, Australia. Users can then map the

zenith calibrations to their lines of sight using appropriate

elevation mapping functions [11].

The accuracy of ZTDs derived from GPS data depends
strongly on the accuracy of the GPS orbit and clock

parameters, which in turn depends on the quality and

global distribution of the available GPS data from the

ground tracking network. Therefore, GPS orbits and clocks

and ZTD data derived from the earliest available GPS data

are generally less accurate than products created later
when a better selection of GPS data is available. This

system extends previous work done at JPL [1] by utilizing

real time and rapid service GPS orbit and clock products to

provide centimeter-level ZTD accuracy with 1-h latency

and subcentimeter accuracy with 12-h latency.

A. Data Processing Description
ZTD estimates for the DSN tracking sites are derived

with two cadences: hourly, which creates the most prompt

ZTD data possible, and daily, which creates more accurate

data with longer latency. Both the hourly and daily processes

estimate the ZTD every 5 min at each tracking site.

Both the hourly and daily ZTD estimation processes use

JPL’s precise point positioning Kalman filter approach

[12], which allows rapid determination of a site’s position,

clock, and tropospheric delay parameters using previously
determined GPS orbits and clocks. Dual-frequency GPS

phase measurements are selected once every 5 min and are

also used to smooth the GPS pseudorange measurements

to the 5-min mark. The site position is estimated daily as a

constant. The receiver clock is modeled as a white-noise

process with updates at every measurement epoch. The

zenith tropospheric delay is modeled as a random walk

with unconstrained a priori and is mapped in elevation
using the Niell hydrostatic, or dry, mapping function. A

two-parameter delay gradient is also estimated as a random

walk process [13]. The stochastic properties for the ZTD

and gradient parameters were derived to optimize position

repeatability for a large set of sites. An elevation angle

cutoff of 7.5� is used to limit multipath errors while pro-

viding enough low-elevation data to extract the gradient

parameters [13].
GPS data are collected from the global tracking

network operated by member organizations of the

International Global Navigation Satellite Systems Service

(IGS) as they become available. Not all sites are providing

data in time for the hourly or daily processes. All DSN

sites, however, are providing GPS data in real time. The

hourly process uses the last 6 h of GPS data from the DSN

sites with real time GPS orbit and clock products produced
by the NASA Global Differential GPS (GDGPS) System.2

The hourly ZTD estimates are accurate at the 1-cm level

rms (less than 0.5% of the DSN zenith path delays, which

range from 2.04 to 2.42 meters) and are available within

one hour.

The daily solution uses global GPS data covering a

30-hour span centered on noon of each day to minimize

data edge effects. Data from some sites are available within
minutes while others are not available until hours later.

This process begins automatically when a 45-site network

with sufficient data quality and global distribution becomes

available and typically completes 12 hours after the end of

the day. The network data are used to estimate Rapid

1http://www.gipsy.jpl.nasa.gov/orms/goa/index.html. 2http://www.gdgps.net/.
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Service GPS orbit and clock parameters [10], which are
then fixed in the DSN site ZTD solutions. The daily ZTD

estimates are accurate to better than 1 cm rms.

Next, DSN barometric pressure data are used to

separate the ZTD data into wet and dry (hydrostatic)

components. The hydrostatic delay is caused by the

induced dipoles in all atmospheric gases and the wet

delay is caused by the permanent dipole of water vapor.

The Niell hydrostatic and wet mapping functions [11],
shown in Figs. 1 and 2, are used to map the zenith delay to

the desired elevations. The hydrostatic component typi-

cally accounts for about 90% of the total delay and is highly

predictable based on the surface pressure, while the wet

delay, although relatively small, is highly variable and

unpredictable. The zenith hydrostatic (commonly referred

to as Bdry[) delay is determined to better than 2 mm rms

by the pressure data, which are accurate to 0.3 mbar rms
[5], [14]. The hydrostatic (dry) delays are adjusted from

the altitude of the barometer to the altitude of the GPS

antenna (see, e.g., [15]) and subtracted from the ZTD to

obtain the wet delays. The dry delays are then readjusted to

the altitude of the local 70-m antenna, which is the

reference height for the calibrations.

Finally, polynomials are fitted to the zenith wet and

dry delay time series to facilitate interpolation in time.
Each polynomial applies to a specific site and time span

(typically 6 h). The fits employ overlapping data spans to

reduce edge effects, and collectively cover all times at

each DSN site. The rms postfit residuals are typically 0.5–

1.0 mm for the wet delay and 0.2–0.5 mm for the dry

delay, as illustrated in Fig. 3. These are insignificant since

they add in quadrature with the larger estimation errors.

The last two steps are done just before the calibrations
are delivered in order to include the most recent data

possible. All available ZTD data are processed into

calibrations at that time. The hourly data that are used

one day are superseded by new daily data the next day, and

the affected calibrations are recalculated.

B. Results
Due to the delivery latency requirements, the DSN

zenith tropospheric delay estimates are based on GPS

orbit and clock parameters determined from a subset of

the IGS worldwide GPS receiver data. However, allowing

for a latency of about 14 d, one can also estimate the

tropospheric delays based on the definitive IGS orbit and
clock parameters. A reasonable consistency check of the

accuracy of the DSN ZTD estimates is their level of

agreement with estimates of tropospheric ZTD based on

the definitive IGS orbit and clock products. The IGS

ZTD estimates have been shown to be in agreement with

WVR measurements at the level of 5 mm [16].

Fig. 4(a)–(c) shows the daily ZTD estimates and the

IGS final product for 22 days from March 22 through
April 12, 2007, at the three DSN tracking sites. Table 1

lists statistics of the point-by-point differences for each

site; the rms difference is less than 5 mm in all cases.

Fig. 5(a)–(c) shows the DSN hourly ZTD estimates and

the IGS final product for three days from March 26

through March 28, 2007. (Unfortunately, the hourly

estimates are not routinely saved after they are superseded

by the subsequent daily estimates.) Table 2 lists statistics of
the point-by-point differences; the rms difference is well

below 1 cm in all cases. These results are consistent with

the expected differences between JPL Rapid Service orbits

and clocks and JPL GDGPS orbits and clocks [17].

Another indicator of the precision of the daily ZTD

estimates is the difference between successive days’

estimates of the ZTD at the day boundary. Table 3 lists

the rms ZTD Bday jump[ for each DSN site for the
year 2006.

C. Summary for Section II
High-quality GPS-based ZTD estimates are derived at

both hourly and daily intervals in support of flight

operations for the Deep Space Network. The use of real-

time and rapid service GPS orbit and clock products

Fig. 2. Wet–dry mapping percent difference.

Fig. 1. Niell wet and dry mapping functions.
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permits centimeter-level ZTD accuracy with 1-h latency

and subcentimeter accuracy after 12 h.

III . THE CASSINI MEDIA
CALIBRATION SYSTEM

JPL developed an advanced MCS to support the Cassini

radio science experiments. The Cassini spacecraft was

launched in 1997 and arrived at Saturn in 2004. Radio

science experiments were performed during its cruise

phase (early 2001). The Cassini gravitational wave exper-

iment (GWE) has been described in detail by Armstrong
[18] and Tinto and Armstrong [2]. Detailed studies of the

GWE error budget [19], [20] pointed to atmospheric delay

fluctuations as the dominate error component on time

scales greater than 100 s. Thus the sensitivity of the GWE

was limited by the ability to calibrate out atmospheric delay

fluctuations. Since almost all the power in the atmospheric

delay fluctuations at frequencies less than 0.01 Hz is due to

the water vapor, the principle instrumentation used for
calibration is a water vapor radiometer.

An advanced water vapor radiometer, shown in Fig. 6,

was developed at JPL and is described in detail by Tanner

[21]. Off to the right in the background of Fig. 6 one can

see the microwave temperature profiler. The microwave

temperature profiler retrieves the vertical distribution of

atmospheric temperature. Not shown are surface sensors

for temperature, pressure, and relative humidity, which

add further constraints to the path delay retrieval

processing.

The WVR has an off-axis reflector, providing a 1�

beamwidth with very low side lobes. The pointing accuracy

is 0.1�. The WVR acquires data in subsecond intervals and

produces a time series of line-of-sight brightness tempera-

tures at three frequency channels: the 22.2-GHz water

vapor line center is supplemented by frequency channels

at 23.8 and 31.4 GHz. The 23.8-GHz channel mitigates the

sensitivity of the wet delay measurement to height

(pressure) dependencies of the water vapor emission.
The 31.4-GHz channel measurement constrains the

emission effects due to liquid water clouds when present.

The wet path delay along the line of sight is determined

from the WVR, MTP, and surface meteorology measure-

ments using one of two retrieval algorithms. A direct

inversion Bayesian algorithm [22] is used for clear

conditions. A slightly less accurate statistical retrieval

algorithm [23] is used when clouds are present. Both
algorithms utilize a modification of the Liebe and Layton

1987 model [24] for 20–32 GHz atmospheric water vapor

emission. The model validation is based on WVR

intercomparisons with radiosondes [25] and GPS [26]

and is described in detail in [26].

The objective of the Cassini media calibration system

was to measure the atmospheric path delay fluctuation of

Fig. 3. Wet and dry delay calibration fits; the order of the polynomial fit and the standard deviation of the (zero-mean) postfit residual

(in millimeters) appear at the upper left of each plot. ‘‘ds1’’ is a pseudonym for Goldstone.
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Fig. 4. Daily ZTD versus IGS final: (top) Goldstone, (middle) Tidbinbilla, and (bottom) Madrid.
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signals transmitted between the Cassini spacecraft and the

Goldstone Deep Space Station 25 (DSS-25) antenna. Two

advanced WVRs were built to support Cassini radio science

experiments. Dual WVRs allow for operational reliability

and robustness in case of equipment failure and allow
crosschecks between the units. A detailed intercomparison

between the two units has been made [27], and the Allan

standard deviation [28] was shown to be significantly

better than the GWE requirements for all interval times

greater than 100 s up to 10 000 s. Full details of the

successful calibration of the Cassini gravitational wave

experiment can be found elsewhere [29]. In this paper, we

will discuss the contribution of the MCS calibration to the
precision of connected element interferometry (CEI) and

intercontinental VLBI. A detailed description of the VLBI

technique used at JPL can be found in [30].

A. MCS Calibration of CEI Measurements
To study in detail the performance of the MCS, a series

of comparison experiments utilizing a connected element

interferometer were used to independently measure the
line-of-sight path delay fluctuations. An overview of the

experimental setup is shown in Fig. 7. From August 1999

until May 2000, we conducted a series of dual-frequency

(2.3 and 8.4 GHz) CEI observations on a 21-km baseline

between the DSN’s high-efficiency 34-m-diameter antenna

at DSS-15 and a 34-m-diameter beam waveguide anten-

na at DSS-13. Since the effective wind speed is typically

5–10 m/s or less, the tropospheric fluctuations at each site
are independent for timescales less than �4000 s, making

this baseline well suited for a CEI–MCS comparison

experiment. Strong, point-like quasar radio sources (flux

density 9 1 Jy) with accurately known positions were

chosen to minimize CEI errors.

The CEI data (voltage time series) from each antenna

were cross-correlated and the interferometric delay

(difference in arrival times at the two antennas) extracted.
After subtraction of an a priori model, the residual phase

delay (residual phase divided by the observing frequency)

and delay rate (time rate of change of phase delay) were

obtained. The VLBI data include a differential (between

the two receiving stations) clock-like term that was

removed by statistical estimation [31]. This procedure

also removed the part of the differential zenith tropo-

spheric delay that is linear with respect to time.
Each WVR was positioned �50 m from the base of the

34-m antenna. This offset was chosen to maximize the sky

coverage while minimizing the magnitude of beam-offset

errors [32], [33]. The WVRs were co-pointed with the DSN

antennas during sidereal tracking of distant natural radio

sources. The MCS data was monitored in real time, and

derived path-delay time series were produced during

postprocessing. After the WVR path delay time series were
smoothed over 6-s intervals, the WVR data from each site

(DSS-15, DSS-13) were subtracted to create a site-

differenced delay time series. Finally, to make it identical

to the VLBI observables, the linear part of the differential

delays was removed, resulting in a differenced WVR data

type that could be directly compared with the CEI residual

phase delays.

The comparison experiments conducted in 1999 were
limited in scan duration to less than 26 min (the duration

of a single pass on the CEI tape recorder). Several

experiments produced little data, due to an assortment of

instrumental problems and operator errors. In addition,

instrumental problems at DSS-13 caused uncalibrated

delay errors on long (9 1000 s) timescales. A fairly

representative experiment is day-of-year (DOY) 240,

2000. This experiment consisted of 11 scans, each of
duration �26 min covering a wide variety of azimuths and

elevations. For ease of comparison between data sets at

different elevations, both the CEI and WVR data sets have

been converted (mapped) to the equivalent delays in the

zenith direction.

A time series of the site-differenced residual phase

delay for both the CEI and WVR data for scan 3 is shown in

Fig. 8. It is clear that the correlation between the two data
sets is strong. The CEI data can be calibrated for phase

delay fluctuations by subtracting the corresponding WVR

data. Figs. 9 and 10 plot the residual path delay histogram

of DOY 240 for the CEI data before and after calibration,

respectively. Before calibration, the rms is �1.1 mm; after

calibration, it is 0.42 mm. Thus an improvement by a

factor of approximately three is seen.

By May 2000, we were able to upgrade the frequency
distribution system at DSS-13, correcting the long-term

CEI instrumental stability problems, enabling WVR-CEI

comparison over very long timescales (9 1000 seconds).

Two experiments, DOY 137 and DOY 138, were

conducted after these long-term stability problems were

corrected. The CEI and WVR delay time-series data from

DOY 138 are shown in Fig. 11. The CEI and WVR residual

path delay data sets track very closely. The CEI data have
an rms of �4.3 mm. After WVR calibration, this is reduced

to �1 mm, a factor of four improvement. On DOY 137, an

improvement factor of 1.7 was measured; however, surface

Table 1 Difference Statistics, Daily ZTDsVIGS Final
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Fig. 5. Hourly ZTD versus IGS final: (top) Goldstone, (middle) Tidbinbilla, and (bottom) Madrid.
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winds were measured to be in excess of 40 km/h. At this

level of surface wind, the antenna pointing error along with
turbulent dry delay are the chief suspects for diminished

performance.

Fig. 12 plots the Allan standard deviation (ASD)3 of the

site-differenced delays as a function of the sampling time

for DOY 138. The CEI data and WVR data have ASD values

that track one another very closely over almost the entire

range of sampling times. After the WVR data are used to

calibrate the CEI data for atmospheric media delay, the
ASD decreases by a factor of six at time intervals of 1000 s.

The calibrated CEI data show improvement for all

sampling times down to �15 s, below which the 50-m

WVR-DSN offset limits useful calibration.

The solid black curve in Fig. 12 is the Cassini GWE ASD

requirement. For sampling times above 2000 s, the MCS

performance, as indicated by the calibrated CEI data,

matches the Cassini requirements. Below sampling times of
1000 s, the MCS performance fails to reach the require-

ments by a factor of two to three. Unknown CEI errors and

the 50-m beam offset are believed to be the cause of

performance discrepancy for time scales of 100–1000 s.

The CEI–MCS comparison data discussed so far is but a

small sample of the data collected. More than 30 CEI–

MCS comparison experiments were conducted between

August 1999 and May 2000. Not all of the CEI experiments
showed residual scatter improvement of factors of three or

better after media calibration; approximately 15% of the

experiments resulted in improvements of factors between

one and three. These experiments largely correlated with

misty and rainy weather conditions. Previous papers

describe the full details of the instrumentation, observing

strategy, data analysis procedures, weather conditions,

error budgets, and performance evaluation [34]–[36].

Table 2 Difference Statistics, Hourly ZTDsVIGS Final

Table 3 2006 DSN ZTD Day Jumps

Fig. 7. A schematic representation of the WVR/CEI comparison

experimental setup.

Fig. 8. The site-differenced zenith-mapped residual delay data from

the CEI and WVR for scan 3 on DOY 240, 1999.

3The Allan variance is defined as the square phase deviation of each
sample from the mean of its two adjacent samples [28]. The reference
frequencies used were 8.41� 109 Hz (X-band) and 32.1� 109 Hz (Ka-
band) for the CEI and VLBI data, respectively.

Fig. 6. A photo of the Cassini Media Calibration Subsystem taken at

DSS-13 in Goldstone, CA. The new advanced WVR is seen in the center

and the MTP and J-series WVR are shown in the background to the

right. The WVR antenna is a 1-m-diameter offset parabolic reflector

with a 1� beamwidth.
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B. MCS Calibration of VLBI Measurements
Following the successful calibration support of the

Cassini gravitation wave experiment, one MCS was

moved to the Deep Space Network Madrid complex and

installed near DSS55, the DSN’s 34-m beam waveguide

antenna [37]. The installation was optimized to support

calibrations for intercontinental VLBI measurements

between Madrid and Goldstone. The accuracy of VLBI

global astrometry has long been known to be limited by
systematic errors, principally stochastic fluctuations of

the refractive delay caused by atmospheric water vapor.

Reducing this error component has the potential to

improve the overall VLBI astrometric observations, which

are used to construct global reference frames such as the

International Celestial Reference Frame [38]. These

reference frames are an essential component of modern

deep-space navigation.
The results described below are from two interconti-

nental VLBI observing sessions done during the summer of

2004 using DSS-26 in Goldstone California and DSS-55

near Madrid. The first session was on DOY 200 (July 18,

2004) and the second session was on DOY 217 (August 4,

2004). The experimental setup was nearly identical to that

of the earlier discussed CEI experiments (Fig. 7), the

differences being a much longer intercontinental baseline

and improvements in the hardware and postprocessing

software that were used. We recorded VLBI data simulta-

neously at X- (8.4 GHz) and Ka-band (32 GHz), sampling

each band at a rate of 64 Mbps. The data were sampled,
digitally filtered, and recorded to hard disk using the JPL-

designed VLBI science receivers. The data were played back

over a network connection and then correlated with the

SOFTC software correlator [39]. Fringe fitting was done

with the FIT fringe fitting software [31]. This procedure

resulted in a phase delay measurement for each second of

an hour-long scan. The observed elevations were moderate,

ranging from roughly 30 to 50�, as seen in Table 4.

Fig. 12. The Allan standard deviation plotted as a function of sampling

time for the long scan of DOY 138, 2000. The figure shows the CEI

residual data, the WVR residual data, the CEI data after WVR

corrections, and the requirements for the Cassini GWE.

Fig. 11. The residual delay measured by the CEI and WVR for a long

scan on DOY 138, 2000. The data is site-differenced, mapped to zenith,

and with linear trends removed.

Fig. 9. Histogram of the residual path delays for the uncalibrated

CEI data from all scans on DOY 240, 1999. RMS ¼ 1:1 mm.

Fig. 10. Histogram of the residual path delay for the calibrated CEI

data from all scans on DOY 240, 1999. The CEI data after WVR

correction have an rms ¼ :42 mm.
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The experimental data obtained on DOY 200 and 217

are shown in Figs. 13 and 14, respectively. Both clearly

show that even over intercontinental baselines, a very high
correlation exists between the VLBI residual phase delay

and the WVR-measured troposphere calibrations. After

WVR calibration, the improvement in residuals is almost a

factor of three for both time series. For example, the DOY

200 VLBI phase residuals improved from 3.4 to 1.2 mm, a

factor of 2.8 improvement.

In order to examine the range of time scales over

which the VLBI residuals are being improved, we
calculated the Allan standard deviation of the VLBI

delays. Fig. 15 shows the Allan standard deviation from

sample times of 10–1800 s for the VLBI data on DOY

200, 2004 before (red) and after (green) the WVR

calibration. The result shows a strong improvement on

time scales of 10–1800 s; the calibrated VLBI data have

improved by a factor of three. For times scales shorter

than 10 s, we note that low WVR SNR forced its shortest
measurement integrations to be �10 s, which contributed

to the lack of significant improvement on time scales less

than 10 s. The DOY 200 and 217 experiments only lasted

3600 s, thus limiting our ability to examine the quality of

calibrations on time scales much longer than 1000 s.

There is a suggestion in the data of Figs. 13 and 14 that
the WVR does not track some sharp peaks in the VLBI

phase delay. The wider beam of the WVR (1�) relative to the

VLBI antenna (0.02� at Ka-band 32 GHz) and the spatial

offset of the two instruments (on the order of 100 m) are

potential contributors to this effect.

Noting that these tests probed only time scales on the

order of 10–1000 s and because global VLBI passes often last

for 24 h, one would like to demonstrate that the WVR
calibrations reduce VLBI residuals on time scales out to a day

(�100 000 s). Also, these measurements represent one

continuous track of a single natural radio source as it moves

slowly across the sky. We have not yet demonstrated that the

Table 4 The Average Antenna Elevation, in Degrees, at Both DSN

Antenna Sites at Both Beginning and End of the Experiment on

Day of Year (DOY) 200 and 217

Fig. 14. VLBI delay residual time series and WVR tropospheric

calibration delay residuals for DOY 217, 2004. Ka-band on the

DSS-26 and DSS-55 baseline.

Fig. 13. VLBI delay residuals time series and WVR tropospheric

calibration delay residuals for DOY 200, 2004. Ka-band on the

DSS-26 and DSS-55 baseline.

Fig. 15. Allan Standard Deviation for VLBI data (red) before and

(green) after the WVR calibration for time samples from 10 to 1800 s.
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dramatic improvements seen in our data can be sustained in
a typical global astrometry scenario in which the target radio

source is changed every few minutes to a different part of the

sky. Such a demonstration remains for future work.

C. Summary of Section III
We have described an atmospheric media calibration

system that was shown to calibrate out the atmospheric

delay fluctuations in short baseline CEI experiments down
to an Allan standard deviation level of 2� 10�15 for

sampling times from 2000 to approximately 10 000 s. Both

the CEI and VLBI experiments show that, after MCS

calibration, the measured Allan standard deviation resi-

duals were improved by a factor of two to three for time

scales longer than 100 s and the delay residuals were

reduced by approximately a factor of three.

The improvements indicate, at least differentially, that
a WVR can estimate the water vapor induced propagation

delays at the 1 mm level of precision under semidry
atmospheric conditions. Consequently, it has the potential

of decreasing the error in angular spacecraft position

determination measurements. In addition, it would reduce

the source of errors in the position of radio sources needed

for the angular measurements. Therefore, it would also

reduce the amount of time needed to develop an X/Ka-

band (8.4/32 GHz) celestial reference frame for applica-

tions such as spacecraft tracking. h
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