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VLBI Phase Correction with WVR Alan L. Roy

1. Introduction

In March 2004, the Effelsberg radio telescope was equipped with aF22v@&ater vapour ra-
diometer (WVR) for phase correction of tropospheric phase fluctuatiorisg VLBI experiments
at frequencies up to 86 GHz. The radiometer also measures tropogmthribelay for astrometric
and geodetic VLBI experiments. It has been used during routine VLBéements at 86 GHz for
validation tests and software is being developed to provide the data to etserva regular basis.

VLBI at 86 GHz yields resolution down to G@as with global baselines. Experiments up to
230 GHz have produced fringes with a record smallest spacing gg80on the 6.4 & trans-
atlantic baseline between Pico Veleta and the HHT (Krichbaum et al. 2004bhvs comparable
to the 27uas diameter predicted by Falcke, Melia & Agol (2000) for the silhouette oftlemt
horizon in Sgr A. However, the signal-to-noise ratios of the 230-GHz detections were/adilgn
on 3C 454.3 and 6.4 on 0716+714 due to a combination of decoherente afmeospheric phase
fluctuations during the 7-min integration, relatively high system noise, andsatmoic opacity.
Sensitivity could be improved by a factor of two to four by correcting for¢bberence loss due
to atmospheric phase noise using water vapour radiometry. Water vagiometry monitors
the strength of emission from atmospheric water vapour with high precisionnéers a time-
dependent correction to the VLBI phase, which then improves the tengudratence.

2. Thewater vapour radiometer at Effelsberg (WAVE)

We have built a scanning 18-GHz to 26-GHz water vapour radiometer atalléd it on the
focus cabin roof at Effelsberg viewing along the optical axis. It is basea prototype by Alan
Rogers that was demonstrated at BIMA and during 3-mm VLBI on the badaéitween BIMA and
Kitt Peak (Tahmoush & Rogers 2000). The radiometer is uncooled to eethst, is scanning to
reduce the parts count and hence cost, and to provide better stabilityoffisets and drifts affect
all channels and so are common-mode noise sources, which are rejeceash@¢oextent when
differencing on-line and off-line channels. We paid particular attentionResRelding, weather
proofing, temperature stabilization using a Peltier element to maintain the RF riesinear 30C
and we added a noise diode for noise-adding radiometry to monitor the sgatemMonitoring
and control takes place over a TCP/IP connection on optical fibre, ssyiem requires only
power and a network connection to operate. The data are logged into @ Mg&abase from
where they can be examined and downloaded through a web interface.

Photographs, schematics, measured performance and correction ephgrio opacity have
been shown by Roy et al. (2004). Here, we demonstrate the corre€timpospheric phase fluctu-
ations during an 86-GHz VLBI experiment and we validate the absolute atbhrfor astrometric
and geodetic application by comparing to GPS and radiosonde measurements.

3. Demonstration of phase correction

A typical water line spectrum measured by the radiometer is shown in Figs pagesented by
the web interface to the WVR database. The line is centred on 22.2 GHz aed$sipe-broadened
to ~ 3GHz FWHM. The line appears asymmetric as it sits on the frequency-shuang of
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Figure 1: a) (left): An example 22-GHz water line spectrum measured with therwajgour radiometer at
Effelsberg on 20 Jul 2006 11:56 UT at an elevation ¢f Gdder cloud-free sky. The line curving upwards
at the bottom is one of three components (the frequencyreduzseline) that was fit to the spectrub).
(right): An example time series of tropospheric line-of-sight pathgth derived from the line strength
measurements made with the WVR at Effelsberg on 16/17 Apr 808i4g an 86-GHz VLBI experiment.

the oxygen line at 60 GHz. Such a spectrum is measured each 6s. Tepmsthum, we fit a
three-component model consisting of a frequency-squared basaliieeneath the water line plus
a constant offset and a van Vleck-Weisskopf profile to the line to estimatrigth of the line
above the baseline. From the line strength, we infer the path length usingtretibal relationship
between refractive index and emissivity of water vapour derived byritaish & Rogers (2000).

A typical time series of tropospheric path length inferred from the WVR isqmged in Fig.
1b. This shows a 24-hour period during the 86-GHz VLBI experiment@d7 Apr 2004. The
path length varies with elevation as the airmass changes and the short-tef@rugh fluctuations
grow throughout the period due to a change in the weather.

A 7-min piece of the time series is shown in Fig. 2a along with the measured VL&eph
on the Effelsberg - Pico Veleta baseline. The inferred path length anch8eved VLBI phase
correlate strongly. Correcting the VLBI phase with the WVR correctiomgiced the path rms
from 1.0 mm rms to 0.47 mm rms and raised the coherence from 0.45 to 0.86 #fysatine-
scale. Phase correction data from the Pico Veleta 230-GHz continuuomeigr described by
Bremer (2002) were applied, further reducing the rms path fluctuation84on@m and raising the
coherence to 0.9. In total, the coherent signal-to-noise ratio improvedanya of 2.1.

Another scan during cloud is shown in Fig. 2b. The phase correctiorezh@amatically and
no phase correlation could be seen. We are now improving the cloudaiepaiPhase correction
in the presence of cloud has been reported by Bremer (2006) at Ptbetdaure.

The fraction of scans for which the WVR corrections improved the colveres summarized
in Fig. 2c. It shows the coherence after correction divided by thereole before correction. If
the correction makes an improvement, the ratio is greater than unity. Mostlsshetween 1 and
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Figure 2. a) (left column): Phase correction of a 7-min long 86-GHz VLBI scan on NRAO 160w
baseline Pico Veleta - Effelsberg on 17 Apr 2004 at 12.7 h Wt top: the VLBI phase time series in black
and the WVR-derived phase correction in red show good cadivelalLeft middle: the VLBI phase time
series after applying the Effelsberg WVR correction shovdsiced phase fluctuations. Left bottom: phase
corrections at Pico Veleta based on the measured contindghtitess at 230 GHz made in parallel with the
86-GHz VLBI observations are applied to the middle plotiHier reducing the phase fluctuations. The rms
path fluctuations reduced from 1.0 mm to 0.34 mm and the cabermse from 0.45 to 0.9 over a 240-s
time-scale b) (centre column): Phase correction of another 86-GHz VLBI scan on NRAO 150 erRiico
Veleta - Effelsberg baseline on 17 Apr 2004 at 18.0 h UT thmieetaffected by cloud emission that was not
separated and so contaminated the path length measureo)dnight column): The ratio of coherence
after and before phase correction is plotted vs cohereagiiation time for all scans on NRAO 150 on 17
Apr 2004, excluding those affected by cloud based on the highin the time series. A ratio > 1 indicates
improvement. Most scans were improved by the phase caorecti

2, with the worst case being 0.75. Scans affected by cloud were rerfaviiis summary.

Corrections applied to four subsequent 86-GHz VLBI experiments ydeldefurther cases of
improved coherence; in fact, in these four experiments, applying WVRctions even increased
the rms phase noise. The cause is under investigation; perhaps the arnmsgbility during
those experiments was already very good and the WVR noise raised theThissis plausible
since the WVR corrections were often seen to be stable and the VLBI preasi#ered by rather
more suggesting that the phase noise was dominated by the contribution &athén end of the
baseline. Other observatories have also seen periods when the phastians from WVRs fall
to reduce the tropospheric phase noise at the VLA (Chandler et al),Z0@feau de Bure (Bremer
2006), and OVRO (Woody, Carpenter & Scoville 2000) though not esd@s in our tests.
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Figure 3: Time series of zenith wet delay measured by the Effelsberg WGBS receivers between 18-km
and 120-km distance from the Effeslberg telescope, andsaddes launched 400 m ENE of the telescope.
The three techniques agree typically within 15 mm. The thadiosonde profile (at 13:12 UT) was incom-
plete due to interrupted data reception. Hence, this onsuneaent has larger uncertainty.

4. Validation of absolute calibration

Astrometric and geodetic applications of water vapour radiometry requae glosolute cali-
bration; low thermal noise is less important. To check the absolute calibratoocamsied out an in-
tercomparison of WVR, five GPS stations closest to Effelsberg out to G2érkl three radiosonde
launches on 27 Jul 2005. The GPS data were analyzed at GeoRugsZentrum, Potsdam and
the radiosonde data were analyzed by C. Simmer at the Dept. of MeteqrBlmgy University to
derive zenith tropospheric path delays. We found agreement within 15etwebn the WVR, all
GPS receivers and three radiosonde launches (Fig. 3).

5. Lessonslearned

We came to appreciate the critical importance of good temperature stabilizatiomiiatain-
ing absolute calibration and maintaining the: 30~* short-term gain stability required for phase
correction. We had initially 0.7C variation in the internal temperature over a 24-h period, however
superimposed on this was a temperature oscillation with a 3-min period andgpakk ampli-
tude of 20 mK due to the time lag for heat flow from the Peltier element to the tempesssor
located beside the LNA. The temperature oscillation caused the detectot patper to vary by
250 mK peak-to-peak which was enough to degrade the phase corredt®stopped the oscil-
lation by weakening the thermal contact between the Peltier element and theniplerents by
reducing the speed of a fan and removing copper straps but the iniemmaérature then followed
the external temperature more closely, producifi@ 6r more temperature changes over periods of
days. Much tighter temperature regulation has been demonstrated yafoplke, Tanner (1998).
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The frequency spanned by the radiometer might be too narrow to allowasieaof cloud
emission with the precision required to allow phase correction to continuegdoeiods of heavy
cloud. A channel on the continuum at 50 GHz would help this a lot (Creval62 However,
phase correction in the presence of clouds with a narrower frequspary than ours has been
demonstrated by Bremer (2006) at Plateau de Bure, thus proving th@fpeinc

The spillover contribution is unexpectedly large (8 K) since the feedhegniiluminates the
dish at low frequencies. A new horn with larger edge taper will alleviate thisce of noise.

The noise diode proved somewhat unstable, and the system gain variaiddsbe better
removed using the temperature measured near the LNA along with the tempameedficient of
the amplifier. Methods to improve the noise diode stability have been describithher (1998).

6. Conclusion

The Effelsberg water vapour radiometer corrections have been dewmtedso improve phase
coherence during one high-frequency VLBI experiment, though ndbuin subsequent experi-
ments. The tropospheric delay measurements agreed with 15 mm accusacgavhpared to GPS
and radiosondes.
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