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ABSTRACT
The angular resolution that can be obtained by ground-based aperture synthesis telescopes at milli-

meter and submillimeter wavelengths is limited by phase Ñuctuations caused by water vapor in the
EarthÏs atmosphere. We describe here the successful correction of such Ñuctuations during observations
at 0.85 mm wavelength with an interferometer consisting of the James Clark Maxwell Telescope and the
Caltech Submillimeter Observatory. This was achieved by using two 183 GHz heterodyne radiometers to
measure the water vapor content along the line of sight of each telescope. Further development of such
techniques will enable future telescopes, such as the Submillimeter Array and the Atacama Large Milli-
meter Array, to reach their full capability, providing a resolution of up to 0A.01.
Subject headings : atmospheric e†ects È instrumentation : adaptive optics È site testing È

techniques : interferometric

1. INTRODUCTION

Absorption by atmospheric water vapor is a major con-
straint on observations in the millimeter and far-IR wave
bands. It is possible, however, to make observations down
to about 0.3 mm wavelength (D900 GHz) by working at
sufficiently high, dry sites such as Mauna Kea on Hawaii,
the South Pole, or Chajnantor in Chile, the site chosen for
the Atacama Large Millimeter Array (ALMA). The high
refractive index of water vapor at these wavelengths,
together with its variable abundance in the atmosphere,
also gives rise to distortions of the wave front (Hinder &
Ryle 1971)Èvery similar to ““ seeing.ÏÏ (At optical wave-
lengths the Ñuctuations are caused by temperature gra-
dients, and the scales of the atmospheric structures involved
are much smaller.) If uncorrected, these distortions limit the
angular resolution that can be obtained from even the best
sites to a few tenths of an arcsecond.

Here we describe the Ðrst use of radiometers monitoring
the 183 GHz rotational transition of water vapor to correct
for these e†ects. The two radiometers were built at the
Mullard Radio Astronomy Observatory (MRAO) in Cam-
bridge, UK, and installed on the James Clerk Maxwell Tele-
scope (JCMT) and the Caltech Submillimeter Observatory
(CSO) on Mauna Kea, Hawaii. These two telescopes can be
linked together to operate as an interferometer with a base-
line of 164 m (Carlstrom et al. 1994 ; Lay et al. 1998). The
radiometers measure the amounts of atmospheric water
vapor above the telescopes to high accuracy, so that the
varying propagation delay can be estimated and a correc-
tion applied to the phase of the astronomical signal.

1.1. Cause of Phase Fluctuations
The phase measured by an interferometer is a measure of

the di†erence in the arrival times of the signals at the two

1 Current address : Harvard-Smithsonian Center for Astrophysics, 60
Garden Street, Cambridge, MA 02138.

antennas, as shown in Figure 1. The phase di†erence con-
tains information about the location and structure of the
source but is also a†ected by water vapor in the atmo-
sphere. Moist air has a higher refractive index than dry air,
and therefore electromagnetic waves propagate more slowly
through a wet atmosphere. If there is more water vapor
along the electrical path of, e.g., telescope 1, the radiation to
telescope 1 will experience an additional delay and the mea-
sured phase will increase by */. With wind, the amount of
water vapor in the beam of each telescope will change over
time and so will the detected phase. As a result, the source
appears to move in the sky, and, if the signals are integrated
over a period of time that is long compared with the time
scale of the Ñuctuations (a few to tens of seconds), resolution
as well as signal strength will be degraded. In average
nighttime conditions on Mauna Kea, the Fried length is(r0)580 m at 1 mm wavelength, i.e., the e†ective resolution of
long exposures through the atmosphere is the same as the
resolution obtained with a telescope of 580 m diameter
(Fried 1965). Very good descriptions of radio seeing are
given in, e.g., Masson (1994), Thompson, Moran, &
Swenson (1994), and Carilli & Holdaway (1999).

1.2. Phase Correction Methods
There is an extensive literature on phase correction at

radio wavelengths ; an incomplete list of articles includes
Westwater (1967) ; Schaper, Staelin, & Waters (1970) ; Hold-
away (1992) ; Sutton & Hueckstaedt (1996) ; Lay (1997a,
1997b). Basically there are two di†erent methods.

1. The phase o†set due to the atmosphere can be mea-
sured directly by observing a calibrator, i.e., a strong point
source whose position and hence theoretical phase are well
known. Assuming phase Ñuctuations due to instrumental
e†ects are small, the di†erence between the measured and
the theoretical phase gives the phase o†set introduced by
the atmosphere. The phase o†sets, which are interpolated
between measurements on the calibrator, are subtracted
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FIG. 1.ÈHow atmospheric water vapor causes phase shifts in milli-
meter and submillimeter interferometry. The two sinusoidal lines symbol-
ize an electromagnetic wave from an astronomical object to two elements
of an interferometer. The wave front (dashed line) is perpendicular to the
direction from the source. If there is water vapor (hatched areas) along the
line of sight to one telescope (object 1) this wave is retarded. The inclination
of the wave front is changed by an angle */, which is detected by the
interferometer as a phase shift from the undisturbed phase.

from the measured phase of an astronomical source. This
method can be further subdivided into (a) fast switching
(Holdaway & Owen 1995 ; Morita et al. 2000), where the
calibration cycle is shorter than the timescale of the atmo-
spheric Ñuctuations, (b) beam switching, where the second-
ary rather than the primary mirror is moved, and (c) the
subarray method (Asaki et al. 1996), where one subarray is
continuously monitoring the calibrator while the other is
observing the source.

2. The correction can be determined indirectly by detect-
ing the emission from water molecules and calculating the
phase error from the di†erences in the amounts of water
vapor along the paths to the individual antennas. Water
vapor emits several spectral lines, e.g., at 22, 183, and 325
GHz, as well as a ““ continuum.ÏÏ (This ““ continuum ÏÏ
actually consists of the wings of very strong water vapor
lines in the infrared and other contributions ; for more detail
see, e.g., Rosenkranz 1998.) There are two di†erent
approaches to determine the amount of water vapor : (a)
total power method (Welch 1994 ; Bremer 1995 ; Bower et al.
1997), where the astronomical receivers measure the contin-
uum emission, and (b) radiometric phase correction, where
the emission from a water vapor line is measured by dedi-
cated instruments. So far, radiometers have been built or
are under construction to monitor the 22 GHz line (Very
Large Baseline Interferometry, Elgered et al. 1991 ; Meteo-
rology, Westwater & Guiraud 1980 ; Very Large Array,
Resch, Hogg, & Napier 1984 ; Butler 1999 ; Owens Valley
Radio Observatory, Marvel & Woody 1998 ; Woody, Car-

penter, & Scoville 2000) and the 183 GHz line (CSO-JCMT,
Wiedner 1998 ; Atacama Large Millimeter Array, Delgado
et al. 1999 ; Hills & Richer 2000).

Which phase correction technique is most e†ective will
depend on the interferometer, in particular on the stability
of its receivers, but also on the slew speed of the antennas
and other parameters, as well as on the weather at the site in
question.

1.3. Atmospheric Emission on Mauna Kea
The top panel of Figure 2 shows the atmospheric emis-

sion on Mauna Kea for typical values of precipitable water
vapor (PWV). (1 mm PWV is the amount of water vapor
that would yield a column of 1 mm if it were condensed out
of the atmosphere.) The 22 GHz line is always optically
thin, whereas the line at 183 GHz starts saturating at the
center (but not in the line wings) with only 2 mm PWV.

An increase in the amount of PWV by 0.16 mm is
approximately equivalent to lengthening the electromag-
netic waveÏs electrical path by an additional 1 mm (Sutton
& Hueckstaedt 1996). The sensitivity, plotted in the bottom
panel of Figure 2, indicates by how many kelvins the sky
emission will change per millimeter of additional electrical
path. The sensitivity is a function of frequency as well as
amount, temperature, and pressure of the PWV. For a given
amount of underlying water vapor, the maximum sensi-
tivity is reached at those frequencies where the optical depth

FIG. 2.ÈAtmospheric emission and sensitivity to electrical path length
changes on Mauna Kea. Values are calculated using the atmospheric
transmission model (ATM; Pardo 1996) with an exponential distribution
of water vapor and a scale height of 2 km. Di†erent distributions of water
vapor, as well as di†erent temperatures and pressures, would change the
line proÐles. Top: The atmospheric emission plotted as a function of fre-
quency for the minimum of 0.4 mm PWV (dashed line), the 25% quartile of
1.2 mm PWV (solid line), and the 50% quartile of 2.0 mm PWV (dotted
line). There are water vapor lines at 22 (only a few Kelvin), 183, 321, 325,
380, 390, several lines around 440, 470, 474, and 488 GHz. The lines around
60 GHz and at 119 GHz are due to oxygen. Bottom: The sensitivity, which
is deÐned as the change in sky brightness temperature for the amount of
PWV that will add 1 mm to the electrical path length, is plotted for the
same amounts of PWV (same line styles).
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is D1. This maximum has a value of D16/w in units of
kelvins per millimeter of electrical-path length, where w is
the amount of PWV in millimeters. The strength of the 183
GHz line is such that this maximum sensitivity is always
achieved at some suitably chosen frequency in the line
center or wings, even under very dry conditions of D0.5
mm PWV. The sensitivity of the 22 GHz line (D0.4 K
mm~1) is, by contrast, very much lower at dry sites, D33
times lower than the 183 GHz line for 1.2 mm PWV and
D100 times lower for 0.4 mm PWV.

2. THE 183 GHz WATER VAPOR MONITOR

2.1. Advantages of 183 GHz Radiometers
Receivers at 22 GHz typically have lower noise tem-

peratures than those at 183 GHz, but on dry sites the 183
GHz monitors will be able to measure the electrical path
with higher accuracy because of the much higher conver-
sion factor from sky brightness temperature in kelvins to
electrical-path length in millimeters. This means that a
simple, uncooled 183 GHz system can provide satisfactory
phase correction at up to at least 350 GHz, whereas a 22
GHz system would need to be cooled. Another advantage of
monitoring the strong 183 GHz line is that ground pick-up
is comparatively weak and introduces a much smaller error
in the predicted electrical path. Feed optics for 183 GHz are
also much smaller than for 22 GHz, and the radiometer
beam is more similar to the telescope beam for millimeter
and submillimeter wavelength observations. Good sensi-
tivity can also be obtained at frequencies higher than 183
GHz, but it is more difficult to build suitable receivers. The
astronomical receivers could also be used for phase correc-
tion (total power method, method 2a in ° 1.2), either if their
gain Ñuctuations are smaller than D10~4 or if the receivers
are frequently calibrated so that their gain variations are
known to this accuracy. Frequent (D1 Hz) calibration of an
astronomical receiver would, however, reduce the observing
time considerably.

2.2. Selected Frequency Channels
Figure 3 shows the water vapor line at 183 GHz for the

minimum amount of precipitable water vapor as well as the
25%, 50%, and 75% nighttime quartiles of PWV for Mauna
Kea. (The 25% quartile of 1.2 mm PWV indicates that
during 25% of the nights the amount of PWV is equal to or
less than 1.2 mm.) Because the line center starts saturating
above 2 mm PWV, the radiometers measure the line inten-
sity in three double-sideband channels 1.0È1.4, 3.7È4.7, and
7.3È8.3 GHz away from the line center.

2.3. Optics and Calibration
Water vapor monitors (WVM) are installed on both the

CSO and JCMT. The atmospheric emission is collected by
the telescopeÏs primary mirror, reÑected from the second-
ary, and then directed to the water vapor monitors by a
small (about 0.2] 0.1 m) pick-o† mirror mounted o†set
(D7@ at JCMT, D12@ at CSO on the sky) from the astrono-
mical beam above each telescopeÏs tertiary mirror. In addi-
tion, the radiometer beam diverges by D3@ at the JCMT
and by D5@ at the CSO. At 1 km the WVM beam from the
JCMT is o†set from the astronomical beam by 2.1 m and
has a diameter of 16.6 m compared with the 15 m JCMT
beam; at the CSO the WVM beam is o†set by 3.4 m and has
a diameter of 13.5 m compared with the 10.4 m CSO beam.

FIG. 3.ÈFrequency channels of the water vapor monitors superposed
on the 183 GHz line. The four curves show the proÐle of the 183 GHz
water vapor line for 0.5, 1, 2, and 4 mm PWV. The water vapor monitor
measures the intensity of the line in three twiceÈdouble-sided frequency
bands : 1.0È1.4 (black), 3.7È4.7 (dark gray), and 7.3È8.3 GHz (light gray)
away from the line center.

At the heights where most of the PWV is expected the
radiometer and astronomical beams overlap very well.

For calibration, a hot (100¡ C) and a warm load (30¡ C)
are located inside the D0.6] 0.5] 0.4 m box of the water
vapor monitor. A ““ Ñip mirror ÏÏ selects between radiation
from the sky or from one of the calibration loads. In the
normal calibration cycle of 1 s the radiometer integrates 400
ms on the sky and 200 ms on each load. The Ñip mirror is
moving during the remaining 200 ms.

2.4. Electronics
The atmospheric radiation is collected by a corrugated

feed horn and mixed with a local oscillator (LO) signal at
91.655 GHz (exactly half the frequency of the water vapor
line) in a subharmonically pumped double-sideband
Schottky mixer. The WVM contains a phase lock loop that
keeps the frequency of the LO constant, and all electronics
is temperature-regulated to stabilize the LOÏs power level
and the ampliÐersÏ gains. The 0.5È8.5 GHz intermediate
frequency (IF) is ampliÐed and then split into three chan-
nels. Each is mixed down a second time with local oscil-
lators at 1.2, 4.2, and 7.8 GHz, respectively. This ensures a
greater accuracy in the center frequency of each channel
than a bandpass Ðlter would yield. The resulting IF signals
are passed through low-pass Ðlters of 200, 500, and 500
MHz width, respectively, and detected.

The detected voltages are converted into a pulse train by
voltage-to-frequency converters and sent to a counter card
on an industrial PC. The control computer at the JCMT
synchronizes the integration times of the water vapor moni-
tors on the two telescopes, records the frequencies, and con-
verts them into apparent sky brightness.

The instrument is temperature-regulated but uses
uncooled mixers, resulting in system temperatures between
1800 and 2700 K. Allan variance calculations show that the
measurements are dominated by thermal noise for integra-
tion times shorter than a few seconds, when gain Ñuctua-
tions start becoming signiÐcant. This emphasizes the need
for frequent calibration.
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Assuming a conversion factor of 5.0 K mm~1 of electrical
path (for channel 2 at 2 mm PWV) and no other uncer-
tainties or systematic errors, the best path correction would
result in an rms of D25 km.

2.5. Data Reduction
To obtain all the data presented hereafter, the CSO-

JCMT interferometer observed bright point sources with
the shortest possible integration time of 10 s. After Doppler
tracking, any deviations from a constant phase are due to
the atmosphere or to instrumental noise.

Prior to the observation the brightness temperature of
the water vapor monitors is calibrated with an ambient
absorber and an absorber dipped in liquid nitrogen. The
beam efficiency (coupling) is calculated from a sky dip.

The water vapor monitors are synchronized and take
data every second, integrating 0.4 s on the sky and 0.2 s on
each calibration load, returning three measurements for
each of the three channels every second. The measurements
from the hot and warm loads are smoothed and used to
convert the readings from the sky into brightness tem-
peratures. For each channel a separate conversion factor is
chosen (see below) to provide three independent estimates
of the phase correction.

For each channel all WVM measurements corresponding
to one 10 s interferometer integration are averaged and
subtracted from the interferometer phase measurement.
Because the absolute phase is arbitrary, a constant phase
o†set is subtracted from all data. Before the rms phase is
calculated, a line is Ðtted to the data and subtracted,
because a linear phase gradient over several minutes is
unlikely to be due to water vapor but is most probably
introduced by the CSO-JCMT interferometer, e.g., drifts in
the LO phase or imperfect determination of the baseline.

The conversion factor depends on the frequencies of the
WVM channel and the frequency of the interferometer
observations, as well as on the amount, temperature, and
pressure of the PWV. The frequencies are well known.
Assuming an exponential distribution of PWV with a scale
height of 2 km, a ground temperature of 275 K, and a
ground pressure of 625 mbar, the amount of PWV can be
computed from each channel. Usually the results derived
from each channel individually agree within 10%. Using the
same models, the theoretical conversion factor can be deter-
mined. For bright point sources, where the phase is not
dominated by noise, an optimal conversion factor can be
found by minimizing the rms of the corrected phase. Table 1
gives an example of the theoretical and optimal conversion
factor for each channel and the phase correction that can be
achieved with them. Though the theoretical and the optimal

FIG. 4.ÈPhase corrections obtained in 1998 October at the CSO-
JCMT interferometer with a baseline of 164 m for average atmospheric
conditions of 2.6 mm PWV along the line of sight. Top: The solid line
represents the interferometric phase measured at 354 GHz after Doppler
correction ; the dotted line shows the predicted phase corrections using the
183 GHz WVMs. Bottom: After correction the phase Ñuctuations are
reduced from 60¡ to 26¡ rms, corresponding to a reduction in electrical
path errors from 141 to 61 km.

conversion factors may di†er by up to D35%, the phase
correction achieved with them are of the same quality
within statistical errors. Because the line shape contains
information about the temperature and pressure of the
PWV (as well as other atmospheric components such as
liquid water), it could in principle be used to modify the
atmospheric model that calculates the theoretical conver-
sion factor. Currently, however, the accuracy of our bright-
ness temperature measurements does not seem sufficient,
but other radiometers with many (D32) channels are
expected to retrieve this information (Staguhn et al. 1998).

2.6. Results
Figure 4 shows typical phase correction results in normal

nighttime weather on Mauna Kea, when the CSO tau meter
measured an atmospheric transmission of 1[e0.11 at 225
GHz The CSO-JCMT interferometer(q225 \ 0.11).
observed bright hydrogen recombination line maser emis-
sion toward MWC 349 at 354 GHz. The solid curve in the

TABLE 1

DEPENDENCE OF PHASE CORRECTION ON CONVERSION FACTOR

CHANNEL 1 CHANNEL 2 CHANNEL 3

Conversion Factor rms rms Conversion Factor rms rms Conversion Factor rms rms
METHOD (K rad~1) (deg) (km) (K rad~1) (deg) (km) (K rad~1) (deg) (km)

Theory . . . . . . . 0.27 41 97 0.70 27 64 0.41 41 97
Optimal . . . . . . 0.37 38 89 0.62 26 61 0.49 40 94

NOTES.ÈUsing one data set as an example, the theoretical conversion factor for each of the three WVM channels is calculated as described in
° 2.5 and with it the interferometer phase is corrected, reducing the rms phase from 60¡ (142 km) to the listed value. The second line lists the
optimal conversion factor for each channel, obtained by minimizing the rms of the residual phase. Though the optimal conversion factors di†er
from the theoretical factors by around 20%, the correction using the theoretical values is only very little worse than the best correction.
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top panel displays the measured phase after Doppler correc-
tion, integrated over 10 s. It represents the atmospheric
phase Ñuctuations and some electronic phase noise. The
dashed line shows the phase predicted by channel 2 of the
WVMs averaged over the same time. The measured and
predicted phases agree well, and phase correction reduces
the rms phase Ñuctuations from 60¡ (141 km) to 26¡ (61 km)
over 30 minutes. If one would integrate on source for 30
minutes, 50% of the astronomical Ñux would be lost
because of decorrelation, but with phase correction the loss
would amount to only 10%. Phase corrections using chan-
nels 1 and 3 (see Table 1) give poorer results.

All reduced test data from the CSO-JCMT interferometer
of at least 5 minutes duration are summarized in Table 2. In
all cases the best correction, which is listed in the table, was
achieved by using channel 2 alone, because for 2È6 mm
PWV channel 2 has the highest conversion factor and there-
fore the lowest noise compared to the brightness-
temperature Ñuctuations due to water vapor. Corrections
with weighted averages of all three channels do not reduce
the rms. During 1997 May no correlation was found,
most probably because the computer clocks were
unsynchronized. In all other cases the water vapor monitors
reduce the rms phase, except during one very wet (q225 \
0.17) but stable radio seeing) night when the correction(0A.3
adds a little noise to the data. In bad weather (4.3 mm PWV
along the line of sight), radiometer phase correction at 354
GHz reduces the rms phase on 12 minute observations from
essentially random (300 km) to 38¡ (90 km).

Ideally the corrected phase should be constant. The
residual Ñuctuations can have many origins. Instrumental
noise from the WVM is estimated to contribute at least 25
km. There might be instrumental phase noise from the
interferometer, which is expected to be less than 28 km. The

data reduction process, e.g., inaccurately determined beam
efficiency, might also contribute to the residual phase.
Other constituents of the atmosphere, such as liquid water,
might contribute to the brightness-temperature Ñuctuations
but not a†ect the electrical path, or they might a†ect it in a
di†erent way.

3. CONCLUSIONS

Two radiometers measuring the emission from the 183
GHz water vapor line have been built and tests have been
performed which demonstrate that our system can substan-
tially improve the interferometer data. Though more testing
is necessary, the reported results suggest that this method
promises to considerably reduce phase Ñuctuations of milli-
meter and submillimeter interferometers located at dry
sites, such as the Submillimeter Array (SMA) or the
Atacama Large Millimeter Array (ALMA).
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