« Atmospheric phase fluctuations
First encounters — the physics behind the scenes — turbulent times

« Monitoring
What tool, please? — where to look — practical implementation

« Appearance in the Plateau de Bure data reduction
Press the button, and smile — some useful checks — fine tuning
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PdBservation with phase noise

Bas. 12 €01 C02 CO3 CO4 CO5 CO6 CO7 CO8 LSB 180 Bas. 12 CO1 CO2 CO3 CO4 CO5 CO6 CO7 CO8 LSB

‘LR I O L UL L e
0.04 Gl °C =
- o
0.02 — -
OT|||||||||||||__180T|||||||||||_
-17.1 -17.05 -17 -17.1 -17.05 -17

Amplitude (K) vs. Time Phase vs. Time

We will look at the PdBI
phase noise in more detail ...
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Normaolized integral visibility without phase noise
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Configuration:W27-E68-W12-N46-N20-E12

Wind speed : 9 m/s from Azimuth -59°
Pointing : Azimuth=-91°, Elevation=67.3°
Frequency :88.950 GHz
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» Atmospheric phase noise is worst
on the longest baselines.

» The power-law break is weather
dependent, and can be at serveral km.



Table 1: Expected image patterns for different scales of moist air turbulence.
Scale of turbulence: FINE SCALE INTERMEDIATE LARGE SCALE
(diffractive regime, a < D) a<D (refractive regime, a > D)

Phase variation A¢ < 1 radian A¢ > 2.6 radians | A¢ > 2.5 radians
el | vl | Optical 30M, PDBI

Short integration IMAGES . BLUR SPECKLES IMAGE MOTION
result superimposed on (“seeing disk™) (= Anomalous Refraction)
“error”

Remark Images can still be | The diffraction (D/r,)? images
. formed. Some of the | limited beam

power is scattered to | disappears into

large angles (A/a). | the “error” pattern.

Long integration result | same as snapshot same as snapshot | BLUR (beam size | BLUR ( In long integrations,

result. ' result. _ convolved with | the radio seeing disk is
seeing disk) the smoothed envelope of
the image motion.)
Point sottm image size: 5 5 i % ‘\
sk D a D
i ) A2\1/2 m
Long integration: same same (;5 (1 4;.—5 F)

Symbols: c-mleuiseofmdistairp&ckﬂ;ﬂ-siseofa.ntmm.wmterfaometubudine;r._dumetu-o{atmphm-ic
coherence region; at radius ro/2, wavefront phase error A¢ = 2.6 radians.

From: Downes and Altenhoff (1989), Anomalous Refmathat Radio Wavelengths,
Proc. of the URSI/IAU Symposium on Radioastronoin®eeing, Beijing 15-19 May 1989



Atmospheric
Opacity

|

1mrn cm 10 cm

Infrared spectrum
rbed by

from Earth.

From:
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Figure 13.7 Real and imaginary parts of the index of refraction versus frequency for a single
resonance given by Egs. (13.63) and (13.64). The case shown is for the 6y4=3,5 transition in pure
water vapor with p, = 7.5 g m™2. In the atmosphere the line is much broader (Liebe 1969).
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From:
Thompson

FREQUENCY
Figure 13.8 (a) Imaginary, and (b) real, parts of the index of refraction versus frequency for a

dilute gas with many resonances, The buildup of the index of refraction at low frequencies is
greatly exaggerated.

The HITRAN2004 V12.0 database records 64120 hhes.

The extensive infrared J@ absorption

line system modifies the refractive index.
(real and imaginary dielectric constants are
connected over the Kramers-Kronig relations)



e Most of the solar radiation heats the ground, not the atmosphere it traverses

oration, condensation, freezing).

a temperature inversion.

More details about water vapor:

-
W= o-exp(zi)
e Heat transport by convection, but most important mechanism by water vapor (evap- Ty
6
e Day-to-day variations: planetary boundary layer, typically 1-2 km high, limited by
— 5 i
§ . .DATE 264 .
e Vertical temperature gradients are [ess than the adiabatic rate of 9.8°/km of dry air. -PImES e
= \\\. — e
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e Molecular weight: 18.2 g/mol. In comparison, dry air has 28.96 g/mol e s "
e Scale height Hp: 2 km. Dry air has 8.4 km water: exp. profile on average only! > l L 1 T\'F‘“]\,
E ) 5 ' 10

e Mixes badly with dry air, has the tendency to separate and form bubbles of sizes
between some cm and several km

e A “clear sky” in human terms can be full of turbulent water vapor, especially in
summer.

WATER VAPOR DENSITY (g/m3)

Fig. 3. Atmospheric water vapor profiles meas-

ured by radiosondes. |

From: Staelin, 1966
(method: radiosondes)
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Fig. II-3. Average curves of temperature as a function of height at different seasons and latitudes. On
individual days, the temperature may vary considerably from these mean values,
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take place.

That happened apparently on Venus ...



difficult than a weather forecast?

For this line of argument, we are now entering ...









Simple nonlinear equations can
produce very complex results.



# | $ %



With some effort, we leave this tangent into fractals
and get back to the hydrodynamics of turbulence.






If two systems have
the same geometry and Reynolds number,
their turbulent flows are alike,
no matter their relative size, viscosity or flow speed!

Air and water: obstacle of 5cm size in a flow of
5 cm/s speed: Reynolds numbers of 167 and 2500,
respectively, i.e. turbulent flows rule in daily life.



NASA: Von Karman vortices off
Rishiri Island, Japan

From: Feynman



Already the turbulent flow around a cylinder wite£250 is

difficult to model and needs powerful adaptive gndthods.
Imagine a wind-moved tree ...

Biggest problem: The boundary conditions (buttegfifect)!



The vortices fragment into smaller and smaller eslavith decreasinge
(“inertia range”).

The smallest eddies have sub-critical Re, I.e. thesipate their energy as
heat (“viscous range”).

Turbulence converts kinetic energy from large talsstale sizes,
until it can be dissipated as heat.









measurement, and statistics.

Turbulence is a mechanism of energy dissipation. Wind, convedoid, ¢
formation, mountains or big obstacles upwind etc. will increassephaise.
Nights and early mornings with little wind will typically have I@mase noise.

To correct atmospheric phase noise, we need to monitor thepaEness
close as possible to the optical path.



backscattering of soundi(ectional limited rangé

/Radiometer (water vapor emission)

Thermal emission of water vapor and clouds
(directional, quantitative

Solar spectrometer (water vapor absorption)
/ Analysis of optical/IR absorption lines in front
of a strong background sourapi@ntitative,

not directional, clear sRy

-« GPS (Global PositioningSystem)

Differences in GPS arrival times due to atmospheric
path variationsquantitative not directiona)
Radiosonde (Balloons with sensor package)

In situ measurement of various atmospheric
parametersgquantitative not directiona)






with droplets, saturated water vapour,
and a higher temperature than a
clear sky vertical profile would predict.

For monitoring purposes, it is
easier to work in the Rayleigh
scattering regime.




Oct. 2001:

Dec. 2002:
20032004
June 2004

Installation of the first 22 GHz radiometer on @2l
Installation of the last 22 GHz radiometer on @Bl
Optirnization of thermal and signal transport environment
Implementation into thedBreattime system



from an atmospheric model,

store corrected and uncorrected data,
choose the data set with the highest
amplitude in post-processing.

Discard corrected absolute phases.

Result;

Coherence is significantly improved
under clear sky conditions.

grey = uncorrected,
white= corrected phases



Comparison of the phase correction at 1 second and 4 seconds timear@solut
4 seconds: better S/N of the averaged total power signal.
1 second: better time resolution.

The higher time resolution gives better results.



Note:

We are using at present
an updated version of ATM
by Juan Pardo.



Result: Differential phase correction is successful mogsteofiime.



why change to a 22 GHz system?



tracking over source changes possi e absolute phase
correction)

4.  Clear sky phase correction only >






Oct. 2001

Dec. 2002:
2003-2004:
June 2004

Part 2: Using a dedicated 22 GHz system

Installation of the first 22 GHz radiometer on the PdBI
Installation of the last 22 GHz radiometer on the PdBI
Optimization of thermal and signal transport environment
Implementation into the PdB real-time system



observing + monitoring beams cross the phase screen

15 arcmin separation = 17 meters at 4 km distanaddilre nice
5 degrees separation = 340 meters at 4 km distaogkl be useless

» Data rate of 1 readout /second

 Receiver parameters (gain,J should not depend on elevation.
If this cannot be avoided, they must have no hysteresis to edieration.

» Receivers of high intrinsic stability required.

This is the “wish list” which goes to the receiggoup ...



» Measured receiver temperatures of the 6 radiometers: 122K

» Separation between observed and monitored optical axis: 15" Azimuth,
The WVRs use the astronomical Cassegrain main reflector /fladboe

» Monitoring data recorded once per second

And this is what comes back! (excellent work)



Then the combination of 3 channels
Ttriple = (T1 - Tz | 12/ 22) - (Tz - T3 : 22/ 32)

removes cloud emission and constant temperature offsets if
2/ 2 = 2/ 2
17 2 27 3






It was not possible to stay on ITU protected frequency bands
to reach the required sensitivity.
Calibration hardware: a waveguide-mounted noise diode
and an ambient load table.



22 GHz Radiometer in the Grenoble Three radiometers in a row in the Grenoble
receiver labs. Part of a receiver cabin wall receiver labs. Tests before crating and
(vertex-side) is suspended from a crane to transport to the Plateau de Bure.

study the mirror system which approaches

the monitoring and observing beams.



the application of the
phase correction:

significant
Improvement!









Improved amplitudes.

Why?

All residual error terms of the radiometers would
appear in the phases. We are developing automated checks.
Once these options are safe, we will release them.



PdBI Histogram statistics aiaw phase230 GHz corrected phasad\\WVR corrected
phaseshow that the WVRs perform equivalent or better than the 230 GHzanaogi



Comparison of the astronomical receiver and
radiometer-derived precipitable atmospheric water



Contains an
interference
check

ion | ' N. :
By default, the phase correction is switched O Marks where the phase correction

has been accepted



Prime suspect:
Hotbird 6 (Alcatel Space) downlink

Scan based detection and flagging is possible by studying toeifad ratio:
rms [T, —-T,- 4 2] Irms[T,-T;- 2 ]






improvement check is not significant (that may flag phase
correction on the following source scans)

* in case of doubt, ask the local contact.






Absolute phase correction requires an ultra-pretiféerential
calibration connected to the phase calibrations.
We are workingon it ...

Thank you!



