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30m pointing under anomalous refraction
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PdBI observation with phase nois
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We will look at the PdBI
phase noi se
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UV point source fit center on MWC348 (495 sec)
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Normalized integral visibility without phase noise
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Configuration:W27E68W12-N46-N20-E12

Wind speed : 9 m/s from Azimuth59A
Pointing  : Azimuth=91A Elevation=67.3
Frequency :88.950 GHz

phase rms [degrees]
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140 1000
projected baseline length [meters]

AAtmospheric phase noise is worst
on the longest baselines.

AThe powetlaw break is weather
dependent, and can be at several km



Table 1: Expected i patterns for different scales of moist air turbulence. e
Scale of turbulence: FINE SCALE INTERMEDIATE LARGE SCALE
(diffractive regime, a < D) a<D (refractive regime, a > D)
Phase variation Aé < lradian | A¢> 2.6 radians | Ag> 2.5 radians '
oRer Hikle o5 VLBI Optical 30M, PDBI
Short integration IMAGES . BLUR SPECKLES IMAGE MOTION
result superimposed on (“seeing disk”™) (= Anomalous Refraction)
“error” beam ;
Remark Images can still be | The diffraction (D/ro)? images
: formed. Some of the | limited beam '
power is scattered to | disappears into
Ingn 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 aolfree image size: ¥ 5 A \
mpohol. 'b" ; D
, , A2\1/2 m
Long integration: same same (;5 _F') (l 4;5 + F)

Symbols:

a = scale size of moist air packet; D = size of antenna, or interferometer baseline; r, =

coherence region; at radius r, /2, wavefront phase error A¢ = 2.6 radians.

= diameter of atmospheric

From: Downes and Altenhoff (1989), Anomalous Refraction at Radio Wavelengths,

Proc. of the URSI/IAU Symposium on Radioastronomical Seeing, BeijiritPIMay 1989
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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 6,,—5,, transition in pure
water vapor with p, = 7.5 g m™?, In the atmosphere the line is much broader (Liebe 1969).

Yi(w) = —'P/ Xﬂ(w dio’

w — w

Ya(w) = __‘P/ xi(«) A,

w — w

From:
Thompson

FREQUENCY X
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 HITRAN2008 V13.0 database records 114,241,162 lihes.

The extensive infrared @ absorption

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



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

e Heat transport by convection, but most important mechanism by water vapor (evap-
oration, condensation, freezing).

e Day-to-day variations: planetary boundary layer, typically 1-2 km high, limited by

W1 5 eapzlHy)

a temperature inversion. = sy = _
%ol _DATE 1964~
e Vertical temperature gradients are less than the adiabatic rate of 9.8° /km of dry air. = 4—,}\-‘\-" e
=l R e GG
o ‘ -
S alk \\ ~. sl
NN
RN
More details about water vapor: sl , BN
e Molecular weight: 18.2 g/mol. In comparison, dry air has 28.96 g/mol i e -
e Scale height Ho: 2 km. Dry air has 8.4 km water: exp. profile on average only! 1 \ ; -T'.\.\,
T 5 10

e Mixes badly with dry air, has the tendency to separate and form bubbles of sizes

WATER VAPOR DENSITY (g/m3)

between some c¢m and several km ~ Fig. 3. Atmospheric water vapor profiles meas-

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

ured by radiosondes. .

From: Staelin, 1966
(method: radiosondes)



The physics behind the scenes
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will be In some minutes? Is this easier or more
difficult than a weather forecast?

For this |Iline of argument



Dynamics of viscous fluids have already intrigued Newton. The general equations for com-
pressible viscous fluids (gases) are non-linear second order differential equations (Eq. 1.3).

% P . 1 .
QY GHP o coctmr AR ST piam_ o (1.3)
A S el p ,

ik 2. . 4.

The various terms will be described in the following.

1. This part is the complete derivative in time, containing non-linear terms:

B O (Vorad) V=¥ L grad (7. 7) =7 x (cunt V) (1)

i o

dt 6t

kin. Energy Veortices

2. The pressure term describes the reaction to external forces, and is related to density
and temperature over the equation of state.

3. External forces, described by the gradient of a Potential U. This form makes it easier
to include this term into the others.

4. Energy dissipation. Viscous terms, with the Laplacian operator A = V? =
div grad . The material constants n and £ are the first and second viscosity co-
efficients, where £ is specific to compressive media.



Turbulent Times

|l s that really all € ?

To solve Equation 1.3, one needs:
e the equation of state for the gas,
e the conservation of mass and energy,

e the boundary conditions.

Considering the complezity of hydrodynamical phenomena, it was doubted for a long time
if the equations could really be that simple.

Important: Many stationary solutions to problems are mathematically exact, but are

not present in nature.




Turbulent Times

[Do simple equations always give simple answler

The now famous Lorenz Attractor was discovered by Edward N. Lorenz, who studied
numerical solutions of a simplified meteorological convection problem.

¥ = —-A-xz+A-y
Yy = Bx—y—z-2
2 = =C-z+z-y

Lorenz obtained for A = 10, B = 28, C' = 8/3 the following curve.

Lorenz E.N. (1963), Journal Atmos. S2Q, 130

Simple nonlinear equations can
produce very complex results.

The quadratic iterator z,,; =a-z, - (1 —z,):

e Very simple formula, easy to use. g

; i

— Choose a0...4] g

— start with a random z,,[0...1] §

— study z,, for n > 100 I

=)

e Amazingly, lots of other non-linear formulas and very complex systems in nature *
mimic some of its properties.

0.0l

0.8
0.8
0.4

0.2

Quadratic iterator

2
parameter a




¥ after 500 iterotians

Turbulent Times

Quadratic lterator

Tl
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Zoom:

- period doubling = moving towards chaos
~ odd number periods = surrounded by chaos
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With some effort, we leave this tangent into fractals
and get back to the hydrodynamics of turbulence.



1.3 Navier-Stokes equations, Reynold’s Number

For most sub-sonic atmospheric flow problems, air can be treated as incompressible
medium. The Navier-Stokes equations (Navier 1827, extended by Stokes in 1845) de-
scribe an incompressible medium with viscosity (Eq. 1.5).

—

ﬂ & grad P
dt

+gradU — ?—;AV (1.5)
Without external forces (grad U = 0), one can choose convenient units for spatial dimen-
sion and velocity:

e Spatial dimension: size of an obstacle in the flow [y

e Velocity: flow velocity far from the obstacle V4

i.e. one replaces the

e velocity V by V' =V/V,
e spatial dimension [ by ' = 1/l,

which allows to change the other terms accordingly:
e timethy t'=t-u/lp
o density pby  p=p-13
e pressure P by  P'=P-I3/v3



Finally one obtains the dimensionless equation

with the Reynold’s number Re = [, - V- p/n

dVv’ 2 grad P’ 1
dt’ p 1

AV =)
¢

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

Critical Reynold’s number Re.: Problem dependent, typically between 10 and 100.
For a given problem and a Re > Re,, no stable solutions exist.

Medium | 5 [g/cm §] v =1n/p [cm?/s] . . .

Water | 0.010 0.010 Air and water. obstacleof 5cm sizein a flow of
Aleobol |0018 0.2 5 cm/sspeed Reynoldsnumbersof 167 and 250Q
Glycerin. | 8.5 6.8 respectivelyi.e. turbulentflowsrule in daily life.
Mercury | 0.0156 0.0012

Table 1: Examples for viscosity and the kinetic viscosity v = n/p from Landau-Lifschitz



Turbulent Tm

Example: Flow around a cylinder

€S

1

NASA: Von Karman vortices off

From: Feynman Rishiri Island, Japan



Turbulent Times

To come back to the question if we could predict phase noise numerically:

(b) t=11.5s _ (©) t=16.5s

Already the turbulent flow around a cylinder with Re=250 is
difficult to model and needs powerful adaptive grid methods.
Imagine the leavesonawimdoved tree €

Biggest problem: The boundary conditions (butterfly effect)!



Turbulent Times

What is the driving force behind turbulence?

Kinetic energy enters the flow system on a large scale, e.g. as convection or
ground friction. Vortices form with high Reynolds numbdRg)(

The vortices fragment into smaller and smaller eddies with decrd&sing
(Aninertia rangeo) .

The smallest eddies have scitical Re, 1.e. they dissipate their energy as
heat (AvVviscous rangeo) .

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



Kolmogorov (1941): For high R (10° — 107), the turbulent structure of the inertia
range is determined only by the energy density for each scale size ¢ and the kinetic
viscosity. In the viscous range, it depends only on .

i.e., the smallest structures are homogeneous and isotropic.

Consequence for turbulence on intermediate scalesizes (when taking the simplest solu-
tion): Famous 2/3 law

Dp(r)=C - (e-7)?3 (1.8)

Applies to fluctuations of temperature, velocity, ... Also for the refractive index. ]
thin layer, refractive index fluctuations and phase fluctuations are identical. This is the
thin screen approzrimation.

Dy(r)=C-(e-1)*3 (1.9)

For a thick turbulent layer, one obtains (after some calculations involving the spatial
spectra and a Bessel function, see Tatarski (1961)) the form:

Dy(r)=C-(e-1)*3 (1.10)



Structure functions: An instrument to characterize non-stationary random processes,
first introduced by Kolmogorov (1941).

— fl=;))?

Detailed theory based on random vector fields and their spatial spectra. Good reference,

with theory and experiments:
Tatarski V.I (1961), Wave Propagation in a turbulent Medium, McGraw-Hill

Taylor’s Hypothesis:
The turbulent structure changes on timescales that are long compared to the crossing

time due to wind, and can be considered “frozen”.
Relation between temporal and spatial structure function:

D,o(t) = /(2) - Dy(r) |y—os

The temporal structure function behaves well in the presence of noise.



Turbulent Times

Before we end this section, a small summary on what we have learned:

We cannot predict the future atmospheric phase noise from present values
(no numeri cal Ashort term forecast

measurement, and statistics.

Turbulence is a mechanism of energy dissipation. Wind, convection, cloud
formation, mountains or big obstacles upwind etc. will increase phase noise.
Nights and early mornings with little wind will typically have low phase noise.

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



Monitoring

5 LIDAR (LIght DetectionAnd Ranging)
What TOOI’ please . Detection of atmospheric components over

backscattering of laser lightii(ectional clear sky

SODAR SOnic DetectionrAnd Ranging)

Wind speed and turbulence detection over
backscattering of soundifectiona) limited range

Radiometer (water vapor emission)

Thermal emission of water vapor and clouds
(directional, quantitative

Solar spectrometer (water vapor absorptiol

Analysis of optical/IR absorption lines in front
of a strong background sourcgi@ntitative,
not directional, clear sBy

GPS Global PositioningSystem)

Differences in GPS arrival times due to atmosphe
path variationsquantitative not directiong)

Radiosonde (Balloons with sensor package

In situ measurement of various atmospheric
parametersgquantitative not directional
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Monitoring: where to look

A word about Clouds:
AClouds need humidity and condensation nuclei to form.
AAbsor pti on c2toeobservingiwaveldngths s drop size
(Rayleigh scattering). Formalism for the general case: Mie scattering.
Alce crystal clouds have little effect on phase noise

AA cloud layer indicates an atmospheric layer
with droplets, saturated water vapour
and a higher temperature than a e
clear sky vertical profile would predict :

Typicol condensation nucleus

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

Typical cloud drop Key:
O r=10 r - radius In microns
n =108 n - number per lifer

V=l V - terminal velocity in
centimeters per
second

mdrop r1000, n=l, V=650 R e

Fig. V-8. Size range of elements involved in cloud physics. Typical sizes, concentrations and falling
velocities of nuclei, cloud droplets and raindrops.



Oct. 2001:

Dec. 2002:
20032004:
June 2004:

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 retne system



Monitoring'l' practical implementation
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Astronomical receiver stability:
2-10%at 230 GHz

Differential Method:

determine the conversion factor ¢
aqpath =d- @,

from an atmospheric model,

store corrected and uncorrected data,

choose the data set with the highest

amplitude in posprocessing.

Discard corrected absolute phases.

Result:

Coherence is significantly improved
under clear sky conditions.

grey = uncorrected,
white= corrected phases



12 October 85, Bas. 51.7 m, B6.2 GHz 12 Qctober 95, Bas. 40.0 m, 868.2 GHz 12 October 93, Bas. 24.0 m, B6.2 GHz
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Comparison of the phase correction at 1 second and 4 seconds time resolution:
4 seconds: better S/N of the averaged total power signal.
1 second: better time resolution.

The higher time resolution gives better results.
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Atmospheric Phase Correction Statistics over 3120 hours (Recl, CORR)

Correction accepted: 7B.B%

150

Observing hours

100

30

597 097 NO7 DO7 JI9B FO8 MO8 AD8 MG8B J9B J9B A9B 598 098 NG8 D98 J99 F99 MO9
Months between September 1997 and March 1999

Result: Differential phase correction is successful most of the time.



why change to a 22 GHz system?



4.

ain-elevation variations show hysteresis effects, no continuous phase
tracking over source changes possible (this would be absolute phase
correction)

9.0
time [h]
Antenna 2, Rect iverz CALI Total power on absorber (02-—Aug—1895)
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2.0
time [h]
Antenna 3, Receiver 2, CALI Total powe: absorber (02—-Aug—1885)
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Clear sky phase correction only
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Oct. 2001
Dec. 2002:
20032004
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 PdBlI
Optimization of thermal and signal transport environment
Implementation into the PdB reime system



Beware of effective baselines at the altitude where
observing + monitoring beams cross the phase screen:

15 arcmin separation = 17 meters at 4 km distance would be nice
5 degrees separation = 340 meters at 4 km distance would be useless

AData rate of 1 readout /second

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

AReceivers of high intrinsic stability required.

This i1 s the fAwish | isto which go



AAbsolute stability (30 min): 7:804, differential stability (between channels)185
AMeasured receiver temperatures of the 6 radiometers: 1 228K

ASeparation between observed and monit
The WVRs use the astronomical Cassegrain main reflector / subreflector

AMonitoring data recorded once per second

And this is what comes back! @



wvr eff " \l'vap' 'cloud eff/ = 'amb rec

Then the combination of 3 channels
Ttriple = (Tl I T2 - 12/ gz@) i (T2 i T3 - 22/ gﬁ)

removes cloud emission and constant temperature offsets if

9,7 8= 08



Frequency 2 [GHz]

Frequency 2 [GHz]

22 GHz radiometer: parameters (lll)

In the graphsg;= ., g
Traced ridges: maximum sensitivity

Conflict with a minimum dependency of the
optical path on vertical atmospheric temperature.
Maximum sensitivity was preferred.

Min, Max=0,50

Optimum Combinations of Frequencies 1 and 2
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Relation with the wet path length Abs[é path/d aT(triple}], Av=500 MHz

Min, Max=-3.3
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Abs[6p/saT(triple)] [mm/K]
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017 18 19 20 21 22 23 24 25 26 27 280
Frequency [GHz]
It was not possible to stay on ITU protected frequency bands
to reach the required sensitivity.
Calibration hardware: a waveguideounted noise diode
and an ambient load table.



22 GHz Radiometer in the Grenoble
receiverlabs Partof a receivercabin wall
(vertexside) is suspendedrom a craneto
study the mirror systemwhich approaches
themonitoringandobservingoeams

Threeradiometersn arow in the Grenoble
receiver labs Tests before crating and
transporto the PlateaweBure



