Chapter 9

Atmospheric Fluctuations

Michael Bremer

IRAM, 300 rue de la Piscine, F-38406 Saint Martin ' Héres

9.1 Introduction

We have already encountered the effects of atmospherie absorption n the lecture Ty Miche] Gudlin (Cha pler
&), Even under low opacity conditions, ohservations can be difficult or im pesible die 1o atmospheric phase
Muectuations. In principle, Integration of an Interferometric signal is 1ke the adding up of veclors. The
amplitude Is the lengih of & wector, and lis orlentation B glven by tle phase. Eroors In the phase will
cause part of the amplitudes 1o cancel each other out according to Eq. 9.1

@ = Vi exp [—al ) (9.1

where 17, are the ideal viibilities, ﬁ the integrated ones, and oy the phase molse n radian (assuming a
Gasslan molse distribation).

IT our eyes were senslibve In the millmeter range with a resolving power of some are seconds, we
wiolkd not only see a luminme sky where sources are difiieult 1o make out on the background: we would
notlee refracting bubhles of skes hetween some centimeters to several Klometers drifting with the wind,
merging, separating and dietorting the view behind them. It B water vapor which has mot attained the
coneentrations necessary lor cloud lormation, and mixes badly with dry alr. Even In the case of Jow opacity
and a sky clear for iman pereeption, these distortions - which amwe shifis and t1is In the Incoming phase
[ront - ¢an be &0 Important that they make obaervations lmpossihle.

In this lecture we will study the physics behind this effect and possible ways Lo correct for it which
have hecome avallahle in recent years.

The phases of a wave ont that reaches groumd-based ohservatodes have heen modified by thelr journey
through refractive Index varlations In the Earth's atmesplere. The Isstroment el has no way o tell
which part of the phases are die to valuable strectiure n the astronemical souree and which part was
capsed diring the last klometers In front of the telesoope.

As a result, the apparent position of a polnt souree keeps moving, &0 that detalls of an extended
soume hecome hlurred [“seeing™). The perturbations become progressively decorrelated with Inereasing
separation hetween two lines of sight.
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Figure 9.1: Two single dish radio telescopes and one sy nilesls array ohserving a souree. Angular mesolotion
and the eflects of a tmospherie turbulence nerease with the dlameter of an Istroment. An interferometer's
synthesiszed heam has the same problems that a slogle dish with a projected baseline's diameter wold
o peTlenen.

Depending on turbulence seale, wavelengih and telescope ske, a ground-based ohserver wil be ocon-
fronted with different effects. To some extent, ome can reduce unwanted perturbations by chosing an
oheervatony 'ssite carellly. But there ame always some days which are better than otlers.

o IT tle telesoope diameter s muoch larger than a typleal turbulence eell and ¥ phase shifis over a
turbudent cellam less than 1 radian, omne works in the diffract Ive regime: some power s scattered into
an error heam, but the diffraction lmited resolution of the Instrument Is conserved. These oonditions
can he [ound for very long baseline Interferomeiry at cm wavelengihs under good oomdiiions.

# In the refractive regime, the turbulence cells are much larger than the telesoope so that the whole
Image seems Lo move argunxd. Phase shifis can be several radians. This ds the ose we have o mope
with at the Plaleay de Bure inlerfernmeler.

# [nile Intermediate case, one gets speckles on short Integration times which average Into an image
convolved with a selng disk (an eflect well-known o optical and mear Infrared ohservers).

For a small radio telescope, the phase molse passes unmoileed (Fig9.1). Iis beam size Is bigger than
the apparent position shifis indueed by seelng, and the my paths leading to the op pesing outer edges of
the reflector will not differ moch. For a hig single dish, the effect can heeome noticeable: under unstable
conditloms, a spuree may wander In and ot of the beam, disturbing it only tle ohservations of the
target of Interest but also polntiog and foos. An Interferometer suflers even more rom seeing hecause
the distances between Individual antemnas are large. This has the double effect of making the syothesized
beam smaller and of iInewasing the differences in the atmespherie turbulence patiern between the optical
paths. Im the optical and pear Infrared, It B the dry atmesphere which causes the phase shifts, In the
centimeter radio range, It s the tropespherk water vapor and the lonospherie plasma imegularities, and
mainly water vapor in the millimeter mdio range.

The Interest of interferometric phase correction & to determine amd remove the atmo-
apheric phase nolse. Each individual antenna bas to correct a time varlable “plston™ In the
Incoming wave front, which s the equivalent of adaptive opties for the synthesized dish.

Most of the water vapor ls confined to the troposphere (<10 km) with an exponeniial scale lelght of
2 km. Its molecular welght is 18.2 g/mol so that it has the tendeney to ree abowve dry air (2896 g/ mol).
Onr planet retains the water vapor diee 1o the pegative vertieal temperature gradient In the tropesphere,
and the fact that HeO & close 1o the transitlon polois to lguid and solid under termesitlal pressiure and
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Figure 9.2: Atmospheric phase polse as a functbon of haseline lengih. The pesitlon of the break amd the
maximum phase nolse are weather dependent.

tem peratire conditions. Vems 1s an example for & plaset with a hot tropesphere (extreme OOy and Hy O
greenhose effect) who lost mest of lis water lomg ago.

Under Earth'’s environmental conditions, water vapor mixes hadly with dry alr and tends 1o form
bubhbles with slees up 1o several kllometers, which are hroken up by turbulent motloms. When choosing
high and dry sltes Tor millimeter astromomy, one mst keep In mind that high phase noke can he ndused
even by low amoumis of precipitable water.

Parameters that Inflence interlerometrie phase moke strongly ame:

» wind speed,
& projecied haseling lengih,

 the time of the day (nights are typleally more stable dee to the mksing solar energy lnput Lo
turbidemnee ),

« topographl efecis, egg. the turbulem wakes of mountains.

The leveling off of the phase moke on a high, constan value cormsponds 1o the outer scale slee of the
turbulenee, where the Quctwations along two lines of sight become 1otally decorrelated, Le. as had as they
can possibly get (Flg. 9.2). Ingreasing the haselimes will mot Increase the phase nolse any more, and ths
I8 why wery long haseline Intederomeiry can work.

In the fpllwing, some lundamenials about turbulence will be explained, and how one can analyze
the propertls of & turbulent atmosplers. Possible methods to monlior the phase Auctuations will he
dicisaed, with emphasis on the phass monitoring system on the Plateau de Bure. Some examples with
ohservational data will be presented, demonsirating its benefits and current limitations.

9.2 Hydrodynamical basics of turbulent motion

Turbulenes has its origin in the non-linearites of the hydrody namical equations of motlon. Thess eguations
are not derived om first principles, but present the easiest comslstent way of deseribing the motlon of
com pressible [gases) or nepm pressible [lguids) media. Glven the complediy of olserved yyd rody namieal
plenomena [white water rivers, curling smoke, .. . )11 was doubted lor more than a century i the equeations
could mally be as simple as glven helow.

Hoepticlsm was nourished by the fact that some statlomary [Le. time nvarlant) solutlons were mathe-
matically valid tut mot olserved experimentally, which can be understond oday by checking the solutions
for thelr stability. It ls an interesting fact that statbonary solutions are no! always the most stable ones
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this asumption might appear “matural™, bt I8 In fact quite miskading. To find out under which

conditloms one has to expect turbulence, we mist have a eloser ook Into the equations of ydoody mamics.

Ina free fow (Le noouter confinements Tke tubes) and wider sub-sonie eonditions, ome can treat air

as an lneompressible medivm, This allows to se the Navier-Stokes equations [Navier 1827, extended hy
Hipkes In 1845) which describe such a medium with viseosity [(Eqg. 9.2).

dv P -
e el -2AV =0 (92)
T.. ‘“_'-I_-u‘ 3. l‘_"-'_-'-‘

The respective terms deseribe:

1. ThE part Is the complete derlvative in time, eontalning pon-limear terms:

iV A7 - - A1 o ah = -
—_— — i R - T T S 7y T i k:
T II_,l_l:+[:'lg-r£|:¢i)'l ,.ﬂ"";;gm’d[‘ 11 "-l:-:[:T:-M:]‘ (9.3)

kin. ;“‘1-33 'l-"l:l':I'-Ell

2. The pressure term deseribes the reactlon to exiernal forees, and Is related to demsity and tempem ture
through the eguation of state.

3. External forees, deseribed by the gradient of 8 Potential I7 Thi form makes 1t easler to lnclisde this
term Inie the others, We are Interested here In cases where [7 I8 constant In good appros imation, so
wie can leave this term ot In the Tollowing.

4. Emergy desipation. Vieeos terms, with ile Laplagan operator A = V¥ = div grad . The material
constant §) Is the viscosity copfliclent Ior iIncompressive media (therels a term with a seeond eoefflclent
for compressive media, but it can be neglected here).

T solve Equation 9.2, one needs:
» ile equation of state for the gas,
 ile comservation of mass and energy,
& the houndary conditions.

We will not hawve 1o deal with these equations divectly. IT you have to solve them lor some reason: There
I8 & whole class of mumerical metlods and Dhrary oodes in the literatume, which avold mon-evident pitfalk
coneerning different coordinate systems and mumerieal stalility. For the current discussion, we are only
Interested In the guestion of dmlarity.

Flow problems resemble each other for certain combinations of Sow welociiy, spatial dimension and
visposity, This allows to predict the general properties of a hydooedy namic system [anpd il it I8 turbulent
or not) rom small modek or other wellstudied cases whem the geometries are the same. I 15 comeenlent
to change to dimersionless equations by expressing kengihs and velocities In unlts of the system's typleal
length seale ly (eg. the slze of an olstacle) and the unperturbated Bow welocity Vo

(e obtaies not ooly V' = V/Ve and I' = I/ls, but must change all other units which are combinations
of the two: ' = ¢ - wofle, pf = p- 13 and P = P-I3/i3. As a result, we get the dimenslonless eqguation

Eq.4:

AV gmd P 1
g T RAV =0 (9.4)

which containg Reynold's mumber Re = Ip- W pfn. I determines the relative influence of the energy
dksipating term relative 1o the pon-lipear turbulent term. A high Reynold's mumber will reduce the effect
of AV, eo that tirbulence will develop. Each problem has its specific Critical Reyvnold s number Be.,
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Figure 9.3: Flow around a ¢ylindric olstaclke Ior varios Reynold's numbers [ from Beynman ).
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Medium | g [g/ems] v =5/p [em®/s
Water (UL (L0

Alr (LEiLE {0 L5

Algalal | (LOLA (.2

Glycerin | 8.5 6.8

Mercury | (LOLSMG (W12

Tahle 9.1: Examples lor visosity amd the kimetle viseosity #fp varlos medla at 30°C [om Landa g
Lilarhite). The vistosity changes little with aliltude, so that the demsity dependency of ¢ dominates and
satellites above == M km altiiude experlence a non-turbalent, laminar fow.

wihich lies typically between 1) and 1. For a given geometry and a Re > Re., no stable solution exists
[Flg.8.3).

With Eg 9.4 and the viseositles fom Tah 9.1, we find that lor amhient conditions, wind moving laster
than 1 ¢mys hiiting an ohstacle bigeer than 1 ¢m geperates a turhulent Qow. A hose (100m) in a 10 mfs
wind has Fe = 6 10f, mouniains Re =1 - 107,

ThE means that turbuknee s something gquite common In our environment. In our daily lile, we
engounter many turbulent systems which dely detalled prediction: leaves of wind-mowved trees, eddies in
o Ing, water, the structure of clonds, to name only a lew. All these eflecis are mon-linear and will never
repeat themselws exactly, although thelr parameters stay within certain limits.

It may be sumprising that these phenomena ave heen meglected by elassical physies for centuries, to
begome finally popular in the wake of chaos theory and the development of powerlul computers. One
reason for this was surely the problem of repeating an experiment with nlerent chaos exacily, amd the
sheer hulk of work for doing the calewlations. Linear physies weme [avored not because they are more
abundant in nature, bhut hecase they weme easler Lo understand and eprodoce.

Even chags theory has a hard time with the aimesphere. The [amos “strange atiractors™ which
deseribe non-repetitive curves In solubon spaces are not very selul for turbulence, because one B not sure
i the nmumber of splution space dimensions & findte or not In thE case.

Meteorology s a wellknown [and sometimes notorkus) example lor prediciions of a non-linear system.
In spite of a petwork of measurement stations amd satellite data, boundary conditions are not known
pecisely enough lor long term forecasis. This k the lammes “hutierfly effect™: A butterly moving iis
wings In Soith America may change the weather in Europe slx months later.

But don't start hunting hutterlys to prevent storms right now: this eam ple only usirates that o
linear sysiems do not obey the “small cause - small effeci™ rule of Inear physies but a rather Imprecise
“small case at the right place may have a big effect™ rule. S0 1t eould be a hutierfly, a spoken word, a
thought, or a tree falling ina forest, or all of them together that may tip a halanoe.

Fuor all practeal applications, the Interactions ave too complex 1o hack track the case — bul nevertheless,
the history that makes a deal mowe right now in a unlgue way ouislde your window containg somewhere the
gravitational pull of faraway galaxies, and your mere presence wil leave traces in the turhulent stroctures
all gweer the universe [no lahilities Implied, fortunately).

A small pertirbation may set off 8 nor-linear case-and-effect chaln, but this s only hecause a turblent
system can have muliiple macroscopleally different states without violating the comservation of energy.
Using a siatistical approach, we will mow discuss turbulence's emergy dietribution on different seale slses.
Thk Iz an Important step to understand bow atmosplerke parameters (Including phase molse ) change with
time and distance.

9.3 Statistical properties of turbulence

We start with a simple mode]l of turbulenee. [ must explain why the scale slee of tle st turbulence
strisetires becomes smaller and smaller with Increasing Fe (se Fig8.3), and should allow to treat the
fimest detalls in a bomogenesius way., I cannol explain why cerialn streciures form and not ethers, bt it
deseribes the average Dow of energy across the seale slees of trbulence.
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« Hinetle epergy enters the medium on large seales, in the form of comvection or frietion on an obstacle
[emergy range ).

# The energy s trasbermed towards smaller seale slaes over eddy fragmentation, while the Reynolds
mumber decreases [Inertla range ).

# The smallest eddies have sub-critical Re's, disipate heat, and are stable [viscous range).

|K-:5]m-:g:m:w l!Hl] advanced a ly pothesiz for high [Fe = 10F — 107 Reynold's mimbers, postulating that
turbulenee in the nertla range was determined only by one parameter ¢ [Ketle energy oomeerted to heat
by wiseous Tleton per unit time and unlt mass). In the viscows range, it would only depend on & and
the already dicissed vieosity . This model treats cases like the seemingly amorph eddies- within-eddies
part in Fig 8.3 (d),(e). As we have derlved In the previous section, (d) and [e) are indeed the cases to he
e pected In the troposphere.

The inertia range 18 interesting for us because It corresponds to spatial dimensions of
gome meters to 2-3 kilometers, Le. the baselines of the PABI fall into this mnge.

For the mathematical treatment ol highly developed tirbulense, one can se a lormallsm hased on
random variations.

Muost “classical™ statlsties represent a glven distributlon of probabiity [hipemial, Polsson, (zamsslan,
oo Jarpund a most Hkely measurement value. For atmespherie parameters ke e g, temperatume and wind
velocity, we must make a more general approach: the most 1kely measurement valies vary with time and
space, which means they can be mepresented by non-stationary mndom proeesses. The classical average
and Iis varlation are mot very useful 1o deseribe these systems.

An instrument for the characterization of nor-stationary random variables are struclure funclions,
which were fist introeduced by [Kolmogorow 1941]. A scalar structure function has the form ghen in
Eq.9.5,

Dy(i,23) = (flzs) — flz))* (85

Le. a lmetion flz) Is measured at the pesitions #; and &;, squared and averaged over many samples to
obiain 8 07 [z, x;). When ibe average level of [ changes, the average differences between f{z;] and flz;]
slay constant.

The stricture fupetion lormallsm can even be 1med to deseribe vector parameters ke the turbulent
wind velociiy, In this case ome slmply meeds 3 = 3 tensors of structure Tunetions lor thelr deseription. We
wipln 't meed tersors In the Iollowling discission, owever. The detalled mathematical formalism of random
fields would be too much for this course (see [Tatarski 1971] for details). We will only diciss the hasie
coneepls and thelr applcation to phase shifis.

Real atmospheric parameters ave lunetions of time and space. For time dependency, Taylor's ypothesk
ol [owen turbulence has been quite sueeessful [Eq96). It states that the patiern of melractive Indec
varlations stays fixed while it I8 moving with the wind.

Flz e +0) = flz -V -t',0) [9E)

Thk means that for the sirecture lnetions, ope can ether measure at two diferent sies simultameomsly
or measure n one plage and compare diferent times. Time-lke strocture funciions are ofien easler 1o
determine because the sampling & continums and nstrumental effecis are reduced by averaging. The
velocity Vo, B also called “Veloddty alofi™ and can differ notably fom measurements of a ground-hased
meteorological statlon: wind speeds Inerease with altibude and change divectlon doe o the diminkhing
eflect of groumd Tricton.

For two measurement points which are a ditance + apart foom each otler, ope finds that the strectome
Tumctions of many atmespherie parameters [tfemperature, relractive Index, absolute wind veloeity, ... )
ohey a ' power law, This law can be derived from the theory of random fields, but tle easkest way B
as Tollows:

Conslder a velocity Muctuation 8V [where §V: may be large) which occurs on a seale size ¢ amnd a time
=+ 8V

& its energy per mass unit B o (6357
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& The energy per mass and time: « o 8V 1 = 5172 fr

# Htatlonary tramsport of the energy Trom large o small seale skees, where It 1s finally dBsipated

o Approcdmately, D (v) = [Vin + 7 — 'I.’[njf I dominated by eddies of gloe +, Lo, D (r) = (41007

# Therelore, the formula for Intermediate scale slzes ls:

D r) o (e )3 (9.7

For a thin layer, relractive Index fluctuations and phase Quctwations are identical. This s the thin sereen
approgimalion.

D) = - [e-r)*3 (9.5]

In a thiek tuwrbulent layer, the phase front encounters muliiple refractive Index Auetuations and the
power law Index changes, This problem can be solved by analyzing the lrregular mlracting medium over
its Fourler transform. After |Tatarski 1961), the speciral density of the funetion

Dir) =¥ [RRLY
with i< p <2 E In the three dimesional case

Tip+2)
An2

An Important eondltion s that the Buctuations mist have an outer lmit, e that the power law does mot
Inerease Indefinitely. To get the phase Auciuations om the refractive Index spectrom, we take

Flig) = ginlap ¥ e (8.10)

D ir) = -hj; [1— Jolre)]F (x)nde [8.11)

with tle Bessel lunction Jf; and fnally obtaln the power law for thick sereen turbulemsse:
Do) o (e 953 (9.13)

For the phase noke [Ag(r) = 0, (7)), one has therelore to expect power laws with expoments het ween
1/3 and 5. The aleolute sealing lactor Ior the power law and the position of the hreak where tle phase
noke level off depend on the observing site, and of eourse on tle weather.

D 1o the quasl-random nature of phase Quctuations, lorecasis and Interfexirapolations can be oon-
sldered Inadequate for a phase correction system. Direct measurements of the water vapor oplumn alomng
the line of sight are therelore the most rellable approach.

94 Remote sounding techniques

These methods were originally developed for meteorolegy and control of Industrial emBslons.

1. LIDAR: compares laser hack scattering or iransmision. DIAL: differential absomption LIDAR,
works at two requencles (on and off the atmospheric line of nterst), detects 001 gfm® water
vapor. Disadvantage: works hest from alreraflt, expensive eguolpment.

2. B0DAR: Remote sounding with sound waves., Detects turbulence, bt glves Title quantitative
resulis.

3. IR window: Hi() line alsorption In bont of & strong contimom souree [Sun, Meon, Jupiier).
Diadwantage: Directlons of olserving and monitoring beam differ. The phase correction degrades
as a lunectlon of the separation angle and the distanee of the dominan turbulent layer.
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Figure 8.4: Gradient ATy, (Apath (Kfmm ) asa function of frequency and total precipitable water under
clear sky conditions. The atmospleri model assumed an amblent tem perature of 275 K, pressure TR mbar,
elevation 457, an oheerving Trequency of % GHe and warlous amounis of water wapor. Light grey: 3 mm
water, middle grey: b mm water, dark grey: Bmm water. Dash-dotted limes Indicate the reesbwer tuning
ranges of the PABL

4. Radiometrle: Uses the atmospheri emission. Dedicated monitors operate mostly near the 22 GHz
ar 183 (GHez lines [several speciral chanmels). The Inter-line reglors of the lmm and 3mm windows
are ako sensltive enough, but make 1t diffleult 1o remove elowd emission.

For the mdiometrie approach, it s welul to study the sensitivity as a Tinetbon of requency, 1e. by low
much the sky emission changes lor a fixed Auctuation of water vapor, which corresponds to a fixed wet path
Muctnation. Fig 9.4 shows what change in T,p, one must measure under conditions of various humidity.

There are two reasons o se the 222 GHz e Clowds are easker corrected at this Teguency, and
recelver eomponents are less expensive.

e notiees that the B4-116 GHe window s 1-2 tlmes a5 sensitive as the 2.2 GHe line, and the 210-
248 (Hz window 4.5-8.3 times. A dedicated recelver near the 183 GHe water line would have the highest
sensitlvity, but can suffer from temperature dependent saturation effects. It I better adapied for slies
where the total amount of water abhowe the Instrument Is typleally less than 3 mm.

9.5 Current phase correction at TRAM

Bemoie spunding is done with the astronomical lmm reeebvers In the Inter-line reglon at the olusen
ohseryving Treguency. One 1ses the total power chanmel [handwidih 5300 MHz). Advaniages of this approach
are the close colncldence of obaerved and monlored line ol sight, and the fact that no additional moendtoring
eguipment k& needed.

First sueeess was on April 18, 1905, with tle Isstallation of the present reeeber generation on the
PdBI [Bremer 1995]. Critieal advantages were the improved total power stability of the meceivers and the
capabllity to observe in the lmm window. The necessary stability for a 307 phase rms at 230 GHz &
about AMM =2 1071,

Stepa of the e thod:

L. Calibration of the total power eounts Maim (o Ty as given in the lecture on amplitede and fux
calibration.

2. Derate the amount of precipitable water vapor In an atmosplerle model 1o reprodece Ty, There
15 mop “learning phase™ of the algorithm on a quasar, just the mode] prediciion.
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Figure 8.5 Antenna hased total power at 3283 GHz, the reference value 1o caleulate the differential
correctlon, and the model-based phase shift per antenna at 3.2 GHs.

3

The amount of water vapor alog the lne of slght Is proportlonal to the wet path length.
qurth s 6T - waler [ Zenlth) - admass{ Elevatlon) [9.13)

Howewver, wet. path length and opacity have different dependeneies on fequency, atmospheric pressure
and temperatice which should be taken inte acoount. The main increase of the refractive ndex a of
water vapor relative to dry air bappens in the nfraved, which makes it diffieult 1o use the Cmmers-
Kronlg relations lnking 1t to opacity [Integration over many iransitions). For dmplielty, we use the
calgulations by [Hill & Cliffort 1981] for the frequency dependency and the tem perature and pressare
dependencies by [Thayer 1974] istead. These refemnces e not 1 but the refractiviiy &, which &
defined gver the exeess path kngth L relative to vacuum propagation over the line of sight s

L= 10411':#,[:3.1; (9.14)
NP T) =Tr.403P2im _ 19 5PV | gomg PV (9.15)
' T T T2 '
Hill and Cliffort caleulate N(u) for T = 300K, P = 10133 mhar, 80% humidity
_r.4gaPEm _ g gV o (300.1?
Nip,T,v) _77.493"; 12.5"T +N[u:ﬂ_2( - ) (9.16)

. Sulitract the average over a time interval (default: the diration of a scan) w0 remove residual offsms

due o repelver drift and ground pickup, which can be different for each antenna (see Fig 9.5).
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5 Convert the antenns specifie path shifis Into phase at the oleerved wavelosgth, A

6. Caleulate the baseline specific phase shifis Agi; = Ay — Ay A corrected and an uncorrecied
version are ealeulated and stored during the meal time reduetion which eompresses the specira over
one sean. The precision of the correction in relative pathlengih is about Ghum per antenna (hence
S0um per haseline, Le. 2 larger).

7. During the ofl-line data reduetion, the ser can choose Iredly between the corrected and uncorrecied
sets. The phase eorrection can fall under the Tolowlng conditions:

& Clowds: the model only works for ¢lear sky eonditions, and will ever-estimate the phase shifis
serloisly in the prsence of douds.

# Very stable winter conditions: The phase noise of the ohservations can bhe below 25° at 230
(3Hz, which is the intrinsic polse of the corvection metlhod.

» Total power Instablities: For some frequencles, the recelvers are difficult te tune. One can get a
piee gain n the interferometric amplitede, but an urstable total power signal with an intrirsie
moise well above 25° at 230 GHe.

Even for the cases above, the olserver has lost nothing becaise the uncorrecied seans are still there.
Software tools are available which belp to declde when to apply the correction.

RF:  Fraiab CLIC — O0F-MAY— 1888 185307 — i——1 NOSKROOWOSEDS ¥o AV
;-'h" E:-};; atm, . B8 4436 1038 OB36+710 P CORR CONTS 401 16-MAY- 1886 1353 -2.7 Vecl.Avg.
148 447E 1038 JO7EI+5I52 P CORR CONTA 401 1B-MAY—18BE 14:14 —15
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Figure 9.6: Basellne based amplitudes, unoorrected phase and monitor correcied phase at 86.2 GHz witha
time resolution of 1 5. The data correspond to the antenna based section in Flg. 8.5, The phase calilration
applied In columns 2 and 3 was obtaleed sing STORE PHASE FSELF on a one minute time scale, therely
setting the mean phases (o zero.
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Figure 9.7: Baseline hased amplitudes, uneormecied phase and monitor eorrecied phase at 86.2 (GGHz for
a ¢lowdy data sectlon. The elear sky model gver-estimates the correction and would mesult In serloms
amplitude kpss. The off-lie data reducition software will identily those parts and disahle the eorpection
ihere

0.6

Phase correction during off-line data reduction

Inaiyplkal data reduction sesslon, the atmoespheric phase correction hides hehind two unebirsive hutons
[Fig.8.8). The delaul of the PHOOR hutton will ealeulate the phase correction on a scan hasls, Le. only
the corrected amplitudes will be used and mot the phases. There are two reasons to be ¢autios about the
correcied phases:

-

As we lave learned fom turbwlence theory, averages are ot good In deseribing data which obey a
striciure Tunction. Adjisting the monitored phases (o sem average can introduee random-like offsets
due to slow [large-scale) components of the atmespherie Dectuations. You can only rely on averages
i the guier seale of turbulence have passed several times over the Instrument. This can be true on
your sourte [typleally 3 min integration time), but ls doubiful on the callbrators (Integmtions of
typleally 3 min) It may work lor compact configum tlons depending on wind speed, Le. It depends
an the weather., There may be an Impmyvement, but it canmot be guaranteed.

Mearly linear changes In total power can be due 1o a hig water vapor bubble in the atmosplers or a
galn drift In the recelvers, The fivst will prodece & phase shilt, the seoond wil net, and the soliware
canmot tell them apart. In most cases, gain drifis appen when the antenna has jist mowed a large
distanee In elevation, as pump fictlon and Dguid helium distribution change with the recelver cabin
tit. Such drifis ave Invisible In the Interferomeirle amplitede (opacity correction), but the phase
correction ls more semsitive 1o them.
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The part of related header vadables 1s acomssible over
CLIC> VARIAELES MONITOR
Some fems are sean-hased In time resolution, others can be expanded to a time seake of one second over
the total power slgnal. One can plot the following guantities related to the phase correetion:

& ATMPOWER: total power counts of the monltoring recelver

# ATMREFERENCE: the offsets which are subtracted from ATMPOWER

» ATMEMISSION: the callbrated sky emisslon In Kelvin

# ATHMPHASE: the modeled atmospherie phase

& ATM UNCORRFH: the astronomical phase meorrected from atmosplere
# ATH.CORRPH: ihe astromomical phase corrected with the model

# ATMVALIDITY: 0 or 1 whetler tle phase correction has been declaved valld or pot. This fag k
antenna speciiic.

Inomder to ¢heck the validity of the phase correction, the standard reduction runs the command
CLIC> STORE CORRECTION AUTO 15
Le. Crie will test the phase callbrator ebservatlons (iype P) I the application of the phase cormeetion
improves or degrades the amplitedes, and will declare the oorrection on source observations (type () Ina
£15 mingtes time window for good.

Apart from AUTO, one can use G000 and BAD for a manual override of the diagmostics, and SELF 1o ceck
the amplitude for each scan (indiferent o type O or P) for strong sourees
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Figure 9.8: The CLIC ealibration package menu, with phase eorregtlon relaied liems marked.

9.7 Frequently asked questions

# How often is the phase correction applied? Statistie have heen ealeulated for all recsiver 1
COBRER scans In the prelimipary data reduction ks between September 1997 and March 1998 (a
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total of 3130 bours). Ower this pefod, the phase correction was diagnosed “good”™ during T8AT of
the oheerving time.

» Does one gain something on a self calibrated soureeT Yes, the monlior corrected specira ame
impmyved on a sub-scan scale, le. on one second. An example lor this case can be lpund in Fig. 906,

« How fast can the phase change? Phases al 3mm can turn by more than 307 over 3 seeomds.
Even under calm ¢onditions, it was found that a time resolution of one second for the cormetion
gave hetter resulis than an average cormection over lour seoonds.

#« Iz dry weather the same a8 low phase nolse weather? Unforiunately not. Even with Jmm
precipitable water, one can have very had phases I the wind is high (about 10 m/s).

« Why = the phase correction sometimes disabled under clear sky conditionsT Each cor-
regtion system has s Inirinsk molse. I the atmespherie phase nolse is below 1P at 3 mm or 30 at
2 GHez (which happens under stable winter conditions), the added molse will undo the henefiis, and
the diagnosties will switch tle correction off. The same can happen under less lavorable oonditions
il a recebver has an unstable total power signal [this can happen at spme requencies).

» How does the corrected phase de pend on baseline lengthT Basically, it becomes Inde pendent.
Crver 1ime scales longer than the moniior time Interval, the structure Tuncton dependence stays.

& Are there atill changes / Improvements in the systemT Yes, we are working on it



