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Zusammenfassung

Wasserdampfinduzierte Refraktionseffekte der etektrgnetischen Wellen stellen
die zurzeit grofdte Fehlerquelle bei MessverfahemSatellitengeodésie, wie z.B. GPS
und VLBI, dar. Die Problematik rthrt hauptséchliokr von der stark variierenden
Verteilung von atmospharischem Wasserdampf sowolder Zeit als auch im Raum.
Im Allgemeinen kénnen diese Laufzeitverzogerungarcld den feuchten Anteil der
Atmosphéare nicht exakt genug durch atmosphéariscbdelle berechnet werden, die
herkdbmmlich in Satellitengeodasieanwendungen gemazden. In den vergangenen
Jahrzehnten hat die Wasserdampfradiometrie eigegr&otential entwickelt, um den
atmospharischen Wasserdampfbestandteil zu mesdlmdiAgs ist der Prozess der
Umrechnung von gemessenen Helligkeitstemperaturdraufzeitverzégerungen stark
von gleichzeitig durchgefuhrten Radiosondenmessuraggangig. Dabei werden die
Messergebnisse von an aufsteigenden Ballons lgtfssti Wettersensoren fur
verschiedene Druckstufen per Radiosignal ausgetehéaler werden periodische
Radiosondenbeobachtungen aber nur selten in deg Né$ Wasserdampfradiometers
(WVR) durchgefihrt. Dem gegentber besteht seigemiJahren die Mdglichkeit, ein
numerisches Wettermodell anstelle der Radiosondebarsse zu nutzen. Ein
numerisches Wettermodell kann meteorologische IBrdfir solche Orte liefern, wo
eine Radiosonde nicht verfligbar ist.

Der Schwerpunkt dieser Dissertation liegt hauptsé@thauf der verbesserten
Bestimmung der Laufzeitverzogerungen durch denhfiemc Anteil der Atmosphare in
der geodatischen VLBI, wobei die Wasserdampfradterbeobachtungen am
Radioteleskop in Effelsberg genutzt werden. Vehlglit mit anderen
Wasserdampfradiometern hat dieses Instrument grdBeeile hinsichtlich der
Messwertgewinnung. Es zeigt immer in dieselbe Richtwie die VLBI-Antenne, weil
es im Primarfokus des Teleskopes installiert istotler in der Nahe von Effelsberg
werden jedoch keine Radiosondenbeobachtungen defidiny Um diese Schwache zu
beheben, wurde ein numerisches Wettermodell despEan Centre for Medium Range
Weather Forecasts (ECMWEF) fur die Bestimmung votibdfarwerten herangezogen.
Es liefert fur das Radioteleskop in Effelsberg rostogische Daten wie z.B. Druck,
Temperatur und Wasserdampfdruck. Solche Profile demr in einem
Strahlungsiibertragungsmodell verarbeitet, welchbgsoretische Messungen der
Helligkeitstemperatur ermittelt und diese in Lautfizerzogerungen durch den feuchten
Anteil der Atmosphéare umwandelt.

Um die Laufzeitverzogerungen durch den feuchteneinder Atmosphare aus
Wasserdampfradiometermessungen und die Modelleebegsgleichen zu kdnnen,
wurden alle Laufzeitverzogerungen durch den feuchteteil der Atmosphére auf die
Zenitrichtung (Zenith Wet Delays, ZWD) bezogen. Mergleich hatte zum Ergebnis,
dass die ZWDs der Modelle einen um ca. 30 mm hdhéfert zeigten als jene, die mit
einem Wasserdampfradiometer gemessen wurden. Igléier zu GPS-abgeleiteten
ZWDs betrugen die durchschnittichen Offsets der d®lle und des
Wasserdampfradiometers -4.3+11.0 mm beziehungsw&is8+24.0 mm. Diese ZWD-
Vergleiche haben gezeigt, dass eine Korrektur d&’RWZWDs erforderlich ist.
AulRerdem hatte es den Anschein, dass die rohen VWR-Messungen geglattet
werden sollten, um das Rauschen des Instrumentsreduzieren. Fur die
Fehlerkorrektur wurden auf3erdem in jeder einzelBession durchschnittliche Offsets



zwischen den Modellen und den Wasserdampfradiomdierechnet und angesetzt.
Allerdings zeigte sich schon hier, dass die intdfaébrierung des Instruments einige
Defizite aufwies und die Ergebnisse dadurch inridenauigkeit eingeschrankt waren.

Die Korrekturen an den Laufzeitverzogerungen ini#@iehtung aus verschiedenen
Ansatzen wurden in funf geodatischen VLBI-Sessionearwendet und die
Auswirkungen auf die BasislinienwiederholbarkeitduA6hengenauigkeit untersucht.
Es stellte sich heraus, dass die Basislinienwiedeankeit bei manchen Basislinien
verbessert werden konnte, wenn Offsets an den gemes WVR-Ergebnissen
angebracht wurden. Die Verbesserung war jedocmddedls 1 Prozent. Obwohl die
Hohengenauigkeit, ausgedrickt als Root Mean Squireat (RMS) und Weighted
RMS (WRMS), um den Faktor 2 verbessert werden Il@nnteigte die
Hohenkomponente selbst eine grof3ere Ablage vonldsprungswerten als erwartet.
Als Ursache dafir wurde die Vielzahl der zu schédee Parameter und ihre zum Teill
hohen Korrelationen identifiziert.

Die  Schlussfolgerung  dieser  Untersuchung ist somiglass die
Waserdampfradiometerbeobachtungen in Effelsbergh noicht ganzlich fur die
Fehlerbehebung der Laufzeitverzégerungen durchfelechten Anteil der Atmosphare
geeignet sind, was hauptsachlich auf die Unvollk@mheit einer instrumentellen
Kalibrierung zuriickzufuhren ist. Es werden weit&teidien mit einer gréf3eren Zahl
von WVR- Messwerten mit einer verbesserten Kaliong des WVR notwendig sein,
um die Zweckmaligkeit des Wasserdampfradiometersdi#@ Fehlerbehebung der
Laufzeitverzégerungen durch den feuchten Anteil A@nosphére in der geodatischen
VLBI abschliel3end nachweisen zu kdnnen.

Summary

Water vapour induced excess path lengths in el®etgnetic waves have been one
of the most unmanageable errors in space geodesh, & GPS and VLBI. The
difficulty mainly comes from the highly variable stlibution of atmospheric water
vapour both in time and space. In general, thedepa# delays cannot be estimated
accurately by atmospheric models that are conveallyp used in space geodetic
applications. In the last few decades, water vapadiometry has shown great potential
for measuring atmospheric water vapour content. él@w, the wet path delay retrieval
processes are strongly dependent on radiosonde a#taugh periodic radiosonde
observations are rarely available in the vicinitpwater vapour radiometers (WVRS).
Radiosonde observations are weather profiles fraltlodn starts which are transmitted
by radio signals. On the other hand, the posgitalitusing a numerical weather model
(NWM) instead of a radiosonde has been on the aseren recent years. NWM can
provide meteorological profiles for those placesvreradiosonde data is not available.

The focus of this thesis is mainly on the improvaemef the wet path delay
corrections in geodetic VLBI sessions using the WYBservations at the 100m
Effelsberg radio telescope. Compared to other WMRs,Effelsberg one has a great
advantage in terms of observation. It always pomtthe same direction as the VLBI
antenna because it has been installed on the piomes cabin of the telescope.
However the Effelsberg station does not make pericgdiosonde observations. To
overcome this weakness, the numerical weather motiehe European Centre of



Medium Range Weather Forecasts (ECMWF) was intredluclt provides
meteorological profiles over Effelsberg such ascspheric pressures, temperatures,
and water vapour pressures. Those profiles wereepsed by a radiative transfer model,
which calculates theoretical measurements of bmggg temperature and converts them
into wet path delays. These two models were condbinebe compared with WVR-
observed wet path delays.

For a better comparison between wet path delays fre WVR and the models,
zenith wet delays (ZWDs) were used. As the resflthe comparison illustrate, ZWDs
from the models showed higher values than the W\&sured ones by roughly 30 mm.
For comparison with GPS-derived values, averageetdfand standard deviations of the
models and the WVR were -4.3£11.0 mm and -44.8+8#f) respectively. From these
ZWD comparisons it was found that further correcsioto the WVR ZWDs are
necessary. In addition, the noisy behaviour of the WVR ZWD measurements
should be smoothed by a running mean method bedpmdication. In addition,
averaged offsets between the models and the WVRumnaaents should be determined
for the correction of individual sessions. Howevalieady at this step it became
obvious that the instrumental calibrations of tadiometer are far from being mature
resulting in erroneous absorption profiles.

ZWDs from the WVR measurements with different Isvef corrections were
applied as corrections to the wet components ofathespheric refraction in the five
geodetic VLBI sessions. Impacts on baseline repéiysand height precision by these
were investigated. As the results show, the baseépeatability was improved in terms
of Root Mean Squared Error (RMS) when the offsetemtion was applied. However,
the improvement was less than one percent. Althdbhghrepeatability of the height
component was improved in terms of Weighted RMS M@ with respect to the short
term mean height by a factor of 2, the height comep itself showed a larger deviation
from the original value than that expected fromZN&D corrections. A possible reason
Is that the estimation of the many parameters enléast squares adjustment can easily
affected the height parameter.

The conclusion of this study is that the Effelsb&#®yR observations are not
perfectly suited for wet path delay corrections.y&his is mainly due to the
imperfectness of instrumental calibration. Furtsteidies based on an increased number
of WVR data with better internal calibrations seetmse necessary to make a final
judgment regarding the usefulness of the WVR fot wath delay corrections in
geodetic VLBI.
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1. Introduction

1.1 Motivation and objectives

1.1.1 Motivation

Atmospheric water vapour degrades the accurachefrésults of space geodetic
observations due to permanent electric dipole masndncreates excess path lengths
by retarding (slowing and bending) the propagatbthe electromagnetic waves that
are used in global positioning system (GPS) ang Veng baseline interferometry
(VLBI) observations. It is known that the excesthgdangths are less than 30~40 cm at
the most, and are the primary obstacles of spangegy because of the highly variable
distribution of water vapour in the atmosphere.

According to Askne and Nordius (1987), this wethpdélay cannot be determined
by only using surface meteorological data with anusacy of 1 cm or better in the
zenith direction. To cope with this deficit, geddéfLBI analysts normally estimate the
wet path delay contributions via various approachksvever, the number of unknown
parameters increases considerably and the resilliea/e room for improvement for
many space geodetic applications. It is known timgiroved accuracy can be achieved
by using remote sensing techniques. Several au(Reschet al, 1979, 1984; Waret
al., 1986, 1993; Kuehet al, 1991, 1993; Johansset al, 1993; Teitelbaunet al,
1996; Tahmoush and Rogers, 2000; Oswetidal, 2005; Nothnagekt al, 2007)
suggested the use of water vapour radiometers (WVRsSWVR measures the
brightness temperature from the thermal emissiowaiér molecules. In order to use a
WVR for geodetic purposes, a conversion process filee brightness temperature to
the wet path delay is necessary.

Since Elgereet al (1991) presented the usefulness of WVRs to gentéBl, the
quality of WVRs has constantly improved. Howeveet\path delay retrieval from the
water vapour content has always been dependentadiosonde data. Radiosonde
weather profiles originate from weather balloonscolwhtransmit their data via radio
signals. Only a few WVR stations have access toosatdde data acquired in the
immediate vicinity. With the advent of numerical atleer models (NWM), a new
method for the conversion of the brightness tentpegaor the readjustment of the wet
path delay corrections may be possible, even fiiosts where radiosonde data is not
available.

Another modern development is that the observatryEffelsberg has been
operating a WVR with a new concept. Most WVRs measuightness temperatures at
only two distinct frequency channels. The Effelgh&/VR, however, possesses a
receiver with 25 channels of 0.9 MHz bandwidth eaganning from 18.3 to 26.0 GHz.
Another promising feature of the WVR at Effelsberghat it always points in the same
direction as the VLBI antenna, continuously chaggiirections during geodetic VLBI
sessions. In the absence of regular radiosondena®sms in close vicinity to
Effelsberg, it appears to be a suitable approaclhis® a NWM for improving the
retrieval of the wet path delay corrections.



1.1.2 Objectives

The primary hypothesis of this thesis is thatlew concept of the Effelsberg WVR
together with data from NWM vyields improved resuits the geodetic parameters
estimated from VLBI observations. In contrast towentional two-channel WVR, the
Effelsberg WVR scans the water vapour emission tgp®con multi-channels. This
sampling allows the separation of the emission finstrument effects and from the
emission of cloud water (Tahmoush and Rogers, 20@0pddition, the WVR can
always keep the line-of-sight direction of the VL&itenna. In order to use the WVR
for geodetic purposes, the conversion process leetywarameters in different units is
indispensable. WVR-measured brightness temperaturi¢slvin can be converted into
wet path delays in millimetres via the so-called tetrieval process. Every retrieval
algorithm includes conversion coefficients. The fioents are derived from the
relationship between WVR-measured brightness temtpes and radiosonde-derived
wet path delays. Unfortunately, Effelsberg has egutar radiosonde observations. To
cope with this deficit, a NWM will be introduced fwovide meteorological profiles
over Effelsberg. In order to calculate brightnesaperature measurements based on the
profiles, a radiative transfer (RT) model will batroduced. At the microwave
frequencies used in this study, the radiation frarater vapour molecules is an
integrated quantity of the two opposite procesdest fre the emission and the
absorption, as depicted in figure 1-1. A seriegtdractions of the two processes along
a line-of-sight are called the cascade processn@@haekhar (1960) presented the
radiative transfer equation of energy transferl@cteomagnetic waves to describe such
a cascade process. In combination with NWM, RT neogeovide a possibility for
calculating theoretical measurements such as Ineght temperatures and wet path
delays using the profiles.
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Figure 1-1. Conceptual diagram of the cascade process (left) to the brightness temperature
(right) by RT model: The RT model calculates the brightness temperature using meteorological
profiles provided by NWM



In order to find an improved method of retrievaile investigations will be focused
on the zenith wet delay (ZWD) by readjustment & WVR measurements based on
the model calculations. It may be possible to fie best readjustment through
comparative investigations of geodetic paramet&lss is similar to an adjustment
process of the wet path delays, periodically fiftithe WVR measurements to the
radiosonde-derived wet path delays. In this studgjosonde measurements will be
replaced by the model calculations for the sam@gse. As a final step, the readjusted
ZWDs will be applied to geodetic VLBI sessions dhdir effects will be investigated
mainly in terms of baseline repeatability and heigrecision. The key steps of this
study are summarised below.

0. Calculate theoretical measurements using an RT m@denoRTM,;
Cloughet al, 1989, 2005) introducing profiles from ECMWF

1. Readjust the measured ZWDs based on the theoreatallations by the
models.

2. Apply the readjusted wet path delays to the geodétBl sessions

3. Investigate the effects of the delay correctionsthe geodetic VLBI
sessions mainly in terms of baseline repeatalaliy height precision.

When embarking on this thesis, it was expedtati several geodetic VLBI sessions
with useful WVR measurements at Effelsberg woulcbailable eventually. However,
in the course of time it turned out that only faessions could be successfully observed.
For this reason, the conclusions will have to beeldaon these five sessions alone.

1.2 Water vapour in Space Geodesy

Water vapour is one of the most pending obstaiceground based space geodetic
observations. In particular, space geodetic tedyies using microwave frequencies
such as GPS and VLBI mostly suffer from uncalitdateater vapour-induced delays.
However, its distribution in the atmosphere is isgible to accurately predict only with
atmospheric models. Thus, the wet path delay Isteg limiting factor for further
improvements in space geodesy.

As engineering technologies become more and movanadd, space geodesy is
jumping to new levels of performance with unprecedd accuracy and precision
particularly in positioning of global scale which mecessary for the maintenance of the
Terrestrial Reference Frame (TRF). Until now, mokispace geodetic networks are
deployed on the surface of the Earth and use mewewgignals for measuring distances
and angles. The atmospheric water vapour contsbdiféerent excess path lengths to
the distance measurements from individual sitéeerglobal network, because each site
is subject to different weather conditions. To méet high performance of the
observations themselves, the wet path delays lwalse handled properly and corrected
in more sophisticated manners.

1.2.1 Path delays induced by atmosphere
Ground-based space geodetic instruments obsmiceowave signhals that are
emitted from sources in outer space, such as Quasad artificial satellites. The



microwave signal inevitably passes through the aphere to be detected at the surface
of the Earth. Figure 1-2 depicts a typical conditaf geodetic VLBI observations with
two distant telescopes. The microwave signal reaciground receivers includes the
overall effects of error sources between the scuiled the receivers. The signal
experiences slowing and bending while it passesutir the atmosphere. The
atmosphere can be divided into two layers thatdaseribed in figure 1-2 in terms of
delay causing factors.

# Quasar

Plane wave

Ionosphere

Troposphere

Station A )
Station B

Figure 1-2. Microwave signal propagation at two separate geodetic VLBI stations

As can be seen in the figure, the microwave sigmapagates through the
ionosphere and troposphere. These layers affeantbewave signal with extra path
delays in different ways. In the ionosphere, tlgmal is refracted mainly by dispersive
constituents such as ionized molecules and frexretes. The level of the retardation by
the dispersive medium depends on the frequencyhefsignal. It means that the
ionospheric delays can be corrected by using @iffeing techniques between the two
observed frequencies. This is the reason that VaBil GPS use dual-frequency
observation and ionosphere-free combinations teecbthe ionospheric delays.

The troposphere is filled with neutral moleculegshsas nitrogen, oxygen, water
vapour, etc. The second refraction takes plac@erapproximately ten-kilometre thick
layer above the ground. Those neutral molecule® mn-dispersive characteristics
with respect to the microwave signal. It means thattropospheric refraction depends
on the amount of the non-dispersive constituenteddd the assumption of the
homogeneous distribution of the neutral gasestdta loading by the constituents can
be precisely estimated by measuring the atmosppesgsure at the ground. However,
water vapour partial loading cannot be preciselyregted in the same way.

1.2.2 Path delay induced by water vapour

To extract the wet path delay from the troposighéelay, it is convenient to start
with a single antenna as depicted in figure 1-3e Wave propagates to the antenna
along the curved path S instead of the straightt gatdue to gradients of refractive
index. It also travels slower through the layersceftain density than it would in a
vacuum. The tropospheric delay is the sum of theeeeffects.

10



7 Frde e
Figure 1-3. Signal propagation through the atmosphere (Elgered, 1993)

If the refractive index n is known, the elecatipath lengthL of a signal propagating
alongSresults in

L= [nds (11)

As can be seen from the figure, the total expasls length by the tropospherd.
can be described as (Elgered, 1993)

AL= [nds-G= [(n-1Dds+S—-G (1.2

the first term on the right is due to the slowiffiget and the remaining two terms (S-G)
are due to the bending effect that are known asdgometrical delay’ or ‘the delay due
to bending’. The first term is more dominant thae second term, even at low elevation
angles. The difference between remaining two tevarsshes in the zenith direction.
Referring AL to zenith and dividing it by the speed of lightesults in the zenith total
delay (ZTD) of the troposphere. This total tropamph delay toward the zenith
direction can be divided into two components; Zeriydrostatic delay (ZHD) and
zenith wet delay (ZWD).

The previous equations can be reformulated with atmospheric refractivity N,
which is the key parameter to all theories concgymadio wave propagation.

N = 10° (n-1) (1.3)
Equation (1.2) can be written for the zenithediion
ZTD -c = AL*™™" = 107¢ [ N ds (1.4)
Since Smith and Weintraub (1953) published tassic formula for N, the formula

has been modified by several authors (Thayer, 19ilgtal., 1982; Bevistal., 1994)
taking into account non-ideal gaseous behavioue.typical form of the formula is

11



N= k22 Z3 + by 2 Z5t + ks Zt (1.5)

where P, is the partial pressure of the dry constituentaiofin mbar, e is the partial
pressure of water vapour in mbdr, is the absolute temperature in K, aAg' and
Zy1 are the inverse compressibility factors for dnyamd water vapour, respectively.
The inverse compressibility factors are correctifmmghe differences between non-ideal
gas behaviours and ideal gas assumptions. Owe63)(ti@termined these two factors.
The constants ok,, k,, and k; were determined from laboratory experiments. The
latest values were given by Bewsal. (1994) ask, = 77.6 + 0.05 K/mbar,k, =
70.4 + 2.2 K/mbar, andk; = 373900+ 1200 K/mbar, respectively.

The first term on the right of equation (1.5}he dry refractivity Kg) and the other
two terms are the wet refractiviti{(). Equation (1.5) can be written as

N= N;+ N, (1.6)

In order to express the total refractivity innts of hydrostatic and wet terms, Davis
etal. (1985) presented a modified equation of the o#ifriy using the gas law

Py =pRiTZ; (1.7)

where P; is the partial pressurey; is the mass densityg; is the specific gas constant,
T is the absolute temperature, and Z is the inve@@pressibility according to
subscript i which is for dry and wet air. Then equation (k& be modified

— Ry _
N = kiRqpa+ ko Ry pw + kagz Zi' = kiRa (pa + pu) + (k2 — ky 297 251 +
ky— Z;1  (1.8)

T2

The first term on the right in equation (1.8) noantains contributions from dry air
and water vapour, however, in hydrostatic equilibri For this reason, this term is
called the hydrostatic component of the total wdfvaty. Equation (1.6) can then be
written as

N= N,+ N, (1.9)

Finally, ZHD and ZWD can be expressed using &#qos (1.4), (1.8) and (1.9) for
the zenith direction.

ZHD = AL = 107 [ kiRq (pq + pw) ds (1.10)
i _ Ry _ —
ZWD = ALZ™™" = 107° [[(k, — ky E)g ;) + kgg Z;1 ds (1.11)
ZTD = ZHD + ZWD (1.12)

It is known that the ZTD is approximately 230 ¢a8 ns at sea level). The ZWD

12



just covers approximately 10% of the ZTD. The wdghe ZTD is covered by the ZHD
which can be calculated from the measurements i1 meteorological parameters.
Then, the ZWD can be estimated by differencing betwthe ZTD and the ZHD. Many
VLBI stations operate a meteorological sensor auigd level to infer the ZHD
precisely. According to Johanssenal (1993), the ZWD shows geographical (latitude
and height) and seasonal variations as well agbiastween instruments.

If refractivity profiles from radiosonde observaif are available, ZTD can be
obtained from equation (1.4). Owing to the costadiosondes, empirical models for
ZHD and ZWD are commonly used. These models ugacgimeteorological data and
geodetic information of stations. According to Jaeeal. (1991), the empirical models
calculate ZHD with an accuracy of a few millimetretien using accurate surface
pressure data. However, the empirical models forDZ&e not enough in terms of
accuracy and precision.

1.2.3 Path delay correction in geodetic VLBI

Empirical models

Regarding the tropospheric delay corrections, sgvamnpirical models have been
used. One of the most commonly-used models is dast@moinen (1972) model which
describes the ZHD

P
= (0. +0. s 13.
ZHD = (0.0022779 +0.0024) > (1.13.a)

f (¢, H) = (1 —0.00266 cos 2¢ - 0.00028H) (1.13.b)

where P, is the surface pressure, is the latitude in radians, and H is the heigluvab
the ellipsoid in kilometres. Several empirical vetlay models such as the Hopfield
model (Hopfield, 1997) and the Ifadis model (Ifadi886) have been developed.

ZWDyopfiela = % (—12.96 T, + 3.718-10°)11000 % (1.14)
ZWDjpaqis = 0.554 1072 — 0.880 - 10~* (P, — 1000) + 0.272-10~* + 2.771‘;—2
(1.15)

where P, is the partial water vapour pressufg, is the surface pressure, afig is the
surface temperature.

In contrast to ZHD, ZWD is hard to determineqmely by a model because an
accurate profile of water vapour partial pressgr@ot yet available. Instead, the wet
path delays are estimated in geodetic VLBI withfeld#nt parameterisations as
described below.

Mapping functions

In general, a VLBI measurement is taken alorgjaat line-of-sight and the dry
atmosphere is normally thicker than 50 km in alt#u Considering the fact that
hydrostatic delays are corrected by a model, cboreg for this atmospheric thickness
require a complex elevation angle-dependent mobkahashiet al, 1997). To take
into account the dependence on elevation anglbeoMLBI observations, a mapping

13



function is needed for the conversion from zengthahy elevation angle. Considering
the mapping function, the total excess path lengith can be written as

AL = ALZE™th M, () + ALZE™MER M, (¢) (1.16)

where M, (¢) is the hydrostatic mapping functio,, (¢) is the wet mapping
function, ande is the elevation angle. Brief information regaglithe mapping
functions are reviewed in terms of the elevatioglandependency. The following
synopsis is mainly based on Takahashal. (1997).

The dry component model was formulated based ommabmation of Chao’s
mapping function (Chao, 1970) and Moran’s zenitldeldMoran, 1981) and was used
extensively until the early 1980s. In terms of aelewn dependency characteristics,
improvements were made by the Marini model in tB80E. There are two different
types of model; the Marini and Murray model (1928% the CFA model (Davis, 1985).
While the Marini and Murray model has elevation elegency containing only a sin
(elev.) term, the CFA model includes a tan (el¢erm, which is based on Chao’s
mapping function. Several other atmospheric delagets have also been proposed by
Herring (1992) and Lanyi (1984). The Herring modelopts a different method of
calculating the coefficients, and the Lanyi mode¢sia detailed formulation that uses
separate formulations for daytime and nighttimexdat

The elevation dependent mapping functions haveeasingly been used in VLBI
analysis since Niell (1996) proposed new mappingtions. This global model yields
coefficients in the form of the continued fracticas a seasonal function, latitude, and
height, without consideration of surface meteormalgdata. This model can be applied

to elevation angles down td,3and is convenient for applying where meteorolagic

data is not available.

Bohmet al. (2006) presented the Vienna Mapping Function MEY) based on 40
years of reanalysis (ERA-40) data of the ECMWF. Bahthe coefficients in the form
of the continued fractions were re-determined. kinNWM-based mapping functions
such as IMF (Niell, 2000), the new c coefficients dependent on the day of the year,
and unlike the new mapping function (Niell, 1996y are no longer symmetric with
respect to the equator.

There are several difficulties in developing an @pheric delay model for wet
components. The water vapour content of the atmesspl quite unpredictable because
water vapour distribution changes rapidly accordmgltitude, elevation angle, locality,
and season. Moreover, every condition can varyiwdhfew minutes to few hours, due
to changes in the wind or ambient temperature. ideriag these characteristics of
water vapour, the use of WVR to directly measuraospheric water vapour content
can be an alternative to solving problems in deir@ng the wet path delays without the
influences explained above.

Estimation of atmosphere parameters from VLBI oket@yns

Equation 1.16 contains 4 components for each Maservation. WhilstM;, (&)
and M,, (¢) are different for each observatioA[Z¢™" and ALZE™t" are constant for
certain time periodsALZ¢™t" can be precisely determined from surface pressure,
ALZe™th cannot be precisely determined using surface mmtepcal data. Thus,
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ALZE™th remains the most uncertain parameter that is astinwith a varying time
period in VLBI under the assumption of azimuthamsyetry of the atmosphere.
However, in general, the atmosphere is not symmaetriazimuth angle. Thus, an
atmospheric gradient in azimuth has been used. MM (1995) modelled
atmospheric gradient delays

T = My (&) cot (¢) [ Ggsin(@) + Gy cos (D)] (1.17)

where @ is the azimuth angle of the radio source, @d and G are the north and
east components of the gradient ved®rThis atmospheric gradient will be used for
VLBI data processing in chapter 5.

1.3 Water vapour sensors

A variety of instruments to measure atmospheriewaapour have been developed.
It is useful to view a water vapour sensor as aotensensing instrument, because
remote sensing techniques using electromagnetiesvavovide a lot of information
without direct contact with physical bodies (Shark003).

A Water Vapour Radiometer (WVR) measures radiagorrgy from atmospheric
water vapour molecules in microwave regions. Thesuements are the brightness
temperature assuming blackbody radiation of theexvatapour molecules. The
brightness temperature can be converted into therwepour content by virtue of
radiative transfer theory. Ground-based WVRs alsmasure the cosmic background
microwave radiation. With knowledge of the temperatof the cosmic background
radiation, a WVR can be precisely calibrated. Comog the retrieval process, Bevis
(1992) mentioned that the retrieval algorithm nepaisameters which show variations
in season and geographic location for allowing aRM@ exhibit its highest precision at
a certain site. WVRs also have several disadvasfayeh as an inconsistent structure,
design, and instrument calibration by different ofanturers, and susceptibility to
rain, fog, dew, and frost. Detailed fundamentalsvater vapour radiometry is treated in
the next chapter

Global Positioning System (GPS) is another béiawater vapour sensing tool.
Since the mid 1990s, ground-based GPS meteorolagybben widely used in various
research areas, including geodesy. In recent ysatsllite-based GPS meteorology is
being used in climatology and ionosphere monitorifdn et al, 2007; Nilsson and
Elgered, 2008; Sohn and Cho, 2010; deal, 2010) This can provide meteorological
profiles, but it has quite a low time resolutionchese of an insufficient number of
spaceborne GPS receivers. Ground-based GPS metgpgrolvhich is based on
microwave refraction by atmospheric water vapoas hig advantages in terms of data
archiving for more than 15 years, reliable watgpota sensing tools, and continuous
operation even under severe weather conditionserRigc GPS-derived water vapour
amounts were used as reference data during thiecagan of a radiosonde humidity
sensor test (Takiguchet al 2000). They used precipitable water (PW) from GPS
solutions as reference data to unreliable radioséh@ during a GAME-T project in
the Asian monsoon season in 1998. Wang and Zh&@g)Zound systematic errors in
PW caused by different types of radiosonde humisi#ysors in comparison with GPS-
PW. They pointed out that GPS-PW data are usefuidentifying and quantifying
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several kinds of systematic errors in global ragioe-PW data. It is widely accepted
that GPS is presently one of the most reliable meaapour sensing tools. In this study,
GPS-derived wet path delays will be used as referelata for comparisons with wet
path delays from WVR observations and model calmnia.

Chapter 2 describes the basic principles of wasgrour radiometry and wet path
delay retrieval. Chapter 3 describes the numewesther and radiative transfer models
and presents theoretical calculations. Wet pathaydelfrom Effelsberg’'s WVR
observations and the model calculations are giveshiapter 4. Effects on geodetic
VLBI parameters after introducing the path delay$i ine shown in chapter 5. The
thesis closes with a discussion and conclusiockapter 6 and 7, respectively.
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2. Water Vapour Radiometry

Water vapour radiometry is a measurement tecienighich uses electromagnetic
radiation energy from atmospheric water vapour cuwks in the microwave region.
The water vapour radiometer used in this thesia iground-based and up-looking
instrument. The most common electromagnetic ramhagnergy comes from the Sun. It
reaches the ground after passing through the tireespheric windows of the Earth,
which are called the visible window, infrared windoand radio window. 51% of the
energy passes through the visible window, 30% efefiergy is reflected by the Earth’s
atmosphere, and the remainder is absorbed by altrmanspases (Sharkov, 2003). In
the infrared and radio windows, absorption takegxglby minor gases such as water
vapour, carbon dioxide, ozone, etc. Figure 2-1 shth& atmospheric transparency over
Effelsberg in the microwave region of the radio @ow, if precipitable water is
equivalent to a 15 mm water column. The atmosphaygorption spectrum for typical
surface conditions is also shown. The highlightedidiency ranges of 18.3 to 26.0 GHz

correspond to the 24 observation channels of th&RVal/Effelsberg.
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Figure 2-1. Atmospheric windows at Effelsberg, if PWV is 15 mm (Top; Roy et al., 2004);
Absorption spectrum for typical surface conditions: T = 288.15 K, P = 1013.25 hPa, RH = 100%
following Rosenkranz (Bottom; Hewison, 2007)
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According to thermodynamic principles, the absamptis transformed into the
thermal energy of the gases. Under the assumpfitwaokbody radiation, the reverse
process of absorption, i.e. thermal emission, iarzed with the absorption in the
atmosphere. These processes can be modeled byiaiveadransfer equation. In
principle, passive microwave radiometry needs adatag transfer equation, which
describes the radiant energy flow observed bydldemeter. The best-known radiative
transfer equation is Chandrasekhar's (1960) equatichich introduces absorption,
emission, and scattering processes. This equatisrbben widely used for astronomy
and atmospheric sciences. In the microwave rediowgever, the effect of scattering on
radiant energy transfer can be considered to bdigitdg because the microwave
wavelength of not more than a few mm is still mistger than the liquid water size in
drizzle or in clouds.

WVR is the instrument adopting the basic idea diatve transfer and thermal (or
blackbody) radiation theories. A WVR measures tleiation of water vapour
molecules in the form of brightness temperaturdschvonly depends on the blackbody
temperature. As mentioned in the previous chapiterradiances consist of emissions
and absorptions along the line-of-sight and are digctly proportional to the total
amount of water vapour molecules because of theadasprocesses as depicted in
figure 1-1. Such passive and ground-based WVRunsnts have been developed in
different structures and ranges of frequency fomnous purposes, such as weather
forecasting and climate, communications, geodesy lang-baseline interferometry,
satellite data validation, air-sea interaction, afwhdamental molecular physics
(Westwateret al, 2005). In recent decades, water vapour radignteis shown great
potential in quantifying atmospheric water vapoardetermine excess path delays
(Kuehnet al, 1991, Linfieldet al, 1994, Tahmoush and Rogers, 2000, Natlial,
2001). WVRs can monitor water vapour content withany direct influence from the
polar properties of water vapour molecules.

Figure 2-2 shows a block diagram of a common $wicradiometer. In order to
remove the instrument errors of WVRSs, referencesen@ources and tipping curve
methods are normally used. If the temperature ®fréfierence noise source and cosmic
background radiation are given, one can obtaintdhgerature correction towards the
zenith direction under clear sky conditions. Ona edso correct the elevation angle
dependent effects when WVR measurements are pobfatdeseveral different elevation
angles.
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Low Noise Band Pass
Amp. Filter

Local Oscilator

. Detector
Switch

Driver
Signal

Reference
Noise Source

Data Acquisition & Integrator
Process Unit

Figure 2-2. Block diagram of a switched radiometer
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In the next section, the basic fundamentals of Hongss temperature and
comparisons of several absorption models will bmrearised. Then, typical wet path
delay retrieval algorithms of two-channel and maliannel WVR instruments will be
explained. Furthermore, detailed information abbath WVR instruments will be
introduced. Finally, various types of WVR instrurhemd their geodetic applications
will be presented.

2.1 Brightness temperature

The brightness temperature is the temperatueeldéck body that is both an ideal
absorber as well as an emitter. The term ‘blackybisdonly true for the optical region,
because a black body emits thermal radiation in ittieared region. The thermal
radiation of a physical body, which has a phystemhperature, arises from internal
energy.

The internal energy enables spontaneous transibetween the rotation-vibration
level of molecules in gases, oscillations of molesun liquid and solid bodies and
vibrations of a lattice in solid bodies with subgeqt de-excitation of electromagnetic
quanta. The radiation has a typical quantum charadhe energy of radiation has a
continuous spectrum and its own peak temperaturbeerWthermal radiation is
characterised by temperature at a given point,amecall it thermodynamic equilibrium
or black-body radiation.

Brightness temperature is the primary observabM/gR. As a matter of fact, the
radiances are an integrated quantity of two oppopibcesses, i.e. emissions and
absorptions by water vapour molecules along the-difasight. It means that the
radiance is not directly proportional to the todahount of water vapour molecules in
the volume of the cylinder in the direction undensideration. A series of interactions
between water vapour molecules during propagatioough the atmosphere, which is
called the cascade process, bring the integrateahtiqy of radiances to the WVR
instrument. Figure 2-3 shows the cascade processstla mixture of absorptions and
emissions along the line of sight.

The basic equations of the brightness temperaterdescribed below. Planck’s law
describes the blackbody radiation.

2f%kgT
2

BT = e

wheref denotes the frequency,the temperaturek; the Boltzmann constant acdhe
light velocity. The brightness temperatufg(f,s) can be expressed by the radiative flux
density per frequency intervif,s)

C2
2kpf?

Ts(f,s) = I(f,s) (2.2

The intensityi(f,s) is emitted by a blackbody radiator with the tenapare T;(f,S).
For a non-scattering, non-refractive atmosphetaenmal equilibrium, the radiative
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transfer equation takes a particularly simple fasmgiven by Chandrasekhar (1960)
I(f,5p) = I(f,50) e &) + [V k(f,)B(f,T)e”™ D ds  (2.3)

where I(f,s,) is the intensity of radiation at frequenicgnd positions,,, k(f,s) the
absorption coefficient at frequen€wnd positions, and the optical depth is quantified

by

¢ (Sa,Sp) = f;b k(f,s)ds (2.4)
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Figure 2-3. Geometry of the radiative transfer equation:

Figure 2-3 shows the geometry of the above equatibhe first term on the right of
equation (2.3) represents the absorption of thelemt radiation while the microwave
propagates through the atmosphere frgmnto s, along the line-of-sight. The second
term represents the emission along the propagai@h. The emission term is also
attenuated by the absorption faatofs ). Cruz et al. (1998) give the absorption
coefficient of the 22 GHz water vapour with the \WAick-Weisskopf line shape.

Assuming a symmetric atmosphere with sphericalrigytbe brightness temperature
can be described by the radiation transfer equé#id)

Tg(f,s) =Tege ™ + foook(s)T(s) e ™) ds  (2.5)
where T Is cosmic background radiation of 2.7 K.
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2.2 Absorption model

As mentioned previously, ground-based microwaveoradtry uses a simplified
radiative transfer equation including absorptiond aemission processes. WVR
observations can be used to retrieve informationttos profiles of temperature,
humidity and clouds in the troposphere. Althougbsth retrievals can apply various
techniques, most are sensitive to biases in theomave radiometer’s observations and
the absorption model used in the radiative transdéulations.

Since the time when absorption line shape modets beeen developed by Van
Vleck-Weisskopf (1945) and Gross (1955) based erratational-vibrational resources
of water vapour molecules, it has been known thatabsorption of microwaves by
water vapour is not entirely attributable to theamby spectral line. Models for
atmospheric water vapour transmittance, therefm@ude an empirical component
called the ‘continuum’ in addition to line contriiians (Rosenkranz, 1998). This water
vapour absorption model uncertainty is often thenikant error source for microwave
remote sensing of the troposphere (Caizal, 1998). However, the water vapour
continuum contributes most of the opacity of a cleal-latitude or tropical atmosphere
at window frequencies of 30 GHz or higher.

Several absorption models have been developed sed for different purposes.
Among them, only three models (MPM-series, Roseserand MonoRTM described
below) are widely used these days. The followingoggis is based on Hewison (2006a,
2006b) except for MonoRTM:

Millimeter-wave Propagation Model (MPM87) model ébe and Layton, 1987)
The clear air absorption part of the MPM87 inclu88swater vapour lines and
44 oxygen lines all in the range of 20-1,000 GHzsdal on theoretical values
and a Van Vleck-Weisskopf shape function. These sagplemented by an
empirically derived water vapour continuum, fittexllaboratory observations
at 138 GHz. However, these observations were linite 283—316 K, and

must be extrapolated for typical atmospheric cooilst.

*  MPM89 (Liebe, 1989)

The 1989 revision of MPM87 modified the parametwgscribing the 22 and
183 GHz water vapour lines, fitting the pressur@ablened line width with four
parameters, instead of one. Other components argathe as MPM87.

« MPMO93 (Liebeet al, 1993)

This version of MPM, has 34 water vapour lines feetwv 20 and 1000 GHz,
defined in a slightly different manner from MPM8the 183 GHz line is 8.5%
wider and 5% stronger than in the MPM89. Like itedecessors, MPM93
includes 44 oxygen lines with the same line stiengut 5% greater widths and
15% stronger mixing than MPM89.

* Ro0s98 (Rosenkranz, 1998)

Ro0s98 uses 15 water vapour line parameters, whiehvary similar to the

strongest lines used in MPM89. The other half eflthes have been omitted as
they were judged to have negligible impact. Thisdelaises the same oxygen
line parameters as MPM93, except at sub-millimétquencies, where values
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from the HITRAN database (http://www.cfa.harvardleti TRAN/) were used.
Ros03

In 2003, Rosenkranz updated his water vapour madelnclude recent
measurements and a pressure line shift mechanigjeg(en et al, 2005). The
intensity and air-broadened width of the 183 GHe lare 0.264% and 2%
higher in Ros03 than Ros98. The other parametetslfine are unchanged.
LilO5 (Liljegren et al, 2005)

Leljegrenet al. (2005) used a model based on Ros03, but with as®B#ler
width of the 22 GHz line. They also suggested m@ptathe Ros03 continuum
with MT_CKD continuum (Mlaweret al, 2004). These modifications were
based on comparisons of zenith brightness temperanodelled and observed
with a radiometer. They showed that the modifieaiamproved the fit with
observed Ftrends, and also reduced the errors in profilegexed from them.
MonoRTM ver. 4.2 (Clouglet al, 1989, 2005)

MonoRTM is a monochromatic radiative transfer mottel the microwave
region, which is developed by Atmospheric and Emwinental Research Inc.
(AER) with support from the Atmospheric Radiationedsurement (ARM)
program (Liljegren, 2001). The name is frequentbed for the RT model as
well as the absorption model because it is ondni@fet widely used models in
propagation and remote sensing communities adoptiklgimlicek Voigt line
shape (Humlicek, 1982) and MT_CKD ver. 2.4 contmniMonoRTM adopts
a special spectroscopic line profile derived frédv@a HITRAN_2000 database.
The MT_CKD model includes continuum absorption daewater vapour,
oxygen, nitrogen, carbon dioxide, and ozone. Reggrdhe water vapour
continuum, it is the first model for both the skibadening (between water
vapour molecules) and the foreign broadening (betweater vapour and the
other molecules). Even if these two componentsappdied to the whole water
vapour line, the effects are much more significaveer the 30 GHz frequency
range.

MT_CKD has an independent development history amctituous updates
compared with MPM series models and Ros modelsovers the full spectral
range from microwave to ultraviolet, and includestcibutions from almost all
atmospheric molecules that are unlikely to be prese other models. It also
includes the latest spectroscopic advancementdiative transfer algorithms,
and has been extensively validated with high-regmiuspectral measurements.
MonoRTM is one of the most commonly used absorptimdels. A Web site
has been established to host the AER radiative sfean models
(http://rtweb.aer.com

To compare the absorption models described above helpful to summarise the
features of each model. As mentioned, the waterowmapcontinuum absorption
parameterisation has two components, one accoufttingroadening by foreign gases
(e.g. nitrogen and oxygen) and the other accourfingoroadening by water vapour
(self). From the equations of the two continuum ponents, the foreign component
increases linearly with the amount of water vapéucontrast to the foreign component,
the self component increases with the square oamheunt of water vapour. To fit the
line shape precisely, the Rosenkranz model usedntigified parameters of MPM87,
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and the MonoRTM model used the MT_CKD continuunofis of water vapour and
temperature are needed as input to these microRavemodels. (Turneet al, 2009)
Table 2-1 lists the features of the absorption Msode terms of line shape and the
dependency of several parameters.

Table 2-1. Summary of commonly used absorption models

Frequency | Temperature Temperature Line shape Gases
dependence| dependence for| dependence for
self comp. foreigh comp.
MPM87 Yes Yes No Van Vleck-Weisskopf b0, O, &
(most strong) N,
R0s98 Yes Yes No Modified MPM 15% increasgdH,0, G, &
coef. in foreign comp. N,
MonoRTM Very weak Yes No Humlicek Voigt H20, O, Ny,
Ver. 4.2 (in microwave) & others
Lorentz (in infrared)

Even though the models listed in table 2-2 avenroonly used these days, a
universally accepted definition of continuum absi@rmhas not in fact been established.
The issue of whether the absorption representseess or deficiency is fundamentally
dependent on the line shape formulation chosermmagdference as well as on the
frequency regime of interest. For example, the \Xd4ack-Weisskopf line shape
function has been used in Liebe and, with some ficatibns, Rosenkranz models to
describe water and oxygen emission spectra. In bbthem, an empirical continuum
term has been added to account for excess attenuagtween absorption spectra data
and theoretical models. Crut al (1998) identified several reasons for the excess
absorption in the continuum. Although this exceas &till to be understood, empirical
modifications are needed to obtain more accurateeagent between measurements and
theory.

In order to select an absorption model for thiglgtuhe literature has been studied
for further up-to-date information. Several authbese attempted to use ground-based
microwave radiometers and co-located radiosondeshieck the validity of the
absorption models. The following synopsis is alssdd on Hewison (2006a, 2006b)
and edited results are only provided for frequeranges around the water vapour peak
line.

» Hewisonet al (2003) presented an independent validation ofpgréormance
of a microwave radiometer. Brightness temperatoteserved in 12 channels
from 22—59 GHz were compared with radiative transfedels, based on
coincident radiosonde profiles under clear sky domds. Overall, MPM89
provided the best fit in terms of average bias BMS difference, although
Ro0s98 showed improvements around the water vapEak jme.

e Cimini et al. (2004) conducted a similar analysis on data fromadiometers
with a total of 19 channels between 20—59 GHz. Tioeyd that Ros98 gave
the best results at 20.6—20.7 GHz channels, whiRM93 was preferable
close to 22.2 GHz. These 2 models stayed withirkOa® 23.8 Ghz, but Ros98
provided the best results in the atmospheric win@te80 GHz).

* Liljegren et al. (2005) analysed 5 channels between 22—30 GHz lanfex
that in using a 5% smaller width of the 22 GHz iasB3 resulted in smaller
biases in comparison with observed brightness tesyes, and also in
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retrieved profiles. Their results also suggestedt theplacing the Ros03
continuum with MT_CKD, which is used in MonoRTM, pmoved the fit with
brightness temperature trends.

* Mattioli et al. (2005) compared brightness temperatures from Baated
Radiometrics Inc. instruments, each with channel3s88 and 31.4 GHz, using
2 calibration algorithms, with Vaisala RS90 radiode measurements forward
modelled with various absorption models. Their Issusupported the
modification of the water vapour continuum in LiJOBut not the change in
width of the 22 GHz line.

As can be seen from the above summaries, thé fesm Hewisonet al (2003) and
Cimini et al (2004) are somewhat in contrast to each other adlittle modification of
the models or new absorption models are needednfmrovement. It becomes much
clearer that no model can be perfectly appliedhtowhole spectrum. Liljegreet al
(2005) suggested using the MT_CKD model insteadchodification of Ros03 model.
The MT_CKD model is now used in MonoRTM, which Heesen selected in this study
as the radiative transfer model. The reason wikx@ained in next chapter.

2.3 Retrieval coefficients

The Effelsberg WVR is a multi-channel instrumentikenthe two-channel WVR
instruments that are used in many other geodetiBl\4tations. Figure 2-4 depicts the
observation channels of the two types of WVR insenats. Most of the two-channel
WVR instruments follow the frequency pairs that e@roposed by Wet al (1979).
These pairs allow to separate the effects of liquader, especially in the far-wing side,
from that of the water vapour. In contrast, muhaannel or scanning type WVRs have
many channels covering the peak emission line eémaapour and are able to separate
water vapour emission from instrument effects aminfthe emission of cloud liquid
water. Such differences require different retrianathods.
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Figure 2-4. WVR observational frequency selections for typical two-channel and multi-channel
instruments. The red lines mark the peak emission line of water vapour at 22.235 GHz.
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In general, the retrieval process is an ill-poseabfem. It means that the retrieval
does not have a unique solution in time and spBuas, there is no general retrieval for
all WVR instruments. In general, the retrieval caa divided into two methods:
statistical and physical (Loehnert and Crewell,200rewell and Loehnert, 2003). The
statistical method requires representative dat atirue values. The data sets can be
acquired from long-term radiosonde observationgointrast, the physical method uses
the radiative transfer equation to retrieve theapeaters. This is sensitive to a priori
profiles.

The retrieval is a conversion process from brigbsnemperatures in Kelvin to wet
path delays in units of length. It means that #teeaval equation contains dimension-
fitting coefficients between the two parameterse Toefficients normally come from
comparisons between radiosonde-derived wet pattaysleland WVR-observed
brightness temperatures on a long-term basis. Simeentroduction of the general
aspect of refractive correction in VLBI by Dickinset al. (1970), a series of similar
studies have been present@anong them, several of the key papers are sumnaarise
below.

» Two channel retrieval method (Resstal., 1983)
WPD =G+ G2 Tpr + Gz Th2
where WPD is the wet path delay;; €, C3 are Resch-Keihm type
empirical coefficients, and,Tand Ty, are the brightness temperatures of
the two channels. Reséh al (1982) described an experiment in which
two WVRs are compared with a connected elementfertaneter on a
7 km baseline of the Very Large Array (VLA). In shexperiment, each
WVR is mounted on the 25 m telescope and usesatine sptics as the
interferometer which operated at 5 GHz.

» Two channel site-optimised retrieval method (Jokanst al,, 1993)
WPD =G [ 1+ Gz COS(t — G) — Ga (To— Gs) |
where G, Cjp, Cjz, Cis, Cjs areJohansson type coefficients, t is the day of
the year, and I'the linearized brightness temperature. Johanstath
proposed seasonal variation and location depend®vbD retrieval
coefficients of the WVR measurements. They pubtishygtimised WVR
ZWD retrieval coefficients for several globally tlibuted geodetic
VLBI stations. This station-optimised coefficientethod has an
opposite philosophy to the global coefficients megd by Resch (1983).
Nevertheless, those two methods are normally usedddial-channel
WVR instruments, which are commonly installed ngaodetic VLBI
antenna. The retrievals introduced up to hereleestatistical methods.

* Multi-channel retrieval method (Tahmoush and Rog2®§0)
WPD = G Th-peak
where G is the Tahmoush and Rogers type coefficient, angatthe
brightness temperature at peak. Tahmoush and Rogetsa scanning
water vapour spectrometer and developed an impraowethod for
determining the wet path length along the line ight of the VLBI
antenna. The scanning water vapour spectrometiument avoids the
effects of gain drift and of emission of water detp in cloudsThey
presented conversion factors from brightness teatpess to the wet

25



path delays using the absorption coefficients oioed by Cruzt al.
(1998). This retrieval method is close to the ptgismethod and was
applied to the Effelsberg WVR observations scantiiregspectrum from
18 to 26 GHz.

Most of the retrieval methods use a relationshipsvben brightness temperatures
measured by WVR and wet path delays measured lys@atte observations. But each
equation has a different number of coefficientsaose each method used different
types of WVR instruments and observations fromedéht radiosondes, as well as from
different locations. The first two methods are fiwn-channel WVRS, whereas the last
one is for multi-channel WVRs.

The first one is the most common method. A simt@thod was also developed by
Keihm (1995). Rescht al (1982) determined the three coefficients as amamge value
for global use. The second method was developedobanssoret al. (1993), who
determined coefficients for 18 sites that havertloevn radiosonde data. It can be
considered a ‘site-optimised’ method. This methotsidered locality and seasonal
variation resulting in a somewhat more complicateldtionship between brightness
temperature and WPD including five coefficients.

The third method is the multi-channel conversiorthud developed by Tahmoush
and Rogers. With a scanning type of WVR instrumentyater vapour line profile
model can be applied to separate the peak temperatum the liquid continuum. This
method uses the van Vleck-Weisskopf water vapowr firofile to determine the peak
temperature directly at 22.235 GHz. A single s¢adtor can be used for the conversion.
A multi-channel WVR instrument has been developgdgffelsberg adopting the idea of
Tahmoush and Rogers. Detailed information will beeg in chapter 4.

2.4 Various WVRs and their application for Geodesy

In terms of WVRs in geodetic applications, the tfimototype instrument was
developed by the Jet Propulsion Laboratory (JPLhan late 1970s. This radiometer
adopted doubly stabilised Dicke designs. The dewent was conducted as an R&D
effort for the Crustal Dynamics Project and the p&pace Network (Resct al.,
1982). This two-channel WVR instrument had beeneachmark model for similar
developments by other groups. Nowadays, humerqestgf WVR instruments have
been developed for various purposes. Since the when Wuet al (1979) presented
their optimal frequencies pair selection for watapour monitoring with WVRs, two
channel WVRs have been widely used in atmospherense and other applications
(Rockenet al, 1995, Linfieldet al, 1997). Some WVRs have more channels in the 20
to 30 GHz range and 50 to 60 GHz range to retriprafiles of meteorological
parameters such as humidity and temperature. Angogutype of multi-channel WVR
has been introduced by Tahmoush and Rogers (20083 type of WVR can
effectively separate water vapour emission frontrumsent effects and cloud liquid.
Roy et al. (2004) developed a similar type of WVR. It is cgted at the Effelsberg
radio telescope for scanning the spectrum frono1BtGHz.

By virtue of the unparalleled principle of waterpear radiometry with other water
vapour sensing techniques, WVRs have joined nursensater vapour sensing
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experiments. Concerning wet path delay correctg@yeral WVR instruments have
been independently tested. Each of them has its wvigue background in terms of
development history and purpose. In table 2-2, re¢y@imary WVRs are summarised
in terms of their frequencies and application, ryamith regard to the wet path delay

correction.

Table 2-2. Summary of several WVR instruments

Instrument

Frequencies and applications

ASTRID

Onsala Space Observatory, Chalmers University ohiielogy
Frequencies: 21.0 & 31.4 GHz (ASTRID)
20.64 & 31.63 GHz (KONRAD)
Applied to
Optimised wet path delay algorithm using WVRedat
(Johanssoet al, 1987)
Inter-WVR comparison for wet path delay (Kuettral, 1993)
ZWDs comparison between NWM-derived and VLBI, GB& WVR
(Behrendet al, 2002)
CONTO2 (Snajdrovet al, 2006) and CONTO08 (Haa&s$ al., 2008)

Effelsberg Radio Telescope, Max-Planck InstituteRadio Astronomy
Frequencies: 18.3~26.0 GHz, 25 channels
Applied to
WVR calibration applied to European VLBI obs&gyisessions
(Nothnagekt al,, 2007)
Inter-comparison WVR-GPS (Rottmann and Roy, 2007)

Deep Space Station, Jet Propulsion Lab.
Frequencies: 22.2, 23.8, and 31.4 GHz
Applied to
Wet path delay correction for Deep Space Network
(Oswaldet al, 2005)

Radiometrics corporation
Frequencies: 23.8 & 31.4 GHz
Applied to
Westford water vapour experiments (Costeal, 1996;

Niell et al, 2001)
Inter-comparison campaign in Italy (Paciateal, 2002)
MATRAG campaign (Haefelet al, 2005)
Wettzell inter-comparison (Schluetetral., 2006)
Kashima VLBI station during CONTO5 (Ichikaved al., 2006)
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WVR2000

ETH Zurich
Frequencies: 23.8 & 31.5 GHz
Applied to
Wettzell inter-comparison (Schluetetral, 2006)
Hartebeesthoek station during CONTO5(Combrinck avidkola,
2005)

In addition, many more WVRs have been developed used for various
experiments. Nevertheless, the WVRs listed abowee haroduced results that are
closely related to this study. Hereafter, severaly kpapers together with their
experimental results are summarised.

Concerning pointed WVR observations to tropospheatbrations in geodetic
VLBI, Resch and Claflin (1979) proposed WVR as hbcation tool for the wet path
delay for the first time. In addition, they mentszha plan for the co-location of WVR
near VLBI. Wareet al (1993) tested pointed WVR corrections for precSES
positioning. They showed improved vertical pregiscompared with the zenith WVR
when the pointed WVR was introduced. Haefdlal (2005) presented an improvement
of GPS height precision and wet path delay estonatsing WVRs. As an extension of
these studies, Nothnaget al (2007) proposed a WVR-based calibration method to
geodetic VLBI and pointed out improvements to baselepeatability.

Concerning performance tests, numerous WVRunstnts were tested in various
experiments. The participating instruments diffeterms of design and specifications
in each experiment. Moreover, other water vapousisg tools such as radiosondes,
GPS, and VLBI appeared in many cases. Since Kushml (1993) tested the
performance of a WVR in terms of the accuracy efiret path delays, several similar
experiments have followed. In 1994, Linfiekt al tested WVR-based troposphere
calibration for short baseline observations of VLBhey showed that 80-90% of
tropospheric fluctuations can be removed using WWR VLBI. Westford Water
Vapour Experiments (WWAVE) were conducted in AugS85 near the Haystack
Observatory. This first multi-sensor inter-companiscampaign included radiosonde,
GPS, VLBI, and WVR. Costeat al (1996) reported offsets and standard deviatidns o
WVR-ZWDs with respect to other instruments. ThoS®[X% showed offsets of up to
tens of millimetres. Nielkt al. (2000) presented more detailed results for WWAVE.
Pacioneet al. (2002) carried out a similar inter-comparison pargn like WWAVE in
Italy. They showed approximately 1 mm agreemenintegrated precipitable water
between GPS and WVR. Bar-Sewtral (2004) proposed a multi-sensor approach for
wet path delay corrections. They used co-locate®,Giointed WVR and barometer
aiming at the exploitation of the strong point @ick instrument. Zhangt al (2008)
suggested GPS-based tropospheric correction forlVLBey found that ZWDs from
GPS and VLBI agreed to within a few millimetres.sBd on this agreement, a new way
of tropospheric correction using GPS was suggestifldough certain systematic biases
between water vapour sensing instruments usedeiprievious studies exist, it is hard
to determine a fixed value from a one-off experitn&or the wet path delay correction,
periodic comparison experiments are always needed.
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IVS has a two-week special campaign of a cootisumonitoring session, which is
called CONT. The three network stations of CONTiaklare Kokee Park, Onsala, and
Wettzell, have been operating WVR instruments. dpl mow, CONT campaigns had
been conducted in 2002, 2005, and 2008. There erera comparisons regarding
WVR. Snajdroveet al. (2006) presented comparisons between ZTD from VIERS,
DORIS, WVR, and ECMWF. Among the comparisons, tifeeince between WVR
and ECMWEF revealed the biggest offset. But ECMW£Fead well with the other three
space geodetic techniques. Ichikawa al (2006) conducted ZWD comparisons
between co-located instruments; VLBI, GPS, and WVYRe agreement of averaged
ZWDs between WVR and GPS was within 13 mm, whileveen WVR and VLBI it
was more than 20 mm. They pointed at the WVR nedtieoefficient error as one of the
reasons for the disparity. Haat al. (2008) presented preliminary comparison results
between ZWDs from VLBI, GPS, and WVR. Average dffsetween ZWDs from
VLBI and WVR (ASTRID) was 1 mm.

In addition, numerical weather models can provideeorological data for WVR
calibration instead of radiosonde. NWM have beerdusor the development of
mapping functions (Niell, 2001, Béhet al, 2004, 2006) and the improvement of wet
path delay estimation (Hobiget al, 2008). In recent years, studies of ZWDs from
NWM have been conducted. Behreat al. (2002) presented comparisons between
ZWDs from VLBI, GPS, WVR, radiosonde, and MM5 (PSII/AR mesoscale model)
NWM. The difference between WVR and MM5 was -5.2826m. Niell and Leidner
(2006) proposed a NWM-aided method for retrievirngt wath delays. They presented
ZWD corrections based on NWM, introducing a ratevieeen brightness temperature
and wet path delay.

As summarised above, various types of WVR haenlused for various geodetic
applications. Most of which were two-channel WVRtmments. However, only a few
studies handled a multi-channel WVR for geodetiappses, so they should be
investigated further. In addition, NWMs have emergs an alternative to radiosondes
near WVRs. Therefore, this study focuses on wet patay corrections using a multi-
channel WVR and NWM for geodetic VLBI. In the nesdction, details of the multi-
channel WVR at Effelsberg and of the NWM used is gtudy will be introduced in the
next chapter.

2.5 Effelsberg WVR instrument co-located with VLBI

Effelsberg has participated in European VLBI pamgns since 1991, and has
operated a multi-channel WVR since 2004. This sactbcuses on the introduction of
Effelsberg as a WVR station co-located with VLBI.

European geodetic VLBI network

First of all, it is helpful to understand the Effeérg radio telescope in terms of the
European geodetic VLBI network. The European geodéLBl network comprises
several stations as shown in figure 2-5. The nkwas participated in IVS Europe
sessions since 1990 for the determination of thegost coordinates and their evolution.
The wet path delay of each station can be estimayadsing atmospheric models and
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meteorological data from the station log files. lEac
station’s log file contains in-situ meteorological
measurements such as temperature, pressure, and
humidity at ground level. Some of the European
VLBI stations have operated various instruments
such as AWS (Automatic Weather System), WVR,
and GPS to calibrate the wet path delay.

Considering the WVR data availability at
Effelsberg, five sessions within the IVS Europe
campaign have been used in this study as
summarised in table 2-3. As can be seen in the
Figure 2-5. European geodetic VLBI table, only three stations (Effelsberg, Onsala, and

;‘eelj‘r’(v)°'rr'1‘et(gtitf)p:”"'bi'ge°d'“"ib°””'de’e”r°pe Wettzell) participated in all the five sessions.

Table 2-3. Summary of the five sessions
Sessions Observation time (UT) Participating Stations
Euro78 17:30 Dec. 13 —17:30 Dec. 14, 2005 6aEbMdMINSvWz
Euro81 12:00 May 29 — 12:00 May 30, 2006  6aEbMcMWONSMWzZc
Euro88 17:30July 3-—-17:30July 4,2007 EbMcMWNDNSmMWz
8
D

Euro94 17:30 July 8-—17:30July 9, 200 EbMhNs@Wz
Euro99 12:00 May 25 — 12:00 May 26, 200 6aBdEbMEMBMWzY's

The line-of-sight WVR at Effelsberg and a typicalumpd-based WVR at Onsala

Effelsberg 100m VLBI antenna Onsala Space Observatory
Primary WVR
reflector ‘
Secondary
reflector

Figure 2-6; WVR instruments on the Effelsberg 100m radio telescope (left) and Onsala Space
Observatory (right)
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As shown in figure 2-6, the WVR at the Onsala Spabservatory as many other
WVRs in the world is a typical two-channel instremh It is installed on the ground
and runs its own schedule for obtaining wet patlaydein the zenith direction. In
contrast, the Effelsberg WVR instrument is insthlba the top of the subreflector of the
100 m radio telescope always pointing in the saimection as the primary reflector.
This is currently considered the best method of WOlRervations for obtaining the wet
path delays for correcting VLBI observations.

The second benefit is the number of channels wbasters the frequency range of
18.0 to 26.5 GHz used for separating the water wiapmission from liquid water. The
Effelsberg WVR has been developed as a multi-cHammstrument following
Tahmoush and Rogers’ prototype. The specificatmnthe WVR are summarised in
table 2-4.

Table 2-4. Specifications of Effelsberg’'s WVR

Frequency 18.3 ~ 26.0 GHz

Channels 24 (originally 25 up to 10.02.2005)

Bandwidth 900 MHz

Beamwidth 1.3 degrees

Scan rate 3 seconds

Calibration Uses noise diode continuously and docastipping scans

As depicted in figure 2-2, WVRs use referencs@asources for absolute calibration.
Here, an external noise diode is used as a hot évatlexternal liquid nitrogen has been
used once or twice as a cold load. In order todattee disadvantages of applying liquid
nitrogen in terms of massiveness and accompanigkimess in use on the focus cabin,
the cold sky was used as the cold load, insteas. ddid sky method should be able to
obtain the sky contribution, and works well undeidcand clear sky conditions.
However, this method has a defect in that it isleaffected by unexpected radiations
during sky temperature measurements. In genemlatisolute calibration determines
the reliability of WVR measurements because eaéttgpm acquired is calibrated by
absolute calibration parameters. The cold sky mktheed in Effelsberg will be
discussed in next chapters, particularly for hamgdliwith WVR measurements.
Although the brightness temperature of the wat@owua line in the spectrum is related
to the wet path delay, the WVR results also dependhe age of the parameters
determined by the absolute calibration. Along wtle shortcomings of cold sky, the
age of the absolute calibration will be discussedaxt chapters.

Since the construction of the WVR at Effelsbergich was completed in 2002,
several preliminary tests for instrument perfornenbave been conducted. Rottmann
and Roy (2007) summarised the results of sevesa$.tdhe following experimental
results are based on their report.

The WVR at Effelsberg has been used for wet pataydeomparisons with other
instruments such as radiosonde, GPS, and othes typ®/VR. The first co-location
campaign with three different WVR instruments wasducted in the middle of July
2005. The second campaign with radiosonde and GBBXanducted at the end of July
2005. Figure 2-7 shows the comparison results oDaWom Effelsberg’s WVR (MPI),
Radiometrics Inc., and ETH Zurich (ETH). As showrtable 2-2, the instruments from
Radiometrics and ETH are dual-frequency WVRs.

As can be seen in the figure, the relative behavabthe zenith wet delays from the
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MPI1 WVR and Radiometrics WVR agree well. Howevéere is an obvious offset of
approximately 40 mm. ETH shows patrtially inconsisteehaviour with respect to MPI.
But there is no such large offset between ETH aid. Rossible reasons for the 40 mm
offset may be incorrect calibration parameters. ther MPI WVR, zenith wet delays
show unreliable behaviour at low elevation angliesmaler 20 degrees, as shown in the
hatched boxes. It seems to be an obvious defebed¥iPl WVR.

At the end of July 2005, three radiosondes weradaed near the 100 m telescope
at Effelsberg. To compare the wet path delays fradiosonde and GPS, five GPS
stations around Effelsberg with distances rangioghf17 km to 110 km were selected.
For direct comparison between the different toGBS ZWDs were converted into the
values of the reference point height of the Effeigbtelescope. Figure 2-8 shows the
comparison results of ZWDs from the three differer@thods. As can be seen in the
figure, a weather front was passing over Effelsbecgeasing the ZWD by 40 mm in 5
hours. The ZWDs from the three methods are in ageeé with each other within a few
tens of millimetres. Although ZWDs from the clos&®S station Euskirchen show the
most similar tendency to ZWDs from MPI WVR, a difat tendency is also
discernable in the first two hours. ZWDs from tlmstftwo radiosonde measurements
agreed with the radiometer within a few millimetrémit the last radiosonde
measurement shows roughly 20 mm difference withaeisto the radiometer

delay comaprison: MPI-RMX-ETH: 15.7.2005

MPI
Radiometrics
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Figure 2-7. Comparison of zenith wet delays (ZWD) simultaneously measured by the three
WVR. The blue line corresponds to the Radiometrics WVR, the red line to the MPI WVR, and
the green line to the ETH WVR. Hatched boxes correspond to low elevation angles under 20
degrees (Rottmann and Roy, 2007)

32



230 : , : , . , 230
Radiometer . |
- @ Radiosonde | M bl
-4 GPS Daun )
220 - * - GPS Essen - 4220
A v GPS Trier | l L T
= 1% & - GPS Euskirchen | v Yyl ¢ '
— GPS Bonn | o
>
T 2104, & T 4 210
rm . * N * - 1‘! [ l |
=] i * v o o |I-.N' |
AN MRS DN I
z 200 - * 0 w_-"'lll. AT L | 4 200
,"é J'[[l | F]NI Il’é
] 1 W '
N @ F"a‘r}-‘ | ®
190 W f 4 190
I
|
[
- 1
1 |
|
180 . ; . , . , . ' . ; 180
09:36 10:48 12:00 13:12 14:24 15:36
UT [hh:mm]

Figure 2-8. Comparison of ZWDs from the Effelsberg WVR (grey line), radiosondes (green
circles), and GPS (other symbols): The final radiosonde had been lost due to communication
problems, hence the corresponding point lies very low (Rottmann and Roy, 2007)

33



3. Numerical Weather Model and Radiative Transfer Mbdel

Although the primary role of a numerical weatmeodel (NWM) is to forecast
weather states by assimilating data from meteorcdbgensors, NWMs have been used
for various other applications. In the point of wief this study, the usefulness of
NWMs is to provide meteorological profiles where@icsonde data are not available.
Effelsberg has no periodic radiosonde observatibat are available for the retrieval
process. In order to satisfy the need of the metegical profiles, a NWM s
introduced instead of radiosonde observations. r@evstudies described below,
reported NWM-derived wet path delays and possiédiof a NWM-aided retrieval.

According to Behreneét al (2002), a NWM can be used for calculating the pagth
delay. Niell and Leidner (2006) proposed using aNMi\fér retrieving wet path delay
corrections. Tahmoush and Rogers (2000) also pbia@ards the possibility of using
more complex models, including multiple pressungeta, atmospheric profiling, and
fitting of spectral irregularities. Bohnet al. (2006) updated the Vienna Mapping
Function (VMF) using the 40 year reanalysis (ERA-dfta of the ECMWF (European
Centre for Medium-Range Weather Forecasts) foy#ae 2001. In this study, ECMWF
will be used as NWM to provide meteorological pledi over Effelsberg instead of
radiosonde data.

As explained in chapter 2, several absorptionlet®are commonly used as part of
the radiative transfer (RT) model. Strictly speakinan RT model should be
distinguished from an absorption model becausentains a much broader spectrum of
processes. In that respect, MonoRTM can be coresidas a complete RT model that
includes an absorption model. RT models can prowagdportunities for calculating
theoretical values of the brightness temperatutethe water vapour amount by using
meteorological profiles, which are assimilated WM.

In recent years, numerous RT models have been ajmatladopting different
absorption models and spectral line databases higleteret al (2005) presented inter-
comparisons between newly developed RT models. rtinfately, those models are not
yet widely used. MonoRTM is currently one of theshoommonly used RT models
and has an independent history of development.h&uriore, it is an open source
program package and is frequently updated withnteogodels. It provides various
parameters including optical depth, radiance, aightmess temperature.

In this study, ECMWF and MonoRTM are employedtias NWM and the RT
model for calculating theoretical measurements apadjusting wet path delays.
Hereafter, an approach based on the two models Wwdl referred to as
‘MonoRTM(ECMWE)’ or ‘the model'.

3.1 ECMWF

NWMs from the ECMWF are often used, particulaoly a global scale. These
models provide meteorological profiles for temperes, pressures, water vapour
pressures, and geo-potential heights. Its horitoesalution is approximately 25 km by
25 km. This horizontal dimension corresponds tordrgge of meso-scale meteorology.
To figure out detailed or short-lasting changesaimospheric water vapour, higher
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resolution NWM are preferable. Nevertheless, thaMBF model is employed for
geodetic applications due to its general reliapilit

Over Effelsberg, the daily and seasonal variabitifythe meteorological profiles
from ECMWEF are shown in figure 3-1 and appendix.Aie profiles were provided by
Johannes Bohm (2010). Each figure corresponds ¢b e&the five geodetic VLBI
sessions. Fortunately, the five sessions are ewdistyibuted in years as well as in
seasons.

Each profile of the temperature and partial pressiows different behaviour as it
goes up to high altitude. While the patterns of tdmperature profiles look similar to
each other, independent of day and season, dallyseasonal variations of the partial
pressure of water vapour are obvious. In most ¢caélsesvater vapour partial pressure is
close to zero above an altitude of 7 km. This & tdason for having different scales
between the temperature profiles and partial presgurofiles.

Figure 3-1 shows typical dry winter days. As carsben in the figure, the amount
of atmospheric water vapour is relatively smallicaged by the WV partial pressure of
6 to 8 hPa near the surface. ECMWEF profiles forrdst of the sessions are attached in
appendix A.1l. In appendix A.1, figure A.1-2 to figuA.1-4 show increased partial
pressure near the surface. This is the typicalibligton of water vapour in summer
seasons. Figure A.1-4 shows an extremely humidrddMay compared to figure A.1-1.
These partial pressures are even higher than thiode summer profiles. In general,
larger variations in partial pressure can be foomdiays of high humidity.

With sophisticated RT models, absorption coeffitseaind brightness temperatures
can be calculated whenever profiles are providedteHthe ECMWF profiles were used
as input data for MonoRTM that is used as the R@ehm this study. An overview and
test results of MonoRTM will be shown in the negtton.
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Figure 3-1. ECMWEF profiles for temperatures and water vapour partial pressures over
Effelsberg (13-14 Dec. 2005)
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3.2 MonoRTM

When the state of the atmosphere is provided bysarements or NWM, the
resulting brightness temperatures expected to berebd on the ground can be
calculated with an RT model (Westwagtral, 2004). The RT model can be used to
infer the theoretical energy cascade of emitting) @msorbing water vapour molecules.
With this model-based energy budget, comparisondeamade with real
measurements of the Effelsberg WVR. As mentioned@bthe MonoRTM model is
employed and will be explained in detail here.

In general, RT models describe interactions betwagmospheric molecules,
particularly for emissions and absorptions in thierawave region. The spectral line
shape of the emission and absorption is deterntayetthe distribution of atmospheric
molecules and atmospheric states such as tempegatdrpressure. Thus, the amount of
certain molecules can be acquired from the spetitralshape. Each model adopts a
certain absorption model with improvements of threer vapour continuum absorption
models still ongoing.

MonoRTM is a monochromatic model for the microwanegion adopting the
Humlicek Voigt line shape (Humlicek, 1982) and & _CKD continuum absorption
model (Mlaweret al, 2004). This model is one of the most commonlgdusn
climatology in recent years. It has advantages ath baspects of independent
development history and employment of the latesaadements, while MPM models
(Liebeet al, 1987, 1989, 1993) and Rosenkranz models (198&3,12003) are partly
related to each other because of an inter-deperd&iory of development. Moreover,
MonoRTM includes contributions from other molecutegh as ozone, nitrous oxide,
and carbon monoxide, whereas the other two moddysazcount for absorption due to
water vapour, oxygen, and nitrogen.

MonoRTM originates from the Line-by-Line RadiatiVeansfer Model (LBLRTM,;
Cloughet al, 1992, 1995), which was developed by Atmosphenid Bnvironmental
Research (AER) Incorporate. It is an extended gerof LBLRTM and is most
appropriate for millimetre wave and microwave RUdss (Delameret al., 2004). One
feature of the MT_CKD model is that it has been parmed extensively with
simultaneous radiation and radiosonde observaneas 20 and 30 GHz (Westwatr
al., 2005).

MonoRTM is a suitable program package for the daten of radiances and/or
brightness temperatures associated with absorptionolecules and cloud liquid water.
Presently, =~ MonoRTM version 4.2 source code is ab&l at
http://rtweb.aer.com/monortm_frame.html. Among salveub-programs of MonoRTM,
the Monochromatic Optical Depth Model (MODM) is theore component of
MonoRTM, dedicated to the calculation of the molacwoptical depths. The latest
features and data processing flow are summariskvb@lost of the features were
cited from Delamereet al (2004) and the latest version and models added to
MonoRTM were updated.

* Latest features of MOnoRTM
- Utilises the same physics and continuum model@sBLRTM
- Suitable for the calculation of radiances assodiatigh absorption by
molecules and
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cloud liquid water in the atmosphere

- Spectral validity only depends on the spectralaegiovered by the spectral
lines provided in the line parameter databasgfild@RAN_2000)

- Uses the MT_CKD version 2.4 continuum to includatdbutions from the
far wings of the lines (Mlawest al, 2004)

- Includes line coupling effects, which are importiortoxygen lines in the
microwave region (Hoket al, 1989)

- Uses the Humlicek Voigt Line Shape (Humlicek, 1982)

- Cloud liquid water absorption is calculated using@del developed by
Liebe, Hufford, and Manabe (1991).

As shown in figure 3-2, MonoRTM can adopt meteogatal profiles as input files
instead of general control parameters at the baginn

Available profiles?

no ves
v v

/ Control files // Input profile /

| |
l

Set U Emissivity & Reflectivity vectors
Addu 1. column water vapor & liquid water

¥
Optical Depth Computation

¥

Radiative Transfer Computation
l
Write out the Results

Figure 3-2. Block diagram of MonoRTM in terms of data processing flow

Figures 3-3 and 3-4 show the spectra of opticatidapd brightness temperature as test
results of MonoRTM before introducing ECMWEF pro$leFigure 3-3 shows optical
depth spectrum levels of the selective absorptlmnsvater vapour (blue dashed line)
and oxygen (green dashed line). As can be seemenfigure, the water vapour
contribution is dominant in the frequency rangensetn 18 to 29 GHz. Oxygen is of
undoubted interest for remote investigations, siftse abundance in the Earth’s
atmosphere up to altitudes of 100 km with a needlystant quantity does not depend
on seasonal conditions. The spectrum of the tqiatal depth (black line) is exactly the
same as that of the US standard model, which ispdion model of MonoRTM and
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uses fixed values of pressure and temperature.rd=i§4 shows the brightness
temperature spectra where the US standard modatk(ine), mid-latitude Summer
model (red line), and mid-latitude Winter modeluglline) were selected. Brightness
temperatures show obvious variations with respeaeasons, changing roughly from
20 K to 60 K.

015 -
e Total Optical Depth
019 ... —_— WWater Vapor
Oxygen :
£ 009 ...................... .....
o : : : :
o : : : :
a : : : / :
m : : : h
o : : : h
=2 : : : :
O 00B oo e e
003 e ...................... ...........
_ %

0.00 =T . . . . T

] 10 14 20 25 a0 35

Frequency [GHZz]

Figure 3-3. MonoRTM calculated optical depths from either water vapour, oxygen, or both (US
standard model)

There are options for the self broadening and dgordbroadening components,
which are particularly important over the 30 GHeduency range. In this frequency
range, effects by liquid water and oxygen are nawminant than water vapour. To
separate the broadening effects from the othectsffboth components are switched-on
for normal calculations. Both options were also leggbto be switched-off, but the
differences between normal calculations of the t#adard model and combination of
the two components were small for the frequencygeatmat we are interested in. The
comparison results are shown in figures 3-5 to 3-7.

Figure 3-5 shows the effects of neglecting tbé somponent. The broadening
effects of collision between water vapour molecwaesrelatively small in the 15 to 25
GHz frequency range. However, over 30 GHz frequeii@ccounts for almost 5% of
the optical depth of water vapour in figure 3-3.

Figure 3-6 shows the effects of neglecting threifjn component. The broadening
effects of collision between water vapour moleciied other gas species molecules are
relatively large, up to 25% at the most. The fonegmponent shows a small effect
over the 30 GHz frequency range. Figure 3-7 shdwesdffects of neglecting both
components. Effects from both components are ngtigiele, even for Effelsberg
WVR. The WVR covers a frequency range between 18 GiHd 26 GHz that
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corresponds to 25~50% of the broadening effects 8e5Hz. Both components were
always switched-on during this study.
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Figure 3-4. MonoRTM calculated brightness temperature corresponding to different models
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Figure 3-5. Differences (green) between normal calculation of US standard model (black) and
the self component being switched-off (blue)
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Figure 3-6. Differences (green) between normal calculation of US standard model (black) and
the foreign component being switched-off (blue)

0.020

0015 -

o010 -

Optical depth

0.005 +--

0.000 +
5 10 15 20 25 a0 a5
Frequency [GHz]

Figure 3-7. Differences (green) between normal calculation of the US standard model (black)
and both components being switched-off (blue)

3.2.1 Profile mode

As shown in the first step of the block diagramnfigure 3-2, there are two
approaches for starting with the MonoRTM prograrhe Tirst approach is using a
control file as an input file. The control file indes all switches to activate the options
available in the MonoRTM program package. This moédtis useful for comparisons
between different models or status parametersitBannot provide results for a certain
time and a certain place.

Another approach is using a weather profile as rguti file. The MonoRTM
program adopts a 20-layer-profile data format u@arcaltitude of 20 km. In addition,
the input profile has a capacity of molecular dgnsf several atmospheric constituents
including nitrogen, oxygen, carbon dioxide, watapwour, etc. It is well known that
absorption in the free atmosphere is mainly deteechiby selective absorption in
oxygen and water vapour. Figure A.2-1 in the appestows the format of the first
part of the profile.

Radiosonde observations or NWM assimilation datalmaapplied into the format
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to create the input profile. As mentioned in thevwus chapter, Effelsberg has no
periodic radiosonde observations. However, the EGMWodel can provide a
meteorological profile over Effelsberg. To createe tinput profile of MonoRTM,
ECMWEF based data were interpolated and transfointedhe required format. For the
column density transformation, the unit converdiamctions which are provided by the
Space Science and Engineering Center (SSEC), atrtiversity of Wisconsin-Medison
were used (http://www.ssec.wisc.edu/~paulv/Fort@aRebfile Utility/Introduction.
html). The partial pressure of water vapour fromMBEF was transformed into the
column density by layer using the unit conversianctions of SSEC. Table A.2-1 in
the appendix summarises the integrated column tyens$i water vapour for each
session point.

3.2.2 Calculations

ECMWEF provides four profiles at 00, 06, 12, 18 WHince the VLBI sessions
normally cover the time between 17:30 UT to 17:30ds the next day, we will always
present results for the eight epochs of the ECM\Wbchks of the two full days covering
the session. Optical depths from MonoRTM(ECMWEF) ah®wn in appendix A.3.
Calculated brightness temperature spectra are shothe following figures. For each
spectrum, ECMWF profiles were used as the input.ddb compare MonoRTM
calculated spectra (blue points) with EffelsbergfVR observed brightness
temperatures (red points), each figure includesdpextra.

While brightness temperatures are in the rangéafrid 25 K in winter, the range is
between 35 and 60 K in summer. In most cases, disagents were found in spectral
shapes and peak brightness temperatures.

Figure 3-8 shows the spectra for clear skiek@yfy found under dry air conditions.
This sky condition is ideal for the cold sky calibon. MonoRTM calculations vary
from 15 K to 25 K at peak points. In contrast to M&TM, Effelsberg’'s WVR
observations vary from 10 K to 35 K. Several smedtave continuously increased
wings from 22 GHz to 26 GHz, unlike those from M&TdM.

As reported in the WVR log files, the internal teemgture of the WVR set to 25 was
down to 13.7C at 12UT, 13 Dec. 2005. Within three hours, thepgerature was back
to 23.3C. This was probably caused by a temporary malfanctf the temperature
control device. Since the temperature had beetos2BC, the calibration parameters
were directly applied for this temperature durihg bbservations. Since the internal
temperature variations affect the instrument gtia, resulting brightness temperatures
are partly corrupted (A. Roy, personal communiggt@010). However, except for this
abrupt temperature drop for a few hours, the WVRsneements of this session can be
considered as not being contaminated by instrurheffeects in terms of the cold sky
and age of absolute calibration.

Figure 3-9 shows spectra of the 29 and 30 May 2DHORTM calculations vary
from 25 K to 35 K at peak point. In contrast to M&TM, Effelsberg's WVR
observations vary from 10 K to 60 K. While sevespéctra agree within a few Kelvin,
several spectra show large differences between ROM{ECMWEF) and WVR,
particularly from 29 May 18UT to 30 May 12UT. Somwiethem have a similar shape in
the high frequency range with several spectra@ptievious session.
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A possible reason for the discrepancies could betacoination by unknown
instrumental effects (A. Roy, personal communicatip010). The radiometer was re-
calibrated at 12 UT on 29 May, which is the startet of the Euro81 session. The log
file also does not give any clear indications fo tliscrepancy.

Figure 3-10 shows spectra of the 3 and 4 July 2MbhoRTM calculations vary
roughly from 35 K to 50 K at peak points. The ageréevels are raised compared to the
previous results. Considering 55 K of the mid-lat# summer model in figure 3-4, it
appears to be dry summer days for this session. \Gh&ervations show differences of
a few Kelvin with respect to MonoRTM calculationspeak frequency. In contrast to
the WVR observations in the previous session, thakoints are shifted from the
nominal frequency (22.235 GHZ) to a higher freqyenEurthermore, the WVR
observations show saw-tooth features and some a@h thave wings in the high
frequency range.

A possible reason for the saw-tooth features cbaldaused by poor calibration (A.
Roy, personal communication, 2010). The poor catibn could be caused by the cold
sky method because this method needs a clear dhdlop However, this session was
conducted in the summer and sky temperature measuts by elevation angle would
not be exactly linear. This poor calibration iselik to cause biases. In addition, the
observations were calibrated using the parametetsrdined on 29 May (5 weeks
before). Although calibrations could normally becdd as a few months, this behaviour
shows the weakness of infrequent calibrations. dulel be preferable to have more
frequent calibration, particularly for geodetic VL8essions.

Figure 3-11 shows the spectra of the 8 and 9 JOBB82MonoRTM calculations
vary roughly from 40 K to 55 K at peak points. Tdeerage levels are raised compared
to the previous session. Every spectrum from WVRBeokations shows a shape as it is
expected. However, most of them have a comparadnigel bias with respect to
MonoRTM calculations.

As reported in the WVR log files, only one day heldpsed between instrument
calibration and the measurement of these spechia. would explain the good quality
in the shape, even considering the defect of tek sloy method applied in the summer.
However, there are still questions remaining comogr several cases with large
differences between MonoRTM(ECMWEF) calculations amMyR observations. In-
depth investigations were conducted whether thderéiices correspond to the
differences between assimilated profiles from ECMVERd in-situ meteorology
measurements. However, no evidence was found. éruntire, wet path delay results
from Effelsberg’s GPS observations were analyzecthvivill be handled in the next
chapter.

Figure 3-12 shows the spectra of 25 and 26 May 20@»0oRTM calculations vary
roughly from 45 K to 60 K at peak points. The agerdevels of the peak emission are
raised compared with the previous session andviereal the most humid days of the
five sessions. Every spectrum from WVR observatbaws peculiarities over the 23
GHz frequency channels.

As reported in the WVR log files, the last recaitoon was carried out on the 19
Feb. 2009. Drifted gains during three months amyphie affect on the whole spectra. In
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addition, it was found that the drifts were occugrimore regularly at high frequency
over 23 GHz.

Due to the unstable performances of the WVR, manie to the infrequent
calibration, the original intention of selectiveassifications based on brightness
temperatures from the WVR and MonoRTM(ECMWF) couldt be achieved.
Brightness temperatures at peak frequency fronWti&® observations and MonoRTM
calculations are shown in figure 3-13 and table-A./h the appendix. For direct
comparison, the peak frequency of the WVR at 22@Bi2 was used, which is slightly
different from the nominal peak frequency of 22.233z.

00UT, Dec. 13 2005 0BUT, Dec. 13 2003 12UT, Dec. 13 2005 18UT, Dec. 13 2005

ao
—— MonoRTM (ECMWWF)
—s— Effelsherg WWR

Brightne ss temperature [K]
I o
S =

r
=}

| e |

20

26 20 26 20 26 20 26

22 24 22 24 22 24 22 24
Frequency [Ghz] Frequency [Ghz] Frequency [Ghz] Frequency [Ghz]

00UT, Dec. 14 2005 06UT, Dec. 14 2005 1207, Dec. 14 2005 18UT, Dec. 14 2005

80

Brightness temperature [K]
Py o
S =

<)
=1

26 20

20 22 24 26 0 2 24 2 24 26 20 22 24 26
Freguency [Ghz) Frequency [Ghz] Freguency [Ghz] Frequency [Ghz]
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WVR (13-14 Dec. 2005)
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As can be seen in figure 3-13 and table A.fA&, \ariations in peak temperatures
from the model and the WVR are approximately 40 #d &0 K, respectively.
Differences between peak temperatures from bothnatiee range -21 K to 34 K with
respect to the model calculations. This relativeati@n is approximately 55 K larger
than the model variation itself. This large vaoatiseems mainly to be caused by
several points in the second and fourth sessidnthoke points are excluded, the
variation range will be reduced. In order to maksohd judgement for the exclusion,
the RMS for all channels in the table can be u3bé. RMS values represent the level
of similarity between spectra from the WVR and thedel at each epoch. In terms of
mean RMS of all the epochs, sixteen peak tempa&stwom the WVR go along with
larger RMS. Among them, thirteen are higher than rtiodels and three are lower. If
these sixteen points are excluded, the peak temuperdifferences between the WVR
and the models are reduced to a range from -16 KKo After the outlier exclusion, a
negative bias of the WVR in peak temperature isidant. Although there is a negative
bias of the WVR, this range of variation is accbjgain the sense of differences
between the in-situ measurements and the modellaatns.

Based on the comparisons between brightnessetatopes from the WVR and the
model, differences in peak temperatures and spshape similarity are investigated. It
was expected that the peak temperature differemomainly caused by instrument
calibration, and that the dissimilarity is mainlgused by instrument malfunction. In
contrast to the expectation, most newly recalilstatessions show most of the large
differences at peak temperatures. The WVR forweedessions in 2006 and 2008 were
calibrated a day before the VLBI campaign. Nevede$s the two sessions show the
greatest differences among the five sessions. Ailplesreason for the large differences
are unexpected parameter changes, such as reteinperature and gain or weather
events such as dew or rain. The last session seeswdfer from both from old-aged
calibration and the malfunction of the WVR. The WV& this session in 2009 was
calibrated three months before the VLBI campaigul, the high frequency channels are
contaminated by instrumental effects. Six out @f sixteen outliers are involved in this
session.

As a summary of this section, brightness tentpega from the models are
compared with the WVR measurements. After the ewtkxclusion, the WVR
measurements are in the range of 50% and 100% ahtdel calculations. The reasons
for the outliers have not yet been uncovered. Hanev is obvious that both old-aged
calibration and the malfunction of the instrumemsduce such outliers.

MonoRTM calculations of optical depths are only eleglent on input profiles. In
other words, the precision of the results is depahdn the precision of the input data.
To determine the error propagation through MonoR®&dyeral cases were tested.
Errors of one percent of the total initial valuerev@added to the temperature and water
vapour partial pressure. As a result, the effettthe® added error to the water vapour
partial pressure were larger than those of the ¢éeatpre. Detailed information of this
will be presented in the next section.
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Figure 3-13. Comparison of peak brightness temperatures from the WVR and the models (top)
and its offset and RMS for all channels (bottom)

3.2.3 Error propagation

To quantify the effects of input data from ECMWdhe percent of error was added
to the water vapour partial pressure and atmosphemperature for each layer. Using
the error-added data as the input profile of MonbR1he effects of the error increment
were quantified in terms of optical depth and bimgiss temperature. For the test, a few
selected optical values have been chosen. Accotditige radiative transfer theory, i.e.
the cascade process to line-of-sight, water vapmwount is not directly proportional to
opacity and brightness temperature.
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Figure 3-14. Effects of 1% error increments on water vapour partial pressure (left) and
temperature (right) provided by ECMWF

As can be seen from figure 3-14, the erroremgerature and partial pressure cause
asymptotic approaches to a certain threshold. Rerwater vapour partial pressure,
these are 1% and 0.8% for optical depth and bragstniemperature, respectively. For
the air temperature, these are ~-0.7% and ~0.3%optical depth and brightness
temperature, respectively. So, the effects of srofrwater vapour partial pressures are
larger in total than those of atmospheric tempeestuwon both optical depth and
brightness temperature. This behaviour results fiteencascade process in the radiative
transfer model. It can be concluded that the dastessure has to be determined with a
much better accuracy that the air temperature.
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4. Wet Path Delay Comparisons and Readjustments

The retrieval of wet path delays is the key pexcin the geodetic applications with
WVR instruments. In the previous chapter, two ddfe approaches were used to
compare brightness temperatures over Effelsberg.i©m-situ measurement using the
WVR and the other is theoretical calculations us@oRTM(ECMWEF). The former
approach provides brightness temperature measutemamd zenith wet delay
conversions using the retrieval algorithm of Tahstoand Rogers (2000), whereas the
latter approach provides brightness temperatuilzdions and precipitable water (PW)
estimates.

In order to directly compare the ZWD conversionghwihe PW estimates, a
transformation from PW to ZWD is necessary. There waell-known coefficients
presented by Beviet al (1994) for the transformation (see appendix ABhe
coefficients, which correspond to the ZWD/PW ratioe in the range between 6~7
under normal weather conditions. In order to vetifg transformed ZWDs using the
coefficients, a method of layer summed ZWD wasothticed (see section 4.2).

As an independent water vapour sensing technigite respect to the two
approaches, GPS was chosen for comparisons isttidy. In recent years, it is widely
accepted that GPS derived ZWD is an accurate dratbles quantity reflecting the total
amount of atmospheric water vapour. Wang and Zl208) adopted GPS PW as a
reference, even for comparisons with radiosonde.det this study, GPS-derived
ZWDs will be used as the reference in comparisoth vather ZWDs. From the
comparison, a benefit of the model calculationd @ shown in terms of generating
reliable ZWDs.

Although the WVR has defects in the cold skyhodtand the infrequent instrument
calibration, its observations include data for gveingle scan of the five sessions. In
contrast, MonoRTM(ECMWF) has a benefit in geneatieliable ZWDs whereas it
can just provide four data points per day. To expie advantages of the WVR and the
benefit of the model calculations, we will introdu@ readjustment procedure by
applying offset corrections based on the mean rdiffees between the WVR
observations and models calculations. This mettaodbe used for the improvement of
ZWDs from the WVR because the model calculationshdbinclude any calibration
effects.

In addition to the WVR-measured ZWDs, readjusted®&Mnd smoothed ZWDs
are shown in this chapter. Effects of the thres s€tZWDs on geodetic parameters,
such as baseline repeatability and height precgisiglh be discussed in the following
chapters.
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4.1 Wet path delays from the WVR at Effelsberg

The following equations regarding the retriewdl the scanning water vapour
radiometer are based on Tahmoush and Rogers (20a@)et al. (1998) introduced the
absorption coefficient described by equation (4.1)

300

kp = 4.5671 x 1074 (%)3'5-exp 2143 (1=32)|pr f2 x (D 55 +

1
F+fo) 2+ Afz] (4.1)

Af = 2.784 x 1073 [p (300)0 + 487, (300) ] GHz

Where,f is the frequency in GHZp is 22.23510 GHzp, is the partial pressure of
water vapour in mbap is the pressure of dry air in mbar, ahd the temperature in K.
The relationship between observed brightness teatyrer and wet path delay can be
derived as below. The opacity is given by

= [kedl (4.2)

The path delay due to refractivity N (in units &ris per million) of water vapour is
given by

d= 1075 [Ndl (4.3)

According to Thayer (1974), N of water vapour itated to the water vapour partial
pressurep, and temperature.

N=3776 x 105L (4.4)
T2

Assuming water vapour in a thin layer and at caristamperaturel and dry air
pressurep, the relationship between the pathand the brightness temperatuiig is
given by

3.776 X 105 pf T
d=""""T"2mm (4.5)
kf T3

Conversion factors by Tahmoush and Rogers can swided

5
i: 3.776 X 10° pr mm/K (46)

Tp kf T3

From the simulation of equation 4.6, the converdamtors are in the range of 4.0 and
5.0 under normal conditions.

As mentioned in chapter 3, ECMWEF profiles aré/@vailable at 00, 06, 12, 18 UT.
For better comparison, ZWDs provided by Effelsberigscope staff are averaged for
ECMWEF epochs. Figure 4-1 shows an example of aeerayVD for a six-hour-long
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interval which is the total of three hours backwarndl three hours forward with respect
to the ECMWF epoch. Figure 4-2 shows the averagatbDZ They are in the range
between 20 and 220 mm. As mentioned in previouptehs several spectra of
brightness temperature were contaminated by theé siof method and the infrequent
calibration. Considering these defects of the WiHg,ZWDs seem to be modified in a
certain way because the instrument parameters rmpeddy used in the retrieval were
out of date for many sessions. In this respect,ntioelel based approach in the next
section would provide a solution for improving thé/Ds by using the offset and the
rate between the WVR observations and the modadratibns. This approach has the
advantage of avoiding the effects of instrumenibcation.
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Figure 4-1. An example of the averaged ZWD for one ECMWF epoch (12UT, Jul. 3 2007)
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4.2 Wet path delays from MonoRTM(ECMWF)

ZWDs from MonoRTM(ECMWEF) will be presented in théection. In addition,
another set of ZWDs derived from an independenhate{mentioned previously as the
‘layer-summed method’) will also be presented fadidating the ZWDs from the
models. Unfortunately, MonoRTM version 4.2 only yickes PW instead of ZWD. To
compare ZWDs with other approaches, PW needs tabsformed into ZWDs.

Beviset al. (1994) achieved the transformation between PWZAND. They found
coefficients whose magnitude is a function of ataier constant related to the
refractivity of moist air and of the weighted me@mperature of the atmosphere. The
water vapour weighted atmospheric mean temperasira key parameter in the
transformation. But the mean temperature showsatians to location, particularly in
latitude. This is an uncertainty when transformatiwefficients are introduced. In the
global range, the ratio of ZWD/PW has values betw&& and 7.3. In the mid-latitude
range, however, its range becomes ~6.0-6.7. Aaegrth the surface temperature of
Effelsberg for the five sessions, the range betwédnand 6.5 were used in the
transformation. Details of the calculation are ppa@ndix A.5.

As can be seen in table A.4-1 in the appendix, PWIlues from
MonoRTM(ECMWEF) are in the range between 5 mm andn82 The transformation
factors are determined by the surface temperaturgffaelsberg and multiplied to
transform into ZWDs. As can be calculated from #guation of the transformation
factors in the appendix, 1 K of mean temperaturtessea an approximately -0.2 change
in the factor, and it also affects the transformr®&Ds. The mean temperature is
calculated from the surface temperature measurgt &ffelsberg weather sensor.
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Figure 4-3. Comparison between the transformed ZWDs and the layer-summed ZWDs

To verify the transformed ZWDs, the layer-summed@3Wvere calculated for each
layer using equations (4.1) to (4.4). Then the mhlays are summed. Appendix A.6
summarises the layer-summed method. The ZWDs frentwo different methods are
compared in figure 4-3. The figure shows good agee between the two ZWDs, with
a 5.6 mm offset on average. The main reason footfset presumably is the use of
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different absorption models.

The top of figure 4-4 shows comparisons between 2WDm the two approaches;
the WVR measurements and the model calculationee ®Blue points are the
transformed ZWDs from MonoRTM(ECMWEF). The red psirdare ZWDs from the
WVR. It is obvious that ZWDs from WVR are alwaysalhar except for one epoch at
12UT 25 May 2009. In the case of the fifth sessmnst of the noisy behaviour might
come from poor instrument calibration. As can bense the figure, ZWDs from WVR
are in range between 20 and 210 mm, while ZWDs fidomoRTM(ECMWF) are in
the range between 40 and 200 mm. But this comparimes not give any solid
foundation to determine whether one is more rediaban the other. In the next section,
GPS-derived ZWDs will be used as a reference ®ictmparison.

Z\WD Comparisons between the models (blue) and the WVR (red)
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Figure 4-4. Comparison between ZWDs from the two approaches and its differences
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4.3 Comparison with GPS-ZWDs

In order to make a judgment on the reliability leé ZWDs from the two approaches
presented in the previous section, ZWDs derivethf@PS at Effelsberg were used for
the comparison. The GPS station at Effelsberg kas begularly operating since 2007.
Thus, the last three sessions out of the five gassare used in the comparison. The
GPS antenna is on a steel mast, which is locatetthi@noof of a building across from
the 100 metre radio telescope. The height diffexdretween the GPS antenna and the
VLBI reference point of the telescope is approxehatl3 m, with the VLBI reference
point being higher than the GPS antenna.

This height difference causes an offset in the Z\&iparisons. If we remind
ourselves about the tendencies of the water vapaidiles in the previous chapter and
the ZWDs from the two approaches, it is possibleotmhly estimate the offset. From
the ECMWEF profiles, one can determine that an ayeeraater vapour partial pressure
decreases continuously from zero up to 5000 mtitudé. One can also determine that
the average of the ZWDs is approximately 100 mmenTlthis yields an offset per
metre of roughly 0.02 mm near the surface. A simalssumption had been made by
Costeret al (1996). The second possible estimation can beaeth by using general
features of decrease rates of ZTD and atmospheggspre, which are known as 2.3
mm per hPa and 1 hPa per 8 m, respectively. Inctise, the ZWD'’s offset per metre is
0.03 mm, reminding us that ZWD is roughly 10% offXTFrom the assumptions, it is
found that a 13 m height difference causes a 0.38~m offset in ZWD. Although
the estimated offset is small, it should be usedotwect GPS-derived ZWDs for direct
comparison.

Many studies have presented ZWD inter-comparisoesvden water vapour
monitoring instruments such as radiosonde, GPS, ViR VLBI (Linfieldet al, 1997;
Niell et al, 2000; Gradninarskgt al, 2000; Haefelet al, 2004; Nothnagedt al., 2007;
Zhang et al, 2008). Behrencet al (2000) extended the comparison to numerical
weather models (NWM). He showed that GPS has aehigbrrelation to NWM than
VLBI.

Figure 4-5 shows ZWDs from GPS, MonoRTM(ECMW&)d the WVR. The first
set of eight points corresponds to Euro88. The@essised in this study are reduced to
the last three sessions according to the avaitalofithe GPS data. GPS-derived ZWDs
are provided by GeoForschungsZentrum (GFZ). Aslmarseen in the figure, ZWDs
from GPS and MonoRTM(ECMWF) agree well, while ZWibem the WVR are biased
from the other two. Average offsets and standandatiens of MonoRTM(ECMWEF)
and WVR with respect to GPS are -4.3+11.0 mm adB+24.0 mm, respectively.

Even if one considers continuously changing pas#tiof the WVR with respect to
the reference point according to the VLBI obseatchedule every several minutes,
the offset is too far away from GPS-derived ZWDeelkif one considers the changing
positions in height, it is just a few millimetre$ most. In contrast to the WVR,
MonoRTM(ECMWF) shows good agreement in terms of dffeet and the deviation
because the first layer's data of the ECMWF prefilere corrected to be started from
the reference point in height. Those statisticscaraparable to results by Behregtdal.
(2002). They presented -2.7+14.3 mm for the off¢etcan be presumed that the
relatively large offset and deviation between ZWtsn the WVR and GPS probably
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came from the defects of the WVR. Internal tempggatariation of the WVR affects
instrument gain and the calibration parametersR@y, personal communication, 2010).
Detailed investigations will be considered in cleayi.

Figure 4-6 shows ZWD correlations between the WVRNoRTM(ECMWEF), and
GPS. It is obvious that the correlation between 8RFM(ECMWF) and GPS is 0.822,
which is higher than the 0.624 between the WVR &@®R$5. In addition, slope values
can be used for the investigation of agreement Isith respect to GPS-derived ZWDs.
In cases where the slope of the two sets of ZW$ose to one, these ZWDs are in a
relationship of one to one correspondence.

For the slope comparison, the standard error ofi skmpe was calculated. While
ZWDs from the model show 0.91+0.09 of slope andddad deviation with respect to
ZWDs from GPS, ZWDs from the WVR show 1.19+0.19.n€ldering the standard
deviations, the model covers a slope range frord @8.0 and the WVR covers a slope
range from 1.0 to 1.38. Although both include 1.i6him their slope coverage ranges,
the model has the closer relationship of one to asreespondence in terms of mean
slope and deviation from a 1.0 slope line.

From the ZWD comparisons with GPS-derived resuiltshis section, the model-
calculated ZWDs have closer relationships in teahsffset and slope. Based on the
model-calculated ZWDs, the WVR-derived ZWDs will t@adjusted in next section. In
appendix A.7, ZWDs from the WVR, the models and GRSsummarised in tables.

ZWDs from GPS, ECMWF-MONORTM and WVR at Effelsberg
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Figure 4-5. Differences between GPS-derived ZWDs and ZWDs from the two approaches
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Correlation between ZWDs from GPS and the Models Correlation between ZWDs from GPS and the WVR
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Figure 4-6. Correlation between GPS-derived ZWDs and model-calculated ZWDs (left).
Correlation between GPS-derived ZWDs and WVR-observed ZWDs (right)

4.4 Readjustment of ZWDs

In the last section, ZWDs from the WVR-measured dnel model-calculated
methods were compared with ZWDs from GPS. In thengarison, the model
calculations show better agreement to GPS. Althdbgmumber of the data used in the
comparison was only 24, statistics showed evidéfdrdnces in terms of mean offset,
standard deviation and correlation factors. Furtteee, raw measurements of ZWDs
from the WVR show a certain level of noise withifiesv minutes and some data gaps
of a similar length (see black crosses in figurb) 4-

According to these interim findings, ZWDs from th&/R-measured method will
be readjusted in two steps. The first step is tmaputation of running means from the
raw measurements of ZWDs by the WVR for data smogthThe second step is a
readjustment of the ZWDs by adding averaged offset&een the WVR-measured and
the model-calculated ZWDs. The averaged offset® walculated for each session and
added to the smoothed raw measurement. Finallythitee sets of the ZWDs, the so
called the WVR-measured (raw measurements), thethad (running mean applied),
and the readjusted by the offsets were generatBdadsesults of this chapter.

As discussed in section 3.2.2, the WVR at Effaigbd®eas the defects of infrequent
instrumental calibration accompanying the wet padehay retrieval. Although ZWDs
from the models showed better agreement to GPSeteAWDs, the models also have
defects. The model can only provide ZWDs everyrsirs while the WVR provide
dense observations for the ZWDs. To exploit theaathges of the two approaches, the
readjustment approach will be introduced.

For smoothing the noisy raw measurement of ZVBRPSVVR, different sampling
intervals of observation time were applied withamge between 5 minutes and 30
minutes. Among the sampling intervals, 15 minuteth w.5 minutes before and 7.5
minutes after the actual epoch showed the mosbmehte fit. A 15 minute-interval is a
good compromise which takes out the instrumentenbist retains the information of
the time variability of the atmosphere. The runnmgan with 15 minutes sampling
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interval will be applied in chapter 5.

Figure 4-7 includes reduced ZWDs compared witW¥% in figure 4-4. Each
session has only five data points that are theesponding periods to 24-hour-long
geodetic VLBI sessions. As can be seen in figuie there are certain offsets between
ZWDs from the WVR and the models. Figure 4-8 shdtiveslinear regressions of the
two approaches for every single session. As carsdsn in the figure, the slopes
differences between the two approaches can be dmesi to be negligible. Thus,
offsets in the middle were picked up and summairsddble 4-2 as the mean offsets of
each session. These offsets will be applied tstheothed raw measurements.

ZWDs from the WVR and the Models for 5 sessions
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Figure 4-8. Linear regression lines of the two approaches
Table 4-1. Summary of the mean offsets in the readjustments approach
Euro78 Euro81 Euro88 Euro94 Euro99
Mean offsets [mm] 15.4 28.5 49.1 39.4 20.5
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From figure 4-9 to figure 4-13, readjusted ZWsthe running mean method and
the offset are shown together with raw measuremanthie WVR. In the figures, red
crosses represent the raw measurements and blbdHKises represent the smoothed
ZWDs with respect to the raw measurements. Blusse®represent the readjusted one.

In chapter 5, the three sets of ZWDs will be legp for the wet path delay
corrections in geodetic VLBI data processing. Heesathe first WVR-measured set is
called ZWD (WVR), the second WVR-smoothed set is called ZWD (WVahd the
third readjusted by offset is called ZWD (WY¥.B.

Dec. 13-14 2005 (Euro78)
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Figure 4-9. ZWDs from the three approaches for the Euro78 session
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May 29-30 2006 (Euro81)
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Figure 4-10. ZWDs from the three approaches for the Euro81 session
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Figure 4-11. ZWDs from the three approaches for the Euro88 session

59



Jul. 8-9 2008 (Euro94)
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Figure 4-12. ZWDs from the three approaches for the Euro94 session

May 25-26 2009 (Euro99)
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Figure 4-13. ZWDs from the three approaches for the Euro99 session
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5. ZWDs Application to Geodetic VLBI and its Resuls

In this chapter, the ZWDs from the three apphneacare used for direct corrections
of the wet path delays in the five geodetic VLBEsiens. The impacts of the direct
corrections were classified in three aspects. Tits¢ dspect is the impact on the wet
path delay corrections itself. Geodetic VLBI sogibbs been estimating the wet path
delay contributions in various approaches. In #tisdy, ZWDs estimated from the
observations of five VLBI sessions were analyseak. this, three different sets of a
priori calibrations were applied. For the data pssing of the five geodetic VLBI
sessions, CALC (Ver. 10.01) and SOLVE (release:dzt&lay 2010) programs were
used.

The other two aspects are the impacts on basapeatability and height precision.
According to Wareet al. (1986), wet path delay corrections by WVR can iover
baseline length repeatability and height precidigra factor of 3. For various reasons,
however, the direct correction based on WVR hasyrbteen used routinely. One of
them is the general instrumental calibration proble

5.1 Impacts on wet path delay corrections in gaodétBI

In geodetic VLBI data analysis, it is common thantnuous piecewise linear
functions (linear splines) with various time resmos are estimated for the
tropospheric zenith delays. Here, we chose to nsehour segments as a compromise
of sufficient time resolution and good geometriabdity. For the hydrostatic delay
corrections, the Niell (1996) mapping function ahd Saastamoinen (1972) model for
the hydrostatic zenith delay with weather data ftbmnetwork stations were applied.

The three sets of ZWDs are applied to the Effelglmdyservables in the SOLVE
program as direct corrections for wet path del®BCAL, which is the sub-program of
CALC/SOLVE, is used for adding the three sets of@3\into the corresponding VLBI
databases.

For VLBI processing, the Wettzell position was fixas the reference station. In
addition to the station coordinates, the clock peaters of the other network stations
were estimated by SOLVE using quadratic polynomaalgd a piece-wise linear function.
As described in section 1.2.3, atmospheric gradiemiponents were also estimated.
Four sets of solutions will be used. Solution A resgents SOLVE-estimated
atmospheric offsets every hour without introducMf/R corrections (Table 5-1).
Solution B and C are the same in applying WVR aiioas but they are different in
WVR correction type. Solution B introduced WVR @xgtions as raw measurements
that is ZWD(WVR) in the table but solution C introduced WVR coti@as in the form
of smoothed values, that is ZWD(WVRIn the table. By feature of running mean
method described in section 4.4, solution C usedrikan value for 15 minutes with 7.5
minutes before and 7.5 minutes after the actualckepavhile solution B used
corresponding raw measurements for each epoch.ti®@olld represents SOLVE-
estimated atmospheric offsets every hour by apglgim offset between ZWDs from the
model calculations and the WVR measurements tostheothed corrections that is
ZWD(WVRs.() in the table. Each of the WVR corrections werpligo by subtracting
each type of WVR ZWD corrections during data preoegs The corresponding ZWD
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estimates by SOLVE for the five sessions are degiut figure 5-1 to figure 5-10.

Table 5-1. Solution types and descriptions for ZWDs comparisons

Solution type ZWD corrections Estimated atmosphere parameters
Solution A; No WVR & Es! ZWD (SOLVE) offsets every 60 minutes without W\correction
Solution B; WVR & Esl ZWD (WVR)) offsets every 60 minutes after subtracting raw WadRections
Solution C; WVR_rm & Es ZWD (WVRy) offsets every 60 minutes after subtracting the sheWVR correctior
Solution D; WVR_rm+Offset & Es ZWD (WVRs.o) offsets every 60 minutes after subtracting the jresteld WVR correctior

The black solid circles are the results of the ddath ZWD estimates by SOLVE
without any corrections (ZWD(SOLVE), solution A)h@& red solid circles and blue
solid circles are the ZWD estimates after subtnacKkWD(WVR,) and ZWD(WVR),
respectively (solution B and solution C, respedyiverhe black hollow circles are the
ZWD estimates after subtracting the ZWD(WAMR (solution D). If the subtracted
ZWDs from one of the three approaches agrees wehée initial ZWD(SOLVE), the
resulting ZWD estimates with corrections appliegreori should be located near the
zero residual line. See tables 5-2 and 5-3 for il@etastatistics of each solution
including mean, RMS, and mean offset values fromaWD(SOLVE) solutions.

As can be seen in figure 5-1, the resulting ZWDnestes of solution B and solution
C are located near the zero residual line. SoluBas slightly closer to the zero line
than solution C in terms of mean value in table B-fheans that ZWD(WVR have the
best agreement with ZWD(SOLVE). The resulting ZW&ireates of solution D are
biased towards below the zero line. In order tockhe tendency similarities of the
three solutions with respect to solution A, the me#{set between the ZWD estimates
IS subtracted and the RMS are calculated. Tables6a3marises the mean offsets and
RMS values with figure 5-2 providing a visual imgsen of the differences. As can be
seen in the figure, the three WVR-based approashesv similar properties with
solution B having the smallest RMS. From the meffgebfrom the zero line and RMS,
solution B is the best for the Euro78 session.

As mentioned in section 3.2.2, the most recentunsént calibration was conducted
one week before the Euro78 session. This wintesi@esvas ideal for an absolute
calibration with cold sky. In terms of the absolatdibration and the age of calibration
interval, ZWD(WVR) for Euro78 shows an advantage of in-situ measengsnwithout
contaminations from the effects of the instrumdiite internal temperature during the
session was rather stable (23.6°C ~ 24.6°C) argkdlo nominal temperature of 25 °C
for this session.

The resulting ZWD estimates and RMS for the Eurs&dsion are shown in figures
5-3 and 5-4, respectively while the statistics athe solution and the mean offset are
listed in tables 5-2 and 5-3, respectively. As banseen in the figures and the tables,
solution B shows the best agreement with solutiomAerms of the smallest mean
difference while solution D shows the best agrednmernierms of the smallest RMS
although the RMS values of the other solutionsraesignificantly larger. Thus, the
three solutions can be considered to produce eesifilthe same quality but for all a
negative gradient is discernable. As with the E8re&ssion, the results of solution D
are located below the zero residual line. All thrsekitions are below the zero line at the
beginning of the session. This is probably caused lack of ZWD data in the first few
hours of the session (Fig. 4-10).

For the Euro81 session, the internal temperatutheMWVR was set to 29.1°C at
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the very beginning of the session. However, thepature varied in the range between
25.6°C and 30.5°C during the session. The WVR gantemperature coefficient is
approximately —0.7 % per °C. In cases where thermal temperature is lower than the
set temperature, reduced WVR gain causes lowehtbegs temperature measurements
and also affects the ZWD results if empirical coti@s are not applied to the ZWD
retrieval as was the case here.

ZWD estimates (Dec. 13-14, 2005, Euro78)
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Figure 5-1. ZWD estimates from SOLVE and the three approaches for the Euro78 session

ZWD differences from the three approaches wrt the SOLVE-estimated (Dec. 13-14, 2005, Euro78)
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Figure 5-2. Differences of the three approaches with respect to the SOLVE-estimated ZWDs for
the Euro78 session
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ZWD estimates (May 29-30, 2006, Euro81)
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Figure 5-3. ZWD estimates from SOLVE and the three approaches for the Euro81 session

ZWD differences from the three approaches wrt the SOLVE-estimated (May 29-30, 2006, Euro81)
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Figure 5-4. Differences of the three approaches with respect to the SOLVE-estimated ZWDs for
the Euro81 session

Figures 5-5 and 5-6 show the resulting ZWD estes and RMS for the Euro88
session. This session was conducted at summer Aaymhomogeneous and humid
sky can cause poor absolute calibration, partiukaith cold sky load, and this poor
calibration is likely to cause offsets. As showrthe figures and in table 5-2, solution D
shows the best agreement with solution A in terinthi® smallest mean, while solution
B shows the best agreement in terms of the smaRbES. Solution B and solution C
are biased over the zero residual line. This tecylendifferent from the previous two
sessions.

As mentioned in section 3.2.2, the last calibratérihe WVR was carried out on
May 29, 2007. It means that the WVR measuremestparformed with one-month-old
calibration parameters. The saw-tooth featuregightmess temperature are mainly due
to malfunction particularly for high frequency cimefs. Along with the defect of the
absolute calibration, old aged calibration paransesdso affected the ZWD(W\/Rof
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solution B. The temperature was set to 37.4°C haddmperature variations during the
session were monitored in the range between 28adUC32.8°C. This is considerably
deviated from the nominal temperature as compartdtiae previous session.

Z\WD estimates (JUL. 3-4, 2007, Euro88)
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Figure 5-5. ZWD estimates from SOLVE and the three approaches for the Euro88 session

ZWD differences from the three approaches wrt the SOLVE-estimated (Jul. 3-4, 2007, Euro88)
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Figure 5-6. Differences of the three approaches with respect to the SOLVE-estimated ZWDs for
the Euro88 session

Figures 5-7 and 5-8 show the resulting ZWD estismatied RMS for the Euro94
session. This session was also conducted over sudayge. As with the Euro88 session,
solution D is the nearest to the zero residual éine the other two solutions are biased
over the zero line. As shown in the figures andet&bh2, solution D is the best in terms
of the smallest mean offset and smallest RMS.
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As mentioned in section 3.2.2, the last calibrabbthe WVR was carried out on 7
July 2008 including the temperature setting of 29.6The internal temperature
variations were in the range between 27.8°C and°80.The WVR measurements
mostly show the best features of the five sessiwith one day old calibration
parameters. Nevertheless, the ZWD(W)VRf solution B deviated from the initial
estimates the most. Recalling the ZWD comparisorth @PS and the models in
chapter 4, the Effelsberg WVR underestimates theD&Wompared to the other two
methods. This deviation is probably caused by the dold sky load that only works
well under cold and clear sky conditions.

ZWD estimates (JUL. 8-9, 2008, Euro94)
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Figure 5-7. ZWD estimates from SOLVE and the three approaches for the Euro94 session
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Figure 5-8. Differences of the three approaches with respect to the SOLVE-estimated ZWDs for
the Euro94 session

Figures 5-9 and 5-10 show the resulting ZWD es@&®nand RMS for the Euro99
session. This session was conducted at the endagf M| solutions show a distinct
deviation from the general tendency after abouthdabrs into the session. As for the
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results of the Euro88 and Euro 94 sessions, soludias generally closest to the zero

residual line.

As mentioned in section 3.2.2, the last calibrabf the WVR was conducted on 19
February 2009. There was no information on the naimiemperature setting, but the
internal temperature variations were recorded énrtinge between 35.2°C and 44.5°C.
As a consequence, a rapid gain drift was also decbduring the session. It was also
reported that this gain drift affected the resoltthe WVR measurements, particularly
for the high frequency channels over 23 GHz as shiowigure 3-18 (A. Roy, personal

communication, 2010).

ZWD estimates (MAY 25-26, 2009, Euro99)
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Figure 5-9. ZWD estimates from SOLVE and the three approaches for the Euro99 session

ZWD differences from the three approaches wrt the SOLVE-estimated (May 25-26, 2009, Euro99)
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Figure 5-10. Differences of the three approaches with respect to the SOLVE-estimated ZWDs
for the Euro99 session

As a summary of the previous results, figure 5-&fpicts the mean and RMS values
of each solution. Table 5-2 lists the mean and Ridli8es after estimation by SOLVE.
As can be seen in the figure, all the results ¢dtsm D are located below the zero
residual line while all those of solution B aredted above the zero line. The results of
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solution C is always in the middle between the setutions. Regarding closeness to
the zero line, solution B are the best in the fivgd sessions while solution D are the
best in the last three sessions. It seems thattéhidency is mainly caused by the
absolute calibration using the cold sky load. ih & interpreted in that the first two
sessions are under more appropriate sky condifienghe cold sky load than other
three sessions. In addition, effects such as odttd calibration parameters and
internal temperature variations seem to contributhie abnormal features of solution B
in the last three sessions. Nevertheless, soliidras the smallest level of residuals
which is an indication of the correctness of tippraach, though not to the full extent
and apparently overcompensating the effect.
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Figure 5-11. Mean and RMS of the ZWD estimates from SOLVE and the three approaches
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Table 5-2. Mean and RMS of the ZWD estimates from SOLVE and the three approaches

(No WVRY (WVR)P (WVR_rmf | (WVR_rm+Offset§
Mean | RMS | Mean | RMS | Mean | RMS Mean RMS
[(mm] | [mm] | [mm] | [mm] | [mm] | [mm] | [mm] [mm]
Euro78 454| 12.0 0.7 9.9 -4.7 10.1 -20.2 10.1
Euro81 56.7 9.3 31| 163 -6.0 14.6 -34.7 14.6
Euro88 118.7| 15.9 49.1 | 16.2 38.4 13.8 -10.4 13.3
Euro94 119.2| 38.2 378 | 18.0 27.1 13.1 -10.2 23.7
Euro99 142.0| 20.6 48.9 | 125 11.0 14.8 -9.7 14.8

Table 5-3 summarises the mean offset and RMS wgpact to solution A. Along
with the offset and RMS, the mean ZWDs retrievedantion 4.4 are summarised. The
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mean offsets between each of the three solutions safution A show systematic
tendencies, as already shown in figure 5-11. TheSRMlues are the numerical
representation of the agreement of the individoalt®ons with solution A after the bias
has been removed. The three solutions are of awsalsimilar level. Differences
between the mean offset and mean ZWD can be cothpar@bsolute values. Almost
all the differences are in the range between 10288d except for two cases. The two
cases are the differences between solution A aluti@o B for the Euro94 and Euro99
sessions. The mean offsets of these two casesOate 80% smaller than the mean
ZWD. Note that the mean ZWD for the two cases agvek within 10% with mean
values of solution A in table 5-2. But the resudtinffsets are changed. It can be inferred
that the mean ZWDs used as direct troposphericecbons were re-estimated
simultaneously with other geodetic parameters leyltatch least-square estimation of
SOLVE. Therefore, initial mean ZWDs can be diffdrélom the mean offsets in table
5-3 after SOLVE estimation. In the next section;depth analyses of geodetic
parameters, such as baseline repeatability anththe@idl be conducted.

Table 5-3. Mean offset and RMS of ZWDs with respect to the SOLVE-estimates

Mean offset & Mean Mean offset & Mean Mean offset & Mean
RMS ZWD RMS ZWD RMS ZWD

(b —aintable 5-2) [mm] | (c—aintable 5-2)) [mm] | (d —aintable 5-2) [mm]

Euro78 -44.7 7.0 50.1 -50.1 9.5 50{1 -65.69.5 65.5
Euro81l -53.6 10.0 47.4 -62.7 9.6 474 -91.59.6 75.9
Euro88 -69.6 10.2 78.0 -80.3 14.0 78{1 -129.13.6 127.2
Euro94 -81.4 24.0 107.2 -92.1 28.8 106.8| -129.4 17.7 146.2
Euro99 -93.0 204 1439 -131.0 2338 1443 -151.7 23.8 164.8

5.2 Impacts on baseline repeatability

Fixing baseline evolution parameters

In this section, the impact of the wet path gelarrections by the three approaches
on geodetic parameters such as baseline repeptadiid height precision will be
investigated. For the investigation on baselineeatgbility, it is necessary to determine
the baseline evolution beforehand. Note that the $iessions should not be included in
the determination process of the baseline evolumimerwise baselines from the five
sessions affect the determined baseline lengthbaseline rate. Then, it is hard to
discriminate the pure impact of the wet path delarections by the five sessions from
those of the others.

The first criterion for selecting a session ihether Effelsberg participated.
According to the criteria, fifteen sessions outwénty-one IVS Europe sessions were
chosen for the determination of the baseline lengtid the baseline rates. Among the
participating network stations in the chosen sessi®©nsala and Wettzell stations are
simultaneously included with Effelsberg. The ongssion conducted in 2010 includes
Onsala and Effelsberg. This causes a different murobsessions which are used in the
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determination of the baseline evolution parameierks sessions for Effelsberg-Onsala
and 14 sessions for Effelsberg-Wettzell.

In order to fix the baseline evolution parameteefore the baseline repeatability
comparisons, atmospheric offset and its rate amnated once per day for all stations.
In order to determine the pure impact of the weh mkelay correction using the three
ZWD correction approaches in next step, a condissérategy of data processing
applied to all sessions is the most important facddmong the parameters, the baseline
lengths and rates determined by this step will bedufor the baseline repeatability
investigation in a next step.

The figures below illustrate the baseline ewvolutfor Effelsberg-Wettzell and
Effelsberg-Onsala. Figure 5-12 shows the baseluiwugon between Effelsberg and
Wettzell. The baseline rate determined by this ystisd0.17 £ 0.302 mm per year.
Figure 5-13 shows the baseline evolution betwedeldbierg and Onsala. The baseline
rate determined by this study is -0.05 + 0.321 nanyear. In appendix A.8, baseline-
lengths for the entire sessions of Effelsberg-Veéditemd Effelsberg-Onsala are listed.
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Figure 5-12. Baseline evolution between Effelsberg and Wettzell
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Figure 5-13. Baseline evolution between Effelsberg and Onsala
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Impacts of the four solutions on baseline repeditgbi

For the baseline repeatability comparison, SOLV#region settings in table 5-1
were changed as summarised in table 5-4. As caedr in table 5-4, the main change
is that the atmospheric offset and its rate arenestd for all stations except Effelsberg
in the cases of applying the three WVR ZWD cormdi Compared with the
estimation strategy of the fixing baseline ratespsthe same estimation strategy is
applied. In order to assess the impact of the thoeeections on baseline repeatability
the atmospheric parameters for Effelsberg showdielver, not be estimated. Similarly
to the ZWDs comparisons in the previous sectioa tiinee sets of ZWDs are applied to
the Effelsberg observables in the SOLVE prograndiesct corrections for wet path
delays.

Table 5-4. Solution type and description for baseline repeatability comparisons

Solution type ZWD Estimated atmosphere parameters

corrections

Solution 2%, No WVR & Est offsets and rate per day without WVR correct

Solution E’; WVR & No Est ZWD (WVR)) offsets and rate per day after subtracting raw W@Rections
(not estimated for Effelsberg)

Solution ¢ WVR_rr & No Est ZWD (WVRy) offsets and rate per day after subtracting the sinedbWVR correctior
(not estimated for Effelsberg)

Solution [°; WVR_rm+Offset & No Es ZWD (WVRs.o) offsets and rate per day after subtracting thejustetl WVR correctior

(not estimated for Effelsberg)

Figure 5-14 shows the variation of the baselineHffelsberg-Wettzell by the four
solutions described in table 5-4. For this baseliapeatability investigation, the
baseline length and its rate determined in figuE2%re used. The baseline rate was
included as a 0.17 mm per year, depicted as a Blalak line in the figure, and the five
sessions are included. In the solid black circlesthe baseline results estimating the
tropospheric offset and rate by SOLVE without WVRasurements (Solution®A In
solid red circles are the baseline results intradpZWD (WVR,) without estimation of
Effelsberg tropospheric parameters (Solutiol). Bn the solid blue circles are the
baseline results introducing ZWD (W\R without estimation of Effelsberg
tropospheric parameters (solutiorf)CIn the hollow black circles are the baseline
results introducing ZWD (WVR,) without estimation of Effelsberg tropospheric
parameters (solution®p RMS and weighted RMS (WRMS) values are calcdlatith
respect to the solid black line. The RMS is listedprovide information on possible
outliers. In appendix A.8, baseline-lengths for five sessions of Effelsberg-Wettzell
and Effelsberg-Onsala are listed.

As can be seen in the figure, solutiof §hows the best result in terms of RMS,
although significant improvement was not found iomparison with the RMS of
solution A. Solution A shows the smallest WRMS. In general, solutichh@s the
shortest baselines among the four solutions eXoefhe last session. As a conclusion
for the Effelsberg-Wettzell baseline, there are systematic effects on the baseline
repeatability by the three ZWD corrections. Congite that the position of Wettzell
was fixed as a reference for SOLVE processingerkfices between the solutions are
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purely the impacts of the three ZWD correction apphes. The differences are in the
approximate range of 5 to 10 mm.

80
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Figure 5-14. Variation in baseline between Effelsberg and Wettzell

Figure 5-15 shows the variation of the baselineHtielsberg-Onsala for the four
solutions. For this baseline repeatability investiign, the baseline and its rate as
determined in figure 5-13 are used. The baselite waed was -0.05 mm per year,
depicted by a solid black line in the figure, ahd five sessions are included. As can be
seen in the figure, solution®sShows the best agreement in terms of RMS and WRMS.
As for the Effelsberg-Wettzell baseline, solutiofi @ways has the shortest baseline
lengths among the four solutions. But the other EM@D corrections from the WVR-
measured and the WVR-smoothed are located abovbedo@ with respect to solution
AP. In conclusion for the Effelsberg-Onsala baselthere are no systematic effects on
the baseline repeatability by the three ZWD coroest However, the WRMS
differences between the solutions are in the rad® and 20 mm which is quite large.
A probable reason for the large scatter is theetbfice in the number of observations.
In general, the number of VLBI delay observatioos the Effelsberg-Onsala baseline
was smaller than for the Effelsberg-Wettzell baselluring each of the five sessions in
the range of about -10 and -50%.

From the results of baseline repeatabilities, nockeion can be drawn for the
superiority of one of the three ZWD correction aggmhes. The RMS and WRMS
values are no reliable indicators for a robust sssent of the approach because of the
poor statistics from only a sampling number of fiswhile the baseline Wettzell-
Effelsberg produced some promising results, the elbes Onsala-Effelsberg
contradicted this impression.

In the next section, the impact of the three ZWDrextions on height will be
treated as an extended analysis of the verticapooent variation.
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Figure 5-15. Variation in baseline between Effelsberg and Onsala

5.3 Impacts on height precision

As in the last analysis on the impact of the weh mkelay corrections by the three
approaches on geodetic parameters, the investigatidhis section focuses on the
precision of the height component. According to Ber al (1986), wet path delay
correction by WVR can improve height precision adlvas baseline repeatability. In
order to check the impact on height precision,\theability of the topocentric station
coordinate component is investigated with respe¢hé a priori coordinate. From the
geophysical information, it can be deduced thaelBfferg is vertically stable within £
1~2 mml/year.

Figure 5-16 shows the change of the height compoarea its standard deviations
for Effelsberg. The black bars illustrate the héigomponents of solution bafor the
five sessions. Red bars, green bars, and yellow iegresent the same components for
solution B, solution €, and solution B respectively. The black dashed line is a mean
height determined in the same way as in the previsection. Again the height
components for the five sessions were excludedderdo differentiate the pure effects
of the three ZWD correction approaches from theioffessions. As a result, the mean
height above a reference height is determined aam3The sessions used in the mean
height determination are listed in table A.9-1he aippendix.

As can be seen in the figure, the first three smhgtare above the reference height
except of the height of solution®Bn the last session. The results of solutichabe
always below the zero line. The RMS and WRMS valagsee rather well except of
solution A where the result of the Euro81 session causeBM® to be slightly higher
than the WRMS indicating a tendency of the sessibheing further away from the
mean. However, this is compensated for by forminegWRMS.
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Height changes w.r.t mean height since episodic motion in 1996
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Figure 5-16. Change in height components by the four solutions with respect to mean height
since the episodic motion

As summarised in table A.9-2 in appendix A.9, ttendard deviations of Solution
A" are always larger than those of the other thréetisns with the second session
being exceptionally large with about a factor akthlarger than the other sessions. This
indicates that the general solution setup or treentations themselves have a deficit.
Within the other three solutions, the number ofnown parameters is reduced by the
number of atmosphere parameters of Effelsberg.ofijh one would expect an increase
in the standard deviations of the Effelsberg heighinponent due to the reduced
number of degrees of freedom, the opposite eff@oears. This can only be caused by a
reduction of the sum of the weighted residuals sgfliaA possible reason for this can
only be the use of direct WVR measurements instéastimations by SOLVE. While
Solution A was determined without WVR measurements, the otvere solutions
were determined with direct WVR measurements. la 8OLVE least squares
adjustment, the application of WVR measurementmsde affect the determination of
the height component in a positive way.

Another approach is to determine the height scatiér respect to the mean height
of only the five sessions (Fig. 5-17). In contresthe long-term mean in figure 5-16,
this figure represents the short-term mean for eabiition type. Each short-term mean
is depicted by solution with the same coloured dsdilne. These mean values are
significantly different levels with solution Theing off from the others by 60~70 mm
(see table A.9-2 in the appendix). The relativeavebur of the RMS and WRMS is the
same as for the long term mean because the oridatalis the same. Only the means
are computed differently and, thus, the WRMSs anelmreduced for solutionD
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Height changes w.r.t. mean height of each solution
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Figure 5-17. Change in height components by the four solutions with respect to mean height of
each solution

As shown in the above figure, the ZWD correctionsnf the three approaches
affected the height repeatability for the five s&ss. Solution B and Solution Ewere
in agreement within a few millimetres except foe tlast session. As described in
section 4.4, ZWD(WVR and ZWD(WVR) applied in Solution Band Solution €,
respectively, were not significantly different. Bhuhe good agreement between the two
solutions has been expected. However, solutibsidwed a negative bias in the range
of 60 mm to 70 mm with respect to the other sohgjgarticularly solution T Even if
one considers the offset corrections for ZWD(WM\Rin the range of 15 to 50 mm as
shown in table 4-1, this bias is a significantisgka quantity.

In order to find a reason for this bias, particiyldretween solution £and solution
D®, arbitrary offsets, which are 1, 5, and 10 mm,evadded to ZWD(WVE for the
Euro78 session. Then the height changes were cechpaith each other. From the
comparisons, the height change corresponds to
-2.9 mm per 1 mm of ZWD(WVR offset. It means that the resulting height change
are almost three times bigger than the ZWD vanmatid he expected relationshipAsl
~ -2 * AZD (Boehm, pers. comm.). Although the ratio fourdehis significantly larger,
it can be stated that it is not too far away frdra éxpectation taking into account that
the number of sessions is rather small.

In order to investigate the reasons for this, weoathecked other estimated
parameters such as clock offsets and atmospheadiemts. While there were no
significant changes in atmospheric gradients betvike results, significant changes in
clock offset estimates were found. The clock offsehanges were negative when
compared with one of those of solutiol &d were well matched with the resulting
height changes. Nothnagetl al (2002) pointed out the high correlation betwekatic
offset and the tropospheric vertical componentnestitd in VLBI least squares
adjustments. They showed that clock errors candggped onto the vertical component.
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From the test computations and the previous stiidsgems that the biases between
solution & and solution B are mainly caused by internal effects in the lsastares
adjustment. One feature of the least squares adunstis that estimated parameters are
affected by the other parameters through theiretations. Considering the high
correlation between the clock offset and the vakticomponent, the larger-than-
expected bias in solution®Dcan most probably be attributed to internal estiiona
effects.
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6. Summary and Discussion

In order to correct the wet path delays in g&odéLBI, line-of-sight measurements
from a WVR and theoretical calculations from modeisre used in this study. The
multi-channel WVR at Effelsberg determines thes¢ path delay corrections. At the
same time, ECMWEF provides meteorological profilesstéad of radiosonde
observations over Effelsberg. The radiative transfedel MonoRTM uses the profiles
for theoretical calculations based on radiativaesfar equations and the accompanying
absorption model.

From comparisons of ZWDs from GPS analyses affdreint wet delay retrieval
processes, a solid foundation for offset correctiof the WVR measurements was
found based on the model calculations. Along with bffset corrections, the noisy
tendency of ZWDs from the WVR was smoothed by caimguunning means. In this
study, readjustment means a combination of thebéfsrrection and the smoothing that
are called ZWD(WVR.) and ZWD(WVR), respectively. Together with raw
measurements by the WVR (ZWD(WWR these three sets of ZWDs were applied as
wet path delay corrections to the geodetic VLBIleashations and the impacts on the
results were investigated in terms of baselineatgi®lity and height precision.

With respect to the results, several factors wesetertchined. The baseline
repeatability was slightly improved considering RIS when ZWD corrections from
ZWD(WVRs.() are introduced for the Effelsberg-Wettzell baselbut there was no
improvement of the baseline repeatability for tHikelBberg-Onsala baselin€he height
precision was improved by a factor of 2 in termsMRMS with respect to the short-
term mean heights when ZWD(WVR) are introduced. However, there are significant
differences in the mean heights between the diffesolutions which cannot be
explained by the normal ratio @fH vs. AZD alone. A possible reason is that the
parameters estimated in the least squares adjustmereasily affected by the other
parameters through high correlation coefficientstipularly between the clock offset,
the tropospheric parameters and the vertical coatdicomponent.

Even though improvements for certain cases weradpi is difficult to make a
solid judgement only based on the poor statisticdh@® small number of sessions. As
mentioned at the start of this thesis, it was etqubthat several geodetic VLBI sessions
with useful WVR measurements at Effelsberg wouldnévally be available when this
study was embarked on. However, in the coursenoé it turned out that only five
sessions could be successfully observed. For¢hson the conclusions will have to be
based on these five sessions alone. It is obviwaisnhore sessions need to be used for
the foundation of a more concrete judgment in there.

For better comparison between wet path delay cioores; the delays in zenith
direction were used. For the ZWD conversion, thellNmapping function was used for
the Effelsberg WVR and SOLVE. Although this conwenswas inevitably necessary in
this study, the advantage of the line-of-sight measents of the Effelsberg WVR was
faded out.

Regarding absolute and periodic instrument caldmat an improved WVR is in
the lab in an advanced state of construction. llthveive an internal waveguide load that
can be switched on under software control so thaam automatically perform daily
calibrations. Concerning the internal temperatuegiation, it also has improved
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temperature stabilisation which should reduce tladib@ation drift due to the
temperature-dependent gain changes (A. Roy, pdreomnamunication, 2011). Along
with the instrument implementations, higher resohutprofiles from an advanced
NWM would also be favourable for use in furtherdsés.

Finally, the smoothing method needs to be improvedthis study, the running
mean method was used for smoothing ZWD measurenigntthe WVR. For the
running mean, fifteen minutes was selected as glgagninterval. Considering the
number of VLBI observations used in SOLVE, this pang interval includes 1~3
scans. For a perfect ZWD correction, averagingugryescan is preferred in the future.
In addition, the effects of observables at low atens under 7~8 degrees on the
baseline and height repeatabilities should be awckccording to MacMillan and Ma
(1994), observations at very low elevations mayaeg baseline repeatabilities.
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7. Conclusions

This study includes the first attempt to use NVENMI RT models together with a
WVR instrument for the wet path delay correctiongebdetic VLBI. From the results
of this study, several conclusions are made deteteveak statistical foundation.

- ZWD retrieval: ZWDs from MonoRTM (ECMWF) were claséo GPS-
derived ZWDs than those from WVR measurements.

- Usefulness of the model approach: Since the WVEfttisberg suffered
from infrequent instrumental calibration, the condiion approach of NWP
and RT models is useful for the readjustment of ZWiBasurements from
the WVR.

- Baseline repeatability: Considering the RMS, soluti D" using
ZWD(WVRs:o shows a slightly better agreement with respectthe
baseline evolution line for the Effelsberg-Wettziefiseline. Nevertheless,
improvement in baseline repeatability is not cldae to the small number
of sampling sessions.

- Height precision: WRMS of solution "Dusing ZWD(WVR.¢ shows an
improvement by a factor of 2 with respect to thersterm mean height but
there is a 60~70 mm bias between the short-terrmrfrea solution B
and from the other solutions.

This study has shown a possible improvementwier path delay corrections in
geodetic VLBI by the use of the WVR at Effelsbeaihough the promising advantages
of the instrument were faded out by insufficienssalbte calibrations and adverse
instrumental effects. The conclusion of this stiglthat the WVR observations are not
perfectly suitable for wet path delay correctioret, ymainly because it has certain
shortcomings with respect to instrument calibragidh is expected that more accurate
wet path delay corrections from the Effelsberg WWHR become available when the
implementations for instrument calibration on th&/R/are completed. On the other
hand, the approach with the models used in thidystould also be applied for WVR
sites that have no periodic radiosonde observati©assidering the global applicability
of ECMWF and RT models, the possibility of implertieg the model approach for
other geodetic VLBI stations is high.
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Appendix

A.1 ECMWEF profiles

Temperature profile, May 28 2008 Water vapor partial pressure, May 28 2008 Temperature profile, May 20 2006 Water vepor pertial pres sure, May 30 2008
s0000 —— 10000 —— sona0 Joame
w0000 000 so0co a0
20000 000 30000
£ = £ :
= = ! S =
" a000 20000
10000 e 10000
o o o
o o 40 om0 300 L L - L =0 e EL-I- ) 250 300 @ 2 4 & & W 13 14 16
temperature [K] Parisipressure PR3] Emperare [K] Partal pressure [hWFa

Figure A.1-1. ECMWF profiles for temperatures and water vapour partial pressures over Effelsberg (29-30 May 2006)
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Figure A.1-2. ECMWF profiles for temperatures and water vapour partial pressures over Effelsberg (3-4 Jul. 2007)
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Temperature profile, Jul 9 2008 W ster vapor partial pressure, Jul 9 2008

Tempersture profile, Jul 8 2008 W ster vapor partisl pressure, Jul 8 2008
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Figure A.1-3. ECMWF profiles for temperatures and water vapour partial pressures over Effelsberg (8-9 Jul. 2008)
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Figure A.1-4. ECMWF profiles for temperatures and water vapour partial pressures over Effelsberg (25-26 May 2009)
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A.2 MonoRTM

Jumber of Ia}er< (maximum of 200)

»/ Altl‘[ude [km], P,

J07059E+22> 5.6517653E+20 4.7120675E+16
/ﬁé%s@mm 4.9800907E+14 3.9391087E+13
Column i/ 29115152E+12 5.1379684E+12 1.7126564E+10

DE'I"SiT}’Of 28140 3
Water Vaporg5o35512£+ 29 5.2824106E+20 4.7150147E+16
of layer . 4.8021956E+14 4.3405691E+14 3.6816816E+13
\ 27212408E+12 4.8021929E+12 1.6007309E+10

\ 8204094 276.85 3
\TAT6T640E+ 21> 4.9364258E+20 4.7202382E+16
4.4876610E+14 3.6667605E+14 34405404E+13
2.5430094E+12 44876594E+12 14958872E+10

Figure A.2-1. The format of the meteorological profile for MonoRTM (Example)

T at lower boundary of lays er

1l19‘ 22 10%92(}0/5 STANDARD Hl— @ H2= 2000 ANG=_0.009-tEN= 0

3 <0000 1013.00 288201700 93164 28365 >

54804989E+17 2.5390745E+17
8.5632803E+14 9.1057065E+
1.0216384E+15 3.1493135E+15

51223340E+17 2.3170005E+17
7.9354863E+14 9.5962337E413
94367511E+14 16470032f+15
<2100 785081 27455
47868379E+17 2.1119105E+17
7.0576352E+14 9.9803002E+13
8.7139256E+14 7.9058087E+14

=7 MAverage Pressure [millibars] and Temperature [K] of layer

_ Altitude [km], P, T at upper boundary of layer

' Column Density of Ox}ger of layer

2.9Y15142E+18 6'5794498E+B> ‘I1|15169132E+22
7/5356840E+10 1.7126564E+10 |1.5522649E+15
A760899E+13 1.3375841F+24 | ‘|'

\
27212402E+18 33455267E+73L' ,'1 A116083E+22
7.0432145E+10 1.6388555E+10 [1.1851023E+15
1.6893916E+13 1.2501701E+24 ||

|
2.5430060E+18 126405065237 13273585E+22
6.5819050E+10 1.7506728E+10 9.0467352E+14
1.7590411E+13 1.1682879E+24

Table A.2-1. Summary of integrated column density from the surface to the top of the layers

: . Integrated Column Densit]
Session points [%09 molecules/cr’]
00 UT, Dec. 13, 20( 1.8017¢
06 UT, Dec. 13, 20( 2.4647¢
12 UT, Dec. 13, 20( 3.2579:
18 UT, Dec. 13, 20( 2.8798:¢
00 UT, Dec. 14, 20( 3.2206:
06 UT, Dec. 14, 20C 3.7271
12 UT, Dec. 14, 20( 3.3274
18 UT, Dec. 14, 20( 3.3899
00 UT, May 29, 20C 4.3634:
06 UT, May 29, 20C 5.0575:
12 UT, May 29, 20C 4.9246:
18 UT, May 29, 20C 3.7096
00 UT, May 30, 20C 4.0888:
06 UT, May 30, 20C 3.7767:
12 UT, May 30, 20C 4.01656
18 UT, May 30, 20C 3.840:8
00 UT, Jul. 03, 20C 7.9322:
06 UT, Jul. 03, 20C 8.5112:
12 UT, Jul. 03, 20C 7.965€2
18 UT, Jul. 03, 20C 8.2472.2
00 UT, Jul. 04, 20C 5.1725
06 UT, Jul. 04, 20C 6.237%3
12 UT,Jul. 04, 200 7.1566"
18 UT, Jul. 04, 20C 7.2352:
00 UT, Jul. 08, 20C 7.3308:
06 UT, Jul. 08, 20C 6.6283¢
12 UT, Jul. 08, 20C 6.980°1
18 UT, Jul. 08, 20C 6.4838!(
00 UT, Jul. 09, 20C 6.0409
06 UT, Jul. 09, 20C 6.7573¢
12 UT, Jul. 09, 20C 8.9241
18 UT, Jul. 09, 20C 10.112%6
00 UT, May 25, 20C 9.5285:
06 UT, May 25, 20C 9.0834%6
12 UT, May 25, 20C 10.742°8
18 UT, May 25, 20C 9.8192:
00 UT, May 26, 20C 8.712¢6
06 UT, May 26, 20C 9.03471
12 UT, May 26, 20C 7.7185
18 UT, May26, 200! 7.6073¢
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A.3 Optical depth by MonoRTM(ECMWF)

Black solid lines represent the U.S. standard madel blue solid lines are spectra when ECMWF

assimilated profiles were used as input data.
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Figure A.3-1. MonoRTM(ECMWF) results of optical depth during IVS Europe session with Effelsberg (13-14 Dec. 2005)
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Figure A.3-2. MonoRTM(ECMWF) results of optical depth during IVS Europe session with Effelsberg (29-30 May 2006)
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00 UT, Jul. 3, 2007
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Figure A.3-3. MonoRTM(ECMWF) results of optical depth during IVS Europe session with Effelsberg (3-4 Jul. 2007)
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Figure A.3-4. MonoRTM(ECMWF) results of optical depth during IVS Europe session with Effelsberg (8-9 Jul. 2008)
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Figure A.3-5. MonoRTM(ECMWF) results of optical depth during IVS Europe session with Effelsberg (25-26 May 2009)
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A.4 Brightness temperatures from the WVR and the Mdels

Table A.4-1. Summary of brightness temperatures at 22.233 GHz and RMS

. . . RMS for
Sessions Observations (K)Calculations (K)| Obs. — Cal. (K) all channels (K)
00 UT, Dec. 13, 200% 9.8 16.0 -6.2 4.5
06 UT, Dec. 13, 200% 15.4 19.5 4.1 2.7
12 UT, Dec. 13, 2005 14.4 23.7 -9.3 6.6
18 UT, Dec. 13, 2005 17.0 21.9 -4.9 3.1
00 UT, Dec. 14, 200% 17.7 23.7 -6.0 4.1
06 UT, Dec. 14, 200% 22.7 25.9 -3.2 2.2
12 UT, Dec. 14, 2005 32.2 23.7 +8.5 11.8
18 UT, Dec. 14, 2005 25.1 24.3 +0.8 3.4
00 UT, May 29, 2006 24.5 30.3 -5.8 3.6
06 UT, May 29, 2006 29.0 335 -4.5 3.1
12 UT, May 29, 2006 28.0 32.3 -4.3 3.0
18 UT, May 29, 2006 38.4 26.0 +12.4 14.3
00 UT, May 30, 2006 8.1 27.7 -19.6 15.8
06 UT, May 30, 2006 43.1 26.2 +16.9 20.9
12 UT, May 30, 2006 61.0 27.3 +33.7 37.7
18 UT, May 30, 2006 20.4 26.5 -6.1 3.8
00 UT, Jul. 03, 2007 43.6 48.2 -4.6 7.8
06 UT, Jul. 03, 2007 45.6 51.3 -5.7 5.8
12 UT, Jul. 03, 2007 514 48.6 +2.8 12.2
18 UT, Jul. 03, 2007 38.5 49.4 -10.9 6.2
00 UT, Jul. 04, 2007 37.9 34.3 +3.6 12.4
06 UT, Jul. 04, 2007 39.8 39.1 +0.7 8.8
12 UT, Jul. 04, 2007 38.6 43.8 -5.2 5.8
18 UT, Jul. 04, 2007 43.9 44.1 -0.2 9.6
00 UT, Jul. 08, 2008 35.8 44.7 -8.9 4.6
06 UT, Jul. 08, 2008 20.5 41.2 -20.7 14.0
12 UT, Jul. 08, 2008 30.0 42.9 -12.9 7.3
18 UT, Jul. 08, 2008 23.1 40.4 -17.3 10.7
00 UT, Jul. 09, 2008 31.6 38.4 -6.8 3.9
06 UT, Jul. 09, 2008 26.8 43.0 -16.2 10.0
12 UT, Jul. 09, 2008 52.0 54.4 -2.4 5.3
18 UT, Jul. 09, 2008 70.3 59.6 +10.7 17.8
00 UT, May 25, 2009 48.4 56.7 -8.3 7.5
06 UT, May 25, 2009 63.4 54.4 +9.0 18.5
12 UT, May 25, 2009 69.8 62.1 +7.7 23.4
18 UT, May 25, 2009 67.1 57.9 +9.2 19.6
00 UT, May 26, 2009 41.4 53.0 -11.6 8.7
06 UT, May 26, 2009 63.4 55.1 +8.3 18.4
12 UT, May 26, 2009 51.6 46.8 +4.8 15.5
18 UT, May 26, 2009 51.9 46.2 +5.7 12.6
Average + S.D. 37.3+ 17.0 39.1+ 12.9 -1.8+ 10.6 10.2+ 7.3
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A.5 Transformation factor

Bevis et al. (1994) introduced the transfornrafiactor, which are corresponding to the ZWD/PWV
ratio
ZWD

PWV
ZWD = PWV X Transformation factor

Transformation factor =

The water vapour weighted mean temperatljyecan be calculated by the equation (Betisl, 1994)
T, =0.72T;, + 70.2

where T, is surface temperature.
Then, well-known equation of the transformation Bgvis can be used for calculation of the
dimensionless parameter

106
Pw (71‘3—3 + ké) R,

m

Transformation Factor =

where p,, is the density of liquid water [kgAkh k; is 3.739+ 0.012 [10 K¥mbai, kj is 22.1 + 2.2
[10° K¥mbai, and R, is the specific gas constant for water vapouraetu461.524 [J/kg/K].

Table A.5-1. Summary of PWV and transformation factors

Sessions PWV [mm] Trar;sformatlon

actors
00 UT, Dec. 13, 200% 5.4 6.53
06 UT, Dec. 13, 200% 7.4 6.54
12 UT, Dec. 13, 2005 9.7 6.51
18 UT, Dec. 13, 2005 8.6 6.52
00 UT, Dec. 14, 200% 9.6 6.53
06 UT, Dec. 14, 200% 11.2 6.54
12 UT, Dec. 14, 2005 10.0 6.51
18 UT, Dec. 14, 2005 10.1 6.50
00 UT, May 29, 2006 13.1 6.43
06 UT, May 29, 2006 15.1 6.42
12 UT, May 29, 2006 14.7 6.40
18 UT, May 29, 2006 11.1 6.47
00 UT, May 30, 2006 12.2 6.49
06 UT, May 30, 2006 11.3 6.50
12 UT, May 30, 2006 12.0 6.46
18 UT, May 30, 2006 11.5 6.49
00 UT, Jul. 03, 2007, 23.7 6.36
06 UT, Jul. 03, 2007, 25.5 6.36
12 UT, Jul. 03, 2007 23.8 6.34
18 UT, Jul. 03, 2007 24.7 6.34
00 UT, Jul. 04, 2007, 15.5 6.39
06 UT, Jul. 04, 2007, 18.7 6.38
12 UT, Jul. 04, 2007 21.4 6.32
18 UT, Jul. 04, 2007 21.6 6.36
00 UT, Jul. 08, 2008 21.9 6.36
06 UT, Jul. 08, 2008 19.8 6.35
12 UT, Jul. 08, 2008 20.9 6.32
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18 UT, Jul. 08, 2008 19.4 6.32
00 UT, Jul. 09, 2008 18.1 6.38
06 UT, Jul. 09, 2008 20.2 6.35
12 UT, Jul. 09, 2008 26.7 6.30
18 UT, Jul. 09, 2008 30.3 6.33
00 UT, May 25, 2009 28.5 6.35
06 UT, May 25, 2009 27.2 6.32
12 UT, May 25, 2009 32.1 6.10
18 UT, May 25, 2009 29.4 6.26
00 UT, May 26, 2009 26.1 6.30
06 UT, May 26, 2009 27.0 6.28
12 UT, May 26, 2009 23.1 6.22
18 UT, May 26, 2009 22.8 6.34
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A.6 Layer-summed method
For the layer-summed method, equation (4.3)beare-written using equation (4.4)

d=10"5 [3.776 x 105 - d
T
19 p
— - 5 2f
d= 10" g 3.776 x 10° 22 Iy

i=1

whereh; is MonoRTM layer thickness. Table A.6-1 summarites thickness of each layer. The first
layer starts from 369 meter which is the heighthaf VLBI reference point of the Effelsberg teleseop
Figure A.6-1 shows an example of the path delayefach layer. Although the water vapour partial
pressure is mostly concentrated in the lowest |aherpath delay of the first layer is smaller thia@ one

of the second layer just because of the thinnekiigss of the first layer.

Table A.6-1. Summary of lower and upper altitudes of MonoRTM layers

Lower alt. [m] | Upper alt. [m] | Thickness [m] | Path delay [mm]
369 700 331 11.0
700 1,400 700 14.9

1,400 2,100 700 5.2
2,100 2,800 700 19
2,800 3,500 700 0.9
3,500 4,200 700 0.6
4,200 4,900 700 0.5
4,900 5,600 700 0.4
5,600 6,300 700 0.3
6,300 7,000 700 0.2
7,000 7,700 700 0.1
7,700 8,400 700 0.1
8,400 9,200 800 0.1
9,200 10,000 800 0.0
10,000 10,800 800 0.0
10,800 13,400 2,600 0.0
13,400 15,900 2,500 0.0
15,900 18,400 2,500 0.0
18,400 20,000 1,600 0.0
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An example of the layer summed method (O0UT, Dec. 13, 2005)
20000

15000 -

10000 - ®

Altitude [m]

5000 -

Path delays by layer [mm]

Figure A.6-1. An example of the layer-summed method for Euro78 (00UT, Dec. 13, 2005)
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A.7 Summary of ZWDs from the WVR, the Models and G

Table A.7-1. Summary of ZWDs

Sessions VO\\;;r?r%?g) Models (mm)| GPS (mm)

00 UT, Dec. 13, 200% 19.8 35.3 -
06 UT, Dec. 13, 200% 33.8 48.4 -
12 UT, Dec. 13, 2005 39.4 63.1 -
18 UT, Dec. 13, 2005 38.8 56.1 -
00 UT, Dec. 14, 200% 55.9 62.7 -
06 UT, Dec. 14, 200% 55.4 73.2 -
12 UT, Dec. 14, 2005 43.6 65.1 -
18 UT, Dec. 14, 2005 52.0 65.6 -
00 UT, May 29, 2006 69.3 84.2 -
06 UT, May 29, 2006 72.7 96.9 -
12 UT, May 29, 2006 62.1 94.1 -
18 UT, May 29, 2006 54.1 71.8 -
00 UT, May 30, 2006 48.2 79.2 -
06 UT, May 30, 2006 44.9 73.5 -
12 UT, May 30, 2006 44.1 77.5 -
18 UT, May 30, 2006 51.3 74.6 -
00 UT, Jul. 03, 2007 102.1 150.7 150.0
06 UT, Jul. 03, 2007 121.7 162.2 168.0
12 UT, Jul. 03, 2007 96.9 150.9 163.0
18 UT, Jul. 03, 2007 90.6 156.6 146.0
00 UT, Jul. 04, 2007 63.9 99.0 123.0
06 UT, Jul. 04, 2007 78.3 119.3 129.0
12 UT, Jul. 04, 2007 82.3 135.2 133.0
18 UT, Jul. 04, 2007 86.9 137.4 151.0
00 UT, Jul. 08, 2008 99.3 139.3 156.0
06 UT, Jul. 08, 2008 62.5 125.7 135.0
12 UT, Jul. 08, 2008 80.7 132.1 130.0
18 UT, Jul. 08, 2008 69.7 122.6 117.0
00 UT, Jul. 09, 2008 73.9 115.5 125.0
06 UT, Jul. 09, 2008 88.4 128.3 115.0
12 UT, Jul. 09, 2008 134.7 168.2 159.0
18 UT, Jul. 09, 2008 162.6 191.8 217.0
00 UT, May 25, 2009 147.1 181.0 189.0
06 UT, May 25, 2009 155.6 171.9 170.0
12 UT, May 25, 2009 209.7 195.8 187.0
18 UT, May 25, 2009 127.6 184.0 182.0
00 UT, May 26, 2009 143.9 164.4 170.0
06 UT, May 26, 2009 147.5 169.6 162.0
12 UT, May 26, 2009 126.2 143.7 152.0
18 UT, May 26, 2009 64.7 144.6 164.0

Average + S.D. 85.1+ 426 | 117.8+ 45.1 -

Last 3 sessions | 109.0 + 38.3| 149.6 + 25.5| 153.9 + 254
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Table A.7-2. Comparisons between ZWDs in mm

Min. Max. Mean S.D.
Averaged WWR| 625 209.7 GPS- 44.8 24.0
Averaged WVR
Models 99.0 195.8 GPS-Models 4.3 11.0
GPS 115.0 217.0

The comparisons are just for the last three ses$ienause of the availability of GPS at Effelsberg.
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A.8 Baseline-length

Table A.8-1. Baseline-length for Effelsberg-Wettzell

Years [+45I7_fsqgg(]) mm] S[Er?] 2
1992.9210 46.3 2.0
1993.9500 44.7 1.6
1994.3250 45.0 1.7
1994.8230 41.4 2.1
1995.2830 32.1 3.7
1995.9360 39.8 1.4
1996.8460 44.0 3.1
1996.9330 43.7 1.1
1997.9400 40.5 1.8
1999.9540 30.4 1.8
2000.9370 36.0 2.4
2003.9630 40.6 0.7
2006.8750 44.9 1.3
2009.9090 49.7 1.9
Table A.8-2. Baseline-length for Effelsberg-Onsala

Length Sigma

Years [+8322109150 mm] [n?m]
1992.9210 435 2.6
1993.9500 49.2 1.8
1994.3250 41.6 3.5
1994.8230 44.2 2.3
1995.2830 41.5 3.4
1995.9360 43.3 1.9
1996.8460 53.6 4.0
1996.9330 455 1.6
1997.9400 55.9 2.7
1999.9540 41.7 1.8
2000.9370 58.6 3.4
2003.9630 384 0.9
2006.8750 37.7 1.7
2009.9090 54.9 1.9
2010.5120 40.3 2.3

Table A.8-3. Summary of baseline lengths for Effelsberg-Wettzell baseline

Baseline length + 457481700 [mm]

SOLVE-estimated

WVR-measured

WVR-smoothed

Readjusted by offset

Euro78 382+ 2.8 36.9+ 2.8 36.7+ 2.8 345+ 2.8
Euro81 50.4 + 8.5 51.4+ 85 48.4+ 8.4 445+ 85
Euro88 48.4 + 2.8 51.8+ 3.3 49.9+ 3.0 46.6+ 2.9
Euro94 46.1 + 2.2 471+ 2.9 452+ 2.6 418+ 2.6
Euro99 481+ 1.8 50.3% 1.7 54.0% 2.2 50.6+ 2.2
RMS 5.9 7.9 7.7 5.9

WRMS 4.6 6.7 7.6 5.9
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Table A.8-4. Summary of baseline lengths for Effelsberg-Onsala baseline

Baseline length + 832210450 [mm]
SOLVE-estimated WVR-measured| WVR-smoothed| Readjusted by offset
Euro78 23.6 + 3.0 23.1+ 2.6 221+ 2.6 158+ 2.7
Euro81 447 + 9.0 38.6+ 7.9 436+ 7.9 319+ 7.9
Euro88 359+ 2.9 411+ 3.4 41.8+ 3.0 30.6+ 3.0
Euro94 50.0 + 2.8 59.4+ 3.0 57.4+ 2.7 37.2+ 2.6
Euro99 481+ 2.2 456+ 2.1 38.4+ 2.1 312+ 2.1
RMS 12.3 13.9 13.8 19.8
WRMS 11.0 12.7 13.3 18.1
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A.9 Height precision

Table A.9-1. Mean height since the episodic motion in Effelsberg in Oct. 1996

Years Component Sigma
[mm] [mm]

1996.8460 32.7 11.3
1996.9330 31.1 4.4
1997.9400 62.9 7.2
1999.9540 35.9 7.8
2000.9370 26.4 9.4
2003.9630 25.1 3.1
2006.8750 80.1 5.7
2009.9090 28.4 8.2
2010.5120 64.5 13.6
Mean 43.0+20.4 -

Table A.9-2. Summary of the Up-down component variations for the five sessions

SOLVE-estimated | WVR-measured | WVR-smoothed | Readjusted by offset
Comp. + o Comp. £ © Comp. £ © Comp. + o
[mm] [mm] [mm] [mm]

Euro78 371+ 11.5 94+ 58 175+ 58 269+ 58
Euro81 82.0 + 35.9 46.8 + 13.1 58.7 + 13.1 269 + 132
Euro88 40+ 117 505+ 8.8 688 + 8.4 445+ 82
Euro94 634+ 9.3 619+ 8.4 634+ 7.8 92+ 78
Euro99 427+ 78 72+ 68 293+ 58 328+ 58
Mean 45.8 34.1 475 28.1
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