Scientific report: WR 97-04
BN W

B B8 B
L Bilt, 1997




Scientific report = wetenschappelijk rapport; WR g7-04

De Bilt, 1997

PG Box o

3730 AE De Bilt

The Netherlands
Withalminalaan 1o
Telephone +31 30 220 69 13
Telefax +31 10 221 g 07

Author:  Henrico Derks, Henk Klein Baltink, André van Lammeren,
Boudewiin Ambrosius, Mans van der Marel, Anton Késters

UDD sgvsonym

5535701
&§26.783
155N 01601681
ISBMN. gu-3Bg-2122-8

askt worders door middel van druk, fntons
het KRB

enfof
hriftelifke toesis

& KM, e Bile, Miets uit deze ullgave mag wo
microfiim, of op welke witze dan ook, zorder voorafgaand

2 ¢ 9 2




Status Report

BCRS Project 1.1/AP-01

Henrico Derks, KNMI
Henk Klein Baltink, KNMI
André van Lammeren, KNM]
Boudewijn Ambrosius, DUT
Hans van der Marel, DUT
Anton Kosters, RWS-MD

April 1997

KNMI
P.0.Box 201 N7

3730 AE De Bilt
an KNMI

The Netherlands




This document was typeset with WK 2.,
The layout was designed by Hembko Boharres © 19931696



Microwave radio signals transmitted by GPS satellites are refracted by the atmo-
sphere as they propagate to the Earth surface. This delay, regarded as a nuisance
parameter by geodesists, is directly related to the amount of water vapour in the
atmosphere, and hence is a product of considerable value for meteorologists. Mea-
surernent of atmospheric water vapour by Earth based GPS receivers was demon-
strated in various international projects during the last few years. The accuracy
of the GPS water vapour estimates proved to be within 1-2 mm IPWV compared
to radiosonde and water vapour radiometer {WVR) data.

Recently the regional GPS infrastructure is extended to a network of 5 oper-
ational reference stations {AGRS-NL) equally distributed across the Netherlands.
‘This network fits the requirements for regional GPS water vapour estimation per-
fectly. Meteorologists have shown their interest to use the GPS water vapour
estimations for climatological studies and they are working on the assimilation
of this data within the numerical weather forecasting programs. For this latter
purpose, the GPS data will have to be processed within near real-time.

This document is the first progress report of a study carried out in the frame-
work of the BCRS Project on GPS Water Vapour Meteorology. Participating
institutes are the Royal Netherlands Meteorological Institute (KNMI), Faculty of
Aerospace Engineering and Faculty of Geodetic Engineering of Delft University of
Technology (DUT), and the Survey Department of RWS. The infrastructure for
GPS water vapour estimation selected for the duration of the project is described
in this report. First analysis of intercomparison of WVR, radiosondes and GPS
water vapour measurements during experimental campaigns is presented as well.

Parallel to the acquisition and validation of GPS water vapour estimations,
the problem areas in real-time GPS water vapour estimation are investigated fur-
ther. These problem areas include the availability of accurate GPS satellite orbit
information and the real-time GPS data acquisition. Additionally, the assimila-
tion of GPS water vapour estimates in meteorological models needs to be further
mvestigated.
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Chapter 1

Introductio

Water vapour is one of the most important constituents of the atmosphere as
moisture and latent heat are transported through the water vapour phase. Besides
that, water vapour is the most important greenhouse gas. Accurate, dense and
frequent sampling of water vapour, is obviously of great use for climatological
research as well as operational weather forecasting. Currently water vapour is
Radiosondes produce an accurate measurement of the water vapour profile, but
the temporal and spatial resolution is rather poor. Ground based radiometers
experience problems during periods of rain fall and space based radiometers can
be degraded in the presence of clouds. Besides these limitations, all systems involve
cousiderable costs.

Over the past few years, a new technique fo measure integrated water vapour
{(IWV) has been developed. This techuique is based on the estimation of the
tropospheric delay time of GPS signals. The delay, regarded as a nuisance para-
meter by geodesists, can be directly related to the amount of water vapour in the
atmosphere, and hence is a product of considerable value for meteorologists. Fur-
thermore, ground based GPS water vapour estimation is not affected by rain fall
and clouds, and can therefore be called an “all-weather’ system. As it takes minor
effort to obtain GPS water vapour estimates from the existing GPS infrastruc-
ture, and since the temporal and spatial resolution are higher than of the current
fechniques used, GPS water vapour estimation is a valuable complement.

This document is the first progress report of a study carried out in the frame-
work of the BCRE Project on GPS Waler Vapour Meteorology. The objectives of
the project are:

= to set up an infrastructure for the acquisition, storage and processing of (PS-
TWV data
= Lo make an assessment of the accuracy of GPS-IWV data
« to investigate the usefulness of GPS-IWV data for weather forecast models and
climate research
=« to study the feasibility of real-time processing of GPSIWYVY data
Participating institutes are the Survey Department of RWS (RWS-MD), Faculty of
Aerospace Engineering and Faculty of Geodetic Engineering of Delft University of
Techuology (DUT), and the Royal Netherlands Meteorological Institute (KNMI).

This report will cover the following aspects. First of all, the basic theory

behind the GPS water vapour estimation technique will be discussed in Chapter 2.




introduction

In Chapter 3 a review on the previous and current investigations in this field is
presented. This includes a discussion about the accuracy with which the GPS-
TWV data can be recovered and the possibilities for real-time processing of GPS
data for this purpose. In the Netherlands an infrastructure for the acouisition of
GPS data already exists and has recently been extended to 5 operational stations,
The background of this network and its current status is presented in Chapter 4.
MNext, in Chapter 5, an overview is given of the data requirements defined by the
s of the GPS imates, e the meteorological

SRR

potential future use
HETVIORR,

At present DUT is already fnvolved in the routine analysis of GPS data. This
work s primarily abmed at the maintenance of a Buropean reference network and
at deformation analysis. The applications could be extended to GPS-IWV esti-
mation however. This requires some additional work though, such as collecting
pressure and temperature measurements and extracting the GPS-TWYVY from the
daily processing. For this project an infrastructure has heen defined which will
reach completion during the fivst half of 1997, Chapter 6 gives a description of
this infrastructure. Implications of near real-time GPS water vapouyr estimation
are discussed in this chapter as well. Finally, Chapter 7 presents some preliminary
conclusions and recommendations.




Chapter 2

As the GPS radio signals propagate through the Barth’s atmosphere, they are
composing the atmosphere. The atmo-

heing delayed and refracted by the ga
spheric delay can be divided in two contributions: a delay caused by the ionised
part of the atmosphere, called the lonospheric delay, and a delay caused by the
neubral part of the atmosphere. The latter contribution is often denoted ag the
tropospheric delay. This notation is slightly incorrect hiding other constituents of
the neutral atmosphere like the stratosphere. However the dominant contribution
of the troposphere explains the notation.

The ionospherie delay ix dispersive, e frequency dependent, and can therefore
be determined by observing both the Frequencies transmitted by the GPS satellites.
Regarding the carrier phase observable 4, the ionospheric delay can largely bhe

eliminated by simply combining both frequencies observed:

>

Gip =y . g (21)
o

o

s of the primary

where ¢, 7 s the lonospheric free carrier phase, ¢ is the pha
-y carrier {L2)

carrier (L1} with frequency f; and &9 is the phase of the seconds
with frequency fo. By using erpuation 2.1 the first order term of the ionospheric
delay is eliminated, without reference to observations recorded by other receivers
in the network. The third order effect, although being small, can be significant at
lower elevations under certain cirecumstances.

The tropospheric delay is less simple to sliminate. The troposphere delays
the GPS signals by causing them to "bend” and refard as they pass through the
tropospheric part of the atmosphere. This delay is strongly dependent upon the
refractivity of the atmosphers, which is in turn dependent upon the distribution of
the dry alr and water vapour along the signal path. As a result, the tropospheric
delay is separated in a part which is called the hydrostatic deizi}z and a so-called

wed delay,

Using the three-term formula for the total refractivity N of moist air we can
derive an accurate expression for the total tropospheric zenith delay. The total
refractivity is defined by South and Wemnirauh, 1953; Boudouris, 1963

N i %
T T i
Here T is the temperature in &, Py is the partial pressure of the dry constituents

of the air and P, is the partial water vapour pressure, both in APa. &y kp and

?: \:4

2.2)
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ks are constants related to the refractivity of moist air. These constanis can be
determined by direct measurements made using microwave cavities. In this study,
18631 are used:

sxperimnental values derived by Houdowris
= 77.593 4 0.08 Khpoa?
72 & 10 KhPaot

= {3754 4+ 003010 K¥hPae!

% *

ey

&

i
&

o
Lo

The total zenith delay As g is debined as
,ﬁg,xw{} 285;}) f;{i:’é’f? 52;{}

The refractivity is integrated along the vertical signal path 5. Ao,y is given nm, 2
15 the vertical coordinate in mi. The integration requires knowledge of the profiles
of both the wet and dry constituents of the atinosphere, the mixing ratio of which
is highly variable [Davis ef ol 1985]. Rewriting the first two terms in 2.2 using
the equation of state Rp = P/T we are able 1o create a term that is independent
of this mixing ratio:

Fy by ;

bt + koY = i Rapa + kaRopy = kuRap + Ky =

where & is equal to
By
By = kg 7k {2.5)
3t
Hyq and R, are the specific gas constants of dry and wet air respectively, By using
equation 2.4 the expression for the total refractivity is transformed fo

(2.6

N = ki Rgp + k% ;};& + ka;

As the first term in equation 2.6 is only dependent on the total density, and not
on the wet/dry mixing ratio, this term van be integrated applying the condition
that hydrostatic equilibrium s satisfied,

dpr . e
e ~plz)g(z) (2.7

P » Py . > . PG
where g{z} is the acceleration due to gravity at the vertical coordinate 2 in ms™”
and P(z) is the total pressure in hPa. Integrating equation 2.7, we ohtain

S / plzide (2.8
7§

where X
plz)glz)dz
Gy 7 S (2.9}

This term can be approximated quite accurately using [Sansfamoinen, 1972]

G = 9.784 - (1 — 0.00266 cos 2A — Q00028 ) == 0.784 - F{A, H) (2.10)

FUA H Y s used to model the variation of the gravitational aceeleration, where A
is the latitude and H the height of the station above the mean sea level in &m.



$

oting the result of the infesn
deday {ZHD) Asopg we find that

tion of the first term as the zenith hydrostatic

{,-‘.} 1 ?;

{2.12)

(2.13)

a3

Introducing a "mean temperature” .

eguation 204 can be writien as

< R 5 s
ey A+ BYT ) 72 B {2.16)

Using equation 2.15 and the equation of state, this formula can be rewritien to

DSy = 107 R, {w«« + m} fg;z,a’/ {2173
f~-§7§7

The last term of this equation is denoted as the integrated water vapour IWV:

WV = [ pdz (2.18)
IWV is given in kgm™?. The amount of water vapour present in the vertical column

cipitable water vapour IPWYV, which

can also be represented by the integrated p
is the height of an equivalent column of liquid water:

FTPWY = jw iz (2.19)

JEYI

£ f'iif nid water which is equal to 10% Lom ™3 and henoe we *wd *%zzg
g 4 &
E %{m ~2 E‘«ﬁ ‘i % 0 uzm?s szi to é v TPV K E%I?”%ii“i‘ii}(}z‘f‘ the ferm in § 834
2 i
constant of proportio

}E :

[r——
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Figure 2.1

™ )

Modelling of the atmospheric delay.

Factor T1 is approximately 0.15 mPkg™", but varies with location, elevation and
season by as much as 20%. 11 can be determined to about 2% when computed as
a function of surface temperature, using an approximation for 75, by Bevis ef al.

1992

T = 702+ 0727, {2.21}
This regression is hased on a large number of radiosonde launches over a 2-vr in-

terval from 13 stations in the United States. The rms scatter about this regression
is 4.7 K, corresponding to a relative error of less than 2%.

As can be seen from equation 2.16, surface meteorological measurements are
not sufficient for the computation of ZWD, Combining equations 2.17, 2,18 and
2.20 we find a simple relation between ZWID and TWV:

WV = - ZWDh =015 ZWD (2.22)

Zenith delays {¢.e. both wet and hydrostatic) can be mapped to the elevation angles
of observation by use of mapping functions. The most simple mapping function is
the direct projection from the zenith onto the line of sight given by 1/sin F, whers
E is the elevation angle of the satellite. More sophisticated mapping functions are
given by Lanyi [1984] or Seeber [1993. Fig. 2.1 shows the way the atmospheric
delay can be modelled for the GPS observations,

Traditionally, the effects on GPH signals due to the atmosphere have been
solved for as computational unknowns within GPS data analysis, in order to obtain
ever more precise GPS positions. Signal delays due to the jonnsphere are sol
w 2.1 Anoa priort value for the tropospheric delay s provided

ol

for using relat
by meteorologica
Saastamoinen, 1972] or by location and use of a standard atmosphere. In the latter

models based upon surface meteorological data [Hepfield, 1971,



y tormulas which vary with height anly

case, the meteorological data is replaced b

Hothacher and Mervart, 1996):

Pom P {1298 1070 L ;
FAEN O 065 . B )
B = f{}j’w’?{ & .

o Are the air pressure, the temperature and the relative hu-
level
Catic

Procas Toew and RH,
midity ab mean sea level respectively, and H is the height above mean s
in . Once the total tropospheric delay has been determined, the hydros
component can be modelled and removed using equation 2.12, leaving an acourate
stimate of the wet delay. The GPS data processing selected for this project, is

discussed in Section 6.3

The IPWV derived from GPS data analysis, can easily be compared to other
data sources. Radiosonde measurements e 9., supply temperature and humidity
profiles of the vertical column, which can be used to compute IPWV using equa-
tion 2.19. The water vapour density p, can be derived from the temperature and

relative humidity profiles measured by the radiosondes:

e

iy

= T.228 - gy {2.24)

¢s is the water vapour saturation pressure in hPq which is defined by Magnus:

-
£e = 5070 27

(2.25)

With the temperature 7' ranging from 233 K to 313 K this relation s within
0.01 hPa of the World Meteorological Organisation {(WMOQ) standard Van
Westrhenen, 1593].

Also water vapour radiometers (WVRs) can be used to derive the amount of
water vapour in the vertical column, With a radiometer, brightness temperatures
at two or more frequencies are measured. From these measurements it i possible o
derive the integrated liguid water and water vapour content of the vertical cobumn,
using special algorithms. The most simiple algorithins contain linear combinations
asured.

of the atmospheric attenuations at the frequencies me

Radiometer measurements and radiosonde launches were conducted within the
framework of the CLARA' cam paign in Delft, where a GPS receiver is located as
well, Therefore validation of the GPS-IFWY estimates for station Delt, is carriod
ont over the thwe intervals covered by the CLARA campaign.  The radiometer
measurements are performed by the Telecornmunications Division of Eindhoven
University of Technology (BUT). The rad wmeter, owned by ESTEC, measures
the brightness temperatures at 21.3 GHyz and 317 GHa. During the last CLARA
campaign, a second radiometer was nsed, which was bought by the Radiccommuni-
cations Group of BUT with funding of the Dutel Technolo v Foundation (STW).
This radiometer measures the brightuess temperatures at three frequencies just
above 50 GHz, in order to obiain temperature profile information.

3 re gy . < . ~y oy N« . >
“The CLouds And BAdiation-project (CLARA Jaims to develop and validate mtries:
of cloud characteristics from remote sensing data. During 1998 thres inten

carpaigns in Delft have taken place,
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Figure 2.2 A comparison of the estimates produced by three different messurement techniques during
the first CLARA campaign: radiosondes, water vapour radiometers and GPS signal delay.
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The correlation of GPS IPWV estimates with two other measurement techniques, for the first
period of the CLARA campaign.

The GPS-IPWYV estimates were computed at DUT using the GIPSY software?.
This software employs a Kalman filber/smoother which allows it to estimate the
tropospheric delay as a stochastic parameter, concurrently with many other time-
invariant parameters. Fig. 2.2 is an example of a plot in which the GPS water
vapour estimates are compared to radiosonde measurements and water vapour
radiometer derived estimations. The water vapour estimates were determined by
Jongen [1996] from the 21.8 and 31.7 GHy brightness temperatures by using the
matched atmosphere algorithm as described by Janssen {1995).

As can be seen, the trend is captured very well by the GPS-IPWV estimates,
although a small constant off-set can be observed. Despite this small bias, the
correlation between both radiosonde and WVR measurements s confirmed by the
correlation plots in Fig. 2.3, U nfortunately the GPS water vapour estimations for
station Delft contain a number of spikes, as can be seen in Fig. 2.2a {e.g.daynumber
115). The cause of these errors has not been found jeb.

PEY is the GPS Inferred Positioning Systens softwars developed by the NASA Jet Propul-

P
Ll
sion Laboratory (JFL)Y in the USA,







3.1

Chapter 3

Sinee the beginuing of this decade, established institutes have investigated the
feasibility of estimating the amount of atmospheric water vapour using the delay in
the GPS radio signals. In this chapter some of the larger projects are summarized,
together with a description of the research currently conducted. In general the
results show that IPWV can be estimated at an accuracy level of 1-2 myn using
GPS data. The use of broadeast satellite orbit information is only justified within
small networks in combination with reference data from other systems, like WVRs,
GPS water vapour estimation pracied to be an all weather system which is able to
detect e.g. the passages of cold fronts, Farthermore the use of different software
packages to process the GPS data showed to have no substantial influence on the

resnlita,

Previous Investigations

3.1.1

$.1.2

GPS-STORM Experiment

From 7 May to 2 June 1993 the U wiversity Navstar Consortium {(UNAVCQO), the
University Corporation for Atmospheric Research | UCAR) and the University of
Hawaii carried out the GPS-STORM Experiment. Using dual frequency GPS data
from six continuously operating GPS receivers, zenith wet delay and precipitable
wabter vapour were estimated relative to Platville, Colorado, every 30 minuies. At
three of these sites Rocken ef al. 11995] compared the GPS estimates of IPWYV to
water vapour radiometer measurements. The zenith hydrostatic delay was mod-
elled and corrected for using pressure data. Precise ephemerides (see Section 6.1)
generated by the Centre for Orbit Determination in Europe (CODE) were used
in the analysis. Using this set-up for a network with site-spacing of 500 to 900
kilometers, IPWV was estimated at an accuracy level of 1-2 msmn. In this investi-
gation, the quality of the broadeast orbits, revealed not to be sufficient to obtain
accurate IPWV estimates in "large’ networks, The investigators however bear ont
the feasibility of "future meteorological GPS networks providing near veal-time
high resolution IPWV for weather forecasting” .

NOAA/GL Automated Water Vapour Monitoring Project

‘The Antomated Water Vapour Monitoring project by NOAA's Geoscience Labo-
ratory (NOAA/GL) started Mid J uly 1994, IPWV values were derived from € FS

tracking stations co-located with radiosonde launch sites. The GPS measurements
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using different reference stations which showed that the estimation of ¢
mee site within reason [ Dodson and Shardlow,

is not sensitive to the cholee of refe
1996 Furthermore they produced IPWY estimates once per hour, which showed
less detadl, but coreelated well with the radiosonde estimates.

TRENET 95

IRENET 95 i a regional analvsis of GPS derived IPWYVY over Ireland. This
study was performed by the Institute of Englnesring Surveying and Bpace Geodesy
55GY, in Nottingham, It included a network of 25 Euwropean sbations, of which
ii were located in Ireland. GPS dual frequency observations, taken at 60 seconds
intervals, over a period of & days were used to study the feasibility of ohtaining
IPWYV from the GPS observations, Station Onsala, located tn South-Bweden, was
used a8 a reference site as water vapour radiometer data is available for this site.
The stations were held fixed to coordinates given by the International Tervestrial
Reference Frame "893 (ITRFY3) and precise ephemerides by CODE were used dur-
ing the data processing. The GPS Analysis Software (GAS), developed at IESSG,
wags used {0 pro the data. The zenith hydrostatic delay was modelled using
surface pressure data, Results from this campaign were encouraging, At Onsala,
the GPS water vapour estimations agreed at a 2 mumn level with the WVR esti-
mates [Dodson and Shardlow, 1996], with a bias of 1 mn. In addition, the GPS
water vapour estimation technigue was able to detect the passage of a cold front.
As was to be expected, the GPS IPWYVY estimates showed to be unaffected by rain
fall, in contrary to the WVR data.

The Japanese GPS MET Project

Using the GPS network established by the Geographical Survey Tnstitute of Japan
{GE1), consisting of more than 800 dual frequency receivers, precipitable water
vapour i estimated for several stations. To assess the accuracy obtained by differ-
ent GPS data processing software, both the GAMIT, developed at Massachusetis
Instivute of Technology (MIT), and GIPBEY, by the Jot Propulsion Laboratory
{JPL}, packages were used to estimate the IPWV. ZHD was corrected for us-
ing i}ba«:ﬁrv-zd surface pressure data. Except for an oflset of several millimeters
compared to the radiosonde data, the GPS-IPWV captures the main trends in the
varistion of the amount of atmospheric water vapour, The consistent offset, in this
case can be explained by the ¢ ﬁaf:m(*@ between the UGPS-site and the radiosonde
launch site [Dodson and Shardio
The comparison of the data produced by the two ditferent software packages
shows that they are comparable to within several millimeters, Differences that do
occur can be appointed to the differing time intervals at which the estimates are
being computed, Further comparison of various software pac L:wm is to be carried
out as part of the WAVEFRONT Project {see Section 3.2.3}. s expecied that
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any software dependent biss will gradually disappear as madeling of unknowns
improves in time. If vertical water vapour profiles can be produced within several
hours, the Japanese Meteorological Agency (IMA) and GST hope to use the GPS
estimates within the munerical weather prediction [Dodson and Shardlow, 1996],

3.1.5 LINEX 98

Within the framework of LINEYX 96/1 GPS water vapour estimations Are per-
formed at the Meteorslogical Observatory Lindenberg, Germany, LINEX 96/1 is
a field campaign to demonstrate the different possibilities of water vapour ohaer-
vation in the free atmosphere. Many water vapour detection systems were used

within the measurement carnpaign, which took place from 15 April to 13 May 1996,
Preliminary vesults show good agreement of the GPS water vapour estimates with
WVR data. The standard deviation of the difference between GPS estimates and
WVR measurements was about 1 mm. The bias in the GPS estimates (3.8 ym)
was said to be sensitive to the elevation cutoff angle and the antenna model used
in the analysis, particalarly when different antenna types are mixed [Gendt, 1996,

3.2 Current Investigations

At present, several of the investigations on GPS water vapour estimation men-
tioned above, are still running. NOAA is working on { near} real time processing,
but is presently still using improved orbits, which are availahle i8 hours after the
end of the day. Hesides that, the processing itself consumes several hours. They
expect to have this problem solved before the end of 1997 [Gutman, 1996]. The
GPS water vapour estimates are 1used for assessment studies of the impact on cli-
matological studies and mesoscale forecast accuracy and for reduction of biases
present in other satellite water vapour data.

The UNAVCO GPS Research Group has begun to analyze GPS data from the
NOAA Forecast Systems Laboratory (NOAA /FSL) GPS network in near real-time,
Section 3.2.1 describes the current status of this project, Farthermore, within the
Baltic Sea Experiment (BALTEX) GPS IPWV estimates are computed for the
sites in the Newbaltic network, containing 20 Swedish and 5 Finnish GPS sites.
In Section 3.2.2 the Newbaltic project is briefly discussed, The results for the 25
sites are compared to WVR and radiosonde data. These COMPArisons are used

within the WAVEFRONT project as well. As stated before, GSI will continue the
comparison of different software packages in the framework of the WAV EFRONT
project, which is briefly presented in section 3.9.3.

3.2.1  Real Time IPWV Processing at UNAVCO

At UNAVCO investigations have started o reach for near real-time GPS water
vapour estimation. The sef-up used to obiain near real-time water vapour esti-
mates is described below [Rocken, 1996;.

The GPS data is processed in 1-hour segments, using the Bernese software
developed at the University of Berne Astronomical Institute. For the estimation of
IPWV, the station coordinates are constrained tightly to positions obtained from
processing daily solutions for the NOAA /FSL network, The normal gouation
(NEQ) from the 1-hour analysis is stored and the N EQs of the last 24 I-hour
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Figure 3.1
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Example of the data produced at UNAVCO. The near real-time GPS water vapour
estimations are here compared to estimates based on post processed GPS data, radiosonde

data and WVR data. (Source: [Rocken, 96})

solutions are stacked to obtain the equivalent of a 24 hour GPS solution. By using
this stacking technique, it is not necessary to re-process many hours of data thus
resulbing in significant savings in CPU time. Processing is done with 1-day and 2-
day predicted GPS orbits computed at CODE. The NOAA/FSL network consists
of 11 GPS receivers located in Colorado, Kansas, Oklahoma, New Mexico and
Mississippl. The GPS instruments are co-located with wind profilers and log data
svery 30 seconds. Every 30 minutes the GPS dats, together with the meteo data is
transferved to the NOAA bhub in Boulder, Colorado, via a telephone line. Fig. 3.1 18
an example of a series of GPS water vapour estimates produced by UNAVCO. Here
the near real-time estimates are compared to estimates based on post processed
GPS orbits, WVR and radicsonde data. One can see that the near real-time
estimates are in reasonable agreement with the other three measurements.

The Newbaltic Project

The Newbhaltic project has started one vear ago. The Hrst vear of the project
has been used to produce thme seriss of the atmospheric waler vapowr content
at 25 GPS sites in Sweden en Finland, during the period of Angust, September
and October 1995 {see Fig. 3.2}, The GPS data has been of good quality and
indicate root-mean square

comparisons with data from WVER and radiosonds
differences of 1-2 mm [PWV. The data s made available to the research community
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Figure 3.2 Here the geographical location of the GPS stations included in the Newbaltic project are
displayed.(Source: [Carlsson, 1996a))

via the Internet by using anonymous-ftp, Fig. 3.3 is an example of the COMPArisons
made at Onsala Space Observatory (O50), in Sweden [Carlsson, 19964]. At OSO.
the zenith wet delay is estimated using Very Long Baseline Interferometry ( VLBI)
measurements as well.  As can be seen, both estimates produced by GPS and
VLBI agree very well with the WV R measurements. The GPS data has been
processed with the GIPSY software package. Surface pressure data is supplied by
the Swedish Meteorological and Hydrological Institute (SMHI) and is interpolated
to the location of the GPS sites. The water vapour radiometer is co-located with
the GPS recetver at Onsala, the radiosondes were launched reasonably close to 4 nf
the GPS sites used. Currently, at Onsaly mvestigations on the extra uneertainty
added to the total error of the IPWV by the use of models for atmospheric pressure,
temperature and humidity are ranning [Carlsson, 1 996/,
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delay estimated using GPS, VLBl and WVR for station Onsala in Sweden. The values for
GP& and VLBI are displayed with an off-set of 10 and 20 centimeters respectively. {Source
Carlsson, 1996h)

The WAVEFRONT Project

By accepting the WAVEFRONT Project proposal, the European Union recog-
nised the importance of further work in the area of GPS water vapour estimation.
WAVEFRONT, the acronym stands for Water Vapour Experiment for Hegional
Operational Network Trials, is a cooperation between the University of Noiting-
ham (IESSG), Chalmers Tekniska Hogskola in Sweden, BEidgenossische Technische
Hochschule in Switzerland and the Consejo Superior de Investigaciones Clentificas
{CSIC) in Spain.

WAVEFRONT aims to demonsirate that GPS can be used to esthmate the
IPWV at a & 1 nomn level by comparison with WVH estimates and will research
the feasibility and accuracy of producing estimates on a near real-time basis (less
than 3hr latency). Basically the projert consists of seven work-packages, which
are listed below [Baker, 1996
1. Ground-based Radiometer/GPS Estimation, comparison and validation
2. Analysis of GPS ervor sources and processing strategies
3. Analysis of errors induced in conversion from GPS wet delays to GPS IPWV
4. Collection, processing and archiving of a European IGS network of GPE [PWY

estimates
5. Statistical analysis of the spatial and temporal characteristios of water vapour
6. Regional water vapour tomography

7. Real-time estimation problems
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The WAVEFRONT project started 1 September 1996, The tomographic campaign
was planned to take place December 1996 and a comparison of different W Vis

{portable versus permanent) was planned to take place in that period as well,
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Chapter 4

Requirements for GPS Water Vapour Estimation

The NAVSTAR Global Positioning System is a satellite based radio navigation
system of the US Department of Defense. For civilian use, the GPS system provides
a world wide positioning service with an accuracy of 100 m., This accuracy is typical
for a single receiver configuration, that collects C/A-code! pseudo-ranges. Since
most error sources in the GPS system are locally or regionally correlated, they
largely cancel out if data of a single receiver is combined with data of a second
receiver. If this second receiver is placed at a known position, the positioning
accuracy can be improved to a level of typically 1 to 2 m. Centimeter ACCULHCY Can
be obtained hy including carrier beat phase observables. Since the best positioning
results can only be obtained in a relative mode, there is a need for GPS services
additional to GPS itself, that provide data of a reference receiver to GPS users to
improve their positioning resulis.

In the Netherlands, several systems of permanent GPS infrastructure exist.

These systems aim at providing GPS related data to other GPS users as i special
service for positioning and surveying and consist of

= one or more GPS receivers, that are permanently tracking GPS satellites,

= computers with software for quality control and data-storage, and

= a data-communication link for transmitting data to users,
Some of these sysiems only provide corrections to the C/A-code pseudo-range
observables, computed at a reference station, to users that are satisfied with a
maximum accuracy of typicall ¥ 1 m, either static or dynamic. Other systems aim
at satisfying users that need higher accuracy, both static or dynamic, by providing
carrier beat phase observations of a reference receiver. The AGRS-NI, is such a
system. For the use of GPS water vapour estunation, only the second category is
inportant, since the tropospheric delay can be estimated only using carrier beat
phase observations in a network of GPS receivers.

"C/ Aeconde preudo-ranges can be described ag ranges measured from observer 1o satellite, that
ave biased by the clock srrors of satellite and station clock and atmospheric influences, The Coarse
Acquisition code is g repeating 1 MHz Prendo Random Noise {PRN} code which madulates the
L1 carrier signal, “spreading” the spectrum over a 1 MH2 bandwidth,
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Figure 4.1

4.2

g, Y
o

o,
&

owg . B
e s
e >

: ,}v,\v% Yl & o
E CUCCCooCCCEC 2‘&@92&))@;&5{@)&1@3{@

Geographic location of the five AGRS GP5 stations. As van be seen here, the Computing
Centre is lorated in Delft at this moment,

Other requirements to such a system are:

= the network should have national coverage

= the data should be collected and be available 24 hours a day

= the data should be of high quality, i.e. free from possible error sources

» availability of satellite orbit information and reference station outside the net-
work

AGRS-NL

In 1894, four parties decided to cooperate in building an active GPS reference
system for the Netherlands, AGRS-NL. The

= Triangulation Department of the Cadastre (KAD)

= Survey Department of Rijkswaterstaat {(RWS-MD)

» Delft University of Technology (DUT), Faculty of Geodetic Engineering

» Netherlands Geodetic Commission (NOG)
In 1997, the AGRS-NL will be ready and data will be available, It will proparily
provide high quality GPS carrier phase observations, collected at the reference
stations. Furthermore there are options to provide other GPS related data for
public use, such as differential corrections to the C/A code observations, locally
mmproved satellite orbits, satellite clock parameters, ionosphere and froposphe
models etc. There are also options to provide other services, such as dedicated

processing for specific purposes or processing of data of clients at the AGRS-
NL. KAD and BWS-MD will operate the AGRS-NL and use AGRS-NL data for
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Figure 4.2 The layout of an active GPS reference system refersnce station.

4.3

their own benefit. Data will also be made available to the public for scientifie
and commercial use. AGRS-NL data will mainly be distributed via the Internet
or FIP. The AGRS-NL is the most suitable GPS infrastructure for GPS water
vapour estirnation in the Netherlands since it meets best the specific requirernents
given in Section 4.1,

AGRS-NL Reference Stations

AGRS-NL consists of 5 Reference Stations. The reference stations are in Delft,
Kootwijk, Westerbork, Terschelling and Eijsden (see Fig. 4.1). At the reference
stations, we find the following sensors:
= a Turbo Rogue SNRI12Z-RM GPS receiver
= Dorne Margolin T GPS antenna
» Vaisala HMP233 Temperature and Humidity Transmitter and
Vaisala PTB200A Pressure Transmitter

erbork, where differ-

The Vaisala equipment is not present at Kootwijk and Wes
ent meteorological sensors will be used. At each reference sts
data and GPS code and phase data is collected 24 hours a day. The GPS data
contains C/A code pseudo-range observations and L1 and L2 phase observations.
Parameters such as minimum satellite elevation and data sampling interval can
be adjusted. The standard data interval is 30 seconds. At the reference station,
a data-validation procedure is performed on each channel, which means that O1fe
tiers and slips in the phase observations on both channels are flagged or repaired.
GPS and meteo data collected at the reference station is stored in an internal data

format, the so-called Compressed Binary {CBI) format. Afier some period, typi-

ion, meteorological
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Figure 4.3
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This processing step is performed with the Bernese (3PS processing software and

with some days delay. The Bernese proc sing software has options to enter ob-

served meteo data and to choose a troposphere model, I 1o meteo data is available,

a troposphere model can be chosen, including standard values for temperature,

pressure and humidity, which will be extrapolated to the other stations in the net-
work. The zenith tropospheric delay is estimated with respect to this troposphere
model and with a selected mapping function.

The Daily Processing Uyele excellontly suits the determination of daily series
of tropespheric delays at the AGRS-NL reference s It might be used as
a standard processing procedure, vielding series of parameters, including tropo-
spheric delay parameters, that can be made available for civil use. Another G
is to redefine it as a dedicated processing procedure, which is optimized for estima-
tion of tropospheric delay parameters and is run by or by direction of an AGRS-NL
client. For the time being, the Daily Processing Cycle is not foreseen as an integral
part of the daily AGRS-NL routine. However, once the AGRS-NL is operational,
there will be software available to start such a processing cyele,
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Chapter 5

Introduction

Water vapour plays a critical role in atmospheric processes that cover a wide range
of temporal and spatial scales, from micro-physics to global climate. Especially for
short-range numerical weather forecast water vapour is a very important variable
because moisture distribution is closely related to the formation of clouds and pre-
cipitation. GPS and also some other satellite techniques provide fairly accurate
measurement of imtegrated precipitable water vapour. Furthermore, the use of
ground based GPS stations makes it possible to measure [IPWV! with an unprece-
dented temporal resolution of order of minutes. However, the vertical distribution
of water vapour is not measured by GPS ground stations, while in general it is
the vertical distribution of the water vapour that is needed. The question arises
whether it is possible to use precipitable water vapour as a constraint to retrieve
the vertical structure of water vapour through some retrieval process. And if so,
are the retrieved distributions useful for mumerical weather forecast and climate
research. These questions are not new and some researchers have already begun
with investigation of the (shmulated) impact of GPS water vapour measurements on
model forecast [Kuo ef al,, 1993, 1996]. Research effort on this subject is expanding
rapidly as an operational status of a (worldwide) GPS water vapour monitoring
network is to be expected within a few years. In this chapter we briefly describe
the most relevant aspects of numerical atmospheric models for weather prediction
and climate research. It is far beyond the scope of this report and project to deal
with all the aspects and the interested readers are advised to read the relevant
textbooks and articles on this subject [drakawa, 1995, Baede, 1988; Tremberth,
1992]. Furthermore, we concentrate on the requirements for the models run at the
KNMI but this is not a severe restriction as most models have basic features in
common. We start with an introduction on numerical weather predictions models
and the processing of data obtained from the observations (Section 5.2). In Sec-
tion 5.3 we briefly summarize the constraints which are tmposed by the models on
data accuracy, representativeness and timeliness of the data,

"Recent investigations have demonstrated the feasibility of sensing integrated slant-path water
vapour along ray paths with GPS [Ware et al, 19971
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iy naand
any realistic model of the stmosphere pust predict water-vapour mixing
caleulate the heat of condensation and the effects of water vapour (and « Euz& »} o
radiation, Maodel sguations are prognostic i these include the time-derivative of &
variable, otherwise the equation is called disgnostic. The maln mportant {prog-
nostic) variables are pressure, wind speed components, temperature and molsture.
In general & whole suite of models is operated at numerical weather prediction
centres (NWP) and climate research cenires. At the global scale we have the Gen-
eral ;rzzi.«mma Models (GCM) like the ECMWYF medhun range forecast model
with at present a horizontal grid sive of approdmately 80 x 60 ki and 31 Jevels
in the vertical. Every 12 hours a {orecast for the next 10 days is caleulated. Lim-
ited Area Models {LAM) like the HIRLAM model operated by the KNMI have in

s

general a comparable or bzgfm%z horizantal resolution. At their lateral boundar
LAM-models use data from global models as boundary input. LAR E~§§1(J(§{‘§n can
be nested atb different scales, Fig, 5.1 shows the grid used by the Regl
Climate Model (RACMO). RACMO is a climate research model developed and
run by the atmospheric ressarch section of the KNMIL The horizontal resolution is
approximately 55 % 55 km. Models with a very high resolution in space and time
arve used in research, these se-called Large Eddy Sirulation (LES) models resolve
svales down to several tenths of meters n space. LES-models are used to study
and are also used o test parametrisation of larger

&

al proves

small scale physi
scale models.
For both operational and research models sbaerved data of the model variables
are essential. Operational models need a representative present state of the at-
wit vun, As model outpud for operational use is

mosphers as input for sach fo
needed at short time scale this implies an enormons effort in timely data collection
and distribution. For testing and validation of models and parameterisations spe-
cific data sets are needed, which may need o be global or local depending on the
scale of the model and the provesses which need to be validated. Por long-term ol
mate monitoring the demands on the data accuracy can even be mare demanding,
as small trends need to be detected in a background signal,
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Figure 5.1 Example of the horizontal grid used by a numerical atmospheric model
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Data Preprocessing in the HIRLAM Model

For operational weather forecast the HIRLAM model is run four times daily at
the KNMI. A prediction for 48 hour is calculated for its model domain. Like most
present operational models a typical cycle consists of data-assimilation, initialisa-
tion and prediction. Data retrieved either from the Global Telecommunications
Systemn {GT5) or other networks are collected during a time-window around the
time of initialisation. For the HIRLAM this window extends from 3 hours before
till 2 hours after the initialisation time. All data collected within this time window
will be treated as if these were measured at the initialisation time. Measured data
and the first guess results of the previous run (v e.the 6 hour forecast) are combined
in the analysis, from which the initial conditions are calculated. Presently most
models still rely on the optimal interpolation (O1) technique in the analysis siep.
Ol requires that data are presented as model variables, i.e. other data sources
as for example satellite measurements of radiances at the top of the atmosphere
must first be transformed to profiles of temperature and humidity. The retrieval
procedure for such parameters requires assumptions on the state of the atmosphere
[ Tatarskii et al., 1996].

A different way to treat observed data is to make use of the variational assim-
ilation schemes (3DVAR and 4DVAR). Variational schemes allow different data
sources to be used directly without intermediate conversion fo model variables, for
example data like satellite measured radiances, refractive index and precipitable
water can be directly assimilated in the model. The drawback is that the com-
putational requirements for the 4DVAR (and to a lesser extend for the 3DVAR)
are manifold of the O technique. For the near future research effort concentrates
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on {operational} application of the JDVAR. But it is foreseen that in the future
4DVAR schermes will be used operntional as well, The HIRI pcted
data in BUFR format. Operations! production of GPEPWY data 1o be used al
KNMI should therefore conlorm to this format

Also the HIRLAM compuunity is developing a JDVAR s
sment of retrieval schemes for temperature zzvz‘zei

hewme, Therefore, no

effort will be put in the develog
Bamidity profiles o on GPS precipitable water vapour as this may already
be outdated when GPB-data become operationally available, On the other hand
vesearch on the operator i'{.‘;’z* the 3DVAR schewme shonld have high priovity in the
application of real-time GPS-PWY data. The time-window reguirements for the
dats will remain the same for the 3DVAR and O version of the HIRLAM model,
Most regearch effort within the HIRLAM community is now «riirf’»vmi towards the
implementation of the 3DVAR scheme. Some participants like the Danish group
already have a “poor-men’s’ version of the 3DVAR ready for re ;;;z.z:g:i%z o el
improvements, impact studies ete. Besults of such experiments are shared and
distributed amongst the HIRLAM members. It iz expected that on the time seale
of this GPS-project HIRLAM models may become available which can assimilate
GPS-data in a 3DVAR research version and perhaps even already in an operational
version of the HIRLAM model.

The wse of the GPS data is not restricted to inpud for operational weather
predictions models. Comparison of the observed data with analysis results can be
useful to get insight in data accuracy. Also the accuracy of the analysis as far as
horizontal distribution of integrated water vapour is concerned can be studied, In-
tegrated PWYVY data can easily be calculatad from model output., HIRLAM model
PWYV data will be caleulated for the model grid points using temperature, pres-
sure and moisture data at locations which colncide with GPS-receiving stations.
Primary focus will be on Dutch GPS reference stations within the AGRS-NL net-
work, but other reference stations within the HIRLAM domain may be used as
well, Global GPS data from approximately 80 stations are collecied by the In-
ternational GPS Service for geodynamics (IGS) and these data are also available
at DUT. Currently, about 20 to 25 of these stations are located in BEurope and
this network is expected to expand still considerably i the near future. For most
of the current stations the required surface pressure and temperature are not vet
measured. It will be investigated whether it is possible to use the analysed surface
pressure and temperature for these stations instead,

in order to be representative for the scales resolved by the model, the time and
spatial scale of the GPS PWYV data must match the model scales. For the present
Gl assimilation method error statistics are used to calculate the reluiive weight
which is attributed o data and to first guess resulis respectively. Por example
in data rich areas more weight is assigned to the data than to the Hrst guess.
Furthermore each data station I8 monitored and statistics about the departure
ed to be a measure for the reliability of a

s8¢ field s consider

from the first gue
station. Statistics for new data sources need to be build up. For this purpose,
GPS-PWYV data which is already recorded can be compared to model an de%

output.

RACMO uses improved representation {(parameterisations) of the sub-grid _;:;sro«
cesses compared to the HIRLAM model but the f‘i}f}";;iﬁ}i(’% are almost identical,
present it is run in a semi-operational mode once every 24 hours to caleulate a zi
hours forecast. The cutput of the RACMO model will also be available for com-
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parison with GPS-PWY observed data. Furthermore a one dimensional version of
this model s also avallable, This 1-D model s especially suited to study the im-
siald time s very short,

pact of different parameterisations as its required computs
Perhaps model results could be used to investigate the effect on the accuracy of the
calculated hydrostatic delay and the conversion from delay o water vapour using
surface measurements of pressure, temperature and humidity to approximate the
integrated values,
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Chapter 6

struc

The main objective of the project is to define and to implement an infrastructure to
acquire GPS observations from a regional network of stations and to derive ZWD
data from these observations for potential use in meteorology. Since this is a
demonstration project, it is not necessary to strive for {semi) real-time operations,
but the requirements to hmplement this at a later stage will be discussed. For the
duration of the project, the timeliness of the ZWDs is not critical and a delay in
the availability of several days is therefore acceptable. To demonstrate near real-
time operations, several experiments will be conducted in which the aperational

procedures will be simulated.

The procedure to distill ZWD data from GPS observations cousists of several
steps. In Section 6.1 a general overview of the required infrastruciure is presented,
and in Section 6.2 a description is given of the particular implementation as nsed
in this study, An bmportant element is the GPS data processing algorithim, which
is addressed in Section 6.3. Finally, in Section 6.4 several problems are discussed
which arise when such a system will be operated in near real-time.

Basic Elements of the Infrastructure

"The complete process of estimating the amount of water vapour using GPS signal
delays, consists of the following steps:

= GPS data collection.

s Acquisition of precise GPS orbit information.

» Meteo data collection.

= Processing of GPS data and computation of tropospheric zenith delay {TZD)

estimates.

= Isolation of ZWD from TZD and computation of the water vapour content.
IGE is responsible for collection and supply of global GPS data, AGRS-NL per-
forrs a similar task for the nativnal GPS network. To analyse the (GPS satellite
observations, precise GPS orbit information is required. The satellite orbit infor-
mation, the ephemerides, is available at different accuracy levels:

s broadcast ephemerides, predicted orbits broadeast by the GPS satellites

= precise ephemerides, generally computed after the event and as such are more

accurate,
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As mentioned in Chapter 2, the amount of water vapour ;?3"{
column can be determined from the zenith wet delay 0% the
can be done as part of the routing processing of the GF
dedivated runs. Both BWS-MD and the Facnlty of Geodetic Engix
the disposal of the Bernese processing software, but are not gwﬁ}
continuous provessing, The Faeulty of Aerospace Engineering on the
is currently processing GPS data on a routine basis. For several practical reasons,
ab present the GPS data iz pro aod in batches of 24 hours, solving for station
and several other parameters besides the tropospheric delay. Obvicusly

s ohher 3&5

o,

coordinates
this results in discontinuities, which can partly be recovered afterwards, using the
height difference of the station coordinate solution. Processing of GPS data can

be executed by AGRE-NL on a conbinuous basis as soon as the AGRS-NL network

is operational.

Surface pressure and temperature measurements are necessary to isolate ZWD
from the TZD sstimates and to convert the ZWDs to IPWV Unforiu-
nately, only at some of the global GPS stations {accurate}] meteo observations are
d. This problem can be solved by using data of meteo stations located near
e of data produced by weather forecast models as HIRLAM
= of interpolation ron-

alies

collee
the GPS sites, the usag
should be considered as well. The first option ruplies the
tines {both temporal and spatial}, to obtain realistic values.

Infrastructure Used in the Project

Yor the duration of the project the blowing infrastructure has been delined. The
GPS data collection is condurted by the AGRE-NL for the national GPE network

and by 1GS for the global GPE tions. The GPS data processing will be e’*};e(:m;gf(%
by the Faculty of Aerospace Engineering of DUT. The precise IGS orbits are used
for this analysis. They are retrieved from the Crustal Dynamics Data Information
Systens {CDDIS) The analysis produces TZD results in the form of thoe-series of
estimates al 6 minute Intervals in 24 hour bate : wion, ZWD can be
obtained by sublracting an aceurat imate of ZHDY from the TZ2Ds produced by
the program. The GPY data analvsis procedurs is further described in the next
section. Since i was originally ntended for network deformation studies, It s ot
TZs, It seems possible, however, to adjust the current
85 better, or to perform

optimized to estimat
s to fit the GPS water vapour estimation proc
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The infrastructure selected for the GPS Water Vapour Meteorology project.

{several} post processing steps to increase the accuracy.

Isolation of ZWD from the TZD estimates and conversion of ZWD o IPWV
will be handled by the KNMI. Meteo data will be provided by either AGRS-NL
and IGS, or will be retrieved from other meteorological data sources. Fig. 6.1
schematically shows the data flow within the selected infrastructure,

It should be noticed that this infrastructure is designed for the duration of
the project. It is quite likely that future requirements of the GPS water vapour
estimates can not be met with the current available infrastructure. To accomplish
near real-time GPS water vapour estimations for example, several problems will
have to be solved. These are discussed in Section 8.4,

GPS Data Processing

Lhe estimation of the TZDs is already an integral part of the standard processing
of the GPE data at DUT. Using the GIPSY software package, the data is processed
in blocks of 24 hours. Main purpese of the processing routine is to generate a series
of independent network solutions over a long period of time. This network consists
of about 30 stations which are depicted in Fig. 6.2. The term independent network
solution implies that no information from previous day is passed on to the next.
Because of this, the position of a site for which the TZD is determined is not
exactly the same each day. This also affects the height component. Because of
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Network of selected GPS stations currently processed at DUT. The majority are 1G5 station.

the high correlation between the height of a station and the estimated TZD, i
m height differences afterwards. The GPS data
N ovia internet, except
e Computing

i necessary o correct for stad
g transferved from the IGE datn conters at IFAG and IGT
for the AGES-NL stations, of which the data 15 down-loaded from
Clentre. As stated above, the precise IGS orbits are vetrieved from CDDIS and are

available three weeks alter the event.

The parameter estimation process of the GIPSY software package is based on
a Kabman filter and smoother. Therefore it is possible to obtain an estimate of the
TZD every epoch, To save CPU thme, the data set has been artificially reduced by
sampling, resulting in a TZD estimate every 6 minutes. The output given by the
program consists of a series of corrections to an a priovi TZD. This a priori delay
is composed of a station height dependent term for the ZHD, approximately 250
em, and a constant, site-independent torm for Z2WID, at o Hxed value of 10 cm
Adding the total a priori TZD to the corrections produced by the program, results
in the frue estimate of TZD. To obtain an accurate estimate of the ZWD, a more

realistic wwodel for the ZHD has to be used, e.g. by using surface meteorclogical
data {equation 2.12). By wse of relations 2.20 and 2.22 the ZWD can be converted
into IPWY.

The processing technique used s pon-dedicated, hence not the optimal envi-
ronment for GPE water vapour estimation. However, several experiments will be
performed to increase the scouracy of the computed tropospheric delay. Fixing
s for example, is an option that should certainly be fested.

the station coordinat
Furthermore, an anpalysis of the systematic errors (biases, influsnce of mapping
fimetions ete.) should be carried out as well. As scon as the AGRE-NL process-
ing software i operational, small experiments will be executed to compare ZWD
estimates computed by two different software packages.
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6.4

Near Heal-Time Infrastructure

Computing near real-thne GPS water vapour estimations is a rather different wn-
wtrations, The Hrst problem
te carried out in this

dertaking than the off-Jine process used for the demo
encountered is the real-time GPS data acquisition. For the tes
project, mostly 1G5 data is used, and it is conceivable that in future operational
applications the IGH network will also play a major role. However, the 1GS daia
v is currently based on a 24 hours cycle, in which daily data files

collection stratey
are stored in a global data base with a delay of 30 winntes at minimunm and up to
soveral days, T wys by adopting a shorter
cycle time {e.g. 1 hour} and speeding up the transfer pros At some IGE statiops
in the US this procedure has already been adopted. It will require a major effort,
however, to implement this at all 1GS stations, but it is certainly something which
may be discussed with IG8. In addition new dedicated stations may be installed
which are controlled directly by a GPS wat
lar attention must be given to operational aspects such as uninterruptable FHIWET

wohnically 1% is possible to rednee these de

er vapour computing center. Parbicu-

supplies for continuous operations and reliable communication links, As networks
become larger and the observation rates increase too, data storage can become
a problem as well. In that case, it should be decide

ed what data is archived and
what is kept on-line. At present, DUT gathers GPS observations of about 80 I1GS
stations and stores this on tape. Each IGS station produces approximately 0.5 Mb
of compacted data per day. One day thus requires 40 Mb of space, over one vear
about 15 Gb of data is stored on tape.

The second problem is the availability of accurate G
tion used. To be able to compute near real-time ZWD data, it is essential that
this information is also available in a timely fashion, 4.e. within one hour from
real-time. For relatively small networks, the satellite broadcast ephemerides can
be used for this purpose. However, in that ease only the ZWD differences between
stations can be computed with sufficient accuracy, which means that at least one
independent measurement of the absolute value at one of the stations must be
obtained by other means. In principle, it is possible to use a WVR for this pur-
pose, but as mentioned in Chapter 1, these are rather expensive systems, with

5 satellite orbit informa-

operational hmitations.

A better solution is to use precise ephemeris data. [GS produces seve
such products, but the highest quality results are only available after several days
to weeks, Very recently, several Analysis Centres have begun making predicled
precise orbits, which are fre available. These orbits are produced daily and
predict the orbit over periods of 24 or 48 bours [Dodson and Shardlow, | 996!, It
seems they are sufficiently aceurate to be used for ZWD computations, but this
needs to be investigated in more detail. The main problem is that these predictions
ionally. However,

ral types of

do not foresee satellite manoceuvres, and can thus be in error ¢
these manoeuvres do not ocour very frequently. Furthermore, AGRS-NL is able to
detect satellite manoeuvres in re;
satellite data from that moment on.

The third problem concerns the processing of the GI'S data, which still con-

~time, hence it s possible to omit the particular

sumes rather large amounts of computer time. This, of course, depends on the
number of stations present in the selected network, the number of variables that is
solved for, and the interval at which the variables are being estimated. However,
if it is assumed that the data are analyzed in I-hourly batches. the computational
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Chapter 7

From the first phase of the project, as described in this report, i can be concluded
that IPWV can be estimated with an accuracy at the level of 1-2 mum, using GPS
signal delays, Preliminary comparisons of water vapour estimations produced in
the Netherlands, confirin this statement.

The AGRS-NL network, consisting of 5 reference stations equally distributed
across the Netherlands, fits the infrastructure necessary for regional Duatch GPS
water vapour estimation perlectly. At least for the duration of the project, the
AGRS-NL data together with global GPS data provided by the IGS will be pro-
cessed at DUT. In addition, small experiments will be conducted to try to improve
the aceuracy level of the GPS water vapour estimation and to investigate the pos-
sibility of real-time GPS water vapour estimation. Correction and conversion of
the ZWD data to compute the IPWV will be executed at the KNMI The meteo
data, necessary to perform these transformations, will be provided by AGRS-NL,
IGS or shall be obtained from external sources. Data obtained from radiosonde
launches, water vapour radiometry and numerical prediction models, will be used
to evaluate and validate the results.

Remaining problem areas in real-time GPS water vapour estimation include
the delays in GPS data acquisition, availability of accurate GPS satellite orhit in-
formation and GPS data processing. Also, the assimilation of GPS water vapour
estimates in meteorological models, is a problem which needs to be further inves-
tigated.

Regarding the current increase of international interest in GPS Meteorology,
and the large number of investigations going on in this field, international cooper-
ation with other project teams will be established either bilateral or within larger
framework of e.g. COST (WAVEFRONT, NEWBALTIC).
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