
VLBA SCIENTIFIC MEMO 23IONOSPHERIC CORRECTIONS USING GPS BASED MODELSCraig WalkerNational Radio Astronomy ObservatoryShami ChatterjeeCornell UniversityDe
ember 28, 1999ABSTRACTCorre
tions for the e�e
ts of the ionosphere on VLBI phases have been tested us-ing a geodeti
 proje
t and a phase referen
ing test observation. Dual frequen
y S/Xmeasurements on strong sour
es with very good positions are treated as \truth", and
alibrations derived from GPS based ionospheri
 models are 
ompared to them. All ofthe GPS models appear 
apable of redu
ing the e�e
ts of the ionosphere by a fa
tor ofroughly 2 to 5 and so provide a valuable aid for phase referen
ing observations. TheSATLOC model does not appear to have advantages over the global models ar
hivedat CDDIS, despite a �ner grid in spa
e and time. Therefore it does not appear to beworth the e�ort to establish an in-house SATLOC ar
hive.1. Ba
kground.The ionosphere 
auses by far the largest unmodeled phase o�sets in VLBI data at low fre-quen
ies and 
an be a signi�
ant 
ontributor even at the highest frequen
ies of the VLBA. Typi
alionospheri
 delays in the test experiments reported here are on the order of 10 ns at 2.3 GHz,equivalent to about 25 turns of phase. The ionospheri
 delay s
ales with the wavelength squared,while the phase s
ales with wavelength. Thus the above numbers imply roughly 175 turns at 90 
m,equivalent to a geometri
 error of something like 160 m. At 43 GHz (7mm), the same ionospherewould still 
ontribute about 1.3 turns of phase or about a 
entimeter of path. Therefore, one 
annottotally ignore the ionosphere at any frequen
y. The ionosphere is espe
ially problemati
 be
auseit is highly variable. Day/night variations are typi
ally an order of magnitude and shorter termvariations are also large.The geodeti
/astrometri
 VLBI 
ommunity have long used dual frequen
y observations at 2.3and 8.4 GHz (S and X bands) to remove the ionosphere. They use multiple baseband 
hannels tospan on the order of 100 MHz at 2.3 GHz and 400 MHz (sometimes mu
h more) at 8.4 GHz. Thesewide spanned bandwidths allow a

urate \multiband" delay determinations. Then the two delays(S and X) 
an be be used to 
al
ulate a non-dispersive 
omponent that is the same at both bands,and a dispersive delay that s
ales with wavelength squared and is the result of the ionosphere. Thenon-dispersive delay then has the ionosphere removed and 
an be used for solutions for sour
e and



{ 2 {station positions, Earth orientation, and troposphere. Note that this s
heme does not provide anabsolute measurement of the ionosphere. It gives a measurement of the di�eren
e in the ionospheresover the two stations in a baseline. Plus, there are arbitrary, but hopefully 
onstant, delay o�setsbetween the bands at both stations (di�erent at ea
h station) that give an arbitrary d
 o�set to themeasured ionospheri
 values. This is not a problem for the geodeti
/astrometri
 proje
ts be
auseit looks like a 
lo
k o�set and is treated as su
h. But it 
ompli
ates 
omparison of S/X ionospheremeasurements with measurements based on other types of data.Geodeti
 measurements using the GPS navigation system are subje
t to the same ionospherethat a�e
ts VLBI sin
e both are based on measurements of delays of radio signals propagatingthrough the ionosphere. Their solution is also similar | the geodeti
 GPS observations use twofrequen
ies within L band. The GPS 
ommunity has a world wide network of re
eivers workingall the time and so is able to gather large amounts of data about the ionosphere. Several analysis
enters are now making global ionospheri
 models based on GPS data. Five su
h 
enters makethese models available on the CDDIS (Crustal Dynami
s Data Information System) data ar
hivewhere they 
an be a

essed on the internet if you have a password (whi
h either of us 
an supply).The models available at CDDIS are in IONEX format and are for every 2 hours on a 5 degree gridin latitude and longitude.In addition to the above models, NRAO has an arrangement with a private 
ompany, SATLOC,where they allow us to use ionospheri
 models that they provide in real time in return for us allowingthem to pla
e a re
eiver at our St. Croix site. Their models are 
al
ulated in real time every 10minutes on a 2 degree grid (See VLBA S
ienti�
 Memo 22 for more details) and are intended to beused in real-time appli
ations, mostly in agri
ulture. They are distributed from a satellite to spe
ialre
eivers at ea
h point of use. NRAO has been provided with su
h a re
eiver whi
h is installedat the AOC. The models are not ar
hived unless we do it. These data are on shorter time s
alesand on a �ner grid than the global models, but only 
over the 
ontinental US. If we plan to usethese models on a regular basis, we would need to establish an automated pro
edure to 
aptureand ar
hive the data, instead of doing this on a 
ase-by-
ase basis as at present.The AIPS task TECOR, written by Chris Flatters, is used to read the ionospheri
 modelsin IONEX format. It interpolates the TEC values in time and in spa
e to the point at whi
hthe line-of-sight from ea
h antenna to the sour
e passes through the assumed nominal height ofthe ionosphere (450 km). The ionosphere is assumed to be in�nitely thin. The interpolation isdone in a 
oordinate system in whi
h the sun dire
tion remains �xed. Due to the large day-nightdi�eren
es, the ionosphere is mu
h more 
onstant in this frame than in one that rotates with theEarth. Note that TECOR requires an IONEX �le that 
overs the full time range of the observations.Unfortunately the �les from CDDIS start at 1:00 and go to 23:00 UT. Then another �le is used forthe next day. If the observations extend beyond 23:00, or start before 1:00, it is ne
essary to edittogether the two IONEX �les, whi
h is laborious and a bit tri
ky. Hopefully it will be possible toget around this in the future.In this memo, we report on 
omparisons of ionospheri
 results obtained from the GPS modelsand from S/X dual band observations. We treat the S/X measurements as "truth" sin
e theydire
tly measure the instantaneous ionosphere in the line-of-sight, subje
t to a 
onstant o�set thatis di�erent at ea
h station, as mentioned above. We looked at two experiments. One was one



{ 3 {of the regular geodeti
 proje
ts from the geodeti
 
ommunity (RDV11). The other (TP015) wasa spe
ially designed test proje
t in whi
h 5 sour
es with reasonably high 
ux density and welldetermined astrometri
 positions were observed in a phase referen
ing style. The 5 sour
es werein a 
luster with separations of roughly 3 to 10 degrees. The main obje
t of the exer
ise was todetermine if the GPS ionospheri
 models 
ould provide useful improvements for phase referen
ingobservations. Typi
ally su
h observations are of target sour
es whi
h are too weak to use the S/Xs
heme and/or are not at appropriate frequen
ies to measure the ionosphere dire
tly.In order to make the 
omparisons, it was ne
essary to derive the S/X ionospheri
 measurements.AIPS has some quirks that make this rather diÆ
ult. To make the 
orre
tions, we need separatemultiband delays for ea
h of S and X band. In a data set with both bands, the SN and CL tables arenot stru
tured to 
ontain 2 multiband delays. If the bands are separated, putting the informationba
k together is diÆ
ult. Geodeti
 observers deal with the ionospheri
 
orre
tions outside of AIPSusing SOLVE, whi
h we 
ould not a

ess easily. Not wanting to struggle with the 
omplexitiesof AIPS programming, we wrote a spe
ial purpose program outside of AIPS to do the derivation.That same program is able to make 
omparisons with GPS results and provide displays, a fewexamples of whi
h will be shown below. The program is not intended for general use by the user
ommunity. In addition to the program that derives the S/X results, an additional program waswritten that plots the ionospheri
 delays, both raw, and referen
ed to some antenna and, ultimatelyto some sour
e. This enables a dire
t 
omparison of the results from the various methods under
ir
umstan
es 
omparable to how they would be used in phase referen
ing observations.We also used the TP015 data to make phase referen
ed images of 4 of the target sour
es basedon ionosphere 
orre
ted phases referen
ed to the �fth sour
e. Those images were examined forquality and for astrometri
 a

ura
y. This pro
ess produ
ed somewhat 
onfusing results. Someare shown below, but it would seem that other e�e
ts, probably mainly the troposphere, weresigni�
antly a�e
ting the data. For this reason, the 
on
lusions of this memo are based mainlyon the dire
t 
omparisons of measured ionospheri
 delays, rather than on the quality of phasereferen
ing results. 2. The Observations.RDV11 was observed on 1-2 O
tober 1999 for 24 hours. This was a typi
al RDV run with 17antennas delivering data. A total of 84 di�erent sour
es were observed. The s
hedule was madewith the automati
 s
heduling mode in SKED, whi
h optimizes the sky 
overage over ea
h antenna.There are typi
ally 2 or 3 subarrays in e�e
t at any given time, although there are o

asional s
answith most or all antennas. The observations were fringe �tted in AIPS using separate �les for Sand X bands. Then the multiband delays were derived and sent to the spe
ial program des
ribedabove. Only displays from that program will be shown here.TP015 was observed on 31 Mar
h 1999 on the VLBA using the S/X system. The \target"sour
es were 0202+149, 0201+113, 0235+164, 0239+108 and the 
alibrator was 0229+131. All aretaken from the USNO referen
e frame lists and have absolute positions with formal errors mu
hsmaller than 0.1 mas. All are easily strong enough to dete
t in short integrations in individualbands and to get reasonably high SNR fringe �t results. A 
y
le of 1.25m dwell time s
ans (typi
al
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an length in
luding slew and setup of 1.4m) was used in whi
h 0229+131 was observed everythird s
an, 
anking either 0201+113 and 0202+149 or 0235+164 and 0239+108.The geometry of the observations is shown in Figure 1. The top plot shows the relativepositions and separations of the sour
es. Note that 0239+108 and 0235+164 are both about 7degrees from 0229+131. This is somewhat farther than our usualy re
ommended maximum of 5degrees for a phase referen
e sour
e on the VLBA. The other two sour
es are about 3.5 degreesfrom the referen
e, whi
h would be reasonable by our usual 
riteria. The bottom plot of Figure 1shows the elevations vs. time for 0229+131 for ea
h antenna. Most of the observations are atreasonably high elevations, although sour
es rise at MK during the run and get near set at SC atthe end. 3. The Global Ionosphere ModelsWe found 5 di�erent ionosphere models on the CDDIS site. We have looked qui
kly at all 5, butonly display 2 in the atta
hed �gures to avoid 
lutter. It is 
lear that derivation of the ionospherefrom GPS data is still not a pre
ise art. The s
atter in the results from the various models is onthe order of 20-50%. The di�eren
es do not remain 
onstant with time, although the ranking doestypi
ally last through the experiment | the same model will always give the highest result et
.We are not espe
ially familiar with the modeling methods, but guess that the di�eren
es are theresult of di�erent assumed verti
al pro�les and perhaps di�erent allotment of delay to instrumentale�e
ts and ionosphere. Also, the re
eiver networks used are not always the same. We presume thatthe modeling methods will improve signi�
antly over the next few years, so the ability to use themodels to 
orre
t VLBI data should improve. One important improvement that is being studied isto add a third dimension to the models.The following brief des
riptions of the models examined are based on, or extra
ted from, theheader information in the �les.� JPL: Global Ionospheri
 Maps (GIM) are generated on an hourly and daily basis at JPLusing data from up to 100 GPS sites of the IGS and others institutions. The verti
al TEC ismodeled in a solar-geomagneti
 referen
e frame using bi-
ubi
 splines on a spheri
al grid. AKalman �lter is used to solve simultaneously for instrumental biases and VTEC on the grid(as sto
hasti
 parameters). Conta
t Address: gpsiono�
obra.jpl.nasa.gov .There were 97 stations 
ontributing to the data set we used.� CODE: The global ionosphere maps are generated on a daily basis by the Center for Orbit De-termination in Europe (CODE), University of Berne, Switzerland. The TEC is modeled witha spheri
al harmoni
 expansion up to degree 12 and order 8 referring to a solar-geomagneti
referen
e frame. The 12 2-hour sets of 149 ionosphere parameters per day are derived fromGPS data of the global IGS (International GPS Servi
e) network. Conta
t address: ste-fan.s
haer�aiub.unibe.
h.There were 80 stations 
ontributing to the data set we used.� EMRG: The NRCan ionosphere maps are generated daily by the Geodeti
 Survey Division
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Fig. 1.| Top panel: Distribution of sour
es in TP015. Bottom panel: Elevation vs time for0229+131, the 
entral sour
e in TP015.



{ 6 {(GSD) of Natural Resour
es Canada (NRCan). The grid point values are mean VTECsestimated in sun-�xed referen
e frame. Conta
t address: pheroux�nr
an.g
.
a.There were 43 stations 
ontributing to the data set we used.� ESAG: The header information for this �le is a bit 
onfusing. But there is more informationat http://nng.eso
.esa.de/gps/ionmon.html. The model is from the ESOC Ionosphere Mon-itoring Fa
ility (IONMON). That fa
ility 
an �t for the height of the ionosphere using anassumed pro�le. But the models ar
hived at CDDIS appear to be for a �xed height. Thismodel tends to give the lowest TEC values.There were 49 stations 
ontributing to the data set we used.� UPCG: Modeled independently for ea
h station with a tomographi
 model: 72x9x2 
ells inlo
al time, latitude and height The height boundaries are: 59-739-1419 km. The estimateshave been interpolated with radial basis fun
tions (spatial smooth: 2 pixels) See for instan
e:Hernandez-Pajares, Juan, Sanz and Sole, JGR, Vol.103, N.A9, 20789-20796, 1998 Conta
t e-mail: manuel�mat.up
.es Plots at: http://maite152.up
.es/~ionex/gAGE dip/gAGE dip.htmlThere were 83 stations 
ontributing to the data set we used.Note that the SATLOC models are based on approximately 15 re
eivers, whi
h is mu
h smallerthan the above models, but they only attempt to 
over the 
ontinental US rather than the wholeglobe. 4. Corre
ted Phases in TP015The results shown in Figure 2 show the e�e
ts of using some of the ionosphere determinationsto 
alibrate 2.3 GHz data from TP015. The �rst panel shows the un
orre
ted raw phases fromthe VLBA 
orrelator for 5 representative baselines to LA. Considerable phase variation is seen.The 
orrelator uses a very a

urate geometri
 model (CALC 9.0 for TP015 - sin
e upgraded to9.1) and we give it sour
e positions good to about 0.1 mas and station positions good to around a
entimeter. Thus pure geometri
 errors should amount to a small fra
tion of a turn of phase. Ontop of this, there may be errors in Earth orientation (in
luding UT1, pole position, nutation) atthe level of around a mas and the troposphere model 
ould be in error by a few 
m, in
reasing atlow elevation. Finally the 
lo
ks are only modeled with a linear rate so any 
u
tuations of higherorder will show up in the phases. But all of these e�e
ts should probably add up to a turn of phaseor less a
ross the day. Instead we see many turns.The se
ond panel of Figure 2 shows the phases 
orre
ted using the S/X ionospheri
 measure-ments. Now the phase variations indeed meet our expe
tations and it is 
lear that a good job hasbeen done of removing the ionosphere. Note that the phases for all sour
es are shown in theseplots. The short term s
atter is the result of di�eren
es between the sour
es. It is mu
h redu
edif only one sour
e is plotted. Note also that only one ionospheri
 value is determined per s
an so,when there is a high fringe rate, the phase slope a
ross the s
an will still be seen in the 
orre
teddata. This is apparent in several pla
es.
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IF 2   CHAN 3 - 12   STK RR
Phase vs Time  for  TP015 S BAND.UVDATA.1  Vect aver.  CL # 3  FG # 1
PLot file version 12  ---  No Ionosphere Corrections
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Phase vs Time  for  TP015 S BAND.UVDATA.1  Vect aver.  CL # 8  FG # 1
PLot file version 13 --- S/X Based Ionosphere Corrections
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Fig. 2.| Top panel: Phase vs time for 5 baselines at 2.3 GHz from TP015. All sour
es shown.There have been no ionospheri
 
orre
tions. Bottom panel: Phase vs time for the same data as thetop panel, but using phase 
orre
tions for the ionosphere derived from the S and X band multibanddelays.
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IF 2   CHAN 3 - 12   STK RR
Phase vs Time  for  TP015 S BAND.UVDATA.1  Vect aver.  CL # 9  FG # 1
PLot file version 14  ---  Ionosphere Corrections from SATLOC
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IF 2   CHAN 3 - 12   STK RR
Phase vs Time  for  TP015 S BAND.UVDATA.1  Vect aver.  CL # 10  FG # 1
PLot file version 15  ---  Ionosphere Corrections from JPL Global Model
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Fig. 3.| Top panel: Phase vs time for for the same data as Figure 2, but with inoospheri

orre
tions derived from the SATLOC model. Bottom panel: Phase vs time with phase 
orre
tionsderived from the JPL Global Model.
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alibrating the phases with the SATLOC regional model and with the JPL globalmodel are shown in Figure 3 in the top and bottom panels respe
tively. Neither has 
attened thephase slopes anywhere near as e�e
tively as the S/X results. But the phase slopes have beenredu
ed and, most importantly, the di�eren
es between sour
es have been signi�
antly redu
ed.Note that the SATLOC model does not 
over MK so that station is not 
orre
ted in the upperpanel. MK 
orre
tions are derived based on the JPL model, but there are signi�
ant o�sets betweenthe S/X results and the model results for this station.The phase plots demonstrate that the ionosphere does indeed 
ause large phase e�e
ts andthat the S/X data 
an be used to remove them rather e�e
tively. They also demonstrate that theGPS models improve the phases, in
luding the relative phases between sour
es, but the 
orre
tionsare not as good as those derived from the S/X data.5. Dire
t Comparison of Delays in TP015Examination of the phase plots above, or images dis
ussed below did not 
learly demonstratethe e�e
ts of the use of the GPS models. So a program was written to dire
tly 
ompare the di�erentionospheri
 delays in 3 di�erent ways. Figure 4 shows one of the stations for whi
h the models givethe best 
orre
tions | NL. The upper left panel shows the total dispersive delay predi
ted by theJPL, CODE, and SATLOC models, adjusted to apply to 2.3 GHz. The CODE model trun
ates at23 hours | this was to avoid the problem with editing the IONEX �les mentioned earlier. Thee�ort was made to edit the JPL model �les and the SATLOC model was derived in a di�erent wayso this was not a problem. The other panels are one per sour
e.The lower plot in ea
h of the other panels is the data for this station with the interpolated datafor LA, for the same sour
e, subtra
ted. For this plot, the variations between the S/X data and themodels should tra
k if the models are good. But there is still an arbitrary 
onstant o�set be
ausethe possible o�sets in the VLBI data, des
ribed earlier, are station dependent and are thereforenot removed by the referen
ing. The S/X data have been shifted so that the average mat
hes theaverage in the models, but still any 
onstant o�set should not be a 
on
ern. As 
an be seen, theslopes are generally 
orre
t, but none of the models tra
k the S/X data exa
tly.The upper plot in ea
h panel is the data from the lower plot, but now with the values for thereferen
e sour
e removed. This is what would a
tually be used in a phase referen
ing observation.Now the 
onstant terms, whi
h are the same for all sour
es, have been removed by the referen
ingand the data from the S/X and the models should mat
h if the 
orre
tions are good.Figure 5 and Figure 6 show similar plots for OV and MK. At OV, the models deviate from theS/X results in some fairly 
lear ways. At MK, the SATLOC model provides no 
overage and theother two have even more signi�
ant deviations from the S/X data than at OV. But in all 
ases,it is 
lear that 
orre
ting the data using the models would be better than making no 
orre
tionsat all. A rough impression from examining the plots, plus examining the RDV11 data, is that themodels will provide a fa
tor of about 2 to 5 improvement over not using any ionospheri
 
orre
tion.
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Fig. 4.| Comparison of S/X delays with ionospheri
 models for data from NL. The + signs indi
atethe S/X measurements. See the text for a detailed des
ription.
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Fig. 5.| Comparison of S/X delays with ionospheri
 models for data from OV. The + signsindi
ate the S/X measurements. See the text for a detailed des
ription.
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Fig. 6.| Comparison of S/X delays with ionospheri
 models for data from MK. The + signsindi
ate the S/X measurements. See the text for a detailed des
ription. Note that the SATLOCdata does not 
over MK.



{ 13 {6. RDV11 ResultsFigure 7 shows data from 4 baselines from the RDV11 global geodesy observation (the �rst 4 byalphabeti
al order). For ea
h baseline, three panels are shown. The bottom panel shows the �ttedmulti-band delays for S and X bands. The middle panel shows the ionospheri
 and non-dispersive(\Geo") delay derived from the S and X band delays. Also the ionospheri
 delay derived from aglobal model, the JPL model in this 
ase, is shown (\GPS Delay"). The top panel is the di�eren
ebetween the S/X and GPS model ionospheri
 delays. Information printed within the se
ond panelgives the average delays and s
atter for the S/X and GPS ionospheri
 delays. Similar informationin the top panel gives the average value and s
atter for the S/X - GPS di�eren
e. Note that there isan arbitrary DC o�set be
ause of the unknown o�set between S and X band re
eivers in the VLBIdata, as des
ribed earlier. Pay 
losest attention to the s
atters. Note that the stations in the �gureare the Brewster WA VLBA site (BR), the Fort Davis TX VLBA site (FD), the Gill Creek AKgeodeti
 site (GC | near Fairbanks Alaska), The Han
o
k NH VLBA site (HN), and the KokeePark HI geodeti
 site (KK | on Kauai in Hawaii). The apparent large, short term, s
atter in rawdata is a result of s
heduling short s
ans on sour
es all over the sky. The s
atter represents thedi�eren
es along the line-of-sight for observations at di�erent elevations and azimuths.There are a few things to noti
e. First, the ionospheri
 delay is 
learly mu
h larger at S bandthan at X band, as expe
ted. Delays of 10-20 ns are 
ommon. This is mu
h larger than any othersour
e of variable delay o�sets at that band. There is a strong diurnal e�e
t, also as expe
ted.There is a strong latitude dependent e�e
t, whi
h is expe
ted, but perhaps not widely appre
iated.This 
an be seen by 
ontrasting the BR-GC baseline (both high latitude) results with the BR-KKbaseline (one low latitude station). It is also 
learly seen in the GPS model data.The GPS model does not give perfe
t 
orre
tion of the data, but is mu
h better than makingno 
orre
tion. Typi
ally the s
atter in the S/X-GPS di�eren
e is 2 to 5 times smaller than thes
atter in the raw S band delays or in the S/X derived ionospheri
 delays.
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Fig. 7.| Delays at S and X bands, derived ionospheri
 and geometri
 delays along with the JPLmodel delays, and the S/X-JPL di�eren
e in ionospheri
 delay for 4 baselines in RDV11. The larges
atter is the result of a s
hedule that rapidly moves between sour
es all over the sky.
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ed Imaging ResultsWe have used the ionosphere 
orre
ted data to make phase referen
ed images of the \target"sour
es in TP015. Figures 8 and 9 show su
h images for two of the sour
es at S band. Four imagesare shown of ea
h sour
e, di�ering only in the type of ionospheri
 
alibration applied, as labeledabove the plots. All images were made with IMAGR using a robustness of 4, whi
h is 
lose tonatural weighting. It is 
lear that all of the ionospheri
 
alibrations are better than no 
alibration.It is also 
lear that the S/X based 
alibration is best.Often the goal of phase referen
ed observations is to measure positions. Figures 10 and 11 showpositions derived for the sour
e in ea
h of the phase referen
ed images at S and X band respe
tively(the X band images were made with robustness of 1). The 
ross is the phase 
enter, at the lo
ationof the position from the geodeti
 
atalog. Re
all that these positions have formal errors of lessthan 0.1 mas based on massive �ts to many geodesy observations. The derived positions from theimages are based on least squares �ts of a gaussian to the peak in the image (JMFIT in AIPS).The relative 
ux density of ea
h �tted gaussian is indi
ated by the size of the 
ir
le marking thesour
e lo
ation. In the S band plots, the points marked with \NON" are based on data with noionospheri
 
alibration. In one 
ase (0201+113), the image with no ionospheri
 
alibration did nothave a single peak that 
ould be identi�ed as the sour
e. The \SX" points are based on the S/X
alibration ex
luding the 2 stations (SC and MK) for whi
h SATLOC data was unavailable or wasunreliable, and the \SXA" data in
ludes all stations. The \JP" and \JPL" points are the 8 and10 station results with the JPL global model used for 
alibration. The \GPS" points are based onSATLOC 
alibration and 8 station data. In the X band plot, \NO" is the point with no 
alibration,\SX" and \JP" are the 10 station SX and JPL 
alibrated points and the \SA8" is the 8 stationresult using SATLOC 
alibration.In most 
ases, the un
alibrated images give worse positions than the 
alibrated images. There
overed 
ux density is also lower. In one 
ase, the phase referen
ing did not work at all withoutionospheri
 
alibration. In no 
ase was the phase referen
ing perfe
t. The imaging results aresubje
t to other model errors besides the ionosphere. The dominant su
h errors are likely to befrom the troposphere whi
h we have made no e�ort to remove. One reason that the geodeti
positions are likely to be mu
h better than our phase referen
ed positions is that serious e�orts toremove tropospheri
 delay o�sets and all other signi�
ant e�e
ts (EOP, 
lo
ks ...) are part of theusual geodeti
 data pro
essing.One somewhat disturbing feature of the position measurement results is that the spread ofpositions is mu
h larger at S band than at X band. This is likely related to the larger beam sizeat S band and su
h an e�e
t is reasonable when there are signi�
ant un
orre
ted errors. But theS/X results should have the ionosphere removed quite e�e
tively and the troposphere should a�e
tboth S and X band the same in terms of delay, whi
h is what matters for a position measurement.A frequen
y dependent spread might be expe
ted if the longest baselines are suÆ
iently poorly
alibrated that the sour
e 
ould be anywhere over roughly a beam area. But we don't believe weare in that regime.
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CONT: 0202+149  IPOL  2269.474 MHZ  0202+149 NON.ICLN.1
No ionospheric corrections.

Cont peak flux =  3.6726E-01 JY/BEAM 
Levs = 1.000E-01 * (1, 2, 2.800, 4, 5.600, 8, 11,
16, 22, 32)
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CONT: 0202+149  IPOL  2269.474 MHZ  0202+149 GPS.ICLN.1
SATLOC based ionospheric corrections

Cont peak flux =  6.2165E-01 JY/BEAM 
Levs = 1.000E-01 * (1, 2, 2.800, 4, 5.600, 8, 11,
16, 22, 32)
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CONT: 0202+149  IPOL  2269.474 MHZ  0202+149 JP.ICLN.1
JPL Global model ionospheric corrections

Cont peak flux =  5.5479E-01 JY/BEAM 
Levs = 1.000E-01 * (1, 2, 2.800, 4, 5.600, 8, 11,
16, 22, 32)
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CONT: 0202+149  IPOL  2269.474 MHZ  0202+149 SX.ICLN.1
S/X dual frequency based ionospheric corrections.

Cont peak flux =  1.1651E+00 JY/BEAM 
Levs = 1.000E-01 * (1, 2, 2.800, 4, 5.600, 8, 11,
16, 22, 32)
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10.98Fig. 8.| Images of 0202+149 made at S band with di�erent ionospheri
 phase 
orre
tions, aslabeled.
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CONT: 0235+164  IPOL  2269.474 MHZ  0235+164 NON.ICLN.1
No ionospheric corrections.

Cont peak flux =  5.5870E-01 JY/BEAM 
Levs = 5.000E-02 * (1, 2, 2.800, 4, 5.600, 8, 11,
16, 22, 32)
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CONT: 0235+164  IPOL  2269.474 MHZ  0235+164 GPS.ICLN.1
SATLOC based ionospheric corrections

Cont peak flux =  5.8276E-01 JY/BEAM 
Levs = 5.000E-02 * (1, 2, 2.800, 4, 5.600, 8, 11,
16, 22, 32)
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CONT: 0235+164  IPOL  2269.474 MHZ  0235+164 JP.ICLN.1
JPL Global model based ionospheric corrections.

Cont peak flux =  6.2984E-01 JY/BEAM 
Levs = 5.000E-02 * (1, 2, 2.800, 4, 5.600, 8, 11,
16, 22, 32)
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CONT: 0235+164  IPOL  2269.474 MHZ  0235+164 SX.ICLN.1
S/X dual band based ionospheric corrections

Cont peak flux =  6.6875E-01 JY/BEAM 
Levs = 5.000E-02 * (1, 2, 2.800, 4, 5.600, 8, 11,
16, 22, 32)
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59.20Fig. 9.| Images of 0235+164 made at S band with di�erent ionospheri
 phase 
orre
tions, aslabeled.
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Fig. 10.| Positions of sour
es measured with least squares �ts to image peaks in S band phasereferen
ed images made with various ionospheri
 
orre
tions. See the text for details.
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Fig. 11.| Positions of sour
es measured with least squares �ts to image peaks in X band phasereferen
ed images made with various ionospheri
 
orre
tions. See the text for details.



{ 20 {8. Con
lusionsWe have presented results from two observations in whi
h we were able to 
ompare S/X derivedionospheri
 
orre
tions with 
orre
tions based on GPS data. We 
ome to the following 
on
lusions:� If you want to remove the ionosphere a

urately, you should observe strong sour
es and designthe experiment with enough spread in frequen
y to measure the ionosphere. Dual band S/Xobservations are the traditional way to do this, but other pairs (requiring new hardware),and even just multiple IF's at L band and below, 
ould be used. Su
h a 
orre
tion s
heme
annot be used on weak sour
es, whi
h eliminates its use for a majority of phase referen
ingobservations.� The GPS models provide useful ionospheri
 
orre
tions. Phase o�sets due to the ionosphere,whi
h dominate at low frequen
ies, 
an be redu
ed by a fa
tor of roughly 2 to 5 using su
hmodels, but 
annot be 
orre
ted perfe
tly.� Ionospheri
 modeling is in a suÆ
iently primitive state that di�eren
es between models fromdi�erent analysis 
enters are 
ommonly 20-50%. Model errors at this level are 
onsistent withthe quality of phase improvements seen in the VLBI data.� The SATLOC models do not appear to have any advantage in a

ura
y over the global modelsdespite the �ner grid and higher time density. The global models are easier to obtain and
over all stations and so are better for our purposes.Based on the above 
on
lusions, we re
ommend:� We should NOTmake the gathering and ar
hiving of SATLOCmodels an observatory priority.It may be worth keeping the re
eiver fun
tional for any users who might wish to gather thedata. But this 
an be on an as-needed basis.� Ionospheri
 
orre
tions based on the global models should be
ome a 
ommon part of VLBI
alibration, espe
ially at low frequen
ies and perhaps at all frequen
ies. Sin
e these modelsare only provided on time s
ales long 
ompared with typi
al 
oheren
e times, they should notdegrade data, and they are likely to help.Gathering the models from CDDIS and applying them is rather easy | an approximately10 minute job if it is not ne
essary to edit together multiple �les. Therefore, providing the dataas a servi
e to the users is not a high priority, but would be a 
onvenien
e. We need to dis
usswhether to apply the models in the 
orrelator, pass them in 
alibration transfer, or do nothing atthe 
orrelator. Given that the user might wish to use a di�erent model from whatever is passed, were
ommend the 
alibration transfer option. The model would be applied as part of post-pro
essing.This option may require a new AIPS table to hold the model be
ause 
urrently the information isonly in
luded in CL tables whi
h are often destroyed and rebuilt for VLBI data (even version 1). Inany 
ase, one small but high priority task is eliminate the need to edit IONEX �les for observationsnear the day boundary.



{ 21 {It is likely that the GPS ionospheri
 models will improve with time. One signi�
ant improve-ment for our appli
ation is likely to 
ome from 3D modeling. We need to wat
h for this to be
omeavailable and be prepared to have our software a

ept su
h models. Related to this, TECOR 
ur-rently assumes an in�nitely thin ionosphere. A possible future development would be to use a morerealisti
 pro�le. This might allow better results to be derived even from the 
urrent 2D models, letalone from future 3D models.We have not studied the use of data from the individual re
eivers at ea
h site. Su
h data wouldhave the advantage that it is subje
t to the same height e�e
ts as the VLBI data and so 
ouldpotentially provide better 
orre
tions. But there are problems with the data, or at least our use ofit. Our �rst look had results 
learly in error by an order of magnitude. The problems may lie in thearea of 
orre
tions for the o�sets between the 
hannels on the satellites and in the re
eivers, butthat is not 
ertain. It 
ould be something as simple as a format 
onversion problem. Considerablee�ort will be required to learn how to use su
h data e�e
tively. That is beyond the s
ope of thismemo but is an approprate proje
t for future work.


