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The Sun is becoming more active!
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fourfit’s ion _search

fourfit performs: Relevant settings in the control file:
ion smooth true

1. A coarse grid search for maximum ion npts 75

amplitude, using parameters in the ion win -100.0 100.0

control file (at most 75 search points;
hard coded in HOPS, also a significant

computational burden
p ) Mk4/DiFX fourfit 3.25 rev 3851 ) 0537-286.2KVY.J.JD, 203-1653a, LM
demi _ multiband delay (us) HOBARTI2 - MACGO12M, fgroup X, pol hy
—D:)'l5 —I}‘O'I —SKIIG 0 5)-:1'0 D:}I (]OIIS Frinae qua\ir,' g

2. Afine grid search, 25 points, _
+/-10 TECU around coarse search max onf

SNR 328
Inttime  4.8312
1.  Amp 2966
2 Phase 75.6
= PFD 0.De+DD
Delays (us)
SBD  D.DO2E19
1~ = MBD D.DDD387
Fringe rate (Hz)
-0.0DB332
lon TEC -30.322
Ret freq (MHz)
EDD0.00DD
AP [sec) 1.00D
Exp VR2204
~ Exper# 3814
Sf & 9 Yrday 2022:203
= Stat 165308.00
o Stop 165314.00
& FRT 165311.00
Z Corr/FF{build
[ J i) ©2023:037:003753
o lond ot i e Wl i bttt o i et PR A L L 18 2023:046:035738
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Problems: SaIeToTe Oy T Avgd. Xpower Spectrum (MHz) DshsBma £t 4795
. Amp. and Phase vs. time for each freq., 5 segs, 1 APs/seg (1.00 sec/seq.), time ticks 1 sec -PB"39'55.8475117
« dTEC can have many local maximal abcd e fiihimnoparstiuyzABCOETAg,
Need to keep the coarse grid search
spacing small (<3 TECU)
* The best-fit value may be outside of
search window! Need to make the

search window wide. 5

3. An interpolation of the fine search
results for the solution
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The goal is to find the dTEC value that
maximizes fringe amplitude.
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lon_search challenges

1. Choosing the wrong dTEC peak can
lead to differences in the multiband delay
of ~100s of nanosec. Scan 112-1137
from VO2111, LS baseline, two peaks
separated by 12 TECU. Search grid must
be dense enough to find the highest peak!
(This was due to incorrect pcphases for
Hobart).

2. Long baselines can have several
dozens of scans with dTEC that exceeds
the nominal search window.
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lon_search challenges

1. Choosing the wrong dTEC peak can
lead to differences in the multiband delay
of ~100s of nanosec. Scan 112-1137
from VO2111, LS baseline, two peaks
separated by 12 TECU. Search grid must
be dense enough to find the highest peak!
(This was due to incorrect pcphases for
Hobart).

2. Long baselines can have several
dozens of scans with dTEC that exceeds
the nominal search window.

Use the phase_resid.py script with “-z
dtec” option to set the colorbar; check for
scans that are limited by the search
window range.

Recent VO, VR experiments have had
dozens of scans with the best-fit dTEC
outside of the usual ion_win range. First
noticed in VR2201 (1-Jan-2022).
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. IONEX predictions for station line-of-sight TEC

Solution: use space weather predictions from GNSS data to set the ion_win parameter
scan-by-scan using fourfit command-line options.

Step 1: Get the IONEX predictions from CDDIS:

$ get ionex dtec bounds.py /data-sc03/difxoper/vo2348/
vo2348 ionex tec.json

This script uses methods from Ilvan Marti-Vidal's PolConvert code to calculate the
line-of-sight TEC for each station and each scan. It reads the *.calc files from DiFX,
downloads the IONEX files, calculates TEC.

Step 2: Use the predictions in the final pseudo-Stokes | fringe fitting:

$ batch fourfit.py cf 3826 GEHLNPSTY final GEHLNPSTY I
-n 16 -p -t vo2348 1lonex tec.json

The batch_fourfit script will take the predictions and modify the ion_win parameter for
each scan/baseline. Sets the window with the larger of +/-50 TECU or 30% of dTEC
prediction. The scripts of vgoscf_generate (ffres2pcp and fourphase) have not been
modified.



. IONEX predictions for station line-of-sight TEC

Solution: use space weather predictions from GNSS data to set the ion_win parameter

scan-by-scan using fourfit command-line options.

Location of .calc
files from DiFX ~ Where to save

Step 1: Get the IONEX predictions from CDDIS: / IONEX files

S get ionex dtec bounds.pyl/data-sc03/difxoper/vo2348/f.]
vo2348 1lonex tec.json

This script uses methods from Ilvan Marti-Vidal's PolConvert code to calculate the
line-of-sight TEC for each station and each scan. It reads the *.calc files from DiFX,
downloads the IONEX files, calculates TEC.

<= \\\hat to name the output file

Step 2: Use the predictions in the final pseudo-Stokes | fringe fitting:

$ batch fourfit.py cf 3826 GEHLNPSTY final GEHLNPSTY I

-n 16 -pj-t vo2348 lonex tec.json

The batch_fourfit script will take the predictions and modify the ion_win parameter for
each scan/baseline. Sets the window with the larger of +/-50 TECU or 30% of dTEC
prediction. The scripts of vgoscf_generate (ffres2pcp and fourphase) have not been

modified.
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' dTEC search window too small: example

An example of what happens when the

best-fit dTEC is far outside of the searc! upiex fourtit 3.25 rev 3916 e 1954-388 2P06ZA, 314-0012b, HM
. . o . . gy " iband delay (us) suips  KOKEE12M- MACGO12M, group X, pol by
window in the control file: | . 3 . | 1 inge qualty
e / \‘ Jo SMR 1041
Here, we're running the Stokes Ixy 5.t | \ ”g_'glbjlm‘ffnﬁ
fourfit job for VR2206, scan 314- ¢ | " \/ J ;1%% 2 0ites
0012b, Kokee-MGO baseline. M " 1A LA Y __ S ﬂlgﬂgzgz
= -00-5” oTE ':DD'I- . -E;.Waeh'_'.,. qui {ng:_-"g)'u 0'32 CI.EM l Cl:lﬁ OIDEU AP (sec) DDPégg
. . e Wasswans B ' B Ex vR2208
If we run fourfit with the usual B s 85 0 e
lonospheric search window: L ' 5103 doataoo
3 3 - ) | 52023:1 16232357
ion_win -88.0 88.0 s e e e i
2ingleban friy i power Spectrum z RA & Dec [J20DDC
. ) Amp. and Phase vs. time fote:_a::h\_‘leq 7segs, 1 APs/seg [1gDD sec/ seg ), time ticks 2 sec 19?51?%%?5%?05
..we get this fringe plot. The dTEC T T T T T T T T T T T T T T T T T T T T T T T T T T T T
. . . Vo L J"'r..““'h.‘- ol . Jo
curve has no clear maximum (best fitis =} {.| [ e e T T et | [ 1
28 TECU), the fringe quality is low e L] L "1 | L | TP ds
. . . . " =l ) .'-L,—.r'-':"lr?.'.h-"" el Cull #w‘-"w--d-'.‘-.'-."" ] = L 17
(indicating the SNR is much lower than -~ -~ ~ - = g
eXpeCted), aﬂd the phase I’eSiduals are - LT’HM |IIIIE!|'|E£ Il ﬂl 1 10 100 LA LA LI .I-IT I Illlﬂ![ﬂllll_lgll ITJEIIII Ml_ﬂ‘ﬂﬂll —E
quite scattered (even though this is the * &L= -~ CLC M T e BT

final pseudo-Stokes fourf£it’ing, and

we have already calculated good

pcphases with ffres2pcp!) What's going

on? 7



' dTEC search window too small: example

The IONEX prediction for this scan &
baseline is 158 TECU, way outside the mkamirx fourtit 3.25 rev 3916 1954-388.2P06ZA, 314-0012b, HM

-0.015 -0.01 -5 1u“‘mummmdodem}r (ua) Ex1077 KDKEUEJFM_“ACGQ%E""QNUP X. pol by

default search range! T : ; . s | " Fringe qualty 7
: / \._ T 8NR 1584
[ 6883

nt time:
Amp 10.950
'h S 20,4
FFD  D.Oe+DD
. Delays (us)
\ 1" 258G -D.0OD715S
/ \ S MED 0000047
A Hz)

. %L-H"l' W, 1\ '1'”'. I ﬁE"ll'lliq D}:@ﬂiﬂﬁ
Here’s the result when we set the R L T 0w e V:jzz
ion_win parameter using the IONEX o J( A Cxbert | 3ags
prior (here, we used [108,208] as the J -

ion_Win, so +/- 50 TECU from the I AT l § 2023125715219
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The ionospheric search was not looking :
in the right place! '
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The SNR has increased from 104 to . | L4 .
158, the fringe quality improved, the &5 1 T T T T T F T [ T T s ©
- - P Y o 1y '
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inside our search window.



Comparisons of VLBI and IONEX dTECs

IONEX predictions for VLB

dTEC perform “well enough”: by

setting the search window
scan-by-scan, can maintain a
dense search spacing but
cover >2x default range.

Long baselines are harder to
predict. The ion_win parameter
still needs to be fairly wide (+/-
50 TECU instead of +/-100).

Typically the largest dTEC
values are baselines from
Europe to Kokee, Hobart,
Katherine, due to the diurnal
variation in line-of-sight TEC.

IONEX dTEC [TECU]

residual [TECU]
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Comparisons of VLBI and IONEX dTECs

IONEX predictions for VLB
dTEC perform “well enough”: by
setting the search window
scan-by-scan, can maintain a
dense search spacing but

cover >2x default range. g
Long baselines are harder to g
predict. The ion_win parameter %
still needs to be fairly wide (+/- ~
50 TECU instead of +/-100).
Typically the largest dTEC

values are baselines from

Europe to Kokee, Hobart,
Katherine, due to the diurnal 3
variation in line-of-sight TEC. £
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' Comparisons of VLBI and IONEX dTECs

But, the VLBI
result can disagree
with the IONEX
prediction by 10s
of TECU.

Histograms of
VLBI-IONEX
difference for
V02348 (x-axis is
+/-50 TECU).
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' Comparisons of VLBI and IONEX dTECs
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VGOS Station

VLBI result can disagree with the IONEX prediction by 10s of TECU. Long baselines & stations with
poor GNSS coverage have larger scatter, some stations have systematic offsets. We can’t set the
dTEC value with IONEX priors; it’s not accurate for VLBI.

Optimizing the ionosphere thin shell model (altitude/thickness) might improve things. .



What about VGOS Intensives?

Typically, dTEC for a particular baseline

dOeSﬂ”[ Vary mUCh Over Oﬂe hour, SO tUﬂlng Comparison of IONEX dTEC predictions with VLBI results in VO2348_c1p

the ion_win parameter in the control file may i ' » - w w ~

work for all scans. S T m o . v
liEoie i Tz

For 24-hr sessions with several stations, we of mo S B )

can't set one ion_win large enough and avoid
missing the true maxima.

IONEX dTEC [TECU]
o

IONEX file types and availability: -
c2p: CODE 2-day prediction (D-1) _m_h///,
clp: CODE 1l-day prediction (D+0) S

50

cor: CODE rapid prediction (D+1) °
jpr: JPL rapid prediction (D+1) 5 |
jpl: JPL full solution (D+3) g ol & . , , |
—150 —100 -50 0 50 100 150
VLBIdTEC [TECU]
All of these work well!l Use the *-a’ flag with CORE 1-day prediction (c1p). 1-sigma

4 1] " t ' t b tzocy .
get_ionex_dtec_bounds.py (eg “-a c1p”). uncertainties are about 20% worse

https://cddis.nasa.gov/Data_and_Derived_Products/GNSS/atmosph
eric_products.html 13



Conclusions

The Sun has woken up from a historic solar
minimum — this is affecting VLBI!

Predictions from space weather models provide a
good a priori guess at the differential TEC for each
scan and baseline in a VGOS experiment.

So far, 24-hr experiments can have ~dozens of
scans that exceed the default ionospheric search
window. We don’t know how active this solar
maximum will be!



' Comparisons of VLBI and IONEX dTECs

IONEX dTEC [TECU]

residual [TECU]

Comparison of IONEX dTEC predictions with VLBI results in VO2293

Comparison of IONEX dTEC predictions with VLBI results in VR2205
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' VGOS Data Since 2018

dTEC for HV baseline, VGOS sessions (2018=cyan, 2019=green, 2020=red, 2021=blue, 2022=black)
100 1 T T T T

SO B R RS IR o 1

60

N
S

HV dTEC [TECU]
s

-20

—40

@ i i i
15 20 25 30 35 40 45
time [hours] from start of first day of VGOS session

On short baselines, both stations see approximately the same ionosphere;
differential TEC is small.

On long baselines, the ionosphere can be very different (especially with diurnal

variation). Midnight in Europe is noon in Hawai'i. 1o
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