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LOFAR as ionospheric instrument
Using Calibration solutions
Structure Function

Anisotropy

Imaging lonospheric Structures
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Intreduction

The high spatisl and temporsl resclution loncigheric products dedicated o the
irnemarional  LOFAR Telescope (ILT) purposes are peoduced in a mesult of
armangements made during 2006 LORAR lonosphernc Workshop in Warssw. The main
B340 15 10 IETCdLOR PROdUCt That woulkd feplacs thiy currently uied glohal maps with
imgemwement of the acouracy. The proposed peoduct is based on the total elkectron
cnftent map [TEC) afuitied Do the aperational anea of the KT {34K 10 55N in Lstude
ard 11W o J5E in lomgitude) with the resclution of 05 degree. As for temporal
resolution, two types of products ste introduced: IWTF - fee minutes sveraged map
ard ITQ - fifteen minuies averaged map. Maps are generated wsing information
about the total electron contert from the GMSS obaervations performed by 126
EUREF Pemanen Network (EPN] macond. QUaissd TEC valuid ang oomputed nto
ooresponding vertical walues and inferpolated inbo target grd wsing natural
neightonr isserpolation technique. ILTF aed 1070 products’ validiny performs well
when compared to the other GM35-based nospheric products and the radar
altimeter WSO mesiurements and show noticeable sccuracy improverment of the
Faraday ro@Ton Siervamian with the: LOFAR telesiope. T IOMEX files sinde 2012 are

wvailable via the dedicated fip iervs
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lonesphene influence on LOFAR

Despite it obvious influence, ionospheric effects in low- frequercy obzenations have
wriailly By GRoduntng Sk 10 Chit PO MeS0luTIOn and Sedithity of inEnimens,
Lick af computer power or tatiifying pedormance of calibration algonithms lie seif-
calibrgtion [Intema @1 oL, 2009, o segard 1o LOFAR many suthors point that
oraphere influence cabbration ks onacial and cannct be igrored (e.g. vam der Tol and
wan cher Vemn, FOOT) It is one of the main calibration wegn of LOFAR, loncapheric
edlerts are stronger on low freguencies because innoiphernc phabe shift Lcales with
thar wireslengtin (aan dier Tol and vae disd Vieers, 2007)
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NEW ILTG maps: See poster by Kotulak et.al,
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Implementation of ILT dedicated regional ionosphere maps to the low frequency radio obserwations
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GPS-based lonosphere maps

o yedi, hie GHSS DEMAnET 155500 observa 1o dats wind ubed in Fonitoring the S1ate of isncsphent, By cormbining he dul-Mequency Messurenent of permanent GHSS rectien.
it b5 pordible 0o obtain information about the sate of the lonoiphene [Schasr, 15550

GN5S ionosphenc maps ane used for essergde for estimating ionosphernc component in calbeation of Faraday notaficn me svsremends (Sobomayor: Belran, of al,, 2003} However usch
laboepnion use global ionaiphinc Mmigd with ipstisl aesobanion of 5 digress in longituds, 1.5 degresi i limtude 5nd T hours temporsl eeabamion,

ILTCh and ITF geoducts ane elaborated in responsi 1o that problim

Figune 2 shorws spatial and temporal resoiution for IG5G product for tme incerval 16:00-18:00UT on March 22 2015, Figune 3 presents ILTO maps for the same pemod. Spatial and
temporal [nine maps depicting 2-houe period instead of twa) resolution improverment can be chearky seen. Figure 4 shows differenos between 15-minute [ILTG - upper paned) and 5-
rriny e [ILTF < enicdbe paned) products « the bothor panel comaing ditferences Batvween ILTT maps ard respecitwe connes ponding KTFs,

Figure 5 and table 1 present validey of 110 peoduct and acourady mpotismient in régard to other products.
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lenospheric fluctuation indices
To deseribe ionospheric imepalaities specipl indices o incorpoeated, Firg Mucsuasion
meagure & rate of TEC (ROT) whach ilhatrates variabiity of the total shectron conbent in
siene within each satelite trajectory.
ROT & than Paghly dependent om the Eng of tght Betapen saelite and meceharr and
Frucuates ancaeed small vabar, To achheve statistically better measure, rate of TEC bdex
(ROTI} was introduced, ROTI is based o the standard deviation of the ROT,

Fuetsation produdts

Fresented Tuchaation product was created in reference 20 newly inftnoduoed b
Internaticnal GHES Servce (KG) ghebal Nustuasion prodhet (Chemiak e al J004)
Presented claboraton uses the same ared as ITEILTO maps. However, no nermeaton
technigoed i Been incorporated. thud not whole area is sctullly covered. 189 EPR
stations ohsenanons e uied in daboeation. ROTHs caloulated in 2 by 2 degrees boses
with & reinutis of averaging time.

Refererans:

Intna W, van der Bal 5., Cofion WD, ofen A%, vas Bemmel, LM, Rothpering H LA, [J005], lon-
tpharic calBration of ke equpncy radha inBeerometris Shrirei s uting th preling ideme

waevder Tol 5 wander Vieem dod {300T), bonospheric cakibramon or the LOFAR Radio Telewope:

Ganunn || TL Bult G5, Garmes TN (3004, LOFAR 21 an ionaipiarss probe
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LOFAK prad the ranT generanon of kv dreguency rade esopes
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e Mortheen Hemiiphase: Mathodology and service
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High resolution GPS
VTEC maps

0.5 x0.5 degrees

time resolution:
5min/15min

Uncertainty ~1TECU
(corresponds to ~4 full 21t
phase rotations @LOFAR
HBA)

Faraday rotation correction of polarized signals

precalibration of International baselines

absolute TEC measurements



For even higher
time resolution see
presentation by
Richard Fallows
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LOFAR CS: dTEC
solutions with a time
resolution of 10 s

Colorscale ranges from
-0.005 to 0.005 TECU

11.0



Calibration Solutions

* lonosphere is a major
Issue for the calibration
of low frequency data

 Calibration solutions
provide information
about ionosphere

* lonospheric
characterization tool for
guality assignment of
radio data

n this presentation:
_OFAR-EOR 3C196 data
Direction independent
calibration using 4
component model of 3C196
Analyze full Jones matrices
Snapshot imaging




F. de Gasperin et al.

Phase error: 32nd URSI GASS, Montreal, 19-26 August 2017
cpi(]n 2” d 1 dl
e LoS (n—1) Refractive index expansion:
n.Bcos6
(1 +cos”
vé

dTEC (TECU) Iord Iord(daymight) Iord IIord (day/night) II ord (day/night)
30 MHz 30 MHz 60 MHz 60 MHz 150 MHz

0.5 (remote st., bad iono.) 8067 294 /214 4033 73150 513 12/8

0.1 (remote st., good iono.) 1613 126 / 46 806 31/10 572

0.03 (across FoV) 404 97/ 16 242 2414 4/<1

0.01 (core st.) 160 38 /8 80 2212 4/<1

Calibration: in M.E., Jones matrices:

Gyr Gy —sin(a) cos(a

RM-
Gor Gay cos(a)  sin(a) f Gaz O
)



186767 3C196 2013/02/07/18:33

After clock-TEC 0.4
separation:

dTEC vs. time

each line corresponds to a
different basline (wrst center
LOFAR)

darker colors correspond to
longer baselines

dTEC (TECU)

LOFAR HBA data
(115-170 MHz)

4 component model of

calibrator (3C196) in phase < 12 3 4 5 6 7 8
center times since start of observation (hr)

_ (almost) independent fit for each time point!
solution every 10s

estimated accuracy from scatter round trend
(calibrator data):

dTEC: <0.001 TECU




2" order:Differential Faraday rotation
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Ger de Bruyn

Rotation of the linear

polarization angle
dRM_,~ TEC *B|| -TEC *B]|,

differential RM also for
unpolarized signal

large TEC gradients: even
visible in raw visibilities

Fit for rotation angle (or extract
it from full Jones) per channel.
Combine all channels to get
dRM



dTEC (TECU)

diff RM (rad/m~2)

dTEC different stations L78444

—0.65 2 3 4 5 6 7 3
time since start of observation (hr)
GihE . qlﬁ‘ Faraday rotaltlon, all statfonls
dRM |
0.04 ]
0.03 s
0.02 .
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3" order

LBA:

__ 2 parameter

~ Clock/TEC fit not
sufficient for very low
frequencies(<40 MHz)

phase (rad)

20 30 40 50  MHz

frequency (MHz) Residuals

2 parameter fit (p(v)=Av+B/v)
3 parameter fit (@(v)=Av+B/v+C/v3)

20 30 40 50 MHz
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LBA:dTEC (TECU), dRM (rad/m2) and 3
order (arbitrary units) versus time. all stations

(F. de Gasperin)
Every dot independent fit!

correlation between stations, correlation

between different effects

Combine measurements to extract more
Information about the underlying structure of
the ionosphere. e.g.: 3 order related to h__,

absolute TEC from dRM, B|| and dTEC



. 10°
Structure function s
i®]

Extract information from dTEC vs. time £ 0
Spatial fluctuations: g
Dy(llryrall) =<(@q - 93)2> £ 1o
Kolmogorov turbulence, thin layer > .
approximation: ‘;(@ 10
D,(r)=(r/s)B B=05/3 S

s, diffractive scale,
10*

D,(s,) =1 rad?

Measure structure function by
calculating variance of dTEC vs. time
for all baselines

fit B, S,

dTEC (TECU)

Typical nighttime S; @150 MHz: 2-40 km
scintillation conditions S,<2km

Characterize ionospheric quality

oS

_.C..

Phase Structurg L.83968 @ 150 MHz

P

4

~ a a a

183988 3C196 2013/01/30/21:04

1 2 3 4 5 6
times since start of observation (hr)

Mevius et al. Radio Sciene 2016
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distribution of 3 and r_diff for 29

3C196 observations
nighttime, winter

typically (3 larger than 5/3

r_diff varies between 3 and 30 km

Correlation with image noise after

Dl-calibration only.
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dTEC (TECU) dTEC (TECU)

dTEC (TECU)

baseline 14.7 km
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Even possible to extract r_diff from
high time resolution raw GPS data

Estimate ionospheric quality just
before or during observation

" Needs dense network of GPS
receivers
(here: public data from several

receivers in US-earthquake area)

103 .

r diff 5.9 km

102}

10t}

10°

10% 10°

distance (m)



Diffractive scale as quality measure

diffractive scale is length scale for which phase variance = 1 rad2
(frequency dependent, here @ 150MHz)
correlates with image noise (after Dl-calibration)
can be used to assign ionospheric quality to observation:
e discard bad observations
e select very good observations for sky modelling
« determine typical length scale for DD-calibration:
- number of facets
- maximum baseline length
e expected scintillation noise after calibration
(e.g. Vedantham and Koopmans (MNRAS 2015))

Easy to obtain from calibration phases, also for non-calibrator fields,
without clock-TEC separation and from GPS data



Large Scale Field Aligned Structure

bandlike structure — orientation of ~

the baseline 8'
Earth magnetic field aligned?
projected field lines along LOS \

single ionospheric height

e . . Earth magnetlc field Ilnes along viewing
B . b IM angle (NS/EW beam angle, zenith = 0,0)
L Jists | M perspective view — time
L Lo HE n dependent orientation
i RIEEE lo.s bin data in according to angle
TR P | o wrst projected field lines
e &3 ¢ ' : i
HE ” field aligned structure observed
1073 N, in ~ 50 % of the observations
0.0

102 103 10"
bl length (m)



Lol et al. GRL 2015

Real-time imaging of density ducts between the plasmasphere
and ionosphere

UTC 2013-10-15 15:17:59
© S MWA data

snapshot images of
source shifts
lonospheric gradient
— position shift
elongated slowly
moving field aligned
structures

5 0 5 (150 15 20
XD
Loi et al, GRL (2015) 42, 10



HBA beam

Do we observe the same
structures with LOFAR?
single beam: too small
FOV

5 0 5 (150 15 20
XCI
Loi et al, GRL (2015) 42, 10



flanking fields

X
Lol et al, GRL

5

10 15
(°)

(2015) 42, 10

Do we observe the same
structures with LOFAR?
single beam: too small
FOV

multiple beams

standard observing mode
for EOR: 1 central beam +
6 flanking fields

18 SB each

Use 1min CS only
snapshot images
(wsclean, Offringa) +
frequency dependent
position fits on ~400
sources
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CONCLUSION

 LOFAR probes ionospheric structures on scales
ranges from 100m to 100 km

» Using just calibration gains one gets access to
different orders of ionospheric corruptions

» Diffractive scale is a quality measure easily
obtained from calibration data

* Anisotropic larger scale magnetic field aligned
structures visible in many observations

* Imaging structures using snapshot views from
core only data (multibeaming)
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