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LOFAR (Low Frequency Arr

Interferometry in low frequencies (10-240 MHz)

Consists of: - o
EESIWN figs
@® Two antenna fields with 96 dipole antennas in each e
® LBA (Low Band Antenna) — observations in 10-90 MHz range s : ~ / g
; T \\ G, 4
@ HBA (High Band Antenna) — observations in 110-240 MHz range
@® Directional observations possible (beamforming) ;f
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Scintillation
(fluctuations of wave characteristics after passing through medium with variable
refractive index)
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Modeling pattern evolution — dispersion analysis

P(r,t) = [dr'Kt(r —1')y(r',0)
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55 Elb(r1,t1)0(ra, t2)] = fdkP(k)eQ(k)TEik'c = C(¢, 7),
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M. Grzesiak, A. W. Wernik, Dispersion analysis of spaced antenna measurements, Annales
Geophysicae, 27, 2843-2849, 2009



Basic example — rigid motion




Correlation function features recognition
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Briggs, B. H., On the analysis of moving patterns in geophysics,l, Correlation analysis, J. Atmos.
Terr. Phys.,30, 1777-1788, 1968.



Estimation of geometry and drift velocity

C(€) = p(€ QE)
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Estimation of geometry and drift velocity

correlations for zero time lag (L547449CasAsb70)

correlations for zero time lag (L547785CasAsb10) correlations for zero time lag (L552177CasAsb70)

separation S-N [km]

time lags for maximum correlation (L547449CasAsb10)
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Let us create a quantitative comparison between

Testing the frozen flow hypothesis

-1 1
separation W-E [km]

spatial and temporal correlations by putting
the origin of our new coordinate system at { and
make the substitution T - vt. We took the spatial
correlations at points close to the forementioned

line and plot both: spatial correlation and temporal
cross-correlation at the same figure 1 — clearly

they do not overlap. Then rescaling: T - yvt
we try to find the best fit by minimising:

ming, ) (

Cs(Cr)

— Ci(yvmi))*

where s stands for spatial and t temporal correlations.
The result of the procedure is shown in the figure 2 — 1
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Recall the relationship between purely spatial
correlation and the cross-correlation at two
different locations in the frozen flow model:

(W(r1,t1)Y(re, t2)) = C(C — vT)
C=ry—1, 7T=1 —t

which means that temporal cross-correlation
function for given pair of receivers is the cut

of the spatial correlation function along

the line (={o-vt, where {(, is the actual spatial
the displacement between receivers 1 and 2.

Velocity rescaled
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The temporal decorrelation

The possible cause for this velocity overestimation was pointed out by Briggs (1968) in
the exposition of his full correlation analysis. The additional temporal decorrelation may
lead to overestimation of the velocity when using gradient of the timelag only. The picture
below explains this effect: when additional temporal decorrelation is present the evolution
of a field would be described by spatio-temporal quadratic form:
Qs 0 |[¢C

acn=1¢ 1| % 51 )
which describes also an elliptic shape of the isosurfaces of spatio-temporal correlation
(figure a below). The Qs is the spatial part of the full martix while 3 describes temporal fading.
When the field is moving with the velocity v the matrix of the quadratic form transforms into:

Q =T+QT 2

what is shawn in figure b. It also explains why the overestimation takes place: the timelag
to maximum recognizes point 2 (as it is tangent to an isosurface) while correct position is at
point 1.

Writing explicitly matrix T we can obtain the Q in new
coordinate system, Q.

10 v |
_ g | v r__ Qs Qsv
Tlg : ”f][(ff TR PR

If matrix can be transformed to the form as in 1 (block-diagonal)
by the transformation T, we call it separable. It means that
there exists a reference frame in which the pattern is at rest
(possibly flickering).




An alternative method of drift estimation, the meaning of y

62E1:2;3]

Let us look at the Q' matrix: . /

Q = Qs (Q)sv
VTQS 6 =" VTQSV

It allows for a new estimate of drift velocity:

— -1,y
VT = Q, [1:2;3]

If we want to compare the frozen flow estimate ve with the defined above, using
the same time-lag to the maximum of cross-correlation we arrive at:

vi =1+ B/vEQsvr)vr
N

~

So, this gives formally a possible explanation for the observed overestimation of the
drift velocity — the faster fading / smaller actual drift velocity the stronger overestimation.



Using LOFAR scintillation measurements, we can check if estimated from

the data vy follows the one anticipated by the model with temporal decorrelation.
We took for Q’ the fit of second order polynomial in three variables to the actual
spatio-temporal correlation close to the origin to get both v: and 1+[3/v'Qsv.
The results are plotted below. Different markers refer to different data sets.
Each data set has been divided into 3 mins. length overlapping intervals.
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Clearly, vris more universal and gives closer to data velocity scaling than the drift +
temporal decorrelation.

Grzesiak, M.; Pozoga, M.; Matyjasiak, B.; Przepiérka, D.; Beser, K.; Tomasik, L.; Rothkaehl, H.; Ciechowska, H. Determining
lonospheric Drift and Anisotropy of Irregularities from LOFAR Core Measurements: Testing Hypotheses behind Estimation.
Remote Sens. 2022, 14, 4655. https://doi.org/10.3390/rs14184655



Structure reconstruction (2D case)

2D test field with satellites traces imposed

Gradients cloud and eigendirectrions of covariance matrix

1 < df 8f> fdk kik P(k)
gkl = -

var(f) \ Oz Ox | dkP(k)

Reconstructed structure
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Possible solution
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Conclusions

LOFAR network provides consistent scintillation data of coverage both in time
and space that equips us with new possibilities of spatio-temporal analysis.

The method presented gives estimate of drift velocity taking into account pos-
sible anisotropy of irregularities. It turns out that the magnitude of drift velocity
depends on geomagnetic activity: the larger Kp index the greater velocity which is
In agreement with previous observations.

For some conditions, the frozen flow assumption seems violated, and different
velocity estimates are more suitable.
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