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Let us assume a region of random irregular
electron density structure located from z = 0 to
z = L. A time-harmonic electromagnetic wave
is incident on the irregular slab at z = 0 and re-
ceived on the ground at (7, ). Let us consider
that wave diffraction is due to a phase-chang-
ing irregular screen. As the wave passes
through the irregularity slab, the ionosphere
acts as a phase-changing screen that modifies
only the phase of the wave. Therefore, upon
emerging from the ionosphere, the wave mea-
sured by an interferometer element has the
form (using Yeh and Liu, 1982, eq. (3.15)).

UF, v,2) =S, exp[¥(7, v, 2)] =
=S, exp[x(7, v, 20 —jo,(F, v, 2)]. (6.2)

Without scintillation the ideal output of an in-
terferometer with elements I and J can be writ-
ten as

Ry(v, )= <8-Sy >=
A Vo S > -
=Sy, |exp|j2nB - 7o J. FWG(r—ry)-

-exp [jzn%ﬁ (7 —70)] d7 dvdr (6.3)

where S* is the complex conjugate of S. When
scintillation is present and the near field effects
are also taken into account, the real output of
an interferometer is

RV, P)= < Uy, v, 2)-Up (P v, 2) > =
= < Sy Sy >exp (v v )+ yx(7 v, 2)-
-exp(j[01(Fr, v, )= 01(F), v, D)) =
= Ro(v, P) exp (Y[x(F1, v, )+ 3(Fs v, D)
-exp (01 (F1, v, )= 01(Fy, v, 2)]) (6.4)

where the factor y for the near field corrections
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can be written as (Spoelstra and Yang, 1995):

”;uz [(Ctan B;)* arccos (%) +

_%(BtaTnﬁ,)z tan { arccos (CA }] +
%)

)
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nlu? u

_ %(Bt—a:_@)z tan { arccos (—é%)}l (6.5)

where { is the distance from the antenna
towards the region of random irregular elec-
tron distribution, fB; is half the half-power-
beamwidth of interferometer element I, f3; is
half the half-power-beamwidth of interferome-
ter element J and u = (tan fB;+tan ). In rela-
tion (6.4) the term

[(C tan f3,)* arccos (

exp (Yx (71, v 0+ x (71, v, D) (6.4a)
refers to the log-amplitude of the wave or the
amplitude scintillation, while the term

exp (—j [0, (7}, v, 2) = 0, (F,, v, 2)]) (6.4b)

refers to the phase departure of the wave or the
phase scintillation.

The complex correlator output of an inter-
ferometer is separated into a «real output» and
an «imaginary output», which are also called
«cos output» and «sin output», respectively.
Then the amplitude and phase data are ob-
tained as follows:

amplitude data = ([cos output]*+ [sin output]?)*
(6.6)

and

sin output

phase data = arctan | ————
cos output

]. 6.7)
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Correlated output is produced for all coherent
contributions which enter both beams simulta-
neously. Near field contributions affect the
measurements only if they appear in the over-
lapping parts of the both beams. This implies
that both the cos and the sin components of
these contributions should be multiplied with
the factor y since they are equally affected.
From relations (6.6) and (6.7) it is clear that
the amplitude component should be multiplied
by this factor y (as is done in relation (6.4)).
The interferometer phase suffers from the
usual different integrated refraction effects
within the beams of each of the individual in-
terferometer elements since the near field dis-
tortion cancels as is seen from relation 6.7).
We note that this cancellation of the factor
Y occurs at B < (& (tan fB,+tan B)). For B 2
(§ (tan Bi+tan fB))) the resulting phase errors
are the difference between the phase errors of
the individual interferometer elements. Refrac-
tion effects cause phase errors which are to
first order linearly proportional to the distance
between the interferometer elements as long as
the ionosphere is coherent over the interferom-
eter baseline (Spoelstra, 1992a). This implies
that the resulting scintillation in interferometer
phase is the difference between the phase scin-
tillation effects for each of the individual inter-
ferometer elements as we see from expression
(6.4b) and linearly proportional to interferome-
ter baseline.

6.2. Amplitude scintillation

When multiple scattering effects are not im-
portant, ionospheric irregularities of sizes of
the first Fresnel zone are most effective in
causing amplitude scintillation. The power
spectrum of the fluctuations in ionospheric
electron density is found to follow a power law
(Dyson et al., 1974; Sagalyn et al, 1973).
@, y(K,, K;) is the three dimensional spectrum
of these density fluctuations. Here the 7 direc-
tion is along the line of sight. K, is the
wavenumber of the fluctuations perpendicular
to the line of sight.

For weak scintillation with e* = (1 +x)
[i.e. for x < 1] we can after some manipulation
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write for the field on the ground (Wernik and
Liu, 1975; Yeh and Liu, 1982; Spoelstra and
Yang, 1995)

400 4oo
2 = 4mPLA2 12 _[ j IB, % v)-

—oc0 —oo

H(K, v, D@uy(%,, 0K, (6.8)
where
H(K, v, 7) =
2 2
2%k . (%L K L)
=11 EZZSIH(T)COS(T(Z 5 , (6.9)

L is the thickness of the region of random ir-
regular electron density structure, A is the ob-
serving wavelength, r,; is the classical electron
radius and k the wavenumber of the radio
signal. The interferometer filter function

I(]_S;, ?, V) can be written as
- 5 52
I(B, , v) = y*[1 +cos K, B]. (6.10)

Tllis spatial interferometer filter function
I(B, %, V) expresses the dependence of the
scintillation index S, on interferometer base-
line. This dependence is not present in the
techniques which are commonly used to study
ionospheric scintillation since in these tech-
niques multiple antenna systems are not used
in the interferometer mode as described here.
Often radio interferometer systems consist of
several tens of interferometer pairs at a variety
of interferometer baselines. In addition to the
fact that the scintillation index depends on the
thickness of the slab VL, we note that since the
factor yis a function of interferometer baseline
and of the altitude of the irregularities causing
the scintillation, this height can be determined
from the baseline dependence of the scintilla-
tion, indexﬁ.) Furthermore, we observe that the
function I(B, E V) is a function of the horizon-
tal scale size (correlated with interferometer
baseline), K,, which is characteristic for the ir-
regularities causing the amplitude scintillation
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in the observation considered. This implies that
taking the observed baseline dependence of the
scintillation index, the horizontal scale size of
the irregularities can also be determined. Rela-
tion (6.10) is particularly sensitive for small
scale irregularities, i.e. with linear scales of the
same order as the interferometer baselines used
and of the linear dimensions of the beam of the
individual interferometer elements at the height
at which the irregularities occur. Thus relation
(6.8) indicates that from the observed baseline
dependence of S, the altitude of the irregulari-
ties causing scintillation and their horizontal
scale sizes can in principle be estimated. We
note that this possibility is inherent to radio
interferometry.

6.3. Phase scintillation

Similarly, we can derive after applying the
Rytov solution according to Yeh and Liu
(1982, see their relation (3.30)) and weighting
the contribution to the phase scintillation by a
spatial filter function P(¥, v, z) the manifesta-
tion of the diffraction effects inside the slab for
the field on the ground (Spoelstra and Yang,
1995):

+00 400
<S]2>=4ﬂ2LA2r§,J I[l—cos?pﬁ]-

—o0 —oo

P(K, v, ) @pp(K,, 00 d’k,  (6.11)
where
P(X, v, 7) =
2
%k . KpL) 5 L)
=1+ = sin| 2= Zlz==)||. .
+Kp2Ls1n( % cos k(Z > (6.12)

Or we can abbreviate relation (6.11) in a simi-
lar way as relation (6.8) as
+00 400
<8 > = 4n’LI2A j _[ 0B, %)

—o0 —o0

P(K, v, ) Dpy(K,, 0) Pk,  (6.13)
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where

OB, »=[1-cos &,- Bl  (6.14)

which includes the baseline dependence of
phase scintillation effects in the interferometric
observations.

The phase filtering function P(X, v, z) and
the interferometer filter function Q(B ) are
very different from the corresponding func-
tions for amplitude scintillation. It is easy to
show from eq. (6.17) that <S$?> increases
with increasing interferometer baseline and
that it decreases with V2. The former relation-
ship is well-known for phase errors due to re-
fraction effects in radio interferometry (e.g.,
Spoelstra, 1992a).

With the aid of the function Q(B %) it is in
principle possible to estimate the characteristic
horizontal linear scale sizes of the irregutlarities
causing the phase fluctuations. Although this
might seem straightforward, we should con-
sider the fact that the interferometer phase er-
rors due to ionospheric refraction effects are a
complicated function of the geometry of the
ionosphere and the electron distribution in this
medium (Spoelstra, 1983). The scale sizes of
the fluctuations causing scintillation as deter-
mined with the aid of function Q(B, ¥) may be
larger than the dimensions of the irregularities
causing amplitude scintillation (e.g., Yeh and
Liu, 1982).

6.4. Comparison with observations

The formalism summarized in the previous
sections was initially compared with observa-
tional data obtained with the east-west interfero-
meter arrays WSRT and the Mi-yun Synthesis
Radio Telescope, MSRT. The MSRT (40.56°N,
116.76°E). The maximum distances between
two interferometer elements of the Mi-yun
telescope is 1.15 km. The usual integration
time is 10-30 s (Wang et al., 1986). The MSRT
operates at 232 and 327 MHz. The primary
bean, of an element in the MSRT array is 10°
at 232 MHz and 7° at 327 MHz. The primary
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beam of an element in the WSRT array is 1.38°
at 608.5 MHz and 2.6° at 327 MHz. The usual
integration time is 10 s to 1 min.

For both the WSRT and MSRT observational
examples have been selected (arbitrarily) for
comparison with the approach discussed above.

An event on March 2, 1982, was selected
for a more detailed investigation of scintilla-
tion effects in WSRT radio interferometric ob-
servations. An observation of 3C286 (right as-
cension o [1950.0] = 13 h 31 min 08.3 s, decli-
nation 6 [1950.0] +30°31°32.9”) was ob-
served at 608.5 MHz during which significant
scintillation occurred.

For observations with the MSRT the radio
source Cyg A (right ascension & [1950] =19 h
57 min 45 s, declination 6 [1950] = +40°36") is
used for calibration purposes. Occasionally ob-
servations of Cyg A with the MSRT suffer
from significant scintillation. We used for our
analysis an observation made on September 20,
1985 (amplitude scintillation) and on August
26, 1986 (phase scintillation).

6.4.1. Amplitude scintillation

Amplitude scintillations were a common
feature in the single dish observations made at
608.5 and 327 MHz, but they have never been
observed in WSRT interferometer observations
at baselines longer than 1 km. In general am-
plitude scintillation was only very seldom ob-
served with the WSRT. Furthermore, this kind
of scintillation was mainly observed during the
night, while during the daytime it could not be
distinguished from the instrumental noise.

For a power law spectrum @,y o< &,", with
an outer scale much greater than the Fresnel
zone size, it is possible to show that

S, oc yEWI (6.15)

Simultaneous observations at 327 and at 608.5
MHz showed that 1 = 3.5 (£ 0.6) (Spoelstra,
1985). This value agrees with the value of
4.0 = 1.0 found by Rufenach (1972). Yeh and Liu
(1980, 1982) found that the value of 1 shows
some dependence on observing frequency.
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A single dish radio telescope can be under-
stood as an adding interferometer with zero
baseline. Small changes within the beam of the
instrument in the direction of the signal due to
refraction may already cause diffraction patterns
which cause the amplitude scintillation. In the
case of amplitude scintillation the scintillation in-
dex includes spatial information about these ir-
regularities and might suffer less from time-aver-
aging if the integration time is shorter. Therefore,
to study amplitude scintillation one might aim at
integration times as shoit as possible.

For an instrument in which the interferome-
ter elements are placed on an accurate east-
west baseline as in the case of the MSRT and
WSRT, relation (6.10) can be rewritten in a
convenient form as

I(l_i;, % V) = 7*[1 +cos (x, B cosec ysin Tcos 0)]
(6.16)

where V is the angle between the long axis of
the irregularities (we assume that they are not
spherical) causing scintillation and the local
meridian, Tis the hour angle and 6 the declina-
tion of the observed celestial radio source.
Figure 10a,b gives the relation of S7 with B
at about 2 h UT for the WSRT observation of
March 2, 1982, as mentioned above. The ele-
vation angle was about 67°. Figure 10a,b
shows clearly that S decreases with increasing
B. When we take into account that the factor y
depends on height, the baseline dependence of
the scintillation index depends on the altitude
of the irregularities causing this scintillation. In
order to check the validity of our approach in
the previous sections we plotted in fig. 10a,b
the function I(B, _13, v) which gave the best fit
on the data. In this case v 608.5 MHz,
¢ =150 km and K, cosec y = 0.05 m™". This
implies that for the time of the observation the
height of the region of random irregular elec-
tron distribution is the order 150 km. In addi-
tion we noted that the slab thickness of the F,
layer determined from the analysis of the iono-
spheric Faraday rotation derived from the data
of this observation is about 80 km (Spoelstra,
1985). In fig. 10a we also show calculations
for { = 300 km and { = 75 km (indicated
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by (2) and (3), respectively). In fig. 10b we
show also results for k, cosec ¥ = 0.045 m™!
and &, cosec ¥ = 0.055 m™! (indicated by (4)
and (5), respectively).

If the irregularities are aligned along the geo-
magnetic field (e.g., Kumagai, 1987), we take

as the field declination (y in this case) for
Westerbork a value of —5°. Then we estimated
a horizontal size along the field as 230 m.
Figure 12a,b gives the relation of S% with B
at about 1 h 30 UT for an observation of Cyg
A with the MSRT at 232 MHz on September
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Fig. 10a,b. Scintillation index $7 for an observation with the Westerbork Synthesis Radio Telescope on
March 2, 1982, as a function of interferometer baseline B (meters). The curve shows the best fit of the filter
function I(B, ¥, V) obtained for v = 608.5 MHz, { =150 km and K, cosec ¥ = 0.05 m™!. a) The figure shows
also the calculations for ¢ = 300 km and {'=75 km (indicated by (2) and (3), respectively); b) the solutions for
K, cosec ¥ = 0.045 m™! and K, cosec ¥ = 0.055 m™! (indicated by (4) and (5), respectively).

890



The ionosphere and radio interferometry
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Fig. 11. Mean square phase fluctuations for the observation as used for fig. 10 a b as a function of interfero-
meter basehne B (meters). The curve shows the best ﬁt of the function Q(B %) obtamed for x, cosec

¥ =0.01 m™!. The calculations for K, cosec = 0.011 m~

and (3), respectlvely

20, 1985. The elevation angle was about 65°.
The baseline dependence of S} is clearly more
complex than for the WSRT (fig. 10a b) We
also plotted in fig. 12a,b the function I(B )
which gave the best fit on the data. In this
case, v = 232 MHz, { = 150 km and &, cosec
v = 0.015 m™". This implies that for the time
of the observatlon the height of the region of ran-
dom irregular electron distribution is again of the
order of 150 km. If the irregularities are aligned
along the geomagnetic field (e.g., Kumagai,
1987), we take as the field declination (y in this
case) for Mi-yun a value of —5.7°. Then we esti-
mate a horizontal size along the field as 650 m.
In fig. 12a,b we see that the filter curve fits
well for baselines shorter than about 700 m.
For longer baselines we expect an additional
decrease of S3 since at these baselines the radio
source Cyg A can no longer be considered to
be a point source. This effect is clearly seen
since we derived the function I(B, ?, V) only
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! and K, cosec ¥ = 0.009 m~ are 1ndlcated by (2)

for point sources, i.e. source structure is not
taken into account in the calculations of the
curve in fig. 12a,b. In fig. 12a we also show
calculations for ¢ = 300 km and { = 75 km
(indicated by (2) and (3), respectively). In
fig. 12b we show also results for k, cosec
v =0.018 m™" and k, cosec y = 0.013 m™!
(indicated by (4) and (5), respectively). We
conclude that in fig. 12a,b the best fit is ob-
tained for curve (1).

These examples indicate that the baseline
dependence of S7 is not very sensitive for the
height of the irregularities causing the scintilla-
tion. But the characteristic horizontal scale of
these irregularities is a very critical parameter:
this parameter can be determined with an accu-
racy better than 10%. We also note that the
basehne location of the maxima and minima in
I(B X V) depends strongly on k, cosec 4
while the ratio between the dlfferent maxima is
sensitive for (.
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Fig. 12a,b. Scintillation index S? for an observation with the Mi-yun Synthesis Radio Telescope on Septem-
ber 20, 19&5, as a function of interferometer baseline B (meters). The curve shows the best fit of the filter
function I(B, ¥, V) obtained for v = 232 MHz, { = 150 km and K, cosec ¥ = 0.015 m™'. a) The figure shows
also the calculations for =300 km and { = 75 km (indicated by (2) and (3), respectively); b) the solutions for
K, cosec ¥ = 0.018 m™! and K, cosec ¥ = 0.013 m™' are indicated by (4) and (5), respectively.
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6.4.2. Phase scintillation

Phase scintillations have only been observed
in interferometric observations. During the ob-
serving sessions only few (about 1 per month)
scintillation events were recorded. Phase scin-
tillation was only observed during the night.

Phase scintillation caused by ionospheric re-
fraction due to small scale irregularities giving
rise to large path length differences, of the or-
der of the observing wavelength or more, will
distort the interferometer amplitudes by decor-
relation within the receiver if these irregulari-
ties occur within the integration time.

Phase fluctuations of the order of 7 radians
or more within the integration time of 1 min
correspond typically to irregularities with vari-
ations of about 1-10% in electron density.
These phase scintillations may also be caused

by severe distortion of the structure of the
ionosphere as is shown by Spoelstra (1985).

In the case of phase scintillation integration
times shorter than about 1 min presently used
may not be very relevant either to avoid or to
study short time scale irregularities. During an
interval of 1 min the line of sight covers about
875 m at an altitude of 200 km.

For an instrument in which the interferome-
ter elements are placed on an accurate east-
west baseline as in the case of the WSRT and
MSRT, relation (6.18) can be rewritten in a
convenient form as

Q(§, %) =[1-cos (%, B cosec ysin Tcos §)].
(6.17)

We note that Q(E, %) dges not depend of

course on ¢ as function I(B, X, v) but only on
K, and B.

<S> |
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Fig. 13. Mean square phase fluctuations for an observation with the Mi-yun Synthesis Radio Telescope on
August 26, L986, as a function of interferometer baseline B (meters). The curve shows the best fit of the filter

function Q(B, ¥) obtained for K, cosec ¥ = 0.0067 m™". The calculations for K, cosec y = 0.0074 m~! and
K, cosec ¥ = 0.0061 m™! are indicated by (2) and (3), respectively.
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Figure 11 presents the mean square phase
fluctuations at about 2 h UT for this observa-
tion as a function of baseline. It shows a grad-
ual increase in phase fluctuations with base-
line, which deviates from a linear relationship
which we expect for «simple» refraction ef-
fects (Spoelstra, 1992a). In addition, we plotted
the best fit of the function Q(B %). This fit
holds for k, cosec ¥ = 0.01 m™". In addition
we plotted in fig. 11 the calculations for x,
cosec ¥ =0.011 m™! and K, COseC Y = 0009

m™! (indicated by (2) and (3) respectively).

Figure 13 presents the mean square phase
fluctuations at about 4 h 30 UT on August 26,
1986 for Cyg A as a function of baseline. The
elevation angle was about 80°. Figure 13
shows a gradual increase of phase fluctuations
with baseline, which deviates from a linear re-
lationship which we expect for «simple» re-
fraction effects (Spoelstra, 1992). In addition
we plotted the best fit of the function Q(B %).
This fit holds for &, cosec W = 0.0067 m™'. In
addition we plotted in fig. 13 the calculations
for &, cosec y = 0.0074 m™' and K, cosec
v = 0.0061 m™' (indicated by (2) and (3), re-
spectively).

We note that the dimensions we derived
from this analysis are typical for the scales of
irregularities causing amplitude and phase
scintillations (Booker, 1979). This analysis
suggests also that the irregularities occurred in
the lower areas of the F, layer. _,

From fitting the functions (B, %, v) and
Q(B %) to the data we estimate the accuracy
with which the characteristic horizontal scale
can be obtained conservatively as 10%. The al-
titude of the irregularities can be estimated
with an accuracy of about 30%.

6.5. Observing intense scintillation

In the case of intense scintillation, multiple
scattering effects become important. Let us as-
sume a region of random irregular electron
density structure located from z = 0 to z = L,
i.e. its top-side and bottom-side, respectively.
A time-harmonic electromagnetic wave is inci-
dent on the 1rregular slab at z = 0 and received
on the ground at (7, z). In the case of strong
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scintillation the forward scattering assumption
of the field at any height z depends only on
those irregularities in the region z < 7" and as
the wave propagates in the random medium for
a distance much greater than the longitudinal
correlation distance of the fluctuating part
characterizing the random variations caused by
the 1rregular1tles of the dielectric perm1tt1v1ty
& (7, 1), the field varies only a small amount in
the correlation scale of sl(r, 1), in the z direc-
tion.

Without scintillation the ideal output of an
interferometer with elements 7/ and J can be
written as elation (6.3). Following Yeh and Liu
(1982) we write for the coherence function

L,(F, 7, v, 2) =<U(7, v, 2)- U (7', v, 2)> =

=Ry exp (-%DM(?—?')) (6.18)

where U* is the complex conjugate of U the
optical path structure function DM,(r— r’) is
defined by Yeh and Liu (1982) as

Dpy(F=7") = 2C%Z[Apn(0) = Apy (F = 77)]
(6.19)

where C = ¢/(2mey,@?), e is the electronic
charge, m is its mass, &, is the free space per-
mittivity, @ is the circular radio frequency
and

+00 400

An(P) =21 j _[ DA,y (K,, 0)exp (K, - 7)dK,

(6.20)

in which @, y(x,, k;) is the three dimensional
spectrum of these density fluctuations. Here
the z direction is along the line of sight. , is
the wavenumber of the fluctuations perpendic-
ular to the line of sight.

The coherence function I, for two interfero-
meter elements / and J can be written (follow-
ing the commonly used definition) as

L7, 7, v, 2) =<U7), v, 2) -

UF;, v, ) UX(F', v, 2)- US(F7), v, 2) >
(6.21)
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Then
or

J , ,

Szi =5k [V12+V3—V12—V12]F4+
1 7 ’
_Z [DA¢(71— 7 )+ DA¢(?1_ 7 )+
+DA¢(?J_ 7)'1) +DA¢(?J— ?,J) +

=Dug(F1= 7)) = Dpg(7/; = 7' )IT, (6.22)

82
—+
Xi

0’ n_ 0 + 8_2
9y'; , o ox'; 9y’;
DA¢(7) is the structure function for the phase
fluctuations defined in eq. (6.18), Assuming
that the interferometer baseline B = (7,- 7,)

and 5, = (7,—?’,) we may rewrite relation
(6.21) as

where V?= and

or, _

j 7’ ’
% ——EE[V%+V3—V12—VJZ]F4+

1 = Z =
- 2L [DA¢(:~11) + DA¢(B +5)+
3 2 =
+DA¢(—B +E) + DA¢(:JJ) +

- - o -
~Dap(B) = Dyg(B—E;+Z,)ITy.  (6.23)

In radio interferometry the correlation of sig-
nals from the same source can be done if the
signals are collected by coincident parts of the
antenna patterns of the different interferometer
elements. When scintillation is present and the
near field effects are also taken into account,

we assume random variations caused by the
= —
Isotropic irregularities we may take Ep=E,=

Z, so that relation (6.22) becomes

or, Y
—8Z—4 = —]—“22/) [Vi+Vi-V2-V2T, +

_Tm

- - o
5L [ZDM,(E) +Dyy(B+E) +

- :) —
+Dpy(-B+E) - 2D,s(B)]I T, (6.24)

where Y(y) is a function of the factor y for the
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near field corrections. We emphasize that the
approximation in relation (6.24) is valid since
correlated output is produced for all coherent
contributions which enter both beams simulta-
neously. Near field contributions affect the
measurements only if they appear in the over-
lapping parts of the both beams. We note that
y=1forB=0and y=0if B> {u (since
physically it cannot become negative). Because
YV is a function of altitude (since the horizontal
cross section of the antenna beam depends on
altitude) we introduce a function Y(y) to take
into account the correlated contributions along
the line of sight.

For weak scintillation Y'(y) = y?, which cor-
responds with the thin phase screen approxi-
mation. In the case of intense scintillation

1
Y =3 Wet+ Ymg-0) (629

as can easily be seen from Spoelstra and Yang
(1995); here {., is the altitude of the topside
of the irregular electron density structure and
g the bottom location (depending on the base-
line B) within this structure while 0szs L
We can write £ as

Cz = gmax -L
for 0 BS ({puy— L) (tan B, + tan B (6.26)

and
= B 6.27)

tan 3; + tan 3,
for ({pax—L) (tanB;+tan ;) £ B <
(tan f3; + tan f3;), which implies
for these baselines.

Using the definition of eq. (6.19) we may
rewrite formula (6.18) as

Cmax

that o =0

+00 4oo

DA¢(7—?’)=4EC2z[J. j%@, 0)d%k, +
400 4oo

- [ Jon® 0epi %, 12—

—0c0 —oo

(6.28)
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so that eq. (6.24) becomes

oIy _ JY'(V)

Vz
0z T

I=VIi-V AT+
—4nC (”) [2{_[ J'q>AN(;<,0)d2x,,+

—oc0 —oo

+00 4oo

- J J(DAN(?I,, O)exp(j?p

—o00 —oo

- E)d’K,} +

+o0 400

+{J' _|'<1>AN(?p,0)d2;<p+

—o0 —oo

+00 oo

—j j(bAN(?c 0)exp (i %, - [B+E] d?, 1+

—00 —o00

o0 4oo
+{J j@m(?p,omzxﬂ

400 oo
—
- J' IQM(?p, 0exp(j %, - [~B+E] d’c }+
400 400
2 | [ o, 07+

—_[ jebAN(?cp,O)exp(ﬁp.B)dzx,,}]n.
(6.29)

If we observe point sources, i.e. if the incident

wave front is flat, V; = 0 and we can set Z =0
in (6.24) without loss of generality. Then
eq. (6.29) becomes

E)F4 _
0z

—o0 —oo

rey)

—4nC
2L

-, e )
J.(IDAN(K,,, 0)exp(jK,  B)d K, +

J @ (%), 0)exp(j %, - B)d?k, | T,
(6.30)
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which has the form

I
2L

ar,

—_— = E(r,, rJ)F4 (631)
0z

For a power-law irregularity spectrum of the
form

Doy (X,) = CHI K, [ (6.32)

we can write (analogously to Yeh and Liu,
1982):

- YT, j _[ % [(1 - cos %, - B)d’,
(6.33)

daly

0z

—o0 —oo

and with an initial condition Iy =R} at z=Z =
=0 (i.e.,, for a wave incident at the top-side
of the irregular electron density structure). For
z > L (i.e., for a wave emerging from the bot-
tom-side of the irregular electron density struc-
ture), eq. (6.33) becomes

o,

0, forz>L (6.34)

0z

with T’y at z = L as its «initial» condition, im-
plying that T, is not a function of z for z > L.
This means that the signal emerging from the
bottom-side of the irregular electron density
structure is the incident signal affected by the
medium as expressed by I,.

The solution of eq. (6.33) must be indepen-
dent of the irregularity strength and the geome-
try since it is dimensionless. The relation be-
tween I'y and the scintillation index S, can be
expressed as

S4—Y'(y)( .G, B)—l) (6.35)

This expression shows that the scintillation in-
dex is a function of z and B. The scintillation
index S, is an observational parameter which
can be determined as a function of interferom-
eter baseline B. The baseline dependence of
S is proportional to the function Y(y).
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6.6. Intense scintillation observations

If the beams of the two interferometer ele-
ments are equal, eq. (6.5) simplifies to

Y= 2 arccos (—B—) +
b4 2{tan B

_( )ztan {arccos(zggnﬂ)}] (6.36)

where 2f3 is the half-power beamwidth of an
interferometer element. The geometry for beam
coverages of interferometer elements is given
in fig. 14.

Observations of intense scintillation with the
OSRT as a function of east-west baseline are pre-
sented in fig. 15a,b for a source at right ascension

B
2{tan 8

0 (1950.0) = 11 h 17 min 40.0 s, declination &
(1950.0) = +13°5206.0”. This example is arbi-
trary and many more can be added.

From eq. (6.35) it is obvious that differ-
ences of the observed Sf from the £uncti0n ()
which are a function of baseline B, depend on
the interfergmeter response R, and on the func-
tion I';(z, B). If the observed radio source is a
perfect point source R, is independent of inter-
ferometer baseline. Assuming that this case is
valid for the examples studied, or taking a
more realistic approach by assuming a very
weak baseline dependence of R, deviations of
S; from Y(y) reflect the function T,(z, B)
which implies that we may experimentally esti-
mate this function by using radio interferome-
try. Or we may state that in the case of intense
scintillation the baseline dependence of 57 and
of Y(y) are the same, provided the influences
of I'4(z, B) are known. This similarity differs

{tan g,

¢ tan g,

Fig. 14. Schematic diagram showing the coverages of the beams of interferometer elements with identical
beams through the irregular electron density structure.
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Fig. 15a,b. a) Observations of intense scintillation with the OSRT as a function of east-west baseline are pre-
sented for a source at right ascension ¢ (1950.0) = 11 h 17 min 40.0 s, declination & (1950.0) = +13°52706.0".
Observing date: 27 October 1985. Observing time: 15 h 06 min UT. The function Y(y) for &, = 850 km and
L =700 km is given by the curve (1). Curve (2) gives the calculations for (. = 250 km and L = 100 km.
b) as (a). Curve (3) gives the calculations for {,,, = 600 km and L = 400 km and curve (4) for &, = 800 km
and L = 400 km.
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from the case of weak scintillation (Spoelstra
and Yang, 1995).

If the irregularities causing the scintillation
are aligned along the geomagnetic field (e.g.,
Kumagai, 1987), we rewrite eq. (6.33) as

+00 400

-ron [ [iR

—oco —oo

*[1 = cos (k, B cosec ysin Tcos §)] d*k,  (6.37)

ar,

0z

where y is the angle between the long axis of
the irregularities (we assume that they are not
spherical) causing scintillation and the local
meridian (i.e., ¥ is the geomagnetic declina-
tion). Given these dependences the deviations
of 57 from Y(y) manifest the dependence of T,
on both z and B. This is implied in the differ-
ences between e.g., the OSRT data and the cal-
culated Y(y) values. We may assume that for
B = (Guax— L) (tan f; + tan fB)) the value for Z in
I’y does not vary, so that then the dependence
of I’y on B may be estimated (if possible). For
(Cmax - L) (tan ﬁl + tan :BJ) é B= Cmax (tan_)ﬂl +
tan f3)) the dependence of T, on z and on B are
coupled.

In fig. 15ab the function Y(y) for &, =
850 km and L = 700 km (i.e., a very large part
of the ionosphere is taken) is shown for base-
lines up to 5 km for the OSRT. We note that
the baselines used were not large enough to
give a full account of function T'y(z, B), since
we expect from eq. (6.35) that for z = 0 S7 = 0,
which has not been observed. This indicates
that for (., = 850 km Y(y) = 0 for baselines
B 2 100 km in the case of OSRT measurements.
Since these baselines do not exist, it is under-
standable that OSRT observations will suffer
severe scintillation (if present) at all baselines
with S, almost independent of interferometer
baseline. This estimate is, however, rather
rough since it depends very much on the fit of
Y(y) through the data, which is a function of
Cmax and L as is shown in fig. 15a,b. Figure
15a,b illustrates that Y(y) is more sensitive for
Cmax —L) with fixed L, i.e., the minimum value
of {(= ), than for a fixed value of Cnin
while both §, and L vary. Thus &, mainly
determines Y(y) for a given baseline and
beamwidth.
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The GMRT is a two dimensional array con-
sisting of 30 telescopes each with a diameter of
45 m has baselines up to about 25 km. The geo-
magnetic latitude of this station is about 7.5°,
le., in the region of the equatorial anomaly.
This means that the observations at this station
will suffer severely from the equatorial iono-
sphere. Considering the ionospheric conditions
during the OSRT observation given in fig. 15a,b
the GMRT would need at a frequency of 327
MHz baselines of at least 15 km to achieve a
condition of Y(y) = 0. For the lower frequen-
cies at which this instrument will operate the
baseline at which Y(y) = 0 would need to be
proportionally longer.

6.7. Concluding remarks on scintillation

Radio interferometry turns out to provide a
powerful tool to determine structural informa-
tion in terms of space and time of small scale
ionospheric irregularities causing amplitude
and phase scintillation. In particular, the de-
pendence of the measured scintillation index
and the mean square phase fluctuations on in-
terferometer baseline turns out to provide a key
parameter. This is especially the case when
these parameters are measured for a range of
different interferometer baselines. We note,
however, that our analysis of some data is still
very simple and that the estimates for the hori-
zontal scale sizes are highly dependent upon
the angle and the degree of alignment between
the irregularities and the geomagnetic field.
Furthermore, the parameter w may also vary
within the antenna beams. To imply this means
that all integrations over K, have to be per-
formed over y as well. In case a two dimen-
sional interferometer is used, reasonable esti-
mates for y can also be made. Furthermore, ra-
dio interferometry may provide a tool to deter-
mine the structure function I'4(z, B) affecting
the transionospheric radio signal to suffer from
intense scintillation.

From this simple analysis in the present pa-
per we conclude that the ionospheric irregulari-
ties causing scintillation may occur in the
lower parts of the F,-layer. The spatial scale of
irregularities causing amplitude scintillation is
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of the order of about 25 to about 500 m. Phase
scintillations are caused by irregularities with
dimensions which are an order of magnitude
larger. These results are well in agreement with
results obtained by other investigaters (e.g.,
Booker, 1979).

Although the examples discussed above
have been selected arbitrarily, we have taken
them, on the basis of scintillation occurrence,
of course. However, there are indications that
during these events the geomagnetic field was
significantly distorted (Cander and Jodogne,
private communication).

A second result of this analysis is that in-
tense scintillation, which is a common phe-
nomenon at low geomagnetic latitudes, cannot
be avoided by using long baselines, unless very
long baselines are used. If the baselines be-
come of the scale of those used in VLBI it re-
enters the data again as scintillation effects in
signals from the individual interferometer ele-
ments.

7. Quiet/disturbed conditions in the
ionosphere

In the evaluation of the results of the analy-
sis of the climatology of ionospheric irregulari-
ties (sections 5 and 6), an important question is
the definition of a «disturbed» condition of the
medium. Initially one may say that «disturbed»
means «everything deviating from the expecta-
tions». These expectations, however, have to
be based on a priori experimental knowledge.
Implicitely they depend on some instrument
used, usually in particular an ionosonde. The
fact that the antenna beam of an ionosonde is
typically about 45° or more implies that this
instrument is not sensitive for effects of iono-
spheric irregularities of smaller angular scale.
The a priori experimental knowledge depends
of course heavily on the application. Extrapo-
lating from the usual ionosonde data, we define
«quiet» as the monthly median values of pa-
rameters derived from ionosonde measure-
ments since these imply a smooth condition.
Then «disturbed» may be defined as deviations
from these monthly median values. One may
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object that the period of a month is too long:
this has been taken to enable the detection of
disturbances with a duration of the order of
days, e.g., manifestations of magnetic storms.

The next problem involves a quantity which
indicates a «Disturbance Measure», DM, to ex-
press how severe the disturbance is. It is clear
that the effect of the DM on the experimental
data depends on the frequency and technique
used. The frequency dependence of DM is re-
lated to the frequency dependence of the re-
fractive index. The dependence of DM on the
technique used is related to the extent that spe-
cific propagation effects can be detected with
the application used.

If we use the definition for «quiet», which
is of course also dependent on the geographic
location of the used instrument, we may define
the «disturbance measure» as the magnitude of
the variations of the gradients in the iono-
spheric electron density distribution. This is
justified since disturbance as a concept means
always «something» superimposed on «some
parameter». In propagation matters the magni-
tude of the variations are of most concern in
discussions about the «quietness» of the
medium. On the other hand, when using the
expression «variations of the gradients in the
ionospheric electron distribution» we account
for the quantitative deviations from the refer-
ence parameter, i.e., the monthly median val-
ues of parameters derived from ionosonde
measurements. Thirdly, a dependence on time,
e.g., to cope with day or night values, should
not be included explicitly in the definition it-
self since the parameters referred to in the defi-
nition are a function of time by nature. Since
the reference for DM consists of the monthly
median values of ionosonde data, DM refers to
deviations from these in terms of vertical elec-
tron content quantities.

As an example (in particular applicable to
connected element interferometry), the Distur-
bance Measure, DM, at some specific moment
is the amplitude of the variation in gradients in
TEC derived from interferometer phase mea-
surements.

Connected radio interferometers such as the
WSRT are primarily sensitive to horizontal and
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vertical gradients in the ionospheric electron
distribution (Spoelstra, 1983). The Oth order
effects which are related to parameters derived
from ionosonde measurements cannot be de-
rived from the interferometer data directly.
Therefore, the variations in interferometer
phase translated in terms of variations in jono-
spheric electron density are manifestations of
the disturbances on the quiet ionosphere. As a
function of time the amplitude of these varia-
tions indicates directly how severe the distur-
bances in the ionosphere are. The frequency of
occurrence as a function of time indicates the
probability that the disturbed condition of the
ionosphere is to be expected. Estimates of the
frequency of occurrence are directly associated
with the amplitude of the variations, since one
may want to know the frequency of occurrence
of variations above some specified threshold or
above some specific DM.

1.1. Quiet and disturbed periods

Figures 16 and 17 show the fraction of time
that the ionosphere is disturbed with a noise
above a certain disturbance measure threshold.
For fig. 16 this threshold is 10"'m™, for fig. 17
it is 2 10" m™, This fraction of time is given
as a function of time in the day per season as a
function of year. For the frequency of occur-
rence of TIDs the reader is referred to section
5.1. The enhancements in a number of seasons
and years (e.g., the Summer periods in the
early 70s) may suffer from tropospheric effects
in 21 cm observations as discussed in the pre-
vious section,

We observe that noise in interferometer
phase larger than 10° interferometer phase at
49 ¢m wavelength and a haseline of [.5 km
(corresponding with about 7 x 10" m™) is a
common phenomenon. The instrumental noise
in interferometer phase is about 0.5° at
this  baseline corresponding  with about
0.4 10"m™>. For a DM level of 2 x [0 3
the fraction of time that the ionosphere is dis-
turbed with noise shows a pattern very similar
to the results of the frequency of occurrence of
TIDs (Spoelstra, 1996). This implies a com-
mon origin for both phenomena.

ionosphere and radio interferometry
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Fig. 16. Fraction of time that the ionosphere is dis-
turbed above a certain disturbance measure. DM. In
this figure this level is 10"'m . This fraction is
given as a function of time in the day per season as
a function of year. The horizontal axis indicates the
time in UT hours. The ordinate indicate the year.
The fraction is represented in %: the values are ex-
pressed by grey scale levels, The grey levels inter-
vals are: 20-30, 30-40, 40-50, 50-60, 60-70, 70-80,
80-90 and > 90 %. White indicates that there are not
enough data for that bin.
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Fig. 17. Same as fig. 10ab, but for a DM level
of 2x 10"m™. The grey level intervals are: 10-20,
20-30, 30-40, 40-50, 50-60, 60-70, 70-80 and > 80%.

Combining these data and those of section
5.1 we conclude that disturbances in the iono-
sphere are a common phenomenon. However,
in Winter time the effect maximizes in daytime
i.e., around local noon. The pattern for the
Spring, Summer and Autumn is much less pro-
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nounced while during several years any sys-
tematic pattern may even be absent.

This conclusion implies that in operational
conditions the problem is not when the iono-
sphere is quiet or disturbed but which DM is
acceptable for the application considered. Or:
which DM gives an error in the results of the
application within accepted tolerances.

It is not possible a priori to give a general
answer to this question, also not in radio as-
tronomy where the tolerance depends on e.g..
the observing technique and calibration method
and possibilities. What certainly is possible is
to query the present results more explicitely in
view of the application considered and to de-
termine an expectation of the effect on the re-
sults. To that end climatological data like those
presented here should be included in dynamic
ionospheric models.

8. Correction for ionospheric effects

Usually one is not satisfied with data af-
fected by propagation effects. If possible one
prefers to correct for these effects. In this sec-
tion we describe correction procedures for
ionospheric refraction and ionospheric Faraday
rotation. A correction for ionospheric refrac-
tion should include estimates of both horizon-
tal and vertical gradients in the electron density
distribution. The accuracy of the available
tonospheric data forms the basic limitation of
the possible corrections.

Interferometric phase errors due to refrac-
tion can also be translated into errors in time
delay, 7. and fringe rate, f (= vd¢/dr). Also a
procedure to correct VLBI observations for
ionospheric refraction as suggested by Spoel-
stra (1984a.b) to indicate to which level this ef-
fect can be corrected by using total electron
content, TEC, data. A discussion of the influ-
ence of the ionosphere on VLBI observational
parameters and a correction procedure is re-
viewed in section 8.3.

8.1. Faraday rotation

Since the ionosphere is a magnetoionic
medium the ionosphere is a doubly refractive
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medium. It will support two orthogonal circu-
larly polarized waves travelling with slightly
different phase velocities. The ionosphere af-
fects the state of polarization in the sense that
the polarization ellipse is rotated. This is Fara-
day rotation, which also varies in inverse pro-
portion to the observing frequency squared.
Faraday rotation does not depolarize an ar-
bitary ray — it is manifest in the interferometric
amplitudes (section 4).

The correction for Faraday rotation is deter-
mined by eq. (4.9). In eq. (4.9) both the com-
ponent of the geomagnetic field along the line
of sight and the electron density integrated
along the line of sight have to be known. For
the geomagnetic field a model like the Interna-
tional Geomagnetic Reference Field may be
used to sufficient accuracy. The slant total
electron content can he determined from jono-
spheric  soundings (section 9). By using
eq. (4.9) the correction is straightforward.

8.2. lonospheric refraction: corrections for
local interferometry

8.2.1. Basic relations

The description of the influence of the iono-
sphere on the astrometric accuracy of radio as-
tronomical observations may be simplified by
the assumption that the process can be split
into two independent parts:

1) refraction due to a spherically symmetric
ionosphere;

2) (spatial and temporal variations of) re-
fraction due to irregularities in the electron
density distribution in the ionosphere.

In this discussion we use a spherical coordi-
nate system, r, A,, f, with origin at the centre
of the Earth, where A, is the longitude mea-
sured eastward from the observer and B, the
geographical latitude. The determination of the
electron density, N, as a function of the coordi-
nates is in general restricted to an estimate
of the columnar electron content (also called:
column density), N,. Note that N, is also called
the slant total electron content.

Refraction causes a shift of the position of
extra-terrestrial objects on the celestial sphere:
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i.e., of the celestial coordinates o (right ascen-
sion) and & (declination). ¢ is measured paral-
lel to the celestial equator. & is measured per-
pendicular to the celestial equator (the celestial
North Pole is at § = +90°).

An expression for the total refraction due to
a spherically symmetric ionosphere has been
given by e.g., Hagfors (1976). According to
Chvojkova (1958a,b) and Komesaroff (1960)
the apparent change of declination for a source
at transit due to the spherical component of re-
fraction, Ad,, can be written as:

df;

Ab, =~
2r, v

sec?ky,, tan kq,,

. 8.1)

where ko, is the zenith angle at height r,,, the
height of the maximum electron density.

The geometry is sketched in fig. 18, where
several symbols are also defined. The apparent
change of declination due to the horizontal
electron density gradients, the «wedge compo-
nent», Ad,, is given by Komesaroff (1960) as

_d(0)sec? ky,, d(fD)

A8, .
2r, + %d w2 dp;

8.2)

The parameter w(o) is given by

3 [U+0) [A+Vo
(o) = = —1n —|-1| 8.3)
40| 2o ((1—\/0))
where
2
0= = sec? ky,,. (8.4)

For values of o lying between 0 and 0.5, & (o)
lies between 1 and 1.3. The change of right as-
cension depends (according to Komesaroff,
1960) to first order only on the east-west gradi-
ent in the electron density. He derives for this
change the relation

_ d o (0)sec Ssec @, secky, d(f2)
20r,+3 d)v? i,

Act (8.5)
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Fig. 18. Path of a ray through the ionosphere to an observer located at geographic latitude ®. The equatorial

plane is at @ = 0°. (Not to scale) (based on Komesaroff, 1960).

To a sufficient accuracy ¢, can be written as As long as
cos 6
g—n+%d -l
sec ¢, = sec B, | 1 - tanky,, tan ¢ | ————]| - COS I,
m

relation (8.6) has an accuracy of about 5%.

(8.6)

The accuracy of (Ad,+Ad,) is about 10% for
sources up to about k = 45° assuming that
vi2 (fo F») sec kg, which is certainly the case

8.2.2. Discussion

cosky, <1

for WSRT observations.
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An additional correction to get quantita-
tively the right corrections was found by taking
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into account the vertical structure in the spheri-
cally symmetric component of the ionosphere
(Spoelstra, 1983). Let the function N(r) he ob-
tained by distinguishing four zones within the
Fy-layer (see fig. 19 for definitions). In this ap-
proximation we write for a zone:

fo=0+pr+0.5¢r* (8.8)

were O, p and g are model parameters and 7 is
the distance to the centre of the Earth. Then

d(f)
dr
In the present simple case the parameters p and

q can be expressed per zone in a relation of the
form

=p+qr. 8.9

25f2r
= 8.10)
TS T S
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_____________________ -
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7 Earth surface X
I rpz
)
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Fig. 19. Schematic presentation of vertical gradi-
ents in the electron distribution. The scales are arbi-
trary. Geometrical parameters are indicated.

Table IV. Indexed variables eq. (8.13).
—h‘%

Zone )4 q K 2] 123 r3
1 P1 q1 -1 Ty T, 'm
2 P2 92 -1 I'm rpl 3
3 D3 g3 +1 Fin Ty, r
A R
and
-P
q= T (8.11)

With the aid of table IV results can be obtained
for the different zones. Then one can find that
for zone i Aot due to refraction in the regular
ionosphere is (De Munck, private communica-
tion)

o 1, sin kg, A

7 (8.12)

with

A=|p1 d . 1)z
=|p: . + — +
Pt r, sinkg,, (re2 sin? &,

. Ty 1
+4;r, SInk()m #—-1 2+
. sin” ky,

ri 1
+H = -1)2% +
7, sin” ky,,

(8.13)

Ty
+ |piIn -
pi 7, sin kg,

: T 3
+q,-resmk0m #—1 2 .
r, sin” ky,,

Table V gives the appropriate values for the in-
dexed variables in relations (8.12) and (8.13)
for the four zones.

The correction procedure has been tested on
WSRT observations (Spoelstra, 1983). Since
the WSRT is aligned along an east-west line
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Table V. Indexed variables eq. (8.13).

i r; e
1 Ty Ty
2 T'm Tp
3 Ty, T
4 T T,

the «horizontal» errors are mainly due to the
regular spherical component of the ionosphere
and east-west gradients in the electron density.
Ionospheric refraction may then be described
by relation (8.5). Here the gradients appear in
this relation as d (f7)/dA,. The f,F, information
is usually available every hour and is thus not
known continuously enough to calculate the
gradients with the time resolution of the astro-
nomical observation. Since gradients in 4, are
equivalent to gradients in time, relation (8.5) is
approximated by assuming

df) _ AR

8.14
d/lg Ar ( :
where
A(£2
g)ﬂaﬂﬁnwnnﬁﬂmW+

—[0.5{fy F() +fy F,(t= D}? (8.15)

and fyF,(¢) is the critical frequency of the F,-
layer at time ¢ (¢ in integer hours). If only in-
formation from one ionosphere station can be
used we are basically only able to account for
horizontal east-west gradients in the electron
density (or their equivalent as expressed by re-
lation (8.14). This approximation is valid since
the relatively large scale of horizontal varia-
tions in the electron density is several hundred
kilometers. After correction deviations of the
order of 1” at decimeter wavelengths from the
«true» astrometric position remain for the
WSRT.

Komesaroff (1960) applied relations (8.1)
through (8.7) to a number of discrete source
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observations taken with the Sydney 19.7 MHz
Mills Cross with a beamwidth of 1.4°. His cor-
rections for ionospheric refraction were mainly
based on data from a number of ionospheric
sounding stations close to the 150° meridian
and 800-900 km apart. These formed the basis
for the calculations of f; and north-south gradi-
ents. His results showed a very good improve-
ment in declination. But after correction a sys-
tematic displacement in right ascension of
about 3™ remained.

With this procedure to correct for iono-
spheric refraction it is possible to improve ra-
dio astronomical observations, except when
ionospheric data show defects, irregularities at
time scales less than the sampling time for the
ionospheric parameters, and the correction
needs to be determined for observations done
during a few hours around sunrise (when the
plasma is heated and vertical changes of this
plasma occur).

8.3. Ionospheric refraction: corrections
for VLBI

8.3.1. Basic equations

In general we cannot determine the values
of the time delay, 7p, and fringe rate, f, at any
instant exactly when these are affected by re-
fraction, due to several effects: e.g., the rota-
tion of the Earth; averaging over a finite inte-
gration time, and sampling the data at discrete
time intervals rather than continuously; un-
known offsets in time and frequency; effects
due to the Earth’s atmosphere (e.g., Cohen and
Shaffer, 1971).

The observed time delay 7, between two el-
ements of the interferometer is given by

B . .
Ty = sindsin 5+

+ g cosdcos ocos (0t—h) + AT.+ A1, (8.16)

where (d, h) is the orientation of the baseline,
A7, denotes the influence of clock errors, of the
rotation of the Earth, etc., and atmospheric er-
rors (i.e., due to troposphere and ionosphere)
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are included in A7,. Equation (8.16) can also
he written as

l l
Ty = ?I sin & + ?2 cos §cos (a—h) + AT, + AT,
(8.17)

where [, = B sin d and I, = B cos d. The rota-
tion of the Earth causes 4 to vary with time.
The rate of change of the delay 75 is given

by
dtp
dr

L
c

cos 8sin (cr— h) %. (8.18)

Then the fringe rate f due to the Earth’s rota-
tion is

_dh v
dt €

ar, .
f= TID I cos dsin (- h) =

=—Q17’) cos §sin (o — h) (8.19)
where Q is the angular velocity due to the
Earth’s rotation. Then the observed fringe fre-
quency can be written as

Jovs = =Q1’; cos Ssin (o — h) +Af,+Af, (8.20)

where Af, denote the influences of clock er-
rors, of the rotation of the Earth, etc., while at-
mospheric errors are included in Af,.

If we neglect the influence of the tropo-
sphere relations (8.17) and (8.20) describe the
influence of the ionosphere if we neglect the
influences of clock errors, of the rotation of the
Earth, etc. (i.e., A7, = Af. = 0). The terms Az,
and Af, can be expressed in terms of the
changes in o and § due to (ionospheric) refrac-
tion. Aa and A respectively. If the true values
of @ and 6 are written as oy, & we can rewrite
eq. (8.17) as

l
Tp = Fl(sin50+A5cos &) +

l
+?2 {cos & c0s (0 — h) — Aoccos &, sin (0 — h) +

—A&sin &) cos (o — h)} (8.21)
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and relation (8.20) as

Jobs =—Q1'; {cos & sin (g—h) +

+A0rcos & cos (0 — h) — ASsin &, sin (0 —h).
(8.22)

The terms A7, and Af, in relations (8.16) and
(8.17) can now he written as

l
At, = %Aécos &+

- le {Aaccos & sin (0 — h) + Adsin & cos (0p—h)}
(8.23)

and
Aﬁ,:—Ql’z{—Aacosd)cos((xo—h)+

+Adsin & sin (0 — )} (8.24)
where o and &, give the true source posi-
tion.

The basic relations for the determination of
Acr and A6 due to ionospheric refraction were
given by e.g., Spoelstra (1983). Relations
(8.23) and (8.24) can be used as a description
of the influence of ionospheric refraction on
observational parameters of all interferometer
systems including VLBI.

In VLBI an important problem is that the
line of sight for each element of the interfero-
meter points through a part of the atmosphere
whose physical state is uncorrelated with that
of all other elements. If we assume that to first
order the refraction is the arithmetic mean of
the contributions by the atmosphere above
each of the n interferometer elements, Ao, and
A& can be written as

1 n
Ao==3 Aoy and AS=

n
i=1 i=

1
7 21 Ad;.
(8.25)

Here Ao and Ad indicate the magnitude of the
total refraction error; the corrections are ap-
plied to each interferometer independently.
For each element A can be derived using
the method described in section 8.2. The
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F,-layer of the ionosphere dominates iono-
spheric influences at the frequencies used. The
columnar electron density, N, of the F,-layer
can be derived from observations of the critical
frequency, foF, of the F)-layer. The fyF, val-
ues can be derived from ionosonde observa-
tions. Since east-west gradients giving rise to
Ao are equivalent to gradients in time, con-
tinuous time series of fyF, observed at an
ionosonde station close to an element of the in-
terferometer (e.g., at a distance less than 100-
200 km) are needed to calculate A for the line
of sight of that element (Spoelstra, 1983).

The determination of AS cannot be made
with the simple assumptions used for the cal-
culation of Ac. Komesaroff (1960) determined
the north-south gradients giving rise to Ad
from observations by a network of ionosonde
stations. More accurate information on gradi-
ents in the ionospheric electron density distri-
bution is of course provided by satellite data.

When Ao and AS are determined in this
way, the corrections given by relations (4.6)
and (4.7) can be calculated.

8.3.2. Application and discussion

Tonospheric refraction affects the astromet-
ric accuracy of radio astronomical observa-
tions. The errors can easily be in the order of
several seconds of arc. These position shifts
may influence identification with sources at
higher (i.e., optical) frequencies, while features
in extended objects may change in position and
structure due to ionospheric refraction. Varia-
tions of ionospheric refraction on a time scale
less than the one at which the corrections are
applied may show up as spokes around point
sources (e.g., Hinder and Ryle, 1971). It is pos-
sible to clean the maps for these disturbances
by other techniques, e.g., by using model fit-
ting or closure phase techniques (e.g., Noor-
dam and De Bruyn, 1982). These procedures
may result in fine images of the observed field,
but cannot improve astrometric accuracy.

Spoelstra (1995) showed that with the aid
of the method described here, the time delay
errors, At,, and fringe rate errors, Af,, can be
calculated with an accuracy of a few centime-
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tres for 1000 km baselines if a network of both
ionosonde and satellite tracking stations «co-
located» with the VLBI stations, is operational
during the astronomical observations. On the
basis of the information provided by these
ionosphere stations the VLBI observations can
be corrected adequately. This will improve the
absolute astrometric accuracy of the results.

Using the approach by Spoelstra (1983) as
summarized in section 8.2.1 we are able to cor-
rect for these errors with an accuracy of typi-
cally 15%. This accuracy is also reached when
values for N are used which have been deter-
mined from differential Doppler observations
of navigation satellites. The accuracy of N is
typically 10% (Leitinger et al., 1975; Leitinger
and Putz, 1978).

The dual frequency technique has the ad-
vantage that for the calibration, correction and
reduction of the data no additional information
about the ionosphere is necessary. But in case
celestial sources are observed an error may oc-
cur if the spectral index of the observed radio
waves varies over the source. This method is,
however, not commonly used in VLBI cam-
paigns since only a limited number of VLBI
stations is equipped with this facility.

9. Determination of ionospheric electron
content

The most important parameters for correc-
tions for ionospheric effects are the electron
content integrated along the line of sight and
gradients in the electron density distribution
perpendicular and along the line of sight. This
slant total electron content, or slant TEC, and
the gradients mentioned cannot be measured
directly. However, by means of vertical and
oblique sounding techniques measurements can
be made of the critical frequency of the differ-
ent ionospheric layers and other ionospheric
parameters. This is especially true for the criti-
cal frequency of the F, layer, fyF,, which is
relevant for radio astronomy interferometry.
Other techniques which inform us on the iono-
spheric electron density distribution are satel-
lite-bound, like Faraday rotation of the polar-
ization angle of the signal transmitted by the
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satellite, differential Doppler measurements us-
ing dual frequency satellite beacon signals and
range measurements by means of satellite sig-
nals. These data also contain information on
the ionospheric electron density distribution.

In this context it is important to know that
the instrumental beamwidth used by vertical
and oblique sounders is several tens of degrees
(typically 40°-60°), which implies that only the
very large scale electron distribution can be
monitored. Usually these sounding measure-
ments are done hourly, which is usually suffi-
cient given the beam of the instruments used.
Satellites have small angular dimensions in the
sky, so satellite measurements are basically
measurements of discrete point sources. This
implies that satellite measurements can provide
significant information on the small scale spa-
tial and temporal variations in the ionospheric
electron distribution.

Vertical and oblique sounding techniques
inform us mainly about one side of the iono-
sphere: the bottomside for Earth-based experi-
ments and the topside of space-borne experi-
ments. Since the satellites commonly used for
probing the ionosphere fly above about 1000 km
there orbits are largely outside the ionosphere.
Therefore, they should give information about
the ionosphere electron content integrated
along the whole line of sight from the observer
towards the satellite.

9.1. Limitations of vertical/oblique sounding
measurements

Vertical and oblique sounding techniques
have the following important limitations:

1) they provide mainly information on one
side of the ionosphere as mentioned above as
e.g., foF,, values;

2) since the distribution of the ionospheric
electrons along and perpendicular to the line of
sight is not known the measured parameter can
only be converted into TEC information if a
model of the ionosphere is used. Often as a
model one assumes that the vertical distribu-
tion of ionospheric electron with height corre-
sponds to a parabola having a width equivalent
to the equivalent thickness of the ionosphere.
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The accuracy of the determination of the slant
TEC is then usually not better than about 15%;

3) given the large antenna beamwidths the
method is not suitable to determine small scale
electron density variations.

Satellite measurements might alleviate these
limitations. In principal they should provide
better ionospheric information especially when
they move well above the ionosphere.

9.2. Differential Doppler technique

Differential Doppler measurements can be
performed using the satellites of e.g., the
Navy Navigation Satellite System, NNSS. The
NNSS satellite system consists of five satellites
moving in polar orbits at 1100 km altitude.
They are transmitting coherently two signals at
frequency of 150 and 400 MHz. The phase
path of these signals is decreased due to the
presence of the ionosphere.

The phase path ¢y can he expressed as

1

On 2 +
where the optical path L = [,nds, v is the fre-
quency, 7 is time, A is the wavelength, ¢ the
speed of light and n is the real part of the re-
fractive index. The decrease of the phase path
due to the refractive medium, Ay, equals can
he expressed in units of the Total Electron
Content, TEC, as

VL

Vt=-—=+vt (Hz), ©.1)

_ 1.34x107
\%

TEC

Agy 9.2)

(Kelder and Spoelstra. 1984). The quantity
TEC can he expressed as

1
os k,

TEC= — [ Noyds=DN,.  (93)

where D is a geometrical factor (Leitinger and
Putz, 1978; Kelder and Spoelstra, 1984). A fre-
quency shift, Av, being the consequence of the
time dependent phase shift can be written as

_dAdy  1.34x107

Av
dt

d
o (TEC). (9.4)
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Thus the frequency shift is a direct manifesta-
tion of the variations in TEC (Leitinger and
Putz, 1978; Kelder and Spoelstra, 1984).
Every time the receiver locks to the signal,
the differential phase count starts at some num-
ber. In other words, for every satellite ‘pass
there is at least one unknown offset in A¢. An
unknown offset in A¢@ results in an unknown
offset in TEC. In systems where (Doppler) fre-
quency shift rather than phase difference is
measured, the unknown constant corresponds
to a constant of integration (frequency being
the derivative of phase). Considerable research
has been invested in methods to determine this
unknown offset (e.g., Leitinger and Putz,
1978). All these methods assume implicitely
that the ionosphere is an infinitesimally thin
layer at ionospheric height. The so-called one
station methods, with only one ground-based
receiver, further assume smooth variations (usu-
ally linear) of the electron content distribution.
The latter two assumptions are basically some
kind of a priori ionospheric model put into the
determination of TEC and its variations.

9.3. Range measurements

Other than by using differential Doppler
measurements of satellites of the Navy Naviga-
tion Satellite System, NNSS, TEC observations
can be made by range measurements of satel-
lites of the U.S. Global Positioning System,
GPS, and the Russian GLONASS system (e.g.,
Spoelstra, 1987a,b).

Both systems operate at a couple of L-band
frequencies. The center-frequencies for the dif-
ferent GPS frequency bands are: L1 = 1575.42
MHz, L2 = 1227.60 MHz and L3 centered at
1381.05 MHz. GLONASS operates at various
frequencies for L1 and L2 bands. In fact, the fre-
quencies at which the GLONASS satellites oper-
ates can be changed within a range of about
15 MHz. This is not the case for GPS satellites.
A second difference between GPS and GLONASS
is that each GPS satellite has its own clock, while
all GLONASS satellites use the same clock.

Both systems encrypt the transmitted signal
with a course and a precise code, respectively
annotated by C/A and P.
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For the present discussion we evaluate GPS
measurements to determine TEC.

On January 31st, 1994, 0 h 00 min UT,
Anti-Spoofing (A-S), was turned on for most
GPS satellites (of the so-called block II satel-
lites). When A-S is on, the P-code is replaced by
a secret Y-code (currently the P-code is encryp-
tic) to protect military receivers against jamming.
Only military receivers with the appropriate key
can use the Y-code directly. Other dual-frequency
GPS receivers have to rely on:

a) signal-squaring on L2 (Trimble SST,
Leica, and many others); this gives C/A-code
and phase observations on L1, and phase ob-
servations on L2 with half wavelength (no L2
code);

b) cross-correlation (Trimble 4000 SSE,
Turbo Rogue); this gives C/A-code and phase
observations on L1, and differential code
(¥Y2-Y1) and phase (L2-L1) observations, from
which code and phase observations on L2 can
be constructed;

c) P/W tracking (Ashtech Z12); this gives a
sort of P-code and phase observations on both
L1 and L2.

Although cross-correlation and P/W track-
ing give code and (full-wavelength) phase
measurements on L2, they have their disadvan-
tages: they must use the C/A code instead of
the more precise P-code (cross-correlation, sig-
nal-squaring) and the signal-to-noise ratio is
lower than when P-code observations are used
directly. P/W tracking is claimed to give the
best results in terms of signal-to-noise ratio,
followed by cross-correlation. Therefore, when
A-S is on, the precision of the measurements
will be degraded.

There is another deliberate effect which is
introduced for US security reasons: this is the
so-called Selective Availability (SA). Fortu-
nately, TEC determinations are not affected by
SA, because the effect is the same for both
frequencies.

9.3.1. TEC-estimates from dual-frequency GPS
It is highly desirable to be able to make

measurements of TEC to an absolute accuracy
of 1 TEC unit (= 10'® el/m~>), since nightime
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absolute TEC values can be as low as 1 TEC
unit during solar minimum. One nanosecond of
GPS differential code delay corresponds to
2.852 TEC units. Thus during solar minimum
time of low electron content, the total differen-
tial code delay from the ionosphere can be ap-
proximately 1/3 of a nanosecond, and an accu-
racy in the determination of group delay values
to this order is highly desirable.

Several workers have made estimates of the
group delay values from various GPS satellites.
In these estimates the use of an ionospheric
«shell-like» model with a fixed height of typi-
cally about 350 km is quite common (e.g.,
Lanyi, 1986; Coco et al., 1991; Gaposchkin
and Coster, 1993; Sardon and Wanniger, 1993;
Wanniger and Sardon, 1993). A significant
problem is the determination of biases for the
transmitter and receiver systems and for the
slant ionospheric delay. Various methods have
been proposed to solve or reduce this problem
ranging from a Kalman filter approach to the
development of a many order polynomial func-
tion (Wanniger et al., 1994 and Van der Marel
and Georgiadou, 1994, respectively).

In addition, all the methods of determining
the TEC used by workers to date implicitely
neglected the effects of the electrons in the
Earth’s protonosphere. They have all, in some
form or other, used an ionospheric «shell»
model, which does not include the contribution
to electron content of the Earth’s protono-
sphere in different viewing directions during a
typical GPS satellite pass. It is, however, well

known that the relative effects of the electron

content of the Earth’s protonosphere can be up
to 50% of the entire TEC during the nightime,
and 10% of the TEC during the day (Davies,
1980). Since a typical GPS satellite observed
from a given station covers a widely different
portion of the protonosphere over the course of
its pass, it can be expected that any simple
«shell» model of the ionosphere will not be an
accurate representation of the actual behaviour
of TEC over the pass.

Klobuchar et al. (1994) estimated that the
accuracy of TEC from GPS measurements
based on group delay measurements is likely to
be not better than ~ 5 TEC units (1-2 nanosec-
onds group delay accuracy) at the present time.
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This is due to neglecting the contribution of
the Earth’s protonosphere to the TEC. Potential
improvements can be made by using a model
of the protonosphere to subtract this contribu-
tion before the present ground-based methods
of using a «shell-like» ionosphere are assumed.
Another potential method of directly measur-
ing the group delay is to monitor signals from
GPS satellites from a latitude poleward of the
plasmapause at a time when the ionospheric
contribution is small.

In addition the biases mentioned cause un-
certainties, although attempts to model the
satellite and receiver biases seem promising
(Van der Marel and Georgiadou, 1994). The
accuracy of the determination of TEC varia-
tions is probably an order of magnitude better
than of absolute TEC as various investigators
show. Given the uncertainties in the «model-
assumptions» for the TEC determination by
means of GPS, the physical meaning of the de-
rived results deserves attention.

On the basis of a preliminary comparison
between TEC information derived from a
chirpsounder, an ionosonde and GPS data, Van
der Marel and Spoelstra (1994) confirmed the
accuracy estimate of Klobuchar et al. (1994)
the TEC determination by means of GPS. For
radio astronomy this implies that the use of
GPS to correct for ionospheric influences on
the observations does not yet give accuracies
sufficiently good to produce results of ade-
quate astronomical accuracy. In fact, the
achievable accuracy of TEC determinations re-
strict the achievable accuracy of the correc-
tions for ionospheric effects on radio astro-
nomical results is similar to that of other tech-
niques, like ionosonde. In practice this TEC in-
formation is about (3/v) times less accurate
than the desired tolerance for radio astronomi-
cal maps with a dynamic range of 30 dB is
(here v is in GHz).

It should he noted that these accuracies refer
to absolute TEC data. Relative TEC data which
show the variations of TEC with coordinate and
time may have a better accuracy. For radio as-
tronomy both absolute and relative TEC values
are relevant: absolute values for ionospheric
Faraday corrections and both absolute and rela-
tive for ionospheric refraction corrections.



Titus A. Th. Spoelstra

10. Conclusions

In this review we addressed the question of
the influence of the ionosphere on radio astro-
nomical observations. This question has been
be approached from the interest of aeronomy
and as a problem which affects the quality of
radio astronomical measurement results: i.e.,
the ionosphere as an object of study and the
ionosphere as a nuisance.

Radio interferometry has proven to provide
a powerful tool to sense the refractive medium,
in particular to investigate various characteris-
tics of the irregularities in this medium — such
as their spatial and temporal behaviour, clima-
tology, location within the ionosphere, and
their effect on the radio astronomical observa-
tions. This holds particularly for phenomena
related to TIDs and scintillation. A radio inter-
ferometer as one single instrument enables a
kind of «multi-dimensional» study of the iono-
spheric problems space.

In general, the sensitivity for ionospheric ef-
fects in different aspects of radio communica-
tion and signal detection depends on the kind
of application selected and the analysis of the
data. In radio interferometry, the large scale
characteristics cannot be studied very well,
since interferometry is primarily sensitive for
differential effects along the line of sight from
the telescope pairs.
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