
Ionospheric simulations and calibratability study for LOFAR

Ilse van Bemmel, Maaijke Mevius

Version 1.2, April 29, 2009

Abstract

A set of simulations of LOFAR36 has been performed using MeqTree, in order to assess the calibrata-
bility of ionospheric effects. We present the simulation results and attempt to quantify the observed effects
in the simulations. We conclude that without the use of additional methods or techniques to overcome
the source incoherency, the 15MHz LOFAR36 will not be calibratable under most common ionospheric
conditions, and 30MHz observations require a very quiet ionosphere. At 45MHz and above, the array is in
principle calibratable, but the quality of the final images will depend on the chosen method of calibration.

1 Introduction

Radio interferometry is a powerful tool to observe the Universe at low frequencies while preserving high
spatial resolution. Over the last half century it has quickly evolved, and new instruments and techniques
are still being developed. The latest major leap forward is the movement towards lower frequencies,
which has lead to the building of the Low Frequency Array, or LOFAR. This unique instrument has
already produced low frequency images of the Universe at a resolution never before achieved. Once fully
operational, it will be unique in its frequency coverage and resolution.
The data processing of LOFAR poses several new problems. Specifically, the low frequency signals will
be affected by the higher layers of the Earth’s atmosphere, the so-called ionosphere. The physics of the
ionosphere and its impact on radio waves is well described in many other papers. We refer to chapter 13
in Thompson, Moran & Swensson (2001) for an in-depth discussion.
The ionospheric effects are so-called image plane effects. By definition, image plane effects can never
be completely removed from radio observations, but we can attempt to find the optimum balance where
high quality science is possible in spite of residual artifacts. This requires a thorough understanding of
the ionospheric effects, in combination with an optimal calibration technique. New calibration methods
for image-plane effects are being developed, such as SPAM by Intema et al. (2009), and methods from
Bhatnagar et al. (2008).
In this paper we describe the setup and results of simulations of the LOFAR array in the presence of an
ionospheric screen. Having a better understanding of the ionospheric effects will enable us to determine
under which conditions LOFAR can be calibrated, and it will assist in the development and testing of
new calibration methods.

1.1 Problem definition

A first requirement to obtain scientifically valid results with LOFAR is that the instrument can be cali-
brated. We assess the problem of ionospheric calibration, and will attempt to answer the question under
which conditions LOFAR is calibratable. To do this, we will study the detectability of bright sources
in short time intervals at a range of LOFAR frequencies, using simulations of LOFAR with and without
ionospheric screens. The work will focus on the LBA bands, where the effects of the ionosphere are most
noticeable.

2 Setup of the simulation

2.1 MeqTree package

The simulations are done with the MeqTree package (Noordam & Smirnov 2009). To simulate iono-
spheric effects we have developed the Lions framework in MeqTree, which is a tool to both simulate and
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calibrate. Here we focus on simulations only. A detailed manual on how to use Lions and reproduce
basic simulations is available in the MeqTree distribution under doc/Frameworks/Cattery/Lions, or via
the link http://www.lofar.org/operations/doku.php?id=software:standard imaging pipeline, under ’Iono-
sphere’. The main module of the Lions framework is called SimCa.py, which enables the user to define a
range of simulation settings, including the sky model and ionospheric phase screen to be used.

2.2 Instrumental setup

The instrumental setup is fixed in a Measurement Set (hereafter MS). The MS determines the layout
of the observing array, frequency, bandwidth, number of channels, sensitivity, total observing time and
integration time. For LOFAR we have used the station coordinates as provided by A. Omar (priv. comm.)
and station setup and sensitivities as given by Pandey-Pommier & Nijboer (2008). Since AIPS++ has
no default position for the LOFAR core, we have fixed the coordinates at the location of the WSRT.
In this paper we present simulations for a full Dutch LOFAR with 36 stations. We have generated a
single channel MS for all LOFAR bands, using a frequency over bandwidth ratio of 15. The minimum
integration time is set at 60 seconds, the total simulation reproduces 30 minutes of observing, passing
through the meridian.

2.3 Frequencies

We have simulated the LOFAR LBA frequencies, which are most affected by the ionosphere. The selected
frequency bands are 15 to 75MHz in 15MHz steps. We use a frequency over bandwidth ratio of 15. At
HBA frequencies the ionospheric effects are a factor of 2-4 smaller than at 60MHz, while the sensitivities
will be an order of magnitude higher (or more). This implies that the problems encountered at LBA
frequencies will be at least an order of magnitude smaller for HBA.

2.4 Sky model

The phase center of the observations is fixed by the MS, but the sky model is provided in the MeqTree
compile options. We have chosen an arbitrary phase center at 7h RA and 50d DEC, to minimize artifacts
due to beam deformation at lower elevations. For the sky model we have selected all sources from the
VLSS in a 10 degree radius around the phase center, which have fluxes brighter than ∼10 Jy at 60 MHz.
We have chosen the field size to correspond to the FWHM at 60 MHz. This provided a total of 20 sources
in the sky model. All the sources are implemented as point sources. For each frequency the source fluxes
have been adjusted using a spectral index of -0.8.

2.5 Instrumental noise and beam effects

Thermal noise is included in the simulations. Since the input noise for MeqTree is not intuitive we
have determined the input noise levels for the simulations by simulating an empty field, using the same
instrumental setup as described above, and measuring the resulting noise. This resulted in input noise
values of 15Jy for 15MHz, 7Jy for 30MHz, 2.0Jy for 45 and 75MHz, and 1.5Jy for 60MHz.
Primary beam effects are not included in the simulations, lacking a proper definition for the LOFAR
station beam.

2.6 Ionospheric screens

In the Lions framework there are two main modules to produce ionospheric phase fluctuations. The TID
module is a mathemathical function describing one or two traveling waves, for which a range of parameters
can be changed. The waves provide regular fluctuations in the simulations, which is observed on occasion,
but never for long periods of time. A physically more realistic approach is provided by the Kolmogorov
module, which produces a frozen screen with Kolmogorov turbulence. The screen has a given number of
pixels on each side, and is moved over the array with a given speed.
The Kolmogorov screen is calibrated to represent the observed fluctuations in the VLSS (Cohen &
Röttgering 2009). We have used their observations at daytime and nighttime, shown in Fig. 1, to generate
two physically realistic screens. From this calibration it became immediately obvious that at night the
ionosphere is smoother and at somewhat higher altitude. The parameters that have most effect on the
slope of the fit are screen velocity, pixel scale size, and amplitude of the fluctuations. Pixel scale size is
the physical size of a single pixel at the altitude of the ionosphere, amplitude is the absolute value of the
TEC fluctuations in addition to an underlying constant TEC value.
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Figure 1: Left: Observations of differential source movement in the VLSS, split for day and night
observations (Fig. 4 from Cohen & Röttgering (2009)). These observations are used to
generate two representative Kolmogorov screens for the LOFAR simulations.
Right: Simulations with different Kolmogorov screen parameters for nighttime observations.
The scatter within each model is caused by the choice for a 3x3 sources gridded sky model,
rather than a physically real sky model. The light blue model is selected as the best fit.

We have selected only these parameters to find an optimal fit, shown for the nighttime in Fig. 1. In
the calibration we have used a 3x3 gridded sky model, which causes some gridding artifacts, visible as
discontinuities in individual models. Due to the large number of potential free parameters and the time
consuming nature of the calibration, a minimization has been omitted and a best fit was selected by eye
from a selection of models. The daytime and nighttime screens are implemented as default screens under
the name VLSS in SimCa for use in other simulations.
We have performed the LOFAR simulations with both screens. For comparison we have generated simu-
lations without an ionosphere. To test the effect of instrumental noise we have produced all simulations
with and without the proper thermal noise levels for each frequency.

2.7 Testing the simulation setup

To ensure that the whole process is working properly, we have performed three basic tests with the current
instrumental setup and frequency range. The first test involved simulating a single source with no noise
and no ionosphere. This simulation is then run through SPAM to determine the signal to noise level. As
expected, the resulting SNR is extremely high, easily reaching 109 at 60 MHz.
The second test involved a grid of 3x3 sources of 1Jy flux, with a gridstep of 1 degree. We again did not
include noise or ionosphere, and processed the simulations with SPAM. This setup reached a SNR of over
106 in a one hour observation. The lower value in this test is explained by the effects of the PSFs from
multiple sources in the field. Both tests yield the expected results, ensuring that the basic framework of
the simulations is functioning properly.
Finally we have done a full ionospheric simulation using a VLA setup to reproduce VLSS observations.
In this simulation we determine the number of calibrators visible in a 1 minute interval. Within an order
of magnitude we find the same number of calibrators as used for the field-based calibration. This ensures
that also the ionospheric screens are reproducing reliable results.

3 Processing the simulations

3.1 Imaging

The final simulations have been processed using CasaPy. For a selection of 1 minute time intervals (frames)
in each simulation we have produced dirty images using the CasaPy imager. The images are produced
using an image size of 5000 pixels, and a cellsize of 15 arcsec. We have used w-deprojection with 256
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Figure 2: Images of the region around the brightest source in a randomly selected 1 minute frame at 15
(left) and 60MHz (right)., using VLSS daytime ionospheric screens. Image size is ∼ 4 degrees
on the side for both. The red circle denotes the observed location of the brightest source in
the 15MHz image. The numbered blue squares are the actual locations of the sources in the
local sky model. The flux scale is identical for both images.

planes to correct for the wide-field effects. Using the CasaPy task imstat, we have measured the rms noise
in the regions free of sources, the flux of the brightest pixel and the location of the brightest pixel in each
dirty image.

4 Results and analysis

4.1 Visual inspection

A first assessment of the data quality is made through visual inspection of the one minute frames. The
main source of noise in the dirty maps is the PSF of the brightest source in the field. By eye there are no
obvious differences between the images with and without instrumental noise.
A very obvious effect is the loss of coherency at the lowest frequencies. At 15MHz even the brightest
source is incoherent for both simulations with ionospheric screens. At 30MHz incoherency occurs in about
half the frames for the VLSS daytime simulations, but the source is coherent in most VLSS nighttime
frames. For higher frequencies the sources appear to be coherent in all frames, and the brightest 5 sources
are always visible. An image of the same region around the location of the brightest source at 15 and
60MHz is shown in Fig. 2.
The position offset of the sources due to the ionosphere is also clearly detected in all frames. The offset
can be several degrees at the lowest frequencies, but is on the order of arcminutes or less at the higher
frequencies.

4.2 Cleaning

We have attempted to clean the images using the CasaPy task widefield. In spite of using a uv-taper to
select only core stations, and natural weighting, the cleaned images have their noise reduced by a factor
of 2-3 at best. Adjusting the values for the taper and weighting may improve the image quality, but it
requires a large CPU time. Further assessment of the efficiency and necessity to use clean algorithms in
ionospheric calibration is required. In this report we will focus on the dirty images only.

4.3 Quantifying the results

There are several quantities which can help us to objectively measure the observed effects: RMS noise in
the dirty images, the peak flux and the location of the peak, and peak flux compared to the input values.

• RMS noise: we have measured the RMS noise in a large region which is free of sources, see Fig 3.
At all frequencies the RMS is only marginally increased due to the ionosphere. Adding instrumental
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Figure 3: Left: Peak flux and RMS noise (yellow circles) in each 1 minute frame per frequency. The
line connects the median peak flux for each frequency. Note that the RMS measurements
completely overlap for all frames, therefore appearing as a single point on this scale.
Right: same figure, but with the peak flux corrected for spectral index. The correction is
normalized to 1 at 60MHz.

noise has no effect at all, the dominant factor in the noise is the PSF of the brightest source in the
field. To reduce the effect of the PSF and measure the actual ionospheric RMS noise a cleaning step
is needed. However, for the lowest frequencies this will not work, as sources are incoherent.

• Peak flux: Assuming that the brightest pixel in the dirty image corresponds to the flux of the
brightest source, we have measured the peak flux in the dirty image. The measurements show
a clear decrease in peak flux for all simulations with an ionosphere, see Fig 3. The ionosphere-
free simulations show relatively constant values. The decrease is most severe for the VLSS daytime
simulations, and most significant for the lower frequencies. The trend with frequency is more obvious
when the peak flux is corrected for the spectral index. From the uncorrected peak flux and RMS
noise we can derive the signal to noise ratio of the brightest source. This ratio lies above 10 for all
frequencies, and shows no trend with frequency. Thus we conclude that this ratio is not a proper
assessment of calibratability. It is dominated by the PSF effects and not the ionosphere.

• Peak location: the first order effect of the ionosphere is a shift in the location of the peak flux. We
have measured the offset of the brightest pixel in the image from the known location of the peak of
the brightest source. As expected, the offsets increase dramatically for lower frequencies. Since at
the lowest frequencies the sources are smeared over a region of several square arcminutes, it becomes
difficult to compare the source shift at all frequencies.

• Peak to input flux ratio: the second order effect of the ionosphere is curvature, which causes
defocussing (i.e. incoherency) of the sources. The source will then appear as a collection of point
sources, rather than a single bright spot. This will cause a very steep decrease in peak flux. This
can best be measured by dividing the observed peak flux by the input flux of the brightest source,
assuming that for all frequencies the brightest pixel in the dirty image is still related to this source.
This also eliminates the spectral index effect. The results are plotted in the left figure of Fig. 4. As
expected, the peak flux decrease is stronger for VLSS daytime simulations than for VLSS nighttime,
and the effect is also more pronounced at lower frequencies.
Comparing the simulations to ionosphere free simulations we can eliminate the effect of the PSF.
We divide the peak to input flux ratio by the observed ionosphere-free peak over input flux ratio,
shown in the right figure of Fig. 4. This gives a normalized flux ratio, sampling only the ionospheric
effects. At 15MHz more than 50% of the input peak flux is lost in the VLSS daytime simulation,
due to incoherency, while at 75MHz the fraction lost is only around 20%.

Combining the visual inspections with the normalized flux ratio, we have set the limit of source coherency
at a value of 0.7. This implies that when more than 30% of the source input flux is lost, this is most likely
due to loss of coherency, and therefore the observations are by definition not calibratable.
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Figure 4: Left: Ratio of the peak flux in the dirty image over the input flux of the brightest source in
the local sky model. We plot only the median value of all 1 minute frames at each frequency.
Right: Same plot but with the ratio divided by the ionosphere-free simulations. Below a value
of 0.7 we detect serious loss of coherency in the individual frames. This sets a hard lower
limit on the calibratabilty of the instrument.

5 Discussion

5.1 Calibration methods: definition of calibratability

Whether an observation can be calibrated for ionospheric phase errors depends on a large number of
factors. Each calibration method has different requirements. We need to identify a common denominator
to define calibratability. For each calibration method there is one main requirement, which is that the
source should be coherent. Therefore, the figure of merit to measure calibratability should in first instance
measure the source coherency.
In optical astronomy a Strehl ratio is used to quantify the focussing quality of optical systems. A similar
definition is required to properly quantify the focussing (and therefore coherency) of a radio interferometer.
At present, such a definition is non-existent.
We have found that coherency is lost when more than 30% of the input source flux is lost. However, that
does not imply that calibration is possible when less flux is lost. There are other complicating factors
which affect the detectability of bright calibrators. For SPAM (Intema et al. 2009) the requirement is
to have ∼5 sources detected at a SNR of 7 or better inside the FWHM of the beam. In our simulations
this condition should be met at 60MHz. Nevertheless, attempts to run this simulation through SPAM
fail, due to the assumption in SPAM that the brightest sources are all in the central regions of the beam,
which is definitely not the case in this field.

5.2 Size of time steps

From the figures it is evident that the ionosphere becomes a large problem at lower frequencies. Even
bright sources lose coherency in some time intervals, and at 15MHz virtually no coherent sources are seen
in the simulations. A quick assessment of increasing the time interval per frame to 2 minutes demonstrated
no visible improvement in source coherency. It only marginally affected the RMS noise measurements.
Since curvature is the main cause of the coherency loss, shortening the time intervals might be the
better approach. We expect this will also decrease the PSF quality and therefore increase the RMS noise
significantly. This has not yet been tested with a simulation.

5.3 Size of the LOFAR array

We performed a quick test to determine if the lowest frequencies would benefit from a larger LOFAR array.
Using the same setup with 49 LOFAR stations we simulated only 15 and 30MHz observations. At 15MHz
the peak flux of the LOFAR49 frames is even lower, which is understood from the fact that baselines are
longer and the effect of ionospheric curvature will therefore be more severe. As a consequence, the source
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incoherency will be worse. At 30MHz the effect of using LOFAR49 is small, even on the resulting signal
to noise of the brightest calibrator.
At higher frequencies we expect that the increased sensitivity of 49 versus 30 stations will make a difference,
but this has not yet been tested.

5.4 Source-size effects

We have added only point sources to the sky model. Since most of the bright VLSS sources are known
double radio galaxies, they will be resolved into at least two components. At lower frequencies the lobe
emission will dominate, which is diffuse, and therefore the actual flux of the source will be significantly
lower, especially on the longer baselines. This effect can be countered by using a uv-taper and briggs
weighting, but we have found that the improvement is not more than a factor of 3 even with point
sources. The flux loss due to resolved emission can be much larger than that, some sources may even
entirely disappear. Simulations need to be done with double gaussian sources to mimic the radio galaxy
structures. To estimate the true size of this problem, we have to await initial LOFAR observations.

5.5 Beam effects

Lacking a LOFAR station beam model, we have not included beam effects in the simulations. We did
select the field size to cover the 60MHz FWHM. Given the source distribution in the selected field, most
of the bright sources would be at the edge of the beam FWHM, implying that they would be only half as
bright as in the simulations. This will seriously affect the detectability of the calibrators.

5.6 Time evolution of the turbulence

The simulations are done with a frozen screen, but we know that the turbulence has a time evolution as
well. Without a proper description of the temporal behaviour of the screen it is not possible to assess
how this will affect the calibratability.

5.7 Consequences for calibration methods

For LBA observations it will be necessary to implement a two-step approach to correct for ionospheric
phase. The first step will be to determine the phase error towards the brightest calibrators. Once these
calibrators have been properly modeled, they need to be subtracted from the data to reduce the PSF
noise in the 1 minute images. The next step is to repeat the process for the fainter calibrators, which
should now be visible. These steps can be done in the image-plane (using e.g. SPAM) or in the uv-plane
(using the SimCa calibration abilities).

6 Summary and conclusions

We have performed simulations of LOFAR36 at LBA frequencies of 15, 30, 45, 60 and 75MHz, with
frequency over bandwidth ratio of 15. For the instrumental setup we have used the most recent LOFAR
parameters. We have included an observed sky from the VLSS catalog in a field close to zenith, and
ionspheric screens which have been calibrated against the VLSS observations at night and day. The
simulations are run in MeqTree, using the Lions framework developed for this purpose. We also run
simulations without an ionospheric screen for comparison. Instrumental noise is included.
From all simulations a range of 1 minute timesteps is selected and imaged to determine the detectability
and coherency of bright calibrators at each frequency. In the dirty maps we measure flux and location of
the brightest pixel, and the rms noise in a source free region. For our purpose, calibratability is defined
as having at least 1 coherent source in all selected timesteps. From the visual inspection we find that
sources are incoherent when the source flux is suppressed by more than 30% (see Fig. 4).
We conclude that the ionospheric phase errors are calibratable for LOFAR LBA frequencies at 45MHz
and above. At 30MHz calibration should be possible for observations under quiet ionospheric conditions.
Observing at 15MHz will be a challenge, ionospheric calibration may not be possible at all. It may require
additional processing of the observations using optical techniques to (partly) correct for incoherency. We
also find that at least 5 bright sources are visible when the brightest source is coherent.
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7 Future steps

This study focuses on only one aspect of calibratability, the detectability of bright sources. However, we
cannot yet answer the question whether we will detect enough calibrators to implement a full calibration
scheme such as SPAM. This requires a larger parameter space for the simulations (additional fields and
longer simulations), and running the simulations through actual calibration methods. Eventually this
will define two boundaries. The first boundary will distinguish the incoherent observations from the
coherent ones, setting a hard lower limit for the calibratability. The second boundary will depend on the
chosen calibration scheme, and will distinguish the observations which can be processed from those that
fail. In most calibration schemes this will leave a region of observations in which sources are coherent,
but ionospheric phase errors cause such strong effects that calibration methods cannot correct for them
properly.
An assessment of ionospheric curvature in the phase screen can be made by convolving the Kolmogorov
screen with the beam at each frequency, and then dividing the convolved screen by the actual screen. This
should leave only the smaller scale structures in the phase screen, which are responsible for the incoherency
at low frequencies. In these residual screens we can measure the phase RMS, which we expect to directly
correlate with the normalized peak flux ratio that we have measured from the observations.
To properly assess the ionospheric effects, a better figure of merit needs to be developed, which behaves
much like the optical Strehl ratio. In radio interferometric observations this can be defined in either the
image plane, or in the uv-plane.
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