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Chapter 6

Outlook

The development of a non-intrusive method to probe atmospheric electric fields
during thunderstorm conditions has been described in this thesis. As discussed in
the thesis, strong atmospheric electric fields significantly influence radio emission
from extensive air showers. These effects have been observed at LOFAR. We see
differences between thunderstorm events and fair-weather events. Thunderstorm
events can thus be used to determine the electric fields along the shower axis. In order
to probe the electric fields, we fit both intensity patterns and polarization signatures.
We have used our technique to analyze thunderstorm events measured at LOFAR
during the period between December 2011 and August 2014. We find that using the
three-layer model of the electric fields, we can reconstruct the intensity patterns and
the polarization signatures of all thunderstorm events which we have analyzed rather
well. We also find interesting features of the electric fields and charge structure in
thunderclouds as discussed in the thesis.

However, further work is still needed to confirm our findings and to fully under-
stand the charge distribution in the thunderclouds. Among 11 thunderstorm events
which we have analyzed, we found seven thunderstorm events that showed an electric
field with a traditional triple layer structure. However, we do not know the charge
polarity of each layer. Since LOFAR is not sensitive to the electric field component
parallel to the shower axis, it is hard to determine vertical components of the electric
fields and thus the charge polarity is unknown. There are several ways to determine
the charge polarity. One way to derive the vertical components of the electric fields
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and the charge polarity is to have some thunderstorm events measured close in time
and the electric field of the region where these thunderstorm events pass through has
not changed yet. If this is the case, we are able to derive the vertical component and
thus the total electric field as discussed in the thesis. To increase this probability, one
can increase the trigger rate and thus one can measure more events. At present, an air
shower is recorded if there are at least 12 LORA detectors triggered. This keeps the
trigger rate around one event per hour. If the minimum number of LORA detectors
triggered is reduced to 9, we can record two events per hour [101]. Increasing the
trigger rate, one can record more air showers which have smaller primary energies.
For fair-weather cases, these low-energy events are not helpful since their radio
signals are dominated by noise. However, during thunderstorm conditions, the inten-
sity of the radio emission is significantly enhanced due to the strong electric fields.
Therefore, the radio intensity of thunderstorm events is still much larger than the
noise level although the primary energy of these events could be small. Another way
to determine the charge polarity is using the data from the electric field meter. This
meter has been installed at LOFAR to measure the vertical electric field component
near the ground. It can be used to determine the charge polarity of the bottom layer
in thunderclouds in the summer. In the winter, the meter may not help to determine
the charge polarity because there might be a charge layer at low altitudes near the
ground which our technique is not sensitive to. In addition, as a long-term work,
antennas sensitive to a lower frequency band 2−9 MHz can be installed to measure
the vertical component of the electric fields. As shown in this thesis, the effects of the
parallel components of the electric fields as well as the influence of the perpendicular
electric fields stronger than about 50 kV/m can be observed in the frequency band
between 2 MHz to 9 MHz. Installing these lower-frequency antennas would help to
extract more information about the direction as well as the magnitude of the electric
fields. As has been shown in the thesis, the intensity patterns at these frequencies
show a much more gradual fall-off with distance than those in the frequency domain
from 30 MHz to 80 MHz; thus we need a less dense antenna array.

For all thunderstorm events which we have analyzed, we found that the electric
fields between the lower charge layer and the ground are smaller than those inside
the thunderclouds. Analyzing more thunderstorm events would help to confirm
this finding. Since clouds are at lower altitudes in the winter and our technique
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is not sensitive to heights lower than 1 km, it would be good to analyze more
thunderstorm events in the summer. For the whole Netherlands which has an area
of about 41000 km2 [102], the number of thunderstorm days per year is about
20 [103]. Multicell thunderstorms, the most common type of thunderstorms, are
usually large, about 100 km in diameter. They move with an average speed of about
50 km/h and last on average for 2 hours. For these reasons, at the LOFAR core,
there could be at most 20 thunderclouds passing by during the whole year. Since
winter thunderstorms are much rarer than summer thunderstorms, the number of
summer thunderstorms at LOFAR could be about 15 per year. For a thunderstorm
lasting for about 2 hours, LORA could trigger 2 events if it works well. So, there
would be about 30 thunderstorm air showers recorded every year. Therefore, it can
be predicted that to record about 100 summer thunderstorm events will take about
3.5 years. In order to reduce the time of measurement, one can increase the trigger
rate to record more events as discussed above. If the minimum number of LORA
detectors triggered is reduced to 9, one could record 100 summer thunderstorm
events in 21 months. In Chapter 5, we have shown that events could occur under
non-thunderstorm conditions in which the atmospheric electric fields were strong
but there was no lightning activitity. Therefore, the time to record 100 summer
thunderstorm events can be reduced roughly to 21 months for the present trigger
condition and to about 10 months for the trigger condition of 9.

To be able to analyze a large number of thunderstorm events, it would be better
to automatize the fitting procedure. This can be done potentially although there are
some difficulties. As discussed in the thesis, in thunderstorm events, it is difficult
to fit the core position automatically as it has been done in fair-weather events. At
present, this step has to be done manually before starting the fitting procedure. It can
be automatized by assuming that the core is at the position such that there should
be a smooth dependence of all Stokes parameters and particle density as a function
of distance to the shower axis. Moreover, since the fit parameters are not linearly
independent, fits are not always converging. Hence, the fits can be stuck in a local
minimum. If this happens, we change the value of one fit parameters in order to
leave the local minimum and continue to run the fit. This step is done manually,
but it needs to be automatized in the future. In addition, on the basis of the Stokes
parameters, there are two possible current profiles which can fit: a current profile
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and its inverted structure. In order to choose the correct one, we need to check the
polarity of the pulses in some antennas. At present, this step is done manually, but it
can be done automatically. One can find which of the pulses generated by the current
structures reproduces the data best.

Since our technique is new, it is useful to verify our results. This can be done
by comparing with the results from other measurements. For example, based on the
changes of the electric fields extracted from thunderstorm events, we can determine
the heights of charge layers in thunderclouds. It is useful to compare the heights of
charge layers extracted from our analysis with the top and bottom heights of clouds
from KNMI data. This may also help to confirm if there are any charge layers at
low altitudes which we are not sensitive to for the winter thunderstorm events. In
addition, for the thunderstorm events which we have analyzed, we have checked if
there was any lightning activity at the LOFAR core right before or after the time when
thunderstorm events were measured. However, within a time interval of 5 s, we have
not observed a coincidence between a cosmic ray event and a lighting stroke. The
reason could be that at the time these thunderstorm events were measured, coverage
of lightning detection networks was not sufficient. For the Earth Network, the number
of sensors which can detect lightning flashes at the LOFAR core and its vicinity has
been increased from the two that were located at a distance of about 390 km from the
‘Superterp’ [104]. Nowadays, four new stations within a distance of 200 km from
the ‘Superterp’ have been installed. Therefore, the cross-checking with the lightning
network data is useful to repeat for data which have been taken recently and which
will be recorded in the future.

The study in this thesis offers valuable insights into the electric fields and charge
structure in clouds by using LOFAR. In addition, LOFAR can also be used as a
lightning mapping array to map lightning flash in 3D. These new abilities makes
LOFAR a good device for understanding more about the mystery of lightning.
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