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We present the calculation of coherent radio pulses emitted by extensive air showers induced
by ultra-high energy cosmic rays accounting for reflection on the Earth’s surface. Our work is
motivated by the detection of pulsed events in the ANITA experiment compatible with cosmic-
ray origin after reflection on the ice cap at the South Pole. The properties of the radiation are
discussed in detail emphasising the effects of reflection on the intensity, frequency and angular
distribution of the signal. Our results are obtained with a new version of the ZHAireS simulation
code, accounting for reflection on a surface. These calculations are of relevance in studies of
existing and future radio detection experiments looking at the Earth from mountain tops, balloons
and satellites.
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1. Introduction

The ANITA experiment discovered 14 radio pulses reflected on the polar ice cap from air
showers extending up to the GHz range with its first balloon borne antenna system [1]. ANITA,
operating within a frequency band between 200 and 1200 MHz, had been conceived for detecting
radio emission from neutrino interactions.

After this discovery, and following the same idea, observatories on top of mountains have been
planned. One of them is the TAROGE [2] experiment, on the mountains of Taiwan’s east coast.
So far, only a prototype (TAROGE-1) has been built, consisting of 12 log-periodic dipole array
antennas for 110-300 MHz, at an altitude of ∼ 1 km. Besides the altitude of the detector antennas,
the capital difference with the ANITA experiment is the presence of seawater as the reflecting
surface.

Reflection changes the arrival times and therefore the coherence of the radio pulse from the
shower and implies a reduction of the signal due to the Fresnel coefficients. These effects have to be
taken into account to understand experiments that observe reflected radiation induced by showers
from mountain tops, balloon payloads [3] such as the next ANITA flight and EVA [4] or from
satellite payloads as SWORD [5].

In this work we use a modified version of the ZHAireS code [6] to calculate the emission from
air showers after reflection on a flat surface. A detailed discussion can be found in [7].

2. Geometry for reflected events

Observing reflected pulses a large atmospheric volume can be monitored with a single detector.
Therefore, the most interesting geometry is given by air showers that impact Earth’s surface at large
zenith angles. The basic geometry of the problem is sketched in Fig. 1. The reflective surface will
be approximated by a plane. θ , the shower angle, is defined with respect to the z-axis. We define
the off-axis angle ψ in the right panel of Fig. 1 to describe the angular deviation of the emitted
radiation with respect to the shower axis1.

3. Introducing reflection of radio waves in ZHAireS

ZHAireS [6] is a simulation program that has been developed combining the AIRES package
for air shower simulations [8] with the "ZHS algorithm" [6, 9]. The contribution from each particle
track to the radio pulse at any given position and time is calculated and added to the total electric
field. To calculate the travel time of the radiated pulse we perform a numerical integration to
account for the variation of the index of refraction and assume the emitted radiation travels in a
straight line. As shown in [7] this is a good approximation up to θ ∼ 85◦.

We have modified the ZHAireS code to deal with the reflection on a flat surface. For each
rectilinear track element we first find the point on the reflection surface and the angle of emission
with respect to the track so that the emitted ray propagates first to the reflection point and then
upwards towards the observer at a fixed position. The time delay is easily calculated integrating
the travel time over the total path of the ray before and after the reflection.

1ψ as depicted in Fig. 1 (right) is also used to refer to the location of the observer.
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Figure 1: Left: Geometry for reflected signals from air showers (see text for details). Right: To describe a
location of an antenna we use the off-axis angle ψ between the shower axis and the line joining Xmax and the
antenna position.

At each reflection point the Fresnel coefficients are applied to the time-domain electric field to
calculate the attenuation of the components with polarization parallel, r‖, and perpendicular, r⊥, to
the reflection plane. Introducing the effective relative permittivity as

ε̃r =
ε

ε0
+ i

σ

ε0ω
, (3.1)

where ε is the complex permittivity of the medium, σ its conductivity and ω the angular frequency,
the boundary conditions for plane waves remain identical [10, 11] and the functional form of the
Fresnel coefficients is similar to that of the usual lossless case. We consider the medium labeled
as 1 as air, with a real permittivity and without conductivity, while in general medium 2 (ice or sea
water) has a complex relative permittivity ε̃r. Therefore,

r⊥ =
n1 cosθi−

√
ε̃r,2 cosθt

n1 cosθi +
√

ε̃r,2 cosθt
, r‖ =

n1 cosθt −
√

ε̃r,2 cosθi

n1 cosθt +
√

ε̃r,2 cosθi
, (3.2)

where the incident angle θi, and the transmitted angle θt are related by n1 sinθi = Re[
√

ε̃r,2]sinθt ≡
n2 sinθt. The last equivalence can be used to make Eq. 3.2 look identical to the usual lossless case.

4. Simulations for a high altitude detector

We adopt a set of observers that resembles a high altitude balloon experiment over Antarctica,
such as the ANITA flights or the planned EVA mission [4]. We place antennas at a fixed altitude
hd = 36 km above sea level, and choose the reflecting surface to be at zg = 2 km above sea level (see
Fig. 1). We adopt a refractive index of n2 = 1.31, and a real effective permittivity [12], consistent
with ANITA measurements of the reflected image of the Sun [13] on the Antarctic firn. The geo-
magnetic field is chosen to have a typical value of 55 µT and an inclination of−70◦. We generated
proton showers with zenith angles θ = {57◦,64◦,71◦,78◦,85◦} and azimuth such that they always
arrive from the geomagnetic west. For each zenith angle, we generate air showers with energies
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Figure 2: Top left panel: distribution of the radio signal (flux density Φ) as function of the off-axis angle
ψ and frequency f for an air shower with θ = 71◦ and log10(E/eV) = 18.4. In the bottom left panel we
show the distribution of the radio signal as a function of the off-axis angle at various frequencies. In the right
panels we show the radio signal distribution as a function of frequency, in the top right panel for off-axis
angles equal or smaller than the Cherenkov angle at the Xmax of the shower, i.e. ψ ≤ 0.7◦, while in the
bottom right panel for ψ ≥ 0.7◦.

E = {1017.8,1018.4,1019,1019.6} eV. We select simulations that have a shower maximum similar
to the average 〈Xmax〉Auger observed at the Pierre Auger Observatory. To do so, we pre-simulate
seven air showers per configuration with different random seeds and we select the air shower clos-
est to 〈Xmax〉Auger. The shower simulation is run with AIRES using QGSJETTII.03 hadronic model
interactions with a thinning level of 10−5 [8].

To illustrate some of the typical features of the radio signal, we display in Fig. 2 the flux
density Φ as a function of frequency and off-axis angle ψ for an air shower with zenith angle
θ = 71◦ and an energy E = 1017.8 eV. The flux density in units of pW m−2 MHz−1 is defined as
the power spectrum at a fixed frequency f averaged over a period of 10 ns. In the top left panel of
Fig. 2 we show the two-dimensional distribution as a function of ψ and f which displays coherent
properties and is clearly beamed around the Cherenkov angle at ψ ∼ 0.77◦. This can be better
appreciated in the bottom left panel where we show the off-axis angle distributions for different
frequency components of the pulse. As the frequency increases the radiation adds coherently only
within a smaller angle off the Cherenkov cone. In the right panels in Fig. 2 we show the spectral
shape of the flux density for a variety of observation off-axis angles. At very low frequencies
( f < 10 MHz) the flux density increases until it reaches a maximum in the range f ∼ 10-150 MHz
and then decreases with an exponential fall-off to first order. A very important feature is illustrated
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Figure 3: Comparison of the flux-density Φ at f = 300 MHz as a function of the off-axis angle ψ before
(left) and after applying Fresnel reflection coefficients (right). Different sets of curves correspond to different
zenith angles θ as labeled. The simulations have an energy of 1018.4 eV.

in the right panels, the steepness of the fall-off has a clear dependence on the off-axis angle ψ of the
detector. This dependence is key to the energy determination of UHECRs with ANITA as pointed
out in [14] and shown in [22].

It is interesting to explore how the radiation changes with zenith angle for a primary particle
with fixed energy. As the zenith angle increases the flux density Φ decreases. This can be seen
in the left panel of Fig. 3, displaying ψ at f = 300 MHz as a function of ψ for an air shower
induced by a primary particle with energy E = 1018.4 eV. The dominant effect in the decrease is the
increasing overall distance to the detector with θ . Other effects however compensate this decrease.
The angle α of the shower axis to the Earth’s magnetic field at the South Pole increases in the
range of θ shown in Fig. 3, and the geomagnetic contribution is known to scale with sinα . Also,
showers of increasing θ develop in a less dense atmosphere where the geomagnetic contribution to
the electric field is expected to be increasingly larger [15, 6]. The net result, including other more
subtle effects [16] is a decrease of Φ with θ .

To illustrate the importance of accounting for the Fresnel coefficients they were artificially set
to 1 in the simulations shown in the left panel of Fig 3 (with the Fresnel coefficients ignored), while
in the right panel they are taken into account using Eqs. 3.1 and 3.2 with real ε and with σ = 0.
Comparing both panels, the peak value of the flux density is largest at relatively high zenith angles
(θ ∼ 80◦) when the Fresnel coefficients are accounted for, contrary to what is seen in the left panel
where the peak value of Φ is achieved at the smallest zenith angles. This suggests that detection
can be expected to be most favourable for θ around 80◦. A thorough calculation of the acceptance
integrating over area and solid angle [3] should also account for the reduction of the Cherenkov
angle as the zenith angle rises and for the directionality of the detection system [22] (see left panel
of Fig. 3).

From the set of simulations we have examined the energy dependence of the radio signal. As
before, we use the flux density at a reference frequency f = 300 MHz for a shower of θ = 71◦. In
Fig. 4 we select three off-axis angles and plot the flux density as a function of the primary particle
energy. We fit a simple linear function to the dependence of log10 Φ on log10 E and find a slope
that is consistent with 2. This confirms that the received flux density scales quadratically with the
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Figure 4: The flux density Φ at f = 300 MHz as a function of the energy of the primary particle for three
off-axis angles. The results of fitting a straight line log10 Φ = a log10(E/eV)+b are shown.

primary energy and the amplitude of the electric field scales linearly with it. This is not surprising
since for a coherent signal it is expected that the amplitude of the electric field scales with the
number of electrons in the shower which is proportional to the energy of the primary particle. We
have verified that the quadratic relation between flux density and energy of primary cosmic ray
particle holds for all the zenith angles and all considered frequencies in our simulation set. This
has important consequences since measuring the flux density at a given frequency and off-axis
angle provides a measurement of the energy of the air shower. In practice the off-axis angle can
be related to the exponential fall-off of the flux density as can be seen in Fig. 2. This relation is
key to the energy destermination of UHECRs with ANITA [14]. This means that it is in principle
possible to deduce the primary energy from a single location as long as the exponential fall-off of
the spectrum can be determined. This procedure is applied in [22] to estimate the energy of the 14
CR events detected by ANITA with which a first determination of the CR spectrum based on radio
observations only was done.

5. Simulations for observatories on mountain tops

As in the case of ANITA, we have also performed simulations with the ZHAireS version
for reflected events on seawater for the planned TAROGE experiment. In a first step, we have
calculated the reflected electric field without Fresnel coefficients. After that, we apply the Fresnel
coefficients (Eq. 3.2) for the field of the shower as a whole using as incident angle the sum of the
shower zenithal angle and the observer’s off-axis angle, θi = θ +ψ . Although it is more precise to
apply the coefficients for the field of each individual track as in the previous section, the difference
between the two procedures of accounting for the Fresnel coefficients is negligible [17].

We have simulated two 1019 eV showers of 60◦ and 80◦ of zenithal angle, both of them coming
from the north. Observers lie on the north-south line at a constant z coordinate (not altitude, see
Fig. 1) of 1 km, each defining a single off-axis angle. The magnetic field has been chosen using a
WMM (World Magnetic Model) with the approximate coordinates of TAROGE (23.5◦ N, 121◦ E,
1 km above sea level), which results in a magnetic field with magnitude 44.6 µT declination−3.8◦

and inclination 34.4◦.
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Figure 5: Amplitude of the E-W component of the electric field for a 1019 eV shower coming from the
magnetic North. Observation frequencies are, from top to bottom, 50, 300 and 900 MHz. We plot the
components without reflection coefficient (red), with coefficient for complex effective permittivity (blue)
and with coefficient for real permittivity (black) as given by Eq. 3.1. Left: 60◦ shower. Right: 80◦ shower.

For the effective permittivity in Eq. 3.1 we will use the Stogryn model proposed in [18], which
gives good results for the measurements between 200 and 1400 MHz [19] and higher frequencies
[20]. The model is dependent on the temperature and salinity of the water. Typical reference values
are 20 ◦C for the temperature and 35 g/kg for the salinity. Under these conditions and between 50
and 1000 MHz seawater is well approximated by a medium with relative permittivity εr ∼ 69 and
conductivity σ ∼ 5 Ω−1m−1. Increasing (Decreasing) the salinity or temperature also increases
(decreases) the conductivity and the reflection is therefore enhanced (reduced).

As with the high altitude simulations, we assume a flat surface for reflections. Corrections due
to sphericity and roughness of the sea surface can be taken into account with the methods presented
in [21].

In Fig. 5 we plot the results for the amplitude of the East-West (E-W) component in showers of
60◦ (left) and 80◦ (right) zenith angle showers. The E-W component dominates the emission due to
the geomagnetic effect. Amplitudes are shown without Fresnel coefficient, with the coefficient for a
lossless medium (real effective permittivity) and with the complex coefficient for a conductive and
absorptive medium (complex effective permittivity as in Eq. 3.1). As seen in Fig. 5, a conductive
medium reflects more than a pure dielectric, and therefore seawater reflects more signal than pure
water or ice. Moreover, in this frequency range almost all the E-W component gets reflected. The
lower the frequency and the higher the zenith angle, the closer the coefficient is to 1.

6. Summary and conclusions

We have implemented the treatment of surface reflections for radio signals from air showers,
upgrading existing ZHAireS simulations. We have simulated radiation reflected on the Antarctic
ice going towards a high altitude balloon and radiation reflected on the sea towards a mountain
top observatory. We have shown the importance of accounting for the Fresnel coefficients. The
special version of the ZHAireS code can be used to assess the design and feasability of future large
exposure cosmic ray detectors based on the radio technique applied to air showers [3, 5].
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