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The solar wind directly interacts with the low-altitude plasma environment of Mars because the planet lacks a global in-
trinsic magnetic field. Waves that are left-hand polarized with a frequency similar to the local proton cyclotron frequency
in the spacecraft reference frame are called proton cyclotron waves (PCWs), and they could have a long-term impact on the
Martian ionosphere. For instance, several events have been reported in which the Mars Atmosphere and volatile EvolutioN
(MAVEN) spacecraft observed upstream PCWs driving (“ringing”) new compressive magnetosonic waves in the ionosphere
with an ultralow frequency (ULF) close to upstream proton gyrofrequency (Collinson et al., 2018; Fowler et al., 2018, 2021).
In particular, the event reported by Fowler et al. (2018) strongly suggests that PCWs-driven waves in the ionosphere heat
planetary heavy ions such as O% and O, %, contributing to ion escape to space. Romeo et al. (2021) determined the PCW
occurrence rate based on the MAVEN spacecraft observations over almost three Martian years, and the results show that it
is about 20% during the southern summer (L, [degree]=[215, 315]). In addition, Fowler et al. (2021) visually identified the
presence of compressive magnetosonic waves with a frequency below 0.1 Hz at altitudes below 1,000 km for 101 orbits of
the MAVEN spacecraft from August 7, 2020 to August 22, 2020 (L, [degree]=[253, 263]), and in 28% of the total orbits
the waves were present. Considering these previous studies, the occurrence of upstream PCWs and the resultant ringing pro-
cess are not uncommon, and its long-term impact on planetary ion heating and ionospheric dynamics may not be negligible.
However, no statistical characterization has been made for the properties and spatial distribution of PCW-driven waves in the
ionosphere.

In this study, we characterize them based on magnetic field data from April 1999 to November 2006 obtained by the magne-
tometer on board the Mars Global Surveyor (MGS) spacecraft. The MGS spacecraft was placed into Mars orbit in September
1997 and by March 1999 its orbit had transferred through aerobraking to a sun-synchronous orbit with an orbital inclination
of 92.96 degrees and an average altitude of 378 km (Albee et al., 2001). The MGS spacecraft possesses an onboard mag-
netometer that provides vector magnetic field measurements with a sampling frequency of up to 16 Hz (Acuna et al., 1992,
1998), and therefore the PCW-driven waves in the ionosphere at an ultralow frequency can be detected. We calculate power
spectral densities (PSD) based on magnetic field data observed at a quasi-constant altitude for about eight years and develop
an algorithm that can automatically detect ULF waves from PSD at each time. Based on the results of the automatic detection
of ULF waves, we investigate periodicities and long-term trends corresponding to the solar rotation period, solar cycle, and
Martian year in the occurrence rate of the waves, statistical characteristics of the wave amplitude, and spatial distributions of
the wave occurrence attributed to crustal magnetic field magnitude.
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