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Abstract Enhanced radiation in the Earth's atmosphere can pose serious hazards to pilots, aircraft
passengers, and commercial space travelers. Recent results have shown, statistically, that there is a strong
correlation between dose rates observed by Automated Radiation Measurements for Aerospace Safety
(ARMAS) instruments at aviation altitudes (>9 km) and plasmaspheric hiss wave power measured by NASA's
Van Allen Probes within the inner magnetosphere. Plasmaspheric hiss waves play a very important role in
removing energetic electrons from the Earth's radiation belts by precipitating them into the upper atmosphere.
These relativistic electrons generally drift eastwards along closed magnetic drift shells. In this study, we use
magnetic conjunction events between ARMAS and the Van Allen Probes to analyze the causality between
plasmaspheric hiss waves and enhanced radiation observed at aviation altitude. We specifically study how the
size of the conjunction window and a shift in L and MLT of the conjunction window affect the correlation
between dose rates and plasmaspheric hiss wave power. This is to determine if the observed enhanced radiation
at aviation altitude is indeed caused by the plasmaspheric hiss waves in the inner magnetosphere. The results
show that the enhanced radiation levels are only correlated with plasmaspheric hiss waves within conjunction
windows of —1 <L <1 and 0 < MLT < 2. The correlation between dose rate and hiss wave power increases
slightly if ARMAS is shifted approximately 1 hr in MLT to the east of the Van Allen Probes, consistent with the
drift trajectory of the electrons precipitating into the atmosphere.

Plain Language Summary Enhanced radiation in the Earth's atmosphere can pose serious hazards to
pilots, aircraft passengers, and commercial space travelers. Recent results have shown, statistically, that there is
a strong correlation between dose rates observed by Automated Radiation Measurements for Aerospace Safety
(ARMAS) instruments at aviation altitudes (>9 km) and plasmaspheric hiss wave power measured by NASA's
Van Allen Probes within the inner magnetosphere. Plasmaspheric hiss waves play a very important role in
removing energetic electrons from the Earth's radiation belts by precipitating them into the upper atmosphere.
These relativistic electrons generally drift eastwards along closed magnetic drift shells. In this study, we use
magnetic conjunction events between ARMAS and the Van Allen Probes to determine if the observed enhanced
radiation at aviation altitude is indeed caused by the plasmaspheric hiss waves. The correlation between dose
rate and plasmaspheric hiss wave power increases slightly if ARMAS is shifted approximately 1 hr in MLT to
the east of the Van Allen Probes, consistent with the drift trajectory of the electrons precipitating into the
atmosphere. This is a strong indication that plasmaspheric hiss is the cause of the radiation enhancements
measured by the ARMAS instruments at aviation altitudes.

1. Introduction

The Earth's atmosphere is known to experience occasional periods of enhanced radiation that can pose a serious
hazard to pilots, aircraft passengers, and commercial space travelers. Charged particles can enter the Earth's
atmosphere over a wide range of magnetic latitudes and impact atmospheric molecules generating x-rays and
gamma-rays in the process (Dwyer et al., 2012). Exposure to cosmic radiation can cause adverse health effects to
air travelers, such as, increasing the risk of fatal cancer (Knipp, 2017) or other adverse health effects that can limit
careers of aircrew (Cannon et al., 2013). It can also lead to Single Event Effects (SEEs) (Dyer et al., 2018;
Normand, 1996; O’Bryan et al., 2009; Zheng et al., 2019).
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The two major sources of radiation hazards are historically known to be the galactic cosmic rays (GCRs) and solar
energetic particles (SEPs) (Reames, 2013; Vlahos et al., 2019). The SEPs originate from flaring events that are
related to solar coronal mass ejections (CMESs) or from interplanetary magnetic field (IMF) shocks (Desai &
Giacalone, 2016; Gopalswamy et al., 2004; Reames, 2013). The GCR's, on the other hand, are produced in high-
energy explosive events outside the solar system and can be modulated slowly by the IMF (Blandford & Eich-
ler, 1987). Some studies have used the Automated Radiation Measurements for Aerospace Safety (ARMAS)
measurements at aviation altitudes (>9 km) to show that there is a third source of radiation, that may be linked to
the relativistic electrons that are precipitated from the Van Allen radiation belts (Tobiska et al., 2018), possibly by
electromagnetic ion cyclotron (EMIC) waves (Tobiska et al., 2022).

However, recently Aryan et al. (2023) demonstrated that the third source of radiation is actually related to pre-
cipitation of radiation belt electrons due to plasmaspheric hiss waves in the inner equatorial magnetosphere.
Aryan et al. (2023) used conjunction events between ARMAS and NASA's Van Allen Probes to study the
correlation between enhanced radiation levels at aviation altitudes (>9 km) and various plasma waves within the
inner magnetosphere, including EMIC waves, Chorus waves, plasmaspheric hiss waves and high frequency
waves. In the latter study, the conjunctions between ARMAS and the Van Allen Probes were confined to within
1 L (L-shell) and 1 h MLT. The results demonstrated strong statistical correlation between enhanced radiation
levels observed by ARMAS at aviation altitudes (>9 km) and plasmaspheric hiss waves measured by the Van
Allen Probes in the inner equatorial magnetosphere.

Plasmaspheric hiss waves play a very important role in removing energetic electrons from the Earth's radiation
belts by precipitating them into the upper atmosphere. Through cyclotron resonant interactions, plasmaspheric
hiss waves can pitch-angle scatter electrons with energies ranging from tens of keV up to several MeV (Horne &
Thorne, 1998; Li et al., 2007; Ma et al., 2016; Ni et al., 2014; Ripoll et al., 2016, 2019, 2020a, 2020b). It is known
that as well as spiraling and bouncing, the relativistic electrons also slowly drift eastwards along closed magnetic
drift shells (Li et al., 2021; Ripoll et al., 2019, 2020a, 2020b; Roederer, 1967; Roederer & Zhang, 2014).
Therefore, if the observed enhanced radiation at aviation altitude is indeed caused by the plasmaspheric hiss
waves in the inner magnetosphere, then a shift in the magnetic conjunction window between ARMAS at aviation
altitude and the Van Allen Probes in the inner magnetosphere would play a very important role in defining the
relationship between dose rate and plasmaspheric hiss wave power reported by Aryan et al. (2023). In addition,
the size of the conjunction window can also play a crucial role in defining the correlation between the observed
dose rate at aviation altitudes and plasmaspheric hiss waves. For example, narrower conjunction windows may
result in fewer events that are more closely related to one another but may also result in greater uncertainty due to
fewer conjunction events in each smaller conjunction window. On the other hand, a wider conjunction window
may deteriorate the correlation between enhanced radiation and plasmaspheric hiss wave power due to the fact
that plasmaspheric hiss waves have a limited spatial extent and therefore some events within the same wider
conjunction window may not be entirely related to one another.

In this study, we use magnetic conjunction events between ARMAS and the Van Allen Probes to analyze de-
pendencies of the cross correlation between plasmaspheric hiss waves and enhanced radiation observed at
aviation altitude. This is to determine if the observed enhanced radiation at aviation altitude is indeed caused by
the plasmaspheric hiss waves in the inner magnetosphere. To achieve this, we first apply a shifts in MLT and L,
respectively, to the conjunction windows (defined by L and MLT, please refer to the data and methodology
section for further details) between ARMAS and the Van Allen Probes (i.e., shifting ARMAS in the MLT and L
directions relative to the Van Allen Probes) and then examine how the size of the conjunction windows affects the
correlation between enhanced radiation at aviation altitude and plasmaspheric hiss waves in the inner equatorial
magnetosphere.

Section 2 provides a description of the data and methodology. In Section 3 and 4 we show how the size of the
conjunction window and a shift in the conjunction window in MLT and L, respectively, affect the correlation
between dose rates observed at aviation altitude by ARMAS and plasmaspheric hiss wave power observed by the
Van Allen probes. Finally, the discussion and conclusions are provided in Section 5.

2. Data and Methodology

The radiation data in this study are measured by ARMAS instruments that are flown at aviation altitudes (>9 km)
on commercial aircraft and various agency-sponsored flights, such as, the NASA Armstrong Flight Research
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Center (AFRC), the National Science Foundation (NSF), the National Center for Atmospheric Research (NCAR),
the National Oceanic and Atmospheric Administration (NOAA), Gulfstream 5 (G-5), and commercial aircraft,
and the Federal Aviation Administration (FAA) William J. Hughes Technical Center (WJHTC) Bombardier
Global 5000 (BG5) (Tobiska et al., 2016, 2018, 2022). The ARMAS instruments operate in an automated ra-
diation collection mode that provides continuous data for an entire flight in the form of 10-s measured absorbed
dose and derived effective dose rates. The environment absorbed dose is measured in silicon (Si) on the aircraft.
The data is then sent to the ground via an Iridium satellite link or aircraft WiFi through real-time data streaming.
The data is then processed to Level 4 effective dose rates for location and time (Tobiska et al., 2016, 2018, 2022).
A Teledyne micro dosimeter uDOS001 (uDOS), a microprocessor, a GPS chip, an Iridium transceiver or a
Bluetooth transmitter, and other associated electronics are used to make the measurements. Extensive ground
beam line testing have shown that the uDOS chip used is sensitive to heavy ions (Fe+), electrons, protons,
neutrons, alphas, and y-rays, especially above 1 MeV (Tobiska et al., 2016). The ARMAS database includes
>1,000 flights from ground to above 500 km altitude providing >1,000,000 10-s measured absorbed dose and
derived effective dose rates. The background dose rate, including GCR's and SEP's, are estimated NASA Langley
Research Center (LaRC) Nowcast of Atmospheric Ionizing Radiation for Aviation Safety (NAIRAS) model
(Mertens et al., 2013).

The wave data used in this study were measured by the two identical Van Allen Probes that studied the Van Allen
radiation belts between 2012 and 2019. These satellites operated in a 10° inclination orbit with an apogee of
approximately 5.8 RE and a perigee of 1.1 RE geocentric (Mauk et al., 2013). The wave data was measured by the
Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) wave instruments onboard each
probe (Kletzing et al., 2013). The Waveform Receiver was used to measure the wave power spectral density
(PSD) between 10 Hz and 12 kHz (Kletzing et al., 2013; Wygant et al., 2013). The high-frequency receiver (HFR)
was used to measure the electric spectral intensity between 10 and 400 kHz. A triaxial fluxgate magnetometer and
a triaxial search coil magnetometer were used to measure the background magnetic fields the high frequency
wave magnetic field fluctuations respectively (Kletzing et al., 2013), including continuous waveform burst mode
with selected ~6 s snapshots. Plasmaspheric hiss waves are right-hand polarized electromagnetic whistler-mode
waves (Bortnik et al., 2008, 2009; Thorne et al., 1973) that occur naturally inside the plasmasphere and dayside
plasmaspheric plumes where the plasma density is high (Chan & Holzer, 1976; Hayakawa et al., 1986; Parrot &
Lefeuvre, 1986). They are observed as a steady, incoherent noise band (Falkowski et al., 2017; Tsurutani
et al., 2015, 2018) in the approximate frequency range of 100 Hz < f < 2 kHz (Meredith et al., 2004). Plas-
maspheric hiss waves play an important role in the dynamics of the radiation belts. They are responsible for the
continuous scattering of the inner radiation belt electrons into the atmospheric loss cone. It is also known that
plasmaspheric hiss waves are responsible for the decay of energetic electrons in the outer radiation belt during
relatively quiet geomagnetic conditions (Lyons & Thorne, 1973; Summers et al., 2007) that happens as a result of
resonant pitch angle scattering of energetic electrons (Lyons et al., 1972). Plasmaspheric hiss waves are also
crucial in the formation of the slot region between the inner and outer radiation belts (Albert, 1999; Lyons
et al., 1972; Lyons & Thorne, 1973; Ripoll et al., 2015). For this study, we use the comprehensive wave data
measured by the EMFISIS instruments onboard the two Van Allen Probes for the entire mission. The 3D
magnetic field waveform survey data are used to calculate 1-min averaged wave PSD over the frequency range
100 Hz < f < 2 kHz for plasmaspheric hiss (Aryan et al., 2016, 2023; Meredith et al., 2004, 2007; Thorne
et al., 1973). Note: AD is the difference between the measured dose by ARMAS and the background dose
estimated by NAIRAS model.

Figure 1 shows a close conjunction event between ARMAS and Van Allen Probe B on 28 December 2015. The
lower panel shows a clear signature of plasmaspheric hiss waves observed by Van Allen Probe B on the dayside
around MLT ~14hr and L =3, whilst the upper panel shows that the ARMAS instruments measure dose rates (red
bars) that are above the background level (blue line) at around 10 km altitude, MLT ~13 hr and L 2. During this
close conjunction the ARMAS instrument measures dose rates that increase and correlate well with the inten-
sification of plasmaspheric hiss waves observed by Van Allen Probe B within the inner equatorial magnetosphere.
This suggests that the enhanced radiation is linked to plasmaspheric hiss waves as reported by Aryan et al. (2023).

In this study, we use almost 7 years of ARMAS real-time radiation measurements at aviation altitudes (>9 km)
and plasma wave data observed by NASA's Van Allen Probes in the inner magnetosphere (between 2013 —2019).
We identified >1,000 conjunction events between ARMAS and Van Allen Probes within a conjunction window
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Figure 1. A conjunction event between ARMAS and Van Allen Probe B on 28 December 2015. The top panel shows the background dose rate (blue line) and the
observed dose rate (red bars) measured by ARMAS at around 10 km altitude. The lower panel shows plasmaspheric hiss waves observed by Van Allen Probe B in the

inner equatorial magnetosphere.

of AL <1 RE and AMLT < 1 h. We use these conjunction events to study in detail the dependencies of the cross
correlation between plasmaspheric hiss waves and enhanced radiation observed at aviation altitude.

Figure 2 shows the correlation between the dose rates observed by ARMAS at aviation altitudes and the plas-
maspheric hiss wave power observed by the Van Allen Probes in the inner magnetosphere. The results show a
strong correlation between dose rates and plasmaspheric hiss wave power as reported by Aryan et al. (2023), with
a correlation coefficient » = 0.73, while the red line represents the line of best fit.

Aryan et al. (2023) investigated the correlation between dose rates and various wave modes that could be linked to
the enhanced radiation observed at aviation altitudes, including electromagnetic ion cyclotron (EMIC) waves,
chorus waves, and high-frequency waves. However, Aryan et al. (2023) concluded that dose rates were only
correlated with plasmaspheric hiss wave power. Aryan et al. (2023) did not explore the correlation between dose
rates and lightning-generated whistlers because terrestrial gamma ray flashes (TGFs) are not considered a credible
source of this radiation for several reasons: (a) While TGFs from lighting have been documented (Pallu
etal., 2023), they occur almost exclusively in the lower troposphere where the optical depth for photon absorption
is quite high. In fact, the Pallu et al. (2023) study indicates that 200 m is the range of effective dose up to 1 Sv
centered around the source, with the dose falling off dramatically the further away the sensor is from the source.
Of the hundreds of thousands of aircraft flights in a 2-year period, Pallu et al. (2023) indicates that less than one
aircraft will be hit by a TGF. (b) Of the 1,000+ tropospheric flights by ARMAS, zero flights have flown close to
thunderstorms. The commercial, corporate, and agency flights that have hosted ARMAS all take great precautions
to avoid thunderstorm areas. (c) The duration of the excess radiation seen by ARMAS lasts for tens of minutes to
2 hours while the aircraft is flying at a rate of 600 km/hr. TGFs, on the other hand, last for less than 1 s. There is no
known lighting source that is continuous for tens of minutes to hours across several hundred km of distance. (d)
The integration time for ARMAS when used on aircraft is at the minimum 10-s and those integration periods are
processed on the ground to 1-min data records. A TGF is <1 s and even if there were one close TGF example out
of a thousand flights, that is, at the 200 m and 1 Sv category, that signal would be lost in the integration of the
remaining 59 s at GCR level dose rates. In other words, we simply would not be able to detect TGFs using the
current ARMAS technology. (e) Lightning-generated whistler wave intensity is about 10 times smaller than hiss
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Figure 2. The relationship between the observed dose rate (AD) at aviation altitudes (>9 km) and plasmaspheric hiss wave
power (power spectral density) in the inner equatorial magnetosphere. The red line represent the line of best fit and the
correlation coefficient is given in the top right corner.

intensity as measured during CRRES (Meredith et al., 2007; NP et al., 2009) and Van Allen Probes (Green
et al., 2020; Ripoll et al., 2020b, 2021) missions, which makes their effects in terms of electron precipitations 100
times weaker than the one produced by hiss waves.

Despite the reasons outlined above, we have examined the correlation between dose rates and lightning-generated
whistlers wave power for the sake of completeness. The correlation between the 2—-11 kHz frequency range,
which corresponds to lightning-generated whistlers, and the dose rates observed by ARMAS is shown in Figure 3.
As seen, the correlation coefficient is 0.2, indicating no significant relationship between the two.

There are approximately 700 data samples where the Van Allen Probes detected plasmaspheric hiss waves while
ARMAS simultaneously measured enhanced radiation (i.e., radiation levels higher than the background). Each
data point represents a 1-min average of plasmaspheric hiss intensities and corresponding dose rates. The
geographical distribution of these ARMAS events are shown in Figure 4, with most events occurring over North
America. Additionally, the global distribution of these events are presented in Figure 5, split into four MLT
sectors.

The events are fairly well distributed in L-shell values, ranging from approximately 1.8—4.2 L. However, the
events are not evenly spread across the MLT sectors, with a notably higher concentration in the post-noon sector
(12:00-18:00 MLT), which is when plasmaspheric hiss waves are more likely to be observed (Aryan et al., 2021).
Conversely, fewer events were recorded in the dawn sector (00:00-06:00 MLT). Despite this uneven distribution
across MLT sectors, the correlation coefficient between dose rates and plasmaspheric hiss wave power remains
relatively high across all MLT sectors.

It is also worth nothing that the majority of conjunction events occur around the aviation altitude (9—13 km),
therefore the correlation coefficients presented in this study are unlikely to be affected significantly by altitude. To
further investigate the potential impact of altitude on the observed correlation, we divided the data into two
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Figure 3. The relationship between the observed dose rate (AD) at aviation altitudes (>9 km) and lightning-generated
whistler wave power (power spectral density) in the inner equatorial magnetosphere.

altitude bins: One for altitudes below 12 km and another for altitudes above 12 km. The correlation between
plasmaspheric hiss wave power and dose rate was calculated separately for each of these altitude bins. The results,
shown in Figure 6, reveal that the correlation coefficients for both altitude ranges are very similar, indicating that
the relationship between hiss wave power and dose rates remains consistent across these two altitude ranges.

Figure 4. Geographical distribution of the ARMAS events.
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Figure 5. Global distribution of the ARMAS events.
For the low-altitude bin (altitudes <12 km), the correlation coefficient was found to be 0.71, with a standard error
of +£0.16. For the high-altitude bin (altitudes >12 km), the correlation coefficient was similarly 0.74 with a
standard error of +£0.17. Given the minimal difference in the correlation coefficients and the standard errors
between the two altitude ranges, it is reasonable to conclude that altitude does not significantly affect the cor-
relation between plasmaspheric hiss wave power and the observed dose rates. This suggests that the relationship
between hiss wave power and radiation exposure is robust across the typical range of aviation altitudes.
To investigate if the observed enhanced radiation at aviation altitude is indeed caused by the plasmaspheric hiss
waves in the inner magnetosphere then both the size of the conjunction window and a shift in the conjunction
window will play crucial roles as described in the introduction section. To determine this, we first analyze the
effect of changing the correlation window in L and MLT respectively on the correlation coefficients between
plasmaspheric hiss waves power and enhanced radiation observed at aviation altitude. We then examine how the
size of the conjunction window (i.e., the bin size) contributes to correlation coefficients between plasmaspheric
hiss waves power and enhanced radiation.
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Figure 6. The relationship between the observed dose rate (AD) at aviation altitudes (>9 km) and plasmaspheric hiss wave
power (power spectral density) for (left) low and (right) high altitude flights.
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Figure 7. Panel A illustrates the conjunction window geometry with 1 h MLT shift for ARMAS relative to the Van Allen Probes. Panel B shows a schematic of the Van
Allen Probes observing plasmaspheric hiss waves in the inner equatorial magnetosphere while in magnetic conjunction with ARMAS instrument at aviation altitudes.
Panel C shows the variation of the correlation coefficient for different MLT shifts (=3 < AMLT < 3) in the conjunction windows of ARMAS relative to the Van Allen

Probes.

3. Effects of Changing Conjunction Window in Magnetic Local Time

The relativistic electrons slowly drift eastwards (Roederer, 1967) along closed magnetic drift shells as they are
precipitated from the radiation belts into the upper atmosphere through cyclotron resonant interactions with
plasmaspheric hiss waves. Here we apply various MLT shifts to the conjunction windows between ARMAS and
the Van Allen Probes (i.e., we shift ARMAS in the MLT and L directions relative to the Van Allen Probes) to
examine how it will influence the correlation between enhanced radiation levels and plasmaspheric hiss waves
presented in Figure 2.

Figure 7a illustrates the conjunction window geometry with 1 h MLT shift for ARMAS relative to the Van Allen
Probes (i.e., a positive AMLT indicates an eastward shift of ARMAS relative to the Van Allen Probes and vice
versa). Figure 7b provides a schematic of the Van Allen Probes observing plasmaspheric hiss waves in the inner
equatorial magnetosphere while in magnetic conjunction with the ARMAS instrument at aviation altitudes.
Figure 7c shows the variation of the correlation coefficient for different MLT shifts (—3 < AMLT < 3) in the
conjunction windows of ARMAS relative to the Van Allen Probes. The results show that the correlation co-
efficients change for different MLT shifts. This is explored further in Figure 7, which shows the correlation
coefficient as a function of AMLT with error bars (the vertical lines that represent the standard error (SE) and are
calculated by dividing the standard deviation (o) by the square root of the total number of data (n): SE = ¢/ \/ﬁ
(Altman & Bland, 2005)) and hourly MLT shift in the conjunction windows of ARMAS relative to the Van Allen
Probes.

For a AMLT = 0 the ARMAS is in the same MLT as the Van Allen Probes (i.e., ARMAS and the Van Allen
Probes are in direct magnetic conjunction), and the correlation coefficient is » = 0.73 as shown in Figure 2.
However, when the ARMAS is shifted by 1 h MLT to the east of the Van Allen Probes (i.e., AMLT = 1) the
correlation coefficient remains high and even slightly higher (r = 0.74), which is an indication that enhanced
radiation observed at aviation altitude is closely associated with the intensity of plasmaspheric hiss waves at the
inner equatorial magnetosphere. This is consistent with the drift path of relativistic electrons from the Van Allen
radiation belts, as they are drifting eastward. The correlation coefficient decreases to » = 0.69 when the ARMAS
is shifted by 2 h MLT to the east of the Van Allen Probes, which is still relatively high and an indication that the
ARMAS and the Van Allen Probes conjunction window is still within the spatial extent of plasmaspheric hiss
waves and the drift path of relativistic electrons. However, the correlation coefficients are much smaller and very
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Figure 8. The correlation coefficient as a function of AMLT with error bars (vertical lines) and hourly MLT shift in the
conjunction windows of ARMAS at aviation altitudes (>9 km) relative to the Van Allen Probes in the inner magnetosphere.

random when the conjunction window is shifted beyond 2 h MLT since the relativistic electrons would have
already precipitated to the dense upper atmosphere by this point. Also the correlation coefficients are much
smaller and very random when the ARMAS is shifted westwards of the Van Allen Probes (i.e., for AMLT <0)
which indicates a weak relationship between the dose rates and plasmaspheric hiss waves. The correlation co-
efficient for a 1 h westward MLT shift is » = 0.59 in comparison to the correlation coefficient for 1 h eastward
MLT shift, which emphasizes that the precipitating relativistic electrons from the Van Allen radiation belts due to
plasmaspheric hiss wave scattering are directly related to the enhanced radiation levels observed at the aviation
altitudes (>9 km).

The size of the conjunction window can also play a very important role in defining the correlation between the
observed dose rate at aviation altitudes (>9 km) and plasmaspheric hiss waves in the inner equatorial magne-
tosphere. The results discussed in Figure 8 are based on a conjunction window size of 1 h MLT (i.e., each bin
contains events that occur within a specific 1 h MLT conjunction window). Here we reduce the conjunction
window to 0.5 hr MLT to determine how the relationship between dose rate and plasmaspheric hiss wave power is
affected.

Figure 9 shows the correlation coefficient as a function of AMLT with error bars (vertical lines) and 0.5 hr MLT
shift in the conjunction windows of ARMAS at aviation altitudes (>9 km) relative to the Van Allen Probes in the
inner magnetosphere. Overall, the results show that the correlation coefficients are similar to correlation co-
efficients observed in Figure 8 with the highest correlation coefficient values observed for AMLT between 0 and
2 h MLT. However, the peak correlation coefficient is r = 0.76 (observed for AMLT = 1.5 MLT) which is slighty
larger than the peak correlation coefficient r = 0.74 observed for AMLT = 1 MLT with conjunction window size
of 1 h MLT as of Figure 8. This demonstrates that narrower conjunction windows slightly improves the corre-
lation coefficient between dose rate and plasmaspheric hiss wave power because the events within the narrower
conjunction windows are more likely to be related to one another. Thus, the high correlation found demonstrate
the enhanced radiation observed at aviation altitude is caused by the plasmaspheric hiss waves in the inner
magnetosphere during these events. Though, narrower conjunction windows lead to greater uncertainty due to
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Figure 9. The correlation coefficient as a function of AMLT with error bars (vertical lines) and 0.5 hr MLT shift in the
conjunction windows of ARMAS at aviation altitudes (>9 km) relative to the Van Allen Probes in the inner magnetosphere.

smaller number of samples (approximately halved) in each smaller conjunction window as demonstrated by the
larger error bars in Figure 8.

4. Effects of Changing Conjunction Window in L-Shell

Another important analysis to check the dependencies of the cross correlation between plasmaspheric hiss waves
and enhanced radiation observed at aviation altitude is to study how the relationship between dose rate and
plasmaspheric hiss wave changes with various shifts in L-shell. If the observed enhanced radiation at aviation
altitude is indeed caused by the plasmaspheric hiss waves in the inner magnetosphere, then a shift in the magnetic
conjunction window between ARMAS at aviation altitude and the Van Allen Probes in the inner magnetosphere
would play a very important role in defining the correlation between the two due to limited spatial extent of
plasmaspheric hiss waves. Here we apply various shifts in the L direction to the conjunction windows between
ARMAS and the Van Allen Probes (i.e., shifting ARMAS in the L directions relative to the Van Allen Probes) to
examine how it will influence the correlation between enhanced radiation levels and plasmaspheric hiss waves
presented in Figure 2.

Figure 10 shows the correlation coefficient as a function of AL with error bars (vertical lines) and 1 L shift in the
conjunction windows of ARMAS at aviation altitudes (>9 km) relative to the Van Allen Probes in the inner
magnetosphere. For AL = 0 the ARMAS is in the same L-shell as the Van Allen Probes and the correlation
coefficient is » = 0.73 (as shown in Figure 2), which is also the peak correlation coefficient value for any AL.
However, a shift in the conjunction window of ARMAS relative to the Van Allen Probes, in either L direction,
results in a decrease in the correlation coefficient. For example, the correlation coefficient decreases to » = 0.68,
r=0.46, and r = —0.13 for AL = 1, AL =2, and AL = 3 respectively. The number of samples in each bin also
decreases from ~700 samples for AL = 0 to ~300 samples for AL = 3 (a similar pattern is observed for negative
AL values). This shows that the further the shift in conjunction window of ARMAS relative to the Van Allen
Probes in the L-shell (i.e., the larger the AL) the lower the correlation coefficients, which indicates that enhanced
radiation observed by ARMAS at aviation altitudes becomes less dependent to plasmaspheric hiss wave
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Figure 10. The correlation coefficient as a function of AL with error bars (vertical lines) and 1 L shift in the conjunction
windows of ARMAS at aviation altitudes (>9 km) relative to the Van Allen Probes in the inner magnetosphere.

observations by the Van Allen Probes. This is understandable as the further apart ARMAS and the Van Allen
Probes are in L-shell the least likely they would be observing the same related event because plasmaspheric hiss
waves have a limited spatial and temporal coherence (Zhang et al., 2021). In addition, it is worth noting that the
results show that the error bars increase for larger AL values. This is because for larger AL values there are fewer
samples and therefore greater uncertainty and error values.

The size of the conjunction window in L-shell can also play a very important role in defining the correlation
between the observed dose rate at aviation altitudes and plasmaspheric hiss waves in the inner equatorial
magnetosphere. The results discussed in Figure 7 are based on a conjunction window size of 1 L (i.e., each bin
contains events that occur within a specific 1 L conjunction window). Here we examine how those results would
change if the conjunction window is reduced to 0.5 L.

Figure 11 shows the correlation coefficient as a function of AL with error bars (vertical lines) and 0.5 L shift in the
conjunction windows of ARMAS at aviation altitudes relative to the Van Allen Probes in the inner magneto-
sphere. The peak correlation coefficient is r = 0.78 observed for AL = 0, which is larger than the peak correlation
coefficient r = 0.73 observed for AL = 0 with conjunction window size of 1 L as of Figure 10. However, the error
bars are noticeably larger compared to Figure 10 which again indicates an increase in the uncertainty in the results
due to lack of data in each smaller conjunction window. Similar to the results presented in Figure 8 for narrower
MLT conjunction windows, the results here also demonstrate that narrower conjunction windows increase the
correlation coefficient between dose rate and plasmaspheric hiss wave power because the events within the
narrower conjunction windows are more likely to be related to one another, that is, the enhanced radiation
observed at aviation altitude is caused by the plasmaspheric hiss waves in the inner magnetosphere during these
events. Though, narrower conjunction windows lead to greater uncertainty due to smaller number of samples
(e.g., less than 100 samples for AL = #3) in each narrower conjunction window.
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Figure 11. The correlation coefficient as a function of AL with error bars (vertical lines) and 0.5 L shift in the conjunction
windows of ARMAS at aviation altitudes (>9 km) relative to the Van Allen Probes in the inner magnetosphere.

5. Discussion and Conclusions

In this study, we used magnetic conjunction events between ARMAS and the Van Allen Probes to test the de-
pendencies of the cross correlation between plasmaspheric hiss waves and enhanced radiation observed at
aviation altitude. We used almost 7 years of ARMAS real-time radiation measurements taken at aviation altitudes
(>9 km) and plasma wave data observed by NASA's Van Allen Probes in the inner magnetosphere (between
2013—-2019). We identified >1,000 conjunctions between ARMAS and Van Allen Probes within a conjunction
window of AL < 1RE and AMLT < 1h. We used these conjunctions to identify events where ARMAS observed
enhanced radiation at aviation altitude while Van Allen probes observed plasmaspheric hiss waves in the inner
magnetosphere. We then used the events to examine the influence of plasmaspheric hiss waves on enhanced
radiation observed at aviation altitude. We specifically studied how the size of the conjunction window and a shift
in the conjunction window in L and MLT affect the correlation between dose rates and plasmaspheric hiss wave
power. The main goal of this study was to determine if the observed enhanced radiation at aviation altitude is
indeed consistent with scattering by plasmaspheric hiss in the inner magnetosphere. To achieve that, we first
applied shifts in MLT and L, respectively, to conjunction windows between ARMAS and the Van Allen Probes
(i.e., shifting ARMAS in the MLT and L directions relative to the Van Allen Probes) and then examined how the
size of the conjunction windows affects the correlation between enhanced radiation at aviation altitude and
plasmaspheric hiss waves in the inner equatorial magnetosphere.

The results show that the enhanced radiation levels are only correlated with plasmaspheric hiss waves within
conjunction windows of —1 <L <1 and 0 < MLT < 2 h. In addition, when ARMAS is shifted by 1 h MLT to the
east of the Van Allen Probes (i.e., AMLT = 1) the correlation coefficient increased slightly from r = 0.73 to
r = 0.74, which is consistent with the drift path of relativistic electrons from the Van Allen radiation belts, as they
are drifted eastward. However, the correlation coefficients were much smaller and random when the conjunction
window was shifted beyond 2 h MLT and when the ARMAS was shifted westwards of the Van Allen Probes (i.e.,
for AMLT < 0) which indicated a weak relationship between the dose rates and plasmaspheric hiss waves. Also, a
shift in the conjunction window of ARMAS relative to the Van Allen Probes, in either L direction, results in a
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decrease in the correlation coefficients. The largest correlation coefficient was observed when ARMAS was in the
same L-shell as the Van Allen Probes (i.e., AL = 0). These results are consistent with electron scattering through
cyclotron resonant interactions with plasmaspheric hiss waves, and provide a strong indication that the enhanced
radiation levels observed at the aviation altitudes are directly related to plasmaspheric hiss waves observed in the
inner equatorial magnetosphere. In addition, the results also shows that the conjunction window size also plays an
important role. For narrower conjunction, windows increase the correlation coefficients but lead to greater un-
certainty due to a smaller number of events in each smaller conjunction window. Finally, the results show that the
events are evenly distributed in L (between approximately 1.8—4.2 L), but more concentrated in the post-noon
sector (between 12:00-18:00 MLT) where plasmaspheric hiss waves are likely to be observed. However,
despite the uneven distribution of events in MLT, the correlation coefficient between the dose rates and plas-
maspheric hiss wave power is relatively high for all MLT sectors.

Overall, the results provided here demonstrates that the enhanced radiation observed at the aviation altitude by
ARMAS is most likely caused by the plasmaspheric hiss waves in the inner magnetosphere measured by the Van
Allen probes. This could help us better understand the effect of plasmaspheric hiss waves on the energetic ra-
diation belt electron precipitation, its spatial extent, and the relation to radiation experienced by commercial
airline passengers, pilots, and space travelers.

Data Availability Statement

The HFR and WFR data are freely available from the EMFISIS instrument (Kletzing et al., 2013; Wygant
et al., 2013) website at the University of lowa (https://emfisis.physics.uiowa.edu/). The geomagnetic index (AE)
are freely available from NASA's GSFC online space physics data facility, OMNIWeb (https://omniweb.gsfc.
nasa.gov). The ARMAS data is freely available from Space Environment Technologies ARMAS website at
https://spacewx.com/radiation-decision-aids/. The ARMAS-RBSP conjunction list can be found at https://doi.
org/10.5281/zenodo.14579779.
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