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			Abstract

			Since the discovery of cosmic radiation by Victor Hess in 1912, when he reported a significant increase in radiation as altitude increases, concerns about radiation effects on human bodies and equipment have grown over the years. The secondary and tertiary particles which result from the interaction of primary cosmic rays with atmospheric particles and commercial aircraft components, are the primary cause of the radiation dose deposited in human bodies and in electronic equipment (avionics) during aircraft flights. At an altitude of about 10 km (or higher) above sea level, the dose received by frequent flyers, and especially flight crew, is a serious concern. Also of concern is the possible failure of sensitive equipment on board commercial aircrafts as a result of flying through this mixed radiation field. Monitoring radiation in the atmosphere is therefore very important. Here we report on the first measurements by the High Altitude Radiation Monitor (HARM) detector during a commercial flight from Johannesburg (O.R. Tambo International Airport) to Windhoek (Hosea Kutako International Airport). As part of a public awareness activity, the HARM detector was placed on a high-altitude balloon, and these measurements are also shown here. Model calculations (estimations) of radiation levels for the commercial aircraft flight are shown and the results are used to interpret our measurements.

			Significance:

			
					•	Measurements of the Regener–Pfotzer maximum in South Africa and dosimetric measurements on board a commercial flight are presented.

					•	These radiation measurements are compared to model calculations which can be used to predict the radiation dose during commercial flights.

					•	This study also aims to raise public awareness about the atmospheric radiation environment from ground level to the Regener–Pfotzer peak at high altitude.
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			Introduction

			Earth is continuously exposed to ionising radiation from high-energy particles originating from galactic sources such as active galactic nuclei or supernova remnants1-3, the Sun4 and particles trapped in the Van Allen radiation belts5,6. Galactic and solar particles are energetic enough to interact with the Earth’s atmosphere where they produce high-energy secondary particles. During commercial aircraft flights, these primary and secondary high-energy particles interact with aircraft components to further produce more high-energy secondary particles. Scientists have been assessing the exposure of crew members and commercial aircraft passengers to ionising radiation ever since it was identified as a health risk in the 1920s7, and since then, progress has been made over the years in measuring and monitoring radiation at flight altitudes8,9. When exposed to radiation from these high-energy particles, the time-dependent amount of energy absorbed by human bodies, referred to as the dose rate, can be harmful because it can damage the body’s DNA make-up.10,11 Even though our bodies are capable of repairing this damage, errors can occur during the repair processes, leading to a mutation of cells that can potentially result in cancer.12,13 Therefore, measurements of these secondary particles can be of help to improve our knowledge and understanding of post-exposure effects and thereby also improve the risk estimation for commercial aircrafts.

			The production of secondary particles in the upper atmosphere is at a maximum rate14 at an altitude reported to be between 14 km and 20 km above sea level. This maximum altitude of ionising radiation is known as the Regener–Pfotzer maximum (RP-max).15 The RP-max varies with geomagnetic (omnidirectional) cut-off rigidity, air pressure, and solar cycle activity and there is no fixed altitude position above sea level to represent it. Below this altitude, the intensity of secondary radiation steadily decreases due to absorption and decay processes.16,17 Therefore, to measure and monitor radiation exposure, at least up to the RP-max, a small, portable and lightweight instrument known as the High Altitude Radiation Monitor (HARM) was used. This acronym was used to honour the late Prof. Harm Moraal, who was part of the North-West University’s (NWU) physics department for 44 years and championed cosmic ray research in South Africa. This instrument uses a Geiger–Mϋller (GM) counter, capable of detecting secondary and tertiary particles, and a number of smaller sensors added to provide additional information.

			The South African National Space Agency’s (SANSA) Space Science Division operates a wide range of infrastructure, all dedicated to studying the atmosphere, the Earth’s magnetic field, the Sun, and the near-space environment. The agency’s ground-based instruments are located across southern Africa and in Antarctica. For years, SANSA has been conducting real-time monitoring and forecasting of space weather events (http://spaceweather.sansa.org.za). Recently, the agency was selected by the International Civil Aviation Organization (ICAO) as one of two regional centres to provide space weather services, including solar storm forecasts and warnings, to the aviation industry from 2022. By the end of 2018, the ICAO had recommended that all flight plans must include space weather information by law.18 In anticipation of this, the HARM programme was initiated to characterise the radiation environment above South Africa at aviation altitudes. Here we report on the first HARM measurements (and the model estimates) during a commercial aircraft flight and the measurements obtained during a high-altitude balloon launch. 
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			Cosmic rays in the atmosphere

			Cosmic rays are energetic charged particles, consisting mostly of protons, which can be classified into four main species, namely solar energetic particles (SEPs), anomalous cosmic rays, Jovian electrons (which are produced in the Jovian magnetosphere), and galactic cosmic rays (GCRs). However, only the GCR and SEP species are of importance here. The SEPs originate from the Sun and are accelerated mainly by solar flares, coronal mass ejections, and shocks in the interplanetary medium. The source of the GCRs is, however, located outside the region of space influenced by the solar wind and the solar magnetic field, known as the heliosphere19, in astrophysical sources such as supernova remnants1-3. As they enter the heliosphere with energies of up to 1012 GeV20, these particles interact with the solar wind and the embedded heliospheric magnetic field, causing their intensities to change as a function of time, position, and energy in a process called cosmic ray modulation.20 This process is classified based on the timescale in which it occurs, i.e. short-term (from hours to days4), medium-term (from days to about a month and sometimes more than that21), and long-term (from a month to years or decades and even beyond) modulation effects.

			The level of modulation greatly depends on the energy of these particles. At Earth, cosmic rays are denied free access to the ground level due to the orientation of the geomagnetic field. Therefore, depending on their energies (or rigidity, which defines a measure of the momentum of the particle per elementary charge), their arrival direction, and the period of solar activity, these particles can be deflected back into space, get trapped in the geomagnetic field, or they can penetrate and make their way to the top of the atmosphere. 

			For vertically incident particles originating from space, it is easy for particles with both high and low energies to penetrate the geomagnetic field at the polar regions because the geomagnetic field lines are directed perpendicular to the surface, leading to higher fluxes in these regions. In a geocentric dipole field, geomagnetic cut-off rigidity is defined as the minimum momentum per charge a particle must have in order to reach a specific position, given a certain arrival direction.22 Throughout this article, we use the geomagnetic cut-off rigidity of a particle with vertical incidence, labelled Pc. At Earth, Pc varies from 0 GV at the geomagnetic polar regions to about 17 GV in the mid-latitudes. Due to the more effective shielding at the mid-latitude regions, fewer particles can reach the ground level at mid-latitudes.22,23

			As primary GCRs and SEPs penetrate the geomagnetic field and traverse down to lower altitudes they will interact with the atmospheric particles, producing secondary particles such as neutrons, protons and electrons. A simplified schematic (not drawn to scale) illustrating the primary cosmic ray interaction with the upper atmosphere which results in a cascade of secondary particles is shown in Figure 1. This cascade continuously occurs until the particles lose all their energy and are finally absorbed in the lower atmosphere.23 For a cosmic ray particle to sustain an atmosphere cascade which is observed at ground level, the primary particles need at least 1 GV in rigidity.

			To study the behaviour of secondary cosmic rays on both long and short timescales, neutron monitors (NMs) are the most preferred detectors. NMs have been observing cosmic ray activity since 1951 when J.A. Simpson built the first monitor.24 They measure the secondary particles’ by-products, mainly neutrons and protons.25 The four chosen NMs considered here are located in Antarctica (at the South African research base, SANAE), South Africa (Hermanus and Potchefstroom) and Namibia (Tsumeb), at cut-off rigidities (altitudes) ranging from about 0.86 GV (0.052 km) in Antarctica to about 9.15 GV (1.240 km) in Namibia. They are all operated by the Centre for Space Research of the NWU. The Centre has been involved with these types of observation in the southern hemisphere for over 60 years since the late 1950s.

			[image: fig%201.png] 

			Figure 1:	Basic representation of the cosmic ray cascade. The figure is not to scale.

			Figure 2a shows the long-term cosmic ray NM count rates as a function of time, with all the NMs normalised to 100% in March 1987. Clearly, from this long-term record, NMs react to modulation based on Pc. A monitor with a lower Pc, i.e. SANAE at 0.86 GV, will be more sensitive to modulation and record higher count rates than a monitor with higher Pc, i.e. Tsumeb at 9.15 GV. Apart from detecting the secondary particles’ by-products, NM counts on the ground can also give an indication of the primary cosmic ray flux at and above the top of the atmosphere.

			In contrast to the quasi-constant quiet-time GCR levels, the Sun can produce short-term transient increases of cosmic rays at the ground level. These ground-level enhancements (GLEs) are caused by relativistic SEPs26 being accelerated in solar flares and coronal mass ejections. These SEPs have sufficient intensity and energy to greatly enhance the atmospheric secondary radiation environment.27 The first GLE was registered on 28 February 1942, and only 72 GLEs have occurred to date. Note that these solar transient events can also modulate the GCR levels over longer timescales.

			Figure 2b shows the percentage increase measured by the four chosen NMs during the GLE of 29 September 1989, also referred to as GLE 42. This GLE is the only one for which all four NMs simultaneously registered a significant increase. The SANAE NM registered a 297.5% peak increase, while the Hermanus, Potchefstroom and Tsumeb NMs recorded 105.1%, 105.3% and 62.2% increases, respectively. A GLE can therefore lead to increases in the NM count rate of several orders of magnitude.
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			Figure 2:	(a) Long-term and (b) short-term neutron monitor count rates observed by the four chosen neutron monitors. The data were taken from: http://natural-sciences.nwu.ac.za/neutron-monitor-data.
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			The High Altitude Radiation Monitor programme

			The HARM programme is a student’s project initiated by the NWU’s Centre for Space Research. This programme offers opportunities for students to conduct technological and scientific experiments related to cosmic radiation in the atmosphere.

			The HARM is a compact, battery-powered detector, which records cosmic radiation levels and is based on a Raspberry Pi micro-computer discussed below. The HARM prototype has been used to take measurements on board commercial aircrafts at aviation altitudes and also during high-altitude balloon launches. The balloon measurements allow the monitoring of the atmospheric radiation environment from ground level to high altitudes (in principle up to 40 km). These measurements of secondary and tertiary particles give information about the atmospheric radiation environment’s evolution with altitude. The programme has been made available to students from other institutions through a collaboration with SANSA. Figure 3 shows students taking part in the HARM programme. Figure 3a shows Phillip Heita and Jacobus van den Berg from the NWU pictured with the first HARM prototype, while Figure 3b shows Portia Legodi from the University of Cape Town assembling an upgraded version of the HARM prototype, and Figure 3c shows Chris Thaganyana (pictured holding the inflator system nozzle and the balloon neck) from the University of the Western Cape taking part in the first HARM balloon launch.

			[image: 332257.png] 

			Figure 3:	Students participating in the HARM programme. These activities occurred in the following order: (a) in June 2017 the first HARM prototype was assembled, (b) in June 2018 the prototype was upgraded and (c) in November 2018 the first HARM balloon launch took place.

			The importance of this programme is to impart knowledge to the general public about the atmospheric radiation environment’s evolution when flying, relative to altitude, geomagnetic position, solar activity, and flight duration. Apart from that, this programme assists students in gaining experience in designing, testing, and assembling relatively simplistic instruments to make novel measurements.
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			Instrumentation

			Figure 4 shows the instruments comprising the basic detector system. All the sensors and modules are self-contained and draw their power directly from the Raspberry Pi computer which is powered with a standard power bank. For this particular HARM set-up, the following components were used:

			
					•	The Raspberry Pi 3 Model B+ micro-computer. This compact computer board offers endless opportunities for student projects. It is easy to add different sensors to this board, which can be programmed relatively easy. For more details, see https://www.raspberrypi.org/.

					•	The Raspberry Pi Sense HAT. The sensor measures environmental parameters such as pressure, temperature, humidity, acceleration and the magnetic field magnitude. These parameters are sampled once per minute.

					•	The J305β GM counter. The tube is cylindrical and capable of sensing low-energy ionising radiation. However, the counter will not normally detect neutrons as these do not ionise the gas inside the tube. The tube is powered from the Raspberry Pi by a radiation board from cooking-hacks.com (https://tinyurl.com/ox76ha5). The board also discretises the GM counters’ pulses, which is read by the Raspberry Pi.

					•	All components are housed in a 3D-printed housing.

			

			[image: fig%204.PNG] 

			Figure 4:	The HARM housing opened to reveal the detector electronics, showing the Raspberry Pi 3 Model B+, the GM tube and its control board, and the Sense HAT v1.0.

			The whole HARM set-up uses less power than a standard laptop, and does not radiate any high-frequency signals (all wireless connections, such as Bluetooth, are disabled). The detector can thus be safely used on board commercial flights. To fulfil several requirements to conduct more projects (including balloon launches), HARM has undergone several iterations resulting in different set-ups since the first version pictured in Figure 4. To reduce mass, the Raspberry Pi Model B+ was replaced with a smaller Raspberry Pi Zero W, while the Sense HAT was replaced with a BMP180 barometric pressure sensor. A real-time clock was added to keep the time, while a camera module was added for balloon launches. A camera was mounted outside a Styrofoam box to take pictures of the landscape and sky during the flight.

		

	
		
			 

			High-altitude balloon flight measurements

			Aside from the scientific consideration, there is much more to be taken into consideration, such as applying for permission to launch the balloon from the Air Traffic and Navigation Services (ATNS) (https://www.atns.com/) – an entity of the South African Department of Transport. Prior to launching, the following equipment must be available: a meteorological rubber balloon, helium/hydrogen gas, an insulated payload box, detection system, location mapping tracker, and a parachute. All the instruments used are mounted inside, except the camera. The detector is tracked by placing a smartphone inside the box and using the standard tracking software of the phone.

			Launch site, burst altitude and landing site

			To predict and estimate the flight path, burst altitude and landing site, this online website http://www.habhub.org can be useful. This process must be done a couple of days before the launch day. Once the launch site is chosen and the payload assembled, the ATNS can be contacted to apply for permission to launch the balloon.

			For the recent balloon launch, a 1-kg natural rubber balloon was used. It was inflated with just enough helium gas to lead to a neck lift of about 1 kg. It was inflated until the payload and weights were lifted. With a payload ranging from about 1 kg to about 1.5 kg, the balloon was expected to produce an ascent rate ranging from about 5.5 m/s to 6.0 m/s. The balloon rises unguided and after reaching the burst altitude, the balloon bursts, and the payload returns to Earth with the help of a parachute of about 2.5 m in diameter. The descent rate of the balloon was estimated to range between about 7.5 m/s and 8.0 m/s as the payload approached the ground. The total duration of the flight was expected to be less than 5 h, depending on the wind patterns and weather conditions from the launch site to the burst altitude and back to the ground.

			Figure 5 shows a summary of the high-altitude balloon launch. Figure 5a shows a balloon being prepared for launch, while Figure 5b shows a snapshot of the sky and the Earth horizon. Figure 5c shows the remains of a high-altitude rubber balloon just after it burst. Figure 5d shows the retrieved payload, at a distance from the launch site further than the predicted landing location, in an empty field.

			[image: 332278.png] 

			Figure 5:	High-altitude balloon launch: (a) launch site, (b) Earth horizon, (c) the burst balloon captured during the descent, and (d) landing site.
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			The Model for Atmospheric Ionising Radiation Effects

			The Model for Atmospheric Ionising Radiation Effects (MAIRE) from the RadMod Research Group was used in this work. MAIRE is a parameterised model based on particle transport calculations in the atmosphere using the FLUKA Monte Carlo code. The model is capable of calculating particle fluxes of different species using an incident GCR or SEP input spectrum at least up to an altitude of 100 km above sea level. These fluxes can be calculated for any desired date, geographic/geomagnetic flight position and solar activity. The simulated fluxes can then be used as an input parameter to calculate dose rates (in µSv/h) and accumulated doses (in µSv) for commercial aircrafts or for stratospheric radiation balloon measurements. The other calculation that can be taken into consideration is the possibility of a GLE occurring during the flight. These calculated values can then be used to compare with measurements obtained using a dosimeter. Currently, the model can be accessed only through the website www.radmod.co.uk/maire, due to the unavailability of its source code.
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			Results and discussion

			Measurements on board an aircraft

			The measurements obtained during the first commercial flight of HARM are discussed below. The measured count rates are compared with the model calculations for the same date. Figure 6 shows the measured and calculated results. 

			In Figure 6a, the measured quantities are shown as a function of the elapsed time from departure. The count rates on board just before take-off and just before landing were not recorded as the device was switched off (see grey shaded areas) as requested by the aircraft flight personnel. The scattered error bar for each measurement was calculated as a Poissonian error. A 2-min moving average of the data (red solid line) was taken to show a smooth data trend. However, despite the shielding provided by the atmosphere, the HARM count rates rapidly increased above the background cosmic ray levels at ground level after take-off and levelled off at the cruising altitude recording count rate of between 25 per minute and 35 per minute, until the descent started before landing. The average value of the measured count rate at the cruise altitude was about 29 per minute.

			Ideally, the first step of comparing the count rate measurements with model calculations is to use data sets acquired for the same date and time. These measured data sets must include information on the geographic flight position as well as corresponding measurements of at least one dosimetric parameter, e.g. the effective dose or ambient dose. However, because the HARM is unable to directly measure any dosimetric quantities (a GM counter produces only a count rate which cannot be related to a dosimetric quantity in a mixed radiation field), the data and model were compared in a qualitative fashion only. From Figure 6, the model results (blue solid line) show a general agreement with the count rate data (red scattered data), as measured by HARM, within some uncertainties.

			The individual dose limit for members of the general public is 1 mSv/year (or an average dose rate of about 0.115 µSv/h over a year). However, if this limit is exceeded in a working environment (e.g. for nuclear plant workers), workers are classified as radiation workers, whose average dose limit is set to be 20 mSv/year (or an average dose rate of about 2.289 µSv/h; http://www.nnr.co.za/). Using the estimated doses from the model, the average effective dose rate from O.R. Tambo International Airport to Hosea Kutako International Airport is about 2.335 µSv/h at about 10 km above sea level for a duration of about 80 min, while the HARM measured count rate is 29 per minute, on average. For an average member of the public, taking only several flights a year, the radiation exposure from flying is therefore negligible. However, if an aircrew member flies at least 285 short-haul flights per year (six such flights per week), using the same flight path and about the same flight time, they would receive a dose rate greater than 1 mSv/year – higher than the radiation exposure limit for the general public. This finding illustrates the need to define aircrew as radiation workers. These assumptions would be more realistic if the atmospheric conditions were the same, i.e. if there were no SEP events which might greatly enhance the atmospheric secondary radiation environment at cruising altitudes. In fact, aircrew in Germany have been classified as radiation workers as defined in the Radiation Protection Ordinance (StrlSchV) 28, while the German Federal Radiation Registry documents individual monthly effective doses for all aircrew members29. This is currently not the case in South Africa.

			In Figure 6b, the aircraft cabin pressure profile is as expected when compared with the count rate profile: As the cabin pressure inside the aircraft changes due to the outside pressure changing, it directly corresponds to variations in altitude. As seen from Figure 6b, before take-off a small increase in pressure is expected when the cabin door closes and similarly when the cabin door opens after landing a small decrease is observed in the pressure profile. During take-off, because the detector was switched off for about 10 min, it appears that cabin pressure started rapidly decreasing and it levelled off at the cruising altitude, recording an average cabin pressure of about 787 mbar. Also shown in Figure 6b is the Pc profile from the MAIRE model calculation changing from 6.904 GV at O.R. Tambo International Airport to 7.656 GV at Hosea Kutako International Airport.

			[image: 332293.png] 

			Figure 6:	(a) The counts per minute (CPM; red colour) and model dose rates profile (blue colour). (b) Sensor HAT barometric pressure (green colour) and the Pc profile (orange colour).

			Measurements onboard a stratospheric balloon

			Since the 1950s, an interest in observing cosmic ray particles through experiments with high-altitude balloons has been re-ignited30 in the NM era. Among other discoveries made from these balloon launches, the most recent and notable is the disappearance of the RP-max by Hands and colleagues31 using a low-cost portable radiation monitor. In South Africa, high altitude radiation dosimetry studies from ground level have not been documented before. However, the NWU (then known as Potchefstroom University for Christian Higher Education) conducted undocumented balloon launches for 20 years between 1958 and 1978 which characterised radiation levels with respect to ground level. Therefore, to address the unquantified and undocumented radiation levels, a balloon carrying the HARM instruments was launched at the NWU’s Potchefstroom campus on 29 November 2018 after verifying in the laboratory that HARM’s detection system was working and that all data were being received and recorded. The launch was successful and the measurements made by HARM are presented in Figures 7 and 8. The Pc at the launch site was 6.88 GV and at the landing site was 7.03 GV. These cut-off rigidities were calculated using the International Geomagnetic Reference Fields 2010 model.

			From Figure 7, the profiles of the measurements, i.e. the count rate and atmospheric pressure and temperature, are plotted as a function of the elapsed time from launch. In both panels, the red and blue colours represent the ascend and descend phases, respectively, while the grey shaded area represents the burst altitude area. The red and blue vertical shaded areas in the ascend and descend phases represent the measurements at the aircraft cruising altitude between 10 km and 12 km. The count rate profile is shown in Figure 7a. The solid line represents a 2-min running average, while actual measurements are shown in the original 1-min resolution as circles. At an ascent rate of 6.0 m/s from the launch site, it took the balloon about 27 min to reach the 10-km cruise altitude of commercial aircrafts. Clearly, from the shaded region in the ascent and descent phases, the balloon spent less time at the cruise altitude during the descent phase than it did in the ascension phase. Also seen from these data is what appears to be peaks, marked by the blue and red thin vertical lines during the ascent and descent phases. These peaks before and after the burst altitude are known as the RP-max. The profile of the measured atmospheric pressure and temperature, as a function of the elapsed time from launch, is shown in Figure 7b. The measured atmospheric pressure decreased as the count rate profile started increasing to high altitudes, as expected. At commercial flight altitudes, the pressure measured was between 200 mbar and 300 mbar, during both ascension and descension. The lowest recorded pressure and temperature was 82 mbar and -11 °C at the burst altitude (at the cruise altitude during the descent phase).

			Figure 8 shows the correlation between the measured count rate and altitude. As pressure was measured using the BMP180 barometric pressure sensor and it is well known that pressure varies with altitude, the measured pressure from the sensor can be used to calculate an approximate measure of altitude. To approximate this altitude, an international barometric formula was used32, which takes into account the average sea level pressure and the local pressure above sea level, and outputs an altitude value above sea level. The count rates were plotted together with the approximate altitude values. The shaded region between the 10-km and 12-km altitudes shows the count rate values at commercial flight cruise altitudes. At altitudes of about 14.7 km and 14.9 km, the count rate profile during ascent and descent phases shows clear peaks. These peaks seem to represent the RP-max. 

			[image: 332305.png] 

			Figure 7:	(a) The counts per minute (CPM) and (b) atmospheric pressure and temperature are shown as a function of the elapsed time from launch. The red and blue colours represent the ascend and descend phases, respectively, while the grey shaded area represents the burst altitude area. The red and blue vertical shaded areas in the ascend and descend phases represent the measurements at the aircraft cruising altitude between 10 km and 12 km. The blue and red thin vertical lines represent the RP-max before and after the burst altitude, respectively.
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			Figure 8:	The counts per minute (CPM) profile of the balloon flight shown as a function of altitude. Red represents ascent, while blue represents descent. The grey shaded area between 10 km and 12 km represents the expected count rate measurement at the aircraft cruising altitude, while the horizontal lines at about 14.9 km and 14.7 km show the count rate measurements at the RP-max before and after burst altitude.
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			Conclusions

			The biggest advantage of using the HARM prototype was that it is relatively low cost. Most of the components contained inside are off the shelf and only require knowledge of Python programming and rudimentary knowledge of sensor electronics. During balloon launches, most of the payloads used are recoverable, making it even more affordable and easy to relaunch using the same payload. The HARM programme has succeeded in measuring the mixed radiation field with respect to the geographic flight position during commercial aircraft flights and stratospheric balloon launches. These data sets are of interest to atmospheric scientists, space weather forecasters, commercial and private aircraft crew, and, most importantly, for public awareness. In principle, it is possible to obtain data every day and even during rare events like the SEP events from the ground up to the RP-max. 

			The HARM’s first measurements of the RP-max and aviation radiation measurements on board a commercial flight in South Africa were presented. There is, however, room for improvement in these measure­ments. For one thing, the GM counter fails to measure the amount of energy being deposited by these particles upon contact with the tube. They also have a very poor response to neutrons. However, the inexpensive nature of the HARM detector and the relative ease of adding sensors to a Raspberry Pi micro-computer, make this an ideal student project. From the measurements obtained using HARM’s GM counter it is not possible to calculate the dose rate. Therefore, the RPiRENA prototype, based on silicon semiconductor sensors, is being designed, in conjunction with researchers at the University of Kiel in Germany.8,9

			As the only Space Weather Warning Centre in Africa, SANSA’s appoint­ment by ICAO as one of two regional centres to provide space weather services and warnings is a big boost for space science research in South Africa. As recommended by ICAO, SANSA must provide radiation estimates to the aviation sector, and the HARM programme can not only assist with this task, but also with raising public awareness regarding radiation levels at aviation altitudes.
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