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Abstract 

With more future hypersonic space planes and re-entry vehicles, the topic of sonic boom shocks has a 

large impact on the feasibility of routine operations. Because some population overflight might be 

unavoidable, the sonic boom effect must be considered during the trajectory design. DLR SpaceLiner 

trajectories are analysed as primary reference with conventional sonic boom estimation methods and 

population disturbance studies after using population avoidance methodologies in the trajectory 

optimization. Additionally, the boom propagation is compared to reference trajectories of four vehicles: 

Starship, Dream Chaser, Space Rider and Aurora. This advances the methodology in estimating the sonic 

boom overpressure in the early design phase. 

Abbreviations 

ANSI American National Standards Institute IXV Intermediate eXperimental Vehicle 

DLR Deutsches Zentrum für Luft- und Raumfahrt 

e.V. (German Aerospace Center)

NASA National Aeronautics and Space 

Administration 

FAA Federal Aviation Administration SART Space Launcher Systems Analysis 

GPWv4 Gridded Population of the World, v4 US United States of America 

1. Introduction

Flying above the speed of sound leads to the creation of a shockwave phenomenon known as sonic boom which hits 

the ground and can lead to adverse effects on the general public. With the expected advent of more hypersonic space 

planes and re-entry vehicles in the future, these consequences must be considered in the design phase, and specifically 

the trajectory design, as this is critical to allow routine operations. This study attempts to answer the following three 

questions: What is the estimated overpressure magnitude along the flight route of the reference vehicle? How is the 

general population impacted by these flights? Finally, how do the sonic boom propagations compare between different 

vehicles in this realm? 

The reference vehicle is DLR’s SpaceLiner concept design for future high-speed rocket-propelled Earth point-to-point 

transportation. A large number of envisioned routes are analysed regarding the sonic boom propagation, which have 

beforehand been optimized to avoid population centres during the trajectory design. The computation of the sonic 

boom propagation is achieved by using conventional estimation methods. The annoyance of the people is assessed 

based on population survey studies which use the overpressure as main input. 

Finally, the SpaceLiner’s sonic boom propagation is compared to reference trajectories of four other vehicles: Starship, 

Dream Chaser, Space Rider and Aurora. Since the exact flight paths for these is not (publicly) known, the focus is not 

placed on the population disturbance but the general characteristics of their sonic boom including impact area and 

overpressure magnitude. 

This methodology allows to implement an estimation of the sonic boom and its effects on the general population within 

the early design phase, which is critical for the architecture of such vehicles. 
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2. Vehicle description 

The vehicles selected for this study were chosen based on the available data and their relevance in future spaceflight. 

Because of its conception in the German Aerospace Center (DLR), the SpaceLiner allows for the most detailed 

analysis. Additionally, data is available for SpaceX Starship, the Dream Chaser, Space Rider as well as the Aurora 

spaceplane concept. With these vehicles, this study covers a broad selection of hypersonic vehicle shapes and sizes. 

2.1 SpaceLiner 7-3 

The SpaceLiner is a concept for a high-speed Earth point-to-point passenger transport system as well as a satellite 

launcher internally developed at DLR (see Figure 1 left) [1][2]. It could transform ultra-long-distance travel on Earth 

while at the same time enable low-cost space transportation. Travel times for the longest distances (e.g. Europe – 

Australia) are expected to be about 90 minutes. In case of the orbital transportation system, it is designed as a fully-

reusable two-stage system with an additional kick-stage in place of the passenger capsule. This system is described in 

more detail in [3]. 

Architecturally, the passenger version consists of a fully reusable booster and passenger stage arranged in parallel at 

lift-off. Total dry mass of the SpaceLiner 7-3 launch configuration is estimated at 327 tons for the passenger version 

with a total propellant loading of 1502 tons. The resulting lift-off weight is 1829 tons including passengers. 

The aerodynamic design of the SpaceLiner passenger stage enables the flight routes discussed in this study. With a 

high lift-to-drag ratio of up to 3.5 in the hypersonic range, its single-delta wing is optimized for high altitude flights 

above 60 km. More detailed analysis of the aerodynamic and aerothermodynamic design is published in [4][5][6][7]. 

A SpaceLiner point-to-point trajectory can be separated into the powered ascent and the unpowered descent. It takes 

off vertically from a launch pad with all engines operating and crossfeed between the booster stage and orbiter enabled. 

The axial acceleration during the ascent is kept at a maximum value of 2.5 g for passenger comfort. The booster burns 

out and separates at about Mach 12. 

After the Passenger stage burn is completed, which is generally below 90 km altitude and Mach numbers above 20, it 

performs a gliding descent to the target location, primarily using its high hypersonic lift-to-drag ratio to create lift at 

altitudes between 60 and 80 km. During this flight phase, it can vary its angle of attack and bank angle to perform 

manoeuvres towards the landing site. Once it arrives at the target location, a horizontal landing on a runway is 

performed. 

2.2 SpaceX Starship 

SpaceX is currently developing the space transportation system Starship which aims to be the first ever fully reusable 

launcher (see Figure 1 right) [8]. It is a two stage to orbit system with a reusable payload mass to low Earth orbit of 

around 100 tons. It is proposed to be refuelled in orbit and shall eventually carry humans to Mars. Additionally, it is 

contracted to carry humans from an orbit around the Moon to its surface within the Artemis program [9]. Furthermore, 

SpaceX has proposed to use Starship for point-to-point transport on Earth similar to the SpaceLiner [10]. A comparison 

of the point-to-point missions of these vehicles is published in [11]. 

Starship also performs a vertical take-off from a launch pad. For the point-to-point missions, the two-stage ascent 

injects Starship into a slightly suborbital trajectory with significantly higher altitudes than SpaceLiner. Starship then 

coasts in space until it re-enters the atmosphere.  

 

 

Figure 1: Rendering of the SpaceLiner passenger stage in gliding flight over Alaska, US (left),  

view of Starship system on launch pad (right) [13] 
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The re-entry is performed with a high angle of attack of approximately 70 degrees for maximum drag in the higher 

atmosphere in order to reduce the peak heat flux. Once the majority of kinetic energy is discarded, Starship flies or 

rather falls with an angle of attack of up to 90 degrees during the so-called Skydive-manoeuvre. Only close to the 

ground, the engines are re-lit and the vehicle is rotated 90 degrees and performs a vertical landing. 

A critical analysis of the Starship system by DLR can be found in [12], from which the system data necessary for the 

trajectory analysis shown in chapter 4 is taken. 

2.3 Sierra Space Dream Chaser 

The Dream Chaser is an US-American reusable spaceplane (see Figure 2 left) developed by Sierra Space for 

commercial resupply missions to the International Space Station, which shall be launched on top of an Atlas V. About 

5.5 tons of supply can be delivered to the ISS. Alternatively, up to seven astronauts could fly in a crewed version. It is 

about 9 m long and consists of a wide body with V-wings at the back, which makes them a combination of wing and 

vertical stabilizer. First launch is expected to be in 2024. [14] 

There have been studies in Europe whether it would be possible to land the Dream Chaser at a European spaceport like 

the one proposed in Rostock-Laage, Germany [15]. 

2.4 ESA Space Rider 

The Space Rider vehicle funded by the European Space Agency is a reusable space laboratory in the form of a lifting 

body (see Figure 2 centre). It shall be launched on top of a Vega C and stay in orbit for a few weeks or months. There, 

its payload’s will be able to perform various experiments for example in the fields of microgravity, biomedicine or 

material science. Once its mission is complete, it will return to Earth. After performing an atmospheric re-entry using 

its lifting capabilities, it lands under a parafoil either in Kourou, the Azores Islands or a location in Italy. First launch 

of the full vehicle is expected in 2024 or 2025, while a successful re-entry test of a similarly shaped vehicle has already 

been performed under the mission name IXV (Intermediate eXperimental Vehicle) in 2015. [16] 

It is about 4.6 m long and at maximum 2.3 m wide. It is supported by a service module providing the main propulsion 

and power in-orbit which is jettisoned before re-entry. [17] 

2.5 DLR/Polaris RFZ Aurora-R2 

Aurora-R2 (in the following named Aurora) is a concept for a reusable spaceplane (see Figure 2 right) that shall take 

off horizontally from a normal airport with jet engines and later ignite rocket engines to accelerate to approximately 

Mach 15. Alternatively, it was also analysed to use the rocket engines from the ground up. At Mach 15, the second 

stage and payload are released from the vehicle and continue to orbit. The spaceplane re-enters the atmosphere and 

lands on an airport like a normal plane. The vehicle was initially developed at DLR [18] and is currently being further 

advanced at the DLR spin-off company Polaris Raumflugzeuge GmbH [19] for orbital launch as well as hypersonic 

transportation on Earth. The data discussed here and shown later reflect the vehicle version R2 and does not include 

the further iterations done within Polaris Raumflugzeuge GmbH.  

Aurora’s design is close to a ‘flying wing’ geometry which is powered by liquid oxygen-kerosene rocket engines and 

shall be built with lightweight carbon fibre reinforced structures. It is about 45 m long with a wingspan of 25 m. With 

a total take-off mass of 450 tons, a payload of about 7 tons shall be transported into a 250 km equatorial low Earth 

orbit. 

 

 

Figure 2: Dream Chaser test vehicle (left) [20], Space Rider rendering (centre) [21], Aurora rendering (right) [18] 
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3. Methodology 

The primary focus of this study is to compare the sonic boom propagation of various vehicle trajectories. The creation 

of the trajectories is explained in the first section of this chapter. Furthermore, the essential sonic boom theory and the 

population density database used for the analysis of the population disturbance are described in more detail in the 

subsequent sections. 

3.1 Trajectories 

Different methodologies are used for the creation of the vehicle trajectories. The Starship and SpaceLiner are able to 

fly trajectories between two different points on Earth, which are more complex than orbital re-entries. This is why 

multi-objective optimization methods with evolutionary algorithms are used in this case. The method and its 

application are explained in more detail in [22][11] for both vehicles. However, because Starship does not have a 

complex trajectory in either case, an orbital re-entry is chosen instead for simplicity. For the orbital re-entry vehicles 

(Starship, Dream Chaser, Space Rider), a simple guidance is sufficient to compute the re-entry trajectory. 

The SpaceLiner vehicle is able to use its high lift-to-drag ratio to glide and perform manoeuvres at high speeds, which 

leads to significant cross-range capability. Consequently, the solution space for SpaceLiner is also substantially larger. 

As an example, the SpaceLiner can choose between flying a relatively direct route between two points like Starship or 

diverging thousands of kilometres to the left or right and still arrive at the target location if the performance permits. 

The latter is beneficial when larger landmasses with population are on the direct route. Thus, an annoyance due to the 

sonic boom can be avoided. 

Because of this inherent complexity in the SpaceLiner trajectories, multi-objective optimization tools are used which 

allow to investigate multiple feasible routes with a focus on mitigating the population disturbance of the sonic boom, 

while still complying with all of the vehicle’s structural and thermal constraints. It is possible to compute trajectories 

which minimize the population along the flight-path while also reduce thermal parameters like the peak heat flux. 

Minimizing the overall population during the flight leads to trajectories that mostly fly over scarcely populated areas 

like the polar regions and oceans. However, sometimes it is not possible to avoid inhabited continental landmasses and 

even some ocean areas are quite populated (e.g. Oceania). For these parts of the trajectory, the sonic boom overpressure 

should be as small as possible. 

Besides the subject of noise pollution, the factor of safety for the general population has to be considered. For the 

purposes of this study, it is assumed that the SpaceLiner system satisfies the safety requirements to be allowed to fly 

over certain populated land areas. As a passenger transport system, it inherently has to satisfy high safety requirements. 

However, it shall avoid highly populated areas as best as possible, which is supported by the chosen methodology. 

Thus, the population avoidance is primarily focused on noise pollution, with the added bonus of a safety increase. 

3.2 Sonic boom propagation and impact 

Any vehicle moving above the speed of sound creates a shockwave called sonic boom. The shockwave propagates 

through the atmosphere and generally reaches the ground leading to possible effects on the population, but also on 

wildlife and buildings. This section is intended to give an overview on the propagation effects of sonic booms and their 

impact on human behaviour. The primary reference for this section is [23]. 

Far away from the vehicle, the sonic boom can generally be characterised by an N-shape pattern (see Figure 3 left). It 

has two shock walls created by the front and back of the vehicle and a gradually declining pressure part in-between. 

Therefore, the N-shaped sonic boom can be classified by three parameters: The pressure difference Δp to the ambient 

atmosphere (also called overpressure), the rise time τ to reach the pressure peak and the time difference Δt between 

the bow and tail shock. Each parameter impacts the way humans react to experiencing a sonic boom. 

 

 

Figure 3: Shock wave signatures from near- to far-field (left), sonic boom ground propagation (right) [23] 
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The pressure difference Δp is mostly responsible for the perceived sound intensity and is measured in Pa (or lbf/ft² in 

imperial units). Generally, supersonic aircraft have an overpressure up to about 150 Pa. As a comparison, the Concorde 

created an overpressure of 93 Pa at Mach 2 and an altitude of 16 km.  The time difference Δt, which is determined by 

the distance between the front and tail of the vehicle, determines whether the human ear interprets the sonic boom as 

a single or two sounds. Whether people experience a startle effect or not is mostly determined by the rise time τ. The 

shorter the rise time, the more sudden a sonic boom is felt and thus human tend to react with an unpleasantly perceived 

startle. Also, the sensitivity of the human ear peaks in the frequency range determined by the rise time. 

Generally, the sonic boom of a supersonic vehicle touches the ground in a primary and secondary carpet (see Figure 3 

right). The primary carpet consists of most of the downward oriented rays and generally has the highest overpressure 

values. There, people will possibly experience disturbance effects like startle, annoyance and loss of sleep. 

Additionally, there are worries about for example structural damage of buildings and behavioural impact on wildlife.  

In this area, the sonic boom is shaped in a classical N-form. As can be seen in Figure 4 right, the overpressure 

magnitude peaks directly below the vehicle’s track and decreases laterally. The lateral decrease is steeper at first but 

gets shallower towards the edge of the primary carpet.  

At a certain lateral distance to the vehicle, the rays are refracted upwards away from the ground (see Figure 4 left). 

This leads to a rather sudden primary carpet cut-off as all further rays are refracted upwards into the atmosphere. The 

actual lateral distance of the cut-off primarily depends on the Mach number and altitude as it is mostly an atmospheric 

phenomenon.  

Both the refracted rays from the ground as well as the upwards motioned rays from the vehicle hit the thermosphere 

where the temperature rises with increasing altitude. This leads to a general bending of the sonic boom rays towards 

the ground. These rays then form the secondary sonic boom carpet further towards the side. As a lot of the sonic boom 

energy has been dissipated during the long track through the atmosphere, the sonic boom signature is more benign – 

overpressures below 10 Pa and high time differences of 5-10 seconds. Thus, the secondary carpet boom rather sounds 

like long, distant thunder than a sharp sonic boom. 

 

 

Figure 4: Sonic boom propagation through the atmosphere (left), sonic boom lateral distribution  

for the Space Shuttle orbiter re-entry (right) [23] 

From past studies it is known that the continuous exposure of the sonic boom overpressures created by military vehicles 

but also the Concorde is described as unbearable by a considerable number of the population. Thus, the trajectory 

design and optimization must at best avoid any populated areas during supersonic flight in order to achieve acceptance 

within the population. This is why civil supersonic flights are generally confined to operations over the sea. 

The vehicle analysis in the subsequent chapters shows that during high-speed high-altitude flight, the sonic boom 

overpressure is quite low, below 20 Pa. The overpressure magnitude increases to concerning levels only in the later 

flight phases when flying below approximately 40 km. Thus, while still avoiding population as best as possible, some 

overflight at high altitude might be acceptable if the route does not allow any other option. Therefore, an overview of 

the studies performed on the human response will be given and a methodology for determining the population 

disturbance is described. 

The three sonic boom parameters have a varying degree of impact on the human response. The overpressure level is 

the most important as it correlates with volume, the rise time is mainly responsible for the startling effect and the 

duration has little effect. Because the rise time is characteristic for each vehicle, it cannot be analysed in this simplified 

analysis. Thus, the human response will solely be judged on the peak overpressure experienced in a certain 

geographical area.  

The results of previous studies for sonic boom population acceptance in the 1960s and 1980s are displayed in Figure 5 

left. Because the scaling of the ‘Acceptance’ in the horizontal axis is non-intuitive, it is adapted for a new display in 

Figure 5 right. Also, for easier computation of the disturbed people, ‘Acceptance’ is inverted to ‘Annoyance’. This was 

already done reversely for some of the studies in the previous picture, thus it should be acceptable to convert it back 

again. Additionally, the sonic boom overpressure is converted from imperial to metric units – the conversion factor 
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between lbs/ft² and Pa is 1:47.88. These population disturbance models are based on a continuous exposure of 1 to 8 

overpressure events per day. Thus, this data should be regarded as broad estimations and not fixed values. Additionally, 

the overall amount of available data is low and mostly based on US-studies from the 1960s and 1980s. 

 

 

Figure 5: Sonic boom acceptance according to studies (left), sonic boom annoyance (right), adapted from [23] 

At first glance, the four curves differ significantly. Until about 130 Pa, Wyle’s interpretation of the Kryter-Schultz data 

is the most benign. While only about 5 % are annoyed at 50 Pa, the curve then slopes down and annoyance per Pa is 

increased. The other three curves are assumed almost identical below 20 Pa although only Leyman is displayed in the 

original source. Beyond that, the Kryter-Schultz Indoor and ANSI data points first follow similar patterns until they 

diverge above 50 Pa. ANSI crosses the Kryter-Schultz Outdoor / Wyle curve at 130 Pa and is beyond that point the 

curve with the lowest annoyance values. At last, Leyman’s interpretation of the available data significantly diverts 

from the other three beyond 20 Pa. Already at about 35 Pa, an annoyance ratio of 50 percent is reached. At 100 Pa, the 

annoyance ratio is over 95 percent. While the original source diagram is not very clear at the diagram’s edge, an 

annoyance ratio of almost 100 % can be assumed for 200 Pa. 

Meta-analyses of this data [24][25] indicate that the Leyman curve substantially overestimates the number of annoyed 

people as it diverges profoundly from the other curves. While population annoyance of three curves will be shown 

(ANSI, Kryter-Schultz Outdoor / Wyle and Leyman), the meta-analyses signal that ANSI is considered to draw the 

most realistic picture, although slightly conservative in the lower overpressure ranges. Therefore, ANSI will be used 

as the primary reference in the following analysis. 

The computation of the sonic boom for a specific vehicle is based on [26]. It can be found as the reference paper for a 

number of other sonic boom prediction studies, most notably the FAA environmental review for SpaceX Starship [27]. 

Validation of the method has been performed based on recorded Space Shuttle data. The procedure computes three 

main values for an N-shaped sonic boom: Bow-shock overpressure Δpmax, boom duration Δt and lateral extent dy,c. The 

applicable high-level equations (1) to (3) are shown below: 

 

Δpmax = KpKR√pvpg(M2 − 1)1/8he
− 3/4

l3/4KS  (1) 

 

 Δt = Kt
3.42

av

M

(M2−1)3/8 he
1/4
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 dy,c = Kd,c
h

M
 √

M2−Mc
2
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2−1

  (3) 

 

With the following parameters: 𝐾𝑝: Pressure amplification factor, 𝐾𝑅: Reflection factor, 𝑝𝑣: Atmospheric pressure, 𝑝𝑔: 

Atmospheric pressure at ground level, 𝑀: Vehicle Mach number, ℎ𝑒: Effective altitude,  

𝑙: Vehicle characteristic length, 𝐾𝑆: Vehicle shape factor, 𝐾𝑡: Signature duration factor, 𝑎𝑣: Speed of sound at vehicle 

altitude, 𝐾𝑑,𝑐: Ray-path distance factor for cut-off conditions, ℎ: Vehicle altitude above ground,  

𝑀𝑐: Vehicle cut-off Mach number below which sonic boom will not reach ground. 

 

The vehicle shape factor KS is calculated by using Whitham’s function which depends largely on the effective cross 

section along the Mach plane. In order to calculate this value, the tool performs multiple cuts along the Mach plane 

and evaluates the area as well as the lift. The vehicle input is based on a 3D-grid displaying the geometry and the 

pressure distribution for the lift calculation. The pressure distribution was calculated with the DLR tool Hotsose using 

surface inclination methods. However, the employed mesh generator is unsuitable for very large angles of attack. This 

primarily impacts Starship and Dream Chaser with their high angle of attack during re-entry. For Starship, an 

alternative calculation can be performed with a constant KS of 0.2 as it is indicated in [27] as the estimated value by 

SpaceX.  
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Generally, the sonic boom propagation is only computed for the descent part of the flight after all engines have shut 

down. It is not possible to determine the vehicle shape factor for the ascent easily with the available methods as not 

only the vehicle geometry must be considered but also the shape of the engine exhaust which is everchanging due to 

the decline in atmospheric pressure during ascent. 

For more detailed information on the computation formulas, refer to [26]. 

3.3 Population density database 

GPWv4 (Gridded Population of the World, Version 4) is a population database of the whole world managed and 

maintained by NASA’s Socioeconomic Data and Applications Center and the Center for International Earth Science 

Information Network at Columbia University [28]. The data is organized in a gridded form along longitudes and 

latitudes in a maximum resolution of 30 arc-seconds (approximately 1 km at the equator). As this application does not 

require such a high precision, a lower resolution of 2.5 arc-minutes is chosen (about 5 km at the equator). An exemplary 

view of the population density map in this resolution can be seen in Figure 6.  

Along the whole flight trajectory, the population density within the sonic boom area is computed in steps of at 

maximum 5 km (along and lateral to the flight track) to gain sufficient accuracy in the grid. In order to investigate the 

overall impact on the population of one flight, the integral of the population density along the flight track and to the 

side is calculated. Thus, a lower value indicates that less people are subjected to flight noise. 

The overall quality of this data is considered to be good as it provides values for the whole Earth that can be easily 

used and implemented. However, it shall be mentioned that in some countries – especially ones with large land area – 

the data is not as detailed. In these cases, large areas have the same population density data value in the database. Thus, 

it can be assumed that the number of people living there is averaged for a large area. As this is primarily done in areas 

with few people, it is not considered to be problematic for this study. 

 

 

Figure 6: GPWv4 Population density map of Europe, normalized between 1 and 10 000 people/km² 

4. Results 

Within this chapter, the results of the study are presented. At first, the results of the DLR SpaceLiner concept are 

shown, which include the sonic boom propagation and expected population disturbance. Based on the trajectory 

analysis performed in [22], a large number of potentially feasible SpaceLiner routes around the world have been 

identified.  

Second, the SpaceLiner sonic boom characteristics of a few selected flight routes will be compared to the other 

hypersonic vehicles described previously. 

 

 

DOI: 10.13009/EUCASS2023-497



Analysis of sonic boom propagation and population disturbance of hypersonic vehicle trajectories 

     

 8 

4.1 SpaceLiner 

Due to its characteristic flight-path with a long gliding flight through the atmosphere, the SpaceLiner is generally prone 

to a large sonic boom impact area. In the top part of Figure 7, the exemplary route Australia to Virginia, US is shown 

with the sonic boom overpressure, nominalized between 0 and 100 Pa for better visualization. Additionally, the 

following bottom part of Figure 7 shows the expected impact on the population along this route. In total, about 2 million 

people are overflown on this route, of which 194 000 are expected to be annoyed according to ANSI (ranging from 

65 000 for Kryter-Schultz Outdoor / Wyle to 620 000 for Leyman). With these numbers, the Australia – Virginia, US 

trajectory is positioned at the higher end of the disturbance spectrum. 

The flight leaves Australia on a north-north-eastern trajectory over the mostly empty Pacific Ocean. During this part 

of the flight, the sonic boom overpressure is almost zero and only a small fraction of people are impacted, primarily in 

the Solomon Islands. Afterwards, it traverses Alaska, northern Canada and the Hudson Bay before turning south again 

and flying along the Canadian-US border at its most easterly point between Maine (US) and New Brunswick (Canada). 

In Alaska and northern Canada, the overpressure is still quite low which is why only a few hundred to thousand people 

are expected to be negatively affected, mainly in the small city of Fairbanks. Around Hudson Bay, the critical 

overpressure value of about 20 Pa is exceeded after which significant disturbance of the population can be expected. 

This is primarily the case along the border with a high population density and overpressures around 50-60 Pa. As a 

consequence, the area is shaded dark-red in Figure 7 (bottom). The final flight phase goes sufficiently far east of the 

Atlantic coast to avoid overflying any people until it reaches its destination Wallops flight facility in Virginia, US. At 

the destination, the vehicle transitions to speeds below the speed of sound over the ocean before arriving on land. 

 

 

Figure 7: SpaceLiner sonic boom overpressure on route Australia – Virginia, US (top, normalized between 0 and 

100 Pa), sonic boom population disturbance (bottom, normalized between 0 and 100 people per cell) 

A total of 23 envisioned trajectories are shown in Figure 8, all of which shall connect major economic centres around 

the world. Generally, most of the trajectories are able to mostly avoid continental land masses. Only the landmasses 

near the polar regions are regularly overflown, but this is not considered to be problematic due to the low population 

density in these areas. Around the equator, two flights go relatively direct from west to east: Florida, US – India and 

South Africa – California, US. These flights are not able avoid the population by using the Oceans or polar regions. 

Instead, they cross Africa and the islands of Indonesia, however always at high altitudes and consequently low sonic 

boom overpressures. 
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Figure 8: World map with a selection of envisioned SpaceLiner routes and their sonic boom overpressure, 

normalized between 0 and 100 Pa 

Comparing the worst-case population disturbance values for all routes, there are stark differences of multiple 

magnitudes immediately identifiable (see Figure 9 left). 18 out of 23 routes have a worst-case value below 100 000 

people, with 10 of those being below 10 000 people. All of these routes are considered uncritical at this point. 

There are two routes with a worst-case value of approximately 200 000 people. Finally, there are three flight routes 

with disturbed people above 500 000 when using the Leyman study as reference, which heavily penalizes above 20 Pa. 

To put these numbers into perspective, an investigation by the British Civil Aviation Authority showed that for the 

year 2013, around 264 000 people lived within an area surrounding the airport London Heathrow that experienced 

noise levels responsible for ‘significant community annoyance’. [29] 

 

 

Figure 9: Estimated population disturbance by different studies (left) and estimated population disturbance (ANSI) 

by sonic boom overpressure range (right) of all envisioned SpaceLiner routes 

 

Figure 10: Estimated population experiencing sonic boom by disturbance (left) and impacted area by sonic boom 

overpressure (right) of all envisioned SpaceLiner routes 
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On the right-hand side of Figure 9, the same data for the ANSI columns is shown categorized by the sonic boom 

overpressure. It can be seen that for most flight routes with high annoyance, the majority of the sonic booms is 

experienced above 20 Pa. Only for Florida – India, the high-altitude flight over Africa leads to a significant disturbance 

estimation below overpressures of 20 Pa. In turn, the total overflown population must be very high, because below that 

threshold only a maximum of 5 percent of the population are estimated to be annoyed. This can be seen in Figure 10 

in the left diagram. Close to 80 million people are overflown on this flight representing about 1 percent of Earth’s 

population. With a peak population disturbance of about 600 000 people, this represents less than 1 percent of the 

population flown over on that flight. In contrast, most flight routes overfly between one and ten million people. 

Additionally, a few trajectories are able to use the oceans and polar regions very efficiently and avoid almost any 

population and stay below 10 000 or even 1 000 people for the descent.  

On the right-hand side of Figure 10, the overall impacted area of the primary sonic boom is shown. For SpaceLiner, 

this area is between 2 and 6.5 million km². With a total surface area of Earth of about 510 million km², the SpaceLiner 

impacts about 1.3 percent of Earth in the worst case. For all trajectories, the large majority of the impacted area 

experiences a sonic boom below 20 Pa. Only in the final part of the flight, when the vehicle is at lower altitudes and 

speeds, higher overpressures reach the ground. 

4.2 Comparison to other vehicles 

For each vehicle, a reference trajectory is used which represents the general characteristics of the mission. These are 

as follows and are displayed in Figure 11: 

 

• SpaceLiner routes: Australia – Virginia, US (reference); South Africa – California, US (longest route); 

Scotland – Japan (shortest route) 

• Starship: Re-entry to Boca Chica, US 

• Dream Chaser: Re-entry to Rostock, Germany 

• Space Rider: Re-entry over Pacific comparable to IXV test flight 

• Aurora: Re-entry after launch from Kourou to polar orbit 

 

 

Figure 11: World map with the routes selected for comparison and their sonic boom overpressure,  

normalized between 0 and 100 Pa 

The SpaceLiner flight routes are quite unique due to its high hypersonic lift-to-drag ratio, which lets it fly long distances 

at high altitudes. These characteristics lead to the results discussed in the previous section. Because most other 

hypersonic vehicles do not have such a long gliding phase, the sonic boom characteristic are expected to be different, 

too. Thus, the previously discussed vehicles Starship, Dream Chaser, Space Rider and Aurora are herein compared to 

a selection of the SpaceLiner trajectories, which showcase a broad range of trajectories from short- to long-range. 

For Starship, Dream Chaser and Space Rider, the reference trajectory is an orbital re-entry. Thus, these will enter the 

atmosphere with high speeds of about Mach 25 and a shallow flight-path angle of about -1 degree at the beginning of 

the sonic boom flight interface at an altitude of 80 km. For Aurora, the first stage descent after a launch is investigated. 

Initially, the vehicle flies with a speed of Mach 15. Due to the lower speed, it re-enters the atmosphere with a higher 

flight-path angle of about -5 degrees. 

Figure 12 shows an assessment of the impacted sonic boom area depending on the overpressure magnitude. While it 

was established that the SpaceLiner impacts an area between 2 and 6.5 million km², the other vehicles all affect a 

smaller area. Only the Dream Chaser re-entry impacts an overall area of 2.3 million km², which is equal to a SpaceLiner 
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mission from Scotland to Japan. Due to Starship’s and Space Rider’s quick deceleration in the atmosphere, they merely 

impact 0.9 million km² and 1.1 million km². Aurora, which flies significantly slower, affects about 450 000 km². 

Analysing the magnitude of the overpressure on the impacted area, it can be seen that the long-range SpaceLiner 

missions vary between 150 000 km² and 400 000 km² for overpressures above 20 Pa, which are most critical for 

population disturbance. The other vehicles impact less area at these overpressure levels: 23 000 km² for Starship, 

58 000 km² for Dream Chaser, 5 000 km² for Space Rider and 132 000 km² for Aurora. 

Generally, this indicates that less population would be annoyed by the other vehicles. However, the vehicles flight 

characteristics are very different. While for example Starship impacts less area per re-entry overall and also in the high 

overpressures, it is limited in its route choice with almost no cross-range capability. Winged vehicles like the 

SpaceLiner or Dream Chaser impact more area but can use their wings to divert around populated landmasses if 

performance permits. 

 

 

Figure 12: Impacted area by sonic boom overpressure for a selection of the envisioned SpaceLiner routes  

in comparison to the other vehicles 

In Figure 13, the sonic boom overpressure is shown over the downrange distance. At high altitudes in the beginning of 

the flight, all vehicles have low overpressures. Depending on the re-entry profile, the increase is either shallow or steep.  

The SpaceLiner trajectories stay at very low overpressures for a long time. In the case of the route South Africa – 

California, US, the overpressure is insignificant for the first 15 000 km of travelled distance. Later, the overpressure 

gradually increases to a level of about 75 Pa, where it stabilizes shortly. In the final phase of the flight, the overpressure 

increases to its peak value between 125 and 200 Pa. 

The Dream Chaser data follows a similar pattern to the SpaceLiner route Scotland – Japan in the beginning. Because 

the available trajectory is skipping and the vehicle’s high angle of attack during re-entry causes numerical problems, 

there is some variance in the overpressure in the first part of the flight. It diverts at the end with a very steep increase 

to maximum overpressure. Starship and Aurora have similarly steep increases at the end of the flight with an almost 

vertical line. This shows why the impact area with high overpressures is lower for these cases. While Space Rider also 

experiences a steep increase at the end, the peak overpressure only slightly exceeds 50 Pa. This can mainly be traced 

back to the vehicle size and shape which creates less lift than the other vehicles. 

 

 

Figure 13: Overpressure to downrange distance for a selection of the envisioned SpaceLiner trajectories 

in comparison to the other vehicles 
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These considerations are supported by the diagram in Figure 14, which shows the overpressure over altitude. Initially, 

it can be easily seen that the Aurora re-entry profile differs noticeably. It has substantially higher overpressures at 

altitudes below 50 km, which can be most likely traced back to its size and the steep re-entry.  

Above 30 km and below 55 km, the Space Rider generally has the lowest overpressure of all vehicles. Second in line 

is Dream Chaser which apart from Space Rider is notably smaller than the other vehicles and at 55 km altitude switches 

from an angle of attack of 45 degrees to 20 degrees. The SpaceLiner is in the middle of the fleet with a moderate 

increase to about 75 Pa until 30 km altitude. While Starship’s overpressure is slightly higher than SpaceLiner at 50 km, 

it is only about 60 Pa at 30 km. 

Dream Chaser and Starship follow a similar pattern below 30 km. Only the peak overpressure is approximately 

50 percent higher for Dream Chaser although it is significantly smaller. Because it flies supersonic at lower altitudes, 

the peak overpressure is higher. It seems to be advantageous to transfer from super- to subsonic at the highest altitude 

possible.  

With a peak overpressure of about 107 Pa for Starship, the values are in line with the FAA Environmental Assessment 

data provided by SpaceX [27] for a landing in Boca Chica, US (peak overpressure of 2.2 lbf/ft² or 105.3 Pa).  

 

 

Figure 14: Overpressure to altitude for a selection of the envisioned SpaceLiner trajectories  

in comparison to the other vehicles 

A more detailed comparison of six flight conditions is shown in Figure 15. Each diagram shows the lateral overpressure 

distribution at specific altitudes from 70 km to 20 km (or the point of maximum overpressure when the transition to 

subsonic is above 20 km).  

Generally, the SpaceLiner curves stay relatively constant over all diagrams even though they achieve widely different 

downrange distances. This showcases that the main flight difference for these missions occurs above 60 km, where 

higher initial speeds lead to long glides with low overpressures. The arrival at the destination and the associated 

increase in overpressure while decreasing the altitude is relatively similar for all SpaceLiner missions. In the 60 and 

70 km altitude range, the other vehicles have 2 to 3 times higher overpressures than SpaceLiner. However, because the 

overall magnitude of the sonic boom is below 10 Pa, this does not make a large difference on the population 

disturbance. The primary reason for this discrepancy is presumably the lower flight-path angle for the re-entry missions 

(larger than -1 degree vs. smaller than -0.2 degrees). In this phase, the lateral extents of the sonic booms are the largest 

between 150 and 190 km in either direction. 

At 50 km, the overpressures of the Dream Chaser and Space Rider are a few Pa lower than at 60 km. For Dream Chaser, 

the previously mentioned skipping trajectory creates a certain amount of variation that should be considered. 

Additionally, at 55 km altitude, the Dream Chaser changes angle of attack from 45 to 20 degrees. At 45 degrees, the 

tool runs into some numeric problems when calculating the vehicle shape factor KS which is applicable for both 

vehicles. Thus, the Dream Chaser values above 55 km should be considered with higher uncertainties. 

While the SpaceLiner trajectories only experience peak overpressure values of about 10 Pa at 50 km, Starship is at 

about 19 Pa peak overpressure, whereas Aurora is already at about 24 Pa. The lateral extent of all vehicles is reduced 

to about 90 km in either direction. 

At 40 km, Aurora is already in the steep re-entry phase described before with a peak overpressure of 120 Pa. Starship 

and SpaceLiner are close together between 35 and 40 Pa, while Dream Chaser and Space Rider are still below 20 Pa. 

At 30 km, Aurora is already close to the subsonic transition with a small lateral sonic boom width of 40 km total and 

overpressures well beyond 200 Pa. At this point, the other vehicles are still below 100 Pa and a total lateral extent of 

about 120 km. 
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The last image shows the overpressure distribution either at 20 km altitude or at the peak overpressure shortly before 

transitioning to subsonic speeds. For Aurora, the peak overpressure of over 250 Pa is reached at about 27 km. The 

chosen SpaceLiner routes have a maximum overpressure of 200 Pa. Starship peaks at approximately 107 Pa at 24 km 

altitude. The lateral expansions are generally below 100 km in total and decrease rapidly in this flight phase. 

 

 

 

Figure 15: Lateral overpressure distribution at altitudes between 20 and 70 km for a selection  

of the envisioned SpaceLiner trajectories in comparison to the other vehicles 

 

Figure 16: Estimated population disturbance by sonic boom overpressure range for a selection  

of the envisioned SpaceLiner trajectories in comparison to the other vehicles 
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Finally, Figure 16 displays the estimated population disturbances of the compared vehicles and routes. Although their 

status is referred to as reference trajectory, this might not reflect an operational trajectory. This is especially the case 

for the Space Rider re-entry which was based on the IXV test article and landed in the Pacific Ocean.  In real operations, 

it would land in Kourou, the Azores Islands or Italy. 

The Starship re-entry is considered the most realistic as it assumes landing at the SpaceX Starship facility in Boca 

Chica, US as is planned by SpaceX. It arrives from the west with an initial inclination of 27.5° (see Figure 11). 

Therefore, it could resemble a vehicle that has been launched from Boca Chica and arrives there as well. Because it 

flies over Mexico, almost 1 million people are expected to be disturbed which is the highest out of all trajectories. 

Dream Chaser re-enters over Scotland as well as Denmark plus northern Germany. That is why it also has such a high 

annoyance value of about 550 000 people. 

5. Conclusion 

The creation of sonic booms is a central part of super- and hypersonic travel. The analysis of the sonic boom 

propagation of hypersonic vehicles shows a significant impact on the ground area along their flight tracks.  

The detailed analysis of the SpaceLiner flight routes shows that over 1 percent of the Earth’s surface can be impacted. 

However, most of this area is affected only with a small overpressure event. Due to its wings, it is able to fly around 

populated land masses and avoid high disturbance of the population living below. Up to 600 000 people are expected 

to be disturbed in the worst-case SpaceLiner route, while almost all envisioned routes stay below 100 000 people and 

almost half even below 10 000. 

Comparing the SpaceLiner to other vehicles, the impacted area is lower for the other vehicles, most of which do not 

utilize a high lift-to-drag ratio for a prolonged glide in the upper atmosphere. The peak sonic boom overpressure varies 

depending on vehicle size and trajectory between 50 and 250 Pa. The sonic boom impact is important for population 

acceptance, especially when flying regularly. This is especially the case for vehicles which are limited in using their 

lifting capabilities to diverge around populated landmasses (e.g. Starship, Space Rider). The availability of re-entry or 

point-to-point routes might be severely limited depending on the regulatory framework. 

Because the methodology used in this study to compute the overpressure is based on estimation equations, the results 

should be viewed as such. It is intended as a tool for early design phases and not to accurately determine the 

overpressure. Furthermore, the population surveys used in the acceptance studies are quite old and might lead to 

different results if repeated today. 

For future research, it would be beneficial if the sonic boom propagation were to be implemented directly within the 

trajectory optimization, as the population avoidance manoeuvres are currently performed based on an estimated lateral 

extension of the sonic boom. However, at this point in time it requires too much computational resources to be feasible. 

Furthermore, there should be more effort concerning the identification of suitable spaceports such that the population 

disturbance can be reduced to a minimum.  

Also, there is currently work going on regarding a redesign of the SpaceLiner passenger stage, where the vehicle shall 

also be able to perform a large skipping manoeuvre in the beginning of the descent to fly over larger landmasses such 

as continents. One of the targets is to reduce the sonic boom impact on the general population and still being able to 

serve certain flight routes. 

Summarizing, this study showcased the importance of considering the sonic boom impact on the trajectory design of 

vehicles of different sizes and shapes in the initial design phase. 
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