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Atmospheric Muons

Cosmic rays interact in the 
atmosphere, producing pions

Pions eventually decay, 
producing neutrinos and muons:
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Atmospheric Muons

https://doi.org/10.1038/s41598-
022-20039-4

https://arxiv.org/abs/1504.02230

Atmospheric muons have 
nice properties:

Numerous (~1 cm-2min-1sr-1)

Long track lengths (~km+)

Easily detected

Propagation through matter is 
well understood

Flux is anticorrelated with 
atmospheric pressure
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Tornadoes

● Tornado: A violently rotating column of air 
connecting a cumuliform cloud with the 
ground

● Most extreme weather systems on Earth 
(wind speed/air pressure)

● Strongest tornadoes spawn from supercell 
thunderstorms

● Not well understood
● Formation/propagation
● Size
● Interior dynamics
● Detection/characterization
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Studying Tornadoes is Hard

https://doi.org/10.1175/2010MWR3201.1 https://doi.org/10.1175/2010MWR3201.1 
● Pressure measurements require in-
situ detectors

● Logistical nightmare!

● Current tech only produces point 
measurements

● Extrapolating point measurements 
is a source of modeling error doi:10.2514/6.2020-2629doi:10.2514/6.2020-2629
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Muons as Atmospheric Pressure Sensors

Muon 
Detector

Cosmic Ray

Supercell 
Thunderstorm

Muons

~10 km

Tornado

Glen Powell’s character from 
Twisters, probably

Muons as Atmospheric 
Pressure (Density) Sensors
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Two Questions

● How large of an effect do tornadoes have on the atmospheric 
muon flux?
● How large of a muon detector would you need to detect this on 
reasonable (~1 hour) time scales?
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Back-of-the-Envelope Calculation
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Back-of-the-Envelope Calculation
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Back-of-the-Envelope Calculation

Atmospheric perturbation probably 
extends through the parent storm, 

but measurements of this are 
practically nonexistent

?

?
?

?

?

? ?
?

?

Very rough estimate:
● Lack of measurements
● Tornado boundary is 
poorly defined
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More Sophisticated Tornado Simulation (courtesy of Leigh Orf)

→ Modeled using May 24 2011 El 
Reno atmospheric conditions

→ Produced a strong, long-lived 
tornado

Let’s just throw this into MCEq 
and see what happens
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What a Muon Detector Might See

● Since the atmospheric muon flux 
varies naturally with elevation angle, 
it’s convenient to normalize the the 
rate at a particular elevation:

*As P ↑, muon flux ↓, L ↑

UnperturbedUnperturbed
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What a Muon Detector Might See

● Since the atmospheric muon flux 
varies naturally with elevation angle, 
it’s convenient to normalize the the 
rate at a particular elevation:

1 hour prior to tornado formation

*As P ↑, muon flux ↓, L ↑
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What a Muon Detector Might See

● Since the atmospheric muon flux 
varies naturally with elevation angle, 
it’s convenient to normalize the the 
rate at a particular elevation:

Tornado has formed

*As P ↑, muon flux ↓, L ↑
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What a Muon Detector Might See

● Since the atmospheric muon flux 
varies naturally with elevation angle, 
it’s convenient to normalize the the 
rate at a particular elevation:

Tornado has formed1 hour after tornado
Tornado formation in 
progress

*As P ↑, muon flux ↓, L ↑
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What a Muon Detector Might See

● Since the atmospheric muon flux 
varies naturally with elevation angle, 
it’s convenient to normalize the the 
rate at a particular elevation:

Tornado active

*As P ↑, muon flux ↓, L ↑
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What a Muon Detector Might See

● Since the atmospheric muon flux 
varies naturally with elevation angle, 
it’s convenient to normalize the the 
rate at a particular elevation:

Tornado active

*As P ↑, muon flux ↓, L ↑
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What a Muon Detector Might See

● Since the atmospheric muon flux 
varies naturally with elevation angle, 
it’s convenient to normalize the the 
rate at a particular elevation:

Post-tornado

*As P ↑, muon flux ↓, L ↑
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What a Muon Detector (Realistically) Might See

● 1000 m2 muon detector, data for each snapshot integrated over past hour
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Integrated Effect

Mesocyclone+TornadoMesocyclone
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100 m2 Detector

Mesocyclone+TornadoMesocyclone

^This algorithm is dumb 
(but effect of tornado is 
still visible!) 
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I’m Probably Out of Time By This Point

● Q: How large of an effect do tornadoes have on the atmospheric muon flux?

● A: ~1-2%

● Q: How large of a muon detector would you need to detect this on reasonable (~1 hour) time scales?

● A: Storm evolution can be probably be seen in detectors smaller than 100 m2

● Technique is potentially very interesting for atmospheric scientists

● Anemometer → Radar, Barometer → Muons?

● Remote pressure measurement opens up a new way to observe weather

● Particularly useful for systems that are difficult to study with current methods

● Large area pressure measurements potentially useful for weather forecasting (EnsDA)
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Backup Slides
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What a Muon Detector (Realistically) Might See

● 100 m2 muon detector, data for each snapshot integrated over past hour
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A Large, Stationary Installation?
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10 km

→ → A stationary detector at NSSL A stationary detector at NSSL 
would see ~0.7 tornadoes/yearwould see ~0.7 tornadoes/year

Potential detector range 
(conservative)



  

→ → 2024 tornadoes not shown2024 tornadoes not shown
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A Large, Stationary Installation?



30

A Large, Stationary Installation?

Fermilab

→ → Was anyone at Fermilab running a Was anyone at Fermilab running a 
muon detector on March 31 or July 24 muon detector on March 31 or July 24 
2023?2023?
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What a Muon Detector (Realistically) Might See

→ Can average together nearby pixels to examine larger scale storm evolution 
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Previous Studies By Other People

● Japanese group that imaged typhoons: 
https://doi.org/10.1038/s41598-022-20039-4 

● Only a 4 m2 detector!
● Russian detector that looked at non-
tornadic thunderstorms: 
https://doi.org/10.1016/j.asr.2015.06.003 

● 40 m2 detector  
● Thunderstorms studied using TA and 
GRAPES-3 data:

● TA: 
https://doi.org/10.1103/PhysRevD.105.0
62002
● GRAPES: 
https://link.aps.org/doi/10.1103/PhysRev
Lett.122.105101
  

https://doi.org/10.1038/s41598-022-20039-4
https://doi.org/10.1016/j.asr.2015.06.003
https://doi.org/10.1103/PhysRevD.105.062002
https://doi.org/10.1103/PhysRevD.105.062002
https://link.aps.org/doi/10.1103/PhysRevLett.122.105101
https://link.aps.org/doi/10.1103/PhysRevLett.122.105101
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Range
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Further Studies

● Effect of hydrometeors (rain, hail)?
● Potential studies with existing detectors?

● IceCube, P-ONE, KM3NET, Auger, TA, others?
● Capabilities of something portable?
● Best detector design?
● Applications to other weather systems?

● Hurricanes, derechos, microbursts
● Muon data as an input for weather/climate forcasting?
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A Portable Detector?

● Smaller detectors result in a weaker 
signature, but potentially still detectable

● Portable (truck-sized) detectors could 
probably observe a pressure drop in 
the direction of the storm, but not the 
tornado itself  

● ~10s of m2 isn’t unrealistic!

● Being far from the storm means 
setup times can be much longer



  

Back-of-the-Envelope 
Calculation

1-1000 km

10 km

h = 10 
km

Muon 
Detector

“Weather” is a 
box with a 
constant 

pressure drop
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Hydrometeors

Dry Air With Hydrometeors
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Atmospheric Muons

Atmospheric muons have 
nice properties:

Numerous (~1 cm-2min-1sr-1)

Long track lengths (~km+)

Easily detected

Propagation through matter is 
well understood

Flux is attenuated by 
matter
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Residual to L Comparison
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