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Localizado en el estrecho marino que separa las islas de 
Java y Sumatra. 

La explosión en Agosto de 1883 es uno de los eventos 
volcánicos más violentos de la historia. 

Se calcula como equivalente a 200 megatoneladas de 
TNT (4 veces más que la bomba Tsar). 

Se registraron 7 vueltas de la onda de choque alrededor 
de la Tierra. 

En 1890 Lord Rayleigh estudió la propagación de ondas 
en una atmósfera isoterma. En 1911 H. Lamb extendió la 
teoría para incluir variaciones en la temperatura.
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Explosión del Krakatoa en 1883

Parker & Coward. Litografía de 1888. Wikimedia Commons.
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En el caso de Hunga se estima que la energía liberada es 10 veces menor que 
Krakatoa, pero aún así cientos de veces mayor que en Hiroshima.

∼
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Explosión en Hunga Tonga-Hunga Ha’pai



Infrarrojo
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Explosión en Hunga Tonga-Hunga Ha’pai



Infrarojo

Adiv González
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Explosión en Hunga Tonga-Hunga Ha’pai



No sólo una onda de choque

30 de diciembre, 2021 
Tonga Geological Services 5



No sólo una onda de choque

Explosión intermedia 
14 de enero, 2022 
Tonga Geological Services 

Ocurre algo distinto en  
explosiones mayores 
¿lo pueden ver? 

- Fricción entre la materia 
que está siendo expulsada 

- En el momento de mayor 
intensidad de la explosión  
principal el volcán expulsaba  
tanta materia como la de  
15 edificios Empire State 
¡cada segundo!
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No sólo una onda de choque
• En 5 minutos: ~ 25 500 rayos 
• 6 horas: ~ 400 000 rayos 

➡¡~1/2 de los rayos en todo el mundo!
Vaisala reports
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HAWC

High Altitude Water Cherenkov observatory 
Observatorio de Cherenkov en Agua a Gran Altura 8



Cascadas atmosféricas

Institute für Kernphysik 
Forschungzentrum Karlsruhe
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Cascada atmosférica real

Esta cascada tarda 
aproximadamente 100 
nano segundos en 
propagarse a través de 
los detectores.
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Operación continua

HAWC funciona día y noche, sin importar las condiciones climatológicas, todo el año
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Muones y temperatura atmosférica Copernicus Atmosphere Monitoring Service
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Física de partículas en la atmósfera
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El pion decae: 
- Se produce un muón de alta energía 

Más probable con una atmósfera menos densa 
(temperaturas mayores del promedio)

El pion tiene otra interacción: 
- Se produce mesones adicionales 
- Los piones cargados decaerán posteriormente 

en muones con menos energía que en a) 
Más probable en una atmósfera más densa 
(temperaturas menores del promedio)

a) b)
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Física de partículas en la atmósfera
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¿Podría haber una señal de Tonga en las tasas de conteo de los PMTs de 
HAWC?

Señal en 1 PMT de 10 pulgadas durante el evento

Física de partículas en la atmósfera
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¿Podría haber una señal de Tonga en las tasas de conteo de los PMTs de 
HAWC?

Cambio de ∼ 1 %

Encontré la señal en Mayo de 2022

Física de partículas en la atmósfera
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Detección de la onda de presión usando rayos cósmicos
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• Tasa de detección de partículas a lo largo de cuatro días 
• Modulada por condiciones atmosféricas
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37

• Condiciones normales de la atmósfera • Condiciones anómalas de la atmósfera 
• Aumento de presión      absorción de partículas

Onda de choque 

Detección de la onda de presión usando rayos cósmicos
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• Tasa de detección de partículas a lo largo de 4 días 
• Modulada por condiciones atmosféricas

Detección de la onda de presión usando rayos cósmicos
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ΔR
< R > = αΔP + b

Podemos correlacionar 
la detección de partículas 
con un sensor de presión 
y convertir a HAWC en un barómetro

HAWC

Detección de la onda de presión usando rayos cósmicos
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S. Burt. Weather 77 (2022) 3 

40

HAWC

Tonga

B

Propagación de la onda de presión
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Distancias de propagación usando la fórmula 
de Haversine y un software usado en geofísica 
(L3). La diferencia se propagó como  
incertidumbre.

S. Burt. Weather 77 (2022) 3 
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Fig. 7. Correlation diagram of the percentile rate change and the pressure variation for synchronous measurements during the passage of the first pressure wave from
the Hunga explosion as recorded by the HAWC observatory in the time period from 12:40 to 14:10 UTC on January 15th, 2022. The points show the standard error
on the mean for �P and �R/ < R >.

Table 1. Arrival times and propagation speed of the di↵erent passes of the pressure wave as detected by HAWC at 4,100 m elevation in central Mexico.
Pass Date [UTC] Arrival time [UTC Time] Speed [m/s] Type
A Jan. 15 12:43 ± 00:01 316.2 ± 1.3 Short
B Jan. 16 07:25 ± 00:01 312.4 ± 0.2 Long
C Jan. 16 23:48 ± 00:03 316.9 ± 1.9 Short
D Jan. 17 19:02 ± 00:05 312.4 ± 0.9 Long

It is of interest to see what is the rate-pressure correlation for the short time span during the first passage of the pressure wave.100

Fig. 7 shows the correlation between the measured percentile change of the shower particle rates integrated over 1 minute with101

the instantaneous barometric pressure change for the one and a half hours after 12:40 (UTC) on January 15th 2022 during the first102

passage. The fitted linear correlation gives a barometric coe�cient of ↵ = -0.433 ± 0.003 with a correlation coe�cient of -0.988.103

This value is consistent with a previous measurement (De Mendonça et al., 2013). We also calculated the fit just using the data104

points inside the main peak structure and found a consistent value for the barometric coe�cient.105

Utilizing this barometric coe�cient one can obtain from the measured di↵erential rate variations (top panel of Fig. 6) the106

associated pressure variations (red dashed curve in the bottom panel of Fig. 6). This shows that HAWC can be used as a barometer107

with an active area of 12,500 m2, sampling the atmospheric mass density in a cone of ± 50� above it every 25 ms.108

As mentioned above, the arrival time of the pressure wave is defined as the time when the signal exceeds the most significant109

fluctuation seen before the arrival time of the wave. This time is indicated by arrows in both panels of Fig. 6. The same analysis110

was done for the other three passes of the pressure wave in order to define their arrival times. The distance along the short arc from111

the volcano to the HAWC observatory was calculated using the output of the IDL function MAP_2POINTS from the L3 Harris112

Geospatial software (Geospatial, 2022) and also using the Haversine formula (Korn & Korn, 2000). The distance along the Long113

arc that passes through the antipode was calculated by subtracting the short arc distance from the Earth’s circumference. The arrival114

times, reported in Table 1, are obtained with the threshold method using the rate and pressure data obtained at the HAWC site. The115

uncertainties reported in Table 1 come from the di↵erence in arrival times obtained using both data sets.116

The propagation speed of the pressure wave for the four passes as determined by the shower particle rate and the pressure 117

variations are given in Table 1. One sees that the wave that initially travelled on the short arc is slightly faster than the one travelling 118

Tonga a HAWC Tonga a HAWC

África a HAWC África a HAWC

Velocidad de la onda de presión
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Estructura de la onda de presión
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shock wave were registered, and analysed by means of techniques well beyond the usual frequency analysis tradi-
tionally performed in this field, and exploiting algorithms that are employed to extract tiny signals over smooth 
background in multiple fields, from particle physics to neurology. This is an example of cross-contamination 
across different fields of the human knowledge.

Collected data were used to extract information about shock-wave amplitude and its arrival times, and from 
this about its group velocity, which turned out to be compatible both with theoretical predictions and other 
experimental measurements, performed at various locations in the world. Novelty is represented by the idea to 
investigate possible effects of the passage of the shock-wave on the cosmic particle rate measured at the ground 
level, which we could not be able to assess due to the low POLA detector acceptance, but whose existence was 
experimentally verified by another group exploiting essentially the same methodology presented here.

���������������������
������������������������������Ǥ� The POLA detectors were developed by the Extreme Energy Events 
 collaboration18, in the framework of the PolarquEEEst experiment. Goal of the PolarquEEEst experiment is to 
measure the cosmic ray rate at the sea level at the northernmost latitudes. Its first campaign of measurements 
took place in Summer 2018, when one of the POLA detectors was placed on board of a sailboat, named Nanuq, 
and whose results are presented in Ref.7.

In addition to the detector on board the sailboat, two other identical ones were assembled, and installed at two 
high schools located in Norway and in Italy, to be used for cross-reference. Those three PolarquEEEst detectors 
are called POLA-01, the one on board the sailboat Nanuq, while POLA-02 and POLA-03 were the ones located 
in Norway and Italy, respectively. A fourth detector was assembled in 2019 and labelled POLA-04.

Thereafter, in June 2019, three PolarquEEEst detectors (namely POLA-01, POLA-03 and POLA-04) were 
moved and installed at the Ny-Ålesund Research Station, on the Spitsbergen island. They are located at the three 
vertices of a triangle of about 1 km of side, as shown in Fig. 10. The detectors are hosted at the research infrastruc-
tures managed by the Consiglio Nazionale delle Ricerche (CNR), namely the Arctic Station “Dirigibile Italia”, 
the Amundsen-Nobile Climate Change Tower, and Gruvebadet Aerosol laboratory, respectively. They have been 
almost continuously taking data since June 2019, for a long term measurement of the cosmic charged particle rate.

Each POLA detector consists of two planes of plastic scintillator, 1 cm thick, placed inside a light-tight box. 
The planes are 10 cm apart and each consists of four 20 × 30 cm2 tiles, each readout at opposite corners by two 
Silicon Photo Multipliers (SiPMs), connected to suitable trigger and data acquisition electronics. The whole sys-
tem is controlled by a Raspberry Pi 3 B+ board (RPi3)19. Details about the POLA detectors and the measurement 
of the cosmic charged particle rate in the latitude range between 66◦ N and 82◦07′ N cited above are collected  in7.

Multiple sensors are hosted on the POLA detectors. GPS (Global Positioning System) and GLONASS (GLObal 
NAvigation Satellite System) boards are used to provide the precise time, the local position and the one pulse-
per-second (PPS) signal. A 100 MHz system clock is also used to provide a precise event timestamp, together 
with the PPS.

Several other sensor modules, connected to the RPi3, are used to monitor the temperature, the pressure and 
the orientation. In particular, three DS18B20 1-Wire digital thermometer  sensors20 are used to monitor the 
temperature inside the electronics box, inside the detector box, and outside. A Sense Hat board, made especially 
for the Astro Pi  mission21, is used to monitor the orientation (yaw, pitch, roll) of the device via an accelerometer, 
a 3D gyroscope, and a magnetometer with the LSM9DS1  sensor22, the pressure with the LPS25H  sensor10, and 
the humidity with the HTS221  sensor23.

The sensing element of the LPS25H pressure sensor consists of a suspended membrane realized inside a single 
mono-silicon substrate. It is capable of detecting the absolute pressure, since its package is holed to holed to 
allow external pressure to reach the sensing element. It can measure pressures between 260 and 1260 hPa, with a 
manufacturer declared precision of 1 Pa RMS, and can be operated over a temperature range extending from −30 
◦ C to +105 ◦ C. It is equipped with a I2C interface able to take the information from the sensing element and to 

Figure 10.  Map of the location of the POLA detectors at the Ny-Ålesund Research Station, on the Spitsbergen 
island. Courtesy of the Norwegian Polar Institute, retrieved from https:// topos valba rd. npolar. no on date 15 June 
2022. 20 de Noviembre de 2022
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•Publicado el 1 de enero de 2024 

•Observamos un evento muy raro. La mayor 
explosión volcánica en 138 años. 

•Primera vez que se detecta una onda de Lamb 
usando rayos cósmicos.  

•Monitoreamos la onda de presión a gran altitud, 
muestreando un gran volumen de la atmósfera. 

•Podemos hacer un estudio aún más detallado, 
con precisión de fracciones de segundos.
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A B S T R A C T

The close location of the HAWC observatory to the largest volcano in Mexico allows to perform a search
for neutrino-induced horizontal muon and tau charged leptons. The section of the volcano located at the
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A B S T R A C T

The close location of the HAWC observatory to the largest volcano in Mexico allows to perform a search
for neutrino-induced horizontal muon and tau charged leptons. The section of the volcano located at the
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• En promedio 120 k horas-CPU 
mensualmente en UMD (Slurm) 

• 1.5 veces mayor uso en ICN (Torque) 
• ~300k horas-CPU por mes 
En total: 

✦ ~7  horas-CPU 
✦ 260 TB de datos 
✦ ~ 3  eventos

× 106

× 1011
41

Computo en ICN

26



La producción y propagación de muones depende de las propiedades atmosféricas 

La correlación entre la intensidad de muones con la temperatura se caracterizan a 
través del coeficiente  

         

: tasa de detección de muones, : temperatura efectiva de la atmósfera 

A través de caracterizar esta dependencia, es posible estimar el cociente k/  a 
energías no accesibles en aceleradores

αT

ΔRμ

< Rμ > = αT
ΔTeff

< Teff >
Rμ Teff

π

41

Efecto de la temperatura
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Un solo valor para la temperatura en la cuál se origina el 
muón. Se obtiene al pesar el perfil de temperatura en la 
posición del detector.

41

Temperatura efectiva

 Teff =
∫ ∞

0 dXT(X )W(X )
∫ ∞

0 dXW(X )

Los pesos dependen de las propiedades de los mesones a partir de los cuales se 
producen los muones: : longitud de atenuación de hadrones 

A: relacionado a la producción de mesones 
en la región frontal de fragmentación.     
A[r(K/ ), , ] 
B: atenuación de mesones 

: indice espectral de los muones 

: energía crítica de los mesones 
(decaimiento o interacción) 

: umbral del detector

Λ

π mμ,K γ

γ
ϵ

ETh

3

The atmospheric muon selection applied to the cos-
mic trigger data requires that the event contains one
well reconstructed downward-going track that was col-
lected during a period of good detector running condi-
tions. The requirements are the same as those used for
the MINOS analysis of the ND charge ratio [18] up to
the charge sign quality selection in that analysis. Com-
parison with Monte Carlo shows that backgrounds and
misreconstruction errors are negligible. Figure 1 demon-
strates the distribution of the time between consecutive
muon events is exponential, as expected. In total over
1.53x109 single muon events have been selected with a
mean rate of 12.2374±0.0003Hz. The trigger rate above
reflects real muons, and the reduction is mostly due to
the fact that the scintillator coverage in the ND is smaller
than the steel. This geometry effect has no impact on the
seasonal variation.

FIG. 1: Time between neighboring single atmospheric muon
events in the MINOS ND. The data is well fitted to an expo-
nential distribution with a mean rate of 12.2374±0.0003 Hz.

B. Effective Temperature

The temperature as a function of atmospheric depth
has been determined using the European Center for
Medium-Range Weather Forecasts (ECMWF) atmo-
spheric model [14]. The ECMWF procedure collates a
number of different types of observations (e.g., surface,
satellite, upper air sounding) at approximately 640 lo-
cations around the globe; the data are contiguous both
spatially and in time. The ECMWF global atmospheric
model interpolates to a particular location assuming a
smooth function of 1 degree latitude and longitude bins,
and in varying elevation bins. For the MINOS ND at
Fermilab, the model calculates atmospheric temperatures
at 37 different, unevenly spaced pressure levels between
1 hPa and 1000hPa at four times throughout the 24 hour
day (0000h, 0600h, 1200h, 1800h.). An earlier version of

the ECMWF model calculates temperatures at 21 pres-
sure levels, and was used to help determine the sensitiv-
ity of the αT fits. By comparing the ECMWF tempera-
ture data with that of the Integrated Global Radiosonde
Archive (IGRA) [19], it was determined that the uncer-
tainties are 0.31 K. As is reported in Ref. [12], the system-
atic uncertainty for this temperature model is estimated
to be 0.2%.
The lack of data above a height corresponding to 1 hPa

does not affect the results of this analysis as the depth X
of the atmosphere above 1 hPa (1 hPa = 1.019 g/cm2) is
insufficient to produce a statistically significant number
of muons. Since it is not possible to determine where
in the atmosphere a particular muon originated, a single
effective temperature is defined [13, 20], Teff , which is
the weighted W (X) average based on the expected muon
production spectrum

Teff =

∫

∞

0 dX T (X)W (X)
∫

∞

0 dX W (X)
. (2)

Since the temperature T (X) is measured at 37 discrete
depths, a numerical integration is performed based on
a quadratic interpolation between temperature measure-
ments. The atmospheric depth depends on both π and
K decay, so W (X) = Wπ(X) +WK(X) Figure 2 shows
the mean temperatures, averaged over the analysis pe-
riod, and the normalized weight W (X) as a function of
atmospheric depth.
These weights are

Wπ (K)(X) ≈
(1 −X/Λ′

π (K))
2e−X/Λπ (K)A1

π (K)

γ + (γ + 1)B1
π (K)K(X)(<Eth cos θ>

ϵπ (K)
)2

(3)
where

K(X) =
(1−X/Λ′

π (K))
2

(1 − e−X/Λ′

π (K))Λ′

π (K)/X
. (4)

The attenuation lengths of the cosmic ray primary, pion
and kaon are ΛN , Λπ and ΛK respectively. Λ′

π (K) is

defined as 1/Λ′

π (K) = 1/ΛN−1/Λπ (K). The parameters

A1
π (K) account for inclusive meson production in the

forward fragmentation region, the masses of mesons and
muons and the muon spectral index γ [13, 20]. The
parameters B1

π (K) reflect the relative attenuation of
mesons in the atmosphere. The critical energy of the
mesons ϵπ (K) are the energies at which the probability
of meson decay or interaction are equal. Eth is the
minimum energy required for a muon to survive to a
particular depth and θ is the zenith angle of the muon.
Apart from the value of <Eth cos θ>, which has a mean
value of 54GeV at the MINOS ND, the values used for
the parameters in Eq. (3) and Eq. (4) are the same as in
Refs. [8, 12].
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depths, a numerical integration is performed based on
a quadratic interpolation between temperature measure-
ments. The atmospheric depth depends on both π and
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forward fragmentation region, the masses of mesons and
muons and the muon spectral index γ [13, 20]. The
parameters B1

π (K) reflect the relative attenuation of
mesons in the atmosphere. The critical energy of the
mesons ϵπ (K) are the energies at which the probability
of meson decay or interaction are equal. Eth is the
minimum energy required for a muon to survive to a
particular depth and θ is the zenith angle of the muon.
Apart from the value of <Eth cos θ>, which has a mean
value of 54GeV at the MINOS ND, the values used for
the parameters in Eq. (3) and Eq. (4) are the same as in
Refs. [8, 12].
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Intensidad vertical de muones

of Eq. (2) needs to be considered. The meson production term in Eq.
(3) (which applies to any charged meson: K, p, etc) can then be
expanded:

dM
dX
¼ ZNM

KN
N0e"X=KN "MðE;X; cos hÞ 1

KM
þ !

0
Mð1þ gÞ
EX cos h

! "
: ð13Þ

The analytic solution to this differential equation is difficult to find
since gðX 0Þ is an arbitrary function of X

0
. A solution to first order in

gðX0Þ can be found by expanding the exponential in a power series,
and then following the procedure outlined above, beginning with
Eq. (5). This solution can be written as MðE;X; cos hÞ ¼M0 þM1,
where M0ðE;XÞ is the solution where !M ¼ !0

M , which occurs at tem-
perature T ¼ Teff and M1ðE;XÞ is given by:

M1ðE;X; hÞ ¼ ZNM

KN
N0ðEÞe"X=KM

X
KM

# $"!0
M=E cos h

& !0
M

E cos h

Z X

0
dX 0

gKM

X0
X0

KM

# $!0
M=E cos hþ1

&
(

1
!0

M=E cos hþ 1
" X0=K0M
!0

M=E cos hþ 2

þ 1
2!

ðX0=K0MÞ
2

!0
M=E cos hþ 3

" . . .

)
: ð14Þ

If E cos h' !0
M , then the integrand is very small and gðX0Þ ¼ gðXÞ.

This is the case when interactions dominate, as time dilation effects
allow these very high energy mesons to travel great distances be-
fore decaying. If E cos h( !0

M , then the mesons will not travel very
far before decaying and the integrand is large only when X

0
is near

X, and again, gðX 0Þ can be taken out of the integral [2].
Writing the solution of M where T ¼ Teff as M0 and letting

!M ¼ !0
Mð1þ gÞ, an expression for the change in muon production

induced by temperature variations can be found. Define
DM ) M"M0, then to first order in g

DM ¼ ZNM

KN
N0ðEÞe"X=KM

!0
MgX

E cos h
& 1
ð!0

M=E cos hþ 1Þ2

(

" 2X=K0M
ð!0

M=E cos hþ 2Þ2
þ 1

2!

3ðX=K0MÞ
2

ð!0
M=E cos hþ 3Þ2

" . . .

)

: ð15Þ

Using Eqs. (7) and (8), an expression for the change in differential
muon intensity can be found:

D
dIl
dEl
¼ ZNM

KN

!0
M

El cos h

# $2 E"ðcþ1Þ
l

ð1" rMÞ

Z 1

0
dXe"X=KM gIM ; ð16Þ

where

IM ¼
Z 1=rM

1

dz
z"ðcþ2Þ &

1
ð!0

M=El cos hþ zÞ2
" 2X=K0M
ð!0

M=El cos hþ 2zÞ2

(

þ 1
2!

3ðX=K0MÞ
2

ð!0
M=El cos hþ 3zÞ2

" . . .

)
: ð17Þ

Now, a solution to this integral can be found for El ' !0
MðI

HÞ and for
El ( !0

MðI
LÞ:

IH
MðElÞ ¼

1
cþ 3

1" ðrMÞcþ3
h i

ð1" e"X=K0M ÞK
0
M

X
;

IL
MðElÞ ¼

1
cþ 1

1" ðrMÞcþ1
h i El cos h

!0
M

# $2

ð1" X=K0MÞe
"X=K0M : ð18Þ

These expressions can be combined in a form that is valid for all
energies (Eq. (8)):

D
dIl
dEl
’

E"ðcþ1Þ
l

1" ZNN

Z 1

0

dXð1" X=K0MÞ
2e"X=KM gðXÞA1

M

1þ B1
MKðXÞ El cos h=!0

M

% &2 ; ð19Þ

where

A1
K ) 0:635

ZN;K

ZN;p

1" ðrKÞcþ1

1" ðrpÞcþ1

ð1" rpÞ
ð1" rKÞ

;

A1
p ) 1;

B1
M )
ðcþ 3Þ
ðcþ 1Þ

1" ðrMÞcþ1

1" ðrMÞcþ3 ;

KðXÞ ) ð1" X=K0MÞ
2

ð1" e"X=K0M ÞK0M=X
:

The exact solution for IL
MðElÞ has been replaced with an approxima-

tion that preserves the physical behavior of the system at low
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Fig. 1. The average mid-latitude summer temperature at various atmospheric
depths (dashed line). The vertical range is from 1000 h Pa (1 h Pa = 1.019 g/cm2),
near Earth’s surface, to 1 h Pa (nearly 50 km), near the top of the stratosphere. The
solid lines are the weight as a function of atmospheric depth used to find Teff (Eq.
(22)). The blue lines used the OPERA threshold energy, the red lines used the Super-
K threshold energy , the black lines used the MINOS-FD threshold energy, the green
lines used the IceCube threshold energy , the violet lines used the Baksan threshold
energy and the magenta lines used the MINOS ND threshold energy.

T (K)

P 
(h

Pa
)

1

10

210

310

H
eight (km

)

220 240 260 280 300
0

10

20

30

40

50

Normalized Intensity
0 0.2 0.4 0.6 0.8 1

,KπI
µI

Fig. 2. The solid lines show the meson intensity as a function of atmospheric depth
(Eq. (4)) and the dot-dash lines show the muon intensity as a function of
atmospheric depth (Eq. (7)). The normalization in Eq. (4) ðN0ZNM=KNÞwas set to 1 to
show the dependence on X more clearly. The range of the expressions were adjusted
so that the maximum value of the OPERA meson intensity was equal to 1, and the
other equations were scaled appropriately. These figures were produced with
particular energy values corresponding to the threshold energy of the detectors
under consideration. The blue lines used the OPERA threshold energy , the red lines
used the Super-K threshold energy, the black lines used the MINOS-FD threshold
energy, the green lines used the IceCube threshold energy , the violet lines used the
Baksan threshold energy and the magenta lines used the MINOS ND threshold
energy.
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Ejemplo: resultados de MINOS4

FIG. 2: The average temperature (solid red line) [14] and
normalized weights W (X) (blacked dashed line) as a function
of pressure level at the MINOS ND site. The right vertical
axis shows the altitude corresponding to a particular pressure.

III. DATA ANALYSIS

Equation (1) states that the change in the observed
muon rate is related to the change in the effective atmo-
spheric temperature. In this section we will present the
MINOS ND muon and ECMWF temperature data as a
function of time. The value of αT is then determined by
comparing the effective temperature determined from a
single ECMWF temperature measurement to the corre-
sponding six hours of MINOS muon data (±3 hours on
either side). The effect of surface pressure on the muon
rate was investigated and found to be small [21, 22]. It
had no impact on the measurement of αT and is therefore
not considered further.

A. Seasonal Variations

Figure 3 displays the effective atmospheric tempera-
ture, as defined by Eq. (2), directly above the MINOS
ND as a function of time. Figure 4 shows the observed
muon rate at the MINOS ND as a function of time. The
gaps in the data correspond to periods when the ND
was not running or when the detector failed the data
quality criteria.

Both the MINOS ND muon and effective temperature
data have clear modulation signatures. The nominal
modulation parameters were determined by fitting the
data to an equation of the form

R(t) = R0

(

1 +A · cos

[

2π

P
(t− t0)

])

, (5)

where R0 is mean value, A is the fractional modulation
amplitude and P is the period. The time t is the

FIG. 3: Effective temperature as a function of time for the
atmosphere directly above the MINOS ND. Each data point
corresponds to one day of ECMWF data. The mean value
is the average of the four ECMWF data points for that day.
The y-axis errors are the standard deviation of those points.
The solid horizontal line is the mean effective temperature
<Teff >=220.1 K. The dashed vertical lines denote the start
of new calendar years.

FIG. 4: The observed muon rate at the MINOS ND as a func-
tion of time. Each data point corresponds to one day of data.
The horizontal line is the detector average of 12.2458 Hz. The
dashed vertical lines mark the start of new calendar years.

number of days elapsed since Jan. 1, 2010. The phase
t0 is the first day at which the signal is at a maximum.
Fitting the MINOS ND muon data in Fig. 4 to Eq. (5)
yields a mean rate of 12.2458±0.0003Hz, a period of
367.8±0.4days and a phase of 200.9±0.8days. Fitting
the effective temperature data in Fig. 3 to Eq. (5) yields
a mean value of 220.1±0.2K, a period of 365.0±0.1days
and a phase of 183.4±0.3days. As expected the mod-
ulation periods for both data sets are close to one year
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axis shows the altitude corresponding to a particular pressure.
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tion of time. Each data point corresponds to one day of data.
The horizontal line is the detector average of 12.2458 Hz. The
dashed vertical lines mark the start of new calendar years.

number of days elapsed since Jan. 1, 2010. The phase
t0 is the first day at which the signal is at a maximum.
Fitting the MINOS ND muon data in Fig. 4 to Eq. (5)
yields a mean rate of 12.2458±0.0003Hz, a period of
367.8±0.4days and a phase of 200.9±0.8days. Fitting
the effective temperature data in Fig. 3 to Eq. (5) yields
a mean value of 220.1±0.2K, a period of 365.0±0.1days
and a phase of 183.4±0.3days. As expected the mod-
ulation periods for both data sets are close to one year

5

with the maxima occurring in the summer months.

Figure 5 shows the percentage change in the observed
muon rate ∆R/<R> versus the per cent change in
effective temperature ∆Teff/<Teff >. The two data
sets are strongly correlated with a correlation coefficient
ρ=0.81. The best fit value for αT is 0.465±0.003(stat.).

FIG. 5: Distribution of ∆R/<R> versus ∆Teff/<Teff >.
Each data point corresponds to approximately 6 hours of MI-
NOS ND data. The y-axis uncertainty is purely statistical.
The x-axis uncertainty is 0.2% and is the point-to-point vari-
ation in the ECMWF data. The best fit slope, equivalent to
αT , is 0.465±0.003(stat.). To reduce clutter, only every fifth
data point is shown.

The data in Fig. 4 indicate that the mean muon rate
has decreased over the lifetime of the experiment. The
source of this small but apparently steady decrease has
not been conclusively identified. Three possible sources
of this rate loss have been identified: (i) solar cycle ef-
fects on the primary cosmic-ray rate, (ii) secular varia-
tions in the local magnetic field, and (iii) detector degra-
dation effects. Since the effect seems larger for longer
tracks than for shorter tracks, a detector degradation
explanation is disfavored. The rate loss could possibly
be reflected in the temperature and represent a short-
coming of the temperature data. Biases and trends have
been reported with ERA-Interim temperature data, most
notably around 200-100 hPa [23]. These have been at-
tributed to warm biases in aircraft observations entering
the data assimilation. However, these can only explain
10% of the observed rate loss, as comparative temper-
ature biases with Radiosonde data are 0.1K [24]. Re-
gardless of its causes, the effect can be almost entirely
removed by assuming a linear decline and refitting the
data to obtain αT . To do this, Equation (1) can be mod-
ified to account for a rate loss by redefining <Rµ> as

<Rt
µ> = <R0

µ> ·

(

1− f ·
t

365.25

)

, (6)

where f is the fractional loss rate, t is the number of
days since Jan. 1, 2010 and < R0

µ > is the mean muon
rate on that date. The data were again fit, this time al-
lowing for the mean muon rate to change as a function
of time according to Eq. (6), and the best fit value of αT

was calculated to be 0.428±0.003(stat.). This value com-
prises our result using the standard definition of effective
temperature.

B. Systematic Uncertainties

The systematic uncertainties on αT can be loosely
grouped into two sources, those derived from the analysis
of the muon data, and those relating to the calculation of
the effective temperature. This Section elaborates on the
determination of these uncertainties whose magnitudes
are given in Table I.

Systematic αT Uncertainty in αT

Muon Direction 0.017

Rate loss Fit 0.018

Integration 0.023

ECMWF Model 0.018

Temp. Series 0.045

Teff Calculation

<Eth cos θ> 0.0023

Net Systematic ±0.059

TABLE I: The systematic uncertainties associated with the
nominal measurement of αT .

The nominal effective temperature has been deter-
mined using the atmospheric temperature profile directly
above the detector. However, the temperature profile
will change as a function of latitude and longitude. This
implies that the effective temperature, and therefore
αT , is a function of the arrival direction of the muon.
The muon data were separated into northerly and
southerly-going components, in order to maximize
exposure to differences in the atmospheric temperature
profiles. A value of αT (using the nominal Teff ) was
calculated for each data set. The maximum difference
from the nominal value, ±0.017, is the systematic un-
certainty due to the variability in the temperature profile.

The muon rate is clearly decreasing a small amount
since the beginning of the experiment, but the decrease
need not be linear as our fit assumes. The systematic
uncertainty associated with decreasing event rate, based
upon the change implied by allowance for the fitted rate
loss, is estimated to be ±0.018.

For this analysis the two integrals in the definition of
Teff in Eq. (2) were evaluated using a quadratic inter-
polation technique. Multiple integration techniques were

7

IV. ZENITH ANGLE ANALYSIS

The measurement of αT in the preceding Section
assumes that the variation in the muon rates at all
zenith angles only depends upon the vertical effective
temperature (Eq. (2)). However, cosmic ray primaries
with large zenith angles interact higher in the atmo-
sphere where the temperature fluctuations are larger.
Consequently, the variation in the muon rates should
increase as a function of the zenith angle and, with no
redefinition of the effective temperature, the measured
values of αT should increase as well. In this section we
will calculate αT as a function of zenith angle using both
the vertical and angular effective temperatures.

In addition to the selection criteria outlined in Sec. II A
the angular resolution of the muon tracks is required to
be better than 5◦. So as to not change the underlying
Ethcosθ distribution of the muons, the changes in event
selection were kept to a minimum. The value of αT was
determined for this resolution-enhanced data sample to
be statistically consistent with the nominal value, 0.428.

Figure 7 gives the measured αT as a function of zenith
angle when Teff is calculated using Eq. (2). The data
are grouped into, and the values of αT calculated for,
nine zenith angle bins. The first bin is from 0-5◦, and
the remaining 8 bins each cover the next 10◦ increments.
The theoretical prediction as a function of zenith angle
is calculated using the Monte Carlo method outlined in
Sec. III C but averaged instead over the zenith angle bins.
It should be noted that the theoretical value of αT is inde-
pendent of the atmospheric temperature and is therefore
not affected by our zenith angle corrections. Not sur-
prisingly the measured value of αT increases with zenith
angle and does so more rapidly than the theoretical pre-
diction.

Equation (2) was modified to account for the increased
height of the primary cosmic ray interaction at larger
zenith angles. The angular effective temperature for a
particular zenith angle θ is simply

Teff =

∫

∞

0 d(X/ cos θ) T (X) W (X)
∫

∞

0 d(X/ cos θ) W (X)
. (11)

The formulae for the weights W (X) are unchanged from
Eq. (3), only the depth (X → X/cosθ) and Ethcosθ
arguments change with zenith angle. The 1/ cosθ terms
in the denominator and numerator do cancel but have
been left in for completeness. Figure 8 shows αT as a
function of zenith angle when the effective temperature
Teff (θ) has been calculated using Eq. (11). The Figure
shows that the values of αT calculated in this manner
are now consistent with the theoretical prediction.

To determine a single value of αT for the MINOS ND,
a single measure of temperature is initially defined using

FIG. 7: The parameter αT as a function of zenith angle when
Teff is calculated using Eq. (2). The inner error bars on the
data points are statistical, the outer error bars include both
statistical and systematic uncertainties. The gray band is the
detector average, and the red-band is the theoretical predic-
tion. The systematic difference of the data from the average
suggests that the vertical effective temperature is inadequate
for data over a range of zenith angles.

FIG. 8: The αT parameter as a function of zenith angle when
Teff (θ) is calculated using Eq. (11). The inner error bars on
the data points are statistical, the outer error bars include
both statistical and systematic uncertainties. The gray band
is the detector average calculated using Tweight

eff as defined in
Eq. (12). The red band is the theoretical prediction and is
the same as in Fig. 7.

Eq. (2), as a weighted average based upon the observed
muon angular distribution. The weighted angular effec-
tive temperature is then defined as

Tweight
eff =

M
∑

i=1

Fi · Teff (θi), (12)

Observation of muon intensity 
variations by season with the MINOS 
near detector 
Phys. Rev. D 90 (2014) 012010
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DANSS (2021) 

NOvA (2021) 

Daya Bay (2018) 

OPERA (2018) 

Borexino (2012) 

MINOS (2010 & 2014)                       

IceCube (2011) 

AMANDA (1999) 

MACRO (1997) 

Baksan (1987)                                                        Detectores subterraneos 
41

¿Quién más ha realizado estos estudios?

31



HAWC cuenta con una región del campo de visión que “observa” solo atmósfera  

41

¿Cómo hacerlo con HAWC?

Pico de 
Orizaba

Sierra
Negra
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Centro Europeo de Previsiones           
Meteorológicas a Plazo Medio

41

Datos meteorológicos

Base de datos de acceso libre.  
El modelo provee temperaturas para 36 niveles atmosféricos, a 4 horas distintas del 
día (00:00, 06:00, 12:00 y 18:00).
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Verificación de los datos meteorológicos

Datos de una estación de CONAGUA 
Almacena temperaturas máxima y 
mínima por día
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No es posible una comparación directa 
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Datos meteorológicos
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Temperatura promedio por día
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Datos meteorológicos
Preliminar 

Temperatura efectiva vertical en la posición de 
HAWC 

-Trabajando en la implementación de 
incertidumbres

Enero

Mayo 
2018

Junio 2017
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La propagación horizontal inicia aproximadamente sobre la frontera entre México y Guatemala, 
aproximadamente a 750 km de la posición de HAWC 

Utilizar distintas posiciones geográficas para evaluar distintas capas de la atmósfera 

La máxima resolución espacial de los datos es de 0.75º  0.75º sobre la superficie terrestre. Es 
posible obtener 12 puntos a lo largo de la trayectoria, con separaciones entre 40-80 km

×
41

¿Cómo hacerlo con HAWC?
Xo, T0, P0, H0

Xf
Xi, Ti, Pi, Hi

di
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¿Cómo hacerlo con HAWC?
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Conteo de muones horizontales

Preliminar

Primer vistazo en los datos de HAWC a principios del año pasado: 

Aparente estructura, caída y recuperación del conteo

Preliminar

10 días1 día
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Conteo de muones horizontales

Restringiendo las 
trayectorias la 
estructura se 
mantenía
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Conteo de muones horizontales

¿Correlación con la presión?
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Barómetro en Sierra Negra
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Primer problema: normalización temporal
Recorded: registrado de 
manera interna por el 
análisis. 

Expected: basado en la 
duración promedio de los 
subruns. 

Problema: jobs ejecutados 
sólo de manera parcial y 
luego recuperados por 
ROOT al terminar el job.

7000 7500 8000 8500 9000
Run No.

0

0.2

0.4

0.6

0.8

1

(R
ec

or
de

d 
Ti

m
e)

/(E
xp

ec
te

d 
Ti

m
e)

Preliminar

42



57900 57950 58000 58050 58100 58150 58200 58250 58300
MJD

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

Bi
n2

Su
br

un
 >µ

< 

57900 57950 58000 58050 58100 58150 58200 58250 58300
MJD

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Bi
n2

Su
br

un
 >µ

< 

41

Segundo problema: estabilidad de los PMTs
La tasa de conteo de trazas es también muy sensible al cambio del número de PMTs disponibles en 
cada WCD (3 vs 4). 

Solución: limitar el análisis sólo a aquellas trazas que se propagan a través de WCDs que se 
mantuvieron sin cambios en el número de PMTs en toda la ventana de análisis. Análisis por subrun para 
remover aquellos que fallaron en el cluster.

Preliminar
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¿Es lo que esperamos?

El flujo primario es también casi plano (comportamiento similar con He)
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Temperatura efectiva vs propagación

620 km 
 GeVEμ ≈ 100

La trayectoria 
completa desde la 
entrada del primario 
a la atmósfera ocurre 
sólo para muones de 
muy alta energía

Al restringir a 
propagaciones que 
inician más cerca de 
HAWC, se puede 
disminuir el umbral 
de Eμ

Seleccionar con dE/dX

45



La atmósfera como laboratorio de altas energías
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Estudiar el efecto de campos eléctricos intensos en el desarrollo  y 
propagación de partículas secundarias en cascadas atmosféricas. 

Financiamiento (2023-2025): ~ 1 Millón de pesos 

La atmósfera como laboratorio de altas energías
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• Hicimos la primera detección de una onda de Lamb usando rayos cósmicos 

• Tenemos datos únicos de muones horizontales a gran altitud, que requirieron 
enormes recursos de computo, procesados mayormente en ICN. 

• Trabajando en el primer estudio de la correlación de la detección de muones 
horizontales con propiedades atmosféricas 

• Seleccionar altas energías con dE/dx en los detectores, o con trayectorias que 
atraviesan roca 

• Trabajando en el desarrollo de un experimento pequeño en el IF-UNAM dedicado 
a estudiar la correlación entre tasas de conteo y distintas propiedades atmosféricas 

41

Conclusiones
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