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Abstract: The semi-annual alternation between polar day and polar night causes the South Pole atmosphere to
undergo a large annual change. Seasonal changes of the atmosphere highly affect the properties of cosmic ray
air showers. IceCube detects the high-energy muonic component of air showers with the 1 km3 underground
detector, whereas IceTop, the surface array, mainly measures the electromagnetic component. The influence due
to the seasonal changes on the high-energy muon multiplicity, important for composition studies, is studied
in simulation and data. To reduce this variation, a correction procedure based on the measured atmospheric
temperature profile and the muon production longitudinal profile is proposed.
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1 Introduction
At South Pole, extreme seasonal variations of the atmo-
sphere can be found, due to the tilt of the Earth’s rotation
axis relative to the ecliptic. During austral spring, the sun
heats the atmosphere above the Antarctic ice sheet, while
it cools down in fall. In the ozone layer, on average at alti-
tudes between 15 and 35 km above sea level, an increase
in the UV absorption causes even larger seasonal changes
of the atmospheric temperature [1].

At these altitudes, the first interactions of cosmic rays
happen and highly energetic mesons, mainly pions and
kaons, are produced. The charged mesons decay to high-
energy (HE) muons or interact in the atmosphere. The com-
petition between interaction and decay depends on the den-
sity ρ (interaction lengthλint ∼

1
ρ ) at the local pressure lev-

els, thus on temperature [2]. Hence, as the cosmic ray air
shower develops through the atmosphere, the production
of the HE muons is highly affected by these atmospheric
variations.

The underground detector of the IceCube Neutrino Ob-
servatory, which was completed in December 2010, con-
sists of 86 strings spread over 1 km2, with Digital Opti-
cal Modules (DOMs) located between 1450 and 2450 m
below the surface [3]. On the surface above the under-
ground detector, 81 detector stations constitute the surface
detector, called IceTop [4]. Each station consists of two ice
Cherenkov tanks, equipped with two DOMs each. IceTop
mainly measures the electromagnetic component of the
shower, while muons with an energy of at least 300 GeV
penetrate the Antarctic ice down to IceCube. Using the in-
formation obtained from the muon bundles in combination
with the data from IceTop, a coincident IceTop-IceCube
analysis is able to measure both the cosmic ray composi-
tion and energy spectrum.

All relations between primary energy, mass and recon-
structed observables are based on simulations with a sin-
gle reference atmosphere, for both the coincident analy-
sis that used the 40-string/40-station configuration (IT40-
IC40) [5] and the IT73-IC79 coincident analysis [6]. The

seasonal variations of the light yield that affect the IceCube
measurements should be corrected with respect to this ref-
erence atmosphere. The variations of the upper atmosphere
are small within each month, so one year of data taking is
divided in 12 months. Therefore, only one month of data
has been used in the IT40-IC40 analysis. When we want to
use an entire year of data, it is crucial to account for these
effects.

As the main observable for measuring the composition,
the IT73-IC79 analysis uses the energy loss of the HE
muon bundle

(

dEµ/dx
)

bundle (GeV/m) at a slant depth of
1500 m. Figure 1 shows the influence of the seasonal varia-
tions on log10

(

dEµ/dx
)

bundle. A maximum variation of 10-
15% relative to the proton-iron separation is present (Fig-
ure 7), which will affect the determination of the cosmic
ray composition.

2 Method
In [1], it is shown that the variation in the IceCube muon
trigger rate is proportional to the variation in effective tem-
perature (Teff). The effective temperature is defined such
that the temperature profile (T (X), whereX is the atmo-
spheric depth) is weighted by the muon production height
spectrum, created by a nucleon flux convoluted with the ef-
fective area for the IceCube trigger rate [2, 7].

The variation of the multiplicity of muons with energies
above 300 GeV is highly dependent on the primary energy
and composition. Therefore we define a new effective tem-
peratureT̃eff by weighting the temperature profileT (X) by
the muon longitudinal profile dNµ/(dX dEµ) which is a
function of primary energyE0 and compositionA :

T̃eff(E0,A) =

∫∫ dNµ
dX dEµ

(E0,A)T (X)dX dEµ
∫∫ dNµ

dX dEµ
dX dEµ

. (1)

To obtain the meanT (X) for each month of the 2010-
2011 data taking period (from June 1, 2010 until May 12,
2011), we averaged the daily temperature profiles of each
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Figure 1: The mean log10

(

dEµ/dx
)

bundle at a slant depth
of 1500 m below the Antarctic surface, as a function of
log10(S125). S125 is the IceTop parameter related to the
cosmic ray air shower size, which is used to measure the
primary energy of the shower [4]. The proton and iron
data points are obtained from simulations, described in [6].
The black points show the mean log10

(

dEµ/dx
)

bundle as
a function of log10(S125) obtained in July 2010, while the
grey band shows the maximal variation during the year
with respect to July 2010.

month. Figure 2 shows the average temperature profile of
July (black points) 2010 and its maximal variation (grey
band). The atmosphere data used in this study are pro-
vided by balloon measurements from the Antarctic Mete-
orological Research Center (AMRC [9]) and are extended
to larger altitudes with data obtained from the Atmospheric
Infrared Sounder (AIRS), one of the six instruments on
board of the NASA Aqua Research satellite [10].

Combining the average temperature profile and the
muon production profile,̃Teff (E0,A) will be determined
for each month in Section 3. In simulation, we investigate
whether a linear relation between the variation inT̃eff and
the variation in muon multiplicity can be found. In Sec-
tion 4, the relation between the variation in reconstructed
muon bundle energy loss with the variation inT̃eff will be
examined in IT73-IC79 data. Based on that relation we will
derive a scheme to correct our data with respect to simula-
tion in Sections 5 and 6.

3 Simulation
The muon longitudinal profile dNµ/(dX dEµ) of a shower
with energyE0 and massA depends on the pion and kaon
energy spectrum, created in the first interactions at high al-
titudes, and their decay and interaction probabilities while
propagating through the atmosphere. Here we will extract
the muon profiles from simulation with a muon energy
threshold of 300 GeV, for eight different primary energies
(1, 2.5, 5, 10, 25, 50, 100, 300 PeV), for proton and iron pri-
maries. Using CORSIKA v6990 [11] with Sybill 2.1 [12]
as hadronic interaction model above 80 GeV and Fluka
[13] below, 500 vertical showers were generated for each
energy, primary mass and each of the 12 months.

The muon longitudinal profiles for proton showers of
different primary energies are shown in Figure 2. Due to
the superposition model, where a shower induced by a pri-
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Figure 2: The grey band shows the maximal variation
of the temperature profile (T(X)) for the average atmo-
spheres of June 2010 until May 12, 2011. The reference
month (July 2010) is shown as the black points. The 4
curves are fits to the normalized muon longitudinal pro-

files
(

1
Nµ

dNµ
dX

)

for proton showers of 1, 10 and 100 PeV and

10 PeV iron showers, with a muon threshold of 300 GeV.
From these curves thẽTeff(A,E0) for each month can be
calculated.

mary particle with massA and energyE0 can be seen as
A proton showers with average primary energyE0/A, iron
muon longitudinal profiles will peak at much smaller atmo-
spheric depths than proton. Therefore the relation between
T̃eff and log10(E0/A) is linear in each month (Figure 3). Be-
cause in data there is a continuous range of primary ener-
gies, this linear relation was fitted and used later on.
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Figure 3: T̃eff as a function of log10(E0/A) for July 2010.

T̃eff for each month, primary energy and primary mass
is obtained by multiplying the average temperature profile
of this month with the muon longitudinal profile for that
energy and mass, normalized (by the total multiplicity) per
atmospheric depth bin and then summed over the whole
atmospheric depth profile.

The simulations for the analysis done in [6, 8] are
performed based on the July 1, 1997 South Pole atmo-
sphere, so a correction of the data should be done with re-
spect to this atmosphere. Simulation studies showed that
∆Nµ(E0,A)≈ 0 between this atmosphere and the July 2010
atmosphere. Therefore, we will study the variation of the
muon multiplicity andT̃eff, both with respect to July 2010
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Figure 4: The variation in muon multiplicity with respect
to the muon multiplicity in July 2010 as a function of the
variation in effective temperature for 5 different real atmo-
spheres, 4 primary energies and proton and iron primaries.
The dashed lines are theα̃MC = 0.74 and 0.94 lines to show
the variation in obtained temperature coefficients.

in simulation and determine the temperature coefficient
α̃MC :

∆Nµ

Nµ
= α̃MC

∆T̃eff

T̃eff
(2)

Nµ,i −Nµ,July

Nµ,July
= α̃MC

T̃eff,i − T̃eff,July

T̃eff,July
.

In Figure 4, the expected linear correlation between the
variation in muon multiplicity and effective temperature
is shown. A linear fit through all points yields an average
temperature coefficient̃αMC of 0.84 ± 0.10. The error
shows the spread of the points. In Section 5 a possible
energy dependence of the temperature coefficient will be
discussed.

4 Data
In IceCube data, we do not directly measure the number of
muons in the shower, neither the primary energy or mass.
Therefore IceTop and IceCube observables are used to per-
form a similar study. We use the energy loss of the muon
bundle at a slant depth of 1500 m (log10

(

dEµ/dx
)

bundle),
which is linearly correlated to the number of muons in a
shower, together with S125, the main IceTop energy sensi-
tive observable. In order to obtaiñTeff, which is energy and
mass dependent, we need to convert S125 to T̃eff. The con-
version from S125 to primary energy is done by using:

log10(E0/GeV) = 6.018+0.938log10(S125/VEM) , (3)

obtained in [8]. The mean< logA > obtained in the IT73-
IC79 analysis [6] for July 2010 is about 1.9 in the en-
ergy region from 1 to 40 PeV. From simulation, the rela-
tion betweenT̃eff and log10(E0/A) was found (Figure 3).
Hence, using a mean atomic mass assumption ofA = 7
(< logA >≈ 1.9) and the energy from Eqn. 3, one obtains
T̃eff.

Similar to the simulation study, one can now relate the
difference in energy loss to the difference inT̃eff:
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Figure 5: The (relative) difference in energy loss of the
muon bundle at a slant depth of 1500 m, as a function of the
difference inT̃eff. This is shown for all months compared to
the reference month July 2010. The different colors show
the different log10(S125/VEM) bins.

∆
(

dEµ
dx

)

bundle
(

dEµ
dx

)

bundle

= α̃data
∆T̃eff

T̃eff
, (4)

for each month and S125 bin. Compared to simulation,
where primary energies up to 300 PeV are used, the data
points only go up to log10(S125)=1.5 (∼40 PeV), due to a
lack of statistics. The result is shown in Figure 5 for seven
months with July 2010 as the reference atmosphere.

When all months are used to determine the correlation
coefficient,α̃data is 0.81± 0.28 is found, where the error
is obtained from a separate fit to each S125 bin in order to
show the maximal spread. This is described in Section 5.
When looking in detail to Figure 5, two residual effects
have been observed.

The evolution of the data points for a single month,
for example January, shows an unexpected energy depen-
dence, while the energy dependence should already be in-
cluded inT̃eff. The same shape of this energy dependence
can be seen in the other months.

Furthermore, the months during austral spring (October,
November, December) show a smaller correlation com-
pared to the months during austral fall (March, April).
This hysteresis effect, which is not seen in the simulation
study, will cause a spread when applying the correction:
the months during austral spring or austral fall will be over-
or undercorrected, respectively.

Several possible explanations for these features have
been investigated, including the seasonal variation of S125,
the influence of the hadronic interaction model, the energy
threshold of the muons to generate light in the IceCube
detector, the evolution of the< logA > of cosmic ray air
showers with energy, etc. However, none of them could
explain the energy dependence or the hysteresis.

5 Energy dependence of α̃
When a correction with a constantα̃ is applied, a discrep-
ancy between the mean energy loss and the true energy
loss may remain at certain energies. This might induce
a wrongly reconstructed composition at the affected ener-
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gies. Hence, we propose to absorb the energy dependence
in the correlation factor̃α.

By fitting the data points in Figure 5 separately for the
various S125 bins, one obtains the energy dependence ofα̃.
This is shown in Figure 6 for both data and simulation. The
data points are fitted with a fourth-order polynomial func-
tion for log10(E0/GeV) <7.8 , while the points obtained
from simulation are not included in the fit. A constant fit
to the simulation is used above these energies, since data
cannot be used due to limited statistics. This energy depen-
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Figure 6: α̃ as a function of energy, for data and both
proton and iron simulation. For data, the conversion from
S125 to energy is done, as in Eqn. 3.

dent α̃ will be used for correcting the energy loss of the
muon bundle.

6 Results
Figure 7 shows the uncorrected and corrected difference of
log10

(

dEµ/dx
)

bundle for the various months with respect
to July 2010, as a function of S125. The difference is nor-
malized to∆ log10

(

dEµ/dx
)

bundlebetween proton and iron.
The upper figure shows that the maximal seasonal varia-
tions of the mean log10

(

dEµ/dx
)

bundleare between 10 and
15 % of the mean proton-iron separation. The lower figure
shows the∆ log10

(

dEµ/dx
)

bundle between July 2010 and
the other months, again compared to the proton-iron dif-
ference, after the correction applied with the energy depen-
dence ofα̃ described in the previous section.

Hence, the seasonal variation of the energy loss can
be reduced from 10-15 % in the proton-iron phase space
to about±3 %, except at the highest energies, where we
do not have enough statistics. The remaining±3 % of
variation is due to the hysteresis. For each energy, the mean
energy loss from the entire year will be close to the one
obtained from simulation.

7 Conclusions
For the first time, the seasonal variation of the muon mul-
tiplicity in cosmic ray air showers has been investigated.
The difference in energy loss of the muon bundle has been
related to the variation iñTeff(E0,A), which weights the
temperature profile of the atmosphere with the muon pro-
duction profile (the latter depends on the energy and mass
of the primary particle). A correlation factor has been de-
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Figure 7: The uncorrected (up) and corrected (down)
∆ log10

(

dEµ/dx
)

bundle for all months with July 2010 as
a reference (∆month−Jul), as a function of log10(S125).
The difference is normalized to the difference in
∆ log10

(

dEµ/dx
)

bundle between proton and iron (∆Fe−p),
obtained by fitting the proton and iron curves in Figure 1.

duced, both in data and simulation. In data, an unexpected
energy dependence and hysteresis has been seen. In order
to account for this energy dependence, we proposed an em-
pirical correction, based on an energy dependence of the
correction factor.

When a correction is applied to the energy loss, we are
able to reduce the seasonal variation from 10-15 % to±3 %
of the proton-iron difference, except at the highest energies.
The remaining±3 % is due to the hysteresis effect. Adding
more years of data will provide extra information at the
high energies, where we lack statistics. We will investigate
the energy dependence and hysteresis in data further.
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