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Abstract
An educational study of the barometric effect of cosmic rays was carried out
using an inexpensive experimental set-up that allowed for long-term
monitoring of atmospheric pressure and cosmic ray flux as measured in a
Geiger counter. The investigation was intended as a pilot study in view of
ongoing involvements of high-school teams operating similar apparatus.

Introduction
Extensive measurements on the variations in space
and time of cosmic rays at sea level began more
than 50 years ago. Thus a lot of experimental
data have been collected at several observation
stations around the world, with the result that the
main causes of intensity variation are understood
[1, 2]. They are periodic effects (cycles with
periods of 11 years, one year, 27 days, one
solar day or semidiurnal variations) as well as
exceptional events, such as magnetic storms and
large solar flares. Such effects may vary the
intensity by several hundred per cent in the case of
large solar flares to a hundredth of one per cent
for semidiurnal and sidereal day variations. In
general, temporal variations in the flux of cosmic
rays at sea level have long been considered [3]
as a potential source of information concerning
phenomena involving the Sun, the Earth and its
environment in space.

The passage of primary cosmic rays in the
Earth’s atmosphere is an important part of the
variations in the secondary flux of cosmic rays
observed at sea level. In particular, changes
in pressure and temperature in the Earth’s

atmosphere result in small variations in the
secondary flux, whose effect has been studied in
detail and related to the interaction mechanisms
of a high energy primary particle passing through
a thick layer of air. The investigation of
meteorological effects is of special importance to
any further study of the cosmic ray variations,
since only after correction for such effects are
the measured data able to provide information on
the variations due to causes beyond the Earth’s
atmosphere.

However, the statistical analysis of such data
is not trivial, since different factors contribute
at the same time to the observed variations.
Many statistical methods have been developed
and used in this context, including averaging
techniques, correlations between two or more
variables, time series analysis, correlograms and
harmonic analysis [1, 2].

Several aspects of such investigations are
still a useful case study for educational/research
activities. Setting up experiments concerning
the recording of cosmic ray intensities at sea
level is a good laboratory excercise, since
it introduces several aspects of the detection
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techniques involved (more or less sophisticated
depending on the detection apparatus being used)
and of the data interpretation [4–8]. Moreover,
one has the possibility, at least in some cases,
to contribute to a quantitative measurement of
atmospheric effects on a local scale, which can be
of some relevance even for environmental physics.

In this context, the collaboration between the
National Institute for Nuclear Physics (INFN),
the Department of Physics and Astronomy of our
University and a set of participating high-school
teams, consisting of small groups of students led
by their teachers, may be very fruitful, not only
for the dissemination of the basic ingredients of
the research work, but also for the possibility
of contributing, through a proper sharing of the
collected data, to a better understanding of the
quantitative aspects of the measurements.

In this article, we want to describe a pilot
study that was undertaken especially in view
of the possibility of involving other groups in
participating in the project. To this aim, a
simple experimental set-up was used, based
on a small Geiger counter, together with an
atmospheric pressure barometer and a suitable
acquisition system. This equipment runs even
within the limited budget of a high school.
The atmospheric pressure and the cosmic ray
intensity measured by the Geiger counter were
recorded for more than three months with the
aims of investigating primarily the variations due
to atmospheric pressure and estimating the value
of the barometric coefficient for the specific area
and detection apparatus used in this experiment.
Several statistical analyses were performed, as an
example to be used in more detail when additional
data would be available. Finally, the data were
freely distributed to interested high school users,
to allow interested students to train on real data
and check the software tools being used.

Cosmic rays and the barometric effect
The two main causes of variations in the cosmic
ray flux at sea level originating from the Earth’s
atmosphere are the barometric effect and the
temperature effect [1]. While the temperature
effect is generally determined by the overall profile
of the atmosphere from the level of origin to the
detection level, and hence is the more difficult
to interpret, the barometric effect is determined
by only a single parameter, namely the pressure

at sea level. In this investigation we are mainly
concerned with the influence of the pressure on
the measured flux at sea level.

Experimentally, the intensity I of any
secondary cosmic ray component varies with a
small change in the atmospheric pressure P as

dI = −µI dP

where µ is the absorption coefficient for the
secondary component under consideration. For
µ = constant, the previous equation gives

I = I0 exp[−µ(P − P0)]

where I0 is the intensity at the pressure P0. For
small pressure changes �P = P − P0, a first-
order approximation results in

�I = βI�P

where β is the barometric coefficient, usually
expressed in %/mbar. Due to the effect of the
absorption in the atmosphere, the value of β is
negative, indicating an anticorrelation between the
observed flux and the atmospheric pressure.

The first-order approximation is usually good
for the muonic component (and, to a large extent,
also for the soft component) of cosmic rays,
whereas in the case of neutrons, where the
barometric coefficient is much higher, a nonlinear
treatment is in order.

Several studies carried out in the past have
provided a large quantity of data on the barometric
coefficient [1, 2]. Values around −(0.18–0.20)

%/mbar were extracted for the total ionizing
component in the first investigations. However,
further studies demonstrated that the value of the
barometric coefficient depends on a number of
factors. First of all, β is strongly dependent
on the nature of the secondary component being
detected. A large difference is indeed observed
between the neutron component (β ≈ −0.7
%/mbar) and the ionizing component (β ≈
−(0.1–0.2) %/mbar, with a smaller value for
the hard component and a larger value for the
soft component). The coefficient also depends
upon the height of observation, the direction
of incidence and the energy spectrum of the
detected particles. Transport calculations [1]
allow one to calculate the value of the barometric
coefficient in a wide variety of situations. A strong
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dependence is observed on the amount of shielding
provided around the detector, which determines
the energy threshold of muons and the relative
composition of the hard and soft components.
Another aspect that may influence the value of the
barometric coefficient is the geomagnetic latitude
of the location. It is known [1, 2] that this
coefficient decreases with geomagnetic latitude,
due to the magnetic rigidity that prevents low
energy primaries from reaching the Earth.

All these considerations support the idea
that any experimental set-up for detecting cosmic
rays has its specific barometric coefficient, which
has to be determined experimentally by long-
term monitoring of the atmospheric pressure and
cosmic ray flux.

From the measured data it is possible in
principle, by a linear correlation between the two
variables, to extract the value of β. However,
several considerations are in order concerning the
data analysis procedure and the interpretation of
the barometric coefficient [2].

The influence of periods affected by non-
atmospheric variations is greatly reduced in the
limit of high statistics and year-long measure-
ments, but low statistics experiments carried
out for short periods may suffer from possible
contaminations originating from large solar flares,
magnetic storms and Forbush decreases, which
alter the correlation. Even though muon
measurements are less sensitive than neutron
measurements to such effects, it is suggested
[1, 2] to exclude such periods from the
analysis. Moreover, the (anti)correlation may
be hardly visible when the pressure is relatively
constant, apart from the diurnal variations, and
periods where large variations of the atmospheric
pressure—up to 20–40 mbar—occur might give a
better correlation.

Experimental technique
Measurements of the counting rate in a small
Geiger counter and of the atmospheric pressure
were carried out continuously for a period of
approximately 3.5 months (from 9 April to
19 July 2004) at the Department of Physics
and Astronomy of the University of Catania.
The geographical coordinates of the recording
station, as estimated by a GPS device, are
37◦ 31′ 29′′ Lat. N, 15◦ 4′ 19′′ Long. E, at an
altitude of 220 m above sea level. The Geiger

RS232 serial connection

SW 500
interface

pressure
sensorGeiger

counter

PC

Figure 1. Sketch of the experimental set-up used in
the present study.

counter was located in a lab on the highest
floor of the building, approximately 2 m below
the concrete roof. Due to the roof and the
surrounding walls, we estimated that the average
shield thickness traversed by cosmic rays before
being detected in the Geiger counter was about
100 g cm−2, roughly corresponding to 14 cm of
lead. This value takes into account the zenithal
angular distribution cos2 θ of cosmic rays, due
to the fact that a single counter is being used
in the present experiment instead of a telescope
defining a fixed orientation. More detailed
evaluation of the shield thickness as a function
of the zenithal and azimuthal angles (θ, φ) would
require a sophisticated simulation of the building
structure, which is beyond the scope of the present
investigation.

Since such a set-up may even by used by a
group of students in a high school, we preferred
to employ ready-to-use equipment, as sketched in
figure 1. This is based on the PASCO Science
Workshop 500 interface [9], which can read data
from various digital and analogue sensors. A
Geiger counter and a barometric sensor were
used for this investigation. The precision of
the barometric measurement is of the order of
0.2 mbar.

The Geiger counting rate was about 0.3 Hz,
due to the small size of the detector. Data were
collected in time steps of 30 minutes, giving
an average value of about 550 counts in each
measurement. On the whole, about 2.5 × 106

events were collected. Due to power failures and
technical work to be done, there was some loss of
data, which amounts to approximately 3% of the
total collection time.
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Figure 2. Variation of the atmospheric pressure along the overall run period (upper) and an expanded portion
of it (lower). The origin is here taken as 1 January 2004 (UTC time).
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Results and analysis
Figure 2 shows the plot of the atmospheric
pressure during the running period, together with
an expanded portion of it, showing evidence for
the recurring variation of this quantity through the
day. A quantitative analysis of such time series
may be carried out by using a correlogram, which
is built, for each k, with the correlation coefficient

rk =
∑N−k

i=1 (pi − 〈p〉)(pi+k − 〈p〉)
∑N

i=1(pi − 〈p〉)2

where the pi are the N values of the atmospheric
pressure and 〈p〉 its average value. Such a method
does not give satisfactory results when the time
series is not stationary, i.e. when the average
value displays strong variations over long periods.
In such cases it is advisable to apply the same
procedure to the time series which is obtained by
considering the first differences �pi = pi+1 − pi

[10]. In our case, a correlogram analysis of
sufficiently long portions of this time series allows
one to extract the 24-hour and 12-hour periodicity,

which is superimposed on the long-term variations
of the atmospheric conditions.

Figure 3 shows the daily averages of the
atmospheric pressure and the daily-integrated
Geiger counts as a function of time. Due to the
large statistical errors associated with the small
counting rate from the Geiger counter, it is not
easy to observe a straightforward correlation of
the counting rate and pressure variations, even if
the counts are integrated over appropriate periods.

We tried out several correlation analyses of the
original data in our case, in order to estimate the
reliability of the extracted information and their
uncertainty.

If a standard weighted fit of all the original
data measured in steps of 30 minutes (counting
rate R, atmospheric pressure P ) is performed
through the linear relation R = a + bP , a
coefficient b = (−0.17 ± 0.07) (counts in 30
minutes)/mm Hg is obtained, corresponding to a
value of the barometric coefficient β = (−0.023±
0.009) %/mbar.

Figure 4 shows the correlation between
the daily average pressure and counting rate.
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Figure 3. Daily averages of pressure and Geiger count rate.
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Considering the average pressure and the daily-
integrated counts (extracted from periods of
exactly 24 successive hours, in order to take into
account possible variations through the day) gives
a barometric coefficient β = (−0.028 ± 0.011)

%/mbar. Some variation of the cosmic ray flux
may be expected in running periods of the order
of months. The effect of even a small (say 1%)
systematic variation of the cosmic ray flux could
alter the correlation if the average value of the
pressure for that period is much different from that
for other periods, as it could be as seasonal changes
occur. In such cases the correlation plot could
appear as the superposition of two or more sets of
correlated points with the same slope but different
intercepts. To check this point for our dataset, we
considered both neutron cosmic ray data obtained
by the Moscow Neutron Monitor [11], which
indeed show some variation in the flux starting
around the middle of May 2004, and barometric-
corrected muon data from the Adelaide muon
telescope [12], which show a larger flux after the
beginning of May. For this reason, we studied the
correlation within small time periods (ten days), as

is usual practice [1, 2], taking the weighted mean
of the coefficients extracted from each period. The
result was b = (−0.38 ± 0.11) (counts in 30
minutes)/mm Hg, which gives in turn a barometric
coefficient β = (−0.051 ± 0.015) %/mbar.

To compare this value with that expected, one
must take into account the particular geometry
of the experimental set-up, which allows for
cosmic rays traversing the Geiger counter from
any orientation. While for vertical muons the
barometric coefficient assumes values around
−0.1 %/mbar [1], it is well known that it decreases
with the zenithal angle, due to the larger energy
threshold for incoming muons, which have to
traverse a larger atmospheric layer. Taking
into account calculations carried out for several
zenithal angles and energy thresholds [1, 13],
and integrating over the angular distribution of
the muons, we estimated from such calculations
a value of the barometric coefficient between
−0.08 %/mbar and −0.06 %/mbar for our
geometrical set-up. In our analysis we did not
take into account the small dependence on the
temperature in the upper part of the atmosphere,
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Figure 4. Correlation between the daily averages of pressure and Geiger count rate.
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which may change by a few degrees in a period of
several months. Such a dependence, however, is
important only for higher energy muons, such as
those detected in underground experiments.

The value of β = (−0.051 ± 0.015) %/mbar
obtained from the present study is then in agree-
ment with the expectations, taking into account
the large uncertainty (≈ 30%) associated with our
experimental result and with the procedure used to
extrapolate the expected value from calculations
carried out in conditions that are slightly different
from the present situation.

Finally, by the use of the assumed barometric
coefficient, daily counts were corrected for the
effect of atmospheric pressure (figure 5). The
distribution of such daily values is compatible with
a Poisson distribution, showing no particular trend
or periodicity. Once corrected for atmospheric
effects, the time dependence of the measured flux
might in principle be searched for evidence (if any)
of periodicities (such as the 27-day period), by
the use of correlogram techniques, as discussed at
the beginning of this section. Statistical errors,
however, were too large in this case to show
such an effect clearly. A preliminary analysis of
these barometric-corrected data, taken in steps of
30 minutes, to study the diurnal flux variation is
reported in [14].

Conclusions
The primary goal of the present study was to check
whether even very simple apparatus may be used to
produce data in cosmic ray physics that may help
to establish a better link between universities or
research centres and the high school community.

Actually, classroom studies of cosmic
radiation provide good examples of access to
the world of high-energy physics, with nice
results reported so far [4–8]. The use of the
simplest device—a single, small-volume, Geiger
counter—operated for relatively long (for high
schools) periods in a controlled environment
may result in real long-term experiments that
students can carry out, applying real quantitative
analyses of the collected data. Students and
schoolteachers are thus introduced to the world
of data reduction and analysis, similar to what
happens in real experiments. The barometric
effect on the measured cosmic ray flux was
estimated by studying the (slight) anticorrelation
existing between flux and atmospheric pressure.
The value of the barometric coefficient extracted
from the present investigation turned out to be
in agreement, although with a large error, with
that expected on the basis of available transport
calculations [1, 13].

Such studies may be considerably improved in
several respects. Better detection apparatus, based
on telescope counters, might be used to define only
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Figure 5. Barometric-corrected daily Geiger counts extracted from the present study.
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vertical muons or to investigate the dependence
of atmospheric effects upon the orientation of
the incoming muons. A controlled amount of
shielding around and above the detector may help
in selecting the hard component and in comparing
the results with those obtained for the total ionizing
component. Detectors could also be operated
at different altitudes, providing some quantitative
hints about the effect of the atmosphere on muon
absorption. Finally, a collaboration between
several participating institutions could result in
larger sets of data, reducing the intrinsic limitation
of small-statistics experiments.
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