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Abstract The GRAPES-3 extensive air shower (EAS)
array has been designed to study cosmic rays from 1013–
1016 eV. It employs 400 scintillator detectors spread across
25,000 m2, mainly of cone-type and fiber-type, each cover-
ing a 1 m2 area. These detectors record EAS particle densities
and arrival times, which are crucial for determining primary
particle energy and direction. A decade (2013–2022) of EAS
data is analyzed to investigate the dependence of particle
densities on ambient temperature and atmospheric pressure.
Notably, ambient temperature exhibits a delayed response,
with a more pronounced delay in fiber-type detectors, while
cone-type detectors exhibit a higher observed temperature
coefficient. In contrast, atmospheric pressure instantly and
uniformly affects both detector types, with Monte Carlo sim-
ulations backing the observed pressure coefficient. These
findings established a reliable pressure coefficient for EAS
within this distinctive energy range and contributed to the
refinement of correction algorithms, ultimately improving
particle density precision for more accurate shower parame-
ter estimates.

a e-mail: meeran.zuberihep@gmail.com (Corresponding author)

1 Introduction

The Sun’s influence on terrestrial atmospheric dynamics is
paramount, driven by the interplay of Earth’s solar radia-
tion and orbital motion. The atmosphere directly impacts the
ground-based studies of cosmic rays (CRs) with its ever-
changing characteristics. The change in the atmospheric pres-
sure and temperature can cause discernible variations in the
CR flux observed by surface detectors. When primary CRs
enter Earth’s atmosphere, they initiate a cascade of inter-
actions with atmospheric nuclei, resulting in extensive air
showers (EAS) development. Since the atmospheric pres-
sure reflects the vertical air column density above the ground,
a rise (fall) in atmospheric pressure signifies an augmented
(reduced) mass overburden, which introduces a notable influ-
ence, particularly on EAS initiated by low-energy primary
CRs. The outcome manifests as a decrease (increase) in
observed particle counts at the observational level. Conse-
quently, variations in atmospheric pressure, left unaccounted
for, can introduce significant errors in estimating cosmic ray
flux and energy. Thus, a profound comprehension of atmo-
spheric effects and careful implementation of necessary cor-
rections are essential for precise scientific investigations.

The atmospheric circulation is significantly influenced
by the daily cycle of solar radiation. Scientists have exten-
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sively studied the recurring patterns of atmospheric pressure.
The atmospheric solar heating, combined with regional forc-
ing like upward eddy conduction of thermal heat from the
ground, generates internal gravity waves in the atmosphere
with periods of mainly diurnal and semi-diurnal harmonics.
These waves cause regular oscillations in the atmospheric
pressure, temperature and pressure fields, generally termed
‘atmospheric tides’ [1–4]. For surface pressure fields, the
amplitude of semi-diurnal variation is regularly distributed,
which is ∼1 hPa at near-equatorial regions and rapidly
decreases as we move towards the poles.

In 1911, a year before the discovery of cosmic rays (CRs),
researchers noticed a subtle link between natural ionization
and atmospheric pressure in oceanic atmospheric electricity
measurements [5]. This marked the first sign of atmospheric
pressure influencing CRs. An earlier experiment on the Eiffel
Tower (about 300 ms above ground) showed a similar depen-
dence, but the effect was too faint to explain explicitly [6].
Subsequent in-depth studies, including one revealing a 0.7%
reduction in ionization counts per 1 mmHg increase in pres-
sure, emphasized the enduring significance of atmospheric
pressure in achieving precise measurements [7]. Numerous
studies in the following years explored seasonal impacts on
atmospheric muons and particle densities in extensive air
showers [8–10].

In another study, the impact of atmospheric pressure on
extensive air showers (EAS) was investigated at the Pic-
du-Midi EAS array, positioned at 2.86 km above sea level.
The study, focusing on EAS arrays with 5 m and 80 m inter-
detector separations at energies around ∼1014 eV, revealed
pressure coefficients of (−0.75 ± 0.01)% hPa−1 for the 5 m
configuration and (−0.76 ± 0.02)% hPa−1 for the 80 m con-
figuration [11,12]. Subsequent investigations using neutron
monitors at high latitudes demonstrated pressure sensitiv-
ity with coefficients such as (−0.710 ± 0.006)% hPa−1 for
Murchison Bay and Uppsala, (−0.725 ± 0.005)% hPa−1 for
Resolute, Churchill, and Ottawa, and (−0.736 ± 0.004)%
hPa−1 for locations like Mawson and Mt. Wellington. Dis-
crepancies in coefficients were attributed to differences
between neutron monitors and barometers rather than sta-
tistical variations [13]. In a recent study employing gamma
rays in the 2–10 MeV range, an average pressure coefficient
of − 0.4% hPa−1 was deduced, with differences from earlier
studies attributed to the differences in rigidity and altitudes
[14]. The Pierre Auger Observatory pursued a comprehensive
analysis of atmospheric effects on particle densities, utilizing
surface detectors to investigate over 9.6×105 extensive air
shower events with energies exceeding ≥1018 eV. This exam-
ination showcased a pressure variation’s impact on event
rates, indicating a reduction of about (−0.27 ± 0.3)% hPa−1

[15]. A recent study by the HAWC collaboration similarly
unveiled pressure coefficients for scalar data recorded by

photomultiplier tubes (PMTs), yielding a value of − 0.343%
hPa−1 [16].

Additionally, the upper atmospheric temperature under-
goes seasonal variations due to the Earth’s orbital motion
around the Sun, leading to changes in atmospheric den-
sity. Consequently, there is a corresponding seasonal vari-
ation in muon intensity, closely linked to the atmospheric
temperature. Various studies have investigated this phe-
nomenon, utilizing data from high-energy muon flux mea-
surements obtained by deep underground experiments like
MINOS and IceCube [8,17]. These studies have focused
on examining the impact of varying upper atmospheric
temperatures, consistently reporting a positive temperature
coefficient. The GRAPES-3 experiment has also explored
the relationship between muon flux and upper atmospheric
temperature using the GRAPES-3 muon telescope, specifi-
cally designed to detect low-energy (> 1 GeV) directional
muon flux. A smaller negative dependence for atmospheric
muons (0.17 ± 0.02)% K−1 has been observed compared to
MINOS, which exhibited a high positive dependence (0.873
± 0.009 (stats) ± 0.010 (syst)) [18]. This difference primar-
ily stems from the higher energies of the muon flux recorded
by MINOS (>0.73 TeV) in comparison to the GRAPES-
3 muon flux, which operates at approximately GeV ener-
gies. It’s worth mentioning that the upper-temperature vari-
ations above the MINOS detector are ∼10 K, attributable to
its high-latitude location. In contrast, the temperature vari-
ation for the GRAPES-3 location remains ∼1 K throughout
the year. Although this slight change may have some impact
on the Molière radius of the EAS, as demonstrated by the
other experiment [15]. Nevertheless, in the current investi-
gation of high energy EAS, the predominant influence is the
instrumental effect of local temperature. This factor poses a
challenge in distinguishing the subtle effects resulting from
variations in upper atmosphere temperature, and addressing
this aspect falls beyond the scope of present study.

Situated near the equator, the GRAPES-3 experiment
(Gamma Ray Astronomy at PeV EnergieS—phase 3) expe-
riences a daily variation in atmospheric pressure of approx-
imately one hPa that can lead to noticeable variations in the
recorded CRs within the energy range of 1013–1016 eV. This
work is possibly the first systematic investigation that exam-
ines how local temperature and atmospheric pressure influ-
ence CR measurements in this energy range, utilizing two
distinct types of plastic scintillator detectors employed in
the GRAPES-3 experiment. To validate the consistency of
the observed pressure coefficient, we compared these find-
ings with Monte Carlo simulation studies conducted earlier
for this experiment [19]. This comparison underscores the
robustness of the pressure coefficient values obtained through
empirical measurements.
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2 The GRAPES-3 experiment

The GRAPES-3 experiment, situated at an altitude of 2200 m
above mean sea level in Ooty, India (11.4◦ N, 76.7◦ E), has
been designed to examine the energy spectrum, nuclear mass
composition and anisotropy of cosmic rays in the range of
1013–1016 eV [20–23]. Moreover, the experiment provides
a unique potential to study solar, atmospheric, and thunder-
storm phenomena [24–32]. The array is composed of two
primary elements: (i) 400 plastic scintillator detectors, each
covering an area of 1 m2, distributed across 25,000 m2 [26],
and (ii) a large area tracking muon telescope with an area of
560 m2 having an energy threshold of sec(θ ) GeV for muons
arriving at an angle θ [27,28]. The arrangement of detectors
in the GRAPES-3 EAS array follows a symmetric hexagonal
geometry, with a mere 8 m of separation between neighbour-
ing detectors. This design results in one of the most tightly
packed configurations among conventional array types. This
array consists of two types of plastic scintillator detectors
namely cone-type and fiber-type. These detectors are unique
in their distinct configurations. Both types consist of four
blocks of plastic scintillators, each measuring 50×50 cm2.
However, the cone-type detectors possess a thickness of 5 cm,
while the fiber-type detectors have a thickness of 2 cm. For
cone-type detectors, the arrangement involves positioning the
scintillator blocks within a square shape aluminum tank, as
illustrated in Fig. 1. On top of a trapezoidal-shaped aluminum
cone, a PMT with a diameter of 5 cm (model ETL9807B) is
affixed, its face situated at a height of 60 cm above the scin-
tillator surface. To enhance the effectiveness of collecting
diffuse photons at the PMT, the interior surfaces of the tank
and the cone are coated with super-white (TiO2) paint. An
additional sizable aluminium cover is used to safeguard the
entire detector assembly from rain and the heating effects of
direct sunlight.

In fiber-type detectors, photon collection is done using
Kuraray’s double-clad wavelength shifting (WLS) fibers of
type Y11 (200). Two variations exist within the fiber-type
detector category namely the single-PMT and dual-PMT
fiber detectors. While the single-PMT fiber detector resem-
bles the dual-PMT detector, it functions with just one high-
gain PMT. The side-view of a complete dual-PMT WLS fiber
detector is presented in Fig. 2.

In this configuration, photons originating from each
50×50 cm2 scintillator tile are acquired by 18 fibers desig-
nated for the high-gain PMT, whereas 6 fibers are allocated
for the low-gain PMT. These sets of 18 and 6 fibers, respec-
tively designed for high- and low-gain PMTs, are accom-
modated within 12 grooves and subsequently linked to two
PMTs through separate cookies. The first cookie comprises
18×4 = 72 fibers, responsible for the high-gain PMT, while

Fig. 1 Schematic of Cone-type scintillator detector. In this configu-
ration, photons are directly captured by the PMT positioned atop the
scintillator blocks at a height of 60 cm

Fig. 2 Schematic of Fiber-type scintillator detector. In this configura-
tion, photon collection is achieved by employing WLS fibers grooved
over the scintillator blocks to improve photon collection efficiency

the second one holds 6×4 = 24 fibers directed to the low-gain
PMT. To safeguard against external electrical interference,
the PMT is enclosed within an aluminum cylinder. Verti-
cally positioned at the core of an aluminum tank measuring
112×103×5 cm3, the two PMTs are encompassed. After-
wards, the entire assembly of scintillator and WLS fibers is
wrapped in the two layers of Tyvek paper, functioning as a
proficient yet diffusive reflector, significantly augments the
collected photon quantity. Further elaboration on the perfor-
mance analysis and simulation of the fiber-type detector can
be found in other references [29,30].

The dissimilarities in geometry, photon collection tech-
niques, and thermal insulation characteristics of these two
types of scintillator detectors motivated us to conduct indi-
vidual investigations of their responses to ambient temper-
ature and atmospheric pressure, which will be described in
the following sections.
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3 Data preparation

The ten years of EAS data (1 January 2013 to 31 Decem-
ber 2022) of both the cone-type and fiber-type detectors
have been utilized to investigate the influence of atmospheric
effects on particle density. From 1 January 2013 to 8 Septem-
ber 2016, the GRAPES-3 EAS rate was ∼ 35 Hz. Subse-
quently, it experienced an increase to ∼ 50 Hz following
an upgrade in the EAS trigger area, which was expanded
from 14,000 to 19,000 m2. At the GRAPES-3 location,
the surface temperature and atmospheric pressure (hereafter
named temperature and pressure, respectively) are measured
every minute. The temperature was measured using Davis
Instrumentsmanufactured weather station (VANTAGE PRO-
2), located at the EAS array centre, with a resolution of
0.1 ◦C. Two independent digital barometers were placed
nearby to record pressure data, offering accuracy down to
0.1 hPa. Although occasional power interruptions or instru-
ment issues could result in data gaps, two barometers and the
rapid pressure equalization across a substantial area allowed
us to employ a self-consistent approach to merge both pres-
sure datasets and generate a continuous data stream of atmo-
spheric pressure. The details of this method can be found
elsewhere [31].

Issues within the scintillator detectors, associated elec-
tronics, or data recording systems can introduce instrumen-
tal artefacts and gaps into the data. We devised an algorithm
to identify and eliminate these problematic periods to miti-
gate this. Initially, we computed the hourly particle densities
for all plastic scintillator detectors by summing up the par-
ticles passing through them. Next, we applied a 24-h mov-
ing average, effectively acting as a low-pass filter to remove
variations in the data of less than one day. We calculated the
percentage deviation of the hourly rate with respect to the
moving average value at that point. These values were then
averaged over a day, effectively attenuating variations occur-
ring on a daily timescale. A Gaussian function was then used
to fit the distribution of daily averaged values for an entire
period, and the standard deviation was determined. Any data
point surpassing the ±5 standard deviations threshold was
flagged as bad, excluding that day from our analysis. On
average, this process resulted in removing about 19% of data
out of the total 3652 days, with these exclusions being ran-
domly distributed among all plastic scintillator detectors. The
missing data intervals are filled using the constant value of
the last available data point for the application of the Fast
Fourier Transform (FFT) technique. Nevertheless, for the
analysis of temperature/pressure dependence, these partic-
ular data periods are excluded from all datasets. Out of the
total available detectors, a subset of 178 cone-type and 169
fiber-type detectors were used in this study. Figure 3a shows
the hourly variation of the averaged particle densities from

Fig. 3 Hourly variation of a averaged particle densities from cone-type
(represented by dashed line) and fiber-type (represented by dotted line)
detectors, b temperature, and c pressure data from 1 Jan 2013 to 7 Jan
2013. The particle densities in both cone-type and fiber-type detectors
exhibit a prevailing 24-h periodic variation, aligning with the 24-h peri-
odic variation observed in temperature in panels a and b respectively.
Meanwhile, Ooty’s pressure data indicates a predominant 12-h periodic
variation, as depicted in panel c

cone and fiber type detectors �IN as a percentage from 1
January 2013 to 7 January 2013, exhibiting daily variations.

4 Ambient temperature effect

In Ooty, the temperature data displays a prominent 24-h peri-
odicity, while the pressure data exhibits a dominant 12-h peri-
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odicity as displayed in Fig. 3b, c, respectively. We employed
the FFT technique to individually analyse the dependen-
cies on particle density. This algorithm utilizes the discrete
Fourier transform to convert time-domain data into the fre-
quency domain efficiently and vice versa. The frequency
spectra for averaged particle densities of cone and fiber type
detectors, temperature, and pressure obtained through FFT
are shown in Fig. 4. In cone-type and fiber-type detectors, the
dominant peak is observed at a 1 cycle per day (CPD) fre-
quency with amplitudes of 1.6 and 1.5%, respectively. Sim-
ilarly, the temperature frequency spectrum also displays a
predominant peak at 1 CPD, with an amplitude of 2.4 ◦C due
to its dominant 24-h periodic variations. The second most
prominent peak in particle densities for cone- and fiber-type
detectors is detected at 2 CPD, with amplitudes of 0.5 and
0.6%, respectively. This coincides with the dominant period-
icity observed in atmospheric pressure, which has an ampli-
tude of 1 hPa, as illustrated in panel (d) of Fig. 4.

To examine the temperature’s effect on particle densities,
we initially designed a narrow-band filter to select frequen-
cies centred at fc = 1 CPD having the 100% acceptance in
the frequency range of 0.999 CPD to 1.001 CPD, and after
that, it smoothly decreased to zero, as discussed in details
elsewhere [32]. Subsequently, an Inverse Fast Fourier Trans-
form (IFFT) was applied to the filtered frequency spectra for
reverting it to the time domain. Our analysis revealed a dis-
tinct inverse relationship between particle densities obtained
from scintillator detectors (cone- and fiber-type) and ambi-
ent temperature. However, the variations in particle densities
exhibit a temporal offset compared to the temperature profile.
This time offset was determined by shifting the temperature
data forward and backwards by ±8 h in 1-h increments rel-
ative to the particle densities. For each shift, we calculated
the Pearson correlation coefficient (r). The time offset was
estimated by fitting the cross-correlation distribution using a
fifth-order polynomial function of order five. Panels (a) and
(b) of Fig. 5 depict the cross-correlation plots for one fiber-
type detector (det. 001) and one cone-type detector (det. 004),
respectively. We identified a time offset of approximately
81 min with r =− 0.97 for det. 001 and 52 min offset with
r =− 0.98 for det. 004.

Similarly, the time offset is computed for every cone-type
and fiber-type detector. The average observed time offset
is determined to be (53.7±2.5) min for cone-type detectors
and (70.9±2.0) min for fiber-type detectors, as illustrated in
Fig. 6. Notably, the time offset is greater in fiber-type detec-
tors than in cone-type detectors.

After applying the time offset corrections in all the detec-
tors, we determine the temperature dependence using Eq. (1).

�IN = βT · �T (1)

where, �IN represents the normalized deviation of uncor-
rected particle densities, �T denotes the time offset corrected

Fig. 4 Frequency spectrum obtained through FFT for a particle den-
sities of cone-type, b particle densities of fiber-type, c temperature, and
d pressure data for the period of 2013 to 2022

temperature deviation from its average, and βT signifies the
temperature coefficient. A least-squares fitting method has
been used to determine the βT value for all plastic scintilla-
tor detectors.

Figure 7 displays the distributions of βT for cone-type and
fiber-type detectors. These distributions exhibit mean values
of (−0.63 ± 0.02)% ◦C−1 and (−0.56 ± 0.01)% ◦C−1,
respectively. In contrast to the time offset, it is notable that
the average βT value is greater in the cone-type detectors
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Fig. 5 Cross-correlation plots for a a fiber-type (det. 001), and a b
cone-type (det. 004) detector. The vertical dotted line represents the zero
time offset. The polynomial fit yields the time offset of 81 minute at −
0.97 r-value and 52 minute at − 0.98 r-value for det. 001 and det. 004
respectively

compared to the fiber-type detectors. However, due to large
rms of the time offset and βT distributions, we have opted
to use the individual temperature coefficients of each detec-
tor to correct their particle densities for temperature-induced
variations.

5 Atmospheric pressure effect

As previously explained, the atmospheric pressure in Ooty
exhibits semi-diurnal variations, giving rise to the dominant
peak at 2 CPD in the frequency spectrum, as depicted in
Fig. 4d. In a manner analogous to what was done for calcu-
lating the temperature dependence, a similar approach was
adopted for assessing the pressure dependence, as discussed
previously in the context of βT .

After applying the temperature corrections to the uncor-
rected particle densities, a narrow band filter was employed to

Fig. 6 Time offset distributions for cone-type (represented by line-
filled histogram) and fiber-type (represented by dot-filled histogram)
detectors. The average observed time offset is determined to be
(53.7±2.5) min for cone-type detectors and (70.9±2.0) min for fiber-
type detectors

Fig. 7 βT distributions for cone-type (represented by line-filled his-
togram) and fiber-type (represented by dot-filled histogram) detectors.
The average βT is determined to be (−0.63±0.02)% ◦C−1 for cone-type
detectors and (−0.56 ± 0.01)% ◦C−1 for fiber-type detectors
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Fig. 8 Temperature corrected particle density change as a function of
pressure for cone-type (top panel) and fiber-type (bottom panel) detec-
tors. The βP is determined to be (−0.46 ± 0.01)% hPa−1 for cone-type
detectors and (−0.44 ± 0.01)% hPa−1 for fiber-type detectors

isolate frequencies centred at fc = 2 CPD having 100% accep-
tance in the frequency range of 1.999 CPD to 2.001 CPD for
temperature-corrected particle densities and the atmospheric
pressure datasets. These filtered frequency components were
then transformed into the time domain using IFFT. How-
ever, unlike the temperature effect, which is localized and
anticipates varying dependencies in different detectors, the
pressure effect arises from variations in atmospheric masses.
It is expected to manifest similar effects across all detectors,
regardless of their types, and should not exhibit any time
offsets. To validate this hypothesis, we combined the data
from all cone-type and fiber-type detectors and calculated
the individual detector-type pressure coefficient (βP ) using
Eq. (2).

�INT = βP · �P (2)

where, �INT symbolizes the normalized deviation of
temperature-corrected particle densities, while �P repre-
sents the deviation of pressure from its mean, and βP

denotes the pressure coefficient. We have employed a least-
squares fitting approach to ascertain the βP value for both

Fig. 9 Simulated particle density change as a function of pressure. The
simulated βP is determined to be (−0.43 ± 0.01)% hPa−1

cone-type and fiber-type detectors as shown in Fig. 8. The
βP value for cone-type detectors has been calculated as
(−0.46 ± 0.01)% hPa−1, while for fiber-type detectors, it
stands at (−0.44 ± 0.01)% hPa−1. Remarkably, these values
are practically identical within the margins of error.

6 Monte Carlo simulation

The equatorial climate is characterized by consistently high
temperatures throughout the year, primarily due to the direct
and consistent incidence of sunlight. This condition gener-
ally results in a relatively stable atmosphere in these regions.
In Ooty, the diurnal pressure variation remains within a nar-
row range of approximately one hPa throughout the entire
year. Since pressure indicates the vertical density of the
atmosphere above the surface, any changes in atmospheric
density are reflected in pressure, subsequently influencing
CR flux. To investigate this phenomenon, we conducted
simulations involving 35×104 proton-initiated EASs within
the energy spectrum ranging from 1013–1016 eV, covering
the angular domain of 0◦–60◦ for zenith angles and 0◦–
360◦ for azimuth angles using the CORSIKA-v76900 pack-
age [33]. These simulations incorporated a combination of
high-energy (SIBYLL [34]) and low-energy (FLUKA [35])
hadronic interaction models.

The density of the four lower layers exhibits an exponen-
tial relationship with altitude, which can be mathematically
expressed in terms of the atmospheric mass thickness over-
burden, denoted as M(h), and the height h, utilizing Eq. (3)

M(h) = ai + bi · e−h/ci (3)
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where, ‘i’ runs from layers 1 to 4. However, for the 5th layer,
the mass overburden decreases linearly with height and fol-
lows the Eq. (4).

T (h) = a5 − b5 · h/c5 (4)

Here, a, b and c are the parameters taken from the “Central
European atmosphere for June 16, 1993” (ATMOD5) atmo-
spheric model. This model offers the most closely matching
atmospheric density value of ∼803 g-cm−2 at the altitude
of Ooty, where the observed density is 800 g-cm−2. Subse-
quently, the parameter b was adjusted by varying its value
by ± 15% in steps of 5%. The simulated showers were ran-
domly thrown ten times over the GRAPES-3 fiducial area
after including the detector response using GEANT4 [36].
We then computed the total number of particles observed
in all detectors. Figure 9 illustrates the percentage change
in the observed total number of particles for different pres-
sure values. The linear fit yields the value of simulated
βP is (−0.43 ± 0.01)% hPa−1. Moreover, the resilience of
the observed results is verified by incorporating an alterna-
tive atmospheric profile, specifically the “US standard atmo-
sphere” parameterized by Linsley (ATMOD1). Similar to the
approach with the ATMOD5 atmospheric model, the strategy
for determining βP is applied in the case of ATMOD1. The
result for the SIBYLL-FLUKA model combination is deter-
mined to be (−0.42 ± 0.01)% hPa−1, exhibiting consistency
with ATMOD5 within the margin of errors. Additional infor-
mation regarding this simulation and the outcomes associated
with various combinations of high- and low-energy interac-
tion models can be found elsewhere [19].

7 Discussion

The high statistical EAS data recorded by the cone- and fiber-
type plastic scintillator detectors of the GRAPES-3 experi-
ment made it possible to explore precisely how ambient tem-
perature and atmospheric pressure influence particle density.
An initial visual examination of each detector’s time series
particle density data over the entire data collection period
hinted at a repeating pattern, seemingly on a 24-h cycle. How-
ever, the frequency spectra of the observed particle density
not only confirmed the presence of the expected 24-h peri-
odicity but also unveiled a distinct 12-h periodicity.

As previously discussed, the plastic scintillator detec-
tors in the GRAPES-3 experiment employ PMTs to con-
vert photons from scintillator detectors into signals. These
PMTs feature photocathodes composed of bialkali material,
specifically Be-Cu, with a temperature sensitivity specified
by the manufacturer at −0.5% ◦C−1 [37]. In a previous
study, a temperature coefficient of −0.5% ◦C−1 for PMTs
is reported, and it is proposed that this coefficient may arise
from fluctuations in the Fermi level and cathode resistance.

Additionally, it is noted that these coefficients vary not only
between different types of PMTs but also among PMTs made
from similar materials [38].

Ooty maintains a relatively consistent yearly average tem-
perature of around ∼15 ◦C, a characteristic that remains sta-
ble across the years. However, outside temperature shows
significant variations from day to night, particularly during
winter (November to February), where temperatures can vary
by approximately ± 10 ◦C. All detectors are deployed in an
open area, exposing them to these drastic environmental tem-
perature changes. These observations suggest that the 24-h
fluctuations in particle density primarily stem from the sen-
sitivity of the PMTs to external temperature changes. While
there might be some contribution from the temperature sensi-
tivity of the plastic scintillators, it is noteworthy that organic
scintillator light output remains essentially unaffected by
temperature within a range of − 60 to 20 ◦C, as suggested by
previous study [38]. The observed mean temperature depen-
dence for cone-type detectors is found to be higher, quantified
at (0.63 ± 0.02)% ◦C−1, compared to fiber-type detectors,
which exhibit a value of (−0.56 ± 0.01)% ◦C−1, which is
possibly due to the better insulation of fiber-type detectors
then cone-type.

Another interesting outcome of the study reveals that
particle densities in all scintillator detectors do not exhibit
an immediate response to external temperature variations.
Instead, they display a pronounced anti-correlation with tem-
perature after a certain delay, determined to be (53.7±2.5)
min for cone-type and (70.9±2.0) min for fiber-type detec-
tors.

As previously mentioned, the scintillator detectors are
enclosed within an aluminum tank, with an additional alu-
minum rain cover placed above them for protection dur-
ing adverse weather conditions. Consequently, any temper-
ature gradient resulting from external temperature shifts
needs time to propagate through these detector covers, the
inside air column, and an aluminum case of PMT before
reaching the photocathode. Moreover, the temperature mea-
surements are from a single location, while the scintillator
detectors are distributed across a substantial area spanning
25,000 m2. This spatial disparity leads to slight differences
between the recorded and actual temperatures at each detec-
tor location. The combination of these factors collectively
contributes to the observed time offset in the responses of the
scintillator detectors to temperature changes. The increased
delay observed in fiber-type detectors compared to cone-type
detectors can be attributed to their superior insulation due to
the presence of larger air columns between the external alu-
minum cover and the PMT aluminum casing. This insulation
results in a slower response to changes in the external tem-
perature gradient, thereby protecting the detector’s PMT over
a more extended period. This hypothesis has been indepen-
dently verified by constructing a basic three-layer toy model
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for both types of detectors, where the air column is assumed
to be sandwiched between two aluminum layers. Notably,
the thermal resistance is observed to be 26% lower in cone-
type detectors compared to fiber-type detectors, which could
potentially explain the 29% lesser average time-delay values
in cone-type detectors. The details of the model have been
comprehensively explained in the Appendix A. It is impor-
tant to note that these values provide a rough understanding
of the primary reason for the delay, and for precise calcula-
tions, a more complex model is required.

It is well-established that the cosmic ray intensities
detected by surface detectors are subjected to the influence
of atmospheric pressure. The atmospheric pressure directly
reflects the vertical air mass above the measurement loca-
tion. High-pressure conditions indicate a greater atmospheric
mass, reducing the mean free path of secondary cosmic rays
and increasing their interactions within the atmosphere. Con-
sequently, lower-energy cosmic rays are more likely to be
absorbed within the atmosphere, decreasing the observed
shower rate at the surface and vice versa. The variations in
atmospheric pressure at equatorial regions exhibit a dom-
inant 12-h component. These variations were measured at
approximately one hPa at the GRAPES-3 site during the anal-
ysis period, as illustrated in Fig. 4d. Therefore, as previously
explained, a second dominant peak in the particle density
spectra can be attributed to the influence of atmospheric pres-
sure. The mean pressure dependence for both cone-type and
fiber-type detectors was determined to be highly compara-
ble, with values of (−0.46 ± 0.01)% hPa−1 for cone-type
detectors and (−0.44 ± 0.01)% hPa−1 for fiber-type detec-
tors. Additionally, there was no observable lag between parti-
cle density and pressure. This absence of lag was anticipated
since the pressure effect is unrelated to detector characteris-
tics.

In a previously published investigation [19], an exten-
sive Monte Carlo simulation was conducted. This simulation
involved the adjustment of atmospheric parameters within
the CORSIKA package, coupled with the utilization of the
GEANT4 response for all plastic scintillator detectors. The
simulated pressure coefficient was determined by employ-
ing a combination of the SIBYLL-FLUKA interaction mod-
els for low and high energy interactions and is found to
be (−0.43 ± 0.01)% hPa−1. Remarkably, this value aligns
closely with the mean observed values obtained for both
cone-type and fiber-type detectors, underscoring the relia-
bility and consistency of our findings.

8 Conclusion

The GRAPES-3 experiment, using cone- and fiber-type
plastic scintillator detectors, provides valuable insights into
how ambient temperature and atmospheric pressure affect

the cosmic rays within the energy range of 1013–1016 eV.
Despite an overall stable average, temperature variations at
the experimental site affect detectors due to the significant
role of temperature sensitivity of PMTs. Notably, particle
density exhibits an anti-correlation with temperature, with
discernible delays attributed to detector enclosures and spa-
tial temperature variations. The smaller temperature depen-
dence and enhanced delay in fiber-type detectors are due to
superior insulation, safeguarding PMTs. The pressure depen-
dence of cosmic rays has also been reported, exhibiting a
consistent mean pressure dependence across different detec-
tor types, and is well supported by Monte Carlo simulations.
These findings will also prove valuable for implementing cor-
rection algorithms for observed particle densities, ultimately
enhancing the accuracy of shower parameter estimations.
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Appendix A: Toy-model for heat transfer dynamics

While creating a thermal model that precisely replicates the
thermal insulation in both types of detectors necessitates
intricate simulations involving the exact geometry and ther-
mal properties of each detector component, we have, for a
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Fig. 10 Simplified model for cone-type detector. Here, layers L1 and
L3, composed of aluminum having a thickness of 0.3 mm, and layer L2
is the air column, assumed to be 10 cm

Fig. 11 Simplified model for fiber-type detector. Here, layers L1 and
L3, composed of aluminum having a thickness of 0.3 mm, and layer L2
is the air column, assumed to be 45 cm

basic comparison and analytical calculation of heat trans-
fer coefficient and thermal resistance, devised a simplified
model for both detector types. In terms of geometry, heat
must traverse approximately three layers-L1, L2, and L3, as
illustrated in Figs. 10 and 11 in Appendix A.

Layers L1 and L3, composed of aluminum with a thermal
conductivity of 237 W/(m · K), are common to both types of
detectors, each with a length of 3 mm. However, the presence
of air (thermal conductivity = 0.026 W/(m · K)) volume in L2,
between these two layers, significantly influences thermal
insulation. We have taken an approximate area of 1 m2 for
the Fiber-type detector and, due to the PMT’s location at the
neck part of the detector, we have reduced the area by 70%
for the cone-type detector, resulting in 0.3 m2. The length of
L2 is assumed to be 10 and 45 cm in cone-type and fiber-type
detectors, respectively. The heat transfer coefficient can be
defined as:

1

Ut
= 1

A

n∑

i=1

Li

ki

where Ut is the heat transfer coefficient, A is the contact
area, L is the thickness of the nth layer, and k is the thermal
conductivity of layer material. The calculated total heat trans-
fer coefficient is 0.078 W/(m2 · K) for the cone-type detector
and 0.058 W/(m2 · K) for the fiber-type detectors. Addition-
ally, thermal resistances have been calculated, equivalent to
the reciprocal of the heat transfer coefficient, resulting in val-
ues of 12.8 ◦C/W for cone-type detectors and 17.3 ◦C/W for
fiber-type detectors.
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