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In this study, the relationship between cosmic ray muons and the atmospheric temperature in the 

lower stratosphere has been investigated and established.  Cosmic ray data from the KACST 

muon detector (Rc= 14.4 GV) and radiosonde measurements from Riyadh airport, for the period 

2002–2012, have been used for this purpose. We have found that the temperature in the lower 

stratosphere is correlated with the cosmic ray muons detected at ground level. The results 

obtained are in agreement with previous studies. The technique was then used to predict 

temperature variations in the lower stratosphere. It was found that the temperature can be 

reproduced with a mean bias error of 0.5 
o
C and a root mean square error of 3 

o
C. 
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1. Introduction 

Primary cosmic ray particles (mainly protons) collide with atmospheric molecules, 

producing a cascade of secondary particles. These secondaries are affected by variations in the 

atmosphere before reaching detectors. Cosmic ray muons form the majority of the detected 

particles at ground and underground levels[1].  The amount of detected muons is mainly 

dependant on the atmospheric mass above the detector and on temperature changes [2]. The 

atmospheric mass is represented by the atmospheric pressure at ground level and can be easily 

obtained by correlating the observed number of cosmic rays with the atmospheric pressure at the 

observation level[3]. On the other hand, the temperature corrections are slightly more 

complicated and several methods have been suggested to account for them [e.g., 1 and 3]. These 

include correlation of the muon rates with one of the following parameters: the atmospheric 

weighted temperature [4-5], the temperature at ground level [3 and 6], or with the temperature at 

the level of pion production [7-11].    

The lower stratosphere is approximately defined to be the level in the atmosphere with 

pressure between 70 mb and 200 mb. At these heights, an interaction takes place between the 

primary cosmic ray particles and atmospheric molecules, and the parent pions are produced. 

These pions, which have very short life times, decay into different subatomic particles, 

including muons[1 and 9]. In this study the correlation between the cosmic ray muons observed 

by the King Abdulaziz City for Science and Technology (KACST) detector, and the temperature 

at the lower stratosphere, will be investigated.  The temperature coefficient from this correlation 

will be used to remove the effect of the temperature of the atmosphere from the detected muons. 

Then, with aid of the obtained coefficient, the correction formula will be inverted to calculate 

the atmospheric temperature in the lower stratosphere using the muon observations. The 

predictability of this approach will be tested and validated.  

 

2. Instrumentation and Methods 

Cosmic ray measurements began in 2002, when KACST installed the first muon detector 

in the country in Riyadh (lat. 24 43; long. 46 40; alt. 613 m; cutoff rigidity 14.4 GV), Saudi 

Arabia.  This is a single channel scintillator detector built in collaboration with the University of 

Adelaide, Australia, which is designed for long term cosmic ray variation studies. The technical 

details of this detector can be found elsewhere [12-13]. The detector is a 1 m
2
 plastic scintillator 

viewed by a Hamamatsu H8711 photomultiplier tube (PMT), and both are placed in light tight 

box.  As a cosmic ray muon strikes the scintillator the scintillator materials will emit flashes of 

fluorescent light. The light produced is detected by the PMT and converted to electrical signals, 

after removal of the background noise. The selected signals then undergo amplification 

processes using home-made electronic circuits [13]. An Analogue to Digital Converter (ADC) is 

used to digitise the signals and send them to a PC card. The data are acquired every 15 minutes 

with a sampling frequency of 1 s using software developed in-house. 

Twice daily radiosonde data obtained from Saudi Presidency of Meteorological 

Environment (PME), for the period between 2002 and 2012, have been used to extract the 

temperature between 70 mb and 200 mb. The average temperature values between 70 mb and 

200 mb have been used in this study.  
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The relative variations of cosmic ray muons due to the effects of atmospheric pressure and 

temperature is described as [7-9]:  

 

I−I0

I0
= α(P − P0) + β(T − T0)    (1) 

 

Here, I0, P0, and T0 are the mean values of muon rate, ground level pressure, and the 

temperature between 70 mb and 200 mb during the study period. The pressure and temperature 

coefficients are α and β, respectively, which must be obtained from regression analyses.  

3. Results and Discussions 

3.1 Pressure and Temperature Effects 

Figure 1 displays the yearly variations of the monthly averages of (a) the raw muon rate, 

(b) atmospheric pressure, and (c) the temperature stratospheric temperature. Clear seasonal 

variations are evident for the muon rate, with a maximum in summer time and a minimum 

during winter. On the other hand, the pressure and the temperature exhibited the opposite trend. 

    

Figure 1: Timeseries of monthly means of the (a) 

raw muon rates, (b) atmospheric pressure, and (c) 

stratospheric temperature, during the 10 years of 

the study. 
 

 

The pressure effect must be removed 

because it is the most important factor affecting 

the observed cosmic ray particles. The mean 

monthly values of atmospheric pressure were plotted against the raw muon rates for the whole 

dataset, as shown in Figure 2. 
 

Figure 2: Scatterplot of the muon mean monthly 

values against atmospheric pressure. The solid line 

is the regression line. 
 

While there was some scatter in the data, 

the anti-correlation between the two parameters 

is obvious. The pressure coefficient obtained 

from the least square fit between the two 

variables was of -0.12±0.03 % /mb. This 
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coefficient was used to remove the pressure effect from the muon data as shown in Figure 3.  

Apparently, the pressure corrected data follow the opposite trend when compared with raw 

muon rates. The pressure effect on the cosmic ray muons has approximately a magnitude of 

about 1 % in difference with the raw muon rates. 
 

Figure 3: Monthly mean values of 

the corrected muon rate (Pc) 

compared with the raw rate (RR). 

 

 

The mean monthly pressure 

corrected data were plotted 

against stratospheric temperature 

as indicated in Figure 4.a. Figure 

4.b is same as Figure 4.a, with the 

exception that the former shows 

the relationship between the twelve-month binned temperatures and the pressure corrected muon 

rates. While the scatter in the averaged data is reduced, it is obvious from both figures that the 

two variables are positively correlated with each other.  Regression analyses between the two 

variables performed using the two datasets — the interannual based on monthly averages and 

the twelve-month binned means — give the same slope (temperature coefficient) of 0.10 ± 

0.024 % / oC, and correlation coefficients of 0.75 for the former dataset, 0.41 for the latter.  

The correlation between the two variables implies that the parent pions will have less 

probability of decay to produce muons before they interact as the temperature decreases 

(winter), while the opposite is the case during warm seasons (summer). This result is in 

agreement with those previously reported [7-9].  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: (a) Scatterplot of the monthly mean pressure corrected muon rate and the stratospheric 

temperature, (b) the twelve-month binned temperature and pressure corrected muon rates are plotted 

against each other 

 

   

   The interannual variations of the mean monthly values of the raw and temperature corrected 

muon rates, for the considered time period, are presented in Figure 5. It can be seen that the 

temperature corrected rate follows the same trend as the raw muon rate.  The difference in 

magnitude between the two rates is about 0.4 %. When the pressure (Figure 3) and temperature 

(Figure 5) effects are removed from the raw muon observations, seasonal variations are still 

observed. This implies that there are still some other terrestrial and extra-terrestrial factors 

which may need to be considered to account for this seasonality [14]. 
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Figure 5: Comparison of the 

monthly values of the raw muon 

rates (RR)against those of the 

pressure corrected (Pc), and with 

the low stratosphere temperature 

correction applied (Tcor). 
 

 

 

 

 

 

 

3.2 Calculating the Stratospheric Temperature 

 
The correlation between the muon rates and the temperature in the lower stratosphere 

suggests the possibility of using the cosmic ray muons to predict temperature at that level of the 

atmosphere as suggested by [15-16]. Recall the second part of Equation (1): 

 
I−I0

I0
= β(T − T0)    (2) 

 

By inverting this equation to: 

 

T =
1

β
(

I−I0

I0
  ) + T0 , (3) 

 

the stratospheric temperature can be calculated from the muon data at the detection level. 

To test this approach the dataset was divided into two groups. The first covers the period 2002-

2006 (1148 daily values) and the second covers the period from 2007 to 2012 (335 daily 

values). The daily values of the pressure corrected muon rate and stratospheric temperature for 

the first period have been used to parameterise the relationship between the two variables, 

whereas the second dataset has been used to validate the method.  The mean values of the 

temperature (To), muon rate (Io), and temperature coefficient (β ), as well as the muon rates (I), 

have been used to calculate the temperature (T) of the lower stratosphere using Equation (3). 

The statistical results of this approach for the first and second datasets are presented in the Table 

(1).   

 

Table (1): Summary of mean, maximum, and minimum temperatures, and MBE and MPE for datasets 1 

and 2. 

   T Predicted Set1 MBE1 MPE1 TEMP Predicted Set2 MBE2 MPE2 

Mean -74.86±3.24 -77.31±5.1 2.44 1.53 -75.33±3.0 -75.73 ± 3.5  0.40 0.25 

Minimum -82.10 -90.63 -12.37 -7.75 -81.30 -84.12 -6.98 -4.37 

Maximum -66.90 -66.35 22.12 13.86 -66.50 -69.07 10.78 6.76 
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P
o
S
(
I
C
R
C
2
0
1
7
)
0
8
1

Correlation between Cosmic Ray muons and atmospheric temperature in the lower stratosphere 

 

7 

 

   

Figures 6.a and 6.b show the frequency distribution of the difference between the 

measured and predicted temperatures for the first and the second datasets, respectively. The 

mean bias errors (MBE) were 2.4 
o
C for the first dataset and 0.40 

o
C for the second. The mean 

percentage error (MPE) was 1.5 %, and the standard deviation was 4.6 
o
C, for the first dataset. 

The predictability of the measured temperatures for the second dataset has MPE = 0.25 % and 

standard deviation = 2.6 
o
C. It is important to mention that the proposed method of predicting 

the temperature may under- or over-estimate the measured data in some situations. These cases 

may be due to specific atmospheric or extra-terrestrial disturbances at the time of observations, 

which may occur higher in the atmosphere during changes of the season. However, the overall 

results indicate that the proposed method has superior performance when calculating the lower 

stratospheric temperatures alongside knowledge of the measured muon data.  

 

Figure 6: (a)Histogram showing the frequency distribution of the MBE (in degrees) of the measured – 

predicted stratospheric temperature (dataset for the period 2002–2006) superimposed on the normal 

distribution curve, obtained using Equation (3).(b) same as Figure 6.a but for the dataset covering 2007–

2012. 

 

4. Conclusions 

In this paper, the effect of the stratospheric temperature on the rate of cosmic ray muons 

has been investigated. Cosmic ray measurements from the KACST muon detector located in 

Riydah, Saudi Arabia (lat. 24 43; long. 46 40; alt. 613 m; cutoff rigidity 14.4 GV) over a ten 

year period, and coincident radiosonde data, have been used in this study. It was found that the 

muon rate is positively correlated with the stratospheric temperature. This means that during 

winter the parent pions have less probability to decay to produce muons, while the opposite will 

be the case during summer. This result is in agreement with previous studies. The correlations 

between the two variables were inverted to calculate the temperature in the lower stratosphere 

using knowledge of muon observations. The proposed technique provides excellent 

predictability for the stratospheric temperatures.  
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