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Summary.  - -  On the basis of the theoretical calculation of the atmos- 
pheric effect on the cosmic-ray muon intensity,  it is demonstrated that  
the following two anomalous ~aets recently reported from muon observa- 
tions at deep underground stations can be at t r ibuted to the atmospheric- 
temperature effect. One is the remarkable dependence of the rouen inten- 
sity on the atmospheric pressure observed at Poat ina (365 m w.e. in depth) 
and Matsushiro (250 m w.e. in depth), which is contradictory to theo- 
retical expectations, and the other is the semi-annual variation in the 
rouen intensi ty at Matsushiro, which exhibits a striking contrast to annual  
variations usually observed at underground stations shallower than 
Matsushiro. In the present paper, the barometer coefficient and the par- 
tial temperature coefficient are also provided for various combinations of 
parameters such as the rouen threshold energy and the zenith angle to 
meet any requirement of observations. 

PACS. 94.40. - Cosmic rays. 

l .  - I n t r o d u c t i o n .  

Cosmic- ray  m u o n  in tens i t i e s  obse rved  a t  g r o u n d - b a s e d  s t a t ions  are  affected 

no t  on ly  b y  the  m o d u l a t i o n  of the  p r i m a r y  cosmic- ray  in  space b u t  also b y  the  

a tmosphe r i c  effect (1,2). Recen t l y ,  i t  was r e p o r t e d  t h a t  r o u e n  in t ens i t i e s  a t  

(1) E.g., A. D~p~iz~ t :  J. Atmos. Terr..Phys., l ,  296 (1951); K. MALDA and M. W ~ A :  
J. Sci..Res. Inst. Tokyo, 48, 71 (1954); It. TR~rALL: Physica, 23, 65 (1957); G. CIN] 
CASTAG~OL1 and M. A. DOD]~RO: _Nuovo Cimento B, 51, 525 (1967). 
(2) L. I. Do~tuA~-: Cosmdc Ray Variations (Moscow, 1957). 
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deep underground  stat ions show the following anomalous  features.  One consists 
in the large values of the  b a r o m e t e r  coefficient, t h a t  i s , -  (0 .047•  
a t  Poa t ina  (365 m w.e. in depth)  (3) and  - -  (0.027-b0.004)~/o/mb at  Matsushiro 
(250 m w.e. in depth)  (4,5). F r o m  the theoret ical  point  of view, the  ba rome te r  
coefficients for such deep underground  depths  are expected  to be  much  smaller 
in magn i tude  ( <  0.017 ~ ) t han  those observed.  Another  anomalous  fea ture  
is a semi-annual  var ia t ion  in the  rouen in tens i ty  observed a t  ~ a t s u s h i r o  (e). 
This semi-annual  var ia t ion  exhibits  a s t r iking cont ras t  to annual  var ia t ions  
usual ly observed a t  shallower underground stat ions,  such as Misato (34 m w.e. 
in depth)  (7) and  Sakash i ta  (80 m w .  e. in depth)  (8). 

To examine  these  observed phenomena ,  i t  is necessary to  refer  to the  baro-  
me te r  coefficient and  the  par t ia l  t e m p e r a t u r e  coefficient (3) for var ious obser- 
vat ional  conditions. These coefficients have  been calculated b y  m a n y  re- 
searchers (2.,), and  sa t i s fac tory  values were a l ready ob ta ined  for some obser- 
va t ional  conditions. Their  calculations, however ,  were mos t ly  made  by  as- 
suming simplified models on the  propagat ions  of nucleons and  pious in the  
a tmosphere ,  and/or  b y  assuming product ion  spect ra  of mucus  deduced f rom 
ground-based  exper iments .  These assumpt ions  were m a d e  to cover  insufficient 
informat ion  on the  produc t ion  cross-sections of secondary  part icles f rom 
hadronic  collisions. 

Recen t ly  such informat ion  has been m u c h  accumula ted  in v i r tue  of the  
accelerator  exper iments  and  has been sys temat ized  b y  the  aid of F e y n m a n ' s  
scaling hypothes is  (,3) for the  hadronic  cascade. On the  basis of such informa- 
t ion and  hypothesis ,  we have  calculated the  rouen response funct ion in a previous 
pape r  (") .  This calculat ion gives more  reliable values,  for example ,  of the pion 
flux, the  kaon  flux and  the  m u c h  produc t ion  spec t rum in the  a tmosphere .  

(3) A.G.  FENTON and K. B. FENTON: Proceedings o/the X I V  International Conference 
Cosmic Ray, Vol. 4 (Mttnchen, 1975), p. 1482; J. E. HUMBLE, A. G. FENTON, K. B. FEN- 
TON and P. R. A. LYONS: Proceedings of the X V I  International Conference Cosmic Ray, 
Vol. 4 (Kyoto, 1979), p. 258; P. R. A. L~zoNs, A. G. F~NTON and K. B. FENTON: Pro- 
ceedings of the X V I I  International Conference Cosmic Ray, Vol. 4 (Paris, 1981), p. 300. 
(4) S. YASUE, S. MORI and S. SAG:SAKA: Proceedings o] the X V I I  International Con- 
ference Cosmic Ray, Vol. 4 (Paris, 1981), p. 308. 
(5) S. SAGISAKA, S. YASUE, S. Mo~:, K. CHINO and M. ICtIINOSE: Proceedings o] the 
X V I I I  International Conference Cosmic Ray, Vol. 10 (Bangalore, 1983), p. 237. 
(e) S. YASUE, S. Mo~I, S. SAGISAKA and M. ICIIINOSE: International Symposium Cosmic 
Ray Modulation in Helicsphere (Morioka, 1984), p. 355. 
(7) S. Me,I :  private communication. 
(s) H. U]~NO, Z. FUJII, K. FUJI~OTO and K. NAOASHIMA: Proceedings o/ the X V I  
International Con]erence Cosmic l~ay, Vol. 12 (Kyoto, 1979), p. 228. 
(') E.g., M. WADA: Scient. Papers Inst. Phys. Chem. t~es., Vol. 54 (Japan, 1961), p. 335; 
K. MAEDA: J. Arm, s. Tort. Phys., 19, 184 (1960). 
(:o) R. P. FEY.WMAN: Phys. Roy. Zett., 23, 1415 (1969). 
(11) K. MURAKAMI, K. ~AGASHIMA, S. SAGIBAKA, Y. MISHIMA and A. INO~:  Nacre 
Cimento C, 2, 635 (1979). 
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In  the present  paper,  the barometer  coefficient and the par t ia l  t empera tu re  
coefficient are calculated using the results in the above-mel~tio:~ed paper  (~1), and 
are provided for various combinations of parameters ,  tha t  is the rouen threshold 
energy, the zenith angle and the atmospheric  depth.  On the basis of these 
results and also meteorological data,  it  is shown th a t  the two anomalous phenom- 
ena observed at  Matsushiro and Poa t ina  ment ioned above are a t t r ibu ted  
to the a tmospher ic- tempera ture  effect. Some of these results have  been briefly 
repor ted in our previous papers (4.5.~). 

2. - Calculation o f  the  barometer coefficient and the partial temperature coef-  

ficient. 

With  a change ~P (mb) in the barometr ic  pressure at  the atmospheric  depth  
x0 (g/era 2) and with a change ST(x) in the atmospheric  t empera tu re  a t  x (g/cm s) 
(x ~ Xo), the  integral  rouen intensi ty  I(E0, xo, O) in the direction of a zenith 
angle 0 a t  xo changes as 

(1) 
Xo 

{mI(~o, xo, o)} = ~(Eo, Xo, o) sP + f .(x, ~o, Xo, o) ~T(x)dx, 
0 

where Be is the to ta l  energy of muons at  %, Eo is the  threshold energy, and 
fl(Eo, xo, O) and a(x, Eo, xo, O) are called the baromete r  coefficient and the 
par t ia l  t empera ture  coefficient, respect ively (2). Hereaf ter ,  these coefficients 
will be represented by  fl and ~(x) for short ,  and they  are defined as 

(2) 

and 

~3) 

[ e {inZ(go, Xo, 0)}] P = g~o, 

a(x) ---- DT[lnI(/~o , Xo, 0)] for O ~ x < x o .  

In  these equations,  g is the gravi ta t ional  acceleration and D T is the operator  
by  which we can obtain the var ia t ional  amount  of an operated funct ion caused 
by  the  0-functional change in the  t empera tu re  T at  x. l~ote t h a t  this operator  
has a dimension of (~ -1 g-1 cm 2. 

The formulae and the parameters  used in the  present  calculation of the 
rouen intensi ty  are almost the same as those in our previous paper  (~i). The 
integral  rouen intensi ty  I(E0, vo, 0) in the above equations can be expres- 

(12) $. SAGISAKA, K. MURAKAMI, A. INOU~, Y. MISHIMA and K. ~AGASH]MA: ~P~'o- 
ceedings o I the X V I  International Con]erence Cosmic Ray, Vol. 4 (Kyoto,  1979), p. 235; 
S. SAOISA~A: Proceedings o I the Z~te,rnational Symposium Cosmic Ray Modulatio~ i~ 
Neliosphere (Morioka, 1984), p. 360. 
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sed as 

(4) ~(~o, ~o, o) =fd= f secOW(x, Xo, O; ~,)r x, O)d~, 
0 U(z,~.) 

where r  x, 0) is the muon product ion spectrum at  x with an energy .E, and 
W(x, Xo, O; E) is the survival probabi l i ty  at  Xo (>  x) of muons generated at  x 
with E. The lower limit of the energy integral  is defined by  

(5) U(x, ~o) = .Eo + b secO. (Xo - -  x) ,  

t ha t  is, U(x, Eo) is the muon energy at  x before being reduced to Eo at  Xo (>  x) 
b y  the  energy loss with the constant  coefficient b for relativistic particles. 

The rouen product ion spectrum ~(E ,  x, 0) in eq. (4) is given as 

( 6 )  

where 

(7) 

B,~, u 

m~ f w, (E,  x) J~(.E,, x, O) dE, ~(.~, x, o} = ~. ,7, 
,_ . , . .  m~ - m~ ep,  

} m'~ ~ cp~ , 1 ~ , '  + ~ ~ + 

~"~ = } m'. m~ cp. . 

In  these equations,  the subscript i indicates a kind of particles, such as charged 
pions and kaons, m~ and m~ are the  rest masses, p, and p~ axe the momenta ,  
c is the velocity of light, J~(E~, x, O) is the differential energy spectrum and 
w~(E,~, x) is the decay probabi l i ty  per unit  p a th  in g-~ cm ~. The factor  ~, is 
the branching rat io of the decay production,  and it is assumed in the present 
calculation tha t  ~=: ~K ---- 1 : 0 .635 (~8). 

The survival probabi l i ty  W(x, xo, 0; E) in eq. (4) is given as 

(8) 
tr 

and the decay probabilit ies in eqs. (6) and (8) are given as 

(9) w~(E, ,  x) - -  C, T(x)  C, - -  micR 
p~cx ' v~gM ' 

for i =  ~, ~ and K ,  

(13) A. H. ROS~NF~LD, AI BARB~Ro-GALT1EI~I, W. l:I. BOSTIEN, J. Klnz and M. Roos: 
UCRL-8030, Part I (1965). 
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where R is the gas constant~ M is the mean molecular weight of the air and v~ 
is the decay constant  of the  i- th particle. 

Using these equations, we can express the  barometer  coefficient fl defined 
by  eq. (2) by  the sum of three components~ as 

where 

(1]) 

sec 0 
fl. - -  b J ~ ( F , o ,  Xo,  0), gI(l~o, O) 

co 

sec0 f w fld ~= -- gI(Eo, Xo, 0) v.(Eo, Xo)Jv.(Eo, Xo, O)d.Eo, 
J ' ,  

co 

sec0 fqs(/~o, Xo, 0) d~o. 
gI(Eo, Xo, 0) 

~0 

J~(Eo, Xo, 0) is the differential energy spectrum of muons at  xo and can be 
wri t ten for relativistic particles as 

(12) 
ml 

J~(~o, xo, o) = f secOw(,~, Xo, o; ~7(x, ~o)) r Eo), ~, o) d~. 
0 

In  eq. (11), fl, represents the effect of the absorpt ion by  the ionization loss, 
and fld and fl~ represent  the effect due to the increases in the  t~-e decay and 
in the muon  product ion at  x0~ respectively. 

As for the part ial  t empera tu re  coofficient~ eq. (3) is expressed by  the sum 
of two t6rms~ as 

(13) ~(x,) = ~a(x,) q- aD(x,), 

where 

(14) 

ad(xl) = {eos0I(Bo, Xo, O)}-'f dx .D~[W(x, x0, 0; E)] ~(E, x, 0 ) d ~ ,  
0 U(x~lo) 

~D(xl) = {cos 0I(/~o, Xo, 0)} -1 f dx W(x, xo, 0; E )D~[~(E ,  x, 0)] d E .  

The t e rm ~d represents the negat ive tempera ture  effect due to the decrease 
in survival  muons produced at  x (~  xl) as 

(15) D~[W(x, Xo, 0;/i7)] -- 
sec 0 
T(x~) w~( U(x,, Eo), x~) W(x, Xo, O; E) .  
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The term a~ in eq. (14) represents the effect due to the variation in the muon 
production at x (>x~) caused by the increase in the decay probability of pions 
and kaons at x~, and using eq. (6), it is further expressed as 

06) ~(x,) = a.+(x,) + ~;(x,), 

where 

07) 

see 0 fw(x~, 
:r = 1(72o, Xo, O ) T ( x , )  

P(=t,i,) 

Xo, O; E) ~(E, x~, 0 )d~ ,  

~(x~) = sec0 f d x  (x, Xo, 0; ~) .  
I(Eo, Xo, 0) 

Bl,l* 

~ ~, . . . . .  I 

, x m ,  - -  m ~ .  cp, ,ICl.i 
. . . . .  D~[J,(.E,, x, 0)] 4E,} dE.  

The term a+ expresses the positive temperature effect caused by the addi- 
tional production of muons at x~, while the term ~- expresses the negative 
temperature effect caused by the decrease in the flux of the parent pions and 
kaons at x (> x~). 

The differential energy spectrum J ,  in eq. (6) and its variation DT[J,] in 
eq. (17) are calculated by  the following equations (~) representing the transi- 
tions of the hadronic intensity spectra J ,  (i ~ JT, ~ and K, where J~ indicates 
nucleons): 

(18) 

8J.v(Ex, x, O) 1 
see0 Ox =--]~oJx(.Bx, x,O)+ Tx~v(E.v,x,O), 

~J.(E,,., x, O) 
sec 0 Ox 

{1 } 
~. + w.(/~,  x) J.(/~., z, 0) + 

3- T x . ( ~ . ,  x, 0) + ~.~(E.,  z, 0), 

%J~(~, x, 0) 
sec 0 %x 

--{~.~- -J i- WK( .~K,X) }JK( .~K~X~O)  -Jr - 

+ ~gxK(~,.~, x, O) + ~g,~(E., x, 0), 

where ~,(E~,  x, 0) represents the production spectrum of the j-th particle 
due to the interaction of the i-th particle with air nuclei. In these equations, 
the contribution of the secondary nucleon from the pion collision is neglected 
and the kaon flux is taken into account only for the first generation in their 

cascade. 
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The product ion  spectrum is represented as 

(19) T~(E , ,  x, 0) -~ f 2'~j(~j, ~ , )  j~(E, ,  x, 0 ) d ~  
$j 

where F~(Ej, B~)/E~ gives the  number  of the j - th  part icle per  uni t  energy 
produced f rom the interact ion of the  i - th  particle. The  values of this i v ,  are 
referred to the previous paper  (n), in which they  were calculated on the basis 
of the recent  accelerator experiments  (~4) and Feynman ' s  scaling hypothesis  (~o) 
for the hadronic  interaction.  

The in teract ion mean  free paths  2~ (i ~- 2~', ~ and K) in eqs. (18) and (19) 
are assumed to be independent  of thei r  energy (~x), as 

Aor ---- 80 ,  ~t~ ---- 120 ,  ~tK ---- 140 ,  [g/cm2]. 

Equa t ion  (18) is numerical ly solved by  assuming the spectra of the incident  
p r imary  cosmic rays (1~,xs) as 

pro ton:  j~(E~)4E, ---- 1 .74 .10 ' (B ,  + 0.89)-' .764E. ; 

heavy  nucleus ( Z >  2, He  equivalent) :  

j:(/~,) den  • 1 .27.103(E.  + 0.31)-2.,5dE~, 

where jp and iz have  a dimension of m -2 sr  -1 s-I(GoV) -1 and E ,  is the  to ta l  
energy per  nucleon in GoV. In  the calculation, the  contr ibut ion of the heavy  
pr imary  cosmic-ray (He equivalent)  to  the  hadron  cascade is assumed to be 
four t imes as large as tha t  of the single proton.  

3. - Calculated results of  the barometer coefficient and the temperature coef- 
ficient. 

The barometer  coefficient and the t empera tu re  coefficient are calculated 
under  the  assumption of the a tmospher ic- tempera ture  distr ibution given in U.S. 

(14) F. C. ERNV.: National Laboratory High-Energy Physics, Japan, KEK-73-10 (1973), 
p. 1; D. C. CAR~Y, J. 1~. JOHNSOn, R. KAMMERUD, M.  PET~.RS, D. J. RITCHI~'., A. :RO- 
BERTS, J. R. SAVER, R. SHAF:ER, O. TH:ERIOT and J. K. WXLr~R: Phys. Rev. Lett., 
33, 327 (1974); G. GIACOMEH.I: NAL-PUB-73/74-EXP. (1973). 
(IS) E. JULIUSSON: Procoedi~lS o] the :XI] 7 I~evaationaZ Conlerenve Cosmic _Ray, Vol. 8 
(Miinchen, 1975), p. 2689. 
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Standa rd  Atmosphere  (~e). The resul tan t  values  are ob ta ined  for all the  combina-  
tions of the  following pa rame te r s  for each of different a tmospher ic  depths:  

Muon threshold energy:  0.178 to 108 GeV; eight  threshold energies 
are given for each decade of energy. 

Zeni th  angle: 0 ~ 16 ~ 32 ~ 48 ~ and  64 ~ 

3"1. Barometer voe//icient. - Figure  1 gives some examples  of the  ba rome te r  
coefficient as a funct ion of the  rouen threshold energy (multiplied b y  cos 0) 
for  the  a tmospher ic  depths  of 1000 and 600 g/cm 2. I n  the  figure, the  solid, 
do t ted  and  dashed lines correspond to the  zenith angles 0's of 0 ~ 32 ~ and  64 ~ 
respect ively.  We can see t h a t  the coefficients for ver t ica l ly  and obliquely 
incident  muons  a t  1000 g /cm ~ are a lmost  equal  to each other,  whereas those 
a t  600 g /cm ~ are different f rom each ether .  

I I I I 1 --- I i I 
"...-..,..:, 

�9 .N - %%% 

lO- ~ I \ - : ' ~ i  i I I I I~ " , i  
io  -~ ~o ~ Io' io 2 io  ~ io ~ io' Io 2 Io ~ E-O cos 8(GeV) 

Fig. 1. - Barometer coefficients fl represented as a function of E o cos 0 for x o ---- 1000 (a)) 
and 600g/era ~ (b)) and for 0 = 0 ~ ( ), 32 ~ ( . . . )  and 64 ~ ( - - - - - - ) .  

F igure  2 shows the  ba rome te r  coefficient for each of the  a tmospher ic  
depths  f rom 500 to 1000 g /cm ~ a t  intervals  of 100 g /cm ~. Fo r  a pract ical  use, 
the  coefficient is given by  the  contour  lines on the polar  co-ordinate  in ~ / m b ,  
where the  ampl i tude  of the radial  direction gives the m u o n  threshold energy 
and  the  angle f rom the ver t ical  axis gives the  zenith angle of incident  muons.  

3"2. Part ial  tem~aerature eoelfieient. - Figure  3 shows the  par t ia l  t empera -  
t a r e  coefficient of muons  a t  sea-level, whose zenith angles are 0 ~ 32 ~ 48 ~ and 
64 ~ respect ively.  The coefficient (multiplied b y  cos 0) is shown as a funct ion 
of the  a tmospher ic  depth,  and  the let ters a)-h) in each individual  figure indicate  
the  m u o n  threshold energies f rom 0.32 to 1000 GeV. 

I n  fig. 4, the  par t ia l  t e m p e r a t u r e  coefficient a t  sea-level (the solid line, 

(16) U. S. Standard Atmosphere, prepared under sponsorship of Environmental Science 
Services Administration, U.S.A. (1966). 
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Fig. 2. - Barometer coefficients fl [%/rob] for xo's from 500 to 1000 g/cm 2 at intervals 
of 100 g/cm 2. The coefficients ale given by the contour lines on the polar co-ordinate; 
its amplitude of the radial dh'ection gives Eo aad its angle from the vertical axis 
gives 0. 
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xo ~ 1030 g/ore *) is compared with the one at high al t i tude (dotted line, 
x0-~550 g /cm *) for two  zenith angles of 0 ~ and 64 ~ and for three threshold energies 
of 1, 10 and 100 GeV, respectively.  We  can see that  the  coefficients at  the t w o  
depths are a lmost  equal to  each other for high threshold energy of 100 GeV. 
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Fig. 3. - Partial temperature coefficients (~ cos 0) at sea-level for 0's of 0 ~ 32 ~ 48 ~ 
and 64 ~ and for Eo = 0.32 (a)), 1.0 (b)), 3.2 (c)), 10 (d)), 32 (e)), I0 ~ (l)), 3,2.102 (9)) 
an(]. 10  3 S e V  (h)).  
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Fig.  4. - C o m p a r i s o n  b e t w e e n  t h e  p a r t i a l  t e m p e r a t u r e  coeff ic ients  ~ a t  sea- leve l  (sol id 
l ines,  x o = 1030 g / c m  ~) a n d  t h o s e  a t  h i g h  a l t i t u d e  ( d o t t e d  l ines ,  xo = 550 g/era  a) for  
O's of 0 ~ a n d  64 ~ a n d  for  B o = 1, 10 a n d  100 GeV. 

e x o'~'920 g/cm 2 740 g/cm 2 550 g/cm 2 

' I  .............. :~,o~v' ' ' J  L- .............. :,,o~v' ' 1  f: .......... :~v' 
1 10 ................ | {" 10 ..................................... J 10 ................. 

Oo 

~o~ o~-~ ,~~~ ~ :::::::::::::::::::::: 
"~ 2.~ .......... .:..-. 

~176 ......... Ef ========================================== 
~ _ ~  ~ ................. ..1 

0 200 400 600 go0 920 0 200 400 600 %0 0 200 400 550 
atmospheric olepth(glcrn 2) 

Fig.  5. - P a r t i a l  t e m p e r a t u r e  coefficients  ~ for  low t h r e s h o l d  energ ies ;  five c u r v e s  in  
each  i n d i v i d u a l  f igure  r e p r e s e n t  t h e  coeff icients  for  ~o ----- 0.32, 1.0, 3.2, 10 a n d  32 GeV. 
T h e y  are  g i v e n  for  e ach  c o m b i n a t i o n  of x o (920, 740 a n d  550 g / c m  ~) a n d  0 (0 ~ 32 ~ 
48 ~ a n d  64~ 
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This is due to a lmost  equal  survival  probabil i t ies  of h igh-energy muons  a t  these 
depths.  On the other  hand,  in the  lower energy region including 1 and 10 G e u  
in the figure, the  coefficients a t  the two depths  are different f rom each o ther  
depending on their  energies. 

Figure  5 shows the par t ia l  t e m p e r a t u r e  coefficients for  low threshold en- 
ergies, where the five curves in each individual  figure represent  the coef- 
ficients for the  threshold energies of 0.32, 1, 3.2, 10 and 32 Geu  respectively.  
They  are given for each combina t ion  of the  observat ional  a tmospher ic  depths  
(550, 740 and  920 g/era 3) and the  zenith angles (0 ~ 32 ~ 48 ~ and 64~ 

4. - Atmospheric  effects on  the  m u o n  intensity  observed at deep underground 
stations. 

4"1. Apparent  barometer coe//icients. - Figure  6 shows the  ba rome te r  coef- 
ficients observed a t  var ious underground  s tat ions (s.sm). I n  the figure, the  
solid and  open circles represent  the coefficients a t  the  s ta t ions whose al t i tudes 

I . . . . . . . .  I . . . . . . . .  I 

: : 5 - -  . 

-10-- 1 ~ x  x. 

\ ~ " % /  1 ~ ,;:.-,,,.-,,... ,, 
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_ 1 0  - 2  ] l I j z I J , I  , } ,  , , 

lo' lO' lo' 
thpesholol energy of rnuons(GeV) 

Fig. 6. - Barometer coefficients at various underground stations, together with the 
present coefficients fl for x 0 = 1000 ( ) and 600 g/cm 3 ( - - - )  and for 0----- 0 ~ and 48 ~ 
The solid and open circles represent the coefficients of the stations, whose altitudes 
are lower and higher than 1000 m, respectively, and are referred to No. 1-12 (zT), 
13 (5) and 14 (3). Stations: 1) Yakutsk (20 m w.e. in depth), 2) Bolivia, 3) Embudo, 
4) Mawson, 5) Misato, 6) Hobart, 7) Budapest, 8) Takeyama, 9) London, 10) Yakutsk 
(60mw.e.  in depth), 11) Socoro, 12) Sakashita, 13) Matushiro and 14) Poatina. 

(z?) Proceedings o] the International Symposium High-Energy Cosmic .Ray Modulation, 
Appendix (Tokyo, 1976). 
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are lower and higher than  1000 metres) respectively.  The present  coefficients 
are also shown for the atmospheric  depths of ]000 and 600 g/cm ~ and for the 
zenith angles of 0 ~ and 48 ~ respectively.  The observed coefficients seem to 
be consistent with the calculated coefficients for  the threshold energy lower 
than  several tens GeV if we take into account  the difference of the observat ion 
alti tudes, cut-off rigidities or aper ture  angles of the detectors among the sta- 
tions. On the contrary~ the observed values a t  the deep underground stations) 
t ha t  i s , -  (0.027J:0.004)% /rob at  l~Iatsushiro (250mw.  e. in depth)(s)  and 
- - (0 .047•  /mb at  Poa t ina  (365 m w.e. in depth)(a))  are apparen t ly  
larger in magni tude  than  the calculated ones (<  0.017 ~ ). Such discrepan- 
cies might  be due to the atmospheric  t empera tu re  effect because the observed 
coefficients were obtained by  a single correlation me thod  between AI and AP 
neglecting the t empera tu re  var ia t ion AT. i n  the following, the influence of 
the tempera ture  effect on the barometer  coefficient will be es t imated f rom the 
observed meteorological data.  

The to ta l  amount  of the var ia t ion  in the rouen intensi ty  produced f rom 
the  atmospheric  effect can be expressed as 

~o 

(20) • {tuI(~o, Xo, 0)} = flAP + • AIT = I~(x)At(z)  dx, 
0 

where A is used instead of 8 in eq. (1) to indicate a finite variat ion.  I f  AI T has 
some correlation with AP~ eq. (20) can be wri t ten  in terms of A P  as 

(21) A {inI(Eo, Xo, 0)} = f & h P  + the res idue ,  

where fA is called the  apparen t  barometer  coefficient and given by  

(22) f~ = ~ + f v .  

In  the equation,  fl represents the real barometer  coefficient defined by  eq. (20), 
and fly is the vi r tual  barometer  coefficient caused by  the t empera tu re  effect 
th rough its correlation with the barometr ic  pressure. Note  tha t  the second 
te rm in eq. (21) represents the residual par t  of AI T which has no correlat ion 
with the  barometr ic  pressure. 

The calculations of the above flA arc made  month ly  for the period of Ju ly  
1981-June 1982, during which the observed barometer  coefficient a t  Matsu: 
shire in fig. 6 was obtained. The meteorological da ta  are referred to the  radio- 
sonde observat ion at  Waj ima Observatory  (37.4~ 136.9~ which is 
located about  160 km Nor thwest  of Matsushiro. The daily values of T(x) 
and P in the calculation are the averages of the observations at  9 h and 21 h 

(is) Aerological Data o] Japan, edited by Japan Meteorological Agency (monthl F issued). 
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(local t ime),  and  T(x) are obta ined  a t  21 isobaric levels f rom 20 to 1000 mb.  
The  correlat ion coefficients are der ived m on th ly  be tween  AP and  AI~ in eq. (20) 
for var ious threshold energies. The averaged correlat ion coefficients over  the  
one year  are obtained,  together  wi th  their  s t andard  deviations,  as + 0 .38 •  
4-0.22 for Eo<  3.2 GeV a n d -  0.32 •  for E o >  32 GeV. These values indicate 
t h a t  the  correlat ion a t  any  Eo is not  so large in magn i tude  and  is changeable 
f rom m o n t h  to m o n t h  depending on a tmospher ic  conditions. Wi th  an increase 
in the  threshold energy, this correlat ion changes its sense f rom posit ive to 
negat ive  due to the  change in the  sense of the  t e m p e r a t u r e  effect~ and it  
follows t h a t  posi t ive  and  negat ive  v i r tua l  b a r o m e t e r  coefficients are induced. 

-10- 

3 
E 

_10 "-2 

'1 ' ' ' ' ' I " 1  ' ' ' ' ' w ' I I  ' ' 

T T- 

~o ~ Io' Io' 
thresho/(~ enel'g,v of muons(GeV) 

Fig. 7. - Real barometer coefficient fl, averaged apparent barometer coefficient fiA at 
Wajima with its standard deviations, and observed coefficients at Matsushiro (5) and 
Poatina (3). Both fl and fix are the values for 0 ::  0 ~ at sea-level, and ~A has been 
calculated in the period July 1981 - June 1982 during which the observed values at 
Matsushiro have been obtained. 

Figure  7 shows the real ba rome te r  coefficient fl and  the  averaged  apparen t  
ba rome te r  coefficient flA with large s tandard  deviat ions for the ver t ical ly  incident 
muons  a t  sea-level. I n  the figure, the  deviat ion of /~A f rom fl is equal  to the 
average  v i r tua l  ba rome te r  coefficient/~v. We can see t ha t  this/~v is not  so large 
in the  energy region lower than  abou t  30 GeV, indicat ing t h a t  the  observed 
coefficients ob ta ined  by  neglecting the  t e m p e r a t u r e  effect are in good agree- 
m e n t  wi th  the real  coefficients (see fig. 6). Wi th  an increase in the  threshold 
energy ( >  30 GeV), however,  /~v r emarkab ly  increases due to the  t empe ra tu r e  
effect, and the observed coefficient a t  Matsushiro (~'o----62 GeV for 0 = 0 ~ 
shows fairly a good agreement  with ~A. Al though the  coefficient a t  Poa t ina  
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shows some discrepancy from/]A, it  m a y  be due to the  difference of the  a tmos-  
pheric conditions a t  P oa t i na  f rom those used in the  present  analysis.  On the 
basis of the above  consideration,  it is concluded t h a t  the  anomalous ly  large 
ba romete r  coefficients observed a t  bo th  Matsushiro and  Poa t ina  arc a t t r i bu ted  
to the cont r ibut ion  of the large t e m p e r a t u r e  effect on the  cosmic-ray m u o n  
in tens i ty  a t  deep underground  depths.  

4"2. Semi -annua l  intensi ty  variation. - Figure  8 shows the  in tens i ty  var ia-  
tions of muons  observed a t  three  underground  stat ions,  t h a t  is, a t  Matsushiro 
(250m w.e. in depth)  (e), a t  Misato ( 3 4 m w . e .  in depth)  (7) and  a t  Sakash i ta  

Jan. Jut. Jan. Jul. Jan. Jul. Jan. Jul. 
1981 1982 1983 1978 

Fig. 8. - Observed intensity variations of muons at Matsushiro (250 m w.e. in depth) (6), 
at Misato (34 m w.e. in depth)(7) and at Sakashita (80 m w.e. in depth)(8). 

(80m w.e. in depth)(8) .  In  the  in tens i ty  var ia t ion  a t  Matsushiro,  we can 
see a r emarkab l e  semi-annual  var ia t ion  every  year ,  which shows a s tr i ldng 
cont ras t  to the  annual  var ia t ions  a t  Misato and  Sakashi ta .  I t  will be  shown 
in what  follows t h a t  the  difference in these var ia t ions  can be a t t r i bu ted  to the  
dependence on the  muon  threshold energy of the  a tmospher ic  t e m p e r a t u r e  
effect. 

;Figure 9 gives a schemat ic  representa t ion  of the  a tmospher ic  par t ia l  t em-  
pe ra tu re  effects on m u o n  in tens i ty  a t  shallow and deep underground  depths,  
whose conditions are specified b y  (Eo ~ 1 GeV, 0 ~ 0 ~ and  (J~o ~ 100 GeV, 
0 ~ 48~ respect ively.  The la t te r  condit ion is supposed to be app rox ima te ly  
equivalent  to t ha t  for the  ver t ica l  telescope with  a finite aper ture  angle ar 
Matsushiro (1.). The par t ia l  t e m p e r a t u r e  coefficients ~ (i--~ 1, 2) are shown 

(~) S. YAsuE, S. MORI, M. ICmNOSE, S. SAGISA~.A, T. YOKOYAMA, S. AXAIIA_~ and 
K. CHINO: Procevdings o/ the X V I  International Con/erence Cosmic tCay, Vol. 4 (Kyoto 
1979), p. 227. 
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on t he  top  of the  figm'e, where  ~ indicates  each of the  above  two  cases. 
The  seasonal  devia t ions  of the  a tmosphe r i c  t e m p e r a t u r e  (AT)~ (j ~ 1, 2, 3, 4) 

f r o m  the  yea r ly  average  a t  W a j i m a  in 1982 (~8) are shown on the  left. W e  
can  see t h a t  t he  t e m p e r a t u r e  dev ia t ion  var ies  w i th  t he  a tmosphe r i c  dep th  in 
a compl ica ted  m a n n e r  for  each season,  and  the  va r i a t i on  in the  s t ra tosphere  

is a lmos t  opposi te  in sign to  t h a t  in the  t roposphere .  The  p roduc t s  ~(AT)~ are 
p lo t t ed  in the  middle  of the  figure for  each c o m b i n a t i o n  of i and  j. B y  inte- 

E0=lGeV~ e=0 ~ E o=100GeV ~ 8=48 ~ 

1982j~n. 0 ~ , ~ - - ' ( A T ) , '  I l J~oo C 

Apn 0 

Oo 

Jul. ~0 

~"- ~. COl(AT) 2 

Oct 

. 

O ~  0 - . 

I I I t "~ i I 
0 400 800 0 400 800 

cLtmosphemc depth (g/cm 2) 

T)~ 

2(aT)2 O 

I t I 

0 400 800 

Fig. 9. - Schematic representation of the atmospheric partial temperature effect on 
the rouen intensity observed at shallow and deep underground depths, whose condi- 
tions are equivalent to (E o = 1 GeV, O = 0 ~ and (E0 = 100 GeV, 0 = 48~ respec- 
tively, a~ (i = 1, 2) are the partial temperature coefficients for the above two cases, 
and (AT)~ (j = 1, 2, 3, 4) are the seasonal deviations of the atmospheric temperature 
from the yearly average at Wajima in 1982 (18). The products a~(A~/')j are plotted for 
each combination of i and j, and the magnitude of each temperature effects is shown 
with the area of a circle; the open and shaded circles represent the positive and neg- 
ative values, respectively. 

g r a t i ng  each of these  p roduc t s  f rom th(~ top of the  a t m o s p h e r e  to  the  ground ,  

we can  ob ta in  the  t e m p e r a t u r e  effect ( A I ) ,  whose m a g n i t u d e  is shown wi th  
t he  area  of the  circle a t  t he  uppe r  r i g h t - h a n d  co rne r :  t he  open  and  shaded  

circles represent  the  pos i t ive  and  nega t ive  values,  respect ively .  The  charac te r i s t ic  
difference be tween  the  a b o v e  two cases can be s u m m a r i z e d  as fol lows:  
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I n  the  case of the shallow underground  depth~ a~ is nega t ive  and a lmost  
independent  of the a tmospher ic  dep th  f rom the top  to  the  ground.  Then~ the  
contr ibut ion of the  p roduc t  a, (AT)s in the  t roposphere  to the integral  (AI)~ 
is dominan t  compared  with in the  stratosphere~ t h a t  is~ the  t e m p e r a t u r e  ef- 
fect  is opposi te  in sense to the t e m p e r a t u r e  itself near  the  ground surface 
showing an annual  vari.~tion with its m a x i m u m  in Winter .  

Eo (GeV)--~ 1.0 3.2 10 32 102 3.2,,10 z 103 

I"-y":" ""1 

Fig. 10. - Intensity variations of muons at x 0 = 920 g/cm ~ expected from the tem- 
perature variation at Wajima (18) in 1982. These are given for each combination of/~o 
and 0. /~0~1,  3.2, 10, 32, 102 , 3.2.10 ~ and 103GeV. 0 ~ 0 ~ 32 ~ , 48 ~ and 64 ~ . 

On the  o ther  hand,  in the  case of the  deep underground  dep th  such as 
BIatsushiro, the  contr ibut ions of the  products  a~(AT)j to the  integrals (A/)~j 
in bo th  s t ra tosphere  and  t roposphere  are a lmost  compensa ted  each other  
for all seasons. The balance be tween the  two contr ibut ions  produces  a semi- 
annual  var ia t ion  with m a x i m a  in S um m er  and Win te r  as is shown in the  figure. 
This indicates t ha t  the  above  balance  is ve ry  sensit ive to the  dep th  of the  
t ropopause  ( ~  200 g/cm~), the  t e m p e r a t u r e  dis t r ibut ion in the  s t ra tosphere ,  
and  also on the  funct ional  shape of the  par t ia l  t e m p e r a t u r e  coefficient. 

The in tens i ty  var ia t ions  caused b y  the  t e m p e r a t u r e  effect a t  Xo = 920 g /cm 2 
are calculated m o n t h l y  in 1982, and the  resu l tan t  var ia t ions  in the  year  are plot-  
ted  in fig. 10 for each combinat ion  of the  threshold energies (1.0, 3.2~ 10, 3.2-10~ 
102, 3.2.102 and  103GeV) and  the  zeni th  angles (0 ~ 32 ~ 48 ~ and  64~ We 

5 4  - ]l .Vuovo CimeT~to C. 
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can see tha t  one max imum appears in Winter  for any case, and in addition 
to this, another  max imum appears in Summer  at deep underground depths. 

In  order to compare the theoretical expectat ion with the observed va- 
riation at Matsushiro in 1981-1983, the variations caused by  the tempera- 
ture effect and also by  the barometr ic  pressure effect are calculated month ly  

from the meteorological da ta  at  Waj ima (18). The resultant  variations are 

plot ted in fig. 11 for ]~o = 100 GeV, Xo = 920 g/cm 2 and 0 = 48 ~ together 

1 ~ \  I I I ] I I I I i ! 1 
o.51-1 ,;,,, .. !.-', ,, 

I 1 " ,  -1 . . ,  ...', ', ,, 

.~ 0.5 

-0.5 

1 

I I i 
Jcln, 

1981 

I I I 

/ \ ," 

Jul. Jan. Jul. JcLn. Jul. 
1982 1983 

Fig. 11. - Intensity variations of muons for three years in 1981-1983; a) is the variation 
expected from the atmospheric temperature effect, b) from the barometric pressure 
effect, e) represents the sum of a) and b), and d) is the observation at Matsushiro 
(250 m w.e. in depth) (e). a), b) and c) are calculated for x o = 920 g/cm 2,/~o = 100 GeV 
and 0 -~ 48 ~ by referring to the meteorological data at Wajima {18). 

with the intensity variat ion observed at Matsushiro (e). We can see that  the 
theoretical variat ion is in good agreement with the observed one, part icularly 
in t ime profile. Therefore, it is concluded tha t  the semi-annual variat ion ob- 

served at  :VIatsushiro can be mainly explained by  the contr ibut ion of the at- 
mospheric temperature  effect. 

5.  - D i s c u s s i o n s  a n d  c o n c l u s i o n s .  

On the basis of the theoretical calculation of the hadronie cascade and 
rouen propagat ion in the atmosphere,  the barometer  coefficients and the par- 
tial temperature  coefficients of cosmic-ray muons have been obtained for va- 

rious combinations of parameters  such as the muon threshold energy, the 

zenith angle and the atmospheric  depth. 
Using these results and also the meteorological data,  we have shown tha t  
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the  anomalously large barometer  coefficients observed at  Poa t ina  (365 m w.e. 
in depth) (3) and Matsushiro (250 m w.e. in depth)  (4,5) are a t t r ibu ted  to the  
apparen t  barometer  coefficient ~A~ which has been calculated by  adding the  
t e rm of the v i r tua l  barometer  coefficient fly (see fig. 7). This implies tha t  the 
observed coefficients contain some errors. Therefore~ i t  is strongly recom- 
mended to obtain the real barometer  coefficient (fi) f rom the observat ion by  
taking into account  the var ia t ion in the atmospheric  tempcrature~ especially 
at  deep underground stations where /~v is dominant .  Otherwise~ we get er- 
roneous cosmic-ray data  by  the barometr ic  correction. I f  the t empera tu re  
da ta  in the upper  a tmosphere  are not  available for this purpose~ it  would be 
be t t e r  to leave the cosmic-ray da ta  wi thout  applying any  barometr ic  correc- 
t ion since the barometr ic  effect is negligibly small a t  such stations. 

I t  has been also shown tha t  the semi-annual var ia t ion in cosmic-ray in- 
tensi ty  a t  Matsushiro (e), which exhibits a striking contrast  to annual  varia= 
tions usually observed at  underground depths shallower than  Matsushiro~ is 
explained by  the tempera ture  effect a t  deep underground depths~ par t icu-  
lar ly in t ime profile (see fig. 11). The theoret ical  semi-annual variation~ how- 
ever~ is a li t t le smaller in ampli tude than  the observed one. This discrepancy 
might  be due to the facts t ha t  the atmospheric  condition at  Matsushiro m a y  
differ f rom the one at  Wajima~ and tha t  the radiosonde flight cannot  suf- 
ficiently cover the alt i tudes where the  t empera tu re  effect is effective for high- 
energy muons. 

F r om the results shown in the  present  paper~ it  is concluded tha t  the ba- 
rometer  coefficients and the par t ia l  t empera tu re  coefficients provided in the 
fig. 2~ 3 and 5 are applicable to the analysis of the cosmic-ray da ta  ob- 
served under  various conditions. I t  is added to note  tha t  the  present  theo- 
retical  barometer  coefficients (both /~ and /~A) for ground surface stations are 
somewhat  small compared with observed ones (s0). This discrepancy arises 
only at  the lower threshold energies below 3 GeV~ and might  be due to our 
insufficient expression of hadronic  in teract ion at  low energy. 

$ $ $  
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(20) Cosmic-Ray Intensity During IGY, No. 5, edited by National Committee for IGC 
Science Council of Japan (1961). 
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Sulla base del calcolo teorico dell 'effetto atmosferico sull'iniensitK dei muoni dei raggi 
eosmici, si dimostra che due fatt i  anomali  riportati  recentemente r iguardanti  osserva- 
zioni muoniche in stazioni a grande profondit~ si possono attribuire all 'cffetto della 
temperatura  atmosferica. Uno ~ la notevolc dipendenza dell ' intensit~ muonica dalla 
pressi0ne atmosferica osservata a Poat ina  (365m w.e. di profondit~) c Matsushiro 
(250 m w.e. di profondit~), chc ~ in contraddizione con prcvisioni teoriche, e l 'al tro 

la variazione scmiannualc nell ' intensith muonica a Matsushiro, che mostra un con- 
trasto stridente con le variazioni annuali  osservate soli tamente in stazioni sotterranee 
meno in profondit~ di Matsushiro. In questo lavoro si forniscono il cocfficiente baro- 
metrico e il coefficiente parziale di temperatura  per varie combinazioni di parametri  
come l 'energia di soglia muonica e l 'angolo zenitale per soddisfare ogni esigenza di 
osservazione. 

(*) T v a d u z i o n ~  a curet del la  l ~ e d a g ~ e .  

Pe3tOM~ He HOJIy~eHO, 


