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Abstract: A new barometric formula is proposed, applicable at large distances and free from a contradiction – 
the paradox with the acceleration of gravity vanishing at infinity. When compared with experimental data, an 
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1 Introduction 
The barometric formula, or exponential atmosphere 
formula, has been known since the time of Laplace 

  0 exp Mgh
n n

RT

 
  

  . 

It connects the concentration n of an isothermal 
ideal gas at a certain height h at a given temperature 
T with its concentration n0 at zero height h=0, where 
M is the molar mass of gas particles, g is the 
acceleration of gravity (acceleration of the 
gravitational field), and R is the universal gas 
constant.

 
 In practice, it is sufficient to know the 
dependence of concentration on potential energy in 
the force field. In this case, the barometric formula 
takes the form of the well-known Boltzmann 
distribution for a gas with an equation of state at a 

fixed temperature with pressure 
mn

p RT
M

  ,where 

m is the mass of the molecules. 
 

The derivation of the barometric formula is given in 
many physics textbooks (see, for example, [1, 2]). 
The barometric formula has generalizations for 
plasma processes [3-6] and for the state of the Fermi 
gas [6-10]. However, it is not applicable for large 
distances. This is indicated, for example, in 
textbooks [1, 2]. In this paper, we have attempted to 
solve this problem below. taking into account 
nonequilibrium processes, the consideration of 
which was developed in works [11-12], and to 
describe experimental data for a standard 
atmosphere [13] 

2 Problem Formulation 

The barometric formula describes the change in 
pressure and atmospheric concentration with 
increasing altitude above the Earth's surface at not 
very large distances from the surface. This is widely 
used in measuring altitude using special devices 
called altimeters, which are used in aviation and 
mountaineering. 

However, with increasing distance from the surface, 
the acceleration of gravity decreases. 
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where the acceleration of gravity near the Earth's 
surface is 0 9.81g  m/s2, RZ-=6370 km is the 
radius of the Earth, h is the height above the Earth's 
surface. This leads to a paradox. According to the 
Boltzmann distribution and the barometric formula, 
the concentration of particles in the atmosphere (T is 
the temperature, R is the universal gas constant, M is 
the molar mass) 

0 exp Mgh
n n

RT

 
  

      (2) 

and should tend to 0n  at h , since according to 
formula (1) the acceleration g tends to zero. This 
results in a contradiction. If the concentration is 
finite at infinity, then the atmosphere has infinite 
mass. 

This means that formula (2) in its usual 
form is not applicable at large distances. This is 
written about in the courses of L.D. Landau and 
E.M. Lifshitz on theoretical physics [1] and the 
course of W. Greiner et al. [2]. It is indicated that at 
large distances there is no thermodynamic 
equilibrium and the molecules of the atmosphere 
simply fly apart. 

3 Problem Solution 
However, we can apply the Boltzmann distribution 
at sufficiently large distances if we take into account 
the change in temperature, its decrease, with 
distance. Considering the atmosphere as an 
adiabatic system, we can write the adiabatic 
equation [1,2] 
 

γ 1γ 1
0 0TV T V

  ,    (3) 

where    
4 4 43 33π π π / 3
3 3 3

V R h R R hZ ZZ
     is 

the volume of the atmosphere at a distance h from 
the Earth's surface, T0 and V0 are the temperature and 
volume near the Earth's surface, γ is the adiabatic 
index. 

3.1 New barometric formula 

Next, using the usual reasoning for deriving the 
barometric formula, we have for the pressure 
difference p at the height dh 

ρdp gdh 
,     (4) 

where, according to the Mendeleev-Clapeyron 

equation, the density is ρ pM

RT
 . Substituting 

expressions (1) and (3) for acceleration and 
temperature into formula (4), we obtain after 
integration for pressure ( p0 is the pressure at sea 
level) 

 3γ-4(1 3 / 1)0exp0 3γ 40

h RMg Z
p p RZ

RT

  
  
 
 

. (5) 

and concentrations (n0 is the concentration at 
sea level) 

 3γ-4(1 3 / 1)0exp0 3γ 40

h RMg Z
n n RZ

RT

  
  
 
 

. (6) 

Here in formulas (5) and (6) there is no longer a 
paradox at large distances h with the acceleration g 

vanishing according to formula (1). When h tends to 
infinity, the concentration n and pressure p vanish. 
The mass of the atmosphere is finite. 

3.2 Comparison with experimental data  

We compared the calculations with the experimental 
data [13]. Thus, Fig. 1 shows the change in the 
relative concentration of the atmosphere with 
distance in km. The experimental points [13] are 
marked with circles. The dashed-dotted curve 3 
corresponds to the case of an isothermal atmosphere 
(formula (2)), which differs significantly at large 
distances from the experimental data and leads to a 
constant concentration at infinity. Dashed curve 2 
corresponds to formula (6) and the adiabatic 
decrease in temperature according to the formula 
(3).

 
with an adiabatic index of γ 5 / 3  . This 

corresponds to a monatomic gas. This agrees better 
with the experimental data. It is even better (solid 
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curve 1) if the Poisson ratio - the adiabatic index is 
chosen to be equal to 3 (see [11-12]). 

 

Fig.1.Change in the relative concentration of the 
Earth's atmosphere with altitude

 

It corresponds to non-equilibrium motion and 
equilibrium in the radial direction. There is no 
contradiction with the acceleration vanishing at 
infinity for these last two cases. The concentration 
and pressure vanish at infinity. 

 
Fig.. 2. Change in the temperature of the Earth's 

atmosphere with altitude.
 

Fig. 2 shows the change in temperature with 
distance . The experimental points [13] are marked 
with squares. The dashed-dotted line 3 corresponds 
to the case of an isothermal atmosphere and does 
not coincide with the experimental data. The dashed 
curve 2 corresponds to the temperature decreasing 
adiabatically with the Poisson ratio equal to 5/3 
according to formula (3). The solid curve 1 
corresponds to the change in temperature according 

to formula (3) with the Poisson ratio equal to 3, i.e. 
the nonequilibrium case. Although our model does 
not take into account temperature fluctuations at 
different layers of the atmosphere, as can be seen 
from the experimental data, the decrease in 
temperature on average with height is correctly 
conveyed by formula (3), especially for curve 1 with 
an adiabatic index equal to 3. 

4 Conclusion 

 Thus, we have proposed a new barometric formula 
(5)-(6), applicable at large distances and free from a 
contradiction – the paradox with the acceleration of 
gravity vanishing at infinity. When compared with 
experimental data, an advantage was revealed for 
the case of a nonequilibrium equation of state 
corresponding to a Poisson ratio equal to 3. Taking 
into account nonequilibrium processes is also 
important for very large distances, which we have 
not considered here. The arguments of the authors 
[1,2] will be important here.
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