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11. INTRODUCTION
Upon a temperature decrease, saturated vapor

undergoes condensation, which results in a drop of
the gas pressure and brings about a dynamic gas flow
from the area of high temperature to the area of low
temperature. This phenomenon is widely used in
technical applications like, for example, the heat pipe
[1, 2]. In most empirical and theoretical investiga�
tions of this effect the condensation occurs on a solid
surface that serves as a rigid boundary for the dynamic
flow, while the temperature of the surface where con�
densation occurs is set by external conditions [3–5].
The characteristic linear scale of such problems in
laboratory does not exceed several meters.

Condensation�related dynamic gas flows that arise at
much larger linear scales in the gravitational field of the
Earth have a number of peculiar features. The drop of
temperature that induces condensation occurs during
the vertical upward motion of an air volume as a conse�
quence of the increase in the potential energy of the
ascending air at the expense of a decrease in its internal
energy. Therefore, for condensation to occur it is not
necessary to maintain artificially a temperature gradient
that is limited by the intensity of heat removal to an
external environment. Furthermore, condensation
occurs within a moving air volume rather than on a mac�
roscopic rigid surface that bounds the dynamic flow.

Air is maintained at the planetary surface by the grav�
itational field of the Earth; its vertical distribution is gov�
erned by the condition of hydrostatic equilibrium. Water
vapor condensation disturbs the hydrostatic distribution
of air and leads to the appearance of the upward�directed
pressure gradient forces that are not compensated by the
gravitational field. The vertical air flow is stopped by the
gravitational field that tends to restore the hydrostatic
equilibrium. As a result, in an open (horizontally
unbounded) space, if condensation takes place, there
arises a horizontal air flow and a horizontal pressure gra�
dient force that is directed inward the condensation area.

1 The article was translated by the authors.

In this paper the peculiarities of water vapor condensa�
tion under condition of hydrostatic equilibrium are con�
sidered that have a number of applications [6, 7].

2. THE CONTINUITY EQUATION
WITH AN ACCOUNT OF CONDENSATION

In the stationary case the continuity equation for
air has the following form

(1)

(2)

where N, Nd, N
v
 [mol/m3] are the molar densities of

moist air, dry air and saturated water vapor, respectively,
� [mol/(m3 s)] is the density of condensation rate, u
and w are the air velocities in the horizontal and vertical
directions, respectively. We choose the axes such that
the x axis is directed along the horizontal velocity u,
while the z axis is parallel to the vertical velocity w. Sat�
urated molar density N

v
 of water vapor depends, in

accordance with the Clausius�Clapeyron law, on abso�
lute temperature T only. Assuming the air to be isother�
mal in the horizontal plane at any z we have:

(3)

Let us introduce dimensionless variables γ and γd

according to the following definitions:

(4)

In the terrestrial atmosphere the quantities γ and γd are
small and do not exceed 0.1. Multiplying the second
equation in (2), that contains Nd, by γd and subtracting
from it the first equation in (2), that contains N

v
, we find

that the continuity equations (2) take the following form:
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(5)

Let us also introduce the quantity S that arises from Sd

after Nd is replaced by N:

(6)

The identities written behind the definition of S can be
easily checked.

Using the ideal gas equation of state

(7)

where R = 8.31 J/(mol K) is the universal molar gas con�
stant, p, pd, and p

v
 are the pressures of moist air, dry air

components and water vapor, respectively, one can rewrite
relations (5) in terms of the corresponding pressures:

(8)

(9)

Partial derivatives ∂T/∂z cancel from (7) due to the uni�
versality of the gas constant and do not appear in equa�
tion (8). Continuity equations (1) and (2) written in the
form of (5) and (8) do not, in the view of (7), contain
mass densities ρi = MiNi and molar masses Mi (i = v, d).

The quantities σ, sd, and s [W/m3] have the meaning
of the dynamic power densities of condensation. Accord�
ing to (8), at any σ that differs from sd by a small magni�
tude of the order of σ, there appears a horizontal pressure
gradient. In particular, at σ = s (9) we have u∂p/∂x = s.
Neglecting terms of the order of γd in numerical models
describing the moist air circulation (see, e.g., [8, 9]) is
erroneous. The horizontal pressure gradient disappears
in the case of an exact equality σ = sd only.

3. THE PHYSICS OF THE CONDITION
OF HYDROSTATIC EQUILIBRIUM

Let us consider the condition of hydrostatic equi�
librium and its physical meaning in greater detail. The
equation of states (7) can be re�written as follows:

(10)
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(11)

(12)

where γ is defined in (4), ρ, ρd, ρ
v
 are the mass densi�

ties of the gases, M
v
 = 18 g/mol, Md = 29 g/mol are the

molar masses of the gases, hg, hd, and h
v
 are the heights

of the uniformly dense atmospheres consisting of
moist air, its dry component and water vapor, respec�
tively. In the form of (10) it is immediately clear that
the gas pressures represent the densities of potential
energy in the gravitational field of the Earth. The con�
ditions of hydrostatic equilibrium are:

(13)

In motionless air in the absence of condensation all
the three equalities in (13) are fulfilled. As the moist air
ascends, all the gas components move at one and the
same velocity w. Therefore, if there is no condensation
(when it is the unsaturated water vapor that moves),
hydrostatic equilibrium is established in such a man�
ner that at all heights the mean molar mass of the air
mixture is equal to its value at the surface, and h

v
 =

hd = hg in [13]. With the onset of condensation the last
equality in (13) for p

v
 is violated: the vertical distribu�

tion of water vapor is compressed [10] (see also Sec�
tion 5, formulae (25), (32)):

(14)

There appears an upward force fc that acts on the
remaining moist air. The corresponding power wfc is
equal to (see (9))

(15)

In an open space the disturbed hydrostatic equilibrium is
re�established at the expense of a horizontal air inflow
inward the condensation area, i.e. there arise a horizon�
tal pressure gradient and a horizontal force, while the
vertical force disappears. It follows from the energy con�
servation law that the power of circulation that in hydro�
static equilibrium is determined by the horizontal pres�
sure gradient and horizontal velocity only, –u∂p/∂x, is
equal to power wfc, which corresponds to (8) at σ = s:

(16)
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Thus in an open space with the condensation present
the fulfilment of the condition of hydrostatic equilib�
rium for moist air as a whole corresponds to the fol�
lowing equalities:

(17)

In a horizontally bounded space where ∂p/∂x = 0, the
compensation of deviation from hydrostatic equilib�
rium caused by the condensation and the disappear�
ance of the vertical force fc are not possible at γ < 1 (see
(41) in Section 5).

Immediately upon condensation of the water
vapor the cumulative density of the gas ρ

v
 and con�

densed ρl phases remains unchanged: ρ
v
 + ρl = const.

However, Eq. (7) depends on the total number of gas
particles (or, in the established units of measure�
ments, the total number of moles) per unit volume
independent of their mass and size. When the liquid
or solid phase and droplets are formed, the original
number of vapor particles decreases by more than
millions of times. Partial pressure of the arising
Brownian particles of the condensed phase is
decreased by the same factor. Therefore, the first
equation in (17) depends on the number of particles
in the gas phase only (to the relative accuracy of the
order of 10–6), irrespective of whether the condensed
particles remain in the unit volume or fall out from it
under the action of gravity. Thus in (17) we have

Using the last equality that contains ρl, as is commonly
done in numerical models [11], is erroneous [12].

The friction force for the ascending air flow due to
rain drops falling at constant velocity, which is dictated
by the Stokes law [13], is determined by the volume den�
sity of the number of drops and their radius, i.e. it is gov�
erned by independent physical principles. Therefore, in
the general case, this friction force cannot determine the
presence or absence of hydrostatic equilibrium, which is
satisfied to a very high accuracy in large�scale circulation
patterns, with taking into account of the falling drops
[14, 15]. At the same time, the rain friction force along
with the force of surface friction that is proportional to
the weight of the atmospheric column is a force that
impedes horizontal acceleration of the air flow in large�
scale circulation patterns [14, 15].

4. CONDENSATION FLUXES IN OPEN SPACE 
IN THE GRAVITATIONAL FIELD

OF THE EARTH
In an open space, stationarity of the condensation

process in the absence of a horizontal temperature
gradient can be maintained by continuous evaporation
from the liquid surface of the Earth that compensates
condensation at all heights. Evaporation with intensity
lower than the intensity of condensation in the entire
atmospheric column ensures that the x�independent
height z, where the relative humidity reaches unity, is
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constant with time. In the case when the condensation
power significantly exceeds the power of evaporation,
the stationarity of the former quantity can only be
maintained if the wind pattern moves towards areas
with saturated water vapor that occurs in cyclones,
hurricanes and tornadoes [6, 7, 16].

Condensation power on retention of the hydrostatic
distribution of moist air (17) is determined by the value
of σ = s (9). Condensation power s (9) has a simple phys�
ical meaning, see (14)–(16): it is equal to the power of
the change of p

v
 over z as the air ascends with a vertical

velocity w minus that of the change of p
v
, which is not

related to condensation—it is proportional to the rela�
tive power of the change of the pre�condensation equi�
librium distribution of moist air as a whole. In this case,
in agreement with (8), there arises a power of the hori�
zontal pressure gradient u∂p/∂x, which compensates the
power of the on�going condensation and serves to pre�
serve the vertical hydrostatic distribution of moist air.
Equations (8) and (5) take the following form

(18)

(19)

and hereby represent the main dynamic equations that
describe the condensation�induced air circulation.
Condensation changes the vertical distribution of both
water vapor and dry air components, see (17).

By virtue of the Euler’s equations or the Bernoulli
integral the appearance of a horizontal pressure gradi�
ent results in a horizontal air flow. The vertical force
remains compensated by gravity under condition of
hydrostatic equilibrium. When the friction forces are
small compared to the pressure gradient force the air
accelerates in the horizontal plane, an example of
which is given by the air masses converging to the center
of condensation area in hurricanes [6, 14] and torna�
does [7]. When the magnitude of the horizontal pres�
sure gradient force and that of the friction force coin�
cide, the horizontal inflow of air inward the condensa�
tion area is characterized by a constant velocity [10, 15].

That a horizontal pressure gradient (18) must arise
in a large�scale circulation with the horizontal length
scale L exceeding its height hg by two orders of magni�
tude is physically obvious: when height hg is limited,
irrespective of the nature of physical forces that ensure
its finite value, the condensation�induced pressure drop
can be distributed in the horizontal dimension only. The
integral form of the continuity equation (1) for the
entire circulation area at γ � 1 is given by u/L = w/h.
Neglecting friction the energy conservation (Bernoulli
equation) corresponds to the following relations Δpz ~
ρw2/2, Δpx ~ ρu2/2. At L ≈ 3 × 103 km, h ≈ 10 km we have

u∂p
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The existence of a single dimensional scale for the
total pressure drop in a circulation, Δpz ~ p

v
 ~ 1 kPa,

that does not depend on the linear size of the circula�
tion, is supported by observations [17]: hurricanes,
squalls and tornadoes whose linear sizes differ by hun�
dreds and thousands of times are characterized by sim�
ilar values of the total pressure drop.

Condensation in a horizontally bounded volume
can be envisioned in the form of moist air rising in a
vertical tube that embraces the entire condensation
area. If the distribution of the dry air component
remains unchanged, the condensation power is deter�
mined by the value of σ = sd = s/(1 – γ), see (8), by
analogy to how when the vertical distribution of moist
air as a whole is preserved we have σ = s. Vertical gra�
dients of moist air and water vapor (the first and third
equalities in Eq. (13)) deviate from hydrostatic equi�
librium. In the absence of hydrostatic equilibrium the
condensation brings about an upward pressure gradi�
ent force which accelerates the ascending air up to
hurricane velocities [7, 16].

5. THE VERTICAL GRADIENT
OF AIR TEMPERATURE AT ADIABATIC 

CONDENSATION

In a horizontally isothermal atmosphere the con�
densation occurs owing to the vertical adiabatic ascent

of a volume  of moist air. The first law of thermody�
namics, with an account of condensation, written for an

air volume  =  that contains  air moles, where
V = N–1 is molar volume, N is molar density, has the fol�
lowing form for adiabatically (dQ = 0) ascending air:

(20)

Here  and  are the numbers of moles of the dry
air component and water vapor, respectively, Q, cV, cl

are the molar heat, heat capacity of air at constant vol�
ume and of liquid water, respectively; �0 is the latent
heat of breaking the intermolecular bonds in the liq�
uid, the term –clT takes into account heat losses from
the gas phase that are spent to warm the newly formed
drops of liquid [18]; p is gas pressure, T is absolute

temperature, cV T is the internal energy of  moles

of gas. During condensation in volume  it is only the
number of the moles of water vapor that changes,
while the number of moles of the dry air component
does not. Expanding the differentials of products in
(20), changing from dV to dp with use of (7) and divid�

ing both parts of (20) by  we obtain:
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(21)

where � is latent heat of vaporization at temperature
T, T0 is an arbitrary initial value of temperature [18].
Dividing the left�hand part of (21) by cpT we have:

(22)

With help of definition (4) we obtain the following

relationship between /  and dγ:

(23)

As a result, (22) takes the form:

(24)

Using the Clausius�Clapeyron equation

(25)

and the definition of variable γ (4) we have:
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With help of formulas (24) and (26) we arrive at the
following pairwise relations between three relative
total differentials of the variables p, T, and γ:
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In a stationary air flow the variation of all the quanti�
ties in (21) with time t has the following form:
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From continuity equations (2) and (30) with taking
into account (23) we have:
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dt
�������� 1

1 γ–
���������dγ

dt
���� �

N
��� σ

p
���.= = =



JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 115  No. 4  2012

CONDENSATION OF WATER VAPOR IN THE GRAVITATIONAL FIELD 727

the derivatives with respect to z by the continuity equa�
tions (1), (2), (8), (9). Then equation (24) includes the
derivatives with respect to z only.

Let us use (26) and the following definitions to
introduce characteristic heights as

(32)

Identities (32) define the heights hT, hp, and hγ; hc ≡
hTξ–1 is the height of the vertical distribution of saturated
water vapor according to the Clausius�Clapeyron equa�
tion (25) and (3). Height hp coincides with hg (11) if only
the condition of hydrostatic equilibrium is fulfilled. The
last equality in (32) arises from the Clausius�Clapeyron
law and relates the heights hγ, hT, and hp to each other.
Equation (24) relates these three heights in the view of
(30) and the continuity equations (8). Thus, two equa�
tions, (24) and (25), relate three unknown heights. To
determine the magnitudes of all the three heights it is
necessary to set height hp by some physical condition
similar to that considered in Section 4.

When condensation occurs in an open space and
the condition of hydrostatic equilibrium of moist air as
a whole is preserved, hp = hg (17), according to (16)
and (19) we have:

(33)

Note that the condition –∂pd/∂z > 0, see the second
equality in (17), sets a limitation on the value of γ:

(34)

As a result, for dγ/dt (30) and ( /dt)/  (23) we
obtain:

(35)

Using (32), (35) and omitting the common multiplier
w we have from (24):
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The last equality in (32) together with (36) lead to the
following pairwise relations:
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(39)

The quantity ϕTp relates the relative change of temper�
ature to the relative change of pressure depending on
the value of γ. At γ = 0 we have ϕTp = μ = R/cp for an
adiabatic process in dry air.

Note that the expression for vertical temperature
gradient for adiabatic condensation Γ ≡ –∂T/∂z ≡
T/hT (32) can be obtained from (24) in the form of (39)
only under the condition that the expression for con�
densation power (18) is known such that the continu�
ity equation takes the form of (33). If condensation
power σ in (8) remains unknown, then relations (33)
do not exist, such that the derivatives ∂p/∂x and ∂γ/∂x
in (24) remain unknown as well, leaving the relation
between heights hT and hp in (39) undetermined.

In a horizontally bounded atmosphere where
∂p/∂x = 0, ∂γ/∂x = 0, see also (3), from (8) we obtain
that σ = sd, i.e., at a given value of vertical velocity w set�
ting the value of σ will determine the quantities ∂γd/∂z
(9) and ∂γ/∂z (8). Then according to (31) we have

Moist air is not in hydrostatic equilibrium, hp ≠ hg.
Condensation causes an uncompensated upward
force that accelerates the vertical air flow. Imposing
the condition of hydrostatic equilibrium causes the
vertical force to disappear and the process of conden�
sation to discontinue. Then equations (37)–(39)
assume the form

(40)

where i = γ, T, k = T, p, with functions Φik defined in
(27)–(29). Owing to the fact that hp remains unspeci�
fied, expression (39) for the vertical temperature gra�
dient Γ is also undetermined in this case.

The replacement of the term γdξ in (27)–(29), (40)
by γ(ξ – 1) in (37)–(39) is related to the account of
relation (33), i.e., to the fact that the horizontal pres�
sure gradient is not zero. However, owing to the large
magnitude of ξ (ξ = 18 at T = 288 K) and the small
magnitude of γ, the values of ϕik in equations (37)–
(39) differ from Φik in (27)–(29) by a magnitude of
about 2%, which is beyond the accuracy of the existing
measurements of Γ. Formulas (40), (29) for Γ ≡ T/hT
coincide with that found in the literature [8, 17, 19] if
one ignores the deviation of the moist air distribution
from hydrostatic equilibrium and replaces hp for hg.

1
hγ

��� 1
hp

����ϕγp, ϕγp
μξ 1–

1 γμξ ξ 1–( )+
�����������������������������,≡=

hp hg,=

1
hT

���� 1
hp

����ϕTp,=

ϕTp μ 1 γ ξ 1–( )+
1 γμξ ξ 1–( )+
�����������������������������≡

ϕγp

ϕγT

������.=

1

Ñ
���∂Ñv

∂z
��������

sd

wp
����� .=

1
hi

��� 1
hk

����Φik, i k,≠=
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In an atmosphere consisting of water vapor only we
have γ =1, ΦTp = ξ–1, M = M

v
. In this case, after multi�

plying both parts of equation (40) by , this equation
and the last equality in (32) take the following form:

(41)

Then in hydrostatic equilibrium we have hp = h
v
, Γ =

T/ξh
v
 = 1.2 K/km [10]; force fc (15) that ensures the

condensation�induced ascent of moist air disappears,
condensation stops and the atmosphere (neglecting the
greenhouse effect) becomes vertically isothermal with
Γ = 0.

6. CONCLUSIONS

In this work we have considered the physical princi�
ples of a large�scale circulation that arises due to water
vapor condensation as the air ascends in the gravita�
tional field of the Earth. In the absence of condensation
the dynamic gas flows can arise in the gravitational field
only at the expense of the Archimedes buoyancy linked
to a horizontal temperature gradient [13, 19]. Studies of
water vapor condensation have been until very recently
focused at the buoyancy effects associated with latent
heat release [20, 21]. The power of latent heat release
upon condensation, which is ξ times larger than the
power of dynamic condensation�induced circulation,
diminishes the rate of air cooling during its ascent in the
terrestrial gravitational field. But it does not change
either the amount of water vapor that undergoes con�
densation or the condensation�induced average pres�
sure drop in the atmospheric column or the decrease in
the weight of the air column upon condensation. Latent
heat release just distributes the condensation power over
a larger height.

Adiabatic ascent of dry air at γ = 0 (39) leads to the
well�known magnitude of the negative vertical lapse
rate of air temperature equal to Γd ≡ 9.8 K/km. Con�
densation during adiabatic ascent of moist air leads to
a release of latent heat which, in accordance to (39),
reduces the negative temperature lapse rate in the area
where the ascent of moist air and condensation take
place down to about Γ

v
 ≈ 3–5 K/km depending on the

value of γ. In the area where the air undergoes descent
(that is not accompanied by condensation), the lapse
rate remains equal to Γd. Heat transfer, which is not
related to circulation but which, because of circula�
tion, has the form of intense turbulent processes, rap�
idly mixes the temperature lapse rates producing the

mean tropospheric value of  ≈ (Γ
v
 + Γd)/2 =

6.5 K/km in the environment between the two areas.
This gives rise to a positive buoyancy of the ascending
air as compared to the ambient air, such that the
Archimedes force arises that pushes the ascending air
upwards; this force is proportional to the difference

– Γ
v
 ≈ 3.0 K/km. Meanwhile in the area of descent

ΦTp
1–

ξ
hT

���� 1
hp

����, 1
hγ

��� ξ
hT

���� 1
hp

����– 0.= = =

Γ

Γ

the same air volume deprived of the condensed water
vapor also experiences the Archimedes force that sim�
ilarly pushes it upwards; this force is proportional to

Γd –  ≈ 3.3 K/km, i.e. it is approximately the same or
larger than in the area of ascent. Summing the works
that are opposite in sign—as they are performed by
upward�directed conservative forces acting on both
the ascending and descending air volumes—results in
a significant decrease [19] (practical zeroing) of the
cumulative potential energy related to buoyancy. This
blocks the buoyancy�based circulation related to
latent heat release, which therefore can represent but
a minor correction to the considered condensation�
induced circulation caused by the decrease of the
number of molecules in the gas phase.
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