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L_ecture Note — 3

Example 3.2.1 At a climate station, air pressure is measured as 100 kPa, air tem-
perature as 20°C, and the wet-bulb, or dew-point, temperature as 16°C. Calculate

the corresponding vapor pressure, relative humidity, specific humidity, and air
density.

Solution. The saturated vapor pressure at T = 20°C is given by Eq. (3.2.9)

17.27T )
237.3 + T.

17.27 X 20)
237.3 + 20

e;=611 exp (

=611 exp (

=2339 Pa

and the actual vapor pressure e is calculated by the same method substituting the
dew-point temperature T, = 16°C:

17.
e=611 exp( 727Td)

2873+ Iy

17.27 X 16)

=611 exp (225 e
=1819 Pa

The relative humidity from (3.2.11) is

Rh = 'e—

5

1819
2339

=0.78
=78%
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and the specific humidity is given by (3.2.6) with p = 100 kPa =100 X 103 Pa:

e
gr=0.622=
p

=0.622( it )

100 x 103
=0.0113 kg water/kg moist air

The air density is calculated from the ideal gas law (3.2.7). The gas constant R,
is given by (3.2.8) with ¢, = 0.0113 kg/kg as R, = 287(1 + 0.608q,) = 287(1 +
0.608 X 0.0113) = 289 J/kg'K, and T = 20°C = (20 + 273) K = 293 K, so that

_P
R.T

100 x 10°
"~ 289 x 293

=1.18 kg/m3

Pa

Water Vapor in a Static Atmospheric Column

Two laws govern the properties of water vapor in a static column, the ideal gas
law

p = paR, T (3.2.12)
and the hydrostatic pressure law
d
= —pug (3.2.13)
%
The variation of air temperature with altitude is described by
dT '
— = —« (3.2.14)
dz

where « is the lapse rate. As shown in Fig. 3.2.2, a linear temperature variation
combined with the two physical laws yields a nonlinear variation of pressure with ¢
altitude. Density and specific humidity also vary nonlinearly with altitude. From
(3.2.12), p, = p/R,T, and substituting this into (3.2.13) yields

dp _ —pg
dz R, T
or
d _—
i g 4 dz
P R, T

Substituting dz = —d7T/« from (3.2.14):
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Pressure and temperature variation in an atmospheric column.

4 aR,) T

and integrating' both sides between two levels 1 and 2 in the atmosphere gives
5 = ek (7
D1 aRq T1

T

g/aR,
Pz = pl(i) (3.2.15)

iez(_g_)d_T

or

From (3.2.14) the temperature variation between altitudes z, and z, is

IL=T —-aza—z1) | (3.2.16)
/
/

——

Precipitable Water

@he amount of moisture in an atmospheric column is called its precipitable water}
Consider an element of height dz in a column of horizontal cross-sectional area
A (Fig. 3.2.2). The mass of air in the element is p,A dz and the mass of water
contained in the air is g,p,A dz. The total mass of precipitable water in the column
between elevations z; and z, is

<2
m, = f qvPaA dz (3.2.17)
21
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The integral (3.2.17) is calculated using intervals of height Az, each with
an incremental mass of precipitable water

Am, = §,p.AAz (3.2.18)

where g, and p, are the average values of specific humidity and air density over
the interval. The mass increments are summed over the column to give the total
precipitable water.
il
xample 3.2.2. Calculate the precipitable water in a saturated air column 10 km
high above 1 m? of ground surface. The surface pressure is 101.3 kPa, the surface
air temperature is 30°C, and the lapse rate is 6.5°C/km.

Solution. The results of the calculation are summarized in Table 3.2.2. The incre-
ment in elevation is taken as Az = 2 km = 2000 m. For the first increment, at
z1=0m, T} = 30°C = (30 + 273) K = 303 K; at z, = 2000 m, by Eq. (3.2.16)
using a = 6.5°C/km = 0.0065°C/m,

=T —alz; — zy)
=30 — 0.0065(2000 — 0)
=17°C
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=17+ 273) K
=290 K

as shown in column 3 of the table. The gas constant R, can be taken as 287 J/kg-K in
this example because its variation with specific humidity is small [see Eq. (3.2.8)].
The air pressure at 2000 m is then given by (3.2.15) with g/aR, = 9.81/(0.0065 X

287) = 5.26, as
glaR,
— g | 2
P2—P1(Tl)

5.26
- 015(22)
303

=80.4 kPa -

as shown in column 4.
The air density at the ground is calculated from (3.2.12):

__p
R,T
_101.3 x 10°
(287 x 303)
=1.16 kg/m3
and a similar calculation yields the air density of 0.97 kg/m3 at 2000 m. The average
density over the 2 km increment is therefore p, = (1.16 + 0.97)/2 = 1.07 kg/m?3

(see columns 5 and 9).
The saturated vapor pressure at the ground is determined using (3.2.9):

17.27T )
231.3 4T

17.27 X 30)
237.3 + 30

Pa

e=611 exp(

=611 exp(

=4244 Pa + (¢
=4.24 kPa
The corresponding value at 2000 m where T = 17°C, is e = 1.94 kPa (column 6).
The specific humidity at the ground surface is calculated by Eq. (3.2.6):
g, =0.622%
4

4.24
101.3

=0.026 kg/kg

At 2000 m ¢, = 0.015 kg/kg. The average value of specific humidity over the 2-
km increment is therefore g, = (0.026 + 0.015)/2 = 0.0205 kg/kg (column 8).
Substituting into (3.2.18), the mass of precipitable water in the first 2-km increment is

=0.622 X
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Amp :qvpaA AZ
=0.0205 x 1.07 X 1 X 2000
=43.7 kg

By adding the incremental masses, the total mass of precipitable water in the column
is found to be m, = 77 kg (column 10). The equivalent depth of liquid water is
my /pwyA = 77/(1000 X 1) = 0.077 m = 77 mm.




