CHAPTER 1

WATER VAPOUR | N THE ATMOSPHERE - A BRIEF REVIEW

1.1 Introductjon

Water vapour, although it constitutes less t han
3 percent by volume of the atnosphere, even at sea
| evel with moiet conditions, is the nost inportant
variable gas in the atnosphere. |t abeorbs nearly
si X times as nuch sol ar radiant energy as all the
ot her gases conbi ned and accounts for nearly all
of the gaseous absorption of terrestrial radiation.
Wth the liquid water and ice particles suspended
I n the at nosphere, water vapour plays a predom nant
role not only in the radiation balance but in the

whol e mechani smof heat transfer in the atnosphere.

Equal |y inportant are the thernodynani c effects of
water vapour in its role of dew froet, cloud, fog and
precipitation formation, which are responsi bl e for what
we all call weather. The neasurenent of the water vapour
content of the atnosphere and an understanding of its
t her modynam c effects 4s therefore of vital concern to
met erol ogi sts and hydrol ogists. It plays a crucial
role in the dynamcs of the atnosphere, because it is
a source of atnospheric energy and its presence

affects the release and transfornation of both elec-



trical and thernal energy, being the origin of all
hydronet eors and the nai n absorber in the | ower

at nosphere of infra-red radiation. |In addition, the
wat er vapour content .of the air can be used as a
natural tracer, both horizontally and vertically, in

net eor ol ogi cal studi es.

In the infrared and far infrared, water vapour
is a selective absorber, absorbing al nost totally at
wavel engths greater than 27 » and between 55 and 7/~ .
It has al so a few narrow absorpti on bands bel ow 4}
and absorbs noderately from4 to 85 ~, 7 to 8 #
and 13to 27P .« However, for wavel engths from8
to 13+~ , it is alnost perfectly transparent. Recent
preci se determnations of water vapour absorption in
nost regions o the solar and terrestrial radiation
spectra (Fig 1.1) have given afairly conpl ete picture
of the absorption by water vapour in the various

regi ons of the solar spectrum (Valley, 1965) .

Wt er vapour in the atnosphere varies wdely wth
tine and locality and wth height in the atnosphere.
Though nost of the water vapour is confined to the
| ower troposphere, nmeasurabl e anmounts have also been

detected in the stratosphere up to 30 km.

The naxi numanount of water vapour whi ch the
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Fig Il Water vapour absorption inthe various regions of solar
and terrestrial radiation spectra.



atmosphere can contain is regul ated by its tenpera-
ture. For example, at the highest recorded station
tenperatyre of about 55°¢, the air can hold about

100 g nYY. The anount actually present in the atnos-
phere is a complex function of various weat her para-
neters. The highest water wvapour content r ecor ded

3, correspondi ng to a dew poi nt of

is about %0 g m
approximately 30°C. /s the tenperature decreases,

the anount of water vapour the air contains decreases
rapidly, approaching a negligible anount at tenpera-
tures below -40°C to -50°C. A these low tenperat ures,
the anount of water vapour the air can contain at the

2 3

surface is 10~V and 4 = 10~ , respectively.

gm
Although the water vapour content at tenperatures

below -40°C i S extremely small, even this anount is
important in the transmasion of infrared radiation

over long path lengths (Wolfe, 1965) .
12 ZTerminologv and Units of Measurenent

121 Fundamentally, all neasurenents of water vapour
or atnospheric humdity are based on quantities related
to evaporation and condensation over a flat surface of
pure water. Froma water surface that is evaporating,

the excess of molecules of water leaving the surface,



over those comng back, is expressed and neasured as
a pressure. This pressure depends only on the tem
perature of the water surface. |f the quantity of
wat er vapour present does not vary by either addition
by evaporation or renoval by condensation, the vapour
pressure wll renmain constant, provided the total

pressure of all the gases does not change.

122 The ways i n which water vapour in the atnos-
phere can be specified are nany and varied. The
termnol ogy used in this study foll ows the official
definitions and specifications of the parameters o
wat er vapour laid down by the Wrld Meteorol ogi cal
Qgani zation (1971) . The units nornal |y used f or
expressing the various quantities associated wth

wat er vapour in the atnosphere are:

(i) Vapour presaure, in mllibars,

(ii) Deneity of water vapour or absol ute
humdity, in g/cmS or g/md,

(111) Misture content or specific humdity,
in g/kg,

(iv) Mxingratio, in g/kg, and

(v) Relative humdity, in per cent.



The terns and units used are described i n detail
bel ow

1221 Vapour pressure, e, o water vapour in noi st
air at total pressure p and wth mxing ratio r, is

defined by e =m;2—+r *»  and is an absol ute

neasure o the quantity of water vapour present.

1222 gaturation vapour pressure, e ., Of pure agueous

wat er vapour wth respect to water, is defined as the
pressure of the vapour when in a state o neutral equi-
librium Wth a plane surface o pure water at the sane
tenperature and pressure. Smlarly ey IS saturation
vapour pressure over ice. Both vary wth tenperature
so that the higher the tenperature, the greater the
vapour pressure required for saturation. It is again

expressed in mlli bars.

1.2.2.3 Relative humdity, U wWth respect to water,

o noist air at pressure p and tenperature T, is the
ratio in per cent of the two vapour pressures, the
actual and the saturation vapour pressure. The act ual
vapour pressure changes wth atnospheric pressure and
the saturation vapour pressure wWth tenperature.



It is expressed as:

U, = 100 (§;) (1.1)

1.2.2.4 Density or concentration of water vapour or
absolute humdity, dv, i's the anount of

moi sture contained in a unit volume and is usually
expressed in g/cm3 or g/ms. It is defined as the
ratio of the mass vapour m, to the volume V occupied

by the mxture:

v (1.2)

1225 I stur ntent or ncentration or
gpecific humidity, q, of noist air, is defined as the

ratio of the nass m, of water vapour to the mass
(m, t+ ma) of noist air, in which the nasa of water

vapour m_ I's contai ned:
q =t (1.3)

I\bvvmv = dv.v and m, = da.v,

As the vv'g cancel, we have

q = —Y—0o (1.4)



the denomnator being the total density o the dry
air, d_» plus that o the water vapour d_.

1.2.2,6 Jhe mixingratio, r, is defined as the ratio
of the nass o, of water vapour to the nass m  of
dry air, wth which the water vapour is associ at ed.

(1.5)

o |4

r =

It differs fromspecific humdity only in that it
Isrelated to dry air instead o the total of dry
air plus water vapour.

1227 The dew and frost point tenperature, T; and
Te» of noist air at pressure pand mxing ratio r,

are the tenperatures at which noist air, saturated

Wth respect to water or ice at the given pressure,

has a saturation mxing ratio r_ equal to the given
mxing ratior. |In saturated conditions, the dew point/

frost point and air tenperatures are equal .

1228 (a _eauation for water vapour

As I ong as no oondensation or fusionis
taking place, water vapour nay be treated as an i deal
gas. For an ideal gas, the followng relation exists



-

bet ween pressure p, density £ and absol ute tenpera-
ture T.
*

[ .T. .6
P = .P (1.6)

*
where R i
83.12 x 10~ ergs/gm degree or 1.986 cal/gm degree

the uni versal gas constant and equals

o wn Bl

and mis the nolecular weight of gas. If e is the
vater vapour pressure and M Is the nol ecul ar wei ght
of water (18), d_its density and T its tenperature
and M, the nol ecul ar weight of dry air = 28.9,

- M
e . M W . e
v R*T Ma RT
wher e Mw/Ma =0,622 and R = R*/mais the gas const ant ™
for dry air,
- )
d, = 0.622. "7 (1.8)

The total density of the noist air # is the sum
of the density o dry air and of water vapour.

The partial pressure of dry air is p-e, where p
Is the total pressure of noist air. (Consequently

- P-¢ | 0-622&
P =& ¥ RT

e .
p = %(:—0-378—;) (19)



This equation shows that noist air is lighter than
dry air at the sane tenperature and pressure,

for water vapour is lighter than the air it repl aces.

According to equation(l .4) noisture content or

speci fic humidit

9 = I rd4d
d.a'+d.v

Expressing it in terns of easily neasurabl e quantiti es,

we have, substitutingfor d_ and 4,

_ _0.622e - g/g (1.10)
1 = 3-0.3%18e

For ordinary values of the vapour pressure, g can be

expressed as q = 0’3& g9 (1.11)

W t hout appreci abl e error.

The specific hundity at saturation pressure qg is

006223
; R -
wittenas q, = p-0.378e, (1.12)
1.3 chnigques T |

the at nosphere
Lhl i ke at nospheric pressure and tenper at ure,

neasurenent of humidity is one of the | east satis-
factory of instrunental procedures in neteorol ogy
and it is afield inwhich great opportunities still

exi st for research and invention, particularly for



neasurenents at very |low tenperatures and at very

| ow humdities.

Rout i ne neasurements of water vapour at meteoro-
| ogi cal observatories are nade wth psychroneters,
hai r hygrographs or el ectrical capacitance and conduc-
tivity sensors to obtain surface humdities; and frost
poi nt hygroneters, infrared absorption spectroneters
or electric hygroneters, using aircraft and bal | oons
as observing platforns, to obtain humidities i n the

upper at nospher e.

The nethods for neasurenent of air humdity fall
into six nain cl asses:

i) Psychronetry
i) Dew point hygronetry
1i1) Hectric hygronetry
V) Spectroscopi ¢ hygronetry
v) Coulometric hygrometry, and
vi) Met hods using the change in di mensi ons,
wei ght etc. of organi c hygroscopi ¢ sub-
stances such as human air, gold beater's
skin etc.

A nunber of other sensors such as thernmal conductivity
cells, piezoelectric sorption hygronetere, |iquid
fil mhygroneters, capacitive humdity sensors and

sel f-heating phase transition hygrometers, (the most



common bei ng lithium chl ori de heated el ectrical hygro-
neters or dewcel I s) have al so been devel oped and sone
are inregular use. Qher recent devel oprments of interest
related to humdity transducers usi ng aluminium oxide,

bari umf |l uori de and piezoel ctric crystals.

Rel i abl e neasurenents of water vapour up to about
15 km have been nade fromaircraft using absorption
hygroneters enpl oying the 6.3 & absorption band of water
vapour. The dew or frost point hygroneter has been
found satisfactory to greater heights and | ow tenpera-
tures. It has also the great practical advantage that
it needs only a very sinple calibration (Dobson and
Brewer, 1951).

The neasurenents whi ch have so far been nade in the
at nosphere show that wde variations o relative hum-
dity occur in the atnosphere and any relative humdity
between 30 and 90 per cent is common, wth | arge diurnal
variations at the ground. Relative humdities of about
5 per cent are relatively infrequent and the | owest which
has yet been observed is 0.65 per cent at 266°K and a
frost-point tenperature of 219°k. The stratosphere is
found to be extrenely dry wth relative hundities of the
order of 2to 3 per cent over ice. The commonly observed



exi stence of cirrus layers at the tropical tropopause | evel
point to substantially saturated air at and i mme-

diately bel ow the tropopause.

| n the tropopause, the water vapour distribution
Is extraordinarily complex. The at nosphere can be
very noi st, very dry or very variable wth intense
stratification. The structure of the water vapour
distribution presumably arises fromthe conpl ex
dynam ¢ novenent s whi ch occur in the at nosphere and
these are too poorly understood at present to permt
a clear explanation of any particul ar observed distri-

but i on.

14 Precipitable water in the atnosphere and its
neasur enent

141 Definition

|f we consider an air column of cross-sectional
area o 1 crr?, the total nmass o water vapour W
cont ai ned between the height 0 and the height =z

woul d be:
4

W = J'dv.dz (1.13)

o}

where d_ is the vapour density or absolute humdity.

Substituting for the hydrostatic equation dp = - 2g.dz



where #= d_ t 4, is the total air density, we
have:

R
=57!°¢~dp (4]

where q i s the specific humidity defined as ﬁ;%'nr;
This can be integrated in stepe or by making a plot
of the specific humidity against pressure and fi ndi ng
the area between the plotted curve and q = ¢ and the

lines p and Pgye

It is, however, simpler to exprees the quantity

in terms of vapour pressure and pressure. Since

q = 0,622 e/p approximately, vide equation (1.11)

k,
w ___________o-i;.z fe-%g
4
b
w = O;ufe'd(ﬂn p) (11s)
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Wis the precipitable water in grammes per square
centimetre: Of area. The last integral can be

obtai ned graphically or integrated using a conputer.
It is coomonly reported as the height at which the
liquid wuld stand if it were conpl etel y condensed in
a vessel of the sane unit cross-section as the air
colunm. S nce the density o liquid water is 1,

a height of 1 ¢m corresponds to ! gm.cm‘2 precipi-

table water.

14.2 [ nt recipitable water

A nunber of techni ques have been devel oped
during the | ast few decades, for the neasurenent of
conputation of precipitable water in the atnosphere.

The nost commonl y used nethod of neasurenent
Is that using the sel ective absorption of infrared
radi ation by water vapour. The instrunent is either
located a the ground using the sun as the source or
on satellites, when the upwel ling radiation fromthe
earth is used as the source. | n both cases, neasure-
nents are nade of the intensity of infrared radiation
Intw adjacent regiona o the spectrum one in a
wat er vapour absorption region and the other, where
no water vapour abeorption occurs. The ratio of the

intensities enabl e the precipitable water in the path
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of the radiationto be calculated. 4 second nethod is
the use of sel ective absorptionin the mcrowave
region of the spectrum In the present study, both
these nethods were used. The infrared spectral hygro-
neter and mcrowave radi oneter desi gned and constructed
by the author, their principles of construction and
operation, their calibration and neasurenent, the
accuracy and sources of error and the results obtai ned

are described in detail in Chapters 3 and 4.

143 onputation of precipitable water
The nost sinple and direct nethod for the conpu-

tation o precipitable water in the atnosphere is by

I ntegration fromradi osonde nmeasurenents of absol ute
humdity in the atnosphere. A second nethod earlier
used and | ater abandoned is the estination of total
precipitable water using an enpirical relationship

bet ween surface water vapour pressure val ues and the
precipitabl e water in the atnosphere. The radi osonde
net hod was used in the present study to calibrate the
infrared spectral hygroneter and m crowave radi onet er
observations. Both methods of conputation are described
I n Cerapter 2 and their' advant ages-and disadvantages. reviewed.

15 Purpose of the studs

The original notivation for undertaking the present
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study was the evaluation of two sites as | ocations
suitable for a mllinetre wave radi oast ronom cal

tel escope. The nost inportant factor determning the
suitability of a site for ground-based observations
inthe mllinetre wavel ength range 300k to Zmm, is
the attenuati on by absorption and scattering of the
radi ati on caused by nore or |ess constant conponents
of dry air, and the variable anounts of precipitable
water in the atnosphere. The anount of excess atte-
nuation and refracti on depends on the distribution
of water vapour along the path of propagation, and
for the stratified atnosphere and for the skew rays
the nost reliable correlator for eval uati on and pre-
dictions of the propagati on properties seens to be
the anount of water vapour neasured at the observa-
tionsite. Satistics of the anount and variation
of zenithal w are therefore d inportance for
infrared and short wavel ength radi o astronony,

satel lite communi cation and | ong range propagati on

studies i n general .

The two sites provisionaly chosen for the | oca-
tion o the radi oastronomcal tel escope were Bangal ore
(zat. 12° 58'N, Long. 77° 35'E 950 netres a.m.s. 1)
and Nandi HIls (Lat, 13° 22'% Long. 77° 41 'E,

1479 netres a.m.s. 1). Bangalore is centrally | ocated
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on the Mysore plateau, about 300 km fromthe sea both
to the east and the west, Nandi Hills, being a snall
hill station about 56 km north of Bangalore. Both
have a eal ubrioua and equable clinate, Randi Hlls
bei ng naturally cool er and drier due to its higher

el evati on.

The four months from Decenber to March are gen-
erally dry. April and May are characteriaed by
t hunderstormactivity, nostly in the afternoons and
evenings. The remnai ning six nonths experience clou-
diness and rain, as a result of the south-west nonsoon
from June to Septenber and the north-east nonsoon

during October and Novenber.

The present thesis describes the infrared spectral
hygroneter and m crowave water vapour radi oneter desi gned
and constructed by the author for the measurement of
precipitable water in the atnosphere. The results of
t hese nmeasurenents and the conputation of precipitable
water fromradi osonde data are presented at two stations
over a period of four years, providing the first detail ed
study of the kind for these latitudes. The relative
advant ages and di sadvant ages of each nethod based on

| ong-termi nt erconpari sons between different instru-
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ments and techni ques are al so assessed. The results,
apart frombeing of interest to radi oastrononers,

met eor ol ogi sts and conmuni cation engi neers dealing with
m crowave propagati on of the atnosphere, provide inval-
uabl e ground truth nmeasurenents for verification of

satellite derived data on precipitable water.
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LIST MB ED
density of dry air
absol ute humdity or water vapour density

vapour pressure of water vapour

sat uration vapour pressure over water
sat uration vapour pressure over ice
nass of dry air

nass of water vapour

at nospheri c pressure
noi sture content or specific humdity
wat er vapour mxing ratio

saturation mxing ratio at the pressure
and tenperature of the noist air

uni versal gas cont ent
t enper at ur e

t her nodynam ¢ dew poi nt tenperature

t her nodynam c frost point tenperature
vol une occupi ed by mxture o water
vapour and dry air

relative humdity with respect to water
of moist air

t her rodynam c wet bul b tenperature

density o noist air
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LIST OF FIGURE

Water vapour absorption in the various regions

of solar and terrestrial radiation spectra.
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