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CHAPTER 3

MEASUREMENT (F PRECIPITABLE WATER USI NG AN INFRARED
SPECTRAL [ I

31  Introduction
The Intensity of the solar radiation received

at the surface of the earth depends not only on the sun's
el evation but on the varying constitution of the atnos-
phere, particularly its content of water vapour, dust

and haze. Measurenents of solar inteneity at the surface
of the earth can therefore be used to anal yse to sone ext-
ent the instantaneous composition oOf the at nosphere-and .

its total water vapour content.

Because of the diurnal variation, sinple neasure-
ments of intensity of solar radiation are conparabl e
only when nade at the same eol ar el evation and opti cal
depth (path-length of the ray). The nean extinction
coefficient would be a nore conparabl e nmeasure, but
extinction varies rapidly with wavel ength and the nean
extinction coefficient is not conpletely independent

of sol ar el evation.

The basic relation for the extinction of sol ar

radiation may be witten as foll ows:
| —A(») .
[=+ ﬁo(m A Gy

where | is the radiation intensity neasured at the
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surface of the .earth,

I, (X) is the solar radiation intensity outside
the at nosphere, at the nean sun-earth di stance as a
function of the wavel ength.

3 = Rz/Ri, the reduction factor-for nean sol ar di stance,

R is the sun-earth di stance correspondi ng to the date.

R i s the nean sun-earth di stance, and

A (A)
e is the transmission Of the whol e at nosphere

?

as a function o the wavel engt h.

The exponent A (x) is conposed o three com

ponent s dependi ng on the wavel engt h.
A (N) =AR(7~) +AD(>Q+AW(>\) (3.2)

wher e Ap (N) gives the extinctionin clean dry air,
accordi ng to Rayleigh's theory o scattering by air
nol ecul es. (™) is the extinction due to atnos-
pheri c haze and A, (a) the extinction due to absor-

ption by water vapour.
Ap () =m.aR(7~) (3.3)

where mis the air nass and ap (A ) the extinction
coefficient due to Rayl ei gh scattering.
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by (M) =moay () (3.4)

wher e my, Is the relative air nass, given by

m = 10-3p. mh&

where p is the atnospheric pressure in mb, and a,

is the extinction coefficient due to at nospheric haze.

.%()\)

wher e a, is the coefficient of selective absorption

m,h * aw ()\) (3'5)

by the water vapour contained in the at nosphere.

These formthe basis of neasurenents of precipi-
table water in the atnosphere either fromthe surface
of the earth or fromsatellites by renote sensi ng

usi ng i nfrared absorption techni ques.

32 \dter vawour neasurenent using infrared absor-
; -

321 Nature of water vapour absorption bands
The wat er vapour absorption bands are identi -

fied wth the vibrational and rotati onal notions of
the water vapour nol ecul es. Ascribed to the three
nornal nodes of vibration of these nol ecul es are three

intense bands (Fig 31 designated Y, v, andw>3

(Levine, 1975).
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Fig.31 Normal modes of vibration of water molecule
(Levine, 1975)

bsorption

Fig 3.3 Absorption and reference bands in |RSH
(Foster,1945)
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The vibrational energies d a molecule.are quan-
tized and designated by a vibrational quant um nunier
A where k = 1, 2, 3, .......34=6 where ¥ is the
nunber of atons in the molecule. For water, there are
three such quant um nunber s (Vs Vos v3) . The ground
vibrational level (OOO) iS generally the nost populated
level. The nost intense absorption transitions are
those fromthe ground level (O00) to the fundamental
levels (100), (010) and (0O01) which correspond to
normal Vibrations 4,9 ,, and ¥ 5 respectively, called
fundamental frequencies. But actually, arotation o
t he molecule can also occur simultaneously Wth the
vi bration, although wth a smaller frequency. As a
result, a band o closely spaced lines will be observed
under hi gh resolution instead d a sharp line. Hence,
three fundamental vibration-rotation bands are observed
in the case of water. These occur a wave nunbers
1595, 3657, 3756 em™ ! (Levi ne, 1975) correspondi ng to
wavelengths o 6.27/4 y 27T and 2.66 i (Foster,

e al, 1965). O these three intense bands in the
infrared, the last two overlap considerably, thereby
formng a broad region of absorption often referred
to as the 2.7 1 band. A nunber o other bands repre-
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senting various multiples and conbi nati ons of the
fundanent al frequenci es, occupy spectral positions
from 31 .7/u to 0,574 « The nore promnent bands of
this group are centred in the near infrared at appro-
ximately 188 fu, 1.38u , 1.14) and 0.93u(Fig 3.2).
A detailed description of the vibrational conponents
of the water vapour spectrumis given by Adel and
Lampland (1938) .

As described above, rotational notions serve to
shape the bands around the central wavelengths provi ded
by the vibrational notions. A so contained in the
wat er vapour spectrum i s the strong and extensive band
that lies in the far infrared beyond the so-called 104
wndow This band is attributed solely to the effects
of rotation. VWéter vapour absorption bands generally
dimnish in strength gradual |y towards the shorter
wavel ength, with those in the visible region exhibiting

relatively little absorption.

I n a spectral region of continuous absorption, the
rel ati onshi p between the absorpti on and the absor bi ng
nass can be expressed as a sinpl e exponential function.

However, such a function does not accurately descri be
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Fig. 3.2 Water vapour absorption bands in the visible and

the infrared region of solar spectrum
(Foster, 1945 §,
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the absorption that occurs in the water vapour bands,
as these are not of a continuous character. Actually
t hese bands consi st of nunerous cl osel y-spaced |i nes;
the line patterns are also irregular in spaci ng and
intensity. The absorption that occurs i n bands havi ng
such irregularities is actually a conplicated process,
not precisely describable by a sinple nmathenati cal
formula. The relation of absorptionintensity to the
absor bi ng wat er vapour nass cannot therefore be
expressed by the usual exponential function (Beer's | aw
as in the case, where the region is one of continuous
absorption. Neverthel ess, a rel ati onship between the
absorption and the absorbi ng nass does exi st, and the
curve approximating this relationship in a particul ar
band, or sub-interval thereof, can be established by
enpirical neans. Furthernore, in nost cases, arela-
tively sinple square root expression closely describes
this curve through a limted range of the fracti onal

absor pti on.

H sasser (1935, 1938, 1942, 1960) formalised the
square-root absorption | aw, which relates specifically
to sub-intervals wthin the infrared water vapour bands.

The square root |aw states that the fracti onal absor-
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ption A which occurs in an at nospheric | ayer of

finite thickness is directly proportional to the square
root o the absorbing mass X and the square root of

the atnospheric pressure P and inversely proportional to

the fourth root of the absolute tenperature T

A =x (xp)/2 Y4 (3.6)

can be used as an expression of the square-root |aw
Here X is a dinensional constant that depends on the
units in which the variables are expressed as well as
the spectral characteristics of the particul ar sub-

I nterval under consideration. H sasser denonstrated
that the square root |aw closely describes the act ual
absorption curve inthe range of relatively snall to
internediate values d the fractional absorption. For
strong absorption the increase in absorptionis | ese
than the square root o the water nass.

The square-root law clearly indicates that the
absorption spectra nethod suffers froma degree of
uncertainty, due to the dependence of the absorption
process on the pressures and tenperatures through
whi ch the at nospheric water vapour is distributed.
Wiile the effect o tenperature is a second-order one,



75

the effect of preeeure is of such nagnitude that it
must be taken into account if observations are nade

at other elevations. The fact that the exact form

of the water-mags-absorption function is not known,
and probably cannot be expressed by a aingle equation,
woul d appear to detract fromthe absorpti on-spectra
nethod. Thia is not neceeaarily true since, despite
the lack of information on the exact rel ationahip

bet ween wat er vapour nass and absorption, an enpirical
rel ati onshi p can be determned experinental |y between
absorption and absorbing naes. It is well established
that wthin limits, the rate of change o absorption

I ncreases wth a decreaae of water vapour concentration
in the optical path, |eading to an increase of sensi-
tivity in the infrared absorption hygroneter wth a

decreaae i n wat er vapour abaor pti on.

The relative errors arising fromdistributional
variations are also not significant, the absorption
process being relatively insensitive to a) tenperature,
in the range of tenperaturea through which the bul k
of atnospheric water id distributed, as the absorption
varies only as the reciprocal o the fourth root of

the absolute tenperature, and to b) pressure, as the
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bulk o the atnospheric water vapour nornal |y appears
inthe | ower troposphere. The vertical distribution
of water vapour is weighted towards the hi gher press-
ures where the absorption process is relatively | ess
affected by increnental pressure variations.

Howard et al (1955), in a conprehensive study o
the absorption bands o water vapour and carbon di oxi de,

found that the enpirical relation

A = cw'? (p+p)¥ (3.7)
fits experinental water vapour absorption data quite
satisfactorily for weak absorptions. A is the total
absorption, Cis a constant dependi ng on the spectr al
region o observation and other factors, £ is a con-
stant approxi nately equal to 0.3 and pis the partial
pressure o water vapour. Qher variables are as
indicated for the equation proposed by Elsasser.
Foster & al (1965), considering the spaci ng ad
intensity of the spectral |ines and hence al so their
degree o overlappi ng, concluded that the pressure
dependence of the absorptionregion o the spectral
hygroneter which nonitors only afraction of the
wavelengths in the 0.934 band fol l ows a rel ationship
sonewher e between the square root and fourth root.



Howard et al (1955) al so suggested that the effect of
tenperature mght be snaller than that indicated in
equation(3.6) . onsidering that tenperature as well

as pressure decreases wth altitude in nornal atnos-
pheric profiles and that abaorption is opposingly
affected by pressure and tenperature when a verti cal

di spl acenent of water vapour occurs, Foster et al (1965)
concl uded that an enpirical calibration of the spectral
hygronet er should fol |l ow closely, through a |imted

range of fractional absorption, the sinple equation:

T x'2 (3.8)

A =K
| n the equation, the new const ant K! i ncor por at es
fractions representing the integrated nean effects
of tenperature and pressure, as Well as the fraction
ascribed to the constant in equation(3.6) . The
average effects of varying pand T wth height are
I ncorporated in the calibration of the spectral hygro-
net er, when radi osonde observati ons provi de the com
parative data for calibration. Wen the instrunent
IS to be used over a wde range of pressure and tem
perature, the equation becones (Foster and Foskett,
1945)

A= k() () x” (32)



where Ais the fractional absorption, P, and T,

are standard pressure and tenperature respectively
corresponding to the calibration, and pand T are the
quantities corresponding to the site where A is nea-
sured. A correction has therefore to be applied to the
estimated value of W using a hygroneter calibrated as
mentioned earlier. This can be avoi ded shoul d the
instrument be operated at an el evation close to that of

the place where it was cali brated.

So, while the absorption spectral nethod can be
expected to give fairly accurate rel ati ve neasurenents
of total precipitable water, allow ng for its dependence
on pressure and tenperature (i) the spectral hygroneter
nust be calibrated close to the | ocations and el evati ons
where it wll be operated. (ii) the instrunent can be
used only wthinalimted range of optical air nass

val ues.

That the first of the limtations exists has been
confirmed by King and Parry (1965) . S nce i ndependent
calibrations at different el evations show signifi cant
differences in the calibration curves, further work on
the application of an enpirical relationship such as

this for general applications seens necessary. Uncer-
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tainties due to the pressure effect resulting from
wi dely varying quantities of the vertical water vapour

content seemto be not inportant.

A third uncertainty arises at very |ow sol ar
el evation angles primarily related to the effects of
refraction and excessive scattering and to possible
timng errors associated with the rapidly changi ng

| ong optical paths.

3.2.2 Jnfrared absorption fechniaues

It was Fowle (1904, 1912) who originally suggested
that nmeasurenents of radiation in two regions of the
infrared spectrum one in a water vapour sensitive
absorption region and the other close by, where no
wat er vapour absorption occurs, woul d enabl e the deter-
mnation of the amount of water vapour in the path by
spect robol onetri c observations. This required the nea-
surenent in the [aboratory of the absorption resulting
from known anmounts of water vapour at the wavel engt hs
at as nearly as possible conditions of tenperature,
density and tenbéréfare as exist in the atnosphere. The
| aboratory source used by Fowle (1912) was a Nernst
| anp, the wavel engt hs at whi ch neasurenents were nade

bei ng 11 3}4 and 1.47f4 , the determnations covering
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quantities of water vapour up to 0.5 cm precipitabl e
water over path lengths of nore than 250 netres. From
the absorption ve humdity data obtained with this

I nstrunent, he was able to transfer the calibrations to
ot her spectroscopes used i n sol ar observations and thus
neasured the total water in the earth's atnosphere
(Fowle, 1913). S nce Fowle's Work, scientistsin the
field have devel oped infrared absorption hygroneters of
varied design and operation, both for neasuring z%acs
pheric total precipitable water overhead and for nea-
suring water vapour at the earth's surface and in the
atnosphere. (Hand, 1940; Staats et al, 1965; Tank

and Wergin, 1963).

Wod (1958) used an infrared hygroneter with a
light beamas the principal sensing elenent for the
neasurenent of water vapour in the atnosphere. CGom
posed of two narrow bands of infrared radiation, this
beamtraversed a 20 cmpath through a sanpl e at nos-
phere containing the humdity concentration to be
neasured. \Mvel ength isol ation was by neans of ger-
nani um coat ed narrow band-pass.interference filters
at two wavel engths, one at 2.60 4+ subject to atte-
nuation by water vapour and the other at 2.45 i ,
free fromabsorption by water vapour. The ratio o
the transmtted band energies is sensitive to the
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concentration o water vapour in the path and is
effectively naintained at unity by a servo-operated

gl ass wedge whi ch noves to conpensat e for energy

I nbal ance caused by changes in absorbi ng vapour.

The wedge position is read by an el ectrical transducer
calibrated in terns of vapour density, g n~>, He also
showed that vapour concentration W total pressure P
and partial pressure p of water vapour nay be rel ated

to fractional absorption A by the equati on.

A =000 . (240 (3.10)

Prototype i nstrunents enpl oyi ng i nterference band
pass filters for ieolating particul ar wavel engt hs of
interest have been built by the U.3s., Veat her Bureau
(Foskett and Foster, 1953 Wod et =21, 1954). These
instruments nade use o the 1.38 2 absorpti on band and

utilieed a reference wavel ength of 1.24 (0 o

Foster and Foskett (1945) devel oped a spectrophoto-
neter to determne the precipitable water in a vertical

col um of the atnosphere using the sun as a source.



A transmssion grating was used to disperse the sunlight,
and two exit slits were positioned where the radi ation
correspondi ng to absor pti on band (0.94,u ) and reference
band (1. QL jr ) cane to focus, A phot ot ube was used as

a detector which received radiation alternately fromthe
two exit slits. The output signals were anplified ad
the ratio was calculated. This is typical o the dis-
persive type o optical system. The instrunent was
calibrated by conparison wth radi osonde observati ons.

Anot her approach i s absorption spectra anal ysi s
usi Ng a non-dispersive optical system |n the instru-
nent devel oped by the U.3. Veat her Bureau descri bed by
Foster,Volz and Foskett (1965), the systemwas nount ed
on a sun-tracking arrangenent. The two bands of radia-
tion centred at 0.9354 and Q83L j+ were obtai ned
separat el y usi ng narrow bandpass filters and recei ved
by two natched silicon solar cells. The instrunment was
so designed that the ratio of the photocurrents generated
by the cells is proportional to the ratio o the res-
pective transmtted radiationintensities. The ratio
of currents is determmned wth the help of a ratio-
bridge circuit. GCalibration was done enpirically from
si nul taneous val ues d total precipftable water cal cul ated
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f rom r adi osonde obser vati ons.

Inasimlar instrunent described by Kondratyev,
et al, (1965 the two separate beans 0.935/« and
0.8804 \« are incident on the two havles of a photo-
elenent. These photocurrents are nade equal by
adjusting the wdth o the slit which allows the
reference band. The reading of the mcroneter screw
whi ch controls the slit wdth whichis then proport-
ional to the ratio o fluxes. This is an exanple
of a null bal ancing nethod.. These two were al so

cal i brated agai nst radi osonde neasurenents.

To isolate the two bands o radiation, a rotating
sector filter was used by Wod (1958) . Smlar null
bal ancing i nstrunents are described by Hrst et al(l 970)
and S verstaen and Sol heim (1975), B/ neans of rotating
chopper di scs, the two beans are allowed one after the
other tofall on the detector and the intensities d
the two bands of radiation are continuously conpared
electronically, and are nade equal by introducing extra
attenuation into the nore i ntense beam This is achi eved
by adjusting the angl e between infrared pol aroi ds kept
inthe path of the reference radi ation beam The angl e

between the polaroids is then the output which is an
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indi cator of water vapour absorption. |n these instru-
nents the sane detector senses the radiati on corres-
ponding to the tw spectral regions. This elimnates
possi bl e errors due to differences i n the characteri s-
tics of two separate detectors used to recei ve the

radi ant fl uxes.

Foskstt et al(l 953) have outlined basic advan-
tages of the absorption spectra principlefor water
vapour neasurenents in the atnosphere. i) it provides
I nst ant aneous neasurenents of absol ute humdity over
path lengths froma few on to km, as well as the inte-
grated val ue over the whol e at nosphere, if the sunis
used as the source of radiation, ii) it provdes precise
neasurenents at very | ow vapour concentration, unlike
ot her techni ques which invariably fail at | ow tenpera-
tures and very low humdities, iii) the speed of res-
ponse of the instrunent is high, as it is controlled
only by the speed of response of the associ ated el ec-
tronic and servo systens and iscdeal where rapid
changes in humdity occur, iv) the nethod does not
interfere wth nedium by adding or subtracti ng water
or changing its state, v) the instrument can be nade

light and portable, and is easy to operate and can
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provi de, quick, instantaneous neasurenents of preci-
pitable water and continuous records, if it is

nmounted on a suntracker. A single beamfilter-
photoneter wth a rel atively simple optical system
freedomfromcritical alignment problens and a mni num
of auxiliary electronic equi pnent has obvi ous basic
advant ages, which are inportant in an instrunent

designed for general field use.

The di sadvantages are that precipitabl e water
neasurenents usi ng the sun as a source can be carried
out only during the day or when clouds do not obscure
the sun or the region immedi ately surrounding it. %The
real problem however, is its stability and the ability

to obtai n reproduceabl e dat a.

33 The infrared spectral hygrometer

3.3.1 Principle of neasurenent

The basic principle of the instrunent is, as nen-
tioned earlier, the neasurenent of the ratio of the
intensity of solar radiation in two narrow regions of
the solar spectrum one lying in the water vapour absor-

ption band and the other just outside it.

| f P, Is the radiant power fromthe sun falling on
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top of the atmosphere within a narrow region in the
water vapour absorption band, and P that recieved
on the surface of the earth, the-fractional absor-

ptance A is given by:

P ~-P
A = =0 = 1-{@-— (3.11)
(o] (o}

A is a function of the amount of absorbing material,

namely the amount of precipitable water w. Therefore,

%. is a function of W. The reference point chosen
(o]

lies just outside the absorption band (Fig 3.3)

(Foster and Foskett, 1945) and suffers no absorption
due to water vapour in the atmosphere. The power
received in this narrow spectral region is proportional

to Po’ say CPO. Therefore, the ratio % which is
(o}

proportional to I;L Is ameasure of Win the path of
(]

the solar radiation. That is, the ratio of flux
received i n the two spectral regions is a function

of W. If the amount o water vapour changes, the
radiant energy in the absorption band changes while
the energy in the reference band remains the same, thus
giving a change in the ratio. However, if the flux

changes only because of haze, mist, samoke ete., the
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energy ratio remains the same, unlees there is a sig-
nificant difference in scattering between the two
spectral regions. By determining the value of the ratio
of energies for different known amounts of W, a cali-

bration can be obtained.

3.3.2 Selection of spectral reqgion
Several important considerations go into the

selection of the spectral bands. For example, there
should not be atmospheric ingredients other than water
vapour which absorb in the band chosen. Strong absor-
ption bands by carbon dioxide do overlap water vapour
abaorption bands i n the near infrared and the band used
must therefore be so situated spectrally as to eliminate
any effect of carbon dioxide. There must be no appre-
ciable absorption by any of the optical parta of the
system. The wavelengths chosen should be as close as
possible to that of the maximum intensity in the solar
spectrum. Also, it is important that the band corres-
ponds to that of intermediate fractional absorption for
the amount of water vapour content expected in the
sensing path. If the absorption is too strong, total
absorption may occur when the water vapour content is

high. If the absorption is too weak, the change in



absorption for a given amount of W will be small, and
the instrument will suffer from insensitivity and
instrumental errorswill tend to nask true values. The
central region of the 0.935k band gives a satisfac-
tory range of fractional absorption for the amount of
water vapour usually encountered in the path of normal
incidence through the earth's atmosphere (Foster and
Foskett, 1945). The 0.88) band exhibits little or
no absorption and therefore serves as an excellent
region of reference (Fig 3.2). For a long optical
path and high humidities, a band such as the O.93,q
Is suitable, while for a short path length and low
humidities a band such as 2.7} is more desirable.
Early work indicated that for best results, the maxi-
mum absorption should be kept to 40 per cent or less
(Foskett et al, 1953).

34 Description of the infrared spectral hygrometer

341 System Description
The complete instrument on its stand i s shown

inFig 34, while Fig 3.5 shows the instrument with
its cover removed. The arrangement of the various
optical components is shown in Fig 3.6. Two band

pass filters F, and F, are mounted on either side

1



Fig 3.4;. Infrared spectral hygroneter on stand
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Fig 36 I nfrared spectral hygrometer show ng arrange-
ment of various optical conponents.
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of a rotating chopper disc M (Fig 3.7) and the incoming
pencil of solar radiation SB is mede to pass through
the two infrared filters in a particular seguence

by the chopper and the mirrors m, and m,- Radiation
in the two spectral bands i s received by the same
infrared detector IRD one after the other, in a given
sequence. The two signals are electronically amplified
and detected synchronously. The AC amplifier gain

I S automatically adjusted to hold the output corres-
ponding to the reference band channel at 1 volt.

The actual output of the absorption band channel thus
gives the ratio of the photocurrents generated in the

detector.

3.4.2 tical syst Fi

The circular glass chopper disc ¥ having a
diameter of 12 an used to isolate and separate the
two bands is shown in Fig 3.8. The chopper was cut
carefully to form sectors along two concentric tracks.
The sectors marked TR are open and radiation passes
through it. Those marked R were silvered and  those
marked BL were blackened on both sides. The chopper was

fixed to a shaft mounted on bvall bearings and was run smoothly



M - CHOPPER DISC
m,m, M.~ FIXED MIRRORS
4, D, —PHOTO DIODES
F, - NON-ABSORBING CHANNEL FILTER

F, —ABSORBING CHANNEL FILTER

F - RED FILTER
S.B - SIGNAL BEAM
A.B -ALIGNMENT BEAM
AI - ALIGNMENT INDICATOR.

M
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Fig. 3.7 Optical system of infrared spectral hygrometer
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TR- TRANSMITTING

BL-BLACK.
R - REFLECTING.

Fig.3.8 Chopper disc M



by a notor using a belt and wheel arrangenent (Fig 37).

The sensor |R DET is a Pb3 photoconducting i nfra-
red detector biased by a 4,¢, supply through a | oad
resistor, and with a response in the spectral range of
interest. The two spectral regions isolated by

narrow bandpass i nterference filters F, and F, have the

1
central wavel engths at 0.881/« and 0.935Lk.  The
entrance aperture of the instrument is covered by a
gelatine red filter wth a cut-off wavel ength at 0.75
sandw t ched between two thin glass plates. This prevents
visible radiation wavel engths snall er than 0.75p

falling on the detector and elimnates the possibility

of the bvandpass filters transmtting higher orders of

wavel engt hs.

Sunlight entering the instrunent passes through a
small collinator of dianeter 8 mn and is led to the
outer track of the chopper disc M, which is inclined
at 45° to the front face of the instrument (Fig 37) .
The frequency of rotation of the chopper disc is around
12 cycles per second. Fig 37 shows how the chopper
disc Misolates the two bands. Two small mrror

strips m, and m., are nounted parallel to 1 and positioned

2
I n such a way that they receive a ray from/through the
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outer track of the chopper and reflect it through/from
the inner track towards the IR detector when the ins-
trument is aligned properly. In the two possible paths
for the beam, the radiation will pass through one of

two interference filters ¥, and F, before striking the

i
inner track, The two bands do not enter the sensors
immediately after one another; they are separated from
each other by the BL sectors of the chopper, between

the TR and R sectors.

The eight sectors of either track of the chopper
are all equal,in width, The resulting output signal
of the detector is shown in Fig 3.9, The heights of
alternate signals are proportional to the photocurrents,
which are proportional to the intensities of the two

bands.

I n the same horizontal plane containing the centre
of the chopper and passing through the mirrors m, and

m, are also mounted one red LED, and two photodiodes
D, and D, as shown in Fig 3.7.  Mirrors m, and my»

lie on one side of the centre of the chopper disc and
the photodiodes and the LED on the other. When solar

radiation falls on m,y D receives light from the LED

2
through the open space sector of the outer track. So
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Fig 3.9 Timing diagram of reference pulse waveform
and main signal



does D, after reflection from the reflecting sector of

1
the outer track when m, receives solar radiation.
Thus D, provides a square wave (Reference A) in phase
with the main signal corresponding to P, (0.881/(4) the
reference band and D, (Reference B) corresponding to
the absorption band F, (0.935{;) (Fig 3.9). These
reference pulses A and B enable the detection of the
main signals corresponding to the two bands. The
phase relation between the main signal and reference

signals is also indicated in Fig 3.9.

It will be seen that the two beams traverse
idential optical paths and suffer two identical
reflections. The mirror strip m, I's provided with alig-
ning screws at the back so that its orientation can be
adjusted to make the two bveams travel practically along
the same path before entering the IR detector. A high
degree of symmetry i s thus maintained. Right above the
entrance aperture is an arrangement to form an image
of the sun on a translucent glass plate fixed on the
top cover. This is used as an indicator to align the ins-
trument with the sun..A11 these optical oomponents together
with the preamplifier were housed i n one compartment

of an aluminium box 28 x 22 x 14 am, the inside of which
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was coated black and the outside painted white (Fig 3.6) .

3.4.3 Electronics

The functional block diagram is shown in Fig 3.10.
The photocurrent in the IR detector is proportional to
the radiant energy incident on it. Therefore the
voltage developed across the load resistor is a measure
of the intensity of incident radiation. The ratio of the
voltages corresponding to the absorption band and ref-
erence band is determined electronically after ampli-
fying the signal and is the ratio of the corresponding

radiant fluxes % , Which depends on w. An AGC
(o]

amplifier holds the output voltage of the reference
channel (v,) to 1 volt, so that the actual voltage of
the absorption channel (v2) as measured by a voltmeter

is the ratio to be determined.

The IR detector output isfed to a low drift, low
noise, high input impedance instrumentation amplifier
which serves as a preamplifier (Fig 3.11). The next
stage is the AGC amplifier (CA 30284A) whose control
voltage is biased at around 5V. The amplifier has a
linear response in this condition for an input in the

range of 20 mv to 100 mV. The output is an AC coupled



REF.4V
BIAS T.T ?_P
SHIFTER FILTER < AMP I
DET. BIAS DC RESTORER SYNC R INT
DETECTOR :
A
PRE - AGC
— AMP AMP
I.R
—2,
DET SYNC. S/H c» SYNC. INT.8AMP
I DE TECTOR INT. DETECTOR
lc B
REF. SIGNAL A,
PULSE REF. PULSE A J
“D‘“—‘—’ SHAPER
PHOTO DIODE
555 PULSE
REF. SIGNAL B SHAPER
PULSE
—-|>{————— AMP
SHAPER REF. PULSE B
PHOTO DIODE

FIG.3.10 BLOCK DIAGRAM OF INFRARED SPECTRAL HYGROMETER

001



101

N FET. INST. AMP
— SENSEf—e-
IBOV TELEDYNE | TO AGC
A . o
1 +9v
!
—_|IR —e—9V
DET|
: v . REF |— -
L ol
—Eos

Fig 311 IR detector and preamplifier.



signal which is amplified by a variable gain-amplifier

(Fig 3.12). The DC is then restored in the following
way.

Two reference pulses (A, B) corresponding to the
two signal channel are generated by the photodiodes
D1 and D, and are shaped using a non-inverting buffer
|C (CD 4050), after amplification. A third train of
reference pulses A + B i S generated with a nor gate
(CD 4001). The leading edge of this triggers a mono-
stable multivibrator (CD 4047) with a time constant
of ~10 ms. This square wave with a width of ~10 ms
i s the reference C pulse. Details are shown in
Fig 313. Reference C is in phase with the portion of
the output signal corresponding to the BL sector of
the chopper disc (Pig 3.8). This. portion of the
signal is detected synchronously by one of the units
of CMOS switch CD 4016, controlled by Reference C
and fed to an S/H-integrator circuit and the output
I s taken as the reference voltage in the next differe-
ntial amplifier to which the other input is the signal
corresponding to the two chosen bands. The pulses in
the output actually represent the magnitudes of the
two signal voltages v, and Vz. Fig 3.12 gives the

details of the circuit.
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The output of the differential amplifier i s det-
ected synchronously by Reference A and Reference B8
pulses. Thus, reference band signal A and absorption
band signal B are separated into two channels. The
A channel signal after integration is sensed by the
loop amplifier with reference to 1 volt and the
difference is amplified. A twin-tee filter suppresses
any 25 Hz oscillation leaking through the amplifier
corresponding to the frequency of the reference pulse.
A fixed DC (bias) voltage (4.5V) is added to this
and fed back to the AGC amplifier to control its gain.
Thus, the gain is automatically adjusted so that vy
is always maintained at 1V, and can be monitored using
the selector switch. The B channel output is integrated
and i s connected t0 a voltmeter which gives a full
scale deflection for 1V through an amplifier of unity

gain.

35 Calibration of the Hygrometer

The calibration procedure consists of comparing
the hygrometer ratios obtained from the instrument with
concurrent or interpolated values of precipitable water
computed from radiosonde data. This is necessary since

the numerical ratio does not provide an absolute measure
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o precipitable water in the path.

Gilibrationin the laboratory is not feasible
because o the excessive path lengths required to
duplicate the typical quantities o water vapour that
exist in the atnospheric paths o the sol ar beams.
Laboratory techni ques al so yield only constant pressure
calibration data. S nce theoretical and experi nental
know edge o the pressure effect is still sonewhat
limted, adjustnent o these data to the approxi nate
average conditions prevailing in the sol ar-inclined
at nospheric paths would only add to the uncertai n-

ties of calibration.

The calibration curve for the infrared spectral
hygroneter based on a total of about 82 radi osonde
ascents nade at Bangal ore and Nandi HIIls is given
inFig 3.14, where line-of -sight val ues of precipi-
table water Win mm, are plotted agai nst the val ues

of ratio Rfromthe infrared spectral hygroneter.

Aleast square fit line is shown. The regression
coefficient isQ7  The average rms difference bet-
ween the fitted line and the precipitabl e water given

by the radi osonde is about 3 mm,
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A statistical conparison between the precipitable
wat er val ues obtained by King and Parry (1965) using
the hygroneter and from radi osonde conputations had shown
that the two values fall wthin 0.13mm of each ot her
65% of the tinme and wthin0.25 mm of each other 950%
of the tine. D fferences have a Gaussi an distribution
around zero difference. The hygroneter was thus shown
to be capable of neasuring total precipitable water
wWth as great reliability as the radi osonde. The

consi derabl e scatter observed was ascribed by themto

1) Inperfect humdity neasurenents by the radio-
sonde and errors in the conputation of W of the
order of + 20 per cent or nore (See para 2325 .
The lithiumchloride hygristor is particularly
unreliable in the neasurenent o |ow humdities at all
tenperatures. A -40°C the typical lag of the radio-
sonde humdity sensor i s about 10 mnutes. Even under
the nost favourabl e circunstances, radi osonde humdity
neasurenent s cannot be nore accurate than + 10%
relative humdity. A relative humdities bel ow 20
per cent, the sensor ceases to function and all water
vapour below this level are thus omtted fromthe

conput at i on.
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2) The hygroneter and the radi osonde neasure total
precipitable water along different paths and at
different tines, when there mght be snmall scal e varia-
tions in the noisture content. |In actual practice, the
bal loon nay drift wth the wnd as it ascends and the
integrated water vapour content nay then be neasured
over an area as large as 100 kmin diameter. |n any
case, the calibration procedure requires that ¥ be
multiplied by a proportionality factor, the ratio of
the length of the solar inclined atnospheric path to
that of the zenith atnospheric path. This ratio in
the optical air nass i s approxi nated by cosec ¢, where
@ is the elevation angle of the sun. The opti cal
airmass 1S expressed nore precisely by Benporads
formul a (Smithsoni an Meteorol ogi cal Tabl es, 1951)

particularly for solar el evations bel ow 20°.

3 Erors inherent in the spectrophotonetric
techniques. The effect of pressure and unwant ed

differential attenuati on are the nai n causes.

4) Instrumental errors which night be of the
order of afew percent. These are discussed in detail

in para 3.4.5.



5 Randomerrors, which are, however, nininised
by taking a | arge nunber of observations. Mst o
the calibration errors are largely conpensati ng and
the calibration curve despite its rather appreciabl e
scatter appears to provide an adequate calibration

of the instrunent.

Caily nean val ues of Wobtained wth the spectral
hygroneter at Bangal ore during 1980-81 are plotted
inFig 315

36 Sources of errors and accuracy of neasurenents

The nost desirable characteristic of an ins-
trunent is accuracy and the ability of the instrument
to mai ntain a known accuracy over a long period of tine.
Errors in neasurenment can be both systenatic and random
or accidental. In neteorological neasurenents, the
problemaod errors in neasured val ues is conplicated by
the fact that neasured quantities are thensel ves not
constant but are subject to change on various space

and tine scal es.

Field and | aboratory tests carried out by various
wor kers have shown that the infrared spectral hygroneter

hag, in principle, the necessary stability, linearity
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and reliability for routine precipitable water mea-
surements. However, in actual practice, instrumental,
observational and calibration-errors can occur, The
calibration curve itself of the hygrometer was found to
change during the 3-year long period of observations
and at Bangalore and Nandi Hills, therefore periodical
calibration of the instrument had to be repeated and
the latest calibration curves used in the evaluation

of the data.

Instrumental errors can arise from various fac-
tors such as the incorrect optical alignment. of the compo-
nents of the system. and the temperature dependence of
optical components such as the broad band pass and
interference filters. Scattered and reflected light
within the instrument can also give rise to errors.
Observational errors can arise from incorrect pointing
of the instrument at the sun or by intensity fluctua-
tions of the incident radiation during observations
and personal errors. These are, however, small and

typically of the order of 5%.

Ideally the IRSH should measure the ratio of true
fluxes of the two spectral regions; but the measured

ratio may be different from that of the true value



for the following reasons:

(i)The reflections undergone by the two
beams at the chopper disc and at the mirros m,
and m, My Not be identical.

Cii)If thefilters are not held in the same
orientation with respect to the corresponding beams,
the absorptions and reflections if any at the sur-
face, will be different.

(iii)There mey be non-uniformity in the black-
ening or the sizes of the sectors of the chopper disc.

(iv) The two beams mey not fall on the same
spot on the IR detector.

(v) The spectral response of the IR detector
mey not be identical for the two wavelengths used.

If the above factors, even if present, remain
unaltered during the calibration and measurement period,
the calibration curve should take care of these

errors.

Additional errors can be caused by:

i) The collection of dust or dirt within the
instrument, resulting in differential absorption.

ii)Dfferential scattering in the atmosphere;
this effect changes with the air mass and would be
larger for greater air masses.



iii) Variations in supply voltages to the ins-
trunent. This possibility is, however, mnimsed
by using a regul ated power supply.

Any gain variations or effects of tenperature
variations on anplifiers are mni msed, because the
el ectronic systemis swtching system between the two
spectral regions.

At very |ow values of W ( <émm) even a slight
error can vitiate the readi ngs because of the inherent
uncertainties invol ved i n radi osonde neasurenents and
al so since the nunber of points in the calibration
curve are few For high values of ( > 25mm) snal |l
errors in observation can lead to | arge uncertainties

in Wbecause of the nature of calibration curve.

Pressure induced uncertainties do not nornal |y
exceed Q7 to 1.2 mm although extrene variations
have been kmown to cause occasional errors of 25 mm
(Foster et al, 1963).

It can be said that in the internedi ate range
of W the IRSH can give as accurate results as those
given by radiosonde(wthin 5%). However, the sys-
tenatic errors in radiosonde wll be present. There-
fore IRSH can be said to give Ww th an overall error
typically of 25%.



37 Summary
An infrared spectral hygroneter designed and con-

structed by the author is described and the results of
neasurenents nade at Bangal ore of the precipitable water
in the atnosphere are presented. The various instru-
nental, calibration and observational errors are dis-
cussed. The nost attractive feature o the instrument
Isits ability to neasure precipitable water wth
virtually no instrumental | ag and the freedomfrom
effects o |ocal snmoke and pollution. The mai n drawback
of the instrunent is that neasurenents are l[imted to
days when the sun and the i mredi ate regi on of the sky

around it is free from cl ouds.
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