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The problem of assessment of atmospheric turbidity caused by aercsol particles, viz., dust, smoke, haze, and other
atmospheric pollutants, apart from the effect of variable water vapour content of the atmosphere, has been studied
afresh. The basic concept underlying Linke’s turbidity factor, 7', has been, found to be theoretically sound, al-
though its quantitative formulation suffers from one major defect, viz.,Yts ‘virtual veriation’ with air mass.
This error has been traced to defective formulation of the quantitative expression for 7'. A‘ Rational turbidity factor’,
Tr, has been proposed which is likely to overcome. the limitations of Linke’s urbidity factor, 7. A nomo.
gram has been developed for quick evaluation of T'r, and the effect of altitude has also been considered.

\

Atmospheric turbidity is one of the climatic elements whose importance has long been recognised.
It represents the total effect of atmospheric matter in depleting solar radiation during its passage -
through the earth’s atmosphere. Its knowledge is important for assessment of radiation and heat balance
at the earth’s surface, as well as for evaluation of the performance of solar energy devices. It has
now assumed a role of special importance in view of the present emphasis on environmental seiences,
particularly in respect of atmospheric pollutants in urban and industrial areas. Itewas, therefore
considered worth-while to study the subject with a view to find a simple and practical method = of
estimating turbidity. From the knowledge of total turbidity, it should be possible to estimate the con-
centration of atmospheric pollutants by eliminating the effects of Rayleigh scattering and selective
absorption by variable water vapour content of the gtmosphere. The intensity of direet solar radiation
a3 a function of altitude and humidity was considered in an earlier paper’. A simple method was
subsequently developed®? for estimation of precipitable water in the atmosphere from measurement
of surface humidity. The present paper will be chiefly concerned with the problem of assessment of
total atmospheric turbidity based on measurement of direct  solar radiation at normal incidence com-
prising the entire spectrum.

QUANTITATIVE APPROACH TO THE STUDY OF TURBIDITY]

Evolution of the concept of turbidity

The intensity of direct solar radiation at normal incidence I depends on its attenuation during

its passage through the atmosphere, which is known with a reasonable degree of accuracy in respect of

ire, dry air. This attenuation or depletion, increases with increasing turbidity caused by variable -

constituents of the atmosphere, viz., water vapour, dust, haze, smoke and other solid and liquid particles

referred to as aerosol particles in general. It was thought, therefore, that a measure of this depletion
" of gsolar radiation intensity could, by itself, be taken as a measure of atmospheric turbidity.

Difficulties arose, however, because measurement of insolation is carried out af stations at different
altitudes, and at different hours corresponding to different solar heights. Even for a pure, dry atmos-
phere, I is known to increase with the altitude of the place of observation and to decrease with increas
ing zenith-distance Z of the sun, signifying that depletion of solar radiation is due to the absolute air
mass m, in the path of the solar radiation. -On the other hand, a suitable measure of turbidity should
be independent of air mass m, so far as it depends on solar height or zenith distance.

Subsequent attempts to overcome the above mentioned difficulties, led to the development of a
number of measures of turbidity, chief among which are : Mean Extinction Coefficient @, Transmis-
gion Factor ¢, and Linke’s Turbidity Factor T. These will be discussed below.

Mean Extinction Coefficient &
Transmission of monochromatic radiation through the atmosphere obeys Beer’s law, so that
I,\ == 'Io/\e —al‘m (1)
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where I, is the incident radiation intensity of wavelength A, I, - is the transmitted radiation intensity
and m is the air mass in the path of the radiation. It follows that

In Iy = ln I =~ axm , " (2)
so that In I) plotted against m should yield & straight line whose slope is equal to 4, (numerically),
which is termed as the ‘Extinction Coefficient’. This is shown in Fig. 1 for three different

wave lengths for a Rayleigh atmosphere. The computed data have been extracted from Robinson.
It also follows that , ‘

| a=1In(II 2)/m ' ‘ (3)
In analogy with eqn (3), a Mean Extinction Coefficient a was defined as .
| Ca=Wn(SyDim - : @

where S, is the solar constant, I is the intensity of direct solar radiation (for the-entire spectrum) at
normal incidence and m is the absolute air mass in the path of the solar radiation.

Since the extinction - coefficient @ is a function of A, the mean’ extinction “coefficient, al,:‘ should
vary with air-mass m. In other words In I plotted against m should not yield a ‘straight  line. This
is shown in Fig. 2 for a pure, dry. atmosphere. The data for -the plotted points have been taken from
‘Table 1. ‘ , : Co
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Fig. 1—Linear relationship between log I} and m for'mono- Fig. 2—Non-linear ‘ relationship ‘between log I and s for
chromatio solar radiation of three different wave total direct solar radiation. Points represent com-
. lengths (Band width 0-02u) for rayleigh atmos- - puted -values (Robinsen?).
phe:)e. Points- represent computed values (Robin-

‘Evidently, the mean extinction coefficient a is not a suitable measure of 'atmoépheric turbidity.
Transmission Factor q
' ﬁrom eqn (4), we have :
I = Spe —m=S ™ " (6)

where ¢ = ¢~% and is' known as the Transmission Factor. This also suffers from the -same defects
as the mean extinction coefficient. Both a and g depend on optical air mass ‘with regard to ‘total
direst solar radiation comprising the entire spectrum. Beer’s law which is ‘strictly valid = for mono-
ehromatic radiation, is far from true in the case of solar radiation coveringa wide range of wave lengths,
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Linke’s Turbidity Factor T

It was Linke ® who guggested a better method for estimation of turbidity. = Considering seattering
and absorption by pure, dry air as the basic atmospheric effect, Linké proposed to-réfer thé mean
extinction coefficient observed in an actual turbid atmosphere to the basic effect. In other wotds,
he defined a’turbidity factor T, which indicates how many atmospheres of pure, y air produce the
same depletion in direct solar radiation as the given turbid atmosphere.

It has been noted that the mean extinction coefficient @ is a function of air mass m. We,
therefore, denote by a(m), the mean extinction coefficient of the local  atmosphere for air mass m and
by T, the turbidity factor while a, (m) is the mean extmctlon coefficient for pure, dry air for air mass m.

Accordmg to Linke, we should have
| I = Syeomm Sye—amms (©)
gince an air mass #m of turbid air is equ1va.1enb to mT air mass of pure, dry air. Hence, we obtain
o T = In (Sy/I) mdy (m)
or \ T = 2308 log (Sy/I/may (m).

or : T = P(m) log (So/I) . (7)’
where | | )

" P(m) = 2-303/may (m)

Here 8, is the solar constant, assumed to be 198 cal/om? min, and I is the mtensxty of direct

' solar radmtmn ab normal incidence at the place of observation. Numerical values of the factor P(m)

as a function of air mass m for computation of turbidity factor 7' for total radiation, can be estima-

ted from equation (7) by putting I'=1 and using the values of I, computed for dlﬂ'erent air masses
in respect of pure, dry atmosphere. Thus for T'=1, equ (7) leads to :

P(m)=1 log (SyIp) e
and k | . ‘ .
log Ip = log Sy—1/P(m) (9)

for pure, dry atmosphere Computed value of P(m) with Sy=1-98 ca.l/cm2 min have been' tabulated
by Robinson® for. air mass m varymg from 0-5 to 10. Eqn (9) has been . utilised to find Ip, for
the sams air masses for pure, dry air. Values of P(m) and I, for selected values of m are shown in
- Table 1. «

Tasry 1

- VALURS OF P (1) AXD I For PURE,, DRY ATMOSPEERE AS EELATED TO AIR MASS m

" Air mass - ' ’ ' i R Ip éaljom ‘min

(m) . P(m) : (Pure, dry air)
0.5 - , 439 ' \ . 1879
10 ‘ 232 - " 1793
15 - 164 1721
2 ' 12 .86 ‘ : 1655

3. 9.33 . 1547 -
4 755 : - 1-460

6 512 ‘ 1324

8 4 - 1.292

1

0 ’ o . 419 ST - 1-143
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From the observed value of I and P(m) given by Table 1, Linke’s Turbidity factory T, can be
estimated from eqn (7) with S,=1-98 cal/cm®min, Computatmnal work can be avoided with the
help of the chart shown in Fig, 3. It should be noted, however, that the observed I must be reduced to the
mean sun-earth distance by multiplying it by the factor (R,I/R,,)2 where Ry is the sun-earth distance
on the day of observation, and R,is the annual mean®, :
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Fig. 3—Chart for computation of linke’s turbidity factor, T from given values of intensity of direct sola.r radiation
at normal incidence, I, and absolute air mass, m.

Linke’s turbidity factor, T, as defined by equation (7) and shown in Fig, 3, proved to be a distinct
improvement on earlier measures of turbidity. It was, however, found to suffer from one great disad-
vantage®. Even under constant turbidity conditions, T' was found to exhibit a diurnal variation
referred to as ‘virtual variation’. In other words, 7' is not strictly independent of air mass m. This
was ascribed by Linke? to dependence of the extinction coefficient on the wave length of radiation.

PROPOSED APPROACH

A cntlcal study of Linke’s turbidity factor, 7T, leads to the conclusion that there is nothing
materially wrong with the basic definition of T according to which 7' is the number of atmospheres of
pure, dry air which produce the same total depletion of direct solar radiation as the given turbid
atmosphere.

We have traced the error to the formulation of the quantitative expression for T given by ‘eqn
(7), derived from eqn (6) which states that .

I= Sie=3(™) ™ = Sye = %(™) "7

where a(m) is the mean extinction coefficient for the given air of turbidity factor, T, while ay(m) is
the mean extinction coefficient for pure dry air. Since ap(m) is a function of air mass m andm7 is the
equivalent air mass of pure, dry atmosphere, it follows that ay(m) in the above equatmn should be
replaced by ap(mT). Equation (6) should, therefore, be meodified as

1o - |
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The turbidity factor, Ty, defined by the above equation has been termed as the ‘rational turbidity
factor’, in order to distinguish it from Linke’s turbidity factor, 7'. It folows, therefore, that

In(SyT) _ 2303 - -
.fnap (‘mT’)‘ mp (™T,) log (‘SO/I) o , (11)

T,

The main difficulty in applying the above equation for practical computation of T, arises because
‘of the fact that data on direct solar radiationin a pure, dry atmosphere are not available beyond an
optical air mass of 10, while the equivalent pure air mass, mT,, of a given turbid atmosphere may be
many times the above value. For example, with m = 5 and T, = 30, the equivalent pure air mass is
150. Extrapolation of solar-radiation data upto such large values of air mass with any reasonable degree
of accuracy, has not yet been possible because of the non-linearity between log I, and m as shown in
Fig. 2. No simple formula has yet been developed which could enable extrapolation much beyond
m =10. Our foremost task was, therefore, to obtain a simple as well as i'eliabfe formula correlating I,
with m, which could be transformed into a linear equation, thereby enabling extrapolation to much
larger values of m with reasonable accuracy.

Correlation of Ip with m

The concavity upwards of the curve in Fig. 2 suggests that linlearity may be achieved by plotting
log I, against m?, where p is @ suitable positive fraction (0<<p<1), such that .

log I, = 4—B mz, - (12)

where 4, B and p are three undetermined constants. This equation may be put in the form

(Ad—logI,) = B m? .45
or log (4—log Ip) = log B-+-plog m,  (13) '3l
so that log (4—log I,) plotted against log m should
yield a straight line whose slope is equal to p. 1.2 p oo
. As a first approximation, 4 was taken to be log S,, i SLOPE p=0-6
8, beingthe solar constant equal to 2 cal/fem?®min. o 1 ‘
The graph thus obtained was found to be slightlycon- o < |
cave upwards signifyingthat 4 should be somewhat S = ' |
greater than log 2. After a fow trials, with progres- & -
sively larger value of 4, almost perfect linearity ~ 29
(within the limitations of graphical method) was g o
achieved with 4 = 0-318, as may bhe seen from 2.84
Fig. 4. The slope p of the lineis found to be practically .
equal to 0-6. With p=0-6, values of A and B were 2.7
moTe accurately calculated with the help of the least ;
square method, since according to eqn (12)log I, is 3.6
linearly related to m?. The constants of the regres- |
sion eqn (12) alongwith o, the standard deviation of .54
the scatter about the regression were calculated. o
In order to arrive at the best value of p the F A
same method was repeated with several vahf;s of ke oeo 0'5060'4 o6 o8 10
m

p in the range 0:56 to 0:62. The corresponding L _ )

values of the constants 4 and Band o areshown in Fi8. 4—Graphical evaluation of p in terms of equation (13)
, : after adjustment of 4 so as to yield a linear relation-

Table 2. : ship, (Data from Table 1).
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which yields the minimum. value of 0. )

~ The regressmn equatmn finally accepted may, therefore, be Wntten as SRt T
log I, = 0-32491 — 0~072375m 087 e e (14)

: C’omputatwn of the Rational turbidity factor, T, S : -

With the help of eqn (14), we ale nOW in a posmon to compu‘(e the- Rai 1ona,l turbldlty factor, T,,
‘which has been defined as the numbez of atmospheres-of pure, dry air whmh pro&uce the sameg 1ofal deple-
tion of direct solar radiation as the given-turbid atmosphere. - ,

If 1 is the observed intensity of direct Solar radiation at normal incidence i in aburbui atmosphere
T, of absolute air mass m, then 1t follows from the deﬁmhon of T, thata qn (14) can be. used by re-
placmg I, by I and m by (mT,), 50 that R

log I = 0-32491 — 0. 072375 (mT) 087 o (15)

Whence, we obtain

7o 170 3249141*og‘ I jHose

T w002 | '

B An alternative expressmn for T, has been pmwded by eqn: (11) but- It will be much mmpler to use
eqn (16) for the’ purp08e sinee it requires the knowledge of ‘only two parameters, viz., I and m,~ -

(16),
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In order to avoid tedious computational work, anomogram has been developed for quick evaluation of
T,, and the same is shown in F1g 6. S

- A

DISCUSSION

Desplte the sound phyfuca.l concep’n nnderlymg Linke’s turbldxty factor, T, it has fallen out of use
because of ita 50 called virtual variation with air mass, which was ascribed by Linke to the spectral depen--
dence of the ‘extinction Coefficient’, @ The real cause of this virtual variation has been explained in the
foregoing, and the proposed ‘Ratxona.l turbidity factor’, Ty, islikely to overcome this limitation.

_ Let uanow look into the nature of this virbual variation-of T, which has been defined by eqn ()
namely ,
T = P(m) log (SO/I)
where P(m) as a function of air mass m may be obtained from Table 1. The value of S, was taken by
Linke as 1-98 cal/cm?min.  After substituting this value of S, and that of log I from eqn (15) in the
above eqn (7), we ﬁnally obtain '
T = P(m) [0-072375 (mT') °-57 — 0- 02824] 4 @

It follows from the above equation that T’ does depend on m for any given value of Ty, The results of
calculation are shown in Fig. 7, in which values of 7' have been plotted agamat m for different fixed levels
of abmdspheric turbidity expressed in terms of 7.

It may be noted in this connection that with absolute air mass m, 7', as defined by eqn (14) and shown
in Fig. 6 refers to near sea level eonditions ( ~ 1000 mb ). In respect of stations at different altltudes,
T, should be understood to denote the number of standard (sea level) atmosphetes of pure dry air which
cause the same depletion of I as the local turbid atmosphere of the station of observation. In general,

therefore, m in eqn (14) and Fig. 6 should be re- 20-
placed by m,, the relative air mass, which is practi- )
cally equal to Sec 7, where 2z is the zenith dis- I5- CONSTANT Tp LINES
tanlce of fillle siun T,determined in this way is appli- .

" cable to all altitudes, 1ncludmg sea level. 10 -\
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The pmpoaed ‘Ratmnal tmb:d;lty factm T, is hkely to_ overeome the limitations of “Linke's turb1d1{y
factor T, particularly in respect of the virtual veriation of 7 with air mass, The next step should be eli-
mination of the effect of Rayleigh scattering and absorpmon of direct solar radiation by variable water
VaPOIIfEGOntent of the looal atmoaphere, 80 a8 to. ar;ive 8 reasonable Ineastire of "’bxdlty caused by
aerogold, . . SRR A
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