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ABSTRACT. Based on the concept underlying Linke's (1942) turbidity factor, 7', a rational! turbidity
factor. 7y, was defined by Maiumdar ¢f al. (1978), in which “Virtual variation with air mass” was
minimised. Since both these factors include the effect of variable water vapour in the atmosphere, the
same has been eliminated with the help of Schott red filter, RG-2, A new index of turbidity, =, has
now been defined on the basis of two measurements of direct solar intensity with and without filter.

1. Introduction

The intensity of direct solar radiation received on the
surface of the earth depends on its depletion along its
path through the atmosphere. The depletion is small
in pure dry air, but increases with the amount of con-
tamination, pollution, or turbidity associated with vari-
able components such as water vapour, dust, smoke,
haze or, in general, aerosols. It should, therefore, be
possible to determine the turbidity of the atmosphere
from measurements of direct solar radiation.

A number of difficulties arose in this connection, be-
cause solar radiation comprises a wide range of spectral
wavelengths, with varying distribution. There would
have been no difficulty with monochromatic radiation
for which Beer’s law holds good (Robinson 1966, p.47)
According to this law if a parallel monochromatic beam
of intensity lox is incident upon absorbing medium
then the intensity 7, of the beam after passing through
the medium is given by :

(1

where ‘1’ is the absolute air mass in the path of the beam,
and a) is the extinction coefficient (per unit air mass).

From Eqn. (1):

Ixm) = loa €xp (—ax.m)

In TA( n) (2)

It follows from Eqn. (2) that In /x,, plotted against
‘m’ should yield a straight line with a slope equal to
—apy. 1t also follows that :

= In fyr —ax.m

(51)

ax = ni " In [Loa | D)) (3)

In analogy with Eqgn. (3) a mean extinction coefficient
‘a’ was defined for solar radiation, so that :

a=m"tIn(lh/D (4

where I is the solar constant, and / is the measured
value of the intensity of direct solar radiation at normal
incidence, for air mass ‘m’. However, an actual plot
of In / against “m” even for a pure and dry atmosphere,
yields a curve which is slightly concave upwards, indi-
cating that ‘@’ decreases with increasing air mass. As
a result, the mean extinction coefficient could not be
taken as a reliable measure of atmospheric turbidity due
to its so called “‘virtual variation with air mass”™.

2. Linke's turbidity factor (7))

The first rational approach to the problem was per-
haps due to Linke (1922), who defined a turbidity factor
(7). which indicates the number of standard atmos-
pheres of pure and dry air which produce the same
total depletion or give rise to the same intensity of
direct solar radiation as in the given turbid atmosphere.
This was based on the consideration that scattering
and absorption by pure, dry air is the basic atmos-
pheric effect.

Let ‘/y" be the solar constant, ‘/° the intensity of
direct solar radiation at normal incidence, and ‘m’
the absolute air mass at the time and place of obser-
vation. If a(m) be the mean extinction coefficient
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Fig. 1. Comparison of regression equation with available data
(Majumdar e al. 1978 b)
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Fig. 2. Nomogram for evaluation of 7}
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Fig. 4. Nomogram for estimation of the new index of turbidity
(7) from relative air mass (m,) and observed radiation
intensity (I+) below 0.63 pm reduced to mean sun-earth
distance
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for the given turbid atmosphere, and ap(m),  that
of pure, dry atmosphere for the same air mass ‘m’.
we should bave according to Linke :
[ = Iy exp [—a(m). m]

= Iy exp [—au(m). m T (5)
since an air mass ‘m’
*T” is, by definition, equivalent to air mass
pure, dry air.

of turbid air of turbidity factor
‘mT’ of

From Eqn. (5), we obtain :
T = P(m) log (Iy | 1) (6)

where P(m) is a factor which is inversely proportional
to the extinction produced by an absolute air mass m
and hence is a function of air mass as well.

Further, P(m)=2.303/m. ap (m) (7)

With T=1 (pure, dry atmosphere), Eqn. (6) leads to
P(m) = 1/ log (fy [ 1) (8)

Computed values of P(m) with 1o =1.980 cal cm 2
min—! were tabulated by Robinson (1966, p. 99) for air
mass varying from 0.5 to 10. Knowing P(m) and obsery
ed /, Linke’s turbidity factor 7, can be estimated from
Eqn. (6). It may be noted, however, that the observed

I must be reduced to the mean sun-earth distance by
multiplying it by the factor (R/Rp)2, where R is the actual
sun-earth distance on the day of observation, and Ro,

the annual mean. Computational work is avoided with
the help of an alignment chart devised for the purpose.

Linke’s turbidity factor, 7, was found to be a distinct
improvement on earlier measures of turbidity. It was,
however, found to suffer from one great disadvantage.
Even under constant turbidity conditions ‘7 was found
to exhibit a diurnal variation, or the so called virtual
variation with air mass. In other words, ‘7" is not
strictly independent of air mass. This was ascribed to
the dependence of the extinction coefficient on the wave-
length of radiation (Robinson 1966, p. 100). It may also
be noted that ‘7" is a measure of total turbidity, includ-
ing the contribution by water vapour, since if is based
on insolation measurements without filter,

3. Angstrom’s turbidity coefficient (B)

In order to eliminate the effect of water vapour from
solar radiation measurements, Angstrom introduced
the Schott red filter, RG-2, having transmission from
0.63 to 2.8 pm. Two measurements are made, one
without filter (7), and one with the filter (/g). The
latter is multiplied by the reduction factor, DR2, of the
particular filter supplied by the manufacturer in order
to correct for transmission losses within the filter.
The difference ( 7, — DR2 x I ), therefore, gives the
radiation intensity over all wavelengths < 0,63 e,
thereby eliminating the effect of variable water vapour
which is almost entirely confined to the infrared region
of the solar spectrum. We are thus left with two basic
effects, viz., molecular or Rayleigh scattering and
scattering due to aerosols (dust, smoke, haze, ctc).

The extinction coefficient ‘axy’, due to aerosols is a
complex function of the particle number and size dis-
tribution. However, Angstrom (1929, 1930) approached
the problem in an empirical way, and derived an ex-
pression for aip on an experimental basis. It may be
put in the form :

ayp = B )

where B is a constant characteristic of the aerosol
content, and « is a number between 0 and 4, character-
istic of the particle size distribution. The constant B
is known as Angstrom turbidity coefficient.

On the basis of spectral investigations, a reasonable,
average value of the exponent ‘a” in Eqn. (9) was found
to be 1.3, so that the equation could be simplified to
the form

AN B A (10)

With a = 1.3, elaborates tables have been prepared
from which B can be readily estimated from pyrhelio-
metric observations.

‘A" has been in wide use by meteorological organisations
all over the world as a rough guide to the measure
of dust, smoke and haze of the local atmosphere.

The principal drawback of ‘8’ is the assumption
of a constant value for ‘«’, which may widely differ
from 1.3, thereby giving rise to the so-called virtual
variation of 8 with air mass even under steady turbidity
conditions of the atmosphere. This is particularly true
in tropical countries like India, where particle size dis-
tribution has wide seasonal variations. In northern
India, larger particles predominate during summer
months, so that a0, and occasionally becomes nega-
tive (Ramanathan and Karandikar 1949).

4. Schuepp’s generalized turbidity coefficient (1)

Schuepp (1949) has defined a turbidity coeflicient ‘B
referred to the base 10 of ordinary logarithms, and by
replacing the term A%, by (2A) "« so that Schuepp’s ge-
neralised turbidity coefficient, B, is referred to the wave-
length 0.5 um in the central part of the visible spec-
trum. It will be seen that Angstrom’s turbidity coeffi-
cient ‘f" is referred to as wavelength of 1 um, well
outside the visible spectrum, and its actual mangitude is,
therefore, only of academic interest. . '

Schuepp’s generalised turbidity coeflicient, ‘B’ 1o-
gether with the wavelength exponent, «, and the pre-
cipitable water, W, gives the most valuable information
because the size spectrum of the aerosols can be inferred
from ‘«’. Graphical procedures were devised by
Schuepp to simplify computational work. The method,
though ingeneous in the academic sense, is of little
practical use (Robinson 1966. p. 107). Firstly, it needs
measurements with different filters, and is too cumber-
some in its practical applications. Secondly, it is sub-
ject to large errors caused by a long series of radiation
measurements. Thirdly, the formula is based on the
ratio of small differences between several measured va] ues
so that the total error is multiplied manifold,
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5. A simplified approach

In view of the foregoing, we considered it worth-
while to explore the possibilities of defining an index
of total atmospheric turbidity based on measurements
without filters, by overcoming the defect of Linke’s
turbidity factor 7, so as to minimise virtual variation
with air mass (Majumdar ef af. 1978 b).

A critical study of Linke’s turbidity factor 7. leads
to the conclusion that there is nothing materially wrong
with the basic definition of 7, according to which ‘77 is
the number of standard atmospheres of pure, dry air
(Rayleigh atmosphere) which produce the same total
depletion of direct solar radiation, as the given turbid
atmosphere. “We have traced the real error to the
fe 'mulation of the quantitative expression for 7 given

Eqn. (5), in which a(m) is the mean extinction coeffi-
-tent of the given turbid atmosphere of air mass
‘m’, while ap (m) is that of pure, dry air of the same air
mass ‘m’. Since ay(m) is a function of *m’, while m,T is
the equivalent air mass of pure, dry air, it follows
that a,(m) in Eqn. (5) should be replaced by a, (m, T)
where a, (m,T) is the extinction coefficient of an
equivalent air mass of pure, drv air. The modified
equation we have proposed is as follows :

I=1 exp[—a(m). m]

=1y exp[—a,,(m, T). m.T ,-J (1)

where [ is the solar constant, and [ is the measured
value of the intensity of direct solar radiation at normal
incidence after it has passed through an equivalent air
mass, m, T,, of pure, dry air with the mean extinction
coefficient a, (m,.7,). We have termed the turbidity
factor, T;, defined by Eqn. (11) as the ““Rational turbidity
factor™, in order to distinguish it from Linke’s turbidity
factor, T. It follows, therefore, that

T, = 1n (fo/I)me.ap (m,T,)
= 2.303 log ( fo/l )mr.a, (m, T:) (12)

The main difficulty in applying Eqn. (12) for practical
computation of 7T, arises from the fact that data on
direct solar radiation in a pure and dry atmosphere are
not available beyond an optical air mass of 10, while
the eaquivalent pure air mass, m, T, of a given turbid
atmosphere may be many times the above value. No
simple formula is known which would enable extrapo-
lation much beyond n1,—10.

We have overcome this difficulty by defining an effec-
tive air mass, m,, such that log 7, plotted against m,
should yield a straight line. thereby enabling extrapolation
to much larger values of *m” with reasonable accuracy.

Our analysis of available data (Majumdar ¢ al. 1978
b) has led to a reasonably reliable extrapolation formula,
namely.

log I, = 0.32491 —90.072373m "* (13)

so that the effective air mass is given by

my = m"" (14)

Here 7, is the intensity of direct solar radiation at normal
incidence in cal cm ™ min—"' for a pure and dry atmos-
phere. The equation has been compared against
available data in Fig. 1. The difference does not ex-
ceed +-0.5" over the entire range. If 7 be the observed
intensity (reduced to mean sun-earth distance) in a
turbid atmosphere (7T,) of relative air mass, m,, then
it follows from the definition of 7,, and Eqn. (13),
that :

log [ = 0.32491—0.072375 (m, T,)"*",

whence we obtain

1
1] 0.32491 —log/ 1"
" om, 0.072375
In order to avoid tedious and time consuming compu-

tational work, we have devised a nomogram (Fig. 2) for
quick evaluation of T,.

T (15)

The proposed measure of turbidity, 7, is made up
of three components, namely, (/) pure and dry air
(basic effect), (/i) precipitable water, W and (iii) aerosols
(dust. smoke, haze, etc). In order to assess the rela-
tive contribution of aerosols to the total turbidity, it
is essential to have a reliable estimate of precipitable
water. We have evolved a new method for estimating
‘W’ from surface humidity (Majumdar et al. 1977) by
introducing the concept of a “Lapse parameter”,
characteristic of the vertical moisture profile. We have
also proposed an improved method for computation
of *W” from upper air data (Majumdar et al. 1978 a).

However our subsequent studies (Majumdar er al.
1979 a, 1979 b) have revealed that the effect of W cannot
be isolated from that of aerosols. This may be ex-
plained as due to strong interaction bztween scattering
by aerosols and absorption by water vapour in the
near-infrared region of the solar spectrum. This effect
is likely to be more pronounced with larger particle
S1Ze.

The chief’ merits ol the “*Rationalised turbidity factor”
T, are :

(i) Measurement with filter is not required,

(ii) Tt does not assume any fixed particle size distri-
bution,

(7ii) 1t can be easily and quickly estimated with the
help of the nomogram in Fig. 2,

(iv) Virtual variation with air mass is likely to be
negligible and

(v) Itisapplicable to all altitudes.

6. Development of a new index of turbidity

Since, however, the contributions of aerosols towards
the total turbidity cannot be reliably estimated in the
presence of water vapour, we have defined a new index
of turbidity based on two pyrheliometric measurements,
one without filter (/) and the other with Schott red
fillter RG-2, (7p). as required for the estimation of
Angstrom’s turbidity coefficient, B. If DR2 be the
reduction factor of the filter then the difference (/, —
DR2 > Iy) gives the radiation intensity /,, over all
wavelengths below 0.63 pm. '
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TABLE 1

Radiation data in relation to air mass for a pure and dry atmosphere

(loy=0.789 cal cm™® min™!)

Air I (cal Inm In[ InUo/lp) 1 m 1n Iny In Irv
mass em ™ minY) est Error
(m)
) 2) (3) (4) (5 (6) )] (8)
1.0 0.594 0.000 —1.259 1.000 —0.521 —0.519 40,002
15 0.536 0.405 —0.949 1.383 —0.624 —0.627 —0.003
2.0 0.484 0.693 —0.715 1.741 —0.726 —0.729 —0.003
2.5 0.438 0.916 —0.529 2.081 —0,826 —0.826 0.000
3.0 0.397 1.099 —0,375 2.408 —0.924 —0.919 +0.005
3.5 0.364 1.253 —0.256 2.724 —1.011 —1.009 +0.002
4.0 0.336 1.386 —{0.158 3.031 —1.091 —1.095 —0.005
4.5 0.307 1.504 —0.038 3.331 —1.181 —1.181 0.000
¥ 5.0 0.282 1.609 40.029 3.624 —1.,266 —1.264 +0.002
5.5 0.261 1.705 4-0.101 3.911 —1.343 —1.346 —0.003
6.0 0.240 1.792 +0.174 4.193 —1.427 —1.426 -+0.001

Water vapour and haze (dust) are the main sources
of turbidity. It is possible to separate them out due to
their widely different contributions in the visible and
infrared parts of the spectrum. The difference (/,—
DR2 x I) is approximately the sum of the visible and
ultraviolet portions of the solar radiation (Robinson
1966, p. 101). So with the removal of infrared radia-
tion the effect of water vapour is eliminated. The new
index of turbidity (r) is then defined as the number of
standard atmospheres of pure, dry air which produce
the same depletion of direct solar radiation below 0.63
pm, as the given turbid atmosphere.

6. 1. Effective air mass m, (A < 0.63 pm)

Our next task is to find the relationship between eflec-
tive air mass ‘m,’ and the actual air mass ‘m’ for pure

dry air, so that log 7, plotted against ‘m should
yield a straight line of the form :

Inflyy=mnl,—am, (16)

where I, is the solar constant or solar radiation intensity
over all wavelengths below 0.63 ¢ m, and 7, is the
solar radiation intensity for the said wavelengths after
their passage through pure and dry air. m, is the
effective air mass and a is the mean extinction coeffi-
cient due to aerosols (dust, haze etc). Assuming m,=m?
where g is a positive fraction less than 1, Eqn. (16)
becomes : .

In ( Iav/Iilv) = a.mi

whence,

In [ln(lo,,![,_,,)] = Ina+q. Inm (n

Estimation of ¢ has been done with the help of the
data presented in the first two columns of Table I.
These vaiues were computed by Angstrom’s method,
and have been extracted from India Meteorological

Department, 1. S. Circular No. 47a, dated 25-5-1958,
Instruments Section, Meteorological Office, Pune, India.
The second column of Table | gives the values of radia-
tion intensity /. in cal cm—* min—! for pure and dry
air, for A <0.63 & m (International Pyrheliometric
scale, 1956, I, = 1.980 cal cm 2 min—!, Solar spectrum
according to Nicolet). We have taken 7,, = 0.789 cal
cm—* min~? the value computed by Linke (1942),

The derived values in the third and fourth columns of
Table | have been plotted in Fig. 3, which reveals an
almost perfect linear relationship. The slope of the
line does not differ significantly from 0.8. Thus the
effective air mass may be given by:

me = m"* (18)
6.2. Correlation of radiation data with effective air
mass for a pure and dry atmosphere
In view of Egn. (18), we can now write :
Inl,y — a.m"? (19)

We no longer assume [, = 0.789 calem™? min—" as
computed by Linke. The best value of In 7/, and
‘a’ have been determined by the method of least squares
using the data in columns (5) and (6) of Table 1. X

In I, =

The values obtained are :
In [, = —0.2343 and a = 0.2842,

so that [,, = 0.791 cal cm™* min™', which is practi-
cally the same as that of Linke.

Eqn. (19) now takes the form :
in I, = — 0.2343 — 0.2842 m"* (20)

The observed values of In [, have been compared with
the values estimated from Eqn. (20), in columns (6)
and (7) of Table 1. The maximum error is --0.005
as will be evident from column (8) of Table 1. This
corresponds to a maximum error of 10.5% in the
intensity values.
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6.3. The new index of turbidity ()

As mentioned earlier, the new index of turbidity (7)
has been defined as the number of standard atmospheres
of pure, dry air which produce the same depletion of
direct solar radition below 0.63 x m, as the given turbid
atmosphere.

It follows from Eqn. (20) that :
Inf, = —0.2343 —0.2842 (m,r )**

whence,
I, = 0.791 exp [ ~0.2842 (m ) | @1
so that
e ‘*;ii( In 0. 791/F, )"+ 22)

where m, is the relative air mass and /, is the measured
radiation intensity below 0.63 . m in cal cm™2 min—",
reduced to mean sun-earth distance,

In order to avoid tedious and time consuming compu-
tational work, a nomogram shown in Fig. 4 was devised
for quick estimation of 7.

7. Discussion

It will be appreciated that the concept of optical air
mass has proved to be very useful in eliminating or
minimising virtual variation of the mean extinction
coefficient ‘@’ in Eqn. (19) which has now a constant
value of 0.2842 independent of air mass. The proposed
index of turbidity should, therefore, overcome the
defects of earlier measures of turbidity.

. Another advantage of the proposed index is that unlike

Angstrom’s turbidity coefficient ‘8, = does not require
the assumption of a fixed particle size distribution.
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