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ABSTRACT

Atmospheric turbidity parameters are useful tools in air pollution monitoring and
estimating atmospheric aerosol concentrations. Some atmospheric turbidity parameters,
total optical depth (TOD), Linke Turbidity Factor (LTF) and Angstrom turbidity
coefficient (ATC) and the maximum degree of polarization in the principal plane of the
sun (MDoP) computed using ground-based solar intensity measurements are compared
for three locations in Sri Lanka; Kelaniya, Kandy and Mahiyangana.TOD, LTF and
ATC showed an increase with solar elevation angle in the range of 14° - 38° studied.
The computed turbidity parameters were highest in Kandy and lowest in Mahiyangana
indicating the highest aerosol concentration in Kandy, followed by Kelaniya and
Mahiyangana. The reciprocal of MDoP showed a positive linear association with solar
elevation angle implying that MDoP decreases with solar elevation angle in agreement
with previous studies.

1. INTRODUCTION

Investigations on atmospheric turbidity parameters with ground based solar intensity
measurements have been employed in past studies to estimate the extent of aerosol
presence as well as aerosol size distribution [1- 3].The results of such investigations
have been used to acquire knowledge of properties of aerosols, and to monitor the
seasonal variations in atmospheric turbidity levels for meteorological purposes and for
various other applications [3-6]. Studies on the polarization of skylight also show that
some characteristics of the polarization pattern of skylight such as the maximum degree
of polarization (MDoP), and the locations of the polarization neutral points in the
principal plane are related to atmospheric turbidity [7-13]. However such studies using
ground based observations have not been carried out in Sri Lanka to the best of our
knowledge although some studies based on satellite data have been reported. This work
is aimed at investigating the variations in the atmospheric aerosol content with solar
elevation angle and location through computations of the turbidity parameters; Total
Optical Depth (TOD), Linke Turbidity Factor (LTF) and Angstrom Turbidity
Coefficient (ATC) based on solar intensity measurements carried out in Kelaniya,
Kandy and Mahiyangana in 2018. TOD is a measure of turbidity in terms of the
attenuation of light intensity in travelling through the atmosphere, LTF is a measure of
the turbidity in terms of the turbidity of a clear molecular atmosphere and ATC is a
measure of aerosol concentration. These parameters are also compared with the MDoP
in the principal plane of the sun. A polarimeter constructed for the purpose is employed
for intensity measurements. Details of the three measurement sites and the periods of
data collection are given in Table 1.



17
Proceedings of the Technical Sessions, 36 (2020)
Institute of Physics — Sri Lanka

Table 1: Details of the measurement sites and data collection periods

Location Latitude Longitude Altitude Data Collection Period
(2018)

Kelaniya(Roof top) 698N  79.92°E  43m February 2, 6, 12, 13

Kandy(Roof top) 728N 80.63°E  586m May 1,2,3,5

Mahiyangana(Playground) ~ 7.34°N  80.99°E  90m July 20, 21, 22, 23

Broad band TOD (t) was computed by adapting the formula used for wavelength
dependent TOD [6];

'{n — [De—rcnsecﬂ

where I, the extra terrestrial flux was taken as that of visible light (663 W/m?since the

detector sensitivity is restricted to the visible region of the electromagnetic spectrum),
I, is the direct normal flux reaching the ground (in W/m?), 8is the solar elevation angle

in degrees and tis the total optical depth given by,
= In(2) sin @
T= n(fn] sin

The following formulas were used to compute LTF(7}) and ATC(£)[7].
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where Tj,is the Linke turbidity factor according to Kasten (Kasten, 1980) as reported in

T, = Ty

Reference 7) and is given by;
Ry,
T, = (0.9 +9.4 sin 5':].(111 (I, (Eﬁ]‘] — ln[fn])

where R and Roare respectively the instantaneous and mean Sun-Earth distance and

5 (m,) = 6.6296 + 1.7513m_ — 0.1202m_*+ 0.0065m_? — 0.00013m *
Ra

1
—(m,)=94+09m,
O i

The following equations were used to calculate %:
€ = 0.03344 cos(j — 0.049)

i

= = V1+E where,
2m

j=d = j : day angle in
radian

d is the day number ranging from 1 to 365 and air mass m, is given by,

m, = m
“ "101325

where m, is the air mass under standard conditions given by,
m, = [sin @ + 0.15(3.885 + §) 715371,
the local pressure p (in Pascals) is given by
p =101325exp(—0.0001154 z)
where z is the altitude of the location above sea level in meters.

8485
i [ae.sexp (—wy)+47.2 +0.1]

16 + 0.22w,
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where @), is the precipitation amount in centimeters given by,
= 0493 = 26 23——5416
3] . ex .
g T P ( T )

T is the temperature in Kelvin and ¢ is the relative humidity as a fraction of one.

2. METHODOLOGY

A fully automated polarimeter was constructed to take measurements for computing the
polarization pattern of skylight in the principal plane of the sun (scattering plane) which
is a graphical representation of the variation of the degree of polarization with the solar
elevation angle 6. The actual measurements were the voltages across a light detecting
resistor (LDR)corresponding to the intensities (1, and I,,,;;) of solar radiation polarized
in two mutually perpendicular directions in a plane normal to the principal plane[15]
which were later converted to intensities (in Lux and Watts-m™) through a calibration
curve obtained using a BH1750FVI light sensor as the Lux meter, an intense LED lamp
as the light source and two linear polarizers for controlling the light intensity. The
maximum intensity obtained using the above set up was restricted by the source
intensity. Voltages corresponding to higher intensities were converted to Lux by
extrapolating the calibration curve. The polarimeter is somewhat similar in its
functioning to a partially automated polarimeter constructed earlier [16] other than for
some additional features which include a sun tracker and a temperature and humidity
sensor and will not be described in detail here. All data were collected between 0700h-
0850h in the mornings with solar elevation angles in the range 14° - 38°.

The degree of polarization in the direction & (DoP(8)) was computed as,

DGF[EJ = ['{mﬂx [Ej_'{min [Hjjf['{mﬂ:r [Ej + Imz'n [9]]
Graphs of DoP(#8) vs 0 were plotted for values of @for each of the three locations

Kelaniya, Kandy and Mahiyangana, from which the maximum degree of polarization,
MDoP could be read around 6= 90°.

It was possible to compute LTF and ATC related to atmospheric turbidity from the
above measurements using the total intensity I(0) directly under the sun and the

formulas given in Section 1where,
I[ﬂ] = '{mrz:r [ﬂ:]-l_'{min [D]

3. RESULTS AND DISCUSSION

Statistical analysis of the variation of MDoP with #gave the following functional
relations between MDoP and @for the three sites and are graphically illustrated in
Figure 1.

Kelaniya: MDoP = 1/(0.0528 + 5.78)
Kandy: MDoP = 1/(0.0526 + 4.95)

Mahiyangana: MDoP = 1/(0.05268 + 6.65)

It is evident from the graphs that MDoP decreases with increasing solar elevation as has
been reported by many researchers [11-13]. The highest MDoP was observed in Kandy
while the lowest was seen in Mahiyangana.
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All three turbidity parameters (TOD, LTF and ATC) were computed using the formulas
given in section 1 for white light and each parameter showed an increase with the solar
elevation (©). The variation of total optical depth 7 with O is shown in Figure 2. LTF
and ATC showed similar graphs which are not shown due to space constraints.
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Figure 1: Maximum degree of polarization as a function of the solar elevation angle
in Kelaniva. Kandv and Mahivaneana
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Figure 2: Total Optical Depth as a function of the solar elevation angle in Kelaniya,
Kandy and Mahiyangana

A linear functional relation between each of the turbidity parameters and solar elevation
was obtained for each location and that for TOD (1) is shown in Table 2 with the

corresponding R* values. Such variations with the solar elevation even when the
atmospheric conditions remain unchanged have been reported and conventionally, the
values computed at 30° are used [14]. The parameters computed for & = 300using the

relations obtained are shown in Table 2 along with the corresponding standard
deviations within parenthesis.

Table 2: Equations of best-fit straight lines for TOD(7), their R values, the turbidity parameters TOD

(7)), and ATC (B) for solar elevation angle 30%and the respective standard deviations (within
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Although according to Figure 2, the highest turbidity is seen in Kandy while the lowest is seen
in Mahiyangana at the different periods of data collection, the statistical analysis

Location Equation of Best-fit Line for R’ Valu TOD (1) LTF (7)) ATC B)

TOD
Kelaniya 7(6) = 0.0316 +.331 71 1.26(022) 12(1.64)  0.57(0.09)
Kandy  7(8) = 0.0276 + 482 43 1.29(027) 12.52.11)  0.59(0.12)
Mahiyang T(6) = 0.0326 + .250 91  1.21(024) 11.9(1.60)  0.58(0.09)

ana

Although according to Figure 2, the highest turbidity is seen in Kandy while the lowest
did not reveal any significant dependence of turbidity level on the location. According
to the report Solar Resources in Sri Lanka and the Maldives published in 2003 based on
satellite data which is shown in Figure 3, aerosol optical depth shows seasonal
variations [15]. If the seasonal aerosol averages are removed, the order of turbidity
levels stated above may show a statistical significance. TOD computed here is the sum
of aerosol optical depth (AOD), Rayleigh optical depth and the cloud optical depth.
Since AOD is highest in July when Mahiyangana data was collected, removing seasonal
averages from the data would further reduce the low TOD computed in Mahiyangana
while the minimally affected TOD values would be those in Kandy where data was
collected in May with the lowest seasonal AOD. Kelaniya data collected in February
will show only as light reduction in the TOD values. Therefore it could be concluded
that local aerosol concentration in descending order is found in Kandy, Kelaniya and
Mahiyangana in the said periods.

The lowest R* value associated with the TOD values as well as the highest standard
deviations in all three turbidity parameters in Kandy could be the result of the larger
variability in the clouds in Kandy compared to the other two sites.

| /// &J g ==Sri Lanka
! { \ —&—Maldives
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Month
Figure 3: Seasonal patterns of Aerosol Optical Depth (AOD) for Sri Lanka and the
Maldives. Ordinate value is the ratio of monthly AOD to the chosen annual AOD value
[15]

A comparison of the MDoP with turbidity parameters was not possible among the three
sites due to the vastly different surface albedo effects at the three sites. The lower
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values of MDoP computed in Mahiyangana could be due to surface reflection effects
from the ground and surrounding mountains which is minimal in Kelaniya site and less
in Kandy since the measurement sites were on roof tops in these two locations. Also
since the air column above the Kandy site is shorter than those of the other two sites due
to its high altitude, which can result in a higher MDoP value in Kandy. None the less
MDoP can be considered for comparing the turbidity levels on different days at the
same location and the same solar elevation.

The main source of errors in the computed turbidity parameters is the supposedly
random variations associated with cloud optical depth. Throughout the data taking
periods, cloudy skies prevailed and clear days were scarce. The other possible source of
error is the uncertainties in the intensities above 1000 Lux which were computed by
extrapolating the calibration curve beyond the 0-1000 Lux range restricted by the
maximum source intensity. The measured intensities over 1000 Lux could be
underestimated resulting in an overestimation in the turbidity parameters for higher
solar elevations when the intensities were high. This error can be eliminated by
replacing the LDR sensor used in the polarimeter by a BHI750FVIlight sensor which
gives the intensity in Lux directly.

4. CONCLUSION

In conclusion, this research has presented a cost-effective optical method of estimating
the atmospheric turbidity parameters; Linke turbidity factor and Angstrom turbidity
coefficient using ground based observations which can be further developed and
employed for air pollution monitoring in Sri Lanka. The investigation revealed that the
local aerosol concentration is highest in Kandy and lowest in Mahiyangana while the
aerosol concentration in Kelaniya takes an intermediate value. Also the study shows that
broad band measurements can be used for the purpose in place of the more complex
spectral measurements.

The investigation can be extended to monitor the variations in the turbidity levels
throughout the year in a particular location as well as to compare turbidity levels at
different locations at the same time. It would be possible to obtain results with higher
accuracy through further investigations along with measurements on air pollution using
other methods to validate the results.
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