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ABSTRACT

The relationships between the total hemispherical irradiance reaching the earth sur-
face in Lagos, Nigeria and the turbidity coefficients at two wavelengths namely A (500) and
A(880) measured with a Volz sunphotometer have been investigated. Using simple piece-
wise linear regression relationships between the atmospheric turbidity using Angstrom
turbidity coefficients and the diffuse component of solar radiation are presented.
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1 Introduction

There are substantial literature articles on the effect of atmospheric aerosols on solar ra-

diation and the possible effects on climatic changes by such workers as Liou and Sasamori

[1], Wang and Domoto [2], Lads and Hansen [3] and Braslau and Dave [4]. Their influence

on radiation passing through the atmosphere cannot be neglected especially in urban or

industrialized areas. Some aerosols such as soot or soil dust also absorb light which is

thus lost from the radiation flux, but the aerosol layer itself heats up and reradiates the

energy at other (thermal) wavelengths.

The diffuse fraction of the total hemispherical solar radiation, plays an active role in

thermal, chemical and biological processes on the earth surface, lnspite of its relatively

small magnitude, compared with the direct component, it can be as large as 10% of the

direct normal irradiance and 40% of the global radiation for a high turbidity or large

solar zenith angle and cloudless condition [5]. There have been several investigations in

the Nigerian environment on the relationship between the daily and monthly average of

the diffuse fraction and the ratio of the global horizontal to extraterrestrial solar radiation

[6, 7, 8]. Doyle and Sambo [7] have also investigated the effect of changing air mass on the

diffuse fraction received in Kano, Nigeria. However, not much work has been done in any

Nigerian location in relation to the influence of atmospheric aerosols on the total hemi-

spherical solar radiation reaching the surface. In this work an attempt is made to obtain

relationships between the atmospheric turbidity using Angstrom turbidity coefficients and

the diffuse component of the solar radiation through simple linear relationships.

The sunphotometric method has been used to obtain the atmospheric turbidity at two

wavelengths using a Volz sunphotometer. This instrument has been used in the estimation

of the Angstrom turbidity coefficients, &(\), at A equal to 500nm and 880nm.

1.1 Lagos climate

Lagos, like most towns of West Africa, experiences two major weather regimes in a year,

namely the dry and wet seasons. During the dry season, (January, February, March, Octo-

ber, November, December) the prevailing winds are dry and dust laden north-east trades

(locally called harmattan) blowing from the Sahara desert. In the wet season (April, May,

June, July, August, September), the moist south-west monsoon winds blow inland from

the Atlantic Ocean. These sea borne winds influence the available solar radiation in the

location in several ways amongst which are:



(i) They are heavily moisture laden most of the time, thus giving rise to precipitation

almost all the year round. This invariably limits the number of days of clear sky.

(ii) The moisture laden atmosphere is highly humid leading to cloud formation and sub-

sequent extinction of solar radiation.

(iii) The sea sprays and wind contribute in carrying fine droplets containing sodium

chloride salts, dissolved organic compounds and other organic matter, resulting in high

turbidities within the locality,

2 Data acquisition

2.1 Hourly global and diffuse solar irradiation

The hourly global and diffuse solar radiation data were measured with Middleton pyra-

nometers mounted at the Science Faculty building in the University of Lagos. The diffuse

radiation measurements were thereafter corrected for shading effect. The radiation mea-

sured data were checked for measurements that violated the conservation principle or

physical limits as given by Reindl et at. [9]:

Limit 1: /,,// < 0.90 and I/Io < 0.20

Limit 2: ld/l > 0.80 and J//o > 0.60

Limit 1 places a restriction on the diffuse fraction under the cloudy overcast sky

conditions. If an hour had a measured diffuse fraction that was less than 0.90 for a

clearness index less than 0.20, it was eliminated from the data set. Similarly, Limit 2

places a restriction on the diffuse fraction under clear sky conditions. These quality tests

help in reducing spurious data and minimise any impact that suspect data would have on

a. derived correlation.

2.2 Angstrom turbidity coefficients

Direct sun photometry has been used to determine aerosol loading and the amount of

water vapor in the atmosphere. It is a simple radiometric technique based on the qualita-

tive changes in the diminution of the direct beam radiation in a narrow selected spectral

interval. The sun photometer, like the pyrheliometer detects not only the direct beam

but also a circumsolar component. Two photometers were used in this work, each with a

2 degree field of view; which in the worst case overestimates the 500 and 880 nanometer

optical depths by 4% [10].

The expression used to describe the aerosol optical thickness Ta at certain wavelengths

is obtained from the instruments measurements by:

ro = M[lnlo - - (rr + TO)KMV\ (1)

where Jo = Extraterrestrial solar radiation at mean solar distance

/ = Observed solar radiation

F = Correction factor for mean sun-earth distance

TT = Rayleigh optical thickness at sea level, Pg = lOlZmb

To = Ozone optical thickness

ro = Aerosol optical thickness above station at Mr = 1.0

M = Observed relative "air mass" calculated using Kasten's [13] equation or measured

using the instruments dioptre.

Mp = Mp/po absolute optical air mass at station pressure p.

K = Factor taking into account of differing optical path lengths at M > 4 of air,

ozone, and low level haze.

/o is determined from measurements taken with the photometer under a cloudless

atmospheric condition.

The photometers were recalibrated twice within the period of data collection using

the Langley method.

The Angstrom's equation relating the turbidity and the turbidity coefficients for var-

ious wavelengths is given by:

T(A) = 0(A)A-" (2)

where a is usually taken as 1.20. /?(A) is the turbidity coefficient for the wavelength of

interest.

A knowledge of /3(A) with the wavelength of interest is sufficient to determine the

atmospheric turbidity at that wavelength.



3 Results and discussions

3.1 Monthly and seasonal means

The monthly means of the clearness index, < //Jo >, the diffuse index, < ltjlo >, and

the beam index < hjh > are shown in Fig.l with error bars showing the standard errors

of the means, (SEM). The relationship between the indices is < Iflo > = < ltjla >

+ < hi la >. The figure shows the annual trend for the means of the indices. < I/IQ > is

highest in the month of April with a value of 0.64, while it is lowest in July with a value

of 0.43. Similarly, < hih > has the highest and lowest values in the months of April and

July respectively. The SEM for < J//o > and < / t / / 0 > are highest in July due to the

fewer number of data points obtained for this month for both years.

July is usually very cloudy with rain falling most of the time. Table 1 shows the simple

descriptive statistics for all the variables.

Fig.2 shows the mean turbidity coefficients at 500 and 880 nanometers for the period

under consideration as measured at the site. The highest mean turbidity for both wave-

lengths is found in the month of January while the lowest are at November. The value

at July was high although, as explained earlier, the number of data points for both years

were very few for July. The SEM shows that the dispersion of the coefficients for this

month is higher than for the other months.

Table 2 shows the variations of the means of the parameters discussed above with the

two seasons. The turbidity shows a marked annual variation with a minimum in early

harmattan (November) and a maximum in wet season (July). This is similar to that

found by Hansen [11] in Oslo, Norway and Flowers et at. [12j for the United States.

The turbidity of the atmosphere measured at any site depends partly on local weather

conditions, which determine the input of aerosols from domestic and industrial sources

and partly on the synoptic history of the prevailing air masses which transport aerosol

particles from more distant sources to the locality [12].

According to Hansen [11] the seasonal variations noticed can be caused by changes

in air mass type and not by any local source of aerosol. In the wet season in Lagos the

Tropical Maritime Air Mass moves inland from the Atlantic Ocean carrying with it a lot

of moisture. Aerosols can thus be formed by the aggregation of hygroscopic nuclei into

large nuclei. In the dry season, the increased heating of the atmosphere increases thermal

motion and the possibility exists that the molecular aggregates could be ruptured giving

rise to a larger number of aerosol particles with smaller radii.

3.2 Relationship between the turbidity coefficients

Fig.3 is a plot showing the linear relationship between the turbidity coefficients at the

wavelengths of A(880) and A(500) nanometers, respectively. The correlation coefficient

between the two turbidity coefficients which was obtained from linear regression is 0.93

from which the following equation relating them is obtained:

= 0.167+ 1.022,3880

3.3 Turbidity values and wind directions

(3)

Figs.4-9 show the distributions of the turbidity coefficients at the two wavelengths for

3 different wind directions. The histograms of the turbidity coefficients are plotted at

intervals of 0.2. The means of the wind speed for each interval and for each direction are

shown in the figures. The wind data have been obtained from the Meteorological Station

at Oshodi which is about 8km from the University of Lagos. It is assumed that on the

average the wind speeds and directions should be similar for the two locations.

The percentage of data available for each group of directions are:

from the Southerly directions, 21.60%

from the Northerly directions, 10.86%

from the Westerly directions 64.92%, and

from the Easterly directions, 2.62%.

From the percentage of data available one can infer that most of the aerosol bearing

winds that affect the Lagos environment are borne from the ocean from the Westerly

direction. The ocean represents a source of natural aerosols which can contain sodium

chloride salts, dissolved organic compounds and others. The figures show a log-normal

or unimodal distribution for all wind directions.

For the Southern directions (Figs.4 and 5) which include SSE, SSW and S, the mean

wind speeds are generally below lOm/s and most of the turbidity coefficients are below

0.8 for 500 nanometers and below 0.6 for 880 nanometers. In the Western directions

comprising of SWW, NWW and W directions the majority of the turbidity values are

below 0.9 for both wavelengths as shown in Figs.6 and 7. The mean wind speeds are

below lOm/s in all cases. In the Northern directions comprising of NNE, NNW and N

directions shown in Figs.8 and 9, the mean wind speeds are in all cases lower than 8m/s.



3.4 Turbidity values and wind speed

Fig. 10 shows the analyses of the influence of wind speed on the turbidity values. Intervals

of 0. lm/s have been chosen for the wind speeds and the means of the turbidity coefficients

have been calculated and then plotted for these wind speed intervals. Fig. 10 shows high

turbidity values for low and very high wind speeds similar to what Katz et at. [14, 15]

found for a semi-rural area. The high turbidity levels for low wind speeds arises because

conditons are favourable to high pollution levels, while for high wind speeds the turbidity

levels are high because of increase in the amount of suspended particles. The turbidity

levels for the intermediate levels of wind speed are generally low.

3.5 Relationships between the variables

The relationship between the atmospheric turbidities measured at /3SOo a nd /Jggo and the

diffuse fraction of the total hemispherical solar radiation have been investigated.

/ / / 0 has been grouped in intervals of 0.1 and the average values of the turbidities found

for each of these intervals. Fig.ll shows how the means of the turbidities in these intervals

vary. There is a noticeable linear trend for the turbidity values in these intervals. It follows

from this figure that the amount of solar radiation received is related to turbidity of the

sky. Thus the more turbid the sky becomes the more amount of diffuse solar radiation

that will be received.

The relative influence of the turbidity on the diffuse fraction received can also be

determined using the measured turbidities in a linear regression with the diffuse fraction.

Iqbal [16] and Skartveit and Olseth [17] have suggested that apart from the clearness

index, I/Io, the next most important variable affecting the diffuse radiation is the solar

elevation. In the relationships developed below the atmospheric turbidities have been

included together with the clearness index and the sine of the solar elevation to obtain

models for predicting the diffuse irradiance at Lagos.

Piecewise regression analysis were performed for the intervals 0 < k, < 0.30,

0.30 < k, < 0.80, and 0.80 < kt. These intervals are those for which the standard error

associated with the Liu-Jordan [18] type equation is minimized. To study the effect of the

atmospheric turbidity on the diffuse solar radiation received in Lagos comparison will be

made with the Liu-Jordan type equation and with the equation incorporating the sine of

the solar elevation into the Liu-Jordan type equation. For the Liu-Jordan type equation

the expressions found for the three intervals are:

Model I:

interval: 0 < k, < 0.30; constraint: h/I < 1.0

h/I= 1.021 -0.151 it, (4)

interval: 0.30 < *, < 0.80; constraint: h/I < 0.97 and h/l < 0.1

h/I = 1-385 -1.396Jt, (5)

interval: 0.80 < kt; constraint: h/I > 0.1

h/I = 0.295 (6}

Model II:

The expressions found when the sine of the solar elevation (se) is included into the

Liu-Jordan type equation are:

interval: 0 < k, < 0.30; constraint: h/I < 1.0

h/I = 1.019 - 0.159Jtt + 0.0058se (7)

interval: 0.30 < kt < 0.80; constraint: h/l < 0.97 and h/I < 0.1

h/1 = 1.550- 1.469/t, - 0.1566se (8)

interval: 0.80 < k,; constraint: h/I > 0.1

h/1 = 0.245k, + 0.085se (9)

The equations relating the diffuse fraction, the clearness index, the sine of the solar

elevation and the turbidity coefficients are given below.

Model III: JSJOO

interval: 0 < Jt( < 0.30; constraint: h/I < 1.0

h/I = 1.018 - 0.155Jb, + 0.0037ae + 0.00131 /?50O

interval: 0.30 < kt < 0.80; constraint: h/1 < 0.97 and h/I < 0.1

h/I = 1.526 - 1.448*, - 0.1679ae + 0.02722ftoo

(10)

(11)



interval: 0.80 < k,; constraint: ld/I > 0-1

h/I = 0.232Jt, + 0.0258^e + 0.10165/3™

Model IV: Pun

interval: 0 < k, < 0.30; constraint: IJ1 < 1.0

Id/I = 1.018 - 0.157*, + 0.0049se + 0 .00077^

interval: 0.30 < kt < 0.80; constraint: Idjl < 0.97 and Id/I < 0.1

hi I- 1.529- 1.449/fc,-0.1645^ + 0.2881 ftso

interval: 0.80 < £,; constraint: hjl > 0.1

hi I = 0.229Jt, + 0.0569se + 0.08381/?88o

(12)

(13)

(14)

(15)

As a measure of the effect of the atmospheric turbidities on the diffuse solar radiation

reaching the earth surface the following statistical tests; the composite residual sum of

squares (CRSS) and the root means square error (RMSE) were used. These tests basically

indicate whether the addition of the extra variables help in reducing the standard error

inherent in the usual Liu-Jordan type equation.

The composite residual sum of squares is defined as:

CRSS = W (16)

Generally the lower the CRSS the more accurate the model is.

The root mean square error is defined as:

RMSE = l'/5
(17)

The model with a lower RMSE is generally more accurate.

Table 3 shows the results obtained from these calculations. They show that the ad-

dition of the atmospheric turbidity into the regression equations used to calculate the

diffuse solar radiation has helped in reducing the standard error slightly, in other words

the atmospheric turbidity does affect the diffuse radiation reaching the surface of the earth

at the location. Using the CRSS as the basis for comparison we see that the addition of

the turbidity has increase the performance of Model II by 1.3% and Model I by 8.8%.

4 Conclusions

The trends in the atmospheric turbidity at two wavelengths namely A(500) and A (880) in

Lagos, Nigeria, have been studied using the turbidity coefficients ^ and ^ obtained

from a Volz sunpbotometer.

Using simple piecewise linear regression it has been shown that: (i) the atmospheric

turbidity has an effect on the amount of diffuse solar radiation reaching the surface of the

earth in Lagos and (ii) equations relating to the diffuse fraction, clearness index, the sine

of the solar elevation and the turbidity coefficients for the Lagos environment have been

established.
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TABLE CAPTIONS

Table 1 The monthly meana, standard deviations and standard error of means for the

variables.

Table 2 Seasonal means and standard deviations of the variables.

Table 3 CRSS and RMSE as measures of the effect of the atmospheric turbidity on the

diffuse solar radiation reaching Lagos.

Table 1

Variable

I/h
hlh
hlh
Am
PtMO

mean

0.582
0.585
0.370
0.741
0.556

»td

0.209
0.264
0.250
0.469
0.430

s.e.m.

0.007
0.009
0.008
0.016
0.014

Table 2

Wet Season

Variable

I/h
hll

mean

0.60
0.56
0.667
0.521

std

0.205
0.266
0.452
0.442

Dry Season

mean

0.54
0.64
0.091
0.636

std

0.212
0.254
0.466
0.390

Table 3

Model

I
II
III
IV

CRSS

2.40
2.22
2.19
2.19

% Difference

7.5
8.8
8.8

RMSE

0.0523
0.0503
0.0500
0.0500

% Difference

3.8
4.5
4.5

12 13



FIGURE CAPTIONS

Fig.l Monthly means of clearness index, diffuse index and beam index.

Fig.2 Mean turbidity coefficients at 500 and 880 nanometers for the period of study.

Fig.3 Relationships between the turbidity coefficients at 500 and 880 nanometers, re-

spectively.

Fig.4 Distribution of turbidity coefficients at 500nm for wind directions (South II).

Fig,5 Distribution of turbidity coefficients at 880nm for wind directions (South II).

Fig.6 Distribution of turbidity coefficients at 500nm for wind directions (West).

Fig.7 Distribution of turbidity coefficients at 880nm for wind directions (West).

Fig.8 Distribution of turbidity coefficients it 500nm for wind directions (North I).

Fig.9 Distribution of turbidity coefficients at 880nm for wind directions (North II).

Fig.tO Variations of the means of the turbidity coefficients for wind speed interval of

lm/s.

Fig. 11 Variations of the means of the turbidity coefficients for intervals of I/IQ set at

0.1.

t f t t f "Bwrnmassam $ •« z, 2,

0.80 -i

O

5o
CO

o
L J .

o

o
Q.
o
o

0.60 -

040 -

0.20 -

0.00

Id/lo

Ib/lo

I I | I I I I I | 1 I I I I I I i n : ii I

10 12
MONTH

Fig.l: Monthly means of clearness index, diffuse index and
beam index.

15



3.5 r-
I

0.80 q

0.70 \

LU
0.60 -_

LU 0.50 -
O
O

0.40 -.
>

Q

CD

Z>

0.30 -E

0 20 -!

B(500)

B(eao)

0 . 1 0 ~ M i n i m ] n 11 M 111; 11111111

0 00 2.00 4.00 6.00 8.00 10.00 12.00 14.00
MONTH

Fig.2: Mean turbidity coefficients at 500 and 880
nanometers for the period of study.

1.5

1.0

0.0 0.5 1.0 1,5 2.0

Fie,.3i Pint of flfM vs {<. (S)

I
3.0

16
17

T



60

0.1 0.5 0.9 1.3 1.7 2.1

TURBIDITY INTERVALS FOR B(500)

vis -I- Th.f distribution of turbidity coofficients at 500 nm for
r»iini >lii>rttious SSE.SSVf.S (SOUTH). The inset curve is
tin* mean wind speed lor each turbidity interval.

OL
0.1 2.1

TURBIDITY INTERVALS FOR B(880)

Fig. 5: Tho distribution of turbidity coefficients at 880 nm for
wind directions SSE.SSW.S (SOUTH). The inset curve is
the mean wind speed tor each turbidity interval.

18 19



140

120|

i no

i i i i
I . I i I i I I i . i . I .

( ) t I - L L . L - L I I I I I I I I I I I I I I I I l l | )

0.1 0.5 0.9 1.3 1.7 2.1

TUFBIDITY INTERVALS FOR 6(500

TJ,,. ijidtriht.it.ion "f turbidity coefficients at 500 nm for
.>ii,.l dii-ptLlcms, FjHW.NWW.ff (WEST). The inset, curve is
i in? mean mmi s[>eed for each turbidity interval.

20

200

150

U 100
or

,10

1

1
1 1 1

" - )

i

~ 1
1
1—1 1—1 .

1—1— 1 1

2

0

o
W
0,
in

Q

S

0.9 1.3 1.7 2.1

TURBIDITY INTERVALS FOR 6(880

Fig. 7: Th<- distribution of turbidity coefficients at 8B0 nm for
wind directions SWW.NWW.W (WEST). The inset curve is
the mean wind speed for each turbidity interval.

21



16r

() [ .L_J_.L. 1 [_L_

O. i 0 . 5
J LJO

0.9 1.3 1.7 2.1

Tl'KBlDITY INTERVALS FOR B{500)

tv T(I." 'iis^rihution of turbidi'.y coeffi'-lents at 500 nm for
Kind dikettions NNW.NNL.N (NORTH). The inset curve is
ttn- inuatk wind speed lor each turbidity interval.

22

0.9 1.3 1.7 2.1

TURBIDITY INTERVALS FOR JJ(880)

Fig. 9: The distribution of turbidity coefficients at 880 nm for
wind directions NNW.NNE.N (NORTH). The inset curve is
the mean wind speed for each turbidity interval.

23



4 6 fi 10 12 14 16

W|N[> SPEKD INTERVALS

\i.}\ 'Yb.e means of the turbidi ty coefficients for
wind speed interval of 1 m / s .

1.2

0 . 0 L !—-•!-_
U .1 .'4 .3 .4 .5 .6 .? .8 .9 1.0 .

I / I o INTERVALS

Fig. l l : The variations of the means of the turbidity coefficients
for intervals of 1/1° set at 0.1.

25



: * • •


