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ABSTRACT

We derive from first principles, an equation which expresses

global radiation as a function of specific humidity and air

temperature at screen height- The practical validity of this

equation is tested by using humidity, air tenperature and global

radiation data from Tanzania. It is shown that global radiation

values calculated on the basis of the derived equation agree with

measured radiation values to within *_ 81 as long as the prevalent

(horizontal) winds are either calm or light. It is noted that the

equation is equally valid at times of strong horizontal winds

provided that the temperature and hunidity measuring site is

sufficiently shielded from the winds. This implies that meteorological

stations that are {for some unavoidable reasons) unable to stock

pyranometers can still procure reasonable estimates of local global

radiation as long as they can, at least, stock the relatively cheaper

barometers and wet- and dry-bulb psychrometers.
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1. INTRODUCTION

Convenient methods for theoretically estimating global

radiation are practically useful because not all meteorological

stations are continuously and sufficiently equipped with

pyranometers . Che of these methods makes use of the classical

Angstrom formula which is based upon sunshine duration data. This

method is still recommended for use in estimating global radiation

provided that the two "constants" involved are correctly expressed

as functions of sunshine duration ' . Other methods make use of
,6

a satellite model and a cloud layer model . The former model is

based upon data for atmospheric backscatter coefficient for direct

beam radiation and water vapour absorption coefficient for the

solar beam slant path. The cloud layer model , on the other hand,

is based upon information regarding parameters such as layer cloud

amount, layer cloud transmissivity and atmospheric backscatter

coefficient.

The basic problem regarding estimation of global radiation

is that the latter depends, at any point in time, on all the following

meteorological parameters: temperature, humidity, wind, cloud

density and topographical features . This means that a reasonable

estimation should take all these parameters into consideration either

directly or indirectly. Suppose we choose to estimate global

radiation in either (i) calm or sufficiently light (horizontal)

wind and for a meteorological station within a defined topography,

or (ii) any (horizontal) wind conditions and for a meteorological

station that is sufficiently shielded from winds and located within

a specific topography. In either case, it is apparent that we could

develop a method for estimating global radiation that is based only

on (ground-level) temperature, humidity and pressure data. The aim of

this paper is to describe such a method and ascertain its practical

validity using relevant measured data from Tanzania.
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2. f-ORMJLATION

Consider a certain area on the Earth's surface whose incident

global ration at time t is denoted by G. Now let the latter change by

a small quantity A c within time At. The quantity A G is effectively

subdivided into the following pathways:

A fraction r of A G is reflected back.

A portion of A G is used to change the temperature of the

adjoining air mass by AT . This portion may be denoted by a ££,

where a is a constant.

Part of AG is used to change the temperature of the solid

portion involv

related to AT, then

Earth portion involved by AT,.. Since the latter is non-linearly

CD

Thus the portion of AG Involved inwhere the c's are constants.

this process is given as f b ^ - , where b i s a time-dependent

parameter whose details are SIven later on and f is a parameter whose

value changes with the soil moisture content. For dry soils , f = 1

and for moist soils f » 1.

Part of AG is used to change the water-vapour mixing ratio
M of the local air by AM. The part involved here may be given as

h_AM, where h is a constant.
At

Part of AG appears as long-wave radiation. In this case we
consider that the whole area nlus the air mass thereupon gives
out long-wave radiation as one system with surface temperature T
equal to that of the air at screen height '. Thus this portion of
AG is given as:-

AT

4T(AT)3 + (AT)4] (2)
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where A " effective surface area of the region involved,

<T = Stefan-Bolt anann constant,

and 6 • emissivity of the area.

Part of A C may be lost as horizontal wind-driven heat

transfer. In this case, we assume that the area involved is not

affected by significant air motions during the period in question.

This condition may occur naturally or may be artificially created

by shielding the area involved from winds. On this basis we may

ignore any advection terms which account for net energy lass or gain

due to horizontal sensible and latent heat transfer.

Finally we t«uld expect part of A G to be channelled to

biochemical heat storage due to plant photosynthesis. Owing to its

relatively negligible contribution , this particular part

(of A G ) is ignored in our analysis.

On the basis of the information given above, we may express

A G as follows:

— JhAM Ca
_

CAT?4aT

(3)

where a=A£«". Provided that the lower and upper integration

limits in M and T enclose approximately linear portions of

the M-curve and T-curve, respectively, equation (3) may be integrated

to yield the global radiation Gt at time t (in units of

"power per unit area") in terms of the water-vapour mixing ratio M

and temperature T at time t as well as the global radiation G

at t"tQ in units of "power per unit area". Thus equation (3)

may be transformed through integration into the following form:

Gt * Go •

f {IK4

+ K2(T-TO) • K3{T
4-TQ

4) •

r

* lV

*"• h - Tthr - h • A T ^ . h - T W
ftc,

values of T and M at t-0 are 1 Q and M , respectively. It

should be emphasised here that equation (4) is valid only during the

day (i.e. from sunrise up to sunset).

In order for Gt and G to be evaluated by means of equation(4),

corresponding data for air temperature, vapour pressure and total

atmospheric pressure are required. Thus it would be necessary to have
a barometer (for measuring the total atmospheric pressure P) and

a wet- and dry-bulb psychrometer (for measuring both air temperature

and vapour pressure E). Since for the atmosphere, water-vapour

mixing ratio M is approximately equal to the corresponding

specific humidity, we can evaluate M from atmospheric pressure

and vapour pressure data by using the equation r

M = 0.6ZZE
P - 0.3ME

(5)

Numerical values for the constant parameters in equation

(4) have been worked out on the basic assumption that the

meteorological station involved is located on sandy or clay soil

and that the grass around it is kept short (ie. about 0.02 m tall).

In fact, several stations, including ours, fall into this category.

Thus for a station covered with short grass:



0.Z6, 0.95 and hence

-8 .
tO.95) (5.67)10

5.39 x 10"8A KK"4.

Since most of the longwave radiation from the atmosphere pomes

from within 100 metres of the Earth's surface and that this

atmospheric partion has uniform temperature at least on cloudless

days , we assume that most of the heat conducted away from the

Earth's surface into the atmosphere is confined to within an

altitude of 100 metres. This assumption is a reasonable one

because our fornulations are valid in the case of calm or light

wind during which the thermal conductivity of the air is fairly

low i.e. about 0.025 Wm^K"1. Moreover, the vertical extent
Q

of a turbulent surface air layer is about 100 metres . On this

basis:

a • heat energy required to increase the temperature

of 100 A m3 of dry air by 1°C

» (100A) (0.0012 x 103J (1.01 x 103)

- 1.21 x 105A Joules.

Note that we have not taken into consideration the sensible heat

for any vapour present in the air mainly because in case M changes,

then the latent heat (of vapourisation) involved (see evaluation

of h below) is much larger than the sensible heat correspondingly

involved. The latter is, therefore.neeligibly small compared to the

former. Remember that the latent heat of vapourisation of water

is about 2.45 x 10 J kj" while the specific heat of water vapour

is about 1.88 x 103 J . Now h may be evaluated as follows:

» heat energy required to evaporate water whose mass is

equal to that of 100A m3 of dry air

= (100A) (0.0012 x 103) (2.45 x 106)

= 2.94 x 108A Joules.
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Observations have shown that the diurnal temperature/heat wave

penetrates into the soil only down to a depth of about 50 to 60 cm.

However, heat/temperature waves whose time scales ore only some hours or

less do not penetrate that because the rate of penetration of a heat/

temperature wave within the (dry) soil is about 9.17 x 10~ cm, per
1?

second . Moreover, the thermal conductivity of the soil varies by a

factor of about 9 to 11 when its moisture content changes from 0%
l p

to lOOlt. Kohnke shows that the thermal conductivity of (clay or

sandy) soils of medium texture does not increase much when their

moisture content is increased from 0% to S0%. But an increase in

the moisture content from 20S to 100? makes the thermal conductivity

change by a factor of 9 to 11. On this basis we assume that from

time t to time t, corresponding energy from the sun gives rise to an

Increase In the soil temperature and that tills increase quantitatively

decreases linearly from a maximum value at the surface down to zero at

a depth £1 metres such that £! = 9-17 x 10" (t-tQ)e where both t Q and

t are given in seconds and 8 is equal to 1 if the soil moisture

content lies between 0j and 20!t inclusive, but increases linearly from

1 at 20% moisture content to 9 at 100% moisture content. It is

worthwhile noting that just as the factor f is an average value over the

period t to t, 0 is an average value over the period extending from

t to time t. Titus the parameter b In Eq.(U) is a function oftime

£2 as shown below:

b - heat energy required to increase the temperature of

Ail m3 of dry clay or sandy soil (each with ~401 pore

space) by 0.5 C

(1.60 x 103) (0.5) (0.85 x 103) A-fl.

• 6.80 x 105 Aft Joules

Note that the density, thermal conductivity and specific heat

values of sandy soil and clay soil are approximately identical when

the soils are dry. But since the two types of soils have approximately

identical densities and specific heats even when they are saturated,

the factor f varies from 1 (for dry soils) up to about 2.1

(for saturated soils). Finally since the surface temperature is

always in equilibrium with that of the adjoining layer of

atmospheric air is approximately equal to 1.



Now if we ignore the terms in (dT)n for n >. 2 in equation

(4), whose relative contribution in the latter equation is very small,

and assure that the meteorological station involved is located on

clay or sandy compound whose grass is kept short, then equation (4)

may be written in the form

G « G * 3.97 x 108 M' M
0 • 6.Sk 0 (fO.M) x

1 ° t-t_

(T-To) 7.28 x (6)

where all the constants and variable parameters are in SI

units. For any given case, the numerical value of f to be used

is determined from the results of moisture content analysis made

upon soil samples from the meteorological station involved. Such

analysis may be made using simple and inexpensive methods such as

the oven-drying method and the electrical conductivity method'.'

When water is added into the soil, it gradually replaces the air

in the pore spaces within it. Since the specific heat of water

is so large compared to that of either air or clay soil or

sandy soil, it is reasonable to assume that f increases linearly

from 1 (when the soil is dry] up to Z.I (when the soil is

saturated). Thus for a station that is not shielded against (horizontal)

winds, equation (6) may be used at any (day) time of the year

provided that the prevailing winds are calm or sufficiently light.

However, for a station that is well shielded from (horizontal) winds,

equation (6) may be used without further conditions at any (day) time

of the year.

3. COMPARISON BETWEEN CALCULATED AND KCASURED VALUES OF GUMAL

RADIATION.

Equation (6) has been used in the computations of global solar

radiation over Dar es Salain for all the days with calm or light winds

since 1983 on the basis of the flowchart shown in Fig. 1.

All temperature, humidity and pressure data required for the

computations were collected from a meteorological station that is

not shielded against horizontal winds. The days involved in this

exercise were therefore, selected on the criferion that the

horizontal wind speed at any time during each of the days should not

exceed 2.5 m/s. The latter is half the speed reported by Oke below
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which horizontal winds do not remove significant thermal differences

in the boundary layer. For each o£ the days mentioned above, the

computed global radiation values were compared with corresponding values

recorded by kipp & Zonen Solar Integrators. Representative examples

of such comparisons are given in Tables 1 to 4 for the days

3/8/1983, 4/8/1984, 9/2/1985 and 1 TU/1985. As indicated in these

representative Tables, the overall result of the comparison exercise

was that all the calculated radiation values were within + 81 of the

correspondingly measured values for all the days in which day-time

horizontal wind speeds did not exceed 2.S m/s. This was the case

irrespective of whether there was rain or not. For example, while

the days whose radiation data are given in Tables 3 and 4 were

completely rainless, there was little rain during each of the days

whose radiation data are represented by Tables 1 and 2. Some

4.0 mm of rain did fall on 3 August 1983 from 10.45 (LT) to

14.10(LT) while on 4 August 1984, some 0.5 im of rain fell from

11.45(LT) to 11.50 (LT).

On the basis of the results already presented, equation (6) may

be used to compute quite reasonable estimates of global radiation

provided that measured values of specific humidity, air temperature

and atmospheric pressure are correspondingly available. A major

condition for equation (6) to be practically valid is that the

horizontal winds operating at the site and duration involved should

have at most light speeds i.e. up to about 2.5 m/s. Our records show

that this condition is fulfilled during most nights but it is

fulfilled during much fewer days. The implication is that if

fulfilment of this "wind condition" is to be left entirely to nature,

then application of equation (6) will be restricted to only some and

not all of the days we are interested in. However, it is clear that

as long as the soil conditions given in the previous section are

satisfied, equation (6) may be applied at ANY day irrespective of the

prevalent wind conditions if the meteorological stations involved

are sufficiently shielded from strong, external winds. This can be

done at low cost by, for example, fencing each station with sufficiently

tall and dense vegetation. If any station (situated on clay or sandy

soil) is fenced in this manner, then equation (6) can be used to

estimate global radiation at that station for any day whatsoever.
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In case the underlying soil for such a station is not clay or sandy,

equation (6) will still be valid provided that the constants involved

(in the equation) are re-evaluated, taking into consideration the

thermal properties of the local soil.

4. CONCLUSION

He have derived an equation by which global radiation may be

reasonably estimated using measured values of air temperature, specific

tumidity and atmospheric pressure only. Successful application of the

derived equation is, however, restricted to periods during which the

speeds of horizontal winds are sufficiently small due either to

prevailing natural conditions or artificial means such as man-made

encirclement of the measurement site/station with wind barriers. The

practical validity of this equation has been ascertained by using

experimental values of global radiation, air temperature, specific

hunidity and atmospheric pressure measured at Dar es Salaam, Tanzania

since 1983.

The derived equation should be quite useful in at least two ways.

Firstly, it can be used to estimate global radiation in meteorological

stations which are not yet equioped with (working) pyranometers.

Secondly, it can easily be used to estimate global radiation in remote

(un-inhabited) areas which are not yet supplied with electricity and

to which handy manually-operated barometers as well as wet- and

dry-bulb psychrometers may be conveniently carried.
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TABU; 1: A comparison of calculated and measured global radiation

values at Dar es Salaam for 3 August, 1983.

Local time

(LT)

5.00
6.00
7.00

8.00
9.00

10.00
11.00

12.00

13.00
14.00
15.00
16.00
17.00
18.00
19.00
20.00

Calculated global
radiation(CR) in

cal./cm2

-
-

-

-

7.21
26.04

34.11

11.97

63.42

48.01
17.61

-
-

-

-
-

Measured

global

ratliationlMR)
in eal/cm

*

*
•

*

. 7 . 1 3
25.23
32.60
12.60
62.59

46.59
16.33

*

*

*

*

*

1 Mft I - 3 1 1 0 0

-
-
-
-

1.12
3.21

4.63

5.00

1.33

3.OS
7 .84

-

-

-

-

-

* Measured values were not available due to power failure.

HORIZONTAL WIND SPEEDS:

Wind speed was between 1.0 m/s and 2.0 m/s for the whole

day except from 9.00 (LT) to 11.00 (LT) during which it was

2.S m/s.
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TABLE 2: A comparison of calculated and measured global

radiation values at Dar es Salaam for 4 August, 1984.

Local time
(LT)

5.00

6.00
7.00
8.00

9.00
10.00
11.00
12.00
13.00

14.00
15.00
16.00
17.00
18.00

19.00
20.00

Calculated global
radiation(CR) in
ca l /W

0.00
0.00
0.64

11.85
28.71
37.06
49.13
22.50
27; 02

-

-

31.49
25.91
9.05
1.59
0.00

Measured global
radiation (MR)
in cal/cm2

0.00
0.00
0.63

11.13
27.97

36.65
48.85

23.20

28.29
*

•

33.26
26.56

9.83

1.62

0.00

1 C R M R " ^ f X 1 O °

0.00
0.00
1.59
6.47'
2.65

1.12
0.5 7
3.02
4.49

-

-

5.32
2.45
7.93
1.85
0.00

•Measured values were not available due to power failure.

HOROZONTAL WIND SPEEDS: Wind speed was between 1.2 m/s and

1.6 m/s for the whole day except from 10.30 to 12.00 (LT)

during which it was 2.0 m/s.
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TABIE 3: A comparsion of calculated and measured global radiation
values at Oar es Salaam for 9 Eebruary, 1985.

Local tine
(IT)

S.00
6.00
7.00
8.00
9.00

10.00
11.00
1Z.00
13.00
14.00
15.00
16.00
17.00
18.00
19.00
20.00

Calculated global
radiation(CR) in
cal./an2

0.00
1.20
1.28
1.S9
2.37

11.72
15.80
15.32
35.67
36.48
26.59
20.28
7;96
3.83
0.86
0.00

Measured global
radiation fMR)
in cal./cnr

0.00
1.21
1.29
1.62
2.46

10.86
15.00
14.87
34.02
36.45
25.77
19.61
8.15
3.68
0.84
0.00

ICR - MR J x l 0 0

1 MR /*

0.00
0.83
0.78
1.85
3.66
7.9Z
5.33
3.03
4.85
0.08
3.18
3.42
2.33
4.08
2.38
0.00

IPRIZOOTAL WIND SPEEDS:

Wind speed was between 0.8 m/s to 1.6 m/s for the whole
day except from 11.00 (L.T) to 12.30 (LT) during which
it was 2.5 m/s.
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Tf£i£ 4: A comparison of calculated and measured global

radiation values at Dar es Salaam for 17 November, 1985.

Local time
(LT)

S.00

6.00

7.00

8.00

9.00

10.00

11.00

12.00

13.00

14.00

15.00

16.00

17.00

18.00

19.00

20.00

Calculated global
radiation {Cft) in
cal./cm2

0.00

0.02

5.14

12.96

19.00

33.95
-

-

-

-

29.57

6.60

0.01

0.00

Measured global
radiation (MR)
in cal/cm2

0.00

0.02

5.36

13.42

18.11

32,73
*

•

*

•

•

•

28.30

6.41
0.01
0.00

ICR - MRl „,„„
1—MR |xioo

0.00
0.00
4.10
3.43
4.91
3.73

_

4.49
2.96
0.00
0.00

•Measured values were not available due to power failure.

HORIZONTAL WIND SPEEDS:

Wind speed was equal to or less than 2.0 m/s throughout
the day.
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JUST BEFORE SUNRISE TIME

t = 0

B(t)= 0

R(t}= 0

X = 0

1
Find the maximum period

D(t) frcm time t during

which both the T-curve

and the M-curve arc

linear or approximately-

linear

B(t) = R(t-X)

Calculate Gt on the basis

of equation (6) in the text,

noting that R(t) » G ,T =T(t-x)

B{t) = GQ, M Q = M(t-x), M=M(t),

T = T(t)

t + X

X - D(t)

Print R(t), D{t) and t

Is t> sunrise-sunset
duration?

YES

S T OP

FIG. 1

The flow chart used in computing global radiation values on

the basis of equation (6) in the text.
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