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ABSTRACT

An expression for the direct solar energy incident iJpon an

arbitrary portion of the Earth's surface over an arbitrary duration of

time (> 2 days) has been formulated as a product of a continuous solar

energy signal function and a correspondingly continuous time-dependent

sampling function. The energy density spectrum of this product is then

evaluated and its predictions compared with observations. Predicted

periodicities agree well with both short-term and long-term observations.

The implication of this work to meteorological and climatic studies is

briefly discussed.
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1. INTBODUCTION

The study of solar energy fluctuations at and near the Earth's

surface is relevant to meteorology, climatology, agriculture and related

fields. Although much work has already been done in this area {Alterio,

Barbaro and Coppolino, 1983; Pittock, 1978; Lamb, 1972; Bach.Pankrath and

Williams 1980; Ogilvie, 1984), a complete description of the energy

fluctuations in the lower atmosphere and/or on the Earth's surface has not

yet been achieved (Pittock, 1983; Sofia and Endal,1982; Ponomaryov and Ward,

1983; Venne, Nastrom and Belmont, 1983). The aim of thir; pappr is to

improve that description through a spectral analysis of the direct solar

energy incident upon an arbitrarily chosen portion of the Earth's surface

together with the atmosphere above that portion. As explained further below,

the underlying rationale is that the results of the spectral analysis can

be used in making useful predictions provided that certain characteristics

of solar radiation are known. We have deliberately singled out direct

solar energy for spectral analysis mainly because of the predominant

influence which is wielded by this variable over climatic and meteorological

phenomena. According to previous studies (Alterio, Barbaro and Coppolino

1983; Henderson-Sellers and Wilson, 1983), not only is the climate system

driven primarily by solar-derived energy that is absorbed at the Earth's

surface, but also solar radiation is undoubtedly the most important

climatological variable to which many of the other variables are somehow

correlated.

The analytical strategy adopted in thiB paper can be summarized as

follows. Let A denote an arbitrary part of the Earth's surface. Part A

(together with the atmosphere above it) normally receives direct solar energy

in a time-dependent discrete sequence because the Earth is constantly

rotating about it axis in front of the relatively still sun. In other words

part A enters and leaves the day-side of our Earth in a continuously

systematic sequence, and can, therefore, receive direct solar energy only

when it is on the day-side. The solar energy "samples" that normally get

into part A (and the atmosphere there upon) over a time period J ( > 2 days)

can be equivalently obtained by assuming that part A is permanently in the
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day-side of a non-rotating Earth but that the direct energy getting into it

(i.e. A) is appropriatelycontrolled by a certain time-dependent sampling

process. In the next Section, we have formulated a realistic form of this

time-dependent sampling process with reference to an arbitrary Earth location

A. In addition, we have represented the solar energy continuously directed

towards location A during the period J by an energy signal function that

incorporates a constant-amplitude component and a variable component. Clearly,

a product of the energy signal function and the corresponding sampling

function yields a function for the actual solar energy that falls into location

A over a period J. Now, the energy density spectrum of this product is

obtained as the square of the Fourier transform of the same product. Finally,

the features of the energy density spectrum are carefully examined with the

aim of getting out details about energy fluctuations in location A.

In the next Section, the problem which is the subject of the paper

is formulated in accordance with the strategy already summarized above.

The formulation culminates in a general expression of the desired energy

spectrum, which is then discussed briefly. Consequent to this, some

predictions are made from the formulated energy density spectrum and

compared with actual observations.

2. FORMULATION

Theoretically the patternal sequence in which an Earth Location A

(say) of arbitrary latitude k receives (net) direct solar energy does have

some similarities with the patternal sequence in which a continuous energy

signal is received in a regular manner by some sampling device. These

similarities are displayed with further clarity in Table 1 wherein the symbol

* denotes convolution operation) j =^-1 , and w denotes radian frequency.

In Table 1 as well as the rest of the paper, we use "Location A" to refer

to a portion of the Earth's surface together with the atmosphere directly

above it. The similarity given in Table 1 signifies or implies that some
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of the analytical techniques used in conventional signal processing can be

applied, with relevant modifications, to analyses pertaining to certain

solar—terrestrial phenomena.

Let the continuous (net) solar irradiance directed from the sun

towards the position of location A from time t = 0 up to t = J be denoted

by the function K (t). It is logical to consider R
k<*'

 a s being made up

of a constant-amplitude component R (t) as well as some time-variable

components. In reality (Njau, 1983), the component R (t) makes up more
O K

than about 85% of Ft (t),
k

We can thus express R (t) as follows:

where R , (t) is a regular function with period T , and that R (t) is
nk nk mk

not a harmonic of R ft) for any values of m and n (•£ m) equal to or

less than the integer- L. Owing to the Earth's rotational motion, location A

will effectively receive energy from R (t) in samples, and the implicit

sampling mechanism is characterised by a sampling window of variable shape

and width as well as a fairly constant sampling interval A . In this

analysis, ve have adopted sampling windows that are cosinusoidally-shaped or

cosinusoidally-edged since these are fairly close to what actually takes

place. It should be noted here that we have, on previous occasions, used

exponentially-edged windows in lieu of cosinusoidally-shaped windows but

without any significant changes in the end results. On the basis of

cosinusoidally-edged windows, location A will receive from R (t) discrete
k

portions which altogether form an energy signal f (t) that is expressed

as follows:

(2)

N-|
where

a 0 (CY
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IT" + a I (t) = d (t) is the duration from local sunrise to the start
Ok Ok k Ok

of local noon (i.e. when the sun just reaches its

highest altitude) in a day denoted by t. Note

that (J and a are constants for a given

value of k;
(i~1 + a I (t) = d (t) is the duration in which the sun remains at its
Ik Ik k Ik

highest altitude in a specified day i.e. in a day

specified by t;

d 2 k (t) = V t ) * H d l k < t ) ;

0 = initial phase of H (t);u n k nk

Si . = final phase of R k
( t > ;

1 AX ,| (< A ) = a constant for fixed values of n and k;
' nk

I .'" I (< \ ) = a constant for fixed values of n and k.

The energy-density spectrum E (w) of f (t) can be obtained after Fourier-

K IK
transforming equation (2). Thus

d,, (t) , d (t) • d,, (t) ;
3k Ok Ik

,, + a,. I, (t) = d , (t) is the duration from when the sun just starts
4k 4k k 4k

moving off its highest altitude to local sunset

on a day specified by t;
ok

"J +

Ok " 2dok(t)

J = (N-l)X * d ["(N-l)Xj + d L(N-l)Xl defines the integer N since J,

\ , d (t) and d4k(

already been defined;

have

t - 3 constant for a given value of k;

I (t) = continuous portion of R (t) that extends from t = 0 up to t-J:k Ok ft

V = number of complete wavelengths contained in R (t);
nk nk

U. defines W since
nk nk

separately;

and W are defined
' nk
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where H = P < I = 0), H = p (I = o), h,
UK (JK K IK IK K K

(3)

a constant for a given

value of k, S <jw) = Fourier transform of R (t), S ( jw) = Fourier
UK Ok nk

transform of R (t) and G (jw) is the Fourier transform of A (t).
riK K K

Equation (3) gives a convenient form of E (w) that expresses the significant

variations or oscillations in f (t). Since all the parameters incorporated

in equation (3) may be specified for a location at any latitude, this

particular equation is thus a convenient tool for studying fluctuations in

solar-derived energy at any Earth location and for any length of time that

exceeds 48 hours.

3. DISCUSSIONS.

For an Equatorial location k=0 and hence * (t) = G
k'J

w ' = ° in

equations (2) and (3). This implies that the corresponding energy-density

spectrum E(w) becomes equivalent to P (w) , where the expression for

- 10 -

P (w) has been derived in reference ( Njau, 1983). As shown in the latter
J
reference, the sampling of the constant amplitude component R (t) does

00

induce fluctuations in E ( w ) at radian frequencies w and corresponding

amplitudes A that are given by the equations

w

On

(4)

and A « ' °° <5)

where RQo i s the magnitude of R ( t) for 0 < t - ' J , and n= 1,2,3

Theoretically some of these f luctuations can a t t a in amplitudes as large as

f t i

about 0.21 H ' 0.2 | Size of R-i t ) when O^ t ' - ' J J and hence can induce

substant ia l forcing into the (lower) atmosphere. We should not forget tha t

an ice age can af ter a l l be tr iggered simply by a prolonged decrease in the

Earth-ward solar energy stream larger than a few percent ( Wetherald and

Hanabe, 1975). Since the amplitude of R (t) is constant with tune, the influence of this
00

constant>atplitude term upon the fluctuations in E (w) depends on the frequency respcnse finction

of the Earth location involved with respect to incoming solar energy. On the other hard, effects of

the terns 2 l ^ ( t ) "P011 fluctuations in E (w) depends not enly on the latter frequency respcnse

function but also on acme processes inside the sun (Sofia, Endal, 1982; Ruaieikin , 1961).

It is worth noting that predictions made from p,(w'> which is

v
equivalent to [E (w)] , have been shown (Njau, 1983) to yield good agreement

with a number of long-term and short-term lower atmospheric observations,

some of which were made in places near but not exactly at the Equator. This

apparent agreement implies that at least some of the significant (lower)

atmosphere fluctuations result primarily from the natural fact that each

location on the Earth samples out direct solar energy instead of receiving it

continuously. We shall re-visit this issue later on.

In order to obtain a simplified version of Ek<wl for an arbitrary

non-Equatorial location, one must obtain a simplified version of G
k(Jw)

unless the latter is justifiably neglected. However, it appears that a

simplified and exact expression for G (jw) is rather tricky to get hold of
because A (t) incorporates some complicated "pulse-shape modulation"

k
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effects that consequently make the exact form of G (jw) a non-simple

summation of terms. Nevertheless, approximate but realistic versions of

G (jw) can be obtained for any value of k, and these will be of invaluable

use in t*ia study of relevant weather fluctuations.

At the time of writing this paper, some results were published

(Venne, Nastrom and Belmont,1983) and which contained what were referred to

as the best estimations hitherto made of global climatic fluctuations of

temperature at sea level. The reportedly high quality data and analysis

technique that were used to obtain these results tempted a comparison

between these results and corresponding prediction or calculation from our

theory even though a number of similar comparisons have been reported in

reference (Njau, 1983). The results just mentioned (i.e. see reference

Folland, Parker and Kates, 1984) reported computed maximum entropy power

spectra of corrected global seasonal marine air temperature data as well as

corrected global sea-surface temperature data covering the duration 1861-

1980. With both sets of temperature data, a highly dominant period at 83

years was confidently established. Now for the whole 1861-1980 duration,

we can make the approximations G(jw)asO and k=0 and hence use equation

(3) in the present paper to calculate the period of the largest amplitude

energy (and hence temperature) fluctuation expected. This particular period

turns out (i.e. substitute 1 for n in equation (4) above) to be 80 years.

The latter predicted period is within 4 per cent of the observed period

(i.e. 83 yeras) despite the fact that the "off-Equator" terms were ignored

in our calculation.

In a nutshell, the work presented in the paper can be divided into

two parts. Firstly we have developed an analytical expression for the

(solar-derived) energy fluctuations in an arbitrary Earth location over an

arbitrary period that exceeds two days. This expression is given by

equation (3). Secondly we have shown that when applied to an equatorial

location, equation (3) reduces into a form that has already been developed

before and which has been shown to have good agreement with long-term and

short -term observations on and near the Earth's surface. Additionally,

the reduced form of equation (3) has shown good agreement with recent

- 12 -

observations (Folland, Parker and Kates, 1984) which are considered as the

best estimate hitherto made of global climatic fluctuations of temperature

at sea level. All in all, what comes out of this analysis is that the

rotational motion of the Earth creates a solar-energy sampling process which

plays a significant role in linking (the energy coming from) the Sun to

fluctuations in the lower atmosphere. Since we know the features of the

sampling process, we can easily predict energy fluctuations caused by the

inevitable interaction between the constant-component of incoming solar

energy and the sampling process. However, our formulation cannot help in

predicting energy fluctuations caused by the interaction between the sampling

process and the variable component of incoming solar energy unless the

periodicities in this component are known. The usefulness of our formulation

in this case is merely that after having knowledge of the periodicities in

the variable component of incoming solar energy, the formulation can be used

to predict energy fluctuations that are made harmonics of the latter

periodicities by the sampling process.

Finally it is worth nothing that the energy fluctuations discussed in

this paper can have considerable effects upon weather changes because

variations in solar-derived energy are in fact the ones primarily responsible

for running the climatic system (Henderson-Sellers and Wilson, 1983).

Besides, while the solar radiation variable is the most dominant climatic

variable, many of the other variables are correlated to it (Alterio, Bar-

baro and Coppolino, 1963).
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CONVENTIONAL SAMPLING OF A TIKE-

DEPENDENT ENERGY SIGNAL

DIRECT SOLAR ENERGY

RECEPTION AT LOCATION A

Availability of a continuous

stretch of time-dependent

energy signal f (t)

[signal f (t) is sampled by
j c

.some device which receives

and records only discrete

portions of f (t)
c

V

Sampled data form a

time-dependent signal f (t)
d

V

[ Exact transform-domain version

of f(t)= P ( » * F (jw), where
d d

F (iw) is the Fourier transform
d

of the part of f (t) involved
c

and P(jw) is the frequency

response function of the

sampling device

Sun emits continuous

time-dependent energy stream

f(t) towards location A.

Location A receives directly

only discrete samples of f(t)

since it is exposed to the

sun discretely

The portions of f(t) that

fall into location A form an

energy signal f (t)
Jk

Exact transform-domain version

o f fjk(t) = s

where E (jw) is the Fourier
i P
transform of the part of

! f(t) involved and S (Jw)

i
1 is the frequency response

function of the relevant

sampling mechanism
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