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a b s t r a c t

Hourly and daily measurements of total and diffuse solar radiation and sunshine duration are analyzed.
Three-year measurements of the available meteorological data in Mosul (latitude 36� 190 N, longitude 43�

090 E and 223 m above mean sea level) are used in this study. The present work involves two parts; in the
first one, monthly mean daily and hourly of total and diffuse solar radiation are analyzed. The results
show that the annual mean of the daily total and diffuse solar radiation is 5.11 and 1.6 kWh/m2

respectively. 57% of the days of the year are clear, while only 11.5% of the days are cloudy. Several
empirical equations for estimating monthly mean daily global and diffuse solar radiation have been
developed and compared with other available models. Ratio of average hourly to daily total solar radi-
ation, for each month of the year is studied and compared with the theoretical results. In the second part,
time-series model building using BoxeJenkins procedure to the daily clearness index is performed. The
ARIMA(2,1,1) is developed for predication of daily clearness index.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Knowledge of global and diffuse solar radiation at a particular
location is required for all solar energy conversion systems. Hourly
and daily measurements of the weather parameters such as global,
diffuse and sunshine duration are usually the best source of infor-
mation that provide the starting point for obtaining empirical
models for solar radiation estimation. When such measured data is
lacking, one option is to estimate solar radiation from empirical
equations developed in other locations, preferably sites with
similar weather condition to the location under investigation. Iraq,
the country located in the middle-east cannot catch up with the
increasing demand of electricity not only due to the increase in
population but also as a result of the higher demand for electrical
power in domestic and industrial sectors. The country possesses a
large reservoir of conventional energy resources but has the op-
portunity, due to its geographical location, to utilize solar energy
effectively, promoting a clean environment and developing
renewable energy technologies. Several empirical formulas, that
goes back more than seventy years ago, have been developed
elsewhere to estimate solar radiation using various parameters [1e
4]. Iqbal [5] developed several empirical equations which correlate

the monthly average daily diffuse and beam radiation with the
fraction of maximum possible number of bright sunshine hours for
several Canadian cities. Erbs et al. [6] estimated the diffuse radia-
tion fraction for hourly, daily and monthly average global radiation
for several sites in the USA. Abdalla et al. [7] studied global solar
radiation for the city of Abu-Dhabi, UAE in terms of relative sun-
shine duration. One year data of measured global and direct solar
radiation, is analyzed and compared with the estimated values
from NASA’s model by Islam et al. [8,9] in the UAE. Al-Riahi et al.
[10] developed a clear-daymodel for the beam transmittance of the
atmosphere based on five-year daily global radiation data in
Baghdad, Iraq. Several authors successfully applied time-series
analysis [11,12] using BoxeJenkins approach for solar radiation
data. Hassan et al. [13] obtained an ARMA(2,1) for the global solar
radiation in Al-Ain, UAE. They combined a time-series model with a
regression model to obtain the optimum predication. Sulaiman
et al. [14] and Zaharim et al. [15] used the ARMA BoxeJenkins
method to model global solar radiation data. Zeroual [16] used
stochastic modeling for daily global solar radiation in Marrakesh,
Morocco.

Previously, estimation of solar radiation in many cities in Iraq,
including Mosul (the site under investigation in this report) was
obtained by using models developed elsewhere that do not often
provide accurate outcomes. This study is a first step toward the goal
of developing different classical one-parameter-based regression
models and time series ARIMA model for the estimation and
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predication of daily and monthly global and diffuse solar radiation
in the city of Mosul-Iraq (latitude 36� 190 N, longitude 43� 090 E and
223 m above mean sea level). The data used in this paper cover
three year period and are recorded at the Meteorological and Solar
Energy Station of Mosul University-Iraq. An Eppley pyranometer
model 8.48 is used for recording global solar radiation. Similar in-
strument provided with a shading ring is used for recording diffuse
solar radiation. The sensitivity of each device is 1 � 10�3 V/W/m2.
The sunshine duration is measured by Campbell Stokes sunshine
recorder with a threshold flux of about 210 W/m2.

This work presents several empirical models obtained for the
estimation of global and diffuse solar radiation from the available
hourly and daily data of this location. In addition, a time-series
ARIMA model is developed for predication of daily global solar
radiation.

2. Theoretical background

2.1. Regression models

Several relations are used to estimate global solar radiation
(GSR) and diffuse solar radiation based on the available meteoro-
logical parameters. Prescott [17] modified Angstrom’s [18] equation
for estimation of monthly mean daily GSR ðHÞ received on a hori-
zontal surface based on monthly mean daily number of hours of
possible sunshine S. The equation is given as:

H=Ho ¼ aþ b
�
S=So

�
(1)

here Ho is the monthly mean daily extraterrestrial solar radia-
tion on a horizontal surface. H/Ho is called clearness index Kt

and S/So is denoted fraction of sunshine duration Fs. So is the
monthly mean daily maximum day length of the location while
a and b are regression coefficients. The daily values of Ho, on a
horizontal surface, and So can be calculated using the equations
in Ref. [19].

In general, H, Hd and S are related through the following
relations:

H=Ho ¼ f
�
S=So

�
; Hd=Ho ¼ f

�
S=So

�
and Hd=Ho ¼ f

�
H=Ho

�
which can be written as:

Kt ¼ f
�
Fs
�
; Kd ¼ f

�
Fs
�
and Kd ¼ f

�
Kt

�
:

The form of the function (e.g. linear, quadratic, etc.) in these
relations is dictated by the data. There is a relatively simple equa-
tion used by Liu and Jordan [20] for estimating hourly mean daily
GSR ðIÞ from monthly mean daily GSR ðHÞ using the following
relation:

I=H ¼ rt ¼ ðp=24Þ½cos wi � cos ws�=½sin ws �ws cos ws� (2)

wherews is the hour angle calculated from the equation in Ref. [19]
and wi is the average of hour angle for hour-pairs around noon
calculated from the following equationwi¼ (p/12) (12� ti) where ti
is hours from noon time.

All calculations and data fitting, for the regression modeling
part, are performed using OriginLab software [21]. The validation of
the models and their accuracies were tested by calculating different
statistical parameters. These are, mean percentage error (MPE),
mean bias error (MBE), root mean square error (RMSE) and the
NasheSutcliffie equation (NSE), which are described according to
the following equations [22]:

MPE ¼ 1
n

Xn
1

��
He � Hi

��
Hi

�� 100 (3)

MBE ¼ 1
n

Xn
1

�
He � Hi

�
(4)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi"
1
n

Xn
1

�
He � Hi

�2#vuut (5)

NSE ¼ 1�
"Xn

1

�
Hi � He

�2
=
Xn
1

�
Hi � Have

�2#
(6)

here Hi represents H or Hd and n is the number of observations, He

is the monthly mean daily estimated values of H or Hd using the
obtained models and Have is the average value of H or Hd.

2.2. Time series analysis (ARIMA modeling)

Clearness index (Kt) is a stochastic process which can be
modeled using time-series tools such as BoxeJenkins approach
[23]. Auto Regressive Moving Average (ARMA) model for any pro-
cess, such as Kt with orders p,q denoted as ARMA(p,q), are the
combination of past values of Kt and past errors. The general
equation of ARMA(p,q) for a time series parameter such as clearness
index Kt can be written as:

Kt ¼ f1Kt þ f2Kt�1 þ.þ fpKt�p þ Et � q1Et�1 � q2Et�2.

� qqEt�q

where f1, f2,.. fp and q1, q2...qq are unknown autoregressive and
moving average coefficients, respectively. These will be estimated
from sample data (Kt in our case). Et, E2, .Et�q are statistically in-
dependent random shocks that are assumed to be randomly
selected from a normal distribution with zero mean and constant
variance. Most of the modeling methods including BoxeJenkins
approach [22] are applicable on stationary time series. Therefore, to
obtain a model for a particular time-series the stationarity of the
data need to be checked. A stationary time-series has a quasi-
normal distribution with zero mean and constant variance. To
check for this, Auto-Correlation Function (ACF) and Partial Auto-
Correlation Function (PACF) plots are examined [24]. If the ACF of
the time series value either cuts off or dies down fairly quickly, then
the time series values should be considered stationary. On the other
hand, if the ACF dies down extremely slowly, then the time-series
values may be considered non-stationary. The autocorrelation at
lag k, ACF(k), is the (linear) Pearson correlation between observa-
tions k time periods (lags) apart. If the ACF(k) differs significantly
from zero, the serial dependence among the observations must be
included in the final model. Like the ACF(k), the partial autocorre-
lation at lag k, or PACF(k), measures the correlation among obser-
vations k lags apart. However, the PACF(k) removes, or “partials
out,” all intervening lags.

Several methods are used to convert a non-stationary time-se-
ries into a stationary one. Differencing the data is one of the effi-
cient ways and usually the first differencing (V Kt ¼ Kt � Kt�1 in our
case) is sufficient for this conversion. In this stage, the obtained
model is denoted ARIMA(p,d,q) where “d” refers to the number of
differencing. For the obtained differencing time-series the ACF and
PACF will be examined again to get some idea of the order (p,q) of
the ARIMAmodel. ACF and PACF are used to determine p orders and
q orders of the ARIMA model. For example, for autoregressive
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