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ABSTRACT

LINKING SATELLITE IMAGERY TO BRIGHT SUNSHINE HOURS FOR THE
ESTIMATING OF GLOBAL SOLAR IRRADIATION

Ener Rusen, Selmin
Ph.D., Department of Physics
Supervisor : Prof. Dr. Bllent G. Akinoglu

February 2013, 102 pages

This thesis is on the estimation models for the daily global solar irradiation on a horizontal
surface at the surface of the Earth. New approaches are developed and applied to 15
locations of Turkey and Germany. The main idea in developing the new models is to link
the surface data to satellite imagery. Totally three new modeling approaches are
developed and tested. Surface data of daily bright sunshine hours (S) and cloud index (n)
values derived from satellite images are the main input parameters. In the first approach,
monthly coefficients of Angstrom linear relation between daily solar irradiation and daily
bright sunshine hours are used to replace the clear sky irradiance calculations of
HELIOSAT model. In the second approach new correlations are obtained between daily
bright sunshine hours (S) and cloud index (N). Last model that is developed uses a new
correlation expression between daily solar irradiation and daily data of S and n and this
expression is derived using a physical consideration. The performances of the proposed
models are tested against conventional methods (mainly, satellite-based HELIOSAT and

ground-based linear Angstrém-Prescott type).

The results show that the use of sunshine duration together with the cloud index is quite
satisfactory in the estimations of daily global solar irradiation. The accuracy of estimations
of the combined models is considerably higher than the conventional approaches.
Therefore, we propose to use the new approaches to estimate daily global irradiation

whenever the data of bright sunshine hours is available for the location of interest or a



nearby station. In addition, for a point on the earth surface, depending on the data in

hand, suitable and most accurate models of estimations are proposed for that point.

Keywords: Satellite images, HELIOSAT, Angstrém model, solar energy, bright sunshine

hour.
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0z

KURESEL GUNES ISINIMI TAHMIN ETMEK IGIN UYDU GORUNTULERINI VE
GUNESLENME SURESINI BIRLESTIRME

Ener Rusen, Selmin
Lisans Sonrasi Doktora, Fizik Bolim

Tez Yoneticisi : Prof. Dr. Bllent G. Akinoglu

Subat 2013, 102 sayfa

Bu tez dinya ylzeyine gelen yatay bir dizlemdeki gunlik toplam glines isinimi igin
tahmin modelleri Uzerinedir. Yeni yaklasimlar gelistirilerek, Tirkiye ve Almanya’'da 15
istasyon verileri icin uygulanmistir. Gelistirilen yeni modellerdeki temel yaklasim uydu
goérintilerinden elde edilen bilgiyle, yer verisini birlestirmektir. Toplam ¢ yeni modelleme
yaklasimi gelistiriimis ve test edilmistir. GUnluk guneslenme siresi icin yer verileri (S) ve
uydu gorintilerinden tiretilen bulut indeksi degerleri (N) ana giris parametreleridir. Birinci
yaklasimda, gunlik glnes isinimi ve gunluk gineslenme sureleri arasinda, Angstrom
dogrusal bagintisinin aylik katsayilari, HELIOSAT modelinin bulutsuz havalar i¢in yaptigi
isinim hesaplamalari yerine kullaniimistir. ikinci yaklasimda ise ginliik giineslenme
suresi (S) ve bulut indeksi (N) arasinda yeni bagintilar elde edilmistir. Gelistirilen son
modelde ise ginlik giines isinimi (S) ile bulut indeksinin (N), ginlik verileri arasinda yeni
bir baginti bulunmus ve bu baginti temel bir fiziksel yaklasimla tiretilmistir. Onerilen
modellerin performanslari, geleneksel yontemlere (6zellikle, uydu tabanli HELIOSAT ve

yer tabanli lineer Angstrém-Prescott tipi) karsi test edilmistir.

Sonuglar, bulut indeksi ile birlikte gineslenme suresinin kullaniimasinin, gunlik yatay
toplam glnes 1sinim tahminlerinde oldukg¢a tatmin edici oldugunu gd&stermektedir.
Birlestirilmis modellerin tahminlerinin dogrulugu geleneksel yaklasimlardan oldukga
yuksektir. Bu nedenle, glineslenme suresi verileri ilgilenilen boélge icin ulasilabilir oldugu

durumda, gunlik toplam isinimi tahmin etmek icin yeni yaklasimlarin kullanimi

vii



Onerilmistir. Ayrica, yerylUzindeki bir nokta i¢in eldeki verilere bagl olarak en uygun ve

kesin glnes radyasyonu tahmin modelleri belirlenmistir.

Anahtar Kelimeler: Uydu Gérintiusi, HELIOSAT, Angstrém Model, Gines Enerijisi,

Glineslenme Siresi.
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CHAPTER 1

INTRODUCTION

1.1 Objective

It has become essentially important to have accurate knowledge of solar irradiation on the
surface of the Earth due to the implications it carries for both various technological
applications and potential climatic consequences worldwide over the past two decades. The
access to high quality solar data is certainly a vital issue to improve the planning and
performance of solar systems, and in terms of environmental compliance in any region of the
Earth. The most accurate way of obtaining solar irradiation is certainly the use of ground-
based measurements of a given site. However, the measurement network is not adequate
and the data taken from ground based sensors are not very reliable. In addition,
measurements through ground based sensors have extraordinarily high costs, including
maintenance and data archiving efforts. For these reasons, in order to derive accurate
information on solar irradiation at the ground level, mainly two different estimation
approaches have been developed by many researches [1-6]. The first approach is the
statistical models that provide high performances for the estimation of global solar irradiation
by using measurements obtained on the surface of the Earth. The other approach, which, in
recent years, has been profoundly progressing, is satellite derived estimation models that

use geostationary weather satellites.

In this thesis, mainly, new coupled approaches are developed to estimate global solar
irradiation by making use of statistical and satellite derived models. The results of new
proposed approaches, then, are compared with the estimation of a commonly used satellite
model and with Angstrom type models using ground measurements of global solar

irradiation.



1.2 The Extend of the Thesis

The Sun is the main natural energy source of the Earth, and solar radiation arises from its
surface as electromagnetic energy. Instantaneous solar irradiance, G, is defined as the
amount of instant electromagnetic energy incident on a surface per unit time per unit area. In
other words, it is the power received per area. The unit is watt per square meter (W/m2) and
it refers to the energy emanating from the Sun [7]. To calculate the irradiance at the
receiving surface, influence rate of the atmosphere, Sun-Earth geometry, extraterrestrial
solar irradiation and position of the Sun with respect to the receiving surface there, should be

determined [8], [9]. A more detailed description will be given later in Chapter 2.

The instantaneous values of global solar irradiance, G, are used to acquire the hourly, daily
or monthly average daily irradiation values required for many applications such as the global
solar irradiation maps or for the performance calculations of solar energy systems. In this
sense, to obtain hourly or daily values of solar irradiation on horizontal surface, the
integration of the instantaneous values of global solar irradiance acquired at specific time
intervals according to the intended application is required [10], [11]. The hourly solar
irradiation (l) is the incident of energy accumulated per unit area over the period of time
lasting an hour. It is usually given in joule per square meter (J/m2-hour), and it can be

obtained by Eqgn. (1.1) for an hour time period:
t
I = ["G(t)t (1.1)

where G(t) is the instantaneous value of global solar irradiance, the limits t; and t, define

one hour.

In the same manner, the instantaneous solar irradiance is used to find integrated daily global
solar irradiation, H, on a horizontal surface. This is calculated by integrating G over the

period from sunrise to sunset:

Sunset
H=[ G}t . (1.2)
Herein, G is in watt per square meter (W/m2); consequently, H is in joule per square meter
(J/m2-day). The monthly-averaged global daily irradiation His a useful quantity especially
for climatic studies, are monthly averages taken over several years (10 to 30), of daily

irradiation. The units and symbols are those recommended by Duffie and Beckman [12].



In the present study, the estimation of daily global solar irradiation values are mainly
analyzed and reviewed; new coupled estimation schemes has been developed for daily
global solar irradiation values (H) and they are compared with classical conventional

models.

1.3 The Need for Accurate Solar Irradiation

In the recent years, researchers all over the world have been developing methods to
generate reliable and accurate solar resource data and maps, based on advanced models,
computer software and state of the art geographic information. Nowadays, planners can use
these data and maps as an important input parameter to identify the best sites for solar
energy systems and to estimate the resources available at any site where solar applications
are contemplated. Placement of solar energy systems, performance evaluation for proposed
solar systems at any location, investigation of PV capability, power management of solar
thermal power plants and solar architecture, building engineering and short-term forecast of
solar radiation are a few examples of these applications of solar irradiance data [13], [14],
[15].

According to climate change research, it is important to reach higher accuracies for all types
of solar energy applications. In recent studies dealing with climate forecasting for agricultural
land usage, researchers have been trying to improve the accuracy of solar irradiation
estimation [16]. In the present work, we aimed to reach higher accuracies by coupled
approach in which we utilized surface measured bright sunshine hours together with the
satellite based cloud index values. Such a procedure may also be useful in the research of

climate change issues.

1.4 Measured Data and Calculated Quantities

1.4.1 Available Data

This work presents the analysis of a year’s collection of data obtained from daily global solar
radiation measurements on a horizontal surface H and the data to be correlated to H, which
are the surface measured daily bright sunshine hours S and cloud index N derived from
satellite imagery. The data of ground level global solar irradiation and sunshine duration

were obtained from the Turkish State Meteorological Service (TSMS) for four stations in



Turkey and from Deutscher Wetterdienst (DWD) for eleven stations in Germany. Global solar
irradiation data measured by pyranometer and sunshine duration observations are either
collected by Campbell-Stokes recorder, which is the most common sunshine recorder used

in many stations all over the world or by new solid state sensors.

The estimating models presented in this study used Meteosat satellite visible spectral range
images from the European Organization for the Exploitation of Meteorological Satellites
(EUMETSAT). The calculation of cloud index N, images from original satellite data was
performed in the Institute of Physics Carl von Ossietzky, University of Oldenburg using the
HELIOSAT model. The results were attained on an hourly basis. In all calculations, these
hourly values were used to calculate the daily totals obtained directly by summing. In
addition, the daily averages of the cloud index, Nayg values were calculated for the selected
locations to be used for direct daily estimations. A list of the selected stations’ names and
their geographical locations together with their climate types, namely Cfb, Dfc, Dfb and Bsk
are presented in Table 1.1 and locations are given in Fig. 1.1. (Csa: warm Mediterranean
climate, Cfb: temperate oceanic climate, Dfc: cool continental climate/subarctic climate, Dfb:

temperate continental climate/humid continental climate, Bsk: cold semi-arid climate [17],

[18]).

The set of data was obtained over a one-year period in 2004 for the four stations in Turkey
and a one-year period in 2006 for the eleven stations in Germany. For the four locations in
Turkey, satellite data for January 2004 was missing and thus the satellite images were
available starting from February 2004. Therefore, for Ankara, Afyon, Sinop and Bursa, the
analyses are carried out for 11 months only. Besides, the data for some of the ground
measurements for German stations were missing. Accordingly, a total of ten months were
missing out of 180 months (12 months x 15 stations) and we excluded these months in our

analysis.



Table 1.1 Geographical and climate type information of selected stations.

Selected Stations Latitude Longitude Altitude (m) Climate
types [17]
1 Ankara/Turkey 39.97 N 32.86 E 891 Bsk
2 Afyon/Turkey 38.74 N 30.56 E 1034 Bsk
3  Sinop/Turkey 42.03 N 35.15E 32 Cfb
4  Bursa/Turkey 43.23 N 29.01E 100 Csa
5 Braunschweig/Germany 52.30 N 1045 E 83 Dfb
6  Wittenberg/Germany 51.88 N 1265 E 105 Dfb
7 Gorlitz/Germany 5117 N 1495 E 237 Dfb
8 Dresden-Klotzsche/Germany 5113 N 13.78 E 222 Dfb
9 Ludwigsfelde/Germany 5222 N 1412 E 122 Dfb /Cfb
10 Bremen/Germany 53.05N 8.80 E 24 Cfb
11 Norderney/Germany 53.72 N 715 E 29 Cfb
12 Potsdam/Germany 52.37 N 13.08 E 107 Cfb
13 Chemnitz/Germany 50.80 N 12.87 E 418 Dfc
14 Fichtelberg/Germany 50.43 N 1295 E 1213 Dfc
15 Zinnwald/Germany 50.73 N 13.75 E 877 Dfc

The correlations between H, and, N and S are obtained for all stations in various ways. Thus,
to estimate the daily global solar irradiation on a horizontal surface, these correlations are
used simply by inserting the given N and S values of the selected stations. We should note
that these estimations, carried out by inserting N and S values of the same station, into the

correlations we obtained, only give the goodness of the fits [19].
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Figure 1.1 Geographical locations for selected stations [20].

1.4.2 Calculated Quantities

Computations about the estimation of global solar irradiance can be separated into two basic

parts: measured (or estimated) and calculated quantities. This section presents a short

definition for calculated quantities, which are daily global solar extraterrestrial irradiation, Ho,

the day-length S, and the modified day-length Sg. Details will be given in Chapter 2.

The daily global solar radiation received at the top of the Earth's atmosphere on a horizontal

surface is called the daily extraterrestrial solar radiation Hg, calculated as a function of the

ratio between actual and mean Sun—Earth distance, latitude (¢ ), solar declination (¢ ) and

solar angle at sunrise ( @ ). The calculation procedures of these parameters can be found in

the reference Duffie and Beckman [12] and an extended summary will be presented in

Chapter 3.



Another calculated quantity used in our study is the length of the day, S, which is the
maximum possible duration between sunrise and sunset for a day. In order to reduce the
effect of low altitude of the Sun, which means that the solar zenith angle is less than 5° or

larger than 85¢, a modified day-length Sg proposed by Hay [21] was used in our calculations.

To conclude, S/S and s/Sq fractions (S is measured values obtained from sunshine recorders,
S and Sy are calculated quantities) are one of the two main input variables in our study. The
other one is the cloud index N derived from satellite images. It is noted that these calculated
quantities and the daily extraterrestrial irradiation Hp (in Angstrom relation), mentioned
above, and the relevant discussion will be given in detail later in Chapter 3. Table 1.2 gives a

dictionary for the calculated, derived, measured and estimated quantities.

Table 1.2 A dictionary for the calculated, derived, measured and estimated quantities.

Symbol Name Description

S Bright Sunshine Hour Measured by Campell-Stokes type
recorder or by new sensors

n Cloud index Derived from Satellite imagery

H Daily Global Solar Irradiation Measured and/or estimated by the
models

Ho Daily Extraterrestrial Solar Calculated (Duffie and Beckman [12])

Irradiation
S Day-length Calculated (Duffie and Beckman [12])
So Modified day-length Calculated (Hay [21])

1.5 Thesis Outline

In this thesis, Chapter 2 provides background information on the concepts related to the
work. A brief description of the solar radiation on the surface of the Earth is introduced, and
interrelationships among some related definitions are presented. Chapter 3 begins by
reviewing methods for the estimation of solar irradiation with the statistical and physical
approaches. Then, combined and conventional models are introduced. Three new combined

models are proposed for the estimation of daily global solar irradiation in Chapter 4. After



reviewing several functional and multivariate different estimation methods, the estimation
accuracy is evaluated and compared using ground measurement data sets and error
analyses in Chapter 5. Finally, the conclusions of these investigations are given in Chapter

6.



CHAPTER 2

SOLAR IRRADIATION ON THE EARTH

2.1 Introduction

It is certainly known that the most important natural energy source of the Earth is the
electromagnetic solar radiation which comes from the surface of the Sun. It affects, not only
the climatic processes of the Earth's weather, but also acts as a source of solar energy

systems.

This chapter starts with a description of the Sun and extraterrestrial solar radiation; i.e., solar
constant, solar geometry and basics of the spectrum of the Sun are introduced in detail.
Then, some fundamental definitions and formulations about the most important atmospheric
quantities, such as air mass calculation, clearness and clear sky index on a horizontal
surface are explained. The global solar irradiation data detectors and bright sunshine
recorder (Pyranometers and Campbell-Stokes type recorders respectively) were introduced
under the heading “Solar Irradiation Measurements.” In addition, atmospheric turbidity and
surface albedo that are associated with the calculation of solar radiation in the Earth's
atmosphere are given. Finally, information about satellites which are used for estimation of

solar irradiation is presented.

2.2 The Sun and Extraterrestrial Solar Radiation

2.2.1 The Sun and Spectrum

The Sun is a sphere composed of hot and dense gaseous formation with a diameter of
1.39x10° meters. It revolves around its axis, and the distance between the Sun and Earth is
approximately 1.5x10"" meters [12], [22]. The majority of the mass of the Sun is composed of

hydrogen, and the remainder of it is helium and other heavier elements, such as, oxygen,



carbon, neon and iron. The Sun which has a gaseous surface appears as a blackbody with
the temperature of around 5800 K [12]. The energy produced inside of the Sun reaches the
Earth’'s surface as electromagnetic waves. The electromagnetic waves from the Sun

transport radiation energy of various wavelengths [23], [16].

If any substance has a temperature, it emits electromagnetic radiation at a range of
wavelengths depending on its atomic structure. The human eye can perceive the wavelength
range of energy, which is called the “wavelength of the visible region.” Nevertheless, the

radiation emitted in the region of the infrared wavelength cannot be seen by humans [16].

Table 2.1 summarizes the range of major spectral wavelengths for the solar radiation
reaching to the Earth’s surface, and Figure 2.1 compares solar radiation at sea level, directly
with the extraterrestrial (sunlight at the top of the atmosphere) solar irradiation and

blackbody spectrum.

Table 2.1 Major Spectral Regions and the range of wavelengths

Spectral regions The range of wavelengths Percentage
ULTRAVIOLET-A and B around 380 nm and 315 nm ~7 %
VISIBLE 380 to 700 nm 47 %
INFRARED >700 nm 46 %
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Figure 2.1 Solar spectrum [24]

As seen in Figure 2.1, the total energy of the Sun is in three main spectral ranges which are

7% ultraviolet (UV) radiation, 47% visible radiation and 46% infrared (heat) radiation.

2.2.2 Solar Constant

Total solar radiation in all wavelengths striking on a unit area perpendicular to the Sun's rays
in unit time, at the top of the Earth's atmosphere, and at the mean Sun-Earth distance is
called the solar constant (Gsc). Its value is averaged at 1367 W/m2. This value is adopted by
WMO (World Meteorological Organization [25]) using the results of various measurements.
Details are given in the reference Duffie and Beckman [12]. The solar radiation for unit area
is determined by the angle between the Sun's rays and the normal to the Earth’s surface at
any selected point. However, this angle varies depending on time of the day and latitude of
location, as well as seasons due to the elliptical orbit of the Earth. That is, all of these
variables depend on the distance variation between Sun-and-Earth and rotation of Earth
around its axis and around Sun. Sun-Earth distance variation is expressed by the

eccentricity correction factor & [26]:

&= 1+0.033cos(360Nj ) (2.1)
365

11



Here, N is the number of the day within year. Further investigation was carried out by Igbal

[27] to promote higher accuracy of eccentricity correction as:

2
E= (EJ =1.00011+0.034221cos B +0.00128sin B

Res
+0.000719cos 2B + 0.000077sin 2B (2.2)

where R is the actual Sun-Earth distance as shown in Fig. 2.2, Res is the mean Sun-Earth

distance (within one astronomical unit: 1 AU = 1.496 x 108 km [27]) and B (=27 (N-1)/365) is
the day angle in radians including the number of the day in the year (N = 1 to 365) [23].

Figure 2.2 Sun —Earth Distance

2.2.3 Extraterrestrial Solar Radiation

2.2.3.1 Instantaneous Extraterrestrial Solar Irradiance

The instantaneous solar irradiance at the top of the atmosphere on a perpendicular surface

at any day is G, = €G. . On a horizontal surface, the instantaneous irradiance is:

12



G, = &Gy c0s b, =Gy {1+ 0.033 cos( 3222' ﬂcos 0, (2.3)

where N is the number of day in the year and 92 is the zenith angle as shown in Fig. 2.4,

and the zenith angle will be given later.

In the unit time period, actual solar irradiance on a unit receiving surface depends on the
angle between the Sun rays and the normal to the Earth’s surfaces. If the receiving surface
is inclined, the irradiance should be multiplied by cos @, which is cosine of the angle of
incidence, instead of cos &, as is given in Fig. 2.3.

G; =G, cosO, (2.4)

where G, is the irradiance on a receiving surface normal to the direct sunlight, Gt is the
irradiance actually received by the sloped surface. These variables are presented in detail in
the references Duffie and Beckman [12], Robinson [28], and Fisk and Anderson [29].

Actual solar irradiance |

K received by surface, G':
Direct 7 : N : :
Irradiance \-\ ; /
G, . S o
e a ‘,rf\\ ¥ Receiving
’“' et f SNeaf surface
7
¥
F
Fd

1

Figure 2.3 Angle of incidence.

The angle of incidence has to be determined for the calculation of the irradiance received at
the tilted surface, taking into account the geometry of the Sun-Earth system and surface

orientation [23]. The equation of the angle of incidence on a surface, @ , is [12], [30]:

13



COs @ =sindsin ¢ cos S —sin o cos ¢sin [cos y
+ C0S & COS ¢ COS 3 COS @+ COS O 'Sin ¢Sin 5 CoS y CoS @

+Ccos d'sin gsinysinw , (2.5)

where ¢ is the latitude of the location (-90° < ¢ < 90°), ¢ is the declination angle (-23.45¢ <
0 < 23.45¢; its computation equation will be given later), ¥ is the surface azimuth angle (-
1800 < ¥ =180°), @ is the hour angle (15° per hour; morning negative, afternoon positive)
and fis the slope angle (0° < f < 180°) between the receiving surface (tilted) and the
horizontal surface. [ equals to 0c for a horizontal plane but equals to 90° for a vertical plane
[12].

Therefore, the slope angle 3 is taken to be zero for a horizontal surface, then cos 672 can be
obtained from cos @ in Eqn. (2.5) by letting £ =0. That is,

COS 6, = COS ¢COS O COS @ +SiNPsin o . (2.6)

Figure 2.4 Sun position with zenith angle &, , surface azimuth angle ¥, solar azimuth
angle ¢, solar altitude angle a5 , and S slope for a receiving tilted surface, and N is surface

normal.
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Following are the definitions of all related angles which are directly taken from Duffie and

Beckman [12]. Fig. 2.4 can be used for the angles.

e ‘Latitude, ¢ , the angular location north or south of the equator, north positive and
south negative.

o Zenith angle, 92 , the angle between the vertical plane and the direction of sunlight,
in other words, the angle of incidence of direct irradiance on a horizontal receiving
surface.

e Surface azimuth angle, y , the deviation of the projection on a horizontal plane of the
normal to the surface from the local meridian.

o Solar azimuth angle,ys, the angular displacement from south of the projection of
direct irradiation on the horizontal plane.

e Solar alfifude angle,a g, the angle between the horizontal and the direction of
sunlight, that is, the complement of the zenith angle.

o Slope for a receiving tilted surface, B, the angle between the plane of the surface in
question and a horizontal surface.

e Hour angle, w, the angular displacements of the Sun east or west of the local
meridian due to rotation of the Earth on its axis at 15° per hour.

e Declination, & , the angular position of the Sun at solar noon (i.e., when the Sun is on
the local meridian) with respect to the plane of the equator, north positive, south

negative. The definition of the declination will be given later in Egn. (2.9).”

2.2.3.2 Hourly Extraterrestrial Solar Irradiation on a Horizontal Surface

The equation for extraterrestrial radiation on horizontal surfaces can be calculated for
different time periods, i.e., an hour, a day, a month, and so forth. In this section, the
integrated value of the instantaneous extraterrestrial solar irradiance over all wavelengths is

used as the starting value (Gsc).

In order to find the hourly extraterrestrial solar irradiation (lg) on a horizontal surface for a
period lasting an hour, Eqn. (2.3) must be integrated over a period between angles @,

and @, (where @,> @, ). Thus, using in Eqn. (2.3), we can find that this integral gives:

15



I, = 12x3600 Gq.|1+0.033 cos(BGON J
T 365

x{cos ¢ cos 5(sin w, —sin wl)+%sin $sin 5} (2.7)

The limits of @, and @, are hour angles at the beginning and end of the hourly intervals.

The unit is usually given in joule per square meter per hour (J/m2-hour) [12].

2.2.3.3 Daily Extraterrestrial Solar Irradiation on a Horizontal Surface

The daily extraterrestrial solar irradiation on a horizontal surface (Hg) is obtained by
integrating Eqn. (2.3) over the period from sunrise to sunset. The unit of it is joule per square
meter per day (J/m2-day; due to its large daily value MJ/m2-day is preferred). Thus, the daily
extraterrestrial solar irradiation Hp can be defined by taking into consideration these basic

parameters and after integration the equation takes the form [12], [22]:

H, = 24300 11, 0033 cos(36ON j
. 365

. 2
X| COS ¢ Cos 5 sin wg + s
360

sin gsin 5} . (2.8)

where @, is the sunset hour angle. The declination angle and the sunset hour angle are

defined as follows:

o= 23.453in{360284—+N} , (2.9)
365
and
w, =arccos(—tangtans) . (2.10)

The daily extraterrestrial solar irradiation on a horizontal surface, Ho, as a calculated quantity
was used in our study to normalize global solar irradiation on a horizontal surface (in

Angstrom relation, which will be described later in Chapter 3).
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2.2.4 Solar Time

Daily variations of solar radiation are based on the solar time and the length of the day which
changes due to the effects of the angular motion of the Sun [12], [23]. In contrast to standard
time, solar time is related to the Sun-angle relationships. It is not based on longitudes or the
standard meridian. Solar time is defined as a solar day which is the time period between two
sequential transitions of the Sun with the local meridian. This time period takes the mean
daylength as 24 hours, but it changes from day to day due to the effect of the changing
orbital speed of the Earth around the Sun as £15 minute as seen in Fig. 2.5. It is called the
equation of time, and the calculation procedures of this can be found in the reference Duffie
and Beckman [12].

20
15

10

-10

Equation of time (min)
(=]

-15

-20

month

Figure 2.5 The equation of time in minutes, as a function of time of year [12], [31].

The equation of time is calculated with the Eqgn. (2.11) in minutes [26], [27].

E =229.2(0.000075+0.001868cos B —0.032077sin B
—0.014615co0s 2B —0.04089sin 2B) (2.11)

where B (=27 (N-1)/365) is the day angle in radians including the number of the day in the

year (N = 1 to 365). For the determination of solar time the following expression is used:

Solar Time — Standard Time = 4 (Lstancard — Lioca) + E (2.12)

17



where E described above, Lsuneare is the standard meridian for the local time of the location

and Luwcar is the longitude of the selected location in degrees.

2.2.5 The Length of the Day

The most popular method (the Angstrdom method) for estimating global solar irradiation on a
horizontal surface uses daily global to daily extraterrestrial irradiation ratio and the fraction of
bright sunshine duration (i.e, fraction of clear sky period in a day) S/S. The length of the day
is the maximum possible duration between sunrise and sunset for a day, and it can be

calculated in hours using sunset hour angle as [12]:
2
S :Earccos(—tan;/ﬁtan 5) (2.13)

During the low altitude of the Sun, which means that the solar zenith angle is less than 5°¢ or
larger than 85°, commonly used sunshine recorders to measure bright sunshine hour S
usually do not operate properly. In order to reduce the effect of the low altitude of the Sun,
Hay [21] proposed a correction with respect to the zenith angle by means of a modified

daylenght Sg (daylength for zenith angle <85°):

_ arccos [(cos85° —sin(psiné)/cowcosé]
7.5

S, (2.14)
To estimate global solar irradiation on a horizontal surface, $/S and $/Sy fractions (S values
obtained from sunshine recorders, S and Sy calculated by Eqgns. (2.13) and (2.14),
respectively) are used in classical models and our proposed estimation models. All these

mentioned quantities and the relevant discussions will be given next chapter.

2.3 The Transmission of Energy Through the Atmosphere

It is known that the electromagnetic waves from the Sun carry solar radiant energy
(radiation) at a tremendous rate. These enormous amounts of solar energy are influenced by

a number of atmospheric and exoatmospheric factors [30].

As mentioned earlier in this chapter, global solar irradiation on the surface varies depending

on such factors as astronomical factors (the solar spectrum, the solar constant, Sun-Earth
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distance variation, declination of the Sun, the hour angle), geographical factors (latitude,
altitude), and geometrical factors (azimuth, tilt and surface azimuth angles.) In addition to
these, solar radiation falling on the Earth's surface is influenced by physical (absorption and

scattering in the atmosphere) and meteorological (cloudiness and albedo) factors [28].

Due to the physical and meteorological factors, it is possible to split solar irradiation into

parts, which are given as:

e Absorption by water vapor, ozone and carbon di-oxide; and

e Scattering by air molecules, water vapor and dust [27].

The atmosphere of the Earth includes various amounts of different gaseous formations and
concentrations. These gases are highly variable and non-homogeneous. The normal

composition of dry air at ground level can be seen in Table 2.2.

Actually, the atmosphere air has fluctuating density and it varies with the geographical
location, season and elevation [32]. The most frequently encountered gas is nitrogen
(78.1%) which absorbs high radiant energy in a number of overlapping bands less than
100nm. Then, solar energy with a wavelength range of 100nm and 210nm is absorbed by
atomic oxygen (20.9%) in the upper atmosphere. UV radiation is significantly filtered out by
the ozone layer in the stratosphere. There is insufficient absorption of radiant energy by the

atmosphere at wavelengths longer than 350nm (see Fig. 2.1) [12], [33].

Water vapor in the atmosphere is variable, and it is impressionable with temperature and
winds. The main source of water vapor is from the oceans and inner seas. The effect of the
water vapor in atmosphere has led to both scattering and absorption. At wavelengths in the
infrared bands of 700-2500nm, it is a major absorber; however, there is very little water
vapor absorption at the wavelengths higher than 2500nm. The scattering of water vapor is
based on perceptible water and is inversely proportional to the 4t power of the wavelength
[12], [34].

All plants, industrial waste, gas emission, and also de-composite forms of life in the sea
water are the main sources of carbon dioxide in the atmosphere. Carbon dioxide is another
strong absorber gas in the atmosphere, absorption is ranging between 1400nm and 1800nm,
and above 2600nm [12], [16], [28].

Incoming solar energy passes through the atmosphere, which is an interaction process by air
molecules, water vapor, and dust in all directions. This interaction process is called the

scattering of the incident radiation, and it increases with the size of the particles. Without the
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transformation of energy, there are only changes in the spatial distribution of the incident
radiation, so the scattering is an important factor of the attenuation of radiation by the
atmosphere [12], [28], [32-34].

Table 2.2 The concentration of gases constituting dry air at ground level [33],[32].

Gas Chemical Symbol Concentrations (%)
Nitrogen N2 78.1%
Oxygen 02 20.9%

Argon Ar 0.93%

Carbon dioxide CO2 0.035%
Neon Ne 0.0018%
Helium He 0.00050%
Methane CH4 0.00017%
Krypton Kr 0.00011%
Hydrogen H2 0.00005%

Ozone Os 0.000001-0.000004%

Most of the incoming wavelength of the solar radiation is scattered by atmospheric aerosols,
which are solid particles or liquid substances. Moreover, air molecules also scatter the solar
radiation according to the theory of Rayleigh and Mie scattering with the size of the particles
present in the atmosphere. As results of the scattering by air molecules in all directions, the
sky seems blue with shorter wavelengths [12], [28], [32], [35], [36]. Dust and water particle,
which are of larger sizes and which depends on the seasons, scatter the incoming radiation.
Besides, most common models to estimate the global solar irradiation uses these scattering
effects for the turbidity calculations [12], [24], [27], [28], [30], [32], [33], [37]. After absorption
and scattering by the different components of the atmosphere, the range of the main
wavelength of radiant energy reaches the Earth’s surface between 300 to 2500nm. The
effects of all gasses and atomic particles scattering and absorption on the spectral

distribution of solar irradiance are illustrated in Fig. 2.1 [37].
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It is well-known that nature has a balance between the energy that reaches the Earth from

the Sun and the energy that is emitted to space. This energy balance is demonstrated
roughly in Fig. 2.6.

Consequently, most of the incoming solar energy from the Sun is absorbed by the surface
(land and oceans) and the atmosphere (51% and 19%, respectively.) The rest of the
incoming solar radiation is reflected directly back into space by the atmosphere (6%), clouds
(20%), and some is reflected by the Earth’s surface (4%) [9], [12], [27], [32], [33], [37]. Earth
is heated and it re-radiates the energy that it receives from the Sun in longer wavelengths.
The long-term knowledge of the exchange of this radiant energy between the Sun, Earth,

and space is very important especially for climate change studies [16].

Reflected by Reflected Reflected from
atmosphere by clouds earth's surface
9% 20% 4% 64% 6%
Incoming Radiated to space
solar energy from clouds and
100% atmosphere

Absorbed by

atmosphere 16% Radiated

directly
to space
from earth

ol j\“',_, Absorbed by
s clouds 3%

Absorbed by land
and oceans 51%

Figure 2.6 The schematic representation of solar energy in the atmosphere [37].
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2.3.1 Air Mass

For the analyses of energy transmission process in the atmosphere, it is essential to know
total mass of absorption and scattering substances on the path of radiative transfer. This
total mass is called air mass, and it is important to know the amount of atmosphere sunlight
must pass through before it reaches the Earth. Paltridge and Platt [38] developed the relative
air mass (M) by taking into account the effect of zenith angle. It can be defined using C0s &,

only for a plane parallel atmosphere:

1
cos,

m (2.15)

For the calculations of solar energy, commonly used air masses, and their corresponding
zenith angles are given in Fig. 2.7. If the Sun is in a perpendicular position (at the zenith
angle 6?2 =0°), the path that sunlight reaches the Earth at sea level is called relative air
mass 1. At sea level, when the zenith angle is @, = 60°, it is called relative air mass 2, when
the Sun is at the zenith angle 62 =70.5°, it is called relative air mass 3 in general. The
relative air mass 0 is defined as outside of the atmosphere (the extraterrestrial irradiation)

because there is no air in space [23], [28], [29].

]
. . ! Top of the
N Air mass 0 ! Atmosphere
" 3 M
Air mass 2
Air mass 3 Air mass 1
e e S PR |

Earth Surface

Figure 2.7 Relative air masses with the convenient zenith angles in a plane parallel
atmosphere [23].
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In 1989, a detailed study for the relative air mass m is made by Kasten and Young [39]. It

was obtained as:

1-2z/10000

m= |
cos 4, +0,50572(96.07995 — 9, )™****

(2.16)

where Z is the heigth of the site (in meters). To calculate Gclearsky , which will be described in

section 3.5.2 this relation is used.

2.3.2 Clearness Index

All calculations and definitions to the solar irradiation so far apply in the standard spectrum
for clear (cloudless) sky. However, most of the incoming irradiation is reflected directly back
into space by clouds (20%), as mentioned in section 2.3. The ratio of the transmitted solar
irradiation is defined as the clearness index, classified in three time scales; hourly (K), daily

(K) and monthly average (R) clearness index.

The hourly clearness index (K) is the fraction of the hourly global irradiation on a horizontal
surface reaching the Earth (l), to the hourly extraterrestrial irradiation on a horizontal surface

(lo) (during a period lasting an hour).

K= , (2.17)

K=—o , (2.18)

where H is the daily global solar irradiation on a horizontal surface and Hy is the daily solar
extraterrestrial irradiation on a horizontal surface. Then, the monthly average daily clearness

indexR, which usually varies between about 0.3 and 0.8, is given by
— H
Ho

Clearness index gives a dimensionless fraction of the solar irradiation that is reaching the
Earth surface to that hitting outside the atmosphere [12], [23], [40].
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2.3.3 Clear sky Index

The hourly clear sky index, k*, is similar to the hourly clearness index (k) but now, instead of
lg, calculated values of hourly clear sky irradiation, Idearsky reaching to the Earth on a clear
day is used [41], [42]. It is defined as:

k™= | ! . (2.20)

clearsky

The calculated values of hourly clear sky irradiation |C|earsky will be defined in Chapter 3. The

daily (K*) and monthly (E ) clear sky indices are also calculated in the same way. Hence,
for clear sky index one should know the solar irradiation reaching the Earth in a clear day. It

can be either measured or calculated.

2.4  Solar Irradiation Measurements

Measurement of solar irradiation for the site of interest is the most accurate way to assess
the availability of solar energy reaching the Earth. Many solar irradiation estimation models
have been developed by using these measurements. In order to measure solar energy,
which comes as global irradiation has two parts: direct and diffuse irradiation and to mesure

them three types of instruments can be used.

This section will introduce the definitions of various solar irradiations (global, direct, and
diffuse solar irradiation) on the Earth’s surface and the instruments used to measure the
solar irradiation. In addition, the calibrations and errors of these instruments are discussed.
Moreover, the measurements of bright sunshine hour with the instruments of Campbell-
Stokes type recorders are presented. Atmospheric turbidity (T.) and surface albedo are

described briefly.

2.4.1 Direct and Diffuse Solar Irradiation

The solar irradiation passes through the atmosphere divided into three main components;
beam (direct), diffuse and global solar irradiation. The first component, the beam (direct)

solar irradiation, is the energy that is directly reaching the Earth’s surface from the Sun
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without scattering [22]. Beam solar irradiation is necessary to plan and install solar systems

which use concentrating collectors (in water heating, for power and in some PV systems).

Another component gets the name of diffuse solar irradiation which is produced as results of
scattering, absorbing, or reflecting due to the air molecules, water vapor, aerosols, and
clouds and ground. In a cloudy sky conditions, the values of diffuse solar irradiation may be
high, but during clear sky condition it is relatively low [22], [29], [43].

Summation of beam and diffuse components of solar irradiation gives global solar irradiation.
Global solar irradiation is the main input for most solar energy applications such as PV-
systems, domestic hot water systems, solar power systems etc. [29], [44]. They also carry
appreciated information for day lighting design, plant growth, etc. [8]. The total global solar

irradiance collected over all the wavelengths on a horizontal surface can be formulated as:
G =G, +G; cos b, (2.21)

where 492 is the zenith angle Gp is the instantaneous diffuse irradiation on horizontal surface
and Gg is the instantaneous beam irradiation at normal incidence. As mentioned before, the
Cos @, parameter is used when the receiving surface is not oriented perpendicular to the
Sun’s rays (see section 2.2.3.1) but instead horizontal. Fig.2.8 shows, as an example, a
graphical representation of solar irradiation on a horizontal surface (Global, Beam and

Diffuse) for Ankara, Turkey, for the year 2004 in the second day of March.

800 4
700 o

600
Global
500 - I
—_

Diffuse

Beam

400

300

Irradiation (¥4/m®)

200

100 4

o+—r=s N
o =2 4 6 8 10 12 14 16 18 20 22 24

Time (hour)

Figure 2.8 Solar irradiation for Ankara, Turkey for the year 2004, 2nd March.
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2.4.2 Solar Irradiation Detectors

Although solar irradiation data from ground-based detectors have an insufficient spatial
density and are often not available for a selected location, the ground measurement data are
usually more accurate than the solar irradiation estimations [45]. However,for solar
irradiation ground measurements, the accuracies typically are based on calibration and
reliability of the detectors. These ground measurements are obtained by basically thermal

detectors (pyrheliometer, and pyranometers) [22], [23], [28], [46].

In order to measure direct solar energy, the surface of the beam irradiation detectors should
be perpendicular to the incoming irradiation. For this purpose, usually a pyrheliometer
mounted on a solar tracker is used. A solar tracker is a collimator tube over the Sun and it
follows the Sun continuously [23], [28]. In addition, it has a viewing angle of about 5°, and in
this kind of thermal detectors voltage output is directly proportional to the incoming solar

irradiation [12], [23], [46]. Such a detector example is given below in Fig. 2.9.

¢

Figure 2.9 Hukseflux DRO1 Type Pyrheliometers [47].

When measuring global solar irradiation, the detectors should be placed to on a horizontal
surface in order to measure together, beam and diffuse components of solar energy. Global
Solar Irradiation is measured by a pyranometer. It can measure the solar irradiation between
approximately 300 to 3000 nm wavelengths spectrum range [12], [22], [23], [28], [46]. The

pictural representation corresponding to the parts of the pyranometer is given in Fig. 2.10.
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Figure 2.10 The parts of the pyranometer [48]

In order to measure diffuse solar irradiation for the whole hemisphere, diffuse radiation
measurement detectors should have the large view angle (180°) and they should be located
on a horizontal surface. Diffuse solar irradiation is measured by pyranometers with a shading
ring (shadow band) or tracking ball [12], [22], [23], [28], [46]. The combination of a
pyranometer and shadow ring or tracker ball offers a wise solution to measure diffuse

irradiation. Fig. 2.11 shows these two types of pyranometers.

N
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Figure 2.11 The tracker ball and shadow ring type pyranometers [47], [49].
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Pyranometers should be calibrated regularly, using a pyrheliometer or a reference
pyranometer. In addition, pyranometers and pyrheliometers must correspond to the ISO

standard, which is used as a guideline for the selection of detectors [23].

2.4.3 Sunshine Duration

Sunshine duration is defined as the number of hours that the Sun is not obstructed by the
clouds. In order to measure sunshine duration, two types of detectors are used. Firstly, the
classic Campbell-Stokes type sunshine recorder, which is widely used because it is simple
and utilizable. Hence, many stations all over the world use this type of sunshine duration
recorder. Due to this, long-term and reliable sunshine duration data for at least 100 years are
thought to be found all over the world [22], [45], [46], [50], [51]. The main working principle of
the classic Campbell-Stokes type sunshine recorder is to focus direct solar irradiation to burn
the thin sensitive card bearing a time scale. For this purpose, commonly a solid glass
sphere, which is about ten cm in diameter, is used. When the Sun is not obstructed by
clouds and intensity of the incoming irradiation is enough to burn, a trail of the Sun is
produced on the thin card [28], [46], [50], [51].

The second one is the modern type sunshine duration sensor, which makes use of photo-
diodes (special design electronic systems) to measure sunshine duration. According to a
report published by WMO (World Meteorological Organization [25]) in 2003, the direct solar
radiation per square meter 120 W/m2 has been identified as a critical threshold value for this
type of sunshine duration recorder. This critical threshold value was obtained from direct
solar irradiation measurement comparisons. In addition, it is equal to the value of clear sky
solar radiation during times of sunrise and sunset.[46], [50-52]. Fig. 2.12 shows these two

types of pyranometers.
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Figure 2.12 The classic Campbell-Stokes type sunshine duration recorder and electronic

type sunshine duration sensor [53], [54].

Sunshine duration data are also relevant for the most common estimation model Angstrém

(described in Chapter 3), which includes the global solar irradiation measurements.

2.4.4 Atmospheric Turbidity

Knowledge of the Linke turbidity factor, T, is of utmost importance for the calculation of
beam and diffuse solar irradiation in a determined locality, when the HELIOSAT calculation
(in Chapter 3) for solar radiation on clear days is adopted. This method used the Linke
turbidity for the determination of aerosol and water vapor atmospheric content, in the
calculation of the clear sky irradiation. This clear sky irradiation is then used to produce

ground level irradiation under any sky condition, at any time of the year.

HELIOSAT clear sky solar irradiation computation model consists of direct and diffuse
irradiation parts. The direct irradiation is described by Page [55], and the diffuse irradiation is
developed by Dumortier [56] under cloudless skies. Both of them use the Linke Turbidity T,
Sun elevation, and the altitude of the site as parameters. Atmospheric extinction, which can

be obtained from the relation given by Bourges [57], is described with Linke Turbidity Ty.

29



To calculate clear sky irradiation, they first calculated direct and diffuse solar irradiation
together with the eccentricity correction ¢, the Linke turbidity factor for air mass 2 (T (2)),
the Rayleigh optical thickness of a dry and clean atmosphere (Jr(M)), where m is the air
mass. In an ideal Rayleigh atmosphere, T, =1. The closest to this ideal value (T, (2), at a
relative optical air mass equal to 2) is achieved in clear, cold air at high latitudes [58]. ¢ is
given in Eqn. (2.2). The Linke turbidity factor can be obtained from measurements of direct
normal irradiation and it has the problem of being dependent on the air mass, M. The relative

air mass M is given in detail in section 2.3.1.

The Rayleigh optical thickness 0r is taken from Kasten [59].

1 > 3 7 ,m<20
6.6296 +1.7513m —1.1202m“ +0.0065m* —0.00013m
O =
1 om0
10.4 +0.718m (2.22)

For the atmospheric turbidity information, a climatological model is applied. To account for
the annual variation of the turbidity, a relation of Bourges [57] is used:

T,(2)=T, +ucos 28, vsin(z—ﬂ]j . (2.23)
365 365

To, U and V are site specific parameters and a map specifying the parameters for Europe
has been prepared in an EU-funded Satel-Light project [60].

Since the experimental determination of the T factor is rather complex, owing to the need
for many measurements of beam solar radiation on clear days, setting up a general and

reliable calculation method appears to be especially useful.

In light of the aforementioned information, HELIOSAT clear sky model (in section 3.6.2) is
computed as the sum of its direct and diffuse components. Direct component of the normal
hourly beam solar irradiation (W/m?2) is given by Page [55] as mentioned and the quantities
Or and M are calculated at the center of the hour (at solar noon) [61]. By solving the hourly

beam solar irradiation with respect to T and using the solar constant Gsc, T\ is obtained as:

T = - In(l dn;clear)+ In(GSCg) (2 24)
L 0.86625,m ' |
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By means of Eqn. (2.24) the hourly values of the Linke turbidity factor can be calculated in
every locality in which global daily irradiation H on the horizontal plane is known. Since
reference is usually made to average daily turbidity values, once the hourly values of T are

obtained, average daily values are obtained through the following equation:

T == (2.25)

where T, is the average hourly values and ¢is the number of hours between sunrise and

sunset, ignoring those fractions of an hour next to sunrise and sunset [62], [63].

2.5 Satellites

In the last two decades, meteorological satellites have been used to obtain reliable, accurate
solar resource data and solar irradiation maps. Nowadays, satellite-based solar irradiation
estimation provides high spatial and temporal resolution data required for planning and
efficient use of solar energy systems. Besides, long term satellite measurements data are
available for large regions of the Earth [64]. Fig. 2.13 illustrates the coverage ranges of some

of the satellites.
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Figure 2.13 Areas of the Earth Covered by each of the Satellites [65].
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2.5.1 Meteorological Satellite Orbits

Depending on the measurement objectives, there are two types of meteorological satellite;
polar and geostationary orbits. Polar- satellites, rotates in a constant circular orbit about 900
km away from the Earth's surface, travel from pole to pole. The polar orbiters fly lower and
nearly perpendicular to geostationary orbits [66]. Such a satellite can make one full orbit in
approximately a 102-minute period around the Earth. In other words, it makes a total of 14
tours a day. As the polar orbit is lower than the geostationary satellites’ orbits, the polar
satellite images provide detailed information about the cloud structure [67]. They are useful
for the estimation and determination of sea surface temperatures, dust storms, and
fire/smoke on the Earth’s surface. On the other hand, geostationary satellites which are
rotating around the Earth at the same speed as the Earth are used for modeling of solar
irradiation. They orbit at about 36000 km, and especially the new generation satellites, can
offer a temporal resolution of up to 15 minutes and a spatial resolution of up to 1 km [66].
The geostationary satellite images are not useful for the applications that need great details,
because the satellite is too far from the Earth. Fig. 2.14 presents the schematic

representation of meteorological satellite orbits with their distances.
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Figure 2.14 Meteorological satellites orbit and their distances [68].
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2.5.2 Meteosat First and Second Generation Satellites

The Meteosat Satellites (MeteoSat), which are operated by EUMETSAT, are also a
geostationary satellite at the same position as its predecessors, 36,000 km above the Earth.
It can be seen that they, at position nearly 0°-Longitude, views basically Europe, Africa, Asia,
including the Middle East and the North Atlantic [68-70].

2.5.2.1 Meteosat First Generation Satellites (MFG)

In 1977, Meteosat-1, which is the first European meteorological satellite, was launched by
the European Space Agency (ESA). Since 1983, the EUMETSAT programme has been in
operation. From 1977 to 2004, Meteosat-1 to Meteosat-7, there are seven Meteosat first
generation satellites in total. They provide continuous meteorological images from space,
basically for the researchers involved in climatic studies. MFG satellites include three main
channels, and their images were taken every 30 minutes. Table 2.3 shows the main

channels of first generation satellites, and the range of the bands with their resolutions.

Table 2.3 MFG satellites channels with their resolutions [66].

Channels The range of the channel Resolution
Visible (VIS) 0,45-1,0 ym 2,5 km
Thermal Infrared (TIR) 10,5- 12,5 ym 5 km
Water vapour (WV) 57-7,1um 5 km

An advantage of the images taken from MFG geostationary satellites was their large area
coverage with good spatial resolution and with sufficient temporal resolution [61], [69], [70].
The images obtained from the Meteosat First Generation satellites, weather forecasts and
cloud motions and climatic parameters such as solar irradiation can be obtained. Therefore,
it is very important to increase the accuracy of such estimations. For this aim, long term, and
relatively accurate surface measurements of some climatic studies can be very useful. The
last satellite of this family was Meteosat-7, which was launched on 2 September 1997, and it

remained operational up to the year 2004 [66].
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2.5.2.2 Meteosat Second Generation Satellites (MSG)

The second generation geostationary satellites (MSG) are composed of four satellite series
Meteosat-8 to Meteosat-11 that will operate consecutively until 2020. Meteosat-8 (MSG-1)
was launched in 2002 with the addition of new channels for weather and climate monitoring.
It provided an active scanning of Europe, producing images every 5 minutes. Then,
Meteosat-9 (MSG-2) was launched in 2005. It provides with imagery for Europe and Africa
with the frequency up to 15 minutes. In 2011, Meteosat-7, -8 and -9 are all working. After the
seven years, Meteosat-10 (MSG-3) was successfully sent into space at July 2012. The
launch of MSG-4 is planned for early 2015. [66].

The main differences between MFG and MSG satellites are channels and capacity. The
second generation geostationary satellites have more spectral channels (12 in total) than the
first generation satellites. The channel capacities, and ability to transmit information at twice
the speed of its predecessor, provide improved applications for users. For the high-resolution
visible channel, the image resolution is 1 km, and for the other channels from 2.5 km. The

spectral channels of the MSG satellites with their ranges are tabulated in Table 2.4.

Table 2.4 MSG satellites channels with their spectral ranges [66].

Numbers  Channels The range of the channel
1 VIS 0,6 0,56 - 0,71 pm

2 VIS 0,8 0,74 - 0,88 ym

3 IR 1,6 1,50 - 1,78 ym

4 IR 3,9 3,48 - 4,36 pm

5 IR 8,7 8,30-9,10 ym

6 IR 10,8 9,80 - 11,80 uym
7 IR12,0 11,00 - 13,00 pm
8 WV 6,2 5,35-7,15 um

9 WV 7,3 6,85 - 7,85 ym
10 IR9,7 9,38 -9,94 ym
11 IR 13,4 12,40 - 14,40 um
12 High Res VIS, 1km: HRV 0,5-0,9um
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These spectral channels will improve the effective observation capacity of second generation
satellites more about the atmosphere, and they will be useful for a wider variety of
environmental purposes [66-68], [71], [72]. And also, the long-term reliable and
comprehensive data from MSG satellites will improve the estimation of serious weather

events such as storms, snow, hurricanes, and fogs.

In this thesis, we used the images obtained by Meteosat second generation satellite visible
spectral range images from the European Organization for the Exploitation of Meteorological
Satellites (EUMETSAT). After 2020, third generation geostationary satellites (MTG) are
planned to be launched. The models developed in the present study are adaptable for the

cloud index data that will be derived from next generation (MTG) satellite images.

2.6 Modeling Comparison and Validation Techniques

The accuracy of different models is compared using various techniques, but only two
techniques will be presented here. The first one is the standard error analyses which widely
use the relative root mean square error (rRMSE) and the relative mean bias error (rMBE).
The second method is the calculation of the cumulative distribution of the difference between
the measured and calculated global solar irradiation A value and its absolute value. The
statistical procedures of calculation and detailed discussions can be found in the literature,

some of which are given here.

2.6.1 Standard Error Analyses

To identify the performance of solar radiation estimation models, standard error analyses are
carried out. Mean bias error (MBE) and root mean square error (RMSE) are the ones that
are applied most commonly in comparing the models. These analyses have been applied for

years by many researchers, such as Bevington [73], Davies et al. [74], and Perez et al. [75].

The validation of daily models which calculate irradiation should start by the daily differences
(w,) and the average of the daily differences which is called the mean bias error (MBE). The

differences ( @, ) and mean bias errors (MBE) are defined as:
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o =H_-H (2.26)

and,

MBE = (Zj:(Hic - Him)j/d (2.27)

where d is the number of data pairs, H,, is the ith data of estimated irradiation from
models, and H,  is the ith data of measured irradiation from ground. The large positive
value of MBE means an overestimation of the estimated values while a negative MBE gives
an underestimation of the model. Information on deviations in long term average
performance can be directly expressed by MBE [76-79]. In other words, this summation

shows us the consideration of the accuracy of the long term predictions of the correlations.

The sum of the squares of the differences is considered as the root mean square error

(RMSE) values and it is calculated as:

RMSE = {[i(Hic - Him)zj/d}}/2 (2.28)

The variables of this equation are as previously defined. RMSE provides information on the
short term prediction quality of estimation. That is, it may have a high value even when a

single measurement has higher differences from that of the calculated irradiation.

The relative mean bias error (rMBE) and the relative root mean square error (rRMSE) are in

rMBE = [@(Hic i Him))/d}/Hm (2.29)

the form of:

and,

rRMSE = {@ j /d} H, (2.30)

where H  is the measured values of daily average irradiation on the surface [57].
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The goodness of the fit may be also used for the comparison of the models. It shows that the
quality of an empirical correlation can be expressed by the regression coefficient R2 of the
regression analysis. The R2 value, which is an important indicator of the goodness of the fit,
should be close to 1.00 for better performance of the models. We used the regression
coefficient, R2, to test the goodness of the linear relationships obtained by regression

analysis between estimated and measured solar irradiation values.

2.6.2 Cumulative Distribution of the Differences

The other method to research the accuracy of estimates of global solar irradiation is the
cumulative distribution of the differences. In order to analyze the performance of any models,
the cumulative distribution of the difference between the measured and calculated values

and also absolute value of this difference can be used [80].

To construct the cumulative frequency distribution of the solar irradiation estimation models,
the daily differences (Eqn. (2.26), difference between measured and estimated H values)
having certain ranges are calculated in a cumulative manner and these values are used to
produce cumulative frequency curves in percentages. In our study, the cumulative
distribution curves for the normal distributions in the daily differences and the absolute
differences are shown in graphs (in Chapter 5). If the y-axis is the cumulative frequency and
the x-axis is the daily difference, then a closer the curve to the x=0 line means a lower
difference and hence a better estimation. In the same manner, cumulative distribution curves
of the daily absolute values of differences represent the best performances when the curves

are closer to the y axis.
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CHAPTER 3

SOLAR IRRADIATION ESTIMATION MODELS

3.1 Introduction

Solar energy, meteorology, and many climatic applications are directly related to the correct
knowledge of solar irradiation at the Earth’s surface. In this context, obtaining accurate solar
data for solar irradiation is vital. On the surface of the Earth, solar irradiation measurements
and estimations are carried out by means of two main approaches. These are models based
on ground level measurements with pyranometers and pyrheliometers, and satellite-derived

remote estimations.

It is known that ground level solar irradiation data is the most accurate way to characterize
the solar resource of a given site [81]. On the other hand, ground measured solar irradiation
is hardly obtained for a given site. In addition to this, the measurement network's density is
usually far too low and the data taken are not quite reliable [82]. Another approach is satellite
image based estimation models, which are quite promising. However, they are indirect
methods and not as good as the other models that use nearby surface measurements [69].
However, these models are still developing and the relevant satellite technology has been
profoundly improving in recent years. For these reasons, in order to derive accurate
information on solar irradiation at the ground level, different estimation models have been
developed by many researches [1-6]. These estimation models at ground level can

essentially be divided into two categories: statistical and physical approaches [41], [83], [84].

This chapter starts with a presentation of the statistical approach for the estimation of solar
irradiation. Then, the physical approach is detailed, before discussing combined models in
section 3.4. In section 3.5, examined models for global solar irradiation of estimation are
compared. Finally, conventional models are presented in section 3.6, and “Simple satellite

data applied to daily data” is given in section 3.7.
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3.2 Statistical Approach for the Estimation of Solar Irradiation

Statistical approaches, which are based on relations between the observed data and global
solar irradiation, exhibit high performances. Another important issue is that these
approaches are simpler than physical approaches since they do not need extensive and

precise information on the composition of the atmosphere.

Statistical approaches have many application areas such as the characterization of
numerical data, the description of system behavior and the estimation of the uncertainties of
subsequent calculations based on observational data. In addition, they can be used to
understand the model behavior, assess the model ability, enhance the performance of the
model, analyze future behavior of a system based on historical information and estimate

input parameters for more complex physical models [72].

As mentioned before, the models using the statistical approach are simpler than those using
the physical approach because they use less input information and uncomplicated
computing techniques with shorter computation time for the estimation of solar irradiation. In
here, mainly two important points should be taken into account. The first one is the
availability of data to be used as input by the statistical approaches, and the other is the
accuracy of the estimating model [85]. The statistical approach can be classified as the
ground-based and remote sensing (satellite) depending on the information obtained on the

composition of the atmosphere and/or measured parameters.

3.2.1 Ground - Based Solar Irradiation Estimation Models with the Statistical Approach

Several models have been developed to estimate the global solar irradiation on the Earth’s
surface from ground level measurements. In these models, the ground measurements such
as the global solar irradiation, the bright sunshine duration, cloudiness, temperature and
humidity are used as input parameters [45], [46].

One of them is bright sunshine duration which is long-term, reliable and available data [45].
Because of these properties, it is used widely as an input parameter to estimate solar
irradiation. The other measured parameter is the global solar irradiation, which is important
in terms of the construction and verification of estimation models. Basically, most of the
ground-based statistical models depend on the empirical relationship between these two

parameters mentioned. As described previously in Chapter 2, the measurements of global
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solar irradiation are obtained by pyranometers, and bright sunshine duration observations

are taken by Campbell-Stokes type recorders [52], as explained in section 2.4.3.

In the context of estimation of solar irradiation in the statistical way, the first graphical study
was proposed by Kimball [86] between the global solar irradiation and bright sunshine
duration, which was developed by Angstrom [87]. In 1940, Prescott [88] modified this
regression equation, and proposed the following Angstrém-Prescott relation, with linear form

as follows:

K= =a+ps (3.1)
H, s

The empirical values a and b are called Angstrém coefficients and are site dependent. H is
the daily global solar irradiation and Hg is the daily extraterrestrial solar irradiation on a
horizontal surface. The quantities S and S are daily bright sunshine hours and day length,
respectively. Hyp and S can be calculated using the known general formulas [12] that are
presented in Chapter 2. In order to estimate the solar irradiation, regression analyses are
carried out between the normalized daily solar irradiations, namely the daily clearness index
(K=H/Hg), and the daily sunshine duration fraction (S/Sg) by many researchers. Hence,
correlations exist in many locations all over the world and are utilized extensively. However,
the regression correlation obtained for one location should not be used for the sites having
different climates and/or far from the location that the correlation is obtained. Angstréom-

Prescott model will be detailed in section 3.6.1.

Although Angstrom-Prescott correlation original form was linear, higher order and quadratic
forms were also studied by many researches [3], [4]. In 1984, Ogelman et al. [3] proposed an
empirical quadratic estimation model for the solar irradiation. A quadratic relation between
the daily clearness index K and daily sunshine duration fraction (5/Sp) have been obtained
by Akinoglu and Ecevit using site dependent Angstrom coefficients [4]. This correlation was
obtained using Angstrdm coefficients a and b for 100 different locations on the Earth's

surfaces [4]. This relation is given as:

2
K= —0145+0845> —0.280(ij . (3.2)
H S S

0

Although the values of the coefficients depend on the selected location, Eqn. (3.2) has a
simple form and needs only the bright sunshine duration. In addition, the model is tested

using a large number of data set and the validity of this model was verified [45], [89].
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3.2.2 Remote Sensing Based Solar Irradiation Estimation Models with the Statistical
Approach

Over the last two decades, satellite-derived (remote sensing) solar irradiation estimation has
become a worthy tool to quantify the solar irradiation at ground level for large areas.
Generally, images taken by geostationary satellites, which are rotating around the Earth at
the same speed as the Earth, are used [72]. The whole surface of the Earth is almost
covered by seven geostationary satellites positioned at regular intervals above the equatorial
line. One of them is Meteosat Satellite operated by the European metrological satellite series
[69], [72], [81]. Refer to Chapter 2 for a detailed discussion about the geostationary satellites

and their properties.

Some of the early researchers who used satellite data for the estimation of global solar
irradiation at the Earth's surface are given in the following references: [1], [90], [91]. In 1986,
Cano et al [41] carried out one of the most popular works, (later named as HELIOSAT) for
solar irradiation estimations using the pixel counts of the satellite images taken by Meteosat.
This is a well-known and frequently used solar irradiation estimation model which is the
correlation between ground measurement irradiation data and cloud index derived from
Meteosat satellite images [6], [42], [81], [92]. HELIOSAT estimates surface hourly solar
irradiation based on the linear relation between the hourly clearness index K and cloud index
N derived from satellite images at the selected point. The details of HELIOSAT will be

discussed in section 3.6.2.

3.3 Physical Approaches for the Estimation of Solar Irradiation

Physical approaches basically use the radiative transfer models to formulate a relationship
between satellite and ground measurements [72]. In order to describe the radiative transfer
model and energy exchanges of atmosphere, there are many physical parameters defined to
fulfill this aim. Some of them are the clear atmospheric scattering coefficients, absorption
coefficients, cloud albedo and ground albedo. The models using physical approaches which
estimate the global solar irradiation employ mathematical equations based on these physical
considerations and dynamic motion of the atmosphere. Since these models have very
complex and non-linear mathematical equations, the strong computing systems are needed
to solve them [85]. In addition, the physical approaches need complementary and calibrated
meteorological data to estimate global solar irradiation. They can be listed as the

disadvantages of this type of approach. On the other hand, the most important advantage of
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this type of approach is that it is possible to apply it anywhere on the Earth’s surface.
Besides, taking into account the interactions in the atmosphere, it offers the advantage of
tracing immediate effects occurring in the atmosphere. Description of the physical approach
was detailed by various researchers [45], [84]. Similar to the statistical approach, physical
approach is also divided into two parts; ground-based and remote sensing (satellite) solar

irradiation estimation models.

3.3.1  Ground-Based Solar Irradiation Estimation Models with the Physical Base

The structure of the atmosphere is semi-transparent and of limited thickness. The incoming
solar energy transmission of such a structure can be described with physical models. In the
physical models, the initial intensity of this incoming (extraterrestrial) solar energy Io(ﬂ,)
should be considered as a monochromatic and non-coherent electromagnetic wave with the
wavelength of 4. According to the law of conservation of energy, with the influence of
atmospheric constituents such as water vapor, clouds, aerosols, and molecular gases, this
incoming electromagnetic energy passing through the atmosphere is reflected, absorbed and
transmitted. For an initial monochromatic electromagnetic energy, the reflected; transmitted

and absorbed intensities are given as:
1L(2)=1,(2)+1.(4)+1,(2) , (3.3)

where 1,(1) is the incident, Ip(/I) is the reflected, 1_(1) is the transmitted and 1_(1) is

the absorbed intensities. In order to calculate the energy transmittance of the dynamic
atmosphere, taking into account the different interactions of different spectral wavelengths,
different values are determined. They are commonly defined as a function of the air mass

including atmospheric parameters.

Given all of these interactions of electromagnetic waves in the atmosphere, it can be seen
that the description of the spread of the solar irradiation requires the complex physical
parameters in physical models. The difficulties of the solution of these complex expressions
and some necessary initial assumptions are denoted as the disadvantages of these models.
Nevertheless, the dynamic structure of the atmosphere and the interaction of the
electromagnetic wave can be defined as the most important advantage of physical models
[93].

43



3.3.2 Remote Sensing Based Solar Irradiation Estimation Models with the Physical Base

An advantage of the images taken from geostationary satellites is their large area coverage
with high spatial resolution (up to 1 km) and with sufficient temporal resolution (up to 15
minutes) especially for the second-generation satellites [6], [66]. Therefore, it is possible to

increase the accuracy of satellite based estimations [94-96].

There are many methodologies and formalisms for the estimation of solar irradiation on the
Earth’s surface using satellite images in the physical models [64], [97], [98]. Among these
methodologies, a widely-known physical model was developed by Gautier et al [98]. The
main principle of this model is that incoming global solar irradiation of satellite is defined in
terms of the extraterrestrial irradiation using two different approaches for clear and cloudy

sky that is derived from atmospheric parameters.

Gautier et al [98] explained that the solar irradiation was received by the satellite and ground
separately, for both the clear and overcast sky, with the cloud albedo and the coefficient of
clouds. Considering the short-wavelength irradiation flux Fo=1367cos6 (Wm-2), the reflection
(Foa) and absorption (Fo(1-a)a(u;)) equations, Gautier et al [98] expressed the solar

irradiation received by the satellite (SW1) with the following equation:
SW T=F,a+F,(1-a)l-a(u,)J1- o, J1-a(u,)]A (3.4)

The variables introduced in this formula are o and a1, reflection coefficients for beam
irradiation; a(u;), absorption coefficient for slant water vapor path U for the zenith angle;
a(uy), absorption coefficient for slant water vapor path Uy for the zenith angle; A, surface
albedo. More information about satellite based physical model can be seen in detail in the

references: Noia et al.[84], Ozdemir [93] and Gautier et al. [98].

3.4 Combined Models

From a variety of physical models to statistical models, several mathematical models have
been developed in the last three decades. However, these models are still evolving with
improvements in many aspects. Some researchers stated that the different model
combinations can amend the estimation of solar irradiation in an efficient way [45], [94], [99].
The use of the coupled technique plays an important role in the development of solar
irradiation accuracy, and therefore combined models are believed to become more popular
[95], [100].
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The basic idea of the combined work is to use the unique features of each model by
combining ground measured type linear correlations with the satellite based models. In other
words, the main objective is to couple the measured surface data with the available imagery
taken at the top of the atmosphere and this is the main objective of this thesis. These two
types of data which encourage their combined use to reach more accurate estimation

schemes are essentially complementary [94-96], [99].

Studies about linking the satellite image driven data to the ground measurements of bright
sunshine hour S can be an example of this approach, which was first stated by Olseth and
Skartveit [101]. There are also attempts to increase the estimation accuracy of daily solar
irradiation by using this idea of linking surface measurements of bright sunshine hours to
satellite imagery [94], [96]. In section 4, we present combined models of estimation that we
developed. These models are the first model that directly couples the satellite imagery to

surface measured bright sunshine hours.

3.5 Comparison of Statistical, Physical and Combined Models

We already stated that estimating models for ground level global solar irradiation are divided
into two main groups depending on the used approach: The statistical approaches and
physical models. The advantages and disadvantages of the models were given for

comparison in Table 3.1.

The models using the statistical approach do not require detailed information on the
composition of the atmosphere; therefore, they are simpler than the physical approach.
Moreover, ground-based models of the statistical approach which are based on relations
between daily bright sunshine duration and daily solar irradiation data provide high
performance. On the other hand, they need accurate and precise long term data measured

on the surface of the Earth.

The models of the second group provide good results by using radiative transfer models for
the estimation of solar irradiation with the applicability of a large area. Furthermore, they do
not require solar irradiation data measured on the Earth’s surface, except verification.
However, the physical approaches need supplementary meteorological data to calculate the
interactions of solar irradiation with the atmosphere and use complex mathematical

equations of radiative transfer models.
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Table 3.1 Comparison of statistical, physical and combined models with an advantages and

disadvantages.

Approaches Advantages Disadvantages

e Operational efficiency

Need f d
e No need for meteorological ¢ Needlorgroun

t
Statistical data measured data

Lack of licabilit
¢ No need for complex * ack ot applcability

calculations
e Need for
e Applicability for large areas meteorological data
Physical ¢ No need for ground solar e Need for complex
irradiation data calibration

e Operational efficiency

¢ No need for meteorological * Need for ground

data measured bright

Combined sunshine hour data
¢ No need for complex
calculation

e Applicability for large areas

Lastly, with this thesis, some of the advantages of statistical and physical approaches are
combined in coupled models. In these models, with the use of ground data, the accuracy of
solar irradiation estimation increases, and the applicability to larger areas with the use of

satellite data is also improved.

3.6 Conventional models

In this part, common estimation models, namely Angstrém-Prescott model and satellite
based HELIOSAT, are briefly explained. The former is based on the ground measured

sunshine values, and the latter is based on geostationary satellite data.
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3.6.1  Angstrém-Prescott Model

As mentioned before, the statistical models that use ground measurements provide high
performances for the estimation of global solar irradiation. Among them, the most popular
one; Angstrom type [87], utilizes surface measured daily bright sunshine duration values (S)
which strongly correlate with solar irradiation. Bright sunshine hour values have been
measured for more than 100 years all over the world. Detailed discussions of Angstrom
models are given in various references such as Akinoglu [102], [45] and Martinez-Lozano et
al.[2].

Original form of Angstrém’s relation was the correlation between the daily sunshine duration
fraction, S/S, and the daily ratio of global solar irradiation to that of clear sky irradiation,

H/Hc. A correlation of the form:

Hi :a+(l—a)§ (3.5)

C

was proposed by Angstrom [87]. In 1940, this model was modified by Prescott [88] in order
to obtain a model easily applicable to all sites. Prescott replaced Hc — which is to be
measured for the site — with extraterrestrial solar irradiation on a horizontal surface which
can be calculated. With this replacement, the well-known and frequently used solar
irradiation estimation formula called Angstrdm-Prescott equation was defined with two
empirical site dependent coefficients [88] (Egn. (3.1)). The values of coefficients a and b are
calculated by using measured monthly averages of daily global solar irradiation together with
monthly average of bright sunshine hour values. The calculation procedures of Hg and S can

be found in the reference Duffie and Beckman [12] and Chapter 2.

These correlations exist for many locations all over the world and are utilized extensively.
For the daily values, the regressions can also be carried out on a monthly basis and
regression coefficients @;j and bj can be obtained for each month. In this case, the equation

is as follows:

i S (3.6)

where the values of Angstréom coefficients @; and b;j are calculated by using linear
correlations for each month, that is, i runs from 1 to 12. Monthly Angstrém coefficients a; and

bi are believed to contain local information which might be used in the satellite models.
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Detailed information on different types appearing in the literature and reviews are presented
in references [2], [45], [102].

As mentioned before in section 2.2.5, Campbell-Stokes types of sunshine recorders do not
work efficiently during the low altitude of the Sun. Because of this, the modified day length Sg
(day length for zenith angle <85°) can be used instead of the daylength S, Eqgn. (2.14). To
see the performances of Angstrom-Prescott model and all other models, the model results
and the ground measured solar irradiation data was compared. The obtained results will be

discussed in Chapter 4 and Chapter 5 in details.

3.6.2 HELIOSAT

There are various models to estimate surface solar irradiation, based on geostationary
satellite data. One of the important and most common model is HELIOSAT, which is
developed and used by Beyer et al.[5] and others [6], [97]. It is essentially based on the early
work of Cano et al. [41] as are most of the satellite imagery based solar irradiation estimation

schemes.

HELIOSAT is an hourly-based estimation technique to infer the shortwave surface irradiation
from satellite images. The general idea of this model is to deal with atmospheric and cloud
extinction separately. A calculation of cloud index N is determined by Meteosat visible
channel pixel count and it is used directly in the estimations. Cloud index n is defined using
the relative cloud albedo p. Relative cloud albedo pis calculated from the pixel counts using
the pixels of the satellite images on the location of interest [41]. The relative cloud albedo (p)

is calculated as:

p= , (3.7)

where lgy is the hourly extraterrestrial irradiation outside of the atmosphere. Here, Cg

represents an offset and it is subtracted from the satellite pixel count measurements [5].

Most important step is the definition of the cloud index N, which is calculated for each pixel

as:

n= P~ Pelear ) (3.8)
Peloud ~ Pclear
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Here Oclear and pcioud are the maximum and minimum values of the relative reflectivity

assuming that they correspond to clear and overcast conditions, respectively [5].

In order to estimate the solar irradiation, an empirical form is needed between the
normalized hourly solar irradiations, namely the clearness index (K) and cloud index (Nn)
defined above. Therefore, assuming a linear relation, hourly clearness index K can be written

as:

k:IL:an+,B (3.9)
0

where lg is the hourly extraterrestrial irradiation, | is the hourly global irradiation values for
the site of interest, @ and f are empirical parameters to be determined using regression
analysis with the ground data. These parameters would be site dependent and might be
affected by the temporal variations of the atmospheric conditions [6], [81]. Cano et al [41]

used such linear correlations of the form as in Eqn. (3.9).

In the modified version of HELIOSAT, instead of hourly clearness index K, a hourly clear sky

index k was used [5]. It was defined as:

K=

| (3.10)

clearsky
where l¢iearsky is a calculated hourly clear sky irradiation value of the site using a hourly clear

sky model. In their model, Hammer et al [6] calculated |c|earsky as follows:

cosd, +1 (3.11)

I clearsky — I dngclear dificlear

where 6, is the zenith angle, ldn;clear is the hourly clear sky direct and lgif:cleqr is the hourly
clear sky diffuse irradiation. The daily totals of clear sky irradiation can be obtained from the
hourly values, Ic|earsky by simply summing over the day. To find the values of hourly Ic|ear5ky,

firstly, hourly direct normal irradiation lgn-clear is calculated, which is proposed by Page [55]:

| =1_cexp(-0,8662 T, (2))5, (m)m (3.12)

dnglear

According to Dumortier [56], the hourly diffuse irradiation can be calculated using an

empirical relationship:
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0.0065 + (-0.045+0.0646 T, (2))cos &,
Idif;clear = Iext 3 2 (3.13)
+(0.014-0.0327T, (2))cos? 6,
where & is the eccentricity correction, dr(M) is the Rayleigh optical thickness of a dry and
clean atmosphere, m is the air mass and T((2) is the Linke turbidiy factor for air mass (2)
[58], [103]. A worldwide database (climatology) given by Remund [104] is based on the
monthly values of Linke Turbidity, T.

As described above, cloud transmission can be defined by the hourly clear sky index K"
which is the ratio of the actual surface hourly irradiation | and the hourly clear sky irradiation
Iclearsky from Eqn. (3.11), and it is correlated with the hourly cloud index N. Some detailed
explanations on the subject can be found in the following references: Beyer et al.[5] Hammer
et al. [6], and Girodo et al.[97]. Eqgns. (3.10) and (3.11) are then used to obtain the hourly
surface irradiation /:

.=kl

[o] *Tclearsky - (3.14)

Afterwards, measured hourly values of clear sky index k™ were correlated to the cloud index
N defined above, to obtain the empirical relations. This relation was described in a simple

form by Beyer et al. [5], and then it was improved by Hammer et al. [42], as follows:

1.2 for n<-0.2
. |1-n for —0.2<n<0.8
k™ = , . (3.15)
2.0667 — 3.6667n +1.6667n° for 0.8<n<1.1
0.05 for n>1.1

In obtaining eqn. (3.15), Hammer [42] used the data of about 23 locations in Germany. The

simple relationship within the large range of N values, -0.2 and 0.8, can be written as:
k"=1-n . (3.16)

The calculation procedure and other relevant information were explained in detail in the
references Hammer et al. [6] and Beyer et al. [5]. The same relation for the daily values was

considered and presented in thesis study [96], [99].
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3.7 Simple Satellite Method Applied to Daily Data

As mentioned before, in section 3 Eqn. (3.10), the first version of satellite based models
Hcano, proposed by Cano et al. [41], [105], was a linear correlation between the hourly
clearness index (K) and hourly cloud index (Nn). To obtain the monthly relations, we carried
out regression analyses for the selected locations presented in Table 1.1. It has been
assumed that a linear relationship between the daily values of clearness index (K) and daily
average values of cloud index (Nayg) exists. That is, the daily clearness index K can be

written as:

H
K :%:ai.navg + L (3.17)

0

The result of the linear regression of Ankara for a sample month of April 2004 is given in Fig.
3.1 with the data points for 30 daily values. It is expected that the negative sign in front of the
constant ¢j is obviously, indicating the complementary behavior of cloud index n and bright
sunshine hour S. The correlation coefficients R2 were found to be 0.93 in April. In fact, the

values of R2 are larger than 0.80 for all months of the year and all locations.

1.0 y =-0.7112x + 0.7485
R?=0.9314

l:ll:l T T T T 1
0.0 0.2 0.4 0.5 0.8 1.0

Navg

Figure 3.1 Linear regression between the daily values of clearness index K and daily

average cloud index Nayg for the month of April 2004 in Ankara.
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The regression coefficients o; and f; values are found to be -0.71 and 0.75, respectively for
the month of April 2004 in Ankara (in Fig. 3.1). The coefficients of the first version of
HELIOSAT applied to daily data can be calculated for each month of the year by using 12
pairs of o; and f;. It should be noted that these are the monthly coefficients derived from the
surface bright sunshine measurements of the stations under consideration. Considering high
values of the correlation coefficients, this simple linear relation can be used to estimate daily
global solar irradiation. Therefore, we also compared the results of this earliest version of
satellite based estimations applied to daily values, with all the other models explained before

and in the following sections (Appendix A).

52



CHAPTER 4

MODELING APPROACHES

4.1 Introduction

Satellite images are heavily used for the estimation of solar irradiation at the Earth's surface.
The accuracy of estimations yet should be improved to attain more reliable input values for
the use of all types of solar energy systems. For this reason, different approaches and
procedures were adopted to link the surface bright sunshine measurements to satellite
based procedures [94-96], [99]. In this study, three new models has been proposed, namely
Hmodel, Heca1 and Heao, to increase the estimation accuracy of daily global solar irradiation
by coupling the satellite images with surface bright sunshine hour measurements using data
from Turkey and Germany. In addition, we tested weather to replace Hg of the Angstdm-
Prescott (Eqn. (3.1) with Hclear H (=2|c|ear5ky) of the HELIOSAT would give better

*
performance or not. This procedure is called as Hp, .

Nearest neighbor implementation is the simplest method of estimating irradiation at a given
point from an existing measuring site. This method has been tested using some classical
models (Hm and Hgyt) and the new models, to use for the neighboring stations where ground
data are lacking. The performances of three new models over neighboring sites (Hmode|_n,
Hca1 » and Hcaz n) and Hm* (Hm*_n) will be compared in detail in Chapter 5 with respect to
the statistical errors and cumulative frequency of daily difference and daily absolute

difference values.

4.2 Angstrém-Prescott Equation with Daily Clear Sky Irradiation of HELIOSAT (H*)

In the Angstrém-Prescott linear relation, Eqn. (3.1), vast majority of the works use the

extraterrestrial daily solar irradiation Hg and find the Angstrdm coefficients a and b by
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regression analysis. We carried out linear regression analysis and determined a, b, aj, bj
values of equation (3.1) and (3.6) for all locations intending to couple these coefficients to
the satellite model (Appendix B). However, in the original proposal of Angstrém model, it was
the measured clear sky value, Hc¢ instead of Hg [87]. Gueymard [106], [107] suggested that
the use of a suitable clear sky value could increase the estimation accuracy. Therefore, as
mentioned above, we wanted to use also daily summation of hourly clear sky irradiation
Iciearsky (EQN. (3.12)) in the Angstrom type linear regression analysis on a yearly base. This is
the use of Helear;H (=Xl clearsky) of HELIOSAT instead of Hg in the Angstrém relations Eqns
(3.1) and (3.6), as explained below:

K'=——=a +b — (4.1)
H S

clear,H

where @ and b” are the new Angstrém coefficients obtained from the daily data set of the
whole year. This regression can also be carried out monthly, and the relation can be written

as:

K = m =3 +bh — 4.2
S (4.2)

where ai* and bi* are calculated for each month of the year. These values are tabulated in
Table B.1 in Appendix B for all selected stations and comparisons are discussed in results

and discussion chapter.

We carried out yearly Angstrém type regressions using all daily data set for all the stations,
between K, K* and (s/S), one of which is depicted in Fig. (4.1) for a sample station Ankara
for the year 2004.
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1.2

flx) = 0.76x + 0.3 .
R*=0.91 I ¢ K

e

flx) = 0.56x + 0.2
R*=0.93 BK

K and K

s/8

Figure 4.1 Comparative analysis between daily clearness index K and daily clear sky index
K" versus S/S for the station Ankara for the year of 2004.

When Hclear H is used in daily clear sky index K" for the normalization, yearly values for the
linear relation coefficients are 0.30 for a* and 0.76 for b*, and R%is 0.91 as shown in Fig. 4.1.
Using Hp for the normalization in daily clearness index K, the linear relation yearly
coefficients were found to be @ =0.20 and b =0.56 values with R* =0.93. Similar results are

obtained for other locations (Appendix B).

4.3 Hmodel

The basic idea of the HELIOSAT is to predict hourly surface global solar irradiation Iy with
hourly cloud index N calculated from the satellite and l¢iearsky (Ean. (3.12)). To do this, hourly
cloud index N is correlated to the hourly clear sky index k™. As mentioned before, Hammer et
al. [6] obtained this relationship as k*=(1-n) for the largest range of n values (Eqgn. (3.15)).

The hourly surface global solar irradiation 1§ was given in Eqn. (3.14).

In this first approach of the thesis, to handle the daily clear sky radiation on horizontal
surface Hceara , the ground measurements Angstrom-Prescott relation was used. In

equation (3.1), if we take (S/Sp) = 1, this means that the bright sunshine hour (S) for a clear
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day must be equal to the modified daylength Sg, therefore the result is the daily clear sky
irradiation on horizontal surface; that is:

Hclear,A = Ho(ai +bi) . (4-3)
We proposed the use of Hcjeara for the specific month, instead of Hciearn (=Zlclearsky) in
HELIOSAT for the daily global solar irradiation estimations. These values of Hcleara can
either be calculated using yearly values for pair of a and b or by using 12 pairs of @; and bj
for 12 months. The regression analysis of the calculated values of Hgjear a, can be obtained
from Eqgn. (4.3) and also from the daily summation of clear sky irradiation, Hcearn

(=Zlclearsky) of HELIOSAT using Eqn. (3.11). For the period of one year for two sample

locations (Ankara and Bremen) Hdear,H versus Hdear,Ais given in Fig. 4.2, for comparison.

This regression analysis illustrated that there is indeed a very high correlation (R*~0.98)
between the daily clear sky irradiation of HELIOSAT (Hcjear 1) and values obtained from
Angstrom-Prescott relation (Hciear,a) for all selected stations. Fig. 4.2 shows the result of the
linear regression of sample stations for Ankara and Bremen. But we should note that for a

few data for Bremen the deviation reaches about 20%.

-Ankara ° Bremen
35 -
30 | RZ=0.98
25 A
20 -
15 -

10 -

HclearA (MJlday m2)

0 T T T T T T 1
0 3 10 15 20 25 30 35

Hl:lear,H (MJ!day mz)

Figure 4.2 Relation between daily clear sky irradiation values of Angstrom-Prescott relation,
Hdear,A and daily clear sky irradiation values of HELIOSAT, Hdear,H used in the regression

analysis [96].
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The validity of using Hceara = (@ithi)Ho (which is easier to obtain) instead of Hcjearn
(=Z|c|earsky) of HELIOSAT (which uses monthly Linke turbidity T|) is tested using correlation
coefficients of regressions between daily clearness index K(=H/Hg) and fraction of daily
bright sunshine duration S/S, and daily clear sky index K*(=H/Hc|ear,H) and S/S. These
correlation coefficients derived from monthly regressions are plotted with respect to monthly
Linke turbidity T, calculated within HELIOSAT formalism. As can be observed from Fig. (4.3)
the correlation coefficients are not function of T\ indicating that Eqn. (4.3) can be used as
clear sky irradiation for a location. This certainly encourages the use of surface measured

bright sunshine hour data.

1,2 o K*-s/s
. & K-sfS
6
% 0,8 -
;
r&
z.
< 04
=
o
z

0,0 T T T 1

1,0 2.0 3,0 4,0 5,0

Monthly T; values

Figure 4.3 Relation between monthly values of Linke turbidity T and monthly values R? for
the correlation of clearness index K (clearsky index K") with sunshine duration S/S. The

regression has been performed for all stations [96].

Furthermore, it is possible to take the daily average values of the hourly cloud index in Eqn.
(3.8) (Nayg) to find the daily global solar irradiation. In writing this expression, one may use
hourly correlation Eqn. (3.16), by assuming that the correlations for the daily averages follow
a similar trend, which is essentially (1-Nayg). Thus, for the daily values of clear sky index
K*mode| (H/ Hciear,a) and daily average of cloud index Nayg, we assumed that a similar

correlation can be written as:
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. _H

model —
H

model —

oo _(1_n ) (4.4)

K
(ai + bi )Ho

clear,A

Note that aj's and bi's are monthly-based Angstrém coefficients of the stations under

consideration, derived from surface measurements.

In order to clarify this assumption, new linear correlations between daily clear sky index K
and daily cloud index Nayg were investigated. Slightly different results were obtained when

we compared the results of hourly and daily data sets.

We obtained new correlations for each station using the daily-based data sets. The results
showed that there were slightly different relations between clear sky index K" and daily cloud

index Nayg , as presented next.

4.3.1 Implementation of the Hp,oqel to the Neighbors

As mentioned above, we assumed that there should be a new linear relation as:

K oge = — ot :(c—dnavg) (4.5)

clear,A
where C and d are the site-specific regression coefficients.

We verified this model in the regression analysis between K*mode| and Ngyg for all locations
and the site-specific regression coefficients C and d are obtained (Appendix A). For an
example, we present the following equations to show the results for only two of them, Ankara

and Bremen. As pre-assumed above, these relations are slightly different than 1-n:

* Hmodel nkara
Km()delAnkara = H | : I; = (099 _0'93navg) ’ (4.6)
* Hmo el
K g, = —tderemen — (1.00-1.02n,, ) . (4.7)
Bremen H ear A

The values of site specific coefficients C and d are 0.99 and 0.93 and, 1.00 and 1.02 for

Ankara, and for Bremen, respectively. It is noteworthy that, if the daily average values of
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hourly cloud index Nayy have higher values, Hmodel Might give negative results. However, Navg

values never reached such high values.

These relations were tested for neighboring stations. We used the coefficients of above
selected stations Ankara and Bremen to estimate solar irradiation at neighbor stations Afyon
for Turkey, and Braunschweig and Wittenberg for Germany. Results were satisfactory but
not considerably better than those obtained using the form of Eqn. (4.4) [95]. Our test results

will be given in detail in Chapter 5.

4.4 Combined Approach Based on the Relation Between N and S (Hca1)

It was proposed [101] and formulated earlier that daily sunshine duration fraction (S/S) and
daily cloud index (Nayg) correlated as expected [94], [108]. This correlation is shown in Fig.
4.4 for the data of a sample month of Ankara. Here, the daily average values of the hourly
cloud index are used to find daily global solar irradiation. The linear correlations for all

locations show similar trends and are of the form:

S
N, =di —¢ ™ (4.8)

0

where Cj and d; are the monthly correlation constants. They are 0.76 and 0.76 for the sample
month of April 2004 for Ankara. We obtained monthly correlations of these quantities for all
the available data sets. It is observed that for the period of one year the correlation
coefficient R* values rarely drop down to values below 0.80. These monthly coefficients C;
and d; values, which are believed to contain satellite and local surface information, are
determined by the linear relationship between the daily average of cloud index Ngag and

(8/S) values for the 12 months of a year for all locations. They are given in Appendix A.
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1.0 y =-0.7603x + 0.7628
R?=0.9369

s/S,

Figure 4.4 Regression analysis between the daily average of cloud index Nayg and sunshine
duration fraction (S/S,) for the month of April 2004 in Ankara.

Using equations (3.17) and (4.8) the daily values of a surface irradiation estimation equation
Hcaz can be obtained as follows:

H S
K=—%=q]d - _J+ﬂi (4.9)
i sofo-a

where o and f; are the regression constants (Appendix A) for a location where the data of
ground measured solar irradiation H is available while C; and d; are the constants for a

location of similar climate where only bright sunshine hour S data are available (Appendix A).

4.4.1 Implementation of the Hca; Model to the Neighbors

Neighboring stations were selected by taking climate and distance into account, and
proposed model Hcag was applied to this station using the coefficients of its neighbor. In this
way, the applicability of the model was tested by using it for neighboring stations. The
symbol used for the letter procedure is HCAl_n. As mentioned before, the subscript 7 shows
that the coefficients of the neighboring station were used in the estimation model. For
comparisons, the analyses were carried out for all the locations and obtained results are
discussed in Chapter 5.
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4.5 Combined approach by Using Simple Physical Base (Hca?)

Instantaneous solar irradiance on the Earth surface is mainly determined by the dynamic
behavior and the constituents of the atmosphere. That is, Atmospheric parameters are
effective in the transmission of the solar irradiation through the atmosphere. If spectral
averages of these parameters are used one can reach simple physical equations for the
solar irradiance transmitted by the atmosphere. However in solar energy applications
integrated and/or averaged values of solar irradiance are used. One can assume that after
integration and averaging procedure the form of the obtained physical expressions do not
change [45]. In such a consideration one should obviously define new effective atmospheric
parameters. We used above assumption for a physical derivation of a functional form

between solar irradiation and; S/S and n below.

Fig. 4.5 gives a representation of solar irradiation entering to the atmosphere and reaching
the Earth, which we will use to explain our physical approach to construct the new
correlation. With the above mentioned assumption, we can start with the daily solar
irradiation on a horizontal surface Hg. If the effective reflection of the clouds-atmosphere-
ground is pe, the reflected amount to satellite detector is pe Hp and the remaining solar
irradiation is (1-pe)Ho. Effective reflection pe & directly related to the cloud index Navg derived

from satellite imagery. This relation in a simple form can be written as:

P, =Cy + Clnavg , (4.10)
A fraction $/Sg of the remaining solar irradiation will pass though the atmosphere in the clear
time period while (1-5/Sg) fraction will pass during cloudy sky. One can consider that the part
during clear sky period as [C2(1- pe)(S/S)]Ho, and that of the part during cloud sky conditions
as [C3(1-pe)(1-8/S)]Ho. The constants C, and Cj3 can be thought as effective atmospheric

properties. Adding them up together we obtain solar irradiation reaching the Earth as:

K= -=[C.0-p X5/ )+ e, o Yi-5/5)] @11)
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Figure 4.5 Schematic representation of the daily global solar irradiation passing through the

Ground

Earth's atmosphere to the ground.

This is the main equation for the new combined approach and using Eqgn. (4.10), it can be re-
arranged in terms of four multiple regression coefficients related to Cy, C1, C;, and C,. This

equation then reads:

H S S
K=—S2_-A4+An_+A —+A.—n . 4.12
H A) Ai avg AZS ASS avg ( )

0

This is the form of our new equation. Applying multiple regression analysis, four
dimensionless regression coefficients Ag, A1, A2 and A3z are obtained for each station. The
locations considered in this analysis together with the calculated correlation coefficients are

given in Table 4.1.
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Table 4.1 Multiple regression coefficients Ag, A1, Ay and Ajs for all selected stations.

Selected Stations Ao A Ao Az

Ankara/Turkey 0.388 -0.268 0.327 0.093
Afyon/Turkey 0.441 -0.282 0.279 0.234
Sinop/Turkey 0.238 -0.039 0.505 0.012
Bursa/Turkey 0.345 -0.212 0.371 0.222
Braunschweig/Germany 0.423 -0.360 0.231 0.393
Bremen/Germany 0.398 -0.350 0.252 0.498
Chemnitz/Germany 0.329 -0.186 0.341 0.354
Norderney/Germany 0.369 -0.294 0.290 0.395
Fichtelberg/Germany 0.352 -0.187 0.360 0.250
Wittenberg/Germany 0.300 -0.165 0.340 0.396
Potsdam/Germany 0.392 -0.307 0.273 0.384
Gorlitz/Germany 0.387 -0.257 0.306 0.328
Zinnwald/Germany 0.288 -0.064 0.470 0.218
Dresden-Klotzsche /Germany 0.424 -0.316 0.276 0.399
Ludwigsfelde/Germany 0.405 -0.292 0.268 0.350

As can be seen from Table 4.1, the coefficients for different regions usually have
approximately the same values except for two stations (As for Ankara and A; for Zinnwald).
This may result from the possibility that different surfaces K(n,s/S) intersect/overlap for the
value of ranges for independent variables N and S/S (from 0 and 1). Our findings are in
agreement with this argument. To illustrate this, when Az value was fixed at 0.200 for
Ankara, the regression analysis yielded the regression parameters Ay=0.410, A;=-0.315 and
A,=0.298. These parameters are close to that obtained for the other locations [99] and we

tested these coefficients for their performances; accuracy of results was also very high.

451 Implementation of Hca, Model to the Neighbors

In order to analyze the performance and applicability of the proposed model Hcap, four

calculated multiple regression coefficients for one station were used for its neighbor. The
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reason for this investigation is to reveal if the coefficient of the neighbor location can be used
for the estimations where there is no ground measured solar irradiation. As described before
for previous approaches, the results, when the coefficients of the neighboring station are

used for these estimations, is denoted by the subscript nin HCAz_n.

The results are summarized in the discussion section by using relative mean bias error
(rMBE) and root mean square error (rRMSE). In addition to these error analyses, cumulative
frequency distribution for daily differences and daily absolute differences for the implemented
version of all proposed models are presented in Chapter 5. The results of the study suggest
that among all the implemented versions of the models, HCAz_n gives the most accurate

estimation [99].
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CHAPTER 5

RESEARCH RESULTS AND DISCUSSIONS

5.1 Introduction

To investigate suggested models (Hmodel, Hca1 and Heap) and Hm*, and compare them with
classical models (Hsat, Hm and Hcano) as previously defined in the fourth and third sections,
the data over a period of one-year for the fifteen stations was considered. Neighboring
stations were specified according to the characteristics of climate and distance. The symbols
used for this procedure are denoted as Hm_n, Hcano n, Hm*_n, Hmodel_n, Hcal n and Heaz n
where the subscript n is to show that the coefficient of the neighboring station are used in
these estimations. In this section, some basic discussions about models validation,
goodness of the fit and model comparisons are given. The accuracy of different models is
compared using two techniques explained in section 2.6.

5.2 Standard Error Analyses of Models

The rMBE and rRMSE values, which are obtained with the daily applications of the models to
the same data that the regression coefficients are obtained, are presented in Fig. 5.1 (A) and
(B). This only gives the goodness of the models to represent the data that it was obtained. In
Fig. 5.2 (A) and (B) we present the error statistics of implantation of the models for

neighboring stations for rMBE and rRMSE, respectively.

The Angstrom type model (Hp), which uses ground measured data of the station in its
calculation process, is more accurate than the other estimation models as expected.
However, implementation of Angstrdm models to neighboring stations, rRMSE values for
some of the stations is very high (for example, rRMSE of Wittenberg is 0.29 and rRMSE of

Norderney is 0.25, Fig. 5.2 (B)). rMBE values seem low but we note that this value only gives
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overestimations or underestimations, and usually negative biasing are canceled by positive
to yield a small rMBE. The relative MBE of all cities lies between — 0.07 and 0.04, which is
within the margin of £ 0.10. It is seen that Angstrom models works only for close neighboring
stations (Hm n, and Hm*_n, in Fig. 5.2 (A)-(B)) The accuracy of the estimated global solar
irradiation in this way decreased with increasing distance between the two neighboring
stations as expected [69], [75].

Simple use of Cano’s model (Hcano) for the fifteen selected stations showed relatively good
performance with small rMBE and rRMSE. However, it did not add performance better than
the hourly satellite model when the Hcano correlation of a site is used at a neighboring
station (see Fig. 5.2 (A)-(B)).

In the satellite derived global solar estimations, better results can be obtained with the use of
the surface measurements. One of the proposed models for this purpose was Hmodel
described in Chapter 4.4. In this model, Hcieara (=(@i + bj) Ho, Eqn. 4.3) values was used
instead of Hclear, (=Zlclearsky) of HELIOSAT. The results were good, but not better than
HELIOSAT. Although the results when it is applied to the data, it is obtained (Fig. 5.1 (A)-(B))
that Hmogel have relatively better performance than Hgg:, when it is implemented for a
neighboring location their performances are quite the same (Hsat and Hmogel 5 in Fig. 5.2 (A)-
(B)). The implemented results showed that rMBE and rRMSE of Hsy is in between -0.06 and
0.04 while it is -0.04 and 0.06 for Hmode|_n. rRMSE values are in between 0.07 and 0.24 for
Hsat and 0.08 and 0,23 for Hmgdel_». With the results obtained for Hmodel, it is verified that the
use of surface information can improve the solar irradiation on the Earth’s surface. This is

one of important results of this thesis. It encourages for future invetsigations.

It seems that introducing these surface data to a simple satellite derived model (with 1-Ngygin
the widest range) is quite similar to the estimation results compared with Hsyt in the daily
base. However, the use of Hcleara obtained from surface data instead of Hcjearn, with
satellite image derived daily cloud index Nayg, is an easier way (because there is no need to
use complex calculation for hourly Ic|ear5ky values and knowledge about Linke turbidity) and
gives satisfactory results for daily estimations. Therefore, for the daily calculations whenever
Angstrom coefficients can be obtained for a nearby location having similar climate, use of

Hmode|_n may be preferred due to its easy procedure to apply.

Another result is the Sinop rMBE values for the satellite model. The Hsat model results for
this location revealed that the values of rMBE unexpectedly higher than the others. This
result shows that the recorded ground data might contain high errors due to shadow effect

for this location [109]. It might be an important conclusion that the satellite results can be
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used to check the accuracy and reliability of surface measured solar irradiation especially

when the data of location has metadata problems.

The first combined model (Hca1) was basically the use the relation between s/S, and n. It
has hoped that a further improvement can be established for daily values. The results
showed that the approach produce highly accurate estimations of data that it was developed
(Hca1, Fig. 5.1 (A)-(B)). This verifies the goodness of the procedure of obtaining the model
expressions between H/Ho and, n and $/Sy. From Fig. 5.1 (A), rMBE values are in between -
0.02 and 0.02. Similarly, from Fig. 5.1 (A) rRMSE values are also very low, in between 0.07
and 0.15. Implementation of this model to a neighboring station also produces good results.
The results are between -0.04 and 0.06 for rMBE and between 0.09 and 0.22 for rRMSE.
Therefore, we can conclude that this model (or Hcaz as we will discuss next) can be used

instead of Angstrédm equations of a nearby location.

It seems that the model Hcaz (which has a physical base) puts a little improvement on Hcag,
in the implementation to neighboring stations. However it must be verified by using data from
different locations. The result of implementing the coefficients Ag to Az of a location to a
neighboring location has good performance. rMBE value ranges in -0.05 to 0.05 (Hca2 n in
Fig. 5.2 (A)) quite similar to Hca1, but rRMSE values varies in a smaller range of 0.06 to

0.15, which is a considerable reduction.

For all stations relative MBE, relative RMSE, MBE and RMSE values are given in the in

Appendix C.
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Figure 5.1 (A) Monthly relative MBE and (B) monthly relative RMSE among calculated
models and ground measurement of daily global solar irradiation data for the fifteen selected
stations for one year. The values were applied to the same location that the models are
constructed.
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fifteen selected stations for one year. Implementation results of to the neighboring stations.
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5.3 Cumulative Distribution of the Differences for the Models

We exclude the data of Bursa and Sinop due to their metadata problems. This was
mentioned before [109] and can be seen in Figs. 5.1 and 5.2. We also exclude H*m_n and

Hmodel n as they perform same as Hp, and Hgat.

As it has been mentioned earlier, nearest neighbor implementation constitutes the simplest
method of estimating radiation at a given point from an existing measuring site. We used the
cumulative distribution of differences as a comparison method to distinguish good models for
the estimation of daily solar irradiation. This method has been tested using the implemented
version of models in the neighboring stations which ground data are lacking. The
performances of five procedures (Hsat, Hm n, Hcano n, Hca1 n, and Heaz n) are compared in
Figs. 5.3 (A) and 5.3 (B) with the cumulative frequency of daily difference and daily absolute

difference values.
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Figure 5.3 (A) Cumulative frequency for the daily differences value of the daily differences

for a year and for all the models and locations.
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Figure 5.3 (B) Cumulative frequency for the absolute value of the daily differences for a year

and for all the models and locations.

In the figures the x-axis shows the daily differences in Fig. 5.3 (A), and it is the absolute
value of the daily difference in Fig. 5.3 (B). In addition, the y-axis represents the percentage
of the cumulative frequency in both Figs. 5.3 (A) and 5.3 (B). The point to be considered
when interpreting Fig. 5.3 (A), if the difference between estimated and measured values is
very close to the line x=0, the performance of estimation model is better. On the other hand,
in Fig. 5.3 (B), a closer curve to the y-axis shows a good performance for the solar irradiation

estimated model.

It can be clearly observed that in Fig. 5.3 (A), the daily cumulative frequency function for
daily difference showed slightly better results for HCAz_n and HCAl_n. Almost all daily values
were estimated with the deviation of less than + 2.5 MJ/m2day. Cumulative frequency of daily
absolute difference is presented in Fig. 5.3 (B). It is seen that Hcaz n is the best performing
model and followed by HCAl_n. 97% of the daily estimated values with proposed models

approximately have an error of less than 2.5 MJ/m2day. But Hgy yielded 92% of the
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estimates with a deviation of less than 2.5 MJ/m2day. H*m_n and Hmode|_,, models have
relative RMSE cumulative frequency values somewhat lower than the others For example,
for the implemented version of Angstrém model, Hm n, only 90% of the daily absolute
difference values fall into the range less than 2.5 MJ/m2-day. Therefore, the combined
models Hcaz n and Hca1 n can be utilized to estimate daily global solar irradiation instead of
Angstrom type linear regressions of a nearby location. A last note about the case of HCAZ_,,

and HCAl_n is that to use them, s data of a nearby station is needed.

A final discussion is on the Gueymard’s proposal [106] of using a calculated Hcjear 1 instead
of Hp in Angstréom-Prescott equation that it would increase the performance. In contrast to
this proposal, using Hclear H (=Zlclear) instead of HELIOSAT did not result an improvement on
Angstrom-Prescott equation (Hm_,, and H*m_n). However, we should note that further

analysis is required to reach a concrete conclusion.
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CHAPTER 6

CONCLUSIONS

It is known that high-accuracy solar irradiation estimation is very important for all kinds of
solar energy applications and also for the climate change studies. For this purpose, satellite
images have been commonly used in the last decade to obtain spatially continuous solar
irradiation maps. In addition, the ground measured bright sunshine duration, with data
source of nearly 100 years, is an extremely important source of information for the estimation
of global solar irradiation. In this thesis, we aimed to combine satellite-based values of daily
cloud index and the surface measurements of bright sunshine hours to increase the
accuracy of the estimations of daily global solar irradiation. The daily values of the proposed
models (Hmogel, Hca1 and Hea2) and the daily values of the familiar equation of Angstrém
(Hm, and Hm*) the daily global solar irradiation derived from the satellite (Hsa) and the daily
version of simple model that Cano first proposed (Hcano) are compared. In addition,
implementation of these models for the neighbouring stations (H*m_n, Hmodel n, Heat n,

Hcaz n, Hm_nand Hcano n) is also studied in details.

We firstly note that we tried also different forms and chosen the best performing combined
forms. Secondly, we tested the models by using a number of different statistical error

analysis and chosen to present only the two of these comparison methods.

Validation of all models for predicting daily solar irradiation has been performed by using the
statistical errors of relative MBE and RMSE. According to the obtained results, the Angstrém
method (Hm) has been found to be the most accurate model for the prediction of daily global
solar irradiation on horizontal surfaces for selected stations. However, global solar irradiation
ground data that are necessary for the Angstrém method for most parts of the world are not
available, and this method does not seem very applicable for distant places where ground

irradiation data are lacking.
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Another important result of the presented proposed combined models are quite satisfactory
for daily prediction and gives better estimates than all the studied models in terms of the
above mentioned standard error analysis (see in Chapter 5). Moreover, global solar
irradiation estimation can be carried out easily and more accurately by using the proposed
models of the thesis (Hmogel, Hcar and Heaz), without complex calculations, such as Linke
turbidity, direct and diffuse irradiation. Furthermore, a measurement of the daily duration of
bright sunshine hour, which requires values for the calculation of proposed models, is more

common than the global solar irradiation ground data all over the world [45].

In order to analyze the implemented version of all models to the neighboring stations, the
cumulative frequency function was used for the daily difference and the daily absolute
difference values (Figs. 5.3 (A) and (B)). Of the two applied models which use sunshine
duration data and cloud index information together, HCAl_n and HCAZ_n are more accurate
than Angstréom type equations (Hm ) and direct application of HELIOSAT (Hsat). The other
models using only satellite information (daily cloud index) had similar trend line values (Hsat
and Hcano n) in the cumulative frequency analyses. The results of the study suggest that
among all the models’ implemented versions, HCA2_n is the most accurate prediction
procedure with the smallest cumulative frequency of daily difference and daily absolute

difference values.

In addition, a single equation was obtained using the data of 10 locations, 9 in Germany and
one in Turkey for the second combined approach Hcaz. This regression equation was

obtained as:
K =H/H,=0352-0.225n, + 0.3332 +0.334n,, % . (61)

This expression can be useful for locations where only the data of bright sunshine hour and
satellite derived cloud index exist. Eqn. (6.1) was tested using the data of remaining three
locations (Bremen, Gorlitz and Afyon data were not taken in obtaining this equation) and the
results were the best in comparison to the other models [110]. Therefore, Egn. (6.1) can be
used for locations where the data of N and S are available, at least for the locations having

similar climates to those ten locations.

In order to illustrate the usability of proposed models and Angstrém type models, three
hypothetical stations (points, A, Band C) are selected on the ground as schematically shown
in Fig. 6.1. Point A is selected as a reference station, and it has ground measurement of

daily global solar irradiation (H), bright sunshine duration (S) and satellite derived cloud index
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(n) as available data. On the other hand, station B has S and N, and station C has only cloud
index N as available data. Depending on the available data sets, Fig.6.1 illustrates which
models can be applied to the stations Band C Additionally, selected stations, their distances,
available data, and models coefficients that can be obtained with this data are summarized
in this diagram. The coefficients of the proposed models for the estimation of daily solar
irradiation for the stations B and C are shown in the rectangular boxes in Fig. 6.1 which are

mainly obtained from the data of reference station A.

As mentioned before, the Angstrém model is found as the most accurate model for the
prediction of daily global solar irradiation on horizontal surfaces. Thereby, Hm_n should be
used for the estimation of daily global solar irradiation especially for the locations which are
very close (up to ~50 km) and also having similar climate to the reference station (A) [69],
[75], [99]. We should suggest that, within this distance, combined models can also be used.
However, to obtain an accurate estimation of global solar irradiation using Angstrom type
correlation, climate and/or altitude of the stations should be taken into account. For instance,
in our study, four stations (Norderney, Fichtelberg, Braunschweig and Wittenberg of
Germany) have high altitudes or different climate types. If Angstréom model is used for these
stations with the coefficient of nearby locations, the results are quite unsatisfactory as can be
inferred from Fig. 5.2 (A)-(B) (Hm_n).

From Fig. 6.1, it can be seen that station B is a distant neighbor to A (more than 50 km ).
Hca1 and Heap of this thesis should be used to estimate daily global solar irradiation for the
neighbouring station (5) which has daily bright sunshine hours and daily cloud index values.

This is one of the most important outcome of the present study.

For station C, where only satellite derived cloud index N data exist, if the climate types are
the same for A and C stations, we can propose the use of the model Hpggel for the daily
calculations as it is easier to utilize than satellite model such as HELIOSAT formalism. On
the other hand, if satellite images are available, use of HELIOSAT should be suggested for
estimation of hourly global solar irradiation and also for daily considerations, for the stations

having similar climatic characteristics of Europe all over the world.
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Figure 6.1 Schematic representation for the proposed models (Location A have all three

data, location Bhave S/Sgand Navg, location Conly have Ngyg).

It is then acceptable to claim that use of HELIOSAT or other remote sensing estimation
models for global solar irradiation is more efficient than using the Angstrém type correlations
with the coefficients obtained by the data of a location which have different climatologic or
geographic characteristics of the selected point or which are at long distance from the

selected point (longer than about 50 km).

It is known that the first generation satellites (MFG) and the old satellites models, which are
not capable of unraveling the snow covered areas with clouds reflections, fail especially in
winter seasons [111], [112]. Fig. 6.2 illustrates the comparison of the satellite model
(HELIOSAT) and ground measured data for Erzincan in clear days with land area having
show coverage, as example. It is seen that the results of satellite model estimation is lower in
clear days which the surface is covered by snow. This situation is verified using snow depth

and bright sunshine hours measured at those days.
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The second generation satellites (MSG), with 12 channels and high resolutions, currently
uses to differentiate the snow coverage from clouds and to increase the estimation accuracy.
However, the determination of snow procedure from satellite images needs complex
computational procedure with their spectral channels. The models presented in this study
can easily be extended in snow detection. In further studies, the accuracy of global solar
irradiation estimation can be enhanced by adding a simple procedure about determining the
days having clear sky and with snow coverage land surface into the proposed models. Such
a procedure can be carried out by using the surface data of bright sunshine hour and snow
depth and, satellite derived cloud index. Here in this thesis we only describe a method of
applying such a procedure. However, to extend this method and to achieve an accurate
algorithm, one needs extended data from different stations and larger number of such

specific days.
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Figure 6.2. Comparison of the satellite model (HELIOSAT) and ground measured data for
snowy days in Erzincan, 01-15.01.2006.

Consequently, present research results encourage the linking surface measurements to
satellite imagery based cloud index N for the accurate estimation of global solar irradiation.
The modeling approaches presented in this thesis can further be applied for hourly and/or
monthly average daily global solar irradiation estimation with the use of other ground data. It
is noteworthy to state that the use of Angstrém type regression coefficients of a nearby
location may not always give satisfactory results to replace the satellite-based HELIOSAT

model. We concluded that selected stations should have similar climatic parameters of the
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station from which the regression coefficients are derived and should be close enough. For
future studies, long and short-term satellite image data can be used together with the surface
measured data to estimate more accurate solar irradiation values. The formalism of present
thesis can be applied to hourly data of bright sunshine hours to combine with remote
sensing, and this may lead new hourly satellite formalisms like HELIOSAT but without
complex calculations such as Linke turbidity of the site of interest. This is an important future

topic of investigation.
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APPENDIX A

Table A.1. Monthly values of a; G,crand dicoefficients

Selected Months
2
Stations § 1 2 3 4 5 6 7 8 9 10 11 12
Ankara -a; - 0.75 069 071 069 068 060 062 057 049 063 0.61
(Turkey) bi - 071 072 075 075 073 073 072 0.72 066 0.67 0.62
-C; - 071 08 0.76 075 068 083 076 099 078 0.78 0.79
d; - 068 077 076 0.79 073 084 077 1.00 075 0,72 0.67
Afyon -ap - 036 - - 060 069 056 050 073 0.61 054 0.60
(Turkey) bi - 051 - - 0.74 074 072 072 0.72 071 067 0.62
-C; - 0.68 - - 0.64 057 0.71 068 055 071 081 0.85
d; - 065 - - 065 058 0.69 069 052 069 079 0.58
Braunschweig -¢; 073 060 071 075 064 - 064 061 071 073 059 0.57
(Germany) bi 065 060 0.73 0.75 0.70 - 0.71 065 068 0.70 0.60 0.58
-ci 049 069 054 0.72 0.72 - 0.63 0.67 057 056 064 0.52
d; 057 059 062 071 073 - 066 064 0.58 062 061 0.58
Wittenberg -¢; 063 052 070 070 062 065 060 071 0.66 058 0.57 0.52

(Germany) bi 063 059 071 070 069 069 068 068 066 063 057 0.53
-c; 050 063 065 053 068 062 063 065 058 064 058 0.56

d; 060 075 068 058 068 063 068 064 058 065 060 0.60

Gorlitz -0; 073 083 075 068 062 068 063 070 0.74 068 0.70 0.65
(Germany) bi 073 090 086 074 072 075 072 073 0.72 072 0.66 0.65
Ci 051 057 075 061 066 075 064 073 060 063 070 0.65

di 062 073 059 065 055 074 063 059 058 064 0.62 0.52
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Dresden-

Klotzsche -0; 078 087 077 072 064 065 066 068 0.72 071 0.70 0.73
(Germany) bi 074 089 082 076 073 073 073 070 0.73 074 0.67 0.71
-c; 059 065 068 061 064 066 068 065 065 063 0.62 0.73
di 064 072 071 064 066 069 070 0.68 063 0.67 0.64 0.64
Ludwigsfelde -«; 062 0.67 0.66 070 071 055 059 074 064 0.68 0.63 0.54
(Germany) bi 063 071 073 073 074 071 072 073 0.70 069 0,62 0.57
Ci 061 067 067 060 063 068 066 066 064 059 0.61 0.69
d; 065 070 070 0.64 067 070 069 0.67 066 064 062 0.67
Bremen -a; 066 064 057 074 072 067 068 072 0.67 071 0.68 0.61
(Germany) bi 061 063 065 071 071 070 069 069 066 066 0.62 0.56
-c; 060 082 078 081 066 065 055 065 056 065 0.70 0.68
d; 065 072 071 071 066 066 059 062 056 063 0.64 0.70
Norderney -a; 065 067 074 069 068 068 057 065 0.64 064 060 0.59
(Germany) bi 061 066 073 071 071 073 071 069 067 067 061 0.58
-c; 066 075 059 076 056 070 0.72 066 062 062 059 0.75
d; 071 069 064 073 062 074 078 067 063 069 065 0.73
Potsdam -a; 062 074 066 079 0.70 057 069 066 0.69 066 067 0.56
(Germany) bi 060 073 069 074 071 070 0.72 067 0.70 069 0.62 0.57
-c; 062 063 069 063 064 069 057 068 061 061 058 0.73
d; 067 073 070 064 068 070 061 065 060 065 061 0.67
Chemnitz -; 086 095 078 071 070 072 073 068 0.72 066 065 0.67
(Germany) bi 073 100 086 073 072 073 073 068 0.70 072 0.62 0.63
-c; 034 045 049 066 064 062 064 063 062 064 066 0.54
d; 052 075 071 068 064 065 066 064 062 070 064 0.63
Fichtelberg -a; 097 074 1.07 - 087 064 075 085 091 066 0.65 0.64
(Germany) bi 088 079 1.01 - 079 069 072 073 0.76 069 0.70 0.70
-c; 039 048 040 - 065 066 063 059 055 066 0.64 0.56
di 065 061 0.64 - 0.67 066 0.67 061 057 068 0.69 0.70
Zinnwald -0; 112 084 082 065 063 061 062 082 083 072 0.75 0.85
(Germany) bi 08 095 092 073 070 071 071 075 075 075 0.68 0.80
-c; 078 077 087 087 084 094 08 087 088 078 089 1.11
d; 070 069 079 080 082 09 076 080 0.78 075 0.78 0.84
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Table B.1. a, b, a*, b*, R?values of K vs s/S and K* vs s/S

APPENDIX B

Ankara month A b ath  K-s/SR?® a* b* a*+b* K*-s/S R?
1 0,19 0,54 0,73 0,73 0,29 0,79 1,08 0,74
2 0,19 0,63 0,82 0,89 0,29 0,89 1,18 0,91
3 0,18 0,62 0,80 0,97 0,25 0,87 1,12 0,97
4 0,19 0,61 0,80 0,96 0,27 0,86 1,12 0,96
5 0,19 0,57 0,77 0,96 0,26 0,79 1,05 0,95
6 0,21 0,52 0,74 0,91 0,29 0,72 1,01 0,91
7 0,23 0,53 0,76 0,92 0,31 0,73 1,04 0,92
8 0,18 0,58 0,76 0,95 0,25 0,81 1,06 0,95
9 0,19 0,57 0,76 0,63 0,26 0,79 1,04 0,64
10 0,27 0,46 0,73 0,87 0,35 0,64 0,99 0,89
1 0,21 0,56 0,77 0,88 0,31 0,76 1,06 0,87
12 0,21 0,56 0,77 0,88 0,30 0,85 1,15 0,89
All 0,20 0,56 0,76 0,93 0,30 0,76 1,06 0,91

Bursa month A b ath  K-s/SR?® a* b* a*+b*  K*-s/S R?
1 0,17 0,66 0,83 0,75 0,25 0,98 1,23 0,74
2 0,20 0,57 0,77 0,79 0,28 0,84 1,12 0,81
3 0,30 0,53 0,83 0,83 0,43 0,76 1,19 0,83
4 0,20 0,60 0,80 0,91 0,29 0,87 1,15 0,91
5 0,19 0,57 0,75 0,94 0,26 0,77 1,03 0,93
6 0,20 0,56 0,76 0,93 0,27 0,77 1,05 0,93
7 0,23 0,50 0,73 0,87 0,32 0,70 1,02 0,87
8 0,15 0,62 0,77 0,95 0,21 0,87 1,08 0,96
9 0,16 0,65 0,81 0,75 0,23 0,88 1,12 0,74
10 0,25 0,48 0,73 0,76 0,34 0,67 1,01 0,81
11 0,18 0,57 0,75 0,89 0,26 0,81 1,07 0,88
12 0,28 0,44 0,72 0,49 0,43 0,66 1,09 0,49
All 0,22 0,54 0,76 0,85 0,33 0,73 1,06 0,81

Afyon month A b a+b K-s/S R® a* b* a*+b*  K*-s/S R®
1 0,25 0,47 0,72 0,63 0,38 0,70 1,08 0,63
2 0,26 0,33 0,59 0,74 0,39 0,52 0,91 0,76
3 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
4 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
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5 033 042 075 083 0,46 0,58 1,04 0,83
6 030 047 077 094 0,42 0,65 1,07 0,94
7 035 039 074 084 0,49 0,55 1,04 0,84
8 032 041 073 092 0,44 0,52 0,96 0,93
9 030 046 076 075 0,41 0,64 1,05 0,76
10 027 046 073 092 0,36 0,63 0,99 0,93
11 028 043 071 0,81 0,39 0,59 0,98 0,78
12 028 056 084 077 0,42 0,82 1,24 0,76
Al 027 046 073 087 0,41 0,62 1,03 0,85
Sinop month g b ath  K-s/S R® a* b* a*+b* K*-s/S R?
1 034 065 099 087 0,52 1,03 1,55 0,86
2 032 053 08 085 0,50 0,80 1,30 0,84
3 026 062 088 090 0,38 0,89 1,27 0,90
4 029 057 086 093 0,42 0,84 1,26 0,93
5 027 064 091 093 0,37 0,89 1,26 0,93
6 032 055 087 093 0,44 0,77 1,21 0,93
7 026 059 085 094 0,36 0,83 1,19 0,94
8 025 060 085 093 0,36 0,86 1,22 0,93
9 029 057 086 093 0,40 0,81 1,21 0,92
10 034 052 08 092 0,47 0,74 1,21 0,92
11 033 057 09 093 0,49 0,81 1,30 0,90
12 032 072 104 093 0,46 1,12 1,58 0,93
Al 031 055 086 090 0,47 0,77 1,24 0,85
Braunschwelg month g b a+b K-s/S R® a* b* a*+b*  K*-s/S R?
1 016 054 070 092 0,25 0,85 1,10 0,92
2 018 068 086 0,81 0,29 1,06 1,35 0,80
3 023 057 080 089 0,35 0,86 1,21 0,88
4 020 066 086 087 0,29 0,95 1,24 0,87
5 022 052 074 094 0,31 0,75 1,06 0,94
6 000 000 000 0,00 0,00 0,00 0,00 0,00
7 027 046 073 0,90 0,39 0,64 1,03 0,90
8 023 054 077 079 0,33 078 1,11 0,79
9 026 047 073 092 0,37 0,67 1,04 0,92
10 021 055 076 091 0,31 0,80 1,11 0,91
11 017 062 079 088 0,27 1,02 1,29 0,91
12 018 051 069 089 0,30 0,84 1,14 0,89
Al 020 055 075 089 0,31 0,79 1,10 0,89
Bremen month g b ath  K-s/S R? a* b* a*+h*  K*-s/S R?
1 016 053 069 088 0,28 0,92 1,20 0,89
2 016 063 079 084 0,26 0,97 1,23 0,84
3 022 056 078 087 0,34 0,85 1,19 0,85
4 017 072 089 090 0,25 1,05 1,30 0,90
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5 0,23 0,53 0,76 0,96 0,32 0,77 1,09 0,96
6 0,25 0,49 0,74 0,95 0,36 0,70 1,06 0,95
7 0,27 0,45 0,72 0,96 0,38 0,64 1,02 0,96
8 0,21 0,61 0,82 0,82 0,30 0,88 1,18 0,82
9 0,26 0,44 0,70 0,90 0,38 0,64 1,02 0,90
10 0,20 0,59 0,79 0,88 0,30 0,85 1,15 0,88
1 0,15 0,75 0,90 0,81 0,24 1,21 1,45 0,82
12 0,14 0,60 0,74 0,83 0,25 1,06 1,31 0,83
All 0,19 0,56 0,75 0,88 0,30 0,82 1,12 0,87
Chemnitz month A b ath K-s/SR® a* b* a*+b*  K*-s/S R?
1 0,23 0,41 0,64 0,93 0,40 0,71 1,11 0,93
2 0,26 0,50 0,76 0,82 0,38 0,76 1,14 0,83
3 0,27 0,54 0,81 0,87 0,41 0,82 1,23 0,87
4 0,22 0,55 0,77 0,92 0,32 0,80 1,12 0,92
5 0,24 0,48 0,72 0,90 0,33 0,69 1,02 0,90
6 0,24 0,48 0,72 0,94 0,34 0,67 1,01 0,94
7 0,22 0,49 0,71 0,97 0,32 0,68 1,00 0,97
8 0,21 0,53 0,74 0,93 0,31 0,75 1,06 0,93
9 0,23 0,49 0,72 0,92 0,31 0,67 0,98 0,92
10 0,23 0,47 0,70 0,92 0,34 0,67 1,01 0,91
11 0,19 0,45 0,64 0,81 0,31 0,75 1,06 0,83
12 0,18 0,43 0,61 0,88 0,31 0,75 1,06 0,88
All 0,23 0,47 0,70 0,88 0,35 0,67 1,02 0,88
Nordemey ~ month B a atb  K-s/S R® b* a* a*+b*  K*-s/S R?
1 0,14 0,55 0,69 0,94 0,22 0,85 1,07 0,95
2 0,18 0,64 0,82 0,88 0,27 0,93 1,20 0,87
3 0,20 0,61 0,80 0,93 0,29 0,91 1,20 0,92
4 0,19 0,62 0,80 0,90 0,28 0,91 1,19 0,90
5 0,23 0,51 0,74 0,91 0,32 0,71 1,02 0,92
6 0,20 0,56 0,77 0,93 0,27 0,75 1,02 0,93
7 0,25 0,47 0,73 0,92 0,33 0,62 0,95 0,92
8 0,23 0,52 0,75 0,87 0,31 0,72 1,03 0,87
9 0,23 0,48 0,71 0,91 0,36 0,74 1,10 0,91
10 0,22 0,53 0,75 0,91 0,31 0,76 1,07 0,91
11 0,20 0,51 0,71 0,80 0,32 0,87 1,19 0,86
12 0,14 0,64 0,78 0,86 0,26 1,12 1,37 0,86
All 0,19 0,57 0,76 0,92 0,28 0,77 1,05 0,90
Fichtelberg  month A b ath K-s/SR?® a* b* a*+b*  K*-s/S R?
1 0,23 0,51 0,74 0,95 0,35 0,76 1,11 0,95
2 0,34 0,42 0,76 0,76 0,48 0,64 1,12 0,79
3 0,33 0,51 0,84 0,72 0,47 0,71 1,18 0,70
4 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
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5 0,20 0,59 0,79 0,89 0,27 0,80 1,07 0,89
6 023 056 0,79 0,95 0,30 0,75 1,05 0,95
7 0,20 0,53 0,73 0,93 0,27 0,72 0,99 0,93
8 0,18 0,58 0,76 0,85 0,25 0,79 1,04 0,85
9 025 050 075 0,94 0,33 0,67 1,00 0,94
10 0,20 0,51 0,71 0,96 0,29 0,72 1,01 0,96
11 023 047 0,70 0,83 0,35 0,72 1,07 0,84
12 022 043 065 0,91 0,37 0,75 1,12 0,91
All 0,25 0,47 0,72 0,86 0,35 0,70 1,05 0,85

Wittenberg  month g b atb  K-s/SR® a* b* a*+b*  K*-s/S R?
1 021 049 0,70 0,86 0,33 0,77 1,10 0,84
2 019 064 083 0,82 0,29 0,97 1,26 0,82
3 0,23 0,56 0,79 0,85 0,33 0,84 1,17 0,85
4 0,23 0,55 0,78 0,84 0,34 0,80 1,13 0,84
5 024 051 075 0,95 0,33 0,73 1,07 0,95
6 0,25 0,48 0,73 0,96 0,35 0,66 1,02 0,96
7 026 044 0,70 0,91 0,37 0,62 0,99 0,91
8 021 057 078 0,82 0,30 0,82 1,12 0,82
9 0,26 0,46 0,71 0,93 0,36 0,66 1,02 0,93
10 025 045 0,70 0,88 0,37 0,67 1,04 0,88
11 0,21 0,50 0,71 0,88 0,34 0,85 1,19 0,87
12 0,18 0,57 0,75 0,87 0,32 0,98 1,30 0,85
Al 022 051 073 0,90 0,33 0,72 1,06 0,88

Dresden-

Klotzsche  month g b atbh  K-s/SR* a* b* a*+b*  K*-s/S R
1 022 048 0,70 0,85 0,34 0,78 1,12 0,84
2 0,18 0,65 0,83 0,82 0,31 0,97 1,28 0,81
3 022 054 0,76 0,85 0,31 0,85 1,16 0,86
4 023 056 0,79 0,84 0,35 0,80 1,15 0,84
5 0,25 0,52 0,77 0,95 0,33 0,75 1,08 0,96
6 025 049 0,74 0,95 0,34 0,68 1,02 0,95
7 0,25 0,45 0,70 0,91 0,37 0,60 0,97 0,90
8 0,24 0,56 0,80 0,83 0,29 0,80 1,09 0,83
9 022 045 067 0,94 0,35 0,63 0,98 0,92
10 0,23 0,45 0,68 0,88 0,38 0,67 1,05 0,88
11 026 051 077 0,84 0,34 0,84 1,18 0,86
12 018 058 0,76 0,88 0,32 0,97 1,30 0,86
All 0,24 0,50 0,74 0,90 0,31 0,74 1,05 0,86

Gorlitz month 3 b ath K-s/SR?® a* b* a*+b*  K*-s/S R?
1 023 048 0,71 0,85 0,34 0,75 1,09 0,84
2 0,20 0,65 0,85 0,83 0,31 0,96 1,27 0,82
3 024 054 078 0,85 0,32 0,83 1,15 0,85
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4 0,22 0,55 0,77 0,84 0,34 0,80 1,13 0,84
5 0,23 0,53 0,76 0,94 0,33 0,74 1,07 0,95
6 0,24 0,49 0,73 0,96 0,33 0,67 1,00 0,96
7 0,28 0,43 0,71 0,95 0,36 0,65 1,01 0,91
8 0,25 0,55 0,80 0,82 0,30 0,82 1,12 0,82
9 0,26 0,44 0,70 0,94 0,36 0,65 1,01 0,93
10 0,25 0,46 0,71 0,81 0,38 0,67 1,05 0,88
1 0,23 0,52 0,75 0,82 0,35 0,81 1,16 0,87
12 0,18 0,56 0,74 0,84 0,35 0,87 1,12 0,85
All 0,23 0,51 0,74 0,94 0,30 0,75 1,05 0,88
Potsdam month A b ath  K-s/SR?® a* b* a*+b*  K*-s/S R?
1 0,19 0,50 0,69 0,87 0,34 0,78 1,12 0,84
2 0,20 0,64 0,84 0,85 0,22 0,96 1,18 0,82
3 0,25 0,55 0,80 0,81 0,34 0,85 1,19 0,85
4 0,25 0,57 0,82 0,80 0,30 0,87 1,17 0,84
5 0,24 0,53 0,77 0,91 0,33 0,75 1,08 0,95
6 0,29 0,47 0,76 0,97 0,31 0,69 1,00 0,96
7 0,26 0,44 0,70 0,96 0,33 0,66 0,99 0,91
8 0,21 0,53 0,74 0,84 0,31 0,83 1,14 0,82
9 0,26 0,48 0,74 0,93 0,36 0,64 1,00 0,93
10 0,26 0,47 0,73 0,84 0,37 0,66 1,03 0,88
11 0,24 0,50 0,74 0,89 0,35 0,85 1,20 0,87
12 0,22 0,53 0,75 0,85 0,32 0,83 1,15 0,85
All 0,20 0,51 0,71 0,95 0,33 0,74 1,07 0,88
Ludwigsfelde _month A b atb  K-s/SR? a* b* a*+h*  K*-s/S R?
1 0,22 0,50 0,72 0,85 0,30 0,73 1,03 0,86
2 0,23 0,63 0,86 0,86 0,29 0,85 1,14 0,82
3 0,21 0,57 0,78 0,82 0,33 0,80 1,13 0,80
4 0,23 0,57 0,80 0,81 0,34 0,80 1,13 0,81
5 0,24 0,48 0,72 0,97 0,33 0,76 1,09 0,97
6 0,21 0,53 0,74 0,98 0,34 0,72 1,06 0,96
7 0,28 0,40 0,68 0,90 0,42 0,60 1,02 0,91
8 0,22 0,55 0,77 0,85 0,35 0,80 1,15 0,86
9 0,24 0,48 0,72 0,95 0,36 0,70 1,06 0,93
10 0,22 0,45 0,67 0,89 0,35 0,67 1,02 0,87
11 0,20 0,50 0,70 0,83 0,32 0,85 1,17 0,84
12 0,17 0,57 0,74 0,81 0,31 0,88 1,19 0,83
All 0,25 0,51 0,76 0,88 0,29 0,77 1,06 0,88
Zinnwald Month A b a+b K-s/S R® a* b* a*+b*  K*-s/S R?
1 0,24 0,49 0,73 0,79 0,30 0,78 1,08 0,80
2 0,18 0,65 0,83 0,80 0,35 0,96 1,31 0,78
3 0,23 0,53 0,76 0,77 0,33 0,85 1,18 0,80
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Table C.1. Monthly relative MBE values for proposed models and selected stations

] ol < ?C,I o N
rMBE £ E: % X E E‘; % g % " g g %
I I I I I I I I I I I I I
Gorlitz 0,00 -0,06 0,01 0,02 -0,02 0,00 0,00 0,02 0,00 0,01 -0,03 0,01 0,01
Zinnwald 0,01 -0,03 0,01 0,01 004 000 003 -004 -003 004 0,03 -003 -0,03
Dresden- 0,00 -0,04 0,00 0,00 -002 0,00 000 -001 00 002 -003 -001 -0,02
Ludwigsfelde 0,00 -0,04 0,01 0,00 -0,02 0,00 -0,02 -0,02 -0,03 0,01 -0,03 -0,03 -0,04
Potsdam 0,01 0,00 0,01 0,01 0,03 0,00 -0,010 -0,00 -0,03 0,01 0,02 -0,01  -0,03
Braunschweig 0,00 -0,01 0,01 0,00 0,02 0,02 -0,02 -0,010 -0,02 0,00 0,01 0,00 -0,02
Bremen 0,00 004 000 000 006 000 -002 0,00 004 -0,01 004 0,03 -0,01
Chemnitz 0,00 -0,04 0,00 0,00 -002 0,01 -0,02 0,03 003 002 -003 0,02 0,03
Afyon 0,00 001 000 000 000 0,00 000 -007 -0,02 0,00 0,00 -0,04 -0,05
Sinop 0,01 -0,16 0,08 0,00 -0,03 0,02 -0,03 0,03 0,11 0,03 -0,02 -0,08 -0,04
Ankara 0,00 0,03 -0,02 0,00 -0,03 -0,02 -0,02 0,04 -0,01 0,01 -0,03 0,04 0,03
Bursa 0,00 0,02 -0,01 0,00 0,05 0,01 -0,03 0,00 0,05 0,01 0,06 0,06 0,04
Norderney 0,01 001 o000 0,00 -0,010 0,01 -0,02 0,00 -006 -0,01 -002 0,01 -0,02
Fichtelberg -0,01 -003 0,00 001 003 -0,02 001 001 004 006 002 0,04 0,06
Wittenberg -0,01 003 0,00 000 002 0,00 -002 -0,01 002 0,01 001 002 -0,01
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Table C.2. Monthly relative RMSE values for proposed models and selected stations

_ c c < c c
rRMSE £ 3 % X é E‘; % ;' % = § g g
I I I I I I I I I I I I I
Gorlitz 012 o015 013 012 014 0,12 0,10 0,13 0,13 0,12 0,15 0,13 0,10
Zinnwald 0,13 0,21 0,18 0,13 021 0,14 0,46 0,43 0,18 0,17 0,20 0,14 0,14
Dresden- 011 024 012 0,15 0,4 0,11 0,09 0,11 0,13 0,12 0,14 0,11 0,10
Ludwigsfelde 0,09 0,13 0,0 0,13 0,212 0,09 0,09 0,20 0,11 0,10 0,13 0,10 0,10
Potsdam 010 014 012 010 014 0,20 0,09 0,170 0,13 0,11 0,14 0,12 0,11
Braunschweig 0,12 0,11 012 0,12 0,15 0,13 0,41 030 0,13 0,13 0,14 0,14 0,13
Bremen 0,12 0,11 0,12 0,172 0,6 0,12 0,42 0,42 0,14 0,14 0,15 0,13 0,11
Chemnitz 0,10 0,145 0,14 0,10 0,5 0,2 0,11 0,11 0,15 0,13 0,15 0,12 0,12
Afyon 0,07 0,07 0,07 0,07 0,0 0,08 0,09 0,1 0,08 0,08 0,09 0,09 0,11
Sinop 008 018 0,14 0,08 0,14 0,09 0,16 0,70 0,15 0,10 0,14 0,20 0,14
Ankara 0,07 0,07 0,07 007 009 0,08 0,07 0,0 0,08 0,07 0,08 0,11 0,08
Bursa 0,10 0,09 0,07 011 012 0,09 0,09 0,2 0,08 0,12 0,12 0,11 0,11
Norderney 0,12 0,11 0,13 10,172 0,14 0,12 0,41 025 0,15 0,15 0,15 0,12 0,11
Fichtelberg 0,14 021 020 0,13 0,23 0,45 0,15 0,28 0,22 0,19 0,22 0,17 0,15
Wittenberg 012 o015 013 0,11 0,25 0,2 0,11 0,30 0,13 0,12 0,15 0,12 0,11
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Table C.3. Monthly MBE values for proposed models and selected stations

o k) zl < ; i N
MBE £ E g X g g % ;' 8 %" g g %
I I I I I I I I I I I I I
Gorlitz -0,03 0,15 -0,75 0,07 -0,03 0,18 0,11 -0,27 -040 -0,02 0,08 -0,03 0,13
Zinnwald 011 -041 -038 026 -032 0,0 043 045 031 004 -035 029 -029
Dresden- 0,01 -0,16 -049 0,03 0,44 -003 025 -018 -030 -001 -0,11 -0,02 -0,17
Ludwigsfelde 002 -024 -042 0,08 -0,36 -0,02 0,06 -0,23 -0,34 0,02 -0,33 -0,19 -0,48
Potsdam 0,07 -013 0,03 0,06 -0,28 0,09 0,11 0,33 0,22 0,00 -0,15 -0,12 -0,33
Braunschweig 0,02 -0,06 -0,09 0,05 -0,17 0,02 -0,02 0,19 0,08 0,16 -0,04 -0,17 -0,20
Bremen -0,04 005 035 000 038 -001 -005 055 042 -002 028 -024 -0,14
Chemnitz -0,03 032 -044 004 03 -001 028 -020 -032 0,243 0,24 -0,17 0,29
Afyon 0,03 -116 027 000 -029 -008 0,00 000 0,06 -002 -068 -0,01 -084
Sinop 0,18 0,56 -2,75 0,75 2,09 0,06 0,48 -0,60 -0,27 0,32 -3,84 -0,28 0,79
Ankara 0,03 0,74 0,46 -0,31 -0,15 -0,01 0,17 -0,56 -045 -0,33 0,61 -0,37 0,48
Bursa -0,04 -0,06 0,35 0,42 -0,43 -0,03 0,09 0,85 0,98 0,09 0,97 0,18 1,14
Norderney 0,08 -002 009 002 -056 000 -014 -010 -021 0,05 0,07 -022 -0,23
Fichtelberg -0,09 012 -030 -0,01 044 009 060 032 019 -020 039 0,3 0,61
Wittenberg -0,08 -0,11 031 -003 0,47 0,01 006 019 008 -002 0,19 -0,19 -0,10
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Table C.4. Monthly RMSE values for proposed models and selected stations

RMSE - 5 ¢ « % g g = ¢ &2 3124
tr T £ T £ © T T £ & EP£F
Gorlitz 1,36 1,47 1,79 1,46 1,50 1,35 1,35 1,65 1,70 141 145 113 1,15
Zinnwald 1,43 1,43 2,31 1,95 2,03 1,43 1,94 2,28 227 155 159 1,75 1,60
Dresden- 1,20 1,20 2,71 1,37 1,48 1,68 1,38 1,54 1,58 1,19 126 1,07 1,09
Ludwigsfelde 1,02 1,12 1,50 1,14 1,256 1,47 1,156 1,38 142 105 1,13 1,04 1,18
Potsdam 1,06 1,12 1,53 1,27 1,42 1,07 1,156 1,51 148 109 133 098 1,15
Braunschweig 1,11 2,81 1,06 1,16 1,256 1,11 1,24 1,37 136 1,20 1,36 1,07 1,18
Bremen 1,13 1,16 1,08 1,20 1,33 1,14 1,36 1,52 1,47 117 129 112 1,07
Chemnitz 1,14 1,28 1,71 1,54 1,70 1,14 1,44 1,70 1,72 136 1,31 124 1,29
Afyon 1,28 1,93 1,30 1,29 1,51 1,34 1,44 1,78 1,68 145 166 161 1,94
Sinop 1,46 1,69 3,10 2,74 2,03 1,38 1,79 2,48 188 166 444 145 1,56
Ankara 1,14 1,65 1,256 1,20 1,40 1,13 1,30 1,52 145 139 189 113 1,34
Bursa 1,69 1,91 1,47 1,35 1,29 1,70 1,99 1,90 1,87 137 182 129 1,34
Norderney 1,26 2,56 1,13 1,29 1,62 1,20 1,51 1,46 1,50 122 119 111 1,16
Fichtelberg 1,50 3,01 2,30 2,14 2,41 1,42 2,03 2,43 239 162 180 163 1,61
Wittenberg 1,29 3,25 1,62 1,40 1,45 1,18 1,30 1,64 164 129 132 1,21 1,17
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