@ NAWI TU

Graz Grazm

Sandro Oswald, BSc

INFLUENCES OF METEOROLOGICAL FACTORS
AND INSTRUMENTATION
ON THE ACCURACY OF SOLAR RADIATION MEASUREMENTS
IN GRAZ

MASTER’S THESIS
to achieve the university degree of
Diplom-Ingenieur

Master’s degree programme: Space Sciences and Earth from Space

submitted to

Graz University of Technology

Supervisor

Ass.-Prof. Mag. Dr. Harald Rieder

Wegener Center for Climate and Global Change and
Institute of Geophysics, Astrophysics and Meteorology (IGAM)/Institute of Physics (IP)

Graz, October 2015






AFFIDAVIT

I declare that I have authored this thesis independently, that I have not used other than the
declared sources/resources, and that I have explicitly indicated all material which has been quoted

either literally or by content from the sources used. The text document uploaded to TUGRAZonline
is identical to the present master’s thesis dissertation.

Graz,

Date Signature

I






Acknowledgment

I want especially to thank my advisor Ass.-Prof. Mag. Dr. Harald Rieder for the opportunity to
write my master thesis in his group and his mentoring and scientific advise. Through his scientific
curiosity, problem solving skills and open door policy he became an academic role model for me.

Furthermore I want to thank Mag. Helga Pietsch and Mag. Dietmar Baumgartner for their steady
support, particularly during the measurement campaign. I am grateful that they shared their
extensive knowledge on technical aspects of radiation measurements with me and for their advise
through the writing stage of this thesis.

I want to thank Ao. Univ.-Prof. Mag. Dr. Erich Mursch-Radlgruber from the Institute of Meteorology
of the University of Natural Resources and Applied Sciences (BOKU) Vienna for providing an
,all-in-one‘ meteorological observing system (WS600 UMB by Lufft GmbH) and Dr. Marc Olefs
and Dr. Martin Mair (both ZAMG) for providing essential measurement devices (two CMP 21
pyranometers, two Eigenbrodt SBL 480 housings) during the measurement campaign at ARAD
site Graz/University in January 2015.

I also want to thank the Austrian Central Institute for Meteorology and Geodynamics (ZAMG) for
providing data from TAWES site Graz/University and ARAD site Graz/University. I want to thank
the University of Graz’s Institute of Geophysics, Astrophysics and Meteorology/Institute of Physics
and Wegener Center for Climate and Global Change for workspace and support provided.

I wish to acknowledge the R-Project and Latex-Project development teams and their great work
which have been a huge help for my thesis.

Last but not least I would like to thank my parents, Sabine and Peter Oswald, and my girlfriend
Jasmin Saleh for all their support and being always by my side.






Abstract

This thesis investigates potential reasons for the observed nighttime offset between two pyranome-
ters, measuring global and diffuse solar radiation, at the Austrian RADiation monitoring network
(ARAD) site Graz/University. The two pyranometers concerned are of the same type (CMP 21 by
manufacturer Kipp&Zonen) though contained in different housings (Eigenbrodt SBL 480 and a
self-built housing manufactured by the staff of Kanzelhohe Observatory (University of Graz)). The
analysis of operational nighttime measurements of these two pyranometers indicates a constant
offset of about 2W m™2. Although nighttime pyranometer measurements are of no particular
importance for the determination of the global energy balance they are an important indicator for
instrument stability/performance according to the operational guidelines of the Baseline Surface
Radiation Network (BSRN), which are closely adopted within the ARAD framework.

Measurements of surface radiative fluxes of highest accuracy are particularly important for the
development and evaluation of satellite retrievals and climate model parametrizations. Further-
more the most recent assessment report of the Intergovernmental Panel on Climate Change (IPCC)
quantifies total anthropogenic radiative forcing for 2011 relative to 1750 with 2.29 [1.13 to 3.33]
Wm~2. This (;small‘) value indicates that high accuracy measurements of radiative fluxes are
needed to accurately determine changes in radiative forcing.

Therefore the aim of this thesis was to identify potential causes for the observed nighttime offset.
Potential causes for the observed instrument offset were hypothesized to be: (1) differences
in instrument configuration i.e., the housing systems containing the pyranometers; and (2)
external influences such as ambient meteorology (precipitation, changes in wind speed and/or
temperature).

The analysis of routine ARAD measurements along with co-located meteorological measurements
indicated a potential influence of meteorological factors on the radiation measurements. To
determine if such influence indeed occurs a series of experiments aiming to simulate meteo-
rological events, i.e., spray-test representing precipitation events and cover-tests representing
abrupt changes in wind speed, have been performed under stable ambient conditions. As the set
of preliminary experiments confirmed the hypothesis regarding the influence of meteorological
factors an extensive field campaign has been performed in January 2015 to further investigate and
quantify individual effects. Within the course of this campaign more than 60 experiments with
pyranometers contained in different housing systems and configurations were carried out.

The results of the campaign showed that the offset observed at ARAD site Graz/University can
be repeated for two pyranometers of the same type when operated in different housing systems.
In contrary pyranometers operated simultaneously in the same type of housing (and housing
configuration) showed strongly reduced offsets, indicating that operation of one uniform housing
system would be preferential for routine monitoring sites. Furthermore all experiments simulating
meteorological effects triggered instrument responses (although of different magnitude depending
on housing configuration), indicating a significant influence of ambient meteorology on instrument
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performance. The detailed comparison of pyranometers contained in different housing systems
indicated that pyranometer output agreed best among instruments contained in the Eigenbrodt
SBL 480 housing in standard configuration and the ventilated but unheated KSO housing. Given
this rather surprising result a detailed comparison of pyranometer performance throughout all
types of housing systems used within the ARAD framework as well as potential further adjustments
of the KSO housing are suggested for future work.
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Zusammenfassung

Im Rahmen dieser Masterarbeit wurden potentielle Ursachen fiir nachtliche Offsets zwischen zwei
an der Station Graz/Universitit des Austrian RADiation monitoring networks (ARAD) eingesetzter
Pyranometer, welche die Global- und Himmelsstrahlung messen, untersucht. Dabei handelt es
sich um baugleiche Instrumente (CMP 21 von Kipp&Zonen) welche jedoch mit unterschiedlichen
Heizungs- und Ventilationsgehdusen (Eigenbrodt SBL 480 bzw. Eigenbau des Observatorium
Kanzelhohe (KSO)) betrieben werden. Die Analyse der nachtlichen Messwerte zeigte einen
konstanten Offset von 2W m~2. Obwohl die Messwerte in der Nacht keine wesentlichen GroéfRen
bei der Betrachtung der Energiebilanz darstellen, gelten sie im Rahmen der Empfehlungen des
Baseline Surface Radiation Networks (BSRN), welchen ARAD folgt, als wichtige Kennwerte fiir die
Qualitat der Messungen.

Prézise Messungen der bodennahen Strahlungsfliisse sind von entscheidender Bedeutung fiir die
Entwicklung und Validierung von Satelliten Retrievals sowie der Parametrisierung von Klimamod-
ellen. Der jlingste Bericht des Weltklimarates (IPCC) weist einen anthropogenen Strahlungsantrieb
von etwa 2.3 [1.13 bis 3.33] Wm™2 fiir 2011, relativ zu 1750, aus. Dieser (kleine‘) Wert
verdeutlicht die Notwendigkeit hochgenauer Strahlungsmessungen zur exakten Bestimmung
des Strahlungsantriebs.

Aus diesem Grund war das Hauptziel dieser Masterarbeit die Identifikation méglicher Griinde
fiir den am Standort Graz auftretenden néchtlichen Pyranometer-Offset. Zwei Arbeitshypothesen
wurden verfolgt: (1) Der Offset wird durch Unterschiede im instrumentellen Aufbau (Gehausetyp)
verursacht; (2) meteorologische Einfliisse (Niederschlag, Lufttemperatur, Windgeschwindigkeit)
verursachen den Offset.

Statistische Untersuchungen der ARAD Datenreihe sowie paralleler meteorologischer Messreihen
zeigten einen moglichen Einfluss meteorologischer Grofien auf. Um diese Hypothese zu unter-
suchen wurde eine Reihe von Experimenten mit dem Ziel, meteorologische Ereignisse (Spriihver-
suche als Niederschlagssimulation, Abdeckungsversuche als Simulation sich rasch d&ndernder
Windbedingungen, Verdnderungen der Heizleistung als Simulation sich rasch dndernder Umge-
bungstemperatur) nachzubilden, durchgefiihrt. Die Auswertung der Versuchsreihen bestétigte die
Vermutung, dass meteorologische Einfliisse die Strahlungsmessung beeintréachtigen.

Um die tatsdchlichen Auswirkungen einzelner Grof3en besser quantifizieren zu konnen, wurde im
Janner 2015 eine mehrtagige Messkampagne mit mehr als 60 Versuchsreihen, in direkter Nach-
barschaft zur ARAD Station Graz/ Universitdt durchgefiihrt. Die Ergebnisse dieser Messkampagne
zeigten, dass der beobachtete Offset zwischen zwei baugleichen Pyranometern, die in unter-
schiedlichen Gehdusen betrieben werden, reproduzierbar ist. Hingegen zeigten die selben Pyra-
nometer beim Betrieb in baugleichen Gehdusen keinen nennenswerten Offset. Von diesem Ergebnis
wird die Empfehlung abgeleitet an Monitoringstationen moglichst baugleiche Systeme einzusetzen.
Des Weiteren verursachten alle Experimente, die meteorologische Einfliisse simulieren, deutliche
Signalausschldge sowohl in der Gehdusetemperatur der Pyranometer als auch im Messwert selbst.
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Dieses Ergebnis bestatigt die Vermutung eines deutlichen Einflusses der Umgebungsbedingungen
auf die Qualitat von Strahlungsmessungen. Die detaillierte Auswertung der Messkampagne zeigte,
dass die verwendeten Pyranometer, wenn sie in unterschiedlichen Gehausen betrieben werden,
die geringsten Abweichungen aufweisen wenn eine Kombination aus Eigenbrodt Geh&use in
Standardkonfiguration und ein ungeheiztes aber ventiliertes KSO Gehduse verwendet wird. Dieses
doch iiberraschende Ergebnis fiihrt zur Schlussfolgerung, dass weiterfiihrende Untersuchungen
der Pyranometerstabilitdt mit allen von ARAD eingesetzten Gehédusetypen notwendig sind. Zu-
dem werden weitere Untersuchungen sowie Entwicklungsarbeiten fiir das KSO Eigenbaugehé&use
empfohlen.
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1 Introduction and Motivation

Earth’s climate is largely determined by the global energy balance (Wild et al., 2013). Therefore
a precise knowledge of the surface energy budget, which includes the solar and terrestrial radi-
ation fluxes, is essential for understanding the Earth’s planetary circulation and climate system
(Ramanathan, 1987; Augustine and Dutton, 2013; Wild et al., 2015).

The surface radiation budget represents the absorbed energy at the Earth’s surface and is defined
by the difference of downward and upward components of short-wave and long-wave irradiance
(Augustine and Dutton, 2013). In-situ measurements of solar radiation on the Earth’s surface,
more precisely global radiation which is the sum of the direct and diffuse components, began in
the 1920s (in Sweden), but became more widespread with the advent of thermopile pyranometers
and through initiatives of the International Geophysical Year 1957/58 (Wild, 2009). Around the
turn of the century a series of studies (Dutton et al., 1991; Gilgen et al., 1998; Ohmura et al.,
1998; Stanhill and Cohen, 2001; Liepert, 2002) reported on negative trends in global radiation
based on in-situ measurements, a phenomenon commonly referred to as ,global dimming* (Wild et
al., 2005; Wild, 2009). Average trends of —6 to —9 W m~?2 between 1960-1990 have been reported
in the literature (Wild et al., 2005), but estimates vary depending on location, record length and
time period considered (Wild et al., 2013).

The growing interest of the scientific community in surface radiation trends and limitations in the
accuracy of historic records led in the early 1990s to the establishment of the Baseline Surface
Radiation Network (BSRN) under the auspices of the World Climate Research Programme (WCRP)
(Ohmura et al., 1998). BSRN sites are (and have been) equipped with instruments of highest
accuracy and to date more than 50 anchor sites are operational around the globe. Besides BSRN a
series of national monitoring networks was established at this time operating at (or close) to BSRN
standards. Data from several of these networks was used in the seminal study of Wild et al. (2005)
documenting that in the period 1990-2000 the negative trends previously observed could (over
most parts of the globe) no longer be found, and have been replace with widespread increases in
surface solar radiation since the 1980s. A phenomenon termed ,global brightening‘ by the authors.

Radiative flux estimates on global scale are available from satellite platforms since the early
1980s. Radiation trends from these long-term data sets confirm ,global dimming‘ and ,global
brightening‘ during the last decades of the 20™ century reported for in-situ records but regional
differences in magnitude, seasonality and sign have been reported (Pinker et al., 2005).

Changes in the global energy balance are of central importance to understand the Earth’s past
and future climate and changes therein. From a physical point of view, anthropogenic climate
change is first of all a perturbation of the global energy balance through changes in atmospheric
composition (Wild et al., 2013). While traditional climate variables such as temperature or
precipitation represent the atmosphere’s lagged response to climate change they reveal little about
its underlying cause. Drivers of climate change such as changes in e.g., the concentration of
(well-mixed) greenhouse gases, aerosols or cloud cover may be better reflected in surface heat



1 Introduction and Motivation

fluxes and the surface radiation budget (Augustine et al., 2005). The Intergovernmental Panel
on Climate Change (IPCC) states in its Fifth Assessment Report (AR5) that ,total radiative forcing
is positive, and has led to an uptake of energy by the climate system‘. As summarized in AR5
the largest contribution to total radiative forcing is caused by the increase in the atmospheric
concentration of CO since 1750, resulting in an estimated total anthropogenic radiative forcing
for 2011 relative to 1750 of 2.29 [1.13 to 3.33] Wm~—2 (IPCC, 2014).

Despite its central importance substantial uncertainties exist in the quantification of the different
components of the global energy balance (Wild et al., 2013). While advent in remote sensing
platforms such as e.g., the Clouds and Earth’s Radiant Energy System (CERES) (Wielicki et al.,
1996), and Solar Radiation and Climate Experiment (SORCE) (Anderson and Cahalan, 2005)
provides information on the top of the atmosphere radiative fluxes with unprecedented accuracy
(Loeb et al., 2012) much less is known about the energy distribution at the surface as surface
radiative fluxes cannot be directly measured by satellite platforms (Wild et al., 2013).

Therefore surface measurements of the solar and terrestrial radiation fluxes, of highest possible
accuracy, are needed for retrieval optimization and satellite product validation (Pinker et al., 2005;
Gupta et al., 2003; Zhang et al., 2010; Yan et al., 2011; Wang et al., 2014; Zhou et al., 2007) and
the evaluation and/or parametrization of radiative fluxes in global and regional climate models
(Wild et al., 1998; Marty et al., 2003; Kuipers Munneke et al., 2011; Freidenreich and Ramaswamy,
2011; Donner et al., 2011) and reanalysis products (Allan, 1999).

Over the last decades a series of national and international monitoring networks for solar and
terrestrial radiative fluxes has been establish supporting these efforts. In Austria the so-called
Austrian RADiation Monitoring Network (ARAD) has been established in 2010 by a consortium
of the Central Agency of Meteorology and Geodynamics (ZAMG), the University of Graz, the
University of Innsbruck, and the University of Natural Resources and Applied Sciences, Vienna
(BOKU). ARAD aims to provide long-term monitoring of radiation budget components at highest
accuracy and to capture the spatial patterns of radiation climate in Austria (Olefs et al., 2015).

To date the ARAD Network comprises one BSRN site (Sonnblick) and four additional sites (Kanzel-
hohe, Graz/University, Innsbruck/University, Wien Hohe Warte). All ARAD sites are equipped with
instrumentation according to BSRN standards (McArthur, 2005). Despite BSRN class equipment
and regular instrument maintenance radiation measurements are influenced by meteorological
conditions and instrumentation effects leading occasionally to so-called zero B offsets. Within this
thesis the influence of meteorological factors and instrumentation on the accuracy of radiation
measurements at ARAD site Graz/University is investigated, supporting the ARAD mission of
providing continuous high accuracy data on radiative fluxes for satellite/model calibration and
evaluation and climate monitoring.



2 Theoretical principles

Solar radiation is a key variable in the Earth’s climate system. In physical terms radiation can be
described as an electrodynamic process which has two forms: electromagnetic waves and particles.
In this thesis the focus lies on the electromagnatic waves and resulting flux.

The main radiative flux ® in the Earth’s atmosphere stems from the sun, its energy bulk Eg.4 [J]
per time ¢ [s] is

ESolar

o = [Js~' = W] (2.1)

Considering the solar flux received on an area A [m?] in an distance d from the sun, yields the
solar irradiance

FSolar = (22)

|

In case of the Earth d = 1 astronomical unit (AU) ~ 150 - 10° m and the solar flux per unit area is
commonly referred to as the solar constant

® 3.85-10°W

SOZZ_ 47 AU?

= 1368 Wm ™2 (2.3)
(Hantel, 2013).

In reality Sy is not a constant as it is influenced by several varying factors such as e.g. the motion
around the sun based on the orbital eccentricity ¢, = 0.0167 of the Earth and the eleven-year sun
cycle (sunspot cycle). Considering the extreme values of the distance between Sun and Earth
(perihelion in January with 1413W m~2, aphelion in July with 1321 Wm~?2), one sees that Sy
varies by about 3.3% (Kraus, 2004).

Another important scientific parameter is the radiance L [W m~2 sr~—!]. This quantity does not
only consider the radiation flux per area, but also the solid angle w which has the unit steradian
[sr]. The whole solid angle of a sphere gives 4 srt, so the upper half space amounts 27 sr. Thus
radiance is given by:

P
Y
The big advantage of L is independence of the geometry, as it is solely a property of the radiation
source because if one nears the radiation source, irradiance F' increases but L does not. Further
the differential form of the solid angle dw can be expressed with the proportion of the considered
differential area dA and the radius r or with the azimuth ¢ and the altitude angle (commonly
referred to as zenith angle) ¢:

(2.4)

/

dA
dw = 2

= sind dd dy (2.5)
(Hantel, 2013).
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2.1 Radiation laws

The following paragraphs provide a summary of important radiation laws.

2.1.1 Lambert’s cosine law

The physical law describing the connection between the radiation flux ® and the radiance L is
named after the physicist Johann Heinrich Lambert (Darmstaedter, 1908). Figure 2.1 shows the
radiation source dA’ in a distance r to the radiation receiver dA. If one considers the angle ¥
between r and the lot of the upper half space one yields the following proportions:

d® < dA’ d® < dA d®  costy dP oc 2 (2.6)

/ 9 r .\

dA

Figure 2.1: The area dA’ transmits radiation to the ground area dA under the altitude angle ¥. The distance
between dA’ and dA is the vector r. The semicircle symbolises the upper half space. Source: (Hantel, 2013)

The first two proportions in Eq. 2.6 state that, the larger the area dA or dA’ is, the larger the
receiving radiation flux d® is. The third proportion illustrates the dependency of the radiation
intensity on the entry angle, and the last proportion gives the decrease in intensity with the square
of the distance. All four together result in Lambert’s cosine law:

/

d® = L dA cost dA

r2

2.7)

Here L is a proportional constant and the factor dr—‘;‘/ is the differential solid angle dw from Eq. 2.5.

From the definition of the irradiance dF' = % (Eq. 2.2) and the integral of the azimuth ¢ and the
altitude angle 1, the irradiance can be calculated as

P2 Y2
F://L(go,ﬁ) cos? sind dv de 2.8

(Hantel, 2013).
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2.1.2 Application of Lambert’s cosine law

There are two simple but realistic examples for the calculation of the irradiance F' from Eq. 2.8:
(1) the isotropic radiation from the upper half space and (2) the parallel radiation (Hantel, 2013).

Case 1: Isotropic radiation from the upper half space

Isotropic radiation from the upper half space is also called diffuse sky radiation because if the
sky is full of clouds or high fog there is no appreciable lightness source, so the radiance L can
be moved in front of the integral. The azimuth and the altitude angles can be defined by a half
sphere:

2 2
Fiso = Liso / / cost sind d¢ d (2.9)
p=09=0

with the simple integration of dp and a substitution of d(sin?) = cos) d¥, one yields
sind(9=73)
Fioo = 27 Ligo / sind d(sind) = wLjs (2.10)
sind(9=0)

so the radiance L;,, differs only by the factor 7 from the irradiance F;,, considering an isotropic
upper half space radiator (Hantel, 2013).

Case 2: Parallel radiator

In the case of a parallel radiator the rays of the sun can be considered under a very small solid
angle, which can be calculated by an finite difference with

2
Aw = L;FUO?T (2.11)

where rg,q,- is the radius of the Sun. Because of the Earth’s large distance to the Sun, ¢ is
approximately constant and Eq. 2.8 (Eq. 2.5 introduced) reads

F = /Lcosﬁdw = L cost Aw (2.12)

If the Sun is in zenith (cos® = 1), another form of expression for the solar constant results

SO = LSolar Aw (213)

where Lg,, is the radiance of the sun. From this simple equation, a unique formula can be
derived for planets in our solar system. Lg,,, is only a property of the sun, it doesn’t matter how
far away the radiated object is. Eq. 2.3 gives the final result with

S AU?
Aw 41 AU? Wr%olm

Lsotar = ~2-10"Wm2 (2.19)

(Hantel, 2013).



2 Theoretical principles

2.1.3 Planck’s law

For statements about the spectral distribution of the transmitted radiation, more specifically a
black-body radiation, Planck’s law has to be considered.

A black body is a body which absorbs all received radiation, so it neither reflects nor transmits.
Furthermore a black body emits at a given temperature at all wavelengths the maximum of the
possible radiance; i.e. L turns into B when considering a black body (Kraus, 2004).

Various scientists including Baron Rayleigh, Sir James Jeans and Wilhelm Wien tried to find
an analytic function of the spectral radiance By()\,7) [Wm~2nm~!sr—!] of a black body as a
function of wavelength A [m] and temperature 7' [K].

In the year 1900, Max Planck achieved such formulation making the assumption that the radiation
energy is quantised and that there exists a quantum of action of finite size. The formulation of
Planck’s law in dependence of wavelength is

2
BTy = 2BAT) _ 2he (2.15)
O\ )\5(6kBAT _ 1)

whereby

h = 6.62612 - 10~3* J s is Planck’s constant,

c=2.99792 - 10 ms~2 is the speed of light and,

kp = 1.38065 - 10723 JK~! is the Boltzmann constant (Kraus, 2004).

In plain terms B) (A, T) is the energy of unpolarised radiation which a black body transmits in
normal direction per unit time, area, solid angle and wavelength. If the radiation is polarised, it
would only be half (Kraus, 2004).

Figure 2.2 shows Planck’s law as a function of the wavelength )\ for specific temperatures in a
linear coherence. One can see that the magnitudes are too different and an optimal settlement is
not found. However, if a logarithmic scale is used, a linear relationship between the maxima for
individual temperatures does exist.
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Spectral radiance as a function of wavelength (linear scale)
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Figure 2.2: The spectral radiance of a black body as a function of wavelength for different temperatures in linear
(top) and double-logarithmic scale (bottom). The grey dashed line connects maximum. Note: Scales of x and y axis
differ between panels. Computed following Eq. 2.15.



2 Theoretical principles

2.1.4 Stefan-Boltzmann law

The Stefan-Boltzmann law is one of the most prominent laws in physics. It states that the irradiance
of a body depends only on the fourth power of its temperature. The integration of Planck’s law
over the wavelength \ and the solid angle w yields the radiation flux which a black body transmits
to the upper half space (Kraus, 2004).

Eqg. 2.15 will get into Eq. 2.8 and looks like

2r / oo

F(T) = / ( / B\, T)d)\> cost) dw (2.16)
w=0 \\=0

As shown in subsection 2.1.2 the spectral radiance B), transmits radiation isotropic, as the radiance

L;so, thus Eq. 2.16 can be rearranged to

1 2

hc
Al A°(eFBT —1) Lt

The second term in Eq. 2.10 was already solved; thus the first solution yields F(T') = B(\,T) 7
(Hantel, 2013).

by 2hc? g
F(T) = / )\5—d)\ / /cosﬁsim?dﬁdgo (2.17)

The first term in Eq. 2.17 is an improper integral and can only be solved by substitution

he dx he kT

_ = dh=-)\22" 4 2.18
YT XesT T dx | Nkl he °° (2.18)
Substituting and using the conversion of \ = xlgﬁ, yields
7 xkgT13 2ckpgT 7 271'1{:4BT4 a3
F(T) = = d 2.1
() /0 he e —1 . h3c? e —1| ¢ (2.19)

The first term can be brought in front of the integral and applying the solution for the improper
integral [%] from a table, yields

2wk} 424 om0k

F(T) = =
(T) c2h3 15  15¢2h3

=0

(2.20)

The variable ¢ in front of 7% is a constant, named after the two physicists Josef Stefan and
Ludwig Boltzmann, with the value 5.67 - 1078 W m~2 K%, leading to the well-known form of
Stefan-Boltzmann law

F(T)=B(T)r=0T" (2.21)
(Kraus, 2004).



2.2 Interaction of radiation and matter

2.1.5 Kirchhoff’s law of thermal radiation

The previous sections have focused on the physical concept of a black body and its received and/or
transmitted radiation.

However, real bodies differ from the idealistic concept of a black body and have further interactions
with radiation like reflection and/or scattering. In other words such bodies have an emissivity
of 0 < ¢(A\) < 1. Hence, the radiance of these random bodies will be denote as L,(A,T") and the
emissivity can be defined by

L)\ emitted(Ay T)
)\ — )
W= TE T
Thus Kirchhoff’s law describes the coherence of emissivity and absorptivity a(\), which reads
L)\ absorbed()\v T)
a(A) = :
( ) L)\7incoming()\a T)

under the assumption of a thermal equilibrium in the body or medium. In contrary if the body
temperatures would be in- or decreasing, one can set Ly emitted(N, T) = L absorbed(A, T') and
retain:

(2.22)

(2.23)

e(N)BA(N,T) = a(A) L incoming(A, T) (2.24)

In radiative balance the received radiation of the real body L jncoming(A, T') is equal to the emitted
radiation of the black body, so from Eq. 2.24 one yields Kirchhoff’s law

e(A)BAN,T) = a(N)BA(N, T) = e(A) = a(N) (2.25)

which states that every body emits the same part of black-body radiation which he absorbs for a
given wavelength and a given temperature. Especially a black body emits and absorbs a maximum
of radiation at every wavelength if ¢(\) = a(\) = 1 (Hantel, 2013).

2.2 Interaction of radiation and matter

As the concept of a black body, outlined in the previous section, describes only radiative interactions
at the surface of a medium, the following section extends considerations to the interaction of
radiation as it passes through a medium, e.g., air (Zmarsly et al., 2002).

In this respect it is important to distinguish between absorption, scattering, transmission and
reflection if radiation impinges on matter. Absorption and scattering together are referred to as
extinction.

In general

a(A) +o\) +Th =1 (2.26)

whereby a()\) = absorptivity, o(\) =reflectivity and 7) = transmittance and all three terms are
dimensionless (Zmarsly et al., 2002).



2 Theoretical principles

2.2.1 Extinction

Extinction is the selective weakening of a radiation flux in a medium like the atmosphere, which
composes of absorbtion and scattering (Zmarsly et al., 2002). The word selective means that the
weakening depends on the wavelength of the radiation. As shown in Figure 2.3 the direction of
the radiation has to be considered. Before entering a medium the spectral radiance is referred to
as L and after it is transmitted as L{!. Mathematically this yields

L3 =15 +dL, (2.27)

where dL, is the extinction, which is negative; and one can set the following proportions:

dL, x ds dLy < p dLy o< —L{ (2.28)

The first proportion states that the longer the way ds [m] through a medium, the stronger is the
extinction. The second proportion describes the decrease of radiance dependent on the density of
particles p [kg m—3] in a medium and the third proportion states that the more radiance enters a
medium, the more can be extinct.

With no radiance source inside the medium (dL), < 0) and by using a proportional constant k, one
yields

dLy = —Li k(\) pds (2.29)

where the proportional constant k is the mass-specific extinction coefficient and has the unit
[m? kg~!'] (Hantel, 2013).

Figure 2.3: Extinction of the spectral radiance L in I

a medium (grey rectangle) with the density p and the
mass-specific extinction coefficient k. Source: (Hantel,

2013) p Kk

To obtain the radiance after passing through the medium L{! = L,(s), one has to integrate
Eq. 2.29 considering that the density is constant in the whole medium (p # p(s)), which yields

Lx(s)

drL r
| SE= ke [as (2.30)
Las=0) 0

where L) (s = 0) is the radiation flux before entering the medium. The solution of the integral
yields

In Tlac )~ —k(A) p(s—0) (2.31)

10



2.2 Interaction of radiation and matter

Reformulation of Eq. 2.31 yields the Bouger-Lambert-Beer law

Lx(s) = L(s = 0) e *#Vps (2.32)

where the term in the exponential is the optical depth 7()\,s) = k(\)ps. As extinction already
begins at the top of the atmosphere (TOA) some important proportions are given below (Hantel,
2013).

Absorption

If absorption (in the medium) takes place the intensity of the radiation will mitigate and the
energy is transformed into heat. If Eq. 2.29 is used only for absorption, the mass-specific extinction
coefficient turns into the absorption cross section o, [cm?] and the concentration of particles
n [em~3] hence has the same unit as the product k())p, yielding

dLy = —Lino,ds (2.33)

(Petty, 2006).

Scattering

Scattering is another form of interaction between radiation and matter. When an atom absorbs
energy from the incoming radiation, the electron jumps into a larger orbit and reaches a higher
energy state. Subsequently radiation will be emitted in all directions and the electron collapses
back into its inertial state.

The scattering strength and scattering direction depend on the diameter of the particle dp and the
wavelength A. Commonly two cases, named after the physicists Lord Rayleigh and Gustav Mie, are
considered (Kraus, 2004):

* dp < A: Assuming that the wavelength of the radiation is much bigger than the diameter of
a particle, Rayleigh scattering occurs:

Oscat 0 A4 (2.34)
Rayleigh theory states that the smaller the particles the more scattering occurs.
* dp > X: If particles have equal or similar size as the wavelength like e.g. dust particles or

aerosols, Mie scattering occurs:

Oscat X A3 (2.35)

Mie theory states that the dependence on the wavelength A of the scattering radiance is very
small, on average —1.3 but values between —0.5 and —3.0 are possible in real environments.

11



2 Theoretical principles

2.2.2 Reflection

Reflection is the discontinuous alteration of the propagation direction of waves when contacting
boundary layers. There are two extreme cases, (1) mirroring reflection at a smooth and (2) diffuse
reflection at a very abrasive surface (Zmarsly et al., 2002). The reflectivity is dependent on the
wavelength thus one yields

L)\ reflected(Aa T)
3) = 2N (2.36)
Q( ) L)\,incoming()HT)
In case of a black body the reflectivity would be 0. In case of the Earth a variety of surfaces
with different kinds of reflectivity need to be considered. Experience has shown that the use of a
planetary albedo a (reflectivity for visible light) is useful for practical applications, which has the
value 0.3. (Zmarsly et al., 2002).

2.2.3 Transmission

The part of the incoming radiation which hasn’t been absorbed or scattered by a medium and
wouldn’t reflect at a boundary layer, passes through the medium or transmits. This process can be
described with the transmittance from Eq. 2.26 and is wavelength dependent:

. L)\,transmitted()\aT) o L)\(8>

Ty = = 2.3
A L/\,incoming()\a T) L)\(S = 0) ( 7)
By using Eq. 2.32, the expression above turns into
Ty = e ") (2.38)

(Petty, 2006).

2.3 Radiative transfer equation

The radiative transfer equation (RTE) combines transmission and emission in one equation. As
basis conduces the differential form of the Bouger-Lambert-Beer law.

ALy = (Jy — Ly) dr (2.39)

The term J, in Eq. 2.39 denotes the source function, describing the intensification of radiation in
a medium with varying density. In outer space p, Jy and hence 7 would be zero, thus eventually
dL, = 0, which states that the spectral radiance of the Sun and of all other stars is constant.
If one considers a medium without any radiation source but with varying density, one yields a
modification of the Bouger-Lambert-Beer law:

LX(TQ) So
/ d[{-/)\ = _k()\) /p(8> dS =T2 —T1 = L/\(TQ) = L)\(Tl) e_(TQ_Tl) (240)
A
Lx(71) 81

where the term e~ (™~71) describes the transmission after passing through the medium
(Hantel, 2013).

12



2.4 Radiation balance

Applying Eq. 2.39 in the case of J) # 0 and multiplying with e” yields:

e (dLy + Ly dr) =¢€" Jy dr (2.41)

Using the product rule and the fact that e” d7 = d(e”), one can rewrite the formula above, yielding

d(e" Ly) = Jxd(e") (2.42)
Now integration with the limits 7 until 7 yields
=7
€ Ly(m) —e™ Ly(m) = / I (7)) e dr’ (2.43)
=T
Transformation of Eq. 2.43 yields the general solution of the radiative transfer equation:
T'=T2
Ly(m2) = Lx(11) e (2=m) 4 / Ja(7) e~ (=) 47/ (2.44)
/=71

where J)(7') is considered inside the integral because radiation can be created in the medium
(Hantel, 2013).

2.4 Radiation balance

Within this section the entire radiation flux which comes from the Sun to the Earth is considered.
Parts of this flux are reflected and emitted from Earth into space, resulting in the radiative
equilibrium temperature of the Earth T (Hantel, 2013).

If the Sun is considered a black body, the radiation equilibrium temperature 7’s,,,,- can be calculated
from Eq. 2.21:

3.85-10%6W

5 =633-100Wm 2 =0T ,,, = TSoar = 5780K (2.45)
47Tr5’olar

FSolar =

To get the radiative equilibrium temperature of the Earth, one has to equal the incoming ®,,, and
the outgoing radiative flux ®,,;. ®;, can be calculated with the solar constant Sy, the albedo a
and the fact that the Sun radiates only the cross section area of the Earth, i.e. a fourth of the whole
surface area:

i = So(1 — a)wrs, (2.46)
where rg is the Earth’s radius (Hantel, 2013).

Now the Stefan Boltzmann law can be used to determine the outgoing radiation of the Earth

Doyt = 471'7"1250Té (2.47)

13



2 Theoretical principles

Egs. 2.46 and 2.47 need to equal as otherwise the Earth would cool or warm

So(1—a) =40T% (2.48)
Transformation for T yields
1368 Wm—2
Ty = |, 1-0.3)=255K=—18°C 2.49
F \/4 567 10SWmZK T ) (2.49)

It is obvious that Tz depends only on the distance to the radiative source. At first glance T = 18°C
seems too low (considering the Earth’s surface temperature 7 as reference), but in fact it accurately
represents the average temperature in the middle troposphere (Hantel, 2013).

2.4.1 Greenhouse effect

To understand the Earth’s temperature one needs to consider the greenhouse effect. As shown
in Figure 2.4 T represents the temperature of the boundary layer below, the Earth’s surface will
equal a black-body radiator and its emission ¢ = 1. The upper layer is the atmosphere and is
considered entirely transparent for solar irradiance (Hantel, 2013).

A

4
Atmosphere oTe

Figure 2.4: The atmosphere and the
Earth’s surface should be two in-
finitely thin areas (for illustrative pur-
poses they are drawn extensive) and S, X(1-a) oT? TS
can’t save any form of physical en-
ergy. The variables T and Ts be-
sides represent their temperatures.
In analogy to (Hantel, 2013, p. 21).

Ts

Earth's surface

From the radiative fluxes illustrated in Figure 2.4 the two following balances can be inferred:

Balance atmosphere: an = 20T§ (2.50)

S
Balance Earth’s surface: Zo(l —a)+oTg =oT? (2.51)

14



2.4 Radiation balance

Together they yield
1 —
T, = 4 M (2.52)
20
and in analogy with Eq. 2.48
T, = V2 Tp ~ 303K ~ 30°C (2.53)

(Hantel, 2013).
This model yields a much higher temperature than expected from day to day experience. From a
physical perspective an important term, the emissivity of the Earth, emissivity is missing in the

considerations above.

Considering this emissivity one can rewrite Egs. 2.50 and 2.51 with emissivity 0 < ¢ < 1

Balance atmosphere: eoTt = 2e0Th (2.54)

S
Balance Earth’s surface: Zo(l —a)+eoTh = oT? (2.55)

Transformation yields

(2.56)

[ 1
T, =vV2Tg { 5 (2.57)

¢ is initially unknown for the Earth’s surface but 7, can be measured and considering the global
average temperature of 15 °C yields an emissivity ¢ ~ 0.77 (Kraus, 2004).

with Eq. 2.48
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2 Theoretical principles

2.5 Components of radiation

The next two sections consider the most important variables in radiation physics for this master
thesis: the components of vertical radiative fluxes and their measurement principles.

The vertical radiative fluxes can be described for a multi-layered atmosphere by considering the
up- and downward directed short-wave solar radiation Fj, (sw stands for short-wave), and up-
and downward long-wave radiation Fj,, (Iw stands for long-wave):

Foy = FY, + F1, (2.58)
_ 0
Ew - F‘lw + F‘lw (259)
where
F} = downwelling short-wave radiation transmitted through the air
Fjw = upwelling reflected short wave (solar) radiation
Flfu = long-wave diffuse IR radiation downward directed and
FZIU = long-wave IR radiation emitted (upward directed) (Stull, 1988).

Together all four components give the net radiative flux
Fy = F}, + Fl, + Fyy, + FJ, (2.60)

By definition the upward fluxes are negative, while the downward fluxes are positive because
these contribute a positive value to the radiation balance. Each of these terms represents the sum
of direct and diffuse radiation components crossing a locally horizontal plane at the surface (Stull,
1988).

2.5.1 Short-wave radiation

Initially one considers the incoming short-wave radiation from the Sun, in other words the direct
solar radiation, which depends on the following variables (Stull, 1988):

* Solar constant Sy

* Angle of entry ¥ [rad] of the Sun, which depends on:
- Geographic latitude ¢, [rad]
- Geographic longitude ), [rad]
- Time of day ¢; [h]

Season of the year, realised through the declination angle g, [rad] of the Sun above
the equator, which depends on the current day d, [#] of the year

16



2.5 Components of radiation

* Transmittance Ty of the atmosphere, which depends on:
- Angle of entry ¥

- Cloud coverage (high, middle and low) height o, 0, and o,
The individual variables are discussed in detail in the following paragraphs.

The declination angle 5., can be calculated by the latitude of the Tropic of Cancer (23.45 ° =
0.409 radians), the day of the summer solstice (= 173) and the day of the year (e.g. June 19 =
day 170) divided by the sidereal year:

d, — 173
8501ar = 0.409 . 2.61
Sol €08 ( "7365.25 ) (2.61)
The calculation of the local angle of entry is a geometric consideration resulting in
. . . iy
sin¥ = sinp sindgepqr — COSY COSOSolar COS (12 — A) (2.62)

Burridge and Gadd (Burridge, 1974) developed a parametrisation for the transmittance which
includes the specific values for different cloud heights

Ty = (0.6 +0.2sin0) - (1 —0.404,) - (1—0.70¢,) (1—0.404) (2.63)

If the Sun is directly in the zenith and the sky is cloud-free, Ty would be 0.8. In the same case but
with clouds (in all three layers), Ty would be approximately a factor 10 smaller (Stull, 1988).

The equation for short-wave radiation can be separated in two cases dependent on the angle of
entry:
Fiw = SoTw(V(p, A, d50tar(dy)s th), Ocys Teys 0 ) SIN W (@, A, O501ar (dy), tp)  sin¥ >0 (2.64)

F: =0 sin¥ <0 (2.65)

where the case sin ¥ < 0 represents nighttime conditions (Stull, 1988).

Finally the outgoing short-wave radiation can be easily calculated if FY, is known, as it depends
only on the albedo a (which is highly variable 0.95 over fresh snow and 0.1 over coniferous forest)

Fl = —aF¥, (2.66)
(Stull, 1988).

2.5.2 Long-wave radiation

As described in section 2.4.1 the outgoing long-wave radiation can be described with the Stefan-
Boltzmann law. With the negative sign and with the emissivity ¢ one yields

Fl = —eoT? (2.67)

The downward long-wave radiation is much more difficult to calculate because one has to integrate
the equations for radiative flux divergence (Stull, 1988).
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2 Theoretical principles

Angstrom developed a simple model for the counter-radiation based on empirical datasets and
showed that Ffw depends on the partial pressure of water vapour e [kgm~' s72 = 1 pascal (Pa)]
and air temperature 7,

Fr = 10.804 — 0.236 - 107%952%¢| 57! (2.68)
(Liljequist and Cehak, 1984).

A simpler way to derive Fj,, is the combination of outgoing and incoming long-wave radiation in
one formula which depends only on cloud coverage at different heights. Using a baseline value of
—100 W m~? one yields

Fry=—100Wm ™2 (1—0.604; —0.304, —0.10,) (2.69)

This leads to two extreme cases (Stull, 1988):

® Ou = Ocy = 0¢ = 0; which means that there are no clouds and £}, is at its minimum
—100Wm™2.

® Ou = Oy = 0q = 1; which means complete cloud coverage and Fj,, is at its maximum
OWm~2.

2.5.3 Components of radiation at ARAD site Graz/University

Figure 2.5 shows calculated surface radiation budget components (F , F}. | Fj,, and Fy) at ARAD
site Graz/University (47° 04' 41.5" N, 15° 26' 55.0" E) on the 19" of June 2015.

Surface radiation budget with partly cloud cover

700 T T
—_F
sw
600 Fiw H
F
w
500 Fo L
400+ q
300 al
&
E
2 00} y
w
100 .
0
-100[
-200 n
| | |
00:00 06:00 12:00 18:00 00:00
Time [UTC]

Figure 2.5: Calculated surface radiation budget components at ARAD site Graz/University for 2015-06-19. In the
morning only few clouds are present, while in the early afternoon convective clouds emerge and reduce the incoming
short-wave radiation. Calculations performed following Egs. 2.60, 2.64, 2.66 and 2.69.
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2.6 Measurements of global and diffuse radiation

2.5.4 Global and diffuse radiation

Finally it is useful to have a mathematical expression for the global radiation (GLO) and the
incoming diffuse radiation (HIM). GLO is the sum of the direct solar radiation Fjw and HIM
GLO = Sy Ty sin ¥ + HIM (2.70)
To obtain the diffuse radiation one must introduce two absorption coefficients, one for water
vapour 7, = 0.07 and one for ozone 7, = 0.02.
HIM = 0.5 - (1 — 0.07 — 0.02) Sosin ¥ — F¥, (2.71)

The factor 0.5 in Eq. 2.71 implies that half of the incoming diffuse radiation scatters to the Earth’s
surface and the other half scatters back to space (Williams et al., 1972).

2.6 Measurements of global and diffuse radiation

The following section describes the measurement principle used for observations in state-of-the
art meteorological surface networks. Other methods such as caloric, chemical or remote sensing
techniques are not discussed here as they are not central to this master thesis.

The focus lies on the radiative fluxes described in section 2.5 which impinge on a horizontal area.
All these fluxes refer to the upper half space (27 sr) and can be measured as outlined below.
Figure 2.6 shows a sketch of a pyranometer, the standard meteorological device to measure GLO
from ground (Kraus, 2004).

Outer glassdome

Inner glassdome

Black receiving area
(Sensing element)

Thermalbattery

Compensation
element T o —

//////
7 7 7
//////////////

Figure 2.6: Cross-section of a pyranometer. The radiative flux passes through the outer and the inner glass-dome
and impinge the sensing element. The orange rectangle represents the thermal battery, the dashed area symbolises
the ,cold’ junction. A more detailed illustration is shown in chapter 3.2.1. In analogy to (Kraus, 2004, p. 133).
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2 Theoretical principles

First a pyranometer with only one glass-dome is considered (note: the more complicated two
glass-dome pyranometer is described further below). The incoming short-wave radiation passes
the glass-dome and impinges the black receiving area which is called sensing element or ,ac-
tive‘ junction. The thermal battery is directly below this sensing element and has a large number
of thermocouple junctions connected electrically in series. Finally it’s connected with a thermal
sluggish compensation element, referred to as ,cold junction. Now the energy balance of the
receiving area in the glass-dome must be considered:

Fy—Fg—Fs—F,=0 (2.72)

where F; = ground heat flux, Fs = sensible heat flux and F; = latent heat flux, which are
detailed in section 2.9 (Kraus, 2004).

As the receiving area is assumed dry, the latent heat flux F, of the water vapour can be set zero.
For Fy one can use Eq. 2.60 and subsequent equations (where RA stands for receiving area):

F pa = GLO = Sy Ty sin ¥ + HIM (2.73)

)

Eq. 2.73 describes the measurement of the whole radiative flux coming from 27 sr.

Fl,pa=0 (2.74)

sw

Fgw R4 can be set zero because a black body has no reflectivity in an ideal case.

it ga = —0Tha (2.75)

Eq. 2.75 represents Kirchhoff’s law (¢(\) = a(A) = 1), so the receiving area emits entirely
long-wave radiation.

Firypa =0T} (2.76)

For simplification the glass-dome is considered as a black body for infrared radiation (the index d
marks the glass-dome) (Kraus, 2004).

Finally one yields the equation for the net radiation Fly inside the glass-dome

Fn = Fayra —0Tps + 0T} (2.77)

Now F and Fs must be described with two coefficients which represent the proportion between
the heat flux and the thermodynamic force for this flux, i.e. a temperature difference AT

Fs

Qg — m (2.78)
Fa
=—-— (2.79)
’ Tra —1Tc

where « is the heat transfer coefficient between the receiving area (RA) and the air (a) inside the
dome, § is the heat transfer coefficient between the receiving area and the compensation element
(@). Introducing both equations and Eq. 2.77 in Eq. 2.72 yields

Fowra — 0Tpa +0T) — ao(Tra —To) — B(Tra —Tc) =0 (2.80)
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2.7 Fundamental meteorological properties

If the temperatures and both coefficients are known, Fy,, r4 can be calculated (Kraus, 2004).

A simpler way to obtain Fj, r4 is to include a second glass-dome (inner) in the pyranometer (see
Figure 2.6). After this modification the heat transfer between the black receiving area and the
dome will be minimized and the long-wave radiative fluxes can be set equal —oT4, = 0T} (Kraus,
2004).

Additionally the turbulent air flow is approximately zero and Fs disappears. Thus in Eq. 2.80 only
one term remains and it simplifies to

Fowra = B(Tra —Tc) = f U (2.81)

U =¢(Tra — T¢) is valid, when the measured voltage U of the thermal battery depends directly
on the thermoelectric power <. In plain terms the whole solar radiation from the upper half space
can be derived solely from the temperature difference between the ,active‘ and ,cold‘ junction;
consequently the voltage U. The factor g has the unit (W m~2) V~! and is determined directly at
the gauging (Kraus, 2004).

But Fjw ra in Eq. 2.73 has a second term, the incoming diffuse radiation HIM, which can be directly
measured with a simple modification to the observational system. A small sphere, mounted with
the instrument on an electric powered sun tracker, intercepts the direct solar radiation and allows
that only diffuse radiation is measured. This small black sphere has to cover the pyranometer s
glass-dome completely and throughout whole day, which is achieved by the sun tracker following
the Sun s position (Kipp&Zonen, 2010).

2.7 Fundamental meteorological properties

In this section some physical base items or properties are presented which are important in the
context of this thesis due to their influence on radiation measurements. Properties are items which
describe the current condition for every position in space in coordinates z, y and z and for every
temporal moment ¢ of a physical system. In atmospheric sciences properties like temperature 7,
pressure p or relative humidity RH can be described as a field which depends of space and time,
e.g., T =T(x,y,z,t) (Kraus, 2004).

2.7.1 Pressure

Before the pressure of a medium can be defined, one has to look at the mass M [kg] (physical
perspective) and the amount of substance M* [mol] (chemical perspective). The combination of
both yields the molar mass m* [kg mol~'] (= mass of the amount of a substance of one mol)

M =m*M* (2.82)

m* is constant for every single substance like oxygen myg,, = 32kg kmol~!, but differs for a mixture
of gases (Hantel, 2013).
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2 Theoretical principles

A further important parameter is the Avogadro constant N4 when expressing the amount of a
substance through the number of particles N
N =Ny M* (2.83)

N4 has the value of 6.022 - 10?3 mol~! and is constant for all substances (Hantel, 2013).

Now the pressure p [Pa] can be defined by the force F4 [N] acting normally on an area A
P="y

A force is the product of a mass and a gravitational acceleration g [m s~2]. Mass is the product of

density p; and the volume V. [m?], so Eq. 2.84 can be reformulated to

(2.84)

Mg piVeg  pilAg

A A A
Next one has to consider a volume with different gases, all having individual partial pressures
p;. The whole mass of a group of molecules can be expressed as the product of the number of
particles and the mass m of a single molecule

M=Nm (2.86)

One particle of a given gas has a velocity v [m s~'] and travels a certain way s in a certain time
t. Figure 2.7 illustrates these velocities and shows a cube with the side-length L,,,. The number
of particles AN which arrive at the cubes wall within time ¢ (under the assumption that every
particle can travel in six directions; positive and negative z, y and z), one yields

AN 1ot
- - (2.87)
N 6 Ly,
V2
Figure 2.7: Conceptional model for partial pres- /
sure p; with the mass m;, the side-length L,,, and Va my
an area A of a cube. Every particle has its own A
velocity v; and moves along the six directions Lm o—mV,
parallel to the side edge. Source: (Hantel, 2013) m m,
3
LH’I
LH’I
Every collision of a particle with a wall transfers momentum I to the wall
Al =2mwv (2.88)

The factor 2 in Eq. 2.88 illustrates that the wall obtains momentum from the particle; but returns
the same momentum back to the particle (Hantel, 2013).
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2.8 Ideal gas law

The increasing momentum of colliding particles can be expressed as an impulse (force times time)

AN AI = Fyt (2.89)
which introduced in Eq. 2.84 yields
Fr ANAI
= — = 2- 0
P="4 = 4z (2.90)
Now, AN can be replaced by transformation of Eq. 2.87 and A7 by Eq. 2.88, yielding
1 vtN 2mv 1 mv®N
P=% L., At 3 V. (2.91)
With n = {F, Eq. 2.91 can be transformed to
mUQTll
p= 3 (2.92)

which states that pressure: (1) depends on the concentration of particles n; (2) is proportional to
the square of the velocity; (3) can only exist with moving particles (Hantel, 2013).

Figure 2.7 shows more than one kind of molecule with the index i. All these molecules contribute
a partial pressure and the sum yields Dalton’s law:

p=_pi (2.93)

(Hantel, 2013). Thus the partial pressure of any single component of a mixture of an ideal gas is
independent of the existence of other molecules (Kraus, 2004).

2.7.2 Temperature

Temperature 7' [K] is understood as kinetic energy of a molecule. In this context one can define
the principle of thermodynamic equilibrium. In thermodynamic equilibrium the kinetic energy mT“z
is equal for every molecule and the temperature is defined by:

1
§kBT = —mo?

5 5 (2.94)

(Hantel, 2013).

2.8 Ideal gas law

All gases without molecule interactions can be described by a single equation of state, where
Eq. 2.94 combined with Eq. 2.92 yields a product of temperature, concentration of particles and
the Boltzmann constant, commonly referred to as the ideal gas equation:

p=nksT (2.95)
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2 Theoretical principles

This equation can be easily transformed in a universal gas equation according to Avogadro’s
hypothesis (equal volumes contain equal numbers of molecules at the same temperature and
pressure) and yields multiplied with %—2

M*

R*
N N —/— .k
p=—kgT = pVe=— kpNaT =M"R*T (2.96)
Ve Na

where R* is the universal gas constant of 8.31J mol~! K~! (Hantel, 2013).

If one divides the equation above through the volume V, and introduces the amount concentration

p* =4, one yields

p=p*R*'T (2.97)

The universal gas constant can be used for any specific gas and can be written as the expression of
mass/amount of substance (Eq. 2.82)

R*
m*
(Hantel, 2013). The specific gas constant for dry air with its molar mass m}, is expressed as

R=

=  p=pRT (2.98)

R 83144Jmol 'K!

— =287Jkg 'K! (2.99)
my  28.965- 103 kg mol ! 8

Ry

(Kraus, 2004).

2.8.1 Humidity

Dalton’s law can be used to introduce the partial pressure of the water vapour e. Taking the sum of
the partial pressures of dry air p; and water vapour e yields

p=)Y pi=pate (2.100)

Water vapour is independent of other components in the gas and has its own ideal gas equation:

e=pyRyT (2.101)
where p, is the density of water vapour and R, = % is the specific gas constant of water vapour

with m} = 18.016 - 103 kg mol~! (Kraus, 2004).

Specific humidity

The specific humidity ¢ [kgkg~'] expressed as proportion of the densities of water vapour and
whole moist air (i.e., the sum of densities of dry and moist air; p = pg + p.):

g="20 - P (2.102)
p Pd + Po
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2.9 Energy balance

Reformulation of Eq. 2.100 and introducing it with Eq. 2.101 and in Eq. 2.102 yields

e
R e e e
R T d
= —r—=— ——— =0.622 —— ~ 0.622 — (2.103)
1 7gd; +57 Bop—-(1- %)e p—0.378¢ P

This formulation can be achieved as 0.378e¢ is always much smaller than p (Kraus, 2004).

Relative humidity

The partial pressure of water vapour has a ceiling which is called the saturation vapour pressure
es which depends only on air temperature 7. The case of ¢ = e; means that the air is saturated
and the proportion of both variables can be expressed by the relative humidity RH:

RH = - 100 (2.104)

es(Ty)
(Kraus, 2004).

2.9 Energy balance

The energy balance at the surface comprises four important radiative fluxes (Eq. 2.105): In this
expression only the vertical components are considered because horizontal fluxes have a very
small gradient regarding temperature and humidity.

Fy—Fg—Fg—F,=0 (2.105)

The value and algebraic sign of each parameter depends on various factors (Kraus, 2004):

e Net radiation flux Fy: see section 2.5

* Ground heat flux F;, depends on the temperature gradient in the ground, and the grounds
material properties like the specific heat capacity ¢, at constant pressure and the thermal
conductivity . If temperature decreases with depth, the heat flux is directed away from the
surface (positive flux), conversely if the top layer receives heat from underneath temperature
increases with depth (negative flux).

* Sensible heat flux Fs, depends on meteorological properties such as wind velocity and the
vertical temperature gradient. Furthermore it depends on the moisture content of the ground
which supplies the energy of the flux.

* Latent heat flux F7, depends on the gradient of the specific humidity q. When ¢ decreases
with height, the flux is upward directed and positive. Additionally the wind velocity in and
the relative humidity of a layer of air are crucial for the strength of this flux.
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2 Theoretical principles

2.10 Evaporation

Evaporation denotes a transport of water vapour from a surface in the atmosphere; note from
a living surface this process would be called transpiration. The process of evaporation can be
described with the flux of the latent heat F; or with the heat of vaporisation L,, for water.
L, = 2.6 - 105 J kg~! which is the energy needed for a phase transition from liquid water to
water vapour. To calculate the evaporation one can choose from three different approaches (Kraus,
2004):

1. By using the energy balance from Eq. 2.105 one can calculate F7, if other parameters are
known.

2. Fp, can be described by the difference of specific humidity at the surface ¢y and the overlying
air q,, expressed in Dalton’s law of evaporation:

Fr,=— Ly (g0 — qa) (2.106)

3. By the vertical specific humidity gradient and the appropriate eddy diffusion coefficient
K, [m? s 1]:

Fr=—-LypK, @ (2.107)
0z
dq

where the index z of K indicates that it has the same height above the surface as 5.
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3 Instruments, Data and Methods

This thesis focuses on the influence of meteorological factors and instrumentation on the ac-
curacy of global and diffuse radiation measurements at the Austrian RADiation Monitoring
Network (ARAD) site Graz/University. The subsections of this chapter provide an overview
about the ARAD network (Section 3.1), the instruments used for radiation measurements at
ARAD site Graz/University (Section 3.2), co-located meteorological measurements at TAWES site
Graz/University (Section 3.3), additional instrumentation used during an extensive measurement
campaign performed in January 2015 (Section 3.4), experiments and laboratory analysis (Sec-
tion 3.5), data obtained from routine and campaign measurements analysed within this thesis,
and programs and software for data analysis (Section 3.6).

3.1 The Austrian RADiation Monitoring Network (ARAD)

3.1.1 Aims of the ARAD network

The Austrian RADiation Monitoring Network (ARAD), founded in 2010, is a joint effort of the
Austrian Central Institute for Meteorology and Geodynamics (ZAMG), the University of Graz, the
University of Innsbruck and the University of Natural Resource and Applied Sciences, Vienna
(BOKU) for high precision long-term monitoring of solar and terrestrial surface radiation to assess
temporal and spatial changes of radiative fluxes at/to the surface. ARAD’s mission comprises three
major requirements: (1) to provide a state-of-the-art climate monitoring network; (2) to provide
data for atmospheric model/satellite calibration and validation; (3) to provide high-precision data
for further technical developments in the field of solar energy utilization (Olefs et al., 2015).

To date ARAD comprises five monitoring sites:

e Sonnblick (3109 m a.s.l.)

e Kanzelhohe (1540 m a.s.l.)

* Innsbruck/University (578 m a.s.l.)
* Graz/University (398 m a.s.l.)

e Wien Hohe Warte (198 m a.s.l.)
A geographical overview about station locations is provided in Figure 3.1. In its current extent,

ARAD covers four out of five so-called Coarse-Resolution Subregions (CRS) defined in the Historical
Instrumental climatological Surface Time series (HISTALP) project (Auer et al., 2007).
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Figure 3.1: Overview of the Austrian RADiation (ARAD) station locations.

3.1.2 Instrumentation of ARAD sites

ARAD sites are equipped with state-of-the-art broadband radiometers for measurements of global,
direct, and diffuse solar radiation and downwelling long-wave radiation. All ARAD sensors are
suitable to BSRN requirements; according to ISO 9060 all pyranometers are secondary standard
instruments and all pyrheliometers are first class instruments. All horizontally mounted sensors
are contained in ventilated and heated housing units to reduce solar loading and thermal offsets
(Olefs et al., 2015).

At each ARAD site radiometers are mounted on a sun tracker, ensuring the continuous alignment
of the pyrheliometer and continuous shading of the pyranometer measuring diffuse solar radiation
and the pyrgeometer for measurements of downwelling long-wave radiation (Olefs et al., 2015).

3.2 Radiation measurements at ARAD site Graz/University

ARAD site Graz/University is operated by the Institute of Geophysics, Astrophysics and Meteorology
(IGAM)/Institute of Physics (IP) of the University of Graz in cooperation with ZAMG.

The following subsection describes the pyranometer CMP 21 of Kipp&Zonen which is used for
radiation monitoring at the ARAD site Graz/University, and whose sensitivity to the influence of
meteorological factors is investigated within this thesis.
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3.2 Radiation measurements at ARAD site Graz,/University

3.2.1 The pyranometer CMP 21

The devices of the CMP series are premium radiometer to measure the incoming short-wave
radiation Fjw’ ra (see Eq. 2.73). These pyranometers are complying with the ISO 9060 standard
and the guidelines of the World Meteorological Organization (WMO).

The CMP 21 is composed of two glass-domes, a black receiving area or sensing element, a
thermal battery or thermopile, a thermalisation resistance/compensation element in the body (see
Figure 2.6), a thermistor, a sun-shield and a drying cartridge. A cross-section and a schematic
outside illustration of the CMP 21 are shown in Figures 3.2 and 3.3, while technical specifications
are provided in Table 3.1. Individual instrument parts are described in detail in subsections 3.2.2
to 3.2.4 below.

OUTER DOME INNER DOME
SENSING ELEMENT SUBFRAME

Figure 3.2: Cross section of the CMP 21, indi-

cated are the outer and inner glass-dome, the

sensing element with the thermopile, the drying

e cartridge, the subframe and the white sun-shield.

Z Source: (Kipp&Zonen, 2010)
DRYING AT

CARTRIDGE = SUNSHIELD

IO

MUIITTON @

Figure 3.3: Schematic outside illustration of a CMP 21 with two glass-domes. The orange pellets represent the
silica-gel in the drying cartridge to regulate the humidity level inside the radiometer. The yellow cable is a low noise
type cable for signal transmission. In analogy to (Kipp&Zonen, 2010, p. 7)
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3 Instruments, Data and Methods

Table 3.1: Technical specifics of the CMP 21 pyranometer. Source: (Kipp&Zonen, 2010)

| Specification \ Unit | CMP 21 | Definition
Spectral range nm 285—2800 | 50% response point
o R Signal output for 1W m—2
1 —2 _
Sensitivity uWWW " m™—2)| 7-14 irradiance
Impedance w 10 — 100 | At instrument housing connector
Response time S <5 95% of final value
Non-linearity % <0.2 From 0 to 1000 W m~? irradiance
Temperature dependence o <1 Variation in range —20°C to
of sensitivity ° 50 °C from value at 20°C
Tilt error % <02 Deviation when facing
downwards
— =2
Zero offset A W m—2 <7 At0to —200Wm Of IR net
radiation
-1
Zero offset B W m-2 <9 At 5Kh™" temperature change
rate
Operating temperature °C —40 to 80 | Storage temperature is the same
Field of view ° 180 Hemispherical
O <ari —2
Directional error W m—2 <10 At 80 with 1000W m
irradiance
Maximum irradiance W m—2 4000 Level above which damage may
occur
Non-stability % < 0.5 Variation in sensitivity per year
Humidity % 0 — 100 | Relative humidity
Uncertainty in daily total % <2 95% confidence level

3.2.2 Sensing element

The black receiving area bases on a passive sensing element which is called thermopile. This
thermopile consists of 16 thermocouple junction pairs connected electrically in series. The
temperature of one of these thermocouple junctions, called active or ,hot‘ junction, as in section 2.6,
increases with the absorption of thermal radiation. A reference or ,cold junction, fixed in the
lower part of the thermopile is held at a constant temperature and serves as reference for the
Jhot‘ junction. The differential temperature between the ,hot‘ and ,cold‘ junction produces an
electromotive force which is directly proportional to the difference in temperature and can be
converted in a output voltage linearly to the absorbed thermal radiation. This process is referred
to as Seebeck effect. As every thermal battery has its own physical properties and structure,
every radiometer has its specific and individual calibration factor. The black receiving area has
a very rough surface structure with micro-cavities that effectively absorbs more than 97% of the
short-wave radiation in a broad spectral range (see Figure 3.4) (Kipp&Zonen, 2010).
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3.2 Radiation measurements at ARAD site Graz,/University

1.0 + Spectral response of
~ Solar radiation thermopile-type Figure 3.4: Illustration of the solar irra-
B curve atsea level prianemeter diance spectrum at the Earth’s surface
- with specific absorption lines of diverse
0.5 1~ molecules in the atmosphere and corre-

sponding pyranometer response. Note: the
spectral response of a thermopile-type pyra-
nometer shows a large range of possible
absorption wavelengths for short-wave ra-
diation. Source: (Kipp&Zonen, 2010)
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For convenience Fjw ra s in practice transformed in the variable R [W m~2] and its value can

be calculated with the output voltage U,,; [uV] divided by the sensitivity of the radiometer
S [wV (W~ m~—2)] (Kipp&Zonen, 2010); the reciprocal of g in Eq. 2.81:

Uout

R:S

3.1)

3.2.3 Glass-dome

As outlined above the black receiving area absorbs over 97% of the arriving short-wave radiation,
consequently the glass-domes have to transmit this amount. In fact manufacturer specifics show
that the high quality concentric glass-domes with 2 mm thickness transmit 97-98% of the solar
radiation spectrum. Furthermore the domes are manufactured to minimize errors in radiation
measurements at all angles which follow the Lambert’s cosine law (see Eq. 2.7).

Another important part to be considered is the instruments field of view. ISO 9060 and the
guidelines of the WMO require that the view regarding the black receiving area has to be clear
180° in all directions (Kipp&Zonen, 2010). Figure 3.5 shows a calculated view in the upper half
space as seen from a pyranometer at ARAD site Graz/University.

North

Figure 3.5: Schematic illustration of the upper half
space as seen from a pyranometer at ARAD site
Graz/University. This geometric horizon was designed
with a high-resolution digital elevation model by staff
of Kanzelhohe Observatory.

West
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3.2.4 Drying cartridge

The drying cartrige contains a silica-gel desiccant needed to absorb moisture if it enters the
radiometer body. At the time the color of the initially orange silica-gel becomes clear (transparent),
the desiccant is saturated with moisture and has to be replaced (Kipp&Zonen, 2010).

3.2.5 Zero offset A

As detailed in section 2.1 any body with a certain temperature has a specific irradiance and
this irradiance is exchanged with the environment. Considering the CMP 21 the main exchange
occurs between the glass-dome and the cold atmosphere above. During cloudless night the
atmosphere can be up to 50 °C ,colder’ than the Earth’s surface thus the radiometer dome loses
energy to the atmosphere through radiative transfer. This means that the temperature of the glass
dome decreases to a level which is lower than the rest of the radiometer and a small negative
output signal will be generated which is commonly referred to as Zero Offset type A. The second
(inner) glass dome serves as a radiation buffer to minimize this effect, as illustrated in Figure 3.6.
Additionally a ventilation unit, detailed in section 3.2.8, is used in pyranometer operation helping

to mitigate a Zero Offset type A (Kipp&Zonen, 2010).
COLDLATMOSIRHIERE

Thermal exchange between: A
A Outer dome and atmosphere

B Inner dome and outer dome
C Inner dome and sensor

Figure 3.6: Illustration of the radiative transfer between
the CMP 21 and the (,cold) atmosphere. Source:
(Kipp&Zonen, 2010)

3.2.6 Zero offset B

The body temperature of the CMP 21 is measured by a thermistor (type: YSI 44031 10k(2 @ 25°C)
(Kipp&Zonen, 2010). This body temperature is directly proportional to the ambient air temperature
whereby the possibility of the emergence of heat currents in the radiometer has to be considered,
causing a so-called Zero Offset type B. This Zero Offset type B is specified by the manufacturer, to
occur following a 5 Khr~! change in ambient air temperature (Kipp&Zonen, 2010).
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3.2 Radiation measurements at ARAD site Graz,/University

3.2.7 Temperature dependence of CMP 21 output

The physical and thermodynamic properties of the individual instrument parts define the range
of the body and/or operating temperature of a pyranometer. The CMP 21 has a specific range
from —20°C to 50 °C with an interval of 10°C. The aforementioned internal thermistor allows
for sensitivity corrections of the pyranometer output. The Kipp&Zonen manual states: ,The
temperature dependence is given as percent deviation with respect to the calibrated sensitivity at
20 °C.“ Thus every single CMP 21 (or any other pyranometer) has its own temperature dependence
curve which must be calculated directly at the gauging (Kipp&Zonen, 2010).

3.2.8 Housing for global and diffuse radiation sensors at ARAD site
Graz/University

Pyranometers are during routine operation contained in housing units equipped with a ventilation
and heating unit. In the following section the specific properties of the housings and their inner
life used for ARAD sensors at Graz/University are described. Figure 3.7 shows the ARAD platform
at the rooftop of the chemical institute of the University of Graz (Heinrichstral3e 28) with the
pyranometers for the monitoring of diffuse (HIM) and global radiation (GLO) marked. In this
image also another radiation monitoring instrument within the ARAD setup, a pyrgeometer for
the measurement of atmospheric long-wave radiation, here type CGR 4 of Kipp&Zonen (right-
hand side, unmarked) and two small, black spheres which obliterate the direct solar radiation
for HIM and pyrgeometer measurements, are shown. The entire measurement equipment (two
pyranometers, one pyrgeometer and one pyrheliometer) is mounted on a power-driven Sun
tracking device (at ARAD site Graz/University of type 2 AP by Kipp&Zonen).

3.2.9 The pyranometer setup for measurements of diffuse radiation at
ARAD site Graz/University (HIM)

HIM stands as a synonym for the pyranometer monitoring diffuse radiation at ARAD site
Graz/University contained in a housing unit of type SBL 480 by Eigenbrodt GmbH & Co. KG. The
SBL 480’s housing cast is made of aluminium and contains an electronic controlled fan and five
heating elements which shelter pyranometers like the CMP 21 from meteorological effects like
snow or frost.

The heating elements are located at the height of silica-gel roughly 5 cm below the onset of the
glass-dome (see Figure 3.8). The heating elements are powered with 10 W in routine operation
(though other settings are available for operation under rough outside conditions, such as present
e.g., at the high altitude ARAD site Sonnblick). The SBL 480 housing is white stove-enamelled,
which is standard for housing units to prevent pyranometers from heating-up through solar
influence.
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Figure 3.7: ARAD monitoring site Graz/University on top of the roof of Heinrichstraf3e 28, 8010 Graz. The two
pyranometers for the monitoring of global (GLO) and diffuse (HIM) radiation, marked, as well as a pyrgeometer for
the monitoring of downward long-wave radiation are mounted on a horizontal plane on top of a sun-tracking device.

3.2.10 The pyranometer setup for measurements of global radiation at
ARAD site Graz/University (GLO)

GLO stands as synonym for the pyranometer measuring global radiation at ARAD site
Graz/University, contained in a self-built housing unit, which has been designed and developed
by the staff of Kanzelhohe Observatory. This housing unit consists of a stainless steel bowl of
similar size as the SBL 480, with two base plates, a ventilation unit and six heating elements (see
Figure 3.8). As the SBL 480 and other standard pyranometer housings the ,KSO housing* is white
stove-enamelled.

The main difference between the SBL 480 and the ,KSO housing’ is the number of heating elements
(five vs. six) and the location of these in the housing. The six heating elements of the ,KSO
housing‘ are mounted on the same baseplate as the operated pyranometer. Heating power in
standard operation is 10 or 5W depending on air temperature inside the housing. Table 3.2 lists
the main differences between HIM and GLO.

Table 3.2: Housing properties of HIM and GLO.

Item HIM GLO
Manufacturer Eigenbrodt GmbH & Co. KG self-built by KSO
Material of sun-shield high quality aluminium stainless steel bowl
Heating elements

Number five Six
Electrical resistance three times 12 2, two times 50 ) six times 12 2
Position at height of drying cartridge on baseplate

34



3.2 Radiation measurements at ARAD site Graz,/University

Figure 3.8: Heating elements of housings for HIM and GLO at ARAD site Graz/University: Eigenbrodt SBL 480 (left,
HIM, five heating elements at the height of the drying cartridge); self-built KSO housing (right, GLO, six heating
elements mounted at the upper baseplate).

3.2.11 Heating levels of the KSO housing

The staff of Kanzelhohe Observatory thought that dynamic heating steps, i.e. switching heating
levels dependent on ambient air temperature could improve the accuracy of the solar radiation
measurement. A Zero Offset B occurs if the body temperature of the pyranometer is proportional
to the ambient air temperature, i.e. the pyranometer is also directly proportional to the thermal
output of the six heating elements. Therefore KSO scientist Dietmar Baumgartner installed a
thermal cut-out which ensures the shift of the heating levels H I.; and H L inside the KSO housing.
This disc insulated thermostat is distributed by Farnell GmbH, Austria.

The heating power of HL; is 5W and its response temperature is 15 °C with a tolerance of +3°C
at an ambient temperature 7, < 100°C. H L, has a heating power of 10 W with a response
temperature of 5 °C at same tolerance. The design of the thermal cut-out means that the heating
power has a strong dependence on the season of the year and in times where the air temperature
varies between 5 and 15 °C the thermal cut-out could switch very often, if such frequent switching
occurs, the heating level will be denoted as H L, (v for various) in this thesis work. To avoid
vibrations, the thermal cut-out has built-in a hysteresis (or reset temperature) working at a
10°C + 4 °C temperature range under an ambient temperature 7, < 100 °C (Farnell, 2013).

35



3 Instruments, Data and Methods

3.3 Routine meteorological measurements at TAWES site
Graz/University

The data base of the ZAMG TAWES system (Teil Automatisches Wetter Erfassungs System - semi-
automatically weather monitoring system) captures meteorological measurements in 1-minute
resolution and transfers them in 10 minute intervals to the central TAWES data base at ZAMG.

After transmission the measurements are quality controlled and quality flags (FL) of FL type O
(unverified), FL type 1 (measured and correct), FL type 2 (measured and incorrect), FL type 3
(measured and doubtful), FL type 255 (not measured/missing value) are assigned and archived,
along with the measured values, in the database (ZAMG, 1984).

3.4 Additional instrumentation used during the
measurement campaign of January 2015

3.4.1 Pyranometers, instrument housings and housing modifications

As ARAD site Graz/University is a continuous monitoring site additional pyranometers and
instrument housings have been used for experiments during the measurement campaign.

Two CMP 21 pyranometers by manufacturer Kipp&Zonen, which are the same type of pyranometers
operated at ARAD site Graz/University in routine operation, have been used as experimental and
reference systems. The two CMP 21 pyranometers have been provide by Dr. Marc Olefs and Dr.
Martin Mair (both ZAMG) for the measurement campaign.

The pyranometer housing types used during the campaign have been identical to the two hous-
ing systems used at ARAD site Graz/University in routine operation: the SBL 480 housing of
manufacturer Eigenbrodt and the self-built cost-effective standard KSO housing designed and man-
ufactured by Mag. Dietmar Baumgartner and colleagues from Kanzelh6he Observatory (University
of Graz). As a major focus of this thesis is to identify potential reasons for offsets of nighttime
irradiance measurements by pyranometers of the same type but operated in different housings,
one pyranometer was contained in an Eigenbrodt SBL 480 housing in standard configuration
(10 W heating level, ventilated), serving as undisturbed reference during the whole campaign.

As the configuration of the heating system was identified as a possible cause for nighttime offsets
(see Section 4.1 below) adjustments to the heating level have been performed during the campaign.
A simple electronic switch allowed changing the heating level of experimental housings to 10W,
5W and OW (no heating) during operation. In addition a modified setup (see Section 4.2) allowed
raising the heating ring of the KSO housing (by 5, 10 and 15 mm) during the campaign.
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3.4.2 Mobile meteorological observation platforms

Two mobile meteorological observation platforms, WS600 UMB by Lufft GmbH (hereinafter
referred to as LUFFT; provided by Prof. Dr. Erich Mursch-Radlgruber from BOKU) and a self-built
mobile observation platform (hereinafter referred to as MobMet; provided by the Institute of
Physics of the University of Graz), have been operated during the measurement campaign of
January 2015 to monitor ambient meteorological conditions. Both mobile observation platforms
measured ambient air temperature, relative humidity, wind speed and wind direction.

Further one of the mobile observation platforms, LUFFT, was placed at different locations during
the campaign to investigate a possible influence of air emitted (at room temperature) by ventilation
shafts, in proximity to the ARAD platform, on radiation measurements. Further details on the
mobile meteorological observing platforms and their application are provided in subsection 4.2 of
this thesis.

3.4.3 Thermoelements

During the campaign measurements of ambient air temperature inside the Eigenbrodt SBL 480
and KSO housings as well as the temperature near the pyranometer glass-domes have been
performed using standard PT100 elements. These measurements were needed to identify changes
in temperature/heat flow following experimental work (see below). Further details on the PT100
elements and their installation in the different housing systems are provided in Section 4.2 of this
thesis.

3.5 Experiments and laboratory analysis

3.5.1 Experiments

A series of experiments were conducted during this thesis to simulate the effect of meteorological
events and/or instrument configuration on the radiation sensors. These experiments included:

- Variable and standardized spray-tests: a defined (experiment depending) number of strokes
of distilled water was sprayed from a distance of 2 — 4cm on the pyranometer(s) glass-
dome(s) to simulate precipitation events.

- Coverage-tests: an aluminium cap was fit on the instruments glass-dome(s) to simulate
abrupt changes in wind speed.

- Combined spray- and coverage-test to simulate highly variable ambient conditions.

- Adjustments of heating level: to simulate abrupt changes in ambient air temperature and to
investigate instrument performance/robustness under different heating levels.

- Adjustments of heating element height: to investigate the influence of different instrument
configurations on measurement performance/robustness.

Further details on the individual experiments performed are provided, along with the analysis of
sensor responses to experiments, in the individual subsections of Chapter 4.
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3.5.2 Laboratory analysis

As described above a series of spray-test were performed previously and during the campaign
experiments. While spray-tests have not been ,standardized‘ during preliminary investigations,
to determine sensor responses to different amounts of water (defined by the number of strokes),
uniform spray-tests have been performed during the measurement campaign. The amount of
water impacting on the glass-domes of the pyranometers during these standardized spray-tests
(30 strokes from 2 — 4 cm distance) was determined in laboratory analysis.

To this aim 30 strokes of distilled water have been sprayed into a standard petri dish (from 2 —4 cm
distance) and weighed with an analytical laboratory accuracy scale at the Institute of Chemistry at
the University of Graz. The procedure was repeated five times to provide statistical uncertainties,
yielding an average amount of water released per trial of 3.35 g which corresponds roughly to
3.35ml, a quantity released within short-term moderate precipitation events.

Table 3.3 provides the summary of the five laboratory trials including average z, standard deviation
04, absolute error Az and relative error 0z, of the amount of distilled water.

Table 3.3: Statistical summary (average, standard deviation, absolute error and relative error) of laboratory trials for
five spray tests x;, each performed with 30 strokes of distilled water.

Item | Value [ml]
T 3.1953
To 3.5221
T3 3.3992
T4 3.4971
s 3.1752
T 3.3578
o 0.1642

+Az 0.0734

+ix 2.2%

3.6 Data sets and data analysis

All data analyses in this thesis are based on 1-minute averages. Besides ARAD data from station
Graz/University the following data sets are analysed within this thesis:

- global radiation from the CMP 21 pyranometers (reference and experimental);

- body temperature of the CMP 21 pyranometers (reference and experimental);

- glass-dome temperature of the CMP 21 pyranometers (by PT100 elements);

- air temperature in the Eigenbrodt SBL 480 and KSO housings (by PT100 elements);

- meteorological information on ambient air temperature, relative humidity, wind speed and
wind direction from mobile meteorological observation platforms (LUFFT and MobMet);

- supplemental meteorological information (temperature, wind speed and wind direction,
precipitation amount, precipitation sensor output) from TAWES site Graz/University.
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3.6 Data sets and data analysis

ARAD data was retrieved directly from the ARAD data portal and/or internal data base at the
University of Graz. TAWES data was retrieved directly from the TAWES data base of ZAMG. All data
recorded during the measurement campaign were stored on CR3000 and CR1000 data logging
systems by manufacturer Campbell Scientific Inc., or directly retrieved from internal instrument
logging systems.

All data analyses within this thesis were performed within the General Public License software R
Version 3.1.0.
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4 Results

In this chapter the results of the analyses of pyranometer measurements (for global and diffuse
radiation) and co-located meteorological measurements (air temperature 7', wind speed V, wind
direction D, relative humidity RH, precipitation sum P and the output of a precipitation sensor
PS) are presented. Subsection 4.1 details analyses for the period June 2013 to May 2014. During
this time period potential causes for non-physical values or fluctuations between the global and
diffuse radiation sensors have been investigated, motivating further measurements and analyses
during an extensive measurement campaign detailed in subsection 4.2.

All data analysed in this thesis is of one minute temporal resolution. Due to database properties of
the automated recording system used at ARAD site Graz/University the radiation measurements for
diffuse (HIM) and global radiation (GLO) are rounded to full digit values. Campaign measurements
of global radiation have been recorded with an external data logging system and are available
with one decimal digit resolution. The following color code is used throughout all figures of the
results section for radiation quantities and meteorological factors:

* Diffuse radiation sensor at ARAD site (HIM): red

* Global radiation sensor at ARAD site (GLO): blue

* Reference global radiation sensor during the measurement campaign (PYRANO A): green

* Experimental global radiation sensor during the measurement campaign (PYRANO B): orange

* Difference between two variables shown in the same graph: brown; note: for radiation
measurements absolute differences are shown

* Ambient air temperature (7): red
* Wind speed (V): blue

e Wind direction (D): violetred

* Relative humidity (RH): orange
* Precipitation sum (P): magenta

* Precipitation sensor (PS): green

4.1 Preliminary investigations

During routine measurements of GLO and HIM at ARAD site Graz/University it was identified that
the difference |AR| of the nighttime values between GLO and HIM is frequently (in more than
82% of the individual measurements in the period June 2013 - May 2014) equal or greater than
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2Wm~2. The problem seems to be related to GLO as this device shows most of the time values
around —2 W m~2, while HIM is frequently close to the expected value of 0 Wm~2. This nighttime
zero offset is of particular interest for the quality of the ARAD measurements, i.e., whatever is the
cause for the offset may also lead to erroneous observations during daytime conditions. Therefore
initial analyses of this thesis work focused solely on nighttime values and the identification of
meteorological conditions possibly leading to this offset and/or a potential instrumentation effect.

Comparison HIM to GLO regarding R, End: 2013-07-17 04:00
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Figure 4.1: Comparison of radiation R [Wm™ 2] measured at ARAD site Graz/University with sensors for diffuse
(HIM: CMP 21, Eigenbrodt housing, red curve) and global radiation (GLO: CMP 21, KSO housing, blue curve)
between 2013-07-16 19:00 UTC and 2013-07-17 04:00 UTC. For convenience the absolute difference between
measurements of HIM and GLO |AR| [W m 2] is shown along with the individual instrument measurements (brown
curve, right-hand axis). The black dashed horizontal lines mark 0 Wm™? for R and |AR|, respectively.

Figure 4.1 shows the time series of radiation R (HIM (red) and GLO (blue), left-hand axis; absolute
difference between HIM and GLO (brown), right-hand axis) measured at ARAD site Graz/University
between 2013-07-16 19:00 UTC and 2013-07-17 04:00 UTC.

One can see that HIM remains (almost) throughout the entire period at the expected value of
0 W m~2 while GLO shows values of —2W m~2 during this time; consequently |AR| is at 2W m~2
almost throughout the night. Shortly after 03:00 UTC dawn starts and the signals of both
radiation sensors rise. The observations illustrated in Figure 4.1 are representative for nighttime
measurements of GLO and HIM at ARAD site Graz/University between June 2013 and May 2014.
The big open question is, what causes this nighttime offset?
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4.1 Preliminary investigations

A first hypothesis is that an environmental effect, e.g., heat flow, near/at the ARAD site could
influence the radiation measurements and cause this offset. This hypothesis was developed
as 8 shafts (see Figure 4.56) are located in proximity to the ARAD site on the roof top of
Heinrichstrafde 28. This shafts emit air at approximately room temperature, on arbitrary
schedules depending on lab working hours and work load, and because of the concrete slab
directly over these shafts, the air flows horizontally in all directions.

- A second hypothesis is that the housing units (i.e., differences in ventilation and heating
systems, material of the shields) affect the observations and that the zero offset is triggered
through differences in material/instrumentation properties.

- A third hypothesis is that neither heat flow nor instrument properties are responsible for
the zero offset but that one or multiple meteorological factors such as e.g., precipitation,
wind direction and wind speed, ambient temperature, relative humidity, influence the ARAD
measurements.

- The fourth hypothesis developed is that the zero offset is caused by a combination of all or
multiple of the factors described above.

During the chronological analysis of nighttime measurements of GLO and HIM several interesting
cases of different behaviour of the sensors could be identified.

Comparison HIM to GLO regarding R, End: 2013-08-05 04:00
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Figure 4.2: As Figure 4.1 but for measurements between 2013-08-04 18:00 UTC and 2013-08-05 04:00 UTC.
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Figure 4.2 shows one of these cases, the nighttime series of HIM and GLO between 2013-08-04
18:00 UTC and 2013-08-05 04:00 UTC. With dusk a constant offset of |AR| = 1Wm™~2 occurred
lasting from 18:30 UTC to 19:15 UTC. Then at 19:15 UTC suddenly both radiation sensors declined
to a strong negative output signal (HIM: R = —3Wm~2 and GLO: R = —4W m™?2). After a couple
of minutes HIM recovered, reaching a signal of 0 Wm~2. GLO recovered initially too but relapsed
to a negative output signal of R = —5 Wm~2 within 2 hours. In the second half of the night GLO
increased to R = —2Wm~2 and remained at this level for the rest of the night, resulting in the
common offset of |[AR| =2Wm™2.

Given the parallel evolution of the sensor output signals around sunset and sunrise and the
signal divergence during the night it is hypothesized that one of the sensors, GLO, might react
more sensitive to changes in meteorological conditions. To test this hypothesis a joint analysis of
nighttime radiation measurements at ARAD site Graz/University and co-located meteorological
observations (TAWES site Graz/University, located in the weather garden (wg) at Universitatsplatz
and the rooftop of Heinrichstral3e 28) has been performed. In the following, examples for the
influence of meteorological variables on the ARAD measurements at site Graz/University are
discussed in detail.

4.1.1 Consideration of meteorological factors

Case 1

Figure 4.3 shows the time series of radiation components at ARAD site Graz/University (HIM and
GLO) along with time series of selected meteorological factors such as relative humidity RHyg [%],
precipitation sensor output PSyg [-], ambient air temperature Twg [°C] recorded at TAWES site
Graz/University, located in the weather garden (wg) in front of the university’s main building and
wind speed Vggnie [kmh~!] measured, 10 m above ground, at the rooftop of Heinrichstrafle 28
between 2013-06-15 20:00 UTC and 2013-06-16 02:00 UTC. The precipitation sensor output data
P Sy is the only binary (0 or 1) data considered and is included in the analysis as it is expected
that already a few rain drops could have an influence on an operating pyranometer.

At the beginning of the night HIM and GLO showed a constant offset of |[AR| = 2 to 3Wm™2.
From 20:40 to 21:00 UTC the precipitation sensor P Sy, registered two short rain events. Shortly
after these precipitation events HIM declined while GLO remained at a constant level of —2Wm™2.
During the same night at 22:29 UTC a major precipitation event started (marked with the dark
grey solid line in Figure 4.3). Right with the onset of this precipitation event HIM began to fall by
3Wm~?2 while GLO declined by only 1 Wm~2. Simultaneously with the onset of the precipitation
event relative humidity rose by about 20% (see Figure 4.3b) and the precipitation sensor responded
(see Figure 4.3c). Wind speed variation was marginal between 22:00 UTC and 23:00 UTC (see
Figure 4.3d) and the Zero Offset B (a response in Wm~2 following a 5 Khr—! change in ambient
temperature) was most likely not the reason for declining R because ambient air temperature Tiyg
changed only about 2 °C (see Figure 4.3e) in the same time period. Interestingly HIM recovered
during the duration of the precipitation event, reaching shortly after midnight a value of 0 Wm~2,
leading to the hypothesis that the decline was triggered by the initial impulse of the rain event
rather than its duration or effect on ambient meteorological conditions i.e., RHyg and/or Ty,.
GLO recovered too, faster than HIM, reaching its initial value of —2W m~2 already 15 minutes
after the onset of the precipitation event.
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Comparison HIM to GLO regarding R, End: 2013-06-16 02:00
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Figure 4.3: Measurements of radiation components at ARAD site Graz/University and meteorological variables
(co-located) between 2013-06-15 20:00 UTC and 2013-06-16 02:00 UTC. (a) Radiation R [Wm™2] measured
at ARAD site Graz/University with sensors for diffuse (HIM: CMP 21, Eigenbrodt housing, red curve) and global
radiation (GLO: CMP 21, KSO housing, blue curve). (b)-(e) measurements of meteorological variables at co-located
TAWES site Graz/University: (b) relative humidity RHwg [%], (c) precipitation sensor PSwg [-], (d) wind speed
Vsonic [kmh™!], (e) ambient air temperature Twg [°Cl. Superscripts near meteorological variables in (b)-(e) indicate
location of TAWES sensors (wg: weather garden, Sonic: rooftop, 10 m above ground). Note: Precipitation data is
binary (0 or 1) as output of a precipitation sensor is considered instead of absolute amounts. The black dashed
horizontal line in (a) marks 0W m™2. The dark gray solid line throughout the graph marks 22:29 UTC when HIM
begins to fall.
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Case 2

Figure 4.4 shows a segment of the time series illustrated in Figure 4.2 above but now extended
for simultaneously measured meteorological variables. Between 2013-08-04 18:45 UTC and
2013-08-05 19:15 UTC HIM and GLO had a nearly constant difference of 1 Wm~2. During the
same time period the relative humidity RHyg (see panel b) increased, while the wind speed
Vsonic (see panel d) remained roughly constant and the ambient air temperature Tyg declined
about 7 °C. Curiously both radiation sensors held their initial output signal despite these varying
meteorological conditions.
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Figure 4.4: As Figure 4.3 but for measurements between 2013-08-04 18:00 UTC and 2013-08-05 00:00 UTC. The
dark gray solid line throughout the graph marks 19:17 UTC when HIM and GLO begin to fall.
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At 19:17 UTC (marked with the dark gray solid line throughout Figure 4.4) the precipitation sensor
registered the first rain drops to fall (panel ¢) and relative humidity increased to approximately
90% over the next 15 minutes. The physical cause for the response of HIM and GLO could be
that the raindrops are colder than the outer glass-dome and quench its temperature. Another
hypothesis is that the evaporation of raindrops on the glass-dome, i.e., the required energy of
phase transformation, decreases the glass-dome temperature. From theoretical considerations,
both effects could create a strong negative signal in R.
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4.1 Preliminary investigations

Case 3

Figure 4.5 shows radiation and meteorological data between 2013-09-10 19:00 UTC and 2013-
09-11 00:00 UTC. During the initial hours of this night HIM and GLO showed a difference of
|AR| = 2 — 3Wm™2. At 20:40 UTC (marked with the dark gray solid line) rain began to fall
(see panel c¢) and wind speed increased about 15kmh~! (see panel d). With the onset of the
precipitation event HIM started to decline (by 4 Wm™2) while GLO remained pretty constant at
the —2Wm~? level (see panel a). In contrast to case 2, where HIM needed more than 6 hours to
recover, the recovery to the 0 W m~2 line lasted only 1.5 hours. Ambient air temperature declined
by about 4 °C (see panel e) between 20:40 UTC to 21:40 UTC, however HIM had already recovered
by the time Ty reached 13 °C, thus a Zero Offset B response is not the dominating factor.
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Figure 4.5: As Figure 4.3 but for measurements between 2013-09-10 19:00 UTC and 2013-09-11 00:00 UTC. The
dark gray solid line throughout the graph marks 20:40 UTC when HIM begins to fall.
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Case 4

Figure 4.6 shows radiation and meteorological data between 2013-11-11 00:00 UTC and 06:00
UTC. From 00:00 UTC to 03:03 UTC the diffuse and global radiation sensors showed their common
nighttime output signals R = 0Wm™2 (HIM) and R ~ —2Wm~2 (GLO). Between 02:00 UTC and
03:00 UTC the precipitation sensor P Sy, recorded some raindrops, though interestingly HIM and
GLO did not respond to these isolated drops. Only after continuous rain set in at 03:03 UTC the
output of HIM and GLO decreased by about 2 to 3W m~?2 until 03:30 UTC. Over the next hours it
continued to rain and HIM and GLO showed continuous deviations from the 0 Wm~? line. Once
the rain ceased HIM and GLO started to recover to their corresponding initial states.

Taken together the insights gained in the initial investigations (outlined in the four illustrative
cases above) led to the hypothesis that precipitation events have a significant impact on the
radiation sensor output. Armed with this insight a set of initial experiments was designed that is
described in detail below (Subsection 4.1.3).
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Figure 4.6: As Figure 4.3 but for measurements between 2013-11-11 00:00 UTC and 06:00 UTC. The dark gray
solid line throughout the graph marks 03:03 UTC when HIM and GLO begin to fall.
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4.1.2 Statistical investigations

To identify potential causes for the persistent difference |[AR| = 2 W m~?2 between HIM and
GLO, a detailed analysis of the instruments body temperatures Ty and 7o and ambient air
temperature Ty was performed for the period June 2013 to May 2014.

First the average body temperature of the sensor for diffuse radiation Ty was considered.
Figure 4.7(a) shows a box-whisker plot for Ty on monthly basis for the time period June-
December 2013. As expected all metrics (medians, quantiles and whiskers) follow the usual
seasonal variation. A similar seasonal pattern (as for Typy) is found for the body temperature of
GLO Tg1o (see Figure 4.7(b)).
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Figure 4.7: Monthly Box-Whisker plots of (a) average body temperature T [°C] of the pyranometer measuring
diffuse radiation (HIM, CMP 21, Eigenbrodt housing), (b) average body temperature T'cio [°C] of the pyranometer
measuring global radiation (GLO, CMP 21, KSO housing), (c) difference Tero — Tum [°C] between the body
temperatures of the pyranometers at ARAD site Graz/University and (d) average ambient air temperature Ty, [°C]
at TAWES site Graz/University for June to December 2013.

Although both amplitude and seasonality of T'gio and Ty look similar on first sight, their differ-
ence T'gro — Tumm (Figure 4.7(c)) shows a remarkable jump from October onwards (particularly
in November and December). Median differences of body temperature in June-September range
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between —0.06 and 0.19 °C; upper and lower quartiles of the difference in this period have been in
the range of —0.39°C to 0.39 °C. With the beginning of the cold season of the year this pattern
changes dramatically, i.e., the median difference of the body temperatures increases to 1 °C and
the inner quartile range narrows to 0.9°C to 1.2 °C.

One explanation for the jump in body temperature differences could be related to the heating
system of the KSO housing, i.e., the change of the heating level in transition periods. The heating
system of the KSO housing and the characteristics of the two heating levels HL; and H L, are
detailed in section 3.2.11 above. Figure 4.7(d) displays the average ambient air temperature Tyg
in a box-whisker plot. Detailed statistical analysis showed that median values of monthly 7'y, are
a little smaller than those of Ty and T'g o while quantile ranges are of similar magnitude. The
most important feature visualized in Figure 4.7(d) is that ambient air temperature in November
and December is frequently (for more than 75% of measured values) below 8°C, i.e., allowing
the thermal cut-out to switch to the upper heating level. Although amperages are recorded, the
structure of the TAWES data acquisition system does not allow to continuously monitor these
heating levels at needed resolution/accuracy.

An indirect way to understand the jumps shown in Figure 4.7(c) could be quality flags provided
for data in the ARAD framework. Figure 4.8 shows the cumulative sum of FL type 2 (measured
and incorrect) from June to December 2013. During the first couple months, i.e. June-October,
HIM and GLO showed similarly evolving cumulative FL 2 curves (except two cases in early August,
see Figure 4.4, and middle October). Starting in November, the number of observations flagged
FL 2 increases drastically for GLO, reaching by the end of the year a cumulative sum three times
larger than those of HIM.

Cumulative sum of flags type 2 of HIM and GLO (2013)
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Figure 4.8: Cumulative sum of quality flags of type 2 for measurements of global (GLO, CMP 21, KSO housing) and
diffuse radiation (HIM, CMP 21, Eigenbrodt housing) between June and December 2013.
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Figure 4.9: As Figure 4.7 but for measurements for January to May 2014.

Motivated by the abrupt change in body temperatures with the onset of the cold season, statistical
investigations continued for the winter-spring transition. Figure 4.9 shows box-whisker plots of
body temperatures of HIM (panel a) and GLO (panel b), their difference (panel c¢) as well as the
ambient air temperature (panel d) for January to May 2014. In January and February the median
difference in the body temperatures of HIM and GLO is approximately 0.9 °C, which decreases with
the onset of the warm season, reaching median values well below 0.5 °C in April and May. The
large difference between Ty and Tgro in January and February can be explained by ambient air
temperatures, with monthly averages well below 8 °C, effecting the heating level of GLO.

In March 2014 the Box-Whisker of T'gr.o —T'umv has a huge span width from 0 °C to 1 °C, accordingly
the averaged ambient air temperature 7'y, had nearly 50% of measurements under 8 °C and the
cumulative sum of FL 2 increased further on. Just in middle April 2014 the blue curve in Figure 4.10
began to mitigate and flatten out.

In conclusion during the colder months of the year, the KSO heating level is regularly at H Lo
thereby raising the body temperature of the global radiation sensor 71 o. Thus heating currents
occurring inside the CMP 21 (could) influence the solar radiation measurements.
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Cumulative sum of flags type 2 of HIM and GLO (2014)
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Figure 4.10: As Figure 4.8 but for January to May 2014.

4.1.3 Initial experiments

Motivated by the findings above a series of experiments with HIM and GLO were conducted. These
experiments included: (1) spray-tests, (2) adjustments of the heating level and (3) coverage of
pyranometer glass-domes.

To investigate the influence of individual rain drops and precipitation events rain was simulated
by spraying distilled water on the glass-domes of the pyranometers during nighttime. The spray
bottle used in these experiments was filled with distilled water and kept at approximately ambient
temperature. Water was sprayed on glass-domes from short distances (2 — 4cm) from above.
Besides spray-test experiments with short term dome coverage (to simulate abrupt changes in
wind speed) and changes in heating level (to simulate abrupt changes in ambient air temperature)
have been performed. Exemplary six experiments ranging from spray-tests with different numbers
of strokes and coverage-tests to adjustments in heating level are detailed below.
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Experiment 1: Spray-test with 30 strokes

The first experiment discussed was a spray-test with 30 strokes. Figure 4.11 shows the time series
of measurements of HIM and GLO between 2014-10-09 16:00 UTC and 21:00 UTC (left-hand axis);
note the absolute difference between the measurements |AR| is shown on the right-hand axis.
At dusk the difference between GLO and HIM was on the common value of [AR| =1 —-2Wm™2.
At 17:55 UTC the spray-test with 30 strokes, marked with the magenta dashed vertical line, was
performed and both sensors declined simultaneously by 4 Wm~2. After a few minutes HIM and
GLO recovered to their initial state.

Comparison HIM to GLO regarding R, End: 2014-10-09 21:00
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Figure 4.11: As Figure 4.1 but for measurements between 2014-10-09 16:00 UTC and 21:00 UTC. The magenta
dashed vertical line marks a spray-test with 30 strokes at 17:55 UTC.
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Experiment 2: Spray-test with 10 strokes

Four days later, on October 13, a second experiment, similar to the first but with less strokes,
was performed (see Figure 4.12). The spray-test included ten strokes and was performed on
2014-10-13 17:57 UTC. Shortly after the spraying HIM and GLO output changed: HIM declined
from OWm~2 to —4Wm~?2 and GLO fell about 2Wm~2. Two possible reasons for the different
response were considered: (1) differences in the actual amount of distilled water sprayed on the
domes or (2) differences in the instrument housings. Both sensors recovered within half an hour
but HIM needed about twice the time of GLO to return to its initial state of R = 0 W m~2.

Comparison HIM to GLO regarding R, End: 2014-10-13 21:00
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Figure 4.12: As Figure 4.1 but for measurements between 2014-10-13 16:00 UTC and 21:00 UTC. The magenta
dashed vertical line marks a spray-test with 10 strokes at 17:57 UTC.
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Experiment 3: Spray-test with one stroke

The two spray-tests described above showed similar responses despite significant differences in the
amount of water impacting the instruments/housings. Therefore experiment three was designed
to test for a possible lower bound in precipitation influence. To test for such a lower bound a
spray-test involving a single stroke, indicated in Figure 4.13 by the magenta dashed vertical line
marking October 14 2014 at 17:57 UTC, was performed. While GLO showed no response to this
single spray stroke, HIM declined by 1Wm~2. However, as visible in Figure 4.13 HIM varied
before the spray-test, so it is not entirely clear if the 1 Wm™2 change was a physical response to
the spraying or rather instrumentation noise. It is noted that a 1 Wm~?2 response of the radiation
sensors at ARAD site Graz/University could also result from rounding effects, because the data
acquisition system allows no decimal digits.

Comparison HIM to GLO regarding R, End: 2014-10-14 21:00

—— HIM(EIG) -—- Spray
—— GLO (KSO)
4 - 14
2 - 12
0 — 10
g |
= ¥
= S
-2 - g =
[a
c =
S -
S <
§ 41 0
[a
-6 - - 4
-8 V_ -2
L T e e -0
T T T T T T
16:00 17:00 18:00 19:00 20:00 21:00
Time [UTC]

Figure 4.13: As Figure 4.1 but for measurements between 2014-10-14 16:00 UTC and 21:00 UTC. The magenta
dashed vertical line marks a spray-test with one stroke at 17:57 UTC.
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Experiment 4: Spray-test with five strokes

The fourth spray-test, consisting of five individual strokes, was performed on October 15 2014 at
17:56 UTC. As shown in Figure 4.14 both HIM and GLO fell simultaneously by 1 Wm~2. About an
hour after the spray-test the radiation sensors co-evolved with at steady offset of |AR| of 2W m™2.
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Figure 4.14: As Figure 4.1 but for measurements between 2014-10-15 16:00 UTC and 21:00 UTC. The magenta
dashed vertical line marks a spray-test with five strokes at 17:56 UTC.
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4.1 Preliminary investigations

Experiment 5: Spray-test with 30 strokes followed by a cover-test

The fifth experiment consisted of a spray-test (with 30 strokes) followed by immediate dome
coverage (using self-constructed aluminium caps). This test was performed simultaneously for
HIM and GLO. Figure 4.15 shows the time series of diffuse and global radiation sensor output
during this experiment on 2014-11-12 16:00 UTC and 21:00 UTC. The spray-test marked with the
magenta dashed vertical line started at 17:50 UTC. Immediately after spraying the aluminium cap
was fit on each pyranometer for 4 minutes. One can see that HIM and GLO declined by 2W m—2
during the covering period, compared to experiment one (30 strokes uncovered, see above) where
radiation sensors fell by 6 Wm~2. Despite the smaller net response the instruments took longer to
recover than in previous attempts, indicating effects of the coverage on the thermal balance of the
glass-domes.
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Figure 4.15: As Figure 4.1 but for measurements between 2014-11-12 16:00 UTC and 21:00 UTC. The magenta
dashed vertical line marks a spray-test with 30 strokes at 17:50 UTC, the two cyan dashed vertical lines mark a
cover-test between 17:51 UTC and 17:55 UTC.

From the five experiments described above it is concluded that any kind of water impact, ranging
from individual rain drops to full rain, influences/disturbs the radiative flux measurements at
ARAD site Graz/University. Every spray-experiment triggered a decline in the sensor signal though
no clear correlation between the number of strokes performed and the change in sensor output
could be established due to the combination of a limited number of experiments and limited sensor

57



4 Results

output resolution. Therefore further investigations regarding the impact of precipitation events
on radiation measurements have been performed in the course of an extensive measurement
campaign, described below.

Experiment 6: Adjustment of heating level

As described in subsection 4.1.2, the body temperature of GLO was found to be 1°C higher than
those of HIM during the cold season. This difference in body temperature was attributed to
changes in the heating level, i.e., frequent occurrence of H Lo, of the KSO housing used for GLO.
To investigate the role of the heating level on sensor output in the cold season, the heating level
was fixed at H L; for a two day period in December 2014.
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Figure 4.16: Measurements of radiation components and corresponding instrument body temperatures at ARAD site
Graz/University between 2014-12-16 00:00 UTC and 2014-12-18 00:00 UTC. (a) Radiation R [W m™ 2] measured
at ARAD site Graz/University with sensors for diffuse (HIM: CMP 21, Eigenbrodt housing, red curve) and global
radiation (GLO: CMP 21, KSO housing, blue curve). (b) Absolute difference between measurements of HIM and GLO
|AR| [W m~?] in 1-minute time resolution (brown curve) and as 4x30 minute symmetrically moving average filter
(turquoise curve). (c) Body temperature T;, [°C] of HIM (red curve) and GLO (blue curve). (d) Absolute difference
between body temperatures of HIM and GLO |AT;| [°C]. The purple dashed vertical line throughout the graph
indicates a change in heating level from H L, to HL; on 2014-12-16 10:13 UTC.
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4.1 Preliminary investigations

Figure 4.16 shows radiation output (panels a, b) and body temperatures (panels c, d) of HIM and
GLO between 2014-12-16 00:00 UTC and 2014-12-18 00:00 UTC. Between 2014-12-16 00:00
UTC and 10:13 UTC (marked with purple dashed vertical line) the difference of diffuse and
global radiation sensors (panel b) was |AR| = 2Wm~2. As shown in panels ¢ and d, the body
temperature of GLO was always greater than that of HIM; |AT;| was about 1 °C.

At 2014-12-16 10:13 UTC the thermal cut-out was turned off and the heating level was fixed
to HL; (marked in panel a). After this adjustment the body temperature of GLO dropped to
approximately the same level as those of HIM, also the constant offset between HIM and GLO of
2Wm~?2 almost vanished.
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Figure 4.17: As Figure 4.16 but for measurements between 2014-12-18 00:00 UTC and 2014-12-19 06:00 UTC.
The purple dashed vertical line throughout the graph indicates a change in heating level from HL; to HL, on
2014-12-18 11:14 UTC.

Figure 4.17 shows the strong increase in body temperature of GLO after the thermal cut-out was
switched on at 2014-12-18 11:14 UTC (marked with the purple dashed vertical line) leading to a
difference |AT;| of about 1 °C. With time the difference between the output signals |AR| evolved
to the ,common‘ value of 2 W m—2 (2014-12-18 16:00 UTC).
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The results of these initial experiments showed that (at least during nighttime conditions):

1. Water, raindrops and maybe snow trigger negative pyranometer output signals with magni-
tude depending on the amount of water.

2. The heating levels of pyranometer housings (and their stability) influence the radiation
measurements.

To further investigate these effects an extensive measurement campaign (see Section 4.2) engaging
all housing types used at ARAD site Graz/University, including modifications, has been performed.
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4.2 Measurement campaign

4.2 Measurement campaign

In the previous sections the influence of meteorological factors on the radiation measurements,
particularly regarding nighttime offsets, at ARAD site Graz/University has been investigated and
a first set of hypothesis has been developed. Following this initial investigations an extensive
measurement campaign has been performed between 22" and 29™ of January 2015. The aim of
this campaign was to ’simulate’ meteorological events (e.g., precipitation) outside of a laboratory
environment under natural weather conditions.

The campaign was performed during a series of days with steady overcast but precipitation
free conditions to allow for a comprehensive set of experiments. Two CMP 21 pyranometers
and two Eigenbrodt SBL 480 housings were provided by ZAMG colleagues Dr. Marc Olefs and
Dr. Martin Mair for this campaign. Mag. Dietmar Baumgartner of Kanzelhéhe Observatory
(University of Graz) provided a self-built KSO housing, a CR300 data logging system (Campbell
Scientific, Inc.) and a series of platinum resistance thermometers (hereinafter referred to as
PT100 elements) for the campaign. For observations of ambient meteorological conditions an
,all-in-one‘ observing system (hereinafter referred to as LUFFT), WS600 UMB by Lufft GmbH, was
provided by Prof. Erich Mursch-Radlgruber from the Institute of Meteorology of the University
of Natural Resources and Applied Sciences, Vienna (BOKU). A second meteorological observing
system (mobile meteorological observing system, hereinafter referred to as MobMet), was provided
by the Institute of Geophysics, Astrophysics and Meteorology/Institute of Physics, of the University
of Graz (IGAM/IP). Both LUFFT and MobMet measured ambient air temperature, relative humidity,
wind speed and wind direction. LUFFT would have been able to observe precipitation (amount
and type) as well but fortunately the campaign period remained precipitation free. Table 4.1
provides an overview about the measurement devices and observed meteorological factors during
the measurement campaign.

Table 4.1: Overview about measurement devices (and corresponding observed meteorological variables) employed
at ARAD site Graz/University in January 2015 [® provided by Marc Olefs and Martin Mair (ZAMG); ®provided by
Erich Mursch-Radlgruber (BOKU Vienna); ®provided by IGAM; ®provided by KSO].

: Meteorological factor 7. |rE|V|D|R| PS
Measurement device
LUFFT® X X | x| X X
MobMet® X X | x| x
TAWES X X X | X X
CMP 21%® X
C3¢ X

During the campaign the additional pyranometers have been installed on the rooftop of Hein-
richstral3e 28, aligned in east-west direction approximately four meters north-east of ARAD site
Graz/University. During the entire course of the campaign one CMP 21 was employed in an
Eigenbrodt SBL 480 housing in standard operational configuration (ventilated, heating level 10 W).
This device, hereinafter referred to as PYRANO A, served during the campaign as reference device.
The second CMP 21, hereinafter referred to as PYRANO B, was placed either in an Eigenbrodt SBL
480 or KSO housing during the course of the experiments, thereby allowing to investigate the
sensor response to simulated 'meteorological events’ under both housing environments.

LUFFT served two purposes during the campaign: (1) to observe ambient meteorological condi-
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tions, and (2) to investigate a possible influence of ventilation shafts on the rooftop of Heinrich-
straf3e 28 for ARAD measurements (see Figure 4.18).

A further scope of the campaign was to investigate changes in heat currents and ambient tem-
peratures inside the KSO and Eigenbrodt SBL 480 housings during experiments and relaxation
periods. To this aim two PT100 elements were mounted inside the housings fixed on the CMP
21 pyranometer. One PT100 was mounted directly below the outer glass dome, to measure the
temperature at the dome base (which is considered equivalent to the temperature inside the glass
domes during nighttime and overcast conditions). The second PT100 element was mounted near
the bottom of the CMP 21 sensor to characterize the sensors body temperature during experimental
and relaxation periods. The location of PT100 elements on the CMP 21 pyranometer is shown in
Figures 4.19 and 4.20.

Figure 4.18: Instrumentation used during the mea-
surement campaign at ARAD site Graz/University
in January 2015.

Figure 4.19: Position of the PT100 tempera-
ture elements inside the housing (below the
outer glass dome and beneath the pyranome-
ter base).
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(a) (b)

QCLETO00N WD O LTI

Figure 4.20: Position of the PT100 temperature elements inside the housings. (a) shows C1 and C2 at the reference
(PYRANO A) and (b) C4 and C5 at the experimental pyranometer (PYRANO B). The curly bracket at GHT indicates
the non defined position of the measured body temperature 7.

Figures 4.21 shows a zoomed view on the individual PT100 elements. It was important to ensure
that the upper PT100 element (hereinafter referred to as C2 or T, in the reference pyranometer
PYRANO A and C5 or T¢s in the experimental pyranometer PYRANO B) did not contact the body of
the CMP 21 and/or the housing walls (see Figure 4.21(a)), otherwise one would measure ambient
temperature (as the pyranometer body and housing walls are considered to be in thermodynamic
equilibrium with ambient air) instead of the temperature inside the individual pyranometer
housings.

(a) C5in PYRANO B (b) C4 in PYRANO B

Figure 4.21: A zoomed view on the individual PT100 elements inside the experimental pyranometer PYRANO B
(CMP 21, KSO housing). (a) shows the upper PT100 element C5 and (b) shows the lower PT100 element C4.
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The second PT100 element was fixed to each pyranometer with a little piece of wood, rubber band
and wire (see Figure 4.21(b)). Further the lower PT100 elements (hereinafter referred to as C1
or T¢; in the reference pyranometer PYRANO A and C4 or T¢4 in the experimental pyranometer
PYRANO B) was ensured to be placed in the middle of the distance between two heating elements
to avoid over-proportional heating compared to ambient air.

The main set of experiments during the campaign was comprised of a set of standardized spray-
tests, simulating effects of natural precipitation on the radiation sensor output. Figure 4.22(a)
indicates a person (the author of this thesis) performing a spray-test. Spray-tests have been
performed at certain distance to the pyranometer glass-dome (2 — 4 cm) and 30 pumps of distilled
water have been brought onto the sensor dome. To simulate ,realistic precipitation‘ the spray bottle
was kept outside at all times ensuring that the simulated precipitation occurred at ambient air
temperature.

After almost every spray-test a few water drops remained on the outer glass-dome. Sometimes
even the drops stayed at the rim to the body of CMP 21 because the velocity of the emanating air
from the housing was high enough to prevent water drops from flowing off (see Figure 4.22(b)).

(b) Example for water drops remaining on
the outer glass-dome after a spray-test

(a) Example for a spray-test

Figure 4.22: Illustration of spray-tests: (a) shows a person (the author of this thesis) which performs a spray-test at
certain distance to the pyranometer glass-dome (2 — 4 cm) with 30 pumps of distilled water. (b) shows an example
for water drops remaining on the outer glass-dome after a spray-test as the velocity of the air emanating from the
housing was high enough to prevent water drops from flowing off (clearly visible at the left and right rim to the body
of the CMP 21).
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4.2.1 The whole time series of the measurement campaign

An overview about the radiation time series measured during the entire campaign (with reference
in standard setup and including experimental and relaxation periods) lasting from 2015-01-23
15:00 UTC till 2015-01-29 08:25 UTC is shown in Figure 4.23.

The radiation measurements R of PYRANO A (green curve) and PYRANO B (orange curve) are
shown on the left-hand axis, while the right-hand axis presents their absolute difference |AR| in
1-minute resolution (brown) and smoothed with a symmetric, multi-step moving average filter
(four times 30 minutes, turquoise curve). In the upper part of this Figure one can see the current
instrument housing of the experimental pyranometer: EIG (as defined above), KSO,g (original
KSO housing as used for the global radiation sensor at ARAD site Graz/University), KSOs mm
(KSO housing with heating elements elevated by 5 mm), KSO19p mm (KSO housing with heating
elements elevated by 10 mm) and KSO15 mm (KSO housing with heating elements elevated by
15mm). Changes in housing configurations during the campaign are marked with a goldenrod
dashed vertical lines.
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Figure 4.23: Comparison of radiation R [W m~2] measured with reference (PYRANO A, CMP 21, Eigenbrodt
housing, green) and experimental pyranometers (PYRANO B, CMP 21, Eigenbrodt or KSO housing, orange) between
2015-01-23 15:00 UTC and 2015-01-29 08:25 UTC. For convenience the absolute difference between measurements
of PYRANO A and PYRANO B |AR| [W m~2] is shown along with the individual instrument measurements as 1-minute
average (brown curve) and four times 30 minute symmetric, multi-step moving average filter (turquoise curve) on
right-hand axis. The black dashed horizontal lines mark 0W m~? for R and |AR|, respectively. Goldenrod dashed
vertical lines indicate changes in instrument housing between Eigenbrodt and KSO as well as height adjustments in
the heating elements within the KSO housing; heating element adjustments for individual periods are detailed in the
top of the graph.
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Figure 4.23 contains many interesting details outlined below. For now two interesting cases shall
be considered: (1) At the beginning of the time series both pyranometer were placed in Eigenbrodt
SBL 480 housings and the difference |AR| was at/close to 0W m~2. Small differences (which have
been expected) are described in subsection 4.2.2. Shortly after the instrumentation setup was
changed to the KSOyyig. housing |AR| jumped to a value of 2W m~2, indicating the observed offset
between pyranometers in Eigenbrodt and KSO housings (as observed at ARAD site Graz/University)
is repeatable with independent sensors and housing units. (2) In the early morning of the 25%
of January the heating power of the KSO housing was turned off and |AR| decreased towards
1Wm™2, as observed during preliminary investigations described in subsection 4.1.3.

The following subsections provide a detailed analysis of radiation measurements during experi-
mental conditions and relaxation periods using the individual housing setups described above.

4.2.2 Analysis of measurements with both pyranometers contained in
Eigenbrodt SBL 480 housings

Figure 4.24 shows the first eleven hours of the field campaign. During this period both CMP 21
pyranometers were contained in Eigenbrodt SBL 480 housings and the heating level was set to
25 W, the standard heating configuration for pyranometer operation in high alpine environments
within the ARAD network (e.g., at ARAD site Sonnblick). Although this heating level exceeds
the one recommended by the manufacturer for moderate environmental conditions (10 W), as
commonly present at ARAD site Graz/University, this did not affect pyranometer performance
as seen in the parallel evolution of sensor output from PYRANO A (reference) and PYRANO B
(experimental). Throughout the eleven hour operational period |AR| was close to 0Wm™2,
highlighting the stability of sensors contained in Eigenbrodt SBL 480 housings.

At 20:37 UTC the heating power for the experimental pyranometer PYRANO B was switched
off (0 W). Following the change in heating level, the thermal environment for the pyranometer
changed and its output signal decreased within ten minutes to a value of —2.5 W m~—2. Twenty min-
utes later the pyranometer had stabilized in its new thermal environment and its output plateaued
at around —1 Wm~2. |AR| was about 3 Wm~2, illustrating the difference in pyranometer output
when operated in strongly heated (25 W) or unheated (0 W) housing configuration.

At 22:18 UTC the heating level of PYRANO B was set to 25 W and shortly thereafter the pyra-
nometer’s output signal increased by 4 Wm™2, which is the same amount it had decreased after
switching the heating system off. After about one hour both radiation sensors (reference and
experimental) reached similar output levels illustrated by |AR| varying around 0 Wm~2. This
simple experiment with ,brute-force‘ adjustments in heating levels illustrates the large influence of
the thermal environment inside the housing for pyranometer performance.
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Figure 4.24: Comparison of radiation R [W m™ 2] measured with reference (PYRANO A, CMP 21, Eigenbrodt housing,
green) and experimental pyranometers (PYRANO B, CMP 21, Eigenbrodt housing, orange) between 2015-01-22
15:00 UTC and 2015-01-23 06:00 UTC. For convenience the absolute difference between measurements of PYRANO
A and PYRANO B |AR| [Wm™?] is shown along with the individual instrument measurements as 1-minute average
(brown curve) on right-hand axis. The black dashed horizontal lines mark 0OWm™? for R and |AR)|, respectively.
Dark orchid dashed vertical lines indicate changes in heating power for PYRANO B between 2015-01-22 20:37 UTC
and 2015-01-22 22:18 UTC; heating power [W] for individual periods is detailed at the top of the graph.

Next the body temperatures 73, of PYRANO A and PYRANO B during the course of the experiment
illustrated above are compared (see Figure 4.25). In the beginning the body temperatures of the
pyranometers evolve in parallel with a quasi-constant offset of 0.6 °C. Once the heating power
of PYRANO B was switched off the body temperature curves diverge. The shape of the body
temperature adjustment between 2015-01-22 20:37 UTC and 22:18 UTC follows an exponential
form, which is the known form of adjustment towards a temperature equilibrium according to
the Maxwell-Boltzmann distribution. Shortly after the heating power got turned on again (at
22:18 UTC) the experimental pyranometer reached temperature equilibrium with an offset to the
reference sensor of approximately 0.8 °C.
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Comparison PYRANO A to PYRANO B regarding Ty, , End: 2015-01-23 06:00
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Figure 4.25: Comparison of body temperatures 7;, [°C] of reference (PYRANO A, CMP 21, Eigenbrodt housing,
green) and experimental pyranometers (PYRANO B, CMP 21, Eigenbrodt housing, orange) between 2015-01-22 15:00
UTC and 2015-01-23 06:00 UTC. For convenience the absolute difference between body temperatures of PYRANO A
and PYRANO B |AT;| [°C] is shown along with the individual instrument measurements on right-hand axis. The
black dashed horizontal line marks 0 °C for |AT;|. Dark orchid dashed vertical lines indicate changes in heating
power for PYRANO B between 2015-01-22 20:37 UTC and 2015-01-22 22:18 UTC; heating power [W] for individual
periods is detailed at the top of the graph.

Between 2015-01-23 14:00 UTC and 2015-01-23 14:30 UTC the heating power of the pyranometers
was set from (25 W to 10 W, which is the heating level during routine operation at ARAD site
Graz/University. The next paragraphs detail analyses for experiments performed during this
,standard‘ configuration.

Figure 4.26 shows radiation output of PYRANO A and PYRANO B and their difference |AR| between
2015-01-23 15:00 UTC and 2015-01-24 05:00 UTC; the heating power for individual periods
is detailed at the top of the graph. As one can see |AR| was almost 0 Wm~2 until the the first
spray-test for PYRANO B (at 16:05 UTC, marked with the first magenta dashed vertical line in
Figure 4.26) was performed. Right after the spray-test the output signal decreased by about
3Wm~2, comparable to the spray-test detailed in section 4.1.3. Almost one hour later (at 16:56
UTC) another spray-test was performed, which showed similar results. Here an interesting effect
gets visible, that was not detectable in the preliminary experiments due to the resolution of
the logging system, radiation overshooting. Already after half an hour PYRANO B reached an
approximately constant level of radiation and varied in parallel to PYRANO A.
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For the next experiment the heating power of PYRANO B (in standard Eigenbrodt configuration)
was reduced to 5W at 2015-01-23 18:03 UTC. Despite this change in heating level no major
effects on the output of the pyranometer have been found and therefore both instruments evolved
parallel and in close proximity (JAR| close to 0W m~2). Two hours after the heating level was
adjusted the first spray-test at a 5W heating level was performed. PYRANO B declined by about
3.5Wm~2 and recovered to its initial baseline within 30 minutes as seen in previous experiments
with 10 W heating level.

Between 2015-01-23 21:48 UTC and 2015-01-23 22:08 UTC the next experiment, involving
covering of the glass-domes of both instruments, the reference (PYRANO A) and experimental
(PYRANO B), with fitted aluminium caps (see Figure 4.27), was performed (see cyan dashed
vertical lines in Figure 4.26). PYRANO A and PYRANO B output increased rapidly due to thermal
blocking but recovered instantly to their baseline values after the caps have been removed. After
removing the caps, another spray-test was performed on the experimental pyranometer and the
output signal declined, stronger than before; reaching a value |AR| > 4.5W m~2. In summary, no
matter how much R dropped after the spray-tests, it recovered to its original baseline value within
30 — 40 minutes.

A second cover-test was performed between 23:33 UTC and 23:49 UTC. The curves of both
pyranometers in- and decreased around 1 W m~2 within 16 minutes (see Figure 4.26). After this
attempt, the heating system of PYRANO B was turned off (0W at 23:49 UTC) for the rest of this
series. Following this change in housing setup PYRANO B output remained at an almost steady
level though |AR| to PYRANO A increased, indicating the strong dependence of pyranometer
stability on the heating system (see Figure 4.26).

Now the focus turns to the body temperatures 7}, during and after/before spray-tests. Figure 4.28
shows the body temperature 7}, of PYRANO A and PYRANO B (left-hand axis) and their difference
|ATy| (right-hand axis) between 2015-01-22 15:00 UTC and 2015-01-23 06:00 UTC. At the
beginning of the time series both pyranometers had a similar body temperature (|AT;| = 0.3°C).
After each individual spray-test (performed at 16:05 UTC, 16:56 UTC, 20:09 UTC, and 22:10
UTC) |AT;| rose exponential for at least 10 minutes. The body temperature of PYRANO B needed
more time to recover to its initial value than the radiation R, not less than an hour. Further a
clear cooling of the body temperature of the experimental pyranometer is visible in Figure 4.26
following reductions in heating power to 5W at 18:03 UTC and to 0W at 23:49 UTC.
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Comparison PYRANO A to PYRANO B regarding R, End: 2015-01-24 05:00
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Figure 4.26: Comparison of radiation R [W m™~2] measured with reference (PYRANO A, CMP 21, Eigenbrodt housing,
green) and experimental pyranometers (PYRANO B, CMP 21, Eigenbrodt housing, orange) between 2015-01-23
15:00 UTC and 2015-01-24 05:00 UTC. For convenience the absolute difference between measurements of PYRANO
A and PYRANO B |AR| [W m™?] is shown along with the individual instrument measurements as 1-minute average
(brown curve) on right-hand axis. The black dashed horizontal lines mark 0Wm™2 for R and |AR)|, respectively.
Dark orchid dashed vertical lines indicate changes in heating power for PYRANO B at 2015-01-23 18:03 UTC and at
2015-01-23 23:49 UTC; heating power [W] for individual periods is detailed at the top of the graph. The magenta
dashed vertical lines mark spray-tests at 2015-01-23 16:05 UTC, at 16:56 UTC, at 20:09 UTC and at 22:10 UTC. The
cyan dashed vertical lines mark cover-tests between 2015-01-23 21:48 UTC and 2015-01-23 22:08 UTC and between
2015-01-23 23:33 UTC and 2015-01-23 23:49 UTC.

e S

Figure 4.27: Picture of a cover-test on the glass-domes
of the reference (PYRANO A, CMP 21, Eigenbrodt hous-
ing, right) and experimental (PYRANO B, CMP 21, KSO
housing, left) instruments with fitted aluminium caps.
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Comparison PYRANO A to PYRANO B regarding Ty, , End: 2015-01-24 05:00
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Figure 4.28: Comparison of body temperatures T;, [°C] of reference (PYRANO A, CMP 21, Eigenbrodt housing,
green) and experimental pyranometers (PYRANO B, CMP 21, Eigenbrodt housing, orange) between 2015-01-22 15:00
UTC and 2015-01-23 06:00 UTC. For convenience the absolute difference between body temperatures of PYRANO A
and PYRANO B |AT;| [°C] is shown along with the individual instrument measurements on right-hand axis. The black
dashed horizontal line marks 0 °C for |AT;|. Dark orchid dashed vertical lines indicate changes in heating power for
PYRANO B at 2015-01-23 18:03 UTC and at 2015-01-23 23:49 UTC; heating power [W] for individual periods is
detailed at the top of the graph. The magenta dashed vertical lines mark spray-tests at 2015-01-23 16:05 UTC, at
16:56 UTC, at 20:09 UTC and at 22:10 UTC. The cyan dashed vertical lines mark cover-tests between 2015-01-23
21:48 UTC and 2015-01-23 22:08 UTC and between 2015-01-23 23:33 UTC and 2015-01-23 23:49 UTC.

The analysis of the temperature time series of the PT100 elements mounted inside each housing,
shown in Figure 4.29 (C1 (bottom, orange curve) and C2 (top, green curve) in the reference
(PYRANO A), C4 (bottom, red curve) and C5 (top, blue curve) inside the experimental pyranome-
ter (PYRANO B)) provided important insights on what had happened during the whole set of
experiments described above.

C1 and C2 showed almost the entire time series a difference of 0.9 °C, except during the two
cover-tests (between 21:48 UTC and 22:08 UTC and between 23:33 UTC and 23:49 UTC) where
C2 increased strikingly by around 0.7 °C and remained high until the cap was removed again. A
similar result is found for C5, although with a slightly weaker increase (a~ 0.4 °C). Panels (a) and
(b) in Figure 4.29 show the most interesting curve progressions. At the beginning of the time
series C4 and C5 had a similar difference as C1 and C2 below (= 0.7°C). At 16:05 the difference
between C5 an C4 decreased a little which was possible caused by a water drop impacting C5
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during/after the spray test. Further spray-tests performed later (at 16:56 UTC, 20:09 UTC and
22:10 UTC) did not show any noticeable changes in the difference. Interestingly after the first
change in heating level (10W to 5W at 18:03 UTC) the temperature of C5 declined by about
0.5°C, whereas C4 remained almost at the same temperature level, i.e., C5 was still higher than
C4. Remembering Figure 4.26, the output signals of PYRANO A and PYRANO B were close to each
other. At 23:49 UTC the heating power was turned off and C5 decreased as seen before and the
difference C5-C4 turned negative and remained at roughly —0.2 °C. At the same time the sensor
output of PYRANO B dropped to a nearly constant value of —1 Wm~2 and remained there until
the end of the series.

Comparison of PT100 elements, End: 2015-01-24 05:00
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Figure 4.29: Comparison of temperatures [°C] measured by the PT100 elements C2, C3, C4 and C5 inside reference
and experimental housing systems: (a) C4 (lower mounted, red curve) and C5 (upper mounted, blue curve) represent
temperatures inside the experimental setup (PYRANO B, CMP 21, Eigenbrodt housing); (b) temperature difference
C5-C4; (c) C1 (lower mounted, orange curve) and C2 (upper mounted, green curve) inside the reference system
(PYRANO A, CMP 21, Eigenbrodt housing); (d) temperature difference C2-C1. All panels for observations between
2015-01-23 15:00 UTC and 2015-01-24 05:00 UTC. The black dashed horizontal lines in panels (b) and (d) mark
0°C for C2-C1 or C5-C4. Dark orchid dashed vertical lines indicate changes in heating power for PYRANO B at
2015-01-23 18:03 UTC and at 2015-01-23 23:49 UTC; heating power [W] for individual periods is detailed at the
top of the graph. The magenta dashed vertical lines mark spray-tests at 2015-01-23 16:05 UTC, at 16:56 UTC, at
20:09 UTC and at 22:10 UTC. The cyan dashed vertical lines mark cover-tests between 2015-01-23 21:48 UTC and
2015-01-23 22:08 UTC and between 2015-01-23 23:33 UTC and 2015-01-23 23:49 UTC.

After switching off the heating system of PYRANO B, |AR| was around a value of 1W m~? (see
in Figure 4.30). At 05:57 UTC the first spray-test at a heating power of 0 W m~2 was performed.
It is worth mentioning that the distilled water used in this attempt had room temperature due
to refilling the bottle only a couple minutes before. Thus the difference of the pyranometers
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decreased, approximately 1 Wm~2 in the first couple of seconds. Shortly after this decline |AR)|
rose to over 2Wm~2 and returned to its initial value within 30 minutes. The second attempt,
performed at 07:01 UTC, showed nearly the same. At 08:11 UTC heating was switched on, back
to 5W. Simultaneously |AR| declined and plateaued around 0.3 W m~2.

At 09:18 UTC and at 10:36 UTC spray-tests have been performed and the difference between
PYRANO A and PYRANO B increased to about 7.5W m~2. The reason for this large change in
sensor output is not entirely clear, though it is very likely that higher radiation R levels (around
50 W m~2 and 80 Wm~2) triggered this larger response as spray-tests have been performed during
the day but at overcast conditions. Another potential explanation would be wind speed, which
influences evaporation, though this factor can be excluded as average and maximum wind velocity
Vam shown in Figure 4.31 didn’t change/vary strikingly.

At 12:05 UTC the heating power was changed to 10 W and two final spray-tests for PYRANO
B in standard Eigenbrodt configuration have been performed. These spray-test showed similar
increased values of |[AR| (2Wm~2 at 12:57 UTC and 3W m~2 at 13:59 UTC) as the other spray-
tests performed in this configuration before.

Comparison PYRANO A to PYRANO B regarding R, End: 2015-01-24 14:40
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Figure 4.30: As Figure 4.26 but for comparison of radiation R [W m~2] measured with reference (PYRANO A,
CMP 21, Eigenbrodt housing, green) and experimental pyranometers (PYRANO B, CMP 21, Eigenbrodt housing,
orange) between 2015-01-24 05:00 UTC and 2015-01-24 14:40 UTC. Dark orchid dashed vertical lines indicate
changes in heating power for PYRANO B at 2015-01-24 08:11 UTC and at 2015-01-24 12:05 UTC; heating power
[W] for individual periods is detailed at the top of the graph. The magenta dashed vertical lines mark spray-tests at
2015-01-24 05:57 UTC, at 07:01 UTC, at 09:18 UTC, at 10:36 UTC, at 12:57 UTC and at 13:59 UTC.
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Meteorological parameters measured by MobMet (MM), End: 2015-01-24 14:40
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Figure 4.31: Meteorological parameters (a) relative humidity RHwwm [%], (b) wind speed Vi [ms™ '], (¢) maximum
wind speed Max.Viymw [ms™'] and (d) wind direction Dyy [°] measured by MobMet between 2015-01-24 05:00 UTC
and 2015-01-24 14:40 UTC.

Figure 4.32 shows the body temperatures of both pyranometers (reference, experimental) and
their difference between 2015-01-24 05:00 UTC and 2015-01-24 14:40 UTC. The constant offset
of |AT}| ~ 2°C was disturbed by individual spray tests, but after most spray-tests |ATj| returned
to its baseline value within 30 minutes. At 08:11 UTC and 12:05 UTC the heating power was
increased by +5 W in each case. Following both heating changes the difference between PYRANO
A and PYRANO B decreased exponentially, highlighting the importance of the heating level for
instrument stability/performance.
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Comparison PYRANO A to PYRANO B regarding Ty, , End: 2015-01-24 14:40
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Figure 4.32: As Figure 4.28 but for comparison of body temperatures 7;, [°C] measured with reference (PYRANO
A, CMP 21, Eigenbrodt housing, green) and experimental pyranometers (PYRANO B, CMP 21, Eigenbrodt housing,
orange) between 2015-01-24 05:00 UTC and 2015-01-24 14:40 UTC. Dark orchid dashed vertical lines indicate
changes in heating power for PYRANO B at 2015-01-24 08:11 UTC and at 2015-01-24 12:05 UTC; heating power
[W] for individual periods is detailed at the top of the graph. The magenta dashed vertical lines mark spray-tests at
2015-01-24 05:57 UTC, at 07:01 UTC, at 09:18 UTC, at 10:36 UTC, at 12:57 UTC and at 13:59 UTC.

In a nutshell the comparison of two Eigenbrodt SBL 480 housings showed that different pyranome-
ters operate very similar, no matter of the heating power is 5W, 10 W or 25 W. Only disabling the
heating power (i.e., 0W heating) showed a larger deviating response. Individual heating level
adjustments beyond the 0 W line triggered small exponential changes which recovered to baseline
values between disturbed and undisturbed sensors of around 1 W m~?2 within 30 minutes.

Following this ,proof* of stability for Kipp&Zonen sensors operated in Eigenbrodt SLB 480 housings
the campaign continued to investigate effects of spray-tests and other experiments on the KSO
housing (in standard and modified configuration) which, as indicated by preliminary results from
ARAD site Graz/University, shows a constant offset to sensors operated in SLB 480 housings.
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4.2.3 Analysis of measurements for pyranometers contained in an
Eigenbrodt SBL 480 (reference) and KSO original (experimental)
housing

Following the experimental work with two CMP 21 sensors placed in Eigenbrodt SBL 480 housings
(one reference, one experimental instrument) the experimental setup was repeated with a KSO
housing (as experimental instrument). In this configuration the experimental setup is identical to
the setup for GLO and HIM at ARAD site Graz/University.

Figure 4.33 shows the time series of joint measurements of the reference instrument (PYRANO
A, Eigenbrodt SBL 480, heating level 10 W) with the experimental instrument in KSO,, setup
(PYRANO B, KSO housing, heating level 10 W, heating elements at default position) between
2015-01-24 16:00 UTC and 2015-01-25 05:00 UTC. Already 10 minutes after PYRANO B was
rebuilt to the KSOyq. setup the difference between PYRANO A and PYRANO B reached a value
of around 2W m~2, indicating that the offset identified at ARAD site Graz/University during
preliminary investigations is reproducible with a different sensor of the same type.

Comparison PYRANO A to PYRANO B regarding R, End: 2015-01-25 05:30
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Figure 4.33: As Figure 4.26 but for comparison of radiation R [Wm™2] measured with reference (PYRANO A,
CMP 21, Eigenbrodt housing, green) and experimental pyranometers (PYRANO B, CMP 21, KSO original housing,
orange) between 2015-01-24 16:00 UTC and 2015-01-25 05:00 UTC. Dark orchid dashed vertical lines indicate
changes in heating power for PYRANO B at 2015-01-24 23:00 UTC and at 2015-01-25 03:53 UTC; heating power
[W] for individual periods is detailed at the top of the graph. The magenta dashed vertical lines mark spray-tests at
2015-01-24 19:52 UTC, at 21:34 UTC, at 2015-01-25 01:15 UTC and at 02:30 UTC. The cyan dashed vertical lines
mark cover-tests between 2015-01-24 18:53 UTC and 2015-01-24 19:09 UTC and between 2015-01-24 20:48 UTC
and 2015-01-24 21:03 UTC.

76



4.2 Measurement campaign

The first experiment performed in this instrumentation setup was a cover-test (see Figure 4.33)
which started at 18:53 UTC and ended at 19:09 UTC. Radiation output of both pyranometers
(PYRANO A and B) increased simultaneously and declined within 16 minutes after the cover-test
to its initial baseline value. A second cover-test performed between 20:48 UTC and 21:03 UTC
brought similar results (see Figure 4.33).

As during the comparison of pyranometers contained in Eigenbrodt SBL 480 housings a series of
spray-tests (four tests, see Figure 4.33) was performed during the comparison of the reference
pyranometer with the pyranometer contained in a ,standard‘ KSO housing. During all four spray-
tests, performed between 19:52 UTC and 03:00 UTC, approximately equal deflections of |AR)|
around 5W m~2, were found.

On 2015-01-25 at 03:53 UTC the heating power of the KSO housing was turned off. Following
this change in heating the radiation measurements of PYRANO B converged towards the reference
(PYRANO A). After changing the heating power |AR| varied between 0 and 1W m~2 until the end
of the time series shown in Figure 4.33. It is important to note that the large deflection visible in
Figure 4.33 is due to an artificial signal, caused by a headlamp during work near the measurement
platform between 03:50 UTC and 03:54 UTC on 2015-01-25.

The results of the experiments with the KSO housing in standard configuration indicate that the
internal heating system is very likely contributing to the offset between pyranometers operated
with Eigenbrodt and KSO standard housings. In the following different configurations of the KSO
housing regarding the magnitude of the heating level (and height of the heating elements within
the housing) are considered. Overall it is noted that the limited number of experiments possible
during the measurement campaign does not allow statistically significant conclusions regarding
the influence of the heating system (and heating level). Nevertheless results summarized in this
thesis indicate that further investigations of these effects should be prioritized in future work.

Next the focus is turned to the body temperatures of PYRANO A (EIG) und PYRANO B (KSOrig.)
between 2015-01-24 16:00 UTC and 2015-01-25 05:30 UTC, illustrated in Figure 4.34. The
first feature of interest in this time series is the almost constant difference |AT}| ~ 0.8 °C during
periods where both ventilation units have been heated with 10 W (from 17:00 UTC to 18:53
UTC) and 5W (from 23:30 UTC to 01:15 UTC). Preliminary investigations showed that the body
temperature of the pyranometer contained in the KSO housing should be 1 °C higher than those of
the pyranometer contained in the Eigenbrodt SBL 480 housing. The smaller difference in body
temperatures during the comparison period is attributed to the base temperature of the KSOjg.
housing. As the KSO,jy housing was kept at ambient temperature (ventilated but not heated until
installation) it needed more time to reach thermal equilibrium at a heating power of 10 W. Thus
the 10 W heating can be considered more like a 5 W heating during this period.
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Comparison PYRANO A to PYRANO B regarding Ty, , End: 2015-01-25 05:30
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Figure 4.34: As Figure 4.28 but for comparison of body temperatures Tj, [°C] measured with reference (PYRANO A,
CMP 21, Eigenbrodt housing, green) and experimental pyranometers (PYRANO B, CMP 21, KSO original housing,
orange) between 2015-01-24 16:00 UTC and 2015-01-25 05:00 UTC. Dark orchid dashed vertical lines indicate
changes in heating power for PYRANO B at 2015-01-24 23:00 UTC and at 2015-01-25 03:53 UTC; heating power
[W] for individual periods is detailed at the top of the graph. The magenta dashed vertical lines mark spray-tests at
2015-01-24 19:52 UTC, at 21:34 UTC, at 2015-01-25 01:15 UTC and at 02:30 UTC. The cyan dashed vertical lines
mark cover-tests between 2015-01-24 18:53 UTC and 2015-01-24 19:09 UTC and between 2015-01-24 20:48 UTC
and 2015-01-24 21:03 UTC.

During the cover-tests performed between 18:53 UTC and 19:09 UTC and 20:48 UTC and 21:03
UTC slight increases in pyranometer body temperatures have been observed, similar in magnitude
as observed for the Eigenbrodt SBL 480 housings. Further 7, of PYRANO B declined following
each spray-test (marked with magenta dashed vertical lines in Figure 4.34) and the difference in
body temperature |AT;| between the two pyranometers shows exponential behaviour. At 03:53
UTC the body temperature of PYRANO B decreased strongly as the heating level of the housing
was set to OW.
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Comparison of PT100 elements, End: 2015-01-25 07:00
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Figure 4.35: As Figure 4.29 but for comparison of C4 and C5 in the experimental pyranometer housing (PYRANO B,
CMP 21, KSO original housing) between 2015-01-24 16:00 UTC and 2015-01-25 07:00 UTC. Dark orchid dashed
vertical lines indicate changes in heating power for PYRANO B at 2015-01-24 23:00 UTC and at 2015-01-25 03:53
UTC; heating power [W] for individual periods is detailed at the top of the graph. The magenta dashed vertical lines
mark spray-tests at 2015-01-24 19:52 UTC, at 21:34 UTC, at 2015-01-25 01:15 UTC and at 02:30 UTC. The cyan
dashed vertical lines mark cover-tests between 2015-01-24 18:53 UTC and 2015-01-24 19:09 UTC and between
2015-01-24 20:48 UTC and 2015-01-24 21:03 UTC.

Figure 4.35 shows the time series of the four PT100 elements, two each mounted inside the
reference and experimental housings, between 2015-01-25 16:00 UTC and 2015-01-26 07:00 UTC.
PT100 elements C1 (bottom) and C2 (top) have been mounted inside the reference housing while
C4 (bottom) and C5 (top) have been mounted inside the KSO housing. From this graph it is obvious
that the glass-domes of the pyranometer contained in a KSO,s. housing (represented by C5) are
colder than the sensors body temperature (represented by C4), while its the opposite for sensors
contained in Eigenbrodt SBL 480 housings. Interestingly PYRANO B seems to deviate slightly from
thermodynamic equilibrium while being heated (with either 5 or 10 W) as at both heating levels a
difference between T4 and T¢s of about 1 °C occurred. A similar absolute difference is found for
the temperature elements mounted inside the Eigenbrodt SBL 480 housing, indicating that also
this device is slightly off thermodynamic equilibrium. As expected once the heating system of the
KSO,rig. housing was switched off the pyranometer obtained thermodynamic equilibrium as the
difference between T4 and T¢s converged close to 0 °C.
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Comparison PYRANO A to PYRANO B regarding R, End: 2015-01-25 14:10
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Figure 4.36: As Figure 4.26 but for comparison of radiation R [W m~2] measured with reference (PYRANO A,
CMP 21, Eigenbrodt housing, green) and experimental pyranometers (PYRANO B, CMP 21, KSO original housing,
orange) between 2015-01-25 05:00 UTC and 2015-01-25 14:10 UTC. Dark orchid dashed vertical lines indicate
changes in heating power for PYRANO B at 2015-01-25 08:04 UTC and at 2015-01-25 11:06 UTC; heating power
[W] for individual periods is detailed at the top of the graph. The magenta dashed vertical lines mark spray-tests at
2015-01-25 06:01 UTC, at 06:59 UTC, at 09:00 UTC, at 10:04 UTC, at 12:01 UTC and at 13:13 UTC.

The second part of the comparison time period between pyranometers contained in Eigenbrodt SBL
480 (reference setup) and KSO original housings (experimental setup) is shown in Figures 4.36
(regarding R) and 4.37 (regarding 7;,). The beginning of the time series in Figure 4.36 shows
that |AR| varied between 0 and 1W m~2. The first two spray-tests, performed during nighttime
conditions, resulted in increased differences among pyranometer outputs of 3Wm~2 at 06:01 UTC
and 2W m~2 at 06:59 UTC). As after previous spray-tests observed, | A R| between PYRANO A and
PYRANO B rebound within few minutes to its baseline values.

At 08:04 UTC the heating system of the KSO,, housing was switched back to heating level 5W,
resulting in a strong increase in R output of PYRANO B in the order of 1.5 Wm™~2. Furthermore
|AR| increased to almost 3 W m~?2 after the heating level was restored to its default level of 10 W at
11:06 UTC.

Daytime spray-tests (at 09:00 UTC and at 12:01 UTC) resulted in |AR| ~ 6 Wm~?2 while those at
10:04 UTC and 13:13 UTC triggered values of |[AR| ~ 10Wm™2. It is assumed that these large
differences in radiation sensor output are a result of generally larger baseline radiation levels
due to day time conditions. Meteorological variables such as wind velocity are excluded as cause
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given the dependence of evaporation on both radiation and wind speed discussed above (see
Section 2.10).

After radiation signals have been addressed the discussion is turned to the effect of individual
experiments on the body temperature of the pyranometers. At 08:04 UTC the heating power of the
experimental pyranometer was changed to 5 W and the difference |ATj,| reduced to roughly 0.8 °C
as the day before. After changing the heating power to 10W at 11:06 UTC T;, of the experimental
pyranometer (PYRANO B) exceeded the body temperature of the reference instrument (PYRANO
A), indicating the strong influence of the heating system on thermal properties of and inside the
KSOyrig. housing (see Figure 4.37). Further each spray-test triggered a decrease in |ATj,| following
an exponential form for about 30 minutes.

Comparison PYRANO A to PYRANO B regarding Ty, , End: 2015-01-25 14:10
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Figure 4.37: As Figure 4.28 but for comparison of body temperatures 7;, [°C] measured with reference (PYRANO A,
CMP 21, Eigenbrodt housing, green) and experimental pyranometers (PYRANO B, CMP 21, KSO original housing,
orange) between 2015-01-25 05:00 UTC and 2015-01-25 14:10 UTC. Dark orchid dashed vertical lines indicate
changes in heating power for PYRANO B at 2015-01-25 08:04 UTC and at 2015-01-25 11:06 UTC; heating power
[W] for individual periods is detailed at the top of the graph. The magenta dashed vertical lines mark spray-tests at
2015-01-25 06:01 UTC, at 06:59 UTC, at 09:00 UTC, at 10:04 UTC, at 12:01 UTC and at 13:13 UTC.
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4 Results

4.2.4 Analysis of measurements for pyranometers contained in an
Eigenbrodt SBL 480 (reference) and KSO modified (experimental)
housing

To investigate if a different setup of the heating system inside the KSO housing would mitigate
nighttime offsets relative to the Eigenbrodt SBL 480 reference a series of experiments with slightly
raised heating elements (5 mm, 10 mm and 15 mm above standard configuration height) was
performed.

The first modification occurred between 2015-01-25 14:23 UTC and 2015-01-25 15:50 UTC
when the heating ring of the KSO housing was raised 5 mm using a self-built (by Mag. Dietmar
Baumgartner and KSO colleagues) 20 mm wide aluminium ring with the same diameter as the
upper base plate and four distance sleeves (made of plastic for insulation) which were mounted
between the base plate and the ring (see Figure 4.38). This configuration of the KSO housing is
hereinafter referred to as KSOs .

=T

Figure 4.38: Experimental radiation sensor PYRANO B and its modification of the heating elements elevated by
5mm (marked with the red arrow) realized by an aluminium ring with a width of 20 mm and four distance sleeves.

The time series of radiation output from the pyranometer contained in the KSOspy housing
between 2015-01-25 16:00 UTC and 2015-01-26 05:00 UTC is shown in Figure 4.39. Against
expectation the raised heating system did not improve instrument performance as |AR)| varied
around 2.5W m~2 at a heating power of only 5W. At 20:54 UTC the heating level of PYRANO
B was raised to 10W and shortly after |AR| increased by an additional 1 W m~2. Interestingly
switching off the heating system did not stabilize the sensor mounted in KSOs , over the time
period considered as |AR| remained at roughly 1.7 W m~?2 over several hours, and thus slightly
larger than during operation of the KSO,,. housing. Spray-tests showed effects similar to those
seen for other housing configurations before (KSO,. and Eigenbrodt SBL 480), with values of
|AR| between 5.6 W m~2 (23:53 UTC) and 8W m~2 (22:45 UTC).
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Comparison PYRANO A to PYRANO B regarding R, End: 2015-01-26 05:00
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Figure 4.39: As Figure 4.26 but for comparison of radiation R [W m™~2] measured with reference (PYRANO A, CMP
21, Eigenbrodt housing, green) and experimental pyranometers (PYRANO B, CMP 21, KSO housing, heating elements
elevated by 5 mm, orange) between 2015-01-25 16:00 UTC and 2015-01-26 05:00 UTC. Dark orchid dashed vertical
lines indicate changes in heating power for PYRANO Bon 2015-01-25 20:54 UTC and on 2015-01-26 01:25 UTC;
heating power [W] for individual periods is detailed at the top of the graph. The magenta dashed vertical lines mark
spray-tests at 2015-01-25 18:30 UTC, at 19:30 UTC, at 22:45 UTC and at 23:53 UTC.

The body temperatures for the reference pyranometer and the sensor mounted in the KSOs
housing are shown in Figure 4.40 for the period between 2015-01-25 16:00 UTC and 2015-01-26
05:00 UTC). At the beginning of the time series | AT} | plateaued at a value of 0.4 °C. Spray-tests
have been performed at 18:30 UTC and 19:30 UTC triggering a decline of the body temperature
of PYRANO B. Further, once the heating power was raised from 5 to 10 W shortly before 21:00
UTC, T, of the experimental pyranometer increased strongly compared to the body temperature of
PYRANO A. As the body temperature of PYRANO B exceeded those of PYRANO A the difference
|AT;| followed a reverse exponential curve after the spray-tests at 22:45 UTC and 23:53 UTC.
After the heating power of PYRANO B was turned off, the difference between the body temperature
of the two pyranometers reached about 1.8 °C.
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Comparison PYRANO A to PYRANO B regarding Ty, , End: 2015-01-26 05:00
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Figure 4.40: As Figure 4.28 but for comparison of body temperatures Tj, [°C] measured with reference (PYRANO A,
CMP 21, Eigenbrodt housing, green) and experimental pyranometers (PYRANO B, CMP 21, KSO housing, heating
elements elevated by 5 mm, orange) between 2015-01-25 16:00 UTC and 2015-01-26 05:00 UTC. Dark orchid
dashed vertical lines indicate changes in heating power for PYRANO B on 2015-01-25 20:54 UTC and on 2015-01-26
01:25 UTC; heating power [W] for individual periods is detailed at the top of the graph. The magenta dashed vertical
lines mark spray-tests on 2015-01-25 18:30 UTC, at 19:30 UTC, at 22:45 UTC and at 23:53 UTC.

Figure 4.41 shows a comparison of temperatures recorded with PT100 elements in the Eigen-
brodt SBL 480 (reference) and KSOs,, (experimental) housings. PT100 elements C4 and C5
characterize temperatures inside the housing (C4) and glass-dome temperatures (C5) of PYRANO
B. Interestingly the difference between these two temperatures increased compared to the KSOqrig.
configuration by about 0.5 °C (see Figure 4.35). The difference between housing temperature (rep-
resented by C4) and glass-dome temperature (represented by C5) grew with increased heating level,
as seen in Figure 4.41, reaching a difference to the reference pyranometer of |AR| ~ 3.5 W m 2
(see Figure 4.39).
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4.2 Measurement campaign

Comparison of PT100 elements, End: 2015-01-26 05:00
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Figure 4.41: As Figure 4.29 but for comparison of C4 and C5 inside the experimental pyranometer (PYRANO B, CMP
21, KSO housing, heating elements elevated by 5 mm) between 2015-01-25 16:00 UTC and 2015-01-26 05:00 UTC.
Dark orchid dashed vertical lines indicate changes in heating power for PYRANO B on 2015-01-25 20:54 UTC and on
2015-01-26 01:25 UTC; heating power [W] for individual periods is detailed at the top of the graph. The magenta
dashed vertical lines mark spray-tests on 2015-01-25 18:30 UTC, at 19:30 UTC, at 22:45 UTC and at 23:53 UTC.

The next few paragraphs detail sensor evolution (R and 7}) during periods with heating level
O W for the KSOs my, housing.

Figure 4.42 indicates radiation output of PYRANO A and PYRANO B and their difference |AR)|
at a steady heating power of 0 W for PYRANO B during which a series of three spray tests was
performed. While two of this spray tests (at 06:01 UTC and 14:11 UTC) triggered similar responses,
the third (at 07:07 UTC) resulted in a large |AR| close to 18 W m~2. The reason for this striking
response is believed to be a change of ambient air temperature below freezing levels, thus the
water impacting the dome during the spray-test froze on contact and caused a cold-shock response
of the pyranometer.
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Comparison PYRANO A to PYRANO B regarding R, End: 2015-01-26 15:00
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Figure 4.42: As Figure 4.39 but for comparison of radiation R [W m~2] measured with reference (PYRANO A, CMP
21, Eigenbrodt housing, green) and experimental pyranometers (PYRANO B, CMP 21, KSO housing, heating elements
elevated by 5 mm, orange) between 2015-01-26 05:00 UTC and 2015-01-26 15:00 UTC. The magenta dashed vertical
lines mark spray-tests on 2015-01-26 06:01 UTC, at 07:07 UTC and at 14:11 UTC. The dark green dashed vertical
lines mark a period of instrument maintenance between 2015-01-26 08:42 UTC and 2015-01-26 09:15 UTC.

The 07:07 UTC spray-test on PYRANO B is hardly visible in the time series of body tempera-
tures shown in Figure 4.43, indicating that contact freezing did primarily influence glass-dome
temperatures and not thermal stability inside the KSOs my, housing unit.

The second interesting case is shown in Figure 4.44 between 2015-01-26 15:00 UTC and 2015-01-
27 05:00 UTC during which the heating level of PYRANO B was 0 W, i.e. heating has been manually
switched off. Initially R of the reference and the experimental sensors showed an approximately
constant offset of ~ 1.5W m~2. Over time four spray-tests (at 16:52 UTC, 18:37 UTC, 22:36
UTC and 23:56 UTC) have been performed resulting in values of |AR| between ~ 2 — 3W m~2.
The most interesting feature of this time series occurred after the fourth spray-test, where both
radiation sensors, disturbed (PYRANO B) and undisturbed (PYRANO A), increased slowly their
output signal. PYRANO A reached values above 1.5 W m~2 for a few minutes and the experimental
device progressed towards 0 W m~2; |AR| remained constant around 1.9W m~2, indicating that
an external effect must have impacted both devices.
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Comparison PYRANO A to PYRANO B regarding Ty, , End: 2015-01-26 15:00
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Figure 4.43: As Figure 4.40 but for comparison of body temperatures Tj, [°C] measured with reference (PYRANO A,
CMP 21, Eigenbrodt housing, green) and experimental pyranometers (PYRANO B, CMP 21, KSO housing, heating
elements elevated by 5 mm, orange) between 2015-01-26 05:00 UTC and 2015-01-26 15:00 UTC. The magenta
dashed vertical lines mark spray-tests on 2015-01-26 06:01 UTC, at 07:07 UTC and at 14:11 UTC. The dark green
dashed vertical lines mark a period of instrument maintenance between 2015-01-26 08:42 UTC and 2015-01-26
09:15 UTC.
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Comparison PYRANO A to PYRANO B regarding R, End: 2015-01-27 05:00
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Figure 4.44: As Figure 4.39 but for comparison of radiation R [W m~2] measured with reference (PYRANO A, CMP
21, Eigenbrodt housing, green) and experimental pyranometers (PYRANO B, CMP 21, KSO housing, heating elements
elevated by 5 mm, orange) between 2015-01-26 15:00 UTC and 2015-01-27 05:00 UTC. The magenta dashed vertical
lines mark spray-tests on 2015-01-26 16:52 UTC, at 18:37 UTC, at 22:36 UTC and at 23:56 UTC.

A little bit lagged (around 20 minutes) to the radiation response the body temperatures of both
pyranometers began to increase by about 1.5 °C within 30 minutes (see Figure 4.45). The body
temperature of PYRANO B varied more or less after every experiment (at 16:52 UTC, 18:37 UTC,
22:36 UTC and 23:56 UTC) but the influence of water drops occurred mainly at the glass-dome.

The reason for the enhanced output signal of the reference and the experimental radiation sensors
as well of HIM and GLO (see Figure 4.46) after 2015-01-27 02:00 UTC was found to be influence
of net long-wave radiation (measured at the ARAD site Graz/University), shown in Figure 4.46.
The radiation R measured by the pyrgeometer at ARAD site Graz/University increased steadily
from 23:00 UTC to 02:30 UTC. Afterwards within 40 minutes the output signal of LONG (net)
reached a value around —30 W m~2. Over the same time period PYRANO A and PYRANO B and
ARAD site Graz/University sensors HIM and GLO increased their output signals.
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Comparison PYRANO A to PYRANO B regarding Ty, , End: 2015-01-27 05:00
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Figure 4.45: As Figure 4.40 but for comparison of radiation body temperatures 7}, [°C] measured with reference
(PYRANO A, CMP 21, Eigenbrodt housing, green) and experimental pyranometers (PYRANO B, CMP 21, KSO housing,
heating elements elevated by 5 mm, orange) between 2015-01-26 15:00 UTC and 2015-01-27 05:00 UTC. The
magenta dashed vertical lines mark spray-tests on 2015-01-26 16:52 UTC, at 18:37 UTC, at 22:36 UTC and at 23:56

UTC.
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Comparison HIM and GLO to LONG regarding R, End: 2015-01-27 05:00
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Figure 4.46: Comparison of radiation R [Wm™ 2] measured at ARAD site Graz/University with sensors for diffuse
(HIM: CMP 21, Eigenbrodt housing, red curve), global (GLO: CMP 21, KSO housing, blue curve) (both in panel a)
and net long-wave radiation (LONG: CRG 4, KSO housing, lime-green curve) (panel b) between 2015-01-26 15:00
UTC and 2015-01-27 05:00 UTC. The magenta dashed vertical lines mark spray-tests on 2015-01-26 18:37 UTC and
at 22:36 UTC.

Following the experiments with the KSOs m, housing additional experiments have been performed
with further raised distance of the heating ring to the upper base plate. The aim of the modifications
to the experimental housing was to reduce the distance between heating elements and the glass-
dome and to increase the temperature of the air flow without adjusting the heating level.

Thus the heating ring was elevated by additional 5mm in the morning of January 27, 2015
(construction between 09:00 UTC and 09:20 UTC). On January 28, 2015 the heating ring got
elevated another 5 mm (construction between 23:31 UTC and 23:44 UTC). These setups, referred
to as KSO19mm and KSO15mm housings did unfortunately not improve the performance of PYRANO
B compared to the reference pyranometer (PYRANO A) and original KSO housing. Therefore time
series of sensor output during KSO1¢mm and KSO15m,m operation are not further discussed here
but shown for completeness in Appendices A and B (see Figures A.1 to B.3).

Overall the results of the experiments with modified KSO housings indicate that the general setup
of the heating system (number of heating elements and/or their alignment, and/or their position
in the air flow and/or their position (distance) around (to) the pyranometer body) might be
responsible for the offset observed in comparison to the reference pyranometer.
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4.2 Measurement campaign

Subsections 4.2.1 to 4.2.4 above provide a detailed discussion of effects observed during exper-
iments with different pyranometer housings during the measurement campaign. A graphical
protocol of all performed experiments is shown in Figure C.1 regarding the radiation R and
in Figure C.2 regarding Tj, (see Appendix C). The following subsections (4.2.5 to 4.2.8) focus
on statistical investigations regarding the impact of spray-tests, the comparison of pyranome-
ter body and glass-dome temperatures with ambient air temperature (during both relaxation
and experimental periods), theoretical considerations/calculations based on sensor temperature
and radiation records as well as comparisons of meteorological records obtained with different
instruments during the measurement campaign.

4.2.5 Statistical analysis of spray-tests

As outlined in subsection 3.5.2 the amount of water impacting the glass-dome of pyranometers
during standardized spray-tests (i.e., 30 strokes from 2 — 4 cm distance) was determined as 3.35g
in laboratory analysis. This section discusses the statistical analysis regarding the impact of
spray-tests on sensor output while contained in the Eigenbrodt SBL 480 and KSO;g. housing,
respectively.

Tables 4.2 - 4.7 summarize information on AR* the maximum difference between sensor output of
PYRANO B and PYRANO A within 30 minutes following each spray-test; AR;—; the mean difference
between sensor PYRANO B and PYRANO A during the 10 minutes prior the spray-test; AR;—o the
mean difference between sensor PYRANO B and PYRANO A 30 — 39 minutes after the spray-test;
AR* — AR;, the average over differences of AR* and AR,—; and AR* and AR,_,, respectively;
as well as ‘er‘ the average over all values for AR* — AR; in specific configurations .

Comparing these benchmark numbers for experiments using Eigenbrodt SBL 480 housings with
different heating configurations indicates that the 10 W configuration (recommended by the
manufacturer) as well as the 0 W configuration (unheated) seem to provide a more stable thermal
environment for the experimental pyranometer than a heating level of 5W. As obvious from
Tables 4.2 - 4.4 differences in pyranometer response during individual spray-tests performed under
the same heating level configuration occurred, most likely representing an overlying signal of
ambient conditions.

Tables 4.5 - 4.7 provide information on the analysis for spray-tests during operation of the KSOqrig,
housing. In comparison to the Eigenbrodt SBL 480 housing, sensor output responses have been
quite similar during operation at 10 and 5 W heating levels. As one might expect given the results
outlined in the previous sections the pyranometer contained in the KSO,, housing showed
(compared to the reference pyranometer) the smallest response while ventilated but unheated.

In general the impact of spray-tests on pyranometers has been smallest, for both housings, under
unheated conditions. Although, an important caveat, limited sample size for 0 W experiments
(two vs. four each for 10 and 5W, respectively) needs to be considered. Further, due to time
constraints during the campaign only a limited number of spray-tests has been performed with
the modified KSO housings (i.e, with the heating ring raised by 5, 10, 15 mm), which allow only
limited comparison and are therefore not further addressed here.
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Table 4.2: Statistical analysis of spray-tests regarding experimental pyranometer PYRANO B contained in Eigenbrodt
SBL 480 housing at heating level of 10 W.

Time [UTC]
16:05 | 16:56 | 12:57 | 13:59
Difference [Wm 2]
Min. AR* —2.83 | —2.17 | —2.04 | —3.10
AR;—1 (10 minutes before) 0.36 0.86 0.26 0.79
AR;—s (30 — 39 minutes after) 0.99 0.70 0.56 0.69
AR* — AR; -3.50 | —2.95 | —2.45 | —3.84
AR;| 3.18

Table 4.3: Statistical analysis of spray-tests regarding experimental pyranometer PYRANO B contained in Eigenbrodt
SBL 480 housing at heating level of 5W.

Time [UTC]
20:09 | 22:10 | 09:18 | 10:36
Difference [W m 2]

Min. AR* —3.78 | —4.76 | —7.43 | —7.73
AR;— —0.18 0.11 | —0.27 | —0.24
AR;—9 —0.33 | —0.56 | —0.31 0.10
AR* — AR; —3.53 | —4.53 | —7.14 | —7.66

AR;| 5.72

Table 4.4: Statistical analysis of spray-tests regarding experimental pyranometer PYRANO B contained in Eigenbrodt
SBL 480 housing at heating level of 0W.

Time [UTC]
05:57 | 07:01
Difference [Wm 2]

Min. AR* —2.21 | —2.49
AR;— —1.15 | —0.96
AR;—9 —1.06 | —0.81
AR* — AR; —1.15 | —1.61

ARy| 1.38
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Table 4.5: Statistical analysis of spray-tests regarding experimental pyranometer PYRANO B contained in KSO original

housing at heating level of 10 W.

Time [UTC]
19:52 | 21:34 | 12:01 | 13:13
Difference [Wm 2]

Min. AR* —5.13 | =5.76 | —6.20 | —9.66
AR;— —2.16 | —1.54 | —2.84 | —2.46
AR;—9 —2.03 | —1.40 | —2.40 | —2.79
AR* — AR; —3.04 | —4.29 | —3.58 | —7.03

AR;| 4.49

Table 4.6: Statistical analysis of spray-tests regarding experimental pyranometer PYRANO B contained in KSO original

housing at heating level of 5W.

Time [UTC]
01:15 | 02:30 | 09:00 | 10:04
Difference [Wm 2]

Min. AR* —4.86 | —5.39 | —6.18 | —10.51
AR;—1 —-159 | —-1.22 | —1.74 | —1.63
AR;—o —1.47 | =147 | —2.43 | —2.28
AR* — AR; —3.33 | —4.05 | —4.09 | —8.56

AR/| 5.00

Table 4.7: Statistical analysis of spray-tests regarding experimental pyranometer PYRANO B contained in KSO original

housing at heating level of 0 W.

Time [UTC]
06:01 | 06:59
Difference [Wm 2]

Min. AR* —2.78 | —1.74
AR;— —0.53 | —0.08
AR;—o —0.64 | —0.08
AR* — AR; —2.19 | —1.66

AR/| 1.93
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4.2.6 Comparison of pyranometer body temperature(s) with ambient air
temperature

As described in Kipp&Zonen (2010) the body temperature T3, of pyranometers depends (strongly)
on ambient air temperature 7,. To determine the relationship between pyranometer body tem-
peratures and ambient air temperature data obtained with PT 100 element C3 (co-located at
experimental platform, mounted in a multi-plate radiation shield) and MobMet (thermistor, co-
located in vicinity of the experimental platform) have been used. The relationship between
individual temperature pairs was determined using the Kendall rank correlation coefficient (Cor)
and a coefficient of determination (Var), which is Cor squared (Schonwiese, 2006). Calculations
have been performed using the ,base‘ package within R (R Core Team, 2014).

First the focus is drawn to the comparison between the body temperature of the reference
pyranometer (7}, ps) and ambient air temperature. To this aim Figure 4.47 shows the time series
of Ty, pa, C3 and MobMet (both T;,) obtained during the measurement campaign. To account for
short-term fluctuations of individual sensor recordings, which could occur simply due to sensor
noise, all three time series have been smoothed with a symmetric 30 minute moving average filter.
Panel (a) of Figure 4.47 provides a comparison of the time series of T} py to C3. The two
temperature curves are evolving parallel but show a constant offset of a few °C. The rank correlation
after Kendall yields a value of Cor = 0.93, with a coefficient of determination Var= 0.87. The
comparison of Tjpy to MobMet yields slightly lower values, Cor = 0.85 and Var = 0.73 (see
Figure 4.47b). Panel (c) provides a comparison of ambient air temperature measurements of
C3 and MobMet. Between 2015-01-23 and 2015-01-25 hardly any difference in ambient air
temperature readings is found among the two sensors. From 2015-01-26 and 2015-01-29 the
temperature curves diverge a little with generally lower readings for MobMet than C3. The reason
for this diverging tendency can be explained by different positions and height levels on the rooftop,
exposing sensors slightly different to changes in wind direction and wind speed.
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Figure 4.47: Comparison of ambient air temperature T, [°C] measured with two instruments (C3 and MobMet)
and body temperature T} py [°C] measured with reference (PYRANO A, CMP 21, Eigenbrodt housing, green) between
2015-01-23 15:00 UTC and 2015-01-29 08:25 UTC. For convenience C3 and MobMet are compared with each
other in the third sub-figure (c). Kendall rank correlation coefficient (Cor) and coefficient of determination (Cor* =
Var) indicate the degree of association between two measured quantities, state in lower left-hand corner of each
sub-figure.
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Figure 4.48 shows a scatterplot of temperature readings of Tj, py and C3. In total N = 8246
observational points (1 minute averages, green open dots) are compared. The red line is the
regression line indicating a strong linear relationship of 7j, py and C3 and on offset 7} py — C3 ~
2.6 °C. Statistics for 1 minute data are Cor = 0.90 and Var = 0.81, which are, as expected, slightly
lower than those for the smoothed time series.

As similar difference as for 7}, py and C3 was found for Ty and ng from June 2013 to May 2014
(see Figures 4.49(a) and 4.49(c)) confirming the strong relationship between pyranometer body
temperature and ambient air temperature. Differences between T o and ng showed a similar
pattern but slightly more seasonal variation (see Figures 4.49(b) and 4.49(d)).

Scatter plot C3 to Ty, pa

10
|

Body temperature Ty, pa [°C]

Cor=0.90
Var=0.81
N=8246

T T T T T T
-4 -2 0 2 4 6 8

C3[°C]
Figure 4.48: Scatter plot between the PT100 element C3 [°C] and the body temperature of the reference pyranometer
Tipa [°C] (PYRANO A, CMP 21, Eigenbrodt housing) between 2015-01-23 15:00 UTC and 2015-01-29 08:25 UTC.
Kendall rank correlation coefficient (Cor) and coefficient of determination (Cor? = Var) indicate the degree of
association between the two measured quantities, N represents the number of values; all three variables are indicated
in lower right-hand corner.

96



4.2 Measurement campaign

Difference of monthly averages Tym—Tug (2013)

Difference of monthly averages Tg o=Twg (2013)
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Figure 4.49: Monthly Box-Whisker plots of (a) difference [°C] between the body temperature of the pyranometer
measuring diffuse radiation (HIM) at ARAD site Graz/University Ty and average ambient air temperature at
TAWES site Graz/University Twg, (b) difference [°C] between the body temperature of the pyranometer measuring
global radiation (GLO) at ARAD site Graz/University Ta.o and average ambient air temperature at TAWES site
Graz/University ng; (a)-(b) for June to December 2013; (c) as (a) and (d) as (b); but for January to May 2014.

Next the ambient air temperature measurements of C3 and MobMet are compared with the body
temperature of PYRANO B (see Figure 4.50). Despite various changes in housings, heating levels
and reoccurring influence by experiments (spray-tests and capping experiments) T3, py and ambient
sensors (C3 and MobMet) show joint patterns and co-evolvement. Statistics are: Cor = 0.75 and
Var = 0.57 for C3 and Cor = 0.73 and Var = 0.53 for MobMet, respectively. Tj pg shows largest
difference to C3 and MobMet during periods where PYRANO B was contained in a KSO housing
with a heating power of 10 W.
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Figure 4.50: As Figure 4.47 but for comparison of body temperature 7Tjpg [°C] measured with experimental
pyranometer (PYRANO B, CMP 21, EIG or KSO housing, heating elements elevated by different hight, orange)
between 2015-01-23 15:00 UTC and 2015-01-29 08:25 UTC. Goldenrod dashed vertical lines indicate changes in
instrument housing between Eigenbrodt and KSO as well as height adjustments in the heating elements within the
KSO housing; heating element adjustments for individual periods are detailed in the top of the graph.
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Observations with T;, pg way higher/lower or approximately equal to ambient air temperature 7,
are easier identified in Figure 4.51. The regression line of Tj, pg and C3 splits the data cloud into
two parts: data points left of the regression line stem (in majority) from periods with heating
power at 10 W, (note: the difference Tj, pg — C3 varied between 3.5 and 5.5 °C), while data points

right of the regression line stem (in majority) from periods where the heating power was turned
off.

Scatter plot C3to Ty, pg

Body temperature Ty, pg [°C]

C3[°C]

Figure 4.51: As Figure 4.48 but with measurements of the body temperature of the experimental pyranometer
Ty ps [°C] (PYRANO B, CMP 21, EIG or KSO housing, heating elements elevated by different mm).
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4.2.7 Theoretical black body radiative exchange

The question arises if the thermal offset of a pyranometer, arising by radiative heat exchange
between the instruments glass-dome and the sensing element, can be empirically corrected? An
extensive literature review revealed that although the problem of thermal offsets is well known
(Kipp&Zonen, 2010) its empirical correction is hardly addressed in the scientific literature. The
master thesis of Bernando C. A. Dominguez titled ,Characterization of Pyranometer Thermal Offset
and Correction of Historical Data‘, supervised by M. P. Haeffelin, J. R. Mahan and E. P. Scott
provides to date the only theoretical and empirical guidance on this problem. Dominguez (2001)
investigated thermal offsets for a Eppley precision spectral pyranometers (PSP). To correct for
this thermal offset the temperature gradient between the pyranometer’s inner glass-dome and the
detector was measured (invasively) with thermistors. The observational series of temperature
gradients was then used to establish empirical correlations between the theoretical black body
radiative exchange and the PSP output signal, yielding an empirical correction function for the
offset.

The offset can be expressed as

Offset = Go (T4 — T}) + H (4.1)

where G and H are the slope and Ty is the temperature of the glass-dome.
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Figure 4.52: Theoretical blackbody radiative exchange between the glass-dome 7y [K] and the body temperature
Ty, [K] versus the output signal of the precision spectral pyranometer (PSP) [W m~2]. The numbers near PSP in the
figure legend indicate instrument serial numbers. The black dashed diagonal lines mark the identity lines while the
solid red lines are regression lines. Source: (Dominguez, 2001)
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4.2 Measurement campaign

As shown in Figure 4.52 of the nighttime output (thermal offset) with the theoretical black body
radiative exchange represented by o (T} — Tjy) [Wm™?] could be identified (explained variance
ranged between Var = 0.97 and Var = 0.99 among PSPs). Thus Eq. 4.1 was used by Dominguez for
the correction of the thermal offset during nighttime conditions. After correction all nighttime
radiation values have been above 0Wm~2 (see Figure 4.53), proving the effectiveness of the
correction method (Dominguez, 2001).
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Figure 4.53: Time Series of standard (black and red curve) and corrected (green and blue curve) PSP output
[Wm~?2] for (a) October 2, 2000 (day of the year 276) and (b) October 3, 2000 (day of the year 277). The cyan
horizontal lines mark 0 Wm ™2 for PSP Output. Source: (Dominguez, 2001)

A major caveat of the proposed methodology by Dominguez (2001) is that it is invasive, i.e. the
outer glass-dome of the PSPs needed to be drilled to allow for direct temperature measurements
of the inner glass-dome. As such invasive procedure could not be pursued in this thesis work, due
to the costs expected for the replacement of damaged instruments, a slightly different approach
generally following the methodology of Dominguez (2001) was chosen. As outlined above
PT100 elements C2 (PYRANO A) and C5 (PYRANO B) have been considered to represent the
temperature of the inner glass-dome in close approximation. Therefore the theoretical black body
radiative exchange was calculated using measurements of C2 T, and the body temperature of the
reference pyranometer 73, py in relationship to its output signal. It is noted that only the reference
pyranometer is used for calculations as output of PYRANO B was the majority of the time impacted
by experiments.

Figure 4.54 shows the theoretical black body radiative exchange calculated by the measurements of
C2 Tt and the body temperature of the reference pyranometer 7j, py in relationship to the output
signal of PYRANO A between 18:00 UTC and 04:00 UTC for all campaign days expect the January
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22, 2015. The scatter plot shows a large bandwidth of the night values, o(T¢, — TéPA) ranged
from —4Wm~2 to 5.5 W m~2 while PYRANO A radiation output varied between —1.6 Wm~2 and
2Wm™2. Statistical calculations yield a low explained variance of the output signal of only 14%.
Such weak statistical relationship allows unfortunately not for a correction of the nighttime thermal
offset observed.

Scatter plot theoretical blackbody radiative exchange to PYRANO A output
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Figure 4.54: Scatter plot of the theoretical blackbody radiative exchange between the PT100 element C2 (mounted
as closely as possible to the glass-dome of the pyranometer) and the body temperature of the reference pyranometer
(PYRANO A, CMP 21, Eigenbrodt housing), calculated with o(T¢, — Typy) [Wm™?], to the output signal of the
reference pyranometer between 18:00 UTC and 04:00 UTC of every day of measurement campaign expect the
January 22 2015. Kendall rank correlation coefficient (Cor) and coefficient of determination (Cor®> = Var) indicate

the degree of association between two measured quantities, state in lower left-hand corner of each sub-figure. N
represents the number of values.

In a further correction attempt the data used was restricted to output signals equal or below
0Wm~2 (see Figure 4.55). Three interesting segments, separated by vertical lines at —2 W m~2
and 0Wm~2 for the output signals, can be identified in this plot. The majority of data points
N = 1612 is found for the middle segment, while the number of data points in the right hand
segment is significantly lower (N = 599) and hardly any data points are found in the left hand
segment (N = 45). In summary Figure 4.55 shows that both theoretical black body exchange
for negative pyranometer output and pyranometer output are for most parts of the time series
within —2Wm~2 and 0 Wm~?2 though no robust and meaningful relationship for correction can
be established due to large variability within this bandwidth. Therefore it is concluded, comparing
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4.2 Measurement campaign

results shown here with those of Dominguez (2001), that temperatures recorded with the PT100
element C2 T¢o are not accurately enough representing the real temperature of the glass-dome to
establish a comprehensive correction function. Further investigations (using different approaches)
have not been possible within the framework of this master thesis as invasive approaches could
not be pursued due to limitations by instrument costs as outlined above.

Scatter plot theoretical blackbody radiative exchange to PYRANO A output
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Figure 4.55: As Figure 4.54 but the output signals with values above 0 Wm ™2 cut off. The two vertical, black dashed
lines mark the bandwidth of ¢ (T¢, — Tb‘fPA) which corresponds to the range of PYRANO A output (y-axis).
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4.2.8 Comparison of meteorological records obtained during the
measurement campaign

Meteorological observations from mobile platforms (LUFFT and MobMet, placed near the exper-
imental platform on the rooftop of Heinrichstraf3e 28) and the continuously operating TAWES
system have been used for the analysis of ambient conditions during the measurement campaign.
The operation of multiple platforms allowed: (1) to assess the uncertainty of obtained meteorolog-
ical records and (2) to investigate research questions regarding external influences on radiation
measurements at ARAD site Graz/University, i.e. a potential influence of ventilation shafts located
in vicinity to the ARAD platform on the rooftop of Heinrichstrale 28.

A potential influence of air emitted (at room temperature) by ventilation shafts on the rooftop of
Heinrichstrale 28 was discussed in section 4.1. During the course of the measurement campaign
the position of LUFFT (on the rooftop) has been varied (see Figure 4.56) to investigate if air
emitted by the ventilation shafts influences temperature, relative humidity and/or wind speed
near ARAD site Graz/University. Comparison of readings of LUFFT and MobMet further allowed
to investigate if air emitted by ventilation shafts flows solely horizontal or if upward turbulent
motions occur.

Shafts
& 79
é é D 80’770;
N ARAD site
Q Q Graz/University
L
SS UFFT P1 LUFFT P2
( S
O & &
~ C;)Q
O QL7

Figure 4.56: Exemplary illustration of two positions (close to the ventilation shafts (LUFFT P1); in vicinity of ARAD
site Graz/University (LUFFT P2)) of the all-in-one meteorological device LUFFT during the measurement campaign.
The left-hand side rectangle symbolises the concrete slab directly above the ventilation shafts (black circles). The
right-hand side rectangle symbolises ARAD site Graz/University.

Figure 4.57 shows the smoothed (by a symmetric two times 30 minutes moving average filter) time
series of air temperature measured by LUFFT and MobMet. Position changes of LUFFT are marked
in this figure with goldenrod dashed vertical lines. At the beginning of the time series (2015-01-23
00:00 UTC) LUFFT was located near the shafts and |AT,| with a value of about 8 °C has been
observed. Seven hours later, on 2015-01-23 07:00 UTC LUFFT was moved about 30 cm closer
to the shafts. Following this change in position a further increase of |[AT,| = 2 °C was observed.
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Roughly two hours later (2015-01-23 08:56 UTC) the position of LUFFT was adjusted again. Now
LUFFT was placed in close vicinity of the ARAD site and a pronounced decrease of |AT,| from
~ 10 to ~ 0°C was observed. About 2.5 hours later the position of LUFFT was adjusted again,
this time the instrument was relocated to its initial position (nearby the shafts) and T, of LUFFT
increased to ~ 14 °C which, is ~ 6 °C higher than 7}, measured by MobMet. This pronounced jump
in temperature clearly indicates the influence of air emitted by the ventilation shafts on ambient
air temperature.

In the afternoon (16:05 UTC) LUFFT was moved 1900 mm away from the shafts towards the ARAD
site. Following this position change |AT,| dropped to roughly 1 °C. Given this large drop in 7, of
LUFFT between the positions near the ventilation shafts and the ARAD site it is assumed that air
emitted by the ventilation shafts might not (significantly) effect ambient air temperatures near
the ARAD site. To investigate this further LUFFT was elevated 620 mm (at the same position)
to obtain temperature readings closer to the inlet tubes of ARAD pyranometers. 7, of LUFFT
decreased slightly but as |AT,| remained almost constant this change is rather attributed to
ambient cooling than influence of air emitted by the ventilation shafts. To test this hypothesis
LUFFT was moved once again closer (500 mm distance) to the ventilation shafts at 2015-01-24
12:05 UTC. Immediately |AT,| increased by about 4 °C, indicating the influence of air emitted on
ambient air in close vicinity to the shafts. Changes in 7, of LUFFT following additional position
changes illustrated in Figure 4.57 align with the observations described above and are therefore
not further detailed here.

Extending the analysis from ambient air temperature to wind speed confirms the hypothesis that
air emitted by ventilation shafts influences ambient air in close vicinity of the shafts but does not
influence ambient conditions in vicinity of the ARAD platform. When placed in distance of the
ventilation shafts (periods following the 2nd, 4th, 5th and 6th goldenrod dashed vertical line
in Figure 4.58) LUFFT showed approximately the same wind speed V; as MobMet. In contrary,
when placed in vicinity of the shafts (marked with 1st and 3rd goldenrod dashed vertical line in
Figure 4.58) |AVj| between LUFFT and MobMet increased.

Although an effect of air emitted by the shafts on the ARAD sensors could not be found during
campaign measurements, well-founded conclusions in this case would require additional and
longer investigations beyond this thesis work.
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Figure 4.57: Comparison of the ambient air temperature T, [°C] measured with the all-in-one meteorological system

LUFFT and the mobile meteorological measurement device MobMet between 2015-01-23 00:00 UTC and 2015-01-29
08:25 UTC. Goldenrod dashed vertical lines indicate changes in position of LUFFT during the measurement campaign.
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Figure 4.58: Comparison of the wind speed V; [ms~'] measured with the all-in-one meteorological system LUFFT
and the mobile meteorological measurement device MobMet between 2015-01-23 00:00 UTC and 2015-01-29 08:25
UTC. Goldenrod dashed vertical lines indicate changes in position of LUFFT during the measurement campaign.
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A comprehensive statistical analysis of wind measurements (wind speed V; and wind direction
D;) by LUFFT, MobMet and TAWES (Sonic) is provided below. Figures 4.59 to Figure 4.61 show
contour plots relating hourly wind frequencies [%] and wind direction Dy, as well as box-whisker
plots for hourly winds speed V/, for these devices.

Figures 4.59 shows that wind measurements by LUFFT show much weaker diurnal variation than
corresponding MobMet or Sonic measurements. This is not surprising given the frequent location
change of LUFFT on the rooftop of Heinrichstraf3e 28 exposing the sensor to both undisturbed
ambient conditions and air (temperature and flow) streaming out of the ventilation shafts. MobMet
and Sonic show very similar patterns in wind quantities with a pronounced frequency component
of wind direction between 315 and 360 degrees and a pronounced diurnal cycle in wind speed
(maxima around local noon).

Hourly wind frequencies [%], LUFFT
2 4 6

Time [h, UTC]

Wind direction D, [°] Wwind speed V| [m/s]

Figure 4.59: (left) Contour plot of hourly wind frequencies [%] for wind direction Dy, [°] (resolution 1°). (right)
Whisker plot of hourly aggregated wind speed Vi, [ms~']. All data are observations by LUFFT between 2015-01-23
00:00 UTC and 2015-01-29 08:25 UTC.
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Hourly wind frequencies [%], MobMet
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Figure 4.60: As Figure 4.59 but for observations by MobMet (MM) between 2015-01-23 00:00 UTC and 2015-01-29
08:25 UTC.
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Figure 4.61: As Figure 4.59 but for observations by TAWES (Sonic) between 2015-01-23 00:00 UTC and 2015-01-29
08:25 UTC.
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In summary analysis of ambient air temperature and wind records by meteorological sensors
indicates that it is unlikely that air emitted by ventilation shafts on the rooftop of Heinrichstrafe
28 is (significantly) influencing radiation measurements at the ARAD site. Wind related quantities
observed during the campaign period agreed well among ,permanently installed sensors‘ and
changes in wind speed and wind direction recorded by the mobile device LUFFT represent its
distance/proximity to the ventilation shafts. Although no significant influence of air emitted by the
ventilation shafts could be found near the ARAD platform, it is important to note that ambient air
in proximity to the shafts carried a clear signal of the emitted air which one might need to consider
if additional instruments would be mounted on the platform above/near the ventilation shafts.
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5 Summary and Conclusions

A precise knowledge of the surface energy budget, which includes the solar and terrestrial radiation
fluxes, is needed to accurately characterize the global energy balance which is largely determining
Earth’s climate (Ramanathan, 1987; Augustine and Dutton, 2013; Wild et al., 2015).

As in-situ observations are sparse and restricted to land areas, satellite measurements of radiative
fluxes are needed to characterize the global energy balance. Precise information on radiation
budget components from ground-based networks is needed for retrieval optimization and satellite
product validation (Gupta et al., 2003; Zhang et al., 2010; Yan et al., 2011; Wang et al., 2014)
and the evaluation and/or parametrization of radiative fluxes in global and regional climate
models (Wild et al., 1998; Marty et al., 2003; Freidenreich and Ramaswamy, 2011) and reanalysis
products (Allan, 1999).

To this aim national and global monitoring networks for surface radiative fluxes have been
established in recent decades. The most prominent among these networks is the so-called Baseline
Surface Radiation Network (BSRN) operating under the auspices of the World Climate Research
Programme (WCRP) (Ohmura et al., 1998). BSRN sites are equipped with state-of-the art
instruments of highest accuracy and to date more than 50 anchor sites are operational worldwide.

National monitoring networks such as the Austrian RADiation Monitoring Network (ARAD), which
has been established in 2010 by a consortium of the Central Agency of Meteorology and Geody-
namics (ZAMG), the University of Graz, the University of Innsbruck, and the University of Natural
Resources and Applied Sciences, Vienna (BOKU), orient themselves on BSRN standards (McArthur,
2005). ARAD comprises to date five sites (Wien Hohe Warte, Graz/University, Innsbruck/University,
Kanzelh6he Observatory and Sonnblick (which is also a BSRN site)) and aims to provide long-term
monitoring of radiation budget components at highest accuracy and to capture the spatial patterns
of radiation climate in Austria (Olefs et al., 2015).

Given the accuracy requirement for the local monitoring of radiative fluxes instrument offsets,
triggered by meteorological factors and/or instrumentation, pose a major challenge in radiation
monitoring. Recently a nighttime offset between two pyranometers, monitoring global and diffuse
radiation, has been identified at ARAD site Graz/University. Although nighttime pyranometer
measurements are of no particular importance by themselves, they provide a reference for in-
strument performance according to BSRN standards (McArthur, 2005) and are indicators for
possible changed offsets during daylight conditions. The two pyranometers concerned are of
same type (CMP 21 by manufacturer Kipp&Zonen) but contained in different housing systems
(one Eigenbrodt SBL 480 housing, one self-built cost-effective KSO housing). Therefore besides
external factors i.e., meteorological factors such as precipitation, ambient temperature and wind,
the instrumentation itself might be the cause of the observed offset.
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5 Summary and Conclusions

The main focus of this master thesis has been to investigate the influence of meteorological factors
and instrumentation on radiation measurements at ARAD site Graz/University and to possibly
determine the root cause for the observed instrument offset.

Within the scope of this thesis data from ARAD site Graz/University between June 2013 and
May 2014 has been analyzed. In addition to the analysis of routine ARAD data a series of
experiments has been performed at ARAD site Graz/University to ,simulate‘ meteorological effects
(e.g., precipitation) under stable nighttime conditions. The results of this series of preliminary
experiments indicated that precipitation events and changes in ambient conditions (temperature
and/or wind speed) influence radiation measurements.

To further characterize instrument responses and differences in these responses among different
instrumentation setups, i.e., different housing units and heating levels and/or heating ring positions
inside the housings, an extensive measurement campaign has been performed in January 2015.
During this campaign more than 60 experiments, including standardized spray-tests (30 strokes
from 2 — 4 cm distance) to simulate precipitation events, coverage-tests to simulate abrupt changes
in wind speed, rapid adjustments in heating levels to simulate abrupt changes in ambient air
temperature and to investigate instrument performance/robustness under different heating levels,
and combinations of those listed above, have been performed.

As ARAD site Graz/University is a routine monitoring site, experiments could not be performed at
the site to not disturb the monitoring series. Therefore two additional pyranometers (of the same
type as the ARAD sensors, provided by Dr. Marc Olefs and Dr. Martin Mair (both ZAMG)) have
been installed in vicinity of the ARAD site for the campaign. These pyranometers have been placed
during experiments in the same type of housings as operated at the ARAD site. While the housing
of the experimental pyranometer was changed during the campaign, the reference pyranometer
was contained the whole period in a housing of type Eigenbrodt SBL 480. During the campaign
pyranometer body temperature has been recorded and additional temperature measurements
(using standard PT100 elements) inside the housing systems and near the pyranometers outer
glass-domes have been performed to characterize thermal environments and heat flow. Additional
measurements - characterizing ambient meteorological conditions - have been performed with
two mobile meteorological observation platforms, WS600 UMB by Lufft GmbH (provided by Prof.
Dr. Erich Mursch-Radlgruber from BOKU) and a self-built mobile observation platform (MobMet,
provided by the Institute of Physics, of the University of Graz), during the measurement campaign.

The key finding of this thesis is that both, instrumentation applied, and ambient meteorological
conditions significantly influence pyranometer performance and thus measurement accuracy at
ARAD site Graz/University.

First the focus is turned to the influence of instrumentation on radiation measurements. The
offset between the output of two pyranometers of the same type, originally observed at ARAD
site Graz/University, is repeatable for pyranometers operated in different housing systems as
shown by the results of the measurement campaign. In contrary if instruments are operated in
housing systems of the same type, the offset is strongly reduced. Additionally it was found that
the operational heating level strongly influences pyranometer stability independent of the housing.
The campaign experiments showed that independent of the housing system, pyranometer output
changed no matter if the housing systems heating power was enhanced, reduced or eliminated.
The analysis presented shows further that sensors needed about 30 to 60 minutes to stabilize in
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the ,new* thermal environment after changes in the heating level have been performed. Changes
in pyranometer output varied among heating levels and housing systems used. Interestingly it
was found by comparing output from instruments contained in different housing systems during
undisturbed conditions that sensor output of pyranometers contained in the Eigenbrodt SBL 480
housing in standard configuration (10 W heating level, ventilated) and an unheated but ventilated
KSO housing showed the best agreement. This is a surprising result given that BSRN guidelines
recommend an operational heating level of 10 W (or higher depending on ambient conditions).
Given the good agreement of two pyranometers (of the same type) when operated in housing
systems of the same type such setup appears preferential for routine observations. Nevertheless
the accuracy of such ,stable setup‘ needs to be taken with caution - given instruments might be
at same levels but still not accurately represent ,real world‘ radiative fluxes - as indicated by the
observed offset among pyranometers (of same type) operated in different housing systems.

Now the focus is turned to the influence of ambient meteorology on radiation measurements. A
series of spray-tests performed during preliminary analyses indicated that water impacting on
the pyranometer’s glass dome affects instrument stability. Throughout the campaign a series of
,standardized‘ spray-tests has been performed. During these spray-tests 30 strokes of distilled water
(from a distance of 2 —4 cm) have impacted on the pyranometer glass-dome(s). Laboratory analysis
showed that the 30 strokes applied equal an average amount of 3.35 g of distilled water - which
corresponds roughly to 3.35ml - a quantity released within short-term moderate precipitation
events. Each of these spray-tests triggered a response in instrument output and body temperature,
lasting about 30 minutes. This result indicates that precipitation (as simulated by the spray-tests)
affects the thermal environment of the instrument and thus its stability. Statistical analyses
showed that instrument responses are smallest when contained in an unheated KSO housing or the
Eigenbrodt SBL 480 housing in standard configuration. Spray-tests performed on pyranometers
contained in the Eigenbrodt SBL 480 housing at 5 or 0 W heating level resulted in larger output
responses than observed during standard operational conditions (10 W). Output responses of
pyranometers contained in the KSO housing have been about a factor two larger following spray-
tests if the housing was heated (heating level of 10 or 5W). In summary instrument response
(output and body temperature) following spray-tests varied among housing systems and their
configuration though a general (negative) sensor response was found throughout all trials.

Besides spray-tests a series of coverage experiments has been performed to simulate abrupt
changes in wind speed. These experiments showed in general hardly any impact on pyranometer
performance, although larger responses were found for combinations of spray- and cover-tests
than spray-tests alone. This result indicates that under ambient conditions pyranometers might be
slightly less affected by stratiform than convective precipitation as the later accounts (normally)
for larger precipitation amounts with concurrent enhanced wind speeds (storminess).

Adjustments of the heating levels of instrument housings have been described above in the context
of spray-tests. A second series of heating level adjustments (without concurrent spray-tests)
has been performed during the measurement campaign to simulate abrupt changes in ambient
temperature. These experiments showed that reductions in heating level instantaneously affect
pyranometers, i.e. pyranometer output and body temperature declined following reductions of
the heating levels independent of the housing system used. This result indicates that abrupt
changes in ambient conditions, or failures in the heating system of a housing, can significantly
influence measurement performance and accuracy. Pyranometer output and body temperature
remained disturbed following spray-tests and/or adjustments in heating level for about 30 minutes.
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5 Summary and Conclusions

Instrument response and recovery followed a quasi-exponential form towards equilibrium, as
expected according to the Maxwell-Boltzmann distribution.

A secondary research question addressed in this thesis was the potential influence of air emitted (at
room temperature) by ventilation shafts in vicinity of the platform of ARAD site Graz/University.
To this aim ambient air temperature measurements from the mobile meteorological observation
platforms deployed during the measurement campaign (MobMet (fixed location) and LUFFT
(mobile)) have been compared. This comparison indicates that air emitted from the shafts affects
ambient air in direct vicinity of the ARAD platform. An effect on the ARAD sensors could not be
found during campaign measurements, but well-founded conclusions in this case would require
additional investigations beyond this thesis work.

In summary the results of this thesis indicate that: (1) measurements during/after precipitation
events and/or highly variable ambient conditions need to be taken with care due to possible in-
strument disturbance; (2) offsets observed between pyranometers of the same type when operated
in different housing systems have been repeatable under ambient conditions suggesting that the
operation of one housing system is preferential for routine monitoring sites; (3) offsets between
pyranometers operated in the KSO and Eigenbrodt housing, reduced if the KSO housing was
ventilated but unheated, indicating that further modifications of the self-built KSO housing system
should be considered to improve system performance; (4) a detailed comparison of pyranometer
performance throughout all types of housing systems used within the ARAD framework is sug-
gested for future work to determine possible offsets and improve the overall accuracy of ARAD
measurements.
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Abbreviations

ARAD

BOKU

BSRN

C1,C2,C3,C4, C5

CRS

EIG

FL

GLO

HIM

HISTALP

IGAM

IP

IPCC

KSO

LUFFT

MobMet

PYRANO A

PYRANO B

Austrian RADiation Monitoring Network

University of Natural Resource and Applied Sciences, Vienna

Baseline Surface Radiation Network

PT100 thermoelements

Coarse-Resolution Subregions defined within the HISTALP project
Synonym for Eigenbrodt SBL 480 housing

Quality flags of semi-automatically weather monitoring system (TAWES)
Pyranometer measuring global radiation at ARAD site Graz/University
Pyranometer measuring diffuse radiation at ARAD site Graz/University
Historical Instrumental climatological Surface Time series

Institute of Geophysics, Astrophysics and Meteorology

Institute of Physics

Intergovernmental Panel on Climate Change

Kanzelh6he Observatory

Meteorological observation platform by Lufft GmbH

Meteorological observation platform of Institute for Physics

Reference radiation sensor during the measurement campaign

Experimental radiation sensor during the measurement campaign
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Abbreviations

RTE

TAWES

TOA

WCRP

WMO

ZAMG
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Radiative transfer equation

Semi-automatically weather monitoring system of ZAMG
Top of the atmosphere

World Climate Research Programme

World Meteorological Organization

Austrian Central Institute for Meteorology and Geodynamics



Symbols

dA

dA’

AU

Dvm

D Sonic

dp

ESolar

Area

Differential area or radiation receiver

Radiation source

Astronomical unit

Albedo

Radiance of a blackbody

Spectral radiance of a blackbody

Speed of light

Specific heat capacity at constant pressure

Wind direction (with various suffixes, see below)

Wind direction measured by meteorological observation platform LUFFT
Wind direction measured by meteorological observation platform MobMet
Wind direction measured by TAWES site Graz/University

Distance

Diameter of particles

Day of year

Solar energy bulk

Partial pressure of water vapour
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Symbols

€s Saturation vapour pressure

F Irradiance (with various suffixes, see below)
dF Differential irradiance

Fy Force

Fq Ground heat flux

Fis Isotropic irradiance

Fr, Latent heat flux

Ei Long-wave solar radiation

Flfu Incoming long-wave solar radiation
FlTw Outgoing long-wave solar radiation
Fy Net radiative flux

Fs Sensible heat flux

Fsolar Solar irradiance

Fy Short-wave solar radiation

F¥, Incoming short-wave solar radiation
Fl, Outgoing short-wave solar radiation
G Slope

g Gravitational acceleration

H Slope

HL, Heating level 1 (5W)

HL, Heating level (10 W)
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Symbols

HL, Heating level (varying)

h Planck’s constant

I Momentum

N Source function

K, Eddy diffusion coefficient

kg Boltzmann constant

L Radiance (with various suffixes, see below)
Liso Isotropic radiance

L, Side-length of a cube

Lsolar Solar radiance

Ly, Heat of vaporisation for water
Ly Spectral radiance of a random body
M Mass

M* Amount of substance

m Mass of a single molecule

m* Molar mass

m} Molar mass of dry air

me, Molar mass of molecular oxygen
N Number of particles

Na Avogadro constant

n Concentration of particles
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Symbols

P Pressure

Pd Partial pressure of dry air

Di Partial pressure

PSyq Precipitation sensor measured by TAWES site Graz/University in weather garden
q Specific humidity

9 Specific humidity at the surface

Ta Specific humidity of air

R Radiation

R* Universal gas constant

Ry Specific gas constant of dry air

R, Specific gas constant of water vapour

r Radius

r Vector of the distance

rE Radius of the Earth

T'Solar Radius of the Sun

RH Relative humidity (with various suffixes, see below)
RHum Relative humidity measured by meteorological observation platform MobMet
S Sensitivity of a radiometer

So Solar constant

s Distance through a medium

ds Differential distance through a medium

128



Symbols

Th,pa

Ty, B

Tc1
Tco

Tca

Ty
Tg
Taro
T
1y,
Tvm
Tra
T
Tsolar
Twg
Ty

Ty

Temperature (with various suffixes, see below)

Ambient air temperature

Body temperature of PYRANO A

Body temperature of PYRANO B

Temperature of the compensation element

Temperature of PT100 element C1

Temperature of PT100 element C2

Temperature of PT100 element C4

Temperature of PT100 element C5

Temperature of the glass-dome

Radiative equilibrium temperature of the Earth

Body temperature of the pyranometer measuring global radiation

Body temperature of the pyranometer measuring diffuse radiation
Temperature measured by meteorological observation platform LUFFT
Temperature measured by meteorological observation platform MobMet
Temperature of the receiving area

Earth’s surface temperature

Temperature of the Sun

Temperature measured at TAWES site Graz/University in weather garden
Transmittance

Transmittance of atmosphere
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Symbols

th

Uout

%3
Vmm

VSonic

5Solar
e(N)
€o

v

130

Time

Time of day in UTC

Voltage

Output voltage

Wind speed

Volume

Wind speed measured by meteorological observation platform LUFFT
Wind speed measured by meteorological observation platform MobMet
Wind speed measured by at TAWES site Graz/University

Velocity of a particle

Spray process

Absolute error

Relative error

Height above the surface

Absorptivity (wavelength dependent)

Heat transfer coefficient between receiving area and air

Heat transfer coefficient between receiving area and compensation element
Declination angle of the Sun

Emissivity (wavelength dependent)

Orbital eccentricity

Altitude or zenith angle



Symbols

To

Twv

de

Thermal conductivity

Wavelength

Geographical longitude angle
Frequency

Density of particles

Amount concentration

Amount concentration of water vapour
Reflectivity (wavelength dependent)
Stefan-Boltzmann constant
Absorption cross section

Cloud coverage high

Cloud coverage low

Cloud coverage middle

Scattering diameter

Standard deviation

Thermoelectric power

Optical depth

Absorption coefficient of ozone
Absorption coefficient of water vapour
Radiative flux

Differential radiative flux

131



132

Incoming radiative flux
Outgoing radiative flux
Azimuth or latitude angle
Geographical latitude angle
Angle of entry of the Sun
Electrical resistance

Solid angle

Differential solid angle

Change of solid angle
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Appendices

Appendix A

Comparison PYRANO A to PYRANO B regarding R, End: 2015-01-28 05:00

Radiation R [W/m?]
|[AR| [W/m?]

—— PYRANO A (EIG) -—- Spray
PYRANO B (KSO19mm) -—- Heating
1 T T T T T 1
17:00 19:00 21:00 23:00 01:00 03:00 05:00

Time [UTC]

Figure A.1: Comparison of radiation R [W m™2] measured with reference (PYRANO A, CMP 21, Eigenbrodt housing,
green) and experimental pyranometers (PYRANO B, CMP 21, KSO housing, heating elements elevated by 10 mm,
orange) between 2015-01-27 16:30 UTC and 2015-01-28 05:00 UTC. For convenience the absolute difference
between measurements of PYRANO A and PYRANO B |AR| [W m™~?] is shown along with the individual instrument
measurements as 1-minute average (brown curve) on right-hand axis. The black dashed horizontal lines mark
0W m™? for R and |AR], respectively. Dark orchid dashed vertical lines indicate changes in heating power for
PYRANO B at 2015-01-28 00:55 UTC; heating power [W] for individual periods is detailed at the top of the graph.
The magenta dashed vertical lines mark spray-tests at 2015-01-27 17:50 UTC, at 21:36 UTC and at 22:59 UTC.
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Comparison PYRANO A to PYRANO B regarding Ty, , End: 2015-01-28 05:00
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Figure A.2: Comparison of body temperatures 7}, [°C] of reference (PYRANO A, CMP 21, Eigenbrodt housing, green)
and experimental pyranometers (PYRANO B, CMP 21, KSO housing, heating elements elevated by 10 mm, orange)
between 2015-01-27 16:30 UTC and 2015-01-28 05:00 UTC. For convenience the absolute difference between body
temperatures of PYRANO A and PYRANO B |AT;| [°C] is shown along with the individual instrument measurements
on right-hand axis. The black dashed horizontal line marks 0 °C for |AT;|. Dark orchid dashed vertical lines indicate
changes in heating power for PYRANO B at 2015-01-28 00:55 UTC; heating power [W] for individual periods is
detailed at the top of the graph. The magenta dashed vertical lines mark spray-tests at 2015-01-27 17:50 UTC, at
21:36 UTC and at 22:59 UTC.
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Comparison of PT100 elements, End: 2015-01-28 05:00
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Figure A.3: Comparison of temperatures [°C] measured by the PT100 elements C2, C3, C4 and C5 inside reference
and experimental housing systems: (a) C4 (lower mounted, red curve) and C5 (upper mounted, blue curve) represent
temperatures inside the experimental housing system (PYRANO B, CMP 21, KSO housing, heating elements elevated
by 10 mm); (b) temperature difference C5-C4; (c) C1 (lower mounted, orange curve) and C2 (upper mounted, green
curve) inside the reference housing system (PYRANO A, CMP 21, Eigenbrodt housing); (d) temperature difference
C2-C1. All panels for observations between 2015-01-27 16:30 UTC and 2015-01-28 05:00 UTC. The black dashed
horizontal lines in panels (b) and (d) marks 0 °C for C2-C1 or C5-C4. Dark orchid dashed vertical lines indicate
changes in heating power for PYRANO B at 2015-01-28 00:55 UTC; heating power [W] for individual periods is
detailed at the top of the graph. The magenta dashed vertical lines mark spray-tests at 2015-01-27 17:50 UTC, at
21:36 UTC and at 22:59 UTC.
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Appendix B

Comparison PYRANO A to PYRANO B regarding R, End: 2015-01-29 08:00
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Figure B.1: As Figure A.1 but for comparison of radiation R measured with reference (PYRANO A, CMP 21,
Eigenbrodt housing, green) and experimental pyranometers (PYRANO B, CMP 21, KSO housing, heating elements
elevated by 10 mm, later by 15 mm, orange) between 2015-01-28 16:00 UTC and 2015-01-29 08:00 UTC. Dark
orchid dashed vertical lines indicate changes in heating power for PYRANO B at 2015-01-28 17:32 UTC and at
2015-01-29 03:53 UTC. The magenta dashed vertical lines mark spray-tests at 2015-01-28 16:31 UTC, at 19:21 UTC,
at 20:23 UTC, at 21:22 UTC, at 22:24 UTC, at 2015-01-29 01:50 UTC, at 02:53 UTC, at 05:44 UTC and at 06:33 UTC.
Goldenrod dashed vertical lines indicate the change in elevated heating elements between KSO19mm and KSO15mm.
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Comparison PYRANO A to PYRANO B regarding Ty, , End: 2015-01-29 08:00
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Figure B.2: As Figure A.2 but for comparison of body temperatures T, of reference (PYRANO A, CMP 21, Eigenbrodt
housing, green) and experimental pyranometers (PYRANO B, CMP 21, KSO housing, heating elements elevated by
10 mm, later by 15 mm, orange) between 2015-01-28 16:00 UTC and 2015-01-29 08:00 UTC. Dark orchid dashed
vertical lines indicate changes in heating power for PYRANO B at 2015-01-28 17:32 UTC and at 2015-01-29 03:53
UTC. The magenta dashed vertical lines mark spray-tests at 2015-01-28 16:31 UTC, at 19:21 UTC, at 20:23 UTC, at
21:22 UTC, at 22:24 UTC, at 2015-01-29 01:50 UTC, at 02:53 UTC, at 05:44 UTC and at 06:33 UTC. Goldenrod
dashed vertical lines indicate the change in elevated heating elements between KSO19omm and KSO15mm.
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Comparison of PT100 elements, End: 2015-01-29 08:00
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Figure B.3: As Figure A.3 but for comparison of temperatures measured inside the reference (PYRANO A, CMP
21, Eigenbrodt housing) and experimental housing systems (PYRANO B, CMP 21, KSO housing, heating elements
elevated by 10 mm or 15 mm) between 2015-01-27 16:30 UTC and 2015-01-28 05:00 UTC. Dark orchid dashed
vertical lines indicate changes in heating power for PYRANO B at 2015-01-28 17:32 UTC and at 2015-01-29 03:53
UTC. The magenta dashed vertical lines mark spray-tests at 2015-01-28 16:31 UTC, at 19:21 UTC, at 20:23 UTC, at
21:22 UTC, at 22:24 UTC, at 2015-01-29 01:50 UTC, at 02:53 UTC, at 05:44 UTC and at 06:33 UTC. Goldenrod
dashed vertical lines indicate the change in elevated heating elements between KSO19mm and KSO15mm.
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Figure C.1: Comparison of radiation R [W m™2] measured with reference (PYRANO A, CMP 21, Eigenbrodt housing,
green) and experimental pyranometers (PYRANO B, CMP 21, KSO housing, heating elements elevated by 10 mm,
orange) between 2015-01-23 15:00 UTC and 2015-01-29 08:25 UTC. For convenience the absolute difference
between measurements of PYRANO A and PYRANO B |AR| [W m™?] is shown along with the individual instrument
measurements as 1-minute average (brown curve) on right-hand axis. The black dashed horizontal lines mark
0W m™? for R and |AR], respectively. Dark orchid dashed vertical lines indicate changes in heating power for
PYRANO B. The magenta dashed vertical lines mark spray-tests. Goldenrod dashed vertical lines indicate the change
in elevated heating elements between KSOqrig., KSO5mm, KSO10mm and KSO15mm. The cyan dashed vertical lines mark
cover-tests. The dark green dashed vertical lines mark periods of instrument maintenance.
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Figure C.2: Comparison of body temperatures 7;, [°C] measured with reference (PYRANO A, CMP 21, Eigenbrodt
housing, green) and experimental pyranometers (PYRANO B, CMP 21, KSO housing, heating elements elevated by 10
mm, orange) between 2015-01-23 15:00 UTC and 2015-01-29 08:25 UTC. For convenience the absolute difference
between measurements of PYRANO A and PYRANO B |AT;| [°C] is shown along with the individual instrument
measurements as 1-minute average (brown curve) on right-hand axis. The black dashed horizontal lines mark 0°C
for |ATy|. Dark orchid dashed vertical lines indicate changes in heating power for PYRANO B. The magenta dashed
vertical lines mark spray-tests. Goldenrod dashed vertical lines indicate the change in elevated heating elements
between KSOqrig., KSO5mm, KSO10mm and KSO15mm. The cyan dashed vertical lines mark cover-tests. The dark green
dashed vertical lines mark periods of instrument maintenance.
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