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Abstract

Solarradiation monitoring instruments should have unobstructed views to the sun at alltimes of the dayand the
yearas it moves across the local sky, and measured data should be quality-flagged automatically, as large amounts
of data are to be processed. If shading is identified, the data at the shaded areas should be properly flagged and
excluded from the ‘usable’ data; for this, the shaded areas have to be expressed in the data processing code as
equations or conditions that define the areasandallow to determine whether any measurement was taken inside
the shaded area. There is no established method for identifying and flagging those shaded data when analysing
solarradiation measurements. This work presents a method thatuses CERN’s ROOT Data Analysis Framework
to define the shaded area graphically in an efficient and precise way, translating this into a region against which
each measurement is then easily checked in the code, and discarded or flagged accordingly.
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1. Introduction

When measuring solar radiation, the radiometers should have unobstructed views of the sunthroughthe day from
sunrise to sunset, throughout the full year. Sometimes, nevertheless, the site conditions are not ideal, and
surrounding structures (buildings, trees, etc.) can obscure the sun from the line of view of the radiometers for
varying periods of the dayalongtheyear. Even if at the time of installation therewere no such obstructions, they
can appearatlatertimesandbe eithertemporary or permanent. In any case, these obstructions result in incorrect
measurements affectingall solar radiation components (Gb, Gand Gd, i.e. the direct, global horizontal and diffuse
horizontalirradiances, respectively).

To analyse data setsof solar radiation measurements, quality tests following international standards can be applied
in orderto identify erroneous values in the data and to flag them for their quality; however, the shaded data are
notidentified by these tests, since a shade castby a cloud may have the sameeffect on the measurements as any
othershade caused by an unwanted obstruction: Gb is reduced (as much as down to zero, depending on the size
and opacity ofthecloudorobject) while Gd increases correspondingly, and G decreases to a lesser degree . Whilke
the data under clouds are realistic measurements, the shaded data resulting from an obstruction on the sensor do
not represent therealssite conditions and should be removed from theanalysis or application.

One usefultooltoidentify shading issues is the azimuth-elevation (A-E) plot, which presents the irradiance values
in a hemispheric sky view (Figure 1). In these graphs, similar to sun charts (Duffie and Beckman, 2013), the
measuredirradiances are plotted at all daytime moments through the yearas function of the solar position in the
localsky, coveringupto 360° of azimuth in the x-axis, and 0 to 90° of elevation in y. For the northern hemisphere,
each day’s measurements trace an arc starting on the eastern side at the horizon, rising as the sun moves to the
south directionat solarnoonand again fallingto the horizon towards sunset, but now on the westernside; these
daily pathsare lowerand narrower towards winter, and higher and wider towards summer. Since the extremes of
the sun patharethe summerandwinter solstices, theyear canbe divided at those pointsso thatthedata points do
not overlap on the plot; this results in two charts, oneforeach half oftheyear. Having these 2 charts per year ako
helpsin the observation of persistent patterns of lower irradiance.

Direct normalirradiance, Gb, is much more sensitive to obstructions than the global or diffuse radiations, so in an
A-E plot of Gb the obstructions can be more easily identified by eye as large dips in irradiance resembling the
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shape of the obstructing object. Irradiance can also decrease due to atmospheric conditions (mainly clouds or
heavy aerosol/dust events), buta human can recognise obstructing patterns, especially with some training and
experience. Forinstance, a cloudy day appearsasan arc of lower irradiances, and random clouds appearas ako
randomly distributed dips, whereas a static obstruction will appear for localised times of the day but spanning
through a number of days, potentially weeks or months.
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Figure 1: Example of azimuth-elevation graph; the colour scale represents irradiances, in this case G in W/m? North is 0 (and 360)
degrees in azimuth, while east, south and west are 90, 180 and 270 degrees, respectively.

Once undesired shaded areas have been visually identified, the problem remains of dealing automatically and
efficiently with the measurements within those areas, that is, the processing code must determine whether a
measurement was taken under the shaded conditions, to quality-flagand filter the data asneeded. These shaded
areascanbe expressed as conditions and/or equations that identify data within them, and these conditions can be
expressed as their corresponding solar zenith and azimuth region/s, or as timestamps, in the programming
language used for the analysis (C++, MATLAB, Python,...). For the simplest geometries, such as squares or
rectangles having their sides parallel to the horizontal and vertical, these conditions can be introduced easily in
the code, forinstance asa number of ““if-then” expressions; however, more complex shapes (often the case of real
obstructions) quickly become quite cumbersome to describe; even a rotated square is not simple to describe
anymore due to thechanging positionsin both altitudeand azimuth.

In this work, the ROOT data analysis framework (Brun and Rademakers, 1997), developed at CERN and based
on C++ (butalso integrated with Pythonand R), is used to facilitate the process of introducing the shaded areas
into the data processingand quality -flagging code. Taking advantage of ROOT’s general capabilities, the area is
identified through a graphical definition, which is then easily integrated into the programming code to flag data
inside thisarea.

2. Methodology

The ROOT framework contains many libraries and methods to analyse and manipulate data, to produce plots, do
simulations, and many more tasks. It should be mentioned that ROOT has not been developed for solar resource
applications; in fact, it was initially used for high-energy particle physics, but has enough flexibility for many
other uses. Similarly to Matlab, for example, code for ROOT can be typed directly on an interactive prompt or
saved in so-called ‘macros’ (e.g. C++ or Python files that use ROOT libraries) that can be executed from the
interactive prompt, or in batch mode, or even compiled to executable files.

The key ROOT functionalities forthe applicationin thiswork are:
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e Plotscanbedisplayed in aninteractivewindow called a ‘canvas’, on which the user canadd different
elementssuch as more plots, text, shapes, etc. Then, theelements present in a canvas canbe saved as code, so
thatit canbe reproduced by runningthis code (note that this is independent ofany code that may havebeen
used to create that canvas andits elements); this code is automatically generated by ROOT whenthe user
choosesto save thecanvasasa macro file.

e Ona canvas,the usercandrawareas in the formofopen orclosed polygons, thatcan be used as
‘graphical cuts’ and saved as code (basically, as x-y pairs that define the polygon corners) with the canvas.

e The functionIsInside(), part of the “TMath”library (TMath, 2021), checks whethera given point(x,y) is
inside or outside of a defined polygon.

With these tools, the strategy to introduce the shaded areas to the processing code is straightforward:

e Produce aninteractive canvas with an A-E plot fora given irradiance (G, Gb or Gd).

e Visually identifythe obstructionarea/s and usethe “Graphical Cut” toolin ROOT to defineanarea
enclosingthe shaded data that should be flagged.

e Savethecanvasas.Cfileand findin it the graphical cut code, throughwhich the cut is created.

e Addthegraphical cut code intothe macrothat does the quality checks on thedata. The azimuthand

elevationangles of each irradiance data pointare passedto the Isinside method of the graphical cut; if the

pointisinside, flagthe entry as ‘bad’.
Note that, naturally, in addition to the measured data (G, Gb, Gd), the azimuth and elevation (or the zenith, its
complementary) angles of the sunatthe corresponding site andtime of each measurement must also be available
in orderto produce the A-E plot, independently of the tool used to make this plot. There are a number of online
calculators, with different precisions, from which the solar position can beobtained, and source code is also freely
available so users can implementit in their own system; forinstance, NOAA compiled a set of simple equations
(NOAA, 2017),and NREL hasthe SOLPOS 2.0 and SPA algorithms (NREL, 2021).

The source code of the IsInside functionin ROOT, asallROOT code, is available online by following thelink on
the IsInside method description in the TMath library documentation (c.f. above). In essence, the function consists
of just one ‘for’ loop and two nested ‘if” conditions; in a simplified way, the strategy is to count how many times
a horizontal line passingthrough the tested point intersects the sides of the polygon to either the right or the left
(both give the same result) of the test point. If the final number of crossings on either side is odd, the point is
inside the polygon, and outside otherwise. The implementation in ROOT does this by going through each pair of
corners, first checkingwhether they coordinate of thetestpointis within the y coordinates of the two corners and
if so,and todetermineon whichside thetest pointis, the slope betweenthetestpointand one corner is compared
to the slope of the line of the two corners. Details and graphic examples of this method and other strategies to
address the same problem can befound in the literature and online, e.g. in Finley (2007), Bourke (1997), Shimrat
(1962), Hormannand Agathos (2001), Wiler (1994), Galetzka and Glauner (2017).

3. Results

Figures2(a) and 2(b) show A-E plots covering five monthsof 1-minute measurements of Gb and G, respectively,
from a station that hasa high tower nearby (photo insert), atan azimuth of about 120° (30° south of east) and up
toan elevation of around 35°. Note that for this location, at latitude 25° N, the sun reaches a maximum elevation
of around 88° near the summer solstice, but the available data were only from December to April, which is,
however, enoughto include the fullarea of the sun paths obstructed by the tower.
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Figure 2: A-E plots of Gb and G, (a) and (b) respectively, from December to April, for asite in which a nearby tower (photo
insert) blocks the sensors’ line of view to the sun for part of the morning during some months of the year.

The shading from this tower canbe seen onthe A-E plot of G; however, it is better identified on Gb, so this graph
is used to definethe graphical cut, first by zoomingin on both x andy axes, thenselecting the graphical cut tool
and clickingonthe all points (ninein this case) that define the corners of the resulting red polygon. Figure 3 shows
the location of the Graphical Toolon a ROOT canvas Toolbar. Each point is added with a single mouse click (the
last one requires a double-click), fromwhich ROOT creates lines to define the polygonssides.
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Figure 3: Thegraphical cut tool (indicated with the red arrow) on a canvas. Select the tool and click on each pointof the canvas
defining a corner of the polygon. Theline colour, thickness and style can be changed on the Editor sidebar.

With the polygon created, the canvas canbe saved asa ROOT Macro (*.C) file, from which the lines describing
the polygon, which start with the definition ofa TCutG object, canbe retrieved. Figure 4 shows a sample ROOT
macro thatincludes, in lines 2-17, the definition of the graphical cut representing the polygon of Figure 3.
Excluding the lines within the ‘if IsInside’ condition (line 26), this could be a very simple but complete macro
with all the user code needed to separate data inside a shaded area; moreover, note that lines 6, 16 and 17, for
example, are not needed forthis use, butwere kept for completeness.

1 @void shade(int entries) {
2 TCutG *cutg = new TCutG("Tower",%);
3 cutg->SetvarX ("azim") ;

4 cutg->SetVar¥Y ("elev") ;

5 cutg->SetTitle ("Graph™) ;

(3] cutg- >SetFlllStyle(l‘ll),
7 cutg->SetPoint (0, 0,3
8 cutg->SetPoint (1, 141‘0,
9 cutg->SetPoint(2,121.0

10 cutg->SetPoint (3,12

11 cutg->SetPoint (4,12

12 cutg->SetPoint (5, 11°

13 cutg->SetPoint (s, 11 .

14 cutg->SetPoint(7,117.0,30.0

15 cutg->SetPoint(Z,117.0,34.0

(3] cutg->SetLinewidth(2) ;

17 cutg->SetlLineColor (kRed) ;

19 ifstream inputfile("mydatafile.t=zt™);

20 string timestamp;

21 double G, Gb, Gd, elev, azim;

22 @ for (int i=0; i<entries; ++i) {

23 inputfile >> timestamp >> G >> Gb >> Gd >> elev >> azim;
24 if (elev<() continue;

25 o if (cutg->IsInside(azim,elev)) {

26 // flag G, Gb and Gd for this minute as bad entries
27 +t }

8 r 1}

29 }

Figure 4: Code corresponding to the polygon in Figure 3 (lines 1 to 16), and testing each measurement to see whether they were
taken inside the azimuth-elevation area defined by that polygon.
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Note that the coordinates of the TCutG points can easily be edited by the user, for example to ensure perfectly
verticalorhorizontal lines if desired (aswas donein the example shownhere). Lines 18 to 24 in the same figure
4 show how the IsInside method is used to check and flag the azimuth-elevation coordinate pairs: as each
irradiance and corresponding solaranglesare beingread, thesolar angles are passedto the Isinside method of the
TCutG object, which returns a boolean value of True if the pair (azimuth-elevation) is inside the polygon, and
False otherwise. If thepoint is inside, the corresponding measured irradiances should bedirectly discarded (if they
were going to be used at this point), or flagged as erroneous (if additional processing isto be done).

4. Conclusions

Measuring solar resources requires that, ideally, the radiometers have unobstructed views of the full sky
hemisphere. Thisisnot always possible, and some elements in the surroundings may directly block the sun from
the line of view of the instruments for parts of the day for varying numbers of days, weeks or months. Giventhat
automatic quality checks are notable to identify these conditions, users must first identify the problem areas and
incorporate these in the code before processing the measured solar irradiances, in order to appropriately quality-
flagand exclude the affected data. This work presentsa method based on the existing capabilities of the ROOT
data analysis framework, to easily define through a graphical interface the shaded areasand incorporate themin
the processing code, to easily flag measurements taken when the sunwas inside that area.

Although the procedure shown here is specific to ROOT, a user of other data analysis tools can translate the
methodology used here to their own data analysis framework. For example, the points of the polygon could be
defined ‘by hand’ andstored in vectors orarrays, and then a similar IsInside method canbe implemented in any
language, as the code is openly accessible. However, and as mentioned previously, ROOT already provides the
Isinside method, and has the additional advantage of allowing to define the polygon in an interactive, graphical
way, by simply clicking on the plot, anadvantage that quickly becomes more convenientwhentheshadedarea is
not a simple geometrical shape.
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