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Abstract

The University of Oregon’s Solar Radiation Monitoring network has been making solar spectral measurements
since the middle of 2015 using an EKO MS-700 spectroradiometer. The spectral data set is archived and
presented in a file format that contains various types of information. This article describes the format of the
spectral files. The format utilizes month blocks and data is reported in one-minute time intervals. The files
contain detailed header rows about the site location, instruments used, calibration values utilized, and
uncertainties in the calibration values. The spectral data is a global horizontal measurement from 335 nm to
1060 nm in roughly 3.3 nm increments. A variety of time stamps are included in the data file to facilitate the
use of the data. The files also contain broadband metrological data as well as general weather condition
information.
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Data File Structure - Overview

Information on the spectrum of light has become increasingly important in solar radiation monitoring. The
solar radiation monitoring lab (SRML) at the University of Oregon has been making spectral measurements
for several years. The spectral data was gathered using an EKO MS-700 spectroradiometer [1]. The EKO
spectroradiometer makes measurements from 335 nm to 1060 nm in roughly 3.3 nm increments. The
measurement period began in May 2015 and plans are to into the foreseeable future. Data was taken every
minute over the entire 24-hour period of each day.

The spectral data is presented in a file format that provides the user with significantly more information than
the spectral data gathered by the spectroradiometer. Key features of the file format include:

e General information about the station.

e Information on the specific instruments used to make each measurement, including the model
number, calibration values, and the uncertainty in the measurement value.

e Various formats of date and time.

e The solar position (SZA and AZM) and extraterrestrial radiation (ETR and ETRn).

e Various supplementary broadband irradiance measurements (GHI, DNI, DHI) as well as general
metrological data.

This combination of measured and calculated values offers the user a more comprehensive view of conditions
for the data set. The purpose of this document is to discuss the format of the data files and how each value
was obtained.

The files are csv files separated into month blocks that typically range in size between 100 and 130 MB. A
schematic diagram of the file format is shown in Figure 1. This article will discuss each of the areas shown in
the figure in the following order. Region 1 contains general information about the station. Region 2 contains
information about each column. Regions 3 contains non-measured quantiles such as: date, time, solar
position, and extraterrestrial radiation. Region 4 contains measured irradiance quantities such as: GHI, DNI,



DHI broadband information along with other metrological data. Region 5 contains the spectral data set. There
are 219 columns of spectral irradiance data. Appendix A is a glossary of commonly used terms. Appendix B,
gives a list of the data in each column and the column numbers for quick access.

2. Column information

Figure 1: Schematic diagram of the file structure. The different regions of the file are labeled 1 - 5. Not
drawn to scale.

File structure region 1.
Station ID information

The upper left corner of each file contains two columns with useful information about the file. An example is
shown in Figure 2. The sample shown is of columns 1-3 and rows 1-7.

EUO_Spectrum_(01)_2016-01.csv
A | B | ¢ |

' 1 Station_Location Eugene_Oregon_USA -
2 Latitude (+N) 44046775 -
' 3 | Llongitude (+F) -123.074214 -
| 4 | Altitude_(m) 120 -
| 5 TimeZone_(+E) -8 -
| 6 | Year//Month 2016//01 -

7 - - -

Figure 2: A sample data set of the data contained in Region 1 of the file structure. columns 1-3, rows 1-7.

e  Station Location is the City, State, and country name of the station. The three names are separated by

I

an underscore

e latitude, longitude, and altitude of the station. The latitude and longitude are reported in degrees with
a decimal point representing fractions of a degree. The latitude and longitude are given to an accuracy of
the 200 meters. The longitude of the station is given as a negative number as East is defined as positive.
The altitude of the station is given in meters above sea level.

e The time zone of the station. The time zone is useful for calculating the sun’s position in the sky. The
time zone is a negative number as is conventionally written.



e The year and month of the file block are separated by double forward slash marks “//”. This technique
prevents some programs, such as Excel, from auto formatting dates and times into their predetermined
format. By using the double forward slash, the information will not be recognized as a date and the format
of the file will be preserved.

File structure region 2.
Column header information

The header rows in the column information region contain information about each column. There are 9
header rows, with 6 rows of predefined values and 3 empty rows to allow space for notes.

A sample data set highlighting the header rows is shown in Figure 3. The screen shot is of columns 7-21 and
rows 1-10 and. In Figure 3, columns 13 - 15 have been condensed to allow for easier viewing of the data set.

) 110 _Spectrum, (51)_2016-81.coe = B o=

G H I ] K L MNO P qQ R 3 T u =

1 Type of measurment  GHI DN DHI Ternperature Alr_Pressure | SDit H L GHI_Specteal GHI Spectral GHI Spectral GHI Spectral GHI Spectra
2 Instrument CMP22 CHP1  Shenck Campbell{HMP45C) Camphell{C5105) 3202 I(F Wavelength{nm) 3354 3387 3421 3454 3488

1 Responsivity(V/W/m*2) B.9179 78101 149111 . - - = = Calibeation_Factor([W/m*2/nm)/counts) NA NA NA NA 0.0000382
4 Uncertainty(LI95%) 06 073 169 1 01 212 Uncertalnty|L95%] 5.98 611 6.62 597 6.02

5 Units Wimn2 Wimt2 W/ma2 degres mBar n/gre % Wim*2/nm wim*2fnm  WimA2/am  W/m"2fnm  W/m"2/am  W/m*2/nm
3

7

a

9 ETRn {W/m*2) GHI DONI DHI Temperature Alr_Pressure | _SDir_H Wavelength{nmj) 3354 3387 3421 3454 3488
10 o o 1] o 1.5 1007.56 ONA ¥ WA Na NA NA NA 0.00005

Figure 3: Sample data set of header rows. The sample shows columns 7 - 21 and rows 1-10. Columns 13 - 15
have been condensed to allow for easier viewing.

e Row 1. Type of measurement: The type of measurement that is made in this column. The labels are
self-explanatory. Please refer to this document for a description of the various columns.

e Row 2. Instrument: For broadband and general metrological data, the instrument making the
measurement is listed. Columns that are calculated are specified as such. For the spectral data, row 2 is the
wavelength of light being measured.

e Row 3. Responsivity (Calibration Factor): The responsivity (or calibration factor) that was used to
convert the measured voltage signal to a broadband irradiance values. The formula relating voltage to
broadband irradiance is given by Equation 1A. The formula used by the spectroradiometer to compute the
spectral irradiance is given by Equation 1B.

Broadband Irradiance = —- 228 __ (Eq. 1 A)

Responsivity
Spectral Irradiance = Calibration_factor * Counts (Eq. 1B)

The voltage is measured by the instrument and internally changed to irradiance by dividing by the
responsivity. The voltage of each measurement is not recorded, only the corresponding irradiance and
responsivity are recorded. The spectroradiometer uses a variation of this equation to compute the spectral
irradiance. It should be mentioned that the responsivity is one divided by the calibration factor.

The broadband as well as spectral measurements have either responsivity or calibration factor terms. For
the broadband instruments, the responsivities are computed at an angle of incidence of 45°. For the spectral
measurements the calibration factors are determined at an angle of incidence of 0°. The spectroradiometer
calibration factor will be discussed in more detail during the discussion in region 5.

e Row 4. Estimated uncertainty: The estimated uncertainty is the percent uncertainty in the measured
value. The uncertainty is reported for the 95% level of confidence. The methodology used to determine the
broadband radiometer uncertainties is similar to the National Renewable Energy Laboratory’s (NREL)



Broadband Outdoor Radiometer Calibration methods (BORCAL) prior to the year 2015 as discussed by
Wilcox et al. 2002 [2]. The SRML characterizes each instrument at various angles of incidence and plans to
make this information available on the SRML website in the future [3]. Specific details about the uncertainty
of each instrument will be given during the discussion of the instrument.

e Row 5. Units of each measurement: Standard units are used for each measurement. Typical units for
irradiance are W/m”2. Note the carrot symbol # is used to describe a number raised to a power. Typical
units for spectral irradiance are W/m”2/nm.

e Rows 6—8. These three rows allow notes about each column. These columns are not as strictly defined
and are a place for the user/editor to make notes about the various columns as they see fit.

e Row 9. To avoid confusion the column labels are repeated in row 9. The date/time information labels
are only included in row nine to allow room for the station ID information.

File structure section 3.
Date/Time, SZA/AZM, ETR/ETRn

The data presented from the Eugene Oregon monitoring station has a time interval of one minute. The data
file is separated into three regions. The left most region contains date and time information, solar position
information, and extraterrestrial irradiance information.

A sample data set for section 3 is shown in Figure 4. The sample shown highlights the time stamps near noon
onJanuary 1, 2016. Note that the header row 9 is included to give the column labels.

B EUO_Spectrum_(01) 2016-01.csv
A B C D E F G
9 | Year.Fractionofyear ~ DOY.Fractionofday  YYYY-MM-DD-—-hh:mm  SZA AZM  ETR (W/mA2) ETRn {W/m"2)

727 2016.0013623254 1.49861111 2016-01-01--11:58 67.13 175.44 547.41 1408.51
728 2016.0013642228 1.49930556 2016-01-01--11:59 67.12 175.69 547.63 1408.51
729 2016.0013661202 1.5 2016-01-01--12:00 67.11 17594 547.86 1408.51
730 2016.0013680176 1.50069444 2016-01-01--12:01 67.1 176.19 548.09 1408.51
731 2016.0013699150 1.50138889 2016-01-01--12:02 67.08 176.43 548.54 1408.51

Figure 4: Sample data set of section 3. The sample shown highlights the various date and time stamps.
Header row 9 is included for column labels.

The date and time of each row are written in three different date/time formats. The time is the time at the
site, given in local standard time.

e Column 1. Year.Fractionofyear: The first column is the day of the year with a decimal point
representing the fraction of a year using the formula.

(dayofyear.fractionofday—1)

year. fractionofyear = year + (Eq.2)

days in year

For example: 2016, January 1 at 12 noon would be 2016.0013661202. The year 2016 was a leap year so
the days in the year for 2016 was 366 (not 365).

e  Column 2. DOY.Fractionofday: The second column is the day of the year (DOY) with the decimal point
representing the fraction of a day using the formula.

(minuteofday—1)

dayofyear. fractionofday = dayofyear + 22060

(Eq. 3)

For example: 2016, January 1%t at 12 noon would be 1.5. The year is not included in this column.



e Column 3. YYYY-MM-DD--hh:mm - The third column is the traditional view of dates and times, in order
from largest to smallest, year-month-day--hour:minute (YYYY-MM-DD--hh:mm). Note the double dash

“ u

marks “--“, separate the date and the time. This is done to maintain the date and time format that are often

altered when files are imported into spreadsheets.
As an example: 2016, January 1t at 12 noon would be 2016-01-01--12:00.

e Columns 4 — 5. SZA and AZM: The solar zenith angle (SZA) and solar azimuthal angle (AZM) are
calculated using the SOLPOS algorithm [4] available from the NREL website. The SZA and the AZM are
reported in degrees. The solar zenith angle is computed using refraction through the atmosphere. The
calculation is done for the middle of time interval. Unlike the SOLPOS code the SZA is also given when the
sun is below the horizon.

e Columns 6 — 7. ETR and ETRn: The extraterrestrial irradiance (ETR) on a horizontal surface and
extraterrestrial normal irradiance (ETRn) are calculated using the SOLPOS algorithm. The units of ETR and
ETRn are in W/m?2. The ETRn is first calculated using Equation 4.

ETRn = 1360.8 * (1.000110 + 0.034221 * Cos[DA] + 0.001280 * Sin[DA] +
0.000719 * Cos[2 DA] + 0.000077 * Sin[2 DA] ) (Eq. 4)

where DA is the day angle in degrees given by the formula.

360
DA = (day of year — 1) * Taysinyear (Eq. 5)
The ETR is computed from the ETRn using Equation 6.
ETR = ETRn * Cos(SZA) (Eq. 6)

In Equations 4 and 6, the solar constant is defined as 1360.8 W/m? instead of the previous value of 1367
W/m?. The ETR and ETRn are set to zero when the entire disk of the sun is below the horizon (SZA > 90.267°).
The angular radius of the sun is 0.267°. During the time intervals of sunrise and sunset, when the sun crosses
the SZA = 90.267° boundary, the ETR and ETRn are decreased by a scale factor dependent on the fraction of
time the sun is visible.

File structure section 4.
Metrological data

Along with the spectral irradiance, each data file has an extensive set of supplemental metrological data
that was simultaneously gathered at the site.

A sample data set of section 4 is shown in Figure 5. The sample shown is from January 1, 2016. The 9 header
rows are shown as well as several sample data points from around noon.

1) EUO_Spectrum_(01)_2016-01.csv
c G H | J K L M | N o
a - Type_of measurment GHI DNI DHI Temperature Air_Pressure wind_Speed Wind_Direction Relative_Humidity
2 Instrument CMP22 CHP1 Shenck Campbell(HMP45C) Campbell{CS105) Campbell{03002_Wind_Sentry) Campbell{03002_Wwind_Sentry) Campbell{HMP45C)
3 Responsivity(V/W/m*2) 8.9179 7.8101 14.9111 - = B A B
4 Uncertainty({U95%) 0.6 0.73 1.69 1 01 2 2 2
5 Units W/ma2 Wma2 w/mn2 degree C mBar myfs Degrees %
6
7
8 = = = z = z = - z -
9  YYYY-MM-DD--hh:mm ETRn (W/m*2) GHI DNI DHI Temperature Air_Pressure Wind_Speed Wind_Direction Relative_Humidity
727 2016-01-01--11:58 1408.51 419 940 52 25 1004.18 18 NA 61.9
728  2016-01-01--11:59 1408.51 419 940 52 27 1004.16 1 NA 61.4
723 2016-01-01--12:00 1408.51 419 941 52 2.7 1004.13 1.6 NA 61
730 2016-01-01--12:01 1408.51 420 941 52 2.6 1004.11 24 NA 61.1
731 2016-01-01--12:02 1408.51 420 941 52 26 1004.07 15 NA 61.2




Figure 5: Sample data set of section 4. The sample shown highlights the various date and time stamps.
Header row 9 is included for column labels.

e Column 8. GHI: The broadband global horizontal irradiance (GHI) was measured using a CMP22
pyranometer manufactured by Kipp and Zonen. The responsivity and uncertainty are reported in the data
files in rows 3 and 4. The uncertainty value reported in row 4 corresponds to uncertainties associated with
the responsivity of the instrument at an angle of incidence of 45°. The uncertainty associated with irradiance
measurements will increase this uncertainty. Due to systematic deviations in the cosine response of the
instrument, there are times of day and the year where the deviation is greater than the values expressed.
The GHI measurement is an average of 60 instantaneous measurements spanning the minute. For example,
the measurement listed at 12:00, would be an average of 60 measurements taken from 11:59:01 - 12:00:00.
The units of the GHI are in W/m?2.

e Column 9. DNI: The direct normal irradiance (DNI) was measured using a NIP pyrheliometer
manufactured by Eppley. The responsivity and uncertainty are reported in the data files in rows 3 and 4.
The uncertainty value reported in row 4 corresponds to uncertainties associated with the responsivity of
the instrument at an angle of incidence of 45°. The uncertainty associated with irradiance measurements
will increase this uncertainty. The units of the data are in W/m?. The DNI measurement is an average of 60
instantaneous measurements spanning the minute.

e  Column 10. DHI: The diffuse horizontal irradiance (DHI) was measured using a Schenk Star pyranometer
with a shade ball blocking the sun. The responsivity and uncertainty are reported in the data files in rows 3
and 4. The uncertainty value reported in row 4 corresponds to uncertainties associated with the
responsivity of the instrument at an angle of incidence of 45°. The percent uncertainty was calibrated when
the instrument was under full sunlight. As there is no absolute pyranometer, the uncertainty of the diffuse
measurement is an estimate that is traceable to a reference pyranometer. The reference pyranometer’s
calibration is traceable to the international reference standard measurement. The uncertainty associated
with irradiance measurements will increase calibration uncertainty. The units of the data are in W/m?. The
DHI measurement is an average of 30 to 60 instantaneous measurements spanning the minute.

e Column 11. Air temperature: The air temperature is given in degrees Celsius. The uncertainty in the
temperature is 1%, as indicated by the manufacturer. The temperature measurement is single
instantaneous measurement.

e  Column 12. Air pressure: The air pressure is given in milliBars. The uncertainty in the pressure is 0.1%,
as indicated by the manufacturer. The pressure measurement is single instantaneous measurement.

e Columns 13 - 14. Wind speed and wind direction: The wind speed is given in meters/second with a 2%
uncertainty. The wind direction is given in degrees with 0° corresponding to north and 90° corresponding
to east, etc. The uncertainty in the wind direction is 2%. The wind measurements are single instantaneous
measurements.

e  Column 15. Relative Humidity: The relative humidity is given in percent. The uncertainty in the relative
humidity is 2%. The wind measurements are single instantaneous measurements.



e Column 16. Notes: A column is allotted to allow the user to make notes in the data set. The notes
column separates the measured metrological data and the spectral data contained in region 5.

File structure region 5.
Spectral data

Global horizontal spectral irradiance data was gathered from May 2015 through December 2017 using an EKO
MS-700 spectroradiometer. Data was gathered both night and day. The spectral irradiance data is an
instantaneous measurement. The units of the spectral irradiance are in W/m?/nm. Periodically there are gaps
in the data due to calibration, maintenance and use of the spectroradiometer for other tests. Missing data
points are given a value of “NA”.

A sample of the spectral data set is shown in Figure 6. The 9 header rows are included as well as several data
points from around noon on January 1, 2016. In the sample there are 7 low wavelength data points shown
and 4 high wavelength samples shown. There is a large portion of the middle wavelengths that are not shown
for brevity. At the time this data set was collected, the spectroradiometer was only gathering data in the
wavelength range 348.8 - 1052.6, which is why there is “NA” in the extreme wavelengths.

] Eu0_Spectrum _(07]_2016-00 c3v =

C P a R 5 T U v w HX HY HZ 1A

1 - GHI_Spectral GHI_Spectral GHI_Spectral GHI_Spectral GHI_Spectral GHI_Spectral iH1_SpectriHI_SpectriH|_SpectriHI_SpectriHI_Spectral
vl ‘Wavelengthinm] 3354 3387 342.1 3454 3488 352.1 3554 10494 10526 10558 1059

3 Callbration_Factor([W/m*2/nm)/counts) NA NA NA NA 0.0000382 00000344 31E-05 0.00057 0.00061 NA NA

4 Uncertainty(U95%) 5.98 611 6.62 .97 6.02 539 572 497 4.95 4.48 4.98

5 w/m~2/nm wims2/nm  W/me2fam  W/mA2/nm W/mA2/am  W/mt2/am W/mA2/am NSmc2 ned S mo 2 nnd ma 2 fnnN S ma 2 fnni ma 2 fnm
7

8

9 YYYY-MM-DD-hhimm ‘Wavelengthinm) 3354 338.7 342.1 3454 348.8 3521 3554 1049.4 1052.6 1055.8 1059
727 2016-01-01-11:58 NA NA NA NA NA 0.16831 017888 018169 0.25491 0.24847 NA HNA
728 2016-01-01-11:59 HA NA NA NA NA 016816 017819 012169 025491 0.25943 NA HNA
729 2016-01-01-12:00 NA NA NA NA NA 016823 0.17895  0.18193 0.24922 0.25822 NA NA
730 2016-01-01-12:01 NA NA NA NA NA 0162816 0.17881  0.13243 0.25036 0.24604 NA NA
731 2016-01-01-12:02 NA NA MNA NA NA 0.16861 0.1784 0.18237 0.25264 0.25213 NA NA

Figure 6. Sample of the spectral data set. Wavelengths from 358 - 1046 are not shown for brevity.

The spectral irradiance data set is contained in columns 17 through 235 in the data files. The wavelength
range of the spectral data is 335nm through 1059 nm. There are 219 columns of spectral data. Each spectral
data bin is roughly 3.3 nm apart. The wavelength of each column is listed in row 2 and in row 9 of the data
files.

The wavelength of each spectral data point is determined using Equation 7.
Wavelength = Co + CtN + C; N2 + C3 N3 (Eq. 7)
Co =305.366 Cy=3.33223 C,=0.000432354 C5=-0.00000213888

The polynomial constants Co, C3, C;, and Cs were determined by the manufacturer. N is an integer bin number
ranging from 9 to 227. The file structure output of the EKO MS-700 is designed to complement other
instruments manufactured by EKO with a wider wavelength range. This is the reason Equation 7 begins
recording data at Bin N = 9 instead of Bin 0 as one would expect. Also, the calibration of the instrument at
NREL allowed us to use the instrument in a slightly extended wavelength range (335 - 1059 nm) beyond the
manufacturer’s specifications (350 - 1050 nm). The accuracy of the wavelength measurement is + 0.3 nm and
the optical resolution (full width at half max) of each bin is 10 nm. For more information regarding the
specifications of the EKO MS-700 see the manufacturer’s specifications sheet [1].



During the preliminary installation of the instrument, the data logger was incorrectly programmed, and the
voltage measurements were able to extend beyond the range of the data logger. When this occurred, no
values were recorded and data of “NA” was reported. This is the reason why data cuts off at large spectral
irradiance values during high irradiance periods in certain wavelengths. This problem has been resolved in the

latter data files.

The spectroradiometer was calibrated at the factory in 2014. The spectroradiometer was subsequently
calibrated at NREL on a yearly basis against a NIST certified lamp [5,6]. All calibrations are performed at an
angle of incidence of 0°. The results of each calibration are shown in Figure 7.
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Figure 7. The calibration factor of the spectroradiometer, during the three different calibrations that were
performed on the instrument.

The percentage difference in the various calibration factors are shown in Figure 8. The percent difference was
computed between each calibration factor and the average of the two calibrations performed at NREL. The
factory calibration deviates from the NREL calibrations at low wavelengths up to -18% (not shown in plot).
There is not much known about procedure or accuracy of the factory calibration. The two NREL calibrations
are within £2% of each other at most wavelengths. All calibrations are within £2% over the visible wavelength

range.
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Figure 8. The percent difference in the three different calibrations.

Spectroradiometers are challenging to calibrate in the low and high wavelength ranges. In the low
wavelengths, the calibration lamp is relatively dim and the spectroradiometer photodiodes are relatively
insensitive, resulting in greater uncertainty. In higher wavelengths, the photodiodes of the spectroradiometer
are sensitive to temperature variations also resulting in greater uncertainty. These larger uncertainties are
visible in the variations that exist in Figure 8 in the wavelengths below 400 nm and above 1000 nm.

The calibration values shown in Figure 7 were used on the instrument in making spectral irradiance
measurements from that day onward in three separate measurement periods. Table 1. lists the start and end
dates of the various measurement periods. The calibration factors were not retroactively averaged.



Table 1. Start and end dates of the three different measurement periods and the calibrations factors used
during each period.

Calibration used Start date End date
Factory calibration 2015-05-01 2016-07-11
NREL_2016-07-12 2016-07-12 2017-10-30
NREL_2017-10-31 2017-10-31 2017-12-31

The uncertainty of the spectroradiometer was performed using the GUM model and a procedure outlined by
Peterson et al [7,8]. The expanded uncertainty (U95%) at each wavelength is listed in row 4 of the data files.
The uncertainty is between 4.4 and 6.6%. This uncertainty includes uncertainties associated with the
calibration of the instrument and the cosine response of the instrument over the angle of incidence range of
30 and 60°. The manufacturer’s uncertainty for the instrument is less than 7% which is agreement with the
experimental results that were experimentally determined.

The spectroradiometer was calibrated at an angle of incidence of 0°. However, the instrument is used in a
global horizontal setting, where the sun’s position is constantly changing throughout the day. Because the
angle of incoming light is constantly varying, the variations in the cosine response of the instrument must be
understood. Figure 9 shows the expanded uncertainty in the calibration factor vs wavelength under different
conditions. The notation “%u95CF (+)”denotes, the expanded uncertainty in the calibration factor at angles
of incidence between 45° and 60°. The notation “%u95CF (-)”denotes, the expanded uncertainty in the
calibration factor at angles of incidence between 30° and 45°. The notation “%u95CF (no angle uncertainty)”
denotes the expanded uncertainty in the instrument if there were not any cosine response, which
corresponds to an angle of incidence of 6 = 0°.
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Figure 9. The uncertainty in the spectroradiometer calibration factor.

The uncertainty values shown in Figure 9 include all uncertainties associated spectral irradiance
measurements, including uncertainties associated with the calibration, uncertainties associated with the
variations in the temperature, and uncertainties associated with the angle of incidence.

Just to be clear, the %U95CF(+) term shown in Figure 9, is our best guess at the uncertainty of the spectral
irradiance measurement made by the instrument under all sky conditions and all zenith angles less than 60°.
Uncertainty values for zenith angles greater than 60° are not known at this time. These uncertainty values are
listed in Row 4 of the data files.



Samples of various spectrum

To give a full understanding of the spectral nature of sunlight, several spectrum examples are shown below.
These plots are intended to illustrate various features of the information contained in the spectral files. Note
that this is a small subset of the entire data set and is only intended to give the reader a better understanding
of the data. A brief description of

DNI vs Time

1000
900
800 -
700
600 -
500
400
300
200
100 .

0 e
193.1193.2193.3193.4193.5193.6193.7193.8193.9

Time (DOY.Fraction of day)

+ DNI 2017-07-12

Irradiance (W/m~2)

Figure 10. DNI vs time. The figures shown below are from 2017-07-12. This day was clear the entire day. This
is demonstrated by the DNI vs time plot shown.

Spectral irradiance vs wavelength
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Figure 11. Spectral irradiance vs wavelength. Four different times are shown for comparison of how the
spectrum changes over the day. The four different times have four different solar zenith angles. Both the time
and the zenith angle are listed in the figure label. The shape of the plot is determined by the radiation profile
of the sun (blackbody radiation) and the absorption spectrum of the atmosphere.
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Figure 12. Normalized spectral irradiance vs wavelength. To see how the various spectrum changes
throughout the day. The spectrum shown in Figure 11, are divided by the maximum value of that column. For
example, the spectrum of Time 12:00 was divided by a value of 1.6 W/m”2/nm, and the data of Time 10:00
was divided by a value of 1.4. When the sun is low in the sky (early morning when SZA is large), the spectrum
is shifted toward the red. This is because the blue is more scattered.

Spectral irradiance vs time
£ Date: 2017-07-12
c 14 ¢
~
'EE 1.2 +
3 11 +402.3
E 08 —+ = 600.5
c
:‘é 0.6 - + 801.1
E 04 4+ 1001.2
502 « GHI/1000
§ 0 . . :
193 193.25 193.5 193.75
Time (DOY.Fraction of day)

Figure 13. Spectral irradiance vs time. The spectral irradiance of 4 discrete wavelengths are plotted vs time
for an entire day. Note that the intensity of each wavelength is different however the curves all mimic a GHI
broadband vs time curve (shown in black). The GHI vs time curve has been divided by 1000 to put it on the
same axis as the spectral irradiance plot.
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Figure 14. Spectral irradiance vs SZA. The spectral irradiance of a clear day plotted vs the SZA. Note that the
morning and afternoon data points lie on top of one another, implying the spectrum in the morning is the
same as the spectrum in the afternoon (on a clear day). Four different spectra are shown along with the
broadband GHI/1000.

Spectral irradiance vs wavelength
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Figure 15. Spectrum of light on clear and overcast days. The spectral irradiance of the clear day is significantly
larger as one would expect.
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Figure 16. Normalized spectrum of light on clear and overcast days. Each spectrum has been divided by its
maximum value. The overcast day has a larger of “red” spectrum. The absorption that occurs at 950 nm, is
larger on the overcast day. The relative humidity on the clear day was 45%. On the overcast day the relative
humidity was 70%.
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Figure 17. Variations in spectrum at different times of year. The spectrum of two clear days were compared,
July vs November. The spectra were taken during a clear day period and when the SZA was 60°.
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Appendix A
Glossary of commonly used terms

AZM: Solar azimuthal angle.
Broadband: The total irradiance value of all wavelengths of light including UV, visible, and infrared.

Calibration Factor: The calibration factor that converts an electrical signal (or counts) into an irradiance value.
The calibration factor for each instrument is known by performing a calibration of each instrument.

DHI: Diffuse horizontal irradiance
DNI: Direct normal irradiance
DOY: Day of year, January 1 =1, February 1 = 32, March 1 (Non-leap year) = 60 etc.

EKO MS-700 spectroradiometer: The spectroradiometer used to make the spectral measurements. EKO is the
manufacturer of the spectroradiometer.

ETR: Extraterrestrial radiation on a horizontal surface.

ETRn: Extraterrestrial radiation on a normal surface.

GHI: Global horizontal irradiance

LST: Local standard time

NREL: National Renewable Energy Laboratory

SOLPOS: Solar position calculator

SRML: The University of Oregon, solar radiation monitoring lab.

SZA: Solar zenith angle

Appendix B
Condensed column labels and locations

A condensed form of the information contained in the data files are listed in Table 2. The information
contained in each column is listed along with the column numbers. For ease of use in spreadsheet programs,
the alphabetical number of each column is also listed. The following table is intended to be a quick reference.
For a complete description of each column see the main article.



Table 2: Condensed form of the data set. Column numbers are listed along with the information contained
in each column.

Column Alphabetical Column Label Description
number number
1 A Year.Fractionofyear Date/time
2 B DOY.Fractionofday Date/time
3 C YYYY-MM-DD--hh:mm Date/time
4 D SZA Sun position
5 E AZM Sun position
6 F ETR (W/m~2) Calculated extraterrestrial radiation
7 G ETRn (W/m”2) Calculated extraterrestrial radiation
8 H GHI Metrological irradiance data
9 I DNI Metrological irradiance data
10 J DHI Metrological irradiance data
11 K Air_Temperature Atmospheric metrological data
12 L Air_Pressure Atmospheric metrological data
13 M Wind_Speed Atmospheric metrological data
14 N Wind_Direction Atmospheric metrological data
15 0 Relative_Humidity Atmospheric metrological data
16 P Notes Blank column (Room for notes)
17 Q 335.4 nm Spectral irradiance
18 R 338.7 nm Spectral irradiance
19-234 S-HZ 342.1-1055.8 nm Spectral irradiance
235 A 1059 nm Spectral irradiance
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