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Abstract

The solar energy market has grown rapidly over the last few years.
Since solar energy depends strongly on weather and climate, solar resource
assessment is essential for photovoltaic power plants. Accurate solar radi-
ation climatology data sets are the foundation of photovoltaic power plant
performance models. In this study data from two polar-orbiting satellite
spectrometers (OMI and SCIAMACHY) was used to create a daily mean-
monthly mean surface solar irradiance product. This product shows good
agreement with surface measurements and a comparable surface solar ir-
radiance product, CERES. The created surface solar irradiance product is
used to analyze trends, time series and anomalies, globally and locally. It
is found that a difference in aerosol optical depth input can affect the local
surface solar irradiance up to 60 W/m?, but globally differences aerosol
optical depth input does not affect the surface solar irradiance. There
is no clear trend in the created surface solar irradiance product in the
overlapping time period of the two satellites.
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1 Introduction

As the world is transitioning towards more sustainable ways of generating en-
ergy, the solar energy market has grown rapidly over the last few years. In order
to predict the performance of photo-voltaic power plants an accurate solar re-
source assessment is crucial. In this research a surface solar irradiance daily
mean-monthly mean product is derived from the surface solar irradiance (SSI)
measurements from two satellites, OMI and SCIAMACHY.

OMI (Ozone Measuring Instrument) is a Dutch-Finnish instrument on board
of the EOS-Aura satellite from NASA which is part of the A-train. The A-
train consists of six satellites that are only a few minutes apart and crosses
the equator each day approximately around 13:30. Aura (with OMI on board)
crosses the equator as the last satellite in the constellation. OMI is a UV-
visible spectrometer with a wavelenght range from 270 to 500 nm, the spectral
resolution of OMI is 0.42 to 0.63 nm. This makes OMI not just capable of
measuring ozone, but also other gases and aerosols. OMI has a wide enough
swath to capture a global image in one day with a resolution of 13 x 24 km?.
OMI was launched in July 2004 and is still collecting data. SCIAMACHY
(SCanning Imaging Absorption SpecroMeter for Atmospheric CHartographY)
is an instrument onboard of ENVISAT (Environmental Satellite) and was active
from 2002 until 2012. SCIAMACHY is a spectrometer with a wavelength range
from 240 to 2380 nm with a spectral resolution of 0.2 to 1.5 nm. The goal of
SCIAMACHY was to improve our knowledge of the amounts and distribution
of several gases in the atmosphere. SCIAMACHY has a more narrow swath
width than OMI and will reach global coverage after six days of measurements.

This report describes how these two satellite measurements can be combined
into a daily mean-monthly mean SSI product. First both satellite SSI products
will be individually validated using surface measurements from the Baseline
Surface Radiation Network (BSRN). After this the combined product will be
derived, first the daily mean and from the daily mean the monthly mean will
be calculated, hence the daily mean-monthly mean. Furthermore the combined
product is validated with surface measurements from BSRN-stations and using
a comparable data-set from CERES (Clouds and the Earth’s Radiant Energy
System). After the validation, the created data-set is analyzed, looking for
trends and anomalies. The research questions asked in this research are:

e Is it possible to create a reliable global surface solar irradiance product
from two polar-orbitting spectrometers?

e What is the influence of clouds on the surface solar irradiance?
e What is the influence of aerosols on the surface solar irradiance?

e Are there significant trends in the surface solar irradiance, regional or
global?



Figure 1: The 4 most important influences on SSI, 1: Solar Zenith Angle, 2:
Clouds, 3: Atmospheric Gases, 4: Aerosols.

When researching the SSI there are four major components that influence
the amount of radiation that reaches the surface of the earth. Figure 1 shows
those four components. The first component is the solar zenith angle. This
is the angle between the normal of the earth’s surface and the position of the
sun. If the solar zenith angle becomes smaller the SSI increases and vice versa.
Clouds, atmospheric gases and aerosols affect the SSI by their reflecting, scatter-
ing and absorbing characteristics. Figure 2 shows two adjacent days of surface
observations to demonstrate the impact of clouds on SSI. The first day, the
blue line, is a cloud-free day and shows a parabola with the maximum at 720
minutes (12 hours) after midnight, just as expected. The second day, the red
line, is a cloudy day. The graph shows how large the influence of clouds can
be on the SSI, because it deviates significantly from the parabola from the day
before. At the time where the cloud is present, the SSI is even a bit higher than
the cloud-free SSI. This is due to the multiple scattering and reflection between
scattered clouds.
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Figure 2: SSI of February 1, 2005 (cloud-free, blue) and February 2, 2005
(cloudy, red) at Alice Springs, Australia



2 Theoretical background

2.1 Solar irradiance and scattering

To understand the amount of solar irradiance that reaches the surface of the
earth, the processes that the light will endure during the journey from the sun to
the earth’s surface have to be understood. What happens to the irradiance from
the sun before it reaches the top of the atmosphere. The amount of irradiance
that reaches the top of the atmosphere depends on two things. The first one is
the distance between the sun and the earth. The distance between the sun and
the earth has long term variabilities (Milankovich cycles) of thousands of years
and short term variabilities within a year. This research does not contain the
long term change in SSI, therefore the Milankovich cycles will not be discussed.
The short term variability in the distance between the earth and the sun is
created by the movement of the earth in an ellipse around the sun, see figure 3.

Earth’s orbit around the Sun

Figure 3: The orbit of the earth around the sun. From Brittanica encyclopedia,
2015

Figure 3 shows that the distance between the earth and the sun is minimal
on January 3 and maximal on July 4. Therefore, the solar irradiance at the top
of the atmosphere varies between 1415 W/m? on January 3 and 1321 W/m? on
July 4 (Sengupta et al., 2015).

The second aspect that influences the magnitude of the solar irradiance at
the top of the atmosphere on a short term is the appearance of regions of reduced
surface temperature on the sun called sunspots. The larger the area covered by
sunspots the smaller the solar irradiance is. The amount of sunspots on the sun
has an 11-year periodicity and therefore induces an 11-year periodicity in the
solar irradiance (Sengupta et al., 2015). The 11-year cycle is featured in figure
4
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Figure 4: The relataion between solar irradiance and sunspots. From R. A.
Rhode, 2008

The important feature from figure 4 is that the relation between the observed
sunspots and the measured annual solar irradiance at the top of the atmosphere
is very clear.

Now that it is clear what determines the solar irradiance that reaches the
top of the atmosphere it is necessary to find out what happens when the solar
irradiance enters the atmosphere. When the light enters the atmosphere it will
stumble upon particles. These particles can absorb and scatter the sunlight. As
a consequence the spectrum of the light that reaches the surface of the earth
differs from the spectrum at the top of the atmosphere. Figure 5 shows the
spectrum of sunlight at the top of the atmosphere and the spectrum at sea
level, due to absorption and scattering.
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Figure 5: The relataion between solar irradiance and sunspots. From R. A.
Rhode, 2007

Due to the interaction between light and a particle, light will scatter (Young
and Freedman, 2015). The way of scattering is determined by the size of the
particle and the wavelength of the light. There are three ways of scattering,
Rayleigh scattering, Mie scattering and Geometric scattering. When the particle
is much smaller than the wavelength the way of scattering will be Rayleigh
scattering. When the size of the particle is in the same order of magnitude the
way of scattering will be Mie scattering and when the particle is much larger
than the wavelength Geometric scattering will occur (D.W. Hahn, 2009). In the
atmosphere there will be Rayleigh scattering, because the particles of the gases
in the atmosphere are much smaller than the wavelength of sunlight. Droplets in
clouds have a similar size as the wavelength of sunlight, therefore when sunlight
reaches a cloud, Mie scattering will occur.

If the sunlight collides with a much smaller particle than the wavelength,
Rayleigh scattering will occur. Equation 1 shows the intensity I of the scattered
light (D.W. Hahn, 2009).

1+cos?0 2w 4, n?—1, d. g
orr 3 Gea) (5) 1)

I=1I

In this equation I; is the initial intensity, 6 the scattering angle, n is the
refractive index of the particle, d the diameter of the particle, R is the distance
between the particle and the observer and A is the wavelength of the light.
Equation 1 shows that the intensity of the scattered light highly depends on
the wavelength of the light. As can be seen from the equation, the shorter the
wavelength, the stronger the scattering. This means for the visible light regime
that blue light is scattered the strongest, hence a cloud-free sky is blue when
not looking directly at the sun.



Mie scattering is the scattering that occurs when the size of the particle has
the same order of magnitude as the wavelength. In the case of Mie scattering
the scattering does not depend as heavily on the wavelength as Rayleigh scat-
tering (1/X). This means that every wavelength is about equally scattered and
therefore the light observed from clouds is white (D.W. Hahn, 2009).

For this research the molecular absorption of light is used to determine the
surface solar irradiance. OMI and SCIAMACHY are both spectrometers that
measure the light spectrum returning from the atmosphere. In order to know
how much light reaches the surface of the earth it is necessary to know whether
there are clouds present. To measure the presence of clouds, the data from
known oxygen absorption bands was used. This is because oxygen is known to
be a well mixed gas and therefore the amount of absorption is linear with the
distance that the solar irradiance travelled before reaching the spectrometer on
the satellite (Stammes et al., 2008). Therefore the data used from OMI is the
reflection at 477 nm (O2 — O2 absorption) and from SCTAMACHY the reflection
at 760 nm (O2 — A absorption). Using these reflectances a cloud fraction needs
to be derived and from that cloud fraction a surface solar irradiance can be
calculated.

2.2 Lambertian cloud model for OMI

The algorithm used to calculate SSI for OMI is based on a Lambertian cloud
model. This is necessary because the pixels of OMI are too big to capture each
single cloud. Therefore there are very little pixels that are completely without
clouds. So it is assumed that pixel has a cloudy fraction ¢ and a cloud-free
fraction (1 — ¢). There are four cloud-parameters that have the most influence
on the reflectance at the top of the atmosphere, the cloud fraction ¢, the cloud
optical thickness 7, the thickness of the cloud h and the height of the cloud
Z.. Because the satellites have a limited resolution and do not provide us with
information on parameters like cloud vertical structure and particle shape and
size the model is simplified. So therefore instead of a cloud with thickness h
a Lambertian reflector is assumed with a fixed albedo. It is assumed that no
light will be transmitted through the cloud. With these assumptions an effective
cloud fraction c.fs can be calculated which agrees with measured reflected SSI.
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Figure 6: Left: a scattering cloud model, right: a Lambertian cloud model.
From Stammes et al., 2008

Figure 6 shows a scattering cloud model and a lambertian cloud model. It
shows that in a scattering cloud model assumes either a cloudy pixel or a non-
cloudy pixel. The cloud in the scattering cloud model has a certain optical
thickness, a thickness and a height. In the simplified Lambertian model the
fraction c.ys is covered by a Lambertian reflector with a fixed albedo.

The reasoning for the cloud albedo is as follows. There is assumed to be
zero transmission through the Lambertian reflector and zero absorption. This
means that the missing transmission from the Lambertian reflector has to be
compensated by the part of the pixel without the reflector, (1 —ccs¢). In order
to calculate the Lambertian cloud albedo the case of a fully clouded pixel is
studied. The goal is to find the reflection and transmission of a scattering
cloud, Rs and Ts , using the Lambertian cloud model, Ry, (A.). So when a fully
clouded pixel is assumed this means ¢ = 1 (not ccyy = 1). The equations that
are obtained are:

Ry = Rp(Ac) = (1 = cegg)Retear + CessRa, (2)

T, =T = (1 - Ceff)TcleaT (3)

Note that the second equations does not have a component in the cloudy
fraction of the pixel, because it is assumed that the transmission is zero in that
fraction. Combining these equations yields:

RsTc ear — TsRc ear
_RTa l (4)
¢ Tclear - Ts
Now that R4, is isolated from c.fr¢r. R4, can be calculated when Ry and

T, are obtained from a model run. In Stammes et al., 2008 the DAK (Double-
Adding KNMI) model was run for multiple cloud optical thicknesses.

Ry
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Figure 7: The output of the DAK model run in order to find the cloud albedo
for the Lambertian cloud model, From Stammes et al., 2008

The result is shown in figure 7. The O3-Oz-method uses the wavelength of
477 nm. So when observing figure 7 and following the line of the global mean
cloud optical thickness to where it intersects with the black line of 470 nm, it
shows that the albedo of the Lambertian reflector in the cloud model has to be
0.9.

2.3 FRESCO for SCTAMACHY

In the case of SCTAMACHY, FRESCO (Fast REtrieval Scheme for Clouds from
the Oxygen A-band) is used to retrieve an effective cloud fraction and cloud
pressure. In FRESCO it is assumed that reflectance only occurs at the top of
the cloud and at the surface, both are assumed to be Lambertian reflectors. The
reflectance at the top of the atmosphere is then given by:

Rroa =T Ac+cR.+ (1 — ¢)TsAs + (1 — ¢) Ry (5)

The factor ¢T.A. is the reflectance at the top of the cloud and (1 —¢)7TsA; is
the reflectance at the surface. cR. and (1 — ¢)R; represent the single Rayleigh
scattering above the cloud and above the surface. T, R., Ts and R are obtained
from look-up tables. The surface albedo Ay is also known. The algorithm can
not calculate both the cloud fraction ¢ and the cloud albedo A. and therefore
A, is assumed to be a fixed value. This fixed value was found by finding the
cloud albedo for which the SCTAMACHY SSI performs best (see figure 7). This
is a cloud albedo of 0.95. So now c¢ can be calculated by measuring Rroa .

2.4 Heliosat Method for both satellites

The satellite measures the reflectance of the clouds, which is used to calculate
the effective cloud fraction using the lambertian cloud model or FRESCO. Once
the effective cloud fraction is obtained it is used to obtain a full sky SSI from a
clear sky SSI. For this the Heliosat method is used. The heliosat method assumes
that te cloud cover index is the dominant factor in blocking the radiation from

11



the sun. From Wang et al., (2014) the definition of the clear sky index is used.
Which is defined as:

SSI = SSI, -k (6)

SS1., is calculated using the MAGIC algorithm (Mueller et al., 2004) and
is the clear sky surface solar irradiance. The clear sky surface solar irradiance
is the SSI without the effects of clouds. So the full sky surface solar irradiance
is the SII with the effects of clouds taken into account. In order to calculate the
clear sky index k the relation with the cloud cover index is needed. Hammer et
al., (2003) and Rigollier et al., (2004) found it to be:

—O.2<Ceff<0—>k=1.2 (7)
OSCeff§0.8—>k‘=1—C€ff (8)

0.8 <cepp <1.1 =k =2.0667 — 3.6667ccsr + 1.6667C§ff (9)
1.1 <cepr = k=0.05 (10)

These equations were found by comparing surface measurements with sat-
telite observations at several locations. Once k is determined the full sky SSI
can be calculated by using equation 6.

12



3 Data

3.1 OMI

The data that is used from the OMI instrument is the clear sky SSI and the full
sky SSI, which are calculated as explained in the theory section. These values
are used to calculate the transmission coefficient as explained in the method
section. An example of the data used from OMI for this research is shown in
figure 8. OMI has an overpass time around 13:30 and orbits measures from
south to north. The orbid width is 2600 kilometers. The grid size is 0.25 x 0.25
degrees, which is 13 x 24 km? at nadir, and only the data from 60 degrees north
until 60 degrees south is used. This is because the measurements of the cloud
fraction does not function optimally over an area with a high albedo.

0 150 300 450 600 750 900 1050 1200 0 150 300 450 600 750 900 1050 1200

Figure 8: Global image of daily measurement of OMI, with on the left the full
sky SSI and on the right the clear sky SSI

Figure 8 shows that OMI provides a full global image every day. OMI does
so in fifteen overpasses, which can be seen in the figure by counting the bands.

3.2 SCIAMACHY

The same data output as OMI is used from SCIAMACHY. So the full sky SSI
and the clear sky SSI. SCIAMACHY has an overpass time at 10:00 in the morn-
ing local time and orbits from north to south while measuring. SCIAMACHY
has nadir and limb measurements during an orbit and the gaps in an orbit are
due to limb measurements. The orbit width is 960 km and the pixel size is
30x 60 kilometers. The obtained grid size is also 0.25 x 0.25 degrees and again
the data from 60 degrees north to 60 degrees south is used. Figure 9 shows an
example of the daily data from SCTAMACHY.

13
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Figure 9: Global image of daily measurement of SCTAMACHY, with on the left
the full sky SSI and on the right the clear sky SSI

In contrast to OMI, SCIAMACHY does not provide a full global image
every day. It takes about 6 days of data to obtain a full global image from
SCIAMACHY. By counting the bands it can be seen that SCIAMACHY also
has fifteen overpasses each day.

3.3 CLARA

CLARA is a dataset created by CM SAF (The Satellite Application Facility on
Climate Monitoring). The method that is used to derive this dataset uses the
MAGIC radiative transfer model to include the properties of the atmosphere.
Which is the same model used for deriving the OMI and SCIAMACHY SSI.
Figure 10 shows the flowscheme of the CLARA model for the daily mean clear
sky SSI. This is the product that will be used in this research to calculate the
full sky daily mean SSI based on OMI and SCTAMACHY.

INPUT IRETRIEVAL
Latitude, Longitude
Basis-LUT 1 for 2 SZW and
different aerosol states, with
ACD fixed H20, 03 and
GADS/OPAC ssa, gy surface albedo
or MPI Hamburg .
aerosol climatology l
linterpolated to
given aerosol state
H20 from NWP &

CHEED, €3 I H20, 03 |
b

Surface albedo:

Merging of retrieval and
Background map

Figure 10: Flowchart of the CLARA clear sky SSI product, from Mueller et al.,
2009



The input data for the radiative transfer model is partly from satellites, like
the TOA albedo and the surface albedo. Aerosol and ozone input is taken from
climatological datasets and the water vapour is analysis data by the German
weather service. For more information on the CLARA algorithm see Mueller
et al, 2009 or CM SAF, 2016. Figure 11 shows an example of the CLARA
daily mean clear sky SSI. The data has been reduced to 60 degrees north to 60
degrees south, because that is range of data that will be used from OMI and
SCIAMACHY.

Clear sky SSI 01-01-2005 (W/m?)

-

0 60 120 180 240 300 360 420 480

Figure 11: Global clear sky daily mean SSI from CLARA on January 1 2005

Figure 11 shows obviously that the SSI in january is higher on the southern
hemisphere, than on the northern hemisphere, as to be expected. Compared to
figures 9 and 8 the CLARA dataset does not contain the bands that the datasets
created by the satellite data contain, due to the orbits of the satellites.

3.4 CERES

The dataset of CERES is used to validate the full sky SSI product that are
created in this research. Just like the CLARA dataset, the CERES dataset is
based on a radiative transfer model. In figure 12 the flowscheme of CERES is
shown.

15



PAC & Lacis (dust)

re -

itial " Model R
Delta-two stream radiation transfer code. / NCEP, from SBUV & TOVS
15 SW spectral bands from 0.2 to 4.0 um. /

12 LW spectral bands between 2850 and 0 cm-1.

Untuned Model TOA Fluxes

‘Compare observed and untuned fluxes at TOA only. /
Modify input variables (different for clear and cloudy). /

Absolute equality with CERES fluxes is not required (single iteration). | Archived Output

Top of Atmosphere (0.1hPa)
70 hPa

“Tuned” Input Variables

(“Consistent” clouds, aerosols, albedo, water vapor) Flux Profiles of:

200 hPa - Clear (No Clouds)
2 - All Sky
FLCKKR Radiation Transfer Model - Fluxes at TOA & Surface:
3 500 hPa

Second “Tuned” Model Run

- Pristine (No Clouds o
Aerosols)

Surface - Clouds (No Aerosol)

Figure 12: Flowchart of the CERES full sky SSI product, From Loeb et al., 2001

The biggest difference between the input of CERES and CLARA is that
CERES uses measurements for the aerosol input from MODIS (Moderate-Resolution
Imaging Spectroradiometer) and ozone analysis data from NCEP (National Cen-
ters for Environmental Predictions). By using data from multiple satellites, also
geostationary satellites, instead of climatology, CERES can assumed to be more
exact. Therefore CERES is useful for validating the combined product.

In figure 13 an example of a full sky monthly mean SSI from CERES is
shown. Because SCIAMACHY does not provide a full global dataset on a daily
basis, the combined product will be compared to CERES by using the monthly
means.

Figure 13: Global full sky daily mean SSI from CERES on January 1 2005
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3.5 BSRN

For the validation of the obtained products in this research the data is com-
pared to the data from fifteen measurement stations from the BSRN-database
(Baseline Surface Radiation Network). The BSRN-measurments are a project
of GEWEX (Global Energy and Water Cycle Experiment) to detect changes in
climate. The locations of the used measurement stations are shown in figure 14.

Figure 14: The locations of the 15 BSRN measurement stations

From the BSRN-stations the data at the overpass time of each satellite will be
used to validate the data from OMI and SCTAMACHY. Furthermore, a daily
and monthly mean will be calculated to validate the monthly mean dataset
developed by in this research.

3.6 MODIS

To evaluate the climatology dataset that is used in the OMI and SCIAMACHY
SSI, data from MODIS is used. MODIS is a measurement instrument on board
of the Terra/Aqua satellites and can create a global map in one day. Figure
15 shows an example of a monthly mean aerosol optical thickness and figure 16
shows the time series of the aerosol optical depth climatology used by OMI and
SCIAMACHY and the measured aerosol optical depth by MODIS.

17



Figure 15: Global aerosol optical thickness from MODIS on January 1, 2005

—— Climatology
0171 — wmopIis

20‘05 2006 2007 2008 2009 2010 2011

Figure 16: Monthly mean of the aerosol optical depth climatology and the
aerosol optical depth measured by MODIS
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4 Method

4.1 Gridding OMI and SCTAMACHY

In order to obtain a global image the data from the satellites has to be gridded
to a grid with grid cells of the size of 0.25 ° x 0.25 °, lattitude x longitude. To
do that the algorithm runs through all the data from one day and assigns each
datapoint to a grid cell based on the lattitude and longitude information of that
datapoint. There are several filters that remove negative values or unrealistic
values, to prevent outliers. These outliers for instance occur a lot above areas
with snow or ice at the surface. The cloud pressure is only selected and used if
the cloud fraction at that location is above 0.05. At the end of the daily dataset
the averages SST and SS1.s will be calculated for each grid cell. From there
the averaged daily global data was stored per satellite. So a dataset of OMI
SSI and a dataset of SCTAMACHY SSI was created. It is important to mention
that during the course of 2007 a row anomaly developed in the measurements
of OMI. This means that under a certain angle the spectrometer was blocked
by a different instrument which can be seen as a row on the map. Therefore the
term 'row anomaly’. The data having an anomaly are removed in the analysis.

4.2 Validating OMI and SCIAMACHY

After gridding the data for both the OMI and the SCIAMACHY satellite, the
data has been validated with the use of BSRN-surface measurements. The
product of SCIAMACHY and OMI will be compared to the CERES-dataset
and the CLARA-dataset.

Due to the fact that the satellite measures every location only once per
day, the data from the surface measurement has to be filtered to obtain the
measurement that coincides with the satellite measurement. For this the solar
zenith angle is used, see figure 17. The solar zenith angle is the angle between
the normal on the earth’s surface and the line from the earth’s surface to the
centre of the sun. Both OMI and SCTAMACHY store the solar zenith angle
at the time of the measurement. For the BSRN-measurements the solar zenith
angle has to be calculated using the longitude, lattitude, the date and the time.
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Figure 17: The Solar Zenith Angle

After the solar zenith angles of the BSRN-dataset are calculated they are
compared to the measured solar zenith angles from the satellites. This has to be
done carefully because the solar zenith angle is symmetric in the morning and
afternoon, therefore for SCTAMACHY the solar zenith angles in the afternoon
have to be ignored (overpass time in the morning) and for OMI the solar zenith
angles in the morning have to be ignored (overpass time in the afternoon).
After the removal the time of the day is found where the difference between
the solar zenith angle of the satellite and the solar zenith angle of the surface
measurement is the smallest. It is assumed that the surface measurement at that
time is the closest possible time to the overpass time. To avoid the interference
of outliers and to match the pixel size of the satellite the value is averaged with
the surrounding values of plus and minus thirty minutes. So we obtain an hourly
average of the surface solar irradiance around the overpass time of the satellite
measured at the surface. These values can then be compared to the satellite
observations.

4.3 Combining OMI and SCTAMACHY

In order to create a daily mean full sky SSI derived from OMI and SCTAMACHY
equation 11(Moser & Raschke, 1984) is used:

>, SSI,
* [ ——
Zi SSIclni

In this equation SS1gy gm is the clear sky daily mean product from CLARA,
SS1I; are the full sky observations of OMI and SCIAMACHY, SS1.,; are the
clear sky observations of OMI and SCIAMACHY and ¢ is the number of satel-
lites. The clear-sky daily mean from CLARA is used because it is created by
the same algorithm as the SSI products from OMI and SCIAMACHY. What
this equation in fact does, is that it calculates an average transmission coef-
ficient and multiplies that with the clear sky daily mean to obtain a full sky
daily mean. In theory the average transmission coefficient should get better
by increasing the number of satellites. To test this, the daily mean clear sky

SSIim = SSLuir.am (11)
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SSI, the daily mean full sky SSI using OMI, the daily mean full sky SSI us-
ing SCTAMACHY and the daily mean full sky SSI using both satellites are all
compared to the CERES dataset and the BSRN measurement stations. For
the CERES dataset this is done by comparing global means of both datasets.
For the surface measurements a lattitude and a longitude is extracted from the
data and the corresponding grid cell from the gridded SSI datasets is used to
compare the SSI with the surface measurements. To validate the data set with
the BSRN measurement stations a daily mean has to be calculated from the
BSRN data. This is done by calculating the average from sunrise until sunset
and by discarding a day once there is over an hour of data missing, because that
will highly effect the daily mean (Roesch et al., 2011).

4.4 Statistical methods

To intercompare the datasets with each other a few statistical methods are
used. For starters the correlation coefficient is often calculated to measure the
correlation between two datasets. The correlation coefficient (r) is defined as:

_ Lo 12
Vi (@ =12/ (i — 9)?

Here n is the number of datapoints, x and y are respectively the satellite

measurements and the surface measurements, where T and gy are the averages.

The correlation coefficient is a measure of the linear relatedness between two

datasets. The closer it is to one the better the linear relation is between the

datasets.

To calculate the difference between two datasets the root mean square error
(RMSE) and the mean absolute error (MAE) are used. They are defined as:

r

n .02
RMSE = —ZZ‘:1<”Z ) (13)
MAE = 2=t 7~ vl (14)
n

In these equations z, ¥y and n mean the same as in equation 12.
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5 Results
5.1 Validating OMI and SCTAMACHY

In figure 18 the scatterplot between OMI and the surface measurements are
shown and the scatterplot between SCIAMACHY and the surface measurement
are shown for the location ALice Springs in Australia. Each datapoint represents
the SSI at overpass time of the satellite. For OMI this means that there is a
datapoint every day and for SCTAMACHY there is a datapoint every six days.
The data shown in figure 18 is of 2005 and 2006.
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Figure 18: Scatter plots of total SST at Alice Springs (Australia). The blue line
is the diagonal, the green line is the best fit and the dashed red lines are the best
fit plus or minus the standard deviation. r is the Pearson correlation coefficient.
The data is from 2005 and 2006

The correlation between the surface measurements and the satellite obser-
vations when averaging all 15 surface measurement locations is for the OMI-
instrument 0.92 and for the SCTAMACHY-instrument 0.86. Tables 1 & 2 show
the statistics of this validation of the OMI and SCIAMACHY instruments
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BSRN-site lat lon OMI SSI BSRN SSI  Bias (%) RMSE MAE correlation
ASP -23.6 133.9 719.6 720.7 -0.15 80.8 51.6 0.93
BER 32.3  -64.7  578.1 567.4 1.88 138.3 95.5 0.86
BOU 40.1  -105.2 572.8 585.4 -2.15 127.5 89.0 0.87
CAR 44.1 5.1 555.2 554.6 0.12 67.1 44 .4 0.97
CLH 36.9 -75.7 583.6 583.6 0.01 80.9 53.9 0.95
CcocC -12.2 96.8 669.3 637.7 4.96 112.8 79.5 0.87
KWA 8.7 167.7  703.5 584.5 20.3 223.6 167.9 0.71
LAU -45.0 169.7  402.8 408.8 -1.47 108.8 71.9 0.90
LIN 52.1 14.1 367.5 383.5 -4.18 81.5 55.8 0.95
MAN -2.1 147.4 561.6 555.4 1.13 157.0 115.0 0.82
REG 50.2  -104.7 414.0 468.0 -11.5 150.9 100.9 0.87
SBO 30.9 34.8 747.0 737.8 1.24 84.6 51.7 0.93
TAM 22.8 5.5 750.3 782.3 -4.09 113.1 78.5 0.88
XIA 39.8 117.0 5334 506.1 5.38 89.6 64.0 0.93
Table 1: OMI-BSRN comparison, bias is (OMI-BSRN)/BSRN, RMSE is the
root mean squared error and MAE is the mean absolute error
BSRN-site lat lon SCIA SSI BSRN SSI Bias (%) RMSE MAE correlation
ASP -23.6 133.9 646.5 690.9 -6.42 153.8 114.9 0.74
BER 32.3  -64.7 582.8 581.7 0.19 141.1 102.8 0.84
BOU 40.1  -105.2 569.2 639.6 -11.0 127.2 99.6 0.89
CAR 44.1 5.1 524.1 542.0 -3.31 100.5 69.5 0.92
CLH 36.9 -75.7 534.3 542.4 -1.48 69.5 48.7 0.97
cocC -12.2  96.8 642.1 614.4 4.51 135.7 85.8 0.80
KWA 8.7 167.7  668.9 675.8 -1.03 114.1 80.2 0.86
LAU -45.0 169.7 382.1 366.5 4.26 118.6 78.7 0.88
LIN 52.1 14.1 393.0 394.4 -0.36 79.2 57.9 0.95
MAN -2.1 147.4  538.8 579.9 -7.08 310.5 238.1 0.19
REG 50.2  -104.7 486.8 492.3 -1.11 102.6 67.5 0.92
SBO 30.9 34.8 645.1 728.6 -11.45 142.1 110.3 0.84
TAM 22.8 5.5 783.7 822.6 -4.73 91.9 67.4 0.85
XIA 39.8 117.0 531.9 486.8 9.27 111.8 82.0 0.90

Table 2: SCIA-BSRN comparison, bias is (SCIA-BSRN)/BSRN, RMSE is the
root mean squared error and MAE is the mean absolute error

Not just the total surface solar irradiance is measured by the BSRN-locations
and the satellite-instruments, but also the direct irradiance. The direct radiance
is the radiation that reaches the surface of the earth without being scattered or
reflected. And using the same method as with the total surface solar irradiance
by finding corresponding solar zenith angles the correlation was calculated, the
results are shown in Appendix A.1. The distance between a datapoint and the
one-to-one line is the absolute error and the mean of this error of all datapoints
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is the mean absolute error. To check whether this absolute error for the total
surface solar irradiance is seasonally dependent or dependent on the measured
cloud fraction the correlation between the MAE is compared to the seasonality
and the cloud fraction. The results are shown in Appendices A.2 and A.3. The
seasonal mean absolute errors are normalized in this case with the mean of that
season.
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5.2 Daily mean clear sky product from CLARA
5.2.1 Comparison to BSRN

To see what the results are of using the satellite data from OMI and SCIA-
MACHY, first the agreement between the clear sky daily mean and the BSRN-
observations is looked at. The results of the comparison between the BSRN-
measurements and the CLARA daily mean - monthly mean are shown in figure

19 and table 3.

BSRN-site lat lon CLARA c¢s BSRN SSI  Bias (%) RMSE MAE correlation
ASP -23.6 1339 281.1 262.7 7.03 26.9 19.3 0.96
BER 323 -64.7 2575 194.5 32.21 65.1 63.0 0.98
BOU 40.1  -105.2 244.9 197.0 24.32 51.9 47.9 0.99
CAM 50.2  -5.3 196.1 128.1 53.09 76.1 68.0 0.98
CAR 441 5.1 217.0 182.8 18.73 37.5 34.2 0.99
CLH 36.9 -75.7  240.3 185.6 29.43 58.1 54.6 0.98
COoC -12.2 96.8 294.2 219.0 34.35 69.9 67.9 0.84
KWA 8.7 167.7 2934 227.2 29.14 67.3 66.2 0.83
LAU -45.0 169.7  225.8 163.2 38.37 72.9 62.6 0.99
LIN 52.1 141 186.2 130.7 42.40 63.8 55.4 0.98
MAN -2.1 1474 293.8 198.4 48.09 96.9 95.4 0.47
REG 50.2  -104.7 204.3 157.6 29.58 56.3 46.6 0.98
SBO 309 348 258.9 272.8 -5.10 44.8 30.2 0.94
TAM 228 5.5 278.9 261.5 6.6 22.6 18.6 0.96
XTIA 39.8 117.0 229.6 162.3 41.49 77.2 67.4 0.95

Table 3: CLARA clear sky daily mean, BSRN comparison of the years 2005 and
2006, bias is (CLARA - BSRN)/BSRN, RMSE is the root mean squared error
and MAE is the mean absolute error

The first thing that stands out is that the mean of the clear sky is signifi-
cantly higher than the mean of the BSRN-measurements stations. This makes
sense, because there are no clouds reflecting the sunlight. This means that the
calculated sunlight that reaches the surface of the earth is higher than it should
be. This is also represented by the high bias. The second important feature is
that the correlation coefficient is already very high ( 0.9 for most cases). This
means that the transmission coefficient of the atmosphere does not influence the
trend significantly, it mostly influences the absolute value of the surface solar
irradiance. The large correlation coefficients are due to the effects of the solzar
zenith angle on the SSI, which is the same for the clear sky SSI and the full sky
SSI.
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Figure 19: Scatter plots of the bsrn locations monthly means compared to the
CLARA monthly means of the years 2005 and 2006.
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5.2.2 Comparison to CERES

In order to compare the dataset to the dataset from CERES, a monthly global
mean is created for the years 2005 until 2011 for both the CLARA dataset and
the CERES dataset. After this the statistics, just like the comparison with
the BSRN-data, several statistics are calculated to assess the comparison on a
yearly basis. The results of the comparison are shown in table 4. It is clear that
the statistics hardly vary on a yearly basis and that the CLARA SSI is about
32% per cent higher than the CERES SSI, this is off course due to the fact that
clouds are not included in the CLARA dataset.

Year CLARA cs dm SSI CERES SSI  Bias (%) RMSE MAE correlation
2005 265.04 195.76 32.60 74.88 65.87 0.94
2006 264.30 196.88 32.16 73.81 64.95 0.94
2007 264.37 196.60 32.37 74.51 65.31 0.94
2008 264.57 197.19 31.99 73.85 64.78 0.94
2009 263.92 197.29 31.89 73.27 64.43 0.94
2010 264.26 196.12 32.53 74.63 65.56 0.94
2011 264.42 196.70 32.31 74.44 65.23 0.94
Average 264.41 196.65 32.26 74.20 65.16 0.94

Table 4: CLARA daily means compared with CERES, bias is (CLARA -
CERES)/CERES, RMSE is the root mean squared error and MAE is the mean
absolute error.

5.3 Daily mean product using SCIAMACHY
5.3.1 Comparison to BSRN

After comparing the CLARA clear sky daily mean with the BSRN measurements
and the CERES dataset, a sky daily mean product was created by using only
data from SCIAMACHY and CLARA. This was done by using equation 11.
With the daily mean results the monthly means were calculated. Table 5 shows
the statistics of the comparison of the monthly means from the product of
equation 11 using only SCTAMACHY and the BSRN data. For these statistics
the monthly means from the years 2005 and 2006 were used. Figure 20 shows
the scatter plots of this data. Compared to the case where only the CLARA
data was used, the bias has decreased significantly due to the implementation
of a transmission coefficient. The correlation coefficients are comparable to the
correlation coefficients in table 3.
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BSRN-site lat lon SCIA dm SSI BSRN SSI  Bias (%) RMSE MAE correlation
ASP -23.6 1339 2338 262.7 -11.01 33.9 28.9 0.95
BER 323 -64.7 198.5 194.5 2.07 25.7 18.7 0.92
BOU 40.1  -105.2 189.0 197.0 -4.07 20.2 16.3 0.97
CAM 50.2  -5.3 121.0 128.1 -5.56 20.9 16.3 0.97
CAR 44.1 5.1 169.2 182.8 -7.46 19.5 15.0 0.99
CLH 36.9 -75.7  176.3 185.6 -5.04 33.1 27.0 0.90
COoC -12.2 96.8 238.2 219.0 8.77 26.0 22.5 0.83
KWA 8.7 167.7  231.2 227.2 1.76 28.2 22.3 0.64
LAU -45.0 169.7 170.8 163.2 4.67 21.0 15.9 0.97
LIN 52.1 141 127.7 130.7 -2.34 14.3 12.1 0.99
MAN -2.1 1474 191.7 198.4 -3.38 26.1 20.5 0.44
REG 50.2  -104.7 155.7 157.6 -1.27 17.8 14.7  0.98
SBO 309 348 206.0 272.8 -24.51 81.8 66.9 0.93
TAM 228 5.5 260.6 261.5 -0.33 20.2 16.6 0.93
XIA 39.8 1170 170.8 162.3 5.26 21.9 14.7 0.96

Table 5: SCIAMACHY daily mean, BSRN comparison of the years 2005 and
2006, bias is (SCIA - BSRN)/BSRN, RMSE is the root mean squared error and

MAE is the mean absolute error
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Figure 20: Scatter plots of the bsrn locations daily mean - monthly means
compared to the Sciamachy daily mean - monthly means of the years 2005 and
2006.
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5.3.2 Comparison to CERES

The generated SSI dataset by using SCTAMACHY to create a fullsky SSI prod-
uct is compared to the CERES dataset in the same way as the CLARA dataset
was compared to the CERES dataset. This means that the monthly global
means are compared per year. This provides the numbers shown in table 6.
The numbers are still stable from year to year. The important difference com-
pared to the CLARA dataset is that the bias between the datasets is smaller
than 1 %. Also 6 shows that the correlation coefficient has increased compared
to the case without satellite data.

Year SCIA dm SSI CERES SSI Bias (%) RMSE MAE correlation
2005 196.71 195.82 -0.62 22.43 16.45 0.97
2006 197.29 196.50 -0.63 22.67 16.66 0.97
2007 196.75 196.21 -0.77 22.01 16.15 0.97
2008 197.39 196.82 -0.74 21.40 15.76  0.97
2009 197.42 196.85 -0.76 22.01 16.20 0.97
2010 196.18 195.77 -0.82 22.14 16.27  0.97
2011 197.19 196.30 -0.55 21.43 15.81  0.97
Average 196.99 196.32 -0.70 22.01 16.19 0.97

Table 6: SCIAMACHY daily mean compared with CERES, bias is (SCIA -
CERES)/CERES, RMSE is the root mean squared error and MAE is the mean
absolute error.

5.4 Daily mean product using OMI

For the OMI satellite the exact same thing has been done as in the previous
section with the SCTAMACHY satellite. So a full sky daily mean SSI products
was produced, using the transmission coefficient of OMI. This will of course
provide a different dataset than the one using SCIAMACHY for several rea-
sons. The most important reason is that OMI has a different overpass time
than SCTAMACHY, therefore the measured cloud fraction will be different and
therefore the transmission coefficient will not be the same as the one obtained
from the SCTAMACHY data. This new dataset is then compared to the BSRN
measurement stations and the results are shown in table 7 and figure 21.
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5.4.1 Comparison to BSRN

BSRN-site lat lon OMI dm SSI BSRN SSI  Bias (%) RMSE MAE correlation
ASP -23.6 1339 2495 262.7 -5.02 15.2 13.7 0.99
BER 323 -64.7 195.7 194.5 0.59 8.3 6.1 0.99
BOU 40.1  -105.2 184.0 197.0 -6.56 16.2 13.1 0.99
CAM 50.2 5.3 129.8 128.1 1.36 7.0 4.9 1.00
CAR 44.1 5.1 179.2 182.8 -1.96 7.0 5.9 1.00
CLH 369 -75.7 187.2 185.6 0.85 8.2 6.3 0.99
CcOoC -12.2 96.8 238.7 219.0 8.98 19.2 14.4 0.87
KWA 8.7 167.7  233.6 227.2 2.81 8.1 6.8 0.97
LAU -45.0 169.7  156.8 163.2 -3.92 13.0 9.6 0.99
LIN 92.1 141 122.9 130.7 -5.98 10.5 8.1 1.00
MAN -2.1 147.4  190.3 198.4 -4.08 11.3 9.2 0.90
REG 50.2  -104.7 140.3 157.6 -11.03 31.2 18.1 0.96
SBO 309 3438 236.4 272.8 -13.35 52.1 364  0.95
TAM 228 5.5 243.1 261.5 -7.03 20.1 18.4 0.98
XIA 398 117.0 1723 162.3 6.22 12.9 10.7 0.99

Table 7: OMI daily mean, BSRN comparison of the years 2005 and 2006, bias
is (OMI - BSRN)/BSRN, RMSE is the root mean squared error and MAE is

the mean absolute error
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Figure 21: Scatter plots of the bsrn locations daily means - monthly means
compared to the OMI daily means - monthly means of the years 2005 and 2006.
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Table 7 shows that the correlation between the OMI full sky daily mean SSI
and the surface measurements is very high, in three occasions the correlation
coefficient is even equal to 1.00. This can also be seen in figure 21, because for
most surface measurement locations the scattering is very much aligned with
the 1- to 1-line.

5.4.2 Comparison to CERES

Of course the dataset created with the OMI satellite has also been compared to
the CERES dataset and the results are shown in table 8. The first thing that
stands out is that the correlation coefficient is again consistently high (0.99).
The second thing that stands out is that the bias is consistently positive. So
the created dataset is consistently higher than the CERES dataset. Whereas
for the dataset created with the SCTAMACHY transmission coefficient this was
the other way around. The RMSE and the MAE are smaller than for the
SCIAMACHY daily mean product.

Year OMI dm SSI CERES SSI  Bias (%) RMSE MAE correlation

2005 201.15 196.49 2.16 13.08 9.14  0.99
2006 201.44 197.14 1.98 12.59 8.94  0.99
2007 201.25 196.85 2.04 12.93 8.96 0.99
2008 201.95 197.46 2.07 12.82 8.96 0.99
2009 202.10 197.50 2.11 12.95 9.14  0.99
2010 202.02 196.40 2.66 13.92 9.89 0.99
2011 202.91 196.96 2.84 14.29 10.13  0.99
Average 201.83 196.97 2.27 13.22 9.31 0.99

Table 8 OMI daily mean compared with CERES, bias is (OMI -
CERES)/CERES, RMSE is the root mean squared error and MAE is the mean
absolute error.
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5.5 The OMI-SCIAMACHY product
5.5.1 Comparison to BSRN

At this point both satellites were used to obtain a daily mean SSI, by using
both SCTAMACHY and OMI in equation 11. Theoretically, the transmission
coefficient should improve when an average of two overpass times is used. To
test this, the dataset is compared to surface measurements in the same way as
the single-satellite datasets. The results are shown in table 9 and figure 22.

BSRN-site lat lon OMI-SCIA SSI BSRN SSI  Bias (%) RMSE MAE correlation
ASP -23.6 1339 235.0 262.7 -10.53 37.1 27.8  0.89
BER 323  -64.7  200.5 194.5 3.07 27.1 19.7 0.91
BOU 40.1  -105.2 189.3 197.0 -3.92 20.0 16.0  0.97
CAM 50.2  -5.3 125.4 128.1 -2.10 15.3 11.3 0.98
CAR 441 5.1 176.9 182.8 -3.25 15.2 12.0 0.99
CLH 36.9 -75.7  177.8 185.6 -4.23 30.2 253 091
COoC -12.2 96.8 238.1 219.0 8.71 23.5 19.3  0.86
KWA 8.7 167.7 2304 227.2 1.41 18.9 16.8 0.71
LAU -45.0 169.7 163.0 163.2 -0.10 13.6 11.0 0.98
LIN 52.1 141 124.0 130.7 -5.13 14.8 11.1 0.99
MAN -2.1 1474 188.5 198.4 -4.96 254 20.8 0.63
REG 50.2  -104.7 148.7 157.6 -5.66 23.3 17.7  0.97
SBO 309 348 221.6 272.8 -18.80 64.8 51.3  0.95
TAM 228 5.5 251.2 261.5 -3.93 17.7 14.4 0.96
XIA 398 1170 170.6 162.3 5.15 20.21 15.6 0.95

Table 9: OMI-SCIA, BSRN comparison, bias is (OMI-SCIA - BSRN)/BSRN,
RMSE is the root mean squared error and MAE is the mean absolute error

These results are very similar to the comparison between the one-satellite
datasets and the BSRN measurement stations. The comparison between the
CERES dataset and surface measurement has also been executed, the results
are shown in Appendix A.5.
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Figure 22: Scatter plots of the bsrn locations daily monthly means compared
to the SCIA-OMI daily monthly means.
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5.5.2 Differences between OMI-SCIAMACHY and CERES

The next step is to compare the dataset with the dataset of CERES. First this
is done with the same method as was used for the one-satellite datasets. These
results are shown in table 10 and a density plot is shown in figure 23.

Year OMI-SCIA SSI CERES SSI  Bias (%) RMSE MAE correlation
2005 199.68 195.81 0.87 19.24 14.14  0.98
2006 200.13 196.49 0.79 19.58 14.42  0.98
2007 199.72 196.21 0.72 18.80 13.82  0.98
2008 200.34 196.80 0.73 18.50 13.64 0.98
2009 200.48 196.84 0.77 20.38 14.90 0.98
2010 199.81 195.74 1.00 21.26 15.54  0.98
2011 200.80 196.27 1.26 21.53 15.64 0.98
Average 200.14 196.31 0.88 19.90 14.59 0.98

Table 10: OMI-SCIA compared with CERES, bias is (OMI-SCIA -
CERES)/CERES, RMSE is the root mean squared error and MAE is the mean
absolute error.
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Figure 23: Density plot of each grid cell January 2005

Figure 23 shows that the scattering is concentrated around the one- to one-
diagonal, which explains why the correlation coefficient in table 10 is as high as
0.98. Table 9 also shows that the bias is on average lower than 1%.

Figure 24 shows the monthly mean of January 2005 for both the OMI-
SCIAMACHY daily monthly mean and the CERES daily monthly mean. Again
it can be seen that the data is not complete over the poles, therefore in the cal-
culation of the averages only the data between 60 degrees north and 60 degrees
south was used. Furthermore the OMI-SCIAMACHY map looks very similar
to the map created with CERES data.
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Figure 24: Global SSI

To see if there are large regional differences the difference between the OMI-
SCIAMACHY dataset and the CERES dataset is also plotted. This is done in
figure 25.
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Figure 25: Monthly mean difference January 2005 (SCIA-OMI - CERES)

Figure 25 shows that the difference is quite homogenous, apart from the area
near the poles (where the satellite detection is not fully functioning) and an area
over Western Africa. There is a difference up to 50 W/m? over Western Africa.
In the data section it is stated that the CLARA, OMI and SCTAMACHY algo-
rithms use aerosol climatology to calculate the SSI. CERES on the other hand
uses MODIS aerosol observations in its algorithm to obtain the SSI. Therefore
the average Aerosol Optical Depth from MODIS of January 2005 is plotted in
figure 26.
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Figure 26: Aerosol Optical Depth January 2005

When comparing figures 25 and 26 it is clear that there is a relation between
the aerosol concentration and the difference between the two SSI datasets. To
investigate this relation further a scatter plot of the difference between the
datasets and the aerosol optical depth was created. To do this every grid cell is
plotted as a dot on the scatter plot. The result is shown in figure 27.
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Figure 27: Scatterplot of January 2005

In figure 27 the aerosol optical depth is plotted horizontally and the difference
(OMI-SCIAMACHY - CERES) is plotted vertically. The green line is the best
linear fit of this dataset, which has a slope of 30.35. r is the correlation coefficient
and is 0.18 in this case, which is not very convincing. The reason that the
correlation coefficient is that low is because most data has a very small aerosol
optical depth and there is quite some scattering around that small value. Table
11 shows the slopes of each linear fit of each month. The most important thing
about this table is that almost every value is positive, which suggests that a
relation between the difference and the aerosol optical depth is valid.
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Figure 28: Binned scatterplot of January 2005
2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | Average

January 30.35 | 32.5 | 32.02 | 31.53 | 32.77 | 19.18 | 26.08 29.20
February 24.15 | 17.8 | 26.04 | 26.01 | 24.56 | 20.86 | 18.74 22.59
March 16.67 | 18.17 | 17.21 | 17.71 | 18.47 | 20.26 | 12.78 17.32
April 15.11 | 10.4 | 20.93 | 10.07 | 6.45 | 15.84 | 15.02 13.40
May 11.06 | 17.3 | 13.64 | 14.21 | 12.72 | 12.62 | 12.28 13.40
June 819 | 587 | 3.77 | 15.68 | 7.33 | 10.38 | 16.56 9.68
July 10.12 | 8.39 | 10.98 | 14.55 | 13.1 | 7.04 | 15.41 11.37
August 14.03 | 9.86 | 11.87 | 9.07 | 14.79 | 187 | 13.1 13.06
September | 21.91 | 13.55 | 28.48 | 13.55 | 7.35 | 22.19 | 12.34 17.05
October -0.94 | 1091 | 9.85 | 2.96 | 3.44 | 14.76 | 1.47 6.06
November | 11.63 | 6.55 | 7.19 | 7.68 | 2.09 | 7.66 | 8.37 7.31
December | 19.19 | 21.54 | 26.24 | 26.77 | 22.52 | 20.02 | 24.79 23.01
Average 15.12 | 14.40 | 17.35 | 15.82 | 13.80 | 15.79 | 14.75 15.29

Table 11: Monthly slopes from the 60N-60S data

To see if there is really a strong relation between the aerosol optical depth
and the difference is to bin the data in steps of 0.02 in the horizontal direction.
So 50 bins are created and averaged, the results of this binning are shown in 28.

The linear relation between the aerosol optical depth and the difference
between the datasets is much clearer in the binned scatter plot, figure 28. This
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is also represented by increased correlation coefficient of 0.84. The slopes of all
months of data using this method are shown in table 12

2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | Average

January 28.46 9.92 | 2947 | 24.74 | 18.16 | 16.12 26.2 21.87

February 12.23 | 2,52 | 13.05 | 30.73 | 18.15 | 21.87 | 10.92 15.64

March 20.67 | 19.77 | 27.27 | 14.77 | 21.64 | 21.89 | 5.30 18.76
April 17.37 | 11.80 | 19.33 | 12.08 | 17.00 | 18.24 | 22.9 16.96
May 11.03 | 14.86 | 20.12 | 16.65 | 6.89 | 8.62 | 9.78 12.56
June 12.43 9.6 | 9.68 | 20.12 | 6.98 | 8.63 | 18.32 11.68
July 18.42 | 22.81 | 21.86 | 19.74 | 20.64 12.8 | 16.55 18.97

August 28.69 | 15.66 | 21.22 | 19.56 | 18.59 | 25.98 | 20.21 21.42

September | 40.13 | 27.21 | 42.22 | 23.12 | 11.19 | 43.42 | 23.59 30.13

October 10.96 | 20.64 22| 555 | 746 | 21.14 | 2.24 12.86

November 3.49 | 6.60 | 10.51 | 16.94 | 12.15 | 15.02 | 17.12 11.69

December | 18.07 | 12.82 | 13.93 | 21.16 | 17.60 | 13.74 | 21.44 16.97

Average 18.50 | 14.17 | 20.89 | 18.76 | 14.70 | 18.96 | 16.21 17.46

Table 12: Monthly slopes from the 60N-60S binned data

5.5.3 Correcting using MODIS data

Using these slopes a correction can be performed on the data to account for the
aerosol data. To see the effects of this correction, Africa is a useful case-study,
because it has high aerosol concentrations and large difference with the CERES
dataset. To highlight this, figure 29 shows the difference in SSI and the aerosol
optical depth over Africa.

It is very clear from 29 that the difference in SSI over Africa is high in the
same area that has a high aerosol optical depth. This can be corrected for by
using the slopes from table 12. The average monthly slopes are used in this
instance, because during the course of the year, different causes of high aerosol
concentrations occur. Because different aerosols have different effects on the
SSI, they cause a different slope. Therefore the monthly average slopes are used
to correct the data by the following equation:

SSI(I@T = SSISCIA—OMI — slope -AOD (15)

Using this equation, again the difference between SCIA-OMI and CERES
can be plotted and this is featured in figure 30.

It is clear that the large differences over Western Africa have dissapeared by
applying this method.
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Figure 29: The SSI difference and aerosol optical depth over Africa in January
2005
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Figure 30: Aerosol optical thickness in Africa in January 2005
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5.6 Trends

Now that the OMI-SCIAMACHY is created and validated it can be used to
detect trends in SSI. Therefore the monthly mean of global (60°N to 60°S) SSI
is plotted in figure 31.

210 A
205 A

£ 200
=

190 A

2005 2006 2007 2008 2009 2010 2011

Figure 31: Global monthly mean SSI

When observing this monthly mean, it is clear that the SSI is periodic and
peaks every year in February. Furthermore, there is no clear trend observable
in the monthly mean SSI.

In order to be able to explain the shape of the time series of the SSI, it is
necessary to look at the cloud fraction. In figures 32 and 33 the time series of
the measured cloud fractions are featured.
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Figure 32: Global monthly mean cloud fraction from OMI
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Figure 33: Global monthly mean cloud fraction from SCIAMACHY

The cloud fractions of OMI and SCIAMACHY show that the peaks and
troughs of the SSI are opposite to the peaks and troughs of the cloud fraction.
Which makes sens, because more clouds mean less sunlight reaching the surface
of the earth. There also seems to be a shift in the OMI cloud fractions in the
course of 2009. This is also the case when plotting the full time series of OMI,
figures 34 and 35 show those.
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Figure 34: Complete time series of OMI cloud fraction
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Figure 35: Complete time series of OMI SSI, at the overpass time of OMI

Figure 34 makes the shift in 2009 even clearer. The cause of this shift could
be the OMI row anomaly which started in 2007 and expanded at the end of
2008. A row anomaly is an anomaly which has an effect on the data, but only
at a certain measurement angle of the satellite. This means that this anomaly
will show on your map as a row, therefore the term. In the calculation of the
SSI a correction was performed for the row anomaly, therefore the row anomaly
does not show up in figure 35. It is clear from figures 34 and 35 and the theory
section that the cloud fraction and the full sky SSI are highly related. To see
in what manner these quantities are related figure 36 features the scatter plot
of the cloud fraction and SSI at overpass time from OMI. Because the cloud
fraction experiences the row anomaly from 2010 and on wards, the scatter plot
is divided into two groups. The blue dots represent the monthly means from
2005 until 2009 and the red dots the monthly means from 2010 until 2017. The
correlation coefficients are calculated for each group seperated because there is
a clear shift in the cloud fraction from 2010 on wards. The cloud fractions of
-0.96 and -0.98 show that the cloud fraction is highly anti-correlated with the
full sky SSI, as expected.
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Figure 36: Scatter plot of the monthly means of the Transmisscion coefficient
and the cloud fraction, 2005-2009 (blue) and 2010-2017 (red)

Previously it was shown that the bias between the created SSI datasets and
the CERES dataset was minimal, to see if this bias has a certain periodicity the
time series of the bias (monthly means) is plotted in figure 37.

Bias (%)

— OMmI
T —— OMI-SCIA
| —— SCIAMACHY

2005 2006 2007

2008 2009 2010 2011

Figure 37: Time series of the monthly mean biases of the created products

Figure 37 shows that the bias is yearly periodic with peaks in the middle of
the years and troughs at the end/beginning of a year. Also there seems to be a
slight trend upwards. A possible cause of this periodicity could be the varying
aerosol concentration during the year. To check if this could be the case the
time series of the SCTAMACHY-OMI product is plotted together with the time
series of the aerosol optical depth from MODIS (figure 38).
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Figure 38: Time series of the monthly mean (SCIA-OMI - CERES)/CERES
bias and the aerosol optical depth monthly mean

Figure 38 shows that the aerosol optical depth has similar peaks and troughs
as the bias. To confirm that these two quantities are correlated a scatter plot
was created with the monthly means from 2005 up and until 2011. This scatter
plot is shown in figure 39
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Figure 39: Scatter plot of the monthly mean (SCIA-OMI - CERES)/CERES
bias and the aerosol optical depth monthly mean

The correlation coefficient of 0.79 shows that the bias between the two
datasets is correlated with the amount of aerosols in the atmosphere. In this
case the correlation was calculated by comparing the bias to the aerosol optical
depth measured by MODIS, the correlation with the aerosol optical depth cli-
matology is 0.83, the plots are shown in Appendix A.4. To check whether the
bias is caused by the difference between the MODIS aod and the climatology
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aod, the time series of the difference between MODIS aod and the climatology
aod is plotted with the bias in figure 40.
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Figure 40: Time series of the monthly mean (SCIA-OMI - CERES)/CERES
bias and the difference in aerosol optical depth (MODIS - climatology) monthly
mean

Figure 40 clarifies that the bias is not caused by the absolute difference be-
tween the aerosol optical depth input of the two datasets. This is also demon-
strated by the scatter plot of every monthly mean between 2005 and 2011 of
the difference in aerosol optical depth and the bias in figure 41. The correlation
coefficient for this scenario is -0.37.
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Figure 41: Scatter plot of the monthly mean (SCIA-OMI - CERES)/CERES
bias and the difference in aerosol optical depth (MODIS - climatology) monthly
mean
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6 Conclusion

A broadband daily mean and monthly mean surface solar irradiance product
has been derived from the effective cloud fractions from OMI and SCTAMACHY
and the clear sky data from CLARA. The surface solar irradiances at overpass
time have been calculated using the Lambertian cloud model and the Heliosat
method. In order to obtain daily means and monthly means equation 11 was
used. The individual satellite products at overpass time were validated using 15
BSRN surface stations. The correlation for the OMI data being on average 0.89
and for SCIAMACHY 0.83. The mean absolute biases were respectively 4.18
% and 4.73 %. Comparing the clear sky daily mean monthly mean SSI from
CLARA to the surface stations and the CERES dataset showed that without
the effect of clouds incorporated the average global SSI is 32.26 % to high. On
the other hand the correlation coefficient with the CERES dataset is 0.94 on
average, so this means that clouds highly affect the absolute value of the SSI,
but have a much smaller effect on the periodicity of the SSI. By including the
transmission coefficient of SCTAMACHY or OMI in equation 11 the bias of the
daily mean monthly mean decreases significantly. The mean absolute bias for
the daily mean monthly mean SSI using only SCIAMACHY compared to the
surface measurements is 5.83 % and compared to the CERES measurements it
is 0.70 %. For OMI this is respectively 5.31 % and 2.27 %. This is significantly
improved compared to the results from using just the clear sky dataset. The
average correlation coefficient of the SCTAMACHY daily mean SSI compared to
the surface stations is 0.89 and compared to the CERES dataset it is 0.97. For
OMI this is 0.97 and 0.99. Especially the correlation coefficients retrieved from
the OMI daily mean monthly mean SSI are exceptionally high, regarding the
fact that only the cloud fraction at 13:30 PM each day is taken into account.
After this both the data from OMI and the data from SCIAMACHY were
taken into account in equation 11 to derive a daily mean monthly mean SSI. The
bias of this combined dataset compared to the surface measurements is 5.40 %
and compared to the CERES dataset it is 0.88 %. The correlation coefficients are
on average 0.91 compared to BSRN data and 0.98 compared to CERES data.
These statistics show that the data is in good agreement with on one hand
measurements at the surface of the earth and on the other hand with a dataset
created by different satellite data. It is clear from the results that regional
differences in aerosol optical depth input can create regional differences of up
to 60 W/m? in SSI between the OMI-SCIA product and the CERES dataset.
This difference can be corrected for by using equation 15, because OMI-SCIA
products uses climatology and therefore does not include local events like forest
fires which could influence the regional aerosol optical depth quite severely.
These events are captured by using data from MODIS. Figure 40 shows that
the difference in aerosol input does not influence the global bias compared to
the CERES dataset. Figure 36 features the expected relation between SSI and
the cloud fraction. This relation is quite obvious, because the cloud fraction
is used to calculate the transmission coefficient, but this figure also shows that
anomalies like the row anomaly have to be understood to know that this scatter
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plot has to be plotted in two parts.

This research has proved that it is possible to create a global SSI product
from the OMI and SCTAMACHY satellites which is in good agreement with
surface measurements and comparable datasets. There is no clear trend in
the 7 years of overlapping data from OMI and SCTAMACHY, which can be
expected, because a lot of climatologies were used in deriving this dataset and
global yearly mean SSI does not vary a lot in the time frame of a few years.
For further research it would be interesting to look further into the periodicity
in the bias between the OMI-SCIA SSI and the CERES SSI. The cause of this
periodic bias might improve the product. It would also be interesting to obtain
surface measurements in areas with high aerosol optical depths, because these
areas contain large differences between the satellite products.
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8 Appendix

8.1 A.1l: Comparing direct SSI measurements to BSRN
measurements

Figure 42 shows that the correlation between the direct irradiances is much

lower than the correlation between the total irradiances. This is because the

direct irradiance is much harder to measure due to the fact that you have to
divide the incoming light into scattered light and direct light.

8.2 A.2: Linking the MAE to the cloud fraction

Although it is possible to draw a positive linear relation in each scenario. There
is no clear relation between the MAE and the cloud fraction. The reason that
it is possible to obtain a positive slope each occasion is that the MAE is close
to 0 at a cloud fraction of 0, which pulls the best-fit down to (0,0).

8.3 A.3: Relating the MAE to seasonality

Figures 44 & 45 show that there is no clear connection between the mean abso-
lute error and the time of the year.
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8.4 A.4: Correlating climatology AOD to the SCIA-OMI

and CERES bias
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Figure 46: Time series of the monthly mean (SCIA-OMI - CERES)/CERES
bias and the aerosol optical depth monthly mean

Figure 46 shows that the aerosol optical depth has similar peaks and troughs
as the bias. To confirm that these two quantities are correlated a scatter plot
was created with the monthly means from 2005 up and until 2011. This scatter
plot is shown in figure 47. The correlation coefficient is 0.83.
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Figure 47: Scatter plot of the monthly mean (SCIA-OMI - CERES)/CERES
bias and the aerosol optical depth monthly mean
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85 A5

Comparing CERES with BSRN data

BSRN-site lat lon CERES mm SSI BSRN SSI  Bias (%) RMSE MAE correlation
ASP -23.6  133.9 186.0 262.7 -29.2 84.0 76.7  0.83
BER 32.3 -64.7 148.1 194.5 -23.9 56.4 47.5 0.89
BOU 40.1  -105.2 178.3 197.0 -9.5 27.3 22.3 0.96
CAM 50.2 -5.3 98.9 128.1 -22.7 47.9 32.2 0.93
CAR 44.1 5.1 116.6 182.8 -36.2 79.8 66.2 0.96
CLH 36.9 -75.7  189.8 185.6 2.3 23.2 20.0  0.95
CcOoC -12.2  96.8 204.4 219.0 -6.7 48.1 41.8 0.58
KWA 8.7 167.7  208.6 227.2 -8.2 36.0 28.9 0.10
LAU -45.0 169.7 129.8 163.2 -20.5 38.8 33.4 0.97
LIN 52.1 14.1 103.7 130.7 -20.7 39.9 28.2 0.97
MAN -2.1 1474 2564 198.4 29.2 61.9 58.0 0.36
REG 50.2  -104.7 1524 157.6 -3.4 21.7 16.1 0.97
SBO 30.9 348 197.4 272.8 -27.6 87.4 75.4  0.95
TAM 22.8 5.5 241.3 261.5 =77 29.6 23.9 0.90
XIA 39.8 117.0 152.3 162.3 -6.1 42.5 38.4 0.86
Table 13: CERES monthly mean, BSRN comparison, bias is (CERES -

BSRN)/BSRN, RMSE is the root mean squared error and MAE is the mean
absolute error
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Figure 48: Scatter plots of the bsrn locations daily monthly means compared
to the CERES monthly means.
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Figure 43: Scatter plots of MAE as a function of cloud fraction per location,
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Figure 44: Scatter plots of seasonal OMI - BSRN SSI and the MAE/SSImean
per location per season

62



£ 1000
=
)
£ 800
5
&
o
g
% 600
s
E
% 400
g
2
2
3 200
@
A
F
g o
0 200 400 600 800 1000 DJF MAM JA SON
SCIA SSI (W/m?2)
1000
E
S 800
3
s
El
3 600
<
&
B}
= 400
3
3
2
2 200
H
&
2
0
0 200 400 600 800 1000 DJF MAM JA SON
SCIA SSI (W/m?)
= 1000 0.200
E
H 0.175
g so0 0.150
=
g
§ a0 0.125
g 0.100
8 400
[ 0.075
©
E 0.050
& 200 -
a
z 0.025
8 o0
0.000
[ 200 400 600 800 1000 DJF MAM JA SON
SCIA SSI (W/m?)
- 0.12
§ 1000
bt 0.10
a
4 800
£ 0.08
£
& 600
s 0.06
g
2 400
<
© 0.04
]
= 200
a 0.02
z
g o
@ 0.00

0 200 400 600 800 1000 DJF MAM JA SON
SCIA SSI (W/m?)

1000

BSRN SS data China, Xianghe (W/m?2)

0 200 400 600 800 1000 DJF MAM JA SON
SCIA SSI (W/m?2)

Figure 45: Scatter plots of seasonal SCIA - BSRN SSI and the MAE/SSImean
per location per season
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