
Assesing the potential of using satellite data on radiation
in the analysis of earth’s climate system to complement
the scarce radiation data measured from the ground

stations.
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Abstract

High quality solar radiation data is required for the appropriate monitoring and analysis of the Earth’s
climate system as well as efficient planning and operation of solar energy systems. However, well
maintained radiation measurements are rare in many regions of the world. Therefore, satellite-derived
radiation estimates are an alternative to these scarce solar radiation measurements from the weather
stations. Satellite estimates of solar radiation have an advantage over solar radiation measurements
from weather stations because of their high spatial and temporal resolutions. These satellite radiation
estimates at approximately 5-6 Km resolution derived from geostationary Meteosat satellites are avail-
able through the EUMETSAT Satellite Application Facilities (SAFs). CM-SAF (SAF on Climate Mon-
itoring) provides consistent dataset of hourly, daily and monthly solar radiation from 1983 to 2013. In
this study, we examined the potential of using satellite estimates of solar radiation to fill in the data
gaps in records from the weather stations as well as the areas where radiation data is not available.
The analysis carried out showed that the satellite data had fewer missing values than the ground data,
and that they are both similar in distribution. The average correlation between the two data sets was
found to be 0.71 for both monthly and daily analysis. However, the month of September showed a
very low correlation of 0.21. Mean percentage error, mean bias error and mean absolute deviation
were found to be 2.46, 18.84, 50.32 and 3.08, 559.87, 1135.93 for daily and monthly analysis, respec-
tively.

The solar radiation distribution in Dodoma was found to follow Weibull distribution throughout the
year.

Keywords: Weibull Distribution, Mean Percentage Error, Mean Absolute Deviation, Mean Bias Error.
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1. INTRODUCTION

1.1 Background

The main source of energy on the surface of the earth is the sun Mavi and Tupper (2004). Other
sources such as the moon and other stars produce very small and insignificant quantities of energy.
The sun is a gaseous body with the inner most part, the core, being the most dense (100−150gcm−3)
and the hottest (15× 106 ◦C− 40× 106 ◦C). The region outside the core, the interior, and the core
are believed to be a huge nuclear reactor where fusion reactions occur providing the energy that the
sun radiates. Most of the visible radiation that arrives at the surface of the earth are from the outer
surface of the sun, photosphere, because of its capability to emit and absorb a continuous spectrum
of radiation Mavi and Tupper (2004).

At the top of the atmosphere (TOA), the solar radiation is approximately constant, ranging between
1360Wm−2 to 1380Wm−2. This is not the energy received on the surface of the earth since it un-
dergoes attenuation through absorption, reflection, and scattering as it travels through to the sur-
face Sozzi et al. (1999). In the atmosphere, oxygen, ozone, carbon dioxide and water vapours absorbs
about 20% of the incident solar radiation. Since only a small amount of radiation can be tolerated by
living things, this radiation absorption by the atmosphere is of great importance. Also, 6% of the so-
lar radiation received on the surface of the earth is reflected back to the atmosphere. This fraction of
the solar radiation that is reflected back is referred to as albedo, and it largely depends on the nature
of the surface the radiation is falling on, the season of the year and the angle of incidence of the so-
lar radiation. The amount of solar energy reflected also depends on the wavelength of the incoming
radiation Sozzi et al. (1999).

Figure 1.1: Solar irradiance spectrum
above atmosphere and at surface

.
The region between the dotted lines is
the usable photon energy for most solar
energy appliances such as solar cells.
This is because, for example, a solar cell
works on the principle of photovoltaic
effect, and Solar radiation with
wavelengths of 380 nm to 750 nm
(Visible light) strike the material with
enough energy to knock electrons from
their weak bonds and create an electric
current while the unused wavelengths
(ultraviolet & infrared) that reach the
surface of the earth do not have enough
energy to dislodge the electrons and are
absorbed as heat. (Spectral)

According to Wild et al. (2013), 22% of solar radiation reaching the top of the Earth’s atmosphere is
reflected back to space. The clouds and the components of the atmosphere absorb 23% leaving only
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about 55% of the radiation to reach the Earth’s surface. This can be seen in Figure 1.2.

Figure 1.2: The Schematic diagram of
the global mean energy balance of the
Earth.

The figure gives best estimates for the
magnitudes of the globally averaged
energy balance components in Wm−2

together with their uncertainty ranges,
representing present day climate
conditions at the beginning of the
twenty-first century. (Wild et al., 2013)

The amount of solar radiation received on the surface of the Earth therefore varies significantly in
time and space. It is mainly governed by the Earth’s movement around the Sun. The Earth’s axial
tilt causes the seasonal variation of day length and the elevation angle of the sun Geerts and Linacre
(2002). However, accurate solar radiation data are of great importance in many of the scientific fields,
including the design, prediction of the performance and monitoring of solar energy devices.

Location-specific and accurate solar radiation data is still a great challenge for most of the African
countries, even though the problem has been discussed at many local and global meetings including
the World Meteorological Organization (WMO) Regional Association (Africa) sessions that are held
every four years Jarraud (2008). This is mainly because there are few weather stations in Africa. On
6th Nov, 2006, Michel Jarraud said in a press conference that was held in Nairobi, Kenya, that Africa
still needs approximately 200 automatic weather stations as a step towards rescuing historical data
and also improving capacity building on climate and weather reporting. According to Medany et al.
(2006), there are 1152 World Weather Watch (WWW) stations in Africa, giving a station density of
1 station per 26, 000Km2 which is still 8 times below the minimum recommended level by WMO.
In the working paper 3 of United Nations Economic Commission for African Climate Policy Centre,
ACPC (2011), it is documented that the shortage of data in Africa is exacerbated by the uneven dis-
tribution of available weather stations leaving large areas unmonitored.

However, in the absence of measurements, solar radiation can be estimated using other meteorologi-
cal observations that are available, such as sunshine duration, cloud cover and air temperature using
empirical models Mavromatis (2008). The estimated radiation calculated from these models varies in
accuracy depending on which variables are used Bojanowski et al. (2013). The model that uses the
sunshine duration has been found to be more accurate, since it gives a measure of the time per day of
direct solar radiation.

As mentioned earlier, the number of weather stations is low. Therefore, even though solar radiation
can be estimated from other observed variables, solar radiation data recorded or estimated may not be
enough to create a time series of solar radiation that has a high spatial resolution Bojanowski (2014).
Thus, estimated solar radiation data from sources that provide spatially - continuous information at
high resolution such as data provided by the satellite have to be considered to supplement the station-
specific estimates. The main focus of this work is therefore to determine the possibility of using satel-
lite derived radiation data to substitute the sparse ground radiation data and also to begin to explore
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applications of these data for solar energy.

1.2 Motivation

From section 1.1, it is evident that getting solar radiation measurements is difficult. Therefore peo-
ple have resorted to estimating these data from sunshine duration. Unfortunately, there are only few
weather stations that measure sunshine hours in Africa. In the recent past, interpolation, where values
from a nearby station are assigned to areas around the station, has become popular. But because of
sparse distribution of the weather stations, values from one station are typically used to approximate
the radiation for radius greater than 25km. This makes such estimations less accurate. Because of its
geographical position, Africa receives a lot of solar radiation and therefore has great potential when it
comes to solar applications. The design and performance estimation of these solar facilities requires
accurate solar radiation data, which at the moment is scarce.

Satellite data on radiation provides continuous estimates of these radiation data with a very high spa-
tial and temporal resolution of 0.05◦ × 0.05◦ and 30 min, respectively, for over 30 years. These esti-
mates from the satellite data are therefore worth investigating to see if they correlate well with ground
truth, and hence can be used to fill the large gaps between the stations.

1.3 Scope and Objectives

Even though there are a number of weather stations in central Tanzania, they are not enough to give
a spatial coverage that is required for accurate monitoring of systems that require solar radiation.
Also, due to recurrent droughts in the area, leading to frequent hydro-electric power crises, the area
needs to adopt the new technology of generating electricity from the sun.

From the forgoing, the main objective of this work is

To determine the potential of using satellite-derived radiation data as a substitute of scarce
radiation data measured from the ground stations.

Accuracy and good spatial coverage of the radiation data are necessary to evaluation the performance
of solar energy systems. Satellite-derived data provides continuous information with high spatial and
temporal resolution over large area, but they are approximations of the more or less accurately mea-
sured solar radiation data from the ground. This work therefore compares the two datasets to deter-
mine the extent to which they are similar. This work will also attempt to assess how much energy can
a solar panel produce in Dodoma, given the knowledge of the distribution of radiation in the area.
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2. METHODOLOGY

This chapter elucidate the methods used to address the main objective of this work. The methods
used to compare satellite data and ground data are described. The formulae for calculating the power
produced by a photovoltaic cell is also presented. Further more, the chapter also describes the proba-
bility distributions functions that were used to describe the distribution of solar radiation, and finally,
we present the formulae for calculating the average power produced by a solar panel in an area given
the probability distribution of the solar radiation and the power it can produce.

2.1 Comparison of Radiation Data sets

The comparison of the two radiation datasets (Satellite and Ground Data) is to be done in two ways;

(i) Drawing of comparative plots of surface solar irradiance from the satellite and the sunshine
hours from Dodoma.

(ii) Calculation of statistical parameters, mean percentage error (MPE), correlation (r), mean abso-
lute deviation (MAD) and mean bias error (MBE) were calculated from the mean monthly SIS
data as follows (Journée and Bertrand, 2010);

Let Dgi be measurements from the ground and Dsi be measurements from the satellite;

• MPE

MPE =
1

n

[
n∑
i=1

(
Dgi −Dsi

Dgi
× 100

)]
,

• correlation (r)

r =

n
n∑
i=1

DgiDsi −

(
n∑
i=1

Dgi

)(
n∑
i=1

Dsi

)
√√√√n

n∑
i=1

D2
gi −

(
n∑
i=1

Dgi

)2
√√√√n

n∑
i=1

D2
si −

(
n∑
i=1

Dsi

)2
,

• MBE

MBE =
1

n

[
n∑
i=1

(Dgi −Dsi)

]
,

• MAD

MAD =
1

n

[
n∑
i=1

| (Dgi −Dsi) |

]
,

The statistical parameters described are to be used to give an idea of whether satellite-derived mea-
surements can be used to fill the gap in the ground measurements.
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2.2 Distribution of solar irradiance

Because of their reliability when it comes to solving modern technology systems problems whose func-
tionality depends on the reliability of its components, Log-normal, Gamma and Weibull distributions
are tested to get the best fit for solar radiation in a given month.

(i) Log-normal distribution. If a random variable Y = ln(X) has a normal distribution with mean
µ and standard deviation σ, the continuous random variable X is said to have a log normal dis-
tribution, and its density function is

f(X|µ, σ) =
1

σX
√

2π
e−

1
2σ2

[lnX−µ]2 for x ≥ 0.

The mean and the variance of the distribution are

mean = exp(µ+
1

2
σ2) and variance = (exp(2µ+ σ2))(exp(σ2)− 1).

(ii) Gamma distribution. If a random variable X has a gamma distribution, its density function is

f(x|a, b) =
1

baΓ(a)
xa−1e−

x
b , X > 0,With

Γ(a) =

∫ ∞
0

xa−1e−x dx,

where a and b are parameters of the gamma distribution. The mean and variance of gamma
distribution are

µ = ab, and σ2 = ab2.

(iii) Weibull distribution. This distribution has become more popular due to its ability to fit the
data from many fields such as engineering, weather, and life data, to mention but a few. The
general Weibull distribution has the density function

f(x|a, b, c) =
a

b

(
x− a
b

)c−1
exp

(
−
(
x− a
b

)c)
x ≥ a, a ∈ R, and b, c ∈ R+,

where a is the location parameter, b is the scale parameter and c the shape parameter. The
Weibull distribution used in this work assumes that a failure can occur at point zero. Therefore,
the location parameter is zero. This gives a distribution that has the density distribution

f(x|a, b) =
a

b

(x
b

)a−1
e−(xb )

a

.

The mean and variance of the Weibull distribution are

µ = bΓ

(
1

a
+ 1

)
, and σ2 = b2

{
Γ

(
2

a
+ 1

)
− Γ

(
1

a
+ 1

)2
}
.

The probability distribution function that best describes the distribution of the solar irradiance in a
given month, in Dodoma, was found to be weibul distribution.
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3. ANALYSIS AND RESULTS

In this chapter, the results of the analysis are presented. The data were processed and subsequently
analysed in response to the main objective given in chapter 1 of this work, which was to determine
the potential of using satellite-derived radiation data as a substitute of scarce radiation data measured
from the ground stations. This objective was accomplished. The findings presented in this chapter
demonstrate the potential of using satellite-derived radiation data as a substitute of scarce radiation
data measured from the ground. The chapter start with the analysis of the ground data followed by
satellite data and finally the comparison of the two datasets.

3.1 Sunshine Hours

Here, the analysis of the ground data is presented. Yearly plots are first presented. These include the
box-plots and a time series plot showing the daily variation of sunshine hours over the years. The
monthly plots and finally a histogram are plotted.

Figure 3.1: Sunshine hours by years

6
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Section 3.1. Sunshine Hours Page 7

Figure 3.2: Daily variation of sunshine hours over the years

The following observations were made from the yearly plots for the ground data that were drawn;

The box-plots in Figure 3.1 show the daily sunshine hour split by years. It shows that over the years,
the sunshine hours has been stationary, there is no pattern from one year to another. This is con-
firmed by the time series plot of the sunshine hours as shown in Figure 3.2. The Ljung-Box test con-
firmed this from its small p-values which suggest that the series is stationary,

Box-Ljung test

data: DODOMAG$Sunh

X-squared = 6118.5, df = 20, p-value < 2.2e-16

The box-plots also show unusual features in the data like gaps and outliers. The years 1994 to 1998
had no records and thus were omitted from the analysis.

Other than yearly plots, monthly box-plots of the sunshine hours was also plotted,
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Figure 3.3: Sunshine hours by months

The box-plots of sunshine hours split by months (Figure 3.3) showed some possibility of seasonal-
ity in sunshine hours; the minimum values are recorded in the months of March and April, and the
maximam in the months of June to October. The month of September shows less variability in sun-
shine hours received. This is depicted by the smaller length of the boxplot. The opposite is seen in
the months of December, January and February which show high variability in the sunshine hours.

In an attempt to know the distribution of the sunshine hours (where the majority of values falls and
how much variation is in the data), a histogram was also plotted.

Figure 3.4: Histogram of sunshine hours

The distribution of sunshine hours in Figure 3.4 shows heavy skew to the left. This is an indication
that majority of values fall between 5 and 11, an evidence that Dodoma receives alot of solar radia-
tion.
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Section 3.2. Satellite estimates of solar radiation Page 9

This section presented the analysis that were done using the ground data. For easy comparison, the
same analysis were done for the satellite derived estimates as shown in section 3.2.

3.2 Satellite estimates of solar radiation

This section describes the analysis done using the satellite-derived estimates. The yearly plots fol-
lowed by the monthly box-plots and finally the histogram of the satellite-derived measurements are
presented.

Figure 3.5: SIS radiation by Years

The box-plots for daily SIS split by years, like those for sunshine hours, show that the amount of solar
radiation received over the years is stationary.

This was confirmed by the Ljung-Box test,

Box-Ljung test

data:summarised_SIS_data1$mean_SIS

X-squared = 10336, df = 20, p-value < 2.2e-16

The box-plots also depicts unusual features, outliers and gaps, in the data. Most of these outliers are
lower outliers, apart from a few especially in the year 1990, which shows very extreme values and
thus are worth investigation. These outliers were investigated further in the comparison of the two
datasets.

The years 1994 to 1998 were omitted to allow easy comparison with the sunshine hours.
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Figure 3.6: Time series plot of the SIS

These time series plots also depict SIS stationarity as the SIS variations does not show any pattern
over the years. It also show the gap between 1994 to 1998, the years that were left out for easy com-
parison with the ground data.

These are indications that the area under study receives on average, the same sunshine durations each
year.

The monthly variations were also investigated to get an insight of the distribution of the sunshine
hours in each month.

Figure 3.7: SIS radiation by months

The box-plots of SIS split by months shows that the months of January, February, March, August,
September, October, November and December record larger measurements of solar radiation, with
the month of September and October recording the highest amount. It also show that the month
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of September receive almost the same amount of radiation throughout. This is shown by the small
length of the box-plots, which is an indicator of less variability. The months of April to July receives
lower surface solar irradiance, with the month of May recording the lowest readings. This may be be-
cause these are wet months.

Figure 3.8: Histogram of SIS

The histogram of SIS (Figure 3.8), just like Figure 3.4, shows that solar surface radiation are heavily
skewed to the left. This is an indication that Dodoma receives alot of solar radiation. with the major-
ity of values falling between 400 and 750.

To find the extent of the difference between the datasets, other statistical parameters, Correlation r,
MPE, MAD, and MBE were calculated.

3.3 Comparison of Sunshine Hours and Solar Radiation Estimates

The exploratory analysis conducted shows that the two datasets, sunshine hours and the solar radia-
tion estimates from satellite, are similar in distribution. Even though the two datasets are measured in
different units, the similarity may be attributed to the fact that the underlying process generating the
two datasets is the same.

The comparison of the two datasets was done in two levels, daily data and monthly data, using the
measures for the accuracy that were discussed in Chapter 2.

For easy comparison, the sunshine hours were converted to the same unit as the radiation data from
satellite using Angstrom’s formulae (NRMED),
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Rs =
(
as + bs

n

N

)
Ra,

where, Rs is the solar radiation in MJm−2day−1, n is the actual duration of sunshine hours, N is
the maximum possible duration of sunshine, as is the regression constant showing the fraction of ex-
traterrestrial radiation reaching the earth on overcast days (n = 0), as + bs is the fraction of the
extraterrestrial radiation reaching the surface on a clear day and Ra

Ra =
24(60)

π
Gscdr [ωs sin(J) sin(δ) + cos(J) cos(δ) sin(ωs)] ,

where Gsc is the solar constant, J is latitude in radians dr = 1 + 0.033 cos

(
2π

365
J

)
,

δ = 0.409 sin(
2π

365
J − 1.39) and ωs = arccos(− tan(J) tan(δ))

For the area under study, J = −0.0342π, Gsc = 1369Wm−2, N = 12.1, the maximum possible sun-
shine duration. Because there were no actual solar radiation data, no calibration was done to change
as and bs, therefore, the default values of as = 0.25 and bs = 0.50 were used.

3.3.1 Evaluation of Monthly Data.

The comparison of monthly ground data calculated from sunshine hours and monthly satellite data
was done using the monthly sums. It showed a bias of 727.2, mean percentage error of 4.04 and
mean absolute deviation of 1194.40, as shown in Table 3.1. This small MPE indicates that the two
datasets are similar.

The correlation between satellite data and ground data is strong with a value of 0.687. However, the
months of March, April and September showed lower values of 0.402, 0.572 and 0.25, respectively,
possibly because these are wet months. The months of May, June, July and August recorded the
highest bias between the two datasets, probably because of the higher number of sunshine hours dur-
ing this period.
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Figure 3.9: SIS variation by month. Combined line graphs of ground and satellite data

Other than the monthly analysis, daily analysis were also done. This is shown in subsection 3.3.2.

3.3.2 Evaluation of Daily Data.

The comparison of ground data calculated from sunshine hours and satellite data showed a bias of
21.95, Mean percentage error of 2.495 and mean absolute deviation of 55.03, as shown in Table 3.2.
This is an indication that there is no big difference between the two datasets and therefore, the satel-
lite data are a good approximation of the ground truth.

Also, the correlation between satellite data and ground data is strong with a value of 0.683, but is
lower than the correlation from the monthly data. However, the months of September and October
showed lower values of 0.454 and 0.384, respectively, an indication that the satellite data and ground
data correlate well in some months and not others, probably because of outliers or the season. This
was further investigated.

As stated earlier, there were a number of outliers with very extreme values in 1990, the upper outliers
of this year, which start at about 820, corresponds to very high sunshine hours, 15.1, that can not be
reached at any particular time in the area under study. These outliers, together with those that are
very low, below 150, were left out, and the statistical parameters calculated again.

The monthly and daily statistical parameters after removing outliers are shown in Tables 3.3 and 3.4

The new average correlation increased to 0.71, and the other statistical parameters reduced consider-
ably. However, the months of January, February and December consistently showed high correlation,
and the month of September consistently low correlations. Because of this, the months of February
and September were investigated further to get an insight of what can be the cause of these differ-
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ences.

For the month of February, it was found that there is linear spread of sunshine hours from minimum
value of 0.0 to the maximum value of 12 as depicted by the mean 7.9. Figure 3.10 shows the spread
of the radiation data from the two sources for the month of February. The solar radiation estimates
from the satellite were also found to have a good spread with a mean of 533.9. The trend of the two
sources of radiation were found to be similar throughout the month Figure 3.12. The high correlation
can therefore be attributed to the linear trend of data in this month.

In the month of September, out of 688 observations, with the maximum record as 11.4, only 267 are
less than 10. This is a clear indication of clustering of observations. High average record of 10.07 jus-
tify the clustering observed. The same pattern was seen in solar radiation estimates from satellite,
where only 218 observations out of 688 had values less than 600. Figure 3.11 shows the spread of ra-
diation data from the two sources for the month of September. The low correlation can be explained
by the non-uniform distribution in the recorded data. In spite of the low correlation and the uneven
spread of records, some general trends were observed. The records from the two data sources showed
some general trend over the years (Figure 3.9) and the month Figure 3.13.

Figure 3.10: Scatter plot in February Figure 3.11: Scatter plot in September

Figure 3.12: Variation of SIS over February Figure 3.13: Variation of SIS over September

In this chapter, we compared the radiation data from satellite and data from the ground. Some months
showed very high correlation, while others recorded low correlations. The high correlation were found
to be due to the good spread and similar general trends. Low correlations were found to be mainly
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due to clustered observations. However, the records in the months with low correlation showed sim-
ilar general trend over the years as well as daily observations within the months. Our general feeling
therefore is that the the two data source shows a good similarity, and satellite data can be used for
places where the data is not available to provide continuous data.
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4. CONCLUSION

The satellite data from EUMETSAT is the first freely available radiation data record for hourly, daily
and monthly surface solar irradiance covering a region bounded between latitude ±65◦ and longitude
±65◦ for the time period 1983 to 2013. It has high quality, seen from fewer missing values and high
spatial resolution 0.05◦ × 0.05◦. Hence, it is qualified for many climate applications such as trend
analysis and variation. This work has looked at the possibility of using satellite data to fill the gap of
weather data shortage in Africa to help in making well informed climatic decisions.

In this work, we mainly considered solar radiation as a climatic element in Dodoma, Tanzania. The
satellite data that was freely obtained from CMSAF was compared with the actual measurements
from Dodoma. The comparison showed that the two data sets are similar in distribution. The cor-
relation of the two data sets was also found to be 0.71 on average for both monthly and daily records,
which is an indication that the two data sets are similar, and satellite data can be used to fill in the
gaps in ground measured records as well as be used in places where the records are not available.

From the work, a Weibull probability distribution best describes the distribution of solar radiation of
all the months for the area under study. This can be used to estimate the energy output a given pho-
tovoltaic cell can produce and therefore it is possible to select a solar panel that is suitable for a par-
ticular region.

17
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