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Abstract: Spatiotemporal assessment of climate elements in response to solar radiation changes is vital for understanding
the interaction between solar energy budget and climate over Nigeria. In this work, the spatio-temporal assessment of
climate changes in response to solar radiation budget was done using regression and correlation analysis on satellite remote
sensing and gridded observation data. The satellite data sets include; the Top Net Solar radiation data, obtained from
European Medium Range Weather Forecast Reanalysis version 5 data set (ERAS) and Extended Reconstructed Sea Surface
(ERSST) data set. The gridded observation climate data sets were obtained from Climate Research Unit (CRU) of
University of East Anglia. The 250 x 250 m Digital Elevation data sets were obtained from Shuttle Radar Topographic
Mission (SRTM). Results showed the Top net solar radiation (J/m?), precipitation and temperature indicated trends (R-
square values) of 8643.9 (0.08), -0.287 (0.06) and 0.019 (0.26) per year respectively. The correlation between Top net
radiation and temperature shows, 7, 2 and 91% pixels to be negatively, zero and positively correlated while the correlation
between Top net radiation and precipitation shows, 71, 8 and 21% pixels respectively to be negatively, zero and positively
correlated. Results shows that there was no direct relationship between Elnino Southern Oscillation (ENSO) but arguably,
temperature showed indirect relationship with Top net solar radiation. Also, residual analysis was applied to delineate areas
that have no direct relationship between radiation and climate parameters.
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1. Introduction

Energy is essential for the economic and socio-  African region depend on biomass for cooking and heating,

developmental activities of humans. This has made power
generation one of the major challenges faced by humans in
the 21* century, as the dependence on conventional energy
(fossil fuel and nuclear reactors) sources of power
generation tend to poise threats to human safety and
existence. While developed countries of the world are
fighting the impact of excessive use of these fossil fuels, the
developing ones are faced with inadequate, inefficient and
unreliable energy supply. The International Energy Agency
stated in 2014 that about 620 million people living in sub —
Saharan Africa have no access to electricity, and the supply
is inadequate, costly and unreliable for the few who have it.
It also estimated that about 730 million people in the

which is responsible for air pollution that results in large
number of deaths on a yearly base [1]. Apart from that, the
use of wood as a fuel source also leads to the continuous
falling of trees that causes desert encroachment, erosion and
loss of soil fertility, which in turn affects climatic
conditions. This has made the continent of Africa most
vulnerable to the impacts of climate changes [2].

Solar energy is harnessed both by photovoltaic (PV) solar
system which directly convert solar radiation into electrical
energy and by the use of solar thermal systems [3]. The PV
solar system is the fastest growing renewable energy in
Nigeria [4] and in the whole world [5].

The variability in the amount of solar radiation received
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on the Earth’s surface is of implicit significance to climate
changes both at a global, regional and local scales. It is also
of importance for water resources, agriculture, architectural
design and solar thermal devices [6]. Solar energy has direct
effects on many physical, chemical and biological cycles [7].
According to Bazyomo et al, 2016, the most important
varying parameters in solar energy are solar irradiance and
ambient temperature [8]. Changes in solar radiation intensity
are proportionate to PV power output, whereas increase in
ambient temperature tends to negatively affect the
performance of the PV panels. A good understanding of
climate changes and projected trends of these variables is of
outmost importance in policymaking and industrial
management in undertaking the installation of solar cells in a
particular location.

Furthermore, variations in global solar radiation and
rainfall to a large extent determines the weather condition of
a place, and may lead to the formation of pollutants in the
atmosphere by photochemical processes derived from
chemical precursors [9]. The relationship between solar
irradiance and rainfall also reflects the behaviour of large-
scale phenomena like the EI Nifo-Southern Oscillation
(ENSO), which can modify the normal conditions of the
atmosphere in several regions of the earth, altering local
weather patterns.

At the global scale, some researchers assessed changes in
surface solar irradiance in the 20™ century by measurements
and through simulations. The analysis of the 20" Century
simulations was done with climate models and their results
showed that all the models estimated a global annual mean
reduction in surface solar radiation of 1 — 4 W/m* while the
globe warms by 0.4 — 0.7°C [10].

Bazyomo et al., 2017 carried out a study to analyse the
energy output considering the impact of climate changes,
variability and trends of solar radiation intensity and
surface air temperature [11]. They results showed that the
trends of solar irradiation are negative and photovoltaic
power output was estimated to reduce in all parts of West
Africa. Research conducted in Ethiopia checked trends and
variability of rainfall and temperature in some regions and
showed an increasing trend of annual maximum, minimum
and mean temperature. An increase of 1.08°C was observed
[12]. Trend analysis of mean annual temperature was also
carried out in Rwanda for fifty-two years. The results
showed a significant warming trend over the period
between 1977 and 1979 with Kigali the capital showing the
highest values [13].

Considering the scanty research situation in Nigeria, the
work aims at giving a more detailed and updated analysis of
the changes in Top Net Solar Radiation (TNSR) in relation
with climate and ENSO signals over Nigeria from 1988 to
2015. Most analyses covering Nigeria did not report on
spatial and temporal changes using long term data sets. There
is a need to understand the spatio-temporal changes in TNSR
in response to climate records whether they indicate any
different relationship between TNSR and climate; how TNSR
and climate variables fluctuate from their mean position in
different ENSO years too. Thus, the specific objectives of

this research are to: (1) study spatio-temporal changes in
TNSR and climate from 1988 to 2015; (2) analyse the
seasonal, monthly and yearly time series of TNSR and
climate; (3) assess the TNSR-climate anomalies as well as
the sea surface temperature (SST) anomalies over Nigeria
from 1988 to 2015.

2. Materials and Methods
2.1. Study Area

Nigeria is located in Africa and comprises of about 36
states. The country is the most densely populated region in
West Africa which is located in between the dry Sahel and
desert to the north and the Atlantic Ocean to the south.
Nigeria is located at latitudes 4° — 14°N and longitude 2°W —
14°East, covering an area of about 923,769 km® [14]. The
vegetation zones include; forest, guinea, Sudan and Sahel
savannah. There are two basic rivers in Nigeria; the Benue
and Niger rivers. There are a lot of river networks in Nigeria,
most settlements are located at the banks of some rivers or
streams. The rainfall distribution in the forest and guinea
savannah regions is higher than the dry Sahel. Figure 1 is the
geographical map of Nigeria, showing its location on the
African map.
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Figure 1. The Study Area.

2.2. Data Sets

The data used in this work include; Gridded observation
(precipitation and temperature) data from climate
Research Unit (CRU) of University of East Anglia and
European Centre for Medium Range Weather Forecast
Reanalysis version 5 (ERAS5) data sets (Top Net Solar
Radiation) from 1988 to 2015. The Gridded observation
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data (CRU) and satellite remote sensing (ERA) data
records were obtained at 0.5°% 0.5° and 0.25°x 0.25°
respectively and re-gridded to 0.083° x 0.083° spatial
resolution. The CRU gridded data records have been
widely applied in many studies globally and over Africa.
CRU gridded observation data is arguably the most
suitable climate data sets for a country like Nigeria as a
result of the fact that the region is data sparse.

The Extended Reconstructed Sea Surface Temperature
version 4 (ERSSTv4) temperature data are very helpful in
studying ENSO effects globally. In this work, the data
records were used to study the ENSO effects in Elnino,
Lanina and Neutral years. The data records were retrieved
from  https://wwwl.ncdc.noaa.gov/pub/data/cmb/ersst/v5/.
The El-nino Southern Oscillation (ENSO) signal is
determined via a number of indicators from the Pacific
Ocean which include the Pacific Sea Surface Temperature
(SST), Southern Oscillation Index (SOI) or Outgoing long-
wave radiation. Southern Oscillation Index (SOI) is referred
to as the sea level pressure (SLP) [15].

2.3. Methods
The following methods were adopted in this work.

2.3.1. Regression Analysis
The Ordinary Least Square regression analysis was used in
this work. It is given by equation 1.

y=a+fx+y )

where y is the dependent variable, in this case Top Net Solar
Radiation. x is the independent variable i.e. precipitation and
temperature. « is the intercept and y the error term.

B which is the regression slope is given as
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where y and x are the predictor and response variables
respectively

2.3.2. Residual Trend Analysis
The Residual trend analysis is a method that examines the
trend (slope) of the residual differences between the observed

Top net solar radiation and the predicted Top net solar

radiation (TNSR) using linear regression model with either

precipitation or temperature [16].

These steps were followed

(i) Firstly, a regression model between the observed
TNSR and precipitation or temperature assessed at
pixel level.

(i1) Secondly, the residuals obtained as the difference
between the observed and the predicted TNSR from
the linear model is computed and recorded as
residuals.

(iii) Thirdly, another linear regression of the residuals against
time is done to obtain the trends. The trends are
interpreted as changes in Top net solar radiation that are

not dependent of precipitation or temperature.

2.3.3. Correlation Analysis
The Pearson correlation analysis is given as

2(y=y).(x—x)
= = (3)
Z\/(y—y)z-Z\/(x—X)z-

Coryz

where y and x are the 2 parameters respectively.

3. Results

Figure 2 shows the annual values and trends in (a) TNSR
(b) precipitation and (c) Temperature. Results showed the
Top net solar radiation (J/m®), precipitation and temperature
indicated trends (R-square values) of 8643.9 (0.08), -0.287
(0.06) and 0.019 (0.26) per year respectively
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Figure 2. Slope of (a) TNSR, (b) precipitation and (c) temperature.

Figure 3 shows the seasonal average values for TNSR and
climate elements. In Figure 3 (a), lowest values of TNSR
(MJ/m®) were observed during the peak rainy season months
from July to August. The annual seasonal precipitation of the
study area in July, August and September from 1988 to 2015
is over 200 mm/yr. From figure 3 (a) and 3 (c), the dry
season months recorded higher TNSR and ground surface
warming than the wet season months. This indicates that dry
season months are most favourable for solar energy
harvesting than the wet season months.
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Figure 3. Seasonal (a) Top net solar radiation (b) precipitation and (c)
temperature averaged from 1988 to 2015.

From figure 4, standardized anomalies were computed
to show above/below average conditions in TNSR and
climate parameters from 1988 to 2015. Result shows both
TNSR and temperature have shown above average
conditions in Top net solar radiation and surface air
warming. This is an indication climate change is rather
favouring renewable energy production from solar
radiation.

Table 1 shows value of Pearson correlation coefficient
between TNSR and climate elements from 1988 to 2015.
Correlation between TNSR and precipitation shows
negative values which are statistically insignificant for
rainy season months from June to September. Also,
negative values which are statistically significant were
obtained for end of growing season October to November
and dry season months from December to April. The
highest (lowest) correlation coefficient was observed in
December (-0.751), February (-0.738) and April (-0.736).

Figure 5 (a) and 5 (b) shows that the correlation between
Top net radiation and temperature shows, 7, 2 and 91% pixels
to be negatively, zero and positively correlated while the
correlation between Top net radiation and precipitation
shows, 71, 8 and 21% pixels respectively to be negatively,
zero and positively correlated.
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Figure 4. Standardize Anomalies in (a) TNSR (b) precipitation and (c)
temperature averaged from 1988 to 2015.
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Figure 5. (a) Pearson spatial correlation coefficient between Top net solar
radiation and precipitation (b) Residual Trend analysis between TNSR and
precipitation (c) and (d) are Pearson correlation coefficient and Residual
Trend analysis for temperature respectively.

In Figure 5 (c) and 5 (d), the residual trend analysis has been
computed for regression between TNSR versus precipitation
and solar radiation versus temperature using equation 1. After
obtaining the residuals, another regression was performed on
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the residuals and the trends of the residuals were obtained.
Generally, regression models with large residuals indicate
large deviations from the model. The positive trends are
interpreted as changes in TNSR that are not dependent of
precipitation and temperature. Thus areas that precipitation
showed no response to TNSR over the study region include
parts of North-west, North-central, South-west, South-south
and South-east. Similarly, areas that temperature showed no
response to TNSR over the study region include parts of
North-central, South-South South-west and South-east

Table 1. Correlation between TNSR versus climate.

Month TNS Vs. precipitation TNS Vs. temperature
Jan -0.449* -0.411*
Feb -0.738* 0.667*
Mar -0.689* -0.372
Apr -0.736* -0.111
May -0.481* 0.392
Jun -0.242 0.399
Jul -0.325 0.544
Aug -0.141 0.736
Sep -0.369 0.780
Oct -0.575* 0.043
Nov -0.481* -0.618*
Dec -0.751* -0.474

(*shows statistical significance at 5% sig. Level).

Figure 6 shows the Pearson correlation coefficient between
TNSR and climate elements. Result shows that latitudinal
variations have also been found for the solar response in
climate elements over Nigeria. Correlation between TNSR
and precipitation shows high values at lower latitudes with
low at the higher latitudes. This suggests that precipitation
responds well to TNSR at lower latitudes than higher
latitudes.  Similarly, correlation between TNSR and
temperature shows low values at lower latitudes with high
values at the higher latitudes. This suggests that temperature
responds best with TNSR at higher latitudes than lower
latitudes.

* Correlation between TNS vs. precipitation
* Correlation between TNS vs. temperaure
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Figure 6. Pearson Correlation coefficient between TNSR and climate
elements at different latitude.

The research work considered El Nifio, neutral, and La
Nifla years from sea surface temperature (SST) anomalies of
the tropical Atlantic ocean. A range from + 0.5°C and — 0.5°C
also known as the Nifio 3.4 region was adopted and the
gridded Extended Reconstructed Sea Surface Temperature
version 4 (ERSSTv4) temperature data was used to extract
the SST values [17]. The work considered average SST
anomalies exceeding > +0.5°C as El Nifio, < —0.5°C as La
Nifia, and from -0.5°C to + 0.5°C as Neutral years
respectively [18]. Table 2 shows the El Niflo, La Nifia and
Neutral years extracted from ERSSTv4. The correlation
between TNSR and climate elements in El Nifio, La Nifia and
Neutral years is shown in table 3.

Figure 7 shows standardized anomalies used in extracting
the ENSO events. The blue dotted line demarcates the neutral
years from the cool and warm phases of ENSO. Result from
table 2 shows 11, 10 and 7 warm, neutral and cool years
respectively. This shows dominance of warmer years in the
last 2 decades. Table 3 shows the correlation between TNSR
and climate in different ENSO event. Results indicates a
statistically insignificant negative correlation and positive
correlation for precipitation and temperature respectively.
This results shows that there are no direct impacts of ENSO
on the relationship between TNSR and climate especially for
precipitation.

Table 2. Extraction of El Nifio, Neutral, and La Nifia years between from
1988 to 2015 using ERSSTv4 SST anomalies.

El nino years (11) Neutral years (10) La nina years (7)

1997 1988 1989
1998 1990 1991
2003 1993 1992
2004 1994 1995
2006 1999 1996
2007 2000 2001
2008 2002 2011
2009 2005

2010 2013

2012 2014

2015
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Figure 7. Standardized anomalies in Sea surface temperature from 1988 to
2015 showing ENSO events.
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Table 3. Correlation between TNSR versus climate in different ENSO event
(*shows statistical significance at 5% sig. Level).

Month TNSR Vs. precipitation TNSR Vs. temperature
Elnino -0.606 0.273
Neutral -0.102 0.062
Lanina -0.290 0.382

4. Conclusion

In this work, the spatio-temporal assessment of climate
changes in response to solar radiation budget was done using
regression and correlation analysis using satellite remote
sensing and gridded observation data from 1988 to 2015.

Results showed the Top net solar radiation (J/m?),
precipitation and temperature indicated trends (R-square
values) of 8643.9 (0.08), -0.287 (0.06) and 0.019 (0.26) per
year respectively.

Correlation between TNSR and precipitation shows
negative values which are statistically insignificant for rainy
season months from June to September while negative values
which are statistically significant were obtained for end of
growing season October to November and dry season months
from December to April. The highest (lowest) correlation
coefficient was observed in December (-0.751), February (-
0.738) and April (-0.736).

The correlation between Top net radiation and temperature
shows, 7, 2 and 91% pixels to be negatively, zero and
positively correlated while the correlation between Top net
radiation and precipitation shows, 71, 8 and 21% pixels
respectively to be negatively, zero and positively correlated.

The results shows that there was no direct relationship
between Elnino Southern Oscillation (ENSO), but arguably,
temperature and precipitation showed indirect relationship
with Top net solar radiation.

To this extent, the study is relevant to policy makers and it
provides the necessary information that is helpful for local
energy planning and disaster risk mitigation in the face of a
vulnerable eco-climatic system set out by a varying climate
system over Nigeria as well as West Africa.

It is recommended that the study be extended to cover a
period longer than the 27 years (1988 to 2015) covered in
this work. Also more weather parameters other than
precipitation and temperature covered by this work could be
used to study the interaction between solar energy budget and
climate over Nigeria.
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