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) ) . son. Contrary to other studies that found that aerosol optical depth dominates
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@ ® effects on long-term trends and year-to-year variability of solar irradiance, for

this case, cloud cover, particularly mid-level clouds, is found to have a more
dominant role in Botswana. Solar irradiance characteristics of three distinct
regions were identified through K-means clustering. Moreover, Ensemble Em-
pirical Mode Decomposition (EEMD) analysis showed the commonality and
time scale linkage between solar irradiance and cloud cover between the iden-
tified regions. These results highlight the importance of including cloud-re-
lated weather patterns under the global warming scenario in solar energy plan-
ning and emphasize the secondary role of aerosols in Botswana, thus providing
critical information for the region’s solar energy development and policy for-
mulation.
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1. Introduction

For Botswana, solar energy is a significant power source capable of sustaining nu-
merous human activities (Okakwu et al., 2019). Given its ample sunlight and mod-
erate temperature, the country has significant potential to rely on solar energy as
a sustainable source. Despite their heavy reliance on fossil fuels, coal-fired power
plants like Morupule B meet most of the nation’s electricity demand (Botswana
Power Corporation, 2021). Noteworthy are the significant energy problems that
occurred in 2013 and early 2014, where there were frequent power interruptions,
and hence emphasize the need to diversify and adopt cleaner, renewable sources.
Hence, this solar energy can enable Botswana to align with a more sustainable
future by reducing its carbon footprint and improving regional energy security.

Geographically positioned to get plenty of sunlight, Botswana, with its semi-
arid climate and hot, dry weather for most of the year (Batisani & Yarnal, 2010),
is perfect for the growth of solar energy. With an average insolation of 21 MJ/m?
on a horizontal surface and over 3,200 hours of sunlight yearly (SKR Engineering
College et al., 2017), the nation claims one of the highest solar irradiance rates
worldwide. These favorable circumstances and growing attempts to support re-
newable energy have inspired projects aiming at using solar power for electricity
generation, thereby building trust in the viability of such projects.

Photovoltaic (PV) technology, which directly converts sunlight into electricity,
has emerged as a leading solution for solar irradiance utilization (Bhayo et al.,
2020). The simplicity, reliability, low power, long endurance, and scalability of PV
solutions are well-matched to many problems (Kalogirou, 2009; Yahyaoui et al.,
2023). With technical assistance from the government, Botswana Power Corpo-
ration has already initiated programs to incorporate solar photovoltaic technolo-
gies into the country’s energy system. These schemes emphasize the critical role
that PV will play in Botswana’s shift to a greener energy space, increased energy
security, and lower carbon emissions.

An adequate understanding of the climate of solar irradiance (both temporally
and physically) is required to optimize PV system design, reduce risk, and im-
prove solar energy deployment (Miihlemann et al., 2022). Previous research on
elements of solar radiation variability in Botswana has concentrated on direct so-
lar irradiation over specific sites (Nijegorodov et al., 2005; Tlhalerwa & Mulalu,
2019). Observed during the summer/rainfall months (November to March), they
discovered the maximum solar radiation values in the southwest (Kgalagadi and
Ghanzi) with 291 W/m? followed by the center sections (Sua-pan) with 268 W/m?

and the northern parts (Ngamiland and Chobe). Botswana’s location causes
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notable mean annual solar radiation; the UV component has risen over the past
eight years from 1995 to 2003. Botswana also has great concentrated solar plant
potential that surpasses current electricity consumption.

Several recent studies suggest via changing atmospheric circulation patterns
and cloud cover the likely influence of global warming and climate change on so-
lar irradiance (Voigt et al., 2020). Higher temperatures can significantly reduce
cloud cover, enabling more solar irradiance to reach the surface of the Earth
(Bright & O’Halloran, 2019). Research indicates that Botswana’s rainfall has de-
clined, and temperatures have risen since 1981, primarily due to climate change
(Kenabatho et al., 2012; Byakatonda et al., 2018). Since cloud cover will decrease
under drier conditions, solar irradiance might benefit from it. Lassman et al.
(2020) conducted their study in Botswana and found the average concentration of
particulate matter or aerosols with diameters < 2.5 microns (PM2.5) to be 9.4
pg-m~>. This value is below the annual limit of 10 ug-m™ recommended by the
World Health Organization (WHO). It is in close agreement with the estimate
derived from satellite and model data used by the Global Burden of Disease
(GBD), which is 9.1 pg-m™. Further, they revealed that the inorganic aerosol, pri-
marily ammonium sulfate (average 35% by mass), is a significant component of
the particle phase. The aerosol also includes a substantial fraction of carbonaceous
material, consisting of water-soluble organic carbon (mean of 12 % by mass) and
black carbon (mean of 18% by mass), which is not inorganic sulfate. These find-
ings were consistent with the major coal power plants situated upwind of the
measuring site and the level of solid fuel combustion in their research region.

This paper demonstrates several new contributions to understanding solar ir-
radiance in Botswana; it is the first comprehensive study that assesses solar irra-
diance variability varying in Botswana upon 50 years of ERA5 reanalysis data with
a robust long-term view. For our best understanding of the patterns of solar irra-
diance, we use a spatial, temporal, and statistical strategy using EEMD and k-
means clustering. We consider all the parts of solar irradiance (direct, diffuse, and
reflected). This enables us to calculate the optimum solar irradiance on the in-
clined plane across the country to be treated as efficiently as possible with the
photovoltaic surface setups. We investigate the relationship between solar irradi-
ance variability and local influencing factors such as cloud cover and aerosols at
different timescales. We offer new insights into the region’s drivers of solar energy
potential.

Using ERA-5 re-analysis data covering a long period from 1971 to 2020, this
study elucidates the main features of solar irradiance variability in Botswana, both
spatially and temporally, annually and seasonally. The results can also offer tre-
mendous information and helpful insights into planning, forecasting, and policy
formulation of solar irradiance. Section 2 describes the data analysis methodology,
while Section 3 thoroughly investigates solar irradiance’s spatial and temporal var-
iability across Botswana. In the same section, we further investigate the factors
affecting variability in solar irradiance: cloud cover and aerosols. Section 4 pre-

sents the conclusions.
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2. Data and Methodology
2.1.Data

The climate data used in this study are estimates of land, marine, and atmosphere
climate variables time-dependent at hourly through ECMWF Reanalysis v5
(ERA5), which covers the period from 1940 to the present. ERA5 spans the planet
on a 31 km grid and resolves the atmosphere with 137 levels. It replaces the ERA-
Interim reanalysis and offers hourly output and uncertainty estimates with a 31
km horizontal resolution (Hersbach et al., 2020; Ahamed & Alam, 2022).

The ERA5 data includes the main components needed to calculate optimal solar
irradiance on an inclined plane: FDIR (direct solar irradiance at the surface), UV-
visible albedo (surface albedo for direct irradiance), and SSRD (surface solar irra-
diance downwards) (Hogan, 2015).

Botswana’s observational data availability was limited, as only the direct UV
component known as the SSRD was available for a short period of 1983 to 2015;
thus, to compute the optimal total solar irradiance on an inclined plane, all three
components: direct, diffuse, and reflected solar radiation were needed. However,
a thorough comparison between SSRD from Botswana station data and SSRD
from ERAS5 showed high correlation coefficients of about 0.95 at a 95% signifi-
cance level obtained by the student’s t-test; they continuously showed similar
trends, validating ERA5’s suitability in the absence of observational data. Stand-
ardized anomalies in Figure 1(b) illustrate the high consistency between SSRD
Botswana observational data and SSRD ERAS5 reanalysis data.

A thorough comparison analysis of the two datasets included in the Supple-
mentary material section showed that both BW Data and ERA5 SSRD have peaks
in solar radiation during their summer for December, January, and February, and
BW Data comes in at 282 W/m? during summer. However, between December
and February, radiation levels are at a high, surpassing 300 W/m? during the sum-
mer, while in winter months (May to July), the levels reach their lowest point of
below 200 W/m? in June and July. Heightened attention is also paid to the dispar-
ity between ERA5 SSRD and BW Data values, particularly in winter, which might
be attributed to methodological differences or spatial resolution. Standard devia-
tion analysis found higher standard deviations in summer (over 25 W/m?) and
higher direct solar radiation component variability, compared with winter
months (below 10 W/m?) when standard deviation values are minor and imply
more stable conditions for daylight levels. A strong positive correlation (0.87 to
0.98) between the datasets from month to month implies similar longer-term
trends and seasonal patterns. Southern stations receive more solar radiation than
northern ones, with both datasets exhibiting an overall agreement in the spatial
patterns but with some magnitude differences in summer. In addition, we observe
higher variability in the summer months (mean 25 - 32 W/m?, standard deviation)
in southern regions and lower variability in winter (6 - 15 W/m?). In some areas
of the region, ERA5 SSRD may have slightly higher standard deviations, perhaps
reflecting greater-scale atmospheric processes that local measurements may not
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(a) BOTSWANA (b) ERA 5 and BW_Data

fully represent.

Additionally, monthly cloud cover data (total, high, medium, and low clouds)
derived from 24 hourly ERA5 and aerosol data derived from CAMS global reanal-
ysis (EAC4) reanalysis data with horizontal resolutions of 0.25° x 0.25° and 0.75°
x 0.75° were used to analyze their relationship to solar irradiance in Botswana
from 1971 to 2020 and 2003 to 2020, respectively.
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Figure 1. (a) The Botswana map shows the distribution of districts and observational stations; (b) Standardized annual mean direct

solar irradiance at the surface anomalies averaged over all stations/grids of Botswana derived from the Botswana observational

station data and ERA5 Reanalysis data, respectively. Also, the Pearson correlation coefficient and statistical significance were de-

noted at a 95% confidence interval.

2.2. Methodology
2.2.1. Total Solar Irradiance Calculation on a Tilted Surface—The Case of
a Photovoltaic (PV) System

Thus, the hourly irradiance on an inclined collector surface has to be designed,
and performance must be calculated based on observations or predictions of solar
irradiance on a horizontal surface (Shekata et al., 2024). The most readily accessi-
ble statistics often provide total irradiance over hours or days on a horizontal sur-
face, but what is required is direct, diffuse, and reflected irradiance on the plane
of collection. To be used in solar process design techniques, the monthly average
daily irradiance on the tilted surface must be calculated using the equation pro-
vided by (Sarbu & Sebarchievici, 2017).

Ity =Rplp +%(1+cosz) I +%(1—cosz)pg I (1)
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Iy = lpy COSO ()

IDN — A)efB/SinB (3)

Ipyrepresents the direct average irradiance calculated by using Equation (3). Ao
represents the extra-terrestrial irradiance at air mass m = 0; Bis the atmospheric
extinction coefficient; P is the sun’s altitude over the horizon in degrees (Stephen-
son, 1967). The geometric factor Rp represents the ratio of direct irradiance on a
slanted plane in comparison to a horizontal surface at any given time and is

ID,Z/ID given by:
Iy 1oy C0SH  cosO

R = —" = = 4
° 1, 1,000, cos, @

Equations that connect the angle of incidence 6 of direct irradiance on a surface
with other angles are presented by (Duffie & Beckman, 2013);
€0S0 =sindsin @ cosE —Ssin & oS @Sin X CoS y + COS & COS ¢ COS = COS
+€0S8sin @sin X cosy cos®+ Ccosdsin Zsinysin®

)

€0sB =cosh, cosT +sin6, sinZcos(¢p—y) (6)

Duffie and Beckman estimated the Rp based on the angle difference ¢-X and
latitude @, and its values were provided in their publication (Duffie & Beckman,
2013). Given a specific ratio Rp, the direct sun irradiance on a tilted surface can

be calculated using Equation (4).
Ips =Rplp (7)

To calculate total solar irradiance | g, the direct irradiance, diffuse irradiance
components, and ground-reflected irradiance are summed up. The isotropic dif-
fuse representation of the sky, initially suggested by Liu and Jordan (1960) and
later expanded by Klein (1977), is then utilized to assess both diffuse irradiance
and ground-reflected irradiance. The diffuse irradiance on the tilted surface 1 ;
is defined by

lys :%(Hcosz)ld (8)

where /;is the scattered/diffuse irradiance on a surface oriented horizontally. The
formula for the irradiance reflected from the ground on the slanted surface |, ;

is provided by
1
s =E(1—cosz)png 9)

where p, denotes the diffuse reflectance of the ground (Bostan et al., 2011) and
Iris the total solar irradiance on a surface oriented horizontally. The total solar
irradiance on the surface tilted at a certain angle is combined into three compo-

nents.
1 1
Ity =Rplp +E(1+cosz) Iy +E(1—cosz)pg I (10)

Utilizing ERA5 datasets, /p = direct solar radiation at the surface, denoted by
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the short name FDIR; /r = surface solar radiation downwards, denoted by the
short name SSRD; and UV -visible surface albedo for direct radiation, is denoted
by ALUVP. In addition, [y = diffuse/scatter radiation results from subtracting
FDIR from SSRD.

In the later section, solar irradiance (SIR) refers to the total irradiance on the
tilted surface with the optimal solar panel tilt angle. The optimal tilt angle used
was —29° for PV systems facing north (Jacobson & Jadhav, 2018). Monthly aver-
ages were then produced from 1971 to 2020. The standard deviation (SD) was

calculated to evaluate yearly variations in solar irradiance (Streiner, 1996).

2.2.2. Trend Analysis

Trend direction was determined using the Mann-Kendall (MK) non-parametric
test (Mann, 1945; Kendall, 1975). The MK test is commonly used statistically in
hydrological time series analysis to test the significance of a trend (Yue & Wang,
2004). This is intuitive and stable when data is not normally distributed and can
handle outliers and missing data (Ndabagenga et al., 2023). The Z value and the
p-value from the MK test are standardized statistics according to the methodology
of Yue and Wang (2004). Trends passing with positive Z values ascend, and trends
passing with negative values descend. If a trend is below 0.05 in a p-value, it is
statistically significant. Sen’s (1968) nonparametric technique was used to deter-

mine the amplitude of the trend in the time series.

2.2.3. K-Means Clustering Analysis

Spatial patterns and locations with similar solar irradiance were identified with K-
means cluster analysis. Edwards et al. (1965) analyze variance where the data
points are split into compact clusters, and the process is repeated until the hierar-
chical “tree” diagram is reached. The obtained elbow and silhouette score methods
were applied to determine the best number of clusters (Umargono et al., 2020;
Shahapure & Nicholas, 2020). This process was used to segment Botswana’s re-
gions regarding solar irradiance distribution from 1971 to 2020 with identical so-

lar irradiance characteristics.

2.2.4. Ensemble Empirical Mode Decomposition (EEMD)
The EEMD method is a highly flexible and practical data analysis methodology
for analyzing nonlinear and nonstationary data. Hilbert transforms (Huang et al.,
1998) can be applied to decompose complex datasets into several intrinsic mode
functions (IMFs); accomplishing this was the motivation for using this approach.
A filtering algorithm was used to derive the intrinsic mode functions (IMFs) to
reconstitute the sub-signal, which contains various attributes of the original signal
at different temporal scales. We then obtain a new residual signal close to a mon-
otonic signal coming from the fundamental trend of the original signal (Gaci,
2016).

EEMD helps process solar irradiance data, which is often nonlinear and non-

stationary. It maintains critical salient features and reduces noise by omitting
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measurement errors and atmospheric noise. EEMD allows for identifying the
dominant modes of variability in the solar irradiance signal and, thus, primary
oscillatory patterns. Additionally, it offers time-frequency localization, enabling
the identification of transient events and localized changes in solar irradiance in-

tensity.

3. Results and Discussion

Displayed in Figure 2 is the time series of yearly mean solar irradiance averaged
over all grid points of Botswana derived from ERA5 Reanalysis data during the
past 50 years since 1971. It is seen that the mean irradiance value over the 50 years
was 270.79 W/m?. The peak solar irradiance occurred in 2015, while the lowest
was recorded in 2000. Similar to the findings of Ma et al. (2013), the yearly average
trend shows a moderate and continuous increase in solar irradiance from 1971 to
2020. However, The Mann-Kendall test yielded an insignificant p-value of 0.806,
indicating a slight positive slope of 0.0163 (W/m?)/year, suggesting no significant

upward trend in the yearly mean solar irradiance averaged over Botswana over

the study period.
P-value: 0.806
__ 285 [Slope: 0.0163
?E SD: 6.5988
= Average: 270.68
2 280
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Figure 2. Time series of annual solar irradiance trend (W/m?) in Botswana (1971-2020).

According to previous studies, though Botswana has hot and dry weather for
most of the year (Batisani & Yarnal, 2010), it still has a summer/rainfall season
from November to March and winter months from May to July (Batisani & Yar-
nal, 2010; Byakatonda et al., 2018). Figure 3 illustrates the seasonal march of the
climatological means and the monthly standard deviations of solar irradiance
from January to December in Botswana. As seen from Figure 3(a), solar irradi-
ance values ranged between 161.08 and 373.87 W/m? They exhibited solar
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irradiance values above climatology from September to March, corresponding to
Botswana’s summer/rainfall seasons (Batisani & Yarnal, 2010; Byakatonda et al.,
2018). Peak values of December solar irradiance were recorded at 373.87 W/m?2
The values observed were below climatology in April, May, June, July, and August.
Additionally, June had the lowest solar irradiance values of 161.08 W/m?. Further-
more, Figure 3(b) highlights the standard deviation of solar irradiance for each
month, given a mean value of 18.03 W/m?* and values from 5.09 to 39.66 W/m?.
Standard deviation values change seasonally, from higher summer values (No-
vember-March) to lower winter and spring values (April-August), like seasonally
varying climatological mean. However, it is noticeable that the standard deviation
values are higher for January and February among the summer months, even
though their climatological mean is lower than November and December. This
indicates the more significant solar irradiance variability; thus, particular atten-

tion should be paid to its prediction from January to February.

(a) Climatological Mean for Solar Irradiance (b) Standard deviation for Solar Irradiance

—— Solar Irradiance Trend

—— Solar Irradiance Trend
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Figure 3. (a) Climatological mean and (b) standard deviation of monthly solar irradiance in W/m? averaged over Botswana (1971-

2020).

An inspection of the time series of solar irradiance in each month (Figure 4)
yields that in December (Figure 4(1)), when solar irradiance reached its maximum
value, a sharp decreasing trend was observed with a slope of —0.5404 and a statisti-
cally significant Mann-Kendall p-value of 0.047. On the other hand, Figure 4(h)-(j)
show solar irradiance in August, September, and October (ASO), which is char-
acterized by a sharp increasing trend. Successfully performed Mann-Kendall tests
yielded statistically significant p-values of 0.021, 0.002, and 0.003, way above
chance. Above solar irradiance in ASO has predominately been above climatology
in the most recent period following 2007. Moreover, after 2007, the values of Oc-
tober are around 340 to 350 W/m?, and even more significant than those in No-
vember and December. The trend analyses of monthly solar irradiance in Bot-
swana indicate a possible shift in the season of high solar irradiance, showing a
tendency toward earlier arrival of ample solar irradiance during the spring months.

For the other months, no trends were seen.
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Figure 4. (a)-(1) Time series of the monthly solar irradiance in Botswana (W/m?) from 1971 to 2020 and the linearly fitted line. The

linear trend slope,

corresponding P-value for statistical significance at a 95% confidence interval, climatological average value (Av-

erage), and yearly standard deviation (SD) are shown in the bottom-left corner.

3.1. Spatial Distribution

Our research has revealed fascinating seasonal variations in solar irradiance. In
the summer months from October to February, the entire country experienced
maximum solar irradiance, with values ranging from 313 to 445 W/m? (Figure
5(a), Figure 5(b), Figure 5(j), Figure 5(k), and Figure 5(1)). Solar irradiance peak
was observed in December with a range of 344 to 445 W/m?* and the highest values
at the southwestern part of the Kalahari Desert, 445 W/m?. The pattern of spatial
solar irradiance falling from southwest to northeast in other months, such as Oc-
tober, November, January, and February, is also evident. This is consistent with
the spatial pattern of direct solar irradiance, as Nijegorodov et al. (2005) and
Tlhalerwa and Mulalu (2019) reported. In March (Figure 5(c)), solar irradiance
dropped to values around 280 W/m? from the previous month of February, while
the spatial pattern remains (Figure 5(b)). In the winter months from May to July
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(Figure 5(e)-(g)), decreased levels of solar irradiance were recorded across the
entire research region. June displayed the minimum solar irradiance value of 148
W/m? in the south and southeast regions (Figure 5(f)). August and September
(Figure 5(h)-(i)) show a noticeable and region-uniform rise in solar irradiance,
with values reaching 247 W/m? and 285 W/m?, respectively. However, the east-
most corner that covers the Northeast and Southcentral districts seems to increase
more slowly.
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Figure 5. (a)-(1) Maps of climatological mean solar irradiance (W/m?) in Botswana (1971-2020).

Our research has uncovered a crucial aspect of solar irradiance: the impact of
water levels on the visibility of the hotspot. A single overriding characteristic in
most spatial maps was the hotspot, mainly over the Makgadikgadi Pans, a coun-
try-wide focal point for brine production. From January to April, this phenome-
non was visible (Figure 5(a)-(d)) for solar irradiance from 247 to 360 W/m?. In
addition, in November and December (Figure 5(k) and Figure 5(1), solar irradi-
ance is 350 and 380 W/m?, respectively, and the same solar irradiance was ob-
served in the hotspot. During the period from May to October (Figure 5(e)-(j)),

however, the pan was filled with water obscuring the hotspot. According to
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Eckardt et al. (2008), plots from November, December, January, February, March,
and April show evident signs of drying up, exposing salt deposits that result in
significant scattering and reflected solar irradiance. The Makgadikgadi pans are
replenished by the Boteti River, fed by the Okavango Delta, with water typically
reaching and filling the pans in late April, reducing the albedo of the exposed salts.

Consequently, the hotspot is not visible from May to October due to reduced scat-

tering and reflection of solar irradiance in this region.
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Figure 6. (a)-(1) Maps of spatial trends from 1971 to 2020 of the monthly solar irradiance in Botswana (W/m? per year). The
dotted area indicates the linear trend above the 95% statistical significance level.

Next, we examine the spatial distribution of the linear solar irradiance trend.
Figure 6 shows a statistically significant upward trend in solar irradiance over
Botswana in September and October. The results of this finding could be signifi-

cant in the studies about climate and environment. As with the solar irradiance in
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178 (a) January

August for the southern half (Ghanzi, Kgalagadi, Southern, Southeast, Kgatleng,
Kweneng, Northeast, and Central districts), maximum irradiance also occurs in
the eastmost corner. The upward trend values ranged from 0.08 to 0.32 W/m? per
year. Conversely, in December (Figure 6(1)), the most pronounced downward
trend was exhibited in the country’s southern half, with values of —0.40 W/m? per
year. These results echo Mucomole et al. (2023), who discovered significantly de-
graded solar irradiance. In addition, Figure 6(e) and Figure 6(f) also indicate a
statistically significant solar irradiance increment (with statistically significant
certainty) in May and June in the northeastern part of the country, as well as a
tiny but statistically significant increment in the solar irradiance in Southwest dur-
ing the last 50 years. This grid-scale trend analysis provides valuable insights into
the temporal trends of solar irradiance across different regions of the country un-

der the background of global warming.
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Figure 7. (a)-(1) Maps of the standard deviation of the monthly solar irradiance (W/m?) in Botswana (1971-2020).

The spatial distribution of the yearly standard deviation of solar irradiance in
Botswana is displayed in Figure 7. December, January, and February (Figure 7(1),
Figure 7(a) and Figure 7(b)) exhibited higher values of standard deviation,
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varying from 24 to 44 W/m?> In January (Figure 7(a)), the most significant fluc-
tuation in solar irradiance was observed, consistent with Figure 3(b); values are
comparatively lower across the Kalahari Desert than in other places within the
study area. In December and February, the standard deviations also increased
from the southwest to the northeast (Figure 7(1) and Figure 7(b)). Comparing
the spatial distribution of standard deviation (Figure 7) with that of the climato-
logical mean (Figure 5) in these three summer months (December-February), we
see that the southwest is characterized by larger values of climatological mean but
smaller values of standard deviation, while the opposite is seen in the Northeast.
This suggests lower/higher year-to-year variability in the Southwest/Northeast de-
spite relatively larger/smaller averages.

During the months from April to October (Figure 7(d)-(j)), low levels of vari-
ability were observed, particularly across the majority of regions within the re-
search area, with values ranging from 4.0 to 24 W/m?. The months of June, July,
and August exhibited the lowest variation values of standard deviations in solar

irradiance across the entire country (Figure 7(f)-(h)).

3.2. Local Influencing Factors

Aerosols that cool have been found to have intense temperature, precipitation,
and cloud impacts, thus altering solar energy (Levy et al., 2013; Takemura et al.,
2005), which previous studies have suggested. This section will investigate the
months with significant upward/downward trends of solar irradiance (August-
October) and December-February months with large standard deviations of solar
irradiance. This paper aims to study the linkage between the spatial-temporal
cloud changes and AOD. These factors change Botswana’s solar irradiance, lead-
ing to a better understanding of the factors that would eventually control the re-
gion’s solar energy generation.

We first examine the climatological means and trends of Total Cloud Cover
(TCC) from 1971 to 2020 in the study area, as displayed in Figure 8(a)-(d). It is
seen that the TCC is characterized by a decreasing trend in September and Octo-
ber but a significant increasing trend in December, which is noted in most Bot-
swana regions. The regions with a significant decreasing/increasing trend of TCC
correspond well to those with the maximum increasing/decreasing trend of solar
irradiance. This confirms the conclusion drawn by Mucomole et al. (2023), who
focused on the variability in solar irradiance in neighboring Mozambique, a coun-
try with similar climatic conditions to Botswana. Cloud coverage plays an im-
portant role; lesser cloud coverage contributes to more solar irradiance and vice
versa. This is consistent with the cloud screening (albedo) effect (Pfister et al.,
2003; Calbo et al., 2005).

It is generally true that the low, thick clouds primarily reflect solar irradiance
and cool the surface of the Earth, while the high, thin clouds primarily transmit
incoming solar irradiance. For clouds at different levels may have distinct radia-

tive effects, we consider three types of clouds, where each type of cloud is formed
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in a layer at a different level: High-Level Clouds (HLC), Medium-Level Clouds
(MLC), and Low-Level Clouds (LLC). As illustrated in Figure 8(e)-(p). Figure
8(a)-(d) showed that for September and October, there was a significant reduc-
tion in total cloud cover (TCC) at 95% statistical significance over almost the
entire country, which consequently led to an increase in solar irradiance. Con-
versely, in December, the increase in clouds country-wide led to a significant re-
duction in solar irradiance at a 95% significance level. Figure 9 further validates
that clouds are a dominant factor in modulating solar irradiance received at the
surface, as the correlations were as high as -0.96 at a 95% significant level for
December, January, and February, where Botswana had the highest values of
standard deviation as was noted in Figure 7(a), Figure 7(b) and Figure 7(1) for

solar irradiance.
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Figure 8. (a)-(p) Maps of the climatological mean (contours, %:) and linear trend (shadings, %:) different levels of cloud
cover for Botswana (1971-2020). The dotted areas show statistical significance at a 95% confidence interval.
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Figure 9. Monthly correlation between the TCC, HLC, MLC, and SIR in Botswana (1971-
2020). The dotted areas show statistical significance at a 95% confidence interval.

Besides clouds, aerosols can directly modify the Earth’s radiative balance
through the backscattering and absorption of shortwave (solar) irradiance and in-
directly by influencing cloud properties and lifetimes (Charlson et al., 1992; Ra-
manathan et al., 2001; Liu et al., 2014). Next, we examined the correlation between
total aerosol optical depth and solar irradiance in Figure 10. Globally speaking,
the values of AOD are relatively low, as with most countries in the Southern Afri-
can Development Committee (SADC) region. Correlation coefficients of about
—0.6 at a 95% significant level between AOD and SIR are noted in January, March,
April, June, August, November, and December over the study area’s Northern,
Eastern, and Southern parts. However, the absolute value of correlations is mostly
smaller than those between solar irradiance and cloud cover, suggesting the sec-
ondary role of aerosol in changing solar irradiance. The results for the Northern

and Southern parts could be because of the water bodies in the upper Northern
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parts of the country (Okavango delta, Makgadikgadi pans, Chobe river) as com-
pared to the drier Southern parts of the country, which has the Kalahari desert.
Their study (Fu et al., 2022) showed that specific humidity dominates in humid
environments because aerosol particles absorb water and grow in size, increasing
their optical depth. Thus, higher humidity is associated with higher AOD values
relative to PM, s concentrations. The results obtained over the Eastern half of the
country align with the study conducted by Lassman et al. (2020) for the town of
Palapye, located in the Southcentral parts of Botswana, which showed that the
more dominant aerosols are sulfates and black carbon as the area inhabits the coal
power plants used to generate the country’s electricity. Thus, the regular burning
of fossil fuels possibly constitutes these aerosols in the atmosphere. Although
there is limited aerosol data for the SADC region, the results are consistent with
aerosols’ radiative effects, indicating that aerosols have also been an influencing
factor in solar irradiance in Botswana. However, more investigation into these

aerosols is required.
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Figure 10. Monthly correlation between the Total aerosol optical depth (AOD) at 550nm and SIR for 2003-2020 in Botswana. The
dotted areas show statistical significance at a 95% confidence interval.
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Correlation Coefficient

We further calculated the correlation coefficients for different aerosols with so-
lar irradiance in Botswana, as shown in Figure 11. The results showed that total
aerosol depth (AOD 550), sulfate aerosol optical depth (SUAOD 550), dust aero-
sol (DUAOD 550), and black carbon aerosol (BCAOD 550), all at 550nm, are pos-
sible influencing factors, as their correlation coefficients are between —0.4 and
—0.6 at a 95% confidence interval. The negative correlation is most substantial
between solar irradiance and sulfate aerosol optical depth in winter or dry seasons
from June to September, indicating the increasing role of sulfate aerosol in chang-

ing the solar irradiance from rain to dry seasons.

Correlation: SIR and Aerosol Indices across Months

—@- AOD 550

-8~ SUAOD 550

=@~ DUAOD 550
BCAOD 550

Month

Figure 11. Monthly correlation coefficients between the Total aerosol optical depth (AOD) at 550
nm, sulfates aerosol optical depth (SUAOD) at 550 nm, dust aerosol optical depth (DUAOD) at 550
nm, black carbon aerosol optical depth (BCAOD) at 550 nm, and SIR for 2003-2020 in Botswana.

3.3. Spatial-Temporal Decomposed Changes in Solar Irradiance
for the Spring Season (ASO) and Relationships with Clouds
and Aerosols

Particular attention is paid to the spring months (ASO) because this is the only
season with a consistent upward trend in solar irradiance. The K-means clustering
method, an approach similar to that used by Umargono et al. (2020), combined
with the elbow and silhouette scores method (Bansal et al., 2019), is used to divide
the country into clusters, highlighting the region-dependent characteristics of so-
lar irradiance within the country. Figure 12(a) and Figure 12(b) show that the
optimal number of clusters is three (3). The distribution of three clusters for fur-
ther analysis is illustrated in Figure 12(c). In particular, region one, represented

by cluster 0, corresponds to the Southern region, which consists of Kgalagadi and
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107 (a) Elbow Method

Southeast districts. Both districts have relatively similar average elevations: the
Kgalagadi District has an average elevation of 1061 meters, while the South-East
District has an average elevation of 1162 meters. Kgalagadi is the location of the
infamous Kalahari desert, characterized by dunes and short shrubs. Region 2, in-
cluding the Chobe and Ngamiland districts, corresponds to the northern parts
denoted by cluster 1. In Ngamiland, the Okavango Delta creates a unique wetland
environment with swamps and floodplains. The Chobe River forms part of the
northern border of the Chobe District. Thus, the most significant water bodies are
located in this region. Lastly, region 3 corresponds to Botswana’s Central region,
denoted by cluster 2. It includes the Ghanzi and Central districts. The landscape
in Ghanzi District is predominantly flat and sandy. The Kalahari Desert extends
from here, and a semi-arid environment primarily covers the region. The vegeta-
tion consists mainly of grass and thorn savannah. Transitioning to the central
parts, the savannah ecosystem persists but with a greater variety of vegetation and
a more pronounced presence of tall grasses, bushes, and trees than Ghanzi. Thus,
there is a modest increase in elevation and vegetation density as one moves east-

ward; therefore, Botswana’s tableland slopes gently from east to west.
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Figure 12. (a) Elbow method, (b) Silhouette method, and (c) resultant k-means clusters.

After the region division or spatial decomposition, we use Ensemble Empirical
Mode Decomposition (EEMD) to conduct the temporal decomposition to analyze
solar irradiance across different regions at different time scales, as was utilized by
(Du et al., 2023). This technique decomposed solar irradiance in Region 1 into
three Intrinsic Mode Functions (IMFs) with a dominant period of 3, 8, and 14
years and a residual component that reflects the nonlinear trend. For Region 2,
two IMFs with a dominant period of 4 and 10 years are obtained. For Region 3,
three IMFs with a dominant period of 3, 6, and 16 years are obtained. Therefore,
solar irradiance in all regions exhibits interannual and decadal variations, besides
the long-term trends. After decomposing the TCC, HLC, MLC, and LLC averaged
over each region by the EEMD method, we examined their correlations with solar
irradiance, as displayed in Figure 13. First, Figure 13(a), Figure 13(e), and Figure
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13(i) show that negative correlations between SIR and TCC in all three regions
are below —0.9, and the negative correlations are most extensive between SIR and
MLC. This confirms the close relationship between the long-term decrease in the
mid-level clouds and the increase in the solar irradiance in spring, as illustrated

by Figure 6 and Figure 8.
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Figure 13. (a)-(l) Correlation coefficients were calculated to analyze the relationship between the intrinsic mode functions (IMFs)
and residual components of Botswana’s solar irradiance and the IMFs of various cloud levels across the three regional divisions from
1971 to 2020. The asterisks indicate correlation at a 95% statistical confidence interval, as determined by the two-sided Student’s t-

test. The numbers in parentheses indicate the dominant period of the IMFs.

As to the interannual timescales (IMF1s), it is seen that for all three regions,
there is a strong negative correlation of about —0.96 between the SIR and the TCC,
HLC, and MLC. While negative correlations are also found between SIR and the
LLC in Regions 2 and 3, Region 1 (South) shows a significant positive correlation,
suggesting the variable role of LLC across different regions of Botswana. The neg-
ative correlation coefficients decreased as the period of IMFs increased to decadal
and interdecadal timescales (IMF2s and IMF3s), showing a weaker relationship.
For Region 2 (North), the IMF2 of LLC exhibits a positive correlation with the
IMF2 of SIR, while they are highly negatively correlated for Region 3 (Central).

Among the three regions, Region 3 shows the most consistent and close inverse
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relationship between SIR and TCC across all timescales, where the low-level and
mid-level clouds play an essential role for IMF2 and IMF3, respectively. Among
different levels, the mid-level clouds show the most stable relationship with the
SIR across all timescales, manifested by the negative correlations below —0.92.
This suggests that the mid-level clouds can be considered a universally influencing
indicator for the solar irradiance forecasts in Botswana. These results not only
confirm that clouds play a significant role in the reception of solar irradiance re-
ceived at the surface, as previously mentioned by Pfister et al. (2003) and Calbo et
al. (2005), but also highlight the most various role of low-level clouds in influenc-
ing the solar irradiance across different regions in Botswana and across various

timescales.

4. Conclusion

The first comprehensive assessment of solar irradiance variability in Botswana
over 50 years using ERA5 reanalysis data provides valuable insights for develop-
ment and policy formulation in the region for solar energy. We show that peak
monthly solar irradiance occurs in Botswana during the summer/rainfall sea-
son (November-March) at values between 313 and 445 W-m™ for the country.
Such areas for these projects are identified, such as the Kalahari Desert and
Makgadikgadi Pans, and potential large-sized solar installations are there. Long-
term trend analysis indicated that the spring (August-October) constantly in-
creased Botswana’s solar irradiance, while a decreasing trend was observed in De-
cember solar irradiance, suggesting a seasonal shift in solar resources. This shift
could have significant ramifications for the planning and development of a solar
energy infrastructure by necessitating modifications in the design and operation
of solar power systems to maximize energy capture up and down the year.

In this work, we further investigated the factors influencing solar irradiance
varijability. Mid-level clouds significantly influence longer-term trends and year-
to-year variability in Botswana’s solar irradiance than aerosol optical depth. This
finding highlights the need to incorporate cloud-associated weather patterns into
solar energy planning and forecasting models to improve their accuracy and reli-
ability. Three distinct regions with similar solar irradiance characteristics were
identified by K-means clustering, which is a basis for the targeted solar energy
development strategies on the country scale. At each identified region, EEMD
analysis revealed the link between solar irradiance and cloud cover at different
timescales, indicating that atmospheric conditions interact with the potential solar
energy in a nonlinear and complex manner. In addition, the aerosols, particularly
the sulfate aerosol optical depth in the dry/winter season, exhibit a reverse rela-
tionship with the solar irradiance in parts of regions in Botswana, playing a sec-
ondary role.

Of particular note, however, the overhead study of the yearly mean solar irra-
diance averaged over Botswana did not show a significant upward trend in the

yearly mean solar irradiance throughout the study period. The stability of long-
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term solar resources suggests that Botswana’s solar energy potential is robust to
short-term variations and seasonal shifts. Although lower climatological means,
we observed higher solar irradiance variability in January and February than in
other summer months. More sophisticated forecasting and energy management
systems would be required to handle the increased variability during these
months. This evidence, combined with aerosols’ significant impact on Botswana’s
solar radiance, argues that the impacts of air quality issues on the potential for
solar energy development in the region are likely to be minor. Aerosol levels are
to be kept under observation to account for any future changes in air quality when
planning for solar energy. Our findings significantly contribute to knowledge of
solar irradiance variability in Botswana and provide a good base for further re-
search and future developments in solar energy in the region. Policy decisions and
investment strategies in the renewable energy sector can be informed by identify-
ing prime locations for solar energy projects and insights into seasonal shifts and
regional characteristics. It should be investigated further how the observed sea-
sonal variations in solar resources are caused and how solar irradiance patterns in
Botswana might change due to a changing climate. Finally, pairing these results
with socio-economic factors and consideration for grid infrastructure can further
enhance the prescriptive value of the research and help drive Botswana on its path

to a more sustainable energy future.
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Supplementary Material

(a) Climatological Mean for Solar Radiation (b) Standard Deviation for Solar Radiation

300 I BW Data X E BW Data
-m- ERA 5 (SSRD) I - R -u- ERA 5 (SSRD)

) J ) J

Months Months
Figure S1. Comparison of solar radiation data between BW Data (bars) and ERA 5 SSRD (green dashed line) for 1983-2015.
(a) Climatological Mean for Solar Radiation: The mean solar radiation in watts per square meter (W/m?) is plotted for each
month. Red bars represent positive deviations from the annual mean, while blue bars represent negative deviations. The
green dashed line shows the corresponding ERA 5 SSRD values. (b) Standard Deviation for Solar Radiation: The standard

deviation of monthly solar radiation indicates variability. Red bars represent positive values, blue bars show negative values,
and the green dashed line represents ERA 5 SSRD variability.

Further comparison denoted in Supplementary Figure S1 compares solar radi-
ation data from 1983-2015 from BW Data (bars) and ERA 5 SSRD (Surface Solar
Radiation Downward, the green dashed line). The left subplot (a) shows a clima-
tological mean of solar radiation. In contrast, in the right subplot (b), the standard
deviation of solar radiation is given for the monthly periods. The climatological
mean plot shows extreme seasonality in solar radiation. The BW Data can be read
as differences in solar radiation levels throughout the years, as the red bars repre-
sent positive values and the blue bars represent negative values. In particular, solar
radiation values are highest in the summer months (in December, January, and
February), reaching around 282 W/m? in January for BW Data. This follows a
gradual decline towards March. Significant lower values are observed between
winter months (May to July), with a minimum in June and July under 200 W/m?.
Blue bars represent this seasonal dip in deviations from the annual mean. ERA 5
SSRD data exhibit similar seasonal patterns but are higher than the BW Data in
most months. This discrepancy is particularly conspicuous in winter, when ERA
5 SSRD tops at 181 W/m?, while BW Data lags. Either data collection methodolo-
gies or spatial resolution differences could explain the discrepancy between BW
Data and ERA 5 SSRD. Meanwhile, the BW Data may locally represent localized
measurements that feature local characteristics, and ERA 5 SSRD is a broader re-
analysis dataset with global coverage.

The solar radiation across different months is shown in the variability of a

standard deviation plot. Similar to the climatological mean, there is a marked
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seasonal trend: For both BW Data and ERA 5 SSRD, standard deviations are more

significant in summer, reaching above 25 W/m? in January and December. This

means that there is higher solar radiation variability during these months. Stand-

ard deviations, though, are much more minor during winter, below 10 W/m? for

both datasets in May, June, July, and August. This means this period is more stable

for solar radiation. In terms of winter versus summer, ERA 5 SSRD data are found
to be generally less (more) variable than that from BW Data. Thus, ERA 5 SSRD

may pick up on broader scale variations that are less clear in the localized BW Data.
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Figure S2. Timeseries interannual solar radiation variability for each month from January to December from 1983 to 2015.
The red bars represent deviations in BW Data (W/m?), while the blue bars represent negative deviations. The green dashed
line corresponds to ERA 5 SSRD values (W/m?). Each subplot includes the correlation coefficient and p-value, indicating the
strength and statistical significance at a 95% confidence interval of the relationship between BW Data and ERA 5 SSRD. The
high correlation coefficients (ranging from 0.88 to 0.98) suggest a strong agreement between the two datasets, with statistically

significant p-values (p < 0.00001) across all months.

Still, from 1983 to 2015, BW Data and ERA 5 SSRD were further compared in
Supplementary Figure S2 on monthly trends and interannual variability. With

these Figures, we can explore more closely the correlation between the two
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datasets on a month-to-month and a year-to-year basis. Each month shows the
correlation coefficient and p-value for the interannual solar radiation variability
from January through December. A consistently high correlation coefficient (av-
erage 0.88 to 0.98) between BW Data and ERA 5 SSRD demonstrated a robust
positive relationship for all months. This implies that both sets of datasets reflect
similar long-term trends in solar radiation. These correlations are statistically sig-
nificant as the p-values are low (p < 0.00001). The data shows a clear seasonal
pattern: The highest mean solar radiation values are exhibited during the summer
months (December to February), with the highest peak between December and
January (320 W/m?). The same trend is seen in both datasets, with BW Data re-
porting slightly less than ERA 5 SSRD. Low solar radiation values are shown dur-
ing winter (May to July), with minimums around June and July (~205 W/m?).
ERA 5 SSRD, as with BW Data again, reports higher values than advertised. There
is a shift from winter to summer, and solar radiation values rise (Spring: August).
Indeed, these monthly plots also reveal periods of more substantial interannual
variability, perhaps a consequence of more variable weather conditions during

these periods, with solar radiation levels more affected by these.
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Figure S3. Spatial climatologies of solar radiation across Botswana for each month from January to December from 1983
to 2015. The color contour maps represent ERA 5 SSRD data (W/m?), while the colored circles at station locations depict
BW Data in W/m?. Sub-plots (a-1): Monthly spatial distribution of solar radiation, with warmer colors indicating higher
values and cooler colors representing lower values. The southern regions generally exhibit higher solar radiation than the
northern areas, particularly during summer (December to February).
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(a) January

Supplementary Figure S3 shows spatial climatologies of solar radiation against
different stations in Botswana at a monthly scale. The color contours represent
the ERA 5 SSRD values. In contrast, the circles at station locations represent BW
Data values. The highest solar radiation values occur during summer (December
to February) across most stations, with December achieving peaks at 280 - 320
W/m?. Values at the southern stations are greater than those measured at the
northern stations (e.g., Tsab-ong, Tshane vs Kasane, Pandamatenga). Significant
reduction in solar radiation is also observed during winter (May to July), with
June and July at a minimum of 180 - 220 W/m?. Despite some differences in the
values, ERA 5 sees a higher (but the same) value than BW Data; the pattern is
consistent. Along with all stations, solar radiation values increase in spring (Au-
gust), transitioning from winter to summer. Spatial patterns indicate that solar
radiation to southern stations exceeds that to northern stations during the period
considered. However, it might be explained by latitudinal differences or regional
climatic factors. Generally, the agreement between BW Data and ERA 5 SSRD is

good, with some discrepancies in magnitude, especially during the summer months.
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Figure S4. Spatial standard deviations of solar radiation across Botswana for each month from January to December
from 1983 to 2015. The color contours represent the standard deviation of ERA 5 SSRD data (W/m?), while the
colored circles at station locations depict the standard deviation of BW Data in W/m? Sub-plots (a-1): Monthly

spatial distribution of solar radiation variability, with warmer colors indicating higher variability and cooler colors

representing lower variability. The highest variability is observed during the summer months (December to Febru-
ary), particularly in the northern to eastern regions, while winter months (May to July) show more stable solar
radiation with lower variability across all areas.
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Supplementary Figure S4 presents the spatial distribution of the standard devia-
tion of solar radiation for each month, indicating variability: The variability in
summer months (December and January to February) is greater than the other
months and suggests that standard deviations are 25 - 32 W/m? in northern to
eastern regions. This means there are more solar radiation fluctuations during
these months, most likely caused by more turbulent weather or cloud cover vari-
ation. Conversely, variability during the winter (May to July) is much lower, with
6 - 15 W/m? standard deviations in almost all regions. This was during a more
stable level of solar radiation. Standard deviations are significant during transition
months (March-April and August-September), similar to summer variability.
Spatial patterns of standard deviation are consistent between BW Data and ERA
5 SSRD, but those standard deviations of the latter are slightly higher over some
areas. It may indicate that ERA 5 better reveals larger-scale atmospheric processes

that local station observations may not fully represent.
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