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ABSTRACT

This paper presents an analysis of spatial and temporal variation of rainfall and thunderstorm occurrence over Ken-
ya from January 1987 to December 2017. The meteorological data used were obtained from the Kenya Meteorological
Department (KMD) for the same period. This included the monthly thunderstorm occurrences and rainfall amounts
of 26 synoptic stations across the country. The characteristics of monthly, seasonal and annual frequency results were
presented on spatial maps while Time series graphs were used to display the pattern for annual cycle, seasonal varia-
tions and the inter-annual variability of rainfall amounts and thunderstorm occurrences. A well-known non-parametric
statistical method Mann Kendall (MK) trend test was used to determine and compare the statistical significance of the
trends. Thunderstorm frequencies over the Eastern, Central and Coast regions of the country showed a bimodal pattern
with high frequencies coinciding with March-April-May (MAM) and October-November-December (OND) rainy sea-
sons. Very few thunderstorm days were detected over June-July-August (JJA) season. The areas to the western part of
the country, near Lake Victoria, had the highest thunderstorm frequencies in the country over the three seasons: MAM,
JJAS and OND. The annual frequency showed a quasi-unimodal pattern. These places near Lake Victoria showed sig-
nificantly increasing thunderstorm trends during the MAM and OND seasons irrespective of the rainfall trends. This
shows the effects of Lake Victoria over these areas, and it acts as a continuous source of moisture for thunderstorm for-
mation. However, most stations across the country showed a reducing trend of thunderstorm frequency during MAM
and JJA seasons. The importance of these findings is that they could support various policy makers, and users of cli-
mate information, especially in the agriculture and aviation industries.
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1. Introduction

Thunderstorms are usually associated with deep
convective clouds in Kenya ', Virtually, these thun-
derstorm clouds can occur in any month due to the
large water bodies and the position of the country
on the equator. Close to the equator, there are light
winds, intense heating and low-level convergence.
The rising warm air causes instability in the atmo-
sphere. It cools, condenses and produces clouds.
Deep convective clouds cause thunderstorms to
develop due to the release of big quantities of latent
heat into the atmosphere. Audible thunder is a se-
quence of degenerated shock waves formed by the
massive expansion of air on the intensively heated
lightning channel, during a lightning flash ',

A thunderstorm day is defined as a day on which
thunder is heard at an observing station " Tt is re-
corded as such regardless of the actual number of
thunderstorms heard on that day and therefore the re-
cords do not give information on the frequency of oc-
currence of individual thunderstorms or their time of
occurrence. It should however be noted that lightning
without thunder is not recorded as a thunderstorm
day, this is because light travels faster than sound
at a speed of 2.998 x 10° m/s and sound at 3.43 x
10° m/s. It is possible to observe lighting outside
the station radius. The condition that thunder must
be heard restricts the covered area to a circle with
a maximum radius of about 20 km by each observ-
ing point !, It is also possible for two neighboring
stations to hear and report the same thunderstorm if
they are within a 35 km distance apart.

Changnon et al. (1984) ! investigated the tem-
poral distribution of global thunder days from 90
stations in Northern America and 131 stations across
the world. The results suggested that the variations in
thunder days’ frequencies are due to a major shift in
large-scale circulation oscillations. Enno et al. (2014) 7
in a study of the long-term changes thunder days fre-
quency over the Baltic countries noted that a long-
term reduction in the Thunderstorm Days frequency
goes with an augmented frequency of northerly Cir-
culation Weather Types (CWTs) that are negative for
thunderstorm development. Meanwhile, the frequen-

cy of southerly and easterly CWTs that are positive
to thunderstorm formation decreased.

In the central United States, the study of contrails
showed that there was an upsurge in cloudiness and
a reduction in sunshine from the 1930s at times and
areas where thunderstorm frequencies seemingly re-
duced. Such variations in cloudiness and their causes
may be pertinent and connected to the reduction in
thunderstorms because high cloudiness should, on
average, deter convective activity and thunderstorm
growth “*) This current study needs to investigate
the variations of thunderstorms during seasons of
cloudiness and sunshine.

In a study on the distribution of monthly and
annual frequency of thunderstorm days over East
Africa. Chaggar (1977) ! reported that in March-
April-May there is a slight northward movement in
the patterns of the frequency of thunderstorm days
but the maximum frequency is in the area east and
north of Lake Victoria into Western Kenya. There
is a decrease in May over most of Kenya except the
western areas. A general reduction in most parts is in
June and July. The study was done over 40 years ago
using sparse data observed only during daylight.

While forecasting thunderstorms and detection of
convective features in their early stages is important,
it is still difficult to forecast thunderstorms without
Meteorological tracking and detection systems. One
of the objectives of Sendai Framework 2015-2030 is
to mainstream and integrate Disaster Risk Reduction
(DRR) within and across all sectors for sustainable
development. A thunderstorm is the most common
weather-related hazard, and its impact causes death,
damage to property and loss of revenue especially to
the airlines. Weather-related delays interfere with the
organization of flight schedules and cause additional
operational costs to the airlines . It also causes in-
convenience to travelers.

Understanding where and when thunderstorms
are likely to occur is crucial in issuing early warn-
ings, to avoid disaster. An achievement of relatively
higher skill and accuracy in issuing meteorological
forecasts and advisories to stakeholders results in
better short and long term planning. Proper forecast-
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ing with lead time is an important factor in prevent-
ing local calamities from saving people !'”.

Maloba (2015) " carried out a study on temporal
and spatial characteristics of thunderstorms over the
region east of Lake Victoria Basin in Kenya over the
period 2000 to 2013 and established that the year
2016 MAM season recorded the highest frequency
of thunderstorm occurrence during the study peri-
od while the lowest occurrence was 2007 for both
MAM and September-October-November (SON)
seasons.

Ayugi et al. (2016) "* analysed the monthly, sea-
sonal and annual scales of rainfall variations over
Kenya data from 1971 to 2010. In agreement with
Ongoma and Chen (2017) "*), the findings showed
that among the two seasons, there was a noticeable
decrease in rainfall over the MAM season and a
slight increase over the OND season. Further results
showed an overall significant decrease in annual
rainfall over Kenya. Later studies have shown that
there were some increasing trends over the short
rainfall season (OND) and these were credited to Sea
Surface Temperatures (SST) warming in the western
Indian Ocean ",

A thunderstorm is made up of two or more thun-
derstorm cells and each cell has three stages of
development, namely, the cumulus stage, the ma-
ture stage and the dissipation stage ""”. An average
thunderstorm has a horizontal diameter of about 24
kilometers and depending on the conditions present
may take about 30 minutes to complete the life cycle
from development to decay.

Local circulations such as Lake Victoria, moun-
tains and strong solar insolation cause steep temper-
ature gradients between the water surface and the
surrounding high grounds as a result of the overhead
sun. These give rise to strong mesoscale circulations
over the region. Deep convective systems are initiat-
ed around 0700 UTC in the morning to 1000 UTC in
the afternoon and peak during the late afternoon and
evening times around 1200 UTC to 1600 UTC "*.

Eastern Africa exhibits bimodal rainfall con-
sisting of long rains (March—May) and short rains
(October—December) and this is observed in Kenya

as a country in East Africa. Remote teleconnections,
namely the El Nifio—Southern Oscillation and the
Indian Ocean Dipole, exert a dominant influence on
interannual variability '”. The number, duration and
timing of these rainfall seasons vary, driven princi-
pally by the movement of the intertropical conver-
gence zone (ITCZ) ",

The core objective of this study is to evaluate
the recent thunderstorm climatology over Kenya,
determine the trends and compare it with rainfall oc-
currence. The results obtained confirmed that higher
concentrations of thunderstorms are to the West and
over the highland parts of the country and thunder-
storm days’ occurrence can be broadly classified as
either bi-modal or quasi-uni-modal in Kenya. Be-
sides enhancement of the existing knowledge, the
evaluation of thunderstorm climatology in Kenya
aims to give a better understanding of where, when
and how thunderstorms are likely to occur and their
possible impacts. This will possibly result in a poli-
cy shift towards the improvement in the forecasting
experience and exchange of information. Improved
accuracy in meteorological forecasts and weather
advisories, therefore, leads to reduced costs of oper-
ations, enhanced profit, safety and customer satisfac-
tion in the aviation industry.

2. Materials and methods

2.1 The study area

The study was carried out in Kenya. The country
lies between 5° north and 4° south and between longi-
tude 32° and 42° east. Figure 1 shows the spatial distri-
bution of the stations which were used in the analysis.

2.2 Data

The thunderstorm data and observed monthly
rainfall amounts used were obtained from the Kenya
Meteorological Department (KMD). It included each
month of the year from January 1987 to December
2017 for the 26 synoptic stations across the country.
The stations were selected according to the availabil-
ity of data from the source.
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Figure 1. A map showing the location of the stations used in the
study.

2.3 Estimation of missing data and homogeneity
test

The arithmetic mean method (Equation (1)) was
used to calculate the long-term mean, which was
then used to fill the missing gaps. All the stations
used in this study had missing data which was less
than 10% for thunderstorm days while rainfall data
had no missing data.

X= %Z X

)

where,

X = long term mean of thunderstorm days in a
month;

n = number of years;

X, = thunderstorm days in a month.

This is a technique recommended by the World
Meteorological Organization (WMO) for estimating
missing monthly, seasonal or annual meteorological
data provided the percentage of the missing data
does not exceed 10% of the total &\

The next test was for data consistency or homo-
geneity test. It also checks the accuracy of data by
identifying outliers or deviations from other related
parameters or neighboring stations. This study adopt-
ed the Single Mass curves to assess the quality of the
data. The total seasonal thunderstorm frequencies for
each station were accumulated and plotted against
the years. An almost straight line shows the data are

homogeneous and the opposite is true '*).

2.4 Trend analysis of the thunderstorm days
and rainfall

Using Mann Kendall’s non-parametric trend test
method ', the assessment of whether there was
a significant trend (at 95% confidence level) during
MAM, JJA, and OND seasons, was determined for
both rainfall and thunderstorm occurrences.

The MK test is used to determine statistically the
significance of the decreasing and increasing trends
in long-term temporal data **. The test is based on
two hypotheses: when one is null (H,) and the alter-
native which is (H,) hypothesis. Mann-Kendall trend
test interpretation was **';

H,: There is no trend in the series.

H,: There is a trend in the series.

If the computed p-value is greater than the signif-
icance level alpha = 0.05, one cannot reject the null
hypothesis H, because p > 0.05The MK formula is
provided by the following Equation (2):

+1(xj—x)>0

S = 2:[:11 Z?:Hl sign(x; — x;), sign(x;—x) =<0 (xj—x)=0
-1 (xl - xl-) <0

@

where n is the number of data points, X; and X; are
annual values in years j and i, j. 1 and sign (X; - X))
are calculated using the equation: A positive S value
indicates an upward trend, while a negative value in-
dicates a downward trend.

The variance of the rainfall is calculated to obtain
the Z value. The normal Z test statistic is calculated
by Equation (3). This equation uses S—1 if S > 0,
S+1ifS<0and Zis 0if S = 0. A positive value of Z
indicates an increasing trend. Otherwise, it indicates
a downward trend.

s—1
Tk = ——————
M JVAR(S)

0ifS=0

S+1 .
6] ifS<0

ifS>0

©)

The Sen’s slope estimator is a test recommended
by the World Meteorological Organization as part
of trend detection in rainfall data F **. The trend is
assumed to be linear and shows the quantification
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of the time change and the test is not affected by the
number of outliers and data errors when compared
with the linear regression test. The Sen’s Slope
Equation (4) for a number of N data sample pairs is
expressed as follows:

_

)
Q= e i=123,..,N
@

x; and x; are data values at time j and 1 (j > 1),
respectively. If there are n values of x; in the time se-
ries, there will be N = n(n-1)/2 slope estimates. The
N value of Q; is sorted from smallest to largest, then
Sen’s Slope used median Q; (Qmed). A two-tailed
test estimated the value of Qmed at a confidence
interval of 90% and 95%, which is calculated as
demonstrated in Equation (5).

Q[%] if N=odd

Qmed = {Q@/{"Q[N;l}
2

if N=even

®)

3. Results and discussions

Out of the 36 stations of which thunderstorm
datasets were considered, 26 stations had more com-
plete sets and only 10 of them had more than 10%
missing data and were therefore discarded. The rain-
fall data used for the same stations had no missing
data and was good for comparison purposes.

The spatial distribution of thunderstorms in the
country showed that higher concentrations are to the
West and over the Highlands, as shown in Figure 2.
The results in the current study are consistent with

[5,11,25,26]

those which showed that Western Kenya was

the most thundery place.

3.1 Annual cycle

The annual cycle of the thunderstorm days
showed that they can be broadly classified as either
bi-modal or quasi-uni-modal. The bi-modal thun-
derstorm occurrence pattern was mainly observed
over the North Eastern, Central and Coast regions
of the country. There are two peaks: in April and
November, as shown for Moyale station in Figure 3.

This frequency coincides with the March-April-May
(MAM) commonly referred to as the long rainfall
season and October-November-December (OND)
which is often referred to as the short rainfall season.
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Figure 2. A map showing the spatial distribution of thunderstorms

over Kenya.
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Figure 3. Annual cycle of rainfall and thunderstorms over
Moyale in North-Eastern Kenya.

The quasi-uni-modal thunderstorm occurrence
pattern has only one peak month but the timing of
this peak varies from one location to another. This
pattern was observed over the highland West of Rift
Valley and the Lake Victoria region as shown in
Figure 4. These areas to the western part of the
country near Lake Victoria reported almost equal
number of thunderstorms days over the three sea-
sons: MAM, JJA and OND. The current study agrees
with previous studies ! on the maximum frequency
of thunderstorm occurring over MAM in these ar-
eas. However, the previous study did not capture the
varying peak months from one location to another
over these areas.
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Figure 4. Annual cycle of rainfall and thunderstorms over
Kericho in Highland West of Rift Valley.

3.2 Seasonal variability of rainfall and thun-
derstorms

During MAM season rainfall activities were re-
ported throughout the country in varying amounts.
The rainfall amounts increased towards the western
parts of the country, as shown in Figure 5. With the
availability of moisture from the long rain season,
the high ground areas over the western parts of the
country recorded high frequencies of thunderstorms.
The terrain of an area affects thunderstorm forma-
tion, moisture tends to rush up the mountain. This is
explained by Figure 6 where the frequencies over
Meru station are higher than the frequencies over
Marsabit over MAM season. Meru station is influ-
enced by Mount Kenya, and lies on the windward
side of the mountain.

MAM SEASON
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Figure 5. Seasonal variation of rainfall and thunderstorms over

various stations during MAM over Kenya.

Over the June-July-August (JJA) season negligi-
ble number of thunderstorm days were reported over

the Highland East of Rift Valley, North Eastern and
the Coast of Kenya, as shown in Figure 6. Higher
frequencies were observed over the highland west
of Rift Valley *”. Nakamara (1968) in the study of
equatorial westerlies over East Africa showed that
frequent incursions of these winds resulted in heavy
thunderstorms over the Highlands of Kenya but a
lee effect was evident in the regions east of the high-
lands.
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Figure 6. Seasonal variation of rainfall and thunderstorms over

various stations during JJA over Kenya.

During the short rainy season (OND) the eastern
half of the country reported low frequencies of Thun-
derstorms whereas there was a notable peak over the
western part of the country. The western part of the
country has a high influence from the Lake Victoria
basin as its source of moisture and therefore, the
latent heat over these areas is higher than the high-
lands in Central Kenya. The triggering mechanisms
also include the orographic upslope. Even though
there were peaks of rainfall frequencies over Central
Kenya (Meru, Embu, Nyeri) thunderstorm frequen-
cies were minimal, as shown in Figure 7.
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Figure 7. Seasonal variation of rainfall and thunderstorms
during OND over Kenya.
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3.3 Inter-annual variability of rainfall and
thunderstorm

The observed thunderstorms and rainfall changed
both in space and time over the study area during the
period of study.

Over the North Eastern parts of the country, the
thunderstorm days were mainly observed during
MAM and OND rainfall seasons with slightly higher
frequencies during the OND season. It also appeared
to be a consistent tendency for peaks and troughs
in thunderstorm frequency to coincide with the El
Nino events (1987, 1991, 1992, 1994, 1997, 2002,
2004, 2006, 2009 and 2015) or La Nina events (1988,
1995, 1998, 1999, 2000, 2005, 2007, 2010, 2011,
2016 and 2017) during OND season in the northeast-
ern parts of the country, as shown in Figure 8.
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l‘ - MAM

®
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Figure 8. Inter-annual variability of thunderstorms over Garissa.

The coastal areas had a similar pattern as that of
the northeastern parts but the MAM season had high-
er frequencies of thunderstorms than OND, as shown
in Figure 9.
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Figure 9. Inter-annual variability of thunderstorms over
Mombasa.

The comparison of thunderstorm and rainfall

frequencies over the coast confirms the coinciding
peaks and troughs as shown in Figure 10.
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Figure 10. Inter-annual variability of thunderstorms and rainfall

over Mombasa.

The analysis of thunderstorm data in areas around
Lake Victoria showed that thunderstorm frequency
did not vary significantly over MAM, JJA and OND
rainfall seasons as shown in Figure 11. There were
almost equal frequencies. These stations Kericho,
Kakamega, Kisumu and Kisii are highly influenced
by Lake Victoria which acts as a constant source of
moisture.

KISUMU 1987-2017

THUNDERSTORM DAYS
3

1987198919911993199519971999200120032005200720092011201320152017

YEARS

Figure 11. Inter-annual variability of thunderstorms over
Kisumu.

The comparison of thunderstorm and rainfall fre-
quencies over the same areas during the same period
depicts the same pattern as shown in Figure 12.
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Figure 12. Inter-annual variability of thunderstorms and rainfall
over Kericho.

3.4 Results of trend analysis for thunderstorms
and rainfall

During the study period, thunderstorms and rain-
fall trends varied over different regions of the coun-
try in each season. The findings of the study con-
firmed previous studies that there was a noticeable
decrease in rainfall over MAM and a slight increase

(13141 35 shown in Table 1.

over the OND season

During the MAM season, stations near the Lake
Victoria Basin, Central and the Highland East of the
Rift Valley had a non-significant reducing trend of
rainfall but an increasingly significant and non-sig-
nificant trend of thunderstorms. Over Northeastern
and the Coastal regions, the reducing significant
trends of thunderstorms agreed with the reducing
non-significant trends of rainfall.

During the JJA season, areas that had a non-sig-
nificant increasing trend were near Lake Victoria.
The coast and the North Eastern region had a signifi-
cant decreasing trend of rainfall and a non-significant
trend for thunderstorms. Some stations had insignifi-
cant trends for both rainfall and thunderstorms. This
was mainly observed during the JJA season over the
North Eastern parts of the country and the Coastal
Region.

During the OND season, western Kenya had a
significantly increasing trend of thunderstorms while
rainfall was increasing insignificantly. Areas where

convergence occurs experience upward motion of air
resulting in cloud formation. This leads to the forma-
tion of thunderstorms/precipitation if there is enough
moisture and condensation nuclei **. Rather than the
availability of moisture, the physical features (eleva-
tion) of a location contributed to thunderstorm occur-
rences. Though the findings of the current study on
the rainfall trends over MAM and OND were agreed
with the previous studies "**”, the significance level
differed, there were non-significant trends for the
reducing MAM and the increasing OND rainfall
trends. These are shown on the various maps (Figure
13).

4. Conclusions

The results obtained confirm that higher concen-
trations of thunderstorms are to the West and over
the Highland parts of the country; areas around Lake
Victoria which act as a source of moisture for thun-
derstorm formation. The Coastal and North Eastern
regions reported the lowest frequencies of thunder-
storms, this is because of the lack of moisture over
the North Eastern region and the low elevation for
the formation of deep convective clouds over the
Coast region.

Thunderstorm days’ occurrence can be broadly
classified as either bi-modal or quasi-uni-modal in
Kenya. The bi-modal thunderstorm occurrence pat-
tern was mainly observed over the Eastern, Central
and Coast regions and mostly coincides with the
March-April-May (MAM) and October-Novem-
ber-December (OND) rainfall seasons. The quasi-un-
imodal thunderstorm occurrence pattern was ob-
served over the Highland West of Rift Valley and the
Lake Victoria region. These areas reported almost
equal numbers of thunderstorm days from March to
December.

Both significant and non-significant thunderstorm
and rainfall trends were observed during all three
seasons. For rainfall, both MAM and JJA seasons
had decreasing trends over most stations. However,
the decrease for the MAM season was not statisti-
cally significant. OND season showed an increasing
trend over most stations, though it was not signifi-
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Figure 13. Comparison of trend results for thunderstorms and rainfall at seasonal time-scale over Kenya.

cant. For thunderstorms, a reducing significant trend
was observed over most stations during the MAM
season. In JJA season, most stations over the east-
ern half of the country observed nil thunderstorms
while the western half had to reduce significant
trends. During the OND season, most stations had
increasing significant trends. In contrast, the stations
around the Lake Victoria region mainly had an in-
creasing trend during the MAM and OND seasons.
In summary, the results indicated that the increasing/
reducing trends of rainfall over the seasons were not

converting to increasing/reducing trends of thunder-
storms. The importance of these findings is that they
could support various policy makers, and users of
climate information, especially in the agriculture and
aviation industries.

This study focused on thunderstorm frequencies
and trends. It also analysed the same for rainfall in
comparison to thunderstorms. The results were inter-
esting, thus there is a need, to replicate this research
to the other related parameters like temperature and
establish the relationship between thunderstorms
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and temperatures in Kenya. Thunderstorm days’ data
were used to analyse the frequencies, it will be im-
portant also to look at the daily frequencies to deter-
mine the intensity and duration of a thunderstorm in
a given area.
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