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ABSTRACT

Rainfall portrays high variability in space and time in Kenya. The severity of rainfall variability
demonstrated as excessively heavy precipitation (floods) or excessively light rainfall (droughts)
affects the economy of the country, which largely depends on seasonal rainfall. High variability
of intra-seasonal rainfall characteristics such as the start, the end and the length of the season
leads to adverse effects on the socio-economic activities in the country.

The main objective of this study was to determine the potential of predicting rainfall onset and
cessation dates over Kenya using tropospheric moisture accumulation during the long and short
rainfall seasons. Daily rainfall dataset used were Climate Hazards Infrared Precipitation with
Stations (CHIRPS) which is a blend of satellite estimates with rain gauge rainfall covering the
period 1981-2018 with a resolution of 0.05° tropospheric daily temperature and relative
humidity circulation variables derived from the 5™ generation of European Centre for Medium-

Range Weather Forecasts Re-Analysis (ERA-5) spanning from 1989-2018 at a resolution 0.25°.

The CHIRPS data was analyzed by means of the scores from the Principal Component Analysis
(PCA). Dates of the start and end of seasonal rainfall was determined using the first PCA score
(PC1). Accumulated minimum (maximum) values equate to the start (end) date of the rainy
season. Clausius Clapeyron, Poisson and specific humidity equations were some of the equations
used to determine the equivalent potential temperature and saturation equivalent potential
temperature and their anomalies computed in order to assess the moisture supply in the
atmosphere. These anomalies were the basis for the determination of the time lags which

determined the predicted start and end dates of rainfall.

Over the study region the start date of rains occurred between 15" March to 08" April while the
cessation ranged from 20™ April to 29" May during the long rainy (MAM) season. Short rainy
(OND) season on the other hand recorded onset (cessation) which ranged from 23™ September to

11™ November (28™ November to 27" December).

Identification of the dates of onset and withdrawal of moisture accumulation were performed
using time series plots. The antecedent months were considered, in this case January and
February for MAM season and July and August for OND season. The start of moisture build up
and withdrawal come early before the exact dates of the seasonal rainfall. The mean start (end)

\



dates of moisture build up ranged from pentad 3 to pentad 6 (pentad 11 to pentad 15) during the
MAM season and pentad 4 to pentad 7 (pentad 14 to pentad 24) during the OND at the 700 hPa
level. Using the data at 850 hPa level, the mean start (end) of moisture build up ranged from
pentad 4 to pentad 8 (pentad 9 to pentad 17) for the March-April-May season while during the
OND season the mean start and end of moisture build up ranged from pentad 41 to pentad 49 and

pentad 53 to pentad 69 respectively.

Time lags obtained are the lead time used to obtain the predicted onset and cessation of rainfall.
The time lags were added to the pentads of moisture build up and withdrawal to give the onset
and cessation of rains prior the start and end of rainfall. It ranged from 7 to 15 (10 to 19) pentads
for the onset (cessation) at the 850 hPa, during the MAM season. The 700 hPa level obtained 8 to
15 (5 to 19) pentads for the onset (cessation). Conversely, the OND season recorded 7 to 21(2 to
11) pentads for the onset (cessation) at the 850 hPa whereas 10 to 22 pentads and 2 to 11 pentads

were recorded for the onset and cessation of moisture build up respectively at the 700 hPa level.

Interannual variability of the actual and predicted onset and cessation portrayed non-uniform
pattern in the time series. The relationship between actual and predicted onset, and the actual and
predicted cessation was insignificant for most stations. Kisumu, Moyale, VVoi and Wajir recorded
some significant correlation. Kisumu for instance recorded significant relationship with a
correlation coefficient of 0.424 (-0.523) between actual and predicted onset (cessation) at 850
hPa level during the October-November-December season. Moyale recorded a correlation
coefficient (CC) of 0.401 (-0.372) between the actual and predicted cessation for 850 hPa (700
hPa) level while a CC of -0.375 (1) between the actual and predicted onset (cessation) during the
OND season at 850 hPa.

The results of the study show the prospective of utilizing tropospheric moisture variables in
predicting rainfall start and end dates over the study domain. The method (PCA method) used in
determination of the start and end of rainfall dates in this study should be operational since it is

able to detect co-variabilities in station rainfall.
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CHAPTER ONE

1.0 INTRODUCTION
1.1 Background of the Study

Rainfall is of importance to countries whose economy is dependent on rain fed economic
activities. However, rainfall is extremely variant in spatio-temporally in tropical countries
because of the complex interaction of the macro-scale and global atmospheric patterns (Endris et
al., 2019). Important rainfall characteristics that influence major livelihoods in most tropical
Africa are the onset, cessation, wet and dry spells. The timing of the start and end of rainfall
determines the duration of the rain season, which has great influence on crop performance. This
information is also paramount to other key sectors like irrigation, disaster risk management,

health and hydro-electric power generation, for planning and policy making.

Kenya’s economy relies on rain-fed agriculture which contributes approximately 26% of the
country’s Gross Domestic Product (GDP) and an estimated 65% to the total exports (Bosire,
2019). Over most parts of Kenya, annual cycle of rainfall has a bimodal pattern; the long and
short rainfall season which occur from March to May (MAM) and October to December (OND).
The Inter-Tropical Convergence Zone (ITCZ) controls the seasons as it migrates from south to
north of the hemisphere, the inverse is true. However, parts of western and coastal lowlands
region exhibit trimodal rainfall regime, with the third peak occurring from July to August
(Omondi, 2015). This is controlled by the meridional arm of the ITCZ as moves from east-west
or west-east. Generally, long rainy season provides more rainfall as compared to the short rainy
season with a lower year to year variability as observed by Camberlin and Okoola (2003). MAM
season has lower predictability as compared to OND season due to complex interactions between
the global and regional systems that generate large inhomogeneity in the distribution of rainfall
in spatial scale ( Ogallo, 1982; Semazzi et al., 1996; Okoola, 1998; Indeje, 2000 ; Camberlin
and Philippon, 2002).

Previous studies carried out over East Africa (EA) focused on understanding atmospheric
processes and predictability of rainfall seasonally using Sea Surface Temperatures and its
derived variables ( Mutai, 2000; Mutemi, 2003; Owiti, 2005; Owiti et al., 2008; Nyakwada,
2009). Njau (2006) also used tropospheric circulation variables at upper levels to develop local

predictors with intention to improve the skill of seasonal predictability of rainfall.



The long rainy season (MAM) is crucial for most areas in the region especially in maize growing
areas that require a longer rainy period. Apart from the agricultural sector, the knowledge on
rainfall intraseasonal characteristics is also important to other rainfall dependent sectors to ensure
reliable and effective economic planning. Most decisions that take place on local scale such as
on-farm management require information on the rainfall intra-seasonal characteristics (Barron et
al., 2003).

Over time, there has been notable improvement in seasonal forecasting through unrelenting
research and this has aided in planning and management of various climate sensitive socio-
economic activities in Kenya (Njau, 2006, Kipkogei et al., 2017 and Otieno et al., 2020).
However, there has been limited research on developing operational techniques for forecasting
rainfall characteristics intra-seasonally, importantly, the start and end of rains. This study
therefore focuses on the use of tropospheric moisture accumulation variables to potentially
predict the commencement and withdrawal of rainfall over Kenya, in order to reduce the

uncertainties.

1.2 Statement of the Problem

Rain-fed agriculture is majorly relied on by the populace in the study domain for their economic
prowess. Intraseasonal rainfall characteristics that are significantly related to crop performance
are the start and end dates of rainfall. These intraseasonal rainfall characteristics are the lead
determinants of the crops to be grown, farming systems, sequence and proper timing of
operations. The rainfall commencement and withdrawal dates determine the duration of the rain
season which is critical in water resource planning and management since water scarcity is a
common issue in Kenya, and is usually attributed to rainfall uncertainties. However, determining
the start and end dates of rainfall have posed a challenge because of their high interannual
variability. The current approach used by the National and Hydrological Meteorological Services
(NHMSs) in Kenya, which is the identification of analogue years (season) has some limitations

since the two seasons cannot evolve perfectly in a similar way.

This study aims at developing time lags of onset and cessation of rainfall at station level using
equivalent and saturated equivalent potential temperature anomalies for both seasons in order to
understand interannual variability of the start and withdrawal dates of rainfall. Equivalent and

saturated equivalent potential temperature both serve to monitor the degree of atmospheric



warmness and moistness in any locality (Kerandi, 2008). Previous studies have focused on
seasonal prediction of rainfall totals and the linkage to teleconnections (Owiti et al., 2008;
Nyakwada, 2009; Bahaga et al., 2015) but minimal studies have been done on intraseasonal
rainfall characteristics (Nicholson, 2017). It is crucial to understand intraseasonal rainfall
characteristics in order to improve knowledge on the behavior of rainfall locally. This will
enhance the accuracy of forecast thus building resilience among rainfall dependent sectors and

communities consequently reducing vulnerability to extremes.

1.3 Objective of the Study
This study aims to assess the potential of predicting onset and cessation dates of seasonal rainfall
in Kenya using moisture accumulation in the Troposphere during the two rainfall seasons, in
order to minimize risks associated with effects of extreme climate variability.
To achieve this overall objective, the following specific objectives were formulated and pursued;
i.  To determine the onset and cessation dates of rainfall and their interannual variability
during the two main rainfall seasons over Kenya.
ii.  To identify the commencement and withdrawal dates of moisture accumulation using the
tropospheric circulation variables.

iii.  To evaluate the linkage between the rainfall onset and cessation dates and the moisture
build up and depletion dates

1.4 Justification of the Study

The amount and distribution of rainfall affects the type of farming activities carried out in an
area. Late start and/or early end of seasonal rainfall during the growing season may adversely
affect agricultural yields. Crop yields may also be diminished by high prevalence of dry spells in
between the growing period. For farmers to plan for farming activities, knowledge on the onset,
cessation temporal and spatial variation of seasonal rainfall are vital. The study on the onset and
cessation using equivalent potential temperature and saturated equivalent potential temperature
which are conservative parameters in both dry and saturated adiabatic conditions is necessary as
rainfall is highly heterogeneous. Variation in the dates of onset and cessation disrupt crop
development and may result to low yields. Over Katumani station in Eastern Kenya, Stewart and
Hash (1982) observed that 20-days delay in onset of long rains result to 25-30% decrease in

maize yield. Therefore, dependable prediction of both the onset and cessation prior to the start of



rains is important as it gives effective and reliable information for planning of agricultural and
water resources activities.

1.5 Domain of the Study

The area of study is Kenya (Figure 1). It lies at the equatorial region and is enclosed by
longitudes 34°E to 42°E and latitudes 5°N to 5°S with an area of 582,646 square kilometers. It
borders Uganda to the west, South Sudan to the North West, Ethiopia to the North, Tanzania to
the South, Somalia and the Indian Ocean to the East. The study region is dotted with extensive
geographical features like escarpments, mountains, deserts, plateaus, lakes, forests among other
features. The water bodies that are found within the area of study include Lake Victoria, Lake
Naivasha, Lake Nakuru, Lake Bogoria and Lake Baringo among other inland lakes. These
features result in the heterogeneity of rainfall in that climatological average rainfall totals vary
significantly. Gitau (2011) alluded that, over the highlands and near the large water masses, high
average rainfall totals at monthly time scale occur while the Eastern and northern Kenya receive

minimal rainfall totals.

The existence of the Rift Valley that stretches from the north to the south across the country and
the Turkana channel provides an environment where both local and global systems interact to
develop a climate that shows high variability in both space and time.

Most regions in the study domain experience bimodal kind of rainfall; the long rainy season well
known as MAM and short rainy season known as OND season. The bimodal regime is affected
by the ITCZ system as it moves from north-south. As noted by Asnani (1993), this system is the
major large-scale system that controls the MAM and OND seasonal rainfall over the tropics.
However, the western and coastal region experience the middle rains in June-August (JJA)
portraying a trimodal regime. The trimodal regime is associated with the meridional arm of the
ITCZ which results from the convergence of moist westerlies and the easterlies winds from the
Atlantic and Indian Ocean respectively. Its fluctuation occurs east-west direction. An easterly
extent this system is observed in July to August, and it’s linked to the eastward incursion of the
westerlies from the Atlantic Ocean which has led to the rainfall received over the region during

this season.
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Figure 1: Digital elevation map for Kenya showing physical features. The lakes are in blue and

elevations rise from the coast westwards (Omondi, 2015)

The variation of rainfall spatially and temporally over Kenya is influenced by the global,
regional and the local scale systems. Mukabana and Piekle (1996) have showed that daily
changes of rainfall in the region are as a result of synoptic scale flows, mesoscale flows and their
interactions.

Systems that drive the seasonal rainfall over the study region are the Intertropical Convergence
Zone (ITCZ), Indian Ocean Dipole (I0D), Madden Jullian Oscillation (MJO), jet streams, El
Nifio Southern Oscillation (ENSQO), mesoscale factors among others. Notable evidence on the
effects of Madden Jullian Oscillation on within season rainfall variability has been done by Pohl
and Camberlin (2006) over Kenya. They alluded that it influences the variability of the long rains
by acting as triggering mechanism for early onsets as well as extreme wet events earlier in the
season. Moreover, during the short rains, the system shows strength at 120°(10°) linking with dry
(wet) spells at the coastal regions of East Africa. Omeny et al., (2008) demonstrated that MJO



can skillfully predict the within season variance of rainfall across the western region of East
Africa.

Mutai and Ward (2000) also illustrated that the anomalies of the winds pulse in west direction. It
develops approximately five days prior to the respective rainfall event across the Greater Horn of
Africa (GHA) region in the Equatorial Atlantic Ocean. The wind pulses in some cases have a
strength ranging 2-5 meters per second. It coincides with the rainfall events themselves. Further
observation has indicated a tendency for anomalous near-surface easterlies before the rainfall
event, which strengthens over the Indian Ocean portraying northeast and southeast trade winds as

a stronger onshore component.

Camberlin and Okoola (2003) studied the association between onset time series and coupled
ocean-atmospheric large-scale patterns over East Africa. The study concluded that year to year
variation in the long rains onset relate to SST and Sea level Pressure (SLP) patterns but have a
varying signal over the Atlantic and Indian Ocean on a monthly time-scale. The study further
observed that a warming (cooling) over the South Atlantic (Indian Ocean) is linked with low
(high) SLP anomalies. The SLP and SST patterns are favorable for the enhancement of surface
divergence and equatorial easterlies which maintains the meridional arm of the ITCZ further
west resulting in late onset of the long rains. Moreover, an early onset event occurs when there is

an induce instability from an incursion of mid tropospheric northerlies.

Dunning et al., (2016), observed a delayed cessation of about 7 days during El Nino while during
the La Nina an early onset of about 5 days was observed over East Africa.

Nicholson, 2016 studying the Turkana low level jetstream over the Northern Kenya found that
rainfall is modulated by the system especially during the night hours. The study further
concluded that the strong jets suppresses rainfall and is a factor to the prevailing aridity in
northeast Kenya.



CHAPTER TWO
2.0 LITERATURE REVIEW

This chapter presents previous studies carried out regarding the subject of interest. It focused on
the start and end dates of rainfall based on rainfall data and tropospheric circulation variables.
Some of the literature review is presented in the Sub-Section 2.1 and 2.2 below.

2.1 Studies on onset and cessation based on rainfall

Liebmann et al., (2012) described the start and end of rainfall in the study of seasonality of
African Precipitation during the year 1996 to 2009 as the day when the daily precipitation
consistently exceeds its local annual daily average and retreats when precipitation systematically
declines below the value. Over Eastern horn of Africa, biannual regime is experienced with the
long rains depicting an average start as early as end of February to early May while the short
rains portrayed an average start (average end) from late August to end of October (end of
October to late December).

Dunning et al., (2016), extended Liebmann et al. (2012) method over Africa in the pursuit for
start and end of seasonal rainfall. The authors used 5 observational datasets and ERA-Interim
reanalysis in its diagnostics of the start and end of rainfall. Over East Africa, the study showed a
delayed (early) cessation during EI Nino (La Nina) for the short rains by about 7 days and 5 days

respectively. The onset recorded a minimal change.

Marengo et al., (2001), defined the start date of rainfall on a regional basis for different stations
of the Amazon Basin. The daily rainfall data was averaged from many stations and the
computation of 5-days averages was done to obtain the dates. Onset (cessation) was the pentad in
which rainfall was more (less) than 4 mm per day provided that 6 out of 8 previous (succeeding)
pentads had means of not more than 3.5 mm per day, 6 of the 8 subsequent (preceding) pentads
had daily means exceeding 4.5 mm per day. The authors found that the start of rains progressed
southeastwards, with arrival in mid-October, it then progressed towards the mouth of the
Amazon, arriving as the year ends. On the contrary, the study also showed that the cessation is
early in the southeast with progression to the north. The study further concluded that the

withdrawal is slower than onset.

Camberlin and Diop (2003) assessed the rainy season characteristics in Senegal by subjecting the

daily rainfall data on principal component analysis. The start (end) date of the rainy season

7



corresponds to the minimum (maximum) turning point of the accumulated first Principal
Component (PC1) score curve attained for that year. The Principal Component Analysis (PCA)
method turned out to be useful and provided large scale information about the behavior of the

rain season.

Sivakumar (1988) studied the prediction of the seasonality of rainy season potential in Southern
Sahelian and Sudanian climatic zones of West Africa. The start of rainfall season was after 1°
May when rainfall totalled for three consecutive days was 20 mm or more and dry spell
exceeding 7 days should not be experienced within the next 30 days. On the other hand,
cessation date was regarded to be a date after 1% September followed by no occurrence of rain
for a period of 20 days. The author observed significant relationship between the rain onset date

and the duration of the growing season.

In the work of Omotosho (1990) on the start of thunderstorms and precipitation across Kano in
northern Nigeria, onset of rainfall is taken as the first four falls of 10 mm or more with dry spells
not exceeding 7 days between any two such rains. He showed that the start of agriculturally
sufficient and reliable rainfall is related to the vertical wind shears between the surface to mid-
troposphere (700-400 hPa). The limitation of the study was the sparse upper-air wind data.

Odekunle (2006) used percentage cumulative approach in the determination of the start and end
of convective season over Nigeria. The parameters derived were number of convective days and
amount. In regard to this approach, the onset of rainfall was the first point of maximum positive
curvature on the graph whereas withdrawal is the last point of maximum negative curvature. The
maximum curvature points corresponding to the start (withdrawal) of rainfall were 7-8% (90%)
of the rainfall totals annually. The study used graphical method in the determination of mean

proportion for the estimation of onset and withdrawal dates annually.

Over East Africa, previous studies on the start and end of rainfall corresponding to the
commencement and withdrawal of the seasonal rainfall have been defined in many ways using
different thresholds and methodology. Some of the studies reviewed for this study are presented

below.

Alusa and Mushi (1974) on their study on the start, end and duration of rainy season, found the

commencement of rainfall in many East Africa stations to be the first point of maximum positive



curvature on cumulative rainfall plot equating to the first pentad. The first pentad should have a

rainfall total exceeding 1/73 of the yearly average.

Mhita and Nassib (1987) in the determination of the start and end of rainfall over Tanzania,
described the start of rains as the first week receiving rainfall of 15mm or more, after a given
date basing on the local agro-climatic practices (the start of rainfall is early February for regions
with bimodal regimes) and provided that the dry spell does not occur two-week during the next
four-weeks. The study failed to unearth if the start and end dates exhibit the same year to year

variability over East Africa.

Asnani (1993) provided average start and end of rainfall maps based on the subjective analysis of
pentad distribution. The study has some setbacks as it fails to unearth the causes of the year to

year variability of rainfall start and end dates across East Africa.

Jolliffe and Sarria-dodd (1994) used pentads to determine the start of rains in tropical climates
using stations from Zambia and Uganda. They examined the start of the convective season as the

wet pentad with at least 25mm of rainfall with at least 3 days greater or equal to 0.85mm of rain.

Camberlin and Okoola (2003) applied the methodology used by Camberlin and Diop (2003) to
depict the start and end of Long rains in Kenya and Tanzania. Basing on Barring (1988) study,
the 34 time series were square rooted in order to reduce skewness. PCA (S-mode) was applied on
the correlation matrix and a score chosen depicting a dominant mode of variability; in this case
PC1. Analysis of the time series for all stations over a period longer than the rainy season,
including parts of antecedent and posterior dry seasons, was performed. Using rainfall data of 30
years (1958-1987) the start (end) of rains was taken as minimum (maximum) point values. They

observed high variability in the onset and less variability in the cessation.

MacLeod (2018) utilized the Liebmann method in the study of seasonal predictability of the start
and end of the East Africa rains. The method defines the start and end as the minima and maxima
in the time series plot respectively. The method is outstanding since it is locally applied, it is also
appropriate for gridded as well as model data. Macleod (2018) found the mean dates of the start

and end of rainfall to be consistent with those obtain by Camberlin and Okoola (2003).

Kerandi (2008) applied the methodology used by Omotosho et al., (2000) to define the start and

end of rainfall basing on the crop water requirement (CWR) over Kenya. Kerandi (2008) defined



the start date of rainfall to be the first day of any week cumulating 20mm of rainfall or more,
followed by 2-3 other weeks having 50% or more of the weekly CWR. The initial three to four
weeks are critical for seeds to germinate, crops establishment and survival in the next twenty
days. Therefore, initial heavy rains of greater or equal to 10mm are necessary for the wetness and

softness of soils.

Mugalavai et al., (2008), analyzed the commencement and withdrawal of rainfall and the
duration of the growing season over Western Kenya for both rainfall seasons (MAM and OND).
The study considered daily rainfall data for 26 stations for the period of 15-34 years; Rain
software was used to determine both the onset and cessation dates. The appropriate threshold for
the onset was 40 mm for a maximum of 4 days while the cessation was determined using the
water stress which was assessed by the water stress coefficient, Ks Cessation of the rainy season
was assumed when Ks dropped below 0.40 within the cessation window. The study observed

high variability for the start of rainfall dates and low variability for the cessation dates.

Recha et al., (2012) determined the variability, start and end of seasonal rainfall over Tharaka
District, Kenya. By adopting Odenkule (2006) approach, he performed percentage mean
cumulative on the amount and days of rainfall for three stations: Marimanti (1969-1997), Tunyai
(1974-2006) and Chiakariga (1974-1998). Basing on this approach, start date for MAM and
OND seasons occurred on the 5™ pentads of the month of March and October respectively. The
cessation portrayed variability for both the seasons, the cessation occurred on 3 and 2" pentad
for May and January respectively. The study observed that the onset and cessation depicted high

and low variability during MAM and OND respectively.

Micheau et al., (2013) develop a new approach of obtaining onset and cessation based on a multi
variate analysis over Kenya and Northern Tanzania. The method combines several rainfall
thresholds in a PCA, this is for the purpose of extracting robust signal across space and
parameters. The study suggest that the use of stringent thresholds is important in detecting start
and end dates for certain conditions. It also increases the signal of year to year variability and
spatial consistency regionally. Results obtained suggested that PC1 based on multicombination
was more superior in extracting regional scale component of the onset as compared to use of a

single, arbitrary combinations of thresholds
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Ngetich et al. (2014) determined the duration of the growing season, distribution of the
precipitation temporally and the start and end dates of rainy season over the Kenyan highlands,
majorly on Maara and Meru South Sub-Counties in Tharaka Nithi County and Mbeere North and
South Sub Counties in Embu County of the central highlands of Kenya. RAIN software was used
in the determination of onset and cessation with the onset date defined as the day with
exceedance of 25 mm (30 mm) of the cumulated rainfall recorded in the low altitude (high
altitude) area for utmost 3 to 5 successive days. The season lag time was set as 7 days after the
start; the threshold for the convective day was taken as 0.85 mm. For the withdrawal date, the
criterion used was soil water balance with set threshold of water stress coefficient not exceeding
40%. For the higher altitude region, the onset ranged from 22™ March to end of April while the
low altitude portrayed an onset from 16" to 30™ March for the long rains. Early start of rainfall
was recorded in high altitudes areas whereas the late start was observed in low altitudes areas for
the short rains. An unlike the long rains season, less spatial and temporal variability was

observed for the short rains.

The studies reviewed has focused on some regions and not all representative stations of the
homogenous zones. Moreover, methodology adopted for this study is by Camberlin and Okoola
(2003) which has shown superiority compared to other methods (use of rainfall thresholds and
agro-climatic definitions) because it extracts co-variability in rainfall for the stations exhibiting

variability in time other than merely smoothing the day to day rainfall fields.

2.2 Studies on the onset and cessation of rainfall using tropospheric circulation variables
Many studies have been done with intention to unearth the mechanisms driving the rainfall
variability and change on different spatio-temporal scales over East Africa. Studies such as SST
and SST-derived variables have been done by Mutai (2000), Mutemi (2003), Owiti (2005), Owiti
et al., (2008) and Nyakwada (2009). Okoola et al. (2003) examined the relationship between
onsets and coupled ocean-atmospheric large-scale patterns. The study concluded that the
interannual variance of the onset of long rainy season is associated with SSTs and SLP on
monthly timescale. Moreover, Dunning et al., (2016) found the patterns of the start and end of
rainfall to be consistent with the progression of the ITCZ and the West African Monsoon. The
reviewed work basing on the tropospheric circulation variables was done by Omotosho et al.,
(2000), Njau (2006) and Kerandi (2008).
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Omotosho et al. (2000) used surface data to develop long range empirical schemes for Kano,
West African Sahel region. The schemes developed were for predicting the dates of the
commencement and withdrawal of rainfall, monthly and annual amounts of rainfall. The study
was based on fluctuations of equivalent potential temperature which occur due to variations in
daily, monthly and seasonal moisture in the summer monsoon flow. The study indicated that the
agricultural practices may commence approximately two and half months after the day the
anomalies of equivalent potential temperature first become positive for at least 15 days. This
signifies the enough moisture build-up related with a well-intensified monsoonal flow. The
schemes also forecast end date and the annual amount prior to the start of rains which is useful

information purposely for planning in rainfall related activities.

Njau (2006) used the upper tropospheric circulation variables to determine the best set of local
predictors for the prediction of rainfall seasons in EA. The observed temperature and
geopotential associate well with seasonal rainfall anomalies. The results depicted that an increase
in temperature in the upper part of the troposphere increases geopotential height that could be
associated with increased moisture convergence and precipitation. On the other hand, cooling at
the same level leads to decrease in geopotential height associated with reduced moisture

convergence and precipitation.

Kerandi (2008) developed empirical schemes using surface and 700 hPa data for both long and
short rain seasons over Kenya using Dagoretti station as the case study. He used equivalent
potential temperature and saturated equivalent potential temperature as both serve to monitor the
degree of atmospheric warmness and moistness over an area. The study showed that for MAM
(OND), the onset of rainfall can be predicted well in advance by 54 and 60 (51 and 58) days for
surface and 700 hPa respectively. The prediction is done when the anomaly of equivalent
potential temperature becomes positive for 2-3 pentads. He further showed that the cessation can
also be forecasted 104 and 106 days for the MAM period and 73 and 71 days for OND, for
surface and 700 hPa, prior to the end of rains. This is predicted when maximum separation
between equivalent potential temperature and saturated equivalent potential temperature anomaly

occurs, linking this scenario to the withdrawal of rainfall.

It is evident from the literature that limited studies has been done using the tropospheric moisture
variables to predict the onset and cessation dates of rainfall. The study by Kerandi (2008) was
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limited to 2 stations (Dagoretti and Mombasa station) which is a small spatial scale distribution.
Therefore, there is need for more research using more dense station network in order to obtain

onset and cessation of rainfall dates at local level which this study is addressing.

13



CHAPTER THREE
3.0 DATA AND METHODOLOGY

This chapter describes the data and the methods used in order to attain the set objectives of the

study.

3.1 Data Type and Source

The daily datasets utilized in this study were Climate Hazards InfraRed Precipitation with
Stations (CHIRPS) and Temperature and Relative Humidity from European Centre for Medium-
range Weather Forecasts (ECMWF) Re-Analysis, ERA-5. The data had already been subjected
to quality control and fit for analysis. The CHIRPS data ranged for a period of 38 years (1981-
2018) and the Temperature and Relative Humidity were extracted at the surface (850-hPa) and
mid-level (700-hPa) for a period of 30 years (1989 to 2018). The 850-hPa level is a zone of low-
level moisture and temperature advection; 700-hPa level is a zone of medium level cloud
formation, additionally it is a level where most systems are steered by the winds and a region

where troughs and ridges are well defined.

3.1.1 Climate Hazards Infrared Precipitation with Stations
The Climate Hazards Infrared Precipitation with Stations is a quasi-global rainfall dataset
extending from 1981 to present. It has a resolution of 0.05° consists of satellite estimates

blended with gauged rainfall data to produce gridded rainfall time series.

Dinku et al.(2018) assessed the performance of CHIRPS over East Africa, comparatively with
other satellite data and showed a better performance with a higher skill, low or no bias and lower
random errors. CHIRPS data was extracted for the stations in Table 1. The stations used are the
representatives of the homogenous zones for MAM and OND season, for the purpose of

achieving the set objective of the study.
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Table 1: Rainfall stations for the study area for MAM and OND seasons.

MAM
Zone Stations Latitude Longitude(® E) Altitude(m)
1 Lodwar 3.7°N 35.57 506
2 Moyale 3.32° N 39.02 1097
3 Wajir 1.45° N 40.04 244
4 Garissa 0.29° S 39.38 147
5 Lamu 2.16° S 40.54 30
6 Mombasa 4.02° S 39.37 55
7 \oi 3.24° S 38.34 597
8 Dagorreti 1.18° S 36.45 1798
9 Nanyuki 0.03° N 37.02 1905
10 Narok 1.08° S 35.5 1890
11 Marsabit 2.18° N 37.54 1345
12 Kisumu 0.06° S 34.45 1146

OND
Zone Stations Latitude Longitude(° E) Altitude(m)
1 Lodwar 3.7°N 35.57 506
2 Moyale 3.32°N 39.02 1097
3 Mandera 3.56° N 35.37 230
4 Wajir 1.45° N 40.04 244
5 Kakamega 0.17° N 34.47 2133
6 Nakuru 0.16° S 36.36 1901
7 Dagorreti 1.18° S 36.45 1798
8 Garissa 0.29° S 39.38 147
9 \oi 3.24° S 38.34 597
10 Mombasa 4.02° S 39.37 55
11 Lamu 2.16° S 40.54 30
12 Kisumu 0.06° S 34.45 1146

3.1.2 Temperature and Relative Humidity

This study sourced temperature and relative humidity datasets from ERAS re-analysis dataset.
The ERAS5 data is a 5 generation data assimilated system that is produced by ECMWF and a
key element of EU-funded Copernicus Climate Change Services (C3S). It has a high spatial
resolution of 0.25° latitude by 0.25° longitude. The observations available are added with forecast
to infer the evolution state beneath the surface and the atmosphere. Results by Zhang et al.
(2016), Albergel et al. (2018) and Urraca et al. (2018) concluded that ERA5S is superior in

representing atmospheric variables as compared to ERA-Interim.
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3.2 Methodology
The set specific objectives of the study were achieved using analytical techniques presented and

discussed in the subsequent sub-sections: -

3.2.1 Determination of Onset and Cessation Dates of Rainfall

To meet the first specific objective, Camberlin and Diop (2003); Camberlin and Okoola (2003)
technique was applied. This technique is built on rainfall anomalies that are cumulated to
demonstrate the evolution of the rainy season. The daily CHIRPS data was extracted as 1 grid, 4
grids and 16 grids (For the data extracted from 1 grid, the data was extracted from 4 grid points
then spatial averaged; for the 4 grid the data was extracted within a buffer of resolution 0.1*0.1
while for the 16 grids the buffer resolution was 0.15*0.15 basing on the latitude/longitude of the
stations in Table 1) in order to reduce biasness. It was then subjected to Principal Component
Analysis (PCA-S mode) for the period 1981-2018.

The leading PC1 score time series is subsetted yearly. The first principal component corresponds
the major mode of variance in the domain of study. Computation of the cumulative series was
performed yearly from 1% February to 30" June and 1% September to 31% January for the MAM
and OND seasons respectively for the period of study. PCA has demonstrated uniqueness
relative to simple averaging as it extracts co-variability in rainfall for the stations exhibiting
variability in time other than merely smoothing the day to day rainfall fields. In this case the start

(end) dates of rainfall were taken as minimum (maximum) point values.

3.2.2 Identification of moisture commencement and withdrawal pentads

To achieve this objective pentad time series plots were used to identify the commencement and
withdrawal dates of moisture. This was achieved by identifying the date, X, when equivalent
potential temperature anomaly become positive for at least 2-3 pentads, which indicates the start
of supply of enough moisture. The end of moisture supply, withdrawal date, was identified as the
point Y which represents maximum separation between equivalent potential temperature and
saturation equivalent potential temperature anomalies, which imply the date of the highest
moisture build-up before the start of the rain season. Empirical formulas were used to compute
saturated vapor pressures (eg), vapor pressure (e), specific humidity (q), saturated specific
humidity (qs) and potential temperature in order to determine the equivalent and saturated

equivalent potential temperature as suggested by Omotosho et al., (2000).
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The Clausius-Clapeyron equation was used to compute saturation vapor pressure (eg) and vapor

pressure (e) in Equation 1 and 2.

es=eo*exp [ *[% 1] (1)

e=eg,*exp [% *[T—lo -T—ld]] ........................................ )

where e,,=6.11mb, T,=273.16 K, R=461.5J/Kg/K is the specific gas constant for water vapor, L,
=2.5*10"6 J/Kg is the latent heat of vaporization, T and T,is temperature and dew point

temperature respectively.

To compute g, and g, Equations 3 and 4 were used;

Qs =€1 €/ (P-€5 €5) cvinriniiii e 3)
0= €18/ (P-€2 @) i, 4)

where €,=0.622, e, is the saturation vapour pressure and e is the vapour pressure from Equation

(1) and (2) above, €,=0.378 and P is pressure.

To evaluate the potential temperature, Poisson’s equation shown in Equation 5 was utilized;

o (%)Ac’ip ................................................................. (5)

where ? = 0.286 and R is the gas constant and C, is the specific heat for dry air at constant
14

pressure and P, is 1000mb.
To calculate saturation equivalent potential temperature, Equation 6 was used;

0es=0 €xp (Leqs/CpT) i (6)

In Equation (6), L. is the latent heat of condensation.
Equivalent potential temperature is computed using Equation 7 as follows;

0e=0 exp (LeQ/CpTy) covneneiiiii (7)

where q is the specific humidity and T, is the virtual temperature.

Ty =T (LH0.61Q) «veneneeeeniee e, 8)
The fluctuations of these parameters were computed in order to assess the moisture supply in the
atmosphere. To obtain the fluctuation for equivalent potential temperature and saturation

equivalent potential temperature Equations 9 and 10 were used
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Bo=0,- 0, oo 9)
Bos= BogBog v, (10)
In this study, the criterion for variable 6, and 8, were utilized as follows:
i.  The date, X, when 6, >0 (become positive) for at least 2-3 pentads, indicates the start of
supply of abundant moisture. This is used to predict the onset of rainfall.
ii.  The point Y represents maximum separation between 6,and 8, time series, which imply
the date of the highest moisture build-up before the start of the rainy season. These
criteria were used to predict the end of rainfall.

These criteria (i and ii) were used to identify the moisture build up and depletion dates.

3.2.3 Evaluation of the linkage between rainfall onset and cessation dates, and the moisture
build-up and withdrawal of moisture dates

This specific objective was achieved by developing the time lags for the prediction of the start
and end of rainfall. It was achieved by first determining the start and end dates of rainfall in the
first objective then converted to pentads; actual rainfall onset and cessation in pentads, for the
purpose of consistency with the pentad data. Then followed by the identification of moisture
accumulation (X) and withdrawal () dates in a time series plots in objective two. The difference
between the date (X), when equivalent potential temperature anomalies first become positive
(6, >0) for at least 2 or 3 pentads, and the actual rainfall onset in pentads, for each year, were
averaged. This scenario, 6, >0, is considered because it indicates the start of moisture supply
thus important moistener in the atmosphere (Omotosho et al. 2000). The difference between Y
(maximum difference obtained between equivalent potential temperature and saturation
equivalent potential temperature anomalies) dates and the actual rainfall cessation dates, for each

year were averaged. The averaged values obtained are the time lags.

The time lags obtained are then added to the start and end pentads of the moisture build up to
obtain the predicted onset and cessation of rainfall. Graphical method which involved the
plotting of the pentads against the years was used to demonstrate the interannual variability;
correlation analysis was used to quantify the relationship between the two variables.
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The Pearson’s correlation coefficient (rxy) used has the limits +1 and -1 which implies that

when 73, IS close to +1(-1) there is a strong positive (negative) linear relationship. Zero values

show no relationship.
L (Xi=X) (Yi-Y)

Ty =
J2?=1(xi—2)2 (Yi=7)"2

In equation 11, , is the correlation coefficient between X and Y, in this case the variables

represent the actual and predicted onset, and the actual and predicted cessation respectively.

This method was used to assess the relationship between the actual and predicted onset, and the
actual and predicted cessation for the MAM and OND seasons.

Upon computing the correlations, their significance was assessed using the student t- test. This
involves computing the t- test value and comparing it with the critical t value from the t-tables at
95% confidence level (5% significance level). Satisfactory results are interpreted as a 95%
assurance that the variables considered are not correlated by chance. The mathematical formula

for computing the t values is given as follows;

Where N is the data length and N-2 is the degrees of freedom, r is the correlation coefficient and

ty_, IS the student t- test distribution.
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CHAPTER FOUR
4.0 RESULTS AND DISCUSSIONS

This chapter presents and discusses results obtained in the study basing on the methodologies

used to accomplish the set specific objectives in Section 1.3.

4.1 Onset and Cessation dates of Rainfall

The start and end dates of rainfall were achieved by subjecting the data of the selected stations in
the homogenous zones to the methodology set in Section 3.2.1. Figure 2 shows some plots that
demonstrate how the determination of the start and end dates of rainfall. Time series for both
seasons displays a decreasing curve which corresponds to the decreasing atmospheric moisture
during the preceding dry season, then an increasing curve corresponding to an increasing
moisture during the preceding a dry season and at the end a decreasing curve. The onset date
corresponds to the minimum turning point of the accumulated PC1 score curve attained for that
year. Alternatively, the maximum turning point of the accumulated PC1 score curve denotes a

cessation.

Figure 2a depicts an onset (cessation) on 3™ March (28™ April) for Marsabit station for the
MAM season while Figure 2b depicted an onset (cessation) on 27" October (4™ January) for the

OND season during the year 1986 for Dagoretti station.

Marsabit FMAMJ 1986

15 Dagoreti SOND. 1966
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(a) (b)
Figure 2: Onset (green dot) and cessation (red dot) date of rainfall at (a) Marsabit during MAM
season and (b) Dagoretti during OND season for the year 1986
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4.1.1 Interannual Variability of the Dates of Onset and Cessation of Rainfall

Figures 3-5 and Figures 6-8 show the year to year variability of the commencement and
withdrawal dates of rainfall for the MAM and OND season respectively, for the stations used in
the study. During the MAM season it was observed that the start of the rainfall season extended
from mid-February to mid-April over Kisumu, with an earliest onset in the year 2010. The

rainfall cessation dates ranged from mid-April to end of June (15™April-30™June).

Over Marsabit an early onset occurred from mid to late February during the year 1990, 2010 and
2018. Cessation was observed to start from mid-April to the beginning of May. On the other
hand, Voi recorded an early onset beginning February during the year 1989 and 2014. Early
cessation experienced in this region ranged from late March to 22" of May. The stations over the
Eastern region (Marsabit, Moyale, Garissa, Voi and Wajir) have a commonality in that they all
recorded a shorter rainy season.

Okoola (1998) using Kakamega and Marsabit stations as a representation for western and
northern Kenya, obtained an onset of rainfall for the MAM season to be pentad 15 (12-16
March) for the year 1981. These results were consistent with the work done by Camberlin and
Okoola (2003) except for the cessation which demonstrated discrepancies. The present study
obtained an onset to be 10" March for Marsabit, though discrepancy of 2 days was observed
which may be attributed to the time scale used. The current study used daily time scale while
Okoola (1998) used pentads. This study determined rainfall onset station by station whereas
Camberlin and Okoola (2003) obtained one onset date for the whole of Kenya and Northern

Tanzania.
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Figure 3 : Interannual variability of rainfall onset (blue time series)
and cessation (red time series) over Kisumu during MAM season from
1980 to 2018
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Figure 4: Interannual variability of rainfall onset (blue time series) and cessation (red time
series) over Marsabit during the MAM season from 1980-2018
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Figure 5: Interannual variability of rainfall onset (blue time series) and cessation (red time
series) over Voi during MAM season from 1980-2018
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During the OND season the onset (cessation) of rainfall ranged from September-November
(September-January). Kakamega station which spatially exists in the western region of the study
domain portrayed an onset which ranged from early October to end of November with late onset
experienced in the year 1999 and 2003. Some years recorded neither onset nor cessation as
demonstrated by Figures 3-8. This is because the threshold for the duration of rainfall was not
met; the duration of rainfall was taken as cessation minus onset and should be greater than 10
days. Few missing start and end dates of rainfall were observed for Kisumu, Kakamega, Lamu
and Mombasa. These stations are near the water masses; stations at a long distance from water
bodies had several years without distinct dates of onset and withdrawal of rainfall. The
observations made infer that the proximity to the water bodies have had an influence on the

criteria.
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Figure 6: Interannual variability of rainfall onset (blue time series) and cessation (red time
series) over Kakamega during the OND season from 1980-2017
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Figure 7: Interannual variability of rainfall onset (blue time series) and cessation (red time
series) over Lamu during the OND season from 1980-2017
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Figure 8: Interannual variability of rainfall onset (blue time series) and cessation (red time
series) over Nakuru during the OND season from 1980-2017

*NB: The gaps in the time series (Figures 3-8) represents the missing onset

4.1.2 Spatial distribution of the mean start and end dates

Figures 9 and 10 show the spatial distribution of mean start and end dates of rainfall for the year
1981-2018 for the MAM season and 1981-2017 for the OND season. Mean onset ranged from
15™ March to 8™ April while mean cessation occurred from 20™ April to 29" May for the long
rains (MAM). The mean onset of rainfall during the short rain season (OND) ranged from 23"
September to 11" November whereas mean cessation ranged from 28" November to 27"

December.

The stations in the western region (Kisumu, Kakamega and Narok) depicted a longer rainy
season. This may be attributed to their geographical location favored by Lake Victoria and

Congo air mass which act as a continuous moisture supply. The rainfall onset in the northern

25



region progresses northwards during MAM and southward progression during the OND season.
The pattern observed shows consistency with the physical driver of African seasonal
precipitation namely the ITCZ. Over the northern region, the rains are observed to start late and
end early. Generally, early onset observed in western region is influenced by the moist westerlies
influx from the Atlantic Ocean and the moist Congo air masses while at the coastal region most
large-scale systems like south easterly monsoons are active. The systems drive warm moist

airmasses towards the land during the OND season favoring an early onset of rainfall.

Kerandi (2008) using Crop Water Requirement (CWR) methodology, obtained mean onset for
Nairobi (using Dagoretti station) and Mombasa (using Moi International Airport) to be 25™
March and 4™ April respectively whereas the cessation occurred late; 8™ and 20™ June. The
present study shows some inconsistency in onset with a variability of 5 and 1 day(s), which
might not have much impact while the cessation demonstrated a variability of approximately 1

month. The reason for the variability in the cessation cannot be explained.
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Figure 9: Spatial distribution of mean onset (a) and cessation (b) dates of rainfall during
the MAM season for the period 1981-2018 over Kenya
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Figure 10: Spatial distribution of mean onset (a) and cessation (b) dates of rainfall during the
OND season for the period 1981-2017 over Kenya

4.2 Dates of Commencement and Withdrawal of Moisture

The commencement and withdrawal of moisture dates was achieved using the criteria set in
Section 3.2.2. Figures 11 and 12 illustrate how the commencement and withdrawal dates of
moisture in the atmosphere were identified using Dagoretti station. For the year 1989, the values
for X(Y) were identified as pentads 7(12) whereas pentads 17(18) were obtained for the year
1991.
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Figure 11: Pentad series for equivalent potential temperature (blue series) and saturation
equivalent potential temperature (red series) anomalies for MAM season during the year 1989
for Dagoretti station at 850 hPa; X indicates the date when moisture starts to build up while Y
shows the withdrawal date.
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Figure 12: Pentad series for equivalent potential temperature (blue series) and saturation
equivalent potential temperature (red series) anomalies for MAM season during the year 1991
for Dagoretti station at 850 hPa; X demonstrates the date when moisture starts to build up while

Y implies the withdrawal date

Tables 2 and 3 compare the results on onset of rains and moisture accumulation dates in pentads
obtained in this study with that of Kerandi (2008) for 850-hPa and 700-hPa for Dagoretti station.
The onsets of rains in pentads were generated from the onset dates in objective one, where the 5-
day means were computed for the purpose of consistency with the moisture accumulation dates
in objective two. Disparities were observed for both seasons and levels except for the
commencement of moisture accumulation dates during the year 1989, 1992, 1998 and 2003 at
850-hPa and the year 2002 at 700-hPa during the MAM season. The difference observed may be
attributed to the source of data and the conversion from dates to pentads. This study utilized

satellite data while Kerandi (2008) used observed data from radiosonde.

28



Table 2: Comparison of onset of rains and commencement of moisture build up dates in
pentads for Dagoretti Station at 850hPa for the present study and Kerandi (2008) during

MAM and OND seasons

MAM (850hPa)
Current study Kerandi (2008)
Onset of rains | 6, >0 (in Onset of rains | 6, >0(in
in pentads Pentads) in pentads Pentads)
1989 10 7 15 7
1990 4 NaN 13 2
1991 NaN 17 17 7
1992 12 3 19 3
1998 14 9 19 9
2002 6 NaN 13 8
2003 16 8 21 8
2004 8 1 18 6
OND
Onset of rains | 6, >0 (in Onset of rains | 6, >0 (in
in pentads Pentads) in pentads Pentads)
1989 14 2 26 15
1990 13 10 24 16
1991 17 22 26 7
1992 13 17 24 21
2001 NaN 3 23 14
2002 14 8 22 5
2003 11 14 22 13
2004 14 4 22 12
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Table 3: Comparison of onset of rains and commencement of moisture build-up dates in
pentads for Dagoretti station at 700hPa for the present study and Kerandi (2008) during
MAM and OND season

MAM (700hPa)
Current study Kerandi (2008)
Onset of rains | , >0(in | Onset of rains in g, >0(in
in pentads Pentads) pentads Pentads)
1989 10 4 15 1
1990 4 NaN 13 3
1991 NaN 6 17 5
1992 12 3 19 7
1998 14 8 19 NaN
2002 6 3 13 3
2003 16 NaN 21 8
2004 8 1 18 6
OND
Onset of rains | e >0(IN | Onset of rains in B >0(in
in pentads Pentads) | pentads Pentads)
1989 11 2 26 10
1990 13 NaN 24 11
1991 17 6 26 5
1992 13 3 24 9
2001 NaN 5 23 7
2002 14 3 22 5
2003 11 NaN 22 7
2004 14 1 22 14

*NaN in Tables 2-3 implies missing, resulting from the criteria not met

4.3 Linkage between Rainfall Onset and Cessation dates; and the Start and End dates of
Moisture accumulation
The link between the start and end dates of the seasonal rainfall, and the commencement and

withdrawal dates of moisture were achieved following the criteria set in methodology 3.2.3.
Tables 4-8 demonstrate the actual and predicted rainfall onset in pentads for Dagoretti, Kisumu
and Marsabit station during the MAM season. The mean values obtained in Table 9 are the time
lags which were added to X and Y values to obtain the predicted rainfall onset and cessation. The
time lags for Dagoretti are pentads 11 and 13 which are equivalent to 51-55 days and 61-65 days
at 850hPa and 700-hPa respectively. The time lags obtained for the predicted onset for this study
agrees with the results obtained by Kerandi (2008) for Dagoretti station for both surface and
700hPa for the MAM season as shown in Equation 13 and 14.
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In equations 13 and 14, POR is the Predicted Onset of Rainfall and X is the pentad date obtained

when 6, >0.

Over Kisumu time lags of pentads 8 and 10 were obtained for MAM and OND respectively
while Marsabit obtained a time lag of pentad 15 for MAM season at 700-hPa level. With
knowledge on the time lags at local level (station level) the prediction of onset can be done when
the equivalent potential temperature anomaly is positive for 2 or 3 pentads while cessation can be

done when there is maximum separation between equivalent potential temperature and saturation

equivalent potential temperature.

Table 4: Predicted rainfall onset in pentads obtained using Actual Rainfall Onset and

equivalent potential temperature anomaly (6, >0) in Pentads during MAM season, at 850-

hPa for Dagoretti station

Difference (Actual
rainfall onset in
Actual Rainfall pentads minus Predicted onset of
Onset in ) g, >0) rainfall in Pentads
Years Pentads 6, >0 (X) € (X+11(mean))
1989 16 7 9 18
1992 18 3 15 14
1994 21 1 20 12
1995 8 1 7 12
1998 20 9 11 20
1999 14 1 13 12
2001 13 1 12 12
2003 22 8 14 19
2004 14 1 13 12
2005 16 2 14 13
2006 11 2 9 13
2008 14 3 11 14
2012 21 2 19 13
2013 16 6 10 17
2014 14 1 13 12
2015 18 16 2 27
2016 13 12 1 23
2018 12 10 2 21
Mean (time lag)
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Table 5: Predicted rainfall onset in pentads using Actual Rainfall Onset and equivalent
potential temperature anomaly (6, >0) in Pentads during MAM season, at 700-hPa for

Dagoretti station

Difference
(Actual
rainfall onset | Predicted Onset
Actual Rainfall in pentads in Pentads
Years Onset in Pentads 6, >0 (X) | minus @, >0) | (X+13(mean))
1989 16 4 12 17
1992 18 3 15 16
1994 21 1 20 14
1995 8 1 7 14
1997 18 1 17 14
1998 20 8 12 21
1999 14 2 12 15
2001 13 5 8 18
2002 12 3 9 16
2004 14 1 13 14
2005 16 2 14 15
2006 11 3 8 16
2008 14 3 11 16
2009 26 4 22 17
2010 17 1 16 14
2012 21 2 19 15
2014 14 4 10 17
2015 18 2 16 15
2016 13 2 11 15
2018 12 13 -1 26
Mean
(average)
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Table 6: Predicted rainfall onset in pentads using Actual Rainfall Onset and equivalent
potential temperature anomaly (6, >0) in pentads during MAM season, at 850-hPa for
Kisumu station

Difference Predicted

Actual (Actual rainfall Onset in

Rainfall Onset onset in pentads Pentads

Years in Pentads g, >0 (X) minus 6, >0) (X+11(mean))
1989 14 6 8 17
1991 16 10 6 21
1992 17 4 13 15
1993 20 10 10 21
1995 18 6 12 17
1997 16 4 12 15
1998 18 4 14 15
1999 11 1 10 12
2000 21 1 20 12
2001 17 9 8 20
2003 15 8 7 19
2004 16 2 14 13
2005 14 2 12 13
2006 11 2 9 13
2007 13 4 9 15
2010 8 2 6 13
2011 21 1 20 12
2012 17 2 15 13
2013 14 1 13 12
2014 13 4 9 15
2015 15 11 4 22
2016 17 1 16 12
2017 20 5 15 16
Mean(averag
€)
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Table 7: Determination of Predicted rainfall onset in pentads using Actual Rainfall Onset
and 6, >0 in pentads during MAM season, at 700-hPa for Kisumu station

Difference
Actual (Actual rainfall | Predicted Onset
Rainfall onset onset in pentads in Pentads
Years in Pentads g, >0 (X) minus 6, >0) (X+8(mean))
1989 22 6 16 14
1990 24 6 18 14
1991 14 11 3 19
1992 8 3 5 11
1994 16 1 15 9
1995 7 1 6 9
1996 7 10 -3 18
1997 14 4 10 12
1999 10 2 8 10
2000 10 1 9 9
2001 7 8 -1 16
2002 8 1 7 9
2003 21 4 17 12
2004 9 2 7 10
2006 8 3 5 11
2007 20 3 17 11
2008 8 3 5 11
2010 8 1 7 9
2011 7 2 5 10
2012 7 2 5 10
2013 8 1 7 9
2014 9 4 5 12
2015 7 2 5 10
2017 10 5 5 13
Mean
(average)
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Table 8: Determination of Predicted rainfall onset in pentads using Actual Rainfall Onset

and 0, >0 in pentads during MAM season, at 700-hPa for Marsabit station

Difference
(Actual rainfall Predicted
onset in Onset in
Actual Rainfall pentads minus Pentads
Years Onset in Pentads | 6, >0 (X) 6, >0) (X+15(mean))
1989 21 4 17 19
1990 19 2 17 17
1991 22 3 19 18
1992 19 5 14 20
1993 18 4 14 19
1994 18 3 15 18
1995 22 12 10 27
1997 19 5 14 20
1998 19 9 10 24
1999 21 3 18 18
2000 22 2 20 17
2001 19 3 16 18
2002 19 6 13 21
2004 19 2 17 17
2006 21 5 16 20
2009 19 4 15 19
2011 18 4 14 19
2012 20 4 16 19
2013 19 3 16 18
2014 22 2 20 17
2016 20 6 14 21
Mean
(average)
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Table 9: Times lags in Pentads for MAM and OND season at 850hPa and 700hPa level for

the stations used

MAM 850hPa 700hPa
Onset in Cessation in Onset in Cessation in
pentads pentads pentads pentads

Dagoretti 11 14 13 12
Kisumu 11 19 8 19
Marsabit 12 13 15
Moyale 12 15 13
Nanyuki 13 15 11 16
Narok 8 10 15 11
\/oi 9 12 11 12
Wajir 7 12 12 10
OND
Dagoretti 15 2 22 2
Kisumu 7 5 10 9
Marsabit 21 4 13
Moyale 9 NaN 17 11
Nanyuki 11 11 16 9
Narok 19 6 20 3
Voi 14 2 21 5
Wajir 10 0 19 7

*NaN implies missing, resulting from the criteria not met.

Figures 13-17 are the time series plots demonstrating the year to year variability between the
actual and predicted onset and the actual and predicted cessation. Most stations have shown less
uniformity in the series except for some years. The time series for the Narok station (Figure 13)
at 700 hPa level during the MAM season, shows consistency in the series of actual and predicted
onset between the years 1999-2004 with the rest of the years showing inconsistency. Same
observation between the actual and predicted cessation during the years 2007-2013 was reported
with same scenario for other time series (Figure 14-16). Figure 17 demonstrate the time series for

Moyale, a perfect uniform time series for actual and predicted cessation is observed.
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Figure 13: Time series for actual and predicted rainfall onset (a) and cessation (b) for Narok

station using equivalent and saturated equivalent potential temperature anomalies at 700hPa

during the MAM season
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Figure 14: Time series for actual and predicted rainfall onset(a) and cessation (b) during MAM
season and actual and predicted rainfall onset(c) and cessation (d) for Wajir during OND
season: using equivalent and saturated equivalent potential temperature anomalies 700hPa
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Figure 15: Time series for actual and predicted rainfall onset(a) and cessation (b) during MAM
season and actual and predicted rainfall onset(c) and cessation (d) for Wajir during OND
season: using equivalent and saturated equivalent potential temperature anomalies 850 hPa
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Figure 16: Time series for actual and predicted rainfall onset (a) and cessation (b) for Kisumu
using equivalent and saturated equivalent potential temperature anomalies at 700hPa OND
season
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Figure 17: Time series for actual and predicted cessation for Moyale using equivalent and
saturated equivalent potential temperature anomalies at 850 hPa OND season

4.3.1 Correlation analysis

Table 10 demonstrates the relationship between the actual and predicted onset, and the actual and
predicted cessation. The values in bold shows negative or positive correlation coefficient (cc)
with significance at 95% confidence level. The correlation coefficient between actual and
predicted onset, and the actual and predicted cessation was insignificant for most stations.
Kisumu, Moyale, Voi and Wajir recorded some significant correlation. Kisumu for instance
recorded significant relationship with a correlation coefficient of 0.424 (-0.523) between actual
and predicted onset (cessation) at 850 hPa level during the October-November-December season.
Moyale recorded a correlation coefficient (CC) of 0.401 (-0.372) between the actual and
predicted cessation for 850 hPa (700 hPa) level while a CC of -0.375 (1) between the actual and
predicted onset (cessation) during the OND season at 850 hPa.

It is observed that most of the stations during OND season have shown significant relationship
but with variability. This implies that significance in the correlation coefficient can be observed
between the actual and predicted onset for 700 hPa or 850 hPa or both while the actual and
predicted cessation for the season depicts insignificance in the correlation coefficient.

The results also show that OND season has better association as compared to MAM season. This

IS because the large-scale systems (regional and global teleconnections) prevail during this
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season (Owiti et al., 2008) leading to incursions of moisture since the atmosphere is not in
isolated state.

The 850 hPa level shows a better association as compared to the 700 hPa level. This is attributed
to more presence of moisture at the low levels and it decreases as the level increases (Holloway
and Neelin, 2009).

Table 10: Pearson Correlation Coefficient demonstrating the relationship between Actual
and Predicted onset, and Actual and Predicted Cessation for MAM and OND obtained
using equivalent potential temperature and saturation equivalent potential temperature at
700hPa and 850hPa levels. The values in bold are the significant values at 5% significant
level.

Station Actual vs Actual vs Actual vs Actual vs
Predicted onset for Predicted Predicted onset Predicted
MAM cessation for for OND cessation for
MAM OND
700hPa | 850hPa | 700hPa | 850hPa | 700hPa | 850hPa | 700hPa | 850hPa
Kisumu | 0.247 0.193 -0.049 | 0.092 0.077 0.424 0.240 -0.523
Narok | 0.284 0.211 -0.03 0.057 0.315 0.170 0.219 0.131
Dagoretti | -0.066 | 0.208 -0.266 | -0.127 | -0.08 0.349 0.119 -0.087
Nanyuki | -0.18 -0.158 - 0.065 |-0.246 |0.195 -0.047 | -0.228
Wajir | 0.379 -0.372 |0.188 |0.248 |-0.113 |-0.155 | 0.143 -0.518
Marsabit | 0.092 0.285 0.004 |-0.216 |-0.002 |-0.287 |0.071 -0.334
Moyale |-0.304 |-0.090 |-0.372 |0.401 |0.180 -0.376 | -0.068 |1
Voi 0.120 0.183 0.347 0.233 | 0.125 -0.306 | 0.211 -0.003
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CHAPTER FIVE
5.0 CONCLUSIONS AND RECOMMENDATIONS

This chapter highlights a summary of the results obtained from the various methods used to
accomplish the objective of the study. Moreover, it provides the conclusions and the
recommendations made.

5.1 CONCLUSIONS

The overall objective of this research was to assess the potential of predicting onset and cessation
dates of seasonal rainfall in Kenya using tropospheric moisture accumulation. Dates of the start
and cessation of rainfall dates were determined using the first PCA score (PC1). Time series
plots was used to determine the moisture build up and withdrawal dates, and linking the start and
end of rainfall dates to the tropospheric moisture accumulation so as to see the possibility of
predicting seasonal rainfall prior to the start and to the end by using time lags developed. The
datasets used in the study are daily rainfall data obtained from CHIRPS: daily Temperature and
relative humidity obtained from ERA5 at 850 hPa and 700 hPa, spanning for a period of 1989-
2018. The CHIRPS data were extracted for 1 grid, 4 grids and 16 grids then subjected to PCA in
order to identify the score to use. The cumulative PC1 score was used to determine the yearly
rainfall start and end dates.

The minimum (maximum) point of the accumulated PC 1 scores represented the onset
(cessation) of rainfall. Mean onset ranged from 15" March to 08" April while the cessation
ranged from 20" April to 29™ May during the MAM season. The OND season had a mean onset
(cessation) of rains that ranged from 23" September to 11" November (28" November to 27"
December). Stations in the western region recorded an early mean onset during both long and
short rain seasons with an easterly progression. An early mean onset was also observed at the
coastal region during the OND season. This is attributed to the large-scale systems and coupled
ocean atmospheric systems, which are active during this season pushing the warm moist air
masses to the land. Longer rainy duration was observed over the western region while the shorter

rainy season was observed at the north eastern region.

Time series plots were used to identify the dates of onset and withdrawal of moisture
accumulation. The mean start (end) dates of moisture build up ranged from pentads 3 to 6
(pentads 11 to 15) during the MAM season and pentads 4 to 7 (pentads 14 to 24) during the
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OND at the 700 hPa level. Using the data at 850 hPa level, the mean start (end) dates of moisture
ranged from pentads 4 to 8 (pentads 9 to 17) during the MAM season while during the OND
season the mean start and end dates ranged from pentads 41 to 49 and pentads 53 to 69

respectively.

The time lags are the link between the start and end dates of rainfall, and the onset and
withdrawal dates of moisture accumulation. It ranged from pentad number 7 to 15 for the onset
and pentad number 10 to 19 for the cessation using the data at 850 hPa level while at the 700 hPa
level, the onset (cessation) of moisture ranged from 8 to 15 (5 to 19) pentads during the MAM
season. Conversely, the OND season recorded 7 to 15 (2 to 11) pentads for the onset (cessation)
dates of moisture build up at the 850 hPa whereas 10 to 22 and 2 to 11 pentads were obtained for
the onset and cessation of moisture build up respectively at the 700 hPa. There were
discrepancies during some years between the results of this study and that of Kerandi (2008).
However, the results obtained for Dagoretti station during the MAM season were in agreement

with time lags of 11 and 13 pentads for 850 hPa and 700 hPa respectively.

The study has demonstrated that the forecast for the start of the rainy season can be done with a
lead time of 2 to 3 pentads using equivalent potential temperature anomaly while the forecast for
the end of the rainy season can be done using the difference between the equivalent potential
temperature and the saturation equivalent potential temperature anomalies at 850 hPa and 700
hPa.

The results of the study have shown to some degree the potential of utilizing tropospheric

moisture variables in predicting start and end dates of rainfall over the study domain.

5.2 RECOMMENDATIONS
This section presents important recommendations drawn from the results of the study to various

stakeholders.

5.2.1 Recommendation to Climate Services Providers and Policy Makers

The National Meteorological and Hydrological Services (NMHS) is encouraged to incorporate
tropospheric moisture variables in the prediction of start and end dates of rainfall in order to give
a timely and reliable forecast. This will benefit the end users as loses and risks related to forecast

uncertainties are minimized. NMHS are also encouraged to improve the upper air observations
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so that similar studies as well as operational utilization of the onset and cessation forecasting

methodology presented in this research may be actualized.

An establishment of regular and efficient communication network is highly encouraged for
timely dissemination of research findings to its potential users. Moreover, community-based
education be undertaken in order to create in depth understanding of the results. This will ensure

timely integration of the findings for planning purposes by the potential users.

5.2.2 Recommendations to Scientists and Climate Research Institutions

The results obtained in this study on the linkage between rainfall onset and cessation; the
commencement and withdrawal dates of moisture build up, portrayed variability. Further study is
recommended to investigate the distinct variability observed using the in situ data to support
these results. Since some stations during some years showed significant association while others
showed insignificant relationship. Moreover, further studies on the linkage with the synoptic

systems (for example winds) for both MAM and OND season are highly recommended.

5.2.3 Recommendation to Users of Climate Information

The findings of this study can be used by the agricultural sector to advise farmers on when and
what to plant in order to avoid crop failure associated with late start, early end and the shorter
rain season. Pastoralists as well are encouraged to actively use the results in order to reduce
climate related loses of their livestock. The energy and water sector are advice to use the results

for planning purposes.
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