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Abstract
The decline in March–May (MAM) ‘boreal spring’ rainfall is of great concern to Kenya’s agricultural sector. This study 
examines factors influencing MAM rainfall variability based on monthly observed and Climatic Research Unit (CRU) rea-
nalysis rainfall datasets for the period 1971–2010. The distribution patterns of MAM rainfall were analyzed using Empirical 
Orthogonal Functions (EOF), whereas the Sequential Mann–Kendall (MK) statistic was used for trend analysis. Factors 
influencing seasonal rainfall were determined and assessment of the circulation anomalies associated with wet/dry condi-
tion during the study period was carried out. The MAM rainfall revealed decreasing trend. Wet years are associated with 
enhanced low-level convergence and upper-level divergence of winds, advection of moisture flux following a well-positioned 
and intensified Arabian high-pressure cell, and an accompanying rising branch of Walker circulation over Indian Ocean 
(IO). The sea surface temperatures anomalies (SSTAs) in the central and sub-tropical IO are closely related to MAM rainfall 
over Kenya. Positive SSTAs accompanying negative OLR anomalies may lead to intensified rising branch of the Walker 
circulation influencing the MAM wet events in Kenya. There is a negative correlation coefficient of − 0.62 between MAM 
rainfall and Outgoing Long-wave Radiation (OLR) indicating that the inter-annual variation of the MAM rainfall and OLR 
are in opposing phases and, hence, more convection and enhanced rainfall over the study domain. The study reveals that the 
circulation anomalies associated with the dry years are opposite to those in wet years, forming a good basis of monitoring 
similar events in future.
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1 Introduction

The Kenyan population is mainly dependent on rain fed agri-
culture (Brass and Jolly 1993; Ministry of Agriculture 2009) 
and, as a result, they are highly vulnerable to effects of cli-
mate variability and change. An increase in evapotranspira-
tion associated with surface warming leads to an increase in 

drying trend and decreasing the number of growing-seasons 
days (Cook and Vizy 2013; Marshall et al. 2012). There is a 
need, therefore, to understand the past and current trends of 
rainfall events and influencing factors in the effort of making 
long-term projections since rainfall patterns over East Africa 
(EA) exhibit pronounced regional variations with complex 
seasonal cycles (Cook and Vizy 2013).

A number of studies have investigated temporal variabil-
ity of rainfall over EA (Indeje et al. 2000; Nicholson and 
Selato 2000; Nicholson et al. 2001; Camberlin et al. 2001; 
Black et al. 2003, 2015; Clark et al. 2003; Ogwang et al. 
2014; Yang et al. 2015a; Ayugi et al. 2016; Ongoma and 
Chen 2017). Though some studies are involved in both the 
‘boreal spring’ rainfall during March–May (MAM) as ‘long 
rains’, and ‘boreal fall’ during October–December (OND) 
as ‘short rains’, most of the studies focus on the variability 
of MAM rainfall since it significantly influences growing 
seasons over Eastern Ethiopia, Somalia, Southern Kenya, 
Eastern Uganda and much of Tanzania (e.g., Cook and Vizy 
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2013). These studies have unraveled a number of factors that 
influence variability, trends and periodicities of rainfall over 
the region. These factors include Inter-Tropical Convergence 
Zone (ITCZ), monsoon winds, sub-tropical high-pressure 
systems, Easterly/Westerly waves, El Nino Southern Oscilla-
tion (ENSO), Quasi Biennial Oscillation (QBO), and Indian 
Ocean Dipole (IOD) (Manatsa et al. 2014; Ogwang et al. 
2015a). These factors are associated with extreme rainfall 
that results in floods or droughts over the region (Camberlin 
and Okoola 2003). For example, Nicholson (2016) reported 
that EA’s seasonal rainfall is generally linked to the relative 
stability of the northeasterly and southeasterly trade wind 
regimes and the ITCZ plays a big role in the distribution and 
variability of rainfall patterns over the study area.

According to studies (Owiti et al. 2008; Maidment et al. 
2015), the Indian Ocean is reported to have a significant 
and direct impact that influences the East African rainfall as 
compared to other oceans. Both the MAM and OND rainfall 
seasons are normally associated with solar heating maxima 
during the equinox (Daron 2014). Factors such as the sea 
surface temperature (SST) and Indian monsoon also influ-
ence the timing and intensity of the seasonal rainfall (Okoola 
1999; Hastenrath et al. 2011; Ogwang et al. 2014).

Recent findings by Liebmann et al. (2014) suggest that 
the decrease in MAM could be due to an increased zonal 
gradient in SST between Indonesia and the central Pacific. 
This is in agreement with the observations made by Funk 
et al. (2014) on climatic conditions associated with dry-
ing trends in the western central Pacific and central Indian 

Ocean that reoccurs during the MAM. However, other stud-
ies (e.g., Indeje et al. 2000 and Ogwang et al. 2014) showed 
that the long rainfall in MAM is dominated by local factors 
rather than the large-scale factors in regulating variability of 
rainfall. In contrast, the OND rainfall has been observed to 
increase and is projected to continue increasing to the end 
of twenty-first century (Ongoma and Chen 2017; Ongoma 
et al. 2018a), mostly due to Western Indian Ocean (WIO) 
warming (Liebmann et al. 2014).

The aim of this paper is to investigate the circulations 
associated with MAM rainfall variability over Kenya and to 
understand the mechanisms of the recent drying variation. 
The outcome of this work is important to climate forecasters 
in monitoring similar events in future. This could help farm-
ers and other climate users to plan and adapt to variability 
and changes in climate. The remaining part of the paper is 
structured as follows: Sect. 2 gives data and methodology 
while Sect. 3 presents the results and discussion. The con-
clusion and recommendations drawn from the findings are 
summarized in Sect. 4.

2  Data and Methodology

2.1  Study Area

The map of Kenya is shown in (Fig. 1). It is located in EA 
along Indian Ocean coast between Somalia and Tanzania, 
bound within longitude 34°E–42°E and latitude 5°S–5°N. 

Fig. 1  Topographical elevation 
(m) of Kenya, 34°E–42°E and 
5°S–5°N [Orange Rectangle]
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The country’s total land coverage is 582,650 km2, with land 
covering about 569,140 km2 (Bowden 2007). Kenya has a 
diverse geography with a coastline bordering Indian Ocean 
that contains swamps of East African mangroves while inland 
are broad plains and numerous hills. The Central and Western 
Kenya is characterized by vast rift valley. Mt. Elgon is on 
the border between Western Kenya and Uganda. The highest 
elevation point is Kenya’s highest mountain located in central 
parts of the country reaching over 5000 m in height.

Most parts of the country receive bimodal rainfall patterns 
with ‘long rains’ season experienced in MAM and ‘short 
rains’ observed in OND (Fig. 2). This has been observed in 
the past studies (Indeje et al. 2000; Maidment et al. 2015; 
Yang et al. 2015; Ayugi et al. 2016; Boiyo et al. 2016). Move-
ment of ITCZ has been identified to be the main source of 
influence of the observed rainfall seasonality (Nicholson 
2008). These seasons are also associated with maximum solar 
heating during the overhead sun over the equator (Camberlin 
and Okoola 2003; Yang et al. 2014; Ongoma and Chen 2017).

The country is generally characterized by warm tempera-
ture throughout the year, with slight variations from one 
season to another (Ongoma et al. 2017). Kenya is defined 
as a tropical savanna climate (Aw) (Peel et al. 2007). Mean 
annual temperature over the study region ranges between 
19 and 30 °C. The warmest months are January and Febru-
ary (JF), followed by MAM season, while June–Septem-
ber (JJAS) records the lowest temperatures (King’uyu et al. 
2000; Schreck and Semazzi 2004; Ongoma et al. 2017; 
Kerandi et al. 2018). The cold zone is generally in the areas 
at high elevation, on either side of the Rift Valley. In sup-
port of the elevation effect on temperature, low temperatures 
are observed near the central and Rift Valley regions. The 
eastern and northwestern parts of the country record the 
highest temperatures since the areas are mainly Arid- and 
Semi-Arid Lands (ASAL), characterized by low rainfall. The 
northeasterly winds prevail during the JF and JJAS seasons, 
while the south easterlies are dominant during MAM and 
OND (Hastenrath et al. 2011).

2.2  Data

The study utilized monthly rain gauge observations provided 
by the Kenya Meteorological Department (KMD). The data 
can be accessed via online link (http://www.meteo .go.ke/). 
The study duration is 40 years, i.e., 1971–2010 (Table 1). 
Also utilized was monthly Climatic Research Unit (CRU 
TS 3.22) rainfall data with resolution of 0.5° × 0.5° from 
University of East Angalia (University of East Anglia 2014). 
The data have been successfully used in previous research 
over EA since it performs better as compared to other grid-
ded datasets of the same resolution such as Global Precipi-
tation Climatology Centre (GPCC) (Ogwang et al. 2015b; 
Ongoma and Chen 2017; Kerandi et al. 2018). The study 
period was chosen because it encompasses the latest baseline 
period 1986–2005, adopted by IPCC (2013).

Monthly mean, zonal- and meridional-wind data over the 
period 1971–2010 were used as potential factors influencing 
MAM rainfall trend over study region in this study. Winds 
at 850 hPa (200 hPa) were used because these are linked to 
low-level (high-level) wind convergence (divergence) that 
has direct influence on rainfall trends over Kenya and East 
Africa at large. The data have a resolution of 2.5° × 2.5°. It 
was obtained from the http://iridl .ldeo.colum bia.edu. Yang 
et al. (2015) successfully used the same datasets on study of 
annual cycle of East African rains.

Version 3b Sea Surface Temperature (SST) data 
from http://www.esrl.noaa.gov/psd/ for the same period, 
1971–2010, were used. The data have horizontal resolution 
of 2.5° × 2.5°. Velocity potential and vertical velocity were 
used to determine the factors influencing trends and perio-
dicities of MAM rainfall. The data are gridded at 2.5° × 2.5° 
latitude/longitude grid (http://iridl .ldeo.colum bia.edu/). 
Gichangi et al. (2015) used the data to determine the asso-
ciated mechanism responsible for trends and periodicities of 
MAM rainfall over eastern Kenya. Details of these datasets 
are summarized in Table 2.

Fig. 2  Monthly mean variations 
of meteorological parameters 
derived from CRU datasets 
over Kenya (34°E–42°E and 
5°S–5°N) for the period 1971–
2010. The red color represents 
temperature (°C), humidity (%) 
in blue, and rainfall as a bar 
graph
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2.3  Methodology

Empirical Orthogonal Function (EOF) as described by Lor-
enz (1956) was used to describe most of the variance in the 
data by defining dominant mode using eigenvectors. The 
eigenvector corresponding to the largest eigenvalue of the 

covariance matrix is referred to as the leading EOF. The first 
eigenvector points to the direction in which the data vectors 
jointly exhibit the most variability. The eigenvector associ-
ated with the second largest eigenvalue of the covariance 
matrix is referred to as the second EOF. This structure is 
uncorrelated with the other structures and is orthogonal to 
the first eigenvector, which is orthogonal to the third eigen-
vector and so on. The eigenvector with the highest Eigen 
value is the first principal component (PC) of the dataset 
and has similar weights on each grid square. In this study, 
the analysis of EOF was aimed at determining the dominant 
mode responsible for MAM rainfall over Kenya. The modes 
that account for the largest percent of the original variability 
are considered significant. These modes were represented by 
orthogonal spatial patterns (eigenvectors) and corresponding 
time series (principal components). The composite analysis, 
previously used by a number of studies (Okoola 1999; Stern 
et al. 2011; Mouhamed et al. 2013; Ogwang et al. 2014), 
was used to identify and average one or more categories 
of fields of a variable selected according to their associa-
tion with key conditions. The wet (flood) and dry (drought) 
years used were identified using Standard Precipitation 
Index (SPI) guide and following the recommendations by 
Makkonen, (2006) on exceeding standard deviation of ± 1. 
The wet and dry are events/years whose normalized standard 
deviation ≥ 1 and ≤ − 1, respectively. The same categoriza-
tion was adopted in previous studies over EA (Ogwang et al. 
2015b). Composites were separately analyzed especially for 
winds, velocity potential, vertical velocity, and SST. This 
was carried out so as to help in identifying the circulation or 
any anomalies associated with wet/dry years. Student t test 
was applied to determine the probability (P) between two 
variables under study and test the hypothesis on the basis of 
difference between sample means (Beri 2005).

The detection of abrupt change in MAM rainfall trend 
was determined using Sequential Mann–Kendall (SQMK) 
test statistics (Mann 1945; Kendall 1975). The MK test is 
rank-based non-parametric method used to check existence 

Table 1  List of synoptic station used in the study and geographical 
details

No Station ID Station name Longitude Latitude Period

1 636860 Eldoret 35.3 0.5 1971–2013
2 183028 Nyahururu 36.4 0 1961–2013
3 637230 Garrissa 39.6 − 0.5 1959–2013
4 636870 Kakamega 34.8 0.3 1958–2013
5 184707 Naivasha 36.4 − 0.8 1961–2013
6 637080 Kisumu 34.8 − 0.1 1959–2013
7 637090 Kisii 34.8 − 0.7 1963–2013
8 179330 Thika 37.1 − 1 1957–2013
9 636120 Lodwar 35.6 3.1 1950–2013
10 637720 Lamu 40.9 − 2.3 1950–2013
11 636240 Mandera 41.9 3.9 1957–2013
12 636410 Marsabit 38 2.3 1950–2013
13 636950 Meru 37.7 0.1 1966–2013
14 637990 Malindi 40 − 3.2 1961–2013
15 638200 Mombasa 39.6 − 4 1957–2013
16 637660 Makindu 37.8 − 2.3 1950–2013
17 636190 Moyale 39.1 3.5 1950–2013
18 637410 Dagoretti 36.7 − 1.3 1955–2013
19 637400 Nairobi JKIA 36.9 − 1.3 1958–2013
20 637170 Nyeri 37 − 0.4 1968–2013
21 637140 Nakuru 36.1 − 0.3 1964–2013
22 637370 Narok 35.9 − 1.1 1950–2013
23 637420 Wilson 36.8 − 1.3 1957–2013
24 636943 Nanyuki 37 − 0.7 1957–2013
25 637930 Voi 38.6 − 3.4 1950–2013
26 636710 Wajir 40.1 1.8 1950–2013

Table 2  Summary of sources and characteristic of data sets used in the present study

Sensor Parameter Level Spatial 
resolu-
tion

Temporal resolution Duration Web link

CRU TS 3.22 Precipitation – 0.5° Monthly 1971 to 2010 http://catal ogue.ceda.ac.uk/
uuid/4a6d0 71383 976a5 
fb24b 5b42e 28cf2 8f

ERSST SST 1 2.5° Monthly 1971–2010 http://www.esrl.noaa.gov/psd/
Global digital elevation 

model (DEM)
Elevation – 1 km – – http://iridl .ldeo.colum bia.

edu/SOURC ES/.NOAA/.
NGDC/.GLOBE /.topo

NCEP/NCAR reanalysis Velocity Potential, Vertical 
Velocity, U&V and Pres-
sure.

2 2.5° Monthly 1971–2010 http://www.esrl.noaa.gov/
psd/data/gridd ed/data.ncep.
reana lysis .html

http://catalogue.ceda.ac.uk/uuid/4a6d071383976a5fb24b5b42e28cf28f
http://catalogue.ceda.ac.uk/uuid/4a6d071383976a5fb24b5b42e28cf28f
http://catalogue.ceda.ac.uk/uuid/4a6d071383976a5fb24b5b42e28cf28f
http://www.esrl.noaa.gov/psd/
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NGDC/.GLOBE/.topo
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NGDC/.GLOBE/.topo
http://iridl.ldeo.columbia.edu/SOURCES/.NOAA/.NGDC/.GLOBE/.topo
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html
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of trend in a time series against the null hypothesis of no 
trend. This MK method is highly recommended for general 
use by the World Meteorological Organization (WMO) as 
mentioned in a number of studies (Partal and Kahya 2006; 
Meng et al. 2013; Bisai et al. 2014; Gajbhiye et al. 2016). 
This method has been applied widely, especially on climate, 
environmental and hydrological studies (Araghi et al. 2016; 
Liuzzo et al. 2016; Ongoma and Chen 2017; Ongoma et al. 
2018b). Detailed information regarding the equations for 
various methods used in this study can be found in a num-
ber of studies (Ongoma et al. 2013, 2018b; Ongoma and 
Chen 2017).

3  Results and Discussion

3.1  MAM Rainfall Trends Analysis

A summary of the MAM rainfall trend test using sequen-
tial MK statistics is represented in Table 3. The sequen-
tial Mann–Kendall test was used to graphically illustrate 
the forward and backward trends of the MAM rainfall in 
Kenya for the 1971–2010 climatology (Fig. 3). The overall 
results reveal no abrupt change; however, decreasing trend in 
MAM rainfall from 1976 to 2006 was observed. This change 
was statistically insignificant at the significance levels of 
5% significant level. It is worth noting that, in 2006 both 
the progressive u(t) and retrogressive u′(t) lines intersected 
(Fig. 3) followed by the positive trend towards the end of the 
climatology. It, therefore, signifies the fact that the abrupt 
decline in MAM rainfall trend was followed by an increasing 
trend from 2006 to 2010 which was also insignificant at 95% 
confidence interval.

These findings are in agreement with other recent stud-
ies over larger domain rainfall trends where they observed a 
general decrease in MAM rainfall (Awange et al. 2007; Cam-
berlin and Okoola 2003; Cook and Vizy 2013; Ongoma et al. 
2015; Yang et al. 2014; Ongoma and Chen 2017). Although 
the OND rainfall has shown a positive trend (Ongoma and 
Chen 2017), the overall rainfall trend over Kenya is down-
wards since MAM has a significant influence on total rainfall 

recorded in the entire EA region. This is a great concern 
since the reduction is likely to negatively affect the economy 
of Kenya given that most agricultural activities are sustained 
by MAM rainfall over EA (Ongoma et al. 2018a), which if 
realized will be a relief on the regions economy.

3.2  Spatial Analysis of MAM rainfall

In this study, EOF analysis was used to investigate the domi-
nant mode of variability of MAM rainfall over study domain. 
Figure 4 presents the spatial modes and corresponding PCs 
of the first three EOF modes. The variances that accounted 
for the first three EOF modes are 39.9%, 12.2% and 6.9%, 
respectively. Being the dominant mode of variability, the 
first EOF mode (EOF1) characterizes positive loadings 
(Fig. 4a) over most parts of the country, denoting consist-
ent variation of the rainfall over these areas. It reflects the 
likelihood that the central areas being the most affected with 
anomalous wet conditions than the rest in the study area 
during MAM season.

The second and third EOF modes (Fig. 4b, c) account for 
19.1% of the total variance during MAM rainfall season. 
The modes display an apparent south–north dipole of posi-
tive (negative) loadings (Fig. 4b). EOF3 (Fig. 4c) reveals 
positive loadings over the north western corner, coastal belt 
and its hinterlands while the remaining areas favor negative 
loadings. The PC time series usually provides an insight 
concerning the strength of an EOF pattern over time (Indeje 
et al. 2000). Having considered the results obtained from the 
dominant mode (i.e., EOF1) shows that the amplitudes of 
greater than one standard deviation were mainly observed in 
1977, 1981, 1988, 2002, 2003 and 2010. Similarly, it follows 
that the amplitudes of less than minus one were observed in 
1973, 1976, 1984, 1993, 2000 and 2009. These years were 
then used in composite analysis to find the possible circula-
tion anomalies that were likely to be associated with the 

Table 3  A summary of MAM 
rainfall trend test over Kenya 
using sequential MK statistics at 
5% significant level

Measure Value

S − 89.000
Z 1.0835
Kendall’s tau − 0.120
P 0.289
Alpha ( �) 0.05
Significance Insignificantly 

decreasing 
trend

Fig. 3  The sequential Mann–Kendall trend test in MAM rainfall over 
Kenya. The u(t) is forward sequential while u’(t) is backward sequen-
tial based on CRU data. The upper (UL) and lower (LL) dashed lines 
represent the confidence limits at α = 5%)
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Fig. 4  The first three modes 
for the MAM rainfall showing 
spatial distribution (Left) and 
their corresponding principal 
components (Right) for a EOF1, 
b EOF2, and c EOF3, over 
Kenya based on 26 synoptic sta-
tion data from 1971 to 2010
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anomalous wet and dry conditions during the study period. 
The years and the threshold for anomalous years are sum-
marized in Table 4.

3.3  Circulation Anomaly Patterns for Wet and Dry 
MAM Rainfall

This section looks into concept of circulation anomaly pat-
terns associated with wet and dry events of boreal spring 
rainfall.

3.3.1  Wind and Moisture Flux Patterns

Figure 5 displays wind circulation anomaly during wet years 
(1977, 1981, 1988, 2002, 2003 and 2010) and dry years 
(1973, 1976, 1984, 1993, 2000 and 2009) at 850 hPa and 
200 hPa, respectively. During wet condition, there exists an 
enhanced significant low-level north westerly convergence 
emerging from Sudan and Ethiopia all the way to central 
and south-eastern Kenya (Fig. 5a). This is accompanied 
with strong north-westerly wind anomalies in the upper 
level which favors an upper level divergence (Fig. 5b). The 
northwesterly wind flow at low-level flow towards the study 
area in Fig. 5a has a devastative impact on the low-level 

Table 4  MAM EOF1 for wet/dry years during the period 1971–2010, 
and the respective standardized anomaly over Kenya (the years with 
an asterisk (*) and bold were considered as wet/dry years for further 
analysis)

EOF Mode Threshold Years

EOF 1 2.0 + 1981*

1.5–1.99 1977*, 1988* 2002*, 2003* 2010*

1.0–1.49 1978,1985,1986,1989,
1.0 to − 1.49 1990,1996,
− 1.5 to − 1.99 1972,1983,2007,2008,
− 2 and less 1973*, 1976, 1984* 1993*, 2000*, 

2009*

Fig. 5  Composite analysis of 
wind anomaly at a 850 hPa and 
b 200 hPa for wet years while 
dry years at; c 850 hPa and d. 
The shaded area is significant at 
significance level of α = 0.05
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moisture flux transport from Sudan and Ethiopia to the study 
area where it converges (Fig. 6a). Having sufficient moisture 
coupled with low-level convergence over the study area, it 
leads to ascending motion and enhanced convection which 
later favors anomalous rainfall (anomalous wet condition). 
Dry years on the other hand exhibit weak easterly divergence 
at low level over central and southern part of the study area 
(Fig. 5c) coupled with decelerating easterly anomalies in the 
upper level (Fig. 5d). There is suppression of moisture flux 
transport from the Ethiopia and Sudan towards the country 
(Fig. 6b). With low-level divergence and inadequate influx 
of low-level moisture over the study domain, it is obvious 
that the convection will be suppressed leading to less rainfall 
and dry condition.

3.3.2  Movement of the Pressure Systems

During wet conditions, the Arabian sub-tropical high pres-
sure cell seems to intensify with an inland movement cen-
tered at 13°E and 23°N (Fig. 7a). On the other hand, the 
Mascarene High (MH) weakened significantly. An overall 
effect of the strengthened and relaxed respective pressure 
systems helps to position the Intertropical Convergence 
Zone (ITCZ) over the study domain. This enhances the con-
fluent of northwesterly moist wind from Sudan and Ethio-
pia to central and southern Kenya as noted earlier (Figs. 5a, 
6a). Contrary with the wet years, the Arabian high relaxed 
while the MH intensifies (Fig. 7b). The strengthened MH 
causes the ridging high to extent along the Kenyan coast, 
thereby pushing the ITCZ away from the study domain while 

Fig. 6  The total moisture flux 
convergence  (10−4 g kg−1 s−1), 
where positive values represent 
positive moisture flux conver-
gence

Fig. 7  Mean sea level pressure 
anomalies during a wet years 
and b dry years. The shaded 
area is significant at significance 
level of α = 0.05
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accelerating weak easterly wind anomalies towards the study 
area (Fig. 5c).

3.3.3  Vertical Velocity and Velocity Potential

The composite vertical cross-section of vertical veloc-
ity anomaly at fixed longitude for the wet and dry years is 
presented in Fig. 8. During wet years (Fig. 8a), there are 
negative values of vertical velocity from low to high levels 
over the central to southern region of the country which 
favors strong rising motion and is suitable for convection 
and enhanced precipitation. However, the northern part is 
influenced by positive vertical velocity anomalies at low 
levels and negative vertical velocity at mid to high levels 
of the study area. Dry years depict positive vertical velocity 
anomalies from low to high levels over the central to south-
ern region of the country which favors strong subsidence 
motion (Fig. 8b). The northern part is influenced by negative 
(positive) anomalies at low (mid to high) levels of the study 
area which implies the fact that only shallow uplift persists 
over the northern part of the country, while the remaining 
areas experienced subsidence motion and less rainfall.

Figures 9 and 10 represent the composite velocity poten-
tial and divergent/convergent wind anomalies during the wet 
and dry years. It is, however, noted that years with wet con-
ditions in the low levels characterize positive velocity poten-
tial anomalies and wind convergence across East African 
region centered at 70°E and 0° (Fig. 9a). The low-level wind 
convergence is accompanied by negative velocity potential 
and wind divergence at higher levels (Fig. 9b), which reposi-
tion the ascending limb of local Indian Walker Circulation. 
Following the positioning of the rising branch of the Walker 
circulation near the study area, it enhances convection within 
the locality, accompanied with anomalous wet condition. 
Dry conditions area is characterized by the descending limb 

of the local Indian Ocean Walker circulation at 72°E and 
8°S (Fig. 10a) with negative velocity potential and wind 
divergence at low level while positive velocity potential and 
wind convergence at higher levels (Fig. 10b).

3.4  Sea surface Temperature and Outgoing 
Long‑wave Radiation Anomalies

In an attempt to understand the causes of the circulation 
anomalies and influencing factors responsible for variability 
of the MAM rainfall, a further investigation of SST anom-
aly was conducted. The SST plays an important role in the 
studies of air-sea exchange and circulation patterns. On the 
inter-annual, seasonal and annual scales, Indian Ocean (IO), 
Pacific Ocean (PO) and Atlantic Ocean (AO) are known to 
influence rainfall over EA (Black et al. 2003; Saji and Yama-
gata 2003; Behera et al. 2005). Predictability of climatic 
conditions in the regions, hence, depends on accurate analy-
sis of SST patterns and trends. Figure 11 presents the com-
posite SST anomalies during wet/dry years during MAM of 
1971–2010.

During wet years (Fig. 11a), the central and sub-tropical 
IO, western equatorial PO and north-eastern AO character-
izes warm SST anomalies while cold SST anomalies are 
observed over the respective areas with dry years (Fig. 11b). 
In this study, we extent our analysis on the outgoing long-
wave radiation (OLR) aiming at understanding the existing 
relationship between the SSTA and the OLR. Figure 12a 
represents the composite OLR pattern anomalies at low 
level (850 hPa) during wet years. There are strong negative 
OLR anomalies over the central IO during wet condition 
while positive anomalies are revealed over the same area 
during dry condition (Fig. 12b). The central and sub-trop-
ical IO with negative OLR anomalies for wet years means 
stronger than normal convection activities there, which are 

Fig. 8  Vertical Velocity anoma-
lies during a wet years and b 
dry years at fixed longitude 
[34°E]. Negative (positive) 
values indicate upward (down-
ward) motion. Contour interval 
is 0.003 and units are in  Pas−1. 
The shaded area are significant 
at significance level of α = 0.05
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Fig. 9  Velocity potential and 
divergent winds for wet years 
at; a 850 hPa and b 200 hPa. 
The shaded area is significant at 
significance level of α = 0.05

Fig. 10  Velocity potential and 
divergent winds for dry years 
at; a 850 hPa and b 200 hPa. 
The shaded area is significant at 
significance level of α = 0.05



431Circulations Associated with Variations in Boreal Spring Rainfall over Kenya  

1 3

Fig. 11  SST anomaly (0 °C) 
during a wet years and b dry 
years. The shaded area is 
significant at significance level 
of α = 0.05

Fig. 12  The composite OLR 
 (Wm−2) anomaly fields during 
a wet years and b dry years. 
The shaded area is significant at 
significance level of α = 0.05
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corresponding the rising branch of the Walker circulation 
near the study area. We, therefore, extract and normalize 
the OLR from the central Indian Ocean in an area marked 
45°E–80°E and 10°S–10°N. The index from this area was 
further correlated with PC1 of the dominant mode for the 
MAM rainfall. The results reveal a reasonable association 
between MAM rainfall and OLR with a negative correlation 
coefficient of − 0.62. The negative correlation indicates that 
the inter-annual variation of the MAM rainfall and OLR 
is in an opposite phase to the other (Fig. 13) and, hence, 
more convection (i.e., less mean OLR) and enhanced rainfall 
over the study domain. This is because water vapor from the 
Indian Ocean is being advected to the region of convection, 
which rises (cools) and results in more precipitation.

4  Conclusions

This study investigated circulations associated with vari-
ations of MAM rainfall anomalies over Kenya during the 
period 1971–2010. The MK and EOF statistical methods 
were applied in the analysis. On trend analysis, MAM rain-
fall revealed an insignificant decreasing trend. The first three 
EOF modes of MAM rainfall accounted for 59% of variabil-
ity. EOF1 accounted for the highest variability and conse-
quently considered as the dominant mode and used for fur-
ther analyses. The years (1977, 1981, 1988, 2002, 2003 and 
2010) were identified as wet years, while (1973, 1976, 1984, 
1993, 2000 and 2009) constituted the dry years. Analysis of 
the anomalous years with respect to the different variables 
showed the local wet (dry) years were associated with con-
vergence (divergence) in the lower troposphere (850 hPa) 
and divergence (convergence) at the upper level (200 hPa). 
There is a negative correlation coefficient between MAM 
rainfall and OLR deducing an opposite phases which 

indicate more convection resulting in enhanced rainfall over 
the study domain.

The study reveals that the circulation anomalies associ-
ated with the dry years are opposite to those in wet years 
and SSTAs in the central and sub-tropical IO are closely 
related to MAM rainfall over Kenya. SSTAs accompanying 
with OLR anomalies may lead to anomalous rising branch of 
the Walker circulation and then influence the MAM rainfall 
in Kenya. In this paper, we only examine the possible rela-
tionship between the IO SSTAs/OLR and the MAM rainfall 
over Kenya. An open question needing further study is how 
the SSTAs in the IO influence the circulations and then the 
MAM rainfall over Kenya. Further work based on numerical 
simulations is required to gain more insights on the physical 
mechanisms responsible for the observed linkage and assess 
the relative contribution of each individual system to the 
MAM rainfall.
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